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ABSTRACT

Dairy cows exhibitvell-characterizediaily patternsof feed intake and milk synthesis.
These patterns may represent circadian rhythms, endogenous repeating cycles of approximately
24 h that govern mogthysiological processe€ircadian rhythms are controlled by a set of
6clockd transcription factors that oscillate o
There is an increasing body of evidence demonstrating a role of nutrient intake ipimgodif
circadianrhythms in peripheral tissuddowever, this effect has not been wellaracterized in
dairy cattleln addition to a daily rhythms of milk synthesis, igatowsdisplay seasonal changes
of milk production that are not well understodthe djective of this dissertation was to examine
the factorsaffectingdaily and anual rhythms of milk synthesiSpecifically, we wanted to
examine the effects of nutrient intake on the daily rhythms of milk synthesis, and the relationships
between cowevel and environmental factors and the annual rhythms of milk production.

To accomplish these objectié experiments were conducted, with the first 4
examining the role of nutrient intake on the daily rhythms of milk synthesis, and the final 2
characterizing factors influencing annual rhythms of milk produckomst, the effect of time
restricted feeding on the dlapatterns of milk synthesend plasma hormones and metabolites
was examined in an experiment whéxed was temporally restrictdo cows for 16 h/d either
during the day (0700 to 2300 h) or at night (1900 to 110THi¥ experiment demonstrated that
night restricted feeding shifted theak of milk yield from morning to evening, while shifting the
peak of milk fat and protein coantration from evening to morninigloreover, the daily rhythms
of plasna glucose, nonesterified fatty acids, plasma urea nitrogen, and insulin were shifted about
8 h by nightrestricted feedingl'he objective of the second experiment was to investig#ie if
changsin daily patterns of milk synthesturingtime-restricted feeding wereaused byhanges

in the molecular circadian clock of the mammary gland. This experiment compared a control



groupwith feed available continuousty cows under nightesticted feeding (feed availabter

16 h/d from 2000 h to 1200Q.hResultddemonstrated that nighestricted feeding altered the daily
rhythms of expression of clock genes circadian locomoter output cycles kaput, cryptochrome 1
andREVLE R B $liggestig that nutrientsntrain the molecular circadian clock of the mammary
gland.The final two experiments examined the role of specific nutrients on the daily rhythms of
milk synthesis. Ironeexperiment, a high C18:1 oil was abomasally infused ei#ér/d orfor 8

h during the day (0900 to 1700 h)tbe night (from 2100 to 0500Pay-infusion increased the
amplitudes of milkand milkfat and protein yield while reducing the amplitudesnilk fat and
protein concentratiarHowever treatmentad little influence orthe phaseof the rhythns,

suggesting that thiming of fatty acid infusion did not entrain tieammaryclock. In theother
experimentsodium caseinate solutiovas abomasally infused eith&t h/d or for 8 h during the
day (0900 to 1700 h) dhenight (from 2100 to 0500Night-infusion induced a daily rhythm of
milk yield, but no rhythm was present duriogntinuousor daytime infusion.Infusion of sodium
caseinateluring the dayeduced the amplitude of fat concentration and increasahipbtude

of protein concentration, while nightfusion decreased the antplile of protein concentration.
Treatment had little effecn the time at peak of the rhythsuggesting that the mammary
circadian clock wasot entraind tothetime of protein mfusion.Furthermore, nighinfusion

shifted the peak of the nonesterified fatty acid rhythm from morning to evening.

The final 2 experiments characterized factors influencing theamhythms of milk
synthesisFirst, annual rhythms of milfat and pragin concentratiomere comparedmong
regions of the United States usimgnthly averagesf Federal Milk Marketing Orderg he
annual rhythms had greater amplitudes in northern regions compared to southern regions
suggesting that thegrerelated to photgeriod. In the same report, the effect of dewel factors
on annual rhythms of milk, fat, and protein yield, and milk fat and protein concentration were

examined using data from 11 dairy herds in Pennsylvania. Rhythms were consistent regardless of



herd,lactation number, and genotype, suggesting that they are highly conserved among individual
cows. Finally, annual rhythms of milk, fat and protein yield and milk fat and protein
concentration werstudiedusing dataset obtained from Dairy Records ManageBystemsand
relationshipdetweerannual rhythms of production and daylength, change in daylength, and
environmental temperature were determined. Annual rhythms differed between northern and
southern states, with northern states having greater amplatidelk fat and protein
concentration and southern states having greater amplitudes of milk yield. Moreover, the rhythms
of milk fat and protein concentration were highly correlated with absolute daylength, while the
rhythm of milk yield was highly corrated with the change in daylength, suggesting that they are
controlled through two separate oscillatory mechanisms.

In conclusion, the daily rhythms of milk synthesis are modified by the time of feeding
and this effect appears mediated by the moleculeadian clockThetiming of both fatty acids
and protein affect theobustness of milk synthesis rhythms, without large effects on their time of
peak.Finally, yearly patterns of milk production appear to constitute an annual rhythm, with the
rhythms of fat and protein concentration being entrained by daylength and the rhythm of milk

yield being entrained by the change in daylength.

Keywords: Biologicd rhythm, milk synthesis, dairy cattle, food entrainment
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Chapter 1

Introduction

Milk production from dairy cows provides an important source of nutrients for human
diets. As ruminants, dairy cows convert fibrous plaaterial into higkquality protein, making
them integral to sustainable food production. Moreover, the dairy industry in an important piece
of the United States agricultural economy and accounts for approximately 10% of total
agricultural sales according the USDA Economic Research Service. Globally, the per capita
demand for dairy products has increasddtal 0f9% since 1970, and is expected to rise another
20% from now until 2030 as economic development continues throughout the(FAg
2012) The dairy industry, along with all of animal agriculture, has been receiving increased
scrutiny regarding potential negative environmental impacts. There has been public pressure to
reducegreenhouse gas emissions from livestock species in order to slow the effects of global
climate change. Additionally, over the past 4 years, the U.S. dairy industry has experienced a
period of unprecedentedly low milk prices, making margins for dairy pesduow to
nonexistent. Together, these demands have created imminent desire for creative solutions to
improve the efficiency of milk production.

One potential approach to improve the efficiency of dairy cattle is by developing a better
understanding of #hbiological rhythms governing milk synthesis. Biological rhythms are
endogenous cycles that govern the behavior and physiology of nearly all organisms and allow
them to predict changes in the extemaironment before they occuhese rhythms occur
across multiple time scales ranging from a year to less than a day. Of these, the most commonly

described are circadian rhythms, which are approximately 24 h in length, and circannual rhythms,



which are approximately 1 year. Both circadian and circannudimisyire controlled at a
cellular |l evel through a host of proteins comp
been an increasing body of literature demonstrating an intimate relationship between these
biological rhythms and metabolism in talatory models and humans. Diseases such as obesity
and type Il diabetes have been associated with disruption of circadian rhythms and nutritional
approaches such as tifrestricted feeding appear to have potential benefits for metabolic health
and reducedging(Kessler and Pivovarov@amich, 2019)However, there is still a dearth of
research examining the regulation of these biological rhythms in livestock species.

While still poorly understood, there is compelling evidence to suggest that badlogi
rhythms are important for milk synthesis in dairy cows. Dairy cows exhibit differences in milk
yield and composition across the day, with milk yield being greater in the morning than evening
and milk fat and protein concentration being greater invkaiag(Gilbert et al., 1972)nitial
research has suggested that these patterns represent a daily rhythm and that this rhythm is
respong/e to changes in feeding tinfRottman éal., 2014) Additionally, several hormones and
metabolites follow a diurnal pattern in dairy cows, suggesting that the metabolism of other tissues
is also controlled by circadian rhythrfGiannetto and Piccione, 2009)ilk yield also follows a
yearly pattern, with increases in milk andkntomponents during the winter and decreases in the
summerWood, 1976) While these rhythms appear to be important, listlenown about their
regulation. Developing a better understanding of these biological rhythms may allow for
development of nutritional and management strategies to improve the efficiency of dairy
production.

The overall objective of this dissertation wasxamine the relationship factors
regulating the biological rhythms of ikisynthesis. Specifically, we investigateé effects of
nutrient intake on the daily rhythms of milk synthesis, as well as the relationships ameng cow

and environmental factoend the annual rhythms of milk production. We expect that total food



intake and individual macronutrients will entrain the daily rhythms of milk synthesis by
modifying the circadian clock of the mammary gland. Moreover, we anticipate that an annual
rhythmgoverns yearly changes in milk production, and that this rhythm is consistent among
years, herds, and individual cows, but is responsive to changes in photoperiod.

First, a review of the literature providing a background of the basic molecular
mechanismsaverning circadian and circannual rhythms, as well as their relationships to food
intake and metabolism is presented (Chapter 2). The aim of the first experiment (Chapter 3) was
to examine the effects of the time of feed intake on the daily rhythms osymitkesis by
restricting the time of feed availability to either the day or night. We expected that the daily
rhythms of milk synthesis would be shifted by the time of feed restriction. To investigate if
changes in the rhythms of milk synthesis due tdithe of feed intake were mediated by the
molecular circadian clock, a followp experiment examining the role of timestricted feeding
on the daily patterns of clock gene expression in the mammary gland was conducted (Chapter 4).
We expected that expien of clock genes would be rhytimand that the rhythms would be
shifted by nightrestricted feeding. The next two experimented focusdati@importance of
individual nutrients for entrainment of the daily rhythms of milk synthesis. Chapter 5 examined
the role of tle timing of fatty acid infusioand Chapter 6 examined the role of the timing of
protein infusion over the day on the daily rhytbfmilk synthesis. We expected that the time of
fat infusion would alter the daily rhythms of milk and milk fat synthesis, while the time of protein
infusion would alter the daily rhythms of milk and milk protein synthesis.

Chapters 7 anfl focus on the factors contributing to annual rhythms of milk synthesis.
The analysis reportad Chapter 7, which has been published in the Journal of Dairy Science,
examines the effects of geographic region on annual rhythm of fat and protein commentrat
using data from U.S. milk markets, as well as the factors such as lactation number and genotype.

We expected thdactation number and genotypdl not affect annual rhythms, but that they will



be affected by geographic region. This experiment wéswed by another analysis usiraglarge

dataset from Dairy Records Management Systems to determine better elucidate the effects of
region of theJ.S. ontheannual rhythms of milk, fat and protein yield and fat and protein
concentration, as well as examjpetential environmental signals entraining these rhythms

(Chapter 8). Based on the results of the previous experiment, we expected that geographic region
would affect the annual rhythms, and these rhythms would be highly correlated with the change

in phobperiod.Finally, an integrative discussion describing the potential implications, limitations

of these experiments, and future directi@ygrovided in Chapter 9.



Chapter 2

Literature Review

Biological Rhythms

The ability of organisms to perceive time and dimsite behavior and metabolism
bestows a tremendous evolutionary advantage, allowing them to maximize energetic resources
and avoid harmful circumstances. Reliably predicting food availability and predator activity, even
by mere minutes, can be the diffece between survival and death for many species.
Furthermore, the ability for an organism to monitor twhelayallows them to temporally
segregate incompatible physiological processes and maximize energetic efficiency by preventing
futile cycles of metatlism. To facilitate the coordination between the temporal changes in the
external environment, and their own intrinsic metabolism, animals have developed inherent
biological rhythms. These rhythms persist in the absence of external cues and are regponsive
entrainment, orasetting environmental signals.

