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Prefa
e
This thesis do
uments the resear
h performed by Peter Larsen at the De-partment of Physi
s at The Te
hni
al University of Denmark from Septem-ber 2006 to September 2009. The thesis is submitted as partial ful�lmentof the requirements for the degree of philosophiae do
tor. The work was
ondu
ted under the supervision of Professor Erik Mosekilde.The thesis 
onsists of several studies all of whi
h are asso
iated withthe general topi
 Biosimulation of water and salt balan
e. None of thestudies are 
on�ned to a 
lassi
al s
ienti�
 dis
ipline, and they are 
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us on mathemati
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al systems. The work 
ould not have been done without the helpand assistan
e from a number of people.My home base during the 3 years was my o�
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al phenomena.These dis
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ial thanks goes to my PhD-
olleagues Christian Bentzen,Wiktor Mazin, and Jakob Laugesen for keeping us a�oat through the trou-bled waters of PhD-resear
h. And I would also like to thank all of my
olleagues at the Department of Physi
s for being the kind and helpfulpeople you are.During the spring of 2008, I spent 6 months with the group of ProfessorHanspeter Herzel at the Institute of Theoreti
al Biology, Humboldt Uni-versity in Berlin, Germany. This was a truly inspiring experien
e. I wouldlike to thank everyone in Hanspeter's group ITB, and espe
ially Hanspeterhimself for introdu
ing me to the ex
iting topi
 of 
ir
adian rhythms. LikeErik, he also made me 
on�dent that it is an enri
hing experien
e to travelon the many bridges between mathemati
s, physi
s, and biology.In the autumn of 2009, when I was on the look out for experimentali



iidata, I was lu
ky to establish a 
onta
t with the group of Professor JensChristian Djurhuus at Skejby Hospital in Aarhus. They kindly providedme with an interesting dataset from a 
lini
al study. I am very gratefulfor that, and I will like to extend my spe
ial thanks to Jens ChristianDjurhuus, Charlotte Graugaard-Jensen, and Frank Høj. Had it not beenfor the temporal limits of the proje
t, I would have loved to dive furtherinto their sto
k of interesting 
lini
al data.I would also like to thank Lars Eri
hsen at Ferring Pharma
euti
alsA/S for dis
ussions on PK/PD models of ddAVP fun
tion. Unfortunately,our 
ollaboration did not make it all the way to the �nish line, but thedis
ussion served as inspiration for other parts of the work.Finally, I would like to thank my family for their support. And last, butstill �rst and foremost, I admire and I am deeply indebted to my wife, Pia,for being a loving, 
aring and stable support for me throughout the wholeperiod. And thanks to the extension of my deadline, I am proud to saythank you to my little daughter, Freja. She truly makes you aware that lifeis indeed beautiful.

Peter Larsen



Abstra
t
Biosimulation of water and salt balan
e is the topi
 of this report. Fivestudies approa
h the 
entral theme from di�erent angles. The �rst studyfo
uses on the dynami
 regulation of membrane proteins with spe
i�
 at-tention to the insertion of aquaporins in the membrane of kidney 
olle
tingdu
t 
ells. Supported by a dynami
al model, we explore the parameterspa
e of exo
ytosis, endo
ytosis and trans
riptional regulation by the hor-mone vasopressin. The analysis supports the hypothesis of regulation ofboth exo- and endo
ytoti
 rates during hormonal stimulation. In the se
-ond study, we fo
us on the regulation of water and solute permeability inthe kidney. A model of the 
olle
ting du
t 
learly identi�es the di�erentroles of water and solute reabsorption, and that the two 
an be separatedby the biophysi
al reabsorption pro
esses. The third study extends themodelling framework to the whole organism, and we formulate a model ofbody �uid and solutes, and its regulation by vasopressin. The model su
-
essfully repli
ates results from a simple experiment of water drinking. Inthe fourth study, we turn the attention to the 
ir
adian rhythms of physio-logi
al variables in two groups of subje
ts exposed to di�erent �uid intakes.In spite of di�erent �uid intake, vasopressin levels are not a�e
ted, whereasatrial natriureti
 peptide levels show larger dispersion during high �uid in-take. Using a Fourier s
ore te
hnique, we see indi
ations of disruption of
ir
adian rhythms in plasma potassium levels during high �uid intake. The�fth study also fo
uses on 
ir
adian rhythms. In this study, we look for
ir
adian trans
ription fa
tors asso
iated with a list of blood pressure reg-ulating genes. The analysis identi�es 11 spe
i�
 trans
ription fa
tors, outof whi
h there are 5 
andidates for 
ir
adian trans
ription fa
tors. Themodelling work demonstrates the validity of a me
hanism-based approa
h,and the data analyses with fo
us on 
ir
adian rhythms reveal interestingresults and motivate further investigations in the same dire
tion.iii





Resumé
Biosimulering af væske- og saltbalan
en er det gennemgående emne i dennerapport. I fem studier angribes emnet fra forskellige vinkler. Det førstestudie fokuserer på dynamisk regulering af aquaporiner i membranen påsamlerørs
eller i nyrerne. Med udgangspunkt i en dynamisk model ud-forskes parameterrummet for exo
ytose, endo
ytose og transkriptionel reg-ulering af hormonet vasopressin. Analysen understøtter hypotesen om sam-tidig regulering af exo- og endo
ytose ved hormonel stimulering med vaso-pressin. I det andet studie fokuseres på regulering af vand- og saltreab-sorption i nyrerne. En model af samlerøret identi�
erer, hvordan vand- ogsaltreabsorption spiller sammen. Det tredje studie introdu
erer en modelaf organismens regulering af væske og salt og respons på væskeindtag viavasopressin. Modellen reprodu
erer eksperimentelle resultater af væskeind-tag på baggrund af uafhængigt estimerede parametre. I det fjerde studieundersøges 
ir
adiane rytmer i fysiologiske variable i to grupper af indi-vider udsat for forskellige væskeindtag. På trods af forskelligt væskeindtager vasopressinniveauet det samme i de to grupper, men atrial natriuretiskpeptid niveauer har større dispersion ved højt væskeindtag. Ved hjælp af enFourier s
ore metode ses indikationer på at den 
ir
adiane rytme i kaliumplasma kon
entrationen forstyrres ved højt væskeindtag. Det femte studiefokuserer ligeledes på 
ir
adiane rytmer. Det undersøges hvorvidt 
ir
adi-ane transkriptionsfaktorer er overrepræsenterede i en liste af blodtryksreg-ulerende gener. Analysen identi�
erer 11 transkriptionsfaktorer, hvoraf 5er kandidater som 
ir
adiane transkriptionsfaktorer. Modelleringsarbejdeteksempli�
erer værdien af en mekanisme-baseret tilgang til modellering, ogdataanalyserne med fokus på 
ir
adiane rytmer afslører interessante resul-tater og motiverer videre undersøgelser af samspillet med døgnrytmer påtværs af biologiske niveauer. v
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Chapter 1Introdu
tion
Biosimulation is a true interdis
iplinary 
hallenge. The bary
entre is of
ourse a biologi
al problem, and around it evolves a myriad of analyti
,statisti
al and experimental te
hniques that all 
ontribute to the des
rip-tion, the quanti�
ation and, ultimately, the understanding of the underlyingsystem and its me
hanisms. In the 
urrent work, the biologi
al problem iswater and salt balan
e of the human organism. The 
omputational ap-proa
hes are based on a wide variety of experimental data.One fo
al point has been the 
onstru
tion of me
hanism-based models.The point of departure of this modelling approa
h is the 
ausal des
rip-tion of the fun
tional me
hanism of the system. The models in this workrepresent an e�ort to use models as a quantitative tool that integrates ba
k-ground information at various levels. This is not 
on�ned to the spe
i�
modelling te
hnique as su
h, but rather to the s
ope and boundaries of theproblem itself. The models provide a methodology to quantitatively 
om-bine many sour
es of information, and they may be used to generate newhypotheses.But models are not reality. Models are just models. Models are simpli-�ed, s
hemati
 representations of a system that address problems in timeand spa
e. It is a mathemati
al des
ription that relies on established re-lations between variables and parameters. Behind ea
h variable and pa-rameter lies a ri
h volume of s
ienti�
 knowledge. A model is not a �xedrepresentation, but rather a �exible entity that 
an be transformed to an-swer new questions that may arise.The 
onstru
tion of physiologi
al and biologi
al models is 
umbersomeand extremely time 
onsuming. In 
ontrast to e.g. physi
s, there is a la
k ofwell-de�ned and unquestioned, quantitative laws of nature within biology.Every formulation is and should be doubted. Empiri
al eviden
e is also1



2 CHAPTER 1. INTRODUCTIONnot as strong as in other dis
iplines. Biologi
al systems are also inherentlymulti-s
ale, sin
e living organisms are dependent on the tiniest details atatomi
, mole
ular, 
ellular levels, and at the same time we know that theydo work at larger s
ales of whole organism and even at e
ologi
al and so
ials
ales. So the question of whi
h level of organisation that we want to modelis absolutely 
ru
ial.Likewise, temporal organisation of biologi
al systems is extremely 
om-plex. Consider how blood pressure is regulated. A sudden 
hange fromlying down to standing up will require a fast stabilisation of blood pres-sure that rea
ts within minutes, and one might ask how this is linked tothe daily variation of blood pressure that assures a lower blood pressureduring nighttime or even the de
ade-long development of the serious 
on-dition of hypertension. This example illustrates the need for identi�
ationof the spe
i�
 temporal s
ale in 
onsideration and the need for extra
tingtemporal information. Computation te
hniques that serve this purpose arealso 
ru
ial to biosimulation. Often s
ientists express the opinion that newknowledge is the same as the new data. In my opinion, new data analysiste
hniques are just as important as new data.1.1 The origin of thesisFrom minutes to days - that is the temporal s
ale of the 
urrent work. Fromgenes to the whole organism - that is the spatial s
ale. This wide span ofs
ales in time and spa
e is a 
onsequen
e of many 
hoi
es made during thelast three years. Initially motivated by the modelling work of Erik Mosekildeand others in modelling of nephron autoregulation of blood �ow, the kid-neys be
ame a 
entral part of the work [11, 53, 87, 103, 104, 105℄. Throughdialogue with the pharma
euti
al 
ompany Ferring a need for an improvedunderstanding of the dynami
s of hormonal 
ontrol me
hanisms of the kid-ney be
ame apparent. Ferring produ
es a variant of antidiureti
 hormone,the most important hormone in urine �ow regulation. This is an impor-tant drug for many patients of all age groups that su�er from involuntaryurination, espe
ially during the night. This night time la
k of 
ontrol ofurination may be 
aused by a disruption of a natural daily rhythm of antid-iureti
 hormone se
retion. This daily rhythm is 
alled the 
ir
adian rhythm.It is a fas
inating, biologi
al phenomenon that spans all levels of biologi
alorganisation. In order to gain a deeper insight, I de
ided to 
onsider not justurine output regulation and kidney fun
tion, but the whole physiologi
alsystem of water and salt balan
e on time s
ales from the a
ute regulationof urine �ow to the 
ir
adian os
illations.



1.2. THE SCOPE AND THE GOALS 31.2 The s
ope and the goalsThe 
urrent work fo
uses on applying the ideas of biosimulation to gain adeeper quantitative understanding of water and salt balan
e. The s
ope ofthe work is the use of 
omputational methods from physiologi
ally-basedmodels to bioinformati
s. Relevant data sour
es are basi
ally anything fromDNA sequen
es to urine samples. The overall goals are:
• Formulation of a dynami
al, me
hanism-based model of water andsalt balan
e.
• Investigation of various data sour
es with fo
us on dynami
al prop-erties.These goals are not parti
ularly 
on
rete, and the more spe
i�
 
hallengesthat I 
hose to fa
e were:
• Modelling of hormonal 
ontrol of kidney membrane properties.
• Modelling of urine �ow regulation by the kidney.
• Modelling of body �uid and solute 
ontents at the organism level.
• Analysis of 
ir
adian rhythms in 
lini
al data.
• Analysis of 
ir
adian rhythms in genomi
 data.Through a series of studies, all presented in this dissertation, I will 
overall of the above 
hallenges.1.3 Overview of the thesisThe thesis 
onsists of 10 
hapters in total. A short physiologi
al ba
k-ground 
hapter follows the present introdu
tory 
hapter. Chapter 3 is apresentation of a model of the regulation of membrane proteins with fo
uson aquaporin regulation by vasopressin. In Chapter 4 a model of kidneyoutput regulation is formulated and analysed. The models from Chap-ters 3 and 4 are integrated into a systemi
 model of urine �ow regulationin Chapter 5. The topi
 of 
ir
adian rhythms is introdu
ed in Chapter 6 in
ombination with a literature study on the eviden
e for 
ir
adian rhythmsin water and salt balan
e. Chapter 7 is an analysis of a 
lini
al datasetfrom two di�erent groups of subje
ts with di�erent �uid intake. The datawas kindly provided by the group of Jens Christian Djurhuus, at Skejby



4 CHAPTER 1. INTRODUCTIONHospital, Denmark. Chapter 8 is a study of the possible role of spe
i�
 
ir-
adian trans
ription fa
tors in the regulation of blood pressure. This studywas performed in 
ollaboration with Professor Hanspeter Herzel, HumboldtUniversity, Berlin. The last two 
hapters are devoted to a dis
ussion and a�nal 
on
lusion.



Chapter 2A brief introdu
tion towater and salt balan
e
This 
hapter provides a brief introdu
tion to the physiology of water andsalt balan
e. It serves as a general introdu
tion to the di�erent studies inthis work. The physiologi
al topi
 of water and salt balan
e is immensely
omplex. The amount of substan
es, tissues and genes that are involved inthis system is huge. The 
omposition of body �uids is essential to the fun
-tioning of physiologi
al me
hanisms, and therefore, the organism must beable to maintain �uid 
omposition and volume. Every 
ell of the organismrelies on this regulatory system that fa
es the 
hallenge of optimising per-forman
e under various external 
onditions. Re
eptors that monitor �uidvolume, blood pressure, plasma osmolarity, and 
on
entrations of spe
i�
plasma ele
trolytes are lo
ated throughout the body. The signals from there
eptors are usually sent to se
retory organs su
h as the pituitary andadrenal glands, where hormones are released in to the blood plasma. Thehormones 
arry out the desired a
tion at target sites of whi
h some of themost important are lo
ated in the kidney.The starting point for 
onsidering water and salt balan
e will be the
ausal loop diagram in Figure 2.1. Full arrows indi
ate stimulation or pos-itive intera
tion, and dashed arrows indi
ate inhibition or negative intera
-tion. The input variables to the system, in the form of water and soluteintake, are shown at the top in the grey boxes. They feed forward intothe main variables of the system, the blood volume, blood osmolarity andblood pressure. Water intake in
reases blood volume, whi
h in turn dilutesthe blood and de
reases osmolarity, while large amounts of water 
ausespressure to in
rease. Changes in the blood variables stimulate the release5



6 CHAPTER 2. WATER AND SALT BALANCE

Figure 2.1: Causal loop diagram of water and salt balan
e. In response to�uid intake the organism adapts the ex
retatory behaviour of the kidney. Thefull arrows indi
ate a positive or ex
itatory intera
tion, and the dashed arrowsdes
ribe a negative or inhibitory one. Hormones serve as regulatory substan
esthat 
ondu
t signals in the feedba
k loops in the 
ontrol system. Vasopressin(AVP) is mainly responsive to plasma osmolarity 
hanges, atrial natriureti
 pep-tide to volume 
hanges, and the renin-angiotensin-aldosterone system respondsto 
hanges in blood pressure. The 
ontrol me
hanisms represented in this 
ausalloop diagram represent the mutual intera
tion of at least 4 feedba
k regulations.



2.1. HORMONES 7of hormones that will 
ountera
t the stimulatory 
hange, and thereby 
on-stitute a negative feedba
k loop. The next se
tion introdu
es the hormonalfeedba
k systems.
2.1 HormonesThree hormonal systems are shown in the green boxes. In general su
hhormonal 
ontrols are mediators in a negative feedba
k loop. A negativefeedba
k loop is a me
hanism that is a
tivated by a stimulus or perturbationand through a series of rea
tions 
ountera
ts the stimulus.From the left, it is arginine vasopressin, AVP, also known as antidiureti
hormone, ADH. These two names will be used inter
hangeably throughoutthis report. In
reases in osmolarity is sensed by osmore
eptors, and 
ausesa stimulation of AVP se
retion from the posterior pituitary gland. AVP isa small peptide mole
ule with a short life time, and it qui
kly stimulateswater reabsorption in the kidney, and hen
e 
ountera
ts the in
rease inosmolarity. Another e�e
t of AVP in the kidney is the reabsorption of urea.The se
ond hormone is atrial natriureti
 peptide ANP. This hormone isreleased in response to in
reases in blood volume, sensed by volume re
ep-tors in the atria. It inhibits both water and salt reabsorption in the kidney,and hen
e in
reases urine �ow of water and solutes. Again a negative feed-ba
k me
hanism that 
ountera
ts the stimulatory signal.The renin-angiotensin-aldosterone system is shown on the right handside of the �gure. Renin is a 
atalyti
 mole
ule that is released in responseto de
rease in blood pressure. Renin initiates a 
as
ade of enzymati
 re-a
tions that 
leave angiotensinogen to angiotensin II. Angiotensin II is astrong vaso
onstri
tor and it 
auses an in
rease in blood pressure - anotherfeedba
k loop. Furthermore, angiotensin II is a stimulator of release of thehormone aldosterone. Aldosterone is also known as a mineralo
orti
oid hor-mone, sin
e it a�e
ts the regulation of minerals, in parti
ular sodium andpotassium. Aldosterone in
reases sodium reabsorption in the kidney, andtherefore it 
ontributes to the 
onservation of extra
ellular �uid volume andpressure.The kidney is shown as a blue box in Figure 2.1. It is the most importantorgan in the 
ontrol of water and salt balan
e, and it is a target organ ofthe hormones dis
ussed above. The next se
tion is a short introdu
tion tokidney fun
tion.



8 CHAPTER 2. WATER AND SALT BALANCE2.2 The kidneyThe kidney plays a very important role in maintaining water and salt bal-an
e. The kidney �lters blood plasma and ex
retes waste produ
ts throughthe urine. Control me
hanisms allow the kidney to 
ontrol the 
omposi-tion and volume of the urine. A

ording to the physiologi
al 
onditionsthe urine 
an be very dilute (low osmolarity) or highly 
on
entrated (highosmolarity). Antidiureti
 hormone (ADH) enhan
es the reabsorption of �l-tered �uid, thereby 
ontrolling the amount of �uid ex
reted. As the namepredi
ts, it has an antidiureti
 e�e
t. Another hormone, aldosterone, in-
reases the reabsorption of sodium. The presen
e of aldosterone makes theurine more dilute - less 
on
entrated.The nephron is the fun
tional unit of the kidney. A human kidney 
on-sists of about 1 million nephrons. The nephron 
ontains several fun
tionallydistin
tive segments. A nephron is presented in Figure 2.2. Blood entersthe glomerulus from the a�erent arteriole. In the glomerulus the blood is�ltered and it �ows through the tubular stru
ture of the nephron. Someof the blood 
ontinues to �ow through the 
omplex vas
ular stru
ture ofthe kidney. The �rst part of the nephron is the proximal tubule, whereabout 70% of the tubular �uid is reabsorbed. The reabsorption is isos-moti
, meaning that the proximal tubular �uid has the same osmolarity asthe surrounding environment. It then enters the hairpin stru
ture 
alled theloop of Henle. The 
ombination of 
ounter-
urrent �ow and a
tive trans-port in the as
ending limb 
auses an osmoti
 gradient to be maintainedalong the length of the loop. From the loop of Henle, the �uid �ows pastthe spe
ialised ma
ula densa 
ells (green). These 
ells 
ontrol the �ow inthe a�erent arteriole, thus regulating the blood supply to the glomerulus.The distal tubule and the 
olle
ting du
t are the distal part of thenephron, as opposed to the proximal part. In the distal part, many targetsites for hormones are lo
ated. For example, the membrane bound V2-re
eptor for vasopressin in the distal tubule and the prin
ipal 
ells of the
olle
ting du
t. Binding of vasopressin to this re
eptor, initiates the in-sertion of spe
i�
 water 
hannels in the 
ell membrane and allows for thereabsorption of water. This me
hanism is the obje
tive of the model pre-sented in Chapter 3. The mineralo
orti
oid re
eptor (MR) for aldosteroneis also found in the prin
ipal 
ells of the 
olle
ting du
t. This re
eptor isa nu
lear re
eptor lo
ated intra
ellularly, and the e�e
t of binding is anin
rease in membrane abundan
e of sodium 
hannels.The �ltration rate is very high - approximately 180 l/day. If we ex-
reted the whole total volume �ltered in the glomerulus, we would veryqui
kly die of dehydration. Under normal physiologi
al 
onditions 98-99%



2.2. THE KIDNEY 9

Figure 2.2: S
hemati
 drawing of a nephron - the fun
tional unit of the kidney.Filtration o

urs in the glomerulus, and the �uid �ows through the proximaltubule and the loop of Henle. Just before the distal tubule, tubuloglomerularfeedba
k me
hanism 
ontrols the blood supply to the glomerulus. The distal partof the nephron is the distal tubule and the 
olle
ting du
t. In the distal part the�ne tuning of the urine 
omposition and �ow o

urs through hormonal 
ontrolme
hanisms.



10 CHAPTER 2. WATER AND SALT BALANCEof the �uid is reabsorbed. The kidney must be able to 
ontrol reabsorp-tion of both water and solutes, and in doing so the urine osmolarity mayvary from 50mOsm/l to 1200mOsm/l in humans [50℄. In other spe
ies,espe
ially rodents, the maximum 
on
entrating 
apa
ity may be even up to
7600mOsm/l as the 
ase of the 
hin
hilla [2℄.2.3 SummaryThe physiology of water and salt balan
e is very 
omplex. Several hormonesa
t as the a
tive substan
es of the regulatory feedba
k loops that 
ontrolthe 
omposition of urine and body �uid. The kidney is the most importantorgan in water and salt balan
e regulation, and many intera
ting biophysi
aland -
hemi
al phenomena intera
t to make this organ very e�
ient at �ne-tuning the 
omposition of urine. Ea
h of the following 
hapters will referto the diagram in Figure 2.1.



Chapter 3Regulation of membraneproteins
An important aspe
t of diureti
 regulation is the hormonal 
ontrol of mem-brane transport properties of renal tubules. One very important example ofthis is the regulation of water permeability in 
olle
ting du
t prin
ipal 
ellsby antidiureti
 hormone. This pro
ess is the main regulator of diuresis, andmalfun
tioning of this me
hanism may 
ause serious pathologi
 
onditions.The pro
ess is highly 
omplex and involves many intermediate steps, and itis still disputed how aquaporin translo
ation to the api
al membrane fun
-tions and how it is regulated. The arrow in Figure 3.1 indi
ates where inthe diagram of water and salt balan
e aquaporin regulation �ts in. It is asmall part of the big pi
ture, but very important to the fun
tioning of theoverall system.Figure 3.1: The 
ausal loop dia-gram of water and salt balan
e pre-sented in Figure 2.1. The problemtreated in this 
hapter deals with theregulation of water reabsorption in-di
ated by the gray arrow. The wa-ter transport mole
ules aquaporinsare a
tivated by the hormone vaso-pressin to de
rease urine produ
tionby in
reasing the reabsorption of wa-ter. 11



12 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSIn this 
hapter, I will �rst introdu
e the 
ellular me
hanisms of aqua-porin dynami
s. In se
tion 3.1, I will present and dis
uss an experimentaland modelling study by Knepper and Nielsen [63℄. I will develop a modelthat in
orporates more aspe
ts of aquaporin regulation, and I will examinethe e�e
ts of model parameters on the dynami
s of the model. Even withinsu�
ient information about system parameters, I will demonstrate howwe 
an investigate the system and gain insight into the dynami
 regulationof the system. The model itself is suitable to be in
orporated in larger s
alemodels where the dynami
 regulation of permeability is of interest.3.1 Me
hanisms of aquaporin regulationAquaporins are spe
ialised transporter proteins that, when inserted in the
ell membrane, let only pure water mole
ules pass. Sometimes, they are sim-ply referred to as water 
hannels. Aquaporins are very 
onvenient mole
ulesto make use of in the kidney, sin
e it makes it possible to separate waterand its solutes. The road from the aquaporin gene to a fun
tional mole
ulein the api
al membrane of kidney 
olle
ting du
t 
ells is long and whindy,yet it is tightly regulated by 
ir
ulating levels of vasopressin.Figure 3.2 represents a 
olle
ting du
t prin
ipal 
ell. At the basolat-eral membrane 
ir
ulating AVP (green diamonds) will bind to its re
eptor(V2R). This is a G-protein 
oupled re
eptor, whi
h stimulates adenylate
y
lase to produ
e 
y
li
 adenosine monophosphate (
AMP), whi
h is asmall intra
ellular messenger mole
ule. Cy
li
 AMP has many fun
tions,and is involved in a huge variety of intra
ellular rea
tions. The purpose of
AMP generation in aquaporin signalling network is, �rst of all, an a
ti-vation of protein kinase A (PKA). PKA is involved in numerous signallingnetworks, and in aquaporin regulation it has two main fun
tions. The �rstis phosphorylation of aquaporins stored in intra
ellular vesi
les. The phos-phorylation is ne
essary for the exo
ytosis of aquaporins to the luminal 
ellmembrane. This pro
ess is highly 
omplex, and PKA phosphorylation isan initiating step [21, 24℄. The pro
ess of membrane translo
ation or exo-
ytosis was demonstrated in a study by Nielsen et al. [81℄. The pro
ess ofmembrane insertion of aquaporin, usually takes pla
e with a time s
ale oftens of minutes [67℄. Indire
t eviden
e also points towards a regulation ofendo
ytosis by vasopressin, but the parti
ular pathways involved have notbeen identi�ed.The se
ond fun
tion of PKA in aquaporin regulation is phosphory-lation of several trans
riptional regulators of the aquaporin-2 gene. Ya-sui et al. [132℄ showed that vasopressin binding to V2R stimulates PKA-
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Figure 3.2: Diagram of regulation of aquaporins initiated by the binding ofvasopressin (AVP green diamonds) to its re
eptor (V2R) (grey 
ir
le at the baso-lateral membrane). After binding to V2R several rea
tions are initiated resultingin (1) a an in
rease in exo
ytosis of AQP to the luminal membrane (2) a possi-ble inhibition of endo
ytosis, and (3) a trans
riptional upregulation of aqp2 genethrough 
AMP-dependent pathway. The e�e
ts o

ur on di�erent time s
ales.dependent phosphorylation of CREB (
AMP responsive element bindingprotein) and 
-Fos protein. They also showed that the two phosphory-lated proteins exert their e�e
t on trans
ription through AP1 and CREbinding sites in the proximal aquaporin-2 promoter region. The study ofYasui et al. does not dire
tly address the times
ale of the upregulation oftrans
riptional a
tivity. In another study by Matsumura et al. [75℄, thee�e
t on aquaporin-2 mRNA by 
AMP was studied. They found a steadilyin
reasing mRNA abundan
e up to 4-fold after 24 hours.Aquaporins in the plasma membrane share, like all other protein, theinevitable fate of degradation. However, some are 
onveniently re
y
ledbefore being 
hopped up by the lysosome. Through an endo
ytoti
 pro
essa proportion of membrane aquaporins reenter the 
ell 
ytoplasm, and are



