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Zusammenfassung

ModerneBildgebungsmethoden werden im Rahmen der Grundlagenforschung und der angewandten
biomedizinischen Forschung immer haufiger in Studien mit genetisch modifizierten Mausen
eingesetzt. Die nichtinvasive Bildgebung in transgenen Ma&usen ermoglicht Studien,itdie m
konventionellen Methoden bisher nicht moglich waren. Diese Studien kdnnen dazu beitragen,
qualitativ hochwertige Daten bei verringerten Tierzahlen zu erhalten. Insbesondere ermdglicht die
nichtinvasive Bildgebung auch Einblicke in komplexe biologisciezé&sse, die nur im lebenden Tier
untersucht werden koénnen. Das Ziel dieser Arbeit war es, transgene Mauslinien herzustellen und zu
charakterisieren, die fiir die nichtnvasi ve Ver fol gung von Zell-en (AC
EmissionsTomographé (PET) oder die Visualisierung des intrazellularen Signalmolekiils cyclisches

Guanosinmonophosphat (cGMP) durch optische Biosensoren verwendet werden kdnnen.

Das nichti nvasi ve ACel | trackingh mittel s PET
Zellproliferation,-migration, oder-tod im Rahmen verschiedener physiologischer oder pathologischer
Prozesse zu visualisieren. Zur genetischen Markierung ausgewahlter Zellpopulationen wurde eine
Mauslinie hergestellt, die ein konditionalddSV1sr39tk PET-Reportertransgen im uhigar
exprimierten ROSA24.okus tragt. HSV1sr39tkstellt eine modifizierte Variante der Thymidinkinase

aus dem Herpes simplexVirus dar, die PEITracer wie z.B. 4 F]-Fluoro
3-(hydroxymethyl)butyl]guanin  {fFJFHBG) phosphorylieren kann. Die Anreicherung von
phosphorylierten Traceviolekilen in HSV1sr39tkexprimierenden Zellen kann dann mittels PET
nachgewiesen werden. In der neu hergestellten Mauslinie kann die ExpressidWbar39tk mit

Hilfe des Cre/laP-Rekombinationssystems zelltypspezifisch aktiviert werden, sodass verschiedene
Zelltypen durch Verpaarung mit geeigneten-®tauslinien markiert werden kdénnen. Die Expression

von HSV1sr39tkund die Aufnahme von'§FJFHBG in Abhéngigkeit von Cr&ekombiration wurde

in embryonalen Stammzellen gezeigt. Fur PEUidien wurden Mause hergestellt, Hi§V1sr39tkin

d e nZellen der Bauchspeicheldrise herstellen. In einem ersterERpEriment konnte gezeigt
werden, dass sich'®F] FHBG t at s-Zefleh laeichert. Esnsind nun weitere Studien
notwendig, um didn vivo-Sensitivitat und-Reproduzierbarkeit der neu hergestellt¢®V1sr39tk

Mauslinie zu testen.

Der sekundare Botenstoff cGMP beeinflusst zahlreiche Korperfunktionen wie Glattmuskeltonus,
ThrombaytenAggregation und neuronale Plastizitéat, wobei die zugrundeliegenden molekularen
Wirkmechanismen oft nicht vollstandig aufgeklart sind. cG$fiezifische Biosensoren, wie die auf
Fluoreszern:Resonanzenergietransfer (FRET) basierenden c@idiRatoren (&is), sind wichtige
Werkzeuge zur Untersuchung des cGBiBnalwegs. Um deren Nutzung im lebenden Tier zu

ermoglichen, wurden transgene, e&primierende Mauslinien hergestellt. Zundchst wurden aus




diesen Mausen neuronale Zellen und Glattmuskelzellen deaABlase und des Darms gewonnen,
kultiviert und mittels FREIMikroskopie untersucht. Die Stimulation mit Stickstoffmonoxid (NO)
fuhrte in Kornerzellen des Kleinhirns und in allen Glattmuskelzelltypen zur ¢8idiang durch die
I6sliche Guanylalyclase. Andererseits losten natriuretische Peptide, die membranstandige
Guanylatcyclasen aktivieren, in Glattmuskelzellen verschiedener Herkunft unterschiedliche
Reaktionen aus. Eine veranderte Reaktivitit wurde dartber hinaus in Gegenwart von
Phosphodiesteragahibitoren beobachtet, die darauf hinweist, dass in kultivierten Glattmuskelzellen
mindestens zwei verschiedene Phosphodiest&iasdlien fur den Abbau von cGMP verantwortlich
sind. Dartber hinaus konnte eine N@uzierte cGMPSynthese auch in den Gefaliagr Netzhaut
beobachtet werden, die zuvor aus-e@primierenden Mausen isoliert wurde. Um zu zeigen, dass der
cGi-Sensor auch fir Experimente in lebenden Tieren genutzt werden kann, wurden
IntravitalmikroskopieStudien mit cGiexprimierenden Tieren durghfihrt. Hierbei konnten NO
induzierte cGMPTransienten in den GefalRwanden des Cremddtiskels am anasthesierten Tier
verfolgt werden. Diese Ergebnisse zeigen, dass die neu hergestellten Mauslinien wertvolle Quellen fur
cGi-exprimierende Primarzellen daellen und vor allem dass sie fir Studien am lebenden Tier

genutzt werden kdnnen.

AbschlieBend lasst sich sagen, dass die im Rahmen dieser Arbeit hergestellten und charakterisierten
Mauslinien der Untersuchung verschiedener Tiermodelle umteivo-Bedingungen dienen kénnen,

z.B. der Untersuchung von neurodegenerativen oder kardiovaskularen Erkrankungen sowie von
Diabetes und Krebs.




Summary

In recent years, modern imaging techniques are being developed for highly sophisticated studies with
genetically modied model organisms. Mice are the most commonly used mammalian model
organisms in basic and applied biomedical research. Noninvasive imaging of transgenic mice allows
for previously unfeasible experimental designs that can improve data quality with dewesls
needed in a particular study. In addition, and most importantly, novel imaging strategies provide new
insights into biological processes that can only be studied in living animals. The aim of this work was
to generate and characterize transgerimerfor 1) noninvasive cell tracking with positron emission
tomography (PET) and 2) visualization of the intracellular signaling molecule cyclic guanosine

monophosphate (cGMP) with biosensors based on fluorescence resonance energy transfer (FRET

PET-based cell tracking can be used to follow cell proliferation, migration, or death associated with
physiological or pathological processes. To label defined cell populagenstically for PET
imaging, mice were generated carrying a conditidd8V1sr39tk PET reporter transgene in the
ubiquitously expressed ROSA26 lociSV1sr39tkis an engineered variant of tiderpes simplex
virus  thymidine kinase, which  phosphorylates PET tracers like[**®-Fluoro
3-(hydroxymethyl)butyl]guanine t{FJFHBG) leading to their accumulation itHSV1sr39tk
expressing cells. In the newly generated mouse line, Crefiiedated recombination activates
HSV1sr39tk expression driven by th&€MV-enhancell-actin/b-globin (CAG) promoter. Thus,
various tissues cape labeled by crodsreeding the conditionaiSV1sr39tkline to different tissue
specific Cre transgenic mouse lind$SV1sr39tk expression and'§FJFHBG accumulation were
detected in a Crdependent manner in embryonic stem cells carrying the coralitit®V1sr39tk
transgene. For PET experiments, mice were generated expret®iflpr3otkin pancreatid cells.
Indeed, in a preliminarin vivo PET experiment it was shown thal{]JFHBG accumulates ib cells.
Further work is necessary to characterize tonditionalHSV1sr39tk mouse line for its sensitivity

and reproducibilityin vivo.

The second messenger cGMP modulates diverse physiological processes including smooth muscle
relaxation, platelet aggregation, and neuronal plasticity, but the undenhglegular mechanisms are

often poorly understood. Sensor proteins that detect cGMP, such aslFRETed 6 c GMP i ndi c
(cGis), are valuable tools for the analysis of cGMP signaling. To enable studies with cGMP biosensors

in living mice, cGitransgenic mimals were generated. Neural cells as well as smooth muscle cells
(SMCs) from aorta, bladder, and colon were isolated fromex@iessing mice and used for FRET

imaging experiments. cGMP synthesis via nitric oxide ($@julated soluble guanylyl cyclases

observed in cerebellar granule neurons and all SMC types. Interestingly, different SMC types showed




different abilities to elevate cGMP in response to natriuretic peptides, which stimulate membrane
associated particulate guanylyl cyclases. Altered cGM#ponses in the presence of
phosphodiesterase inhibitors indicated that at least two phosphodiesterase families contribute to cGMP
degradation in cultured SMCs. Furthermore, -M@uced cGMP elevations were observed in the
vasculature of retinas isolatém cGiexpressing animals. Importantly, the feasibility of -4¢f@sed

imaging in living animals could be shown in intravital microscopy studies. NO treatment led to
transient cGMP elevations in arterial walls of the cremaster muscle of anesthetizedns@énic

mice. Thus, the newly generated cGMP sensor mouse lines do not only represent valuable sources for

cGi-expressing primary cells, but they can be used for intravital imaging studies in living animals.

In summary, the mouse lines that were generateticharacterized in this work will find widespread
applications, and in combination with other genetic mouse models, they will help to gain further
insights into physiological or diseaassociated processes like cardiovascular and neurodegenerative
diseases, cancer and diabetes undefivo conditions.
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Introduction

1 Introduction

The mouseNlus musculusis the most abundant mammalian moalkgjanism in biomedical research
Mice showa high degree of homologwith the human genomid, 2). Largebreedingcoloniescan be
maintined with reasonable financial effoviell-characterizednbred strainsare available, and most
importantly, methoddor geneticmodificationare outstandinglpdvancedseel.l). Theuseof murine
embryonic stem cell§ESCs)for now more than20yearsis the major reasorfor the success of
transgenic miceas model organissn ESGbasedmethodsare used to gneratetransgenic mice
carning gene deletionskfockouts), mutations, insertionskockins), or other mutations at well
defined lociin thar genoms (3). The generation dtnockout mice became very populés analyze
roles and functioms of particular gengin live animals(4). Mice carrying mutations ingenes thaare
(or suspected to be) involved dtiseasgpathogenesisanprovide new insight into disease initiation
and progression or new approaches for diagnosis and tregfr®nt_arge scale efforts are ongoing
to generateknockout mice for every gene9j. Moreover reporter gendased method$elp to
understand¢complexphysiological or pathological procesgbst can beassociated witlaberrantcell
signaling, cell migration, proliferation, or deattsuchreportes are used tdabel andfollow cell
populations during development or adulthood in cell fate mapping arraeking studie$10-12) (see
1.2). A specialclass of reporter geneme biosensorsisedto monitor spatiotemporal dynamics of
second messengel i k e -cy8lié guanmsine monophosphate (cGM®#) other metabolites and

enzyme activitieqn intact cells oflive animals(13) (seel.d).

1.1 Generation of Transgenic Mice

1.1.1 Random Mutagenesis

Randommutagenesids typically usedto create transgenic mice that overexpress a partiptdaein

To generatéransgenianice, tansgene DNA is microinjected into fertilized mouse oogytdschare
transferred into foster motheResulting animals are tested for transgene integratien birth and
positively testedmicear e c al | eadimal®f ouMm dteransgeni c i ne i
transgene is inheritefom the founderto the next generationEvery founder animal carries the
transgene at eandomsite and in random copy maberin the genomé14-16) (Figure 1A). Because

of tissuedependenepigenetic modificatios and elements possibly surrounding the transgene at its
integration sitetransgene expression will vary between individual founder lines, although the same
transgene DNA has been used for transger(2$i49). Every mouse lindasthereforeto be analyzed

in orderto detect transgenexpresin at all and to characterizexpressionstrength andpecificity.
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However, wth the use of tissuespecific promoters and/or largeeansgenes carryingdditional

regulatory elemenjgxpressiorcanmore or less reliablgirectedto aparticulartissue(20).

A. Random mutagenesis C. Conditional mutagenesis
Transgene Q Reporterl-t| Reporterl- Ig:g::mg i X D Neor ) vid
Genomic S

DNA Wild type I - .
.'=1lleleyp n n

B. Targeted mutagenesis
. Targeted

I:::oe:'"g — [N— 3 R allots Sl gN°o 1
Flp

Wild type ><|—| >S Conditional —E—)@-»lg@—

allele we—fi—{ 2 | 3" allele -4

Knock-out, . n IN R ﬂ Knock-out

allele €0 allele

Figure 1. Strategies of random (A) , targeted (B) and conditional mutagenesis (C).

A. Transgenes (e.g. a reporter gene) usually insert in multiple concatenate copies at a random integration site into
the genome B. To generate a chronic knock-out by targeted mutagenesis, a transgene is inserted via homologous
recombination that leadstod el et i on of a O6critical 6 eokgeme transcdption.dhepr emat ur
transgene can represent a selection marker (here: NeoR) necessary to select for targeted ESCs. C. For a
conditional knock-out,aé ¢ r i t i c #dnkied vatk loxR sitesgblack triangles). The Neo™ cassette is flanked by
FRT recognition sites (white triangles). Removal of the marker cassette by Flp leaves the conditional allele, which
is converted to the knock-out allele by Cre recombination. Targeting vectors for targeted mutagenesis carry a
DTA gene cassette that is not part of the transgene. It causes death of ESCs that integrated the complete
targeting vector into their genome at random locations. Abbreviations: Cre, cyclisation recombination SSR; DTA,
diphtheria toxin A; Flp, Flippase SSR; FRT, Flp recombinase target sequence; loxP, locus of X-over in P1 (Cre
target sequence); Neo", Neomcycin resistance gene; SSR, site-specific recombinase.

1.1.2 Targeted Mutagenesis

To understandhe role and function ajenesin vivo, mice can begenerated that cargefined genetic
alterations The generabn of mice with defined genetic alterationslies on pluripotentembryonic
stem cells ESCy9) isolatedfrom blastocysstage embryosHgure 2) (21). During in vitro culture,
ESCsremain pluripotentgenetic modificationscan beintroducedinto their genome,and selecion
proceduresireusedto enrichfor modified ESGs (22-24). Theyareinjectedinto blastocyst¢eading to
chimeric animals wheremodified ESCseventuallycontribute to the ger#tine thereby passinghe
mutation totheir offspring (25), for methodical aspects see alsbapter2.3.4 on p. 43. Genetic
modifications can beintroducedinto the ESC genomeby gene tap mutagenesis26-28) or via
homologous recombinatiof24). Homologous recombination is usemlgeneratanice carryng well-
defined mutationdike knockouts or knockins within a preselected gen€2, 29. A lineartargeting
vectoris usedthat cariies the transgene flanked bywo 2-10 kb-long homologousarms (30). Thar
sequence igdenticalto the regiorflanking the piece oDNA to be replaced by the transgendteh

transfectionhomologous recombinatidmetweenESCgenonic DNA andthetargeting vector leads to
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atargetspecificinsertionof the transgene into tfeSC genome Because dmologousrecombination

is markedy inefficient, selection strategiemreneededo enrichfor 6 t a r g&8Qs(@3d &) (seealso
chapter2.3.4andFigure 9 on p.45). If the transgenkads tadisruption ofa gene, @hronicknockout

allele is generatedHigure 1B). A targetedknockin is usedto expressanothergene(like a reporter
gene)from the promoter of agenethat was replaced by homologous recombinaf&8). In contrast to
transgenes introduced by randanutagenesisthe integration site of &nockin transgene is well
defined, and transgene expression usually follows the spatiotemporal expression pattern of the original
gene (29). On the other handhis strategy leadso a geneknockout of the original geneTo
circumvent this potentially deleteri-onmranslagedt uat i c
r e gi oUITR) (of3the gene to generate bicistronic transcripist that purpose, viral internal
ribosomal entry sites for capdependent initiation of translatipor the viral 2A selprocessing

peptide for cotranslational cleavage can be u3&d32.

— Gene targeting

by homologous recombination

transgene
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~, 4
N, ’

~, ks
N, s

0,

wt mouse

\ 7

(0)5) ®
© © Targeted

(@) ES cells

Transgenic wt mouse
mouse

Figure 2. Fundamental role of ESCs for the generation of transgenic mice carrying targeted mutations.

