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 In many organisms sexual maturity occurs at an age approximately equal to 

one third of their maximal lifespan. This relationship has been shown to be at least 

partially genetically determined, as fruit flies specifically selected for delayed sexual 

maturity also tend to have an increase in lifespan (Luckinbill & Clare, 1985). 

However, it was previously unknown whether delaying sexual maturity via 
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environmental manipulations would increase longevity compared to genetically 

similar animals undergoing puberty at an earlier age. An ideal species with which to 

test this hypothesis is the Siberian hamster (Phodopus sungorus), whose breeding 

season occurs during spring and summer: Pups born early in breeding season begin 

puberty at 25 days of age, whereas pups born late in the season instead transition to a 

winter phenotype and delay puberty until the following spring. Prior work with this 

species suggests physiological ramifications of the winter state (i.e., reduced caloric 

intake, daily torpor, enhanced immune function, sexual quiescence, increased 

melatonin biosynthesis) might potentially promote a "slow-aging" effect that could 

extend lifespan. The present study is the first to directly test these hypotheses by 

comparing lifespan among hamsters with drastically different life histories through 

exposure to one of six different photoperiod histories, accompanied by longitudinal 

collection of body weight, pelage, 24 h body temperature, and wheel running 

behavior, concluded with post-mortem organ weight analysis. Results reveal the 

juvenile life stage was increased from 3.2% to 20.2% of total lifespan duration, 

without consequence to longevity or rates of aging. In addition, induction into one or 

multiple winter states did not increase lifespan or slow aging. The degree of kidney 

hypertrophy was most predicted by the timing of puberty onset in male hamsters, 

suggesting the onset of reproductive hormones as a risk factor. A multivariate cox 

regression survival analysis accounted for 29% of lifespan variability among all 

hamsters, identifying body weight parameters to be the single most influential variable 

in predicting lifespan. While this study firmly demonstrates that the manipulation of 

photoperiod life history does not directly influence longevity, an explanation involving 
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the potential degree of chronodisruption between photoperiod groups might account 

for observed differences in lifespan.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

1 

CHAPTER 1. INTRODUCTION 

 

Overview 

Life history refers to the timing and duration of key events in an organism's 

lifetime, establishing a framework for categorizing developmental milestones into 

discrete and serial stages. Life history theory, which draws from principles of 

evolutionary biology, asserts the timing of these events are shaped by natural selection 

in order to produce the largest possible number of surviving offspring (Hill, 1993; 

Charnov & Berrigan, 1990). Across species, there is a correlation between the age of 

sexual maturity and lifespan; it has been reported that a majority of organisms 

typically achieve sexual maturity at roughly one-third of their maximal lifespan 

(Prothero 1993; Wootton 1987; Baer & Gaitz, 1971). This relationship is at least 

partially genetically determined: Specifically selecting for late versus early sexual 

maturity in Drosophila melanogaster results in an extension of lifespan (Luckinbill & 

Clare, 1985). However, among genetically equivalent subjects, it is unknown if 

manipulating the duration of one early life stage (i.e., adolescence) simply reduces the 

proportion of life spent in other life stages, without altering maximal lifespan, or 

altogether displaces the timeline of transitioning toward other life stages, which would 

extend lifespan, (see Figure 1.1). If manipulating the age of puberty could extend or 

reduce lifespan, or potentially alter rates of aging, it could have beneficial 

consequences to human health and quality of life in later years.  

The developmental timetables of some organisms strictly adhere to an 
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inflexible, genetically determined program as a function of chronological age; other 

species are sensitive to environmental factors that can initiate or retard development. 

An ideal animal model with which to investigate how differences in life history affect 

aging and lifespan would involve a species known to heavily rely on environmental 

conditions for the initiation of developmental transitions. One primary environmental 

factor vital to many creatures is the time of year: a number of physiological and 

behavioral changes are dependent upon seasonal timing, resulting in differences to fur 

and pelage, hibernation, body weight, sexual behavior, and immune function.  

In mammals, a circadian timing system is responsible for aligning biological 

processes to cyclic daily (circadian) and annual (circannual) environmental variation 

through the integration of photic information. In this chapter I will identify and 

describe the circadian timing system as the critical biological link facilitating 

alignment of cellular processes to circadian and circannual environmental rhythms. 

Circadian control of pineal melatonin, its importance to photoperiodism, and possible 

cellular health mechanisms will be discussed. Third, I will review somatic differences 

and differentiation of developmental timing in the Siberian hamster which arise as a 

function of photoperiodic history, and present literature indicating that these changes 

in turn influence rates of aging. Conventions for assessing circadian and non-circadian 

aging will be included. An account of the limited mammalian studies measuring aging 

and lifespan as affected by light history will also be discussed. Maladaptive health 

consequences resulting from continual rhythm disturbance are reviewed, in addition to 

discussing a bifurcated rhythm protocol being tested as a means to alleviating these 
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harmful repercussions. Last, the specific aims investigated in this dissertation are 

presented. 

 

The Mammalian Circadian System  

Three components constitute a fully functional master pacemaker. The first is 

an endogenous, self-sustained 24 h timer. The second component is a mechanism 

facilitating alignment between the internal state of the master pacemaker and the 

environment. The third requirement is the ability to disseminate daily temporal 

information in order to facilitate coordination among organ systems and tissues 

(Moore, 1995). In mammals, the master pacemaker is the Suprachiasmatic Nucleus 

(SCN) of the anterior hypothalamus (Moore & Leak, 2001). While SCN tissue 

maintains overt rhythm generation at the aggregate level, it is composed of self-

sustaining oscillators located within individual neurons (Herzog et al., 2004; 

Yamazaki et al., 2000) producing stable but unequal period lengths between 20-28h 

(Welsh et al., 1995). Autonomous rhythms of individual oscillators are maintained 

through specialized core clock genes driving transcription-translation feedback loops, 

a process approximating 24 hours (Albrecht, 2002; Ko & Takahashi, 2006; Reppert & 

Weaver, 2002). This temporal cycling gives rise to a partitioning of the organism's 

daily processes into their respective circadian phases of subjective day and subjective 

night. In rodents subjective day is associated with lower body temperature, long bouts 

of behavioral inactivity, as well as peak electrical activity and c-fos expression within 

the SCN (Shearman et al., 1997). Hallmark indicators of subjective night (in nocturnal 
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rodents) include elevated body temperature (Refinetti & Menaker, 1992a, 1992b), 

increased behavioral activity (Pittendrigh & Daan, 1976), the biosynthesis of 

melatonin (Arendt, 2000), and attenuation of electrical activity within the SCN (Welsh 

et al., 1995).  

 

Circadian Entrainment by Sunlight 

A population of retinal ganglion cells found to be intrinsically photosensitive 

(ipRGCs) utilize the photopigment melanopsin to integrate and transmit light 

information to the SCN (Sollars et al., 2003; Morin et al., 2003; Beaulé et al., 2003). 

Using reliable daily time stimuli or Zeitgeber Times (ZTs), namely light at dusk and 

dawn, the master pacemaker adopts a specific temporal alignment to the 

environmental cycle (Roenneberg & Foster, 1997), or phase angle of entrainment, by 

appropriately delaying or advancing the timing of the clock each day (Meijer & 

Schwartz, 2003). Resetting circadian rhythms by changing the timing of a ZT is called 

a phase shift. It is the new timing of the core clock genes that define the direction and 

magnitude of the resulting phase shift. Light early in subjective night (hours after 

dusk) delays the circadian system while light during late subjective night (hours before 

dawn) advances the clock (Daan & Pittendrigh, 1976).  

  

Circadian Output 

 It has recently been determined this 24 h genetic oscillation is not limited to 

cells in the SCN, but found in liver, lung, and bone tissues, but when isolated, these 
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rhythms dampen out over time, requiring a daily synchronizing mechanism, ultimately 

orchestrated through SCN controlled output. Synaptic and humoral outputs from the 

SCN likely organize oscillators in other mammalian tissues to one another and the 

environment (Mohawk et al., 2012).  

One mechanism for disseminating temporal information of the SCN is the 

rhythmic control of melatonin secretion, a hormone produced in the pineal gland. 

Aside from neurons containing melatonin receptors such as the medial basal 

hypothalamus and pars tuberalis, the SCN contains receptors with a high affinity for 

melatonin (Liu et al., 1997), though the role of melatonin action here is not completely 

known. Melatonin production continues throughout subjective night, until early 

subjective day when SCN neurons resume firing, inhibiting the pineal pathway until 

the following subjective night. Light during subjective night induces immediate early 

gene c-fos (Illnerová et al., 2000) and promotes the process of a phase shift, as well as 

initiating SCN electrical activity and rapidly suppressing melatonin biosynthesis 

(Nelson & Takahashi, 1991). Because melatonin synthesis is strictly confined to hours 

of subjective night, it is an important mechanism whereby daylength timing and 

duration information is disseminated. Melatonin waveform is consequently also a gold 

standard for measuring onset and offset of subjective night in the hands of circadian 

researchers (Illnerová & Sumová, 1997). Together, the gears of the clock (utilizing 

photic information from the light-dark environment) and the hands of the clock 

provide a mechanistic means to biological synchrony and comprise necessary 

elements of an adaptive and functional circadian system.  
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Photoperiodism  

 Another primary function of the SCN is to prepare the organism for annual 

variations in the environment as the earth travels around the sun. Photoperiodism 

refers to animals undertaking dramatic transformations in physiology and behavior as 

a function of the time of year. Many mammals demonstrate profound seasonal 

variations in sexual function, body weight, fur pelage, food intake, immune function, 

and locomotor activity (Hazlerigg & Wagner, 2006; Hazlerigg, 2012). These changes 

are presumably due to increases in evolutionary pressure to avoid pregnancy and the 

dangers associated with failed reproduction during winter months, when caloric intake 

would conflict with available resources in the environment. The SCN controls the 

transitions between biological profiles, or phenotypes, (i.e., winter state and summer 

state) through regulation of the nightly duration of melatonin biosynthesis in the pineal 

gland (Elliott 1976; Gorman et al., 2001a, 2001b). In ecosystems sufficiently far from 

the equator, for example at a latitude of 60 degrees, nights are long (19 h) in the winter 

and short (5 h) during summer; this is reflected in the waveform of various day and 

night activities within the SCN. For instance in Long-Day (LD) photoperiods, daily 

electrical activity and cfos in the SCN are elevated throughout a higher proportion of 

the 24 h photoperiod, while nightly activities such as locomotor activity (in nocturnal 

animals), melatonin synthesis, and core clock gene expression are condensed 

(Refinetti, 2006; de la Iglesia et al., 2004; Messager et al., 2000; Mrugala et al., 2000; 

Sumová et al., 2007; Sumová et al., 2003). Importantly, the nightly duration of 

melatonin synthesis is proportional to scotophase duration, conveying information 
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representative of the environmental photoperiod (Elliott & Tamarkin, 1994; Illnerová, 

1991, Illnerová et al., 2000).  

  

Hamster Life History 

 During fall and winter, or in lab conditions maintaining Short-Day (SD) 

lighting conditions, Siberian hamsters undergo somatic regression and transition to the 

winter phenotype, exhibiting complete sexual quiescence, severely regressed gonad 

volume, reduced behavioral activity, 10-20% reduction in body mass, fattening, white 

pelage fur, and lethargy (Butler et al., 2010; Gorman 1995; Gorman & Zucker, 1995a; 

Goldman 1991; Goldman & Darrow, 1983). Unlike the reproductively active summer 

state, this winter phenotype is not permanent under SD exposure. Hamsters become 

photorefractory where the summer state spontaneously reemerges (i.e., 

recrudescence), typically after 20-25 weeks in SD (Gorman & Zucker, 1995b). The 

exact mechanism driving this refractory timekeeping is not fully understood but is 

heuristically described as an interval timer of functional value (Gorman, 2001), as the 

transition between winter and summer phenotypes accrues slowly over 2-3 months, at 

a time that coincides with the onset of breeding season which lasts roughly one month 

before summer solstice to three months after. As a consequence, the age and timing of 

pubertal development in the Siberian hamster is determined by early photoperiodic 

history, dependent upon the timing of birth within the breeding season, or most 

directly, the timing of birth relative to summer solstice. The breeding season spans 

from late spring (May) until the end of summer (September). Pups born in May are 
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exposed to long and increasing daylengths, immediately undergo puberty by five 

weeks, and typically produce their own offspring during the same summer they were 

born. Pups born in late summer or early fall are exposed to shorter, and decreasing 

daylengths, which results in the initial emergence of the winter state, thereby delaying 

transition to summer phenotype, and consequently delaying puberty, until the 

following spring (Gorman, 2001; Butler et al., 2007a). Of primary interest for the 

purposes of this paper, are the long-term consequences of immediate or delayed 

puberty with regard to aging and longevity. Considering the lifespan of the Siberian 

hamster is typically only two to three years in a controlled, predator-free laboratory 

environment (estimated mean 30 months), the difference in timing between life stage 

transitions (juvenile to adult) would predict 97% (29/30 months) of life in adulthood 

when immediately going through puberty compared to 73% (22/30 months) of lifetime 

in adulthood for those pups born late in the fall. 

 Naturalistic lighting is typically not employed in laboratory settings, but 

instead animals are housed under fixed artificial photoperiods providing enough daily 

light (i.e., photophase) to maintain the reproductively capable summer state. 

Explicitly, Long Days (LDs) are photoperiod conditions providing a photophase long 

enough to drive the stimulatory summer state; Short Days (SD) refer to a short 

duration of daily light sufficient to induce the inhibitory winter state. The minimum 

photophase duration necessary to drive the LD summer phenotype is called the critical 

daylength (CD), and is roughly 13 hours in the Siberian hamster (Hoffmann 1982); 

however, this varies between species but also as a function of prior photoperiod 
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history. Transferring 15 day old Siberian pups reared in 12 hours of light and 12 hours 

of dark (e.g., LD12:12) to LD16:8 more than doubles the mean testis weight by six 

weeks old compared to pups instead transferred to LD14:10, and even results in testis 

size significantly larger than pups of the same age raised from birth under LD16:8 

(Gorman 1995). It is evident that a simplistic and proportional relationship between 

photophase and developmental rates cannot account for these results. Simulated 

Natural Photoperiods (SNPs) employed in the laboratory make incremental daily 

adjustments to the photophase duration by minutes each day by changing the timing of 

lights on and lights off to reflect annual daylight variations representative of a 

specified latitude. Hamsters housed under more rapidly changing photoperiods display 

significantly faster weight gain than those in slowly changing photoperiods. In 

addition, hamsters exposed to SNPs for two weeks are significantly heavier than 

hamsters in LD16:8, despite the fact hamsters in the latter condition received more 

absolute daylight (Gorman, 1995). While the CD of 13 h light is reliably replicated in 

fixed photoperiods, photoperiodic recrudescence has been facilitated in gradually 

increasing daylengths approaching 12.3 h, and photo-refractoriness has been induced 

with SNPs by gradually decreasing daylengths as long as 15.3 h (Gorman & Zucker, 

1995a). The maximally stimulatory photoperiodic stimulus appears not to be the 

longest photophase of fixed length, but rather increasing photophase duration rapidly 

each day, demonstrating differences in somatic and reproductive growth rates between 

naturalistic and artificial photoperiod exposure. However, there has never been a study 
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that has determined whether these early life photoperiod driven differences in weight 

gain have any effect on lifespan.  

  

Photoperiodic effects upon Aging and Lifespan 

 To my knowledge, only a single mammalian study has investigated how yearly 

patterns of photoperiod specifically influence lifespan: Experimental evidence 

identifies parameters of the annual photoperiodic waveform to influence mortality 

rates in the primate mouse lemur (Microcebus murinus; Perret, 1997). Male and 

female mean survival is proportionally reduced when housed in an artificially 

accelerated 8 month periodic cycle, alternating between 5 months in LD14:10 and 3 

months in LD8:16, compared to lemurs exposed to natural sunlight which ranged 

LD8:16 to LD16:8 at latitude 48° N over 12 mo. Independent of gender and 

photoperiodic condition, when expressing lifespan as mean number of seasonal cycles, 

the average lifespan in each condition was 5 seasonal cycles, indicating the life 

expectancy of these lemurs is putatively related to the number of seasonal cycles. 

Unfortunately, the experimental design cannot pinpoint the manipulation responsible 

for driving the reduction in absolute lifespan in the accelerated season condition, as 

there were several unequal factors among treatments, such as natural vs. discretely 

abrupt seasonal transitions, proportion of life in photo-stimulatory and photo-

inhibitory photoperiods, minimum and maximum hours of light, and exposure to vast 

differences in light spectrum wavelengths and intensity. Critical examination aside, 

these results, in conjunction with the variable timetable of sexual maturity observed in 
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the Siberian hamster, generate testable hypotheses as to whether differences in timing 

of puberty can cause differences in lifespan through photoperiodic control. 

 Although it has not been determined whether early life history differentiation 

(of puberty timing or weight gain) affects lifespan, there is reason to believe it can 

alter rates of aging. Age-related measures of reproductive fertility in females appeared 

different in post-pubertal females who delayed puberty from exposure to short days 

and those who immediately attained puberty through exposure to long days (Place et 

al., 2004). At 36 weeks of age, delayed maturity female hamsters exhibited a higher 

percentage of successfully birthed litters, had a greater litter size, and were estimated 

to have twice as many primordial follicles remaining in comparison to cohorts 

undergoing immediate sexual maturity. Manipulations resulting in delayed aging 

naturally support the hypothesis that these effects might also extend lifespan. 

Explicitly, if one photoperiod condition is found to slow aging compared to another 

photoperiod condition found to hasten aging, it follows that one would predict the 

group where the aging process is slowed would live longer. Determining this outcome 

is the primary focus of this dissertation.  

 It has been demonstrated that individual rates of aging, determined through a 

battery of biological and behavioral assessments, can account for up to 50% of the 

variation in lifespan among a cohort of old mice (Ingram et al., 1982; Ingram, 1983; 

Ingram & Reynolds, 1986). For example, if two older, age-matched subjects are 

assessed on some measure assumed to index aging (i.e., kidney function, physical 

fitness, thermoregulation etc.), the subject whose scores are more consistent with those 
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of younger subjects would be predicted to live longer than the subject whose scores 

more closely reflect those of much older subjects. In this dissertation, I will refer to 

biological aging as the consideration of individual rates of aging and the utility it bears 

toward accounting for individual differences in life expectancy, completely 

independent of chronological age. It is unknown how the manipulation of life history 

might subsequently alter rates of aging and ultimately lifespan, but there are several 

reasons to surmise that it might. First, as described above for mouse lemurs and 

hamsters, empirical evidence demonstrates the pattern of seasonal photoperiod 

putatively affects lifespan (Perret, 1997), and delayed aging of the reproductive system 

accompanies an extended juvenile life stage (Place et al., 2004). In addition, 

photoperiod manipulation post-puberty exerts age-delaying effects to the female 

reproductive axis in the Siberian hamster (Place and Cruickshank, 2010). Second, 

evolutionary theory asserts a proportional relationship between age of sexual maturity 

and lifespan, and therefore in this context the manipulation of sexual maturity suggests 

a proportional effect in lifespan. Third, there are a host of variables affected by 

photoperiod proposed to have repercussions on rates of aging or life expectancy: 

Reduced caloric intake, altered immune function, curtailed testosterone, and increased 

melatonin synthesis all accompany the short-day (SD) induced winter phenotype. It 

may also be the case that the summer to winter transition is predominantly harmful, or 

the winter to summer transition may prove extremely challenging to some facet of an 

animals’ health, or possibly both transitions result in accelerated aging compared to a 

fixed and stable photoperiod. .  
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Life History Among Photo-stimulatory vs. Photo-inhibitory Photoperiods 

 It may not be transitions between phenotypes which prove harmful, but one of 

the many different parameters in physiology differentially associated with summer and 

winter phenotypes which may be responsible for the hastened demise of mouse lemurs 

housed in accelerated annual cycles. For example, melatonin is considered to be an 

oncostatic agent, a powerful anti-oxidant, protecting nuclear DNA from degradation 

by free radicals and decreasing likelihood of cancerous cell formation (Erren et al., 

2003). Even a lack of melatonin has been implicated as a human carcinogen (Portier, 

2000). It has also been postulated that the diminished pineal melatonin signal 

accompanying old age is an evolutionarily driven mechanism which programs a 

hastened demise in older mammals: Mice receiving melatonin supplements are 

reported to outlive controls 3-5 mo (Pierpaoli & Regelson 1994), and mice receiving 

fetal pineal grafts, implanted into the thymus, also outlive controls. Therefore it is 

likely that LD environments are subject to receive less of the protective health benefits 

of melatonin compared to SD, though it is unclear what the critical physiological dose 

might be required to functionally decrease the risk of cancer formation (Wu et al., 

2013).  

 Another possibility is that the somatic condition associated with sexually 

functional phenotypes presents more of a health insult than sexually regressed states. 

Evidence for this has been observed in castrated males: Castration removes the source 

of male sex hormones and has been found to prolong lifespan in numerous species 
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including human eunuchs, who are reported to live an average of 17.5 years longer 

(Min et al., 2012). 

 

Body Weight and Lifespan 

 Body weight is a product of multiple biological processes, including metabolic 

rate, digestive function, genetic factors, hunger drive, age, and relatively speaking, the 

health of an organism. Birth weight alone is predictive of longevity in mice and 

humans (Miller et al., 2002; Ong, 2006). Transgenic mouse αMUPA, a mutant strain 

exhibiting spontaneous reduced caloric intake, demonstrate enhanced longevity, in 

addition to strong circadian rhythms at old age (Froy & Miskin, 2010; Froy & Miskin, 

2007; Froy et al., 2006). Forced reduction of body weight through caloric restriction 

results in increased lifespan in mice (Nelson and Halberg, 1986a; 1986b), primates 

Weindruch, 1996) and may even predict longevity in humans (Roth et al., 2002); 

however, exact mechanisms explaining how restricted feeding facilitates preventing or 

delaying onset of age related diseases remain unknown. It is therefore of interest to 

discover whether the spontaneous reduction in caloric intake associated with the SD 

induced winter phenotype is sufficient to also increase longevity in Siberian hamsters 

subject to several short day seasons.  

 

The Aging Circadian System 

 As this dissertation tests whether photoperiod history affects rates of aging and 

lifespan, it is appropriate to describe age related changes of the circadian system as 
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well as age related changes to biological functions governed by the circadian system. 

An age-related decline of a functional circadian system has been well established in 

older animals and is thought to contribute to physiological deterioration that 

compromises lifespan in later life stages (Pittendrigh and Daan, 1974). Nearly all 

physiological functions show diminished circadian amplitude with age, including 

locomotor activity, temperature, and melatonin secretion (Dijk et al., 1999; Mahlberg 

et al., 2006), but many of these changes may be more appropriately accounted for by 

the age-related decline in the functionality of biological systems directly governing 

these processes. Nonetheless, quantification of a deteriorating master pacemaker has 

been documented in older rodents exhibiting not simply diminished amplitude of 

circadian parameters but significant alterations to functional waveform: hypothalamic 

corticotrophin-releasing hormone mRNA and anterior pituitary proopiomelanocortin 

mRNA transcription are under rhythmic control, with middle aged rats exhibiting 

diurnal waveform in the dorsomedial paraventricular nuclei, but no discernible mRNA 

rhythm in older rats (Cai et al., 1997). In addition, fetal SCN transplants in older rats 

rescues mRNA rhythmicity but does not restore the previously robust amplitude, 

suggesting not only a functional deterioration of the SCN but also a breakdown in the 

signaling pathway from the SCN to hypothalamus in older animals.  

 

Aging and Locomotor Activity 

  Perhaps the most basic and hallmark circadian function known even among 

non-chronobiologists is the regulation of rest and activity. In humans, aging is 
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associated with changes in sleep-wake patterns such as fragmented sleep, altered free 

running period, and waking up earlier (Czeisler et al., 1992; Bliwise, 1992; Dijk et al., 

2000). Similarly, changes to parameters of locomotor activity in rodents are a reliable 

indicator of aging; a marked reduction in circadian structured locomotor activity is a 

prominent observation in most species at advancing age (Nakamura et al., 2011). The 

duration of nightly locomotor activity (alpha) also becomes shorter and highly 

fragmented, alongside more inactive periods dispersed throughout the active phase of 

the circadian rhythm (Penev et al., 1997; Farajnia et al., 2012). An increase in the 

number of bouts during the inactive phase is also correlated to advanced aged 

(McAuley et al., 2002), and when death is imminent, locomotor rhythms of mice 

(three days prior to death) essentially reveal complete inactivity and can be used to 

identify moribund status (Tankersley et al., 2003). Various changes to phase shifting 

in response to light are observed in older rodents (Valentinuzzi et al., 1997; Rosenberg 

et al., 1991), as well as non-photic responses to light (Turek et al., 1995). Temporal 

patterns of alpha expansion in response to short day transitions are attenuated in older 

animals (Scarbrough et al., 1997) in addition to advanced phase angles of entrainment 

(Zee et al., 1992). Finally, observations of either shortening (Rosenberg et al., 1991; 

Witting et al., 1994; Morin 1988; Pittendrigh & Daan, 1974) or lengthening (Gutman 

et al., 2011; Valentinuzzi et al., 1997; Farajnia et al., 2012; McAuley et al., 2002) of 

the free running period in older animals are abundant; however, the direction and 

magnitude of this observation is inconsistent across species and between studies. 

 



 17 

 

Aging and Body Temperature  

 In addition to locomotor activity, body temperature is another biological 

function under circadian control known to deteriorate with age. Deficits to 

thermoregulation are documented in aged humans (Van Someren et al., 2002; Pandolf, 

1997; Duffy et al., 1998; Kenney & Munce, 2003) and smaller mammals (Florez-

Doquet & McDonald, 1998). Decreases in circadian mesor and amplitude of 

temperature in aged humans (Kelly 2006; Kelly 2007; Weitzman et al., 1982; Touitou 

et al., 1986; Vitiello et al., 1986; Monk, 1991), primates (Perret & Aujard, 2006), and 

rodents (Halberg, et al., 1981; Refinetti et al., 1990; Satinoff 1998; Yunis et al., 1974) 

are consistently reported; this is likely a consequence of a less efficient 

thermoregulatory system in advanced age, where the maximum peak daily temperature 

is reduced. Aged mouse lemurs have lower overall body temperature while free 

running in complete darkness compared to younger lemurs (Gomez et al., 2012), as 

well as lower body temperature during the scotophase and photophase in LD14:10 

compared to young adults (Terrien et al., 2009). Furthermore, circadian waveform of 

body temperature has been used to predict mortality in aged mice, incorporating 

parameters of hypothermia and circadian periodicity weeks prior to death (Tankersley 

et al., 2003; Weinert et al., 2002; Weinert & Weinert, 1998), followed by the complete 

loss of circadian fluctuation and severe hypothermia presaging imminent death. The 

deterioration of body temperature rhythms thus provides favorable means toward 

studying age related changes in a circadian controlled function over a lifetime. 
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Accelerated Aging through Light History 

 Mammalian longevity studies are costly, time consuming, and therefore scarce; 

however, a modest amount of literature on the effects of chronodisruption reports 

increased rates of aging. When exposed to a light cycle with a period drastically 

different from its own, an organism will respond either by a) entraining to the light 

cycle, undergoing large phase shifts each day, b) abandon all attempt to align its 

endogenous rhythm with the environment and free run independent of the 

photoperiod, or in some cases c) become completely arrhythmic. Curiously these three 

adaptive strategies result in differing degrees of health insult. For example, after 

confirming no statistical difference in lifespan (Oklejewicz & Daan, 2002), tau/+ 

hamsters and wild type Syrian hamsters were raised in LD14:10, and parameters of 

kidney and heart function were assessed at 4 mo and 17 mo (Martino et al., 2008). 

Unlike 17 mo wild type, tau/+ mutants show abundant manifestation of heart disease 

indicators, exhibiting interstitial fibrosis, myocardial collagen deposits, and increased 

heart-to-body weight ratios. Active fibrosis and collagen deposition was found in the 

renal cortex of the tau/+ hamsters, indicative of the development of primary renal 

disease. A separate control group of tau/+ hamsters were maintained in LD12:10, a 

period which most closely resembles their internal period, and at 17 mo, kidney and 

heart pathology was no different from wild type hamsters in LD14:10, eliminating the 

notion these diseases are explained by pleiotropic gene effects of the tau mutation.  A 

separate cohort of tau/+ hamsters in LD14:10 were subject to SCN ablation at 4 mo 

and pathology was studied at 17 mo, where heart-to-body weight ratios were found to 
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be no different than wild type hamsters, identifying some parameter of a chronically 

resetting SCN contributes to accelerated aging as a consequence of circadian 

desynchrony. 

  

LDLD Entrainment 

 Health hazards associated with chronic misalignment to the external 

environment are not confined to laboratory experiments in mutant hamsters but are 

also prevalent in the human work force: Compared to day workers, an elevated risk of 

health insults are identified in permanent or rotating night shift workers, including 

increased rates of cardiovascular disease (Ha & Park, 2005), obesity (Suwazono et al., 

2008), and cancer (Schernhammer et al., 2006). A novel approach to ameliorating 

health complications is under investigation through the employment of an entrainment 

protocol known as LDLD bifurcation: Animals exposed to twice daily scotophases 

readily bifurcate wheel running activity into both of the two shorter dark phases 

(Gorman, 2001) and steady state bifurcated entrainment is achieved. While far-

reaching implications of bifurcated entrainment are currently being explored for 

human application, it is completely unknown what other possible long-term insults to 

health may accrue under this alternative entrainment protocol. For this reason the 

LDLD photoperiod is included in this dissertation. 
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Dissertation Objectives 

 The main objective of this dissertation is to assess effects of various 

photoperiod histories on mammalian longevity. Utilizing the Siberian hamster, 

Phodopus sungorus, I will examine how lifespan is affected through manipulation of 

life history in both naturalistic and artificial contexts, examining survival rates 

between hamsters (1) undergoing immediate or delayed sexual maturation, (2) living 

in naturalistic or artificial photoperiods, (3) varying in the proportion of life spent in 

the winter phenotype, and (4) subject to a bifurcated light regimen of interest to the 

Gorman laboratory as a possible strategy for addressing human shift-work. The 

remaining chapters describe and assess a battery of circadian and non-circadian 

measures obtained from hamsters longitudinally throughout the survival study. 

Multivariate regression analysis will generate a predictive model of mortality, 

allowing a fuller mechanistic account of biological processes underlying changes in 

lifespan as affected by SCN-mediated light exposure. 

 

Specific Aims 

A) I will test whether lifespan is influenced by chronological age of sexual maturity. 

B) The influence of seasonal versus fixed photoperiod history on lifespan will be 

assessed, measured through life history differences between summer and winter 

phenotypes, (i.e., proportion of time in winter vs. summer state, amplitude of 

physiological variation, number of phenotype transitions). 
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C) Rates of aging will be longitudinally assessed in parameters of wheel running 

activity in a novel protocol. 

D) Rates of aging will be longitudinally assessed among parameters of body 

temperature in a novel protocol.  

E) I will analyze (post-mortem) vital organ weights as a function of age and 

photoperiod history in healthy controls compared to hamsters succumbing to natural 

death.  