14 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSstored in vesi
les, ready for reinsertion in the membrane. Several 
y
les ofexo- and endo
ytosis have been demonstrated with blo
king of aquaporinsynthesis [59℄. A proportion of aquaporins are also dire
tly degraded.Many investigators have 
hara
terised the various parts of aquaporinregulation. However, there exist no quantitative model that integrates allof the above elements.The Nielsen-Knepper modelThe Nielsen-Knepper model was proposed by Knepper and Nielsen in 1993 [63℄.In its simplest form the model in
ludes an a
tive and an ina
tive state foraquaporins. The basi
 assumption of the model is the total number ofproteins is 
onstant. Mathemati
ally this leads to the following system ofequations:
dCA

dt
= kACI − kICA

dCI

dt
= kICA − kACI ,where CA represents the amount or 
on
entration of a
tive state proteins,and CI is the ina
tive proteins. They also assume that

CA + CI = CT ,where CT is the total number of proteins, whi
h is 
onsidered 
onstant. One
an solve this equation for CA and obtain the following equation
CA(t) =

kACT

kA + kI
+

(

CA(0) −
kACT

kA + kI

)

exp
(
− (kA + kI)t

)
.This equation represent an exponential de
ay to a steady state value of

C∗

A =
kACT

kA + kI

, and C∗

I =
kICT

kA + kI

. (3.1)The temporal behaviour is governed by the 
onstant
α = kA + kI . (3.2)Knepper and Nielsen obtain estimates of these two 
onstants that are de-pendent on the total number of proteins CT . The dependen
e 
an easily bederived by rearranging Equations (3.1) and (3.2) to

kA = α
C∗

A

CT

(3.3)
kI = α

(

1 −
C∗

A

CT

)

. (3.4)
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Figure 3.3: Parameter �t of the Nielsen-Knepper model to the experimentaltime series of water permeability of kidney 
olle
ting du
t 
ells during vasopressinstimulation and subsequent washout phase. Fits for kA and kI are shown in (a)and (b) for di�erent values of parameter CT . In (
) the experimental (mean)data are shown (full line) and the �t (dashed line). Figure 6 from Knepper andNielsen [63℄.In Figure 3.3 (Figure 6 from [63℄) the estimates of kA and kI as a fun
tionof CT are presented in sub�gure (a) and (b), respe
tively. If one 
omparesthe expressions in Equations (3.3) and (3.4) to the Figures 3.3(a) and (b),the dependen
e on CT is 
lear. The data from Knepper and Nielsen is pre-sented in Figure 3.3(
) (full line) along with the best �t (dashed line). At
40min a stimulus of vasopressin is applied to a perfused kidney tubule, andat 80min the vasopressin is washed out. They obtained a time 
onstant αof approximately 5 h−1 during the stimulation period, and a value of 4.5 h−1elsewhere. The in
rease in permeability is about 5-fold. From their param-eter estimates Knepper and Nielsen 
laim that both kA and kI are alteredby vasopressin stimulation. But from their data, we 
annot immediatelysay what the value of kI and kA should be. We la
k one 
ru
ial pie
e in-formation - what is the total number of proteins? This question 
annotreadily be answered. If we had information about both intra
ellular andextra
ellular protein, we 
ould �t these data to determine if both kA and
kI are altered by vasopressin stimulation.Membrane and intra
ellular proteinsThe question of how many membrane and intra
ellular proteins that arein the 
ell is very di�
ult to answer. Nishimoto et al. [83℄ measured phos-phorylation of aquaporin-2 at the site Ser-256, whi
h has been proven tobe ne
essary for exo
ytosis. They do not exa
tly quantify the amount ofprotein, but only present ele
trophoresis gels, where it is 
lear that AVP



16 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSStimulus Time s
ale p/m ratio ResponseOn 5 h−1 0.7 5-10 foldO� 4.5 h−1 3Table 3.1: Parameters to �t from Knepper and Nielsen's data. The stimulus iseither on or o�. The time s
ale is 
hanged slightly from on to o�. The p/m ratiois the pool to membrane ratio. During the on state the p/m ratio is lower, dueto the translo
ation of proteins to the membrane from the pool. The magnitudeof the response is 5-10 fold.enhan
es phosphorylation of protein without altering the overall proteinabundan
e.Nielsen et al. [81℄ used immunogold labeling of aquaporin proteins toquantify the density of aquaporins in intra
ellular vesi
les and the api
alplasma membrane in perfused rat 
olle
ting du
ts in vitro. Their resultsindi
ate a ratio of membrane to intra
ellular protein of 0.3 with no va-sopressin stimulus, and 1.4 after 40min of stimulation. The permeabilityin
rease is about 7-fold.It is not straight forward to in
orporate all of this information in adynami
al model. The Nielsen-Knepper model does not a

ount for allof this data, and espe
ially not the long term behaviour of the biologi
alsystem. To summarise the data by Knepper and Nielsen, I have presentedsome numbers in Table 3.1 that will serve as guidelines for the dynami
behaviour of the model.In the following se
tion, I will present a more detailed model and in
or-porate the above information in relation to the regulation of the exo
ytosis-endo
ytosis pro
ess.3.2 A dynami
 model of aquaporinsThe model presented in this se
tion will in
orporate the information pre-sented in the previous se
tion. The model is s
hemati
ally presented inFigure 3.4. It is 
omposed of two parts. The �rst part, shown in brightgray, is the exo
ytosis-endo
ytosis dynami
s. The dynami
al behaviour ofthis part is on the order of minutes up to an hour. The se
ond part, shownin dark gray, adds dynami
s of trans
ription and protein synthesis. Thedynami
s is slower and on the time s
ale of hours. In green, the hormonevasopressin is shown. It a�e
ts exo- and endo
ytosis as well as trans
ription.The state variable Yr represents RNA of the membrane protein. The
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Figure 3.4: Flow diagram of the membrane protein model. Three state variables
Yr, Yp, and Ym represent RNA, intra
ellular protein pool, and membrane protein.RNA is 
reated from the trans
ription pro
ess, and it a�e
ts the translation and
reation of intra
ellular protein. The ex
hange of protein between the intra
ellularpool and the membrane is 
aused by exo
ytoti
 and endo
ytoti
 pro
esses.



18 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSamount of Yr 
ontrolled by the trans
ription rate Fts and the degradationrate λr. The amount of intra
ellular protein is denoted Yp. It is 
reatedfrom translation of RNA. The amount of protein translated per time unitdepends on the parameter ktl, and the amount of RNA Yr. Membraneprotein is denoted Ym. The ex
hange between intra
ellular and membraneprotein is 
ontrolled by the exo
ytosis and endo
ytosis rates kex and ken.The degradation rate of Ym is λm. In general k's des
ribe rates of transitionpro
esses, and λ's des
ribe degradation rates. The model equations are
dYr

dt
= Fts − λrYr (3.5)

dYp

dt
= ktlYr − kexYp + kenYm (3.6)

dYm

dt
= kexYp − kenYm − λmYm . (3.7)The steady states are

Y ∗

r =
1

λr
Fts (3.8)

Y ∗

p =

(

1 +
ken

λm

)
ktl

kexλr
Fts (3.9)

Y ∗

m =
ktl

λr

1

λm
Fts (3.10)All of these are proportional to the steady state of Y ∗

r given in Equa-tion (3.8).The steady state ratio of membrane protein to intra
ellular protein isgiven by
Y ∗

p

Y ∗
m

=
ken + λm

kex

. (3.11)There are a 
ouple of ways to tune the system; 1) in
reasing the totalnumber of proteins by in
reasing trans
ription rate, 2) altering the relationbetween exo
ytosis and endo
ytosis of membrane protein. The �rst e�e
tis a geneti
 e�e
t that usually has a long time s
ale of several hours. These
ond one is usually rapid and o

urs within minutes. We note that Y ∗
mis independent of both endo
ytosis rate ken and exo
ytosis rate kex. All

Y -variables are proportional to the trans
ription rate. This means that
hanges in endo
ytosis or exo
ytosis 
an only 
ause transient 
hanges inmembrane protein abundan
e, while trans
riptional up or down regulation
ause an overall 
hange. Hen
e the model design allows for a temporalseparation of slow and fast responses to external stimuli.



3.2. A DYNAMIC MODEL 19Exo- and endo
ytosisIf we ignore for a start the pro
esses of trans
riptional and translationalregulation and assume that the subsystem des
ribing the produ
tion ofprotein 
an be negle
ted. In other words, the supply of protein is 
onsidered
onstant. Hen
e Equation (3.5) is in steady state (Y ∗
r = Fts/λr), and we 
an
onsider just Equations (3.6) and (3.7). This is simply a two-dimensionallinear system. The system matrix is

A =

[
−kex ken

kex −ken − λr

]The eigenvalues η± of this matrix are
η± =

−kex − ken − λm ±
√

(kex + ken + λm)2 − 4kexλm

2
(3.12)Sin
e all parameter values are positive, both eigenvalues values will alwaysbe negative, and for a given initial 
ondition will tend to a steady state,given by Equations (3.9) and (3.10). The interesting part is therefore not thesteady state but rather the transient behaviour. Sin
e the system matrixhas two negative eigenvalues we know that the solution will be a linear
ombination of two exponential fun
tions. This also means that two times
ales are involved in the system response, namely the time s
ales de�nedby the two eigenvalues.Sin
e the system is linear, all variables a proportional to the systeminput Ftl. We 
annot make any a priori assumptions about the absolutevalue of the variables. Hen
e, it is 
onvenient to have this proportionality.What we are basi
ally interested in is getting the relative 
hanges in Ym andthe temporal response right. The 
orresponden
e with water permeabilityis then taken 
are of by a proportionality 
onstant. The best state of thesystem for 
omparison is the steady state of membrane proteins, as given byEquation (3.10). In the following we 
onsider Ftl = 1, and yp,m = Yp,mλm.If we assume λm to be small 
ompared to kex and ken, then we 
an makea �rst order Taylor expansion of the square root in Equation (3.12)

η± =
−kex − ken − λm ± (kex + ken + λm)

√

1 − 4 kexλm

(kex+ken+λm)2

2

=
−kex − ken − λm ± (kex + ken + λm) − 2 kexλm

kex+ken+λm

2
.



20 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSAssuming kex + ken ≫ λm, we obtain
η+ = −

kex

kex + ken
λm

η− = −kex − ken (3.13)As λm tends to zero, η+ also tends to zero.In the following se
tions, I will investigate the dynami
al response ofthe model to stimuli of exo
ytoti
 and endo
ytoti
 rates. It is 
ommonlya

epted that exo
ytosis is regulated by vasopressin through a 
AMP-PKAdependent pathway though many details are not known. Eviden
e existsthat endo
ytoti
 regulation o

urs, though it remains unidenti�ed.Response to exo
ytoti
 stimulusI will �rst look at the response of the system to an in
rease in exo
ytosis.The exo
ytosis rate will be modelled as
kex(t) =

{
kex,0 ∗ fex : t ≥ t′

kex,0 : t < t′The parameter fex is a s
alar ampli�
ation fa
tor, and in the 
ase of ex
i-tation fex > 1. The time t′ is the time of onset of stimulation.Figure 3.5 illustrates the pool to membrane ratio (a) and eigenvalue
η− (b)-(e). The �gure illustrates the 
onsequen
es of 
hoosing di�erentvalues for parameters kex, ken, and λm. The dashed horizontal lines in (a)
orrespond to the respe
tive label and Colo of the other sub�gures. Thegrey, dashed line shows λm + ken = 4.5 h−1 in all subplots. The eigenvaluesin Figure 3.5(
) (kex = 5h−1) are too high to explain the data of Knepperand Nielsen. A �fast� eigenvalue of around 4.5 to 5 h−1 is what we are look-ing for. So we 
an dis
ard kex = 0.5 h−1. The dashed line in (b), (d) and(e) (λm + ken = 4.5 h−1) falls with in that interval of η−, so these valuesof kex seem more reasonable. In the following, we will 
onsider a stimu-lus where kex,0 = 0.1 h−1 and fex = 10. This 
orresponds to moving fromFigure 3.5(b) to (d), i.e. from blue to red.Let's have a look at the magnitude of the response and the time to re-sponse for kex = 0.1 h−1, fex = 10. The labelled 
urves in Figure 3.6(a)show the fold in
rease at maximum response, and Figure 3.6(b) shows thetime to maximum response. At the values of ken and λm that mat
h our
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Figure 3.5: Pool to membrane ratio as fun
tion of λm + ken and kex (a). The
rossings of the 
oloured, horizontal dashed lines at spe
i�
 kex-values and theverti
al line at λm + ken = 4.5 h−1 
orrespond to the parameter values used for
al
ulating the fast eigenvalue in plots (b)-(e). Applying an exo
ytoti
 stimulus
orresponds to moving verti
ally in the pool to membrane ratio plot (a).
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ales (grey dashed line) the response magnitude is relatively insen-sitive to variations in the range of a 7 to 8-fold in
rease. The responsetime however, is very sensitive to 
hanges ken and not so mu
h to λm. Anin
rease in ken shortens response time.
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Figure 3.6: Maximum response (a) and time to maximum response (b) for a10-fold in
rease for referen
e values of kex = 0.1 h−1 and fex = 10.The se
ond eigenvalue η+ also depends on the system parameters. Thisdependen
e is shown in Figure 3.7(a) and (b) whi
h 
orrespond to kex =
0.1 h−1 and kex = 1h−1. The two �gures pra
ti
ally overlap ex
ept for afa
tor of 10 on the labels. The 10-fold in
rease in kex 
orresponds approx-imately to a 10-fold in
rease in η+. The eigenvalue η+ is not tuneable ifwe 
hoose parameters to mat
h the fast time s
ale of the response and theresponse magnitude, so it imposes a dynami
al 
onstraint on the model,and, in prin
iple, a testable hypothesis for experiments. The de
ay duringstimulation should be possible to test experimentally. However, in the pre-and post-stimulation periods the slow time s
ale would be hard to measure.Figure 3.8 shows simulations of the step response for various parametervalues. The onset of stimulation begins at t = 1h. In all 
urves in Fig-ure 3.8 the green 
urve 
orresponds to the referen
e 
ase with parametervalues ken = 3.5 h−1, kex,0 = 0.1 h−1, and λm = 1 h−1. . The �rst 
olumn(sub�gures (a) to (d)) is the normalized membrane population ym, and these
ond 
olumn (sub�gures (e) to (h)) is the intra
ellular pool population
yp. In sub�gures (a) and (e) three di�erent values for λm were used 0.2 h−1,
1 h−1, and 5 h−1. The maximal response shows little dependen
e on λm,and it is 
lear that the smaller λm is, the longer it takes before the system
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Figure 3.7: The slow eigenvalue η+ for kex = 0.1 h−1 (a) and kex = 1h−1 (b).rea
hes steady state. The intra
ellular population is not parti
ularly sensi-ble to variation in λm. Remember that we are 
onsidering the populationrelative to the steady membrane population. Hen
e a larger λm will giverise to a larger yp. The pre-stimulation value of Y ∗
p is in fa
t equal to themembrane to intra
ellular protein ratio, sin
e Y ∗

p

Y ∗

m
=

y∗p
y∗m

= y∗
p. This givesa measure of how large the pool of available proteins is 
ompared to themembrane population, and is given by Equation (3.11). So for a small λm,we have that yp ≃ ken

kex
, whi
h with the referen
e values is about 10. For

λm = 0.05 h−1 and 0.5 h−1, we see that the prestimulus yp is around 10,then λm in�uen
es the rate of de
rease to a steady state. With the large
λm = 5h−1 the initial value is larger, and the de
rease is far more rapid.The de
ay at λm = 0.05 h−1 is very slow. The �drying out� of the intra
el-lular pool at λm = 5h−1 o

urs very rapidly, not leaving enough protein forrepeated stimuli. When 
onsidering only exo
ytoti
 stimulus, the pool tomembrane ratio is one feature whi
h is not well reprodu
ed.In sub�gures (b) and (f) the endo
ytosis rate ken was set to 0.1 h−1,
3.5 h−1, and 7 h−1. In 
ontrast to λm, we 
learly see that the endo
ytosis ratehas an e�e
t on the magnitude of the response, ranging from a doubling to a10-fold in
rease in membrane population. The response also be
omes morerapid, and the system sti�er as ken in
reases. The size of the intra
ellularpool depends heavily on endo
ytosis. This is obvious from the a�ne relationin Equation (3.11). For ken ≫ λm this relation is approximately linear and,hen
e, for the value ken = 7 h−1 we have a very large pool size. The de
ayrate (η+) is not a�e
ted by ken. The highest ken-value renders the systemvery sti�, and the intra
ellular pool extremely large. The lowest value leavesthe system unresponsive to the stimulus, due to a very small intra
ellular
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Figure 3.8: Simulation of the exo
ytosis-endo
ytosis model for di�erent param-eter variations. The left 
olumn shows normalized membrane population, andthe right 
olumn shows the intra
ellular pool population. Ea
h row shows sim-ulation for three di�erent parameter values of λm, ken, kex, and fex. The green
urve plots the referen
e 
ase with parameter values kex = 0.1 h−1, ken = 3.5 h−1,
λm = 1 h−1, and fex = 10. The di�erent parameters a�e
t response magnitude,response time, system sti�ness, and the relative size of the intra
ellular pool.



3.2. A DYNAMIC MODEL 25pool.Figures 3.8(
) and (g) show the di�erent responses for the varying mag-nitudes of the stimulus kex. The response magnitude 
learly in
reases withde
reasing kex. So does the intra
ellular pool size. This is similar to thee�e
ts of in
reasing ken, however, the rapidness of the response is higher forthe lowest magnitude for varying kex, where as the opposite is the 
ase forvarying ken.The e�e
t of varying the size of the stimulus fex is shown in sub�g-ures (d) and (h). In
reasing fex leads to a higher maximum membranepopulation, and the time to maximum response de
reases slightly. The in-tra
ellular pool 
hanges are similar, and higher stimulus drains the poolmore.Figure 3.9 shows the maximal response ym,max in the left 
olumn andthe time of maximal response tmax in the right one for di�erent sets ofparameters. Figures (a) and (d) results for di�erent values of λm, �gures (b)and (e) for ken, and �gures (
) and (f) for kex. An in
rease in λm and ken
ause in in
rease in response magnitude and a de
rease in response time.In
reasing kex 
ause a de
rease in both response magnitude ym,max andresponse time. This is be
ause with higher kex more proteins are alreadylo
ated in the membrane 
ompartment, and hen
e the relative response willnot be as pronoun
ed. In
reasing fex 
auses ym,max to in
rease in all 
ases,however, for high values of kex and low values of ken the in
rease is not verypronoun
ed. This is again due to the fa
t that more proteins are lo
ated inthe membrane before the onset of stimulus.The exo
ytoti
 rate stimulus gives a good understanding of the systembehaviour and response in terms of parameters. The main problem in re-lation to aquaporins is mat
hing time s
ales, pool to membrane ratio andresponse magnitude at the same time.Simultaneous regulation of exo- and endo
ytosisWe now assume that the system response to vasopressin is a simultaneousregulation of exo- and endo
ytosis, sin
e the pure exo
ytoti
 regulation didnot prove su�
ient.Figure 3.10 shows the variation in the pool to membrane ratio with kexand ken. An in
rease in λm generally gives a higher pool to membrane ratio.The lines also be
ome more horizontal, meaning that the ratio be
omes lesssensitive to 
hanges in ken as λm in
reases.
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Figure 3.9: Dependen
e of maximum response and time of maximum responseon fex, λm, and ken.Figure 3.11 shows the largest eigenvalue η− for the same four values of
λm. The visual pattern is straight lines from top left 
orner towards thebottom right 
orner. As λm in
reases the lines are squeezed towards lower
kex and ken. In sub�gure (d) the values are too high for the time 
onstantthat we seek. The other three values seem to be appli
able for mat
hingthe time s
ale of the problem.Figure 3.12 shows the smallest of the two eigenvalues η+. The visualpattern of the lines is similar to the pool to membrane ratio plots withrays emitted from the bottom left hand 
orner. The absolute value of η+in
reases with in
reases λm.
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Figure 3.10: Pool to membrane ratio for λm = 0.1 h−1 (a), 0.5 h−1 (
), 1 h−1(b) , and 5 h−1 (d).
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30 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSStimulus λm [h−1℄ ken [h−1℄ kex [h−1℄On 0.1 1.98 2.98O� 3.29 1.33On 0.5 1.69 3.13O� 2.97 1.16On 1 1.33 3.13O� 2.57 1.19Table 3.2: Parameter values of ken and kex that mat
h the 
riteria of the Knep-per and Nielsen data.Based on the general features of the visual presentation in Figures 3.10-3.12 we 
an estimate kex and ken to mat
h the 
riteria in Table 3.1. This ispresented in Figure 3.13 for the same λm-values as in the previous �gures.The optimal values are found at the interse
tion of the 
urve 
orrespondingto a pool to membrane ratio of 3 and η− = −4.5 for the pre- or post-stimulation period, and at a ratio of 0.7 and η− = −5 for the stimulationperiod. The arrows indi
ate the path from pre-stimulation to stimulation.These values 
an be found by a simple least squares optimisation, and theresults are shown in Table 3.2. The arrows in Figure 3.13 indi
ate thetransition from pre-stimulation to stimulation. In all 
ases it is 
lear thatthe transition involves an upregulation of exo
ytosis and a down regulationof endo
ytosis as expe
ted. The values in Table 3.2 reveal that for in
reasing
λm the 
orresponding ken-values de
rease both in o� and on states. On theother hand kex in
reases during stimulation and de
reases when there is nostimulation. The variation is relatively modest, and we may 
on
lude thatin this range of λm-values, it is not possible to dis
riminate between them.Therefore we will have a look at the temporal response.The temporal response to the obtained parameter values 
an be seen inFigure 3.14. The transition to the stimulus period o

urs at t = 0. Themain di�eren
e of the three simulations is the slow time s
ale of adaptation.This 
an be understood by 
onsidering the eigenvalue η+ whi
h approa
heszero when λm de
reases. This is also seen in Figure 3.12. The highest
λm-value of 1 h−1 indu
es a very rapid de
ay.Another observation is the magnitude of the response. There is anapproximate 2 to 2.5-fold in
rease in membrane protein abundan
e. This issomewhat smaller than the in
rease in permeability seen in the Knepper andNielsen data (Table 3.1), where the in
rease was 5-10 fold. There may beseveral explanations for this. First of all, it is not 
ertain that the membrane
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) , and 5 h−1 (d). Arrows indi
ate the transitionfrom pre-stimulation to stimulation.



32 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSprotein abundan
e is proportional to the permeability. This is a simplemodel assumption, and it is possible that permeability in
reases more thanlinearly with the amount of membrane protein. Se
ondly, the data used toestimate the time s
ales and the data used to estimate protein abundan
ewere taken from di�erent experiments. Though the experimental proto
olswere very similar, there may be some dis
repan
y between them. If weassume proportionality between proteins and permeability then we mustin
rease the dynami
 range of the model by in
reasing pool to membraneratio, when stimulation is not present, and/or de
reasing the ratio, whenstimulus is present.
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Figure 3.14: Time plots of solutions to the values found in Figure 3.13.Trans
riptional regulationThe analysis of the exo- and endo
ytosis model showed that during 
on-tinued stimulation the level of membrane proteins will de
rease over time.Therefore it is ne
essary to have a me
hanism that 
an maintain the level ofmembrane proteins in spite of the de
ay. A biologi
al 
andidate for su
h ame
hanism as an upregulation of trans
riptional a
tivity, whi
h ultimatelyleads to the produ
tion of protein. There is good eviden
e that vasopressina
tivates trans
ription of the aquaporin-2 gene as already dis
ussed in Se
-tion 3.1. A typi
al time s
ale for the trans
riptional upregulation is ofseveral hours and mu
h slower than the immediate response. In the fol-lowing, I will introdu
e the trans
riptional upregulation in the model. This
orresponds to the dark grey part in the model diagram in Figure 3.4. Therate that is a�e
ted by vasopressin is the trans
ription rate Fts. If we look



3.2. A DYNAMIC MODEL 33at the model equations in parti
ular Equation (3.5), the time 
onstant hereis λr. The degradation 
onstant 
ontrols the mRNA abundan
e. Likewisethe time 
onstant for the translation pro
ess is ktl. The upregulation oftrans
ription itself is due to the 
ompli
ated signalling pathways that a
ti-vate or dea
tivate trans
ription. Parts of this pathway is stimulated veryqui
kly. The phosphorylation of the trans
riptional regulator CREB takespla
e within few minutes of vasopressin stimulation [132℄. Hen
e we assumethat the delay is 
aused by the trans
ription and translation pro
esses.Consider the system matrix of the full model
A =





−λr 0 0
ktl −kex ken

0 kex −ken − λr



The eigenvalues of A are ηr = −λr, and η± as given by Equation (3.12).The eigenvalues give the time s
ales of response to perturbations, and inthe next se
tion it will be
ome apparent, how they relate to overall systembehaviour.Regulating trans
riptionIn the following, we will assume that vasopressin stimulation does not a�e
tpost-trans
riptional pro
esses, whi
h in the model are represented by RNAlifetime and translation. These two pro
esses 
onstitute a delay in theupregulation of protein. As previously used for the exo
ytoti
 stimulus, asimilar expression 
an be used for a trans
riptional stimulus.
Fts(t) =

{
Fts,0 ∗ fts : t ≥ t′

Fts,0 : t < t′The value of Fts,0 is set to 1 au/h, where au stands for arbitrary unit. We willnow investigate the e�e
t of di�erent values of fts. For the same situationsas presented in Figure 3.14 and Table 3.2, I have plotted time 
ourses of
ombined exo-/endo
ytoti
 stimulation and trans
riptional regulation inFigure 3.15. The �rst 
olumn (a)-(
) 
orresponds to a doubling of thetrans
ription rate fts = 2, (d)-(f) 
orrespond to fts = 4, and (g)-(i) to fts =
8. The rows from top to bottom 
orrespond to λm = 0.1 h−1, 0.5 h−1, and
1 h−1 respe
tively. Blue 
urves are RNA population, green is intra
ellularpool of protein, and red are the membrane population of proteins.A �rst observation is that the blue 
urves all show an exponential de
ayto their in
reased steady state level. The time 
onstant of this pro
ess is the�rst eigenvalue ηr, and is un
hanged by variation in λm. As was determined



34 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSin Figure 3.12, the slow time s
ale asso
iated with η+ be
omes slower withde
reasing λm. This is 
learly seen by 
omparing the �gures row by row.In the bottom row the equilibrium level is qui
kly approa
hed, whereas thetop and middle rows still have not rea
hed steady state after 10 h. We alsosee that we 
an tune the trans
riptional stimulus to obtain di�erent typesof response. Take Figure (b), where the red 
urve rea
hes a maximum andthen drops o� to a level that is higher than the pre-stimulation equilibriumlevel. If fts is larger than the maximum response, as is the 
ase in these
ond and third 
olumn, there will be a slow in
rease in membrane proteinto a level higher than the maximal immediate response.It is also 
lear from Figure 3.15 what role ea
h of the three eigenvaluesplay. The �rst ηr only relates to the regulation of the RNA abundan
e.The fast eigenvalue η− takes 
are of the dynami
s between the pool andthe membrane. The slow η+ is the long term adaptation of the proteinpopulations both intra
ellular and membrane. Even if the RNA populationhas rea
hed an equilibrium, the protein population still take some time toadapt to 
hanges.3.3 Dis
ussionIn this 
hapter, I have dis
ussed the dynami
s of aquaporin regulation. Ihave developed a dynami
 model of exo- and endo
ytosis and trans
riptionalregulation. The model analysis has 
ontributed several insightful 
on
lu-sions on the dynami
 response and the dynami
 
onstraints of the systemstru
ture. An analysis of the dependen
e of the eigenvalues on parametersis essential to understanding the system.The simplest model of an exo- and endo
ytoti
 regulation revealed thatthe system is governed by two time s
ales - a fast one related to ex
hangeof proteins between an intra
ellular pool and the membrane, and a slowone that governs the system's approa
h to equilibrium. Data from Knep-per and Nielsen was used to �nd suitable model parameters that 
ouldreprodu
e both the time s
ales of the system, and very importantly therelative populations of intra
ellular and membrane proteins. A very im-portant 
onsequen
e of this analysis is that the immediate system responseto vasopressin must involve both an exo
ytoti
 upregulation and an endo-
ytoti
 downregulation. The visual te
hniques of plotting eigenvalues andrelative population sizes as fun
tions of exo- and endo
ytosis rates provedvery e�
ient to obtain this insight.The data by Knepper and Nielsen does not provide us with enough infor-mation to determine all system parameters. The slow time s
ale related to
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Figure 3.15: Time plots of both exo-/endo
ytoti
 stimulation and trans
rip-tional regulation. The �rst 
olumn (a)-(
) 
orresponds to a doubling of the tran-s
ription rate fts = 2, (d)-(f) 
orrespond to fts = 4, and (g)-(i) to fts = 8. Therows from top to bottom 
orrespond to λm = 0.1 h−1, 0.5 h−1, and 1 h−1 respe
-tively. Blue 
urves are RNA population, green is intra
ellular pool of protein,and red are the membrane population of proteins.the eigenvalue η+ would need experimental veri�
ation. The model predi
tsthat it heavily depends on the membrane degradation rate.The simple model was also extended to in
lude the dynami
s of tran-s
riptional regulation of the aquaporin gene by vasopressin. This in
reasesthe dimensionality of the model, and introdu
es a new time s
ale related toa third system eigenvalue. This eigenvalue 
ontrols the delay of the responseto 
hanges in trans
ription. The addition of the trans
riptional 
omponentof the model allows for model-based data analysis of future experiments,where time s
ales of several hours are 
onsidered.The model is not only appli
able to aquaporin regulation. It 
ouldeasily be adapted to other system that share the 
hara
teristi
s of an exo-/endo
ytosis type of regulation, where a membrane property 
an be mea-



36 CHAPTER 3. REGULATION OF MEMBRANE PROTEINSsured. This 
ould be other types of transport proteins, as for example ep-ithelial sodium 
hannels ENaC that are both rapidly and trans
riptionally
ontrolled by the hormone aldosterone [134℄.The identi�
ation of probable values for parameters in the dynami
model also allow for the in
lusion of this dynami
 behaviour in a largers
ale model. This will be done in Chapter 5, where the dynami
s of mem-brane properties of the renal 
olle
ting du
t will be used to study the 
ontrolof water ex
retion.3.4 SummaryAmodel for regulation of membrane proteins was formulated and its dynam-i
al properties investigated. The parameters of the model were evaluatedwith data from experiments on water permeability of kidney 
olle
ting du
t
ells by aquaporins. The data stemmed from two related, but independent,experiments providing di�erent types of information - time s
ales, and rela-tive magnitudes. The model is formulated so that it is possible to des
ribeboth fast membrane a
tivation regulation, and slower trans
riptional regu-lation.