Pluripotent embryonic stem cells (ES cells, ESCs) are derived from the inner cell mass of blastocyst-stage wild

type (wt) embryos and can be kept in culture in their pluripotent state. During culture, ESCs are genetically

modified, e.g. by homologous recombination in gene targeting experiments. Tar get ed (o6transgeni co)
injected into wt blastocyst-stage embryos to generate ESC-derived transgenic mice (for further details, see also

Figure 10 on p. 55).
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1.1.3 Conditional Mutagenesis

In conventionaknockout mice, genes are deleted in every talbughout the entire life of the animal
If the deleted gene is essenfiad developmentknockout animalseventuallydiein uterg during birth
or shortly thereafter3d). If knockout mice survive long enough w@low analyses in adult animals,
results can be difficult to interpret because of complex phenot@desThe generabn of time- and
tissuespecific somatc knockouts by conditional mutagenesiallows to circumventhese problens
(35). Conditional mutagenesis combines homologous andspieific recombinationParts of a
conditional knockout or knockin) transgene ardlanked by recognition sites for sitepecifc
recombinasegSSR3$. The most widely use@®SR s the cyclization recombination Cre) enzyme
found in the bacteriophage PCre catalyzesthe recombination between tw84bp-long, semi
palindromic DNA sequé&omdeeusagf X-ovarlinlPlg 36, %)l Thex@ellos i t e s (
recombinaseystem work highly efficientin mammalian cells and was uskxd the first time in 1993
to generate a somatiknockout of the DNA polymeraseb gene (38). Nowadays, Bo other
recombinase systemiike the Flippase enzymé&lip recombinasdarget sequence (FIp/FRT) system
are usedn transgenic mic€39). To generate aonditional(somatic)knockout, two parallel loxP sites
flanking an essentialffragmentof the geneof interestare introduced into the mouggnome by
homologous recombinatioim ESCs The selection marker cassettecessaryo enrichfor targeted
ESCscaninterfere with expressioof the target gendeadng to hypomorphic allele$40). For that
reason, markegenecassette are typically flankedwith loxP or FRT sitesallowing their removal
beforeESCimplantationor laterin the germline of ESGderivedmice (Figure 1C). Mice carrying the
loxP-flanked gene fragment even in homozygosine usually indistinguishable from wild type
animals (10). A tissue-specific gene knockout is obtainedwith such conditional alleleby Cre
recombination Eigure 1C). In animals carring a tissuespecific Cre transgene anavo conditional
alleles Cre-catalyzed excision of thHexP-flanked gene fragmemgeneratea geneknockoutrestricted

to Cre-expressingells and their descendaritkl, 42).

Unspecific Cre expression cassecombination in tissigethat are not expectedto carry a gene

knockout possiblyconfoundnga nal yses of t h e Espenidlywhen seomipnatem ot y p e
occurs in the developing animal, inhariteof the recombined allelfTom cellk to a large number of
descendants might cause severe phenotypes that are not related to gene function in the tissue that was
focused on(43). The problem of premature recombination can be circumvented by gagmmptal

control over Creactivity. One strategysesdrug-inducible promotershat driveCre expressionbut
promoterleakinesgossiblyleads to Cre expressioalsoin absence of the activating dr(g4-46). A

more popularapproachthat allowscontrolling Cre activityis the use ofigand-inducible Cre fusion

proteins as for example fusiorsf Cre with hormonebinding domais of the estrogen recept@ER)

(47). Efforts by Feil Metzger, Chambon and otheled to CreER and CreER? fusion proteins
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binding the synthetidrug 4-hydroxytamoxifen(4-OHT), but notthe endogenou&R receptotigand
estrogen(48, 49. In the absence of-OHT, theER-part of the fusion protein isost likely boundby
heatshock proteis such asHsp90 causing the retention othe fusion proteinin the cytosal
Upom-OHT binding, Hsp90dissociatesand a nuclearocalization signal (NLS) is exposg@nhich
leads tothe trarslocation of the fusion proteimto the nucleuswherethe Cre part of the fusion
protein recombiasits DNA substratg35, 50 (Figure 3A). Spatiotemporal contraver Cre activity
is therefore obtainedby tissuespecific CreER? expressionand temporally restrictecdelivery of
4-OHT or its prodrugtamoxifen to the animgbl). 6 ¢ o mp kneckoat®may occur wherCre or
CreER? are not expressed in all cells of interest or if activating ligands daeaohthose cellsThis

circumstance should be considedraing phenotypic analyses of conditiokabckoutanimals(54).

Gene targeting experimentsare nowadaystypically performedto generate conditionaknockout
alleles rather than chroniknockout alleles, also for the reason thabnditionalknockout alleles can

be converted to chronknockout allelesby the use of gerdine or ubiquitously expressed Cf&2).

For tissuespecific recombination, a huge variety of recombinase transgenes is avdilétdeCre
recombinasencoding transgene (and 24 transgenes with other SPRse listed in the Mouse
Genome Informatics database; 510 Cre transgenes represent targeted mutatiokmsd), 310
transgenesncodeCreER or CreER fusion proteins while 22 transgenesarry ligandinducible
promoters(53). Currently, 481 Cre transgenic mouse lines are available through the Interdnationa
Mouse StrairResourcé54). These numbers emphasize thenarkablesuccess of the Cre/IBsystem

andligandinducible Cre recombinases in the field of mouse genetics.

1.2 Cell Tracking with PET

Cel | t desailkes theguée ofatecularimaging methodso label anddeted cellsin live animals
(or human} to monitor their presencejiability, and migration (55, 5. A major advantag of
noninvasivecdl tracking approachess the opportunityto performrepeatedxperiments witlihe same
group of animalsThis reduce animalnumbersin a particular study and errors resulting from inter
individual variability (57, 58. Furthermore noninvasivecell traking rendersexperimental designs

feasiblethat ara@mpracticablewith conventionatell detectiormethods.

Cell tracking can beseenas anexpansionof 6 ¢ | a sgenret adudble fate mapping (GIFM)
approacheswherereporter genexpressingeells are typically detectedin fixed and posprocessed
tissue samplesCell fate mappinghas become anmportant technique to study cells during
development, in addibod and in diseasemodels (10). Ligandinducible SSRs,particularly
tamoxifeninducible CreERusionproteins as well asappropriateCre reportetransgenes angsed for

highly sophisticated GIFM approachédoreover as almostall conditionalknockout transgens are
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built on the Cre/loR system,experiments can be performed with repocfédreled cells that carry a
geneknockout at the same timelo detectreporter gene expression in typical GIFM experiments
animak have to besacrificed.Here, bngitudinal studiegweeks to monthsyvith the samegroup of
animak are impossibleand representativesample collectiorwithin narrow time intervals requires

large animal numberandhighly reproducible cell labeling techniquésl).

Alternatively, labeled cell populationsan be followedn live animalswith noninvasivemolecular
imaging techniqueslike fluorescenceand bioluminescenceimaging (FLI and BLI), magnetic
ressmanceimaging (MRI), andpositron emission tomographPET). Among themPET representa
powerful method,particularly with regard to sensitivity and quantificati@$®). The sr39tkvariant of
the HSV1thymidine kinaseyeneis awidely usedPET reportegeneto label cellsfor noninvasivecell
tracking studies in experimentahimals and human patierst (described inl1.2.3. Expressionof
HSV1sr39tk leads toaccumulationof radioactive PET tracer molecules that caminvasivéy be
detected in a PET scanndihe HSV1sr39tk reporter andelatedPET reporter gersewere used to
label cellsin transplantation experiments tumor cellsin cancermodels while until to date, only a
smallnumber oftransgenic micexpressingiSVtsr39tkor related reportersave been generatead
used incell trackingstudies(seel.2.3. In all of thesemouse ling, reporter expression driven by

tissuespecificpromoterslimiting their useto a particular celtype.

1.2.1 Genetic Cell Labeling

In cell tracking or fate mapping studies, the cell labeling technique is an important factor for
experimental succesgirect cell labeling for exampe with fluorescent dyessuffers from several
shortcomings1) cell division lead to label dilution and therefore to sigriaksuponcell expansion,

2) label detectionmay not reflect cell viability and 3) the labelis not stabé over extendedperiods

(56). Geneticcell labeing approachesircumvent these complicationGell expansionleads tosignal
increasewhen inheritable reporter genes are ugerly vital cells are detected, becausporter gene

expressiomelies on intactranscrption and translation machineries

GIFM is the most advanced labeling approach and makes use of reporter transgenes activated by
ligandinducible Flp or Craecombinase$10-12) (Figure 3). Hereinafter, CreER and Cre reporter
constructs are described, but similar experiments canbalgmerformed with other ligaridducible

SSRsA typical reporter construct carriedaxP-f | an k ed ¢ S inl@dRingdranscepéon anel 6
translation ofthe reportercoding sequenceCpS). Therefore, theSTOP cassette resides between

promoter and reporter CDS and contains stop codons and polyadenylation <iyeaisediated

removal of the STOP cassette allows for expressi.

expressing cells and their desdants Figure 3A).
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Figure 3. Genetic inducible fate mapping (GIFM).

A. Mechanism of 4-hydroxytamoxifen (4-OHT)-mediated CreER activation, and CreER-mediated activation of
reporter gene expression. Without 4-OHT, CreER is bound to heat-shock protein (Hsp) chaperones which prevent
its translocation into the nucleus. Chaperone binding is lost in presence of 4-OHT and allows CreER to
translocate into the nucleus, where it recombines its DNA substrate (a conditional Cre reporter transgene). In
conditional Cre reporters, a loxP-flanked STOP cassette prevents reporter expression. After Cre-mediated
removal of the STOP cassette, the reporter can be expressed. B-G. Possible outcomes of GIFM studies
depending on underlying biology, Cre expression, and labeling time. The labeling event (Cre-mediated reporter
activation as shown in panel A) is indicated by red borders, labeled (=reporter-expressing) cells are indicated in
blue and unlabeled cells in white. In B-D, tissue is shown which is labeled at different stages of cell differentiation.
After final differentiation, cells are post-mitotic. B. The common progenitor of two distinct cell lineages is labeled;
cells of both lineages express the reporter. C. One cell lineage-specific progenitor is labeled, only cells of that
lineage express the reporter. D. Differentiated, post-mitotic cells of one lineage are labeled and express the
reporter. In E-G, cells are labeled, which renew via mitosis (E) or from progenitor (stem) cells (F, G). E.
Differentiated cells proliferate to maintain constant cell mass, the proportion of labeled cells is constant over time
(found e.g. for pancreatic b cells). F. Progenitors are labeled that replace terminally differentiated cells; a constant
increase of labeled cells is obtained over time (found e.g. in the small intestine). G. Cells are labeled that will be
replaced by progenitor-derived cells; the number of labeled cells will decrease over time.
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Two mouse lines are combined for a GIFMpexment: one carries the conditional Cre reporter
transgene, while the other carries a Cr&BRansgene. With the use of tisssgecific promoters for
CreER? expression, recombination is restricted to a partidigaue Cremediated activation of the
reporter gene takes place ugamoxifen delivery to the animal, and the extent of cell labeling can be
varied via ligand dose and/or application periéd)( Once activated, reporter gene expression is
independent from CreERpresence and activity; inheritanoéthe activated reporter gerasoupon
phenotypic changes of the cell after CréERduced labeling is the underlying principle of GIFM
studies Figure 3).

CreER? should be expressed only ardistincttissue to allow for specific labeling. Compared to this,
the Cre reporter transgene must allow for broad and tisslegpendent reporter expression, once it has
been activated by Cre recombination. Reliable expression in any given tissue\iecetith reporter
knockinstargeted to the ROSA26 locus. The ROSA26 locus was identified in arb&BESS gene trap
screening for genes involved in embryonic developm26y (ts name results from the underlying
gene trap construct consisting of a splice acceptor (SA) site ahdglactosidagdled® (bgeo) gene
flanked by retroviral long tandem repeat integration sites in reverse orientation (R@e#erse
orientationsplice accepto). The gene trap integrated into the first intron of the ROSA26 gene located
at 113017422-113027327 basepairs(bp) on the antisense strand chromosomé (60, 61). A
promoter regionwas identified that drives ubiquitous expression of bgeo fusion protein in
embryos, newborns, and adult mice carrying the gene trap congf)ctEhdogenous ROSA26
transcrips do not encoderoteirs, but overlap with a protektoding transcripof the neighboring

Thumpd3geneon the sense stran@l).

Some transgenic mouse lines were created by random mutagenesis using the ROSA26 promoter
region (62, 63. The majority of ROSA26 transgenic mouse lines were generated by targeted
mutagenesis. The first ROSA26 Cre reporter mouse line (RO®&Z§ was generated by
introducing a conditional, Crimducible lacZ transgene into the first intron of the ROSA26 gene in
close vicinity to the original gene trap integration siéd)( Further details on the ®SA26lacZ
transgene are found B1.1.1on p.76. All subsequent ROSA2knockins have been generated with
similar homologous arms. In general, ROSA26 targeting vectors are designed in a way thatdransge
expression is driven by the endogenous ROSA26 promoter or by another promoter introduced with the
transgene. Primarily the CAG promoter is used for that purpose, which is made from the
cytomegalovirus immediate early enhancer and a hybrid promotereddiiom chickerb-actin and

rabbit b-globin gens (65). The CAG promoteteads toubiquitous transgene expressionléttimes
higherlevelsin comparisorto expression fronthe endogenous ROSA8omoter 66). Among eight

promoters tested by Chenal., the CAG promoter achievedghest expression lex&(67).
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Mice with two disrupted (transgeneontaining ROSA26 alleles usually do not show phenotypic
alterationsHowever, br someROSA26knockins, phenotypesiave been observedltered growth of
mammary tumorsn ROSA26lacZ transgeic mice (68) and defects in spermatogenesis and male
infertility in ROSA26EGFP transgeic mice (69). Ubiquitous Cre expression iROSA26CreER

micehas beemeportedo lead to Crerelatedtoxicity (43, 70.

A wide variety of ROSA26 transgnic mouse liness available currently 360 ROSA26knockin
alleles are listed in the MGI databade3)( With SSRbased technologies, the generation of allelic
series and ROSA26 transgenic mice was simplified, and studietheoeffects of promoters,
orientation, and other regulatory elements on transgene expression were per@@med, (7178).
ROSA26 transgenic mouse linegere generatedwhere Ge recombinationinduces expression of
b-galactosidasealkaline phosphataskiciferase andvarious fluorescent proteins (FR8g). In other
constructs, Cre induces the switch from &0 anothefe.g.6 R O SMA / m B} or the stochastic
activation of one out of four different FP$ C o n f 8Dt Ani iricreasing number oROSA26
transgenes contain the CAG promoterorder to achieve sufficient signal intensities for reliable
detectionof fluorescent proteins situ or in vivo (79-81). Upon FP expressiorfrom theendogenous
ROSA26 promoter, fluorescence can be detected in embryos or isolated cells (e.g. for cell sorting), but
when tissues from adult mice are analyzEBsneed to be detecteda immunofluorescence or
immunohistochemistry8@, 83.

GIFM studieswith ROSA26 reporter transgenasere performed to study embryogenesisd
especiallythe develomg nervousandcardiovascular systen84-90). Several studies were performed
in adult mice for exampleto analyze neurogenesis or tissue maintenance in colon and paddreas (
95). Cells werealsoisolated from ROSA28ransgenic mice and transplantatb recipientso study

for example the fates of neuronalor hematopoietic stem cells, or bone marrow c&&100). GIFM
approachedave also been combined with conditionlahockouts, and cell fate wereanalyzed in
disease models of diabetes, heart failamg atherosclerosis101-106). With conventionalreporter
genesdetection of reporter gene expressionst beperformed on fied tissue sampled@7). The
need forin vivo molecularimaging methodin GIFM studies has been recognizdd (108, and aly
very recently, GIFM studies were performedin live animals to study muscle stem cells

spermatogenesis, and tumor formati@69-111).

1.2.2 Molecular Imaging Methods

Noninvasive cell tracking methodgcompared inTable 1) are commonly usedo follow cell
transplantsor examplein animal models ofmyocardial infarction and diabetes, or to study cancer

biology and celbased cancer treatment approacki¢ishin the scope of thesapplications, molecular
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imaging has been shown to be extremely useful to tratk m experimental animalsut also in
humanpatienty56, 112, 1138

Table 1. Overview of high -resolution small -animal imaging modalities (table taken from ref. 114).