The most welstudied biological rhythms are circadian rhythms, which are repeating
biological cycles of approximately 24 h. The tarintadianwas coined in 1959 by Franz
Halberg and is derived froméH_atin termsirca,me ani ng OdibUmetad;i ngndday 6
(Halberg et al., 1959However, descriptions of daily rhythms had been made much earlier.
Androsthees, a scribe for Alexander thedat discovered daily patterns of tamarind
(Tamarindus indica)eaf movements in the"century B.C(Moore-Ede, 1982) These first
recorded observations indicating that daily rhythms may be endogenous were matidean

d6Ortous de Mairan in 172 8imosHpudicawhickegbest hat t he



through cycles of open leaves during the day elosed leaves overnight, continued to follow this
pattern even when plants were placed in constant darfagheeséairan, 1729)This discovery was
revisited nearly 100 years later by Alphonse de Candolle who observed that the rhythm of plant
movement also persisted una@enstant light, and that the period of leaf movement was slightly
shorter than 24 {De Candolle, 1832)

While these initial discoveries were important to developing the idea of endogenous daily
rhythms, the field of chronobiologythe study of biological rhythmswas not established until
the middle of the 2Dcentury. Three scientists, Erwin Blinning, Jirgen Aschoff and Colin
Pittendrigh are credited for developing the foundational principles of biological rhythms.
Together they edtdished that biological rhythms are endogenous, meaning that they are self
sustained through physiological mechanisms in the animal, that thigaranning, meaning
that they can persistithout external stimuli, and that they are entrainable, medhatghey are
adaptable to changes in the environm@a#an, 200Q)At the same time, biological rhythms on
time scales greater or less than 24 h were propssetioff (1955)first suggested that seasonal
changes in behavior such as hibernation or mig
rhythm. This proposition was later confirmed inldiv Warlers Phylloscopus trochilds
which exhibited seasonal migratory behavior when placed in constant con(Bigimner,
1968) Moreover, great steps in the quantificatiof biological rhythms were made during this
time. Biological rhythms are characterized by their period length, which is the amount of time to
complete one cycle (e.g. 24 h, 12 m), acrophas
amplitude, or thelistance from mean to pedkigure 2-1).

A dogmatic shift in the understandinglwblogicalrhythms was initiated by the now
classic experiment perfordéoy Konopka and Benzer (197yho used mutagenesis to
demonstrate that the length of a fre@ning circadiamhythmwas contréled at the level of the

gene.Later, an entire host of genes were discoveradake up what is now known as the



diologicalc | o anetivork of transcription factors that differentially regulate gene expression
across the 24 h ddiHuang, 2018)These same transption factorswere later discovered to be

responsible for the generation of circannual rhytfiomscoln, 2019)

Molecular Structure of Biological Clocks

Circadian rhythms are generated in mammals through a hierarchical network of
independent cellular clocks that communicate through neuraluandrhlsignals Every
individual cell possesses their own molecular clock that is regibat intracellular signaling
cascadedA region of~20,000 neurons in the hypothalamus known as the suprachiasmatic
nucleus (SCN) is commonly acknowledged asntlastepacemakethat is principally
responsible for entrainment of rhythmspiaripheratissueqPartch et al., 2014)n addition to
receiving inputs from the SCideripheral tissuerelay rhythmic information to each othd¥or
example, melatonin produced by the pineal gland and glucocorticoids produced by the adrenal
cortex are important entraining signals floe dock of the pancreas, liveandmammary gland
(Mohawk et al., 2012)Peripheratissues can also be entrained by other cues, primarily feed
intake (Stokkan et al., 2001Yncoupling of central SCN rhythms from rhythms of feed intake is
proposed as a mechanism for the development of the metabolic disturbanedshyatiscadian

maladies such as shiftork disorder chronic jet la@/etter and Scheer, 2017)

Transcriptional Translational Feedback Loop
At its most basic levelhe molecular ¢tadian clocloperates througimterconnected
transcriptioal-t r ans |l ati onal f eedback |tasgigtondatiprs oyi ng a
(Figure 2-2). In mammalsthe core negative feedback loop inclsideain and muscle ARNIike
1 (BMAL1), circadian locomotor output cycles kaput (CLOCK), period (PER) 1, 2 and 3, and

cryptochrome (CRY) 1 and BMAL1 and CLOCK form heterodimetat bind to specific DNA



sites cakd Eboxes[canonicalyCANNTG] in the promoter region of cloekontrolled genes.
Additionally, the BMALL-CLOCK complex enhances the expression of PER and CRY proteins,
which themselves dimerize and feedbankthe BMAL1andCLOCKgenedo repress their
expressior(Takahashi, 2017 his cycle of adgvation and repression generates a rhythmadk
gene expression thastcompletel in approximately 24, which leads to 24 h rhythms of cleck
controlled genes

An ancillary feedback loop consisg of theorphannuclear receptorslR/-ERBU and b
and RARrelated orphan receptor (ROB), b, and o adds addition | ev:«
the core clock and provide secondary outputs for regulatiotoci-controlled genesBoth
receptors bind to retinoic acrélated orphan receptor bindingelentdRORES
[(GIA)GGTCA], with the RORenhancing transcription and REBRB repressing transcription
(Takahashi, 2017Both BMAL1 and CLOCK contain ROREandcompetitive binding by REV
ERB and ROR leads to either repression or activation of these transcription f@ctidesimond
et al., 2005)A third level of clock regulation utilizethe transcription factorsbox binding
protein (DBP) thyrotrophic embryonic factor (TEF), hepatic leukemia factor (Hiuke) E4
promoter binding protein (E4BP4, also known as NFIIB3)e expression of DBP, TE&nd HLF
is enhanced by the binding of the BMAICLOCK complex to EBox sequences, and themselves
act as transcription enhancers by binding t8@x promoter elementgélternatively, E4ABP4
expression is activated by REVRB U, and r e pr e SBexelsmeecomainiegs si on o f
genes through interference with DBP, TBRd HLF binding Papazyan et al., 2016Jhe
transcription ottlock-controlled geness therefore coordinated through regulation by a wide host
of transcription factors that act on eitheBBx, RORE or D-Box elementgo influence their

expression.



PostTranscriptional Modifications

Beyond the transcripti@ttranslational feedback lospa number gbosttranscriptional
modificationsadd an additional layer of regulation to affect both the rhythms of clock gene
expression and their outpuhe importance of theseodificationsis becoming increasingly
clear, withReddy et al. (2006Jemonstrating that nearly half of the rhythmic proteins present in
the liver lacked corresponding rhythms in mRNA expressioanscriptional termination is an
importantpoint of regulation for mMRNA expression because reiguired before transcriptional
initiation can proceedn addition to its role in Ebox mediated tmescriptional repression, PER
represses transcriptional initiation through rhythmically bindingeteeraRNA helicases, which
make up the transcriptional termination comfi@xcertain genef.im and Allada, 2013)

Recent evidence suggests that alternaplieing of premRNA is also regulated in a circadian
manne (McGlincy et al., 2012)Microarray data demonstrated that 62 of 227 measured splicing
factors displayed rhythmic gene expresgi@Gnosso et al., 2008frurthermorePreul3ner et al.
(2017)illustrated that circadian rhythms of body temperature entedlular rhythms oflternate
splicing in thecerebellum and liver with the effegia heatsensitive SR proteins.

The stability of mRNA isalsoinfluenced by circadian rhythms through silencing by
RNA-binding proteins and microRNA (miRNAPReriod 2 ad CRY 1 stability is decreased by
RNA-binding proteins polypyrimidine trattinding protein (PTB) and Allich element RNA
binding protein 1. Deletions of these proteins result in increased amplitudes of the circadian
MRNA expressioriGreen, 2018 MicroRNA are small (~22 nt) neooding RNA molecules that
interact with the 36 wuntrans| aThelightindughkleon of
MiRNA miR-132augments thenythms of PER1 expressiam murine SCN neuron&heng et
al., 2007) In the same study, miR19-1 was identified as cloekontrolled miRNAwhose
rhythmis ablated in CRY1/CRY2 double knockout mitater researchmplicated miR219as a

link between shifivork disorder anéhcreasedreast canceNight shiftworkers have greater

mR
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methylation of the miRR19 promoter, which downregulates its expression and attenuates its
anticarcinogenic activityShi et al., 2013)The miRNA 192/194 clust was discovered to inhibit
translation of all three PER genes, and overexpression and knockdown of these miRNAs leads to
shortening and lengthening of the circadian period, respec{iNalyel et al., 2009Furthermore,
miR-122is regulated in a circadian mannethe liverand causes rhythmic degradation of

several genes involved in cholesterol and lipid metabdlMehta and Cheng, 2013)

PostTranslational Modifications

Posttranslational modifications are also vital to tfeneration of 24 rhythms within
cells.Modificationsto clock proteingntroduce a delay betwedine activating and repressing
arms of the transcription#lanslational feedback loopnsuringthat the cycle is maintained at a
period of ~ 24 hWithout tis delay, the cycle of activation and repression woulduasa few
hours(Gallego and Virshup, 2007yhe most weHestablishe&xample of postranslational
regulation of circadian period lengthmammaloccurs througlt a s e i n ikediatads e 1 U
phosphorylationCaseirk i nase 1U (CK1U) d&ERthroeghses the stabi
phosphorylationleading to its degradatioma the ubiquitinmediated proteosomal pathway
(Vielhaber et al., 2000)

The impotance ofphosphorylatiorin the establishment of cedutonomous rhythms is
perpetuated by presence of circadian rhythms in cells that are completely devoid of rhythmic gene
expressionProkaryotic cyanobacteria can maintaint2dycles of growth, nitrogefixation, and
photosynthesis with a molecular clock based only on rhythmic phosphorylatiaiAfKaiB,
andKaiC proteingTakai et al., 2006 Moreover circadian oscillations of peroxiredoxin
oxidation occur in differentiated red blood cells which contain no nucleus or DNA, suggesting
that these oscillations are maintained through exclusivelytpstlational mechanisngsO6 Ne i | |

and Reddy, 2011Phosphoproteomic analysis is further uncovering the indispensable role of
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phosphorylation in generation of circadian rhythRebles et al.Z017)determinedusing mass
spectrometry that 25% (> 20,000 phosphosites) of the murine hepatic phosphoproteome are
follow a 24 h rhytimic pattern, with phosphorylatiaycles having markedly greater amplitudes

than the rhythms dfanscriptor proteinabundance.

Epigenetics and the Clock

Epigenetic modifications, such as DNA methylation and histone acetylation/deacetylation
have a bidirectional link with the circadian clock. In the liver of mice, acetylation of the H3 histone
follows a circadian rhythpcausing chromatin remodeling near the promoter regidperdf, Per2,
andCryl, permitting their expressiafietchegaray et al., 2003Fhe circadian transcription factor
CLOCK is itself a histone acetyltransferase (HAT), and its function is potetiay its
heterodimer BMAL(Doi etal., 200600REV-ERBU, a transcription factor
clock, helps recruit the histone deacetylase 3 (HDACSp#&zific sites on histone 3, inhibitiniget
transcription of target gesg(Yin et al., 2007) Azzi et al. (2014) demonstrated that DNA

methylation patterns in the SCN of mice waissociated with changes in the lightk cycle

Entrainment of Biological Clocks
Entrainment is the process of synchronizing endogenous biological clockaxbéthal
environmental rhythmd&nvironmental cues, calleteitgeberdGermanfor fitime give), confer
informationabout theenvironmentatime to circadian oscillators to synchronizeam gani s mé s
internalclock (Aschoff, 1963) All organisms have endogenous rhythms that differ slightly from
24 hwhich allow them to beesponsive to entrainment signals from the environnvghen
zeitgdbers are absent, the rhythm is said tdrberunning meaning that iexpresses its
endogenous periodlengthhhe | engt h of the freerdffarsni ng perio

between species dreven individualsHumans, for example, have an averfigerunningperiod
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of 24.2 h(Czeisler et al., 1999Fntrainment of circadian clocks can occur through several cues,

includingthe light/dark cycle, nutrient intek and body temperature.