F) The utility of a multivariate cox regression survival model is assessed, 

incorporating timing of life history events and age-related changes to parameters in 

body weight, wheel running activity, and locomotor activity. 
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Figure 1.1. Three possible longevity outcomes resulting from extension of the 
juvenile life stage. Typical life stage progression (top) depicts evolutionary history 
theory stating most mammals undergo sexual maturity (e.g., puberty) at an age 
approximately equal to one-third of total lifespan. Three hypothetical outcomes may 
result from the prolongation of the juvenile life stage. First, delaying puberty results in 
no change to lifespan, and as a result, is accompanied by a shortened adult life stage. 
Second, the duration of adult life is maintained, and lifespan is increased by the 
number of days puberty was delayed. Third, the adult life stage maintains the fixed 
two-thirds proportion of time relative to the juvenile life stage duration and maximally 
increases lifespan.  
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CHAPTER 2. PHOTOPERIOD DRIVEN LIFE HISTORY DIFFERENCES 

DETERMINED THROUGH BODY WEIGHT AND PELAGE VARIATION 

 

INTRODUCTION 

 

 Body Weight (BW) is a non-invasive physiological assessment remarkably 

useful for indirectly indexing parameters of substantial interest to this study, in three 

different components of life history. As reviewed in Chapter 1, literature cites BW as a 

relative measure of health, both early in life, and later as diminishing body weight 

correlates with advanced aging and in the end, predicts imminent death. Second, body 

weight correlates closely to testosterone output in male hamsters, and therefore allows 

estimation of the timing of puberty without needing to repeatedly chemically render 

hamsters unconscious in order to directly measure testes size. Finally, timing and 

strength of the photoperiodic response can be reliably assessed with changes in BW, 

especially when complemented with pelage scores. The purpose of this chapter is to 

determine whether these underlying parameters- overall BW, puberty timing, and 

photoperiodic response- can be manipulated through photoperiod history to influence 

longevity in a highly photoperiodic species, the Siberian hamster (Phodopus 

sungorus). The conclusions drawn with respect to survival analysis between 

photoperiod conditions in Chapter 4 will depend strongly on whether the desired 

manipulations (i.e., delaying puberty, photoperiod response to light timing) are 

confirmed through weekly BW analysis. 
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Experimental Design 

 Figure 2.1 depicts the photoperiod schematic of all six experimental 

conditions. 246 male and 80 female Siberian hamsters were weaned from the Gorman 

Lab Colony maintaining LD14:10 (Lights on 0600-1800 PST) at 18 days of age, born  

between the dates of December 18, 2007 and January 15, 2008. Hamsters were 

randomly assigned to live out the full duration of their natural life in one of six 

photoperiod conditions, the sole experimental manipulation of this dissertation. Two 

groups were maintained under Simulated  Naturalistic Photoperiods (SNP) by weaning 

pups into one of two light tight photoperiod chambers, each equipped with SNP light 

timers (Paragon® EC71ST Electronic Sun Tracker Figures). The SNP timer was 

calibrated to a latitude of 50° N, yielding gradual changes in the daily photophase 

duration to reflect naturalistic annual fluctuations between a winter solstice of LD8:16 

and summer solstice of LD16:8. For the first group, the SNP light cycle was set for a 

time of year coinciding with mid breeding season to facilitate early sexual maturity 

(SNP Early, or "SNP E") on SNP date, May 10, 18 days after the SNP timer increased 

past 14 hours of daily light, in order to also ensure a smooth photoperiod transition 

from the LD14:10 colony. The other SNP photoperiod condition was timed to reflect 

the end of the summer breeding season (SNP date September 5, 18 d after decreasing 

below 14 hour photophase), post-summer solstice, where pups were assumed to 

transition to the winter phenotype and delay puberty (SNP Delay condition or "SNP 

D") until the following photoperiod simulated spring season. The third photoperiod 

condition was constant exposure to Short Days "SD" consisting of LD8:16, where 
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hamsters would also enter the winter state and delay puberty until becoming 

photorefractory (i.e., spontaneously undergo sexual maturity despite the constant 

photo-inhibitory lighting), estimated to occur between 4-6 months of age. The fourth 

photoperiod condition was constant exposure to Long Day "LD" photoperiod of 

LD16:8, a photo-stimulatory light schedule that would rapidly induce sexual maturity. 

LD and SD photoperiod schedules were specifically chosen to match summer and 

winter solstices of the SNP groups. The fifth photoperiod condition consisted of 

square wave or Discrete Season "DS" photoperiod, where hamsters selected for this 

group lived under LD8:16, in the same chamber as SD hamsters, until 6 months of 

age, when they were transferred to the LD chamber exposed to LD16:8 until one year 

of age. These DS hamsters were shuttled between SD and LD photoperiod chambers 

every 6 months to create a discrete, artificially generated seasonal schedule roughly 

timed relative to the SNP D. Finally, hamsters in the last photoperiod group of this 

study were subjected to a schedule of 24 h light-dark-light-dark in LDLD8:4:8:4 

"LDLD." The two photophases in the LDLD group occurred between 0900-1700 PST 

and 2100-0500 PST. Aside from LDLD, the middle of the other five photophase 

conditions occurred at 1300 PST, similar to the colony from which they were born. As 

a result, when hamsters in DS groups were transferred from LD8:16 to LD16:8, the 

photophase duration in the new condition doubled from 8 hours to 16 hours within a 

single day by initiating lights 4 h earlier and remaining on 4 h longer than the previous 

day. Hamsters were housed 4 per cage and siblings were divided up among 

photoperiod conditions; when more than six sibling pups were used they never 
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occupied the same cage. Dim scotophase illumination was provided via green LEDs. 

Hamsters incurring fight wounds were removed from the group cage and singly 

housed. At 3 months of age transponders were inserted subcutaneously into the upper 

back, allowing a scanning wand to identify hamsters quickly and also convey 

subcutaneous Body Temperature (BT) later described in Chapter 3.  

 The incorporation of these six specifically selected photoperiod groups serves 

to directly test how lifespan or rates of aging might be affected through the 

manipulation of photoperiod driven variations to life history. Explicitly, this design 

will test lifespan differences among early and delayed puberty through comparison of 

survival of SNP E, LDLD, and LD (early puberty) to SNP D, SD, and DS photoperiod 

groups. The influence of exposure to fixed vs. seasonally based photoperiod schedules 

on lifespan will be tested through the comparison between fixed (SD, LD, LDLD) and 

yearly (SNP E, SNP D, DS) conditions. Additionally, the number of winter phenotype 

transitions among these six groups also vary substantially ranging between 0 winter 

states (LD and LDLD), 1 winter state (SD), and multiple winter states in the seasonal 

schedules (SNP E, SNP D, DS), which will test the hypothesis that the "slow aging" 

effects associated with the winter state indeed attenuate measures of aging and 

ultimately, extend lifespan.  The following analyses assess the timing and magnitude 

of life history variation as determined through Body Weight (BW) and pelage. 
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Delayed Puberty Timing- Methods 

 Procedure. Each week during cage change, hamsters were scanned, weighed, 

and pelage was subjectively scored. Hamsters were picked up individually out of the 

old cage, scanned for ID confirmation and weighed by an Ohaus© Scoutpro SPE401 

digital scale coupled to the Bio Medic Data Systems, Inc.© DAS-6003 portable 

scanning device. Pelage was scored, and the hamster was placed into a fresh cage. All 

data were recorded digitally to a .txt file through the scanning device organized 

relative to the last scanned hamster, significantly limiting the number of errors accrued 

from the tens of thousands of measurements throughout the study. All statistical 

analyses throughout this dissertation include the use of SPSS©, Microsoft Excel©, and 

R©. 

 The subjective rating of pelage was visually scored on a seven point ordinal 

scale, ranging 1.0 (full summer) - 4.0 (full winter) at half increment intervals (e.g., 1.0, 

1.5, 2.0, 2.5, 3.0, 3.5, 4.0), adopted from a method previously described (Duncan & 

Goldman, 1984a, 1984b).  

 Data Analysis. In this chapter life history differences in body weight (BW) 

patterns are characterized among six photoperiodic conditions. Utilizing weekly BW 

data (complemented by pelage) timing of puberty onset is determined and subsequent 

seasonal transitions in SNP E, SNP D, SD, and DS conditions. The influence of age at 

puberty onset towards the timing of age-related trends in older hamsters such as 

reduced photoperiodic BW response and overall BW decline in aged hamsters is 

tested. The attenuation of the photoperiodic response among seasonal groups (SNP E, 
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SNP D, DS) as measured by BW and pelage amplitude, and differences in timing of 

seasonal transitions as hamsters age are evaluated. SNP E and SNP D group 

comparison will determine whether age-related decline in seasonal amplitude is more 

closely associated with chronological days old, or rather the number of (either) 

summer or winter phenotype transitions. Group differences in maximum BW and age 

upon reaching maximum BW are assessed. Effects of living under LDLD on BW are 

investigated. Last, trends in body weight and pelage during the final year of life are 

analyzed for predictive value at the individual and group level, and whether age 

related changes are more reflective of absolute age or imminent death. 

 Early Photoperiod Effects. Random selection among pups into the six 

photoperiodic conditions was confirmed by assessing initial BW after weaning into 

groups to ensure equal BW means among conditions. Mean body weights among 

groups were equivalent at 18 day old weaning (F(5,240) = 1.5, p < .189), grand mean 

wean weight = 18.2 g, standard deviation = 1.69 g. For the first five weeks of the 

experiment, pups were individually weighed at exactly 18, 25, 32, 39 and 46 days old 

(Table 2.1). After this period, hamsters were all weighed together on the same day on 

a weekly basis for logistical and practical reasons.  

 During the 8th day of the experiment (25 days old), a significant BW 

difference among groups emerged (F(5,240) = 23.8, p < .001). Scheffe's post-hoc test 

confirmed homogenous subsets consisting of SNP E, LDLD, and LD in one subset, 

and SNP D, SD, and DS in the other. As expected, pups in the long day or increasing 

daylength photoperiods (SNP E, LDLD, LD) significantly outweighed pups in puberty 
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inhibitory photoperiods (SNP D, SD, DS; t(244) = 8.62, p <.001), a trend that continued 

robustly throughout the last individually timed BW measurement at day 46. Post-hoc 

tests reveal homogenous subsets between these two growth patterns to persist during 

this time, with no significant differences among groups within their respective subsets 

at any week. This earliest differentiation implies both puberty onset in the immediate 

groups and physiological inhibition at 25 days of age in the delayed groups. Therefore, 

25 days of age was used to define the timing of puberty onset among all male hamsters 

in SNP-E, LDLD, and LD, collectively referred to as Early Puberty groups. SNP D, 

SD, and DS will be collectively referred to as the Delayed Puberty groups. 

 Puberty onset in the Delayed Puberty groups was calculated using an algorithm 

fitting a moving 11-week cubic regression estimating weekly 1st and 2nd order 

derivatives in order to index growth rates of each hamster. The 1st order derivative 

values identified the initial local maximum following the initial local minimum 

associated with the non-permissive puberty growth inhibitions described above, at 25 

d. If no other local maximums in the first year exceeded 80% of this growth rate, the 

age at this value defined the age of puberty onset. However if any additional local 

maximums in the first year reached slopes > 80% relative to this first local maximum, 

the local maximum whose timing was closest to 71 days prior to fur pelage dropping 

to 1.5 or 1.0 for three out of four consecutive weeks was selected. This parameter was 

incorporated because 71 days was the median latency found between puberty onset of 

SD hamsters demonstrating a single, unambiguous growth spurt and pelage scores as 

measured in the above fashion. Figure 2.2 illustrates BW and pelage of a 
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representative delayed puberty hamster and the derived algorithm estimating the onset 

of sexual maturity. The relationship between first order derivative of BW and latency 

of decreasing pelage scores are not significantly correlated, (r(36)= -.027, p < .872). 

This evidence of a rather fixed latency among the two measures provides further 

validity as a structured constraint when choosing between more than one local 

maximum in calculating the growth spurt used to define puberty onset. 

 

Delayed Puberty Timing- Results 

 Timing of puberty among Delayed Puberty groups was estimated using the 

algorithm described above and the results are illustrated in Figure 2.3. Table 2.2 

summarizes additional parameter values obtained at the time of puberty (data in Table 

2.2 represent actual BW values, not BW values predicted by cubic regression). One-

way ANOVA reveals significant differences in puberty timing among Delayed 

Puberty groups (F(2,116) = 3.1, p < .040), where post-hoc comparisons depict SNP D to 

be older than SD at  time of puberty (167 d and 146 d, respectively; DS = 158 d).  

 

Delayed Puberty Timing- Discussion 

 Despite the younger age, SD had the lowest mean BW and smallest growth 

rates among Delayed Puberty groups during puberty onset. The earlier onset of SD 

may initially appear paradoxical in that the DS group was raised in the exact same 

chamber bearing LD8:16 for the first 6 months of life. However, both SD and DS 

group means estimate puberty well before 180 d of age, and it is important to note 
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these group differences at age of puberty are not remotely significant (p < .414). 

Significant differences in mean BW and mean growth rate between these two groups 

at time of puberty might be accounted for by the effect the photoperiod transfer of the 

DS group from LD8:16 to LD16:8 at 180 days had, since the algorithm incorporates a 

moving 11-week regression. It is possible the additional growth spurt associated with 

this transfer may have been a factor in one of two ways. The first way would be that 

the DS growth spurt which occurred in response to the short day to long day 

photoperiod slightly elevated the average BW in every hamster. This is rejected as a 

possibility because the real BW values were used at time of puberty and not the 

estimated values. Second, distributions of puberty timing appear non-normally 

distributed in DS: Elevated growth rates from the short to long day transfer could have 

possibly influenced the estimate of puberty timing in the DS group in a small subset of 

DS hamsters, specifically the later maturing animals. However, similar to the Early 

Puberty groups, where the initial non-puberty related growth spurt of the young pups 

could not be differentiated from the immediate additional puberty driven growth spurt, 

parsing out growth rates attributed to the unique DS transfer at 6 months would result 

in applying a unique algorithm specifically for this group, an undesirable option as it 

bordered on violating the integrity of group-wise estimates regarding delayed puberty 

timing. The additional parameter in the puberty estimate algorithm regarding the 

latency to summer pelage onset was designed to reduce noisy BW estimates alone as 

pelage would presumably change with the summer transformation according to the 

same rather inflexible timeline as the other groups. 
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 An interesting trend with respect to delayed puberty timing is that the groups 

exposed to constant short day LD8:16 photoperiods through the first 180 days (SD and 

DS) reached puberty onset faster than the SNP D group. Combining SD and DS data 

and comparing to SNP D demonstrate a significantly earlier age of puberty (t(118) = 

2.37, p < .038). This finding suggests a fundamental change in the putative interval 

timer regulating puberty inhibition: Accounting for the evidence of the interval timer 

at work in Delayed Photoperiod groups by 25 d of age, not at birth, the interval timer 

displayed 10.5% shorter latency in concluding the inhibitory process in fixed short day 

photoperiods [100 x {1-(152-25)/(167-25)}].   

 

Lifetime BW trends, seasonal photoperiods-Methods 

 BW timing and amplitude were assessed in seasonal photoperiod groups (SNP 

E, SNP D, and DS) with the following algorithm: Utilizing the smoothed weekly BW 

data generated by the cubic regression employed to determine puberty timing, five 

week moving averages were calculated across the lifetime for individual BWs to find 

local peaks and troughs driven by summer and winter phenotype transitions, 

respectively, relative to positive and negative inflections of BW first derivative. Local 

maximums and minimums were identified in serial fashion until individual BWs 

exhibited a photoperiod-independent slow, gradual decline in BW associated with end 

of life (discussed below in "BW trends in last year of life"), identified when the last 

peak and trough were not statistically significant from one another. Within each local 

maximum the largest real weekly BW was chosen, where chronological age, SNP 
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date, and corresponding daily photophase duration (for SNP E and SNP D groups) 

were also determined. Similarly, time points highlighting local minimums were 

assessed and the lowest real BW within this interval was designated as the minimum 

time point. The only value obtained for all six groups was the initial maximum BW. 

For seasonal groups, the annual BW amplitudes were assessed by comparing group 

means from each photoperiod condition by order of 1st Summer transition (top panel, 

Table 2.3) in the DS group, the LD8:16-LD16:8 transition was  arbitrarily regarded as 

Summer Solstice (June 21), and the LD16:8-LD8:16 transition was defined as Winter 

Solstice (Dec 21). BW trends were also assessed in similar fashion with respect to 

alignment of 1st Winter (bottom panel Table 2.3). It is acknowledged that in the 

arbitrary assignment of summer solstice to DS, the middle of the 6 months of LD16:8 

photoperiod could have been selected but it was deemed more beneficial for it to be 

relative to SNP groups timing of maximum daylength exposure and have the solstice 

dates represent a qualitative change to the photoperiod environment. 1st Derivative 

growth rates calculated from the 11 week moving cubic regression algorithm were 

also plotted. 

 

Lifetime BW trends, seasonal photoperiods- Results 

 Overall weekly means of male BW and pelage throughout the duration of the 

study are shown in Figure 2.4 and Figure 2.5, respectively. BW and pelage combined 

by photoperiod group are illustrated in Figure 2.6. Descriptively, the non-seasonal 

groups (SD, LD, LDLD) lifetime BW trends appear composed of three distinct phases: 
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Initial BW growth is strong throughout the first 4-6 months (accounting for variation 

between Early and Delayed groups), then tapers off, reaching maximum BW near 290 

d (independent of puberty timing), and then begins a steady and systematic decline for 

the remaining life history. In the seasonal groups (SNP E, SNP D, DS), there is a clear 

and robust cyclic component to BW growth for 2-3 annual cycles, with maximum BW 

peaks declining each successive summer, after which a stable decline in BW is also 

observed. 

 Growth rates (e.g., 1st order derivatives) calculated by the moving 11-week 

cubic regression equation are paneled in Figure 2.7. As SNP E was the only seasonal 

photoperiod group to undergo Early Puberty, this group's rhythmic dampening pattern 

observed in annual BW trends was compared to SNP D and DS. To test BW histories 

across groups they were aligned with respect to the first summer, in which the first life 

stage (adolescence) ends and adulthood begins (e.g., undergoing puberty). Figure 2.8A 

and Figure 2.9A illustrate BW and pelage among these three groups aligned by the 

first summer solstice and their characteristics summarized in Table 2.4. Among this 

1st summer based BW alignment, the maximum correlation coefficient obtained 

within any 100 week interval was r(98) = .778 between SNP E and SNP D; r(98) = .580 

between SNP E and DS, and r(98) = .762 between SNP D and DS (all p < .05). 

 Qualitatively, aligning the 3 seasonal groups by 1st winter (omitting SNP E's 

early 1st summer) and assessing mean BW history can be described as the uppercase 

letter "M," where BWs increase from the winter state, attain a peak value (the first 

arch), lower BW again in response to the SD inhibitory winter state, and then rise up 
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the following summer to reach the second and final distinct BW gain (the second arch, 

but not robust as the first summer response). BW responses to photoperiod after this 

second arch decisively "peter out" and are further described in the section below 

regarding "BW trends 1 year prior to death." The BW amplitude during the first year 

(summer to winter difference) was 15.68-16.14 g for all groups, where %BW loss to 

the winter transition was 29%, 29%, and 28% in SNP E, SNP D, and DS groups, 

respectively. The following summer to winter amplitude was more variable among 

groups, with mean amplitudes of 9.60 g, 12.75 g, and 21.10 g, producing %BW losses 

of 20%, 26%, and 39%. This results in amplitude attenuation of 59%, 81%, and 133% 

from year 1 to year 2 in SNP E, SNP D, and DS groups, respectively. Notably, the 

gain in amplitude from year 1 to year 2 in DS groups was mostly due to lower trough 

BWs in the second winter, as the sample size at this age among all three groups began 

to dwindle (SNP E = 6, SNP D = 9, DS = 5). 

 Upon closer inspection of SNP E and SNP D BW histories, a tighter 

relationship might be revealed if ignoring the 1st summer experienced by SNP E and 

aligning SNP E's second summer (see Figure 2.8B) with the 1st summers for SNP D 

and DS. Considering this relationship creates a difference of one year between timing 

of puberty among SNP E and the other two groups, there was no reason to believe a 

stronger relationship among BWs would underlie this arrangement. However, if the 

first winter phenotype transition is a bigger influence, or synchronizer upon biological 

aging (based on BW amplitude and waveform decline, rather than strict timing of 

sexual maturation) then this might be expected. Alternatively, SNP E was only 
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exposed to increasing daylengths long enough to achieve puberty but not to reach 

maximum BW, as summer solstice occurred around 9 weeks of age, when BW gain 

abruptly ceased. It is a possibility SNP E hamsters were not big enough for long 

enough, to fully "count" the puberty summer in the same way the other groups 

exposed to their first summer where they also reach maximum BW. Maximally 

aligned BW and pelage trends among the three seasonal groups are represented in 

Figures 2.8C. Ultimately, SNP E and SNP D groups attain a new BW correlation of 

r(98) = .977 under this alignment (relative to 1st winter); this was also the maximal 100 

week correlation coefficient among all possible alignments created at various 

offsetting weeks, (e.g., "sliding" the 100 week interval along one of the SNP BWs 

while the other remained fixed until the strongest correlation was found). Here SNP D 

had a median age of 113 days younger than SNP E hamsters. This "optimized" BW 

alignment resulted in correlation coefficients of r = .859 between SNP E and DS 

groups and r = .908 between SNP D and DS groups, where their real ages were only 

different by a week as DS had a median age of 122 days younger than SNP E. These 

BW trends among seasonal groups with respect to aligning the first winter (aka 

omitting SNP E's 1st summer) are consolidated in Table 2.5 and illustrated in Figure 

2.10. When comparing trough and peak BW aligned by puberty summer (1st 

Summer), SNP E and SNP D groups are statistically significant through all 

comparisons made where each group has a sample size larger than n = 6, whereas in 

the Winter alignment arrangement these two groups do not differ statistically at any 

point.  
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Lifetime Pelage trends, seasonal photoperiods- Methods 

 To determine whether pelage scores followed this same alignment trend as 

BW, median values associated with the 3 groups were assessed, determining a 26 

week period would contain the pelage waveform associated with the short day winter 

phenotype. These data were obtained for the first winter's pelage waveform (19-45 

weeks following summer solstice in SNP groups), and exactly one year later the 

pelage waveform associated with the second winter phenotype. Due to pelage scoring 

data being both subjective and ordinal, Chi-square analysis were carried out separately 

for each winter. Pelage score categories with expected values less than 5 (i.e., 1.0, or 

4.0) were omitted from the analysis in order to maintain integrity of the test. 

 

Lifetime Pelage Trends, seasonal photoperiods- Results 

 Pelage timing relative to a) summer of puberty and b) 1st winter are illustrated 

in Figure 2.9. The initial winter pelage profile among the seasonal groups were 

equivalent, X2
(6) = 8.74, p < .25, with median pelage scores of 1.5 or 2.0 making up for 

90% of scores across all three groups. Conversely, pelage during the second winter 

was substantially different among groups, X2
(4)=27.40, p < .001. Looking at median 

values among groups explains why, as 69% of SNP E counts = 2.0, 85% of SNP D 

counts = 1.5, and 58% of DS counts = 1.5 during the second pelage profile. This trend 

is evident upon visual inspection upon referring back to Figure 2.9, where SNP E 
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mean pelage appears to have a longer peak with consistently higher values across the 

26 week interval. 

  

Lifetime BW and Pelage, seasonal photoperiods- Discussion 

 While the main hypothesis driving this study was to determine if lifespan 

might be influenced by the manipulation of life history events, it was surmised the 

largest driving biological event that may emerge as a factor was the timing of puberty 

as mediated by photoperiod. Hamsters in the SNP E photoperiod were equivalent in 

BW gain as the other 2 Early Puberty groups, differentiating from the Delayed Puberty 

groups early on in the study and, in addition, complement a broad range of previous 

literature on the topic of seasonally driven puberty timing in the Siberian hamster. 

Therefore, although testis data were not measured, it can be confidently asserted that 

they indeed became sexually competent (as BW in this context closely tracks testicular 

function) at the same time as the other two Early Puberty groups differentiating via 

significant weight gain over Delayed Puberty groups after just 7 days in the puberty-

permissive photoperiods. SNP E BW departed from this common Early Puberty trend 

of steady, gradual achievement of lifetime maximum BW, at mean age = 97 d, SNP 

Date = July 30, when the naturalistic photoperiod was decreasing the photophase 

duration to approximately 15.02 h (summer solstice = June 19, 16 h light).  

 In contrast to the early similarity in BW projections among all Early Puberty 

groups, BW and pelage trends of the SNP E hamsters are nearly identical to SNP D 

and DS groups when aligning initial SNP D and DS summers with the SNP E's second 
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summer (e.g., "1st Winter"), suggesting almost a putative "free" summer of initial 

puberty immune to biological consequence with respect to declining BW and pelage 

amplitude observed in each successive season. This is consistent not only with respect 

to mean peak and trough BW patterns, but also the timing with respect to the actual 

SNP date where these peaks and troughs occur (refer to Table 2.4 versus Table 2.5). 

Finally, the number of surviving hamsters exhibiting (BW based) photoperiodic 

responses is notably equivalent across groups if the second summer of SNP E is 

aligned with the first summer of SNP D and DS (see sample sizes below X-axis on 

Figures 2.10A versus 2.10B). Conversely, these similarities between SNP E and SNP 

D are not observed on any of these variables when assessed with regard to puberty as 

the synchronizing life history event. Therefore one of three conclusions can be made. 

First, perhaps the initial winter is a more influential life stage or life history 

synchronizing event with regard to BW and pelage trends compared to age at puberty. 

Second, perhaps species capable of being born early in a breeding season may have 

adapted the capacity to expedite immediate puberty without any permanent 

consequences to the organism's life stage timetable or rate of aging. The third 

possibility is that the fundamental changes in an organism's biology between 

adolescence and adulthood have no impact on life history events, although survival 

data must be recovered in order to support or validate implications of this 

interpretation of our data.  

 Of additional interest is that while SNP D and DS seasonal groups were 

exposed to similar histories, experiencing delayed puberty and some form of seasonal 
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photoperiod, that SNP E still bears a tighter correlation in BW history (SNP E-SNP D 

r = .977; SNP D-DS r = .908). These close similarities, despite the difference in 

timing also argues against confounding "lab room factors" or ambient effects, as SNP 

E and SNP D match equivalently, despite being in different physical photoperiod 

chambers, and these similar patterns are taking place at different actual physical times 

of the year. On closer inspection of mean BW patterns among these seasonal groups, it 

is evident that the waveforms among SNP groups and the square wave-based DS 

group are qualitatively distinct (Figure 2.4). The SNP group BW patterns tend to 

reflect the smooth, cosine-wave nature of the naturalistic photoperiod to which they 

were exposed, whereas the DS pattern of weight gain and loss can only be described 

as jagged and almost in discrete intervals of growths and losses, which interestingly, is 

also descriptive of the photoperiod schedule defining the group.  

 Although 1st winter BW data would be valuable to collect among SNP D and 

DS conditions, it was impossible to properly obtain, as rapid initial juvenile growth 

rates at this time (independent of sexual maturity) complicate the analysis. However, 

the collection of pelage scores among this first SNP D winter phenotype (as well as 

DS and SD groups) was obtained specifically to supplement seasonal trends 

represented by BW, as the primary measure; BW is continuous and objective, whereas 

the subjectivity of pelage scoring is less than ideal as a primary dependent variable in 

diagnosing phenotype state. Indeed, SNP D pelage scores during the first winter 

appear equivalent in intensity and duration as both SNP E first winter and DS and 

SD's pre-puberty winter. It is worth noting explicitly again that for all intents and 
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purposes that SD and DS physically shared the same chamber and were randomly 

distributed throughout the LD8:16 chamber during the first 6 months of life and in 

addition to bearing equivalent BWs and puberty timing, display identical pelage 

profiles (SD and DS groups; see Figure 2.5) as would be expected from a pseudo-

"matched-pairs" control during the 1st 6 months of life. 

 

Timing of Maximum BW 

 All 3 fixed photoperiod males arrived at equivalent lifetime maximum BWs 

(LDLD = 52.67, SD = 49.94, LD = 49.63, F(2,122) = 1.8, p < .057) at statistically 

equivalent mean ages (LDLD = 285, SD = 297, LD = 279, F(2,122) = .51, p < .602). 

Additionally, including SNP D's BW values and timing data into the analysis did not 

produce statistically significant differences, surprisingly revealing that puberty timing 

and the age which maximal BW is reached are not interactive factors. Data also show 

the photoperiods governing SNP E and DS had the most profound and opposite 

impacts on BW life history. The LD8:16-LD16:8 transition at 6 months in DS 

provoked a heavier maximum BW at a significantly earlier age (mean weight 56.49 g 

at 235 d). As for SNP E, this was the only group to have a qualitatively distinct BW 

history, in two respects: First, the initial immediate puberty growth was attenuated 

upon reaching summer solstice, at a significantly lower BW (45.38 g). Because of this 

lower initial BW maximum, this was the only seasonal group to display an increased 

mean BW during the second summer phenotype transition, making SNP E the oldest 

group at time of their absolute maximum BW. However, the mean BWs during the 
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SNP E second summer was no different than SNP Ds maximum BW during the first 

summer when puberty occurred, as discussed above.  What follows is a distinct 3-tier 

stratification among BW histories between the earlier BW maximum in DS, the status 

quo for this study's BW maximum trends (SNP D, LDLD, SD, and LD), and a much 

later BW maximum in SNP E (405 d). Chapter 5 will assess these differences in BW 

parameters to determine if either timing or absolute mass are predictive of survival.  

 Finally, it is concluded that the qualitatively distinct photoperiod of LDLD, as 

assessed by BW patterns, did not significantly differ with respect to growth rate, 

maximal BW, or age at maximum BW when compared to the most closely matched 

photoperiod of our study, LD, with both groups experiencing early puberty, and a 

fixed absolute duration of 16 h of light per 24 h cycle.  

 

Body Weight and Pelage Trends One Year Prior to Death 

 The final 52 weekly BW and pelage scores from each male hamster among all 

experimental groups were assessed. 17 hamsters did not live long enough to provide a 

full year of BW and pelage data and were excluded. A Mixed Model ANOVA (6 

Groups x 52 Weeks) was used in both analyses.   

 Consistent with aging literature, overall, BW decreased as hamsters 

approached their demise (F(51, 11373) = 111.9, p < .001), exhibiting a steady decline 

throughout the last year, and losing mass at a faster rate 4-8 weeks prior to death. A 

significant difference in the final year BW was found between groups, (F(5, 223)= 3.2, p 

< .008) as well as significant Photoperiod x Week interaction (F(255, 11373)= 1.5, p < 
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.001). Post-hoc Scheffe's tests reveal DS, the group with the heaviest weekly mean 

BW, to differ from the SD and LD, the two groups with the lowest weekly mean BW 

(MSe= 2078.8, df = 223, p < .009 and p < .026 compared to DS, respectively). Weekly 

BW data are represented in two ways: a) as raw values, which are the actual weight 

measurements (Figure 2.11A), and b) as adjusted values, calculated by subtracting 

each hamster's final body weight measurement from each weekly raw weight (Figure 

2.11B), to highlight the difference in body weight each week relative to final "death 

weight". In the adjusted BW values, for example, data during the final week for all 

hamsters = 0.0. Pelage trends in the final year of life are illustrated in Figure 2.11C. 