Ve Resolution  Depth Time Imaging agents Target Cost Prlm_ary small Clinical use
animal use
Minutes Gadolinium, Versatile imagin
MR 10100um No limit hours dysprosium, Irc A, P,M $$$  modality with hig Yes
oxide particles softtissue contras
CT 50um No limit  Minutes lodine AP $$ S EO) S Yes
imaging
Vascular and
Ultrasound  50pm Millimeters Minutes  Microbubbles A, P $$ interventional Yes
imaging
Versatile imagin
PET 1-2mm No limit  Minutes  1&,11C,1%0 P,M $$3 modality with ma Yes
different tracers
Commonly used
- . 99mMT ¢, 11n imagdabeled
SPECT 1-2mm No limit  Minutes chelates P, M $$ antibodies peptid Yes
and so on
Seconds P DiE rﬁilrt’elguslgeeevrzggs
FRI 2-3mm <lcm : (GFP),NIR P,M $ Developmen
minutes surfacédased
fluorochromes
tumors
Quantitative imag
Seconds of targe
FMT 1mm <10cm . NIR fluorochromr P, M $$ fluorochrome  Developmen
minutes i
reporters in deej
tumors
Several Gene expressior
BLI - Centimeter. Minutes Luciferins M $3 cell and bacteria No
millimeters F
tracking
n:inctrrg:::tc?i)) Seconds Photoproteins higlrllg: ;[2go?tlj)tci)c\)/r?si Limited
(confocal, Tpm <400um minutes Flucgi)lzc?r’ome P, M $5$ at limited depths ¢ dev(zlkc:ﬁ)m en
multiphotor ) coverage

*Primary area that a given imaging modality interrogates: A, anatomical; M, molecular P, physiological. Cost of
system: $ <100,000; $$ 1007 300,000; $$$ >300,000. BLI, bioluminescence imaging; CT, X-ray computed
tomography; FMT, fluorescence-mediated molecular tomography; FRI, fluorescence reflectance imaging; GFP,
green fluorescent protein; NIR; near-infrared; MR, magnetic resonance; PET, positron emission tomography;
SPECT, single-photon emission computed tomography.

The noninvasivedetecion of reporter gene expressiavith fluorescenceand bioluminescenelased
imaging methods uses lighin the visible anchearinfrared spectrum(115, 116. The u® of green
fluorescent proteinGFP-derived FPsfor imagingin live animals is limited. Tissue penetration of
light to excite these FPs is low {<mm) (117). Huorescencdasedin vivo imaging ispreferentially
performed with red or neanfrared FPs or omnic compounds, which allow for deeper light
penetration 115, 118. The need for gene transfer and limited penetration demkes the usef FPs
unfeasiblein humars, while fluorescent dyesanfind clinical use in a limid number of situations

(59, 117. For bioluminescence imagi{8LI), luciferase enzymes found in fireflieBHotinug or sea
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pansiesRenilla)are used as reporter genes. They catalyze djgherating reactiongpon supply with

their substrates 1(19. Bioluminescence imagings one of the mostessitive molecular imaging
methods, because of very Isignalbackground57, 117, 119 However, imited penetration depth
and light absorptiopermit to obtain only senguantitative datal(19).

Otherimaging modalitieswere first useal for clinical diagnosis and human researbbt ther use in
biomedical researchxtendedwithin the lastlOyears {20. Among them are MRI and PEWhich

are more and more often used for imaging studi#is genetically modified mice. Dedicated small
animal PET and MR scanners are available and provide sufficient resolution and sensitivity for small
animal studiesq9, 121, 12 An important advantage of PE&and MRbased imaging approaches is

the transferability of preclinical study protocols and resultsumanstudies for research or clinical

use 66, 57. In MR, interactions otissue protonsvith the magnetic fieldsof the MR scanner are
spatially resoled. As these interactismlepend on tissue type (water content, lipid composition), MRI
yields anatomic images with high soft tissue contra28-125). Functional imaging teidiescan be
performedaswell (59). However, as MRI iseasonablyinsensitive,image acquisition periodsight
becomeexceptionallylong (see e.gl126). Although it has been shaowthat ells labeled withMR-
compatible contrast agents or reporter gecas be detected aingle cell resolutioncurrently
available MRbased methods have to be improved in terms of sensitivity and specificity before they

are used in research or clial@pplicationg127-129).

PET makes use ofadioactive, positroemitting isotopes incorporated intracer moleculesike
organic compoundand peptides(130, 13). Among others, commonlysed PET isotopes atC or

8 with half-lives of 20.3min or 109.8min, respectivelyRadioactive dcay ofthe tracerboundPET
isotopeleads toemissionof a positron which recombing with an electron from surroundingssue
This annihilationprocesgyenerate two gphotons movindl80° apartAn event is recordedthentwo
gphotons are coincidentally detected on opposite sifitlse PET scannel(Figure 4). With many of
these recorded even{s1(f-10°), a threedimensional datases reconstructedrepresentingtracer
distributionand concentratiomside the subjedtl32, 133. A large number of tracers were developed
to quantify physiological and pathophysiological processes in humans or anli3dlsTracers are
intravenously injected into the subject and distribute according to their pharmacokinetity azshic
properties {30). Resultingspdial or spatiotemporal differences in tracer distribution are described
with mathematical models185137) to quantify physiological processes like tissue perfusion,
metabolic activity, and tracer binding potentidBQ, 138, 139 but repater gene expressices well,

as discussed hereinaftdhe gphotons arising from thdecay ofPET radioisotopeshow only low
and predictable tissue absorptid@, 14). PET data is therefore fully quantifiable, in contrast to

data obtained with fluorescenaer bioluminescencbased imaging methods. Furthermagphotons
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are detected with very high sensitivities, minute amountstéetm picomoles) of tracearesufficient
to obtain appropriatsignatto-noise ratios 7). Typically, injected tracer disnot interfere with the

cellular process under investigation, and atidn dose areconsiderably low142-144).

Commercially availableledicated small animal PET scanners generated@Easet®f 1-2 mm spatial
resolution (45, 146, which is in range with optical methods, but lower than for MRI. PET datasets
contain hardly any anatomicalfosmation. For that reason, PET acquisitions are usually preceded or
followed by acquisition of anatomic images with MRI ofray computed tomography (CT). Here,
MRI should be preferred over CT, as MRI has better soft tissngastand does not cause atighal
radiation doseg147, 148. Only recently, a systerwas describedwhere anewly developedPET
scannersetup is placed inside small animal MRI scannedlowing for simultaneousacquisition of

PET and MR image dataset&l49). Short halflives of commonly used PET isotopdsmandspecial
procedures for tracer synthesiEhe cyclotronusedto generate PET isotopeand laboratories for
tracer production and imagirexperimentsare typicallypart of a singleimagingfacility (150, 15).

Theseinfrastructuraheed make PETa reasonably expensive molecular imaging method

Figure 4. Working principle of positron emission tomography (PET).

A. Radioactive decay of a PET isotope (e.g. 18F) leads to emission of a positron (e) that travels through the
tissue while losing energy until it approximates an electron (e). Both recombine in an annihilation reaction,
yielding two gphotons (hn) with energies of each 511 keV. Photons move away 180° apart and typically do not
interact with tissue, so that they reach the PET scanner located around the subject (see panel B). The scanner
records events when two photons are coincidentally registered by detectors on opposite sides. Note the free
positron path d between actual radionuclide location and the registered annihilation event. d is within a range of
0.2-2 mm for typical PET isotopes and can become a limiting factor of PET image resolution. B. A mouse is
anesthetized and placed on the bed of a dedicated small animal PET scanner, the radioactive tracer was
intravenously injected into the tail vein. Detector modules (as shown in panel A) form several rings inside the
scanner to generate a field of view that covers the whole animal.
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1.2.3 The HSV1-tk PET Reporter Gene

Detection of reporter gene expressiwith PET is based onracerretention oraccumulation at or in
reporter genexpressing cell§l52). All PET reporter genassedso farwere selected according to the
availability of higHy selectiwe tracers,causingtracer accumulation with acceptable specifsi{153,
154). The use ofthe following tracerfeporter geneeombinations s been reportedopamine D2
receptos with [*®F]JFESP,somatostatin recep®mwith radiolabeled somatostatin analoguasd the
Na/l symporter withiodine isotopeg155157). However, expression ohé aforementioneceportes
occurs also naturalhand cause tracer accumulationunrelated tothe heterologous expressicas
reporter genél53). TheHerpes simplex virug/pel thymidine kinaseHISVttk) is not endogenously
expressed andidely usedasPET reporter genm combination with pyrimidineor acycloguanosine
derived tracers168, 159. Until today, various radiolabeledSVEtk substrates were generated that
represent either acycloguanosin@8®164) or pyrimidines (165169), the most common tracerare

shown inFigure 5.

O Compound R, R, R, @]
R | FMAU CH, F H N
1 | NH  Feau CH, F H R | NH
FFAU F F H 6 yl\
HO N7 S0 Fiag I F n HO R N N™  "NH,
0 LR
R2 Compound R, R, R, \
GCV (@] OH H
FGCV (0] OH F R
R3 FHPG o] F H >
PCV CH, OH H
Pyrimidine-derived Fpcy CH, OH F Acycloguanosine-derived
FHBG CH, F H

Figure 5. HSV1-tk substrates and HSV1-tk PET tracers.

Abbreviations: FMAU, 2'-Deoxy-2'-fluoro-5-methyl-1-b-D-arabinofuranosyluracil (170); FEAU, 2'-Deoxy-2'-fluoro-5-
ethyl-1-b-D-arabinofuranosyluracil (171, 172); FFAU, 2'-Deoxy-2'-fluoro-5-fluoro-1-b-D-arabino-furanosyluracil
(166); FIAU, 2'-deoxy-2'-fluoro-5-iodo-1-b-D-arabinofuranosyluracil 173); GCV, Ganciclovir (174);
FGCV, 8-Fluoroganciclovir (175); FHPG, 9-[(3-Fluoro-1-hydroxy-2-propoxy)methylJguanine (160);
PCV, Penciclovir (162); FPCV: 8-Fluoropenciclovir (162); FHBG, 9-[4-Fluoro-3-(hydroxymethyl)butyl]-guanine
(161).

The use ofHSVLtk asPET reporter geneesults from the fact thaiSVEtk is the drug target for
antiviral chemotherapgf HSVlinfections (76). Mammalianthymidine kinasefiavemore stringent
substrate specifigés in comparison tAHSVEtk. Acycloguanosinealrugslike acyclovir (ACV) and
ganciclovir (GCV) used to treatHSV1 infections are phosphorylated byiSVItk but not by
erndogenous thymidine kinaseés uninfected cells Only subsequently, edlular enzymes convert

acycloguanosinenonophosphatet triphosphatesTheir incorporationinto a growing DNA strand
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cause termination of DNA replication which ultimately lead to the death of HSVZtinfected,
acycloguanosingreated cells(174, 177181). Several experiments showhat HSV1tk expression
aloneis sufficient to induce cell deatlipon ACV or GCV treatment 173, 182184). Efforts were
undertakernto establishHSV1tk as suicide gen&r gene therapyn animal models185187) and
human patients188-190). Herg the HSVXtk gene needs to be deliversgecifically totargetcells.
The safe and efficient delivergf therapeuticis a major challengein the developnent of gene
therapieq191, 192. The idea waso monitorHSV1tk genedelivery with nuclear imaging methods
Initial studies were performedith [*“C]JFIAU (for tracernames andstructures se€igure 5) and
autoradiographyn rats carrying HSVktk-expressing glioblastom@l93). First noninvasiveimaging
experimentswere performed with["*JFIAU, g cameras andsingle photon emission computed
tomography $PECT) (194). First PET studies were performég Tjuvajevet al.in glioblastoma
carrying rats with £4]JFIAU (158 or by Gambhiret al.in mice infected withHSVttk-encoding
adenoviruses anff®F[FGCV (159. Then TKGFP fusion proteis were generatedfor simpified
detection andsolation ofreporter gen@xpressingellsbefore transplantatiof195). HSV ktk variants
with favorable properties for PET imaging and cell ablatioere generated by random sequence
mutagenesighey phosphorylate acycloguanosines more efficiently than wild (weHSV 1tk (196
198). The most widely usedhutantcalled tHSV:sr39tlk6 was describedby Gambhiret al.in 2000
(199 (Figure 6).

FDG

br

t Q sraotk tk sraotk FPCV

‘_. P ‘,.c \ O %il?.l:4

Fy

1.9

N R

Figure 6. PET-based detection of HSV1-sr39tk -expressing cells.

A. Radioactively labeled HSV1-sr39tk substrate molecules are applied in sub-pharmacological doses to the
animal (here, the PET tracer 9-[4-[**F]-Fluoro-3-(hydroxymethyl)butyllguanine ([**F]JFHBG) is shown). The tracer
is taken up by all cells, but phosphorylated only by HSV1-sr39tk and not endogenous thymidine kinases.
Phosphorylation leads to tracer retention in HSV1-sr39tk-expressing cells. After washout of non-phosphorylated
tracer from HSV1-sr39tk-negative cells, radioactive decay of specifically accumulated tracer is noninvasively
detected with the PET method, as shown in panel B. B. PET images of a mouse carrying xenografted C6 glioma
cell tumors that express either no tk (control), wild type HSV1-tk (tk), or HSV1-sr39tk (sr39tk). The left PET image
acquired with [18F]Fluordeoxyglucose (FDG) shows tissue metabolic activity (br, brain). The right PET image was
acquired 24 h later with the thymidine kinase substrate [18F]Fluorpenciclovir (FPCV). FPCV accumulates
specifically in HSV1-tk- or HSV1-sr39tk-expressing tumors, with a ~3-fold higher uptake into HSV1-sr39tk-
expressing tumor cells. Bladder (bl) uptake is caused by tracer excretion through the kidneys. (Panel B taken from
Fig. 5 in ref. 199).
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Subsequentlya HSVXsr39tkvariant with altered subcellular localization was generhiedisruping

the NLS with two amino acid exchange&26c R2es); the reslting mNLS-sr39tk protein caused
two-fold higherradiotraceraccumulationinto cultured cells in comparison t8SV1sr39tk (200). In
similar approachesa truncatedHSVtsr39tk variant HSVEsr3Dtk) and TKGFP variantsfused to
nuclear export signalsere generated201, 202. So-called tiple-fusion reportersvere developedbr
multimodal imaging approaches. They represesioh proteins ofuciferase GFP, andHSVktk, or of
luciferase monomeric red fluorescent proteiand HSVItk (202204). The HSVitk protein was
further engineered to limit substrate specificitiepyoimidine nucleotides or acycloguanosin@0%

207). With these variants, it should be possible to visualize two distinct cell populations within the
same subject by the expression of two thymidine kinase variants and subsequent usdiftearemg,
variantspecific tracers. Recently, thymidine kinase amit of human origin that efficiently
phosphorylate acycloguanosine®gre created, which should not cause immune reactions in human
patients 208, 209.

Several sidies were performedtb follow viral gene delivery inanimal modelsof gene therapy
approache§210-212). In otherstudies HSV1tk or HSVisr39tkwasexpresedin tumor cellsby viral
transduction Cells were then injected into animalsand tumor proliferation andmetastasiswas
amlyzed with PET, as well as tumor regression upon systemic GCV treafB%3215). Other
studieswere performed tomonitor cell or genedelivery into the heartor to track transplanted
hematopoietic stem cellbone marrow cellsmmune cellspor pancreatic islet2(6-224). Activation
of HSV1sr39tk or HSVLtk expressionvia Cre recombination wasnonitored with PET and
["*F]FHBG within liver and heart(225, 226. To induce HSV1sr39tk expression in the liver,
adenovirusegarrying a silened, Creinducible HSV1sr39tk transgenewere intravenously injected
together with Creencoding adenovirusef225. To induce heartspecific HSV1tk expression,
adenoviruses carrying a silenced, -@réucibleHSV 1tk transgene wreinjected intothe heart ofnice

that express Cre under tbentrol ofa heartspecificpromoter(226).

