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ABSTRACT

The calcium(C&*) ion is a versatile signaling molecyeesenin all cells.It is involved in
such diverse processes as cell division, differentiation, edsaisport and muscle
contraction Itswidespread applicability is partially explained by its wide temporal and
spatial dynamic®By varying in time, oscillations arise aedable frequency modulation.
Likewise, by varying in space, wavasseand enableross talkn-between cells in
networks.

In the present thesis, | present novel data on the mechanism Befiisigjnaling both in the
form of oscillations and in the for of intercellular networks. The mechanisnmigestigated
both from a theoretical point of view using mathematical modsimglatedr silico and
from a molecular point of view in wddb experiments: vitro andin vivo.

To be more specifien Paper I, | present a method with software to identify functional
networks in groups of cells and ways of analyzing tHaRaper II, this method is used to
identify secalled smahlworld networks with scaléree properties in spontaneously active
neural progenor cells.These network formations are dependergap junctions and

critically regulate proliferation both imeural progenitors derived from embryonic stem cells
and inembryonic mouse brains.

In Paper 111, | present a model for the generation of spoabusC&* oscillations in neural
progenitorsThe essence of thinodelis that the spontaneo@sf*and electrical activity is
driven by functional pacemaker cells expressing sjighbre voltagedependen€e’*

channels than the cells connected to tetih gap junctionslnterestingly, one type of

channel involved in this pacemaker activity is encoded by the mental disorder susceptibility
geneCacnalc. Transgenic mice lackinGacnalc expression in the forebrain exhibigns of
increased anxiety agell assubtlechanges in brain anatomy

Finally in Paper IV, | describe a method of finding genes dependent on the frequeBe§/ of
oscillations Cells stably expressing the lighgnsitive protein melanopsin are exposed to

light, after which the cellutacontent is collected arahalyzed witlrRT-gPCR, RNA

sequencing anphosphproteomicsHereby, a large network of genes and proteins dependent
on frequency is identified.

In conclusion, the research described beleepens our understanding orf @scillations
and network activity, using both mathematical modeling anelabetolecular biology
experiments.
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1 POPULERVETENSKAPLIG SAMMANFATTNING

Alla organismer inom djurriket, inklusive mSnniskan, byggs upp av celler av olika slag. Fr@En
den stund dE spermien befruktar Sgget bsrjar utvecklingen mot en vuxen mSnniaka. Denn
férsta befruktade Sggcell har kapacitet att bli vilken cell som helst i kroppen; alltifrEn
hjSrncell till skelettcell. Denna vida utvecklingspotential hSrr3r frGEn att kroppens samtliga
celler innehEller identiskt DNA, men att olika delar av arvsmasp@eefier avslagen. 1 till
exempel nervoch muskelceller sICEs gener pE som kodar fSr proteiner som har med elektrisk
aktivitet att gdra, medan kSnselceller i $gats nSthinna specialiseras att bli ljuskSnsliga. Vilken
cell som utvecklas till vad styrs alika signalmolekyler frEn Svriga celler i omgivningen

samt av den specifika cellens aktivitet under ckiregen. Dessa signaler mattaedan pE

cellens yta av olika specifika s kallade receptorer, vilka SverfSr signalen till cellens insida
analogt med eradioantennVSI inne i cellen tar sig signalen ett annat uttryck och kodas i

form av olika molekyler som f§rSndras och i sin tur f§rSndrar andra molekyler. Det Sr hSr
kalcium spelar en viktig roll i kroppens samtliga celler. Genom att f§rSndra mSnégiem ka

inne i cellen pE ett specifikt sStt kan signaler inkodas som en radiosignal och f3ras vidare till
slutstationen dSr gener antingen sIEs pC eller av och dSr redan fSrdiga proteiner modifieras f&
att bli mer eller mindre aktiva.

Dettadoktorangbrojekti sin helhetharhaft som m(El astudera kalciumaktiviteich bildning

av nStverkunder hjSrnans utvecklisgmt att utvecklanetoder fSr att kunna styra

kalciumsignaler inne i celler det fSrsta projektet utvecklade en algoritm och

datorprogram f&r att utifrEn mikroskopbilder identifiera och analysera nStverk bland
populationer av celler. Denna metod anvSndes sedan i den andra studien fr att analysera de
nStverk som byggs upp av spontant aktiervceller under uteklingen. Vi sEg hSr att

cellerna bygger uppStverk med likheter med exempelsigiala nStverkch internet

Vidare fann vi att nStverken var viktiga f3r celldelning, sCE till vida att fSrre celler bildades nSr
vi blockerade nStverkskopplingarna. | musgrab ledde denna blockad till att hjSrnorna

blev mindre.

| det tredje projektet har vi fSrsskt fSrst@E vad som ger upphov till spontanaktiviteten hos
omogna nervceller. FSr detta utvecklade vi en matematisk modell som vi simulerade
datorfr att f(E fitsSgelser att testa i experiment. Genom detta sEg vi att en kalciumkanal
som $ppnas nSr spSnningen Sver cellmembranet sttigivis Sr viktig. Intressant nog
kodasdennafdr av en kSnd riskgen f&r bipolSr sjukdom och schizofreni. Vi utveckiSdsr
Sven en musmodell dSr denna gen har slagitsnudel av hjSrnan. Intressawig har dessa
m3sstecken p@kad Engest offrSndringar i hjSrnans anatomi

| det fjSrde projektet har vi utvecklat en metod f&r att med blEtt ljus kunna styra
kalciumaktivieten inne i celletGenom detta ville vi studera hur celler kan avkoda skillnader

i frekvenser hos kalciumoscillationgr@® samma sStt som en radiosignal kan
frekvensmoduleragCeller stimulerades med antingen h3g (en gEng varje minut) eller IEg
frekvens(en gEng varannan minut), varefter cellernas innehll analyserades. Genom denna
analys har vi funnit en mSngd olika gener och proteiner som svarar specifikt pCE f§rSndringar i
frekvens.



2 INTRODUCTION

2.1 CALCIUM SIGNALING

Living organisms all exploit intricatgignalingpathways to activatepaintain or inhibit

function, growth, differentiation and apoptosis. In the nervous system, neurons are
communicating with electrical impulses, creating cellular networks that perform
computations. In the developing braie|ls not only divide and migrate, but also form
networks resembling the adult equivalearing embryonic development and

differentiation of stem cells, cells are constantly communicating, resulting in tissue specific
gene expression. These signals amiglly mediated via calcium (€3 signaling One has
estimated there are around 20 different intracellular signal transduction mddlufemong
these, five are related to €aignaling, involved in as diverse processes as fertilization,
apoptosis, proliferation, differentiation, muscle contraction and leaj&ify Thesignals are
created by the four orders of magnitude large concenirgtaxlient between the cytosol and
the extracellular fluid as well as in cytoplasmic compartments such as the endoplasmic
reticulum (ER)[5, 7]. C&" waves can spread to adjacent cells either via gap junctions or in a
paracrine fashiof8]. The C&" oscillations are used as a medium for transmitting signals to
be decoded and taken action for in the. @adlin a radio transmitter, the signals can be both
frequency and amplide modulatego].

2.2 CALCIUM SIGNALING TOO LKIT

Cells normally keep their intracellular €@oncentration arountio0 nM, while the

extracellular concentration is approximatiyr orders of magnitudeigher at 1 mM.