  Interestingly, DS hamsters also displayed a unique trend of gaining BW until 

36-39 weeks prior to death, at which time they would also begin the decreasing trend, 

albeit at a lesser rate. It will be further examined in the survival chapter if the unique 

weight gain and loss trend in DS might be explained by a common temporal alignment 

of demise to the long day and short day transitions inherent to this photoperiod. While 

the remaining five photoperiod groups appeared equivalent with respect to decreasing 

BW patterns in the final year, it will be of interest to determine (in Chapter 4) whether 

the frequency of death appears to be influenced by SNP year among SNP E and SNP 

D groups. 

 To determine whether weekly body weight had any true predictive value of 

mortality, the trend of p values in the final year of life were investigated by assessing 

independent samples t tests and dependent samples t tests, comparing an array of 

current-to-previous BW means by averaging the last 1-4 weeks of life (current) to the 
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previous 2-12 weeks preceding death. Figure 2.12A illustrates the trend of p values 

among all groups' independent samples t-tests at every week of the final year of life, 

testing this week vs. last week; mean BW of the last 2 weeks vs. mean BW of the past 

3-6 weeks; mean BW of the last 3 weeks vs. mean BW of the past 4-6 weeks, and 

finally, mean BW of the last 4 weeks vs. mean BW of the past 5-8 weeks. These data 

are novel in characterizing BW significance in population-wise mortality rate, but do 

not provide predictive or useful parameters toward identifying when a single 

individual may enter moribund status, where the actual current week prior to demise is 

an unknown variable.  

 Despite these data characterizing BW history only after knowing the date of 

death, comparing group body weight of one week to one week prior does not yield any 

mortality predictive value. In contrast, comparing the mean BW of the last 4 weeks of 

life to the mean BW of the last 5-8 weeks of life, at the population level, only reaches 

significance in the final 31 weeks of life, an early reliable indicator. In other words, 

statistically significant weight loss is consistently found week after week only once the 

hamsters have 31 weeks to live. At this point, p values associated with comparing 

either the mean of last 2 weeks vs. last 3-6 weeks, or the mean of the last 3 weeks vs. 

mean BW of last 4-6 weeks, only reaches p < .01 around 5 weeks prior to death. This 

may be a useful tool in indicating death not imminently, but rather > 30 weeks prior to 

death, and strikingly, the predictive nature of this assessment does not require 

knowledge of the age of the hamster. 
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 As the more powerful and informative predictive value arguably only lies in 

predicting mortality at the individual level, dependent measures t tests were assessed 

at every week of the final year of life in all experimental males. At every week, t test 

measured a) mean BW of the most recent weeks (1-4 weeks from present) compared 

to b) mean BW of the previous weeks (3-12 weeks from present). Figure 2.12B shows 

the trends appear similar when comparing mean BW of the most recent 2-4 weeks 

against mean BW of anywhere from 3-12 weeks prior. Interestingly, individual 

hamsters reach and maintain until death a significant weight loss (p < .05, 2 tail) at 35 

weeks prior to death, when comparing some recent interval of mean BW compared to 

a previous mean BW.  

 There was also an overall change in pelage across the final year of life, 

(F(51,11322)= 9.0, p < .001) where mean and median pelage score during the final week 

of life = 1.5 (Figure 2.11C). Hamsters in non-seasonal photoperiods  (LDLD, SD, and 

LD) gradually increased from a pelage = 1.0 common to their constant summer 

phenotype, whereas those housed in SNP-E, SNP-D, and DS appeared to diminish the 

amplitude of their winter phenotype response, creating significant photoperiod 

(F(5,222)= 17.1, p < .001) and Photoperiod x Week interactions (F(255,11322)= 3.0, p < 

.001). Interestingly, mean pelage in the DS group appears to decline from 1.75 at 52 

weeks prior to death and flattens out at 1.4 around 36 weeks prior to death, where it 

remains until slightly increasing again around 8 weeks prior to death when it gradually 

increases again. These data, in conjunction with BW trend in this group, might suggest 

a stronger influence of photoperiod on timing of death than the other groups, as the 
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peak of weight gain loosely coincided with the darkening of pelage, suggesting a final 

transition to summer phenotype occurred 36-39 weeks prior to death, as well as a final 

winter transition 10-13 weeks prior to the average death. 

 

CONCLUSION 

 

 This study was conducted where the only true independent variable was 

photoperiod schedule, in order to measure influence over dependent variables such as 

puberty timing, photoperiodic responses, rates of aging, and most important, survival. 

Weekly measurements of body weight, complemented by pelage, were an ideal 

measure to non-invasively determine whether our photoperiod manipulations indeed 

had the desired differentiation of life history events: Puberty timing, phenotype 

transitions, and trends in the final months of life are all reliably observed through 

changes in body weight.  

 The three early puberty groups began to demonstrate accelerated growth by 25 

days old, where in contrast, the three delayed puberty groups transitioned into the 

winter phenotype, maintaining lower body weight and developing white pelage and 

ultimately delaying puberty onset until mean 156 days of age. In addition, weekly 

BWs provided the ability to measure whether the three groups exposed to seasonal 

photoperiods were in fact generating seasonal rhythms, as the Siberian hamster is a 

robustly photoperiodic species. First, non-seasonal conditions all generated lifetime 

BW history of similar patterns and reaching maximum BWs (49.63-52.67 g) at 
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equivalent ages (279-297 days), despite one of these groups being in a short day 

delayed puberty photoperiod schedule (SD). The three seasonal photoperiod groups all 

exhibited rhythmic BW variation, with highest mean BWs during long days and 

lowest BWs during short days; this pattern was strongly apparent despite the 

differential alignment of the annual photoperiod occurring at different ages in different 

groups, and also with respect to the physical real time of the year. This seasonal 

amplitude also attenuated each successive season, evident in both declining BW 

fluctuation and less robust winter pelage each consecutive short day season.  

 The trend in declining seasonal BW response was found most tightly correlated 

between groups when aligning the three seasonal photoperiods by first winter, and not 

by summer of puberty onset, revealing that when matching groups to biological age as 

measured by declining photoperiod responses, SNP E hamsters are chronologically 

113 d older than SNP D and DS groups. Very few experiments have previously 

documented rates of aging in this particular species with respect to photoperiodic 

manipulation. One study demonstrates advanced reproductive aging in female 

hamsters born in early summer who undergo early puberty compared to females born 

late in summer who overwinter and prolong the juvenile state until the following 

spring (Place et al., 2004). These data appear in complete contrast to our results, where 

the SNP E born males rapidly underwent puberty, only to have their second summer 

season align most closely to the first summer of SNP D and DS hamsters. This 

difference might either be explained by gender differences, or from the fact that 
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measures of aging between studies were completely different (reproductive decline as 

measured by primordial follicle count and fertility versus assessing changes in BW).  

 The overall decline in photoperiodic responsiveness associated with advancing 

age may be a result of functional decline in one or more biological systems. First, the 

mechanism inducing the winter phenotype in the Siberian hamster is the long duration 

of pineal melatonin accompanying short days (or more directly, long nights). Pineal 

melatonin output has been reported compromised in older organisms, and a number of 

possible explanations are proposed. First, this could be a result of weakened SCN 

rhythm generation or diminishing output. Second, decreased pineal output or changes 

to melatonin waveform may be affected with age; calcification or hardening of the 

pineal gland has been implicated in the impairment of melatonin output (Hardeland, 

2012). Third, regulation of hypothalamic thyroid hormone (T3) has been identified as a 

key peptide in the metabolic phenotype of the Siberian hamster, where T3 implants in 

SD hamsters induce summer type metabolic responses and testicular recrudescence. 

 Finally, analysis of BW in each hamster's final year of life reveals a trend in 

BW loss, which picks up significantly around 26-31 weeks until death. Finally, 

hamsters in the DS tended to gain weight roughly 48-52 weeks prior to death after 

which they conformed to the same rates of BW loss as the remaining groups, albeit 

from a higher mean weight. This trend in DS could be explained if there was a season-

specific factor causing increased deaths during a specific timing of their discrete 

seasons as pelage for this group also decreases from 38-52 weeks prior to death, which 

coupled with the increasing BW at this time would be consistent with a winter to 
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summer phenotype transition at the time of death. Chapter 4 further investigates 

whether an increased instance of death among SNP E, SNP D, and DS photoperiods is 

associated with seasonal timing.  
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Figure 2.1. Schematic of the six photoperiod conditions employed in the study. 
Simulated Natural Photoperiod, Early Puberty = "SNP E" (Blue); Simulated Natural 
Photoperiod, Delayed Puberty = "SNP D" (Green); LDLD8:4:8:4 = "LDLD" (Tan); 
Short-Day, photo-inhibitory LD8:16 "SD" (Purple); Long-Day, photo-stimulatory 
LD16:8 = "LD" (Orange); Discrete Season = "DS" (Red). These photoperiod colors 
and abbreviations will persist throughout this dissertation. Three photoperiods vary 
seasonally- SNP E, SNP D, and DS, illustrated through changes to annual photoperiod 
duration (y-axis), ranging LD8:16 to LD16:8. SD is constant LD8:16; LD is constant 
LD16:8; LDLD receives two 8 h light pulses and is depicted as 16 h photophase. 
Drawing attention to the first six months, 3 photoperiod groups are visibly exposed to 
short or decreasing photophases (SNP D, SD, DS) that resultantly delay puberty. The 
other three groups are exposed to photo-stimulatory lighting (SNP E, LD, LDLD) and 
will facilitate immediate sexual maturity. Black solid line through the first 18 d depicts 
all animals were housed in LD14:10 colony prior to weaning at 18 d. 
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Figure 2.2. Representative weekly BW and Pelage history of a delayed puberty 
hamster through the first year of life. X-axis = Age (days), Y-axis = BW (g). Coloring 
of weekly data points represent pelage scores as follows: Black (summer) = 1.0, Dark 
Gray = 2.0, Light Gray = 3.0, White (winter) = 4.0. BW curve (top) was fitted using 
moving 11-week cubic regression. Darker gray line (middle) depicts 1st order 
derivative of the fitted BW curve; light grey line (bottom) represents 2nd order 
derivative. Arrow indicates calculated date of puberty onset. Chart on top of figure 
represents timing of SNP D photoperiod throughout the first year. 
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Figure 2.3. Timing of puberty onset (A) among individual hamsters in delayed 
puberty photoperiod groups. x-axis = Age (days), y-axis = Frequency. Top = SNP D 
(n = 39), middle = SD (n = 40), bottom = DS (n = 40). (B) Timing of SNP D puberty 
onset relative to SNP month (x-axis). Mean date of puberty onset =  Feb 3. 
 
  

 

 



 53 

 

 

Figure 2.4. Overall lifetime hamster BW history. Mean BW among all male hamsters 
(N = 246) by photoperiod throughout the duration of the study. x-axis = Age (days), y 
axis = mean BW (g). Top panel depicts photoperiod timing of each photoperiod 
condition. Bottom panel represents number of hamsters living in each group over time.  
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Figure 2.5. Overall lifetime hamster pelage history. Mean pelage scores (1.0 = 
complete summer pelage; 4.0 = complete winter pelage) among all male hamsters (N 
= 246) throughout the duration of the study. x-axis = age (days), y-axis = mean pelage 
score. Top panel depicts photoperiod timing of each photoperiod condition. Bottom 
panel represents number of hamsters living in each group over time. 
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A. SNP E Body Weight and Pelage History

 

Figure 2.6. Lifetime weekly male body weight and pelage history. (A) SNP E mean ± 
SE hamster pelage and BW paneled by photoperiodic condition (top) and number 
surviving (bottom). X-axis = Age (d), y-axis (left) = Mean BW (g); Y-axis (right) = 
Mean pelage score. (B) SNP D, (C) LDLD, (D) SD, (E) LD, (F) DS. Conventions as 
in (A). 
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B. SNP D Body Weight and Pelage History 

 

Figure 2.6. Continued. 
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C. LDLD Body Weight and Pelage History

 

Figure 2.6. Continued. 
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D. SD Body Weight and Pelage History 

 

Figure 2.6. Continued. 
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E. LD Body Weight and Pelage History 

 

Figure 2.6. Continued.  
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F. DS Body Weight and Pelage 

 

Figure 2.6. Continued. 
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Figure 2.7. Mean 1st order derivatives of BW by photoperiod group. For seasonal 
groups (A) = SNP E, (B) = SNP D, (C) = DS x-axis represents current photophase 
duration (h); for fixed photoperiod groups (D) = SD, (E) = LD, (F) = LDLD x axis 
reflects chronological age (days). Y-axis = mean 1st order derivative of Body Weight. 
Data derived from 11 week moving cubic regression of real BW values. 
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Figure 2.8. Alignment of mean BW in seasonal photoperiod groups. (A) SNP E, SNP 
D, and DS mean BW aligned by first summer solstice. X-axis = photophase duration 
(h), Y-axis = mean BW (g). (B) Optimal alignment between SNP E and SNP D occurs 
when SNP D is advanced 113 d. X-axis = age (d) of unshifted SNP E, y-axis = mean 
BW. Dashed line corresponds to offsetting SNP D BW by 113 d to yield optimal BW 
correlation between SNP groups. (C) Optimal alignment among all seasonal 
photoperiod groups, relative to SNP E. Conventions similar to (B). 
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Figure 2.9. Seasonal pelage patterns. Mean pelage scores of hamsters in SNP E, SNP 
D, and DS relative to (A) timing of first summer solstice and (B) optimal pelage 
alignment relative to SNP E, corresponding to initial Short-Day exposure (first winter) 
among groups. X-axis represents weeks relative to summer solstice (A), and SNP E 
age (B). 
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Figure 2.10. Photoperiodic response as measured by annual BW fluctuation of 
hamsters in seasonal photoperiods. Mean maximum summer BW and mean minimum 
BW in winter of SNP E, SNP D, and DS hamsters, organized relative to first summer 
(A) or first winter (B). X-axis = consecutive seasons, Y-axis = mean BW ± SE. 
Sample sizes are displayed beneath X-axis. Alignment of BW with respect to 1st 
winter, not first summer, accounts for differences between groups. 
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Figure 2.11. BW and Pelage in the final year of life. (A) The last 52 weekly BWs 
from individual males in the six photoperiods living at least one year (n = 229). Plots 
represent mean ± SE. (B) Adjusted weekly BW (mean ± SE) of hamsters in final year 
of life. Adjusted BW = current BW - final BW. Data points represent mean ± SE. (C) 
Mean ± SE pelage scores from final 52 weeks of life between groups.  
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Figure 2.11. Continued.  
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Figure 2.12. Predicting death from weekly BW loss during final year of life. Moving 
p-values (y-axis) calculated from independent samples t tests across each week during 
final year of life. For each of the remaining 47 weeks of life (x-axis), an independent 
samples t-test was conducted, as described in the legend, using group mean data from 
all males living longer than 1 year among all conditions (A) and by group (B).  P-
values (y-axis) calculated from dependent (within-subjects) samples t-tests across each 
week for final year of life. For each of the remaining 47 weeks of life (x-axis), a 
dependent samples t-test was conducted, as described in the legend, from all males 
living longer than 1 year among all conditions (C) and by group (D). 



 68 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 2.1. Weekly Group Body Weights, 18-46 Days old 
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 Table 2.2. Parameters of delayed puberty timing 
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 Table 2.3. BW alignment schematic 
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                           Table 2.4. Life stage BW history 
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             Table 2.5. Biological BW life history 

                       
 
 
   



 

73 

CHAPTER 3. LONGITUDINAL ASSESSMENT OF AGING THROUGH NOVEL 

24 H BODY TEMPERATURE AND WHEEL RUNNING PROTOCOLS  

 

GENERAL INTRODUCTION 

 The primary organization of this thesis was built upon assessing photoperiod 

history effects on longevity, and secondary goals consisted of collecting a battery of 

non-invasive measurements reported to reflect age-related changes in circadian 

controlled output, because photoperiod effects reflect a response of the circadian 

system function/organization. Our aim was to pair longevity data with rates of aging to 

determine whether accelerated measures of aging and/or life history events correlate 

with shorter lifespan. Locomotor activity and body temperature (BT) rhythms have 

been described as marker rhythms of aging in the circadian system (Mailloux, et al., 

1999). The detection of augmented activity and BT has been used to index biological 

aging (Sacher & Duffy 1978; Duffy & Feuers, 1991), reporting a deterioration of 

temporal organization and decreased circadian amplitude in aged rodents. 

Furthermore, BT and activity onsets in LD12:12 and under LL or DD are reported to 

occur in temporal alignment. It has been proposed that circadian control of these two 

measures is governed by the same oscillators or at least two separate but tightly 

coupled oscillators under SCN control (Benstaali et al., 2001). 

 In this chapter two novel protocols are described, designed to non-invasively 

assess BT and wheel running activity rhythms at very discrete intervals over the 

lifetime. After validation, age related changes observed in each experiment are
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analyzed. Parameters changing with age, thought to reflect either a functionally 

weakened circadian system or a deteriorating ability to encode circadian output in 

downstream systems regulating activity and BT, are discussed. Last, the influence of 

life-history events such as timing of puberty and age of reaching maximum BW upon 

rates of aging are addressed. 

 

EFFECTS OF AGE AND LIFE HISTORY UPON WHEEL RUNNING 

PARAMETERS- INTRODUCTION 

 

 This experiment serves to investigate relationships between photoperiod 

history and aging, with a direct interest in characterizing age related changes to 

measures under circadian control. In rodents, locomotor activity is the behavioral 

"gold standard" surrogate of underlying circadian output. In addition, age-related 

differences in rodent locomotor profiles are well documented, associated with less 

intense and more sporadic activity in aged subjects (Peng & Kang, 1984). Activity 

onset begins earlier in subjective night in older rats (Dawson & Crowne 1980) and 

Syrian hamsters (Scarbrough et al., 1997), in addition to decreases in nightly total, and 

a shortening of the nightly active duration (alpha) in old mice (Valentinuzzi et al., 

1997). Older animals also exhibit lower amplitude rhythms and become less selective 

about running during the photophase, compared to young hamsters with high 

amplitude night-to-day ratio reflecting higher intensity night activity and near absent 

activity during the photophase. This trend in decreasing amplitude in aged animals has 
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been putatively described to reflect a functional aging of the circadian system. A 

previous study has even developed an algorithm incorporating multiple wheel running 

parameters that categorically differentiates wheel running behavior between young 

and old hamsters with 95% accuracy (Penev et al., 1997).  

 This novel wheel running protocol will characterize rates of aging through a 

battery of discrete (i.e., non continuous) and non-invasive measurements across the 

lifespan of the Siberian hamster, including parameters of wheel running. The design of 

this novel wheel running protocol is first described, and following validation of the 

measure, utilized in order to analyze age-related changes and whether these 

parameters vary as a function of photoperiod history. Over the lifetime age related 

decreases in night-to-day wheel running i.e., "amplitude," and total nightly output i.e., 

"vigor", would be expected, with older hamsters running less at night and more during 

the photophase. It is surmised the stronger circadian systems of young hamsters will 

exhibit the largest amplitude, and aged circadian systems result in less discrimination 

between day and night activity. Analyzing age-related changes in vigor, separate from 

amplitude, will assess physical fitness of the hamster. These wheel running parameters 

will be further interpreted in chapter 6 with respect to predicting survival.  

 

EFFECTS OF AGE AND LIFE HISTORY UPON WHEEL RUNNING 

PARAMETERS- METHODS 
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 This protocol was designed around limitations of the overall longevity study: 

Group housing is not an ideal environment for collecting wheel running data, and 

Siberian hamsters are prone to fighting with lifelong cage mates if separated for as 

little as 24 h. Therefore, a protocol was generated in order to acutely measure 

individual wheel running data but allowed hamsters to return to their respective home 

cage prior to becoming hostile with cage-mates. The wheel running experiment of this 

study is referred to as the hamster "gym." There were eight total rounds in the hamster 

gym protocol beginning at 1 year of age and occurring every 3 months for 2 years.  

Each round consisted of one 30 min day bout and one 30 min night bout. For each 

bout, experimental male hamsters  (n = 231) were transferred out of their home cage 

and placed into a running wheel (circumference = 11 cm), which could not be escaped. 

Running wheel activity was recorded for 30 min, and hamsters were returned to the 

home cage. Day bouts were conducted within 2 hours of the photophase onset (relative 

to each photoperiod condition); night workouts were conducted within 2 hours of the 

scotophase onset. To ensure returns to baseline, a 10 day recovery period between day 

and night runs was established. Order of day and night runs within rounds was 

randomized. Lighting conditions in the chamber during assessments were on during 

day runs and off with the assistance of dim green LED in an effort to maximally 

resemble home cage photoperiods because introducing novel wheel running in 

darkness during mid-photophase has been shown to induce bifurcation of activity 

rhythms. Running wheel activity counts were recorded with a sensor triggered by 

small magnets attached to opposite ends of the outside of the wheel. Each full wheel 
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revolution would produce two activity counts and thus data are most precisely 

described as "1/2 RPMs" and will be referred to simply as counts. Data were archived 

with DataQuest software, prepared for data analysis in Microsoft Excel, and analyzed 

in SPSS. 1 minute bins were used for precision. Wheels were washed and allowed to 

dry between successive uses.  

 Analysis: Main effects and interactions. The validity of this novel wheel 

running protocol is assessed by determining whether it was sensitive to time of day 

effects: If wheel novelty is too strong of a confounding factor to identify differences 

among day and night bouts, this protocol cannot reliably assess circadian controlled 

differences as a function of age and photoperiod. Main effects of Time of day (Day, 

Night), Minute (1-30) Round (1-8), and Photoperiod Condition (SNP E, SNP D, 

LDLD, SD, LD, and DS) were analyzed with the General Linear Model; Between-

subjects factors were Photoperiod and Round. Within-subjects factors included Time 

of Day (Day, Night) and Minute (1-30) of each bout. The morning scotophase in 

LDLD was arbitrarily assigned the "night" bout for this analysis because of its 

temporal proximity to cage changes, a stimulus that has been identified as a potent 

entraining stimulus. Post-hoc comparisons were protected from Type I error inflation 

with Bonferroni corrections. 

 Sum and Maximum parameters explored. In an effort to optimally explore 

these data, the following measures were also analyzed to further investigate 

Photoperiod and Age effects on wheel running parameters. Individual summary data 

were obtained from each round: a) Day Maximum  b) Night Maximum, c) Day 
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Maximum + Night Maximum (as a measure of overall vigor), and d) Maximum 

amplitude (Night Maximum - Day Maximum). Maximums were defined as the single 

highest intensity minute of each 30 min bout. These four Maximum parameters were 

assessed in a separate GLM looking for effects of Photoperiod and Round. In the same 

fashion, Sum parameters were also analyzed by totalling each hamsters activity within 

each individual round: a) Day Sum, b) Night Sum, c) Sum Total (Day Sum + Night 

Sum), and d) Sum Amplitude = (Night Sum - Day Sum). 

 Covariates. It is of interest to determine whether diminished vigor and 

amplitude are more appropriately accounted for by chronological age or life history 

events which have been identified in Chapter 2 (post pubertal age and age at 

maximum BW). Using data from Sum and Max parameters, the following covariates 

were tested with respect to changes in time of day, round, and photoperiod- a) Current 

BW, b) Chronological age, c) post pubertal age, and d) age since achieving maximum 

BW. Last, the number of days each hamster had left to live following the conclusion 

of each round was determined e.g., "Days until Death",  a measure that will be 

incorporated in Chapter 6 into the Cox-regression model assessing factors predicting 

survival. Covariate analysis was not asessed in the overall main effects GLM: Sum 

parameters capture all components of the GLM except collapsed acrosss the "Minute" 

variable, which is not of primary interest in assessing trends in vigor or amplitude. 

 

EFFECTS OF AGE AND LIFE HISTORY UPON WHEEL RUNNING 

PARAMETERS- RESULTS 
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 Main Effects: Overall GLM. Table 3.1 provides overall source data. The 

General linear model incorporating Photoperiod x Round x Minute x Time of Day 

revealed significant main effects of all dependent measures: Hamsters ran more in the 

scotophase than during the photophase, resulting in an overall main effect of Time of 

Day (F(1,1154) = 52.2, p < .001; Figure 3.1A). These data are consistent with nearly all 

previous literature reporting higher activity during the active phase, thus validating the 

sensitivity of our protocol in detecting a circadian component upon wheel running 

tendency. Upon entering the wheel hamsters gradually increased running wheel 

intensity, contributing to a significant effect of Minute (F(29,33466) = 31.0, p < .001, 

Figure 3.1B). Wheel running differed significantly among Photoperiods (F(5,1154) = 5.7, 

p < .001; Figure 3.2). Importantly, a main effect of Round was found, as mean wheel 

running intensity decreased as hamsters aged (F(7,1154) = 5.9, p < .001). 

 Interactions. Patterns among day and night wheel running are paneled by 

photoperiod in Figure 3.3. Minute x Photoperiod and Minute x Round interactions 

were found (F(145,33466) = 1.8, p < .001; F(203,33466) = 2.0, p < .001, respectively), with 

no Minute x Photoperiod x Round interaction (F(1015,33466) = 1.0, p < .389). Time of 

Day run patterns differed among photoperiods, (Time of Day x Photoperiod 

interaction, F(5,1154) = 2.3, p < .040); Time of Day also interacted with Round (F(7,1154) 

= 5.8, p < .001), with no Time of Day x Photoperiod x Round interaction (F(35,1154) = 

1.2, p < .212). There was only a marginally significant Photoperiod x Round 

interaction, (F(35,1154) = 1.3, p < .091).   
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 Post-Hoc comparisons: Photoperiod. LDLD demonstrated the highest mean 

wheel running counts each bout (mean counts per minute = 76.6, 95% CI = 68.0-85.3), 

which was significantly more than SNP E (p < .001) and DS (p < .024). SNP E 

hamsters ran the least among photoperiodic conditions (mean counts per minute = 

49.6, 95% CI = 42.9-56.0), significantly outran by all groups but DS (mean counts per 

minute = 54.9, 95% CI = 48.8-61.1). SNP D, SD, and LD groups ran equivalent 

overall, averaging 60.1, 62.8, and 63.6 counts per minute, respectively.  

 Post-Hoc comparisons: Round. Individual round characteristics are illustrated 

in Figure 3.4. An interesting U-shaped trend emerged across consecutive rounds as 

hamsters both grew older and died out (most apparent in Figure 3.1A). Bout totals 

were highest in earlier rounds, where rounds 1, 2, and 3 were statistically equivalent, 

although a decreasing trend in running wheel intensity was observed, reaching a nadir 

at round 4, a significantly lower bout total than the previous 3 rounds. Round 5 and 6 

began increasing average intensity but were still significantly less than round 1. 

Finally, no differences were observed in rounds 7 and 8 compared to the previous 6 

rounds. Further investigation of this trend shows that while all six photoperiods 

display this general pattern, SNP E hamsters appear to most markedly exhibit a drop in 

night wheel running intensity compared to the other groups. At this time the SNP E 

date was 15 January, with photophase duration increasing from 8.47 h.  

 Maximum Parameters. See Figures 3.5-3.8 for main effects of Round, 

Photoperiod, and Round x Photoperiod interactions among Sum and Max parameters. 

Time of Day (Day, Night) repeated measures of Max were compared across between 
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subject factors of Photoperiod and Round (Table 3.2A for source data). Overall, there 

was not a significant difference between Day and Night Maximum values (F(1, 1143) = 

1.6, p < .198) but there were significant main effects of Round (F(7, 1143) = 2.4, p < 

.020), and Photoperiod (F(5, 1143) = 3.8, p < .001). There was also a significant Time of 

Day interaction with Round (F(7, 1143) = 2.2, p < .032), and a marginal Time of Day 

interaction with Photoperiod  (F(5, 1143) = 2.1, p < .058). A marginal Round x 

Photoperiod interaction was also observed (F(35, 1143) = 1.3, p < .095). BW and Days 

until death both proved significant covariates to maximum minute values, (BW: F(1, 

1143) = 39.5, p < .001; Days until death: F(1, 1143) = 50.4, p < .001). Time of Day (Max 

amplitude) was not affected by Days until Death (F(1, 1143) = 0.5, p < .480). 

Interestingly, Post puberty age was a significant covariate to maximum minute value 

(F(1, 1143) = 8.6, p < .003), whereas post Maximum BW age was not (F(1, 1143) = 1.7, p < 

.695), and neither was actual Chronological Age (F(1, 1143) = 1.2, p < .283). While 

overall running intensity, independent of time of day differences, was projected to 

assess individual rates of aging, it was also predicted that circadian fitness might be 

indexed by examining these covariates with respect to time of day interactions. Time 

of Day significantly interacted with post Maximum BW age (F(1, 1143) = 8.8, p < .003) 

but not with respect to post-puberty age (F(1, 1143) = 2.4, p < .125) or even 

Chronological Age (F(1, 1143) = 2.9,  p < .088).  

 Sum Parameters. Time of Day (Day, Night) Repeated Measures of total 

(summed) wheel running of each bout was compared across between-subject factors of 

Photoperiod and Round and data are displayed in Table 3.2B. Overall, Time of Day 
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total counts were significantly different between night and day bouts (F(1, 1143) = 3.9, p 

< .048), unlike bout maximum minute parameters above. Main effects of Round (F(7, 

1143) = 2.4, p < .018) and Photoperiod (F(5, 1143) = 3.944, p < .001) were found, without 

a significant Round x Photoperiod interaction. Time of Day differences among bout 

totals significantly interacted with Round (F(7, 1143) = 2.8, p < .007) and also 

Photoperiod (F(5, 1143) = 3.9, p < .002). As these data are essentially equivalent to the 

"Main Effects Overall GLM" ran above in the primary analysis with the exception of 

dropping the Minute factor and assessing the contribution of possible covariates, the 

same pattern of main effects and interactions were found. With respect to covariates, 

BW and Days until Death were significant predictors of bout intensity (BW: F(1, 1143) = 

90.7, p < .001; Days until Death (F(1, 1143) = 33.1, p < .001) where higher BW was 

consistent with more counts, and shorter latency to death was associated with less 

counts. Chronological Age significantly covaried with Time of Day differences (F(1, 

1143) = 5.5, p < .020), as older hamsters demonstrate less amplitude. Post Maximum 

BW age was an even stronger covariate to night-day amplitude (F(1, 1143) = 10.3, p < 

.001), while post puberty age was not (F(1, 1143) = 2.1, p < .150).  

 Covariates. A multivariate covariate analysis was run on Max and Sum 

parameters, incorporating Max day and night minute values of each hamster at each 

round, and Sum day and night wheel running counts of each hamster, at each round 

(Table 3.3A). These data were used to assess  a) Max Total  (Day Max + Night Max), 

b) Max Amplitude (Night Max - Day Max), c) Sum Total (Day Sum + Night Sum), 

and d) Sum Amplitude (Night Sum - Day Sum) across all 8 rounds and how they 
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would covary with respect to the following measures: current BW, Chronological age, 

Post puberty age, Post Maximum BW age, and Days until death.  

 All of the measures we assessed significantly covaried (p < .05) across 

multivariate parameters (A-D) described above. Current BW had the strongest 

covariate to bout characteristics (F(4, 1140) = 23.0, p < .001), with heavier hamsters 

exhibiting the most vigor. Days until Death (F(4, 1140) = 13.5, p < .001) positively 

covaried with Sum Amplitude, with largest amplitude in hamsters with the longest life 

ahead of them. Interestingly, Post-puberty age was the strongest covariate of any age 

measurement, (F(4, 1140) = 4.1, p < .003), followed by Chronological age (F(5, 1143) = 3.3, 

p < .011) and then post maximum BW age (F(4, 1140) = 2.9, p < .021), all corresponding 

to higher running wheel counts in younger animals. 