Chapter 4Renal regulation of urineosmolarity
In this 
hapter, I will present a model of the kidney. The model fo
useson the 
ontrol of urine osmolarity. As indi
ated in Figure 4.1, we turn ourattention to the main 
ontroller of the water and salt balan
e system. Thekidney �lters the blood and tightly regulates the �nal 
omposition of theurine. The �ne-tuning of the urine o

urs in the distal part of the kidney,and this is the part of the kidney we are going to model. More pre
isely,we will formulate a model of the 
olle
ting du
t and investigate how urine
omposition depends on water and solute permeability and renal interstitialosmolarity.Figure 4.1: The 
ausal loop dia-gram of water and salt balan
e pre-sented in Figure 2.1. In this 
hapter,we fo
us on the kidney. The kidney
ontrols how mu
h salt and wateris reabsorbed and, hen
e, how mu
hleaves the organism. Kidney fun
-tion is tremendously 
omplex, andwe limit ourselves to studying theregulation in the distal part of thekidney.
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38 CHAPTER 4. RENAL REGULATION4.1 Kidney modelThe kidney model fo
uses on the distal part of nephron fun
tion. Thispart of the nephron is under hormonal 
ontrol of vasopressin, aldosterone,ANP, and many other substan
es. It is assumed that the proximal nephronmainly generates an outer medullary 
on
entration gradient, and that itassures a stable supply of tubular �uid of near 
onstant 
omposition. Thepre
ise regulation of the �nal urine is thus left up to hormonal 
ontrols inthe 
olle
ting du
t.The model is presented in Figure 4.2. It 
onsists of two 
ompartments; a
olle
ting du
t (yellow part) and the surrounding interstitium. The spatial
oordinate x runs along the tubule. The tubule has a radius of r and length
L. At x = 0 �uid from the distal tubule of the nephron �ows into the
olle
ting du
t. We 
onsider a volume or water �ow QW and a solute �ow
QS, and they are fun
tions of x. They are assumed to be in steady statewhi
h is a reasonable assumption at time s
ales of more than a minute.The main solutes of the urine are sodium, potassium, and urea, but herewe 
onsider all solutes in one pool, and simply refer to them as solutes withsubs
ript S. The 
on
entration of solutes in the tubular �uid at any positionis the ratio of solute and water �ow cS(x) = QS

QW
. The walls of the tubuleare permeable to water and solutes, and we introdu
e the 
orrespondingpermeabilities GW and GS. A reabsorptive �ow o

urs from the tubuleto the interstitium. In the interstitium a solute gradient is present. Thisis presented by the spatially dependent, interstitial osmolarity ci(x). The�nal urine is the �ow at x = L, i.e. QW (L) and QS(L). The model onlyrepresents one 
olle
ting du
t, and we will extrapolate to a whole kidney bymultiplying the �ows by the total number 
olle
ting du
ts in the kidney n.The mathemati
al formulation of the model builds on the large amount ofkidney modelling studies in the literature dating ba
k to Stephenson's workfrom 1972 onwards [108, 109, 110, 111℄. Mu
h of the work found in theliterature deals with the 
reation of a osmolarity gradient in the medulla ofthe kidney [69, 124, 125℄.

EquationsThe �ow in tubules is modelled as a steady state �ow. The 
hange in �owwith respe
t to x equals the transmural line �ux J(x) 
ounted positive in



4.1. KIDNEY MODEL 39Figure 4.2: Diagram of the sin-gle tubule kidney model. We 
on-sider the 
olle
ting du
t as a singletubule with radius r. The tubule issurrounded by the renal interstitiumthat has an osmolarity ci(x). The os-molarity in
rease with the spatial 
o-ordinate x. The tubular �uid �owsinto the 
olle
ting du
t from the topat x = 0, and the �nal urine 
omesout at x = L. The solute �ow is de-noted QS , and the water or volume�ow is QW . The tubule walls are per-meable to water and solutes and thepermeabilities are denoted GW and
GS , respe
tively. Along the tubule,reabsorption of water and salt o

ursas a fun
tion of interstitial osmolarity
ci and membrane permeabilities GWand GS . The �uid at x = L is theurine that �ows through the ureter tothe bladder.the outward dire
tion from tubule to interstitium (see Figure 4.2)

dQW

dx
= −JW (x)

dQS

dx
= −JS(x) .The transmural water �ux JW is driven by the osmolal gradient a
ross thetubular wall. It is modelled as a simple transmural di�usion pro
ess

JW (x) = 2πrnMW GW (ci(x) − cS) ,

MW is the molar volume of water, r is the radius of the 
olle
ting du
t, n isthe number of 
olle
ting du
ts, and GW is permeability whi
h depends onthe presen
e of aquaporins in the luminal membrane. The solute 
on
en-tration is cS = QS

QW
. The interstitial 
on
entration ci is modelled as a linearfun
tion of x

ci(x) = ci,0 −
x

L
(ci,L − ci,0) ,



40 CHAPTER 4. RENAL REGULATIONwhere ci,0 is the medullary osmolarity at the 
ortex (x = 0), and ci,L is atthe papillary tip (x = L).The solute �ux is represented as a sodium �ux through ENaC 
hannelsat the luminal membrane 
oupled sodium potassium pumps at the basolat-eral membrane of 
olle
ting du
t 
ells. This me
hanisms is representativefor aldosterone mediated sodium reabsorption [82, 102℄, and we make the
rude assumption that all solute �ux o

urs in this way. It may lead to anoverestimation of di�usive solute transport. The transmural solute �ux is
JS(x) = −n2πrGS (cS) .This basi
ally 
orresponds to a di�usion between the tubule and 
ompart-ment with no solute, whi
h is an approximation of di�usion potential thatsodium fa
es when di�using into a 
ell where the sodium 
on
entrationaround 10mM.The �nal equations are

dQW

dx
= 2πrnMWGW (QS/QW − ci(x))

dQS

dx
= 2πrnGS (QS/QW )The number of parameters in Equations (4.1) and (4.1) 
an be redu
ed. We
an �rst normalise the length 
oordinate x by L, so that z = x/L. Thenwe denote the in�ow to the 
olle
ting by QW,0 = QW,0, and introdu
e thenormalised �ow qW = QW /QW,0. The interstitial 
on
entration at x = 0,

ci,0, is used to normalise the tubular 
on
entration c′S = cS/ci,0 = qS/qW ,and the same is the 
ase for the interstitial 
on
entration c′i = ci/ci, 0. Thenormalised solute �ow is qS = c′SqW . Combining these normalisations yields
dqW

dz
=

2πrnLcS,0MW

QW,0

GW (qS/qw − c′i(x))

dqS

dz
=

2πrnL

QW,0

GS (qS/qW ) .We now introdu
e the normalised permeabilities gW and gS given by
gW =

2πrnLci,0MW

QW,0
GW

gS =
2πrnL

QW,0
GS .



4.1. KIDNEY MODEL 41to obtain the mu
h simpler equations
dqW

dz
= gW

(
c′S − c′i(x)

) (4.1)
dqS

dz
= gSc′S . (4.2)Equations (4.1) and (4.2) will be the subje
t of investigation in the follow-ing.ParametersIn the previous se
tion a lot of parameters were introdu
ed. The purposeof this se
tion is to get a value for ea
h of them.The interstitial osmolarity gradient is assumed to have a linear pro�le.This is a very 
rude approximation, but still we 
an put some numberson the boundary values at x = 0 and x = L. At the 
orti
al bound-ary at x = 0, the osmolarity is 
lose to that of plasma, and we set it to

ci,0 = 300mOsm/l [50℄. At the papillary tip at x = L, the 
on
entra-tion 
an have a range of values depending on whether the subje
t is ina diureti
 (large urine produ
tion) or antidiureti
 state (small urine pro-du
tion). The lowest interstitial osmolarity is around 600mOsm/l and thehighest is around 1200mOsm/l.The geometri
al parameters are a little more 
umbersome. A

ordingto measurements in rats by Knepper et al. [62℄ the radius of 
olle
ting du
tsdoes not vary with x. We assume that the tubules form basi
 fun
tionalunits of the kidney a
ross spe
ies, and that we 
an apply the tubular diam-eter from rats in humans. The diameter of a 
olle
ting du
t is thus takento be 20µm [62℄, 
orresponding to the radius r = 10µm.The number of du
ts per 
ross-se
tional area varies with x. In theouter medulla this is more or less 
onstant, and it de
reases in the innermedulla. For simpli
ity, we have assumed a 
onstant number of 
olle
tingdu
ts in our model. Knepper et al. [62℄ provide 
ross-se
tional densitynumber; 500mm−2 at the inner-outer medullary boundary and 200mm−2at the papillary tip in rats. Edwards et al. [38℄ provide numbers for 
ross-se
tional diameter of the medulla; 17.5mm2 at the inner-outer medullaryboundary, and 0.54mm2 at the papillary tip. This gives about 10,000 du
tsat the inner-outer medullary boundary and about 100 at the tip. To get arepresentative number for our purpose for a rat kidney we take 5000. Butstill we want a model for a human kidney. A human kidney has about 10lobes similar to a single rat kidney [52℄. So we multiply again by 10, to getto 50,000 for one kidney. Sin
e we have two of them, we end at n ≃ 100, 000.



42 CHAPTER 4. RENAL REGULATIONThe starting point for the length of the tubule L is measurements ofhuman outer kidney dimensions [39℄. The average kidney width is around
60mm. We assume that the length of the du
ts are about a quarter of thisdimension, so that L = 15mm.The in�ow to the 
olle
ting is about 10% of the glomerular �ltrate. Theglomerular �ltrate is approximately 180 l/day 
orresponding to 2ml/s [50℄.This gives QW,0 = 0.2ml/s. The 
on
entration of the �uid entering thedistal nephron is taken to be cS,0 = 100mOsm/l.Water permeability GW during strong antidiuresis is on the order of
750µm/s [68℄ in rat. The permeability in humans is likely to be lower inlight of an overall less e�
ient urine 
on
entrating me
hanism that in rat.We assume that a normal value for a referen
e state of mild antidiuresisis around 200µm/s in human 
olle
ting du
t. Sodium permeability valuesare normally around GS = 1.0 × 10−5 cm/s [95℄. Finally, the molar volumeof water is MW = 18 cm3/mol. Inserting these numbers we get referen
evalues for the normalised permeabilities

gW ≃ 0.5 (4.3)
gS ≃ 0.03 . (4.4)In the following se
tions we will use an interval around the values in Equa-tions (4.3) and (4.4) to investigate the e�e
ts on urine 
omposition.4.2 ResultsThe model de�ned in Equations (4.1) and (4.2) will be analysed in thisse
tion. First, I will look at the e�e
ts on the tubule �ow of varying thewater permeability. This analysis will be extended varying the solute per-meability as well. Finally, I will have a look at the e�e
ts of varying theosmolar gradient.Tubular �ow and water permeabilitySimulations of the model were run for di�erent values of water permeabil-ity gW ∈ {0.1, 0.2, 0.5, 1, 2}, and for an interstitial gradient from ci,0 =

300mOsm/l to ci,L = 1200mOsm/l. The solute permeability is gS = 0.03.The results are presented in Figure 4.3. The volume �ow is shown in (a),the solute �ow in (b) and the tubular solute 
on
entration in (
). The �rstobservation is that volume �ow de
reases for all values of gW . So does thesolute �ow, while the solute 
on
entration in
reases. The interstitial gradi-ent is the main reason for this. The gradient is the bla
k dashed line in (
).
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Figure 4.3: Normalised volume �ow (a) and solute �ow (b) and osmolarity (
)versus tubule length for di�erent values of the normalised water permeability
onstant gW . Noti
e in (
) how the 
on
entration 
urves 
ling to the interstitialosmolarity 
urve (dashed bla
k) as gW in
reases. The solute permeability is setto gS = 0.03.



44 CHAPTER 4. RENAL REGULATIONAs ci in
reases more water is drawn from the tubule to the interstitium, andthis in
reases the 
on
entration in the tubule, whi
h in turn in
reases thesolute reabsorption, that then lowers tubule 
on
entration to in
rease theosmoti
 potential for water reabsorption. Hen
e the two types of reabsorp-tion go hand in hand. If the gradient were 
onstant, the system would rea
han equilibrium, but here it keeps in
reasing and the reabsorption 
ontinues.If one 
ompares to the �ow at x = 0, then relatively more water isreabsorbed than solute. This just means that the �uid be
omes more 
on-
entrated, whi
h is basi
ally what the model is supposed to simulate. Thehigher the water permeability the more water and solute is reabsorbed, butat high gW > 1, the water �ow saturates, and only additional solute reab-sorption makes further water reabsorption possible. This is quite obvious,sin
e the water �ux be
omes zero when the ci and cS are equal. If then
qS remained 
onstant, whi
h would happen only if gS = 0 or qS = 0, nofurther water reabsorption 
ould o

ur.One noti
es that three of the 
urves end up with approximately the samewater �ow (red, 
yan, and purple). In terms of water �ux the system is thusrelatively insensitive to variations in gW above 0.5. The �nal 
ompositionof the �uid �ow at x = L is what is interesting in terms of water and saltbalan
e, sin
e that is what leaves the organism. In the next se
tion, I willlook at the terminal values of the water and solute �ow and 
on
entrationas a fun
tion of the permeabilities.Urine 
ompositionFigures 4.4 to 4.6 shows the �nal urine 
omposition as a fun
tion of both
gW and gS. The values for both permeabilities were 
hosen from 0 to 3-4times there referen
e values in Equations (4.3) and (4.4).In Figure 4.4, it is 
lear that the water �ow is mu
h more dependent on
gW than gS. That probably does not 
ome as a surprise, but the e�e
t isvery pronoun
ed. For example, at gW = 2 the �ow is at the minimum, andin
reasing gS only slightly alters the pi
ture.On the other hand, the solute �ow shows 
omparable dependen
e onboth permeabilities. The dependen
e on gS is approximately linear, if onelooks at a �xed gW . This basi
ally means that there are two ways of in-
reasing solute reabsorption. The �rst is by in
reasing solute permeability.The se
ond works indire
tly by in
reasing water permeability whi
h in-
rease water reabsorption that again in
reases tubule 
on
entration. Andbe
ause the higher the tubule 
on
entration is, the higher the transmuralsolute �ux will be. The in
rease in gW ultimately leads to an in
rease insolute reabsorption.
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Figure 4.6: Normalised urine osmolarity cS at x = L as a fun
tion of waterpermeability gW and solute permeability gS .Figure 4.6 is the urine osmolarity at x = L. Sin
e it is the ratio of thetwo surfa
es in Figures 4.5 and 4.4, it has similar shape to the qW -surfa
e.For low gW -values it is more 
urved. This is be
ause the relation waterreabsorption in
reases faster with gW than does the solute reabsorption. Athigh gW -values the 
on
entration saturates. This is be
ause the interstitial
on
entration is a �xed parameter, and it is not possible to obtain a higher
on
entration than ci,L. In the next se
tion, I will look at what happenswhen we vary the interstitial osmolarity gradient.Interstitial osmolarityOne parameter that is very important for the 
on
entrating ability of thekidney is ci,L. In Figure 4.7 three di�erent values were applied to the system,namely ci,L = 600mOsm/l, 900mOsm/l, and 1200mOsm/l. The lowestvalue 
orresponds to a diureti
 state, and the highest one to an antidiureti
state [50℄. The solute permeability was �xed to gS = 0.03 as in Figure 4.3.The results are shown in Figure 4.7. Volume �ow (a), solute �ow (b), andosmolarity (
) are plotted against a range of gW -values. The general pi
tureis that a larger ci,L leads to de
reased �ow and in
reased 
on
entration. Ifwe take the top �gure (a) and think of gW as a 
ontrol variable, one 
ould say
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48 CHAPTER 4. RENAL REGULATIONthat the response of the volume �ow to 
hanges in gW be
omes stronger as
ci,L in
reases due to the greater steepness of the blue 
urve. This means thatwhen the interstitial 
on
entration is high, and the body is in an antidiureti
state, then small 
hanges is in permeabilities lead to big 
hanges in urine�ow. In a diureti
 state, at low ci,L, the 
hange in gW needed to make sameredu
tion in urine �ow is mu
h greater. The two 
hara
teristi
 
hanges ofthe volume �ow 
urve with ci,L, the steepness and the lower minimum �owmake physiologi
al sense. When the organism needs to 
onserve water it isne
essary to have a tight 
ontrol system that 
an shut o� water ex
retion.When water is in ex
ess, the organism rather shuts o� uptake of �uid, whileslowly dis
harging the surplus to approa
h the right osmolarity and volume.The volume �ow (a) and the osmolarity (
) saturate at high gW -values. Thisis, however, not the 
ase for the solute �ow (b). One 
ould interpret this asa possibility of still regulating solute balan
e, even though the volume �owalready �xed. In this way the organism 
an to some extent, de
ouple waterand salt ex
retion.Another interesting point is that the referen
e value for water permeabil-ity gW = 0.5 lies right where the a
tion is - at the bend of the volume �ow
urve and the 
on
entration 
urve in (a) and (
). This seems reasonablesin
e the up- and downregulation of urine �ow is must be within rea
h of�normal� values of the permeability. If the system was saturated at reason-able gW -values, there would be no regulatory potential in that parameter.This also speaks in favour of the validity of the model.4.3 Dis
ussionSo 
an we trust the results from this simple model? The short answer isyes. It is not an anatomi
ally exa
t representation of a kidney, and it is notintended to be so. The magnitudes of the di�erent parameters are 
arefully
hosen to represent a real human, in spite of a less 
omplex geometry. In myopinion, there has to be some general aspe
ts of kidney fun
tion that 
an betreated with models like the one at hand. Otherwise, the kidneys would notwork. A paper plane is not an Airbus 380, but still it des
ribes the point ofhaving wings on the big one. The �ner geometry of the kidney is a resultof many ingenious adaptations to optimise the �uid �ltration and ex
retionsystem. The fa
t that the estimated water permeability has a value in theregime where the system 
an be tightly regulated is interesting. It alsosuggests that there is s
alability between the parameters that go into thenormalisation of the permeabilities.The 
on
lusions that we 
an draw from the present model are interesting.



4.4. SUMMARY 49At high interstitial 
on
entrations there is a threshold like behaviour of urine�ow as a fun
tion of permeability. This steep response 
urve smoothesout for lower interstitial 
on
entrations. Furthermore, there seems to be apossibility of de
oupling solute and water �ows, when water permeabilityis high, be
ause of the saturation of the �uid �ow. This ar
hite
ture mustbe an advantage for the kidney as a whole. One might even postulatethat the organism prioritises to �x volume �rst, and afterwards adjust the
omposition by di�erent solute �ows.4.4 SummaryIn this 
hapter we investigated a model of the regulation of urine �ow bywater and solute permeability. The model suggests that volume �ow istightly regulated mainly by water permeability, whereas solute �ow is moresensitive to both solute and water permeability. The simple model gives asurprisingly realisti
 estimate of the regulatory range of water permeabil-ity. Furthermore it des
ribes the 
hara
teristi
s of antidiureti
 and diureti
states with high and low interstitial 
on
entrations, respe
tively.





Chapter 5Systemi
 model ofosmoregulation
A systemi
 model of water and salt balan
e 
onsiders the regulatory systemas a whole and in
orporates the 
omponents ne
essary to make a su�
ientmathemati
al des
ription of the dynami
al behaviour. In this 
hapter, Iwill introdu
e a model that in
ludes the most important elements of os-moregulation by vasopressin. The parts of the overall 
ontrol system thatI in
lude in the systemi
 model are en
losed by the gray polygon in the
ausal loop diagram in Figure 5.1. The main goal of the systemi
 model isto simulate the response to �uid intake mediated by 
hanges in vasopressinlevels and kidney water reabsorption. The membrane protein model fromChapter 3 and the kidney model from Chapter 4 will be integrated in thesystemi
 model.Figure 5.1: The 
ausal loop dia-gram of water and salt balan
e pre-sented in Figure 2.1. The model in-trodu
ed in this 
hapter takes intoa

ount the regulation of osmolarityby vasopressin (AVP). It expli
itlyin
ludes the kidney model of Chap-ter 4 and the membrane model ofChapter 3.