Different intracellulaorganelles have different concentrations of'(far example 100 "M

in the ER. The extracellular concentration is controlled by hormones such as parathyroid
hormone from the parathyroid gland that increases the concentration and calcitonin from the
thyroid gland that decreases the concentration &f Ca

Cells themselves, however, keep the homeostasis by expressing a unique set of transporters
sometimes called the Easignaling toolkif seeFigure 1 for cartoon Here, the cytosolic
concentration of G4 can increase due to inflwia ion channels (voltageperated, VOC, or
receptor operated, RQ@ the plasma membrae viathe inositol triphosphater(fs)

receptoror ryanodine receptor (RyR) in tB#&R orsacoplasmic reticulum (SRThis is

denoted byed color in the cartooin Figure 1. The IndP; receptor is a membrane

glycoprotein that acts a €achannel and is activated bysP;[10]. InsPs is synthesized

together with diacylglycerol (DAG) as phosphatidylinositol@dig§phosphate isydrolyzed in

the plasma membrane by phospholipase C (PLC). PLC in turn is activated by ligands binding
to G protein coupled receptors (GPCR) coupled tq lae®rotrimeric Gorotein.In Paper

IV, the G protein melanopsiwasactivated by light, leadingtPLC activation and

downstream Cd increaseThe open probability of bottmsP;R and RyR arelependent on
cytosolic C&" andinvolved in secalled catium induced calcium releag8ICR). Studies

have found a bell shaped dependency curve for[Ca]. Efflux of C&* from the ER/SR

leads to store depletion and activation of the sensteipr8TIM1 via its EF hand domain.

STIM1 activation in turn leads to activation of ORAhannels in the plasma membrane and
thus influx of C&"[12]. After elevationof cytoplasmic C&, the concentratiomayreturn to



baseline via the action ehergy dependepumps on the plasma mbmane plasma
membrane C& ATPase, PMCA) or ER/SR membrane (sarco/endoplasmic reticuléim Ca
ATPase, SERCAThis is denoted by blue color in the cartooFigure 1. C&* oscillations
appeamwhen this rise and fall of cytosolic €dappens repeatedly in tim@hanges of Ca

in the space domain are calledves.

JAVAVAN

Ca? Ca®

O 6PCR  Roc o voc N
_Q@ \f )\/ Cytoplasm

i

ERISR InsPsR

Figure 1 Calcium sigaling toolkit, courtesy of Per UhiZn.

2.3 VOLTAGE GATED CALCIU M CHANNELS

Voltage gated calcium channels (VGCC) are plasma memlwarchannels mainly selective
for C&" that are activated upon depolarizatiSee for examplfL3] for review. The

channels are complex proteins with four or five subunits encoded by multiple Gee#s.
subunit constitutes the ieconducting poras well harness voltage sensing, gating
mechanisraand ligand binding site#t is also used for the taxonomihe auxiliary subunits
modulatethe channel complexubhave little effects on the channel properti&seTable 1

for summary of function and localization.

Another division can be made on basis of voltage dependence. L, P/Q, N and R are high
voltage activate@HVA) channels, meaning they require strong depolarization in order to be
activated. T type chaets on the other hand are low voltage activated cha(liéss) ,

meaning they require weaker depolarization for activation.



Table 1 List of voltage gated calcium channels. Adapted ffb8j.

Channel Current Gene Function Localization
Cayl.1 L CACNAIS Excitationcontraction Skeletal muscle
coupling
Cayl.2 L CACNAIC Excitationcontraction Cardiac muscle, smooth muscle,

coupling, hormone release,  endocrine cells and neurons
transcription and synaptic

integration
Cayl.3 L CACNAID Hormone release, Endocrine cells, neurons, cardiac
transcription, synaptic muscle and cochlear cells

regulation, cardiac
pacemaking, hearing and
neurotransmitter release from
sensory neurons

Cayl.4 L CACNAIF Neurotransmitter release frorr Retina, spinal cord, adrenal gland anc
photoreceptors mast cells
Cay2.1 P/IQ CACNAIA Neurotransmitter release, Neurons and neuroendocrine cells
dendritic firing and hormone
release
Cay2.2 N CACNAIB Neurotransmitter release Neurons and neuroendocrine cells
dendritic firing and hormone
release
Cay2.3 R CACNAIE Repetitive firing, dendritic Neurons
firing
Cay3.1 T CACNAIG Pacemaking, repetitive firing Neurons, cardiac muscle and smooth
muscle
Cay3.2 T CACNAIH Pacemakingiepetitive firing  Neurons, cardiac muscle and smooth
muscle
Cay3.3 T CACNAI1I  Pacemaking, repetitive firing Neurons

2.4 CALCIUM AND PROLIFER ATION

Cell division is the finabutput of an active cell cycknd is controlled by a complex network

of phosphorylations and dephosphorylations. Cyclin dependent kinases (Cdk) are activated
upon mitogenic signals when bond to their corresponding cyclifsisdanown to be

involved in different aspects of cell cycle contfok instance in G5 transitior{14]. For
example i embryonic stem cellsngP; mediated C4 oscillations are mostly confined to the



G1-S transitior{15]. In starved fibroblasts, serum indud@e’* activity was necessary for
cell cycle progression via cyclin D1 and the MARIE-!B ( Nuclear Factor kappleght-
chainenhancer of activated B cells and Mitogen Activated Protein Kipaslbeway[16].

2.5 ENCODING AND DECODING

The transformation of a biological signal from for example ligagadptor interaction to
intracellular signal transduction with €as here calledrecodingandis reversed by

decoding, where different types of molecules sense the dynamics and change their activity
accordingly. This process is analogue to electromagnetic radiation being received by an
antenna and translated to sound in a radighematical modedg of a generic Ga sensitive
protein has shown the possibility ofCascillations to be decoded on basis of the frequency
itself, the duration of the single transients or the ampliflide In summary, oscillation
frequency is correlated with target activity. The molecular mechanism behind the decoding is
thought to include cndoff kinetics of C&" bindingto kinases and phosphatases, activating
and inactivating target proteins respectively. If the frequency of oscillations is much lower
than the typicabn/off frequencyno integration will occur and the signal is simply decoded
as a sum of single transtenOscillations are more effective in activating the target than a
constant signal when &4ds bound cooperatively and with low affinitfhe list of frequency
decoding proteins has been constant for a while and indildiB, MAPK, NFAT (Nuclear
Factorof Activated Fcells) CaMKII (C&*/calmodulindependent protein Kinase dpd

calpain SeeFigure 2 andourreview for more informatiofiL8].
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Figure 2 Overview of frequency dependent proteins.



In the canonical pathway, baif-! B and NFAT are dependent on dephosphoryiabip
calcineurin, followedy translocation to the nucleuwghere they modulate transcriptidrhe

C&* binding protein calmodulim turn activates calcineurin by phosphorylatiéhe so

called integrative tracking model, were NFAT and-NB-are sequentiallphosphorylated

and dephosphorylateds thoughto explain the frequency dependeiit®. The MAPK

family consists ofhree groups: p38 MAPKSs, extracellular sigrelated kinases 1 and 2
(ERK1/2) and Jun aminterminal kinases (JNKs). The ERK pathway has been shown to be
frequency decoding by being activated by upstream Ras guanine nucleotide exchange factors
[20]. On the other han@aMKIl is activatedoy autaphosphorylation after binding to
calmodulin and C&[21]. Clearly, there are fundamentally different mechanisms behind
frequency decoding, which is refledtby different dynamics. NFAT and NB have so far
been reported to be frequency decoders in the low frequency range artuntHiz,

whereas CaMKI| decodes around 10800 mHZ18]. In Paper 1V, cells are exposed to €a
oscillations in the range 180 mHz.

2.6 CONTROLLING CALCIUM IN EXPERIMENTS

Almost all studies on Gaoscillations and molecular decoding are observational or crudely
interventional. Researchers observe spontaneous and-iighrad activity and thereafter

try to block the activity by applying different drugs or shRNAs. One established, but rarely
used nethod is the so called Ezlamp that is both nephysiologic and possesses low
temporal and spatial controllabilif2]. SeeFigure 3A for anexample Recent technological
breakthroughs in optics and genetics (optogenetics) provide us with tools to ntarapdla
control C&" signaling in living cells. Optogenetics takes advantage of (not exclusively) two
ion transporters, channelrhodop&ithChR2)[23] a lightactivated cation channel, and
halorhodopsin (eNpHR3.0), a lightiven ion pumg24] as well as the rotein coupled
receptor melanopsii25]. Heterologous expression of these transporters into cells and
exposing them to certain wavelengths changes the potential and activate/inactivate voltage
gated C& channels (ChR2 and NpHR) or activates phospholipase C (PLC) leadbag t
influx from the ER SeeFigure 3B for an example with light controlled oscillations using
melanopsin.