 When assessing these covariates separately on measures A-D, a curious trend 

emerges (See Table 3.3B for source data). Current BW only covaries with Sum and 

Max totals (Day + Night) and not with Sum and Max (Night - Day) amplitudes. This 

is also the case for Days until Death, only predictive of Sum and Max totals but not 

Sum and Max amplitudes. Puberty Age is only predictive of Max total whereas 

conversely, age of maximum BW strongly covaries with Sum and Max amplitudes, 

but not with Sum and Max totals.  Finally, chronological age is a significant predictor 

of Sum amplitude, with younger hamsters exhibiting larger night-to-day differences, 

and only marginally predictive of Max amplitude.  
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EFFECTS OF AGE AND LIFE HISTORY UPON WHEEL RUNNING 

PARAMETERS- DISCUSSION 

 

 Round. While "Round" factor was the best way to discretely categorize "age" 

over time in order to incorporate it into the analysis as a main effect rather than only a 

covariate, we observed a trend of decreasing running wheel activity and intensity over 

time. However we did not observe a simple linear decrease in activity upon successive 

rounds but an almost U-shaped pattern (in both day and night bouts) reaching 

minimum levels at round 4 where a pronounced drop in night running occurs.  

Following this marked pattern departure from all other bouts, running wheel intensity 

increases again but likely due to much smaller sample sizes at this time in conjunction 

with advanced aging. When all hamsters exceed two years of age, the final two rounds 

were so variable that they were not significantly different from any of the previous 

rounds. What is evident in the main effects of Round are decreasing trends in all 

parameters through the first 4 rounds after which parameters stabilize in mean value 

but variability of each successive round becomes greater. 

 Photoperiod. LDLD running profiles contributed towards a main effect of 

photoperiod, regardless of Time of Day (Sum), but influencing Time of Day 

dependent (Amplitude) measures. As observed in Figure (3.2A), increased running 

during day bouts both increased sum totals as well as reduced amplitude. This might 

be accounted for in one of two ways: either that LDLD hamsters were behaviorally 

bifurcated and readily ran in the wheel during both scotophases, or that they might 
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have run more in the day bout because the lights were off in this phase as well. A 

repeated measures t-test confirmed that LDLD groups had significantly higher cBT 

minutes before enclosure in the day wheel vs. night wheel during rounds 1-4, but in 

later rounds (5-8), day vs night cBTs were not statistically different. LDLD BT 

waveform will be assessed in detail in the following section of this chapter.  

 Chronological age and life-history events. Aside from detecting main effects 

of aging and photoperiod on wheel running parameters (e.g., vigor and amplitude), we 

explored which factors of aging might be most closely associated with our wheel 

running results. By analyzing covariate strength and correlations between wheel 

running parameters (Sum and Max) and aging factors (chronological age, post-puberty 

age, post maximum BW age, and days until death) it was determined that the strongest 

relationship to diminishing vigor was days until death, followed by post-puberty age, 

then post maximum BW age, and finally, the weakest covariate to wheel running vigor 

was actual Chronological age (days old). Chronological age was only predictive of 

Sum (Night-Day) amplitude, whereas vigor was predicted to diminish with 

chronological age.  

 Post-puberty age was only a significant covariate of Max total (Day + Night) 

values, which appears to be a differentiation among night value contributions towards 

sum vs. max measures: In maximum parameters, post-puberty age bears the strongest 

negative correlation to night values (r(219) = -.388 compared to day maximum r(219) = -

.167, and Day + Night max total r(219) = -.288, all p < .05), whereas in sum parameters, 

post-puberty age is not as strongly influenced with respect to night (r(219) =  -.180, p < 
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.01) or total (r(219) = -.142, p < .05) and not significantly correlated towards Day Sum 

(r(219) =  .056, p > .05). These non-complementary Sum vs Max (Day + Night) totals, 

differing on correlational strength to post-puberty age, are possibly due to either a 

more sensitive relationship of night maximums, or the even weaker and non-

significant relationship among Day Sum values and post-puberty age. It may be the 

case that young adult (post pubertal) hamsters have qualitatively different wheel 

running patterns where more intense "burst" running might result in higher maximum 

values but ultimately do not affect Sum totals.  

 Post Maximum BW age significantly covaried with both Sum and Max 

amplitude measures but did not covary with either Sum or Max bout totals, which 

perfectly contradict current BW results which appear to only covary with Sum and 

Max bout totals. While these results may appear contradictory, it is notable that post 

max BW age negatively covaries with all Sum and Max (vigor and amplitude) 

parameters, as would be predicted from diminished activity with any estimate of 

aging.  However, current BW is (non-significantly) positively correlated to Sum and 

Max amplitudes but negatively correlated to Sum and Max totals, a result that may be 

explained by increased day running in hamsters that weigh less, which are then 

presumably older. All other factors held constant, increased day running in lighter 

hamsters would decrease amplitude (the non-significant positive correlation) and at 

the same time increase totals, accounting for the negative totals correlation. Indeed, 

the strongest correlation to BW among Max and Sum vigor and amplitude parameters 

is a negative correlation with day sum values (r(219) = -.220, p < .01). Finally, although 



 87 

 

post maximum BW age is indeed a result of weighing a hamster continuously over 

time, it is more of an event based, timing measure, where current BW directly relates 

to the somatic state of the hamster while undergoing each wheel running bout. These 

two assessments of BW are of unique value; however, post maximum BW is only 

really matched with regard to aging and other dependent measures assessing aging, 

data expressed in "days since" (i.e., birth, puberty, max BW, or any other desired 

observable parameter), not quantitative ongoing assessments of physical performance. 

 Finally, Days until Death correlates with wheel running vigor, but not 

amplitude, similar to current BW.  As discussed in Chapter 2, there is a characteristic 

trend in the pattern of decreasing BW in the final year of life, so the relationship 

between timing of death and losing BW ought to be expected. Whereas this trend in 

BW primarily covaried with increased Day Sum values, Days until Death was most 

closely (and positively) correlated with night max values (r(219) = .346, p <.01), a 

unique differentiation warranting further investigation.  

 

EFFECTS OF AGE AND LIFE HISTORY UPON WHEEL RUNNING 

PARAMETERS- CONCLUSION 

 

 This experiment employed a novel protocol to assess locomotor activity of 

individual hamsters, acutely over the lifetime in order to investigate how age-related 

changes and photoperiod history affect parameters of wheel running. The main 

difficulty centered on prior observations that when separated from group housed 
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conditions for less than a day, Siberian hamsters become hostile to lifelong cage 

mates, yet placing a wheel into a group housed environment does not allow for 

individual data collection. This wheel running protocol consisted of placing hamsters 

into an inescapable wheel for 30 min during photophase onset and scotophase onset in 

order to detect similar patterns of age-related changes previously observed in rodents 

and locomotor activity. It has been reported that overall counts of activity decrease 

with age, in addition to less scotophase running and increased photophase running. 

The design was sensitive enough to detect overall higher wheel running activity during 

the scotophase, which validated our protocol. Over the lifetime, total wheel running 

counts and amplitude decrease linearly from Round 1 through Round 4 (mean ages 

342 d and 618 d, respectively). LDLD hamsters exhibited the highest mean counts per 

bout, and SNP E hamsters displayed the lowest overall running wheel activity. 

Whether LDLD counts were highest overall because of two scotophase bouts per 

round does not largely impact the conclusions of the study, since excluding this 

condition still reveals aging hamsters display less discrimination of day time, 

photophase running, corroborating previous literature (Scarbrough et al., 1997). Age-

related changes are further evident by observing total wheel running counts also 

diminish systematically, consistent with other rodent studies (Valentinuzzi et al., 

1997). Also, heavier hamsters produced higher total counts per round but this did not 

affect night-to-day amplitude, suggesting BW more directly shares a relationship with 

the physical fitness of individual hamsters rather than the circadian fitness of the 

animal assumed to primarily govern day versus night discrimination of wheel running 
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behavior. Finally, while hamsters grew older, total amplitude diminished, yet round 

totals (Day + Night bout totals) were positively correlated to the number of days left to 

live, independent of chronological age. Therefore, these results appear consistent with 

previous accounts of age-related changes to wheel running behavior but also 

distinguish between measures that might predict how old an animal is (circadian 

amplitude) versus how long it may have to live (total output e.g., vigor). The 

predictive values of these measures are tested in Chapter 6. 

 

EFFECTS OF AGING AND LIFE HISTORY TIMING ON 24 H BODY 

TEMPERATURE REGULATION- INTRODUCTION 

  

 The homeostatic timing of mammalian thermoregulation is controlled by the 

circadian system: Near 24 h Body Temperature (BT) rhythms persist in constant 

conditions and are ablated in SCN-lesioned rodents (Ralph et al., 1990). Changes in 

BT waveform parameters have also been documented to change with age, where older 

animals display decreases in minimum, maximum, mesor, and amplitude (Refinetti et 

al., 1990). BT parameters have been reported to fluctuate systematically with season 

under naturalistic lighting conditions in the Siberian hamster, with higher minimums 

and maximums occurring with longer daylengths, and lowest values occurring 

December through February (Jefimow et al., 2011). Additionally, deficits to circadian 

waveform such as hypothermia and circadian periodicity have been used to predict 

mortality in aged mice weeks prior to death, as well as complete arrythmicity and 
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severe hypothermia upon imminent death (Tankersley et al., 2002; Weinert et al., 

2002; Weinert & Weinert, 1998). This sensitivity of 24 h BT parameters to both 

photoperiod and age-related decline serve as an ideal measure to incorporate into the 

current study of longevity across various photoperiod-governed life history 

differences; however, traditional BT collection methods were not possible here. 

Conventional BT data collection consists of animals receiving telemeter implantation 

into the intraperitoneal cavity, and then individually stationed upon receivers capturing 

BT recordings at regular 6 minute intervals over consecutive days. In contrast, reliable 

individual recordings of BT waveform have been captured rectally with as little as 8 

data points per 24 h in the rhesus monkey (Simpson & Galbraith, 1906), a more 

feasible schedule under the limitations of our study. Here a novel BT collection 

protocol is designed, taking 24 h BT assessments at discrete 90 day intervals across 

the lifespan in order to study age related changes in BT waveform and whether these 

changes interact with photoperiod history. As described in Chapter 1, rates of aging 

are affected by photoperiod history. It is surmised that if differential rates of aging 

accompany these changes in lifespan, then differential rates of aging in BT parameters 

might also be observed across the different photoperiod conditions in this study.  

 First, data collection protocol is described. Mean 24 h BT waveform is 

assessed and characterized as a function of aging and photoperiod. In addition, BT 

rhythms are fitted to a cosine model and its parameters explored. This protocol is 

validated by assessing whether elevated BT duration reliably reflects scotophase 

duration, and whether acrophase timing accurately coincides with the scotophase. 
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General linear model assessment of fit parameters measure photoperiod and aging 

effects on mesor, minimum, maximum, amplitude, and phase angle between acrophase 

and lights off (ZT12 in nocturnal animals). The goodness of fit of the cosine model 

from each hamster's final 24 h data collection is tested to see if rhythms dampen in the 

final days of life. Also, in a separate GLM, covariates that may influence BT 

parameters, such as current BW, age of puberty onset, age of reaching maximum BW, 

chronological age, and days until death, are tested for significant effects. Finally, 

results are discussed with respect to other literature identifying changes to temperature 

waveform in aging mammals. 

 

EFFECTS OF AGING AND LIFE HISTORY TIMING ON 24 H BODY 

TEMPERATURE REGULATION- METHODS 

 

 Procedure. Beginning at 6 months of age, temperature profiles were obtained 

from the experimental males (n = 231) every 3 months, scanning each hamster every 

two hours to provide a circadian resolution of 12 BT values/24 h. The data collection 

protocol was executed as follows: All lights in the vivarium room housing the 

experimental photoperiod chambers were turned off, and a dim red lens head-mounted 

flashlight was worn by the experimenter. All LED buttons on the BMDS portable 

scanning receiver and scanning wand were covered up to eliminate all extraneous 

light. A single chamber was opened and only one cage at a time was removed and 

placed on a work cart beside the chamber. Hamsters were scanned without being 
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touched or picked up if possible. The LCD display screen was triple taped with a 

darkly tinted film and elevated above the work cart so hamsters were not exposed but 

the experimenter could still confirm the scanned ID of the hamster. If the lights were 

on in the current chamber, the experimenter would work by that light. The current 

chamber would be completely finished, all hamsters returned, and closed before 

proceeding to the next chamber to eliminate light scavenging and unintended light 

exposure during the scotophase. It happened randomly on rare occurrences that the 

light schedule would change in a chamber mid-way through the scanning process 

(lights turn on or lights turn off); this is the reason for only using ambient light from 

the open chamber, but the 2 h resolution was not designed for capturing minute details 

of before and after lights on or lights off, only enough data points estimate the 24 h 

waveform. All hamsters currently alive with working transponders would be scanned 

within each fixed 2 h time window (i.e., 4:00-6:00am PST, 6:00-8:00am PST, etc.). 

Scanning wand sensitivity recorded body temperatures to a tenth degree Celsius (e.g., 

37.3 °C) This protocol was terminated after 9 rounds, when only sixteen hamsters 

remained among all six photoperiod conditions. 

 Analysis. With each round, the 12 data points were compiled relative to the 

median time point within each 2 hr interval (i.e., 4:00-6:00am = "5:00am" timepoint). 

24 h clock times were transformed to cosine values, computed as follows: 

 

cost = cos(2(π)* ClockNum/24) 
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For all hamsters and days taken together, a nested mixed effects model was designed, 

with hamster and day specific cosines (days nested in hamsters). The model 

incorporated fixed effects of age in days, chamber, and interactions between cosine 

and age, and cosine and chamber. This model allows the estimation of individual (per 

hamster per day) circadian parameters and adjusts for the within-hamster dependence 

in the circadian parameters, accounting for trends and interactions common to all 

hamsters that affect BT. From this nested cosine model, fitted or "Fit" values were 

derived for acrophase, minimum, maximum, mesor, amplitude (doubling the distance 

from mesor to acrophase BT), and estimated 12 Fit timepoints corresponding to times 

of actual data collection (each hamster, each round) with which goodness of fit values 

were calculated (Goodness of Fit = 1 - (SSerror)/(SStotal)). To assess acrophase 

timing, phase angles were calculated with respect to lights off (phase angle OFF = 2.5 

corresponds to acrophase 2.5 h after lights out). A General Linear Model (GLM) 

analyzed main effects of round and chamber, both incorporated as between subjects 

factors to avoid complications of unequal sample sizes between rounds, at the expense 

of losing statistical power of detecting real effects. Post-hoc tests were carried out for 

Photoperiod and Round factors. Bonferroni corrected comparisons yielding p < .05 are 

reported significant.  

 To assess the validity of this protocol estimating 24 h BT rhythms, it was 

tested whether group mean BT obtained at 2 h intervals were sensitive enough to 

measure the relationship between elevated BT duration (estimating alpha) and 

scotophase duration. Elevated BT duration was calculated two ways and compared to 
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each photoperiod's current scotophase duration (excluding LDLD) at the time of each 

24 h BT collection. All elevated BT duration calculations used group means specific 

to each photoperiod condition, at each round (data depicted in Figure 3.9 as group 

means ± SE for each time point for each photoperiod, at each round). For the first 

elevated BT duration measure, the number of group mean BT data points (out of 12) 

above that photoperiod x round mean, were summed and multiplied by 2 h. The 

second elevated BT duration measure was calculated by counting the number of 

consecutive basal  (non-elevated) BT timepoints from the middle of the photophase 

(1300 PST for all non-LDLD photoperiods) that were not elevated at least 1 standard 

error above the mesor, subtracted this from 12, and multiplied by 2. For example, if 4 

timepoints e.g., 11:00am, 1:00pm, 3:00pm, and 5:00pm, were not elevated, then (12-4) 

x 2 = 16 h of elevated BT duration was calculated.  

 It was also of interest to determine which additional variables might influence 

parameters of circadian BT, so covariates of current BW (g), survival (d), 

chronological age, measured by days old (d), days old since achieving maximum BW 

"Post Max BW Age", days old since puberty onset "Post Puberty Age", and days 

remaining until death, "Days until Death." Phase angle between acrophase and lights 

off "Phase Angle OFF" were analyzed with GLM including Round and Photoperiod as 

factors, incorporating photophase duration (h) as a covariate.  

 

EFFECTS OF AGING AND LIFE HISTORY TIMING ON 24 H BODY 

TEMPERATURE REGULATION- RESULTS 
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 Validation- Real 24 h data. Figures 3.9A-B illustrate [Photoperiod x Round] 

array of real and fit mean 24 h profiles in relation to the current photoperiod. 

Representative individual hamster data collection and fitted cosines over successive 

rounds are shown in Figure 3.9C. The real mean 24 h waveforms demonstrate flat and 

basal BT values during the photophase, increasing sharply and peaking during the 

scotophase and return to baseline around the time of lights on. Scotophase duration 

and corresponding elevated BT duration are illustrated in Figure 3.10. Both of the 

elevated BT duration indexes we chose were highly proportional to duration of the 

current scotophase (r(42) = .689, p < .001; r(42) = .657,  p <.001, for measure 1 and 2, 

respectively), validating the sensitivity of this novel 24 BT protocol to detect 

photoperiod-driven changes in circadian waveform.  

 Validation- Fitted cosine curves. Acrophase distribution trends are illustrated 

in Figure 3.11. Contrary to the majority of work in our laboratory, LDLD hamsters did 

not exhibit the expected bifurcation pattern in BT, a rather anomalous departure from 

typical findings. Corroborating with our wheel running data, LDLD hamsters adopted 

the 5:00-9:00am PST scotophase as the entrained active phase, displayed by their 

offset distribution in contrast to other photoperiod groups (the LDLD day scotophase 

occurring 0500-0900 PST was assigned as "Night" to coincide with the other 5 

photoperiods exhibiting elevated Night activity). LD, with the shortest (non LDLD) 

scotophase, generated the least variable acrophase distribution, visibly distinct from 

the more widely distributed acrophase of SD group exposed to a lifetime of 16 h 
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scotophase. It is also apparent that when categorized by the appropriate (current) 

photoperiod, DS distributions either appear narrow or wide, corresponding to 8 h or 16 

h scotophases equivalent to SD or LD at relative times. Overall, our cosine fitted BT 

curves estimate acrophase timing near the middle of the scotophase, demonstrating our 

data collection protocol is sensitive enough to properly align the phase of the 

generated curve fit to the appropriate time of day.   

 BT Minimum. Source data for all dependent variables (minimum, maximum, 

amplitude, and mesor) are presented in Table 3.5. Mean BT minimums began to 

decrease consistently at Round 4, a trend which continued through Round 9, creating a 

main effect of Round (Figure 3.12A). Minimum values also differed by photoperiod, 

and a Round x Photoperiod interaction was found (Figure 3.12B).  

 Post-hoc analyses of Photoperiod reveal the highest mean minimum BT in 

LDLD (35.80 °C) compared to all other groups. Interestingly, the only other group 

differences in minimum BT were between SD (the second highest mean min = 35.70 

°C) and LD (lowest mean min = 35.56 °C). It is worth noting that the two 

photoperiods which define the low and high range of mean BT minimum values, LD 

(low) and LDLD (high), were the only two groups exposed to a fixed total of 16 h 

light each day.   

 Covariate source data for all BT measures are presented in Table 3.6. As 

hamsters grew older, BT minimum values decreased, while timing of life history 

events (puberty onset and age of maximum BW) had no relationship to BT minimum. 

BT minimum was also the only dependent variable that did not covary with current 
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BW. When accounting for these additional covariates to BT minimum into the GLM, 

Round and Photoperiod are both still significant main effects, but the significant 

Photoperiod x Round interaction is lost. 

 BT Maximum. Similar to BT minimums, mean BT maximum values decreased 

with age, confirmed with a significant effect of Round (Figure 3.12C). Photoperiodic 

conditions also produced a main effect on BT maximum values, though no 

Photoperiod x Round interaction was present. 

 Post hoc analysis of Round reveals reductions in the second half of the study 

on mean BT maximums, where overall mean maximum values held steady through 

Round 4 (range 36.70-36.78 °C), then decreasing gradually upon each additional 

round. Post-hoc analysis of Photoperiod revealed LD displayed the highest mean BT 

maximum value (36.78 °C) and LDLD demonstrated the lowest maximum average 

(36.35 °C), in stark contrast to BT minimum values. Photoperiod x Chamber 

interactions are presented in Figure 3.12D.  

 Covariate analysis reveals current BW and chronological age as covariates to 

maximum BT: Heavier and younger hamsters were associated to higher max BT. 

Results of main effects and interactions did not change upon incorporation of these 

covariate factors into the GLM analysis of BT maximum. 

 BT Amplitude. We report significant main effects of Photoperiod and Round on 

BT amplitude, as well as Photoperiod x Round interactions. However, in contrast to 

minimum and maximum BT trends, overall amplitude did not decrease gradually as 

hamsters aged (i.e., across rounds, Figure 3.12E). While BT amplitude was lowest at 
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Round 1 (0.78 °C), mean BT amplitude values only ranged four hundredths of a 

degree between Rounds 2-9 (0.88 - 0.96 °C). Therefore, surprisingly, BT minimum 

and maximum values must have decreased in parallel across rounds 2-9, and 

ultimately, BT amplitude is not attenuated in aged hamsters. While this is the overall 

BT amplitude trend, there were distinct differences among photoperiodic conditions 

(Figure 3.12F). Consistent with min and max data reported above, LD generated the 

highest amplitude BT waveform (1.20 °C), and LDLD the lowest (0.56 °C). The 

remaining four photoperiods overall amplitude ranged between 0.80 - 0.98 °C. The 

only two photoperiods with fixed 16 h daily light exposure, LD and LDLD, 

intriguingly compose the two most extreme ends of range of values for BT minimum, 

maximum, and amplitude measures.    

 Significant covariates of BT amplitude include survival and Days until death. 

Hamsters living longer apparently display higher amplitude BT rhythms early on, 

despite the fact that rhythms do not dampen at a later age. Current BW covaried with 

BT amplitude, and since heavier hamsters covary with higher maximum BT, but no 

relationship to minimum BT, that heavier hamsters therefore display larger amplitude 

BT rhythms. Photoperiod and Round main effects and interactions were maintained 

after incorporating covariates into the GLM. 

 BT Mesor. Overall, BT mesor values significantly decreased as hamsters aged, 

yielding a main effect of Round. (Figure 3.12G) This was the only BT parameter that 

did not vary differently among Photoperiod groups. Photoperiod by Round trends are 

illustrated in Figure 3.12H. There was no Photoperiod x Chamber interaction. Post-
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hoc analysis reveals mesor BT was no lower than 36.26 °C through Rounds 1-4, all 

above the grand mean (36.20 °C), and then mesor values decrease in the final 5 

Rounds, ranging 35.61-36.17 °C. Mesor BT covaried with current BW and 

Chronological age, where higher mesor was accompanied in higher BW hamsters at 

younger ages.  

 Goodness of Fit of Cosine Fitted Curves. Goodness of Fit means are illustrated 

in Figure 3.13. Main effects of Round, Photoperiod, and Round x Photoperiod 

interactions were found on Goodness of Fit values (F(8,1343) = 12.4, p < .001; F(5,1343) = 

6.0, p < .001; F(40,1343) = 2.7, p < .001, respectively). BT rhythms became less sine-like 

and gradually declined after Round 3 (mean hamster age = 374 d), and stabilized at 

approximately 0.19 through Rounds 5-8. LDLD had the lowest Goodness of Fit (0.14) 

and LD hamsters displayed the highest Goodness of Fit (0.35); the remaining 

photoperiod groups were all intermediate of these two extremes, narrowly ranging 

0.20-0.25. Sample sizes naturally decreased each round as hamsters aged and died (n = 

231, 224, 212, 203, 179, 148, 111, 72, 16, for Rounds 1-9, respectively). Unlike Phase 

Angle OFF, hours of daily light did not remotely covary with Goodness of Fit values.  

While there was no correlation overall between the Goodness of Fit for a given 

hamster and chronological age, or days until death (r(219) =  .013, ns), the Goodness of 

Fit of our cosine model became significantly weaker in the each hamsters 24 h final 

BT data collection, (r(219) = .262, p < .001; Figure 3.9D). Because the cosine fitted data 

points were generated with a nested model, the Goodness of Fit values had the 

potential of exceeding the conventional range of 0.0-1.0 because SSerror was not 
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restricted to a value less than SStotal. Goodness of Fit values < 0 are interpreted to 

mean the real BT data is actually better estimated with a straight line (equal to the BT 

mean) over a cosine fit, therefore hamsters lose all rhythmic properties of sinusoidal 

BT waveform when Goodness of Fit < 0.00. Using the intercept of the regression line 

for goodness of fit values predicting days until death, hamsters exhibiting Goodness of 

Fit of the calculated cosine BT rhythm = .000 yield mean life expectancy of 57 days, 

indicating when a straight line better models the BT waveform compared to a 

sinusoidal rhythm, life expectancy is 57 days from this point. To separately assess 

Goodness of Fit using traditional cosine model conventions, BT data were fit to 

individual cosine curves (non nested, e.g., using only the 12 data points of each round 

for each hamster to derive the cosine fit) and found these respective Goodness of Fit 

results consistent, albeit with a weaker but still significant correlation (r(219) = .127, p 

< .0297) to days until death. This is important because employing this protocol to 

predict death a priori would not include the advantage of employing a nested model 

but rather only have available the 12 data points of each completed round without 

knowledge of whether or not it becomes the final round for the hamster in question.    

 Phase Angle OFF. Controlling for photophase duration, Phase angle OFF 

decreased as hamsters aged, yielding a main effect of Round (F(8,213) = 16.3, p <.001; 

refer back to Figures 3.11B-C). Overall, Phase Angle OFF was different among 

Photoperiods (F(5,215) = 35.064, p <.001), and an interaction between factors was found 

(F(40,181) = 2.445, p <.001). Closer inspection of Round revealed the mean Phase Angle 

OFF latency decreased linearly by 1.69 h (1 h 41m) between Rounds 1-9, from 6.20 h 
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to 4.50 h. Regarding Photoperiod, LDLD had a substantially smaller phase angle (3.96 

h) than the other groups, followed by SD (5.07 h); the remaining group means were 

not statistically different from one another (5.74-5.97 h). This decreasing trend was 

rather equivalent among groups; the interaction likely arose from the abrupt 

differentiation in Round 9, where sample sizes diminish. Days until death was 

positively correlated to Phase Angle OFF (r(219) = .141, p < .036), but survival was not 

(r(219) = .012, ns). Phase Angle OFF was negatively correlated to chronological age 

(r(219) = -.136, p < .05), yet post puberty age revealed a much stronger negative 

correlation (r(219) = -.262, p < .01), a two-fold larger correlation coefficient compared 

to chronological age.  

 

EFFECTS OF AGING AND LIFE HISTORY TIMING ON 24 H BODY 

TEMPERATURE REGULATION- DISCUSSION 

 

 BT Parameters. Overall the real values collected from subcutaneous 

transponder implants appeared slightly lower than BT data collected from telemeter 

implants into the abdominal cavity, where the majority of obtained  data ranged 36-

38°C in comparison to previously reported values collected from Siberian hamsters 

(Refinetti & Menaker, 1992a; 1992b). This is not surprising since core body 

temperature ought to maintain higher temperatures compared to peripherally located 

tissues, where heat loss is greater. Despite these minute parameter differences this 

experiment validates a novel BT collection protocol useful for non-invasive lifespan 
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studies. This protocol is also desirable for animal housing conditions that cannot 

accommodate a large number of telemeter receivers or where space constraints are not 

practical for individual housing. While there were distinct differences in fit BT cosine 

parameters among photoperiod groups, strong overall trends were also apparent: Mean 

BT minimum and maximum started out stable, and then values decreased upon 

reaching rounds 4-5, at roughly ~479-576 days old (median age of hamsters during 

Rounds 4-5). These lowered values resulted in lower mean mesor values but 

remarkably did not influence mean amplitude values. Significant covariates of BT 

amplitude include survival, and days until death, remarkable findings for two reasons. 

First, these two age based covariates were not significant with any other BT parameter 

(minimum, maximum, mesor). Second, the survival covariate was the fixed age at 

which the individual hamster died; therefore, a given hamster assessed with respect to 

a fixed covariate across rounds 1-9 maintained rather rigid amplitude. These results 

are consistent with finding chronological age as a covariate to BT amplitude, 

corroborating the hypothesis that higher amplitude hamsters will live longer. 

However, days until death should not be a significant covariate because round was not 

a significant main effect on amplitude. It is likely that while there is a generic increase 

in the probability of death as hamsters age, it is not sensitive enough to account for 

health/age-related decline at the individual level, where days until death is relative to 

each hamster. The second possibility is this significant covariate result of days until 

death and fit amplitude may be an artifact of initial low amplitudes described in Round 

1, and not decreasing amplitudes during later rounds as hamsters approach individual 
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demise, but removing round 1 from the analysis did not substantially affect the results. 

 Acrophase timing. Also intriguing is the influence of the photoperiod duration 

on Phase Angle OFF, as illustrated in Figure 3.11B. Essentially, the magnitude of 

Phase Angle OFF wholly reflects the photoperiod condition each group is exposed to: 

LDLD, SD, and LD phase angles remain relatively rigid throughout all nine rounds, 

whereas SNP E, SNP D, and DS groups fluctuate almost exclusively using phase 

angle boundaries of SD and LD, analogous to the design of the minimum and 

maximum SNP light hours range between SD lower (8 h light) and LD upper (16 h) 

photophase limits. One slight exception to this correspondence is found where the 

phase angle OFF in SNP E, SNP D and DS exceeds the magnitude of SD (SD 

acrophase peaks at ~8 h after lights off). These differences in phase angles between 

photoperiods are accounted for when incorporating photophase duration as a covariate 

to these data, washing out these effects (see Figure 3.11C, although the inverse, 

scotophase duration, more concisely accounts for this as well). Therefore the cosine 

model fitting these data overall identifies the middle of the scotophase as the 

acrophase onset, but this timing systematically advances as hamsters age. It was found 

aged hamsters in later rounds reach acrophase values earlier in the night compared to 

younger hamsters. This advancing of Phase Angle OFF might either directly reflect an 

underlying shortening of the free running period commonly cited in aged free running 

rodents (Dawson & Crowne, 1980; Turek et al., 1995; Refinetti & Menaker, 1992a), 

but also because the acrophase timing is a product of cosine fitted curves, determined 

by the "center" of the elevated BT duration: If shortened duration of elevated BT 
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occurs through returning to basal values earlier in the night, it would also be expected 

the calculated acrophase would advance with this adjusted center of the elevated BT 

duration. Although these estimates of elevated BT duration are calculated at the group 

level rather than by individual data, an overall shortening of the elevated BT rhythm 

was found to occur at a rate of 44 minutes each round, suggesting the acrophase 

timing is influenced at least partially through this process. A somewhat less likely 

explanation might be a change in the circadian system's response to light exposure, 

i.e., reduced phase shifting effect from light at dusk (less potent phase delays), or 

perhaps an increase in sensitivity to light at dawn (more potent phase advances). 

Regardless of the reason, what is observed in the timing of this advancing acrophase is 

that while chronological age and post max BW age are weak but significant negative 

correlates to the timing of phase angle OFF (-.136 < r < -.123), but post puberty age 

bears a modest negative correlation to phase angle OFF (r = -.262). This suggests 

acrophase timing is influenced in older hamsters, where "older" is best defined with 

respect to days after achieving sexual maturity rather than chronological age.  