Light Entrainment

Light is the most prominerzeitgeber known to entrain the central clocklefSCN
Light is detected by the eye and transmitted to the SCN through two separate patosaysd
cone cells are the primawysual phobreceptors in the retinAfter sensing light, they signal the
SCN via retinal ganglion cells, setting its circadian clfiziouyer et al., 2007However, ight
entrainment can occur completely independent of rod and coneFaedter et al. (1991)
demonstratethat mice possessing thd/rd mutation, which causes degeneration of rod and cone
cells and complete blindnesdill entrained to the lightlark cycle, suggesting that an additional
photoreceptor was involved in circadian entrainmintaslater discovered that the netsual
photopigment melanopsin can entrain the master clock through excitement of intrinsically
photosensitive retinal ganglion cells (ipRGCs) in the (@anda et al., 2002xposure of
ipRGCs to light causes photoisomerization of the melanopsin protein, leadirigpootein
signaling cascade which causes cell depolarizatiwlincreases the nerve firing rgtdattar et
al., 2002) The ipRGCs directly innervate the SCN via the retinohypothalamic tract, cogveyi
light signals directly to the master clo¢kanda et al2003)later confirmed the independence of
circadian oscillation and rod and cone cells usitigd mice, aswvell as mice lacking melanopsin
(Opn4") and mice with both mutationhey found that photoentrainment occurred in mouse
strains with single deletions, but did not occur in the absence of both receptor sisthdgion
to establishing two separatetipaays of circadian entrainment this study submitted that unlike
birds, reptiles, fish and invertebrates which can detect light-egtriarly in the pineal gland or

deepbrain photoreceptors, mammals require ocular photoreceptors for photoentrainment.
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Food Entrainment

Circadian rhythms of mammadsin be entrained by nutrient intakarly observations of
rat behaviorevealedan increase in locomotor activity in the 2 to 4 h prior to fee@iRighter,
1922) These patterns of food aripatory activity (FAA)were later shown tpersistfor up to3
to 4 days after complete foosdmoval(Stephan, 2002While the light dark cycle is the
predominant zeitgeber for entraining behavioral rhytreimsadian rhythms of FAA can overtake
them during conditions of restricted food availabili§tokkan ¢al. (2001)detected a phase shift
of Perl expression corresponding to feeding time in the liver and lung of mice, but not the SCN
when food was restricted to the inactive period of the Thag.amount of entrainment is
proportional to the energy comteof the feed, feeding a highly palatable, hagtergy feed at a
specific time each day is sufficient to entrain FAA, even if food availability is not restricted
(Mistlberger, 1994)Additionally, food entraiment can maintain circadian behavioral rhythms
when signaling from the central clock is abs&mteger et al. (1977dbserved that raisith
lesions of their SCN still exhibited entrainment of daily locomotor activity, core body
temperaturgand blood glucocorticoid concentration rhythms to once per day feddiage
discoveressuggest that food entrainment is controlled by iadependenbscillatorseparate
from theSCN

While there has been evidence substantiating the presence @frfoathable circadian
rhythms the search for the smalledfood-entrainable oscillato(FEO)has proven onerous.
Initially, the adrenal gland as targeted as the source of faadrainable oscillationsecause of
the role of glucocorticoids in food anticipatidrut adrenalectomy failed to affect the circadian
rhythms of FAA(Stephan, 20025everal regions of theentral nervous systehave been
explored for theipotential role as an FE@blation of the ventromedial hypothalamus (VMH), a
region involved in satiety signaling and thermoregulation, eliminated the entrainment of body

temperature and glucocorticoids to meal time in some early-&rortexperiments, but this
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effect did not occuwhen recovery of greater than 14 weeks was allowkalfing surgery
(Davidson, 2009)More recent experiments have failed to show correlations between VMH
lesions and FAAGooley et al., 2006)he paraventricular nucleBVN) is a region of the brain
involved inappetite regulation and streggsioning of the PVN failed to reduce feod
anticipatory fooebin approach behavior, although general locomotion was rediistiberger
and Rusak, 1988)

The dorsomedial hypothalamus (DMH) has been highly implicated scthtton of an
FEOQ, but results have been inconsistdinivas initially explored as a candidate because of its
previously discovered roles faeding behavioregulation stress response, aimyolvement in
thecircadian rhythms of cortisol releagehou et al., 2003)Gooley et al. (2006observed that
food restriction synchronizelaily rhythms of DMH neuronal firing tthe timeof feed delivery.
Additionally, rhythmic expression d®erl andPer2 is induced in th@©MH during timerestricted
feeding(Mieda et al., 2006 However,Landry et al. (2006failed to impair daily rhythms of
FAA uponpartial or completéesioning of theDMH. These results were later corroborated by
Landry et al. (2007andMoriya et al. (2009)More recent evidence suggests that the effect of
DMH lesions on FAA is timef-daydependentLandry et al. (2011ylemonstrated that DMH
lesioned rats had less robust, but still presdgrythms of FAA when fed during the day, but that
FAA was unaffected when they were fed at nigie inability to isolate the FEO to a specific
region of the brain suggests that feemtrained rhythms may actually be generated by a network
of separate scillators that communicate with each other to maintain-gouttipatory rhythms of
behavior, body temperatyr@nd glucocorticoid signaling.

Communication from the viscera to the brain has been investigated as a mechanism for
entrainment by nutrient inka. However, ablation of both vagal and resgal afferents nerves
emanating from the viscedid not alter FAA(Davidson, 2009)Ghrelin is apeptide hormone

produced by the oxyntic cells of the stomach that is direefigonsible fohunger signalingThe
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expression oPerl andPer2 in oxyntic cells is in antiphase with ghrelin secretion, and the
rhythms of their expression are altered by feeding {lre&auter et al., 2009nockout of the
ghrelin receptor greatly reduces feadticipatory locomotor activity in mice, suggesting that
ghrelin is important for this behavi@Blum et al., 2009)Researctperformed in goldfish
(Carassius auratysdemonstrated that ghrelin treatment elevated hepatic and hypothBlathic
2 and3 expression by over-ld and that treatment with a ghrelin antagonist completely

abolished daily rhythms of FAMNisembaum et al., 2014)

Temperature Entrainment

Environmentalémperature is aommon entraining cue for poikilothesimvho
experience dramatic changes in physiology when external temperature cihaitigsnally,
Some plants and algae can entrain to just2°C differences in temperature across the day
(Rensing and Ruoff, 2@). In mammals, the circadian rhythms of body temperature can entrain
biological clocks in peripheral tissuddrown et al. (2002ascertained that rhythms B&r2
expression could be entrained in rat fibroblast cellebyperatureycles that oscillated by’ €.
Saini et al. (2012ater revealed similar results in human and mice fibroblast, but revealed that as
little as a 1°C change in temperature is sufficient for entrainfi@ese authorglso revealed
that temperature entrainment was dependent on the proteishuoektfactor 1 (HSF1)n
addition to HSF1, cokihducible RNAbinding proteins (CIRPs) linkodytemperature and the
circadian clockCycles of body temperature affect the regulation of polygidéion sites by
CIRP, thus affectig the stability of target RNAK:i et al., 2015)While peripheral tissues appear
respamsive to temperature, the SCN possesses mechanisesstieedback of body temperature
on the central cloclBuhr et al. (2010)liscovered that communicatidetween the dosoromedial
and ventrolateral regions of the SCN vidype calcium channels prevents temperature from

resetting the SCN clock.
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Circadian Rhythms and Nutrient Metabolism

As mentionedabove, feeding behavior is a strong clue for circadi@rainmentin
addition to entrainment of wheleody rhythms by meal delivery or higialorie feed
supplementation, specific nutrients can directly affect the molecular clock within individual cells.
Cellular energy statusedoxstatus, and direct actiday metabolically important hormones can
directly impact the circadian clo¢Reek et al., 2012Furthermore, thenolecularclock exerts a
reciprocal relationship ocellular metabolismBy temporally segregating biochemically
incompatible processes, the circadian clock prevents futile cycling and maximized energetic
resources within the celMoreover the efficiency of nutrient utilization is optimized by the
circadian clock because it coordinates the proper metabolic machinery with the time of nutrient

availability.

Cellular Energy and Redox Status and the Circadian Clock

Cellular energy status can entrain circadian rhythms thradghosine monophosphate
(AMP)-adivated protein kinase (AMPKPuring states of prolonged fasting and Adé&pletion,
AMPK is activated Activated AMPK can then affect the period length of theutatlcircadian
clock by two separate pathways leading to CRY or PER degradgiist). AMPK
phosphorylates CK1 sertne 389, which causes an increase in its activity leading to increased
degradation of PER2 and shortening of the circadian péiadan and Lamia, 2013)
Furthermore, AMPK can directly phosphorylate CRY1 @ily2, which then interaatith F-
box/LRR-repeat protein 3 (FBXL3}eadingto their polyubiquitination and proteosomal
degradatiorfLamia et al., 2009)Treatment with théMPK antagonistsAMPK -inhibitors 5
aminoimidazoled-carboxyamide ribonucleoside (AICAR) or metforpimas been shown to

cause a phase shift in the circadian clocthefliver, suggesting that AMPK may play a role in
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entrainmentJordan and Lamia, 2013 addition to its effects on circadian dkogroteins,
AMPK appears to be responsible for circadian regulation of its target pra@ethsacetylcoA
carboxylase (ACC), the ratamiting enzyme for fatty acid biosynthesis, and regulatory
associated protein of mMTOR (RAPTOR), a protein involvedgnading cascade of insulin to
mechanistic target of rapamycin (mTOQRisplay 24 h rhythms of AMP¥nediated
phosphorylatior{Davies et al., 1992; Lamia et al., 2009)

Cellular redox state is dependent on the ratio of the oxidized and reduced forms of the
cofactor nicotinamide adenine dinucleotide (NAMADH). The molecular clock directly
impacts redox status through regulation of nicotinamide phosphoribosyltransferase (NAMPT), the
ratelimiting enzyme in the NADsalvage pathwagPeek et al., 2012The A.OCK:BMAL1
complex binds to Bboxes in the NAMPT promoter, upregulating its expression and causing
NAMPT and NAD to oscillate in a diurnal mann@Ramsey et al., 2009) he diurnalpattern of
NAD* also likely affects the circadian cycling of other metabolically important proteins though
its effect on sirtulin 1 (SIRT1)Sirtulin 1 is an NAD-dependentieacetylase that regulatibe
expression o wide array of metabolically importamanscription factors, including peroxisome
proliferatoract i vat ed receptor-lgammavob¥adton milt 6 PBE
and respiration), sterol regulatory elembirtding protein 1¢c (SREBRc; involved in lipid
synthesis and glucoseetabolism), and forkhead box protein O1 (FOXOL1; involved in insulin
signaling)(Peek et al., 2012Nakahata et al. (200@pnfirmed that SIRT1 activity folloga
circadian patterand that selective inhibition of NAMPT can abolish this rhytRorthermore,
SIRTL1 can also feedback to inhibit the BMAICLOCK complex through deacetylation of
BMAL1, preventing activation of cloegontrolled geneélong et al., 2015)

The cellular redox state or peroxiredoxin proteins has also been shown to itself be a
circadian oscillatofPeek et al., 2012Peroxiredoxins are proteins that both serve as antioxidants

which scavenge hydrogen peroxide-() and whose regulation is a component gD
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mediated signal transducti¢Rhee et al., 2005 herefore, the oxidation status ofrpeiredoxins

can affect the transcription and regulation of other target genes and piotéiée i | | et al
discovered that peroxiredoxdgan maintain selustained circadian oscillations, independent of
transcription.They later discovered that this mechanism allows red blood cells, which lack a
nucleus, to express circadian rhythim® 6 Ne i | | a n.d heRxddatidryrhythrasofl 1 )
peroxiredoxings out of phase with thdnythms ofBmall mRNA, and this phase relationship

differs among tissues, suggesting the peroxiredoxins may represent an entirely different oscillator

than the TTFL(Edgar et al., 2012)

Glucose Metabolismand the Clock

Glucose metabolism in mammals is highly influenced by the circadian syBtasma
glucoseand insulinconcentrationgxhibit 24 h rhythms ira variety of species includingumans
(Van Cauter et al., 1991nice(Sadacca et al., 201 Xats(Bellinger et al., 1975sheedMcMillen
et al., 1987)and cattl§Rottman et al., 2014}urthermore, liver glycogeconcentration follows
an entrainable circadian rhyth(rlalberg et al., 1960Both Bmall and Clock are essential for
maintenance of these rhythms, and global knockout of either gene abolishes the daily oscillations
of plasma glucose concentration and hepatic gluconeogdResl& et al., 2004)in addition to
absolute glucose and insulin concentrations, ingilmulated glucose uptake is controlled by
circadian rhythmsln the medical field, knowledge that glucose tolerance in humans varies across
the day hasexisteds i nc e t h e (Bdwantaad Ree€¥es,01668fan Cauter et al. (1997)
determined tha h postinfusionblood glucose concentrations are typicallf@80 mg/dLgreater
when glucose infusion is performethe afternooncompared tan the morning.The insulin
secreting islet b cell s of letularclogk geescimndca,@ande x pr e s
when these rhythms are abolished by tisspecific Bmall knockout, subjects exhibited seger

glucose tolerance and insufficient glucasienulated insulin productio(Sadacca et al., 2011)
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Besides its effects on glucose metabolism, the circadian clock appears to affect other aspects of
carbohydrate metabolisnThaiss et al. (201&letermined using metabolomic analysis that the
conversion of sucrose tadtate was rhythmic.