A G By Gy Qs B
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Ca?* free + thapsigargin

30 1.3 ] | ] [

—_ 2.9 —_ |
<) Ll_o
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O ’ r T T T T T T T T o T T T T T
0 400 800 1200 1600 0 100 200 300 400
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Figure 3 A) Calcium clamping using thapsigargin. Bht controlled oscillations using melanopsin.



2.7 NETWORKS

The notion of graphs (mathematical term for
networks) was established already in 1736 by 1
Swiss mathematician Leonard Euler, analyzing
the possibility of different paths in a network
consisting of islands and bridges. A graph
formally consists of a set of vertidggdes) and
edgeqlinks), connecting the nod§26]. See
Figure 4 for an examplevith nodes as red Figure 4 Network based onorrelated C# activity.

squares and links as black linésodes might be

of different sizes, ranging from single proteins to single cells and cortical areas. The links on
the other hand range from physical protgintein interactionf27] andintercellular ion

fluxes[28] to axon bundle§29]. Intriguingly, empirical networks are neither random nor
regular, but appear to follow certain structural rules (so called-svodtl and scaldree
networks)[30, 31} For instance in social networks and in internet the mean internodal
topological distance is much shorter than expected, clustering is higher and highly connected
nodes (hubs) exist with a na@ero probability. The shortest pdéngth is the minimum

numberof nodes that must be passed in order to travel from one node to gseérrd

straight line inFigure 4. The clustering coefficient is the number of neighbors of a node that
are also neighbors of each other divided by the total number of possibledinleen the
neighborgsee the neighbors of j FFigure 4).

L(i,j)=3
C(j)=2/3

2.8 GAP JUNCTIONS

Gap junctions are direct intercellular connectichétween the cytoplasm of neighboring
cells(Figure 5). The channels are composed of two hemi channels called connexons. The
connexons themselves are in vertebrates usually -hanh@terohexamers of connexiirs.
humans, 21 different connexin genes are exprd82dOne of the mostly studied connexins

is connexin43 (Cx43), with a molecular weight of 43 kD=43 is ubiquitously expressed

and is vital in for exanple electrical signaling in cardiac muscle cells and neural development
[33].
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Figure 5 Cartoon of gap junction connectic@ourtesy oMariana RuizWikipedia.



Gap junctions enable transport of electrical current as well as molecules smaller than
approximately 500 DEB4]. Gap junctions are highly expressed during embryonic
development and may provide a structure for intercellular communication before mature
synaptic networks are form¢8b]. Interestingly, there is a switch from expression oimya
Cx26 and Cx43 in the embryonic cerebral cortex to mainB2@wstnatal

29 NEURAL DEVELOPMENT

The zygote is formed dke sperm fertilizes the oocyte. Without any significant growth, the
zygote divides and forms a blastocyst in mamn&eéeFigure 6. The cells of the inner cell
mass of the blastocyst are pluripotent (often called embryonic stem cells) and may
differentige to any kind of dein the developing organismAfter seven days in humans, the
blastocyst is implanted in the uterus for further development and gastrulation. After twelve
days, a bilaminar disc is created amthe basis for the future ectoderm and endoderm. Next,
athreelayeredgastrula is formed and the embrgbanges its topology from a simply
connected sphere like structureatoonrsimply connected torus like structure

Inner cedl
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qu@ )70
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blashomere

Day 1: Fertilisation Day 2: Cleavage Day 3: Compa-ctbon Day 4: Differentiation Day 5: Cavitation

Day 12: Bilaminar Day 9: cell mass E ) Day 6: Zona hatching

disc formation differentiation
amriolic a0 24 C: o samibilical cord

mesoderm

endoderm /

Day 12: Mesoderm formation Day 18: Mesoderm spreading

Day 23: Amniotic sac enlargment

Figure 6 Early embryogenesis irumans Wikipedia.

Neurulation follows gastrulation as the thickened plate called the neural plate is formed by
the ectoderm. Upon folding, the plate is converted to a tube (around week four in human
embryogenesis). Next, the tube is expanded radiallgrdiftially along the anterior

posterior axis. As a glass blower makes beautiful art out of sand, this expansion is the



prototype of the future brain with its different
components. The walls of the neural tube are
constituted by neuroepithelial cells, whiafe the
grandparents of all cells in the mature nervous

Telencephalon

Prosencephalon
(forebrain)

Diencephalon

Mesencephalon

system. The neural tube forms four different (midbrain)

structure that later on will develop to separate Metencephalon
] ] Rho:nl_)enceph)alon

regions in the central nervous system: the (hindbrain) Myelencephalon

prosencephalofforebrain) themesencephalon Spinal cord

(midbrain) the rhombencephaldghindbrain)and the  gigure 7 Themain subdivisions of the

spinal chord (sePBigure 7) in rostral to caudal embryonic vertebrate braikVikipedia.

direction The prosencephalon will later develop into

the telencephalon and diencephalbime dorsal telencephalon, also called pallium, will form
the cerebral cortex, whereas the ventral telencephalon, subpallium, will form the basal
ganglia.The diencephalon will later form the thalamus, hypothalamus, epithalamus and
subthalamud=inally, thecerebral cortex will among other things form the neocortex and
hippocampus.

The formation of different regi@during neural development is controlleddsnetic
programghatin turnaregoverned byifferenttranscription factordn the spinal cord and
hindbrain,Hox genes provide segmental informat[86]. The rostral central nervous system

on the other hand is regulated by its own factors, for insténeé, Emx2, OtxI andOtx2 in
mice[37]. Emx1 is expressed exclusively in the dorsal telencephalon, irrespective of whether
cells are proliferatig, differentiaing or migiating and can be seen already aroundi&10

mouse embryol38]. In Paper 111, Cacnalc was deleted in Emx1 positive cells.

Spontaneous Gaactivity is a hallmark of neural development and is thought to run in
parallel to and interact with the genetic progrfgns9]. Spontaneous activity has been
found andcharacterized in neuronal synaptic networks in the retljaspinal cord41],
auditory nervg42], hippocampu$t3] and cerebellun4]. One may speculate that
embryonic networlactivity may shape the structure of the mature network, including
downstream effects. For instance in the retina of newborn ferrets, wave like spontaneous
electrical activity was seen, possibly affecting neural circuitry in the lateral genieidhte
Many different mechanisms for the generation of activity have been proposed in different
systems, including depolarizing action of GABA (as opposed to the traditional inhibitory
effect due to differential expression dfl@ride transportergl5]) and formation of transient
synaptic connections and the presence of pacerik&ereurong46].

However, norsynaptic activity is also importgréspecially earlier during development
Several studies have reported spontaneous activity in the entayal early postnatal
cerebral cortexf mice[47, 48]and ratg8, 49, 50] In intermediate neural progenitor cells in
E16 micemigration fromthe ventricular zone to the sténmtricular zone is dependent on

ATP bagd C&" signalingvia the P2Y1 receptd48]. During the same developmental stage,
spontaneous Ghoscillations control interkinetic translocatiohventricular zone neural
progenitord47]. The activity is dependent on ATP release through gap junction
hemichannelsintercellular diffusion of C& through gap junctionand subsequent activation
of InsP;R. Measuring proliferation in theentricular zone of rat embryos, another team found



spontaneous waves of £#o be essentidb1]. Once again, this activity was shown to be
dependent on gap junction hemichannels, P2Y1 receptors and intracelflilai&ese.

2.10 MATHEMATICAL MODELING

In the exact sciences, mathematical modeling is esséitjf@rimental results are tested

against predictions from previous mathematical models. The models themselves are supposed
to be as simple as possible and derivable from past prindifpesver, as the systems

studied become more complex, the models that describe them in mathematical terms become
so complex that exact solutions are impossible. For instance, it is only for the hydrogen atom
that the secalled Schrsdinger equation can leéved analytically, and the different energy

levels of the electrons can be calculated exactly. For all other atoms, simulations are needed.
It is a truism to say that biology is the study of living matter that is far more complex and
complicated than thatoms that are the building stongsll, mathematical modeling can be a
useful also in biomedicine. It is all a matter of the level of abstraction, where for instance
individual units in a network of multiple cells can be modeled asdietensional poits if

only the dynamics in time is of interest.