 It was determined that current BW significantly covaried with BT maximum, 

amplitude, and mesor parameters, but not with minimum values. This finding initially 

appears paradoxical given that minimum and maximum fit values maintain a rigid 

relationship and bear a strong correlation (r = .791); however, if current BW 

specifically influenced maximum BT, it would only influence amplitude and mesor, 

consistent with these results.  

 It is possible the thermoregulatory mechanisms underlying body temperature 
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rhythms might be more precisely maintained at lower, basal limits, a.k.a "OFF," 

whereas elevated values during the active phase may likely involve a less precisely 

controlled "ON" mechanism. In addition, elevated BT occurs during the active phase 

and is sensitive to locomotion in addition to BW (i.e., physical mass). This would fit 

with the observation that maximum BT values decline with age, concurrently with the 

decline in BW and locomotor (wheel running) vigor and intensity characterized in 

older hamsters. While this may appear not to account for the rigid relationship 

maintained at older age with regard to minimum and maximum values, BW did 

significantly covary with amplitude and mesor; this demonstrates that if BW may have 

had an effect specifically on maximum values, it would account for changes in mesor 

and amplitude without necessarily influencing baseline minimum values, for which the 

mechanism responsible is likely a separate independent variable aging at a comparable 

rate, or at least producing diminished output at a comparable rate.  

 With respect to aging on BT minimum, maximum, amplitude, and mesor, 

chronological age was a significant covariate to each of these parameters, whereas 

Post Puberty age, and Post Max BW age, had no significant influence. In contrast, 

Post Puberty age most directly accounted for age related trends in shorter phase angle 

latencies between peak BT and lights off. If the biological age of the circadian system, 

measured by changes in timing or magnitude of rhythmic output, functionally declines 

at an independent rate than that the biological system governing thermoregulation, as 

gauged by BT output parameters, one would expect to see age related differences in 

timing of BT waveform, rather than directly influence absolute (actual) BT 
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parameters, where overall 24 h waveform quality would reflect the sum interaction of 

these two aging systems. What was observed was precise timing of the decreasing 

minimum, maximum, and mesor did not emerge until Round 5, whereas the reduction 

in phase angle of acrophase to lights off is a linear trend that begins at Round 1 and 

apparently, is influenced at the individual level differentially most closely explained 

by post puberty age. This may reflect the interactions of two independently aging 

systems and their aggregate functional output, observed in 24 h BT profiles. With 

respect to mesor values these data coincide with other literature reporting lowered BT 

in older animals, although it was also recently reported that BT of Siberian hamsters 

can be influenced by the number of littermates (Jefimow et al., 2011), a parameter 

which certainly varied systematically in our experiment as animals died off.  

 

 

EFFECTS OF AGING AND LIFE HISTORY TIMING ON 24 H BODY 

TEMPERATURE REGULATION- CONCLUSION 

 

 A novel 24 h BT waveform protocol is validated by confirming real alpha 

values are proportional to scotophase duration, and also that the acrophase timing 

calculated from the cosine fitted model is appropriately biased towards the middle of 

the scotophase. Minimum, maximum, and mesor values began to decline in middle 

age without affecting amplitude. Acrophase timing was advanced in older hamsters, at 

least in part by an earlier decline in the elevated BT duration. With respect to age, the 
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phase angle OFF advance was most closely correlated to when hamsters underwent 

puberty compared to chronological age or age of achieving maximum BW. 

Additionally, the predictive strength of the model's goodness of fit decreased as 

hamsters aged. A significant correlation was found between the amount of days of life 

left at the time of last 24 h data collection and Goodness of Fit value, suggesting the 

24 h waveform in hamsters with less than 140 days to live becomes arrhythmic.   

 

CONCLUSION 

  

 Overall age-related changes to BT and wheel running parameters were 

apparent, albeit at distinctly different ages. In this novel wheel running protocol, a 

decreasing linear trend in vigor and amplitude was observed through Rounds 1-4, 

staying at baseline lows for the remainder of the rounds. However, in BT, we find 24 h 

rhythms to be mostly stable until minimum, maximum, and mesor parameters decrease 

sharply upon round 5. Interestingly, although completely different patterns, the largest 

age-related changes in both of these variables emerge at the same time: during Round 

4 in wheel running activity, with mean age 618 days old (previous Round 3 = mean 

age 505 days old), estimating this change occurred between 505-618 days of age. 

Similarly, 24 h parameters begin to decrease upon Round 5, mean age 563 days old 

(previous Round 4 = mean age 465 days old), and thus while the trends between the 

two measures are not equivalent, the timing of the largest quantitative age-related 

effect occurs within less than a 60 day range of 505-563 days old.  
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 Another interesting finding was that parameters of amplitude between BT and 

wheel running revealed the same trend among photoperiods: LD exhibited the highest 

amplitude BT rhythm with the highest maximum and lowest minimum, and also the 

highest amplitude wheel running, where it appears only hamsters in this lone 

photoperiod never ran more during the day than at night each round for the entirety of 

the experiment. In addition, LDLD hamsters were found to have the lowest amplitude 

BT rhythm, generating the lowest maximums and highest minimums, but also 

exhibited the lowest amplitude wheel running activity, running equally in both 4 h 

scotophases. While one might surmise the hamsters entrained to LD maintained the 

most consolidated and therefore most robust active phase, accounting for the low 

amplitude BT and wheel running rhythms in LDLD appear less straightforward and 

could possibly result from independent factors. First, BT rhythms may not have been 

homogenous among individual hamsters, which may explain the relative proximity to 

the mesor of the overall group: There are multiple strategies that may have been 

adopted by hamsters in this exotic LDLD photoperiod condition; however, one 

limitation of this BT protocol is the poor resolution of individual waveforms. Second, 

LDLD wheel running activity was low amplitude because of elevated counts during 

both 4 h scotophases (arbitrarily assigned day and night), rather than low activity at 

both timepoints. In fact, (although not statistically significant), LDLD hamsters had 

the highest Sum and Max totals among overall round counts.  

 What might explain this effect is the lack of wheel running in during lights-on, 

as the other photoperiod conditions were exposed to. To reiterate, novel wheel running 
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in darkness has been reported to induce immediate phase shifts with one exposure, a 

confounding variable we sought to avoid in our longevity study. Thus, the novelty of 

being placed in the wheel might best be accounted for in the future by measuring the 

difference in wheel running between two sets of hamsters housed in equivalent 

photoperiods at equivalent ages and placing the control group in the wheels during 

subjective day with lights on and the experimental group in the wheels during the 

same time of day with the lights off. Regardless, even if these data are partially 

influenced by lights-on during the Day bout, age-related changes in wheel running 

parameters were still observed, therefore demonstrating the robustness of the protocol. 

 Finally, the degree to which life history events, such as puberty timing and age 

of achieving maximum BW might better predict age-related changes found in BT and 

wheel running compared to chronological age were investigated. Overall, there was 

not compelling evidence that life history events are a better predictor of aging 

compared to chronological age. This is interesting provided that puberty timing 

unambiguously delayed in three of the six conditions of this study. The following 

chapter will test differences in survival to determine if timing of life history events 

influences longevity without compromises to age-related measures or if timing of life 

history events have no impact on either aging or lifespan. 
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A 

B  

 

Figure 3.1. Mean ± SE Day and Night bout wheel running (counts per minute) 
displayed (A) across rounds and (B) overall 30 min profile. 
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Figure 3.2. (A) Day and (B) Night wheel running total counts per bout among 
photoperiod conditions each round. Data are displayed as mean ± SE. 
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Figure 3.3. Mean ± SE Day and Night wheel running activity (counts per minute) 
across rounds, paneled by photoperiod group.  
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Figure 3.4. Mean ± SE Day and Night 30 minute wheel running activity profile for 
each Round (1-8). Data are displayed as mean counts per minute.  
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Figure 3.5. Sum Total wheel running parameters. Data represent mean ± SE of 
individual hamsters. Figures illustrate main effects of (A) overall Round (solid line; 
mean ± SE), (B) Photoperiod (bar chart mean ± SE), and (C) interactions (mean ± SE).  
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Figure 3.6. Mean Sum Amplitude wheel running parameters. Sum amplitude was 
determined by subtracting day sum from night sum. Conventions as in Figure 3.5. 
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Figure 3.7. Max Minute wheel running parameters. Values depict the single highest 
intensity minute from each bout. Conventions as in Figure 3.5. 
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Figure 3.8. Max Amplitude wheel running parameters. Max Amplitude was 
determined as the Night Max-Day Max difference. Conventions as in Figure 3.5. 
 



 118 

 

 

 

 

 

 

 
Figure 3.9. (A) Panel of Round x Photoperiod actual 24 h body temperature 
waveforms (double-plotted, mean ± SE). Shading depicts current lighting conditions 
during day of data collection. (B) Mean ± SE fitted 24 h cosine body temperature 
profiles (double-plotted), paneled by Photoperiod condition (columns) and Round 
(rows). (C) Representative 24 h cosine fitted model of BT across successive rounds of 
Hamster #8 (LD photoperiod).  Values above each panel depict age during data 
collection. 
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Figure 3.9. Continued.  
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Figure 3.9. Continued.  
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Figure 3.10. Elevated BT accurately corresponds to scotophase duration. Each graph 
illustrates a particular photoperiod group (SNP E, top left; SNP D, top right; SD, 
bottom left; DS, bottom middle; LD, bottom right) across successive BT collection 
rounds (x axis) comparing the real scotophase duration (lighter values in each graph) 
to the calculated estimate of elevated BT duration. Data used to estimate elevated BT 
duration comes from real group mean data and not cosine fitted values.  
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Figure 3.11. Acrophase timing of cosine fitted BT. (A) Group x Round array, 
acrophase timing of 24 h fitted values. Shading depicts timing of scotophase. (B) 
Mean ± SE trend of phase angle between fitted BT acrophase and lights off, depicted 
by condition across rounds. (C) Differences in body temperature acrophase and lights 
off phase angle between groups are accounted for by photophase duration. Covariates 
in the model are evaluated at light duration = 12.58 h. Plots are displayed as mean 
values. Accounting for photophase duration as a covariate, phase angles decrease 
linearly over time.  
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Figure 3.11. Continued.  
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Figure 3.12. Cosine fit BT parameters. All data points represent mean ± SE derived 
from fitted cosine values. (A) Overall minimum BT decreases as hamsters age. (B) 
Minimum BT between photoperiod groups across rounds. (C) Overall maximum body 
temperature decreases as hamsters age. (D) Maximum BT between photoperiod 
groups across rounds. (E) Overall BT amplitude does not change as hamsters age. (F) 
BT amplitude between photoperiod groups across rounds. (G) Overall mesor BT 
decreases as hamsters age. (H) Mesor 24 h BT between photoperiod groups across 
rounds.  
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Figure 3.12. Continued.  
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Figure 3.13. Goodness of Fit analysis overall, and in the final round prior to death. 
(A) Mean ± SE Goodness of Fit among all living hamsters at each Round of BT data 
collection. (B) Mean ± SE of overall Goodness of Fit for each Photoperiod condition. 
LD photoperiod demonstrated the best overall Goodness of Fit; LDLD overall show 
the worst Fit of cosine data to real 24 h waveform. (C) Goodness of Fit Round by 
Photoperiod interaction. Datapoints depict mean ± SE of each photoperiod group 
across successive Rounds. (D) Scatterplot between Goodness of Fit during each 
hamster's final 24 h BT collection and the number of days lived following the date of 
BT data collection. Derived cosine fit datapoints incorporated a nested model, 
extending the possible Goodness of Fit values into a negative range, where a straight 
line better approximates the underlying waveform over to a sinusoidal pattern. 
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               Table 3.1. Overall wheel running GLM source data 
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                 Table 3.2.A. Bout maximum wheel running parameters 
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            Table 3.2.B. Bout sum wheel running parameters  
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 Table 3.3.A. Multivariate overall covariate source data  
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  Table 3.3.B. Covariate by dependent variable source data 
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 Table 3.5. Source data for cosine fit 24 h body temperature parameters 
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Table 3.6. Multivariate GLM with covariates  

Source 
Dependent 

Variable 
Sum of 
Squares df 

Mean 
Square F p 

Current BW Min  .184 1 .184 1.424 .233 
(g) Max  1.616 1 1.616 7.500 .006 
  Amp  .178 1 .178 13.659 .000 
  Mesor  .722 1 .722 4.536 .033 
              
Phase Min  .641 1 .641 4.967 .026 
Angle ON Max  .071 1 .071 .328 .567 
  Amp  .071 1 .071 5.498 .019 
  Mesor  .284 1 .284 1.785 .182 
              
Phase Min  .411 1 .411 3.186 .075 
Angle OFF Max  .544 1 .544 2.526 .112 
  Amp  .002 1 .002 .180 .672 
  Mesor  .475 1 .475 2.985 .084 
              
Survival Min  .057 1 .057 .417 .518 
  Max  .166 1 .166 .732 .392 
  Amp  .104 1 .104 7.705 .006 
  Mesor  .007 1 .007 .042 .837 
              
Days until Min  .042 1 .042 .305 .581 
Death Max  .234 1 .234 1.033 .310 
  Amp  .118 1 .118 8.747 .003 
  Mesor  .020 1 .020 .116 .733 
              
Chronological Min  .645 1 .645 4.748 .030 
Age Max  3.494 1 3.494 15.587 .000 
  Amp  .284 1 .284 21.204 .000 
  Mesor  1.785 1 1.785 10.716 .001 
              
Bio Age (P) Min  .097 1 .097 .753 .386 
  Max  .024 1 .024 .111 .739 
  Amp  .006 1 .006 .474 .491 
  Mesor  .054 1 .054 .342 .559 
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Table 3.6. Continued 

Source 
Dependent 

Variable 
Sum of 
Squares df 

Mean 
Square F p 

Bio Age 
(BW) Min  .130 1 .130 1.005 .316 
  Max  .380 1 .380 1.764 .184 
  Amp  .016 1 .016 1.265 .261 
  Mesor  .238 1 .238 1.497 .221 
              
Chamber Min  2.547 5 .509 3.948 .001 
  Max  6.596 5 1.319 6.121 .000 
  Amp  3.735 5 .747 57.456 .000 
  Mesor  .837 5 .167 1.051 .386 
              
Round Min  10.573 8 1.322 10.243 .000 
  Max  21.056 8 2.632 12.212 .000 
  Amp  1.376 8 .172 13.225 .000 
  Mesor  14.439 8 1.805 11.332 .000 
              
Chamber * Min  7.010 40 .175 1.358 .069 
Round Max  8.824 40 .221 1.024 .431 
  Amp  2.085 40 .052 4.009 .000 
  Mesor  5.832 40 .146 .915 .622 
              
Error Min  168.888 1309 .129     
  Max  282.116 1309 .216     
  Amp  17.018 1309 .013     
  Mesor  208.483 1309 .159     
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CHAPTER 4. SURVIVAL ANALYSES FOLLOWING PHOTOPERIOD DRIVEN 

VARIATION OF LIFE HISTORY 

 

INTRODUCTION 

  

 The primary objective of this study was to determine whether life-stage 

progressing events, such as timing of sexual maturation, increased or decreased 

lifespan, through the simple, non-invasive manipulation of photoperiod history. A 

number of vastly different biological measures were recorded over the lifetime of 

Siberian hamsters in order to concurrently investigate patterns of aging among six 

different photoperiod regimens, with the goal of identifying (or at least eliminate) 

potential mechanisms governing differences in lifespan. The experiment also serves to 

investigate effects of naturalistic versus artificial (either fixed, or discrete) photoperiod 

exposure on lifespan, as well as assess potential hazardous consequences of LDLD, an 

entrainment protocol currently under refinement seeking to reduce human disease 

(risk) factors associated with human shift work. In this chapter survival rates will be 

assessed between early and late puberty conditions, fixed and seasonal photoperiods, 

and with respect to cumulative effect of winter phenotype. It will also be determined 

whether there are increased deaths associated with a certain time of year in seasonal 

photoperiod groups, and also whether any observed survival differences between 

photoperiod groups might be accounted for by differences in puberty timing or age of 

attaining maximum BW.  
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METHODS 

 

 Procedure. Deceased hamsters were recovered each morning during daily 

health checks. Weekly health checks by a veterinarian were also scheduled. The 

attempt to relieve moribund hamsters when severe injury or imminent death threatened 

quality of life was part of the survival protocol: As described by Cavigelli & 

McClintock (2003), there are a number of observable symptoms which triple in 

frequency of occurrence upon imminent death, including: shallowness or constriction 

of breath, inability to ambulate, inability to consume food or water, diarrhea, and half-

closed eyes. When two or more of these symptoms were observed, the animal was 

euthanized. Overall, six hamsters were euthanized upon determining imminent death, 

but the vast majority of hamsters (97.5%) in the study succumbed to natural causes. 

Two hamsters were removed from the study- one was a misidentified female, the other 

the other was a male who was not moribund but had an unacceptably large tumor 

burden. The endpoints of the remaining 246 males were used in the survival analysis. 

While female hamsters were also included in the study, they had much smaller sample 

sizes, (n = 12-16, per photoperiod). In addition, there were not enough transponders to 

implant in all of the females and therefore the process of obtaining all of the additional 

measures (weekly BW and pelage, wheel running, 24 h cBT) was not practical. 

Because we wish to interpret individual survival through individual differences of 

biological aging as accounted in Chapters 2-3, females are only included in order to 
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compare to males as well as investigate potential gender differences in survival among 

early and delayed puberty photoperiods.  

 Data Analysis. Survival rates were analyzed among the following categorical 

variables: Photoperiod (all conditions), Puberty Timing, (early vs delayed), 

Photoperiod Waveform (fixed vs. seasonal), and Winter Phenotype history (number of 

winter state transitions). Data were analyzed using chronological age (days old) and 

compared to life stage markers: conventions as determined by Puberty Date, and Date 

of max BW. To optimize power of the statistical test, proportional hazards assumption 

was assessed prior to analysis with the Q-test described in Martinez and Naranjo 

(2010). Because survival correlates, covariates, and regression analysis treat survival 

as a ratio scale measurement and assume normal distribution of data and homogeneity 

of variance, a 1-way ANOVA (survival across the six photoperiod groups) and 

Levene's test of variance was used to assess survival data for comparison (but not to 

draw conclusions), as any time related or "event" based correlations with data from 

previous chapters are more appropriately interpreted with respect to these results 

rather than conventional survival statistics. Cox regression analysis with survival 

covariates is incorporated into a comprehensive lifespan prediction model presented in 

Chapter 6. To determine the influence of seasonal timing on survival (i.e., summer or 

winter solstice, or equinox), Rayleigh's test of circular statistics was employed to 

analyze trends in SNP E, SNP D, and DS (seasonal) photoperiod groups. 
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RESULTS 

 

 None of the 246 male hamsters in the study were censored. The Gehan-

Breslow (generalized Wilcoxon) statistical test was selected over Log Rank (Mantel-

Cox) because it is a more appropriate test when survival curves differentiate early, 

rather than late, a violation of the proportional hazards assumption implied in Log 

Rank (Mantel-Cox) survival analysis. Mean, median, and quartile data are arranged in 

Tables 4.1-4.2. Kaplan-Meier survival curves among all six photoperiods are 

presented in Figure 4.1. Female survival and data are only referred to in the 

Chronological Age- Females section; all other data refers to the 246 experimental 

males only, unless otherwise specified. 

 Chronological Age- Males. Unless described otherwise, all measures of central 

tendency are reported as median survival. Overall, there was a significant difference in 

hamster survival rates between photoperiod groups, Χ2
(5) = 12.386, p < .030, with 

overall survival = 777 d (Figure 4.1).  Hamsters in SD, SNP E, and SNP D lived the 

longest (856 d, 832 d, and 811 d, respectively), and LDLD and DS hamsters died 

earliest (716 d and  665 d, respectively; LD = 800 d). Stratification of hamsters into 

early (SNP E, LD, LDLD) and delayed (SNP D, SD, DS) puberty photoperiods did not 

account for differences in overall survival (Χ2
(1) = .285, p < .593), where on the 

contrary, survival curves appear nearly identical (Figure 4.2A). In addition, 

segregating into seasonal (SNP E, SNP D, DS) and fixed (SD, LD, LDLD) groups did 

not account for overall group differences (Χ2
(1) = .047, p < .828, Figure 4.2B). The 
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number of short day seasons (e.g., Winters) also did not influence survival rates (Χ2
(3) 

= 4.414, p < .220, Figure 4.2C). We attribute the largest factor in determining 

significant overall survival differences among the six photoperiod groups to the 

accelerated demise of DS and LDLD hamsters: DS hamster survival rates were 

considerably lower compared to hamsters in SNP D and SD (Χ2
(1) = 4.441, p < .035 

and Χ2
(1) = 6.843, p < .009, respectively), and LDLD hamster survival rates were 

significantly lower than those of SD, SNP D, and SNP E (Χ2
(1) = 5.842, p < .016; Χ2

(1) 

= 4.547, p < .032; Χ2
(1) = 4.032, p < .045, respectively). A 1-way ANOVA of lifespan 

across conditions was consistent with our findings (F(5,241) =  2.3, p < .044), and 

lifespan distributions between photoperiod conditions did not violate assumptions of 

homogeneity of variance (Levene's Statistic(5,241) = 1.251, p < .286). The power to 

detect photoperiod differences among males = .775. Finally, analysis of decile male 

survival revealed differences in median lifespan among the oldest (n = 4) living 

hamsters of each group (X2
(5) = 11.550, p < .042; median survival of 1056 d). This 

overall main effect of decile was driven by SNP D (1104 d) and SNP E (1067 d) 

hamsters outliving LDLD (975 d) and LD (996 d; also SD = 1056, DS = 1030 d).  

 Chronological Age- Females. Overall, female survival rates were not found to 

be different among photoperiod conditions (Χ2
(5) = 7.376, p < .194, Figure 4.1), power 

= .567. Female survival was not influenced by early or delayed puberty timing (Χ2
(1) = 

1.308, p < .253, Figure 4.2D). Male and Female survival rates did not statistically 

differ (Χ2
(1) = 0.312, p < .576, Figure 4.2E), although power analysis revealed the 

ability to detect real gender differences was quite low (gender = .075; overall 
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Photoperiod = .621; Gender x Photoperiod = .749). Gender data were not combined in 

order to remain consistent with regard to the integration and discussion of other 

reported measures, which only pertain to males in the study. 

 Biological Age- Puberty Onset. To determine whether the duration of time 

hamsters lived after puberty onset was equal across groups (e.g., "post-puberty 

survival"), survival rates were assessed across groups in similar fashion as above, 

except the dependent variable was the number of days each hamster lived after puberty 

onset. Overall, post-puberty survival varied substantially among groups (Χ2
(5) = 

29.464, p < .001, Figure 4.3A), consistent with our finding above that inducing early 

vs. late puberty does not affect survival measured by chronological age. Median post-

puberty survival was greatest in SNP E and LD photoperiods, (807 d and 752 d 

respectively, grand median = 708); DS and SNP D experienced the shortest post-

puberty survival (544 d and 646 d, respectively). As expected then, when comparing 

post-puberty survival between early (SNP E, LD, LDLD) and delayed (SNP D, SD, 

DS) puberty photoperiods, early puberty groups spend more (median) days as adults 

compared to delayed groups (early = 740 d, delayed = 642 d; Χ2
(1) = 16.189, p < .001, 

Figure 4.3B). There was no effect of seasonal vs. fixed photoperiod conditions on 

post-puberty survival, Χ2
(1) = .347, p < .556 (Figure 4.3C). Finally, although the 

number of short day seasons (e.g., "winters") did not affect chronological age based 

survival rates, post-puberty survival significantly differed on this factor, Χ2
(3) = 

21.423, p < .001 (Figure 4.3D), but without respect to a linear trend in either direction: 

Hamsters never exposed to a short day  (8 h light) condition (LD and LDLD, median = 
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748 d) exhibit comparable post-puberty survival to hamsters exposed to 3 or more 

winters (SNP D, DS, median = 766 d), where hamsters exposed to one (SD) or two 

(SNP E) winters exhibit median post-puberty survival of 866 d and 865, respectively. 

We attribute this significant result to be an artifact of the way SNP E was separately 

categorized from the other two seasonal photoperiod conditions: When combining 

SNP E into the same winter category of SNP D and DS, this effect is lost.   

 Post Maximum BW age as a life stage progression. The second measure of life 

history progression and survival we wish to investigate is how long individual 

hamsters live after reaching a maximum body weight (post Max BW survival), a 

measure previously determined in Chapter 2. Overall, post Max BW survival 

significantly differed between photoperiod groups, Χ2
(5) = 13.996, p < .016, (Figure 

4.3E, median survival = 493 d. Hamsters in SNP E, LDLD, and DS photoperiods 

demonstrate the shortest survival after achieving maximum body weight (416 d,  422 

d, and 425 d, respectively) and LD, SD, and SNP D lived longest (533 d, 571 d, and 

575 d, respectively). Stratifying these groups into early and delayed puberty reveals 

hamsters in early puberty photoperiods have shorter survival (median = 452 d) after 

post Max BW compared to hamsters in delayed puberty photoperiods (median = 535 

d; Χ2
(1) = 5.224, p < .022, Figure 4.3F). In contrast, there was not a significant effect of 

seasonal or fixed photoperiod conditions on post Max BW survival, Χ2
(1) = 2.240, p < 

.134, (Figure 4.3G). Similar to the main effect of number of short day "winter" 

photoperiod exposure, there is a main effect of post Max BW survival (Χ2
(3) = 7.981, p 

< .046, Figure 4.3H).  
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 Influence of seasonal timing on incidence of death. Trends in death month 

were assessed with Rayleigh's test of significance upon vector strength. Circular death 

plots and distributions are presented in Figure 4.4. Seasonal light timing did not 

influence the frequency of deaths in any single seasonal group (SNP E, Vr(39) = .223, p 

< .15; SNP D, Vr(39) = .091, p < .2; DS, Vr(40) = .048, p < .4). This did not change when 

SNP E and SNP D were combined into one group and aligned with respect to the SNP 

year (Vr(78) = .067, p < .4). Last, all seasonal groups were combined by month of the 

SNP year; for DS, the SD-LD transition was considered Summer Solstice, and LD-SD 

transition considered Winter Solstice. There was not a significant effect of 

photoperiod season when assessing vector radius of all seasonal groups together 

(Vr(118) = .031, p < .4).  

 Planned comparisons. Groups matched in certain light schedule parameters 

(i.e., 16 h total daily light, delayed and seasonal photoperiod, SNP schedule etc.,) were 

assessed independently to gain more direct assessment of specific light history 

components of survival (Chronological Age, Post-Puberty survival, and post Max BW 

survival) and light parameters.  

 SNP E versus SNP D. SNP E and SNP D experienced the only naturalistic 

photoperiod regimen in the study, and only differ in the phase of the SNP to which 

they were born. Any difference in lifespan implies some factor related to the 

difference in offset seasonal timing between them. Survival curves of chronological 

age appear identical, crossing or overlapping over 12 different times across the 

lifespan, Χ2
(1) = 0.022, p < .881. Consequently, the early puberty onset of hamsters in 
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SNP E yield longer post-puberty survival than SNP counterparts (Χ2
(1) = 7.005, p < 

.008). However, recalling SNP E hamsters adopted a BW rhythm matching that of 

SNP D during SNP E's second summer, relative to SNP D's first summer (during 

which puberty was achieved); the result is that SNP D hamsters lived longer after Max 

BW, Χ2
(1) = 8.693, p < .003.  

 LD versus SD. We sought to compare SD and LD survival to other reported 

literature using long and short day lifespan studies using other rodent species with less 

salient photoperiodic responses compared to the Siberian hamster. Other studies have 

looked at LD versus SD survival but only after controlling for potential effects of 

puberty timing (i.e., sharing pre-puberty photoperiod history). LD and SD hamsters 

did not exhibit different survival rates (Χ2
(1) = 0.856, p < .355), despite the fact LD 

hamsters reached puberty onset by 25 d, driving a main effect of post-puberty survival 

(Χ2
(1) = 3.903, p < .048) between conditions. LD and SD hamsters shared equivalent 

post Max BW survival, (533 d and 571 d, respectively; Χ2
(1) = 0.507, p < .476), 

strengthening the hypothesis that age of maximum BW is under the control of a 

separate timing mechanism, or at least not controlled by the same interval timer 

regulating somatic changes associated with hormone driven BW gain associated with 

puberty onset. 

 LD versus LDLD. LD and LDLD groups both receive 16 hours of daily light, 

live under fixed photic conditions, and began puberty onset by 25 days of age. Any 

difference in lifespan between these groups would be attributable to the difference in 

how the 16 h photophase was distributed within each 24 h light cycle (e.g., 8 h light, 4 
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h dark, 8 h light in LDLD). Survival was equivalent between LD and LDLD with 

respect to all three measures of age (Chronological Age, Χ2
(1) = 2.273, p < .132; post-

puberty survival, Χ2
(1) = 2.273, p < .132; post Max BW survival, Χ2

(1) = 2.498, p < 

.114). Also unique to these groups was they were the only two photoperiod conditions 

that had median decile survival under 1000 days of age.  

 LD versus DS. LD and DS hamsters occupied the same photoperiod and 

therefore equivalent conditions for 50% of the study. Whereas survival did not differ 

between groups (Χ2
(1) = 2.502, p < .114), there was a significant difference in post-

puberty survival times, Χ2
(1) = 16.157, p < .001, as LD was early and DS delayed 

puberty conditions. However, post Max BW survival appears equivalent, Χ2
(1) = 0.786, 

p < .375.  

 SD versus DS. SD and DS hamsters began the study in the same LD8:16 

photoperiod chamber, thus any significant differences between groups is a result of 

light history differences occurring after 6 months of age. As reported above, SD 

hamsters outlived DS hamsters (Χ2
(1) = 6.843, p < .009). Hamsters in SD also exhibit 

longer post-puberty survival Χ2
(1) = 7.949, p < .005, however, post Max BW survival 

was equivalent between groups, Χ2
(1) = 2.297, p < .130. 

 SNP D versus DS. Both SNP D and DS groups were exposed to delayed 

puberty under seasonal photoperiods. As described above, SNP D survived longer than 

DS, Χ2
(1) = 4.441, p < .035. SNP D also outlived DS long enough to result in 

differences in post puberty survival Χ2
(1) = 3.930, p < .047, so while SNP D was the 

last delayed puberty group to achieve puberty onset, the survival margin between these 
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groups far outweighed this difference. There was no difference in post Max BW 

survival Χ2
(1) = 2.680, p < .102. 

 

DISCUSSION 

  

 Overall our lifespan study of the Siberian hamster demonstrates survival rates 

are influenced by specific parameters of photoperiodic conditions. Namely, we 

demonstrate photoperiods that do not allow for either stable or naturalistic entrainment 

to the light-dark cycle shorten the lifespan of hamsters. In this study, the two 

photoperiods we found to accelerate mortality were LDLD and DS. Discretely 

changing, or "square wave" seasonal photoentrainment has been previously shown to 

reduce lifespan in the lesser mouse lemur compared to naturally occurring seasonal 

changes to the light dark cycle  (Perret, 1997), although in the former experiment the 

square wave season was complicated with an 8 month annual period alternating 

between 5 months of long days and 3 months of short days instead of matching period 

parameters of the naturalistic light cycle it was designed to control for. In our 

experiment, the average DS hamster endogenously initiated puberty onset at 158 days 

of age, 25 days prior to their first long day transition occurring at 6 months of age. 