Circadian rhythms of glucose metabolism may also be controlled tinrbythms of
incretin releasdncretins, which includglucagonlike peptidel (GLP-1) and gastric inhibitory
peptide (GIP) are released from the enteroendocriteafghe guin response to feed intake and
enhanceénsulinreleasdrom the pancreas. Like insulithe responsiveness of incretins to feed
intake showsobust circadian rhythms in humans and model organjReisnann and Reddy,
2014) L cells, responsible for the production of GILPshow 24 toscillations oBmall and
Per2in vitro (Reimann and Reddy, 20144il-Lozano et al. (2014)lustratedtha GLP-1
secretion in response to various secretagogues followed a diurnal .patesa welt
characterized incretin, oxyntomodulappears to play an imgant role in food entrainment
Landgraf et al. (2015)etected that oxyntomatin entrains the rhythms éferl andPer2
expression via binding to the glucocorticoid receptor and that knockout of this protein blocks
food entrainmat of the liver.Therefore, it is a promising candidate for the link between food
intake and the molecular clock.

Another link between circadian dks and glucose metabolismgilsicocorticoid
signaling.Glucocorticoids are a clas$ steroid hormones produced by the adrenal cortex that
have a somewhat antagonistic role to insulin, causing greater hepatic gluconeogenesis, reduced
glucose uptake, and increased lipid mobilizatiéno et al., 2015)They are increased during
fasting, but are also greatly elevated in response to dinesddition to their role irstress and
metabolism, glucocorticoids arerajor outpt of the core circadian clockslucocorticoids
follows a consistent daily rhythm that peaks at the start of theegdtase in both nocturnal and
diurnal animalgDickmeis, 2009)This rhythm is modulated directly by the SCN, which

innervates the adrenal gland and affects its release in a circadian ifMohawk et al., 2012)
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Glucocorticoids directly entrain circadian rhythms in peripheral tisles. mechanism is
frequently exploited wén studying circadian rhythnis vitro, when the synthetic glucocorticoid
dexamethasone is used to synchronize cultured(@sllsalobre et al., 2000)he promoter
regions ofBmall, Cry1, Perl, andPer2 contain glucocorticoidesponse element&RES) that
regulate the circadian clock in peripheral tiss@®hawk et al., 2012 urthermore, treatment
with glucocorticoids decrease the rate of entrainment of peripheral clottiestime offood
intake(Minh et al., 2001)So et al. (2009liscovered that deletion of the GREHar2 protects
individuals fom insulin resistangelemonstrating the intimate link between the glucocorticoid

rhythm and glucose metabolism

Lipid Metabolism and the Clock

Several aspects of lipid metabolism are controlled by the molecular Gaokitine
palmitoy | t r anserase ( CPT) -dxidaiondy liditing thenrate obfattydcd t t y
entry through the inner and outer mitochondrial membranes, respeciikelgrotein abundance
of both CPT1 and CPT2 follows circadian rhythms v@fT 1peakng at 17 hpostlight
exposureandCPT2 peaking & h postlight exposurgNeufeldCohen et al., 2016Acetyl-CoA
carboxylase, the enzyme that catalyzes theliraténg reaction ofde novdipogenesis, also
follows a diurnal pattern, likely due to regulation by AMBBnocchi et al., 2015 he master
lipid regulator sterol regulatory elemdninding transcription factor 1 (SREBP1) also displays
circadianrhythms of activity, which appear to be directly driven by REWR B(Ue Martelot et
al., 2009) Recent research has suggested that circadian rhythimesh SREBP1 and another
lipogenicfactar, thyroid hormoneresponsive got 14 (S14) are entrained by the time of feed
intakein the mammary gland of mi¢®la et al., 2013)

Lipid trafficking from the intestine also appears to be regulated in a circadian manner.

Intestinal MRNA and protein expression and activity of microsomal triglyceride transfer protein

ac
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(MTP), an enzyme involved in the assembly of chylomicrons, follows a daily pattern with greatest
expression at 2400 (Pan and Hussain, 2007his daily pattern is regulated directly by CLOCK
through its effects on the transcription factora | Isrmeatl heférodimer partner (SHR)which
enhances expression of MTPan et al., 2010Pan and Hussain (200/@vealed that absorption
of *H -labeled triolein cholesterdollowed a daily pattern with greater absorption at 2400 h than
1200 h.Another potential link between the circadian clock and lipid transport is the protein
nocturnin.Nocturnin controls gene expression by deadenlyation of the poly(A) tail of mMRNA which
leads to its degradation, and its expression is activated by BMAL/CL(3@koblefield, 2012)
Global knockout of the nocturnin gene results in reduced export of chylomiarbosemterocytes
(Douris et al., 2011)

Bile acid metabolism and cholesterol synthesis are also intimately linked with the circadian
clock. 3-hydroxy-3-methytglutarykCoenzyme A (HMGCoA) reductase, thete limiting enzyme
for the synthesis of cholesteraxhibits a diurnal pattern of expression leading to a circadian
rhythm of cholesterol synthedqiShefer et al., 1972Additionally the ratdimiting enzyme in bile
acid synthesis, -@lphahydroxylase (CYP7Aljollows a circadian rhythnfChiang,2009) This
rhythm is directly regulated by REE RB U,  birtus ta Dxbox elements on the CYP7A1
promoter and enhanggs transcriptionCircadian rhythms of bile acid synthesis allow for greater
amounts of bile acids to enter the small intestineesndlsify dietary lipids during the active phase
when food intake is more likely to occitnockout of the circadian clock has detrimental effects
on bile acid homeostasisla et al.(2009)discovered thaPerl” Per2” double knockout mice lost
their circadian rhythms of bile acid synthesis, leading to a greater synthesis and over acoumulati
of bile acids in the liver.

Peroxisome proliferateactivated receptors (PPARS) are nuclear receptors that act as lipid

sensors and master regulators of lipid and glucose metabdlsnthree primary isoforms include

PPARU, PPARO2, and PPARU, wh i todpecificattyacidbiarfdfire r e n't
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distributed at different expression levels across tisstiksghree PPAR isoforms, along with
peroxisome proliferateactivated receptor gamma coactivatafpha PGC1U), display circadian

rhythms of expressiofChen and Yang, 2014An E-Box element has been identified in the
promoter of PPARU in mice, sugg€Gishiietralg2085) r ect r
The rhythms of PPARU are |ikely responsible f
synthase (FAS) and HMGOA because it activates expression of these gilesn and Yang,
2014)Nucl ear tr an s Inbonemariow stronmafcelli® RivuRated byhe circadian
polyadenylase nocturniiKawai et al., 2010)Furthermoe , | i ver PPARUO i s expre
in a circadian manner by milR22, a cyclic microRNA that is activated by REEVR B (Gatfield

et al., 2009)The relationship between PPARs and the clock is bidirecti®hal promoter regions

of Bmall andRewverbUpossess PPAR response elements (PPRERre activated upon PPAR
binding(RibasLatre and EckeMahan, 2016)Through this mechanism, lipgdeecback and affect

the molecular clock.

Circadian Rhythms in Microorganisms

A growing body of evidence has suggested an important role for circadian rhythms in
modulating growth and metabolism of microorganisiig idea that microorganisms aapable
of maintaining biological rhythms is relatively new.r i or to the 198006s pr
considered o 0o fi s i mptdoishorliving do express circadian rhythmGrobbelaar et al.
(1986) first observed endogenous circadian rhythms of nitrogeatidix in the cyanobacteria.
These findings were later validated Kpndo et al. (1993)who used a luciferase reporter to
demonstratéhat the cyanadicterial specieSynechococcusp. PCC7942 exhibits daily rhythms of
photosystem Il proteirpEbA) gene expression under constant conditidhgir results challenged
the previous dogma that bacteria do not possess rhythms by demonstratngldmaatugpossess

the three criteria necessafygr circadian rhythmicity:entrainment by environmental stimuli,
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maintenance of approximately 24 h cycles after removal of external cues, and maintenance of
rhythms under a wide range of environmental tempegatSince the initial confirmation of
rhythms in cyanobacteria, over 100 different clock mutant strains of bacteria have been identified
with circadian periods ranging from 16 to 6(kondo et al., 1994)

The structure of the cyanobacterial clock differs considerably from the maletdl of
eukaryotes. Unlike the core eukaryotic clock, the core cyanobacterial clock operates exclusively
through a postranslational oscillator centered around the prdt&@iiC (Swan et al., 2018Along
with KaiC, two members of the same gene family, KaiA and KaiB,responsible for generating
cycles of phosphorylation and dephosphorylatiBmding of KaiA to unphosphorylated KaiC
duringthe daypromotesa conformational change that leadsitiophosphorylation of KaiC using
cellular ATP as a phosphorus donbine phosphorylation of KaiC leads to the recruitment of KaiB,
which creates a separate conformational state that inKihifs binding (Kageyama et al., 2006)

The lack of KaiA binding decreases the ATPase activity of KaiC and causes
autodephosphorylationAs phosphorylationstate decreases, KaiB disassociateith KaiC,
allowing KaiA to bindagain and the cycle to repe@he KaiABC oscillatoractivates a signaling
cascade that activates tfesponse regulator RpaA which regulates the transaripficircadian
associated gen¢Swan et al., 2018Entrainment of theyanobacterial clock occurs both through
sensing the ratio of ATP to ADP within the organism, as well as through the presence of oxidized
guinone metabolites which act as electron shuttles during photosyrthéitisms et al., 2002;

Ivleva et al., 2006)Interestingly, the growth cycle of cyanobacteria actually lasts only about 6 h,
but the phase of the circadian clocks is passed onto daughter cells to maintain their rhythms
(Schibler and Sassone Corsi, 2002)

BesidesSynechococcysseveral other bacterial species exhibit circadian rhythmicity.
Circadian rhythm®f bioluminescencéave been exhibited in the purglkeotosynthetidacterial

speciesRhodobacter sphaerodigMin et al., 2005) Rhodopseudomonas palustiitE-1 show
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self-sustainectircadianrhythmicity of nitrogenfixation that isentrainedoy oxygen(Ma, 2011)
Cycling patterns ofanaerobicfermentation have been observed in continuoukues of
Clostridium acetobutylicumexhibiting 24h cycles of acetate, propionate and butyrate, ethanol,
and biomass concentratiof¥erushalmi and Volesky, 198%dditionally, transcriptomic analysis
uncovered 24 temporal dynamics of metabolic gene expressia@iximoaanic bacterioplankton
(Ottesen et al., 2014)

Microorganisms may playnaimportantrole in modulatingcircadian rhythms ithe host.
The intestinal microbiome and the host alimentary sybim a bidirectional relationship through
which perturbations ieither systentan affect the circadian entrainment of the otBstimates
suggest that5to 17% of the operational taxonomic units (OTU; proxy for species) and 23% of
the functional pathways dhe colonic microbiome undergo daily rhythnighaiss et al., 24,
Zarrinpar et al., 2014 hese rhythms function to affect microbial metabolism, including growth,
energy metabolism, and amino acid metabolism, as well as regulate the spatial organization of
bacteria through affecting chemotaxis and mucosal adbergiang and FitzGerald, 2017)
Inhibition of the gut microbiome, either in geffinee models or through antibiotic treatment, leads
to damping of theircadian rhythms in thgut epithelium and live(Leone et al., 2015; Thaiss et
al., 2016) Reciprocally,Perl/2 double knockout mice failed to demonstrate circadiarhrhgtof
microbial movement and mucosal attachm@ihiaiss et al., 2016 he signaling mechanisms by
which the host ashmicrobiome communicate temporal information are still being elucidatexntt
chain fatty acidsparticularly butyrate, produced by hindgut fermentation follow daily rhythms,
and induce cyclicity in colonic epithelial cells, suggesting that they may be an important
entrainment signal derived from the microbioheone et al., 2015Murakami et al. (2016)
discovered using & e c a | transpl ant mo d e | t hat PPARD S

microbiomeentrainment of the circadian clock.
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Humoral signals from the host also act directly to entf@nrhythms of the microbiome.
Paulog et al(2016)discovered thahe gastrointestinal bacteriugmterobacter aerogeneahich
displays daily patterns of motility, is responsive to treatment by exogenous melgfbiiait has
not yet been examined, cortisol may also be a mechanism wherebpdheah entrain the
microbiome.As previously discussedjucocorticoidsfollows a circadian rhythm that is directly
entrained by the master clock of the SEdeding exogenous cortisol has been shown to modulate
the gut microbiome of pigs to promote thewth of coliform bacteria and suppreSalmonella
(Petrosus et al., 20183lverdy and Aoys (1991)mplied that treatment with glucocorticoids can
cause increased bacterial adherence to the mucosal wall of the hiSddjmary cortisol
concentratiorfiollows a 24 h rhythm in humaiikatz and Shannon, 196@lucocorticoid signaling
through saliva may be particularly impactful for ruminants, becassdiva erters the rumen

immediately after secretiand can directly impact thmicrobial community

Annual Rhythms

In addition to circadian rhythms, many organisms have eve\a@dannual timing system

to coordinate physiology acrofise year.This system uses environmental signals, primarily the
photoperiod, or l ength of daylight, to synchr
changes in climatéSeasoal temperature changes occurlue t he 23. 5A angl e of
whichcauss t he amount of solar radiation reaching
change across the yd#oster and Kreitzman, 2009@hese changes in temperature are furthered
byalbedg t he degree of sunlight refl ecAleedocss fr om
greatestear t he earthdés poles because ice reflect:

reflects less solar energy than lgellers et al., 1997PDther annual changes such as jet streams,
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ocean currents, tidal cycles, and cycles of rainfall create additional seasonal climates for organisms
to anticipatgNamias, 1976)