2.11 MENTAL DISORDERS

In modernclinical medicine, neurological diseases are diagnosed and treated by neurologists,
whereas psychiatrists handle mental disorders. Traditionally, mental disorders are
charactezed by change in function of the nervous system but with no clear organic correlate.
However, as the origin of the mind is the central nervous system, it is a truism to say that
every mental disorder must have an organic correélasgriking, but raregexample of this is

the secalledant-NMDA receptor encephaliti®?2]. In thisimmunological disease, patients
present wittpsychosis and agitatiand are admitted to psychiattinits As the diseases
progresses, the patients may develop autonomic dysfunction, ataxia and paeesiglogy

is now known to be autoantibodiagainst one of the subunits of the NMDA receptor,
developed especially as a paraneoplastic phenomeronng females with ovarian

teratomas

Bipolar disorder is gerious mental disorder )
characterized by periods of elevated mood (mania
hypomania) as well as periods of depresfSh
Depending on the severity, patients may experiensg
psychosisThe lifetime prevalence of bipolar :

young adults with a liféong disability[54]. There is s
no curative treatment, although mood stabilizers |
such as lithium and anticonvulsants may be used.f
The pathogenesis of bipolar disorder is unknduun, [
there is a strong genettomponat. The overall
heritability has been estimated at O[34]. Figure 8 Selfportrait of a person with
Schizophrenia may be considered an even more schizophrenia. Courtesy of Craig Finn.
debilitating psychiatric disease also affecting youn

adults and with a lifdong disability. The global lifetime prevalence is around 0.4 percent
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[56]. Schizophrenic patients have both positive symptoms, such as delusions and
hallucinations, and negative syrapts, such as anhedonia and emotional blun8eg.
Figure 8 for selfportrait by a patienClassical antipsychotic drugs primarily target the
dopamine system with rather high efficacy on positive symptbaidow on the negative
symptoms The overall hetability is estimated at 0./7].

Traditionally, bipola disorder and schizophrenia are considered to be completely separated
and belong to different groups of diagnoses in for example the Diagnostic and Statistical
Manual of Mental Disorders (DS!4). However, apart from sharing many features of
symptomatologythere is a sting geneticoupling between schizophrenia and bipolar
disorder{58]. Several interestinginglenucleotide polymorphisms (SNP) have been detected
at a genomavide significance level in genonveide association studies (GWAP, 60]
Among a few other geneSACNAC was considered an interesting risk ggtg.

CACNAIC encodes the alpha 1c subunit of thgype voltage gated calcium channel,C&,
increasing the cytosoli€&* concentration upon strong depolarizatjé®, 63] The channels
are thought to play an important role in for example excitatemscription coupling,

neuronal survival and synaptic efficdé#-66].
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3 AIMS

Theoverall aimof this thesis was to investigate the temporal and spatial dynan@eé"of
signaling in eukaryotic cells, especially in the nervous system. In specific, the aims were:

AIM 1
To develop a method to identify and analyze functional networgslls
AIM 2

To investigate spontaneoGst* activity in neural progenitors and the fuincial netvorks
that are dependent on it

AIM 3

To investigate the role of the mood disorder susceptibility genea/c in spontaneou€a”
oscillations.

AIM 4

To investigate the frequency modulatiorGaf* oscillations.

12



4 METHODOLOGY

4.1 CELL CULTURE

In Papers I-1V, several different kinds of cells have been ealitand employed in

experiments: HeLa (human cervical carcinoma cells}S$HY (human neuroblastoma

cells), HL-1 (mouse atrial cardiomyocyte tumor cells) and R1 mES (mouse embryonic stem
cells).Standard cell culture methodology was employiée embryonic stem cells were used
asanin vitro model of differentiationCells were kept undifferentiated in certain proliferation
media with leukemia inhibitory factor (LIF) gelatin coated plastic diss.Neural

differentiation was induced by seeding cells at certain density (around 100 000 cells in a 35
mm petri dish) with media without LIF but supplemented with N2 and[B2]7 An initial

phase of massive apoptosis was followed by gradual differentiation, which visually could be
seen as growth of extensions.

4.2 ANIMAL MODELS

Mice were used as model system®apers II-111. All experiments were approved by
StockholmOs Ethical Committee Noeth{cal approval no. 256/10¢. 4015and no. 47/18
In Paper III, knockout mice were established using-Co& recombinationStarting from
mice purchased from the Jackson Laborat§iWCK Cacnalctm3Hfm/J andB6.129S2
Emx1tm1(cre)Krj/y, experimental micevere established:oxP-Cacnalc"" :Cre-Emx1""
(knockout) and.oxP-Cacnalc™” :: Cre-Emx1”" (control).In this systemexons 14 and 15 of
the Cacnalc gene ardlanked by lo¥ sitesin all cells Cre on the other hands expressed in
Emx1 positive cells exclusivelynainly in the forebrain)n these cells, loxP sites are
recognized by Cre recombinase.

4.3 STATISTICAL CONSIDERATIONS

No power analyses were performed prior to experimprasder to estimate sample sizes for
experiments. In general, at least three biological replicates werangéypothesis testing
for sample meansas performed using StudentOs t test.

In Paper I, statistical significance of functional network links was estimated employing a
bootstrapping methodror the entire data set, tiriaces were randomly shuffled and
correlation valuesalculated As cutoff for significance, the 8ercentile of shuffledata

was usedin Paper IV, hypothesis testing for RNA sequencing and phosphoproteomics data
was done using StudentOs t @iterentially expressed genasd differentially

phosphorylated proteingere selected by both p val(aljusted for multiple coparisons)

and fold changeDatato analyzas discrete, reflecting the counting of sequenced molecules.
Normalization, however, leads to data being rather contintibigse is a vast literature on

how to statistically model RNA sequencing d&®@]. In some approaches, counts are

modeled with thé>oisson or negative binomial distribution.
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Handling multidimensional data raises the issue with multiple comparRerisrmingmn
separate hypothesis tests at significance keledds to on averagen false positivesFor
instance, comparing 20 000 gemnegh significance level 0.05 would leaol 1000 false

positive genesThe classical, but largely underpowered, method to control for this is by
performing the se@alled Bonferroni correction by dividing the threshold with the number of
independent hypothesis tests

o«
ocBonferronl "

A more powerful method is to calculate the false discoveryF&R), in which one only
takes in to account the number of false positivéleisulpopulation of rejected hypotheses.
One may estimate tleDR by considering the shape of the distribution ebfues as firstly
described by Benjamini and Hochb§8§]. The underlying assumption is that the null
hypothesis has a uniform p value distribution, whereas the alternative distrimgiampeak
closer to (OseeFigure 9A). The g values are defined as the minimum FDR attained at or
above a given score and are analogous to p values, but in terms of FDR falsk rpmisitive
rate SeeFigure 9B for relation between p values and g values.
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Figure 9 A) Distribution of p value$or RNA sequencing datd) q values as &unction of p values.

4.4 CALCIUM IMAGING

TheCd*concentratiorin this thesisvasmeasured in living cells using fluorescent dgad
time-lapse microscopyn general termsG&* fluorophores are molecules that can bind to
c&* with a certain affinity and change its fluorescence interBitg. first widely used dye

was Fura2 [70], which is a secalled ratometric dye enabling absolute measoents after
calibration(of essential use ifY1]). Two dfferentultra-violet wavelengths are used to excite
Fura2, andone wavelength ajreen light is emitted. One of the wavelengths incsaase
intensity as Cd decreases, whereas titherincreases as €4ncreases. Taking the ratio
results in arabsolute valueOther dyes, such as Fh3%4/8 are nowratiometric and do not
enable calibration in the same sense. However, often the absolute levElisbEaw

interest. For example, when measuring spontaneous activity in neurons, the dynames in t
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is not heavily dependent on the exact concentration Of Bifferent dyes have different
spectra and kinetics, enabling a great variety of experimental setups and combinations. In
Paper 1V, C&*was measuredsing Fura2 in transgenic cellexpressig the red marker
mCherry. In addition, elevations of the intracellulaf'@ancentratiomwas achieved by
stimulating with blue light.