Prior to this shift the survival rates among SD and DS groups were identical, where no 

deaths had occurred before 6 months of age; however after 6 months, when DS was 

transferred to LD16:8, they began to differentiate on two measures. First, this transfer 

to LD16:8 in DS hamsters during their puberty growth spurt accelerated growth rates, 
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not just compared to SD hamsters compared to all other photoperiod groups in the 

study, likely the reason DS hamsters reached the highest mean BW, and at the 

youngest age (56.5 g at 235 days of age). Second, DS survival plummets during the 

second SD exposure of LD8:16, occurring between 12-18 months of age. During this 6 

month short day interval, survival in DS drops 22.5%, from 90% to 67.5%, when 

survival among all other photoperiod groups aside from LDLD (80%) remains above 

90% at 18 months of age. This reduction of nearly a quarter of all DS hamsters implies 

some type of causal response to the discrete photoperiod transition from long to short 

days, or a latent response from the initial LD 16:8 transition. Though we did not find a 

relationship between seasonal timing and increased mortality in this group overall, it 

might be because the deaths were rather variable within this 6 month window. 

Alternatively, if there were in fact a bimodal distribution with respect to increased 

deaths about the long and short day transitions, the effects would cancel each other out 

at the annual level. Closer inspection of the overall occurrence of DS hamster deaths 

actually suggest a possible bimodal distribution, with peaks at 500 and 100 days of 

age, where the central tails of each respective distributions overlap between 700-800 

days to create a third smaller peak in the center. Finally, the last discovery pertaining 

to the distribution deaths in DS appears to be that the least likely occurrence of death 

seems to occur during the last month of either short or long days: a grand total of 3 

hamsters died during this interval of the photoperiod schedule, 1 in the final month of 

LD and 2 in the final month of SD. This implies DS hamsters were somewhat acutely 
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affected by the abrupt photoperiod transition, and survival probability of individual 

hamsters increased the longer ago the previous transition occurred.  

 Regarding LDLD entrainment we propose one of two accounts of the 

shortened survival times: Hamsters either did or did not possess a circadian system 

endowed with the flexibility to maintain bifurcated entrainment to this LDLD exotic 

photoperiod for their entire lives. If they did, we would interpret these results to mean 

output of this particular state of circadian organization is non optimal in at least one 

organ or biological system necessary for sustaining life. However, we propose the 

more probable account that LDLD hamsters were more than likely not stably entrained 

to this unnatural photoperiod for the duration of their lives, if at all. Previous literature 

most prevalently reports stable bifurcated entrainment maintenance through access to 

wheel running in each of the two daily scotophases, though stable LDLD entrainment 

has been successfully maintained without wheel access (Rosenthal et al., 2005). 

Running wheels were not provided in this study for reasons of confounding factors 

with respect to the other photoperiod conditions. Therefore, given waveform data from 

24 h BT, we assert LDLD did not maintain bifurcated entrainment from 18 days of age 

until death, and one of three scenarios was likely to be the alternative entrainment 

categorization of LDLD hamsters. First, hamsters in LDLD may have adopted stable 

entrainment to the equivalent of a quasi-skeleton LD20:4 photoperiod, essentially 

ignoring the nightly 4 h scotophase. Second, LDLD hamsters might not have ever 

become stably entrained to this photoperiod, continually phase shifting each day, a 

previously reported cause of increased mortality in rodents, compared to hamsters 
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under similar light schedules that instead go arrhythmic or free run independently of 

the LD cycle. Third, hamsters in LDLD may have started out with stable bifurcated 

entrainment and adopted one or both of the two strategies named above. Of course, it 

is likely that not all hamsters in LDLD fit into exactly one of these three proposed 

entrainment alternatives to pure LDLD entrainment, but rather hamsters were 

distributed across these proposed alternative entrainment types based on differences 

among individual chronotypes. The combination of supplementary data collected in 

these hamsters appear to suggest the majority of these hamsters adopted to an LD20:4 

photoperiod: BT analysis of LDLD hamsters were consistently elevated at the same 

acrophase  (e.g., during the 4 h day scotophase), suggesting indeed hamsters in LDLD 

were not bifurcated, at least with respect to body temperature on a continual, lifetime 

basis. Moreover, the observed stability of this acrophase across consecutive rounds 

demonstrates hamsters were not free running independently of the light:dark cycle. 

What was not consistent with LD20:4 entrainment, however, was that LDLD wheel 

running was high during both day and night bouts, suggesting these hamsters might 

have indeed had a second active phase that was masked in the absence of wheel 

availability. A methodological disparity might account for this observation: lights 

were off during both day and night wheel running assessments, where all other groups 

experienced day wheel running during the photophase. It has been previously reported 

that hamsters readily bifurcate wheel running entrainment that begins with the very 

first exposure to a wheel during subjective day when the lights are turned off (Gorman 
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& Lee, 2001); this might explain robust wheel running during the non-entrained night 

scotophases.  

 Certainly the BW growth rates among early puberty groups demonstrate 

LDLD hamsters achieve the highest mean BW at 200 days of age, data supporting the 

notion of adopting entrainment to LD20:4, a trend consistent with previous studies 

reporting BW growth rates during puberty correlates positively with respect to the 

length of the (non-SNP) photophase (Gorman 1995). This reason alone, early BW 

acceleration, might directly insult survival, as hamsters in the photoperiod condition 

resulting in the shortest median lifespan, DS, exhibited the highest growth rates upon 

puberty onset and achieving the highest maximum BW among all groups. 

Repercussions to organ health or function in young hamsters with increased growth 

acceleration resulting from a photoperiodic response to unnatural light exposure may 

be one causal agent of accelerated demise observed in LDLD and DS hamsters. SD 

hamsters, in contrast, demonstrated both the smallest BW gains in the study in 

addition to longest median survival, however this group also experienced the only 

photoperiod that allowed complete interval timer control, independent of light timing, 

to promote puberty onset. The longer scotophase of SD might allow for the closest 24 

h alignment of phase angles that would have been maintained endogenously under 

constant darkness, a photoperiodic schedule which permits full control of the circadian 

system to generate individual free running rhythm without having to perpetually align 

with an external light timing. Constant lighting conditions (Tapp & Natelson, 1986) 

and SD photoperiods (Natelson et al., 1993) have previously been reported to yield the 
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highest survival in rodents compared to LD12:12 and non 24 h photoperiods, which 

we also find with our SD hamsters substantially outliving LDLD hamsters. It is also 

worth noting both SD and DS groups mean projected puberty onset occurred before 6 

months of age, when DS hamsters were first transferred to LD16:8. Therefore, the 

interval timer in DS hamsters had also been permitted complete internal control, yet 

lifespan differences were greatest between SD and DS, suggesting complete interval 

timer control of puberty onset alone is not a sufficient mechanism to prolong lifespan. 

 Timing of life-stage progression on lifespan. The schematics of life stage 

progressions observed here are illustrated in Figure 4.5. These results strongly 

demonstrate lifespan is unaffected by age of puberty onset. Manipulating the percent 

of life spent as an adolescent from 3.2% in early puberty groups to 20.2% in delayed 

puberty groups had no effect on survival rates. In addition to overall early vs delayed 

puberty survival rates (previously illustrated in Figure 4.2A), more appropriately 

matched comparisons of SNP E to SNP D, and of LD to SD, both independently assert 

that puberty timing does not affect lifespan. Therefore in conclusion, observational 

studies estimating the relationship of puberty timing and lifespan between species 

(Prothero 1993; Wootton 1987) present strictly correlational data, as the present study 

demonstrates that manipulating puberty timing within species does not causally affect 

longevity.  

 Overall differences in survival were determined after the age of achieving 

maximum BW. Also, early puberty groups demonstrated a longer young adult life 

stage, with longer latency between puberty onset and maximum BW compared to 
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delayed groups, reaching maximum BW soon after puberty onset. However a 

significant difference was still observed in post Max BW survival among early and 

delayed puberty groups, where post Max BW survival was longer in delayed puberty 

groups. Two conclusions result from these findings: First, age at maximum BW is not 

proportionally delayed with respect to puberty onset, but, excluding SNP E, occurs 

within a surprisingly narrow range of 235-297 d of age. Second, there is not a rigid 

relationship between the onset of max BW and remaining survival, suggesting this 

parameter does not strongly identify the initial decline and deterioration to health 

observed in aging organisms entering senescence. Perhaps additional BW parameters 

such as lifetime mean, maximum growth rate, or the actual BW maximum value might 

be useful in predicting lifespan, which will be incorporated into the lifespan regression 

model we propose in Chapter 5.  

 Laboratory versus Naturalistic Photoperiods and Lifespan. The study served 

to test two separate hypotheses on about survival differences among hamsters living in 

fixed vs. seasonal photoperiod conditions. The first hypothesis was that seasonal 

transitions between winter and summer phenotype somatic states might induce 

hazardous consequences to health that could accumulate over time, analogous to 

health hazards associated with human "yo-yo" dieting. Evidence of this hypothesis 

would be supported if the fixed photoperiod groups outlived the seasonal photoperiod 

groups. Controlling for puberty differences, this is tested by comparing SNP E to LD 

and SNP D to SD. The second hypothesis states biological ramifications of the winter 

phenotype include protective effects to health and or aging, for this phenotype must be 
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accompanied with an incredibly strong benefit if evolution is dependent upon 

successful reproduction and the winter phenotype completely retards this capability. 

Explicitly, reduced (male) testosterone, lower BW, and BT waveforms are all greatly 

differentiated between summer and winter phenotypes. In the Siberian hamster, short 

day lengths have been shown to augment stress induced leukocyte trafficking, and skin 

immune function (Bilbo et al., 2002), macrophage responsiveness (Navara et al., 

2007), and altered responses to delayed-type hypersensitivity challenges (Workman et 

al., 2010). If this strategy of ultimately using less resources to overwinter has 

beneficial health consequences in addition to simply increasing the probability of 

living long enough to complete another breeding season, one would surmise hamsters 

spending more time in the winter state would outlive hamsters that either completely 

forego the winter phenotype or even at a proportionate rate to hamsters with smaller 

fractions of life spent in the winter state. Stratification for this assessment would be 

LDLD and LD (0 days spent in winter phenotype) vs. SD (a single winter phenotype) 

compared to hamsters under naturalistic conditions transitioning to the winter state 

annually. Results indicate there is no difference in lifespan among hamsters living in 

fixed and seasonal photoperiods. These findings are complemented by the analysis of 

death frequencies relative to timing of season. If specific components of winter or 

summer phenotype transitions were insulting health one would expect to observe 

clusters of increased mortality around these relative times of year. This was not 

observed among SNP groups, and therefore two explanations might account for this: 

First, summer versus winter phenotypes do not differentially impact health risk 
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factors; the winter state is preserved through natural selection for the sole benefit of 

conserving environmental resources during winter. Second, no gender differences in 

lifespan in the Siberian hamster were found: In a species with a strong photoperiodic 

response and also reliable gender differences in lifespan, the associated chronic 

attenuation of testosterone during winter might reduce or potentiate gender 

differences.  

 The observation of equivalent survival rates between LD and SD hamsters 

disprove two critical hypotheses. First, advancing or delaying puberty does not result 

in a proportionate influence on lifespan (as previously discussed). The second 

hypothesis that can be rejected asserts that the longer nights associated with SD 

photoperiods provide a functionally increased health benefit, namely from a longer 

nightly secretion of the hormone melatonin. This widely held notion that melatonin 

acts as a vitally important oncostatic agent has been widely cited, yet lacks causal 

evidence (Reiter et al., 2009; Blask 2009; Korkmaz et al., 2009; Kakizaki et al, 2008), 

although a recent large cohort study did not find a correlation among melatonin and 

breast cancer (Wu et al, 2013). Perhaps there is indeed additional benefit to more 

nightly melatonin secretion, but there may not necessarily be unequal total melatonin 

output among short and long nights in humans. Previous studies investigating 

melatonin secretion reveal there is not a simplistic on and off mechanism governing 

melatonin duration, but is more accurately modeled by a dual-oscillator system both 

controlling independent bouts of melatonin secretion, where the phase angle timing 

between them depends on dawn and dusk entrainment. Thus, the duration of nightly 
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melatonin secretion between long and short nights certainly differs, and in the Siberian 

hamster, this indeed does result in increased nightly total pineal output of melatonin, 

but whether this is enough to drive a functional benefit in humans remains unknown. 
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Figure 4.1. Kaplan Meier survival curves for male (A) and female (B) hamsters. 
Males began with n = 39-48 for each photoperiod, (N = 246); Females, n = 12-16 per 
photoperiod, (N = 80). X-axis = age in days, Y-axis = % surviving.  
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Figure 4.2. Kaplan Meier survival curves of male hamsters (N =246) comparing 
chronological survival of  (A) early (SNP E, LD, LDLD, n = 127) versus delayed 
(SNP D, SD, DS, n = 119) puberty photoperiods, and (B) fixed (SD, LD, LDLD n = 
128) versus seasonal (SNP E, SNP D, DS, n = 118) photoperiods. (C) Kaplan Meier 
survival curves of male hamsters (N =246) comparing chronological survival of 
number of winter transitions (0 = LD, LDLD, n = 88; 1 = SD, n = 40; 2 = SNP E, n = 
39; 3 = SNP D, DS, n = 79). (D) Female Kaplan Meier survival curves comparing 
early (blue hatched, n = 44) and delayed (green hatched, n = 36) puberty photoperiods. 
(E) Kaplan Meier survival curves comparing overall chronological survival between 
male (n = 246, blue) and female (n = 80, green hatched) hamsters. 
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Figure 4.2. Continued  
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Figure 4.2. Continued  
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Figure 4.3. Kaplan Meier survival curves depicting post-puberty survival of male 
hamsters (n = 246) across (A) photoperiod conditions, (B) early versus delayed 
puberty photoperiods, (C) fixed versus seasonal photoperiods, and (D) number of 
winter transitions. X-axis = number of days lived after puberty onset. Y-axis = 
proportion surviving. Kaplan Meier survival curves indicating post-Max BW survival 
of male hamsters (n = 246) across (E) photoperiod conditions, (F) early versus delayed 
puberty photoperiods, (G) fixed versus seasonal photoperiods, (H) number of winter 
transitions. X-axis = post-Max BW survival, y axis= proportion surviving. 
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Figure 4.4. Frequency of death relative to seasonal light timing in SNP E, SNP D, and 
DS male hamsters. Circular plots of SNP E (top left), SNP D (top right), and DS 
(bottom right) hamster death rates with respect to seasonal light timing. SNP timing is 
identified quarterly by month (January, April, July, October); arrows on DS group 
identify the transition timing between LD8:16 and LD16:8 photoperiods every 6 
months. Both SNP groups are also graphed together in the same plot (bottom left) to 
emphasize the absence of synchronizing effects of the naturalistic photoperiod 
schedule had with regard to the occurrence of natural death. 
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Figure 4.5. Lifespan schematic with life events by photoperiod condition- illustrating 
proportions of life history with regard to juvenile stage (yellow), young adult (blue) 
and aged adult (post max BW; gray). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 166 

 

 Table 4.1. Means and medians for survival time 
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 Table 4.2. Percent surviving by quartile 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

168 

CHAPTER 5. ORGAN WEIGHT ANALYSIS  

 

INTRODUCTION 

 

 Age-related pathology has been documented in the hamster, where disease is 

often accompanied by organ hypertrophy, generally manifesting in older animals 

(Schmidt et al., 1983). While longevity studies provide a valuable approach towards 

understanding effects of photic manipulation on the ultimate measure of health- the 

ability to sustain life- the disadvantage is that underlying pathology and cause of death 

typically go unstudied. Many mammalian organ systems deteriorate in advanced age, 

typically associated with diminished function accompanied by qualitative changes in 

gross physiological makeup. However, this aging process can be hastened through 

photoperiod manipulation. For example, increased heart size has been found to 

accompany pathological evidence of cardiac disease (e.g., widespread myocyte 

hypertrophy, myocardial fibrosis, gross cardiac hypertrophy), specifically, gross 

cardiac hypertrophy, in the tau mutant hamster (Martino et al., 2008) when photic 

conditions facilitate chronic circadian disruption. Renal pathology in these hamsters 

reveals severe kidney disease evidenced by tubular dilation, widespread collagen 

deposits, and glomerular ischemia with a lack of immune type deposits, excluding 

infection or autoimmune activity as an underlying cause.  

 The aims of the following organ weight analyses are three fold. The first aim is 
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to describe the pattern of age related changes to various organ systems in the Siberian 

hamster. The second is to explore whether the photoperiod history effects employed in 

this study influence individual health estimated from organ weight, since lifespan 

alone provides no information about possible repercussions on specific organ systems. 

Third, it is of interest whether hamsters succumbing to a natural death display 

proportionately aged organs compared to healthy, age-matched euthanized controls.  

 In this chapter, data collection among LD14:10 controls and experimental 

groups are first described. Overall effects of Gender, Age, and BW will be assessed 

among LD14:10 controls. For each organ system in the experimental males, a general 

linear model will test for photoperiod history effects, the relationship to covariate 

strength to BW and age at death, and also compare to age matched LD14:10 controls. 

Finally, organ-organ correlations are explored to determine whether specific 

relationships can be uncovered among various organ systems.   

 

METHODS 

 

 Healthy Aging in LD14:10 Controls. Organs of old (567-716 d; except one old 

male = 947 d ) and young (63-152 d) Siberian hamsters (38 M, 36 F) maintained in 

LD14:10 since birth were collected. Organs were either immediately preserved in 

formalin for 18 months, and then weighed, or double bagged and frozen at -80° C for 

13 months, then thawed and placed in formalin for 6 months and then weighed. Brain, 

liver, spleen, heart, kidneys, adrenal glands, and gonads weights were included in this 
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analysis to test for main effects of gender, age, and assess covariate strength to BW to 

determine which organs grow as a function of BW. Final BWs were obtained at time 

of death, and again after being thawed out to assess the influence of freezing on body 

weight. Uncovering potential influences of freezing prior to bring placed in formalin 

was primarily to compare these data with future necropsies in subsequent experiments. 

This also ensures any effects on specific organs of frozen control hamsters (n=43) are 

appropriately adjusted in this study as well.  

 Experimental Males- Natural Death. A subset of naturally deceased male (n = 

86) hamsters in the six experimental photoperiods recovered by UCSD animal care 

technicians were identified during routine daily health checks, (between 05:00-07:00 

PST) sealed in a container, and refrigerated until necropsy, which typically occurred 

within 1-3 hours upon discovery. The remaining experimental hamsters were frozen in 

the same fashion as LD14:10 controls above but were not included in this Chapter. 

Final BWs were also obtained. Organs were then extracted, preserved in formalin for 

12 months, trimmed, and weighed on a scale with precision to one thousandth of a 

gram.  

 Age-matched, Photoperiod-matched Euthanized Controls- Supplemental 

Analyses. Rather than have controls strictly obtained from the LD14:10 colony room 

bearing no dim scotophase illumination nor replication of experimental photoperiods, 

18 d male "experimental control" hamsters were transferred from the LD14:10 colony 

into SNP-E (n = 6), SNP-D (n = 4), and LDLD (n = 4) photoperiods exactly 1 year 

after the experiment began, matching SNP control hamsters to the same photoperiod 
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protocol as the main experimental groups. These males were killed at 808 ± 18 d old 

(where Chapter 4 males hamsters bear 47.2% survival) in order to assess differences 

between organ weights of euthanized hamsters and hamsters dying naturally. These 

hamsters will be assessed separately from the main analysis due to small sample size, 

euthanization, and do not represent all six experimental photoperiods.  

 Analysis- LD14:10 Controls. A 2 x 2 (Gender x Age) ANOVA tested initial 

differences in BW among LD14:10 controls. In addition, a repeated measures t-test 

was run to determine possible effects of freezing on BW. For each organ type, a 

Levene's test of variance ensured assumptions of homogeneity of variance were met. 

When met, a Gender (Male/Female) x Age (Young/Old) General Linear Model 

incorporating BW as a covariate was used to test for main effects. In the event of 

unequal variability among groups (p  < .05) organ weight factors were assessed 

independently with Mann-Whitney U non-parametric tests. Because non-parametric 

tests do not permit the inclusion of covariates (e.g., total body weight in this study) 

organ weight percentage of total body weight was determined as described below: 

 

Organ Weight:Body Weight percent = 100 x [Organ Weight / Body Weight], 

where  

 

BR:BW = Brain Weight:Body Weight 

LW:BW =  Liver Weight:Body Weight  

SW:BW = Spleen Weight:Body Weight 
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HW:BW = Heart Weight:Body Weight 

KW:BW = Paired Kidney Weight:Body Weight 

AW:BW = Paired Adrenal Weight:Body Weight 

GW:BW = Paired Gonad Weight:Body Weight 

 

Male and female data were combined when no main effect of Gender was found for 

comparison to experimental groups; otherwise only male hamster organs were used.   

 Analysis- Experimental Hamsters. For each organ, a General Linear Model 

assessed photoperiod effects of Puberty timing (Early/Late) x Season Type 

(Fixed/Annual), including age at death and BW as covariates. When assumptions of 

homogeneity were violated, factors were assessed independently with Mann-Whitney 

U using conventions of organ weight as %BW. Last, Pearson's product-moment 

correlation coefficients (r) were calculated between organ system weights and ages of 

life history events (n = 86).  

 

RESULTS 

 

 LD14:10 Controls. Males outweighed females by approximately 4 g (F(1,70) = 

4.8, p < .032) but BW did not differ between young and old hamsters (F(1,70) = .1, p < 

.750). It is interesting to note the similarity in BW among young and old male 

LD14:10 controls relative to the most closely matched experimental group 

photoperiod, LD: Referring back to Figure 2.6E, LD males exhibit equivalent BW at 
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130 d and 698 d but also to LD14:10 controls at this age (male BW mean ± SD = 

44.56 ± 6.58g among young and old, control and LD). There was not a significant 

interaction between Age and Gender. (F(1,70) = 2.2, p < .146). Freezing had no effect 

body weight, t(42) = .55, p < .59, but elevated heart and liver weights, which were 

adjusted in order to be included into the dataset consisting primarily of non-frozen 

organs. There were no violations of homogeneity of variance among any organ 

systems. 

 For each organ studied, mean values of non-moribund young and old hamsters 

in LD14:10 are tabulated alongside experimental group  data (e.g., brain, Table 5.1 

and Figure 5.1; liver, Table 5.2 and Figure 5.2, etc.), establishing a baseline for 

functional organ weights (e.g., non-pathological), at ages reflecting 97.6% and 75.0% 

survival among LD males (99.7% and 72.4% survival among all six experimental 

groups at 126 d and 639 d, respectively). In LD14:10 hamsters, female livers were 

heavier (F(1,69) = 7.0, p < .010) although when adjusting for BW this effect 

disappeared (see below). Brain, liver, heart, and kidneys weighed more in older 

hamsters (F(1,58) = 8.3, p < .006; F(1,69) = 25.9, p < .001; F(1,68) = 45.5, p < .001; F(1,69) 

= 8.0, p < .006, respectively). Interestingly, gonads weighed the same in young and 

old males (Young = .698 ± .239g; Old = .556 ± .182g, ns). BW covaried positively 

with liver and heart (F(1,69) = 55.3, p < .001; F(1,68) = 61.7, p < .001, respectively), 

accounting for the gender difference in liver weight. BW also covaried with gonads 

(F(1,35) = 11.4, p < .002), displaying a sizeable positive correlation (r(36) = .519, p < 
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.001). In addition, BW did not account for any Age effects. There were no Age x 

Gender interactions. 

 

 Experimental Males- Natural Deaths. Each Table summarizes mean post-

mortem organ weight of naturally deceased hamsters as a function of puberty timing 

and seasonal photoperiod, in addition to source table data of this analysis, and also 

pairwise comparisons to young and old LD14:10 controls (same Tables and Figures as 

mentioned above; 5.1-5.7). Individual photoperiod conditions were not assessed in 

order to focus the analysis on the main factors suspected to underlie any potential 

photoperiod group differences. Overall, Puberty timing and Seasonal photoperiod 

regimen had no effect on any organ weight, though kidney weight was marginally 

influenced by puberty photoperiod: Mean kidney weights in early puberty 

photoperiods were 50% heavier than in delayed puberty conditions. Hamsters under 

fixed seasons had heart weights that were marginally lower than those in seasonal 

photoperiods. There were no Puberty x Season photoperiod interactions. The only 

organ to (positively) covary with BW was liver. Survival was a significant covariate to 

kidney and gonads, where older hamsters exhibited bigger kidneys and smaller 

gonads.  

 Pairwise comparisons of organs in experimental males (mean age 830 d) to old 

(639 d) and young (126 d) LD14:10 controls are presented in Tables 5.1-5.7. To 

summarize, experimental males were equivalent to old LD14:10 controls and both 

outweighed young LD14:10 controls in brain, liver, spleen, and adrenal gland. Organs 
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where all three groups significantly differed from lightest to heaviest in order of young 

LD14:10 controls < LD14:10 controls < experimental males were found in heart and 

kidney. There were 5-fold and 6-fold reductions to gonad weight in experimental 

males compared to young and old controls, respectively. There was no comparison 

where old controls either outweighed or under weighed both experimental males and 

young controls. 

 Photoperiod Matched Controls. Organ weights of euthanized, photoperiod 

matched controls were compared to experimental males, creating age-matched 

controls for organ weight among healthy hamsters vs. hamsters with a fatal health 

complication (mean age of death in experimental hamsters = 830 d; euthanized 

photoperiod matched controls = 808 d). Gonad weight was significantly lower in 

experimental males, t(97) = 3.099, p < .003. In addition, adrenal glands were 

significantly heavier in experimental males, (Mann-Whitney U = 355.5, Z = -2.067, p 

< .039).  

 Organ-Organ Correlations. Correlations between organ systems, and timing of 

life history events of experimental males were explored and results presented in Table 

5.8. Referring to the Table, "Puberty Age (d)" is the age of puberty onset and "Max 

BW Age (d)" represents age at Maximum BW, whereas "Post-Puberty Survival (d)" 

represents the number of days lived after puberty onset, and "Post-Max BW Survival 

(d)" is the number of days lived after reaching maximum BW. Lifespan (d) is the age 

at death, and would also equal Puberty Age + Post-Puberty Survival, and also Age at 

Max BW + Post-Max BW survival of individual hamsters. 
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DISCUSSION 

 

 Gonads. Gonads were 5-6 times heavier in young and old 14:10 controls in 

comparison to the experimental males, which display attenuated values and variability 

upon natural death in advanced age. There were two main differences between groups 

that might account for these findings. First, it is plausible gonad weight is roughly 

stable in non-aged hamsters, and proportional to BW until a much later age (i.e., > 639 

d), as our experimental group was older on average by 191 days. Second, gonads 

atrophy as death approaches, since 14:10 control hamsters were healthy and the 

experimental males had by definition, died of some health complication at time of 

organ collection. Critically, our age-matched, photoperiod matched, euthanized 

controls also possessed larger gonads than experimental males, suggesting the latter 

account as more probable. Taken together, gonad weight appears sensitive to advanced 

chronological age but also relative to when death approaches. This trend is easily 

visible in Figure 5.7 where the variability of gonad weight shrinks substantially 

between 700-1000 days of age, and importantly, the few outliers to this pattern are 

actually from euthanized control groups.  

 Given that survival was a significant covariate to gonads in the primary GLM 

analysis, it is not surprising to also find gonad weight negatively correlated to lifespan 

(r = -.380). However, it was unexpected to find the variable with the strongest 

correlation to gonad weight was Post-Max BW survival (r = -.405), over Post-Puberty 

survival. Therefore, based on gonad size, life after puberty onset is not as predictive of 
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lifespan as survival after attaining maximal BW, where ironically, puberty age is the 

permissive signal for initial testosterone, and the max BW might be more of an 

indication of peak testosterone (functional) output signaling peak reproductive fitness 

(or age), after which is followed by a systematic, age-related functional decline. 

Previous literature identifies delayed reproductive aging in female Siberian hamsters 

as a function of the frequency of induced winter states (Place et al., 2004). In this 

study, Post-Puberty survival and Chronological age were both equal strength 

correlates to gonad size, yet both of these were less correlated to gonad size compared 

to Post-Max BW survival. In addition, no main effect or interaction was observed on 

gonad size relative to photic manipulation of puberty timing or to frequency of winter 

state. However, the experimental males in this study demonstrate no such effect of 

maintaining gonad size in advanced age, either due to gender differences (e.g., male 

gonad size is not the reproductive aging equivalent to female follicular count or 

fecundity) or because any beneficial repercussions from delayed reproductive aging 

have been exhausted by the advanced age wherein natural death occurs. Furthermore, 

a separate study investigated differential delays in female reproductive aging; 

however, what also occurred was a differential age upon achieving maximum BW 

(Place & Cruickshank, 2010), the more highly correlated factor to gonad size in this 

study. In fact, manipulation of BW history has already been documented to delay 

female reproductive aging in mice through moderate calorie restriction (Selesniemi et 

al., 2008). Finally, it is worth considering that the widely acknowledged relationship 

between gonad size and BW among healthy adult hamsters demonstrate a correlation 
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of r(36) = .519, p < .001, where R2 = 26.9% of variance accounted for during any given 

day, whereas the relationship between how long ago a hamster achieved maximum 

BW and the final weight of the gonads upon natural death (r(84) = -.405, p < .001, R2 = 

16.4%) also account for a striking percent of variance. This is a remarkable degree of 

correlation given that the latter relationship compares a passage of time to a biological 

variable rather than two biological measurements from the same day. 

 Kidneys. Kidneys in our experimental males succumbing to natural death were 

twice as heavy as old LD14:10 controls, and three times heavier than young LD14:10 

controls. Likewise, variability of kidney weights among experimental males was four 

times higher than old 14:10 controls, and 17 times higher than young LD14:10 

controls. These data result in a funnel-shaped scatterplot, (see Figure 5.5) ranging 

between 500- 1000 days of age. Interestingly, all remaining hamsters living longer 

than 1050 d bear non-elevated kidney weights in departure to the established trend, 

barely elevated above values prior to 500 days of age. However, compared to age-

matched, photoperiod matched euthanized controls, kidney weights were no different, 

suggesting the probability that renal hypertrophy progresses in a linear fashion with 

chronological age, but also that kidney weight alone may not reliably diagnose the 

onset of life threatening renal complications. This might be due to contingent 

interactions with other failing organ systems as a necessary requisite for renal disease 

to become fatal. Therefore, renal hypertrophy may well be used to index chronological 

aging but not necessarily informative to the rate of aging occurring at the individual 

level. This is not to say kidney pathology is not a sensitive measure towards rates of 
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aging, because previous documentation of the tau mutant hamster cite effects of 

photoperiod history on the frequency and severity of a myriad of renal diseases and 

known precursors, but at the same time detect no differences in KW:BW among 

groups (Martino et al., 2008). Furthermore, histological and pathological assessment 

of male Siberian hamster anatomy suggests a chronic disposition towards progressive 

glomerulonephropathy, observed in 83.3% of animals between 540-600 d old 

(McKeon et al., 2011); Renal adenoma was also found in 5.6% of hamsters at this age. 

It is probable that paired kidney weights alone may not warrant a powerful enough 

measure to detect renal disease vs. non diseased hamsters, and a more sophisticated 

approach such as those previously described may prove necessary. More likely 

however, is the prospect that a sizeable proportion of the euthanized age-matched, 

photoperiod matched control hamsters were also in the latter stages of renal disease, as 

less than half of the hamsters from the survival study cohort (n = 246) lived longer 

than 808 days.  