51
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Figure 5.2: Temporal response of urine �ow and plasma osmoti
 pressure to 1 lof water in a human subje
t. The �gure is from Baldes and Smirk [10, Fig. 1℄.The response to �uid intake was measured by Baldes and Smirk [10℄.From their experiments, the response to drinking 1 l of water is shown inFigure 5.2. Immediately following the �uid intake, the body �uid be
omesmore dilute, and the plasma osmolarity (dashed 
urve) starts to de
rease.It rea
hes a minimum at around 60min after ingestion, and it then slowlyin
reases until it re
overs to the referen
e level at around 210min. Afterabout 30min the urine �ow starts to in
rease and rea
hes a maximum of
500ml/h at 60min. After 150min urine �ow de
reases again to the levelbefore �uid intake. In the following se
tions, I will go through the math-emati
al formulation of the model and argue for the 
hoi
e of parametervalues.5.1 The modelThe model is organised in several parts. The �rst part is the representationof water and solute in the �uid 
ompartments of the organism. The se
ondpart is the modelling of absorption of water from the gut. It is also ne
es-sary to de�ne an equation for the a
tive substan
e, antidiureti
 hormone.Finally, the relations that make sure that we 
an integrate the membraneprotein model of Chapter 3 and the kidney model from Chapter 4 are pre-sented.Figure 5.3 is a �ow diagram of the model. In the top right hand 
ornerwater and salt intake feed into the system, and a water variable V and a
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Figure 5.3: Flow diagram of the systemi
 osmoregulation model.solute variable XS represent the state of the body �uid. The osmolarity cosmdepends on both solute and water, and an in
rease in osmolarity stimulatesthe se
retion of antidiureti
 hormone ADH. In turn, ADH enhan
es waterreabsorption in the kidney, and 
onsequently de
reases urine �ow.Water and solutesWhen des
ribing �uid in the body, it is 
ommon to distinguish betweenintra- and extra
ellular �uid. Blood plasma is part of the extra
ellular �uid.We will 
onsider two �uid 
ompartments in the model; one for extra
ellular�uid and one for intra
ellular �uid. Plasma will be a sub-
ompartment ofextra
ellular �uid. Indi
es E, I and P denote the three 
ompartments,respe
tively. We assume osmoti
 equilibrium between the 
ompartments,and the equilibrium is attained rather qui
kly, within a few minutes, andthat solely transmembrane movement of water between 
ompartments isresponsible for this [50, p. 299℄. The total volume is denoted V , and thevolumes of ea
h of the 
ompartments are denoted VI , VE, and VP . A similardes
ription of �uid 
ompartments was used by Uttamsingh et al. [119℄.The amount of solute in ea
h 
ompartment is denoted XS,j, where
j ∈ {I, E, P}. The 
ompositions of solutes in intra
ellular and extra
ellular
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es are of 
ourse di�erent. We will 
onsider the sum of osmoti
ally a
-tive substan
es, su
h as sodium, potassium, 
hloride, urea, glu
ose, et
. asone solute variable. In the extra
ellular 
ompartment the main 
onstituentof the total osmolarity is sodium. The osmolarity cosm is the 
on
entrationof solutes
cosm = cS =

XS,j

Vj
, j ∈ {I, E, P} .The assumption of osmoti
 equilibrium leads to

XS,E

VE

=
XS,I

VI

=
XS,P

VP

.This implies that the intra
ellular volume VI is given in terms of the extra-
ellular volume VE and solute 
ontent of both intra
ellular and extra
ellular
ompartments, XS,I and XS,E

VI =
XS,I

XS,E
VE .The total volume is V = VE + VI , and we get

VI =
1

1 + XS,E/XS,I
V = αIV ,and

VE =
1

1 + XS,I/XS,E
V = αEV ,where αI = 1

1+XS,E/XS,I
, and αE = 1

1+XS,I/XS,E
. The plasma volume isassumed to 
onstitute a �xed fra
tion αP of extra
ellular �uid volume

VP = αPVE .The urine solute �ow is 
reated from �ltrate of blood plasma, whi
hmeans that it is taken from the extra
ellular �uid. Under the assumptionof osmoti
 equilibrium by water movement, this leads to the intra
ellularsolute being 
onstant
dXS,I

dt
= 0 .In Chapter 4, we saw that the relative reabsorption and sensitivity to vari-ations of permeabilities was mu
h lower for solutes than for water. In thesimulations in Se
tion 5.2, we assume that solute 
ontent of the organism is



5.1. THE MODEL 55regulated at a mu
h slower time s
ale and smaller relative magnitude thanvolume [16℄, and we set
dXS,E

dt
≃ 0 .With these simplifying assumptions, we 
an 
hoose any of the �uid
ompartments to represent the state of the volume of water in the organism,sin
e they 
an all be derived from ea
h other. The equation for the totalvolume V is

dV

dt
= FW − QW ,where FW is the rate at whi
h water enters the body �uid. If it is ingesteddire
tly by intravenous inje
tion, the �uid must be added dire
tly to V ,but if given orally the �uid passes through an absorption 
ompartmentrepresenting the gut. The gut absorption is treated in the next se
tion.In a normal person of 70 kg about 60% of the body mass is water. Thismeans that the total volume is around 42 l. Two thirds of this volume islo
ated intra
ellularly, i.e. inside the 
ells, 
orresponding to 28 l. The restis the extra
ellular volume of 14 l of whi
h 3 l is blood plasma. In terms ofthe α's de�ned above, we get

αE =
2

3
, αI =

1

3
, and αP =

3

14
.Let's assume that this 70 kg person has a plasma osmolarity of 285mOsm/l.The solute 
ontents are then

XS,E = 3990mOsm , and XS,I = 7980mOsm .Absorption from gutThe intake FW of water o

urs through the gastro-intestinal system. Thisimposes a delay in the system, 
orresponding to the time it takes for theingested water to make its way from the mouth, through the stoma
h andintestines to the body �uids. The absorption of water is modelled by asingle �gut� 
ompartment with subs
ript g. The equation is
dVg

dt
= IW (t) − aVg ,where Vg is the water volume in the gut. The rate IW (t) is the intakerate of water, and a is the absorption rate 
onstant. The time s
ale of



56 CHAPTER 5. SYSTEMIC MODEL OF OSMOREGULATIONwater absorption from oral ingestion to plasma is on the order of 20minas determined by D2O (heavy water) tra
er measurements [100℄. Similar�gures were suggested by Smirk [101℄ who used another method of weighingthe legs of the subje
t. We set the rate 
onstant to the inverse of the times
ale
a =

1

20min
= 3 h−1 .The intake rate FW in Figure 5.3 is then

FW = aVg .Antidiureti
 hormoneAntidiureti
 hormone is released in response to 
hanges in plasma osmolar-ity cosm. The relationship between osmolarity and ADH 
on
entration hasbeen studied by Thompson et al. [114℄. They proposed a simple model forthe relationship between plasma osmolarity and ADH 
on
entration withtwo parameters; a threshold osmolarity c0 and a slope m. The plasma
on
entration of ADH is given by
cADH = m(cosm − c0) . (5.1)Sin
e we impli
itly model the plasma volume as well, it is more 
onvenientto 
onsider the total amount of ADH, XADH, rather than the 
on
entration,and we propose the following dynami
 equation for XADH

dXADH
dt

= σ(cosm − c0) − λADHXADH , (5.2)where λADH is the �rst order degradation rate of vasopressin expressing thelife time of the hormone. The parameter σ is the sensitivity of se
retion,and c0 is the threshold osmolarity as de�ned above. At equilibrium thisEquation (5.2) redu
es to
XADH =

σ

λADH (cosm − c0) ,and division by the plasma volume VP leads to
XADH
VP

=
σ

λADHVP

(cosm − c0) . (5.3)



5.1. THE MODEL 57Equation (5.3) is equivalent to Equation (5.1) with
cADH =

XADH
VP

,and
m =

σ

λADHVP

,or
σ = mλADHVP . (5.4)Equation (5.4) allows us 
al
ulate the sensitivity σ from the parameters m,

λADH and VP .Thompson et al. [114℄ estimated m and c0 to
c0 = 285mOsm/kg , and m = 0.41 (pg/ml)/(mOsm/kg) .They measured osmolal ity whi
h is the amount of osmoti
 parti
les per kgof solution. Osmolarity is measured per volume, and it is approximately 2%lower than osmolality, , measured in mOsm/l and mOsm/kg, respe
tively.We use a value of c0 = 278mOsm/l. They measured ADH 
on
entration in

pg/ml, and to get to pmol/l we need to multiply by the mole
ular weightof ADH, whi
h is 1084 g/mol. Hen
e 1 pg/ml = 1.084 pmol/l whi
h for ourpurpose represents the same numeri
 value.A

ording to Barlow [12℄, the plasma half life is approximately 10minwhi
h leads to λADH = 6 h−1. Assuming a plasma volume of VP = 3 l, wearrive at a value for σ

σ = 7.5
pmol

mOsm/l·h
.Integration of kidney and membrane modelAnother task of this modelling work is to integrate the membrane proteinmodel and the kidney model in the systemi
 model. The �rst thing to do inthis respe
t, is to 
ouple membrane protein dynami
s to permeability, andthe se
ond task is to 
ouple hormone 
on
entration to stimulus of membraneproteins.The membrane protein model is de�ned in Se
tion 3.2, Equations (3.5)-(3.7). In order to be able to 
ompare responses for di�erent parametervariations of the membrane model, we will normalise the variables Yr, Yp,and Ym by the equilibrium value of Y ∗

m given in Equation (3.10). In thesubsequent investigation, this is done simply by setting the degradation
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Figure 5.4: Exo
ytosis rate (green 
urve) and endo
ytosis rate (red 
urve) asfun
tions of vasopressin 
on
entration. The bla
k 
rosses indi
ate the �o�� state,set at cADH = 1pmol/l. The bla
k 
ir
les indi
ate the �on� state at cADH =
5 pmol/l, see Se
tion 3.2.rate of membrane protein λm equal to the trans
ription rate Fts, and thetranslation rate ktl equal to the RNA degradation rate λr. We investigatedthe e�e
ts of various λm-values in Se
tion 3.2, λm = 0.1, 0.5, and 1 h−1.Now in order to 
ouple the membrane protein dynami
s to the perme-ability in the kidney model, we assume proportionality between Ym and thewater permeability GW . At GW = 200µm/s the kidney is in a mild antidi-ureti
 state as dis
ussed in Se
tion 4.1. This is the state that we will use asstarting point for the simulations. We de�ne the proportionality 
onstant
pW , so that

GW = pWYm , (5.5)and pW = 200µm/s. When simulating the time 
ourse of the system, theurine �ow will be 
al
ulated at ea
h time point as a fun
tion of Ym. Thesolute permeability is set to GS = 1 × 105 cm/s, the referen
e value used inSe
tion 4.1.In Se
tion 3.2, we found that it is ne
essary to regulate both exo
ytosisrate kex and endo
ytosis rate ken. We obtained values for �on� and �o��states in Table 3.2. A

ording to Barlow [12℄ the vasopressin range ofosmoregulation is 1-7 pg/ml, and we pi
k the �o�� state to 
orrespond to
1 pg/ml, and the �on� state to be at 5 pg/ml. The exo
ytosis rate in
reases



5.2. RESULTS 59as a fun
tion of cADH, and the opposite is the 
ase for the endo
ytosis rate.I 
hoose a simple Mi
haelis-Menten fun
tion for both relationships
kex(cADH) =

(
kex,max − kex,0

) cADH
KADH + cADH + kex,0 (5.6)

ken(cADH) =
(
ken,max − ken,0

) KADH
KADH + cADH + ken,0 . (5.7)The parameters of Equations (5.6) and (5.7) are not �tted exa
tly to mat
hthe results from Table 3.2. The 
urves in Figure 5.4 are the plots forthe 
hosen parameter values. Bla
k 
rosses indi
ate the �o�� states at

cADH = 1pg/ml, and 
ir
les indi
ate �on� states at cADH = 5 pg/ml. For kexthe transition is from �o�� at kex ≃ 1 h−1 to �on� at kex ≃ 3 h−1. For the en-do
ytosis rate the on-o� transition is from kex =≃ 2.5 h−1 to ken ≃ 1.5 h−1.5.2 ResultsSimulations of the experiment by Baldes and Smirk [10℄ were run. Tosimulate the drinking of 1 l of water, the initial value for gut volume wasset to Vg = 1 l.Results are shown in Figure 5.5. The top �gure (a) shows urine �ow asa fun
tion of time, and the bottom �gure (b) shows the plasma osmolarity.The blue 
urve 
orresponds to λm = 0.1 h−1, the green 
urve to λm =
0.5 h−1, the red 
urve to λm = 1 h−1. Re
all that λm is the lifetime ofmembrane proteins. In Chapter 3, we were not able to determine the exa
tvalue of this parameter, but now we 
an see what e�e
t it has at a higherorganisational level. In this plot, however, the three di�erent λm-values givevery similar results, and I will get ba
k to their interpretation.The overall 
hara
teristi
s of the urine �ow (a) and plasma osmolar-ity (b) are similar to the experimental data in Figure 5.2. Espe
ially thetime s
ales mat
h well, whereas the exa
t shape of the urine �ow 
urve isless well repli
ated. Let's start with the osmolarity 
urve. The simulatedplasma osmolarity immediately starts de
reasing until about 1 h after onsetof the experiment. It then slowly in
reases to the value before the onset ofthe experiment 285mOsm/l. In Figure 5.2 the osmolarity axis is given inper
ent 
hange, and at the minimum the starting value has 
hanged about
2.5%. In Figure 5.5(
) the minimum value attained is 280mOsm/l, almosta 2% 
hange from 285mOsm/l. The re
overy slope starts steeper, and then�attens out, whi
h is also the 
ase in the original experiment. The re
ov-ery after 3.5 h in both experiment and simulation is up to about 0.5% or
1.5mOsm/l below the initial level.
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Figure 5.5: Simulation of intake of 1 l of water. Sub�gure (a) is the urineprodu
tion, and (b) is the plasma osmolarity. The di�erent λm-values are thesame as investigated in Se
tion 3.2, and λm is the lifetime of aquaporins in theluminal membrane of kidney 
olle
ting du
t 
ells. The simulation 
aptures thedynami
s of the experiment by Baldes and Smirk [10℄ shown in Figure 5.2. Theshape of the urine �ow 
urve is slightly di�erent. The simulation has a sharperpeak and a slower de
ay. This is likely to 
aused by a smoother ina
tivation ofaquaporins in the model than is the 
ase in reality.



5.3. DISCUSSION 61The urine �ow 
urve in Figure 5.5(a) initiates a little bit faster thanin the experiments. The maximum as attained at about 1 h in both 
ases.The de
rease in urine �ow is quite abrupt in the experiment and mu
h lessso in the simulation. In both 
ases it drops to the prestimulus level after2.5-3h, so with respe
t to time s
ale it seems to mat
h, but the model doesnot 
apture the steepness of the experimental response.The minimum �ow rate is lower in the experiment. The state of thesubje
t at onset of the experiment is probably slightly more antidiureti
than what has been used in the simulation. The magnitude of the responseis higher in the experiment, and this has to do with the response magnitudeof the membrane protein model.The di�eren
e between the three λm-
urves is interesting. In (a) the red
urve rea
hes maximum the fastest. It also de
ays the fastest, but fasterthan the in
rease in 
omparison with the two other 
urves. The red 
urveis also the slowest at re
overing in terms of osmolarity (b). Basi
ally, thisis be
ause the response in terms of total volume ex
reted is smaller.In Figure 5.6, I have plotted the normalised permeability gW (a), andthe vasopressin 
on
entration cADH(b) for the same λm-values as above.Re
all from Equation (5.5) that permeability and Ym are proportional, andhen
e the dynami
s are exa
tly the same. The response of the membranemodel is a de
rease in membrane proteins. The response is nearly a mirrorimage of the urine �ow. The red 
urve rea
ts the fastest and also de
aysthe fastest. This is due to the internal me
hanism of the membrane model,sin
e in plot (b) one 
an see that the hormone 
urves are very similar duringthe period of the initial response up to 2.5 h. The bottom �gure (
) is aphaseplot of the 
urves in (a) and (b) with cADH on the abs
issa and gW onthe ordinate axis. A phaseplot is 
onvenient for illustrating phase betweentwo variables. It is 
lear that the higher λm, the narrower the 
urve in(
), and hen
e the shorter the phase shift. The 
hange is not dramati
 inspite of a ten-fold di�eren
e in degradation rate λm. This is due to thefast eigenvalue of the membrane protein model whi
h is rather insensitive
hanges in λm, as illustrated by the approximation in Equation (3.13).5.3 Dis
ussionThe present systemi
 model su

essfully integrates two models from a dif-ferent biologi
al level of organisation. The simulations show the ability ofthe model to reprodu
e a physiologi
al experiment. All parameters of thesystemi
 model have been estimated from various sour
es, and it is thereforesatisfa
tory to see that the simulation of the experiment in Figure 5.2 �ts so
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5.3. DISCUSSION 63well. The time s
ales of the simulation and the experiment are 
onsistent.The magnitudes of urine �ow response are a less a

entuated than in theexperiment.The initial in
rease in urine �ow in the model is, however, faster thanin the experiment. The reason for this is a la
k of temporal delay in the
ausal me
hanism:water absorption from gut → drop in osmolarity →drop in vasopressin level → de
rease in membrane permeability
→ in
rease in urine �ow.The model does not have a delay in the me
hanism that a
tivates exo
ytosisand inhibits endo
ytosis of membrane protein. There is no delay in theadaptation of the urine �ow to 
hanges in membrane permeability either.The vasopressin stimulation is a di�
ult task from a modelling point ofview, if the goal is to extrapolate 
ellular level results to tissue or organlevel. The parti
ularities of the bio
hemi
al rea
tions 
ould well introdu
ean additional delay.The urine �ow model is assumed in steady state whi
h is of 
ourse asimpli�
ation. However, sin
e it is a steady state model of �ows, there isan inherent time 
omponent in the model. Let's make an assessment of thetime s
ale of the �ow. Take a urine �ow of QW = 0.03ml/s in n 
olle
tingdu
ts of radius r = 10 µm. The 
ross-se
tional area of 100,000 du
ts isabout A ≃ 0.3 cm2, and the velo
ity v is then v = QW /A = 1mm/s. Thetime it takes to �ow through a du
t of length L = 15mm is about 15 s.When a 
hange in membrane permeability one would ex
ept the �ow tohave equilibrated after a time 
omparable to the 15 s, and it is thereforereasonable to assume steady state in this part of the model.The delay in the absorption part seems reasonable too, sin
e the de
reasein osmolarity mat
hes the experiment very well. The delay in vasopressinrelease, is governed by the lifetime of vasopressin. It is known that isdegraded rapidly in plasma, but still it is possible to get a larger delay byde
reasing the degradation rate λADH.



64 CHAPTER 5. SYSTEMIC MODEL OF OSMOREGULATION5.4 SummaryIn the present 
hapter, I introdu
ed a model of the regulation of osmo-larity by vasopressin. The model in
orporated the two models presentedin Chapters 3 and 4 in a framework representing body �uid and solutes.The model su

essfully simulates a simple physiologi
al experiment, wherea subje
t drinks 1 l of water, and the urine �ow and plasma osmolarity aremonitored. This result 
on�rms the validity of the modelling approa
h andthe extensive sear
h for parameter values from independent sour
es.



Chapter 6The 
ir
adian rhythm
Approximately daily - that is the meaning of 
ir
adian. The 
ir
adianrhythm is an intrinsi
 feature of all biologi
al systems, and it manifests itselfat all biologi
al levels of an organism. From behaviour to gene expressionrhythmi
 os
illations of about (
ir
a) a day (dia) are present. In this 
hapterI will present the topi
 of 
ir
adian rhythms and lay the foundation for thetwo studies in Chapters 7 and 8.6.1 Rhythms at all levelsCir
adian rhythms are present at all biologi
al levels. Our planet rotates ata 24 h-period and it seems obvious that evolution would have optimisedour organism to the shift between day and night. The pe
uliar thingis that within our organism we have an internal 
lo
k that keeps ti
kingeven though we are not exposed to light-dark 
y
les. In 1957 Lewis andLobban [72℄ 
ondu
ted experiments with two separate groups of individualson the ar
ti
, Norwegian island of Spitzbergen during the summer periodwhen the sun is still shining at nighttime. Living on stri
t daily feedingregime, one group was exposed to a 27 h-rhythm, while the other group ex-perien
ed a 21 h-rhythm. None of the groups were aware of this di�eren
eduring the study. During the study body temperature was measured, andurinary samples were taken, and the rhythms of ex
retion were re
orded.One example of su
h a re
ording is shown in Figure 6.1(a). The top timeseries is water ex
retion and the bottom one potassium ex
retion. Thetemporal axis shows the time in terms of experimental 27h-days. Eightexperimental days 
orrespond to exa
tly 9 normal days, and if one looks
losely 8 peaks show up in water ex
retion, while 9 show up in potassiumex
retion. So does this mean that water ex
retion is 
ontrolled by external65
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(a) Water and potassium ex
retion.From [72, Fig. 7℄. (b) Renin a
tivity. From [47, Fig. 1℄.

(
) The 
ore 
lo
k. From [112, Fig. 1℄. (d) The 
ore 
lo
k. From [89, Fig. 1℄.Figure 6.1: Cir
adian rhythms at di�erent biologi
al levels from physiology togeneti
s.stimuli, and potassium ex
retion by some internal pa
emaker that sti
ks toa 24 h? That is probably too mu
h to 
on
lude from just those experiments,but it shows that overall governing of the 
ir
adian rhythm is an intriguinginterplay between external for
ing and internal rhythms.Another example of 
ir
adian rhythmi
ity is shown in Figure 6.1(b). It istaken from a study by Gordon et al. [47℄. They measured the plasma renina
tivity (PRA) from healthy male subje
ts for up to two days. During thestudy the subje
ts were re
umbent in an attempt to ex
lude in�uen
es dueto a
tivity rhythms. Renin a
tivity is very sensible to 
hanges in bloodpressure and posture. The �gure 
learly shows dips in the afternoon andpeaks in the morning.



6.1. RHYTHMS AT ALL LEVELS 67The variables studied in these two examples 
learly exhibit 
ir
adianrhythms. At the same time, they also display one of the most importantdi�
ulty of studying 
ir
adian rhythms - how do you dis
riminate betweenexternal applied rhythmi
ity and internal pa
e-makers. Ea
h experiment
laims to ex
lude one external fa
tor - light-dark 
y
le and a
tivity rhythm,respe
tively, but does that mean that the 
ir
adian rhythm in ex
retionvariables or in plasma hormone 
on
entration is solely driven by an internalme
hanism? Most likely, 
ir
adian rhythmi
ity arises due to a 
ombinationof internal and external fa
tors.Clo
k 
ontrolled genesAn important breakthrough in the understanding of 
ir
adian rhythms haso

urred within the �eld of geneti
s. Several genes in various spe
ies havebeen identi�ed as 
omponents of a trans
riptional-translational feedba
k
ir
uit that os
illates at a frequen
y of about 24 h. These 
lo
k genes formthe 
ore 
ir
adian 
lo
k. The 
ore 
lo
k is found in the supra
hiasmati
 nu-
leus (SCN) just above the opti
 nerves (
hiasmati
) in the brain. The 
lo
kruns autonomously, and under normal 
onditions it is entrained by externalin�uen
es of whi
h sun light is the most important one. Resear
h performedduring the last de
ade has brought detailed insight about the fun
tioningof the basal 
lo
k 
omponent whi
h is a geneti
 regulatory feedba
k loopin the neurons of the SCN. Some of the genes that are involved are 
alledperiod, 
rypto
hrome, 
lo
k, bmal1. The protein produ
ts of period (Per)and 
rypto
hrome (Cry) genes inhibit their own trans
ription, hen
e 
on-stituting a negative feedba
k loop. The Clo
k and Bmal1 genes fun
tion asregulators in a positive feedba
k loop. This is illustrated in Figure 6.1(d).The generation of a rhythm relies on the dynami
 
hara
teristi
s of the sys-tem. First of all there is a negative feedba
k loop. The pro
esses in the loop,su
h as trans
ription, translation, protein 
omplex formation, and nu
lear-
ytoplasmi
 transport delay the signalling by 6-12h. This may 
ause thesystem to os
illate. Several mathemati
al models have proven this to bethe 
ase [15, 46℄.A large proportion of mammalian genes show 
ir
adian os
illations intheir expression levels. Mi
roarray data from a study by Stor
h et al. [112℄is presented in Figure 6.1(
). The �gure displays the mRNA levels (
olour
oded) of liver spe
i�
 genes (verti
al axis) as a fun
tion of time (horizon-tal axis). There is a 
lear 24h-rhythmi
ity, and interestingly the phase isquite variable among the di�erent genes. These data identify liver spe
i�

ir
adian genes - or 
lo
k 
ontrolled genes (CCGs) as I will refer to them.



68 CHAPTER 6. THE CIRCADIAN RHYTHMIn other organs, other genes show os
illatory behaviour, so there are 
lo
k
ontrolled genes spe
i�
 to liver, heart, adipose tissue, et
. Di�erent au-thors have 
laimed that proportions of up to 50% of all mammalian genesshow 
ir
adian rhythms in at least one tissue [129℄. Questions that arisefrom 
onsidering all of these rhythmi
 genes are; How are the expressionlevels 
ontrolled? Do spe
i�
 trans
ription fa
tors a
t as 
ir
adian regu-lators? In an impressive meta-study of the trans
riptional regulation of
lo
k 
ontrolled genes Bozek et al. identi�ed several trans
ription fa
tors astypi
al for CCGs [23℄. They used bioinformati
 promoter analysis to iden-tify overrepresented trans
ription fa
tor binding sites. Typi
al motifs foundwere E-box , D-box, and ROR-elements, and they identi�ed trans
riptionfa
tors involved in many pro
esses from the immune system, metabolism,and endo
rine regulation underlining that 
omplexity and integrative na-ture of 
ir
adian regulatory me
hanisms. Core 
lo
k trans
ription fa
tors,CLOCK:BMAL1, DBP, HLF, E4BP4, CREB and RORα 
ame out as pos-itives. Other putative 
ir
adian regulators worth a mention are SP1, WT1,AP-1, AP-2, STAT-proteins and several nu
lear re
eptors. Nu
lear re
ep-tors have been devoted mu
h attention in the 
ir
adian �eld in part dueto an intriguing paper by Yang et al. [131℄ that do
uments 
ir
adian varia-tions in expression levels in most known nu
lear re
eptors. In the study inChapter 8, I will 
ompare my results to the study of Bozek et al. [23℄.6.2 Cir
adian water and salt balan
eCir
adian regulation is 
learly present in the 
ontrol of water and salt bal-an
e. Renin, the rate limiting enzyme in the renin-angiotensin system,exhibits os
illatory behaviour. Also vasopressin or antidiureti
 hormone isintimately involved in generation of the 
ir
adian rhythm as it may fun
-tion as a neurotransmitter in the supra
hiasmati
 nu
leus. In general, hor-monal 
ontrol system are very likely 
andidates for the transdu
tion of
ir
adian rhythms from the brain to the peripheral organs [51℄. When wetake a 
loser look at the signalling 
as
ade of a typi
al hormone, we willsee that several intermediate steps in hormonal regulation may 
ontributeto generating, maintaining or just transfer a rhythmi
 input. Figure 6.2shows to diagrams for two types of hormones - peptide (a) and steroidhormones (b). Peptide hormones are expressed and synthesised in spe
i�

ells. They usually go through a pre
ursor state before they are 
leaved tothe pure hormone. Upon stimulation they are se
reted to the 
ir
ulation.They arrive at a target 
ell, where they bind to a hormone spe
i�
 re
ep-tor. Inside the 
ell a signal is transdu
ed to e�e
tor mole
ules. Steroid



6.2. CIRCADIAN WATER AND SALT BALANCE 69hormones are synthethised from 
holesterol. The hormone is also se
retedinto the blood stream when the right stimulus is present. At the targetthe lipophili
 steroids traverse the lipid bilayer of the 
ell membrane andbind to intra
ellular nu
lear re
eptors. Nu
lear re
eptors in 
omplex withsteroid hormones a
t as trans
riptional regulators and a�e
t gene trans
rip-tion of target genes. The �nal e�e
t of steroid hormone stimulation is anin
rease in e�e
tor proteins through in
reased trans
ription. In the fol-lowing, I will review eviden
e of the 
ir
adian nature of three hormonal
ontrol systems that 
ontrol water and salt balan
e, vasopressin, the renin-angiotensin-aldosterone system, and natriureti
 peptides.

(a) Peptide hormone 
as
ade. (b) Steroid hormone 
as
ade.Figure 6.2: S
hemati
 representation of the regulatory 
as
ade of peptide hor-mone fun
tion (a) and steroid hormone fun
tion (b).VasopressinVasopressin is a small peptide mole
ule - a nonapeptide with nine aminoa
ids. It is se
reted from the posterior pituitary gland. The main physio-logi
al fun
tion of vasopressin is to in
rease water reabsorption in the distal



70 CHAPTER 6. THE CIRCADIAN RHYTHMtubule and 
olle
ting du
ts in the kidney. It also has vaso
onstri
tive ef-fe
ts, hen
e its other name vaso-pressin. It is well known that the plasmalevel of vasopressin has a 
ir
adian rhythm with higher levels at night. This
onveniently de
reases urine output [93℄.The regulatory 
as
ade of vasopressin is represented in Figure 6.2(a).The 
as
ade initiates with synthesis by gene expression in magno
ellularneurons of the supraopti
 and paraventri
ular nu
lei of the hypothalamus.The gene that expresses vasopressin is 
alled Avp in mi
e. The produ
tof the gene expression is a pre
ursor or prohormone 
alled neurophysin IIwhi
h 
ontains the vasopressin peptide. Other parts of the neurophysin IImole
ule have no apparent fun
tion. The axons of the magno
ellular neu-rons (MCN) proje
t to the posterior pituitary gland. By axonal transportthe prohormone is transported in vesi
les to this site. Enzymes then 
leavethe neurophysin mole
ule, and upon stimulation, vasopressin is released into the blood stream by exo
ytosis.At target sites throughout the organism, the hormone binds to re
ep-tors. Three re
eptors for vasopressin are known; V1R, V2R, and V3R.All re
eptors are membrane-bound G-
oupled re
eptors. This means thattheir intra
ellular e�e
ts are mediated by se
ond messengers within the
ell. V1R is mainly lo
ated in smooth mus
le 
ells, and re
eptor bindingresults in vaso
onstri
tion. V2R is lo
ated in the basolateral membrane ofkidney distal tubule and 
olle
ting du
t 
ells. Binding results in insertionof aquaporins in the api
al membrane, and hen
e an in
rease in water re-absorption. Insertion of urea transporters are also a�e
ted by vasopressinbinding. V3R re
eptors are lo
ated in variety of 
ells, for example in ACTHreleasing neurons, where binding stimulates ACTH se
retion.In the regulatory 
as
ade of vasopressin, 
ir
adian regulation is likely atseveral levels. The gene expression of vasopressin itself may be regulated.Also the se
retion pro
ess or the se
reting stimuli may be 
ir
adianly reg-ulated. The re
eptor abundan
e 
ould be rhythmi
. The re
eptor levelwould be dependent on geneti
 expression of re
eptor protein. Finally, thee�e
tors of signalling 
as
ades triggered by vasopressin 
ould be 
ir
adianlyregulated.The promoter of the vasopressin gene has several putative 
ir
adianregulatory sites [26℄. Possibly through the protein kinase A (PKA) pathwayand the CREB/
AMP-responsive promoter. Jin et al. [56℄ report e�e
ts ofCLOCK and BMAL1 on the vasopressin gene. They also found that thegene is expressed di�erentially in the SCN where it is rhythmi
, and in theSON, where it is not rhythmi
.