Calcium imaging enables measurement of activity of a large number of cells simultaneously.
For instance, hundreds of mens could be imaged and thus serve as a surrogate measure of
the underlying electrical activity. In contrast to electrophysiology however, the time
resolution is low.

4.5 ELECTROPHYSIOLOGY

In electrophysiology, electral properties of living tissugremeasired.It ranges from

recording of single ion channels using pattdmp under a microscope to diagnostics of
epilepsy in patients using EE(.the present thes{®aper 11 andIlIl), patchclamp

recordings were performed. In such, fine glass micropipettes containing physiological and
defined solutions are attached to individual cétito the glass pipettes, metal wires are
attached and connected to an amplifiervhole-cell recoding, an entire cell is attachéal

the pipette and currents through multiple ion channeleeamrded simultaneously. By
applying slight suction to the pipette, a high resistance seal arott@D1B5 is created

This OgigasealO enables isolation okatsracross the membrane with low noise.

4.6 OPTOGENETICS

The optogenetic approach is divided in two parts: light stimulation and preparing light
sensitive cefl. A light stimulation setup was engineered using blue LEDs mounted on a base
attached to a heatnsi Light was focused with an optical lefseeFigure 10). Power was
supplied via an electrical circurtcludinga relay controlledy a DAQ based systeand
custommade computer softwarkight sensitive cells were prepared by transducing HelLa
cells with a lentiviral vector carrying ti@PN4 gene (melanopsiriagged with mCherry

Next, transduced cells were sorted with floygtometry.

A Power supply cables B
Heatsink connected in series
~ \

Six LEDs: incubator
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5 10 15 20 25
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6 multiwell plate

Figure 10 A) Optogenetics setup with six LEDs cauted in series. B) Light power as a function of voltage.
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4.7 TRANSCRIPTOMICS

RNA sequencing describes the technique of sequencing all RNA molecules present in a cell.
By specifically targeting mRNA, this technique enables the identification and quantification
of all transcribed genes. The set of all transcribed genafigdihe transcriptomeBy

comparing the transcriptome of different groups of cells treated in different ways, one is able
to infer differentially expressed gendisall stars with collecting the cytoplasm of cells by

lysis, reverse transcribing the mRNA to cDNA and finally to run PCR for a number of cycles
for amplification For bulk sequencing experiments, approximately 500 cells were used.
Single cells were capturesingC1 Single Cell AutoPrep IFC microfluidic chigrhe
concentratiorand qualityof the cDNA suspensionas then measuragsinga fluorometric

method (Qubitand a miniature gel under microscope (Bioanaly2ézxt, a sequencing

library was assembled with all dividual samples multiplexedby fragmentation and
tagmentationThiswas possible due to each sample having a unique sequence attached to all
cDNA moleculesAlso, the number dftartingmolecules of a certain speclaesfore any
manipulationwas known by the introduction afniqgue molecular identifiefg2]. Finally, the

library was sent for massive parallel sequencing (lllumina HiSeq2@e@@juencig reads

were filtered, aligned to the genome using Bowtie and finally annotated. Data files with
counts and metadata medoaded into Matlab (Mathwoyland further analyzed with custom
made scripts.

4.8 PHOSPHOPROTEOMICS

Protein phosphorylation is a common pwanslational modificatiorAnalogously to the
transcriptome, the phosphoproteome is the set of all phosphorylated pthisires for

sequencing experimentdjmulated cells were first lysed. Thereaffgnteins were digested

to peptides using trypsidesalted and enriched for phosphopeptides usiri@i¢hee TiO2
Phosphopeptide Enrichment and ClegnKit. Phosphopeptides were injected onto thenLC
MS/MS system (Ultimafé' 3000 RSLCnano chromatograptystem and Q Exactive Plus

Orbitrap mass spectrometer). The peptides were separated on a homemade C18 column. The
effluent was electro sprayed into the mass spectrometer directhevtalumn. Proteins

were identified by searching mgf files against thesSRrot databasPata files with counts

were loaded into Matlab (Mathworks) and further analyzed with custom made scripts.

4.9 BIOINFORMATICS

Normalization ofRNA sequencing counts for bulk experiments was performed using the
lowess method-urther normalizgon was done to counts for cells expressing the empty
vector and cells without light stimulatiodypothesis testing for differential expression
analysis was done using Student®sttFrequency dependent genes were ddfasegenes

with fold change eliter above 2 or below 0.5 as wellgagalue less than 080This resulted

in approximately 100 geneBhe hit genes were then characterized regarding gene ontology
terms using the STRING datab4g8]. Next, possible upstream transcription factors
controlling the egression of the hit genegere predicted using CrHHR Enrichment Analysis
[74] as part of th&xpression2kinases softwdi#]. Next, a proteirprotein interaction

network around the transcription factors was predicted. Upstream kinases were subsequently
identified by searching multiple databases for kirmdastrate data using Kinase Enrichment

16



Analysis[76]. Possible enchment among the predicted signaling network was then analyzed
by searching the KEGG databdgé] with STRING

Single cell RNA sequencing counts were filtered by removing data from cells with less than
2000 RNA molecules, resulting in 127 cells in totdle expression of hit genes from bulk
sequencing data was anagzand found to follow a Poisson distribution with added noise.
Clustering was performed using principal component analysis with genes with the highest
variance across all cells.

Phosphoproteomics data was analyzed in a similar way laRbA sequencing ata.

Hypothesis testing for differential expression analysis was done using StudestOs t

Freguency dependent phosphoproteins were defines as those with fold change either above 2
or below 0.5 as well agvalue less than 0.05. This resulted in approximately 100
phosphoproteing2roteirprotein interactions among the hitenganalyzedising the

STRING databasg’3].

4.10 NETWORK ANALYSIS

Connections in functional networks were found by applying ezos®lation, which

guantifies the linear similarity between two waves as otieeoh is shifted iime [78]. In

signal processing, waves are typically time series consisting of discrete sets of dat&points |
t€ 7], e.g., images acquired by tiflepse microscopy. The normalized version of the eross
correlation function, i.e., the cressvariance, is commonly used for imgg®cessing
applications in which the brightness of the image is the quantitative measU&TLAB,

the crosscovariance is implemented asv [79]:

N—|m|! ! N—1
ny(m): Z (e +! )—!—Z.l)(yn——zyn) if m!
ot " M <O

Here,m is the lag N is the number of time points,is the summatiomdex, and: andy are
the two time series. Correlations were deemed significant and condnlemtstitutea
network link if the value was above a certain thresh®lscrambled data sgt,.mses Was
created by shuffling the individual time sertés random starting points Thus, each
original time series wadivided into two parts at a random position and then put together
again in the opposite order.

'scrambled[ N]! (f[t N] f[l t— 1])

The total activity in the original datatssnd thescrambled data set wHegereby conserved.
The mean or the §ercentile of the crossovariance values of the scrambled data set can
then be applied as the enff value.

There are several measures that can define a net@amkectivity is defined asi¢ number

of nodeswith a correlation coefficient larger than the-oift divided by the total number of

nodes The edge density, also referred to as conneci{8ftas defined as the number of

edges divided by the maximum number of edges. The neighbors of a node are all the nodes
connected to it in one step. The degree of a node is its number of neighbors; hence the degree
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distributionP(k) of anetwork is the distribution of nodes with a degree equalR¢k) is
obtained by counting the number of nodigk) with k = 1,2,3,E connections and dividing by
the total number of nodes.