 Follow up analyses reveal 86.0% of naturally dying hamsters bear elevated 

kidney weights two standard errors above young LD14:10 controls mean values and 

47.7% above old LD14:10 control mean kidney values. Similarly, 100% of age-

matched photoperiod matched euthanized controls bear kidneys weighing more than 

two standard errors above mean kidney weights of young LD14:10 controls and 57.1% 

above old LD14:10 controls; the larger proportion of heavier kidneys is attributed to 

the reduced variability in age among euthanized controls. 
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 As kidney weights were found to increase with age it is not surprising to also 

find kidney weights both correlate positively to lifespan and negatively with gonad 

weight, the only other organ weight to covary with survival, albeit in the opposite 

direction. However, three interesting and related findings are revealed in the kidney 

weight correlation analysis. First, kidney weights are just as closely correlated to 

gonad size as to lifespan. Second, post-puberty survival is the strongest correlational 

variable to kidney weight, and third, the only negative correlation between kidney 

weights and life history events is the age of puberty onset, though only marginally 

significant. Taken together these results suggest the age at which testosterone becomes 

present is more influential with respect to the onset of kidney weight increase than is 

chronological age. This also complements the marginal main effect of puberty group 

on kidney weight in the GLM, whereas no other organ weight approached marginal 

significance in either puberty or season factors. Puberty photoperiod may have in fact 

yielded a significant main effect in the GLM if the high variability in kidney weights 

was not such an influence; overall, kidneys of early puberty photoperiods were 50% 

heavier with twice the standard deviation compared to delayed puberty photoperiod 

kidney weights (1.426 ±1.901g and 0.980 ±0.740g, respectively). 

 Spleen. Spleens showed pronounced increases to mean and standard deviation 

with age (Figure 5.3). Experimental males dying naturally demonstrated a six fold 

increase in mean spleen weight vs. young LD14:10 controls and nearly double (1.81x) 

the mean weight of old 14:10 controls. The standard deviation of spleen weights in 

experimental males dying naturally was .800 g, a 48 fold increase compared to young 
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LD14:10 controls and triple that of old LD14:10 controls. The heaviest spleen among 

male LD14:10 controls was from the oldest male hamster (.256 g), 231 days older than 

the second oldest of all LD14:10 controls. Also curious about the distribution of 

spleen weight among experimental males dying naturally is that 13 of the 15 elevated 

values prior to 850 days are from hamsters living under fixed photoperiods (LDLD, 

SD, and LD). Another trend is revealed in the oldest living experimental males dying 

naturally, exhibiting non-elevated spleen weight. There was no correlation among 

spleen weight to any other organ, or to timing of any life history event. Overall it 

appears spleen weight increases with age but that this trend begins at an earlier age 

with respect to age related increases observed in other organ systems. 

 Heart. Increased HW:BW has been found to accompany pathological evidence 

of cardiac disease (e.g., widespread myocyte hypertrophy, myocardial fibrosis, gross 

cardiac hypertrophy), specifically, gross cardiac hypertrophy, in the tau mutant 

hamster (Martino et al., 2008). In the current study heart weights of the experimental 

males were heavier than old LD14:10, which in turn outweighed young LD14:10 

controls. This trend is evident is Figure 5.4, where average heart weight and dispersion 

increase with age. However, hearts of experimental males were equivalent to age-

matched, photoperiod matched euthanized controls, suggesting heart size simply 

increases with age and not necessarily predictive of imminent mortality. Another 

interpretation, in line with kidney weights, would be that hamsters around this age 

(~800 d) begin to develop cardiac hypertrophy but by definition the euthanized 

hamsters had not yet succumbed to the disease despite, bearing equivalent risk factors 
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as experimental males dying naturally, seeing as in the scatterplot the euthanized age-

matched controls are a representative sample within the broader age-range distribution 

of the natural death experimental males.   

 Adrenal gland. Adrenal glands of experimental males dying naturally 

significantly outweighed young LD14:10 controls by 390% and were twice as heavy 

as old LD14:10 controls; however the extreme variability likely prevented a 

significant difference among the latter comparison. Importantly, adrenal gland weights 

of experimental males outweighed age-matched euthanized controls. Referring to 

Figure 5.6, the scatterplot of adrenal gland weights depict an abrupt increase in value, 

and dispersion near 600 days of age. Uniquely, adrenal gland weights bear no 

significant correlations to any other organ system or life history event. For perhaps 

this reason, in conjunction with being elevated in experimental males compared to all 

other groups, adrenal gland weight appears to be sensitive to approaching mortality, 

but uniquely, without respect to chronological age.  

 Liver. Liver weight in every condition exhibited a reliable relationship to BW, 

consistently near 5.75% of total BW (Figure 5.2). Despite equivalent body weights, 

old LD14:10 controls had larger livers than young LD14:10 controls, but this 

difference might be attributed to the juvenile somatic state rather than the fully 

developed adult. Combined with the lack of any discernable trend in liver weight 

scatterplots (Figure 5.2), the non-significance of any main effect or survival covariate, 

it is likely that liver disease leading to death is hardly a frequent occurrence in the 

Siberian hamster.   
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 Brain. While young LD14:10 control hamsters had lighter brains than old 

LD14:10 controls and experimental males, brain size did not covary with age in 

experimental males. Whereas body weight was comparable among young and old 

LD14:10 controls, it is possible reduced brain weights in young LD14:10 controls 

reflect an under-developed central nervous system where at this age, organs have not 

reached adult size or function. This would be consistent with other organs systems in 

LD14:10 controls (liver, spleen, heart, kidney, and adrenal weights) weighing 

significantly less than older LD14:10 controls despite equivalent body weight. Brain 

weight (g) alone did not correlate to any other measure; however, BR:BW was 

strongly correlated to liver weight (-.658) and HW:BW (.644), but not LW:BW or 

heart weight, though the underlying cause remains unclear. Finally, there was no 

difference between experimental males and euthanized photoperiod matched controls, 

it can be concluded that brain weight is not a reliable indicator of age-related decline 

in older hamsters but might be sensitive to rates of development in juveniles prior to 

attaining maximum BW. 

 

CONCLUSION 

 

 Pronounced aging effects were revealed by increased brain, liver, heart, and 

kidney weight in old LD14:10 controls compared to young LD14:10 controls. 

However, these changes alone cannot account for differences in lifespan, as these 

hamsters were euthanized and contain no information about how specific organ system 
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weights might depart from basic age related changes upon natural death. Atrophied 

gonads and hypertrophied adrenal glands were present in naturally dying hamsters 

compared to euthanized hamsters of the same age from the same photoperiod 

conditions, indicating the state of these organs become fundamentally different 

depending upon whether death is approaching. However, this exploratory analysis 

only implies non-causal relationships; gonadal and adrenal responses might simply be 

a response to the onset of a separate life threatening complication. In this context, 

renal failure becomes a candidate mechanism whereby these other organ systems 

undergo the changes observed in hamsters dying naturally compared to euthanized 

hamsters: Chronic glomerulonephropathy has been identified in male Siberian 

hamsters (McKeon et al., 2011), and renal hypertrophy is most closely linked to the 

timing of puberty onset. This gender specific disposition, in conjunction with puberty 

onset timing, implicates testosterone as a risk factor towards developing this disease. 

Specifically, the initial emergence of elevated testosterone may possibly play a critical 

role, given that the degree of renal hypertrophy is correlated to both earlier age at 

puberty onset as well as longer post puberty survival (even more so than with 

chronological age), as this study reveals.  

 Photoperiodic manipulation of life history events did not appear to play a 

significant role in the augmentation of age-related changes to organ weight, although 

the degree of kidney hypertrophy was at least marginally attenuated in delayed 

puberty groups. The only evidence seasonal photoperiods differentially affect any 

organ systems compared to fixed photoperiods lie in a marginally significant (p < 
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.055) reduction of heart weights in hamsters living in annual photoperiods, and the 

informal observation that 86.7% of elevated spleen weights < 850 d came from 

hamsters living under fixed photoperiod schedules. Unfortunately neither of these 

organ weights covary with survival nor were they different in euthanized hamsters 

versus age-matched hamsters succumbing to natural death.  

 Finally, previous literature identifies delayed reproductive female aging as a 

function of short day induction into the winter state (Place et al., 2004; Place & 

Cruickshank, 2010), but in this exploratory organ weight analysis no such added 

benefit is apparent either in the (male) reproductive system or from any therapeutic 

benefits of the winter state to any particular organ system. However, Post Max BW 

survival most closely correlated to the rate of gonad atrophy, a parameter also reported 

to vary in the aforementioned delayed female reproductive aging studies. Coupled 

with the same effect of calorie restriction on age of max BW and delayed reproductive 

aging, it is possible that factors responsible for delaying reproductive aging might 

more squarely rest on manipulations which ultimately influence the age of attaining 

maximum BW.  
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Figure 5.1. Brain weight scatterplots. (A) Scatterplots depicting the relationship 
between chronological age in days (x axis) and brain weights among experimental 
males dying naturally (red square) or euthanized (blue triangle)in comparison to 
euthanized LD14:10 male and female controls (orange circle). (B) Scatterplots of 
brain weight and age of natural death among experimental groups segregated by 
photoperiod condition. Squares denote early puberty, circles denote delayed puberty. 
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Figure 5.2. Liver weight scatterplots. Scatterplots depicting liver as %BW to 
chronological age of death. Conventions as in Figure 5.1. 
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Figure 5.3. Spleen weight scatterplots. Conventions as in Figure 5.1. 
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Figure 5.4. Heart weight scatterplots. Conventions as in Figure 5.1. 
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Figure 5.5. Kidney weight scatterplots. Conventions as in Figure 5.1. 
 

 

 

 



 191 

 

 

 

Figure 5.6. Adrenal gland weight scatterplots. Conventions as in Figure 5.1. 
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Figure 5.7. Gonad weight scatterplots. Conventions as in Figure 5.1. 
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                           Table 5.1. Brain weight summary 

 

 

 

 

 

 

 

 

 

 

 



 194 

 

 

 

                           Table 5.2. Liver weight summary 
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                            Table 5.3. Spleen weight summary 
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          Table 5.4. Heart weight summary 
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                      Table 5.5. Kidney weight summary 
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         Table 5.6. Adrenal weight summary 
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                      Table 5.7. Gonad weight summary 
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CHAPTER 6. ASSESSING VALUE OF MULTIVARIATE COX REGRESSION 

ANALYSIS TOWARDS PREDICTING LIFESPAN 

 

INTRODUCTION 

 

 As an analytical construct, aging can be defined as a manifestation of time-

related biological processes that result in the decreased viability and increased 

vulnerability of the organism and thus enhance the probability of death (Comfort 

1964). It has been previously demonstrated that measures of aging can be more 

valuable in predicting individual lifespan than chronological age (Ingram 1983; 

Ingram et al, 1982). Simply put, a subject determined to score "younger" on some age-

related measure should be predicted to live longer than another subject of equal age 

scoring "older" on the same test. There is no value in explaining variation among 

individual lifespan as nothing more than random error about a population mean, 

whereas interpreting lifespan of an individual as a function of aging can be of 

predictive utility. The idea is that chronological age is a rough index of an underlying 

process of biological aging, i.e., functional aging. This has been demonstrated in 

behavioral tests sensitive to aging, where variation of performance in two year old 

mice accounted for 44% of variability in lifespan and up to 54% when including 

biological measures of body weight and body temperature (Ingram et al., 1982; 

Ingram & Reynolds, 1986). In humans, hand-grip strength has been identified as a 

predictor of lifespan (Bohannon 2008). Combining social, biological, and behavioral
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measures into a multiple regression model as a means of predicting survival has been 

established for decades (Bartko et al., 1971; Baer & Gaitz, 1971).  

 With respect to body mass in particular, wealth of literature reports no direct 

relationship between body mass and lifespan (Anisimov et al., 2008; Gaillard et al., 

2000; Conover et al., 2010, Nussey et al., 2011); however, there are persistent reports 

presenting evidence of increased longevity in (same-species) animals with lower body 

mass (Quarrie & Riabowol, 2004; Miller et al., 2002; Miller et al., 2000). Calorie-

restriction, on the other hand, is one of the few body weight modulating manipulations 

shown to reliably affect organisms across many taxa (Mair & Dillin, 2008; Fontana et 

al., 2010; Nakagawa et al., 2012; Simons et al., 2013). Calorie restriction been shown 

to delay rates of aging (Weindruch 2008), and is also of high relevance to this study as 

it accompanies the winter state in the Siberian hamster.  

 Differences in individual longevity among the 246 male Siberian hamsters 

were explored by assessing parameters described in the previous chapters. As the 

single independent variable in the study was photoperiod history, the dependent 

measures were centered around variables with an expected sensitivity to circadian age. 

First, categorical differences in life history events are tested for predictive value of 

lifespan, assessing fixed vs. seasonal photoperiod, puberty timing, and strength of 

photoperiodic response. Second, age-related changes in BW, wheel running activity, 

and BT parameters will be individually analyzed in a univariate cox regression model 

in order to evaluate potential variables affecting lifespan. Last, a multivariate cox 

regression model predicting lifespan will be ran and results described. The 
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multivariate model incorporates potentially significant predictors of lifespan from 

BW, wheel running activity, and BT parameters found to significantly impact lifespan. 

 

METHODS 

 

 There were three tiers of analysis in this chapter: an exploratory assessment of 

BW parameters, univariate cox regression among all parameters, and finally, 

multivariate cox regression model of selected variables believed to predict lifespan. 

First, 46 potential BW parameters are explored with respect to correlational strength 

with lifespan. After determining which BW parameters significantly correlate to 

survival, predictive value to lifespan is individually tested in a univariate cox 

regression model. Predictive strengths of individual wheel running counts and BT 

parameters are also assessed with respect to lifespan in univariate cox regression. 

Finally, parameters with significant predictive value to lifespan are identified, and 

after assessing independent variables for multicolinearity, a multivariate cox 

regression model is composed to assess overall predictive value of all data collected 

throughout the study. Data used for survival regression analyses here are derived from 

previously described data found in the prior chapters of this dissertation. Of interest 

are two distinct types of data regarding lifespan predicting power. First was 

categorical data and second was repeated measurement data. Categorical data did not 

change as hamsters aged, and were not composed of an average, or slope of multiple 

data points, but rather marked a single index of a life history event, including early vs. 
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delayed puberty onset, fixed or seasonal photoperiod history, BW at weaning, and 

finally, maximum BW and the age maximum BW was reached.  

 Repeated measurement data were parameters that changed with age and were 

sampled at discrete intervals across the lifetime. Data of this type included in the 

regression model are parameters of Body Weight, wheel running, and Body 

Temperature.  

 

PART ONE: EXPLORATORY BW CORRELATIONS 

Methods  

 For BW parameters, 46 preliminary measures were assessed on correlation 

strength to lifespan. The overall mean BW across the lifetime of all hamsters showed a 

clear trend which would influence results, illustrated in Figure 6.1: The longer the 

hamster lived was confounded with heavier lifetime mean BWs, as BW of juvenile 

hamsters in the first months of life are significantly less than at any time in life. 

Similarly, 1st and 2nd order BW derivatives generated from the moving 11 week 

cubic regression model from Chapter 2 are influenced by BW trends during roughly 

the first 200 days of age. To account for this, overall mean BW trends were partitioned 

into 5 age categories: a) overall mean BW, b) mean BW before 100 d old "< 100 d", c) 

mean BW after 100 d old " > 100 d", d) mean BW before 225 d old "< 225 d", and e) 

mean BW after 225 d old "> 225 d." These age intervals were determined in an 

attempt to isolate periods of initial growth (< 100 d), growth leading to maximum BW 

(< 225 d), and the qualitatively distinct BW trend after reaching max BW, when BW 
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gradually declines (> 225 d) until death. Within each of these age categories, lifespan 

correlations to mean BW, Max BW, and 1st and 2nd order derivatives of BW, as well 

as measures of BW variability (i.e., mean standard deviation of BW, and mean 

standard deviation of 1st and 2nd order derivatives of BW) were tested. Standard 

deviation measures were to investigate the influence of tightly versus weakly 

controlled BW regulation on lifespan. Also, with respect to standard deviation of 1st 

and 2nd order derivatives of BW, it was of interest to explore what possible influences 

the variability from a lifetime of growth rates might have on lifespan. In the end, 46 

different BW parameters and their relationship to lifespan were explored to select the 

best measures to include into the next phase: Parameters with significant correlation to 

lifespan would be assessed in a univariate cox regression model. 

 

Results  

 BW-lifespan correlation data are presented in Table 6.1. With respect to BW, 

mean BW after 225 d was negatively correlated to lifespan; therefore lighter hamsters 

(mean BW from 225 d old until death) lived longer (Figure 6.1). Variability of 

individual BW also correlated to lifespan, both overall SD and SD after 225 days old; 

however, overall SD was positively correlated to lifespan whereas SD > 225 d 

negatively correlated to lifespan. 

 Overall 1st derivative of BW trends and variability are illustrated in Figure 6.2. 

Regarding 1st order derivatives of BW, overall mean value was strongly and 

negatively correlated to lifespan, as well as mean rate of change >100 d. In contrast, 
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the 1st order derivative of BW > 225 d was positively correlated to lifespan. 

Variability of BW 1st order derivative was also found to correlate negatively with 

lifespan, demonstrating overall SD, SD > 100 d, and SD > 225 d to all have moderate 

and significant correlation coefficients. 

 For 2nd order derivatives of BW (see Figure 6.3 for lifetime trends), overall 

mean, mean >100 d, and mean > 225 d were found to positively correlate with 

lifespan. Finally, looking at mean standard deviation of BWs 2nd order derivatives, all 

measures except standard deviation of the 2nd order derivative of BW < 100 d are 

significantly and negatively correlated to lifespan. Characteristic low and high values 

of standard deviation among 2nd order derivative of BW during the first 225 days of 

life are illustrated in Figure 6.4. The standard deviation of the 2nd order derivative of 

BW < 225 d is the only measure of early life history to significantly (and negatively) 

correlate to lifespan. Representative examples of hamsters exhibiting low and high 

lifetime variability of 2nd order derivative of BW > 225 d are illustrated in Figure 6.5. 

 

Discussion  

 Across the lifespan, weekly mean and standard deviation of BW history both 

display characteristic patterns, illustrated in Figure 6.1. Overall, mean BW does not 

correlate to lifespan, but less overall BW variability predicts longer lifespan. One issue 

with taking mean lifetime BW as a variable to correlate with lifespan is that mean 

lifetime BW is essentially a measure of mean "cumulative" BW. The overall study of 

246 hamsters and their BW history produces a characteristic mean weekly curve, 
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described by a rapid growth within the first few hundred days, reaching a maximum 

BW between 200-300 days, and gradually and systematically declining for the rest of 

the study. This pattern in BW history creates a cumulative BW average that is affected 

by a) early low BWs and b) hamsters living longest lose weight. Intriguingly, when 

each weekly BW of the study was correlated to lifespan (Figure 6.1A) across all 

hamsters, a very different trend is apparent: A steady and near zero correlation of 

current BW is observed through the first 200 days of life, when this correlation 

suddenly drops to the most negative values recorded, during 200-300 days of age. 

Finally, a systematic increase in the correlation of individual weekly BW to lifespan 

emerges and persists throughout the remainder of the experiment. This suggests 

current BW prior to ~200 days of age as inconsequential, but then two opposite factors 

emerge. First, hamsters with lower maximum BW have the potential to live longer (n 

= 231), but in much older hamsters (the weekly r value crosses from negative to 

positive through 600-800 days old) heavier hamsters begin to possess the advantage in 

longer lifespan potential, reaching significance at 900 days of age (n = 69). These 

different cumulative vs. weekly BW to lifespan correlations might reflect time-

sensitive ages where higher vs. lower BWs have opposite impact on lifespan, a finding 

cumulative mean BW alone cannot detect. Although it may seem arbitrary to partition 

up (cumulative) mean BWs at 100 d and 225 days, it was an effort to both avoid 

confounding of early low BW paired with rapid growth, and also to test whether this 

might yield a sensitivity to the relationship underlying BW in older hamsters and 
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lifespan. The remainder of this discussion pertains to findings separately addressing 

early and later life trends in mean (cumulative) BW history and lifespan.   

 Overall, early BW history does not significantly influence lifespan, as wean 

BW (Table 6.2), and mean BW measures restricted to the first 100 or 225 days of age 

were not correlated to lifespan. The only BW parameter found to correlate to lifespan 

in early life was the mean standard deviation of the 2nd order derivative of BW > 225 

d: less variability in BW acceleration was correlated to longer lifespan (r(242) = -.174, p 

< .001). Differences among representative hamsters demonstrating high and low 

variability in 2nd order derivatives of BW are illustrated in Figure 6.4 In contrast, this 

same measure during only the first 100 d was not significant. Therefore overall, while 

early BW history does not impact lifespan, there is evidence that high variability of 

growth acceleration, possibly analogous to human yo-yo dieting, may manifest 

permanent somatic complications.  

 While most early life BW parameters did not correlate with lifespan, the 

analysis did reveal several measures during adult life (> 225 d) that did. Overall, lower 

mean BWs of adult hamsters, as well as greater variability, were associated with 

longer lifespan. Unfortunately this finding might be confounded with the observation 

that the overall mean of hamster BW across the lifetime reflects hamsters living the 

longest would have the highest probability of a natural death (i.e., avoiding acute onset 

of tumor formation, cardiovascular disease and renal failure at later stages of life) 

characterized by a progressively decreasing and less stable BW. This account may be 

further supported by mean and mean standard deviations of 1st and 2nd order 
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derivatives of BW > 225 d also significantly correlating to lifespan; however, the 

direction of the relationship is reversed, where 1st and 2nd order derivatives are 

positive for mean BW and negative for mean SD. While these results initially appear 

paradoxical, this might be a result of cumulative mean data collection. Overall, mean 

BW > 225 d = 45.35, and is negatively correlated to lifespan. In light of the age 

sensitive trends to weekly BW and lifespan correlations, these data might be explained 

if lighter hamsters after 225 days of age either gained a small amount of weight, due to 

later max BW ages, and heavier hamsters did not. This hypothesis is tested in the 

following section by assessing whether the absolute value of maximum BW, and the 

age upon reaching maximum BW, might predict lifespan. 

 

PART TWO: UNIVARIATE COX REGRESSION MODEL 

 

Methods 

 Life History Event (non-averaged) Measures. A total of 52 parameters were 

independently assessed using a univariate cox regression model to assess predictive 

strength of each parameter on lifespan.  Categorical (non-averaged) data tested were: 

Photoperiod (fixed/seasonal), Puberty timing (early/delayed photoperiod), 

Photoperiodic response (BW loss between summer of Max BW and following winter, 

in SNP E, SNP D, and DS), Age at Puberty onset (d old), age at reaching max BW, 

value/mass of max BW, and BW at weaning.  
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 Body Weight Parameters. Based on correlational analyses from Part I (above), 

mean BW data was narrowed down to seven parameters that would be assessed in a 

univariate cox regression model: BW and SD > 225 d, 1st order BW and SD > 225 d, 

2nd order BW and SD > 225 d, and 2nd order BW SD < 225 d.  

 Wheel Running Parameters. 10 wheel running parameters were assessed, with 

data collected from each hamster up to 8 rounds. Wheel running parameters calculated 

from each Round include: Day Sum, Night Sum, Round Sum Total (Day + Night 

Sum), Sum Amplitude (Night Sum - Day Sum), Day Max, Night Max, Round Max 

Total (Day + Night Max), Max Amplitude (Night Max - Day Max), Day standard 

deviation ("Day SD"), and Night standard deviation  ("Night SD"). With each of these 

parameters, a mixed effects linear regression model was applied for each individual 

hamster. A mixed effects model was employed to account for trends which may have 

arose from unequal round counts (i.e., hamsters dying young went through fewer 

rounds than longer living hamsters). What results for each of the parameters listed 

above is a slope and intercept, where the slope represents each hamster's rate of 

change for that variable over the hamster's lifetime, and the intercept represents each 

hamster's adjusted overall lifetime average of that measure. For example, each hamster 

has a slope value for Day Sum, which represents the rate of change in Day Sum counts 

across the lifetime. A negative slope indicates this hamster's particular Day Sum 

decreased across rounds and ultimately decreased with age. The intercept for Day Sum 

represents whether or not this hamster was a strong or weak Day Sum runner overall, 

where the intercept value alone has no intrinsic value or meaning, but when compared 
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across all hamsters, will reveal if a trend emerges with respect to predicting lifespan 

(i.e., do hamsters with higher mean Day Sum values live longer?).  This resulted in 20 

separate univariate cox regression models being tested. 

 Body Temperature Parameters. The following 9 BT parameters were run 

through individual univariate cox regression analysis: Phase Angle OFF (Fitted 

Acrophase timing relative to lights off), Minimum Fit, Minimum Real, Maximum Fit, 

Maximum Real, Amplitude Fit, Amplitude Real, Mesor Fit, and Goodness of Fit. A 

mixed effects linear regression model (see wheel running methods above) generated 

slope and intercept values for each hamster, yielding a total of 18 separate univariate 

cox regression models. 

  

Results  

 For each parameter listed above, a univariate cox regression model was 

assessed on predicting lifespan. Coefficients, p-values, and R2 values for each 

predictor were calculated. To control for multiple comparisons, only parameters 

yielding p-values < .005 are considered significant.  

 Life History Event (non-averaged) Measures. Univariate cox regression 

survival models of Life History Event measures are presented in Table 6.2. Max BW 

(g) and age at Max BW (d) were the only parameters to account for more than one 

percent of lifespan variability (0.017 and 0.024, respectively), but still not enough to 

be considered a statistically significant predictor of lifespan. Combined with survival 
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rates in Chapter 4, these results strongly argue that timing of early life history events 

are of no consequence to longevity.  

 Body Weight. Significant BW predictors of lifespan include mean BW > 225 d, 

BW and SD of 1st order derivatives, and BW and SD of 2nd order derivatives. With 

respect to these predictors, shorter survival (positive regression coefficients) was 

found to be associated with increased mean BW > 225 d, and SD of 1st and 2nd order 

BW derivatives. In contrast, BW predictors associated with longer survival (negative 

regression coefficients) were mean BW rate of change > 225 d, and mean BW growth 

acceleration > 225 d (1st and 2nd order BW derivatives, respectively). 

 Wheel running. Age-related changes (slope values) in a number of wheel 

running parameters were found to significantly predict lifespan (Table 6.3), all bearing 

the same relationship: Attenuated age-related decline in Day Sum, Night Sum, Round 

Sum Total, and Round Max Total, all predicted longer lifespan (i.e., the less negative 

the slope, the longer the life expectancy). Day Sum accounted for the smallest 

proportion of variance accounted for (0.034); Round Sum Total accounted for the 

largest (0.051; Night Sum and Round Max Total both = 0.045). There were no 

significant overall mean (intercept) predictors of any wheel running parameter. 

 Body Temperature. There were no age-related changes (slope values) in BT 

parameters found to significantly predict survival (see Table 6.4). With respect to 

overall means (i.e., intercept values), hamsters with the lowest (cosine-fitted) 

minimum BTs predict longer lifespan. In addition, marginally significant (intercept) 
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predictors of increased survival include lower (actual, not cosine-fitted) minimum 

BTs, and higher (actual, not cosine fitted) BT amplitude. 

 

Discussion 

  Life History Parameters. Photoperiod type (season versus fixed), puberty 

timing (early or delayed photoperiods), puberty onset age (d), photoperiodic response, 

and wean BW, were all non-significant predictors of lifespan, each accounting for less 

than 0.01 proportion of variance (R2) of lifespan. Max BW (g) and age at reaching 

Max BW (d) were significant (p < .05) predictors prior to applying control for 

multiple comparisons; however, independent of the p-value, the R2 proportion of 

(lifespan) variance accounted for were still relatively weak (0.017 and 0.024, 

respectively). The earlier hypothesis proposing to explain age-related changes to BW-

lifespan correlations is not strongly supported. 

 Body Weight Parameters. Seven BW parameters were tested on their capacity 

to predict lifespan in separate univariate cox regression models and found that of six 

significant predictor variables, five only considered BW data after 225 d of age. Of 

these five parameters pertaining to data > 225 d, increased survival was predicted by 

lower mean BW, increased 1st order derivative of BW, increased 2nd order derivative 

of BW, and lower variability among 1st and 2nd order derivatives of BW.  

 The simplest way to account for these results is to take each component into 

consideration separately: lower BW average, positive growth rates, and rigid BW 

variability. As previously discussed, a potential explanation of lower BW predicting 
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longer lifespan results from a robust trend in the final year of life (end of Chapter 2) 

showing hamsters losing weight gradually but with increasing rates, most notably 

between 26-32 weeks of life remaining (i.e., 1st and 2nd order derivatives become 

more negative). An account to these findings might appear complicated, but on the 

contrary, simply describes a long-lived hamster is predicted by being relatively 

smaller than average, maintaining the same BW for the longest, steadiest amount of 

time. Referring to Figure 6.2, while the cumulative 1st order derivative of BW is 

always just above zero, the overall weekly mean, after approximately 321 days of age, 

is nearly always negative. Thus, a positive 1st order (or 2nd order) derivative is not the 

underlying factor but rather the least negative growth rate is observed in the longest 

living hamsters. Combining these ideas, it may be impossible to separate completely 

the fact that smaller hamsters also have less BW to lose, and therefore might also have 

less negative cumulative 1st order derivatives of BW.  

 The final (sixth) significant BW predictor parameter was the 2nd order 

derivative of BW prior to 225 d. This parameter is especially unique being the single 

predictor variable pertaining only to early life BW history. Two explanations for this 

result are presented: First, smaller BW growth acceleration could result in hamsters 

reaching smaller overall BWs, a factor determined to predict lifespan. In contrast, 

hamsters with larger early BW growth accelerations might result in younger and 

heavier maximum BW; a pattern that would also account for the marginal predictive 

value of maximum BW (g) and maximum BW age (d). The second explanation would 

be that qualitative health insults to physiology may accompany rapid BW acceleration 
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at such early age; this possibility is strengthened when considering that the two 

photoperiod groups, LDLD and DS, had the two heaviest mean BW at 225 days old, 

and also produced the shortest median survival among all groups. 

 Wheel Running Parameters. While no significant overall mean (intercept) 

wheel running parameters were determined to predict lifespan, four age-related 

changes (slope) were identified to have predictive value: Smaller age-related declines 

in Day Sum, Night Sum, Round Sum Total, and Round Max Total measures all 

predicted longer lifespan. What is immediately obvious is the absence of any 

parameters measuring the circadian component of the wheel running protocol, Sum 

Amplitude and Max Amplitude. While it was established previously that amplitude 

did in fact diminish in aged hamsters it was unclear whether this reflected functional 

aging of the circadian system or a decline in overall physical ability. Given that age-

related reduction in amplitude was not found to predict lifespan the latter appears a 

more probable account.  

 Furthermore, the strength of the respective parameters with regard to 

proportion of (lifespan) variability accounted for, in descending value, are Round Sum 

Total (0.051), Night Sum Total/Round Max Total (both = 0.045), and Day Sum 

(0.034). It is of interest that the Round Sum Total exactly reflects the addition of Day 

and Night Sums, individually bearing less predictive value than its aggregate measure. 