Many animak exhibit circannual rhythmsegulating numerouphysiological processes
including growth, reproduction, metabolisrand behavior.For example, ngratory birds display
fattening and ncturnal activity gugunrhug coinciding with spring and fall migrationThese
behaviors persist under constant light:dark (L:D) cycles, and can be modified by altering
photoperod (Gwinner, 1996) Many mammals including horsesheep and hamsters exhibit
endogenous yearly rhythmsfeftility (Geldach and Aurich, 2000Moreover many mammals and
birds conserve energy in the winter through hibernation or through entering a state of winter torpor

(Geiser and Ruf, 1995)

Annual Rhythms andReproduction

Many animals in seasonahvironments have evolved to reproduce during a certain time
of the yearThere is a clear advantage to birthing young during a time of high feed availability or
low predator abundanck herbivorous mammals, births are typically timed to occur irsfiing
when forage is readily available, providing the mother with ample calories to nurse her young
(Foster and Kreitzman, 2009[8heep Qvis arie$ are a classic example of seasonal breeders.
Domesticated ewes exhibit estrus and ovulation only during autumn and earlyreguiéng in
parturition in midspring (Robinson, 1951; Shelton and Morrow, 1968ams increase the
secretion of testosterone and production of sperm during the period of July through December,
corresponding to the time of estrus in the fem@lagoln, 1976; Dacheux et al., 1981)

Photoperiod is the major driver of the seasonality in sheep, but it is modulated by many
other factors such as nutritional statpsevious lambing date and lactatidhincoln, 1998)
Photoperiodic information is first sensed by the redimd transmitted to the suprachiasmatic nuclei

(SCN) of the hypothalamus by the photopigment melanopsin via photosensitive retinal ganglion
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(Foster and Kreitzman, 2009IDaylight increases the oscillation of the SQianderLeest et al.,
2007) During periods of low SCN activity (i.e. dark photoperiod), norepinephrine signals the
release of melatonin from the pineal glamalefferent nerve signalingimonneaux and Ribelayga,
2003) The binding of norepinepherine causes an influx of calciumpmeal cells,activating
arylalkylamine Nacetyl transferase (ANAT), the rate limiting enzyme in melatonin production
(Klein et al., 1983)

The pituitary gland is responsible for integrating photoperiodic information with
reproductive signal Thyrotroph cells in the pars tuberalis (PT) of the anterior pituitanydgéae
rich in melatonin receptoi@®lorgan et al., 1989)Thesemelatonin receptors are speegcific,
and are expessed at comparable levalsroughout the yeatMorgan et al., 1994)Briefly,
melatonin regulates the molecular clock of the PT by indu€myd expression and repressiRgrl
expressiorflilg et al., 2005; Johnston et al., 200B)is causes the relationship between abundance
of Perl and Crylto expand and contract throughout the day, Witiil expression reaching a
maximum at dusk anBerl peaking at dawnThe diurnal relationship dPerl and Cryl is an
example of an internal coincidence model that creates a yearly timekeeping mechanism implicated
in driving seasonal hormonal changes.

The seasonal effect of photoperiod modulates reproduction via thyroid hormone
production.Triiodothyronine (&), the active form of thyroid hormonaffects the pulsatile release
of GnRH from the hypothalamus, subsequently affecting the release of LH and FSH from the
anterior pituitarygland(Misztal et al., 2002)The activity of thyroid hormone is dependent on the
synthesis of Tfrom its inactive prohormone thyroxine4TThe enzymatic conversion of, 7o Ts
is dependent on the production of the enzyme thyroxine deiodh@BED2), which cleaves an
iodine moiety from the outer ring ofs(Watanabe et al., 2004 second deiodinase, DIO3, can
inactivate T3 by cleaving a second iodine molecule, to synthesize diiodothyronine (T

Photoperioddependent melatonin release regud#ite expression of both DIO2 and DIO3, as well
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as the release of thyroid stimulating hormoh8KIB) which is responsible for the initial production

of T4(Yoshimura, 2013)Theproduction of DIO2 from speciaiéd tanycyte cells in the ependyma

is increased, leading to greaterpfoduction(Dardente, 208). Alternatively, DIO3 production is
increased during sheday photoperiods, leading to inactivationTaf(Barrett et al., 2007)Both
mechanisms affect the seasigpendent release of gonadotrophins, leading to the annual rhythm
of fertility (Figure 2-3).

Kisspeptin, a hypothalamipeptide that controls the release of GnRH via estrogen
feedback, may also play an intermediate role in modulating seasonal breeding pattern of sheep.
Shortday photoperiod downregulated kisspeptin gene expression, and subsequently reducing
negative feedlizkk on GnRH secretion from the hypothalaniGtarke et al., 2009; Castro, 2016)

In male hamsters, treatment with exogenous kisspeptin was able to restore reproductive function
during shorday lighting (Bailey et al., 2017)This effect appears to be melatocdigpendent
because the photoperiodic effect does not occur afterl@bkdion(Revel et al., 2006Bar t z e n
Sprauer et al. (2014)emonstratethat in addition to kisspeptin, its @xtivators neurokinin B and
dynorphin are also inhibited during shday lighting, potentially helping to direct the seasonality

of reproductionWhile the relationship between photoperiodic melatonin signalingissgdeptin

production is clear, the mechanism governing this relationship has yet to be discovered.

SeasonalChanges in Feeding Bhavor and Metabolism

In the winter, reduced sunlight and cold temperatures lead to dormancy in mostAsants.
a resultthe availability of feed for herbivorous mammals is redud@edavoid winter starvation,
these animals must alter their metabolism to prepare for food shdntagedern livestock farming
systems, issues related to winter feed availability have beerneddbrough feed storage systems
such asnsiling forages, hay production, and the drying of cereal grdimsever, the seasonal

rhythm of forage production is still relevant for rangeland animals, and many of the physiological
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mechanisms that animals leaadapted to cope with seasonal feed availability may still exist.
Furthermore, the seasonal changes in plant growth can have tremendous consequences on the
nutrient composition of feed harvested at different times of the lyetire northern United State
digestibility of most legumes declines with the higimperatures of midummer because of
increased lignification of stalks, causing second and third cuttings of alfalfa to be less digestible
than alfalfa harvested at first cuttifigan Soest, 1994)Understanding how yearly changes affect
feeding behavior and metabolism in domestic ruminants may provide management strategies to
improve animal efficiency.

In many wild animals, food intake and body weight exhibit dramatic fluctuations
throughout the year. The body weight of golseantled ground squirrel<Céllospermophilus
lateralis) peaks from November to February and then declines to a nadir in June aftudlagr
and Boshes, 1982Pallid bats Antrozous pallidushave substantially gater body weight from
October to December than from April to Septem(B=rasley et al., 1984These seasonal changes
in feed intake appear to also be present in domesticated liveRtec&ntly,Ueda et al. (2016)
reportedhattotalrumendry matter and fibgnool sizewveregreater in the autumn than in the spring
in dairy cows with a reciprocal relationship of volatile fatty acid concentration within rumen fluid.
Alternatively, grazing sheep have been shown to increase feed intake in the(iirieget al.,

1978) While these changes may tedated to changes quality of pastur@cross the yeaevidence
suggestthatannual patterns of feed intaecurin non-pasture raised animalseedlot beef cattle
fed stored foragalsohave greater feed intake the fall than in the sprinfMujibi et al., 2010)
Together, these results may indicate that cattle have an annual rhythm of feed intake.

Leptin may be one factor responsible for the seasonal changes in feedliefatkeis a
hormone producedy adipose tissue that acts as a satiety sigreptin secretion of male
woodchucks fMarmota monakpeaks in the spring, causing a concurrent minima of yearly feed

intake (Concannon et al., 2001fpheep exhibit seasonahanges in leptin, with greater leptin
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concentrations occurring in August compared to Jan(idenry et al., 2010)Rousseau et al.
(2003)discoveredhat theeffectof leptin on adiposityn Siberian hamster$hodopus sungorjis
is affected by photoperiod, with lomay housed hamsters being more resistant to lipelysis
inducing effects ofeptin. However, administering exogenous melatonin appears to have no effect
on the annual rhythms pfasmadeptin concentr@ons, suggesting that the photoperiodic effects on
leptin concentration may be melatomimlependenfMustonen et al., 2005espite the intriguing
breadth of evidence correlating seasonal feed intake to matietion, mechanisms governing this
relaionship have not been explored.
Metabolic function is also under the influence of seasona#ityextreme example of the
seasonal role in metabolic rate ocdaranimals living in polar climatesdany arctic animis adapt
to cold temperature by restricting blood flow to their extremities to maintain a higher core body
temperatureln species such as arctic wolves, foxes, muskrats, and reindeer this can mean that the
temperature of their feet can drtmpnear 0°C(Brix et al., 1990) Caribou maintain blood fluidjt
in their cold extremities by increasing the concentration of fatty acids, especially unsaturated fatty
acids, in bone marro@eng et al., 1969 hese changes are also ofteacanpanied by a decrease
in metabolic rate and activity to conserve body fat resgiSelsolander et al., 1950Ylany non
arctic animal also exhibit seasonal changes in metabolicTiagewild Przewalski horseEquus
ferus przewalsKji displays an annual rhythm of basaétabolic rate with a peak occurring in
August (Arnold et al., 2006)and theNorth American mooseA(ces alceskxhibits a 1.4fold
increase in resting heat production during the suncmmipared to theiinter (Regelin et al., 1985)
There has been a large amount of research examinirgfféat d photoperiodon milk
production dairy cattldt has been known for several decadesdHanglight periodincreases dry
matter intake, milk production, and weight gaindairy cattle(Peters et al., 1978, 198Dahl et
al. (1997)observed that exposing dairy cows to a long day photoperiod (18 h light: 6 h dark)

increased milk yield and concentrations of circulating -IGEomparedto the natural winter
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photoperiod of < 13 h of lighOn the other hand, exposure to a shiay photoperiod in nen
lactatingcows duringthe dry period before calvinighproved milk production in the subsequent
lactation(Miller et al., 2000) These production responses are likely due to the photoperiodic effects
on prolactin signalingCrawford et al. (20153lemonstrated that the positive effects of lolay
lighting during lactatiortould be mimicked by the addition of exogenous prolactin, suiggebkat
it is the primary driver of the effects of photoperiod on milk synthesis.

Despite many species demonstrating photopedidgen seasonal rhythms in feed intake
and metabolism in mammals, there have been few studies determining if these rhytlhas can
maintainedunderconstant conditionBrinklow and Loudon, (1990¢stablishedhat Red Deer
(Cervus elaphysexhibit seasonal rhythms of feed intake even when placed in constant 18h light:6
h dark cycles and feald libitum Conceivably, a circannual rhythm of feed intake and metabolism
could exist and be driven by endogenous yearly rhythms of prolRctilactin plays a role in feed
intake as well as the initiation and maintenance of lactah dairy cowsBauman and Currie,
1980; Teyssot et al., 1981; Lawrence et al., 20@@)lactin is released from the pars distalis (PD)
of the anterior pituitary in response to melatordn inherent yearly rhythm of prolactin
concentration is maiatned in a constant photoperi@dartinet et al., 1992)he signathat directs
seasonal prolactin release based on photoperiodic information has yet to be identified, but a
hypothetical Otuberalind protein i (osterflarelor i zed
Kreitzman, 2009b)Dupréet al. (2010)dentified the tachykinins Substance P and Neurokinin A
as potenti al ©heTadlgeneawhichreicodpsrboth peoteinssvas shown toincrease

expression during londay photoperiods, and both are secretagogues for prolactin.