6.2. CIRCADIAN WATER AND SALT BALANCE 71Renin and angiotensin
The renin-angiotensin system plays a 
ru
ial in 
ontrol of blood pressure andkidney fun
tion. Renin is released upon 
hanges in arterial blood pressure,and it fun
tions as a 
leaving enzyme that 
onverts the large protein an-giotensinogen, abundantly present in the blood, to angiotensin I. A se
ond
atalyti
 rea
tion 
leaves angiotensin I to angiotensin II whi
h is a potentvaso
onstri
tor. This pro
ess is 
atalysed by the angiotensin 
onvertingenzyme simply known as ACE. We already dis
ussed the diurnal renin a
-tivity found in 1966 by Gordon et al. [47℄. But 
ir
adian rhythmi
ity is notlimited to renin. A

ording to Cugini and Lu
ia [31℄, all the 
omponentsof the renin-angiotensin-aldosterone system (RAAS) have marked 
ir
adianrhythms with di�ering phases.The gene of the renin-angiotensin system that has been mostly investi-gated is the renin gene, due to the its high expression levels in human embry-oni
 kidney 
ell lines (HEK 
ells). TNF-alpha inhibits renin expression, andthe responsible me
hanism depends on NF-kappaB and binding to a 
AMPresponsive element (CRE), possibly by intera
tion with CREB1 [116, 117℄.Renin gene expression is also stimulated by PPAR-gamma [115℄. Also WT1is involved in regulation renin expression [107℄.Renin is released into the blood stream in se
retory vesi
les [97℄. Releaseis stimulated by a de
rease in renal perfusion pressure. The enzymati
allyina
tive pre
ursor prorenin is also released into the blood plasma, and its
on
entration is about 10 fold higher than a
tive renin. Prorenin has alsobeen reported as a 
ir
adian variable [32℄.In re
ent years, a (pro)renin re
eptor has been identi�ed. Eviden
e ex-ists that by binding to the re
eptor prorenin be
omes enzymati
ally a
tive.Furthermore re
eptor binding to both prorenin and renin eli
its intra
ellu-lar, angiotensin-like e�e
ts [33℄. These �ndings are still very new.Angiotensin II a
tivates STAT pathways in renal mesangial 
ells [98℄.STAT proteins were also among the identi�ed 
ir
adian regulators. Throughangiotensin type 1 re
eptor STAT5 DNA binding was indu
ed, and throughre
eptor type 2 STAT1 DNA binding. PPAR a
tivators (nu
lear re
eptors)are known to be negative regulators of the AT1 re
eptor gene [27℄.Reports of the in�uen
e of the renin-angiotensin-system on erythropoei-sis suggest that an a
tivated renin-angiotensin system has a stimulatory ef-fe
t on EPO levels [58℄. EPO has also been identi�ed as a 
lo
k 
ontrolledgene [23℄.



72 CHAPTER 6. THE CIRCADIAN RHYTHMAldosteroneAldosterone is se
reted from the 
ortex of the adrenal glands. It is se-
reted in response to angiotensin II, ACTH, and to 
hanges in potassium
on
entration. It is a mineralo
orti
oid steroid hormone. The term miner-alo
orti
oid stems from its involvement in regulating mineral homeostasis,mainly sodium and potassium balan
e. Intra
ellularly, aldosterone bindsto the mineralo
orti
oid re
eptor (MR), a nu
lear re
eptor (NR3C2). Thesteroid-re
eptor is then transported in to the 
ell nu
leus where at a�e
tsgene-expression and protein synthesis of proteins, e.g. epithelial sodiumtransporters and sodium-potassium ex
hangers.Cir
adian variations of aldosterone and angiotensin II were observedat the plasma level along with in�uen
es on blood pressure and urinaryex
retion [94℄. The same referen
e also provides 
lear eviden
e of 
ir
adianvariation in aldosterone and angiotensin II levels. Charloux et al. alsoreport 
ir
adian rhythms of aldosterone levels, and a 
lear 
orrelation withplasma renin a
tivity [29℄. Their study indi
ates a strong dependen
e onthe pattern of the sleep-wake 
y
le.Aldosterone is a steroid hormone and is synthesised in the adrenal glandas an end produ
t of a series of 
atalysed transformations of 
holesterol.The spe
i�
 enzyme in aldosterone synthesis is 
alled aldosterone synthaseor CYP11B2 [134℄. CYP11B2 kno
kout mi
e have been developed and theirrenal fun
tion was studied by Makhanova et al. [70, 74℄. The mi
e show im-pairment of Na+-reabsorption in the distal nephron and hen
e salt wasting,de
reased blood pressure, and 
onsequent strong renin-angiontensin systema
tivation. Bassett et al. [13℄ have revealed the involvement of several nu-
lear re
eptors in CYP11B2 expression. The steroidogeni
 fa
tor-1, SF-1,whi
h is known to stimulate steroid synthases, inhibits or has little e�e
t onCYP11B2 expression while it stimulates CYP11B1 expression, whi
h again
atalyses the �nal step of 
ortisol synthesis [14℄. Two other fa
tors, nervegrowth fa
tor-indu
ed 
lone B (NGFIB), Nur-related fa
tor 1 (NURR1),were also reported to stimulate expression of human CYP11B2 [13℄. Theymay be involved in Ang II triggered pathways. The above mentioned fa
-tors all show 
ir
adian expression patterns a

ording to the nu
lear re
eptorstudy by Yang et al. [131℄. There is eviden
e that the aldosterone re
ep-tor MR is expressed in a 
ir
adian fashion in mus
le tissue [131℄. Thegene expression of MR is upregulated by Sp-1 [65℄. The primary geneti
targets of the MR-aldosterone 
omplex are the Sgnn1 genes that 
ode forthe ENaC sodium 
hannel, the serum- and glu
o
orti
oid regulated kinase1 (sgk1), the 
orti
osteroid hormone-indu
ed fa
tor (CHIF), and also thek-ras gene [42℄. MR-mediated trans
ription is inhibited by NF-kappaB [66℄.



6.3. SUMMARY 73Natriureti
 PeptidesNatriureti
 peptides in�uen
e water and salt homeostasis by indu
ing mainlyex
retion of sodium (natriuresis), vasodilation and lowering of blood pres-sure. Three types of natriureti
 peptides have been dis
overed - ANP, BNPand CNP. There are also three types of re
eptors whi
h are NPRA, NPRB,NPRC. NPRA and NPRB are guanylyl 
y
lase re
eptors. Binding to themin
reases intra
ellular 
GMP levels. NPRC binding inhibits adenylyl 
y-
lase a
tivity. ANP and BNP bind primarily to NPRA [80℄.Cir
adian variation in ANP plasma 
on
entration has been do
umentedby Rittig et al. [92℄ with peak times around midnight. Expression of natri-ureti
 peptides mainly takes pla
e in the atria, but also in the ventri
les,pituitary, lungs, hypothalamus, and kidneys, but levels are mu
h lower(< 1% of total) than in the atria [45, 77℄. The ANP promoter 
ontainsbinding motifs for AP-1, AP-2, CRE, SRE/CarG, Egr-1 [54℄.6.3 SummaryCir
adian rhythms are de�nitely a major 
omponent of water and salt bal-an
e. From ex
retion variables to gene expression pro�les, 24 h-rhythmsshow their presen
e. All of the reviewed hormonal 
omponents show 
ir
a-dian plasma variations. Several of the previously identi�ed 
ir
adian tran-s
riptional regulators are already known to have e�e
ts on genes 
oding forregulatory proteins of water and salt balan
e.In the next two 
hapters, I will approa
h 
ir
adian rhythm in two di�er-ent ways. In Chapter 7, I will analyse 
lini
al data from patients with vary-ing �uid intakes. In Chapter 8, I will undertake a bioinformati
 promoteranalysis and look for trans
ription fa
tors, possibly 
ir
adian, 
ommon togenes involved in water and salt balan
e.





Chapter 7Analysis of 
ir
adian data
Physiologi
al time series are a great sour
e information for the study of
ir
adian rhythms. With su�
ient temporal resolution and duration ofexperiments it is possible to identify 
ir
adian 
omponents of measurementsfrom blood plasma and urine samples. Sin
e the 
ir
adian rhythm is a dailyos
illation, it is ne
essary to have a time series with at least 24 h duration,and preferably more. It is also important to have samples 
olle
ted severaltimes a day to 
apture the 
ir
adian os
illation.We investigate the e�e
ts of in
reased �uid intake on urine outputand blood plasma variables based on 
lini
al data obtained from young,male volunteers. One group was instru
ted to have a normal �uid intake(30ml/kgBW/day) and another to have a high �uid intake (60ml/kgBW/day).The phenomena of interest are indi
ated in the 
ausal loop diagram in Fig-ure 7.1 by the gray 
losed 
urve. Fluid intake is altered and the e�e
ts onAVP, ANP, blood plasma, and urine produ
tion and their 
ir
adian rhythmswill be investigated.The data presented in this 
hapter was kindly provided by ProfessorJens Christian Djurhuus, Skejby Hospital.MotivationIt is well known that urine produ
tion varies between day and night. Thisis often explained by the 
ontrol of 
ir
adianly os
illating hormone vaso-pressin (AVP). Subje
ts su�ering from no
turnal enuresis (bedtime wet-ting) have been shown to have malfun
tioning 
ir
adian rhythmi
ity ofvasopressin [91, 93℄, indi
ating the importan
e of this type of hormonal
ontrol me
hanism. As dis
ussed in Chapter 6, another hormone involvedin �uid and salt regulation, atrial natriureti
 peptide, has also been shown75



76 CHAPTER 7. ANALYSIS OF CIRCADIAN DATAFigure 7.1: The 
ausal loop dia-gram of water and salt balan
e pre-sented in Figure 2.1. The partsdealt with in this 
hapter are en-
losed by the gray 
urve. The hor-mones AVP and ANP are measured,along with blood volume, osmolar-ity, and a number of urine variables.The available data will allow us toinvestigate the response to di�erent�uid intakes.to os
illate in a 
ir
adian manner. In this study, these two hormones willbe monitored during two di�erent �uid intake regimes.A wide variety of analysis te
hniques will be applied. A �rst assessmentof diurnal variability will be done by statisti
al 
omparisons of day-nightaverages. Diurnal means day to night variations, so it is in prin
ipal aspe
ial 
ase of 
ir
adian rhythmi
ity with a spe
i�
 phase. To take into a
-
ount the temporal nature of the data a te
hnique 
alled repeated measuresanalysis of varian
e will be applied to obtain information about di�eren
esof temporal behaviour between the two groups. Finally, a so-
alled Fouriers
ore method will be used to look at the 
ir
adian 
hara
teristi
s of thedata from ea
h individual.7.1 DataData was re
orded from 29 healthy, young male volunteers. They weredivided in two groups of 17 and 12 subje
ts. The �rst group was instru
tedto have a �uid intake of 30ml/kgBW/day. This group will be referred toas the normal �uid intake (NFI) group. The other group was instru
tedto drink 60ml/kgBW/day. This group will be 
alled the high �uid intake(HFI) group. Measurements were re
orded in a hospital during two days -48 hours. Subje
ts were instru
ted to drink 2/5 of the pres
ribed �uid intakebetween 8.00 and 14.00 and again from 14.00 to 20.00. From 8.00 to 23.00the �nal 1/5 of was 
onsumed. Standard hospital meals were served at 8.00,12.00 and 18.00. Prior to the re
ording period, subje
ts were instru
ted toobey their respe
tive �uid intake regimens for three days, in order to assurethat they would be in a �
ir
adian steady state�, before the initiation of the



7.1. DATA 77experiments. The subje
ts also had a 
atheter installed on one of the twonights for the purpose of another study of e�e
ts of 
atheterisation. Thiswas reported not to have any e�e
t on the measured variables. During thenight with 
atheter no no
turia in
idents (involuntary nighttime urination)were re
orded, sin
e the bladder was automati
ally emptied.

Figure 7.2: S
hemati
 presentation of the type of data.A simple s
hemati
 representation of the type of data in this study isshown in Figure 7.2. Basi
ally the data is 3-dimensional. The �rst di-mension is the number of variables measured. The se
ond dimension isthe number of individual subje
ts from whi
h measurements were taken.The third dimension is time. The temporal dimension is essential for un-derstanding the dynami
s of the system. The analysis te
hniques appliedin this study atta
k the 
ube from di�erent sides to extra
t informationabout the underlying system. Basi
ally, ea
h te
hnique modi�es the dataaxis in di�erent ways in order to infer system behaviour. One example isthe grouping of individual subje
ts on the subje
t axis. Another one is theaveraging of day and night values on the time axis. This way of 
onsideringthe data allows a us to 
ompare the s
ope and the results of the di�erentte
hniques.Measured variablesA number of quantities were measured in urine and in blood plasma. Forurine the volume (Uvol), osmolarity (Uosm), sodium 
on
entration (UNa),potassium 
on
entration (UK), and 
reatinine 
on
entration (U
rea) weremeasured. In blood plasma, osmolarity (Posm) as well 
on
entrationsof sodium (PNa), potassium (PK), 
reatinine (P
rea), albumine (Palbu),
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Figure 7.3: Example data from one subje
t in the normal �uid intake group,and one subje
t in the high �uid intake group.



7.1. DATA 79and the hormones atrial natriureti
 peptide (PANP) and arginine vaso-pressin were measured (PAVP). All plasma variables were measured duringa 48hour period at 3 hour intervals. Urine samples were also 
olle
ted ev-ery 3 hours, ex
ept for one of the two nights, where the urine samples were
olle
ted during the whole nighttime period from 23.00 to 8.00. This wasthe night where the 
atheter was not installed.Figure 7.3 shows a sele
tion of the measured variables for one subje
t inthe normal �uid intake group (blue), and on subje
t in the high �uid intakegroup (red). In (a) urine �ow is shown, and it is 
lear that the high �uidintake group has higher average �ow. The glomerular �ltration rate (GFR)is shown in (b), urine osmolarity (Uosm) in (
), urine sodium 
on
entrationin (d), and urine potassium in (e). The se
ond 
olumn depi
ts plasmavariables; AVP 
on
entration in (g), ANP 
on
entration in (h), plasmaosmolarity in (i), and plasma sodium and potassium in (j) and (k). It isnot obvious from this �gure what to 
on
lude or hypothesise neither aboutdi�eren
es between the two groups nor about the temporal 
hara
teristi
sof the individual time series.Derived variablesFrom the measured variables, one 
an 
al
ulate additional variables. Theurine �ow is simply the volume divided by the duration of the 
olle
tioninterval, ∆T ,
U�ow = Uvol/∆T .Ex
retion rates of osmoles, sodium, potassium, and 
reatinine, 
an be
al
ulated as urine 
on
entration times urine �ow, i.e.

Ex = UxU�ow ,where x represents any of the above mentioned variables. Clearan
e Cx ofa substan
e x is 
al
ulated as
Cx =

Ux

〈Px〉
U�ow ,where 〈Px〉 is the averaged plasma 
on
entration during the urine 
olle
tioninterval. The glomerular �ltration rate is taken to be equivalent to the
learan
e of 
reatinine whi
h is standard pra
ti
e [121℄.Fra
tional ex
retion gives a measure of how mu
h of the �ltered load isex
reted. It is the ex
retion rate divided by the plasma 
on
entration times



80 CHAPTER 7. ANALYSIS OF CIRCADIAN DATAthe glomerular �ltration rate. This redu
es to (urine �ow 
an
els out)
FEx =

Ux〈P
rea〉
〈Px〉U
rea .Solute free water 
learan
e CH

2
O is the di�eren
e between urine �ow andosmolar 
learan
e

CH
2
O = U�ow − Cosm .The derived and the dire
tly measured variables will be analysed in thefollowing se
tions. In total there are 18 urine variables (
olle
ted in timeintervals) and 7 plasma variables (measured instantaneously.7.2 Analysis te
hniquesThree approa
hes will be used to analyse the data. First a simple statisti
alapproa
h to asses diurnal (day-night di�eren
es) 
hara
teristi
s of the data.In referen
e to Figure 7.2 this te
hnique groups data on both the subje
taxis and the time axis. The next te
hnique repeated measures analysisof varian
e 
onsiders the temporal organisation of the repeated measuresbetween the two groups of patients. Again the subje
ts are grouped, butthe temporal information is treated with more 
are. The Fourier s
orete
hnique 
onsiders subje
ts individually. This approa
h is, in prin
iple,better suited to identify 
ausal relations and to identify outliers.Diurnal statisti
sDay and night averages were 
al
ulated for the two groups. For the urinevariables, day-time was 
onsidered to be the measurements from 8.00-11.00,11.00-14.00, 14.00-17.00, 17.00-20.00, and 20.00-23.00. For the plasma vari-ables day-time average values were 
al
ulated from the 11.00, 14.00, 17.00,20.00 measurements. Student's t-test was used to 
ompare values betweenthe two groups, and a signi�
an
e level of p = 0.05 was used. Whole dayaverage were also 
al
ulated.Repeated measures analysis of varian
eRepeated measures analysis of varian
e (RMANOVA) was applied to in-vestigate, in more detail, the temporal variation in the data. There aremany variants of the RMANOVA, and here we will use a multiple sam-ple RMANOVA with time e�e
ts, group e�e
ts and intera
tion between



7.2. ANALYSIS TECHNIQUES 81time and group as presented by Davis [34, Chapter 5℄. The well-establishedANOVA framework allows for statisti
al testing of ea
h of three e�e
ts and,hen
e, there are three p-values; for temporal variation pT away from a meanlevel, di�eren
es in mean between groups pG, and for the di�eren
e of tem-poral pro�le of the mean 
urves of the two groups, the so-
alled group-timeintera
tion pGT . In the latter test, the less parallel the mean 
urves of thegroups are, the more signi�
ant the test. Sin
e the ANOVA test demandsa 
omplete dataset with no missing values, su
h values were repla
ed byinterpolated values. This pra
ti
e is 
ommon for this type of analysis withrelatively few missing values, but it does, of 
ourse, introdu
e spurious ele-ments in the data.
Fourier s
oresThe repeated measures analysis of varian
e analyses temporal 
hara
ter-isti
s of groups. By assuming a grouping of subje
ts, we 
annot extra
tinformation about the individual subje
t, and how measured variables re-late for ea
h of them. I will introdu
e a te
hnique 
alled Fourier s
oreto perform an individually based analysis of 
ir
adian 
omponents of themeasured plasma and urine variables. A similar approa
h has been used toanalyse 
ell 
y
le data [43℄ though with a di�erent ba
kground model.The name Fourier s
ore stems from the fa
t that we 
onsider the 24-hour
omponent of the Fourier spe
trum of the time series. We need to 
onsidertwo di�erent types of data. The �rst one is instantaneously measured signalsthat represent a momentary state of the system. This is, for example, theblood plasma variables. The urine variables, on the other hand, are 
olle
tedduring a period of time, and hen
e the measured quantity is equivalent to anintegral of an underlying signal. In the following, I will derive expressionsfor the Fourier s
ore for both types of signals.The s
ore from ea
h signal does not give us information about whetherit is high or low. To evaluate this, ea
h s
ore is 
ompared to an empiri
alba
kground distribution, and a P -value is 
al
ulated as the 
orrespondingper
entile. See Figure 7.8 for an illustration. The way of generating ba
k-ground sequen
es 
arefully takes into a

ount the fa
t that we wish to testfor temporal 
oordination in the data by random permutation of the orderof the points.



82 CHAPTER 7. ANALYSIS OF CIRCADIAN DATAInstantaneously measured signalThe instantaneously measured signal is the more straight forward to treat.For a signal p(t) the Fourier s
ore is de�ned as
FS

[
p(t)

]
=

∑

i

exp

(

i2π
ti
T

)

p(ti)∆ti , (7.1)where T is the 
onsidered period, here T = 24h. FS is a 
omplex number,and it 
ontains information both about the magnitude of the os
illatory
omponent and its phase. In order to 
ompare the magnitude of the s
orea
ross di�erent measured variables, the signal is �rst normalised by sub-tra
ting its mean and dividing by the standard deviation
p̂(t) =

p(t) − p̄(t)

σp
,where p̂ is the normalised signal, p̄ is the mean, and σp is the standarddeviation.Integrated signalIn the 
ase of the urine signals, 
onsider an instantaneous urine �ow rate

u(t), the total 
olle
ted urine volume is the integral of the �ow rate
U(t) =

∫ t

t0

u(t)dt. (7.2)Consider the dis
rete 
olle
ted samples Ui 
olle
ted during intervals ∆ti =
ti − ti−1 for i = 1 . . .N . Then U(t) 
an be written as

U(ti) =

i∑

j=1

Ui . (7.3)We want to know if the instantaneous signal u(t) has a 24 h-
omponentlike in equation (7.1). In order to deal with the integrated variable, westart by 
onsidering the 
ontinuous Fourier 
omponent as 
al
ulated by thefollowing integral over the time interval of the data series t0 to tN

FS
[
u(t)

]
=

∫ tN

t0

exp

(

i2π
t

T

)

u(t)dt .



7.2. ANALYSIS TECHNIQUES 83Integration by parts gives
FS =

[
U(t) exp

(

i2π
t

T

)
]tN

t0
− i2π

∫ tN

t0

exp

(

i2π
t

T

)

U(t)dt

= U(tN ) exp

(

i2π
tN
T

)

︸ ︷︷ ︸

I

−i2π

∫ tN

t0

exp

(

i2π
t

T

)

U(t)dt

︸ ︷︷ ︸
II

. (7.4)Part I in equation (7.4) was derived using equation (7.2). Part II in equa-tion (7.4) 
an be approximated by 
onsidering the dis
rete representationof U(t) in equation (7.3)
II =

N∑

i=1

exp

(

i2π
ti − ∆ti/2

T

)

U(ti)∆ti .The reason for shifting the 
omplex exponential by ∆ti/2 is to minimisethe phase shift introdu
ed by the dis
retisation. With this derivation it isalso possible to 
al
ulate Fourier s
ores for integrated signals, and it will beapplied to the urine variables.Ba
kground distributionThe ba
kground sequen
es are simply generated by permutation of the tem-poral order of the points. Let I denote the ordered set 0, 1, 2, ...N , and
onsider the ordered sequen
e (time series)
pi = p(ti) for i ∈ I.Now let Ibg be a random permutation of I, i.e. a set with the same elementsbut di�erent order. A ba
kground sequen
e pbg,i is simply

pbg,i = p(ti) for i ∈ Ibg.In this study 10,000 ba
kground series are generated, and for ea
h of thesethe Fourier s
ore is 
al
ulated. The 95th per
entile of the empiri
al distri-bution of the ba
kground Fourier s
ores is the 5 % signi�
an
e level.



84 CHAPTER 7. ANALYSIS OF CIRCADIAN DATA7.3 ResultsThe results from the large data set are presented in this se
tion. They willbe presented in the same order as the methods with some extra analysesand tests that give additional information.No
turia nightsAs would be expe
ted the number of no
turia nights is nearly double inthe high �uid intake group, 11 nights, 
ompared to the normal �uid in-take group, 5 nights. In the high �uid group this means that during 92%(11/12)) of all measured nights a no
turia in
iden
e o

urred, whereas the�gure for the normal �uid intake group was 29%.Average 
omparisonsMean levels were 
al
ulated for all variables in both groups. Results areshown in third and sixth 
olumns (titled '24-h') in table 7.3. Values aremean±SE, and signi�
antly di�erent results are shown in bold type (p <
0.05). Not surprisingly, urine �ow was signi�
antly higher in the high�uid intake group, 2.32ml/h/kgBW versus 1.2ml/h/kgBW in the normal�uid intake group. All measured urine 
on
entrations (osmolarity, sodium,potassium, 
reatinine) were signi�
antly lower in the HFI group. Therewere slightly higher osmolar and potassium ex
retions in the high �uid in-take group. This was also the 
ase for 
learan
e and fra
tional ex
retionof osmoles and potassium. No di�eren
es in these ex
retion variables wereobserved neither for sodium or nor for 
reatinine. Interestingly, glomerular�ltration rate was similar in the two groups, in spite of the di�erent �uidintakes and urine outputs. Solute free water 
learan
e was signi�
antlyhigher in the HFI, though still negative. The average levels of none of themeasured plasma 
on
entrations showed signi�
ant di�eren
es.Day-night 
omparisonsDay versus night averages were tested against ea
h other in the two groups.Also day values from the two groups and night values from the two groupswere tested with Student's t-test. All values are listed as mean±SE intable 7.3. The boxed values indi
ate signi�
ant results in the day vs nighttest. Bold fa
e indi
ates signi�
an
e in the NFI vs HFI tests, as for the24-h levels.
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Normal Fluid Intake High Fluid IntakeDay Night Overall Day Night OverallU�ow (ml/h/kg BW) 1.49±0.1 0.75±0.059 1.2±0.065 2.91±0.092 1.34±0.14 2.32±0.056Uosm (mOsm/kg) 548±24 674±37 595±24 332±19 458±30 379±20UNa (mmol/l) 105±5.8 106±6.8 105±5.5 63.5±5.5 66.8±4.6 64.7±4.7UK (mmol/l) 56±3.8 44.4±5.3 51±4 37±3.2 34.7±4.2 36.1±3.1U
rea (mmol/l) 10.5±0.61 16.5±1 12.8±0.56 5.12±0.37 9.71±1 6.86±0.54Eosm (mOsm/h/kg BW) 0.694±0.042 0.467±0.026 0.602±0.03 0.811±0.039 0.507±0.034 0.696±0.031ENa (mmol/h/kg BW) 0.14±0.011 0.0774±0.0058 0.115±0.0079 0.165±0.013 0.0846±0.011 0.134±0.0096EK (mmol/h/kg BW) 0.0703±0.0058 0.0301±0.0032 0.0539±0.0039 0.0911±0.0073 0.0385±0.0042 0.0709±0.0057E
rea (mmol/h/kg BW) 0.0121±0.00044 0.0109±0.00043 0.0115±0.00023 0.0122±0.00049 0.0102±0.00036 0.0115±0.00036Cosm (ml/h/kg BW) 2.47±0.15 1.67±0.094 2.15±0.11 2.88±0.14 1.81±0.12 2.48±0.11CNa (ml/h/kg BW) 1±0.082 0.556±0.041 0.825±0.057 1.19±0.093 0.611±0.08 0.966±0.069CK (ml/h/kg BW) 17.4±1.4 7.59±0.77 13.5±0.97 22.3±1.7 9.46±0.98 17.4±1.3C
rea (ml/h/kg BW) 143±4.5 139±8.9 140±4 150±6.7 136±8 145±6.2FEosm (%) 1.76±0.095 1.24±0.078 1.56±0.08 2.04±0.09 1.37±0.09 1.79±0.085FENa (%) 0.705±0.056 0.413±0.034 0.592±0.042 0.809±0.048 0.459±0.054 0.675±0.044FEK (%) 12.3±0.95 5.45±0.5 9.61±0.7 15.2±1.1 7.19±0.81 12.1±0.82CH2O (ml/h/kg BW) -0.992±0.094 -0.908±0.071 -0.95±0.075 0.0283±0.12 -0.474±0.1 -0.158±0.097GFR (ml/h/kg BW) 143±4.5 139±8.9 140±4 150±6.7 136±8 145±6.2Posm (mOsm/kg) 280±0.46 281±0.69 280±0.47 281±0.49 281±1 281±0.55PNa (mmol/l) 139±0.34 139±0.28 139±0.27 139±0.36 139±0.37 139±0.33PK (mmol/l) 4.05±0.022 3.92±0.044 4±0.026 4.1±0.036 3.96±0.045 4.05±0.037PAVP (pg/ml) 1.16±0.099 1.13±0.12 1.16±0.099 1.17±0.057 1.11±0.086 1.19±0.049PANP (pg/ml) 12.2±0.88 12.7±1.2 13.2±0.99 18.1±3.4 17±2.5 17.8±2.9P
rea (µmol/l) 84.7±2.8 81.7±2.4 82.9±2.5 81±1.7 80.4±2.5 79.7±1.6Palbu (µmol/l) 584±35 559±34 567±34 628±9.2 601±7.6 613±8Table 7.1: Overall, day and night averages in the two groups. Values are mean ± SE.