Beyondthe scope of theaforementioned studiepeople aimed to identify optimal combinations of
HSVZLtk reporter gene and tracer. In summary, studies showstraitivities of HSVEtk with
[**4]FIAU or [**4]FEAU and HSV1sr39tk with [**F]FHBG are about to be equivalert6f, 171,
227). The selectivity of HSVtsr39tk and [°FJFHBG is higher, as acycloguanosiderived
radiotracers are poorer substrates for endogenous thymidine kih&2eg27. [**F]FEAU shows the
highest selectivity among pyrimidirgerived radiotracersand is as well phosphorylatedby
HSV1sr39tk (167, 171, 228 The longer halfife of [**4]FIAU is advantageoysf tracer retention
needs to be deted in tracer clearance routes, so that detection of specific sigmedgformed after
an extendegeriodfor eliminaion of unbound tracetOn the other handepeated or sequential studies
are complicated by the long halife of **4 (227, 229. [**F]FHBG is eliminatedto a considerable
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extentvia the hepatobiliary excretion pathw#230). In contrast,['*F]FIAU and [**F]FEAU are
eliminated merely via the renal excretion pathway, leading to lantestinal backgroundand
thereforesimplified analyse®f abdominal imagesl68, 81). As HSV1sr39tkhas a lower affinity for
thymidine, changes in cellular thymidine content affect tracer accumulation not as md&iv atk
combined with pyrimidine derivative229). However,severalauthors claim that transport across the
cell membranemight be a limiting factorfor accumulationof acycloguanosinéerived radiotracers
(167, 227229, 232234). Also in vivo detectionlimits weredeterminedandvary within one order of
magnitude between 1x1and 130° cells/mLtissue(219, 235239).

A number ofHSV1tk-based PET imaging studies were perfornredhumans. The first study was
carried out with 4]FIAU to visualize vectormediatedHSV1tk ddivery into five patients with
recurrent glioblastoma289). Sulsequent studies were performedth [**F]JFHBG to visualize
delivery of HSV1tk-carrying adenoviruses into hepatocarcinomas of 7 pat{gd@® or targeting of
cytolytic T cells toa glioma in one patient2éd1). Besides, studies witH®F]FHBG were performed
with ten healthy volunteet® determine its pharmacokiie properties 230), as well as with different

animal species to perform a preclinical safety evaluafidg)(

The use of transgenimice for PET imaging was reported in 2000, where nticat expresshe
HSVZ1tk gene fran the albuminpromoterwere used for PET imagin@d54). Since thenpancreatic

b cells were visuized with ['**FJFHBG and PET in a transgenic mouse line carryirigple-fusion
reportergene(luciferaseegfp-sr39tk under the control of the murine insulin promoter. In these mice,
b cell masses weraoninvasivey quantified, andb cell ablation was followed upon treatment with
GCV or streptotocozin243). Another mouse line fononinvasiveimaging of liver regeneration and
tumor formation was recently creak by the targeted insertion oH®V ktk/luciferasefusion reporter

construct behind tha-fetoprotein promoter244).
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1.3 cGMP FRET Measurements with cGi
Biosensors

Our current understanding ofclic guanosinenonophosphatecGMP) signaling under physiological
and pathtmgical conditions results in large parts from the analysis @fenthat carrymutationsin
cGMP generator and effector enzym@45248). The use of pharmaceutical compoumasnimal
studies in studies with cultured cells or isolated proteiiss helpful to dissect the function of
component®f the cGMP pathwayHowever,we just begin to understand the wedbulated interplay
of pathwaycomponents among each otlad their interactiors with components ofother signaling
pathways in complex environmentdike whole organisns. It was proposed thatsubcellular
compartmentalization and the formation of macromolecular complexes subpapecificity of
cGMP effects imarticulartissueqFigure 7, p. 19) (249. Cyclic GMP-specific biosensors contribute
to the understanding ahe spatiotemporal dynamics of cGM®@n d e r 6nativévwe condi
organisns. So far, sudies with cGMP biosensors have bgenformedonly in cultured cells otissue
explants (as described 1n3.3; and in contrast to Gaandcyclic adenosine monophosphat&1P)
biosensorgseee.g. 250, 25), transgenicmice expresgig cGMP biosensar for in vivo imaging

studies havaotbeen describeget

Transgenic mice that expres&MP indiator (cGi) biosensor protein52) have been generatéa

this work; they were characterized and used as a source for primary cells and tissue samples for cGMP
imaging studies. Most importantlproof-of-principle experiments were performed with anesthetized
miceto demonstratéhat cGMP analyses with c@®pe hosensors is feasibia vivo. Hereinafterthe

key components of theGMP pathway will be introduced followed by a brief overview on
conventional cGMRletection methodanddetails onproteinbased biosensois generaland cGMP
biosensorg&specially Finally, themost prominenfunctionsof the cGMPsignalingpathwayin health

and disease will bexplainedwith particularfocus onstudies performedith cGMP biosensors

1.3.1 Components of the cGMP Pathway

Cyclic GMP can besynthetized by soluble guanylyl cyclases (s@@dn stimulaton by nitric oxide
(NO) (253. NO synthesis from {arginine and oxygen is catalyzed tegrahydrdiopterin-dependent
nitric oxide synthases (NOS), of whichré¢le isoforms have been identified5d). Neuronal NO
synthase (NNOS and endothelial NO synthase (eNOSynthetize NO atlow nananolar
concentrationsfter stimulation withC&*-boundcalmodulin(254). In contrastjnducible NO synthase
(iNOS) in immune cells likemacrophageandmicrogliais regulated on its expression leviNOS is
constitutively active angroducescytotoxic NO concentrations that act largely independent from the

NO/sGC/cGMP pathway265). Although it is generally accepted that sGCs are the only known class
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of physiological NO receptors, N@ight exert sGC/cGMHAndependent effectdor example by
protein Snitrosylation or peroxonitrite formationevenwhen synthetized in low concentrations by
NNOS or eNOSZ56). The heterodimeric sGC protein binds NO to a prosthetic heme group that also
binds carbon monoxideveakly, but not Q, which is critical for sGQo function as NO receptor ian
aerobic environment267). Two catalytically active sGC heterodimemsilf; and ajb;) have been
identified, which share the sant® subunit and possess identical biochemical prope(2&s).
Anotherb subunit (calledb,) seems to represent a physiologically irrelevant isofdb8)( Both
relevantsGC heterodimerpossess complex NO binding and activation mechanigs® éand bnd
ATP as allosteric modulatd260), leading to a in vivo sensitivity for NO with an ECsoa 10 nM
(261). Both sGCisoformstypically localize to the cytosol, but it has been shown that thigyht show
altered subcellular localization in distinctissues (262264). The sGCa, isoform possgses an
additional PDZdomain (from postsynapticdensity proteinPSD95, Drosophila disc large tumor
suppressoblgl, and zonula occluderiks proteinzo-1) leading to its integration into localized protein
complexesfor examplen the presynaptic termina265). The sGCajb; isozyme is expressed in most
tissues, while the expression patternaghh; sGCis more restricted, showing highest expression in

brain, and lower expression in lung, colon, heart, spleen, uterus, and pl2&hta (

Another class of cGMBynthetizing enzymes are particulate guanylyl cyclases (pGCs), of which
seven isoforms (G@ to GGG) have been identified246, 266, 26). pGCs span the plasma
membranewhere theyform catalytically active homodimers. For &Cto GG-C, peptide ligands
have been identified thatctivate cGMP synthesis 266), while ligands for the remaining isoforms
remain unknown446). GGA is stimulaed byatrial and brain natriuretic peptide (ANP, BNP), while
GC-B syntheizes cGMP upon stimulation with-§pe natriuretic peptide (CNP). GEand GGB are
expressed in vascular smooth mugaI&M), endotheliumandheart; GCA is also expressed in the
central and peripheral nervous system, adrenals, spleen,iémely kwhile GCB is additionally
expressed in the bon24g). Although all GEGAand-B | i gands are cal((Nesgq o6natr
they modulate a variety of functions unrelated to natriurg66). GC-C is expressed in intestinal
epithelium and kidney, and is stimulated thyg intestinalpeptides guanylin and uroguanylaswell

as by heastable baterial enterotoxins246). GGE and GCGF areexpressed in photoreceptor cells of
the retina, GEF is additionallyexpressed in pinealand, olfactory bulb, and in auditory parts of the
inner ear 246). Both GGE and GCGF are activated liganthdependently by proteimteractions at the
inner side of the cell membrane; for example in the retina by the cahinding proteins GCAR

and GCAP-2 (246. GCD and GCG represent pseudogenes in humans, but they are functionally
expressed in rodents, where ®GCcontributes to olfactory sensation in a small cell population of the
olfactory system, while GE&5 seems to be involved in renal pathophysiola246). The natriuretic

peptide receptor NPR-C) carries nauanylyl cyclase activity, but acts as a clearance receptor for
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NPs by mediaing their cellular internalization and degradation. NERs expressed iWVSM,
adrenas, brain, heartkidney, and mesente(268).

e
W
\\\\\\\3\%

cGKiIl

PDESs 2/5/6/10/11
(with GAF domain)

Figure 7. Subcellular localization of c¢GMP generators and effectors, and of cGMP-degrading
phosphodiesterases.

Cyclic GMP generators are shown in green, cGMP effectors in blue and cGMP-degrading PDEs in red. According
to their subcellular localization, it has been proposed that at least two different cGMP pools exist (249). The first
pool represents cGMP in the cytosol (global cGMP), while the other pool represents cGMP at the plasma
membrane (local cGMP). Abbreviations: sGC, NO-stimulated soluble guanylyl cyclase; GC-A, ANP/BNP-
stimulated particulate guanylyl cyclase A; GC-B, CNP-stimulated particulate guanylyl cyclase B; ANP, atrial
natriuretic peptide; BNP, brain natriuretic peptide; CNP, C-type natriuretic peptide; CNGC, cyclic nucleotide-gated
channel; cGKla/b, cGMP-dependent protein kinase type la or Ib; cGKIl, cGMP-dependent protein kinase type lI;
PDE, phosphodiesterase; GAF, regulatory domains identified in cGMP-specific phosphodiesterases, Anabaena
adenylyl cyclases, and E. coli FhlA.
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The biological effect bcGMP is transmitted by cyclic nucleotiténding ion channels, cGMP
dependent protein kinases anAMP- or cGMP-degrading phosphodiesteras€yclic nucleotide
binding ion channelspanthe plasma membrarend belong to the superfamily of peteop catim
channels 269, 270Q. Three subfamilies have been identified: cyclic nucleegiaid(CNG) channels
that open upointracellular binding of cyclic nucleotides and that are permeable foriNand C4",
and hyperpolarizatioractivated cyclic ncleotidegated (HCN) channels that pass Nand K and
whose voltagelependent opening probabilities are shifted by cycliclentide binding 269). The
third family encompasses Edige K* channels, but the role and function of dyeiucleotide binding
at these channels remains elusi2é9. The family of CNG channels encompasseshsimologous
members that are expressed in different combinations in photoreceptooffaaridry neuronswith
preferetial cGMP or cAMP binding respectively(270). In other tissug including brain, kidney,
endocrine tissues, and speralls, CNG expression is detected on the RNA level, but a functional role

in these tissuewas notshownyet (269).

The cGMRdependent protein kinas€sGKs) belong to the family of serine/threonine kinasks
vertebratesthe genesPrkglandPrkg2encode threeGK isozymescGK typel Or Ib (cGKla/b), and

cGK typell (cGKIll), respectively(271, 272. All cGK isozymespossesswo cGMP binding sites and

are activated by nanomolar to low micromot&MP concentrations7). They undergo a remarkable
structuralchange upon cGMP bindingthat releasesn inhibitory pseudsubstrate domaimn the
N-terminusfrom the catalytic core and allows tiplosphorylation of substrate proteifts 273, 27X
Prkgtkencoded c¢cGKI U and cGKI Db repr es e nadmin, yesubirgo!l i ¢ e
from thealternativeuse of5 @xons 275277). The N-termini serve as anchors leading to subcellular
targeting of the isoform2{7). Furthermore, thegarry leucine zipper motifs thaire necessary for

the formation of catalytically activeGK homodimers The N-termini also interact with isoform

specific substrate proteinswhich might beessential for the integrity of distinct cGMP signaling
pathwaysin the same cel(278. However, several cGKI substratase phosphorylated by both
isoformsand the analysis asoformspecific6 ¢ GK | rescued mice rsttaked t he
specificity is less rigorou vivo thanin vitro (279, 280. cGKI is strongly expressed in smooth
muscle(SM), platelets, cerebellum, hippocampus, dorsal root ganglia, neuromuscular junctions, and
kidney, and at lower levels in cardiomyocytes, vascular endothelial cells, granulocytes, chondrocytes,
osteoclasts, and in some brain nuck8%, 283. ThecGKIU i s o zmaimyefoundsn lung, heart,

dorsal root ganglia, and cerebelluwhile thecGKIl b i s prezbynimegesn platelets, hippocampal
neurons, and neurons of the olfactory biNlb such preference is observed &M tissue 247, 28).
Prkg2encoded cGKiIl is located at the plasma membrarmetd myristoylation of itsly2 residue and

is expressed in several brain nuclei, intestinal mucosa, kidney, adrenal cortex, chondrocytes, and lung

(277,283. The cGKs | and Il argypically not coexpressed within the saroell (277). Characteristic

-20 -



Introduction

substrates focGKI or cGKIl are ion channels, G proteins, and regulatory or cytoskelesalkiated

proteins that modulate the function of other signaling pathwgg).(

The superfamily of phosphodiesterd®®E) enzymesncludeseleven gene families thaontainone

or more family membaer (248, 284, 285 Members of eme PDE families degrade only cGMP (PDEs
5, 6, 9) or cAMP (PDEs 4, 7, 8), while PDEs 1, 2, 3, 10, 11 degrade both cyclic nucleotide species
with varying preference2d8, 284. PDE activitiesareregulated by mutual competitive inhibition of
CcAMP or cGMP at the catalytic sites, while aciestof PDEs 2, 5, 6, @, and 1lare additionally
regulated by cGMP or cAMP at allosteric binding sites ircaltled GAF domaindnitially found in
cGMP-specific phosphodiesterasésabaenaadenylyl cyclases, andscherichia coli(E. coli) FhlA
(248). The 21 PDE genefurther diversify on the transcript levelby alternative initiabn sites and
alternative splicing, so that more thanhleast50 different phosphodiesterase proteins are generated
(248). All cells express a subset of certain PDEs that differ in specificity, kinetic properties,
subcellular localization,reguktion by distinct protein kinases, or in the capability to form
maciomolecular complexes with regulatory, anchoring, or scaffold prot&a6).(Among cGMP
specfic phosphodiesterases, PDES6 is exclusively expressed in photorecepto2@s)llsvhile PDE5S

is of outstanding importance for the regulatadircGMP signaling ir6M, heart, brain and othéssues
(287, 288. cGMPbindingto PDE5 GAF domains and phosphorylation by cGKdead2 increase its
enzymatic activity as well as cGMP binding affinity, whicmgemtes a negative feedback loop that
efficiently controls intracellular cGMHPevels £89. Compartmentalizatiorand other regulatory
mechanisms enable crosstalk between cGMP and cAMP signaling patmayl/ via PDE 2, 3,

and 10. cGMPoinding to PDE2 GAF domains stimates cAMP cleavage, while cGMP s@s a
competitive inhibitor for CAMP at the catalytic site of PDE3, #mefeforeinhibits cCAMP degradation
(290). However, PDE3ill also degrade cGMP under physiological conditio291). For PDE10,
CAMP binding to GAF domains has been shown to inhiBivi® degradation292).

1.3.2 Detection of cGMP with Biosensors

The spectrum oifh vitro methodsor cGMP quantificationwasrecentlydescribedn acomprehensive
review by P. M. Schmidt 293). Biochemicalmethodsvary in thér needfor preparative stepgor
exampleto remove or inactivate interfering substana&3MP antibodiesare used t@uantify cGMP

in radioimmunoassay$RIA) and enzymelinked immunaorbentassays(ELISA), among othets
Antibody-based cGMP detection igery sensitiveand selective and crossreactions with other
nucleotides €speciallycAMP) are vitually absentAssaysneed to be performed with homogenous
biological samples.Initial sample lysis does notpermit detection of spatiallydistinct cGMP
elevations for example in cells at subcellular localization or hieterogeneousissue samples.