In classical graph theory, models of networks occurring in nature are either regular or
random. In a regular network, each node is connectedtter node§26]. In a random
network, nodes are connected with links in a random fashion, resulting in a Pshiapea
degree distribution arounaV, wherep is the probability and/ is the total number of nodes.
Smallworld networks combine featwg®f both regular and random networks, with high
clustering as in regular networks but short internodal distances as in random ng8iorks
The properties of smallorld networksvereassessed by calculating the mean clustering
coefficientC and the meashortest path lengthof the network using the MatlabBGL
library [81]. Hence, a smailorld networkwas charactered by the following relations:

S L R

Crand Lrana

~ 1

o =

The clustering coefficient is the number of neighbors of a node that are also neighbors of
each other divided by the total number of possible links between the neighborst Thus
reflects the number of groups in a network. The shortest path length is the minimum number
of nodes that must be passed to travel from one node to another. The valaeslbfare

then compared with the corresponding values,gf; andL,,,, for a randomized version of

the network. A network is defined as possessing swalld characteristics if the mean path
length is as short as in the corresponding random network, whereas the mean clustering
coefficient is higherThe Barabt&Albert modé of preferential attachment states that a
scalefree network can be generated by allowing a random network to grow according to
preferential attachmef®0]. If the degree distribution approximately followsawer law (a
heavytailed function without any clear mean value or scale), the network is defined as scale
free.

L) T Tog(t (k) oc ! i)

Scalefree networks have some nodes with many neighbors that can act &djubs

4.11 MATHEMATICAL MODELIN G

In order to gain deeper insight into the mechanism behind spontaneous activity in neural
progenitors, a mathematicabdel was developed f@aper I11. In the model, the G4
concentration in the cytosol and ER as well as the membrane potential was modeled as a
function of time using ordinary differential equatiomsaditionally, cell membranes have

been modeled as electronic circuits with the phospholipid bilayer as atoagheiion
channels as resistors and electrochemical gradients as b§@@}iesing OhmOs law, we
have.
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Here,/ is current,}) potential R resistance anglconductancerhis holds true for every ionic
species, but with unique variables. The driving voltage for insfang®tassiuntan be
written as:

Viot =V — Vi

Where, in this caséd/x is thereverse potential for potassiudgermined by the Nernst
equation:

RT [ion! 1"
Viernse = 71N T =

Here,R is the gas constanf,FaradayOs constafithe temperature andvalence.

For a parallel plate capacitwhich can model the lipid bilayer cell membraseparating
the charge and voltage potentidl, thecapacitance€ is given by:

c=1

Taking the time derivative givgfor constantC):

" av
Icap = IT ! CE = lion + !app

In total, we thus lveaccording to KirchhoffOs laimplemented in equation 1)

dv
CE:—Zgi(! L
i

To solve this differential equation, one needs to establish the dependgrarel6ndz:. In

1963, Hodgkin and Huxleyogether with John Ecclegceived the Nobd?rizefor their

work on the voltage dependence of ion conductances in the electrically excitable membrane
of the squid giant axotit is outside the scope of this thesis to give a comprehensive
description of the mathematics behind vgétgyating. However, it is based on channels

having gates that regulate the conductance. There may be both activation and inactivation
gates based on the following mechanism:

Ky k_

Here,C'is the closed state awdlis the open state with rate condsdn andk.. In Paper 111,

the secalled MorrisLecar model describes the excitabilithis model only involves a fast
activating C&" channelsimilar to L-type channe))a delayed rectified Kcurrent as well as a
passive leakThe activationn., is dependent on voltage as seeRigure 11 and describes

the fraction of open channelis seen below, it is only dependent on the voliadaut not

time The opening probability of the potassium channel on the other hand is dependent on
both time andioltage.
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Figure 11 Voltage dependence of, as a function of Ay; and B) V..

Since the Morrid_ecar model only consists to variables (potential” and fraction of open
channels for the delayed rectifief Bhannelsy), the dynamics can be studiesing phase
plane analysisThis analysis will reveal the existence of a stable limit cyplen current
application {,,,), in other words oscillations in membrane potential as a function of time.

The C&" concentration is modeled by describing the dfife: fluxes of C& to and from the

cytosol. Equations-3 includefluxes via both channels and pungrsl are based on the
conservation of Ca.

The following equations constitute the mathematical model simula®epir I11.
N different spherical cells with indéx! € {1:! },i # j are interconnected.

avi, . ;
D) Cn S lapp =1 (M= Vi) = Geamoo (it 1 ) = 15 1 (L )G gap (Vi —
L)
2) Dy e
d[ca?t]L
9 A
3
fcyt[_%gCamOO(V‘nlL = ) — Jpmca + (WryrPryr + vleakER)([Ca2+];5R -
i3
1 . 0 ] j i
[€a®*1Lye) = Jsgrea + Zia(CA Nt vs () [Ca?*1L,, = [Ca? 1Ly)]
. 3
d C ! Lo r—'
4) % = feyel! ?gCamOO(Vn!‘L Pl ) — Jpmcal

) [Cat*]ly 1 L o (o0
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Theconnection between cellgnd; is described by the matri
(C! 1) ' CQIN)
C = : . :

CNIL T CON,N)

1 & i,j connected
0 & —1i,! connected

>, where! (1,j) = {

The plasma membrane potential oscillatatascribed by the Morrkecar mode[83].

Vi —V,
Me = 0.5[1 + tanh (—)]
= Vs
We = 0.5[1 + tanh ( )]
4
1
T= ! T,
cosh( !

TheCa&* transporters are described by Hill functi§@g3].

2+72
vmax'PMCA/SERCA' Ca ]cyt

Jpmca/serca =
K 1i/2,pMcA/SERcA T [Ca? ]Cyt

The RyR is modeled as follows by Keizer and Ley8% using a quassteadystate
approximatior{83].

[ **]eyeys
| 1+ (K—by)

*RyR = Moo K [I l+]
a 4 CytN
”([Cazmyt) M

]C t\3

1+1 1Ca 2+] ) +( y)

1 K, . !Ca”!lc!u ¥
+Kc+(!Ca2+]éyt) *( e

Parameters are describediable 2.
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Table 2 Parameters and values with references.

Abbreviation Numerical value Unit Description Reference

I, 0 nA/em’ Applied current per area  Bifurcation parameter,
starting with no applied
current

Vi -85 mV K* channel reverse [83]
potential

Ve 120 my Cca* channel reverse [83]
potential

Veap 20 1/s Gap junctionCa” Bifurcation parameter
permeability

) 12 1/s Rate constant of K [83]
channel

F 96500 C/mol FaradayOs constant [83]

Vieak,ER 0.2 1/s ER leak permeability [83]

V; -3 mV C&* channel parameter, [83]
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activation voltage

V, 30 mV C&* channel parameter, [83]
voltage width

Vs -20 mV K" channel parameter, [83]
activation voltage

V, 30 mVy K* channel parameter,  [83]
voltage width

Vunax,PMCA 17 (increased from uM/s Maximum transport rate  Chosen
5in[83])
Ky, pca 0.6 uM Affinity for Ca* [83]
Vinax, SERCA 100 uM/s Maximum transport rate  [83]
Ko, serca 0.2 uM Affinity for C&* [83]
K, 0.4 uM RyR parameter [83]
K, 0.6 uM RyR parameter [83]
K, 0.06(decreased 1 RyR paramete Chosen

from 0.1 in[83])

4.12 MAGNETIC RESONANCE IMAGING

Magnetic resonance imaging is an imaging technique used in radiology. The method is based
on the fact that certain atomic nuclei (usually hydrogen atoms in water or fat) can absorb and
emit radio frequency energy whplaced in a strong external magnetic field. The method

was used iPaper III to study potential anatomical changes in@henalc knockout mice.

Brains of mice used for behavioral studies were perfused with a fixation agent in conjunction
with a contrast@ent using an active staining technique to increase the-$tgnaiseratio

and reduce the effective T1 in the MB5]. Scanning was done over nightina 9.4 T

horizontal bore MRcanner. The spatial resolution is in the order of magnitude of 0.1 mm
[86]. For example the volume of amygdala of a mouse brain is approximately 3[8 Thm

4.13 MOUSE BEHAVIOUR

Mouse behavioral studies were performe#aper I11 in order to find possible correlates of
psychiatric symptoms in patients in thecnalc knockout mice. There are a wide variety of
validated tests for mouse behavior related to for example anxiety, memory and aggression.
Two of the most commonly used variants for anxretated behavior in mice are the open
field test and elevated plus md38].
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The open field test assesses novel environment exploration as well as locomotor activity. The
environment is stressful to the mouse in two aspects: first because of physical separation from
cage mates and second because of the unprotected, open eentrbyitself. Mice are

acclimated to the test room and put in the center of the chamber. Next, a video camera
records the movements for certain duration. Five minutes was used for assessing novel
environment exploration, whereas longer time was usedfotuation. Generally, mice will

spend more time close to the walls than in the center. As an example, mice treated with
anxiolytic drugs will spend more time in the center.