86 CHAPTER 7. ANALYSIS OF CIRCADIAN DATAUrine �ow and osmolarity both showed signi�
ant day-night variation,as well as di�eren
es in both mean day and night levels between the twogroups. Neither urinary sodium nor potassium 
on
entration showed day-night di�eren
es in neither of the two groups. The solute ex
retion variablesfor osmoles, sodium and potassium all varied in day-night levels. Day-dayand night-night 
omparisons between the groups only gave a signi�
ant dif-feren
e for the daytime level of potassium ex
retion, being higher in the HFIgroup. The pi
ture repeats itself for the 
learan
e variables and fra
tionalex
retion. Glomerular �ltration rate showed no signi�
ant di�eren
e in anyof the tests. Solute free water 
learan
e had no day-night variation in theNFI group, but only the HFI group, where the daytime value even be
amepositive. The only plasma variable that showed a day-night variation waspotassium.Time pro�les and RMANOVAThe results of the repeated measures analysis of varian
e (RMANOVA)are plotted in Figure 7.4 for urine variables and in Figure 7.5 for plasmavariables. The time pro�les are shown as mean±SD, the mean representedas a solid line and standard deviations as error bars. The p-values 
orre-sponding to ea
h variable are indi
ated above the �gure. The p-values pG,
pT , and pGT refer to tests for di�eren
es between groups, time points, andgroup-time intera
tion, respe
tively.Again, urine �ow and 
on
entrations (U�ow, UNa, Uosm, and UK) aresigni�
antly di�erent between the two groups (pG < 0.05). Urine �ow and
on
entrations of osmoles and potassium show signi�
ant temporal varia-tion (pT < 0.05), whereas sodium 
on
entration (UNa) does not.When it 
omes to the ex
retion variables, there is only signi�
ant dif-feren
e between the groups for EK. However, for Eosm pG = 0.057, so it isvery 
lose to the signi�
an
e level. All ex
retion variables have signi�
anttemporal variation.The pi
ture is qualitatively the same for 
learan
e variables, where pGfor osmolar 
learan
e Cosm is 0.061, so 
lose to the signi�
an
e level. Potas-sium 
learan
e CK shows both time and group variation. Solute-free wa-ter 
learan
e shows temporal and group variation, as well as di�eren
e ingroup-time intera
tion, meaning that the pro�les are not parallel. And thatis indeed the 
ase, as 
an been seen in Figure 7.4. In the HFI group there isa large in
rease in CH

2
O from about 17.00 to 23. In this period CH

2
O evenbe
omes positive, indi
ating the produ
tion of large amounts of very diluteurine.Fra
tional ex
retion of osmoles, sodium, and potassium (FEosm, FENa,
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Figure 7.4: 48-h pro�les of urine variables. RMANOVA p-values are indi
ated above ea
h �gure.
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Figure 7.5: 48-h pro�les of plasma variables. RMANOVA p-values are indi
atedabove ea
h �gure.



7.3. RESULTS 89FEK) all have signi�
ant group and time p-values. The 
ase of FEosm andFEK group-time intera
tion is also signi�
ant. This seems to be due mainlyto a larger fra
tional ex
retion during day-time.All plasma variables have signi�
ant time p-values, ex
ept for PNa.There are no signi�
ant group p-values, but PANP has pGT = 0.035. Thismay be due to the higher varian
e of PANP in the HFI group, as 
an beseen in Figure 7.5. The red error bars are 
learly larger than the blue ones.PAVP shows no signi�
ant di�eren
e neither between the groups nor forgroup-time intera
tion.Dispersion of hormone levelsThe RMAOV did not reveal any di�eren
es between average levels of neitherAVP nor ANP. By looking at the PAVP and PANP plots in Figure 7.5, onemight suspe
t that the s
ale of variations or the dispersion of the two groupsdi�ers. In order to investigate this, Figure 7.6 shows box plots of PAVP(a) and PANP (b). Blue boxes are NFI, and red ones are HFI. The spreadof the data in (a) seems similar, whereas in (b) the red distribution seemswider. The Ansari-Bradley test was used to determine whether the sam-ples from the two groups stem from distributions with di�erent dispersion.Sin
e the Ansari-Bradley test is a non-parametri
 distribution, it requiresno assumptions of normality [3℄. The test result for PANP is signi�
antwith a p-value way below the 5% signi�
an
e level, at pAB = 6 × 10−6 .Fourier s
oresAll variables were analysed with the Fourier s
ore te
hnique - the simpleone for plasma variables, and the integrated one for urine variables. Forea
h variable 10000 ba
kground sequen
es were generated and evaluated toobtain a P -s
ore. An overall view of signi�
ant Fourier s
ores is shown inFigure 7.9, but I will start with the example of plasma potassium levels.Figure 7.7 shows the time series of subje
ts with signi�
ant Fourier s
oresfor plasma potassium (a) and insigni�
ant s
ores (b). Again blue 
urvesare normal �uid intake, and red 
urves are high �uid intake. It is quite
lear from (a) that the sele
ted series have a 24h-os
illation with nadir inthe late evening and a peak in the early morning. Also a larger proportionare from the normal �uid group than the high �uid group - more pre
isely9 out of 17 (53%) and 3 out 12 (25%).One way of 
he
king the validity of the method is by plotting the ba
k-ground distribution generated from the ba
kground sequen
es. This is done
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Figure 7.6: Boxplots of all AVP (a) and ANP (b) measurements in the twogroups - blue is normal �uid intake, and red is high �uid intake. The distributionof AVP points are very similar and the dispersion is not di�erent by the Ansari-Bradley test. On the other hand, the ANP points have di�erent dispersion asrevealed by the AB-test (pAB < 0.001). The interpretation of this is that inthe high �uid intake group, there is a tenden
y to have mu
h higher amounts of
ir
ulating ANP in response to the in
reased amount of �uid.in Figure 7.8 for subje
t 9 with signi�
ant s
ore (a), and subje
t 8 with in-signi�
ant s
ore (b). The two distributions are very similar, and neitherthe Wil
oxon ranksum test for medians nor the Ansari-Bradley test for dis-persion show signi�
ant di�eren
e between the two distribution. In (a) theFourier s
ore is 9.49 (green line), and it is well above the 5% signi�
an
elevel. In (b) the Fourier s
ore is 3.4 and below the signi�
an
e level.The fa
t that the two series are evaluated against very similar distribu-tions, underlines the fa
t that the method of ba
kground sequen
e gener-ation e�
iently alters mainly temporal 
oordination, and it is not biasedtowards high s
oring nor low s
oring subje
ts.The overall pi
ture of Fourier s
ores of all individuals and all variables.Blue ba
kground shading is the normal �uid intake, and red is the high�uid intake group. Crosses denote signi�
an
e at the 5% level and 
ir
lesdenote 10% signi�
an
e. The �rst result is that more plasma variable serieshave signi�
ant Fourier s
ore. The poor performan
e of the urine variablesis quite striking. The over all distribution between the two groups (blueand red areas) seem not to di�er signi�
antly. As already mentioned above,there is a larger proportion of normal �uid intake subje
ts with 
ir
adianplasma potassium than there are high �uid intake subje
ts. Raising the
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Figure 7.7: Time series of subje
ts with signi�
ant Fourier s
ores (a) and in-signi�
ant s
ores in (b) for plasma potassium levels. Normal �uid intake groupare shown in blue and the high �uid intake group in red. The data in (a) 
learlyshow a more rhythmi
 pattern.
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Figure 7.8: Two examples of determination of signi�
an
e of Fourier s
ore forplasma potassium. The histogram shows the empiri
al distribution of Fouriers
ores from the ba
kground sequen
es. The verti
al dashed line shows the 5 %signi�
an
e level. In (a) the data for subje
t 9 is shown, and the Fourier s
oreis at a value of 9.49 (green value) well above the signi�
an
e level and, hen
e,this s
ore as 
onsidered signi�
ant. For subje
t 8 the Fourier s
ore is below thesigni�
an
e level (bla
k line in (b)).signi�
an
e threshold to 10% does alter the pi
ture very mu
h.7.4 Dis
ussionIt is 
lear that the organism adapts the urine �ow to the �uid intake. Butthe plasma data show that 
on
entrations of sodium, potassium and os-molarity remain un
hanged when �uid intake is in
reased. The questionthat one might ask, is how this adaptation o

urs. The above data analysisadresses this question.First of all, one might think that an in
reased �uid intake would leadto a lower plasma osmolarity and in turn an inhibition of vasopressin se-
retion, ultimately resulting in less water reabsorption in the distal part ofthe nephrons of the kidney. This is not the 
ase, sin
e plasma osmolarity isun
hanged between the groups, and also plasma vasopressin is un
hanged.This me
hanism may, however, play a role on shorter time s
ales not de-
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Figure 7.9: Signi�
ant Fourier s
ore marked with + or ◦ for 5 % and 10 %signi�
an
e, respe
tively. Subje
t IDs are on the horizontal axis, and a represen-tative sele
tion of the measured variables are on the verti
al axis. The top half isplasma variables, and the bottom half is urine variables. It is 
lear that in spiteof day-night averages showing diurnal di�eren
es in the urine variables, these arenot dete
ted by the Fourier s
ore method. Relatively more plasma variables areidenti�ed as 
ir
adian, but no 
lear pattern 
an be identi�ed. Plasma potassium(PK) is the variable with most signi�
ant 
ases.te
table with the present sampling s
heme. By this, I mean time s
alesshorter than the sampling interval of 3 h.One might also spe
ulate that glomerular �ltration in
reases with �uidintake. This parameter is not di�erent in the two groups, whi
h is also
oherent with the fa
t that glomerular �ltration is very tightly regulatedunder various 
onditions [50℄.If glomerular �ltration is similar, then the regulation of urine outputmust be due to reabsorption pro
esses in the tubular segments of the nephron.One obvious 
andidate that 
ould be responsible for this regulation is vaso-pressin. But as has already been mentioned, there is no signi�
ant di�eren
ein the 
on
entration of antidiureti
 hormone between the two groups nor
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ale of vasopressin 
on
entrations. On the other hand, if one takesinto a

ount that vasopressin release is a fun
tion of plasma osmolarity, andthat this is also not signi�
antly di�erent in the two groups, then one wouldexpe
t similar vasopressin levels whi
h is indeed the 
ase.Atrial natriureti
 peptide 
ould also play a role in the urine outputregulation. The varian
e of ANP levels is mu
h larger in the HFI group. Onemight interpret this as the system being more sensitive to volume expansion,whi
h is one well-known stimulus of ANP release due to in
reased re�llingof the atria.What other me
hanisms 
ould be responsible for the adaption to higher�uid intake? Some kind of adaptation must o

ur.
• Relative alteration in the salt regulatory hormone levels like ANP andaldosterone. We have already seen that the spread of ANP levels ishigher, thus the system is more responsive in the high �uid intake
ase. Plasma potassium 
ir
adian rhythm is also altered indi
ating a
hange in its major regulator aldosterone.
• A redu
tion of the osmolar gradient of the kidney medulla. This wouldresult in less water reabsorption, and hen
e larger urine volume. Adownregulation of urea transporters 
ould be responsible for this.
• A downregulation of aquaporins in the 
olle
ting du
ts. This wouldredu
e water permeability of the prin
ipal 
olle
ting du
t 
ells andthus de
rease water reabsorption.
• Inhibition of vasopressin fun
tion by other substan
es. Substan
es,e.g. prostaglandin E2, are known to interfere with vasopressin. PGE2inhibits produ
tion of inter
ellular 
AMP, ultimately resulting in ade
rease in aquaporin exo
ytosis.
• Pressure diuresis due to an in
rease in blood pressure in the HFI
aused by larger blood volume. This has not been measured, so we
annot tell whether or not a pressure in
rease is present.For far the most of the variables the absen
e or presen
e of 
ir
adianrhythms of is not a�e
ted by in
reased �uid intake. For solute-free water
learan
e the rhythm is inversed, i.e. in the HFI group it has its maximumduring the day-time, whereas in the night-time in the NFI. The only plasmavariable that showed a signi�
ant diurnal was potassium. This 
ould be dueto diurnal rhythm of aldosterone.The Fourier s
ore analysis revealed signi�
ant 
ir
adian rhythms, es-pe
ially in plasma potassium for a large proportion of the subje
ts. By
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hnique, it is revealed how largethe intersubje
t variability is. This is of 
ourse always an issue in the anal-ysis of 
lini
al data. As was seen in the histograms Figure 7.8, the methodpre
isely adresses the identi�
ation of temporal 
oordination in a signal.The method did not prove e�e
tive for the analysis of urine variables.The a

ura
y of the method may be improved by shortening 
olle
tionintervals or by extending the duration of the experiment to several days.7.5 SummaryAt this stage we 
an 
on
lude that urine �ow adapts to a higher �uid intake.Plasma osmolarity and solute levels are also tightly 
ontrolled under thesame 
onditions. The most well-known antidiureti
 substan
e, vasopressin,is not downregulated upon higher �uid intake, but its plasma values re-main un
hanged. Sin
e glomerular �ltration is also un
hanged, this meansthat the magnitude of the renal response to vasopressin is diminished, whilethe analysis shows that the range of vasopressin levels remains un
hanged.Plasma potassium was identi�ed to be 
ir
adian in more than half of thenormal �uid intake subje
ts and only a quarter of the high �uid intakesubje
ts. This indi
ates a possible disruption of the 
ir
adian rhythm ofpotassium as a 
onsequen
e of in
reased �uid intake. Most likely the adap-tation to high �uid intake that takes pla
e is in intera
tion between manyfa
tors, and the most promising 
andidates are alterations of ANP andaldosterone levels, and an adaptation of the osmoti
 environment in thekidney.





Chapter 8Cir
adian gene regulation
This 
hapter is an investigation of trans
riptional regulation of genes asso-
iated with water and salt balan
e. Two studies motivate the present work.In Chapter 6, I presented eviden
e for 
ir
adian rhythms in water and saltbalan
e. At the same time 
ir
adian rhythm are known to be present at thelevel of trans
ription of genes. The relevan
e of 
ir
adian trans
riptional
ontrol for di�erent physiologi
al systems and tissues were investigated ina study by Bozek et al. [23℄.Combining the 
lini
al and the geneti
 way of 
onsidering 
ir
adianrhythms is the purpose of the present study. A slight shift from waterand salt balan
e to blood pressure regulation was ne
essary in order to se-le
t relevant genes in a 
onvenient and reprodu
ible way. The questionsthat we seek to answer are:

• Is there eviden
e for 
ir
adian, trans
riptional regulation in bloodpressure 
ontrol?
• Are there spe
i�
 trans
ription fa
tor related to blood pressure regu-lating genes?The 
omputational framework employed in this study is 
alled tran-s
ription fa
tor binding site analysis. As the name states, it is a sear
h forbinding sites in the promoter regions of genes.This 
hapter starts with a motivation for the study. Then the 
ompu-tational methods are presented, immediately followed by the results andtheir biologi
al signi�
an
e. A further investigation of the distribution ofs
ores of trans
ription fa
tors and promoter sequen
es follows before a shortdis
ussion. 97



98 CHAPTER 8. CIRCADIAN GENE REGULATIONFigure 8.1: The 
ausal loop dia-gram of water and salt balan
e pre-sented in Figure 2.1. The genes 
on-sidered in this 
hapter are asso
iatedwith the regulation of blood pressurewhi
h is indi
ated with the dotted
ir
le. The purpose of the study is toinvestigate 
ir
adian, trans
riptionalregulation and its role in this 
om-plex regulatory system.8.1 MotivationFirst of all, it is well known that 
ir
adian rhythms play are intimatelyinvolved in the regulation water and salt balan
e. This is also the 
ase forthe 
losely related regulation of blood pressure. In Figure 8.1, the dotted
ir
le indi
ates blood pressure as the turning in the 
ausal loop diagramin this study. And blood pressure is indeed 
ir
adian. One of the most
ommon life style diseases of the Western world, hypertension or simplyhigh blood pressure, is in many 
ases asso
iated with a disruption of the
ir
adian rhythm. In normotensive subje
ts blood pressure dips at night,and some hypertensive subje
ts are 
alled non-dippers due to the la
k ofthe nightly drop [126℄. There is an extensive literature on the e�e
ts ofhypertensive drugs su
h as β- and ACE-blo
kers on 
ir
adian rhythmi
ity- see for example the review by Lemmer [71℄.In more general terms, the analysis addresses the problem of identify-ing trans
riptional regulators that are 
ommon for genes related to a spe-
i�
 biologi
al fun
tion. Some authors have addressed the inverse prob-lem - do genes with 
ommon trans
ription fa
tors share biologi
al fun
-tion [19, 20, 55℄? The 
on
lusion if these studies is that there is a higherdegree of asso
iation to spe
i�
 biologi
al fun
tions among genes with 
om-mon trans
riptional regulators. These �ndings have inspired other authorsto �nd regulators 
ommon to genes that show 
ir
adian os
illations in theirexpression levels. One study of 
lo
k 
ontrolled genes by Yan et al. [129℄ es-timated that about 50% of all mammalian genes show 
ir
adian os
illationsin at least one type of tissue.Bozek et al. [23℄ used trans
ription fa
tor binding site analysis of 
lo
k
ontrolled genes to identify trans
ription fa
tors 
ommon to this more or
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TRANSFAC ID NameV$AHRARNT_02 AhR:ArntV$AHRHIF_Q6 AHRHIFV$AP2_Q6 AP-2V$AP2_Q6_01 AP-2V$AP2_Q3 AP-2V$CEBP_Q2_01 C_EBPV$CEBP_Q3 C/EBPV$CEBPA_01 C/EBPalphaV$CEBPB_02 C/EBPbetaV$MYCMAX_B 
-My
:MaxV$CREBP1_01 CRE-BP1V$E2F_Q3 E2FV$E2F1_Q4 E2F-1V$E4BP4_01 E4BP4V$EGR_Q6 EGRV$EVI1_04 Evi-1V$HLF_01 HLFV$HMGIY_Q3 HMGIYV$HNF1_01 HNF-1V$HNF1_C HNF-1V$IRF_Q6 IRFV$IRF2_01 IRF-2V$IRF7_01 IRF-7V$KROX_Q6 KROXV$MEF2_01 MEF-2V$MEF2_04 MEF-2V$MEF2_Q6_01 MEF-2V$MEIS1AHOXA9_01 MEIS1A:HOXA9V$NRF1_Q6 Nrf-1V$OCT1_07 O
t-1V$PAX4_04 Pax-4V$SP1_Q6_01 Sp1V$SP1_Q6 Sp1V$SP1_Q4_01 Sp1V$SP1_Q2_01 Sp1V$SP1_01 Sp1V$STAT5A_04 STAT5AV$TATA_C TATAV$VBP_01 VBPV$WT1_Q6 WT1V$ZF5_01 ZF5Table 8.1: Overrepresented trans
ription fa
tors in a set of 2065 
lo
k 
on-trolled genes as determined by Bozek et al. [23℄. The fa
tors are involved innumerous physiologi
al pro
esses, e.g. immune response, endo
rine regulationand metabolism. TRANSFAC ID is quoted in the �rst 
olumn and the 
ommonname of the trans
ription fa
tor.
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Figure 8.2: Flow diagram for the bioinformati
 analysis.vaguely de�ned group of genes. From a 
olle
tion of six temporal mi
roarraystudies [36, 48, 78, 86, 112, 118℄ they 
ompiled a list of 2065 
lo
k 
ontrolledgenes with 
lear temporal 
omponent. These genes were then subdividedinto several sublists a

ording to the tissue of the experimental sample andthe 
ir
adian phase of the measurement. The results indi
ate that trans
rip-tional regulators of 
lo
k 
ontrolled genes are involved in a many fun
tionalsystems in
luding metabolism, immune response and many parts of the en-do
rine system. Table 8.1 
ontains the fa
tors that were overrepresented inthe list 2065 
lo
k 
ontrolled genes, and this will be the primary 
he
k listfor 
ir
adian trans
ription fa
tors.
8.2 MethodologyThe methodologi
al approa
h is divided into several parts. A �ow diagramof the methodology is presented in Figure 8.2. Starting from the left, dataa
quisition is the �rst step. We need �rst a set of trans
ription fa
tormotifs and a set of genes. I have used the databases TRANSFAC [127℄and EnsEMBL [30℄ for this task. The data serves as input to a promoteranalysis of sele
ted genes and trans
ription fa
tors. This is also 
alleda trans
ription fa
tor binding site analysis (TFBS). The promoter analysisrelies on determination of statisti
ally overrepresented binding sites, and theresulting fa
tors will �nally be dis
ussed and 
ompared with other studieson 
ir
adian regulation [23℄ (Table 8.1) and the literature. Below I presentthe di�erent steps in more detail.
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tionThe point of departure of the analysis is the sele
tion of a set genes relatedto blood pressure regulation. This is not a straight forward task, and anobje
tive method for sele
ting su
h a list is not readily available. In thespirit of reprodu
tivity, I use the Gene Ontology [4, 73℄ for this purpose.The Gene Ontology is a di
tionary with asso
iations of genes and termsrelated to biologi
al pro
esses, mole
ular fun
tion, and 
ellular lo
alisationof target proteins. The term water and salt balan
e does not exist in theGene Ontology, and therefore the fo
us will be on genes related to bloodpressure regulation.The main reasons for using the Gene Ontology was to enable a repro-du
ible approa
h, that 
ould also be applied to other biologi
al problems.The Gene Ontology 
ontains annotations of properties of genes and geneprodu
ts. It is organised as a dire
ted a
y
li
 graphi
, where all relationsof a given term are de�ned as parent relations. This 
reates a dire
tionin the graph. E.g. biologi
al pro
ess is a parent term of biologi
al regu-lation, and vi
e versa for the 
hild relation. The dire
tion of the graphallows for straight forward determination of all parent terms of a giventerm. However, �nding all 
hild terms is more 
umbersome. The Perlmodule go-perl provides fun
tionality for parsing ontology type formats.Furthermore, it provides re
ursive sear
h algorithm that allows for identi-�
ation of all 
hildren or parent terms of a given term. Using the fun
tiongetRe
ursiveChildren() with a parent term as input, one obtains all ofits nested 
hildren. To further 
lassify sele
ted genes, the mole
ular fun
-tion bran
h of the GO was used. For any given biologi
al pro
ess in the GOthis approa
h 
ould be used.Trans
ription fa
tor frequen
y matri
es were extra
ted from the databaseTRANSFAC. The raw list of matri
es was �ltered by spe
ies, and all ma-tri
es asso
iated with the spe
ies homo sapiens were sele
ted. The matrixrepresentation will be dealt with in more detail below (see Figure 8.3).
Promoter analysisPromoter analysis is based on pattern re
ognition in the promoter region ofa gene. The promoter region is the region in the DNA sequen
e around thetrans
ription start site. Basi
ally a promoter analysis takes two inputs; (1)a promoter sequen
e and (2) a position frequen
y matrix. In the following,I will introdu
e these two terms.