However,cGMP antibodiesvere alsaused toanalyze spatiallyconfinedcGMP elevationsin situ on
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formaldehyddfixed tissuesamples(293, 294. Still, dl aforementionednethods(methodslike RIA
and ELISA,and staining with cGMP antibodiegje endpoint assayshat requiresamplelysis or
fixation renderingrepeatedcGMP measurementwithin the same sample impossibkes discussed
below, theuse of optical methods arildiorescence microscopgnables the spatiotemporal tracing of

cGMP and othesignalingmoleculesn living biological samples

1.3.2.1 Analysis of Cell Signaling with  Optical Imaging

Initially, optical imaging methodsereused for C& quantificationin live cells or tissuesCalcium-
binding organic compoundwere developethataltertheir optical propertiesipon C4" binding Q95
297). A prominentmember othis kindof indicatorsis fura-2, which has excitation maximat 335 nm
in the absenceand $2nmin the presence o€&" ard emits light at 510m (298). Other compounds
have been developdeking sensitive tpH, chloride,and metal ion299-302). However, the design
of compounds to detect molecules that amere complexfailed. Alternative to compoundsnany
proteinshbind (signaling moleculeswith high affinity and specificity Their use led teengineered,
proteinbased indicator§303-307). Actually, one ofthe first C&"* indicator proteirs is the naturally
occurring bioluminescentprotein aequorin from the jellyfish Aequoreavictoria (308). Later, a
syntheticcAMP sensor wasuilt by labelingpurified catalytic and regulatory subundf the cAMPR
dependent protein kinase @AK) with fluorescent dyes. Theeconstitutedenzyme complex was
microinjected intosingle cells to follow cAMP signals309). Although this poteinbased indicator
was successfullysedfor studiesin live cells 810-312), it requires highefforts that arenot feasible
for routine application, highhroughput screenings, or experiments in complex, roaltular

organisms 306).

Many biosensorthat are usetbdayarederived from the green fluorescent protgf@&FP). It wasalso
isolated fromAequorea victorig313) and is thenatural resonance energgceptor folaequorin(314).

A fluorescent chromophore is createtbitde theb barrel d GFP by a cyclisation reaction between
ser65, Tyré6 , and clye7 (315-317). After isolation of thegfp gene 815, 318, mutations were
introduced to increase speed of folding amdomophore formation, quantum yield and photostability
as well as its spectral prapies leading to enhanced GFEEGFP;319-321). Furthermore, spectrally
distinct EGFP variants were created by amino acid exchanges inside or around the chrgriik@hore
enhanced cyan FP (ECHB22, 323 andenhanced yellow FP (EYFR323, 324.

ECFP and EYP are includedn many biosensors based finorescence resonance energy transfer
(FRET). FRET s possiblewhenemissionwavelengths of thdonor fluorophordECFP)overlap with
the excitation wavelengths of tlaeceptor fluorophoréEYFP) (Figure 8A). Upon excitation of the

donor, @ergy can betransferred tahe acceptor leading to light emission from the donlght at
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higher wavelengths than the donitself emits (Figure 8B) (325. FRET efficienges depend on
fluorophore distance andtheir relative orientation; at distancesf more than 5.0nm, FRET
efficiendesdrop dramatically, which leads to decrehtight emission from the acceptor fluorophore

and increasetlight emission from the donor fluophore 825).
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Figure 8. Fluorescence resonance energy transfer (FRET).

A. Excitation (Ex) and emission (Em) spectra of ECFP (donor fluorophore) and EYFP (acceptor fluorophore).
Donor fluorophore emission and acceptor fluorophore excitation show significant overlap, which is necessary for
two fluorophores to build an effective FRET pair. B. Jablonski diagram describing the FRET process. The donor
fluorophore gets excited into its S; state by a photon with the energy hnex (1). After thermal equilibration (curved
lines), the donor fluorophore will emit a photon with an energy of hnegmp, or it transfers its energy via FRET to the
acceptor fluorophore (2). This results in radiation-free transitions between S; and Sy, or Sp and Si of donor and
acceptor fluorophore, respectively. The acceptor fluorophore now emits a photon with an energy of hngma (3).
Note that photon energies are in the order of hngx > hngmp > hngm a.

The first CFP/YFPFRET sensors were used to detect' €326, 327 and cAMP 828). Since then, a

vast number of biosensors based on ECFP and EYHfew improved descendantgere developed

and used to follow dynamic changes of cGMP, cAMP?'Cand other messengefSurthermore,
sensorsare used to monitor intracellular pH, chloride, glucose, activities of specific proteases or
kinases, and intertions of FRlabeled proteing13, 305, 32833). All sensors share the common
feature that analyte binding, phosphorylation, or proteolytic cleavage lead to a change in fluorophore
distance and/or relative eritation. Sensors consist of two separate polypeptide chains, each carrying
one fluorophore and a part of the sensor domain (intermolecular FRET), ocahsigt of a single
polypeptide chain carrying sensor domafCFP,and EYFP (intramolecular FRET)Single-chain
sensors simplify the analysis of FRET datecausdluorophoresalways exist inequimolar ratis

(334). Optical sensorsare also built fromFRET pairs different fromECFP and EYFP @35.
Moreover, biosensors buitin other detection principles are created, for exarbiminescence
energy transfer (BRET) and cyclic permutated EGFP (cpEGBPElpw, concreteexamplesfor

different sensor desigmse given for cGMP biosensors.
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1.3.2.2 cGMP-specific Biosensors

So far,CNG channels FRET-based cGMP biosensors and other fluorescéased cGMP biosensors

are used to detect cGMP in live cdllable 2) (336) .

Heterologous expression of CNGs allows for cGMP detection with electrophysiological recording

methals or by measuring €ainflux through CNG channelwsith fluorescent dyesr aequorin(337-

340). As CNG channels are integrated into the plasma membrane, only plasma meodakred

cGMP inducs detectable signal CNG channels have rather low cGMP selectivities in comparison to

other biosensors and recognize cAMP at physiological concens&3i8§).

Table 2. Properties of selected protein -based cGMP sensors.

Signal change (%) EGocGME EGoCAMP Selectivity

Name Fluorophores Detection modé . EGJCcAMP) Ref.
P Invitro Intracellula® [HM] [HM] EGocGMP)
CNGs
o 337,
wt CNG A2 - lon current - - 1.6 36 22.5 338
cGKI cGMBD A & B
CGYDell ECFPEYFP FRETY n.d. 24YIC) 0.02 0.15 7.5 341
Cygne® ECFPEYFP FRETZ 38 24¢HY) 1.9 185 100 342
cGi500 ECFPEYFP FRETZ 77 38¢m 0.5 >100 >200 22
cGi3000 ECFPEYFP FRETZ 7 37 3 >100 >30 22
cGi6000 ECFPEYFP FRETZ 58 30 6 >1000 >166 22
GFlincG cOEGEP Fl uor és 75 75 0.17 48 280 343
P Rat i omi 250 n.d. 0.49 48 100
cGKI cGMBD B
cGESGKIB ECFPEYFP FRETZ n.d. 30c) 5 485 100 344
PDE5 GAF A
cGESDES ECFPEYFP FRETyYy 18Y0 30Y©) 15 630 420 343
GFFFZ'E?F"" RLUC/EGFP BREY 3060 3g6m) 0.03 >1 >33 345
RGSEC;)SE“S Sapphire/RFP  FRETY 10RS 18RS 004  >100 >1000 346
Cygnu8 mTagBFP/SREA Fl uor e 10 20 1 400 400 347
1) Arrowsi ndi cate signal increase (9Y) or decrease (Z) -of the

based sensors, signal changes were determined via emission ratios of the fluorophores as indicated in brackets;
C, ECFP; Y, EYFP; G, EGFP; L, Renilla luciferase; R, RFP; S, sapphire; 3) Apparent intracellular FRET changes
vary depending on the setup used for measurements (e.g. filter sets); 4) Determined using 480 nm excitation and
510 nm emission; 5) Determined using ratiometric measurement with excitation at 410 and 480 nm and emission
at 510 nm (given as 480/410 nm ratio); 6) This i s dasedl c@MPoindicaterE iT can be used for
ratiometric measurement with excitation of GFP-derived sapphire and emissions of sapphire and red fluorescent
protein (RFP) dimer2;7) Thi s is a Oblued6 cGMP sensor based on

protein (mTagBFP) as FRET donor and super resonance energy accepting chromoprotein (SREACh) as FRET

FRET bet

acceptor; SREAChisaso-cal | ed o6dar k YFP quoerndoc hti nagt FdRoEeTs ancocte peami t | i gh

cGMP binding causes an increase of the FRET efficiency and, therefore, a decrease of mTagBFP emission;
single-channel measurement of mTagBFP with 405 nm excitation and 440 nm emission is performed.
Abbrevations: cGKIl cGMP-BD, cGMP-binding domain of cGMP-dependent protein kinase type I; n.d., not
determined; PDE5 GAF, cGMP-binding GAF domain of phosphodiesterase 5 (GAF: domain first identified in
cGMP-specific phosphodiesterases, Anabaena adenylyl cyclases and E. coli EhlA).
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A variety of FRETbased cGMP biosensors derived from cGKI or PIPBES GAF domains exist
They differ in kinetic properties, sensitivity, and selecti\ifiable 2) The first reported cGMP FRET
sensor called CG¥Dell wasbuilt by fusing ECFP and EYFP to fdéngth cGKh lacking 47amino
acidsof the Nterminus to prevent dimerizatioB41). In parallel,cygnet2 was createdyhich isalso
derived from cGKla, but the cGKI Nterminus was further truncated, and the cGKI kinase domain
was inactivated by introducing &1ea point mutation that abolishes downstream effects caused by
kinase activity of the sensor protei®4@). Further truncation of cGlal and deletion of the catalytic
domain led to cGtype biosensors: by screening differe@Kla truncations, 24 cGMPesponsive
sensor constructs were obtairtedRusswurnet al.(252). Three of them were chosen by thehaus

for further characterization and named -&BD, cGi3000, and cGB000 according to their respective
cGMP affinities (E£Csovalues) of 500, 3000 and 6000nM as determined with fluorescence
spectroscopy with extracts of c@xpressing cells262). Fusion of ECFP and EYFP to single PBDE2

or PDE5derived GAF domains led to cGH¥2 and cGESES sensors, respectivel344). A
CGESDES variant calledred-cGESDE5 made from the FRET pasapphiréred fluorescent protein
(RFP) is spectrally distinct from ECFP/EYFP, allowing for simultaneous measurements with two
different biosensors in the same sam@#dg. The same group created anoth&ESDEDS variant

(ay g n u s 6an algo beaused in parallel with ECFP/EYhd3ed FRET sensor347).

Another cGMP biosensor based on BRET was generated by fusing the PDE5 GAF A domain to
Renilla luciferaseand EGFP 345). Light energy is generated in a luciferasgalyzed oxidation of
luciferin, and is transferred via BRET to EGFP. In contrast to FBRASEd biosensors, the sensor does
not need to beexcited with light, but sensaxpressing cells need to be supplied witkiferin.
FlincG-type biosensors were generated combining circular permutated EGFREEGFP with a
truncatedcGKla protein that has approximately the saremgth asin cGi-type biosensors. Here,
cGMP binding leads to conformational chasgleat increase cBGFP fluorescence intensity343,

3498).

1.3.3 Functions of the cGMP Pathway

1.3.3.1 Vasculature

Cyclic GMP is generateth vascular smooth muscle cellgIMCs) by S5C or pGC to inducevessel
relaxation leading to a reduction of vascular toneand therefore systemic blood pressurér).
NO/sGC/cGMPsignaling emanatesn endothelial cellswhere NO is synthetized by eNOS upon
chemial and physical stimuliNO diffuses into adjacent VSMCand elevates cGMmPy sGC
activaton (349). The increase in cGMP activatesG K-alh d  c-gpécifichsignaling pathwayand

results in reduce intracellular C&* levels and C&* sensitivity, and in activation of other
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Cd*-independent pathways céug SM relaxation Individual ontributiors of each pathwaynayvary
with type, function, and contractile status of the vesgeP47, 350, 351 Genetic alation of eNOS,
sGCbl, or cGKIl lead to a loss of endothelimimduced relaxation245, 352, 358 In sGCa;
knockout mice remainingsGCajb; activity restore normal NO/cGMP pathwg function in large
parts, albeit the sGCajb; isoform is prevalent in VSMC$§354). Loss ofsGCa;b; abolishesany
detectable Nénduced cGMRelevatons but not NGinduced(andsGC inhibitorsensitive relaxation
that is still present,but less efficient(245, 354. This finding can beexplained by localized cGMP
synthesisoy remainingsGCajb, to amountssufficient for indudion of SM relaxation 245). In fact,
recent studies suggesithat only very low amountsf cGMP aresufficient to cause full biological
response to sGC stimulators in the vasculatd®d)( However, eher studiesmplied sGC,cGMP- and
cGKIl-independent relaxatiovia arother6o e n d o t-cheerl iiwend hyper pol ari zing f

endothelial cellspon stimulation witlacetylcholine 855357).

The ANP/GCA/cGMP pathwayplays as well acomplex role inthe vasculature, as @ctson both
endothelial celland VSMCfunction VSMC-specificGC-A ablation abolishes vasodilatiéeadingto
acutehypertension, whilésC-A ablation inendothelialcells does not affect vasodilatiobut causes
chronic hypervolemia andhypertension 358, 359. The ANP/GCA/cGMP pathway probably
modulatesblood pressurevia modulation of endothelial permeability in the microvascula{@&o,
361). This shove that ANANO-induced and cGMP/cGKinediated vasorelaxation is no¢cessarily
an essentialregulator ofchronic blood pressurewhile it plays an important role incate blood
pressureegulation.Moreover,ANP and NOmight act differenty within the samgsmooth muscle)
cell. ANP-mediated vasodilation imsensitive toPDES5 inhibition by sildenafil in vitro andin vivo,
except in the pulmonary vasculat@49, 363. Furthermore, failure of one cGMP pathwesn be
compenated by theup-regulationof the other pathway2d5, 363. With the use of CNG channels
expressed in cultured VSMCRiggott et al.showed that ANP inducesmembrandocalized cGMP
elevatiors more readily than NOwhile NO stimulation results imighertotal cGMPlevels(340). In
similar experiments with FlincGsit has beenshown that ANP stimulation induces membrane
localized cGMP elevations, while NO stimulation dds to global cGMP increase. In contrast to
findings mentioned aboyesildenafil treatmenthas been shown hete cause a los®f spatially
restrictedcGMP elevationsipon ANP stimulation343). A possible reason fathese contradictory
resultscould bethe fact that one finding wamadein vivo (362, while the other was obtained in
culturedVSMCs 343.

In addition toits role for vasodilation and blood pressure regulatistydiesshowed that cGMP
pathwaysmodulate angiogenesis and vasculogenesisl play a rolein disorders associated with

pathological angiogenesis and vascular remod€B64-367). Remarkably it has been showthat the
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NO/sGC/cGMP pathwaycan both promote and inhibit vascular remodeling247, 369. The
CNP/GGB/cGMP pathwayseems taaffect angiogenesis as well as vascular regenera®nessel
injury induces CNP expressionin the vessel wall which in turn stimulates endothelia cell
proliferation but attenuate proliferation of VSMCs (364, 369. BNP act as an (stressresponsivé
hormone in a paracrine way to modul&edothelial proliferation and tissue remodelinghe heart
vasculatureindother tissues370). Other studiesmplicateda role ofcGKI in the modulation ofene
expression{, 37:373). In GIFM experimentsvith hyperlipidemic micecGKI ablaion was induced
in individual VSMCs which contributed less to atherosclerotic plaquesomparison to cGKl
expressing VSMC the same animdlL03). Theseand other results suggedtthat cGMPsignaling
plays an adverse role, at least under distinct conditions, by contributing to phenotypic modulation and
proliferation of VSMCs 247, 368. However, howcGMP signaling induce both beneficial and
detrimental effects is largely unknown. Possible reasons foofiiesingbehaviormight bedistinct

spatiotemporal profiles of cGMP synthesis and downstream signaling e3681374).

1.3.3.2 Heart

NO andNPs act as autocrine or paracrine messengerthe heartand mediate contractility and
ventricular relaxation via activation of the cGMP pathway. NO and CNP exert a negative or positive
inotropic effect, respectively which is mediated by cGKIl in both cases87%, 376.
Compartmentaation of cGMP (and cAMP) signaling serves as a possible explanhktaeed,with
FRET-based cAMP sensors and CNG channels as cGMP seitdmas been showthat cGMPand
CcAMP levelsare highly compartmentalizeth cardomyocytes(377). Generation of cGMP bpGCs
and sGCsoccus in distinct subcellulatompartments, while®DEs 2 and 3imit cGMP spreaéhg
throughout the cellPDE2 limits ANP/GC-A-generated cGMRit the plasmanembrane and PDES
NO/sGCgenerated cGMRn the cytosol.Cytosolic cGMPdoes not reach the plasma membrane,
except upon PDE5 inhibiton (264). cGMP signaling is additionally modulated via cGKy
phosphoryldabn of PDE5 andpossiblyGC-A, leading toa reduction ofNO/sGGderivedcGMP, but

an increase aANP/GC-A-generatedcGMP (378). Interaction ofcGMP with PDEs 2 and @&gulates
CcAMP levels and thereforeAK activity in distinct cellular compartmentSpatially confined cAMP

elevations ar@ecessary to contrgpecific modulatory effects arardiac function377).