In the elevated plus maze, mice can spend time either in two open, unprotested &avo
enclosed, protected arms of the maze. The entire maze is elevated some distance from the
floor. Mice are acclimated to the test room and put in the center of the maze. Next, a video
camera records the movements for certain duration. Usually temdeo avoid the open

arms.
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5 RESULTS AND DISCUSSION

5.1 PAPER I: NETWORK ANALYSIS OF TIME-LAPSE MICROSCOPY
RECORDINGS

Here, we develga methodology implemented in MATLAB to identify functional networks
in groups of cellsBy pairwise comparing time tracesfor example C4 dye intensity of
multiple cells using crossorrelation, networksereconstructedT he significance of
correlation valuesvasassessed by comparing thenthte corresponding values of scrambled
versions of the same tracd#is way, the overall activitwasconsidered although the exact
timing of transientsvasneglectedintercellular connections with correlation values above
thresholdwereconsidered significant and considered as links in a functional network.

Next, thestructure of the corresponding netwarisanalyzed using methods from graph
theory.For instancethe mean shortest path length and clustering coefficient could be
calculated and used to classify the netwbidtworks were considered to have smaibrid
properties if the mean shortest path length veahart as in corresponding random networks,
whereas the mean clustering coefficient was higbeale free networks had no typical node
degree (number of neighbors) as the degree distribution followed a-{zowe

An obvious issue with this method is whether the functional networks idemaglly are
based on underlying structural networkstor example neural progenitors and atrial
cardiomyocytes, cells are connected with gap junctions that enaléziitar
communication. In one experiment, we recorded spontanedtiadaity in confluent
cultures ofHL-1 cellsthat had been exposed to a cut with a fine needle across the field of
view. We could conclude that the physical division of cells intogoqulations was also
found in the network analysés two networksThus, the identified functional network is, at
least partially, based on underlying physical connections.

5.2 PAPER II: NEURAL PROGENITORS ORGANIZE IN SMALL -WORLD
NETWORKS TO PROMOTE CELL PROLIFERATION

Here, we identified spontaneous®Cascillations in neural progenitors derived from mouse
embryonic stem cells that had been differentiating for ten daysdifferentiated cells

however, exhibited much less activity. By employing the ngtwdentification and analysis

tool described iPaper I, we found that the neural progeniterare organized in smaWorld
networks with scale free propertidgso in whole E9.5 embryos, spontaneous oscillations
were seenn the next round of experimes, we sought to unravel important molecules
involved in spontaneous activity. Celisvitro were challenged with a multitude of drugs,
including the purinergic receptor blocker suramin, sodium channel bltkaiotoxinand
glutamate receptor inhilors. None of these affected the spontaneous activity. Only removing
extracellular C&, blockingVGCC with nickel or blocking gap junctions with octanol or
flufenamic acid abolished the activishRNA mediated knoclown of Cx43 also decreased

the activity.Whole cellpatch clamp recording were performed on neural progenitors and
showed that they also exhibit spontaneous firing that could be inhibited by nickel, cadmium
and octanol. In order to validate the use of octanol as a gap junction blocker amedsto ass
intercellular electrical conductance, multielectrode pataimprecording were performed.
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Theseshowed that electrical current could be transmittdabimveen cells and that this
transmission could be blocked by octafanid to some extent ltge gagunction blockers
flufenamic acid and 18glycyrrhetinic acid) Intercellular electrical trasmission was then
examinedn E9.5 mouse embryonic brains and was also found to be responsive to octanol.

As previous studies have shown regulation of prolienaty C&* oscillations in the

developing cerebral cortex, we examined the effectdaativo andin vivo in our handskor

neural progenitors derived from embryonic stem cells, blocking gap junctions with octanol or
Cx43 shRNA reduced proliferatioAlso nickel reduced cell division. However, the

proliferation in embryonic stem cells was no affected by either octanol or nickel. In mouse
E12.5 embryos, seven howfstreatment with octanakeduced proliferation in the

dorsolateral cortex. Multiple days octanol exposure (E12E17.5) lead to smaller brain

surface areas well as cortical layer formatiolm conclusion, thesa vitro andin vivo

experiments indicate that neural progenitors wire up in functional networks that critically
regulate proliération.

Previous studies have reporsggbntaneous activity in neural progenitors asdbie in

regulating proliferatiori8, 47, 48] In the ventricular zon& vivo, C&" activity has been

shown to be dependent on gap junctions and ATP. Our data confirm the involvement of gap
junctions, but at least vitro, no involvement of purinergic receptors was foundtead we
provide evidence for involvement ¥f5CCin the plasma membrandickel is claimed to be
specific for Ftype VGCC, whereas cadmium mainly block HVA chanf@®. Interestingly

a few cells remained active upon gap junction inhibition, indicating the presence of trigger
cells.Paper III will discuss this further.

Our data also reveal smalorld networls with scale free properties. Thus, cells are not

active atrandom, but are rather connected in a certain organization. One study reported that
in the developing mouse hippocampus-BP5, neurons were organized in a scale free

network with GABAergic cells as hulf80]. Importantly, these tas could control the

activity of the entire networklhe Barabasi and Albert mathematical model prethett

scale free networks are generated by adding new nodes to old nodes in a Orich get richerO
fashion[30]. Thus, nodes with many neighbors have higher probability of being connected to
new nodesSmallworld networks have been reported in for example newborn human brains
[91] and cultured neurorj82]. The Watts and Strogatz mathematical model predicts that
smaltworld networks arise as a few network links are rewired in a regular neigrk
Smallworld networks provide a structure for efficient information flow and synchronized
activity [26]. On the other hand, the existence of hubs in scale free networks, provide
robustness to removal (cell death) of random nodes. We hypothesize thedlthfree

structure emerges as newborn cells are preferably connected to highly connected cells, since
these may have more gap junction connections and métacity.

5.3 PAPER IlIl: SPONTANEOUS ACTIVITY IN NEURAL PROGENITORS IS
DRIVEN BY FUNCTIONAL PACEMAKERS EXPRESSING THE MOOD-
DISORDER SUSCEPTIBILITY GENE CACNA1C

In this project we were interested in gaining deeper understanding of the medbaimisth
spontaneous Ghoscillationsdescribed ifPaper 11 in general and to see the rolefcnalc
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in specific. For these purposes we developed a forebrain specific knockout mouse for
Cacnalc using Emx3Cre driver animaldn contrary tathe habituation process wild-type
mice, theCacnalc knockout mice increasktheir exploratory behavior in the open field test
after five minutesWe could not detect any significant differences in the eleyatesdmaze,
except for the knodut mice having more head dipping evehtavhole brain MRI scanning
experiments we dettd significant changas brain anatomy. In the knoolat mice, there
was an increase in striatum and periaqueductal grey (RPél@neand decrease in
hippocampus, neocortex and trigeminal tract. There was also ghdarg®nsignificant
increase in theolume of the mammillary bodieBy employing a multdimensional
approach by merging all variables from MRI and behavioral experiments, we managed to
clustermiceaccording to genotype using principal component analybiss, forebrain
specific deletiorof Cacnalc led to signs of increased anxiety as well as changes in brain
anatomy.

In preliminary experimentsye managed to recogpontaneous Gaactivity during neural
developmenin both knockout and wild type animakhere was a trend for knockout
animals to have lower amplitudes of individuafGeansients.