102 CHAPTER 8. CIRCADIAN GENE REGULATIONPromoter sequen
esA promoter of a gene is generally thought of as the region proximal to thetrans
ription start site [1℄. In the promoter region trans
riptional regula-tory proteins may bind to spe
i�
 sites in the DNA string and stimulateor inhibit gene trans
ription. The extent of the promoter region is not awell de�ned quantity. Binding of regulatory proteins may o

ur right nextto the trans
ription start or several thousand base pairs away. The mostproximal region to the trans
ription has binding sites for the so-
alled tran-s
ription initiation 
omplex at−10 bp and−35 bp, and regions at both sidesof the trans
ription start site 
ontain binding sites for other regulatory pro-teins [40, 123℄. In the following we will investigate promoter regions 300bpupstream and 200 bp downstream.Promoter sequen
es were download from the EnsEMBL database throughthe Perl API (EnsEMBL 50). We 
hose to work with with a large promoterregion (3000 bp upstream and 2000 bp downstream of the TSS) and a shortone (300 bp upstream and 200 bp downstream of the TSS). The reason for
hoosing up- and downstream regions is that re
ent reports indi
ate that
is-regulatory elements are found in both up- and downstream regions re-spe
tive to the TSS [40℄. Similar 
hoi
es of regions have been used by otherauthors [22, 23℄.Mathemati
al representation of a binding siteA trans
ription fa
tor binds to a DNA string at a trans
ription fa
tor bind-ing site whi
h is just a substring of DNA with width W . The binding site
an be sequen
ed experimentally. As is often the 
ase in biologi
al experi-ments their will be some extent of variability in the sequen
ed string. Fromone or several empiri
al pro�les of the site, one 
an derive matri
es express-ing the frequen
ies of the four nu
leotides at ea
h position in the bindingsite. This is presented in Figure 8.3, whi
h is taken fromWasserman andSandelin [122℄. The example in the �gure is the MEF-2 trans
ription fa
-tor. Eight aligned sequen
es a the starting point (a). At ea
h position inthe binding site the nu
leotides are 
ounted and give rise to a position fre-quen
y matrix PFM (
), where one dimension is the four nu
leotides, andthe other dimension is the binding site positions. The position frequen
ymatrix 
an also be presented by a position weight matrix PWM by takingthe logarithm of the normalised frequen
y distribution of the PFM. Thisgives a measure of the information 
ontent. If only one nu
leotide is presentat a spe
i�
 site in the experimental sequen
es, the information 
ontent isoptimal. Sequen
e logos (f) are a 
onvenient graphi
al representation of



8.2. METHODOLOGY 103Figure 8.3: Mathemati
al representa-tion of a trans
ription fa
tor bindingsite. Aligned experimental sequen
esare shown in (a). Based on majorityof 
ounts of single nu
leotides, one ob-tains 
onsensus sequen
e (b). The posi-tion frequen
y matrix PFM (
) gives thefrequen
y of nu
leotides at ea
h bind-ing site position. The position weightmatrix PWM (d) is a 
onversion of thePFM to log s
ale giving a measure of theinformation 
ontent of ea
h nu
leotideat ea
h site. The site s
oring (e) issimply the maximum weight at ea
hsite, and the sequen
e logo (f) graphi-
ally displays the information of PWM.From [122, Box 1℄.the PWM. The PFM represents a probability of �nding a nu
leotide at aspe
i�
 position in the binding site.The sear
h for binding sitesThe sear
h for binding sites using PFMs and promoter sequen
es is basi
allya problem of pattern re
ognition. The approa
h here is adopted from [41℄.Let's 
onsider a motifM of width W at lo
ation L in a promoter sequen
e S.Let q(k, Lk) denote the frequen
y of nu
leotide Lk in the PFM at position
k. The likelihood ratio of the whole binding site is then

X1(M, L) =

W∏

k=1

q(k, Lk)

p(Lk)
,where p(Lk) is a ba
kground probability of the nu
leotide. The ba
kgroundprobability may be estimated in various ways, but we will 
onsider it to bethe frequen
y in the sequen
e S. If there is a high similarity between PFMand sequen
e, the s
ore will be high.The single site s
ore X1 is haunted by a large number of false positivepredi
tions, i.e. a high s
ore at a site where no physi
al binding o

urs invivo. However, there is positive 
orrelation between the level of s
ores in asequen
e and the a
tual trans
riptional regulation [123℄. It is just too noisy



104 CHAPTER 8. CIRCADIAN GENE REGULATIONat the single site level. Hen
e we seek to get a s
ore for a whole sequen
e.We 
al
ulate the average s
ore X2 of all sites L in the whole sequen
e S

X2(M, S) =
1

NS

∑

L∈S

X1(L) . (8.1)This s
ore is a measure of the asso
iation between a trans
ription fa
torand a promoter sequen
e. Di�erent approa
hes to evaluating su
h a s
orefor a trans
ription fa
tor in a given sequen
e have been 
ompared by Bodénand Bailey [20℄, and they found that the the average s
ore X2 of all sitesin the whole sequen
e gave the best results. Still a single promoter maynot be enough to obtain 
onvin
ing results, and we expand the s
ore toa set of promoters from di�erent genes. Frith et al. [41℄ propose to makeall possible 
olle
tions of i promoters from the total of N promoters for
i = 1 . . . N . There are NCi ways to do this, and the 
olle
tion of all setsof i out N sequen
es is denoted A. Then for de�ne the following s
oredependent on matrix M and i

X3(M, i) =
1

NCi

∑

A

∏

S∈A

X2(S) .Finally, we sum over all i = 1 . . . N to obtain
X4(M) =

1

N

N∑

i=1

X3(i) . (8.2)The logarithm of X4 is the �nal s
ore evaluated by Clover introdu
ed inthe paper by Frith et al. [41℄. The evaluation of overrepresentation is doneby supplying a set of ba
kground sequen
es. From this set, N sequen
esof similar length to the original set are drawn at random, and X4 is 
al
u-lated for this random set. This pro
edure is repeated typi
ally 1000 times,and a P -value at 5% is determined as the 95th per
entile of the resultingdistribution of s
ores.The approa
h explained above is implemented in the programClover [41℄.The software needs two inputs: 1) a list of promoters sequen
es and 2) a listof positional weight matri
es (PWM) for trans
ription fa
tor binding sites.Additionally one 
an provide a set of ba
kground sequen
es. The PWMsare used to s
an through the promoter sequen
es shifting one nu
leotide.The output is a s
ore and a P -value for ea
h matrix, the P -value repre-senting the proportion of samples with higher s
ore than our sele
ted list.The ba
kground sequen
es were the 
orresponding promoters of all 21528protein-
oding human genes from EnsEMBL.



8.3. RESULTS 1058.3 ResultsThe results obtained from the Gene Ontology and trans
ription fa
tor bind-ing site analysis with Clover are presented in the following. The biologi
alsigni�
an
e of the �ndings are also dis
ussed.Gene sele
tionThe �rst step is �nding the genes of interest. By using the Gene Ontology,the gene sele
tion is reprodu
ible, and as annotations are added to the GeneOntology in the future, further genes 
an easily be in
luded in the study.Sear
hing the Gene Ontology O for genes annotated with the term for bloodpressure regulation, GO:0008217, results in 63 human genes. These genes
an be subgrouped a

ording to their mole
ular fun
tions: re
eptor a
tivity(29 genes), transporter a
tivity (8), 
atalyti
 a
tivity (25), hormone a
tiv-ity (9), peptidase a
tivity (7), and enzyme regulation a
tivity (4). These
ategories 
lassify 59 of the 63 genes. Some genes also appear with morethan one mole
ular fun
tion. The diagram in Figure 8.4 lists the genes bytheir EnsEMBL short names and the partition by mole
ular fun
tion. Thelist of genes is shown in Table A.1 in Appendix A.The Gene Ontology-based gene sele
tion performs quite well, and thegenes sele
ted represent well-known physiologi
al systems. This would of
ourse also be suspe
ted, sin
e the entries in the Gene Ontology are basedon published, experimental eviden
e from the literature. In the endo
rinepart A, B, and C-type natriureti
 peptides (NPPA, NPPB, NPPC) weresele
ted along with their re
eptors (NPR1, NPR2, NPR3). Componentsof the renin-angiotensin system were in
luded; renin (REN - peptidase a
-tivity), angiotensinogen (AGT - hormone/enzyme regulation a
tivity), andaldosterone synthase (CYP11B2 - 
atalyti
 a
tivity). The 
ortisol pa
i�erHSD11B2 that oxidises 
ortisol to ina
tive 
ortisone to give aldosterone
ompetitive advantage in binding to its re
eptor is found in the 
atalyti
a
tivity box [44℄. Angiotensin re
eptors (AGTR1, AGTR2 - re
eptor a
-tivity) are in
luded. The renin re
eptor (ATP6AP2 - re
eptor a
tivity) hasalso found its way into the blood pressure regulation se
tion.In the transporter a
tivity box, we stumble upon, for example, thesodium-potassium transporting ATPase subunit alpha-1 ATP1A1. Thismole
ule is essential to the regulation of intra- and extra
ellular solutes.It is known to be upregulated during, for example, aldosterone stimula-tion [42℄. Also the potassium-
hloride transporter SLC12A6 is found here.In the hormone se
tion, apart from those already mentioned, we also�nd genes su
h as endothelin (END) and urotensin II (UTS2). Both are
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Figure 8.4: Venn diagram of 63 blood pressure regulating genes sele
ted fromthe Gene Ontology. The genes have been grouped by their mole
ular fun
tion.Some genes have several fun
tions.
known to exert e�e
ts on reabsorptive pro
esses in the kidney and thevas
ulature [76, 106℄. The 
al
ium regulatory hormone 
al
itonin (CALCA)is also asso
iated with blood pressure regulation.Still the hormone vasopressin has not yet been annotated as a bloodpressure regulating gene, and it is therefore not found in the list. However,both of its vas
ular re
eptors AVPR1A and AVPR1B are in
luded in re-
eptor a
tivity. Vasopressin is 
losely related to the hormone oxyto
in, andagain we �nd the re
eptor (OXTR) but not the hormone itself. Nu
learre
eptor PPAR-γ (PPARG) is present. Nu
lear re
eptors have been shownto exhibit 
ir
adian os
illations in many tissues [131℄. We also �nd threetypes of adrenergi
 re
eptors (ADRA1A, ADRA1B, ADRB2) as eviden
efor adrenergi
 
ontrol of blood pressure. Prostaglandins also 
ome intothe pi
ture by the presen
e in the 
atalyti
 se
tion of two prostaglandinsynthases PTGS1 and PTGS2.



8.3. RESULTS 107Overrepresented fa
torsClover was run on the list of blood pressure regulating genes with the440 PWMs. A s
atter plot of s
ores versus P -values is shown in Figure 8.5.The red dots indi
ate the points below the signi�
an
e level. This pro
e-dure resulted in a total of 17 matri
es with P -values of less than 0.05, whi
hare shown in Table A.2 in appendix A.However, one has to take into a

ount that PWMs may, to some ex-tent, be redundant. By visual inspe
tion of similarities in the matri
es andsequen
e logos, we narrowed the �eld down to 11 fa
tors, namely TATA,CREB, WT1, GATA1, ZNF219, MAZ, CRX, AP2, IPF1, NRSF/E, andHAND1:E47. For example, for V$NRSE_B and V$NRSF_01 the posi-tional weight matri
es are very similar. They are shown as sequen
e logosin Figure 8.6. Both are 21 nu
leotides long and the information 
ontent isbasi
ally indistinguishable. The matrix for V$NRSF_Q4 is also groupedwith NRSF/E. The other fa
tors with similar matri
es are the four TATA-box related V$TBP_Q6, V$TATA_C, V$TATA_01, and V$TFIIA_Q6,and the the GATA ones V$GATA1_04 and V$GATA_Q6.The �nal 11 fa
tors are listed in Table 8.2 along with their s
ores and
P -values. In the following, I will dis
uss the putative roles of these fa
tors.The TATA related are most often asso
iated with trans
ription initiationand the 
ore trans
riptional ma
hinery [123℄. TATA binding protein (TBP)was also found in the 
ir
adian trans
ription fa
tor (see Table 8.1). Sin
eTATA boxes are 
ommon to many promoters, the overrepresentation mayindi
ate a role in 
ir
adian regulation.CREB (
AMP responsive element binding protein) plays a role in tran-s
riptional regulation of many of the genes in water and salt balan
e asdis
ussed in Chapter 6. In the 
ir
adian literature 
AMP and CREB oftenpops up, and some authors 
laim it is a 
ore signalling 
omponent of the
ir
adian 
lo
k [85, 96℄. As an intra
ellular se
ond messenger, 
AMP isinvolved in many di�erent pro
esses, and it seems natural that it would bethe 
ase for blood pressure regulation also.Wilms' tumor protein, WT1, is one of the high s
oring fa
tors. Thisfa
tor is parti
ularly interesting, be
ause it is known to be involved in anumber of kidney spe
i�
 pro
esses - underlining the importan
e of thekidneys in blood pressure regulation. Its name stems from its relation toWilms' tumor whi
h is a pediatri
, kidney spe
i�
 tumor [28, 130℄. Theprotein is known for its involvement in urogenital development [35℄ in anumber of mouse models. It is also known to be involved in trans
riptionalregulation of renin [107℄ though at sites very distant (8-11kbp) from thetrans
ription start site. Here we only 
onsider 300bp upstream. The fa
t
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Figure 8.5: S
ores vs P-value for ea
h of the 440 matri
es. Ea
h dot 
orrespondsto a matrix. The red dots indi
ate matri
es with s
ores below the signi�
an
elevel of p = 0.05.that it shows up in this list of many blood pressure regulating genes mayindi
ate that it plays a more versatile role in this regulatory system withmany fun
tions yet to be dis
overed.Neuron restri
tive silen
ing fa
tor and element (NRSF/NRSE) nega-tively regulate many neuronal genes in stem and progenitor 
ells [57℄. Mal-fun
tioning gene expression in Huntington's disease may 
aused by overex-pression of NRSF, and it is therefore a likely pharma
euti
al target [90℄.The NRSF/NRSE system has not previously been asso
iated with bloodpressure regulation.The trans
ription insulin promoter fa
tor 1 (IPF1) is of 
ourse a regula-tor of the insulin gene [84℄. It is not previously known to regulate the bloodpressure regulating genes, and it is therefore interesting to �nd it here. Itmay be a link between two very 
omplex regulatory systems.The 
one-rod homeobox protein CRX is also in our list. Di�erentiation
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tor Raw s
ore P-valueTBP 29 < 0.01TATA 28.2 < 0.01NRSF/NRSE 8.9 < 0.01ZNF219 10.5 0.01MAZ 46.8 0.02CREB 2.65 0.02WT1 25.1 0.02CRX 6.33 0.03HAND1:E47 5.92 0.03GATA -0.77 0.04AP2 4.94 0.05IPF1 2.37 0.05Table 8.2: Overrepresented fa
tors in 63 blood pressure regulating genes.
of photore
eptor is one known fun
tion, and no previous re
ord of relationto blood pressure regulation have been found.ZNF219 is a so-
alled zin
 �nger protein, and the targets of this fa
-tor are not well known. It has re
ently been asso
iated with WT1 [61℄ asanother of our fa
tors MAZ. MAZ is known to a
tivate trans
ription ofPNMT [128℄, an enzyme ne
essary for the produ
tion of adrenalin. Therelation to blood pressure regulation is not obvious. AP2 stands for a
tiva-tor protein 2, and its targets are many and diverse. GATA also has manytargets, one of whi
h is endothelial development [120℄. That may possiblybe a 
onne
tion to blood pressure regulating genes.HAND1:E47 is a protein 
omplex of two trans
ription fa
tors. HAND1alone and also the 
omplex interestingly bind strongly to E-boxes [64℄, whi
his a very 
ommon motif among 
ir
adian trans
ription fa
tors [23℄.As previously mentioned, promoter analysis of genes with 
ir
adian vari-ation in the mRNA levels have been reported in the literature [23, 129℄. 5of the 11 fa
tors have also been identi�ed as overrepresented in the studyby Bozek et al. [23℄. Not all of them are in the list in Table 8.1, but 
anbe found in other tables from the same referen
e. These are CREB, AP2,IPF1 , WT1 and TBP. All of these fa
tors may be play a role in 
ir
adianregulation of blood pressure regulating genes.
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Figure 8.6: Sequen
e logos for the positional weight matri
es NRSE (a) andNRSE (b). By visual inspe
tion they are very similar.8.4 Distribution of s
oresThe promoter analysis proved to be a useful tool for evaluating trans
riptionfa
tors asso
iated with blood pressure regulation. The results generated bythe analysis tool Clover are based on the s
ore X4 in Equation (8.2). Itis not stri
tly ne
essary to 
al
ulate X4 to obtain results for the overrepre-sentation of a given trans
ription fa
tor in a given set of genes. The s
ore
X2 in Equation (8.1) gives the asso
iation of a trans
ription fa
tor to a sin-gle promoter. If we take all F fa
tors available and all P promoters of thegenome, we 
an make a map of asso
iations of dimension F×P . Su
h a mapis shown in Figure 8.7 for all 440 human matri
es from TRANSFAC on the
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Figure 8.7: Heat map of trans
ription fa
tor/gene asso
iations. Ea
h dot 
or-responds to the s
ore of a given trans
ription fa
tor positional weight matrix ina given gene promoter. Red 
orrespond to a high s
ore, and blue to a low s
ores.The verti
al axis has 440 points for the trans
ription fa
tors, and the horizon-tal axis has 21528 points for all protein-
oding genes in the human genome. Bysele
ting a subset of genes, one 
an statisti
ally evaluate overrepresentation of aspe
i�
 trans
ription fa
tor in the subset against the rest of the genes.
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al axis, and all 21528 protein-
oding human genes from EnsEMBL.Ea
h point in the map 
orresponds to a given fa
tor and a given gene. I 
allit a heat map, sin
e the hot red 
olour indi
ates a high s
ore, and the 
oldblue 
olour indi
ates a low s
ore. One may immediately noti
e the hori-zontal stripes in the map. This indi
ates that in general, a
ross the wholegenome, a spe
i�
 fa
tor has a low s
ore. So does this mean that the singlefa
tor is less useful than others? No, it does not. Fa
tors have di�erentbinding sites and these are of di�ering lengths, and they also di�er in howwell they have been determined experimentally. So one 
annot really 
om-pare a
ross the verti
al axis of the �gure, sin
e the matrix representationof the trans
ription fa
tor binding sites is not very homogeneous.On the other hand, the promoters sequen
es have a more 
omparablerepresentation, and this we have already exploited to get the results fromClover. By sele
ting a subset of genes, as for example the 63 blood pressureregulating genes, we 
an evaluate the distribution of s
ores in the subsetagainst the distribution of s
ores in the rest of the protein-
oding genes.A suitable test for this is the Wil
oxon ranksum test, whi
h is a test forthe null hypothesis that the medians of the two distribution are equal.This pro
edure is illustrated in Figure 8.8. Sub�gure (a) and (b) show the
olle
tion of distributions of s
ores for ea
h trans
ription fa
tor (TF). The
z-axis is the empiri
al density. In (a) it is the distributions from s
oresfrom all genes (ex
ept the sele
ted genes). The distributions of s
ores fromthe sele
ted genes are shown in (b). If we take out one distribution from(a) and one from (b) as for example the one indi
ated with red, we 
an
ompare the two and statisti
ally test if they are di�erent. Su
h an exampleis shown in Figure 8.8(
) for the fa
tor Wilm's tumor protein WT1. Thisfa
tor was dis
ussed in Se
tion 8.3. The blue distribution is the ba
kgrounddistribution, and the green one is the distribution in the sele
ted genes. Themedian of the s
ores in the green distribution is statisti
ally di�erent fromthe blue one by the Wil
oxon ranksum test with a p-value of 0.048 whi
htells us that WT1 is overrepresented in the sele
ted genes. This is repeatedfor all 440 fa
tors, and this approa
h leads to 10 overrepresented fa
tors,whi
h are indi
ated in the Figures 8.8(a) and (b) by bla
k 
urves. Thesefa
tors are shown in Table 8.3.The results of the analysis by using the Wil
oxon ranksum test di�erfrom the results already obtained with Clover. Among the ten fa
tors are,however, some of the same regulators whi
h we may 
onsider as more robustpredi
tions. These fa
tors are WT1, TBP, TATA, MAZ, and CRX. Amongthe new ones is COUP, 
hi
ken ovalbumin upstream protein, whi
h in 
om-plex with TFII is regulated by high glu
ose levels in endothelial 
ells [25℄ -a possible link to diabetes mellitus. COUP:TFII is also involved in regulat-
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Figure 8.8: Distributions of s
ores for ea
h trans
ription fa
tor (TF) presentedas estimated probability densities. In (a) the distributions are taken from thewhole genome, and in (b) it is taken from the sele
ted set of 63 blood pressureregulating genes. The bla
k lines indi
ate overrepresented fa
tor in the sele
tedgenes. One of these is Wilm's tumor protein WT1, and it is represented in by ared 
urve in (a) and (b), and the 
orresponding distributions in blue and greenare 
ompared in (
). With a p-value of 0.048 we 
an 
on
lude by Wil
oxonranksum test that the two distribution are di�erent in median, and that WT1 isoverrepresented in the set of promoters of blood pressure regulating genes.



114 CHAPTER 8. CIRCADIAN GENE REGULATIONTRANSFAC ID Name p-valueV$WT1_Q6 WT1 0.048V$TBP_Q6 TBP 0.001V$MZF1_02 MZF1 0.035V$MAZ_Q6 MAZ 0.020V$TATA_C TATA 0.007V$TATA_01 TATA 0.002V$TBP_01 TBP 0.012V$CRX_Q4 CRX 0.041V$COUP_01 COUP 0.023V$MEIS1AHOXA9_01 MEIS1A:HOXA9 0.013Table 8.3: Overrepresented fa
tors found by Wil
oxon ranksum test of s
oredistributions in whole genome and 63 blood pressure regulating genes. For illus-tration see Figure 8.8.ing the spe
i�
ity of arterial and venous endothelial 
ells during develop-ment [113℄ whi
h is dire
tly important for the regulation of blood pressure.MEIS1A:HOXA9 
an be found among the 
ir
adian fa
tors in Table 8.1,and MZF1 is present in the list for heart spe
i�
 
ir
adian trans
riptionfa
tors in the supplementary material of the paper by Bozek et al. [23℄.8.5 Dis
ussionThe overall goal of this study was rather ambitious - building a bridge fromgeneti
s to physiology a
ross the troubled waters of 
ir
adian rhythms inwater and salt balan
e. I 
annot say that the 
onstru
tion work is 
om-pleted, but still we have a preliminary assessment of whether or not it ispossible to one day 
omplete the proje
t and gain an in-depth understand-ing of these inter
onne
ted, intriguing regulatory me
hanisms.The methods applied in this se
tion are based on statisti
al overrepre-sentation in a set of sele
ted genes. Statisti
al 
on
lusions are not fa
tual,but are subje
t to inherent un
ertainty. The reason for the use of statisti
almeasures is the high degree of ina

ura
y in determination of binding sites.In fa
t, a linear DNA sequen
e does not 
ontain a lot of information. Com-pared to a data series of a 
ontinuous variable with the same sample rate,the DNA string only has 4 possible states at ea
h data point as opposedto a 
ontinuous spe
trum. In this study, I have relied on other sour
es ofinformation to give additional 
on�rmation of the �ndings.



8.6. SUMMARY 115About half of the fa
tors identi�ed were also identi�ed in the study byBozek et al. [23℄. This is very interesting, sin
e it supports the hypothesisthat the 
ir
adian rhythms in blood pressure regulation are found through-out the biologi
al levels of organisation from genes to organism. This is of
ourse not at stri
t proof (as if there were any in biology), and the spe-
i�
 me
hanisms and the 
omplex geneti
 and signalling networks are notidenti�ed by the applied te
hnique.The physiologi
al relevan
e of the analysis is underlined in parti
ularby the interesting �nding of Wilm's tumor protein. It is a regulator thatis found to be involved in an in
reasing number of pro
esses related to thekidney and blood pressure regulating substan
es su
h as renin. Two fa
tors,IPF1 and COUP-TFII, indi
ate a possible 
onne
tion to diabetes mellitusand regulation of glu
ose and insulin.So what 
an be done to enhan
e the a

ura
y of promoter analysiste
hniques? This is a question of in
reasing the information available todistinguish between false positives and true positives. One 
ru
ial pie
e ofinformation is the wrapping of DNA - the 
hromatin stru
ture. This part ofthe 
hromosomes has proven to be highly modi�able, and it may even storeinformation in addition to the �pure� geneti
 information of the DNA string.The 
hromatin stru
ture is made up of histone mole
ules, and these proteinsmay be modi�ed. When DNA is trans
ribed the 
hromatin stru
ture hasto open up to allow a

ess to the DNA string for trans
ription fa
tors,and the modi�
ations are thought to be able to make it harder to openup the DNA and hen
e 
ertain genes 
an be silen
ed by preventing a

ess.Furthermore, the nu
leotides of the DNA may be modi�ed by addition ofa methyl group - so-
alled DNA methylation. The two types of 
hangesare 
alled epigeneti
 modi�
ations, and they 
an be inherited. Integratingepigeneti
 information would greatly redu
e the number of false positivepredi
tions by only 
onsidering a

essible regions of the DNA.8.6 SummaryIn this study the trans
riptional regulation of blood pressure was investi-gated with fo
us on 
ir
adian rhythms. 11 trans
ription fa
tors were iden-ti�ed as overrepresented in a set of 63 genes asso
iated with blood pressureregulation. Of these 11 fa
tors, 5 were also found in a study of 
ir
adian,trans
riptional regulation by Bozek et al. [23℄. The fa
tor Wilm's TumorProtein 1 (WT1) was among the overrepresented fa
tor, and this underlinesits importan
e in blood pressure regulation, where it is already known to beinvolved in renin trans
ription and in kidney related diseases. Furthermore,



116 CHAPTER 8. CIRCADIAN GENE REGULATIONa more general methodology of evaluating trans
ription fa
tor-gene asso
i-ation was introdu
ed, and the results were, to some extent, overlappingwith the �rst analysis. The analysis supports the hypothesis of 
ir
adian,trans
riptional regulation in blood pressure regulating genes.