1.3.3.3 Kidney and Adrenal Gland

cGMP signalingnodulate blood pressuraegulationalso inkidney and adrenagland(7, 379. In the
kidney, cGMP signaling affects glomerular filtration rate, ion absorption, and renin release via
inhibition of cAMP-hydrolyzing PDE3 or viacGKs (380, 38). In the adrenalgland, the
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ANP/GCGA/cGMP pathway inhibitsACTH-dependent aldosterone secretieither by stimulating
cAMP-hydrolyzingPDE2or viacGKIl-mediated effects382, 383.

1.3.3.4 Urogenital System

The NO/cGMP signaling pathway plays an important role for penile erection: NO synthetized by
eNOS in the endothelium and nNOS in ramrenergic, nowtholinergic (NANC) neurons induces
smoothmuscle relaxation in the corpus cavernosinat fills with blood leading to penile erection
(384). Several PDES inhibitorss{denafil, tardenafi] andvardenafi) are approvedor the treatment of
erectile dysfunction(385. The NO/sGC/cGMP/cGKI pathway also modulates micturition and
contractility of the urinary bladder and voiding in the urinary duct, wicesssalk between cAMP

and cGKlhas been reportg@86).

With the combined use of cAMP ami-type cGMP biosensorsa modulatory effect otGMP on
oocyte maturationvas shown(387). cGMP produced in follicle enters the oocyte through gap
junctions, where it inhibits cAMP degradation by PDHgh cAMP levels arrest the oocyte in the
meiotic prophaseUpon stimulation with luteinizing hormone, cGMBvels decreaseén follicle and
oocyte releasingPDE3 for cAMP degradtion The diop of CAMP leads to progression of meiosis

(387). PDE3Adeletionleads to female infertility due to defects in oocyte maturation and fertilization

(389).

1.3.3.5 Gastrointestinal Tract

Deletionsof sGCb; or cGKI lead to severe gastrointestinal phenotyihed calse a dramatically
reduced lifespanThis phenotypemphasiesthe importance of NO/sGC/cGMP/cGlslgnaling for

the regulation of intestinal smooth muscle towhich is necessary for food transport and peristalsis
(352, 353. The (uro)guanylin/GE&C/cGMP/cGKIl pathway is an important regulator of
gastrointestinal secretian small intestinewhere it regulatesecretion otbicarbonate, chloride and
water 389. Additionally, it has beerproposed that (uro)guanylin and &Cform an entericenal
axis to coordinate salt ingestiandnatriuresis 266, 390. Another proposed function of guanylindan
GC-C is the regulation of intestinal cell proliferatigdherefore a rolein colon cancer formatiowas

suggested246).

1.3.3.6 Bone

Signaling via CNP/GEB/cGKII represents a local regulatory system in the bone to activate
chondrocyte proliferation and differentiation in the growth plate plauticularintracellular pathways
remain elusive389, 391, 39
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1.3.3.7 Blood

NO/sGC/cGKI signatig modulates thénhibition of blood platelet adhesion and aggregati@®3).
Activation of the cGMP pathway reduatracellular calcium levels and calcium sensitiv{894,
395). Furthermore, GMP diminishescAMP degradatiowia PDE3inhibition, which furtheraugments

its antiaggregatory effect via cAK activatiol396, 397. Despite their small size, it has been proposed
that platelets contain microdomains of cGMP signatimagt consist of protein complexes of cQKl
PDES andtype |inositol triphosphatélP;) receptor 898). Furthermore, it has been shown thfae
cGMP/cGKI pathwaymodulateserythrocyte survival,and that cGKI ablation eads to increased

erythrocyte death, resulting in aneraiadsplenomegaly399).

1.3.3.8 Nervous System

Modulatory dfects of cGMPsignalingon neuronal functiomere observeadn molecular, cellulamnd
behaviourallevels (400-402). NP receptorsexistin various region®f the nervous systenbut their

role for neuronal function is largely unknowexcept for fewcaseg403). ANP might regulatewater
drinking behavior salt appetite and neuronal blood pressure regulation(246). The
CNP/GGB/cGMPIcGKI pathway is necessary for bifurcation and guidance of sensory axons in the
developing spinal cord. Interference withthis process(in knockout mice) leads to impaired
nociceptive flexion reflexest04). The importance of cGKI in pain perception was also demonstrated
in adultmice (405, 406. Another sudy implicatel a modulatory role of p53 on cGKI expression in
the process of axon guidanc#?). In an in vitro study, Shelly et al showed with the use of cGMP
and cAMP FRET sensothat spatiotemporally restricted cAMP and cGElBvationamodulate axon

and dendriteformation from undifferentiated neurites in cultured hippocampal neur@HD8).
However, neither NO nor NPs were tested, but-petimneable cGMP analogs were usednduce
cGMP sigaling (408).

NO-inducedcGMP incresesdependon NO synthesisby nNOS and eNOS261), and bothsGC
isoforms existin the brainin equal amount$409. The NOSGCELGMP pathway mediatedistinct
types of long-term potentiation (LTPdn synapses of hippocampal CA1 neurons angeuronsof the
lateral amygdala and thdsual @rtex (410-415. In synapses of striatéhtemeuronsand Purkinje
cells it mediates longerm depression (LTD416-418). The components of the cGMP pathy are
located orthe presynapse and postsynapseéoth case$402, 419. LTP andLTD describe ativity -
dependent facilitation (LTP) or depression (LTD) of synapse actastynderlying mechanisms of
synaptic plasticity and memory formatioa0Q, 402. However, issuespecific ablation of pathway
components in the aforementioned brain regiolad ® no orvery distinctphenotypeq412, 413,
417). Additional longterm effects on synaptic activjtplasticity,and behavioare eventuallycaused

via cGKI-mediatedegulation d gene expression in these and other brain redi0.
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Spatiotemporal cGMP elevationseve analyzed by Pietroboet al in cultured olfactory sensory
neurons(420). With the Cygnet2.1 cGMP FRET sensorfura2, and a genetically encoded Ca
sensorthey shoved thatodorant stimulation leads to cAMPggeredelevationsof intracellular C4'

levels which cause NGmediated cGMP synthesiwithin the whole neuron Furthermore, they
showed increased phosphorylation ofAMP-responseelement binding protein (CREB) after
stimulation with odorants ormembrangpermeable cGMP analoga vivo (420. CREB has been
shown to be a direct or indirect target tok cGMP pathway in cells of the nervous systamd

modulates expression of several target gé4@q).

Other sudiesin mice showedthat cGMP signalingnodulate cognitionand circadian rhythmicityas
well asthe control of aggression, anxiegndethanol drinking behavio2é7, 406, 424424). Further
findings frompharmacological and genetic studies suggbsiles of cGMP signaling anof cGMP-
regulatedPDEs in the pathogenesi®of psychiatric diseasedike depressionschizophreniaor of
neurodegenerativdiseasess uc h as Al z h éut elsomodeinduded bearng lossAR5
430).
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1.4 Aim of the Work

One aim of this work was the design and creation of a moti8&itsr39tkbased reporter system for
noninvasivecell tracking studies in transgenic mic€he functionality of theHSV1sr39tkPET
reporter systenmas been showim studies with animals and human patiefitsa limited number of
thesestudies, transgenic mice with stably integrated reporter transgenes werg hessg micecarry

tissuespecificpromotergo drive reporter gene expressiavhich limitstheir use to garticulartissue.

The combination of Cre/loassisted cell fate mapping strategies witaHSVEsr39tk PET reporter
system unifies two methods to a powerful new tool for the aisabf transgenic animalPET allows
sensitive and quantitativéetectionof cell populationsin live animals, while the Cre/léXsystem
enablesioninvasiveactivation ofHSV1sr39tkexpression within a preelected cell typelhe need for
cell transplardtion and pssible side effects resulting from viral inductionH8$V :sr39tkexpression
is avoided. The modular structure of the Cre/lmsedHSVEsr39tk reporter systenwill permit the
labeling of any given cellpopulationby selection ofan appropriatéissuespecificCre transgeneand

avoidslimitations of tissuespecific reporter transgenes

The key element for this approach is a mouse line carrying a conditionah@Dieble) HSVsr39tk
reporter transgen@iSV1sr39tk expressiorshould bepossible in anyiven cell type, butexpression
must beactivatedby Crein a particular cell typeon demand. A major aim of this woskas the
generabn and characterization afreportermouse line carrying &re-inducibleHSVxsr39tkreporter
trangene To characterize the newly generated mouse, IREET experimentshould be performed
with animalscarrying theHSV1sr39tkreporter gene and tissgpecific Cre transgeseExperiments
should showthe principal functionality of the reporter systermas well asCre-dependency of the
HSV1sr39tkreporter geneThe PET/sr39tk reporter system will allow for cell tracking experiments to

study any given cell type in live animals under conditions of health and disease.

Another aim was the generation and relegerization of mice that express FRBdsed cGMP
indicator (cGi) proteins Conventional method®r cGMP detection (like RIA or ELISA) contributed a
lot to our current understanding of cGMP signalinlgwever,they fail to resolve cGMP signals in
complextissues or at subcellular resoluti@andthey cannotrepeatediybe used withthe same living
sample Proteirbased cGMP biosensors allow fapeatedcGMP detection in liing samples with
high spatial and temporal resolution. In cultured celierentcGMP biosensors were usedsinidy

cGMP ssignalingandits potentialsubcellularcompartmentaliation

The use of cGis for sensitive and specific cGMP detection in transgenic mice should allow
experiments that were hitherto impossible. Intravital imaging experiments will allow studies on cGMP

signaling undein vivo conditions, where cells aexaminedthatreside in their natural environment.
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Experimentsvith mice expressing cAMP or €zbiosensorslemonstratet the advantaggof intravital
imaging In vivo methodsto follow cAMP or C&" are most likely adaptabl® studieswith cGi-
expressing micefor exanple the visualization otGMP inthe brain of learning and behavingjce

using twaephoton microscopy (see also discussion).

In contrast to cAMP and Gabiosensorsmice expressing cGis or other cGMP biosensors have not
yet been reportedd major aim of tlis work wasthereforeto show the feasibility o€Gi-basedcGMP
imagingin live animals. Another aim was the establishmenstafly protocols for culture&MCs
isolated from cGiexpressing miceThis includesprotocols for cGMP quantification,repeated
stimulation or analysis of cGMP signaling at subcellular resolutidhese potocols can then be
applied to other cell typeincluding cells carryingmutationsin components of the cGMP signaling

pathway.
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2 Materials and Methods

Relevantdevices are speddd within the respectiveprotocols. Centrifugation parameters refer to
Eppendorf 5417C/R centrifugéSppendorf AG, Hamburg, Germanfgr 1.5 and 2nL reaction tubes
andan Eppendorf 5804R centrifuge with-4-44 rotor for 15 and 50nL tubes.Chemicalsareobtained
from Carl Roth(Karlsruhe, Germany)if not statedotherwise Solutionsare prepared with ultrapure
waterfrom a Milli-Q Integral Water Purification SysteriMérck Millipore, Billerica, MA, USA) and
stored at room temperature, if not stated otherwSedutions are autoclaved for 20nin at 121°C
(Ventilab 3000, MMM GmbH, Miinchen, Germanyyhen specified.

2.1 Common Reagents and Buffers

1 0.4% Trypan blue (GIBCO, Life Technologi€mbH, Darmstadt, Geramy).

1T O5MEDTApHB8.0: Dissolve 184.g/L disodium ethylenaliamingetraacetic acid dihydrate
(Na&EDTAx2 H,0) in 800mL H,O, add NaOH pellets until the solution reacipes8.0 and EDTA is
dissolved. Adjust volume tbL and autoclave.

1 1M KCI: 7455¢/L KCI, autoclave.

1 1M MgCly: 203.3g/L MgClx6 H,0, autoclave.

M 1M Tris-Cl pH 6.8/7.4/8.0: 121.14/L tris(hydroxymethyl)aminomethan@ris), adjust pH to 6.8/7.4/8.0
with concentratedHCl, autoclave.

1 1xTrypsin/EDTA: Mix9 parts PBS withL part 10%rypsifEDTA, store at 4°C for up tb month.

1 10xTE pH 8.0: 100nM Tris-Cl (200mL/L 1 M Tris-Cl pH 8.0), 10mM EDTA (20mL/L 0.5M EDTA
pH 8.0), autoclave.

1 10xTrypsin/EDTA: 0.% trypsifEDTA (GIBCO, Life Technologi€s store in 5mL aliquots af 20°C.

T 1006Et hanol (analytical grade), store at T1T20AC.

1 100xPerdtrep: 10000U/mL penicillin and 10,00pug/mL streptomycin (GIBCO, Life Technologies),
storeinbmLal i quot s at T 20AC.

1 1000>Hoechst33258: 1Img/mL Hoechst33258 (SigmaAldrich Chemie GmbH, MincherGermany in
H,0, store in InL aliquots af 20°C.

1 20% SDS: Dissolve 20@/L sodium dodecykulfate (®S) at 60°C in a water bath.

1 2-Propanol.

1 3 M NaOAcpH5.5: 40.833/100mL CH;COONax3H,0, adjust pH to 5.5 witlaceticacid.

1 37% Formaldehyde

1 5M NaCl:292.2g/L NaCl.

1 70% Ethanol:70 mL ethanol(analytical grade) and 38L H,O, store at 20°C.

1 Chloroform.

1 DME M: Du | ioelifed &&gke medium (DMEM; GIBCO, Life Technologigswi t h 6st abl ed
glutamine(L-alanyl-L-glutamine, GlutamaX!), 4.5g/L D-glucose Napyruvate, store at 4°C.

1 PBS(pH 7.4): Phosphatbuffered saline (PBS) with 1386M NaCl (7.89g/L), 3mM KCI (0.22g/L),

8 mM NaHPO, (1.42¢g/L NaHPO;x2 H,0), 2mM KH,PQ, (0.27g/L), adjust pH to 7.4 with HCI or
NaOH, autoclave.

2.2 Modification of R ecombinant Plasmid DNA

Molecular cloningdescribeghein vitro assemblyof recombinanDNA and its amplification ira host
organism For the work described within this thesispletular cloning techniquesre employed to
createtransgene and targeting aructs for the generation of genetically modified mitgpical

vectors for molecular cloning experimentsare plasmid that arecircular doublestranded DNA
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(dsDNA) moleculeswith sizes of 3-20kb. Plasmidsderive fromE. coli bacteria, which servas host
for plasmid amplificationDue to th& small sizeplasmidscan easilybeisolated andnodifiedin vitro
and introducedback into E.coli for clonal replication Experimentsare performed according to

standard procedures descriisdSambrook an&ussell 431).

2.2.1 Nucleic Acid Quantification by UV Spectroscopy

Quantification of purified nuclic acié in aqueos solutionis performedwith ultraviolet (UV)
spectroscopy The absorption maxien of nucleic acidsat ~260nm are used for quantification
according to théaw of LambertBouguefrBeer.Oneunit of optical density (ODyepresent$0 pug/mL
doublestranded DNAA40 ug/mL singlestranded RNAor 33ug/mL oligonucleotidesNucleic acid
sampleconcentrationsare estimatedwith a Nan®@rop device(NanoDrop 1000 Spectrophotometer
ThermoFisher Scientific, Wilmington, DE, USA¥ith sample volumesf 2-5 L.

Initialize theNandrop device with a water sample.

Perform a blank measurement with théfer used to dissolve thicleic acidsample

Add 2-5 pL of thenucleic acidsolutionandperform measurement.
Note concentration (in ng/uL) and QfgOD,g, ratio.

PR

2.2.2 Agarose Gel Electrophoresis

1 5xTBE: 450mM Tris-borate (54/L Tris, 27.5g/L boric acid), 10mM EDTA (20mL/L 0.5M EDTA
pH 8.0).