Seasonal Changes in Immunity
Activation of the immune system is a highly enedgmanding procesh.is estimated that

infection can lead to a 50% increase in basal metaboli¢lratdqhmiller and Deerenberg, 2000)



32

Therefore, the animal must balance energy efficiency with the ability to mount an appropriate
immune responsé&lany infectious agents follow distingearly patternsSeasonal variables such

as temperature, humidity, and sunlight, as well as host behswibras social interactipall affect

the survivability of pathogengGrassly et al., 2006)nfluenza is one of the most wd&hown
examples of a seasonal disease in humans, with outbreaks occurring most frequently in the late fall
and winter of temperate climatéBamerius et al., 2013)n pigs pneumonia infections are most

likely to occur during late winter and sprif@owart et al., 1992)n the winter and spring, bovine

viral diarrhea (BVD)incidence is the greatgftadostits and Littlejohns, 1988)he yearly pattern

of disease exposure creates predictable patterns that may be exploited by the immune system of
animalsBy keeping the i mmune syst e mthadgremosaibkdyd t o r
to be encountered, it can most efficiently allocate resources without expending unnecessary energy.

Photoperiod can alter the growth and function of many immune @déiks.number of
circulating leukocytes, B cells, T celland naturbkiller (NK) cells are increased by short day
photoperiod (SDPP) in Siberian hamstéBdbo et al., 2002) Furthermore, SDPP increases the
ability of NK cells to produce cytotoxicity via oxidative bu¢stellon et al., 1999)Nortlactating
dairy cattle increase neutrophil chemotaxis and lymphocyte proliferation in response to SDPP
(Auchtung et al., 2004)Additionally, season of the year can affect the functionality of specific
immune cellsMann et al. (2000pbserved a greaterT: Tw2 ratio in Rhesus macaquédgcaca
mulattg in the summer versus winteklternatively, the response giolymorphonuclear blood
monocytes (PBMCs) to H2 stimulation was gader in the winter than summer.

One mechanism of photoperiodic changes in immune function may be melatonin signaling
in immune cellsMany immune cells including Bells, T cells and PBMCs have membrane and
nuclear melatonin receptofBozo et al., 1997, 2004)he binding ® melatonin to these receptors
can have multiple effects on the immune systéreatment with exogenous melatonin increases

the systemic expression of-IL U -11 6L, -5, IL46, and 1l-:10 in endotoxemi@hallenged mice
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(EffenbergeNeidnicht et al.,, 2014) Removal of endogenous melatonin signaling via a
pinealectomy decreased thlgility for splenocytes to react totagen stimulation, and caused a near
depletion of lymphocyte@Maestroni et al., 1986Melatonin itself can function as an antioxidant

by scavenging free radicals to ameliorate oxidative s{Mago et al., 2003)

The seasonal change inamin D may be another possible explanation for the effects of
photoperiod on the immune systevfitamin D receptors (VDR) are present in nearly all immune
cells including macrophages, dendritic cells, neutrophils, T, @it B cellyBaeke et al., 2010)
Photoperiod affects the function of vitamin D through sunfigbtliated vitamin D activation.
Briefly, ultraviolet radiation from the sun catalyzes the conversioii-@éhydrocholesterol to
cholecalciferol (Vitamin B) in the epidermal layer of the ski@sfter two successive hydroxylation
steps in the liver and kidney, respectively, the active form of vitamin D-(il®&slroxyvitamin
D3) is available for binding to th#DR (Horst et al., 2005)The role of sunlight in activation
implies a strong photoperiodic effect on vitamin D metabollageed, 1,25lihydroxyvitamin
shows a strong yearly rhythm with plasma concentration pgaki the summe(Stumpf and
Privette, 1991)

While roles of melatonin and vitamin D may imply that yearly changes in immune function
are aresult of strictly exogenous photoperiod, there is evidence to suggest an umgderlyi
endogenous circannual rhythm of immune functiBrock detected a circannual rhythm in the
proliferation of B and T cells in C57BL/6 mice held in a constant photoperiod (12h light: 12h dark)
and temperature (22.5°@Brock, 1983) A similar experiment conducted in dogs under the same
photogeriod length also saw a circannual rhythm of total leukocytedyamghocytegSothern et
al., 1993) These experiments provide some credenckdodea of an inherent circannual rhythm

of immune function, however ormechanism has been described.
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Epigenetic Control of $asonality

Emerging evidence suggest that epigenetic modifications are important for the
maintenance and synmmization of cirannual rhythms.Stevenson and Prendergast (2013)
demonstratethat SDPP increased the amount of DNA rykition at the promoter region of the
dio3 gene in théypothalamus of Siberian hamsterhis led to decreased expression of diodinase
3, and greater inactivation of thyroid hormoike authors concluded that hypermethylation at the
dio3 promoter helps ecipitate seasonal reproduction by inhibition of reproductive activity during
summer monthgStevenson and Prendergast, 2018)erestingly, DNA methyltransferasand
global methylation were actually lower in hamsters under SDPP, likely indicating a myriad of other
epigenetic changes are under photoperiodic control in the hypothaldimeissame authors
observed that the same mechanisndioB methylation can occumnia cellautonomous manner
within immune cellsThe increased methylation of deiodinase 3 caused an accumulatign of T
within lymphocytes under SDPEStevenson et al., 2014furthermore, supplementing with
exogenous Jcaused lymphocytes to exhibit greater sensitivity to inflammation.

Stoney et al. (201§)rovidedadditional evidence that epigenetic programming may play a
role the seasonal changes of the immune sySibay observed that expression of HDACS, and
9 were found to be greater in mice under lolag (16h L: 8h D) versus sheitay (8h L: Bh D)
photoperiod Stoney et al., 2017These histone deacetylases were shown to reduce the expression
of nuclear factoe B (6NBF , a master regul at orWintefrelated f | a mma
behaviors also appear to be under the infleeokt epigenetic changeélvarado et al. (2015)
demonstratethat thirteerdined ground squirreldd¢tidomys tridecemlineatyigxhibit a reduction
in global DNA methylation within muscle and liver at the onset of winter torpor

Stevenson and Lincoln2Q17)have proposed a model of epigenetic control of circannual
rhythms, which postulates that circannual information is programmed into cells during early stem

cell developmentT hey bel i eve that this mechanism for ms
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information, which can be reprogrammed in adult cells if seasonal inputs changsects, it
appears that seasonal information can be passed transgeneratidaatipiawasps Nasonia
vitripennig transmitseasonasignak of diapause from mother to an undifferentiated egg, which
was recently discovered to be a result of photopetegbendent DNA methylatidiiPegoraro et al.,
2016) A similar mechanism appears to occuiSarcophagdlies, which demonstrate the ability

to transmit photoperiodic signals from mother to embryo during early larval development.

Conclusions

Across multiple timesales, biological rhythms serve to coordinate physiology with the
external environment hese biological rhythms are highly conserved across multiple organism,
illustrating their importanceNutrient metabolism, in particular, is highly influenced by both
circadian and circannual rhythmdoreover, nutrients themselves are important for entrainment
of biological clocksDesynchronization of the ddight cycle from the time of feed intake can
lead to metabolic diseases such as obesity and type |l diabé@mnansMoreover, matching
the time of feed intake with the timing of the biological clock in livestock species may serve as an

opportunity to improve the efficiency of animal production.
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Figure 2-1. Parameters used in theantification of biological rhythms.

Period is the length of time to complete one cycle of the rhythm. Amplitude is the difference between peak
and mean. Double amplitude is the difference between peak and trough. Acrophadarie at peak.
Bathyphase is the time at trough. Phase advance refers to shifting the rhythm curve so that the acrophase
occurs earlier than it did previously. Phase advance refers to shifting the rhythm curve so that acrophase

occurs later than it didreviously.
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Figure 2-3. Physiological mechanisms governing seasonal reproduction.
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Chapter 3

The effects of day versus night-restricted feeding of dairy cows on thelaily

rhythms of feed intake,milk synthesisand plasma méabolites

Isaac J. Salfer and Kevin J. Harvatine

This chapter will be submitted as a maaiptto the Journal of Dairy Science
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ABSTRACT

The timing of feed intake can alter circadian rhythms of peripheral tissues. Dairy cows
havewell-recognized daily rhythm of milk synthesis, but the effect of feeding time on these
rhythms is poorly characterized. The objective of this experiment was to determine if the time of
feed intake modifies the daily patterns of milk synthesis, key plasetabolites, and body
temperature in dairy cows. Sixteen Holstein cows were randomly assigned to one of two
treatment sequences in a croser design with 17 d periods. Treatments includedrdairicted
feeding DRF) with feed available from 0700 to 236Gand nightrestricted feedingNRF) with
feed available from 1900 to 1100To determine a rhythm of milk synthesisws were milked
every 6 h on the last 7 d of each period and blood samples were collected to represent every 4 h
over the day and analgd of glucose, insulin, negsterified fatty acidsNEFA), and plasma urea
nitrogen PUN). Body temperature was measured using indwelling vaginal temperature data
logger. The daily rhythms of milk yield and composition were modified by timing of feed
avalability. Peak milk yield was shifted from morning in DRF to evening in NRF, while milk fat,
protein, and lactose concentration peaked in the evening in DRF and the morning in NRF. Plasma
glucose, insulin, NEFA, and PUN fit daily rhythms in all treatmeNight-feeding increased the
amplitude of glucose, insulin, and NEFA rhythms and shifted the daily rhythms by 8 t¢*%2 h (
0.05). Night feeding also phase delayed the rhythm of core body temperature and DRF increased
its amplitude. Altering the time oééd availability shifts the daily rhythms of milk synthesis and
plasma hormone and metabolite concentrations and body temperature, suggesting that these

rhythms may be entrained by food intake.

Keywords: daily rhythm, milk synthesis, food entnanent, circadian
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INTRODUCTION

Feeding behavior, milk synthesis, and plasma metabolitesrgfaaivs follow daily
patterns that may be regulated by endogenous circadian rhi@iamnetto and Piccione, 2009)
Circadian rhythms are repeating cycles of about 24 h that govern many physidiagitahs
and allow organisms to anticipate changes in their environment. They are regulated at both the
systems level, through neural and humoral communication between tissues, and at the cellular
level, through transcriptionatanslational feedbacklpps of &écl ocké transcript
h protein phosphorylation cycles. In mammals, the master circadian pacemaker is located in the
suprachiasmatic nucleus (SCN) of the hypothalamus and is entrained by light through visual and
nontvisual photorecepts in the eyéPanda et al., 2002However, food intake can entrain
circadian rhythms of peripheral tissues such as liver and adipose tissue, independent of the SCN
(Casey and Plaut, 2012)

Milk synthesis follows a daily rhythm in dairy cows with peak milk yield occurring in the
morning, and milk fat and protein concentration peaking in the evéRwoigman et al., 2014)
This adaptation may have evolved to providenates with energdense milk at night when
environmental temperature is lower and nursing and foraging activity is minimal. Evidence for a
role of the circadian system in lactation has been demonstrated in both rodents and humans, with
over 7% of the humamammary transcriptome oscillating in a circadian magdaningat et al.,
2009; Casey and Plaut, 2012)

Dairy cows also exhibit a crepuscular pattern of feed intake, consuming the majority of
their feed during the daylight hours with large boutstike in the morning and evening
(Albright, 1993) Furthermore, intake is stimulatbg feed delivery and milkingDeVries et al.,
2005) Although most commercial dairy farms feed a total mixed ration (TMR) which is meant

provide cows with a consistent concentration of nutrients across the day, the daily pattern of
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intake and sorting of feed cause nutrient intake and absorption to fludiuatally (Rottman et

al., 2015) Moreover, the daily pattes of important peripheral hormones and metabolites such as
glucose, urea, nonesterfied fatty aciN&FA), and insulin can be altered by the time of feed
intake(Nikkhah et al., 208; Niu et al., 2014)

While there is evidence supporting a role of the mammary clock in lactation, little is
known about the relationship between feeding and daily rhythms of milk syntRetinan et al.
(2014)ob=erved that the amplitudes of milk fat and protein concentration are reduced by feeding
cows 4x/d compared to 1x/d. However, the response of the daily pattern of milk synthesis to
altering the timing of nutrient intake has not been examined.-Tésteictedfeeding is often
employed when studying food entrainment because it creates more robust changes in daily
rhythm compared to altering feeding time al¢8tokkan et al., 2001The objectives of this
study were to determine the effedf the time of timeestricted feeding on daily rhythms of milk
synthesis and the daily rhythms of plasma hormones and metabolites and body temperature. Our
hypothesis was that restricting feed availability to 16 h over the dark period would inveailyhe d
rhythm of milk synthesis relative to feed available for 16 h during the light period and result in a
commensurate change in the daily pattern of plasma metabolites, with smaller changes in the

daily rhythm of body temperature.