Chapter 9Dis
ussion
As the title of this thesis states, the 
ommon thread of the pre
eding 
hap-ters is Biosimulation of water and salt balan
e. The approa
hes have beenvery di�erent, and one might even 
laim that I have used a sort of s
atter-gun te
hnique a
ross 
omputational dis
iplines from ordinary di�erentialequations to bioinformati
s. This is not untrue, and it is also very fruitful.ModelsThe models of Chapters 3-5 are all me
hanism-based models. In prin
iple,the models equations were de�ned from known 
ausal relations, and all ofthe model parameters were determined from data sour
es di�erent fromthe simulated experiment in Figure 5.2. This approa
h is time-
onsuming,but it is also gives a lot more information than a data-driven te
hnique.Let's assume that we had started by �tting the data in Figure 5.2 to somemodel involving a time s
ale of onset of urine produ
tion. We would beable only to determine the time s
ale of onset of urine produ
tion. Withthe me
hanism-based approa
h, we have based the model on several inter-mediate steps from ingestion of water to urine produ
tion onset. We 
an, inprin
iple, evaluate the in�uen
e of every me
hanism in
luded in the modeland over
ome statisti
al standard issues of observability and identi�ability.In Chapter 5, I su

essfully managed to integrate models from severallevels of biologi
al organisation. Starting with a 
ellular model of aqua-porins to a kidney model, and �nally the systemi
 model. The 
hallengefor su
h an approa
h is not a question of what to in
lude in the model,but rather what to ex
lude from the model. I am not the �rst resear
herthat attempts to 
onstru
t a model of water and salt balan
e and relatedregulatory systems. The most famous example in the physiology literature117



118 CHAPTER 9. DISCUSSIONis the model of blood pressure regulation by Guyton et al. [49℄. The mainobje
tive of that model was of 
ourse to model blood pressure, a variablethat I 
hose not to model. The Guyton model is extremely 
omplex, and inmy opinion it is too 
omplex to analyse in detail and understand. Alreadywith the simple model, relative to the Guyton model, of Chapter 5 thetask of analysing the in�uen
e and importan
e of all parameters is huge.The 
hoi
e of simpli
ity versus 
omplexity is a major issue in any type ofmodelling work.The blood pressure-oriented approa
h used by of Guyton has been ques-tioned by several authors [16, 17, 18, 88, 99℄. Guyton proposes blood pres-sure as a main regulator of both volume and sodium ex
retion, so-
alledpressure diuresis and pressure natriuresis. However, under normal 
ondi-tions there is no 
lear eviden
e that 
hanges in sodium intake a�e
ts bloodpressure. So in terms of regulatory feedba
k blood pressure would be ex-
luded as the mediator of the urine �ow response. Basi
ally, it is a questionof whi
h physiologi
al variables are 
ontrolled and whi
h stimulate the reg-ulatory feedba
k systems. Some variables are very tightly regulated su
has plasma sodium and osmolarity (see Se
tion 7.3). The basi
 
on
ept ofnegative feedba
k regulation relies on perturbing a 
ontrolled variable thatthrough a series of rea
tions eliminates its own perturbation. But if thevariable is so tightly regulated, one might ask how the feedba
k me
hanismis a
tivated. One answer is that we do not know the variable observed bythe physiologi
al system. Another answer of more hypotheti
al origin, isthat there is a sensing of 
hanges in intake that pre
edes the 
hanges inosmolarity, for example. Su
h a me
hanism 
ould be a humoral signal fromthe gut whenever a 
ertain solute is present in large quantities. Su
h agastro-intestinal signalling system has been suggested for the 
ase of potas-sium homeostasis by Youn and M
Donough [133℄. The pre
ise regulationof water and salt balan
e under 
onditions of highly variable intake makesthis type of regulatory system very plausible.Time s
alesUnderstanding time s
ales is essential to improve the understanding of wa-ter and salt balan
e. In Chapter 5, we saw that the time s
ale of aquaporinregulation, the time s
ale of water absorption, and that of vasopressin degra-dation were su�
ient to des
ribe the response to �uid up to 3-4h. But fromthe 
urrent work we 
annot immediately say anything about response to saltintake. Are the �salt dynami
s� at the same time s
ale? It is generally a
-
epted that regulation by ADH is quite fast, and that salt reabsorption



119pro
esses are subje
t to a slower regulation [16℄. This we did not see ex-pli
itly in the kidney model, but the model results still indi
ate that this isvery probable. Re
all that the urine volume �ow dependen
e on water per-meability was very strong, where as the solute �ow response was sensitiveto both solute and water permeability. Now, if the water permeability is afast pro
ess that qui
kly adjust the water �ow, then there is time for thesolute permeability to be adjusted to the appropriate level.Brea
hing the gap from the relatively fast response to �uid intake and allthe way to 
ir
adian rhythms is 
hallenging. Espe
ially the transition fromdiureti
 to antidiureti
 states is interesting in this respe
t. In Chapter 7, wesaw that the level of ADH was un
hanged in spite of an elevated �uid intake.This also makes sense from the point of view of plasma osmolarity, sin
e italso was not di�erent between the two groups. So how does ADH regulatedi�erently in the two groups? Now, re
all Figure 4.7(a). The urine �ow atdi�erent interstitial osmolarities reveals that the relation between �ow andADH dependent permeability 
an be shifted by 
hanging the interstitialosmolarity. This is very likely the 
ase, and this is a shift that must o

urwithin at most a 
ouple of days (judging from the data in Chapter 7), andvery likely shorter. A tour of kidney and vasopressin literature leads one to a
olle
tion of papers by Atherton and 
oworkers [5, 6, 7, 8, 9℄. They disse
tedrat kidneys at di�erent time points after and during vasopressin stimulation.During vasopressin stimulation they found an interesting slow 
hange at theorder of 4-5 h, where the renal interstitial gradient was slowly in
reased.This build up of solute in the interstitium is, in my opinion 
ru
ial forthe maintenan
e of an antidiureti
 state, and it 
annot be explained by the
urrent distal kidney model of Chapter 4. To 
apture this type of dynami
s,it is ne
essary to in
lude a time dependent interstitium in the model.DataThe experimental a
hievements within mole
ular and 
ellular biology thatform the basis for bioinformati
 data generation are impressive. But thatdoes not mean that the data is straight-forward to analyse or 
omprehend.I would like to quote Professor Hanspeter Herzel from Humboldt University.He expressed how ungrateful an endeavour in bioinformati
s 
an be at times,and he 
on
luded �Bioinformati
s is a sear
h for very weak signals in hugeamounts of noisy information�. When we later dis
ussed in
onsisten
y in
ell biologi
al resear
h he added �Well, 
ell biology is just a 
olle
tion of 
asestudies�, referring to the low degree of reprodu
ibility in 
ell biology. I thinkthese two statements 
oin the inherent un
ertainty of dealing with biologi
al



120 CHAPTER 9. DISCUSSIONdata. Promoter analysis, as in Chapter 8, is far from an exa
t s
ien
e.Therefore it is ne
essary to support su
h results with either literature sear
hor further supportive analyses. I believe that the way to deal with su
hissues is by 
ombining various sour
es of information, from independentexperiments if possible. This was done indire
tly in Chapter 8 by usingthe Gene Ontology, by using TRANSFAC and EnsEMBL databases, andby studying the literature. Though ideally (some) bioinformati
ians wouldlike to explain biology by p-values, I believe that in order to deal with theinherent 
omplexity of biologi
al systems, we have to rely on a wider rangeof information sour
es than just pure numeri
 data.The data quality of the time series used in Chapter 7 is also very good.However, from a dynami
al systems point of view, it would be great tomeasure more often, but in pra
ti
e this may not be possible. If bloodsamples are taken too often, it may start to in�uen
e the blood volumedire
tly, and urine samples are not easily 
olle
ted at pre
ise intervals, ifthe subje
t is not using a 
atheter. In order to study 
ir
adian rhythmsmore profoundly, it would also be ni
e to have longer data series, sin
ewe only looked at two 
onse
utive days in the study. This does of 
oursehave limitations as well, due to the amount of time one 
an keep volunteershospitalised for measurements.Models and dataThe �real world� relevan
e of the 
urrent resear
h is interesting. The sim-ulation of drinking 1 l of water in itself, will very likely not be dire
tlyappli
able in a drug development pro
ess. But the prospe
t of using su
hmodels is great. With a me
hanism-based model several hypotheses 
anbe tested in sili
o, and hopefully speed up resear
h work. A model is, inprin
iple, a way to integrate information a
ross di�erent time s
ales and bi-ologi
al levels. A mathemati
al model is often thought of as a �xed entity,but I see it as a very �exible. When new information be
omes available themodel should be updated, extended or altered in another way to a

ountfor the new insights. Take the systemi
 model of Chapter 5. The modeldoes not in
lude the regulation of solute permeability by aldosterone. Themodel design allows us to in
lude a small dynami
 model of sodium 
han-nels 
omparable to the aquaporin model. One 
ould also extend the modelby in
luding the renin-angiotensin system or another hormonal 
ontrol sys-tems. Building and testing a model is, however, an investment of a lot oftime (and time = money) and resour
es, and without the ne
essary patien
eit will not be possible to bene�t from using models as a development tool.



Chapter 10Con
lusion
In response to the overall goals presented in the introdu
tion, we 
an 
on-
lude that a me
hanism-based model of water and salt has been formulated,and that it �ts well to experimental data. We have also been su

essful inapplying analysis te
hniques to study the 
ir
adian rhythms of water andsolute balan
e.A model for regulation of membrane proteins was formulated and itsdynami
al properties investigated in Chapter 3. The parameters of themodel were evaluated with data from experiments on water permeabilityof kidney 
olle
ting du
t 
ells by aquaporins. The data were taken fromtwo related, but independent, experiments providing information on times
ales and relative magnitudes. The model was formulated so that it waspossible to des
ribe both fast membrane a
tivation regulation, and slowertrans
riptional regulation. The parameter �t to experimental data indi-
ate that both exo
ytosis and endo
ytosis are regulated during vasopressina
tivated aquaporin translo
ation.In Chapter 4, we investigated a model of the regulation of urine �owby water and solute permeability. The model suggested that volume �owis tightly regulated mainly by water permeability, whereas solute �ow ismore sensitive to both solute and water permeability. The simple modelgives a surprisingly realisti
 estimate of the regulatory range of water per-meability. Furthermore, it des
ribes the 
hara
teristi
s of antidiureti
 anddiureti
 states with high and low interstitial 
on
entrations, respe
tively.This model is a good example of how general 
hara
teristi
s 
an be 
ap-tured by simple models.In Chapter 5, I introdu
ed a model of the regulation of osmolarity by va-sopressin. The models presented in Chapters 3 and 4 were in
orporated inthe systemi
 model in a framework representing body �uid and solutes. Sim-121



122 CHAPTER 10. CONCLUSIONulations su

essfully reprodu
ed a simple physiologi
al experiment, wherea subje
t drinks 1 l of water, and the urine �ow and plasma osmolarity aremonitored. This results 
on�rms the validity of the modelling approa
h andthat it is possible to determine parameter values from independent sour
es.From the study in Chapter 7, we 
an 
on
lude that urine �ow adaptsto a higher �uid intake. Plasma osmolarity and solute levels also tightly
ontrolled under the same 
onditions. The most well-known antidiureti
substan
e, vasopressin, is not downregulated upon higher �uid intake, butits plasma values remain un
hanged. Sin
e glomerular �ltration is also un-
hanged, this means that the magnitude of the renal response to vasopressinis diminished, while the analysis shows that the range of vasopressin levelsremains un
hanged. Plasma potassium was identi�ed to be 
ir
adian inmore than half of the normal �uid intake subje
ts and only a quarter of thehigh �uid intake subje
ts. This indi
ates a possible disruption of the 
ir
a-dian rhythm of potassium as a 
onsequen
e of in
reased �uid intake. Mostlikely the adaptation to high �uid intake that takes pla
e is in intera
tionbetween many fa
tors, and the most promising 
andidates are alterations ofANP and aldosterone levels, and an adaptation of the osmoti
 environmentin the kidney.In the bioinformati
 study in Chapter 8 the trans
riptional regulation ofblood pressure was investigated with fo
us on 
ir
adian rhythms. 11 tran-s
ription fa
tors were identi�ed as overrepresented in a set of 63 genes asso-
iated with blood pressure regulation. Of these 11 fa
tors, 5 were also foundin a study of 
ir
adian, trans
riptional regulation by Bozek et al. [23℄. Thefa
tor Wilm's Tumor Protein 1 (WT1) was among the overrepresented fa
-tors, and this underlines its importan
e in blood pressure regulation, whereit is already known to be involved in renin trans
ription and in kidneyrelated diseases. Furthermore, a more general methodology of evaluatingtrans
ription fa
tor-gene asso
iation was introdu
ed, and the results were,to some extent, overlapping with the �rst analysis. The analysis supportsthe hypothesis of 
ir
adian, trans
riptional regulation in blood pressureregulating genes.This present work is 
omposed of many bits and pie
es. The work setsthe s
ene for further investigations in me
hanism-based modelling of waterand salt balan
e, and it motivates the sear
h for the importan
e of 
ir
adianrhythms a
ross levels of organisation in biology.
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Appendix APromoter analysis data
This appendix 
ontains data and results related to the promoter analysisin 
hapter 8. Table A.1 is a list of the 63 genes sele
ted from the geneontology. Tables A.2-A.8 are the results of the 
lover analysis. Table A.2is for all 63 genes, and the subsequent tables are the results for the varioussubgroups de�ned by �gure 8.4.
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138 APPENDIX A. PROMOTER ANALYSIS DATAEnsembl Gene ID Asso
iated Gene NameENSG00000005187 ACSM3ENSG00000043591 ADRB1ENSG00000044012 GUCA2BENSG00000049247 UTS2ENSG00000073756 PTGS2ENSG00000078401 EDN1ENSG00000095303 PTGS1ENSG00000100292 HMOX1ENSG00000100604 CHGAENSG00000102032 RENBPENSG00000102239 BRS3ENSG00000108405 P2RX1ENSG00000110680 CALCAENSG00000111664 GNB3ENSG00000113389 NPR3ENSG00000115138 POMCENSG00000120907 ADRA1AENSG00000120915 EPHX2ENSG00000120937 NPPBENSG00000122585 NPYENSG00000129991 TNNI3ENSG00000130234 ACE2ENSG00000131979 GCH1ENSG00000132170 PPARGENSG00000135744 AGTENSG00000136160 EDNRBENSG00000139567 ACVRL1ENSG00000140199 SLC12A6ENSG00000142168 SOD1ENSG00000143839 RENENSG00000144891 AGTR1ENSG00000145244 CORINENSG00000148408 CACNA1BENSG00000151577 DRD3ENSG00000157168 NRG1ENSG00000159640 ACEENSG00000159899 NPR2ENSG00000160211 G6PDENSG00000163273 NPPCENSG00000163399 ATP1A1ENSG00000164116 GUCY1A3ENSG00000164128 NPY1RENSG00000164307 ARTS-1ENSG00000164308 LRAPENSG00000164326 CARTPTENSG00000166148 AVPR1AENSG00000169252 ADRB2ENSG00000169418 NPR1ENSG00000169676 DRD5ENSG00000170214 ADRA1BENSG00000171873 ADRA1DENSG00000175206 NPPAENSG00000175344 CHRNA7ENSG00000176358 TAC4ENSG00000176387 HSD11B2ENSG00000179142 CYP11B2ENSG00000180772 AGTR2ENSG00000180914 OXTRENSG00000182220 ATP6AP2ENSG00000187848 P2RX2ENSG00000188170 HBDENSG00000198049 AVPR1BENSG00000215644 GCGRTable A.1: List of genes of 
hildren terms of GO:0008217 regulation of bloodpressure



139Transfa
 ID Raw s
ore P-valueOverrepresentedV$TBP_Q6 29 0V$TATA_01 28.2 0V$TATA_C 27.5 0V$NRSF_01 8.9 0V$TFIIA_Q6 11 0V$NRSF_Q4 7.19 0.01V$ZNF219_01 10.5 0.01V$NRSE_B 4.23 0.02V$MAZ_Q6 46.8 0.02V$CREB_Q2_01 2.65 0.02V$WT1_Q6 25.1 0.02V$CRX_Q4 6.33 0.03V$HAND1E47_01 5.92 0.03V$GATA_Q6 -0.77 0.04V$GATA1_04 0.67 0.04V$AP2_Q3 4.94 0.05V$IPF1_Q4_01 2.37 0.05UnderrepresentedV$MYB_Q5_01 -2.9 0.95V$ELK1_01 0.31 0.95V$FXR_Q3 -4.22 0.96V$LXR_Q3 -5.18 0.96V$AIRE_02 -11.8 0.96V$HIF1_Q3 -5.16 0.96V$MIF1_01 -4.74 0.97V$RBPJK_Q4 -2.76 0.97V$HNF3_Q6_01 0.64 0.97V$NFY_Q6 -2.84 0.97V$BACH2_01 -4.46 0.98V$GABP_B -1.69 0.98V$FOXO3_01 -4.33 0.98V$SRY_02 -2.61 0.98V$NFY_01 -2.17 0.98V$SOX9_B1 -4.04 0.98V$PEA3_Q6 0.08 0.98V$BRCA_01 -1.95 0.99V$NKX25_Q5 -2.5 0.99V$HIF1_Q5 -4.9 0.99V$SOX10_Q6 -1.67 0.99V$DR4_Q2 -4.02 0.99V$ALPHACP1_01 -3.61 0.99V$AP2REP_01 -1.12 0.99V$SMAD4_Q6 -3.47 0.99V$HNF6_Q6 -4.56 0.99V$AP1_Q2_01 -3.32 0.99V$ERR1_Q2 -3.8 0.99V$XBP1_01 -6.23 1V$YY1_Q6_02 -1.99 1V$PEBP_Q6 -4.45 1V$FREAC4_01 -6.29 1V$NFY_C -4.51 1V$NRF1_Q6 -4.9 1V$NFMUE1_Q6 -4.26 1V$YY1_Q6 -2.47 1V$HES1_Q2 -3.85 1Table A.2: Over- and underrepresented motifs in set of 63 blood pressure regu-lation annotated genes.
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Transfa
 ID Raw s
ore P-valueOverrepresentedV$TBP_01 9.33 0V$TATA_01 14.9 0V$TATA_C 11.4 0V$TBP_Q6 9.42 0V$MYC_Q2 1.39 0.01V$CREB_Q2_01 2.67 0.02V$HAND1E47_01 3.87 0.02V$ATF3_Q6 3.41 0.02V$AP1FJ_Q2 2.67 0.02V$CRX_Q4 3.74 0.03V$RSRFC4_01 1.94 0.03V$SMAD3_Q6 3.78 0.03V$DEC_Q1 2.79 0.03V$CLOCKBMAL_Q6 0.92 0.03V$MEF2_02 2.48 0.03V$USF2_Q6 0.7 0.04V$MEF2_Q6_01 5.12 0.04V$PPAR_DR1_Q2 3.94 0.04V$AP2ALPHA_02 0.38 0.05V$SRF_Q6 0.3 0.05V$OTX_Q1 2.24 0.05UnderrepresentedV$PR_Q2 -1.73 0.96V$GCNF_01 -7.75 0.97V$MYB_Q6 -1.95 0.97V$AREB6_04 -1.79 0.98Table A.3: Over- and underrepresented motifs in set of 9 hormone a
tivityannotated genes.
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Transfa
 ID Raw s
ore P-valueOverrepresentedV$TBP_Q6 6.36 0.01V$GATA1_05 2.45 0.01V$WHN_B 0.27 0.01V$AP2_Q3 3.71 0.01V$FXR_IR1_Q6 1.55 0.02V$PR_Q2 3.96 0.02V$NFKB_Q6 3.42 0.02V$TATA_01 4.63 0.03V$TBX5_Q5 3.33 0.03V$E2F1_Q3_01 1.06 0.03V$MEIS1_01 2.4 0.03V$HNF4_Q6 3.01 0.03V$CREB_Q3 0.04 0.04V$BLIMP1_Q6 6.64 0.05V$P53_01 -4.56 0.05UnderrepresentedV$MYCMAX_B -2.85 0.96V$PAX5_02 -4.11 0.96V$ARNT_02 -6.44 0.96V$HSF1_01 -2.53 0.97V$NRF1_Q6 -3.82 0.97V$OCT1_02 -4.4 0.97V$SREBP1_01 -5 0.98V$USF_01 -5.41 0.98V$HIF1_Q3 -4.15 0.98V$CREB_01 -4.82 0.98V$AML1_01 -2.76 0.98V$YY1_Q6 -2.05 0.99V$MYCMAX_03 -5.77 0.99V$MYCMAX_01 -8.24 0.99V$ATF1_Q6 -3.3 0.99V$MYCMAX_02 -4.22 0.99V$TFE_Q6 -3.69 0.99V$SMAD4_Q6 -2.76 0.99V$AP2ALPHA_02 -4.47 0.99V$ATF_B -4.38 0.99V$TAL1BETAE47_01 -5.92 0.99V$ARNT_01 -6.55 0.99V$AML1_Q6 -2.41 1V$AHRARNT_02 -10.3 1V$MAX_01 -8.06 1Table A.4: Over- and underrepresented motifs in set of 7 peptidase a
tivityannotated genes.
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 ID Raw s
ore P-valueOverrepresentedV$ZNF219_01 10.8 0V$NRSF_01 7.81 0.01V$E2F1_Q3_01 0.19 0.03V$NRSE_B 2.11 0.03V$PAX2_02 12.4 0.03V$GATA1_04 0.88 0.04V$MAZ_Q6 21.3 0.04V$WT1_Q6 11.7 0.05V$AIRE_01 3.14 0.05UnderrepresentedV$DEC_Q1 -2.42 0.95V$HMEF2_Q6 -5.49 0.95V$TEL2_Q6 -1.25 0.96V$NFY_C -3.7 0.96V$MTF1_Q4 -3.84 0.96V$CEBP_Q3 -0.29 0.96V$SOX9_B1 -3.8 0.96V$MAF_Q6_01 -1.74 0.96V$FOXO1_02 -4.2 0.96V$MEF2_Q6_01 -3.09 0.97V$ELK1_02 -2.02 0.97V$AR_01 -5.12 0.97V$MYC_Q2 -3.7 0.97V$YY1_Q6 -1.79 0.97V$FREAC4_01 -5.62 0.97V$BRCA_01 -1.78 0.97V$AP2REP_01 -0.88 0.97V$ATF4_Q2 -3.33 0.97V$SZF11_01 -3.9 0.97V$PEA3_Q6 -1.09 0.98V$HNF4_Q6_03 -0.3 0.98V$RBPJK_Q4 -2.96 0.98V$ELK1_01 -1.79 0.98V$GCM_Q2 -3.31 0.98V$TCF11MAFG_01 -5.13 0.98V$NRF1_Q6 -4.35 0.98V$CEBP_Q2_01 -2.3 0.99V$DR4_Q2 -3.76 0.99V$HLF_01 -4.92 0.99V$TAXCREB_01 -5.5 0.99V$AP1_Q2_01 -3.03 0.99V$HES1_Q2 -3.3 0.99V$ERR1_Q2 -3.71 0.99V$ELF1_Q6 -0.47 0.99V$FREAC3_01 -5.13 0.99V$FOXO4_02 -4.89 0.99V$YY1_Q6_02 -2.21 0.99V$FOXO3_01 -5.12 1V$CREL_01 -3.06 1V$SOX10_Q6 -2.04 1V$AREB6_01 -3.62 1V$NKX25_Q5 -3.07 1V$MYCMAX_B -3.92 1V$NFKAPPAB65_01 -4.5 1V$CEBPDELTA_Q6 -3.74 1V$NFMUE1_Q6 -4.19 1Table A.5: Over- and underrepresented motifs in set of 29 re
eptor a
tivityannotated genes.
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Transfa
 ID Raw s
ore P-valueOverrepresentedV$AP2_Q3 8.71 0V$TBP_Q6 15 0V$PU1_Q6 24.1 0.01V$SP1_Q6_01 25.2 0.01V$GATA_C 4.17 0.01V$SP1_01 11 0.02V$GATA1_05 2.65 0.02V$NFKB_Q6 4.06 0.02V$TATA_01 6.95 0.03V$TATA_C 9.24 0.03V$GATA1_04 1.6 0.03V$LUN1_01 -0.98 0.03V$PAX2_02 11.6 0.03V$GATA4_Q3 15.4 0.04V$TGIF_01 2.6 0.04V$TBX5_Q5 3.24 0.04V$AREB6_04 5.6 0.04V$CRX_Q4 3.85 0.04V$CEBP_Q3 10.2 0.04UnderrepresentedV$PITX2_Q2 -3.04 0.96V$PAX6_01 -5.39 0.97V$AP1_Q2 -2.79 0.97V$AP1_Q4 -3.1 0.97V$STAT3_01 -10.9 0.97V$XBP1_01 -5.5 0.97V$MRF2_01 -3.66 0.97V$AP1FJ_Q2 -2.81 0.98V$ALPHACP1_01 -3.63 0.98V$ERR1_Q2 -3.52 0.98V$MIF1_01 -4.47 0.98V$HMEF2_Q6 -5.91 0.99V$GATA2_01 -2.98 0.99V$SMAD4_Q6 -3.33 0.99V$RORA1_01 -4.92 1V$SOX9_B1 -4.38 1V$BACH2_01 -4.5 1Table A.6: Over- and underrepresented motifs in set of 25 
atalyti
 a
tivityannotated genes.
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Transfa
 ID Raw s
ore P-valueOverrepresentedV$TFIIA_Q6 6.17 0V$CLOCKBMAL_Q6 2.56 0V$OCT1_02 3.27 0.01V$USF_C 1.7 0.02V$USF_Q6 2.29 0.02V$PAX6_01 1.16 0.03V$PPARA_02 0.92 0.03V$RFX_Q6 0.99 0.04V$TFE_Q6 1.38 0.04V$EBOX_Q6_01 3.2 0.04V$PAX1_B -1.72 0.05UnderrepresentedV$E2A_Q2 -1.7 0.96V$YY1_Q6_02 -1.67 0.96V$TGIF_01 -3.11 0.96V$HES1_Q2 -2.36 0.96V$AREB6_02 -2.37 0.96V$HSF_Q6 -2.91 0.96V$LEF1TCF1_Q4 -2.97 0.97V$SMAD3_Q6 -2.14 0.97V$AFP1_Q6 -3.01 0.97V$STAT3_02 0.41 0.97V$LUN1_01 -10.3 0.97V$MYB_Q5_01 -1.88 0.97V$PXR_Q2 -2.47 0.97V$NKX61_01 -4.42 0.98V$XBP1_01 -5.13 0.98V$ATF4_Q2 -2.86 0.98V$WHN_B -4.52 0.98V$GCNF_01 -8.31 0.99V$SMAD4_Q6 -2.86 0.99V$NFAT_Q4_01 -1.76 0.99V$AP1_Q2 -2.71 0.99V$AP1_Q2_01 -2.7 0.99V$NFY_C -4.13 0.99V$ATF3_Q6 -3.88 0.99V$NFAT_Q6 -1.87 0.99V$AP1FJ_Q2 -2.67 1V$AP1_Q4 -3.09 1V$SMAD_Q6_01 -2.68 1V$AP2_Q3 -2.49 1V$STAT6_02 0.24 1V$MYB_Q3 -2.51 1V$TAXCREB_01 -5.29 1Table A.7: Over- and underrepresented motifs in set of 8 transporter a
tivityannotated genes.
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 ID Raw s
ore P-valueOverrepresentedV$MZF1_02 6.61 0V$HNF1_01 9.06 0V$FREAC7_01 9.15 0V$RSRFC4_01 4.89 0V$FOX_Q2 7.69 0V$HNF3_Q6 8.75 0V$MEF2_02 5.82 0V$HFH3_01 7.3 0.01V$TBP_01 5.58 0.01V$ER_Q6 4.13 0.01V$HNF1_C 6.19 0.01V$AML1_Q6 2.71 0.01V$HFH4_01 5.55 0.01V$HNF6_Q6 4.24 0.01V$FOXJ2_01 8.41 0.01V$HNF1_Q6 6.52 0.01V$HNF3_Q6_01 8.4 0.01V$TATA_01 5.08 0.02V$GATA4_Q3 5.3 0.02V$FOXO4_01 4.37 0.02V$MEIS1_01 3.21 0.02V$FOXD3_01 6.19 0.02V$HNF1_Q6_01 6.79 0.02V$AFP1_Q6 2.94 0.02V$CDP_01 0.6 0.02V$AML1_01 1.7 0.02V$FOXO3_01 3.51 0.02V$HNF3ALPHA_Q6 4.99 0.03V$FREAC3_01 3.19 0.03V$AP2ALPHA_02 1.39 0.03V$TFIIA_Q6 2.75 0.03V$POU3F2_01 2.51 0.03V$CDP_02 -0.15 0.03V$NKX3A_01 2.17 0.03V$FOXO1_01 3.63 0.03V$FAC1_01 5.59 0.03V$FREAC2_01 2.53 0.03V$WT1_Q6 2.59 0.04V$E4BP4_01 0.19 0.04V$NKX62_Q2 4.06 0.04V$RSRFC4_Q2 1.83 0.04V$NKX61_01 2.38 0.04V$GR_Q6 3.48 0.04V$OSF2_Q6 1.67 0.04V$ETS2_B 4.04 0.05V$LHX3_01 1.43 0.05V$CDX_Q5 3.87 0.05V$STAT_01 2.44 0.05UnderrepresentedV$GATA6_01 -2.27 0.95V$E2F_Q4 -2.7 0.96V$CREBP1CJUN_01 -5.37 0.96V$HSF1_01 -2.27 0.96V$HIF1_Q3 -3.74 0.96V$CREB_02 -3.15 0.97V$HOXA7_01 -3.23 0.97V$NFKB_Q6_01 -3.4 0.98V$NRF1_Q6 -3.89 0.99V$XBP1_01 -5.28 0.99V$CREL_01 -2.6 0.99V$NFKAPPAB65_01 -4.28 1Table A.8: Over- and underrepresented motifs in set of 4 enzyme regulatora
tivity annotated genes.