6xDNA loading dye: 3% glycerol, 10% 10xTE, 0.05% bromophenoblue, 0.086 xylenecyanol.
AgaroseBiozym LE agaros€Biozym Scientific GmbH, Hessisch Oldendorf, Germany).

Ethidium bromide: 1@ng/mL in H,0, storelight protectedat 4°C

Molecular size marker: Add 254 1 kb ladder (Life Technologies) to 8.25L 1xDNA loading dye and
store in 50QuL aliquots at 4C.

E I EE ]

Agarose gel electrophoressusedfor separabn of digesed plasmid DNA, either for fragment size
determination (analytical gelfragment purification (preparative gel), to analyze PCR ofFER
products, or to separate digegtgenomic DNA for Southern blot analysistagmentsizes of linear
DNA fragmentsare determined by comparison with co-migrated molecular size markeDNA
fragments areisualizzdin the gelby ethidium bromidehatis detectedhroughits fluorescence upon
excitation withUV light. Animage of the gel is acquiredith a gel documentation systeand either

saved digitally or printed on a thermi@nsfer printer

1. Heat0.8-2g agaroseper 100mL 1xTBE (10-1kb, 0.8% and 10.2 kb, 2%) in a microwave overio
dissolve theagarose Allow the gel solutionto cool down to ~50°C, dd 5eL 10mg/mL ethidium
bromideper 100mL, andpourimmediately

Add 6xDNA loading dye to the samp(& volumedyeto 5 volumessample)

Load12¢ L50Qng) DNA size marker and samplé2-60 L) onto the gel.

Perform electrophoresis t 1508 in 1xTBE buffer for 3645 min.

Take agel pictureon a gel documentation systethfragments are to be purifiddr subsequentloning
steps use longwavelength UV light 8380nm) to reducé&JV-induced DNA damage.

ghrwbd
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2.2.3 Enzymatic Modification of Plasmid DNA

2.2.3.1 Plasmid Cleavage with Restriction Endonucleases

1 210xNEBufferl: 100mM Tris-bis-propanechloride 100mM MgCl,, 10mM dithiothreitol (DTT),
pH 7.0 NEB, New England Biolahd-rankfurt am Main, Genany), store &at20°C.

1 1O0xNEBuffer2: 500mM NacCl, 100mM Tris-Cl, 100mM MgCl,, 10mM DTT, pH 7.9 (NEB), store at
T20AC.

1 10xNEBuffer3: 21000mM NacCl, 500mM Tris-Cl, 100mM MgCl,, 10mM DTT, pH 7.9 (NEB), store at
T20AC.

1 10xNEBuffer4: 500mM CH;COCK, 200mM' Tris-acetate, 1M (CH;COO,Mg, 10mM DTT,

pH79(NEB) store at T1T20AC.

100xBSA: 10mg/mL bovine serum aloumiBSA;,NEB) , st ore at T1T20AC.

Restriction enzymes (sdable 18, p. 140).

= —a

DoublestrandedDNA is cleaved at defined sequences by type Il restriction endonuslgasgiction
enzyme} which recognizd&-8 bp-long palindromic dsDNAsequenceandcut both strandsvithin the
recognition site (432. Cleavage generatesbluntended digestion products goroducts with
overhanging ends. Theestriction dgestreactionis controlled byagarosegel electrophoresisThe
digesed DNA is eitherused to identify plasmglby their restriction pattern (analytical digest), tor
purify restriction fragments for later useligation reactions (preparative digest).

1. Prepare digestion reactiorwith 1/10volume 1&NEBuffer, 1100volume 10&BSA, and 13 pL

restriction enzymé~5 Units). Always prepare controls/ith respective DNAamplesn a reaction mix
withoutrestrictionenzymes

o Perform aalyticaldigestwith 300-500ng DNA in areadion volumeof 20 uL. Incubate for 13 h
at appropriate temperatuftgpically at37°C).

o0 Perform peparativedigestwith 5-40ug DNA in areaction volumeof 50-200pL. Incubate for
6-12 h at appropriate temperature (typically at 37°C).

2. Analyze 812 puL of an analytical digest om diluted aliquot of a preparative diges{100-250ng
DNA/lane)via agarose gel electrophoresis

3. For purification of restriction fragmentkyad completepreparative digesbn an agarosegel with large
pocketg(distributeto 1-4 pockets)

2.2.3.2 Isolation of DNA Fragments from Agarose Gels by Electroelution

9 Dialysis tube: Cut dialysis tubghigh-retention, celluloseMWCO 12400; SigmaAldrich) to 6-12cm
piecesand autoclave them twice in fresh 1xXTE. Store in 1xTE.

In order to isolate a DNAragmentfrom a fragment mixture (typically after restriction digest
fragmentsof differentsizeare separatedy agarosegel electrophoresis. Ae gel piece containing the
desired DNA fragment isxcisedandplaced isidea dialysis tube with 1XxTBE buffeDriven bythe
electric field,DNA is eluted from the gel pieandstays in the buffemside the dialysis tuhdrom
which itis purified by alcohol precipitationisolatedDNA fragmentsareusedfor examplefor ligation

reactions
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1. ExciseDNA-containing gebieceunderillumination with long-wavelengthUV light (380nm) and place
it in a piece ofdialysis tube of appropriate lengtAdd as few ¥TBE buffer as possibleand close both
endsof the tubeNo air bubbleshould remain inside the tube.

2. Elute DNADby electrophoresifor 1 h atroom temperaturer 4°C. Invert electric field for 3@ at the end
of the electroelution.

3. Harvest DNAcontainirg buffer from thedialysis tube. Washdialysis tubewith little 1xTBE and add
washing buffer tdNA-containingbuffer. Removeany remaining agarose by centrifugatifor 5 min at
13,000rpm, asagarosenterferes with subsequeritgation reactions.

4. Add either1/10volume 3M NaOAcpH 5.5 and 5 volumesethano] incubatef o r h a€l 20°C, or add
1/10 volume 3M NaOAcpH 5.5 and ® volumes2-propano) and incubaté o r h atiC.

5. Centrifuge fa 30-60 min with 13,000rpm at 4°C. Washpellet twice with 706 ethano] dry for 10min
under vacum at 40°C(EppendoriConantrator 530}, add 2640 pL H,O for resuspesion

2.2.3.3 Phosphorylation of Synthetic O  ligonucleotides

I 10xT4 polynucleotide kinase reaction buffer: 76 Tris-Cl, 100mM MgCl;, 50mM DTT, pH7.6
(NEB), store at T1T20AC.
1 T4 polynucleotide kinasel0,000units/ml (NEB), storeat 1 2 0 AC.

20-80bp-long synthetic oligonucleotidelsee2.2.6 and Table 19) are used tantroducenew DNA
sequencesnto plasmid vectors Therefore, wo complementaryoligonucleotides, which represent

sense ath antisense strand of tr#sDNA fragment,ar e p hos phor ydndswithdl4 at t he
polynucleotide kinaselrhenthe reaction is heated toactivatethe kinaseenzymeand to melt dsDNA

adducts Uponslow cooling, both oligonucleotide$orm dsDNA dimers with overhangingendsused

asinsert in ligation reactionith compatiblerecipient fragmerst (obtained by restriction digest)

1. Prepare a polynucleotide kinase reaction

1 pL (=100pmol) of each oligoucleotideg(Table 19, p141)
2 pL 10xT4 polynucleotide kinase reaction buffer

15puL H,O

1 pL T4 polynucleotide kinase

O o0oo0oo

Incubate for 9@nin atroom temperature

Placethereaction mix in & L beaker glass filled with watevarmed ta75°C.
Allow for slowly cool down tir ovenight ina cold roomat4°C).

Fill reaction mixwith H,O to 200pL, and use or 0.2uL perligation reaction

ghwn

2.2.3.4 Ligation

1 10xT4 DNA ligase reaction buffer: 500M Tris-Cl, 100mM MgCl,, 10mM ATP, 100mM DTT,
pH75(NEB) store at T1T20AC.

1 CIP:calf intestine phosphatasB),000unitsinL (NEB), store at 20°C.

1 dNTPs: 100nM dATP, 100mM dCTP, 100mM dGTP, 100mM dTTP (PEQLAB Biotechnologie

GmbH, Erlangen, Germajhy

T4 DNA ligase:400000cohesiveendunitsinL (NEB), store at 20°C.

T4 DNA polymerase3,000units/m. (NEB)st or e at 71 20AC.

tRNA: Dilute 1Img/mL transferRNA (tRNA) from S. cerevisiadSigmaAldrich) to a concentration of

lpg/mLwithHO, store at T 20AC.

= —a —a

T4 DNA ligasecatalyzeghe ATP-dependentinkageof 5 @hosphate grougand3 éiydroxyl grous
of dDNA fragments When dsDNA strands haveéncompatibleendsor when5 @hosphate groups

were removed by alkaline phosphatase treatnligiation to a circular product cannot take platke
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inability of T4 ligase toligate dsDNA urder these conditionseduca the amount of (unwanted)

ligation productsthat do not containthe insert fragmenCircular DNA is generatednly in presence

of compatible insert fragmerg with intact 5 phosphate groupslf dsDNA fragments with

incompatible5 @verhangsneedto be ligated (incompatible)overhangsare filled with T4 DNA

polymeraseto (compatible) blunt endsr4 DNA ligase also catalyzes thidtion of bluntended

dsDNA, but with lower efficiency.

1.

uokrw

224

Preparethe vector DNA fragment if necessaryadd 1-2 pL CIP to the restrictiondigestreaction,and
incubate for 1h at 37°Cto dephosphorylatéhe vectorDNA. Then purifythe fragmenty agarosegel
electrophoresiand electroelution2(2.3.9. As insertbNA, use a DNAfragmentpurified after digestion
(do not use CIP hejeor use synthetioligonucleotide linkersEstimatethe concentration opurified
vector and inse®NA fragmens on anagarose gedr via UV spectroscopy

Use appropriate amounts wéctor and inserfragments(~1:4 molar ratio)in a ligasereactionwith 2 puL
10%T4 ligase reaction buffdn a final volumeof 20 uL. Prepare control reactisnvith vector fragment
butwithoutinsertDNA.

o If nofill -in (T4 DNA polymerasejeactionis performed, bat the reactiofor 5min to 50°C, cool
down toroom temperatureand addlL pL T4 DNA ligase Incubate for 24 h or overnight at 12°C.
o If incompatible ends need to be filled up, atNiTPs to a concentration @DOpuM and1 pL T4
DNA polymeraselncubate for 18nin at 12°C, denature for 2@in at 75°C, then add T4 DNA
ligase
(The eaction can also be performed after a first ligation reaction in the ortgation of
compatible end<ill-in, and secondigation of blunt ends

Checkan aliquot(3-4 pL) of theligation reactionby agaroseyel electropbresis

InactivateT4 ligasefor 10 min at65°C ard add HO to afinal volume of 50uL.

Add 1pL 1pg/pL tRNA, 5puL 3M NaOAc pH 5.5, and 250l ethanol Incubate forQL h at 1 20°C.
Centrifuge for 20min at 13,000pm and 4°C, vash pellet twice with 706 ethanol Dry pellet under
vacuum (Eppendorf Concentrator 530dhdresuspend in 2QL H,O. Usea part orthe wholesolution
for transformatiorof E. coli .

Plasmid Amplification and Isolation from E. coli

1000<Ampicillin (100mg/mL): Dissolve 1g ampicillin in 10mL H,0O, filter through a sterile filter red
store in ImL aliquots afl 20°C.

1000xKanamycin(50 mg/mL): Dissolve 0.5y kanamycinin 10mL H,0, filter through a sterile filter and
store in1 mL aliquots af 20°C.

LB agar plates: 3§/L Luria-Bertani(LB) agar Lennoxd ,  ¥0ig tryptone, 5g yeast extract, § NaCl,
159 agar).Autoclave, add rtibiotics right before pouringnto 200mm petridishes at ~5TC.

LB medium: 20g/L Luria-Bertani (LB) powder @Lennox , Wwagttryptone, 59 yeast extract, §
NaCl). Autoclave add atibiotics shortbefore inoculation of the bacteria.

For amplification of plasmid DNA, electroompetentE. coli XL1-blue (genotypeendAlsupE44
thi-1 hsdR17recAlgyrA96relAl lac [FoproABlacl®Z qpM Ir's10 (Tet)]) areused.Bacteria grow on
LB agar plates at 37°C or IrB mediumshakerat 37°C. LB agar and LB medium containtibiotics

to select folE. coli that carryplasmidscoding for therespective antibiotic resistance gene.

2241

= —a —a

E. coli Transformation by Electroporation

10% Glycerol: 10mL glycerol and 90mL H,0, autoclave and store at 4°C.
50% Glycerol: 50mL glycerol and 50mL H,O, autoclave and store at 4°C.
Electroporation cuvettes, @mm (BioradLaboratories GmbHMnchen, Germany
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Electroporation is m efficient method to introduce recombinant DNA irfocoli (433). Electro
competentE. coli mixed with desalted ligatianor saltfree plasmid solutiors are placed inan
electroporation cuvette, which serves apacitorwith the cell suspension betweemo conductor
plates An electric field is appliethy theGene Pulser Xcell Electroporation Systéimo-Rad, which
inducesthe formation oftemporarypores inthe bacterialplasma membranghat allowsDNA to enter
the bacterium Medium is addeafter electropration,E. coli are allowed to recoveand tansformed
bacteriawill start toexpresgesistancgenesThebacterialsuspension iplated on LBagarcontaning
the respective antibiotiglating densies must be choseim a waythat single coloniesare obtained

which areisolated(picked)andseparatelyexpanded

A) Preparation of Electro-competent E. coli

In order to obtain electroompetent. coli , liquid cultures are harvested in their logarithmic growth
phase and washed several times to remove as much ionthfedracterisuspension as possiblens
induce electric currentduring electroporatiortausingredued cell survival andiow DNA uptale
efficiendes. Do not use antibiotics throughout the whole procedure, and always work under sterile

conditions: use only autoclaved solutions and vessels, and handle bacteria under a sterile workbench

1. Prepare a dilution streak of untransfornieaoli on LB agar.

2. lIsolate a single colonfor inoculaion of 5 mL LB mediumfor an overnight culture. On the next day,
store culture at 4°CIn the evening, inoculate 0L LB medium with 0.5mL of the 5mL overnight
culture.

3. On the next morningnbculate 4500 mL LB medium witheach 10mL of the 50mL overnightculture
Incubate at ojinal growth conditions.

4. After 2-6 h, harvest bacterim their logarithmic growth phas®.6-0.6 ODgg, blank measurement with
LB medium, path lengtht cm) by centrifugatiorfor 10 min at5,000rpmand 4°C(J2-H2 centrifuge with
JA-10 rotor,Beckman CoulterBrea, CA, USA) For the following steps, take care that bacteria and
solutions are always kept on ice.

5. Wash the bacteria twicewith 500mL ice-cold H,O, and twice with 50mL ice-cold 50% glycerol,

pelletizethe bacteria each time by centrifugatifor 20min at5,000rpmand4°C.

After the last washing stepesuspendhe bacteriapellet in 4mL 10% glycerol (2 mL/L culturevolume).

Use bacteria directly or freeze 200 aliquots in liquid nitrogerfior storage at 80°C.

Test frozen stockquality; plate bacteriaon agar plates with antibiotics (no bacteria should grow)

Estimate electroporation efficiendt(®-10° colonies/pug DNA) in a control electroporation with pUC19

plasmid DNA

©oNo

B) Electroporation

1. Thaw an aliquotof electreacompetentE. coli on ice. Still on ice, ad@ part o the completedesalted
ligation (15-20 pL), or 50 ng purified plasmid DNA to100puL bacteriasuspensionTransferthe mixture
into achilled elet¢roporation cuvette (dmm).

2. TransformE. coli by electroporatiorwith 2.5 kV, 25 puF and200W, the resultingime constant should
be~5ms.

3. Add 1mL prewarmed, antibiotifree LB mediumto the cuvette afast as possibjeand transfethe
suspensiomto a 15mL tube.Incubatefor 1 h at 37°C

4. If bacteriawere transformed witta ligation, plate 10, 100, and 3Q@L of the suspensioto agar plates. If
plasmid DNAwasretransformed, plat&00pL of 107-10°-fold dilutions of the suspension to agar plates
Grow bacteriaovernightat 37°C

5. Count colonies and estimatbe electroporation efficiency. For ligations, check whether the control
reaction (vector w/o insert) leads to feviercoli colonies than reacti@with both vector and insert.