MATERIALS & METHODS

Animals and Treatments

All experimental procedures were approved by the Pennsylvania State University
Institutional Care and Use Committee. Sixteen multiparous Holstein cows (183 + 103 d
postpartum; mean + SD) from the Pennsylvania State University Rasgarch and Teaching

Center were randomly assigned to one of two treatments sequences (n = 8 cows per sequence) in
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a crossover design. Treatment periods were 17 d and included 10 d of treatment adaptation with
2x/d milking and 7 d of 4x/d milking. Animsiwere housed in individual t&talls and hadd

libitum access to water. Cows were maintained in a 19 h light and 5 h dark photoperiod with

lights on from 0500 h to 0000 h. Treatments included (1)rdalyicted feeding@RF) with feed
available for 16 ld from 0700 to 2300 and (2) nighastricted feedingNRF) with feed available

for 16 h/d from 1900 to 110@Figure 3-1A). All cows were fed the same diet offered at 110% of
the previous daybés intake and intake was recor
immediately delivered to the DRF group. The remaining feed was compressed into plastic barrels,
covered withplastic, and stored at ambient temperature until feeding to NRF at 1900 h. Feed
samples were collected on d 7 and 14 of each period, composited by period and analyzed for dry
matter, crude protein, fiber, neutral detergent fiber, acid detergent fibexshmncentrations
according taRico and Harvatine (20185upplemental Table 8-1). The experiment was

conducted from February to March of 2016.

Milk Sampling and Analysis

Cows were milked 4x/d (0500, 1100, 1700 and 2300 h) for the last 7 d of each period to
observe the daily rhythm of milk synthesis. Milk collected at each time point represented milk
synthesis during previous 6 h, and data wereesgad as the midpoint of the previous milking
interval (3 h prior to collection). Milk yield was measured at each milking using an integrated
milk meter (AfiMilk MPC Milk Meter; Afimilk Agricultural Cooperative Ltd., Kibbutz Afikim,
Israel) and correcteaf the deviation of each individual stall according\taireen et al. (2018)
Milk was sampled at all milkings on the last 2 d of each period. One subsample was stored at 4°C
with a preservative (Bronola¥/1l; Advanced Instruments, Inc., Noorwood, MA) prior to
analysis of fat and protein concentration lmgfer transform infrared spectroscopy (Fossomatic

4000 Milko-Scan and 400 Fossomatic, Foss Electric; Dairy One DHIA). A second subsample was
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stored without preservative at 4°C and centrifuged at 3P@ithin 12 h. The resulting fat
cakes were stored #20°C and analyzed for concentrations of individual fatty adtdg (

according tdBaldin et al. (2018)

Feeding Behavior Observation and Analysis

The daily pattern of feed intake was monitored in nine of the 16 cows using an automated
feed observation system describedRmttman et al. (2015Briefly, feed in hanging feed tubs
was weighed and recorded every 10 s from d 8 to 17 of each period by an electroceét! load
connected to a data acquisition system. To characterize feeding behavior, the number, length and
size of meals as well as the intermeal interval, eating time, and eating rate were determined as
describedNiu et al. (2017)Hunger ratio was calculated as meal size divided by the previous
intermeal interval and satiety ratio was determined as meal size divided by the ensuing intermeal
interval. To characterize the rate of feed intake across the day, the data were sinwoothed
calculating a running average over 180 s, the rate of feed intake was the determined over 10

minute intervals before averaging across 2 h intervals as descriliattnyan et al. (2015)

Plasma Sampling and Analysis
Blood was collected by venipuncture of a coccygesabkel using potassium EDTA
vacuum tubes (Greiner Bidone North America, Inc., Monroe, NC). Samples were collected at
six time points on d 15 to 17 of each period to represent every 4 h across the day (0300, 0700,
1100, 1500, 1900, and 2300 h). Blood wamidiately placed on ice and centrifuged within 1 h
at 2300 xg for 15 min at 4°C. Plasma was collected and storePl0AC for analysis of glucose,
NEFA, plasma urea nitrogeUN), and insulin concentrations accordindgrdtman et al.
(2014) Briefly, plasma glucose concentration was analyzed using a glucose oxidase/peroxidase

enzymatic colorimetric assay (No. P 7119, Sightdrich, St. Louis, MO) NEFA concentration
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was measured with an using a€oA oxidase/peroxidasmzymatic colorimetric assay (NEFA
HR (2), Wako Diagnostics, Richmond, VA), PUN was assayed using a modified Berthelot

methodology (Modified Enzymatic Urea Nitrogen Procedure No. 2050; Stanbio Laboratory,
Boerne, TX), and insulin was determined using ipe 12-insulin radioimmunoassay kit with

correction based on bovine insulin{E2K Porcine Insulin RIAEMD Millipore, Billerica, MA).

Body Temperature Recording

Core body temperature was recorded every 10 min on d 12 to 17 of each period using an
intravaginal temperature data logger. A miniature plastated thermometer (iBCod; Alpha
Mach Inc., Saintdulie, QC, Canada) was fastened to a progestdreaeCIDR vaginal implant
(Zoetis, Inc., Parsippanjroy Hills, NJ) and placed centrally in thegitaa of the cows using an

insertion tool. Raw data was averaged over 2 h intervals.

Statistical Analysis

All statistical analysis was performed using the MIXED procedure of SAS 9.4 (SAS
Institute, Cary, NC). Daily DMI, milk production, and FA yields were analyzed using the fixed
effects of treatment, period, and the interaction of treatment by period arzchdttoen effect of
cow. Repeated measures analysis was performed on data observed multiple times per day to test
the interaction of treatment and time of day on milk production, rate of feed intake, and plasma
metabolites and hormones. The model includeditied effect of treatment, period, and the
interaction of treatment and period, the random effect of cow, and the repeated effect of time of
day. The AR(1) or ARH(1) covariance structure was selected based on convergence criteria, and
denominator degreesd freedom were adjusted using the KenwRBher method. Preplanned

contrasts tested the effect of treatment at each time point.
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Time course data for milk production, plasma hormones and metabolites, and body
temperature were fit to the linear form of@sine function using random regression in SAS 9.4.
The model included the fixed effect of treatment, cosine terms, and the interaction of treatment
with the cosine terms and the random effects of cow and period. A 12 h harmonic was also tested
for the daly patterns of plasma hormones and metabolites and body temperature but was removed
because it did not improve model fit according to Bayesian information criterion. The fit of the 24
h cosine was determined using a zanaplitude test, an-Fest comparing full model
containing the linear form of the cosine function to a reduced linear model. The acrophase (time
at peak) and the amplitude (difference between peak and mean) of the 24 h rhythm were
calculated and significance determined as describédlbgt al. (2014)In all analyses, points
with Studentized residuals outsidet0B.5 were removed. Statistical significance was declared at
P < 0.05 and trendacknowledged at 0.05R < 0.10.High resolutim figures were generated

using an addn for Microsoft Excel(Kraus, 2014)

RESULTS

Eating Behavior

Total daily dry matter intake was not affected by the time of feed restriction (Table 1).
Both treatments consumed the greatest amount of feed in the first 2 h following feed delivery
(Figure 3-1B). However, the NRF treatmehad a higher rate of intake after feed delivery,
consuming 21.6% (9.6 kg) of their feed per hour in the first two hours after feed delivery
compared to 15.6% (5K) in the DRF groupR < 0.0001).

The time of feed availability had no effect on meal size, number of meal bouts per day,

eating time/d, eating rate, or average intermeal inteBugbflemental Figure $-1). However,



47

DRF increased average meal length 5.1 miR/d 0.02) and increased hunger ratio 40 (

0.01), while the satiety ratio was not modified.

Rhythm of Milk and Milk Components

The timing of feed restrictiodid not alter daily yield of milk and milk fat and protein or
daily average concentration of milk fat and protein (Table 1). However, milk yield fit a cosine
function with a 24 h period in both DRP € 0.04) and NRFK < 0.0001;Figure 3-2A). The
acrophase of milk yield was delayed 8.1 h by NREk (0.05), and the amplitude of the rhythm
was 32% greater in DRF than NRF.

Night-restricted feeding decreased total daily nfélkyield (P = 0.03; Table 1). Milk fat
yield fit a daily rhythm with an amplitude of 16.5 g and an acrophase at 0703 inRNRF (
0.0001), but did not fit 24 h rhythm in the DRAHjgure 3-2B). Milk fat concentration fit a 24 h
rhythm in NRF P < 0.0001) and tended to fit a daily rhythm in DRF=0.06;Figure 3-2C).

There was an effect of treatment on the rhythm, as milk fat concentration was phase shifted,
peaking at 1156 h in DRF compared to 0207 h in NR& (.05) and the amplitude was
increased by 64% in NRF compared to DIR(0.05).

Milk protein yield fit a daily rhythm in both DRF and NRFF< 0.001;Figure 3-2D)
with the peak of the rhythm occurring at 0211 h in DRF and at 0738 in RRP05). The
amplitude of the daily rhythm of protein yield was 30.1 g in DRF and was decreased to 10.4 g by
NRF (P < 0.05). Both DRF and NRF also exhibited daily rhythm of milk protein concentr&tion (
< 0.02;Figure 3-2E). Treatment modified the timing of the rhythm with DRF pealah@525 h
and NRF peaking at 0029 R € 0.05). The robustness of the rhythm was increased oveotd/o

by NRF, which had an amplitude of 0.11% compared to 0.05% in BRFO(05).
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Milk FA Yield and Profile

Compared to NRF, danestricted feeding incread FA originating from de novo
synthesis in the mamma0.08)agdmaxeddsouite FAThas origifate< 16 C;
both from de novo synthesis and pr E6000med FA wu
Figure 3-3A) . However, no difference in yield of pre
treatments.

Both de novo and mixed source FA fit a cosine function with a period of 24 h in both
treatments, byptreformed FA only fit a cosine function in DRF € 0.05;Figure 3-3D-F). The
acrophase of the de novo FA rhythm was delayed 6.7 h by NRF (0108 vs ¢75®H)5) and
DRF increased the amplitude of the rhythm by 38% (.05). The acrophase and amplitude of
the mixed FA yield rhythms were also altered by treatments, with DRF peaking at 0032 h and
NRF peaking at 0721P(< 0.05), and NRF having a 34% greater amplitude BDRF @ < 0.05).
Similar to the de novo FA rhythm, nigtestricted feeding increased the robustness of the mixed
FA yield rhythm, increasing its amplitude 34% compared DIRE (.05). Of the 44 individual
fatty acids quantified, 15 fit a daily rhythmliwth DRF and NRF, 10 fit a rhythm in DRF only, 6
fit a rhythm in NRF only, and 13 did not fit a rhythm in either treatment (Supplemental Table S2).
Fatty acids generally followed a similar daily pattern as their source grouping (de novo, mixed
source, pradrmed).

To assess the potential cause of the reduced de novo fatty acid synthesis, milk fat
concentrations dafans-10 C18:1 {10) andtrans-11 C18:1 (11) were determinedrans10 C18:1
is produced by the alternate biohydrogenation pathways and is elevated during biohydrogenation
induced milk fat depression aftll is a product of the normal biohydrogention pathway and is
increased with slowing of the normal biohydrogenationyay{Griinari et al., 1998)The
concentrations afLlO andt11 were analyzed as a percent of 18 carbon FA, rather than asatper

of total FA to avoid bias of changes in de novo and mixed FA. Nagtticted feeding increased
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t10 by 16.3% P = 0.02) and11 by 32.8% P = 0.001) compared to NRIFigure 3-3B). Botht10
andtl1 fit daily rhythms in both treatment® & 0.0001;Figure 3-3G&H ). Milk fat t10 was
phase delayed 12.1 h by NRF, with NRF peaking at 1038 and DRF peaking aP223405%).
The amplitude of10 was increased by NRF compared to DRF (0.08% vs. 0.P696,05). Like
t10, nightrestricted feeding caused a complete inversion of the daily rhythth& of
concentration, shifting the peak from 1816 in DRF to 0604 in NRE @.05). The amplitude of

t11 was not affected treatmem ¥ 0.10).