This finding suggests that while wheel running counts during the inactive phase is a 

significant lifespan determinant, and total active phase counts also bear slightly more 

predictive worth, that the more sensitive measure is an overall ability to be placed into 
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the wheel unexpectedly and generate high volume, i.e., vigorous output as the most 

predictive parameter of the wheel running protocol. Round Max Total is also a 

function of combined Day + Night activity, further supporting the notion that the 

lifespan predicting sensitivity of this wheel running protocol lies primarily in assessing 

overall physical output, in the absence of detecting an underlying circadian system 

functional decline. 

 Body Temperature Parameters. Despite the absence of age-related (slope) 

changes of BT parameters in accounting for variability of lifespan, a significant 

predictor variable in lifetime mean (intercept) fitted BT minimums was found. The 

lower the mean fitted BT minimum, the longer the predicted lifespan; however, this 

parameter produced only a modest proportion of variance accounting for lifespan 

variability (.034) among hamsters in the study. This observation might be partially 

explained by observing that, similar to mean BW results, trends in older hamsters 

record more lowered values than those who die sooner, and as a result, these lowered 

trends are determined (when assessing mean/intercept parameters as predictor 

variables) to predict longer living hamsters because they covary together. However, if 

this was the only factor, it would be expected to observe similar predictive power in 

the other BT parameters determined to also diminish with age, such as mesor and 

maximum fitted values. 

 

 

 



 217 

 

PART THREE: MULTIVARIATE COX REGRESSION MODEL 

 

Methods 

 Out of the 52 parameters selected for univariate regression analysis, 10 were 

selected for incorporation into the multivariate cox regression model. We reduced 

multicolinearity by identifying highly correlated measures, and of those, choosing 

parameters with the highest R2 among them. As a result, the included parameters are 1) 

mean BW > 225 d, 2) mean 1st order derivative of BW > 225 d, 3) mean 2nd order 

derivative of BW > 225 d, 4) mean standard deviation of 1st order derivative of BW > 

225 d, 5) mean standard deviation of 2nd order derivative of BW > 225 d, 6) Day Sum 

Slope (wheel running), 7) Night Sum Slope (wheel running), 8) Round Sum Total 

Slope (wheel running), Round Max Total Slope (wheel running), and 10) cosine fitted 

BT minimum (Intercept). Before generating a multivariate cox regression model of 

lifespan, parameter-parameter correlations are assessed to identify highly correlated 

variables in order to avoid issues of multicolinearity. Among BW predictors, only 1st 

and 2nd order derivatives of BW standard deviations > 225 d were highly correlated. 

Therefore, the measure with the weaker predictor strength (standard deviation of 1st 

order BW > 225 d) was removed. Regarding wheel running parameters, most were 

moderately correlated, thus only Round Sum Total, the parameter yielding the highest 

predictive capacity (out of wheel running measures), was included into the 

multivariate model. Finally, only one BT was found to predict lifespan, (intercept) 

minimum fitted BT values. The result is a multivariate cox regression survival model 
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incorporating six parameters- A) mean BW > 225 d, B) mean 1st order derivative of 

BW > 225 d, C) mean 2nd order derivative of BW > 225 d, D) mean 2nd order 

derivative of BW > 225 d, E) Age-related changes (slope) in Round Sum Total, and F) 

lifetime mean (intercept) of minimum fitted BT.  

 

 

Results 

 Multivariate Source data are presented in Table 6.5. Overall, the model was a 

significant predictor of lifespan, (Likelihood-ratio test (df = 6) = 75.45, p < .0001; 

logrank test (df = 6) = 86.00, p < .0001) accounting for 29.3 % of individual 

differences in lifespan among the cohort of 246 male Siberian hamsters (mean = 763 

d, standard deviation = 203 d). Concordance was found to be in a desirable (0.65-0.70) 

range = 0.691. Individual parameters were considered statistically significant 

predictors of lifespan at p < .05. In order of strength, parameters found to predict 

longer lifespan are: Lower mean BW after 225 d of age, reduced variability in BW 

acceleration rates (e.g., 2nd order derivative of BW) after 225 d old, decreased mean 

(intercept) minimum cosine fitted BT, increased mean BW growth rates (1st order 

derivative of BW) after 225 d old, and finally, Round Sum Total wheel running rates 

which do not rapidly decline with age. The only variable found not to significantly 

predict changes in lifespan was mean 2nd order derivative of BW after 225 d.  
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Discussion 

 Six variables were used in the multivariate cox regression model, selected from 

BW, wheel running, and BT parameters collected across the lifetime. From these six 

measures the regression model generated a remarkable proportion of variance 

accounted for among intracohort lifespan variability from an out-bred Siberian 

hamster colony.  

 Similar to the single measure analysis in univariate regression (Part II), mean 

BW after > 225 d was the strongest predictor of lifespan, with smaller animals living 

longest. Additional BW history characteristics predicting longer lifespan include 

larger 1st and 2nd order derivatives of BW, and reduced variability in 2nd order 

derivatives of BW. Summing the individual proportion of variance in lifespan 

accounted for = .437 among these four BW measures alone, and clearly the premier 

contributor in determining a significant multivariate model.  

 Of the non BW parameters, the fitted mean (intercept) BT minimum exhibited 

the highest predictor strength, Z = 3.118, p < .002, with lower minimum BT predicting 

extended lifespan. These results might also be viewed with caution, as with mean BW, 

this is an observed age-related change: In this study, older animals decrease in BW 

and minimum BT as a function of age. These older animals by mere logic live longer, 

and therefore have a higher frequency of lowered values contributing to their mean of 

a given parameter known to change with age. 

 Perhaps the only measure in the multivariate survival analysis protected from 

the shortcomings listed above where obtaining mean values across measures sensitive 



 220 

 

to age related changes is data acquired from wheel running parameters. Because these 

data reflect the rate of change, it measures more precisely how severe the age-related 

decline of the measure is within individuals at assesses these differences with respect 

to the lifespan of each. The rate at which wheel running Round Sum Totals (Day Sum 

+ Night Sum) decreased is a significant predictor of lifespan, where less decline in 

total running counts predict longer lifespan. Recalling the overall profiles from 

Chapter 3 (Figure 3.5A), the pattern of Round Sum Totals demonstrate the steepest 

decline during the first 4 Rounds, after which increase slightly but mostly do not 

recover. Animals dying younger would bear a mean slope much more negative, as the 

decrease sum totals flatten out after Round 5. The longer the hamster lives, the more 

non-negative slope values will be incorporated into the calculated slope mean. 

Therefore, despite being the only measure assessing the rate of change (e.g., slope) 

rather than the mean (e.g., intercept), the predictive value in estimating lifespan may 

be confounded with obtaining additional data at later ages, which unfortunately must 

only come from long lived hamsters.  

 

CONCLUSION 

 

 The purpose of this chapter was to explore the predictive power of a 

multivariate cox regression survival model upon lifespan variability in this cohort of 

246 male Siberian hamsters. Thus overall, while photoperiod condition was found to 

influence puberty timing, number of winter phenotypes, and lifetime BW history, 
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these responses are not accompanied with predictive relationship to lifespan, finding 

which corroborate with the survival analysis in Chapter 4. In addition, there was 

predictive value in the mean 2nd order derivative of BW during the first 225 days of 

life, which also complements the survival analysis: LDLD and DS groups both 

displayed the highest BW at 225 days of age, and these were also the two photoperiod 

groups to exhibit shortest median survival. Regarding BW history, there is a 

differentiation between the impact of life history event timing with the magnitude of 

BW growth. These three components taken together (univariate regression R2 of age 

of maximum BW (d), maximum BW (g), and early life growth acceleration) account 

for 0.07 proportion of lifespan variance among all groups, a quite remarkable result if 

it was truly driven primarily by only two of six photoperiods.  

 In addition to categorical (i.e., non-cumulative data) variables, a lifetime of 

data collection was included: BW, wheel running activity from a novel wheel running 

protocol, and 24 h Body Temperature assessment in a novel BT collection protocol. 

The original variable list included 52 potential variables that were ultimately reduced 

to six. The proportion of variance in lifespan accounted for was 0.293 from this model. 

We find the lower mean BW of adult ( > 225 d) hamsters exhibiting the least BW loss, 

and lowest BW variability, predicted longer survival. In addition, hamsters exhibiting 

lowest mean cosine fitted BT minimum were predicted to live longest. Finally, 

hamsters exhibiting the lowest rate of age-related decline in Total Round counts (Day 

Sum + Night Sum) were predicted to live longest.  
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 While the multivariate cox regression model certainly accounts for a 

significant proportion of variability in lifespan, there are important caveats to the 

results. This model confounds age-related trends in older hamsters with predictive 

measures.  For example, a number of variables (i.e., lower mean BW, lower min BT, 

decreased rate of wheel count decline) predict longer life; however, every one of these 

results merely reflects overall age-related trends observed in these measures. If any of 

these variables were predicting trends in the opposite direction of the age-related 

trends found, they might be truly indicative of an underlying causal variable of 

lifespan. Therefore, the multivariate cox regression model is not an ideal approach 

when attempting to reconcile intracohort variability if the underlying variables are 

cumulative means and not single point measures. For example, BW at weaning, and 

BW at 2 years old may certainly be useful independently, but not combining weekly 

measures over the course of the lifetime into a slope/intercept reduction. This is 

strikingly evident in Figure 6.1A, where weekly BW-lifespan correlations are 

independently calculated across the lifetime. This strongly shows age-related changes 

to the predictive value of BW, where essentially no predictive value is apparent within 

the first ~200 days, but afterwards, drops to r ~ -0.2 and then increases linearly 

throughout the lifetime. This single illustration is far more applicable with respect to 

truly estimating longevity: Hamsters who maintain lower than average BW around the 

time of achieving maximum BW live longer, but as hamsters age, this trend reverses 

and hamsters weighing more than average would be predicted to live longer. In the 

future, the integrity of a multivariate cox regression might be improved if sampling 
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single point values at discrete ages across the lifetime (i.e., nine independent 

multivariate cox regression analyses occurring every 100 days looking at only that 

narrow range of data) would alleviate the confounding issues that were encountered. 

Fortunately, a number of non-cumulative measures were incorporated this way (i.e., 

puberty timing, age at max BW (d), max BW (g), age upon puberty onset, photoperiod 

type) which, after adjusting for multiple comparison, were not significant predictors of 

lifespan in separate univariate cox regression model. Previous multivariate cox 

regression survival studies incorporating behavioral and somatic age-sensitive 

measurements account for 0.44 to 0.54 proportion of lifespan variability in mice 

(Ingram & Reynolds, 1986; Ingram et al., 1982). The current study departs from these 

prior analyses by reducing the total number of different measurement protocols (i.e., 

BW, wheel running, and BT) but record data longitudinally, whereas former studies 

expand the number of different protocols (8) and only collect data at a single timepoint 

at 24 months of age. Future regression analysis upon longitudinal data may benefit by 

partitioning each interval of data collection into separate analyses in order to avoid 

confounds between overall trends in animals living longer with functional decline 

associated with biological aging as a predictor to remaining survival. This might also 

reveal the best age at which to assess predictive value of individual measures, as they 

all likely do not occur optimally at exactly the same age; this would be consistent with 

the differential age of decline observed between wheel running (early age onset 

decline) and BT parameters (middle age onset of decline). 
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Figure 6.1. Weekly and cumulative trends in BW among experimental males 
dying naturally. (A) Weekly correlations between each weekly mean body weight 
among all living male experimental hamsters at that age and lifespan. (B) Mean 
weekly and cumulative BW trends as a function of chronological age across the 
lifespan. (C) Mean weekly and cumulative standard deviations of BW across the 
lifespan.  
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Figure 6.2. Weekly and cumulative trends in 1st order derivative of BW. For 
conventions see Figure 6.1. 
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Figure 6.3. Weekly and cumulative trends in 2nd order derivative of BW. For 
conventions see Figure 6.1. 
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Figure 6.4. Representative of low and high 2nd order derivatives in BW < 225 d. 
Male hamsters determined to have the lowest (A-B) and highest (C-D) mean 2nd order 
derivative of BW (e.g., BW acceleration) during the first 225 d of life. Top line: actual 
body weight, middle (dark) line = 1st order derivative of BW, bottom (light) line = 
2nd order derivative of BW. Increased mean BW acceleration as associated with 
reduced life expectancy. 
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Figure 6.5. Representative low and high variability among 2nd order derivatives 
in BW > 225 d. Representative males hamsters demonstrating an example of hamsters 
with the lowest (A-B) and highest (C-D) standard deviation of 2nd order derivative of 
BW older than 225 days of age. Lower variability was associated with longer life 
expectancy. 
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 Table 6.1. BW parameters: Correlation and univariate regression coefficients 
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             Table 6.2. Univariate cox regression, life events 
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CHAPTER 7: CONCLUSION 

 

 This is the first study to ask whether photoperiod manipulation of life history 

affects rates of aging and ultimately impacts longevity in a mammal. Overall, lifespan 

of the Siberian hamster was determined among a cohort of 246 males (mean = 758 d, 

median = 777 d, maximum = 1126 d) and 80 females (mean = 737 d, median 810 d, 

maximum = 1087 d) where it was firmly established that manipulation of life history 

does not affect lifespan. There were also no gender differences. For context, the 

lifespan of the Siberian hamster appears longer than Syrian hamster (Mesocricetus 

auratus), where males (mean = 656 d, median = 693 d, n = 38) outlive females (mean 

= 529 d, median = 553, n = 39; Oklejewicz and Daan, 2002). 

 

To summarize the primary findings of this dissertation: 

 

1) Photoperiod manipulations led to starkly different life histories as reflected in 

differential patterns of BW. Initial and rapid BW growth among early puberty groups 

was evident at 25 days of age, significantly outweighing delayed puberty group 

hamsters merely 7 days after weaning. Meanwhile, delayed puberty group hamsters 

transitioned into the winter phenotype characterized by the generation of white pelage, 

before undergoing puberty. Timing of puberty onset was delayed by 131 days in 

Siberian hamsters exposed to short or decreasing photoperiods. Mean percent of life as 
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a juvenile was 3.2% in early puberty photoperiods and 20.2% in delayed puberty 

photoperiods.  

 

2) As verified by weekly BW and pelage data, hamsters responded as expected to their 

respective photoperiodic conditions, generating an array of photoperiod-mediated life 

history. Hamsters in seasonal photoperiods experienced annual short day and long day 

transitions, exhibiting photoperiodic responses in BW and pelage, which diminished in 

amplitude with age each successive season. Hamsters were exposed either to zero, 

one, or multiple short day photoperiods that induced the winter phenotype at different 

frequencies and at different ages among groups. Despite the age differences, changing 

patterns of daylength had strong synchronizing effects on cohorts of hamsters. In 

addition, there was no "time of year" influence with respect to the timing or frequency 

of deaths observed among hamsters in the seasonal photoperiods. Finally, BW trends 

in the final year prior to death display systematic and gradual weight loss, and this rate 

increases substantially between 31-37 weeks of life remaining, providing a useful 

single variable model with which to reliability estimate days until death. 

 

3) Survival curves between early and delayed puberty photoperiod groups were 

identical, and overall (independent of photoperiod), age of puberty onset of individual 

hamsters did not correlate with or predict lifespan. In addition, the duration of lifetime 

spent in the presumed "slow aging" winter state did not affect survival. Whereas 

photoperiod governed alterations to life history had no impact on lifespan, there is 
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evidence from LDLD and DS photoperiod groups that acute entrainment driven 

effects of light (more appropriately categorized as chronodisruption than photoperiod 

history), can in fact manifest undesirable health consequences and ultimately shorten 

lifespan. 

 

4) In a novel wheel running protocol, hamsters exhibit age-related decline in overall  

night running and as a result, night-day amplitude and day-night totals diminished 

over successive rounds. This linear decrease in night running counts was observed 

primarily throughout the first 500-600 days of life, and afterward maintain overall 

lower values; however, overall, night running vigor consistently exceeded day running 

vigor each round. Finally, the single highest intensity minute of each bout bears the 

largest predictive value estimating days until death (r = .346), akin to the idea that in 

humans, one's 40-yard dash time is a better assessment of remaining life compared to 

a two-mile run time (i.e., "burst" vs. "stamina" capacity). 

 

5) A novel 24 h BT collection protocol was designed, and validated by demonstrating 

the length of the elevated BT duration is proportional to the scotophase duration, in 

separate groups and also in the same hamsters subject to varying scotophase length. 

The acrophase timing was reliably and appropriately determined to reflect the middle 

of the scotophase. An age-related decline in 24 h subcutaneous body temperature 

parameters began to emerge between 465-563 days of age, concurrent with the age at 

which wheel running parameters established rather basal values which were 
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maintained for the remainder of the study. Upon reaching this age, cosine fitted BT 

minimum, maximum, and mesor parameters decreased linearly throughout remainder 

of the experiment. Minimum and maximum values decreased at such a proportional 

rate that amplitude was not affected; however, mean amplitude was found to covary 

with lifespan, where hamsters endowed with robust amplitude BT rhythms appear to 

live longer. Finally, gradual deterioration of sine-like BT rhythms were observed 

across progressive rounds as hamsters aged, but also demonstrate a complete 

breakdown of a circadian BT waveform roughly 60 days prior to death. 

 

6) Several age-related changes in organ weights were found, with healthy older 

hamsters containing heavier brain, liver, heart, and kidneys compared to young adult 

BW matched controls. Average weight and variability of spleen, heart, and adrenal 

glands begin to increase dramatically after 700 d. Atrophied gonads and hypertrophied 

adrenal glands were found in male hamsters succumbing to natural death compared to 

age-matched euthanized controls, indicating a fundamentally different biological state 

in hamsters where death is fast approaching. In experimental males, longer lifespan 

was accompanied with increased kidney weight and decreased gonad mass. Hamsters 

dying naturally exhibited proportionately increased kidney weight between 600-1000 

days old, whereas younger hamsters, and hamsters killed prior to natural death exhibit 

weights in the typical range. Larger liver weights significantly covaried with larger 

hamsters. Gonad mass was negatively correlated to age, with older hamsters 

possessing severely atrophied and putatively non-functional gonads. This trend in 
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diminishing gonad mass becomes apparent around 600 days of age. Notably, in 

hamsters dying naturally, the degree of age-related weight change to some organs was 

most closely accounted for by the timing of different life history events rather than 

chronological age: The severity of kidney hypertrophy was positively correlated to 

Post-Puberty survival and negatively correlated to age of puberty onset. In addition, 

the degree of gonad atrophy was most closely tied to Post-Max BW survival and not 

chronological aging.  

 

7) Factors influencing individual lifespan variation among 246 male Siberian hamsters 

were testing in a multivariate cox regression model. Combined individually, age at 

max BW, actual max BW, and mean 2nd order derivative of BW prior to 225 days of 

age account for .07 of lifespan variation in our population, a small but significant 

effect which suggests rapid weight gain at a young age (or possibly underlying 

hormonal or somatic factors contributing to this overt measure) can compromise 

longevity. Both timing of puberty, and early vs. delayed photoperiod condition had no 

predictive value to lifespan, concurrent with our survival analysis. BW at age of 

weaning (18 d) was not a significant predictor of lifespan. The cox regression model 

was found non-optimal when including data collected across the lifetime, after 

reduction into slope and intercept values which reflect the rate of change and overall 

mean of each hamster. The result of this component of the analyses was bias in that it 

merely reflected the trends observed in old hamsters rather than generating actual 

predictive value. For example, lifetime mean BW decreases in older hamsters prior to 
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death, whereas cox regression gives predictive value to lower weight hamsters, 

predicting increased longevity. This was the case for other longitudinal data collection 

in BT and wheel running as well.  

 At the onset of the study, there were several compelling reasons to expect a 

possible role of photoperiod history on lifespan. First, there was suggestive empirical 

evidence that organisms might live a set number of annual seasons: Primates exposed 

to 8 month seasonal cycles lived proportionately shorter than controls housed under 12 

month seasonal cycles (Perret, 1997). Second, evolutionary theory of life history 

posits a relationship between sexual development and lifespan (Baer & Gaitz, 1971; 

Prothero 1993; Wootton 1987). Third, aging of specific organ systems, namely the 

reproductive system, has been slowed by delaying puberty, but also through short day 

induction into the winter state post puberty (Place et al., 2004; Place & Cruickshank, 

2010). In fact, the winter phenotype has been highly revered as a biological state 

suspected to slow the aging process through putative mechanisms including altered 

immune function (Bilbo et al., 2002), self imposed caloric restriction, hibernation, and 

also possibly through augmentation of melatonin waveform, and reduction in 

circulating testosterone. Indeed, photoperiod manipulation aside, survival studies show 

hamsters undergoing hibernation live longer (Lyman et al., 1981; Turbill et al., 2011), 

putatively through the associated drop in BT. On this note, transgenic mice with 

overall decreased BT live longer (Conti et al., 2006). Caloric restriction has been 

reliably and repeatedly shown to slow the aging process and increase longevity in 

many species (Nakagawa et al., 2012; Mair & Dillin, 2008; Weindruch et al., 2008; 
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Weindruch 1996). There is also evidence that telomere length is protected in hamsters 

that overwinter (Turbill et al., 2012). Thus, all of these factors separately proposed to 

increase lifespan are included within the suite of physiological changes accompanying 

the winter phenotype. 

 Photoperiod-modulated control of puberty timing in the Siberian hamster did 

not influence longevity, despite good statistical power. Our findings contrast with 

previous experiments in D. melanogaster where specifically selecting late versus early 

age of sexual reproduction results in up to 50% increase in lifespan (Luckinbill & 

Clare, 1985). Granted, these are not the same phyla, but perhaps of equal importance, 

this trait in D. melanogaster was accomplished over 29 generations of selection, and 

not directly manipulated in randomly selected individuals as in this current design. 

The evolutionary theory of life history (Hill 1993; Charnov & Berrigan, 1990) asserts 

age of sexual maturity and lifespan are not merely positively correlated but assume a 

fixed proportion to one another, and in the mammalian taxa, reflect that sexual 

maturation occurs at roughly 1/3 of the expected lifespan. Thus, while natural 

selection is capable of altering the age of mammalian puberty, it might be 

accompanied by genetic polymorphisms which affect projected lifespan in the process; 

however, we do not find evidence that abiotic manipulation of puberty timing has any 

repercussion or consequence to lifespan among genetically equivalent (e.g., non-

selected) cohorts. 

 It has been identified previously in the female Siberian hamster that 

accelerated reproductive aging occurs in LD (LD14:10) housed hamsters compared to 
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aged-matched controls delaying puberty under SD (LD10:14) photoperiods. When 

compared at 10 months of age, SD housed hamsters were found to have twice as many 

ovarian primordial follicles, as well as greater fecundity as judged by reproductive 

success as mean litter size. In contrast to this study, there was no difference in lifespan 

among early and delayed puberty conditions in male hamsters, but more directly, there 

were no group wise differences in lifespan among our female hamsters either, where 

presumably, the advanced aging effects found in Place et al., (2004) between early and 

delayed photoperiod groups were replicated. Therefore while timing of puberty and 

reproductive aging might hasten the loss of reproductive function, it does not causally 

influence lifespan. Other accounts posit caloric restriction may retard reproductive 

aging through similar mechanisms as the SD photoperiod (Nelson et al., 1985), 

namely delaying atresia and increased meiotic activity (Dorland et al., 1998; Theuring 

& Hansmann, 1986). These two mechanisms are reproductive system specific and 

would not be assumed to have consequences to the overall health, lifespan, or rate of 

aging of the organism. 

 Other theories of mechanisms thought to impact lifespan include caloric 

restriction, melatonin, and testosterone, all of which were consequently altered in our 

experimental design manipulating photoperiod history, independently from our control 

of puberty timing. Physiological ramifications of the winter phenotype include 

testicular regression, increased melatonin secretion duration, and self-imposed caloric 

restriction reflected in BW loss (Yellon & Goldman, 1984; Bartness et al, 1993; Butler 

et al., 2010). While each one of these parameters was shifted in the direction assumed 
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to enhance longevity (e.g., increased caloric restriction, increased melatonin, and 

decreased testosterone), we did not find that increasing the proportion of life spent in 

short days, or more directly, proportion of life in the winter state, resulted in any 

extension of lifespan.  

 Qualitatively distinct from photoperiod history is the notion of 

chronodisruption, or acute but cumulative effects of repeated phase shifting in an 

attempt of the circadian system to properly align its phase to that of the environmental 

light dark cycle. Chronic weekly phase advances result in increased mortality in aged 

mice (Davidson et al., 2006), and chronic circadian desynchronization has also been 

shown to have life-shortening consequences (Penev et al., 1998). Intriguingly, the 

degree of severity caused by chronodisruption to an animals' health is largely 

dependent upon the response of the circadian system. Hamsters exposed to non-

entrainable photoperiod schedules either become completely arrythmic or are 

chronically subjected to large daily phase shifts in a perpetual attempt to reentrain. 

Chronic circadian disorganization resulted in profoundly increased incidences of renal 

and heart disease at 17 months old, whereas remarkably, hamsters receiving SCN 

ablations at 6 months were completely protected from these abnormal cardiac and 

renal phenotypes (Martino et al., 2008).  

 Interestingly, the only two photoperiod groups in our study exposed to non-

naturalistic or fixed lighting conditions were the two groups exhibiting the shortest 

median survival, LDLD and DS. With respect to LDLD a rather straightforward 

explanation would be that the entrainment to this photoperiod was not optimal and, 



 243 

 

consistent with reports of chronic circadian misalignment, were subject to cumulative 

health insults. In contrast to the abundance of studies in our lab demonstrating 

complete bifurcated entrainment to this light schedule we did not observe any 

indication that the hamsters in this experiment were ever bifurcated at any age. We 

surmise that the shortened median survival in this photoperiod group might be 

ameliorated in hamsters that demonstrate complete bifurcated entrainment, possibly in 

part through the employment of a wheel or by singly housing animals. 

 In this study, discrete long-to-short day and equally abrupt short-to-long day 

transitions were the critical manipulation responsible for reduced lifespan, in 

comparison to naturalistic seasonal transitions and even compared to fixed 

photoperiods. Therefore it is not photoperiod driven differences in life history that 

explain reduced lifespan in the DS group, but rather photoperiod transitions. The 

results of the only other mammalian study to date investigating the influence of 

photoperiod history on lifespan could also be reconciled by this effect (Perret, 1997). 

The reduced lifespan in mouse lemurs under accelerated seasons was probably not 

dependent upon the length of each photoperiod year as the author surmises. Rather, 

lifespan differences likely manifested from the hazardous consequences associated 

with the discrete seasonal transitions that only accompany the shorter 8 month year 

condition, since the 12 month year was also a natural photoperiod.  

 Unique to the survival curve of DS, we observed a reduction of nearly a 

quarter of the group population between 1-1.5 yrs old, following the first LD-SD 

transition. Perhaps more important was the effect of the initial SD-LD transition at 6 
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months old, when the plastic interval timer triggered a refractory response and 

initiated puberty onset in the majority of these hamsters prior to the SD-LD transition. 

This resulted in a quantitatively distinct growth rate pattern that "slingshot" mean BW 

to the overall highest BW average among all groups throughout the entire study. If 

circadian disorganization can occur abruptly in a response to acute misalignment of 

the circadian phase and the daily light schedule, there may too be consequences of 

misalignment among physiological mechanisms with respect to circannual timing, in 

this case the endogenously timed emergence of sexual maturation, and misalignment 

to the seasonal environment. Alternatively, where there is necessarily a mechanism 

whereby the endogenous interval timer triggers refractory to short day lengths and 

induces puberty, the SD-LD transition may have triggered a parallel signal in a distinct 

pathway or simply gain in the interval timer signal pathway to induce physiological 

changes accompanying sexual maturation and as a result of the combination of 

stimulatory signals generated much larger BW and growth in DS hamsters, the result 

of which could have been severe insult to organ composition and or overall health 

insult. This notion is consistent with respect to the univariate regression analysis, 

which revealed the only parameter prior to 225 d old with predictive value to lifespan 

was growth acceleration. 

 While the battery of longitudinal assessments distinctly tracked timing of age-

related decline in BW, wheel running, and BT profiles, there was not strong evidence 

that any of the photoperiod groups aged at an overall distinct rate, although some 

differences were detected. SNP E BW history revealed that peak BW occurred during 
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the 2nd summer phenotype near 400 days of age and effectively aligned with the other 

two younger seasonal groups, SNP D and DS. Despite this BW alignment of nearly 

perfect correlation in spite of a chronological age difference of 113 days, there was not 

a proportionate increase in longevity for SNP E, suggesting the age-related decline in 

the circadian-mediated photoperiodic response is ultimately not a factor impacting 

longevity. Another notably distinct group-wise difference was amplitude in both wheel 

running and 24 h BT, where LDLD had lowest amplitude and LD exhibited the 

highest in both measures. However, despite various parameters indexing rates of 

aging, these differences do not explain or account for variations in survival. This 

suggests that overall, while age-related changes can be observed in variables also 

sensitive to the decline in circadian function, that ultimately, there is not sufficient 

evidence that an aging circadian pacemaker causally contributes to demise in aged 

hamsters. If it were, circadian based measures such as BW decline, 24 h BT 

parameters, and wheel running amplitude would account for much more variability in 

lifespan than what was found in our regression model. Instead, the more salient age-

related changes in parameters we found were non-circadian indices of health reflecting 

the functionality of other systems, including lowered BT parameters as mesor, 

minimum, and maximum. In addition, the wheel running parameters with the largest 

predictive value of lifespan were summed across day and night bouts, (e.g., Round 

Sum and Max Sum), reflecting more directly the overall total output ability of the 

hamster, more directly assessing the physical fitness of the hamster rather than the 

circadian system function. Therefore, the more likely conclusion is that these age-
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related dampening of rhythms in old age reflects weakened or deteriorating ability of 

other systems with respect to encoding and receiving circadian output. The lack of a 

strong photoperiod effect on organ weights is evidence that photoperiod history is not 

a tremendously influential factor. 

 Last, a consideration about the human implications from this comprehensive 

study. Since the routine use of artificial lighting conventions have evolved, from the 

mastery of fire, to light bulbs, to LEDs and LCDs- which are now an inescapable facet 

of our every day lives, human beings have essentially opted out of a purely naturalistic 

photoperiod regulated environment, casting aside a complex and dynamic relationship 

to the planet Earth's rotational schedule. The consequences of this shift from natural to 

artificial lighting with regard to human life history, health, and lifespan were not a 

consideration and remain to be addressed with a fully mechanistic account; however, 

here in this study using an animal that relies heavily on photoperiod for major life 

history regulation, there were no identifiable consequences. This does not mean 

humans are immune to health insult from photoperiod effects, but based on the 

findings within this dissertation there is at least a lack of evidence suggesting 

manipulation of life history presents any imminent or obvious repercussions to health. 

In contrast, what is known is that humans do have to contend with cumulative 

hazardous effects of frequent and abrupt phase realignment. The human application of 

dim scotophase illumination, in conjunction with LDLD bifurcation is currently under 

preliminary testing for its therapeutic use in reducing the carcinogenic effects of 

chronodisruption experienced in humans subject to nightshift work, in professions 
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requiring frequent time zone changes such as pilots and flight attendants, and also in 

jobs requiring the generation of completely artificial photoperiod conventions (i.e., 

submarine crews). I end by stating that the result of this work further elucidates the 

potential effects of chronodisruption, rather than the differentiation of life history 

events and resulting effects on physiology (i.e., winter phenotype), as the more life-

threatening factor mediated through photoperiod history, as interpreted by the 

circadian system. 
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	Finally, analysis of BW in each hamster's final year of life reveals a trend in BW loss, which picks up significantly around 26-31 weeks until death. Finally, hamsters in the DS tended to gain weight roughly 48-52 weeks prior to death after which the...