Next, we used neural progenitors derived from embryonic stem cells as a model of neural
differentiation. Spontaneous activity arise around day six of differentiasicellsup

regulatethe expression afeveral ion channelscluding Cacnalc, encoding the alpha 1c

subunit of the Ltype voltage gated calcium channel,C2.Based on publishe@aper II)

and unpublished experimental data, we then developed a mathematical model in order to
simulate the intracellular aconcentration and membrane potentiathe model, cells
wereinterconneted with gap junctiongermeable to both electrical current and'Gaa

varying degree. In addition, each cell hadvee varying membrane poteritas well as
concentration of CGAin the cytosol and ERn the toolkit, cells also had RyR and SERCA

that increases and decreases the cytosoficd@acentration, respectivelin a similar
fashion,PMCA and VGCCcontrol the influx via the plasma membeaThe membrane

potential on the other hand is dependentidi VGCC and voltage dependent ¢hannels

We decided to use deterministic ordinary differential equations to model thdyBamics.

Thus, cells are considered to be zero dimensional objeetpiovalently well stirred so that
diffusion effects can be neglected. Furthermore, the modeled system is assumed te be noise
freeandgap junctions are assumed to be passive elements with intercellular currents linearly
increasing with voltage differencBy solvingthe equations using MATLAB, spontaneous
oscillations in cytosolic Caand membrane potential appear@drtain cells coul act as
functional pacemakers by having slightly higher conductance through VGCC. Next, we were
able to investigate the parameter space even more by employing bifurcation analysis. In the
model, spontaneous oscillations appear upon sufficient levelp ¢ghigetion and VGCC
conductance. We investigated the oscillatory parameter spaze by measurin@acnalc
andCx43 expressiomwith RT-gPCRas well as spontaneous®activity as a function of
differentiation timelntriguingly, the shape of the dewepimental patli: vitro is highly

analogous to th& silico landscape

One key element in the proposed model of spontaneous activity is the high similarity between
pacemakers and ngracemakersrhe only difference in the model is the slightly higher
condwctance through VGC@ased on this, we were able to estimate the number of
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functional pacemakeis vitro, by using RFQPCR data fo€Cacnalc expression in

conjunction with bifurcation diagranis silico. Using this, we fond that approximately 20

% of allcells are pacemaker cglivhich is almost completely coherent with the experimental
value of ~19 %iln line with this, we next hypothesized that fpiacemaker cells could be
converted to pacemaker cells anck versa, by applying a positive or negativercent,
respectivelyCombining C&" imaging and patch clamp electrophysiology, we managed to
confirm this. Cells with spontaneous oscillations in membrane potential were silenced upon
injection of a small negative currerd (pA), whereas silent cells were driven to activity by a
small podiive current (1 pA).

In conclusionwe have shown that forebrain specific deletio@@fnalc leads to signsfo
increased anxiety as well as anatomical changes in brain regions known to be involved in
anxiety.As anin vitro model of neural differentiatig neural progenitonsp regulate

Cacnalc as becoming spontaneously active. In a novel theoretical framesparktaneous
activity is driven by functional pacemaker cells expressing sufficient levélscat: / c,
connected to other cells with gap junctidmsall, we hypothesize that changeswrnalc
expression leads to erroneous spontaneous activity during development and increased
susceptibility for later psychiatric disease.

5.4 PAPER IV: GENOMIC AND PROTEOMIC ANALYSES OF IMPACT OF CA*
OSCILLATORY FREQUENCY

In this projectve sought to develop methodology to control intracellul&f Gscillations

with optogeneticand to utilize it to find novel frequency decod&k& first developed a
computer controlled light source and a polyclonal HelLa cd@ldixpressing melanopsin as
well as mCherryUpon five seconds of blue light stimulation, melanopsin positive cells
responded witla clear increasa cytosolic C&" concentrationThe increase was dependent
on PLC as well anEPsR. Furthermore, thstimulation was gentle, ggolonged stimulation
for 12 hourswas not toxic.

In a first line of experiments, we assayemtjuency dependencetbie complée

transcriptome by harvestimgRNA of stimulated cells for bulk and single cell RNA
sequencingWe stmulated cells for either one hour or twelve hours with orfé €ansient

every minute#£ 15 mHz) or every second minute§ mHz).After normalization to cells

without stimulation as well as cells expressing only mCherry, differentially expressed genes
were identifiedoy comparingcounts of cells stimulated witbw frequency anthigh

frequency Comparing one hour of stimulation with twelve hours, there was only a minor
overlap between the identified frequency dependent giliegs. we tried to identifyilkkely
upstream proteins by searching databases for likely transcription factors and known protein
protein interactiondJpstream of these, waibsequentliooked for kinases that may be
responsible for relevant phosphorylatioimserestingly, there was a large overlap on kinase
level when comparing one and twelve hours of stimulatisimg single cell RNA

sequencing, we could conclude that hit genes from the bulk sequencing experiments were
expresed as expected, following tReisson distribution with added noise.
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In analogous experiments, we employed phosphoproteomics to identify frequency dependent
proteins and phosphoproteidter light stimulation, proteins were harvested and enriched

for phosphopeptides and analyzed watass spectrometry. As for RNA sequencing data, we
next identified differentially phosphorylated protearsd looked for likely upstream kinases.
Interestingly, the predicted kinases partially overlapped with kinases inferred from RNA
sequencing data. Thellowing three kinases were inferred from both phosphoproteomics

data and RNA sequencing data for one and twelveshadistimulationMAPK14,

CSNK2Aland GSK3B.

Among the genes and proteins identified as frequency dependent, several are ielated to

I B signaling.To more specifically study frequency decoding by!IBF, we used a
luciferasebased reporter assayhere wasglear frequency dependence of the-IBF
transcription with approximatelyseven times increase fstimulation withl5 mHz

compared tamo stimulation As a next step, we used RJPCR to look for frequency
dependence afenes regulated BYF-!B. Expression of the cytokiné8VF and/L8 was

found to be frequency dependerstwellas dependent dB&* release via thenkPsR and NF

IB . By stimulating cells with a wider range of frequencies, we conclude that the frequency
dependence dfNF and/LS§ is sigmoidal, with the maximum dynamic range aroun@@0
mHz. To gain deeper understanding of the mechanism behind frequency decodivig by
and/L8, we stimulated cellsither with high frequency for half an hour or low frequency for
one hour. Interestingly, the gene induction was significantly weak&nMemwith thelower
frequency whereas there was no differencefias. Thus, it seems dle frequency
dependence is via the frequerisglf and not total number of transients. In a similar fashion,
we stimulated cells with either high frequency for one hour, or randomly, but with the same
number of transients in total, for one hduatriguingly, also in this case the gene induction
was significantly weaker with the random stimulation regime compared to the regular.

In conclusion, we short circuit the €aignaling system by directly controlling the cytosolic
concentration using optogenetansd thereby bypass any kind of ligands binding to receptors
as well as spontaneous activithat way, we identify a network of frequency dependent
genes and phosphoproteins and provide evidendeitarfide frequency dependence GVF
and/LS.
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6 FUTURE PERSPECTIVES

The data presented above opens up for several important quéstifutsre research

30

What is the function of functional networksvivo? Do they tell us anything about
adult neural circuits and function?

How is proliferation controlled bga* oscillations?

What isthe physiologicatole of frequency decoding vivo in general and in the
developing brain in specifid® the spontaneous activitytopized for downstream
decoding?

How does altered expression@icrnalc lead to changes iorain anatomy and
behaviour?

Are other VGCC involved in spontaneous activity during development? What is the
role of T-type channels?



7 GENERAL CONCLUSIONS

In general, the research described above deepens our understar@éfigpsnillations and
network activity We have identified spontaneous activity in developing neurons and gained
more insight into its underlying mechanism as well as physiologicaidmEteveloping
neurons wire up in functi@smallworld networks with scal&ree properties. These network
formations are essential for normal devetgmt, as blocking them leadsdecreasa
proliferationof neural progenitors in the ventricular zoheaddition, we have applied this
knowledg in a model of mental disorder where the géme:ialc is deleted in the forebrain.
These knockout mice havelumetric changes in several regions of the baaith show signs

of increased anxietyVe have also del@ped a tool to control intracellular €ascillations

and thereby gained deeper understanding of the frequency dependence of signal transduction
pathways.
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