Plasma Hormones aniletabolites

Plasma glucose fit a 24 h cosine in both the DRE 0.03) and NRFF < 0.001), with
NRF increasing the amplitude of the rhythm by 14%4 (0.05;Figure 3-4A). Night-restricted
feeding also phase shifted plasma glucose, with the acrophase occurring 10.2 h later in DRF than
NRF (P < 0.05).

Plasma insulin concentration fit a 24 h cosine function in both treatnieqt6.001),
with no difference in mean insnliconcentration between DRF and NARF=(0.69;Figure
3-4B). Nightrestricted feeding shifted the acrophase of insulin production 8.0 h and increased the
ampl i t udnrel cédnpded o DRFR< 0.05).

Concomitant with the shift in plasma insulin rhythms, the rhythms of plasma NEFA
concentration were dramatically altered by treatmEigiufe 3-4C). Both treatments exhibited 24
h rhythms in plasma NEFA?(< 0.01), but the acrophase of the rhythms were markedly different,
with DRF rhythms peaking at 0614 and NRF peaking at 1B57(0.05. Additionally, NRF
increased the amplitude of the NEFA rhythm 3.3 féle (0.05). This increase in amplitude in
the NRF treatment was due to a dramatic rise

hours into the fasting period.
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Plasma urea nitgen fit a 24 h rhythm in DRAP(= 0.02) and tended to fit a rhythm in
NRF (P = 0.08). The rhythm of NRF was completely inverted with respect to the DRF, with DRF
peaking at 0209 h and NRF peaking at 142& (.05). Moreover, the amplitude of the PUN

rhythm was 20% grear in DRF than NRF (P < 0.05).

Body Temperature
Body temperature fit a 24 h cosine function in both treatm@&mws(.05) and was
modified by timing of feed restrictiofr{gure 3-5). NRF delayed the phase of the rhythm 15.5 h

(P < 0.05) and increased the amplitude 75% compared to BRFO(05).

DISCUSSION

The rate of feed intake was greater after food delivery in the NRF compared to DRF,
which is consistent with previous results reporting that feed delivery 1x/d at night increases intake
in the first the 2 to 3 h after feeding compared to feed deliveheimibrningNikkhah et al.,

2008; Niu et al., 2014 Cows naturally exhibit a crepuscular pattern of intake, with highest intake
occurring at dusk and at dawn and a decline akimbvernight, and TMfed cows normally

have high intake at feed delivery and the late afternoon and early evening and low intake in the
overnight periodDeVries and von Keyserlingk, 2009h NRF, feed was withheld during the
high-intake afternoon period of the day (1100 to 1900 h), whereas DRF cows were without feed
during the lowintake night. The greater rate of intake immediately after feeding in NRF suggests
greater hunger signaling presably due to the circadian pattern of hunger and sather

species display 24 h rhythms of hungéumans, for example, exhibit the greatest appetite in the
evening, and lowest in the morning, independent of sleeping time or food (Btdieer et al.,

2013) Moreover, rats display circadian rhythms of meal size and meal frequency under constant
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illumination (Rosenwasser et al., 198Despite the difference in the daily pattern of feed intake,
total dry matter intake did not differ between treatments because DRF compensated by increasing
intake in the afternoon compared to the cqoesling period in NRF (0100 to 0700 h).

Dairy cows generally have greatest milk yield in the morning and greater fat and protein
concentration in the evening when fed ad libitum with feed delivered in the md¢@Qugs et al.,
2008; Rottman et al., 2014pur results confirmed these findings, but demonstrated that night
restricted feeding shifts this daily pattern 8 hours later in the day. The change in the rhythms of
milk and milk component synthesis in response to altered feeding time is either due to a change in
avail able substrate for milk synthesis or entr
FVB mice, timerestricted feeding shifted the rhythms ofata@enes in the mammary gland, and
affects the rhythmic gene expression of transcription factors (SREBP1c, Spot 14) and enzymes
(SCD1 and FASN) related to milk fat synthesimpublished dath These results suggest that
alterations in the mammary molecutdock may mediate the response of feeding time on
rhythms of milk synthesis, but further research must be conducted to evaluate this effect.

The decrease in total milk fat yield and de novo and mixed fatty acids in NRF compared
to DRF indicates that deowo fatty acid synthesis was reduced by niglstricted feeding.
Concomitant with the decrease in apparent de novo fatty acid synthesis, the concentrbfion of
C18:1 was elevated in NRFrans10 C18:1 is highly correlated with reduced milk fat synthesi
in dairy cows as it is associated with production of bioactive intermediatestedirisel 0
pathway(Lock et al., 2007)Howevertl11l C18:1, the intermediate of normal ruminal
biohydrogenation was also increased by NRF, which commonly occurs due to a sibikiemg o
normal pathway in conjunction with the shift to the alternate BH patliRi@p and Harvatine,
2013) The decrease in ruminal biohydrogenation in NRF may be related to the daily pattern of
intake. The NRF group consumed a large percentage of their feed during the first 2 hours after

delivery, while DRF had more stable intake across the day. Previoasctesiemonstrated that
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stabilizing feed intake through 4x/d feeding increased milk fat yield and dect¢8s&d8:0
(Rottman et al., 2014Yhe changes in daily patterns of de novo, mixed source, and preformed
FA closely reflected the daily pattern of milk yielthe daily pattern ofLl0 C18:1 appeared to be
highly impacted by time of feed restriction, peaking at the start of the fasting period in both
treatmentsTrans1l C18:1, meanwhile, peaked in the middle of the feeding period, 13 hours
after feed deliveryn both treatments.

The effect of time of feed restriction on daily rhythms of fatty acids may also be due to
differences in entrainment of the mammary circadian clock. Previous research from other models
suggests circadian regulation of lipid metaboligmlactating rats, mammary lipogenesis and
activity of acetylCoA carboxylaseACC), the enzyme that catalyzes the #atg@ting step in FA
synthesis, follow clear daily pattern with a nadir at 15¢Manday and Williamson, 1983)
FurthermoreHems et al. (1975)etected daily rhythms of FA synthesis ie tlvers of mice.
Similarly, the current study indicates that FA synthesis follows a daily pattern in the mammary
gland of cows. Several metabolic pathways linking the circadian clock to FA metabolism have
been characterized, including the peroxisome faratioractivated receptoPPAR) family of
nuclear receptors, which act as master regulators of lipid metabolism in multiple tissues and the
cellular energy sensor AMRctivated protein kinasé&\MPK ) influences the period of the
circadian clock while alsincreasing the expression of AG@rdan and Lamia, 2013; Chen and
Yang, 2014) The results of this experiment provide additional support thapae RA synthesis
is controlled by the circadian rhythm of the mammary gland and suggest that this rhythm is
modified by timing of nutrient absorption.

Similar to previous reports in dairy cat{@iannetto and Piccione, 2008)d other
speciegRudic et al., 2004)plasma glucose concentration fit a 24 h rhythm. Furthermore, both
glucose and insulin concentrations w@hase shifted by NRF compared to DRF. Circadian

control over glucose metabolism in experimental models has beeasiadilished. In mice, a
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functioning cir caeelsinrequitedfor knaintenange af msulinesensitivity b
(Sadacca et al., 201Ihe amplitude of NEFA concentration was greatly increased in NRF
compared to DRF. This is likely a consequence ofithly pattern of hunger and satieGattle
typically increase feed consumption during the afternoon, suggesting greater hunger signaling
during this timgRay and Roubicek, 197.1)he results of the current experiment suggest that
fasting during the higimtake afternoon period of the day causes gregtier fhobilization than
fasting during the lovintake overnight period. These results were similar to those reported in
rats, which displayed a shift in the daily pattern of insulin release when they were fasted during
the early part of their active peri¢g8himizu et al., 2018)nsulin in a potent inhibitor of hormone
sensitive lipase, the enzyme responsible for causing lipid mobilization from adipose tissue
(Locher et al., 2011)Peak NEFA concerdtion in both treatment groups coincided with the nadir
of insulin releaseShostak et al. (2013¢ported that lipolysis from white adipose tissue follows a
daily pattern, and showed usi@d o c largdBngal”” mice that these patterns were controlled by
the molecular ciradian clock. The current study provides evidence suggesting a similar
mechanism may occur in dairy cows.

The shift in body temperature by the time of timstricted feeding likely demonstrates a
change in the central circadian rhythm. This result of thieeat study showed a more extreme
shift in the rhythm of body temperature than previously observédbgt al. (2014)who
reported a 3 hour phase delay after feeding at 2030 compared to 0830, weiiricting the time
of feed availability. Our results also agreed with research performed in mice which showed shifts
in the body temperature rhythms when food was restricted to the inactive (aiotbla et al.,
2000) The change in body temperature may also be responsive to feeding pattern due to changes
in heat produced by rumen fermentation across the day. This may be a mechanism by which
ruminants can directly nasfy body temperature in response to feeding. Shifts in the rhythm of

body temperature may play a role in altering other daily rhythms within the animal because body
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temperature has been shown to be capable of entraining peripheral circadian clocks ailsnamm
(Brown et al., 2002)

In conclusion, timing of feed intake dramatically altered daily rhythms of milk synthesis,
plasma hormones amdetabolites, and body temperature. Modification of the phase of milk
synthesis by temporal changes in absorption of nutrients indicates possible changes in the
mammary molecular clock. Timing of nutrient intake also influences the central circadian clock,
evidenced by the shift in the body temperature rhythm. The fasting response was more dramatic
for cows on the NRF treatment, having a greater-fgesting feed consumption rate, and greater
premeal NEFA concentrations, which is likely due to the circadigthm of food intake. This
study supports the hypothesis that timing of nutrient absorption modified the daily rhythms of

milk synthesis, likely due to entrainment of the mammary circadian clock.
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Figure 3-1. Effect of day versus nightestricted feeding othe daily pattern ofeed intake.

Panels show(A) Daily schedule of feed availability and milking time for e@gtricted feeding@RF;

feed available for 16 h/d from 0700 to 23@dd nightrestricted feedingNRF; feed available for 16 h/d

from 1900 to 1100) treatments and milking times. Cows were adapted to feeding schedules for 10 d prior to
7 d of 4x milking. (B) Effects of day versus night feed availability on the rate ofifisegke (kg DM/h).

Data are presented as the least square means with standard error bars for every 2 h period. Preplanned
contrasts of the effect of treatment at each time point are si&wn(.05).
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Figure 3-2. Effect of day versus nightestricted feeding on daily rhythms of milk yield and milk
components.

Treatments were feed available for 16 h during the day-festyicted feedinglRF); feed from 0700 to

2300] or feed available for 16 duritge night [nightrestricted feedingNRF); feed from 1900 to 1100].
Data are presented as LSM with SEM bars. Panels show the effect of day vsesiigtted feeding on the
daily pattern of A. milk yield (kg), B. milk fat yield (g), C. milk fat conceation (%), D. milk protein yield

(9), E. milk fat concentration (%)Amplitude- difference between peak and me#crophasetime at peak

of the rhythm 3P-value of the zer@amplitude testThe black and whit bars above the-axis display the

light: darkcycle.



57

Figure 3-3. Effect of day versus nightestricted feeding on the daily prodion and daily pattern
of milk fatty acids

Treatments were feed available for 16 h during the[day-restricted feedingdRF); feed from 0700 to
2300] or feed available for 16 during the night [nigistricted feedingNRF); feed from 1900 to 1100].
Panels show effect of day vs. nigkstricted feedingofA)t ot al daily vyi el dmixed de

(E 16C FA), and pr ef or(B)daly ayefage>mikefaEoncertrptionFofrang1 / d ) ,

C18:1 €10)trans11 C18:1 £11; % of total C18 FA)(C) daily patterns of milk denovo FA yield (g/dR)
daily patterns of milk10 concentration (% of total C18 FAYE) daily patterns of milk mixed source FA
yields (g/d),(F) daily patterns of milk11l concentration (% of total C18 FA)3) daily patterns of milk
preformed FA yields (g/d}fAmplitude- difference between peak andam.?Acrophasetime at peak of the
rhythm.3P-value of the zer@amplitude test. Data are presented as LSM with SEM Bhesblack and whit
bars above the-axis display the light: dark cycle.
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