-38 -



Materials and Methods

2.2.4.2 Plasmid Preparation

1M Tris: 121.14g/L Tris.

N2 (Equilibration buffer): 100nM Tris (100mL/L 1 M Tris), 900mM KCI (67.1g/L), 15% ethanol

(150mL/L), 0.15% Triton X-100 (1.5mL/L), adjust pH to 6.3 with EPO;.

T N3 (Wash buffey: 100mM Tris (100mL/L 1M Tris), 1150mM KCI (85.73g/L), 15% ethanol
(150mL/L), adjust pH to 6.3 with EPO;.

1 N5 (Elution buffer): 100nM Tris (100mL/L 1M Tris), 1000mM KCI (74.55¢g/L), 15% ethanol

(150mL/L), adjust pH to 8.5 with EPQ;.

RNase: 1ang/mL RNaseH in 1xTE, storein 1mL aliquotsat T 20 AC.

S1 (Resuspension buffer): 5M Tris-Cl pH 8.0 (50mL/L 1 M Tris-Cl pH 8.0), 10mM EDTA pH 8.0

(20mL/L 0.5M EDTA pH 8.0). Supplement with 100g/mL RNase (1QL 10 mgmL RNaseto 1 mL

S1) before use.

S2 (Lysis buffer): 20enM NaOH (8g/L), 1% SDS (10g/L).

S3 (Neutralization buffer): 2.8 KOAc (274.82g/L CH;COOK), adjust pH to 5.1 withceticacid, store

at 4°C.

= —a
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Plasmidsareisolated fromE. coli cultures by alkaline lysist@4) and subsequent alcohol precipitation.
Small-scale plasmid preparation frommiL E. coli cultures yields plasmid DNA in sufficieamounts
and quality for restriction analysis, sequence analysis, and retransformation into-cdeqgbetent

E. coli. The major purpose of this methsdo screen several (usually3®) E. coli culturesin parallel

for the presence of plasmids with dediggroperties €.g. after a ligation). In order to obtain plasmid
amounts sufficient for subsequent cloning steps or for transfection of eukaryotic cells, plasamids
isolated from 106600mL E.coli cultures by alkaline lysis and subsequent purificatran anion

exchange chromatography and alcohol precipitation.

A) Small-Scale Plasmid Preparation

1. Isolatesingle E. coli colories from LB agar plats and growthemovernightin 5mL LB mediumwith
antibiotic

2. Centrifugel mL from the culturefor 3 min at5,000rpm. Store the remaining culture at 4°C for later use.

3. Resuspendhe bacteria pellet ihfO0pL S1buffer (with RNasg.

4. Add 200pL S2andinvert (do not vortex)incubate fo30s.

5. Add 150pL S3 (rechilled to 4°C), invert again, add 1Q6L chloroform andcentifuge for 2min at
13,000rpmand4°C.

6. Transferthesupernatant to a new tube aadt 1mL 100% ethanol(pre-chilled toT 20°C).

7. Mix by inversionand centifuge for 5 min at 13,000rpmand 4°C.

8. Washthe DNA pellet twice with 70% ethanoland dryit for 10min under vacum at 40°C(Eppendorf

Concentrator 5301)
9. Resuspengelletin 20uL H,O and wse 35 pL for an analytical restriction digest.

B) Large-Scale Plasmid Preparation

1. Centrifuge 4mL of an overnightulturefor 5 min at5,000rpmand resuspend pellet inmL LB medium.

2. Inoculate 100 or 50ML LB medium andyrow cultureovernightat 37°C

3. Pelletize bacteria by centrifugation for fn at5,000rpm and4°C (J2H2 centrifuge with JALO roto).

4. Perform plasmid DNA isolation from 100mL cultureswith the NucleoBondPC100 kit (Macherey
Nagel,Diren Germany)andfrom 500mL cultures withthe NucleoBondPC500 kit (MachereyNagel)
follow the kit instructionsbuffersS1-S3 and N2, 18, N5 are prepared agatedabove.

5. Resuspendhe dred DNA pelletin 150 or 300pL H,O. Determine DNA concentration and adjust

1 pg/pL.
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2.2.5 TOPO Cloning

1 Zero Blunt® TOPO® PCR Cloning Kit (Life Technologies).
1 DeepVent DNApolymerase (00U/mL, NEB).

TOPO clonings usedo introduce blunendedpolymerasehain reactionRCR) products into a DNA
vector PCR-Blunt-Il-TOPQO. The PCR reaction has to be performed with a thermostable DNA
polymerase that generates bkemded PCR producte.g.DeepVent DNApolymerase). An aliquot of

the reaction is added to tip€R-Blunt-11-TOPO vector, which is supplied in a linearized fomith
Vaccinia vilusDNA t opoi s omer as endslof bbtbo DNAdtrands. Duarihgethe 3@PO
cloning reaction, the PCR product is integrated into @eR-Blunt-Il-TOPO vector in a
transesterificatiorreaction leading to dissociation of the DNA topoisomerase and formation of a
circular DNA product.The reaction isthen transformed intoE. coli bacteria. TOPO cloningis
performed with theZero Blunt® TOPO® PCR Cloning Kiaccording tot h e manufactur
instructions. The TOPO reactiomas used to transform chawctompetentE. coli TOP10 bacteria
(genotype: FmcrA D(mrr-hs(RMS-mcBC) F80acZpM1 5 ol rac&ljaraBil39 D(ara-leu)7697

galU galK rpsL (Str¥) endA1 nupG) included in thekit.

2.2.6 Generation of Synthetic Oligonucleotides

Oligonucleotidesare obtained from Eurofins MWG Operofiebersbach, Germanyyhere theyare
synthetized withthe phosphoramidite method35). After synthesis, products are purified by liquid
chromatographyp( u r iHPSH. Shipped freezalried oligonucleotideareresuspended iH,0 to a
concentration of 10AM and stored @t 2 0 A C .

2.2.7 DNA Sequence Analysis

DNA sequence analysis performed byEurofins MWG Operomusinga modification of thedidesoxy
chain terminationmethod 436) with fluorescently labeled dideoxynucleotidasd thermostable DNA
polymerases &ycle sequencm)® Products bthe sequencing reaction are analyzed by capillary

electrophoresis.
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2.3 Generation of Transgenic Mice

Different mouse strainare usedfor the generation and breeding tansgenic mouse linegof an
overview sed able 20 on p.142). Table 3 lists transgenianouse lines thareeither generatedndbr
used throughout this workurther details on Cre transgemimmuse linesregivenin chapter3.1.50n
p. 90.

Table 3. Transgenic mouse lines, transgene systematic names and genotypes , and genotyping primers .

The genotype nomenclature of mice (and ESCs) with targeted mutations is used as follows. & orefers to targeted

alleles and 06+06 to the wil diorefgrptetargeted aldles regardless of theostamisof i on a | al
Cre recombination, while 6 L 2 6 r e f targeted (toxP-flanked) allele before Cre recombination (2 loxP sites
present)y and 6L 106 refers to the targeted al lleft)l &enatypihgeprimeSfoe r ec omb
targeted mutations are used to distinguish between wild type (+/+), heterozygous (+/1), and homozygous (1 /T)

genotypes; the primers cannot be used to distinguish between conditional 6 L 16 and s.0Qeofping ! | el e
primers to detect random transgene (tg) insertions bind within the transgene, therefore no PCR product is

obtained with wild type (+/+) genotypes; primers cannot be used to distinguish between heterozygous (tg/+) and

homozygous (tg/tg) genotypes. Primer sequences in Table 19, p. 141.

Transgene Systematic namef the transgerie Alleles Genotyping primers Reference
Targeted mutation

ROSA2gacZ B6.129SGt(ROSA)26Swser +71(L2L) ROSAQ ROSA1l, (649
RF127

ROSA28r39tk B6;1295t(ROSA)26 3ujfsr3otk)Feil +; 1 (ROSAQ ROSA1l1, this work
RF127

ROSA261T/sr39tk  B6;129Gt(ROSA)26 JpACTBITomatar3otkFel + - 7 (ROSAQ ROSA1,  this work
ROSA

ROSA2E€AGCGI500 B6;1295t(ROSA)2636Y L (ACTEGIS00)Feil +; 1 (ROSAQROSAL Thunemann\&enjn
ROSA preparation

SMKI B6.129r agl#Ani(cre/ERT2)Feil +; 1 RF67, SW16, SC1:(5))

SMb rescue 129Tag|An2(PRKG1Hm +; 1 RF67, SW8, SW12 (279

MLC2&Cre B6.129My|Fmi(cre)kre +; tg Cre800, Cre1200 (375, 4317

Transgene insertion

CM\Cre B6Tg(CM¥re)llpc +; 19 Cre800, Cre1200 (439

NesCre B6Tg(Negre)1Kin +; 19 Cre800, Cre1200 (439

RIRCre B6Tg(Inszre)23Herr +; 19 Cre800, Cre1200 (440, 441

SM445Gi5001 B6;B6DI g(SM448Gi500)1Feil +; tg MH5, MH12 this work

SM445Gi5005 B6;B6DI g(SM448Gi500)5Feil +; tg MH5, MH12 this work

CMWcGi60006 B6;B6DI g(CM\MGi6000)6Feil +; 19 MH5, MH7 this work

CMWcGi600610 B6;B6DI g(CM\Gi6000)10Feil +; 19 MH5, MH7 this work

CMWcGi600011 B6;B6DI g(CMGi6000)11Feil +; tg MH5, MH7 this work

*For further details on nomenclature, see Table 20 on p. 142 and ref. 442, 443.

2.3.1 Mouse Husbandry and Breeding

Mice are housed in the animal facility of the Interfaculty Institute for Biochemistry -2220 and
50-55% relative humidity in a 12 light/12 h dark cycle. Single animals or groups2# animals are
kept in type Il standard cage36Qcn¥), or groups of up to eight animals in type Ill standeades
(1010cn¥). For bedding, autoclaved shredded wood chifsiff Spezialdidten GmbH, Soest,
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Germany)are used; animals have access to stahdodentchow (Altromin Spezialfutter GmbH &

Co. KG, Lage, Germanwand Snifj andtap waterad libitum For breeding,one stud male (age

(6 weeks)is placedtogetherwith 1-3 females(age 632weeks in atypell cage before delivery,

females are separated intgpelll cages (12 pregnant females per cage) with nesting material

(‘Nestlet§ EmdconJung GmbH, Forstinning, Germangnd extruded breeding chogAltromin,

Sniff). Weaningand separation of males and feesalis performed -8 weeks after birth. Upon

weaning, animals receive ear tags for identification according hoanivedsal mouse numbering

sy s t @44 tissueobtained during ear tagging is used for routine genotyping as describ&d2n

2.3.2

=a —a —a
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PCR-based Mouse Genotyping

10xReaction buffer S: 106M Tris-Cl pH8.8, 500mM KCI, 0.1% Tween20, 15mM MgCl,
(PEQLAB),st ore at T 20AC.

10xRT buffer. 100mM Tris-Cl pH8.0 (ImL 1M Tris-Cl pH8.0), 500mM KCI (5mL 1M KCI),
15mM MgCl, (0.15mL 1M MgCly), 2mM of each dNTP (4x0.eaL 100mM
dATP/dGTP/dCTP/dTTP), 3.68L H,O. Store in 0.5mL aliquots af 20°C.

dNTPs: 100mM dATP, 100mM dCTP, 100mM dGTP, 100mM dTTP (PEQLAB)

Oligonucleotide primersTable 19, p.141) diluted to 25uM, st ore at 71 20AC.
PCR lysis buffer: leeaction buffer S (10QuL/mL 1O0xreaction buffer S), ing/mL proteinaseK
(20 uL/mL 50 mg/mL proteinaseK), prepare fresh before use.

ProténaseK: 50mg/mL proteinas&i n 1T TE, store at 120AC.
Taqpolymerase: SAWADYTaqpo | y mer ase (PEQLAB), store at T20AC.

Polymerase chain reaction (PCR45 is used for mouse genotyping. The template DNAor

genotyping PCR isolatedfrom ear puncheor tail tip biopsies.

23.2.1

=
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2.3.2.2

DNA Extraction from Mouse Tissues for Genotyping PCRs

Incubate tissue samplesernight at 55°Gn PCR lysis buffer (5QL for ear punches, 1Q4L for tall
tips).

Vortex and centrifuge for fin at 13,000rpm. Transfer thesupernatant into a new 0nil. PCR tube.
Inactivate remainingroteinaseK activity and denature DNA for 1%iin at 95°C.

Centrifugefor 3 min at9,000rpm.

Use 12 L of the supernatant f&#CR and store the remaining DNAnNtaining solutioratT 20°C.

PCR

PCR conditionslepend orannealing temperaturés,) andPCR productength(Table 21 on p.142).

Preparea master mixhat containsger reactiop2.5uL 10xRT buffer, 0.2 uL Taq polymerase, primers
according torable 21, andH,O to 23pL.

Distributeeachtime 23 pL of the master mixo PCR reaction tulsgrepared with £ pL genomic DNA.
Prepare alsa positive controwith DNA from a mousef known genotype and a negatieentrol with
H,O instead of template DNA.

Spin down, if necessary, platiee samples in the thermocycl@PEQLAB Primus 96 Advancegandrun
the respective PCR program.

After PCR,analyze products on &®2agarosael.
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2.3.3 Generation of Transgenic Mice by Oocy te Injection (Random
Mutagenesis)

9 Dialysis tube: Cut dialysis tubghigh-retention, cellulose, MWCO 1240&igmaAldrich) to 6-12cm
piecesand autoclave them twice in fresh 1xTE. Store in 1xTE.
1 Oocyte injection buffer: 1M Tris-Cl pH 7.5 (10mL/L 1 M Tris-Cl pH 7.5); 0.1mM EDTA (200pL/L
0.5M EDTA pH 8.0). Filter througha0.gm st erile filter and store at T120AC.

Transgend®NA must be free of impurities that disturb injecti@ngdust or other particles) or impair
oocyte survival €.g. bacterial eadotoxins phenao). Furthermoreall prokaryotic sequences.d. the
plasmid backbone) should be removed from the transgene DNA before oocyte injection, as
prokaryotic sequences surroumgl the transgenesventually inhibit transgeneexpression 446).
Transgene DNAs excised from the plasmid vector by restriction digéke transgene DNA fragment

is purified by agarose gel electrophorestectroelution filtration, and ethanol precipitation according

to the following protoco(M. Hillenbrand, 2007):

1. Digest50ug plasmidDNA for transgenésolaion.
2. Add 6xloading dye and loadhe restriction digest reactionto a preparative gel (0-8% agarosein
1xTBE). Place the electrophoresis chamber on ice and run the gel Wi#icsn.

3. Excise the transgene DNA fragment under UV illumination with laagelength UV light 380nm).

Place the excised gelafyment ina dialysis tube.Add 1xTBE buffer and close the tub®erform

electroelutiorat 56 V/cm on ice(see als@®.2.3.3.

Place thedNA-containingbuffer intoa 2mL tube and centrifuge for &in at 13,000rpm and4°C.

Filter the supernatant through a Qun filter that was pravetted with 1xTBE. Wash the filter with

200puL 1xTBE.

Precipitateovernightwith 1/10 volume 3M NaOAcpH 5.5 and 5 volumes 100% ethanolat1 80°C.

Centrifuge for 30min at 5000rpm and4°C.

Wash pellet twice with A ethanol(pre-chilled to 1 20°C), centrifuge for 1@nin at 5000rpm and4°C.

Dry pelletunder vacuum anésuspend in 5QL oocyteinjection buffer.

0. Estimate the DNAconcentrationwith UV spectroscopyadjust concentration t@ ng/uL with oocyte
injection buffer, and check fragmeirttegrity on anagarosegel (load differentDNA amounts in a
dilution series)

a ks
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Injection of purified transgene DNA into male pronuclef fertilized oocyteswas performed by
members ofthe Transgenic Facility dbingen [eader Dr. Thomas Ott) according to standard

procedures447).

2.3.4 Generation of Transgenic Mice by  Targeted Mutagenesis in ESCs

1 100xG418(40mg/mL): Dissolve 1.6 geneticire sulfate (G418 GIBCO, Life Technologiesin 40mL
PBS, sterilize by filtration, and store imi_ aliquots af 20°C.

f 10°xGCV (20mM): Dissolve 50mg ganciclovirNa (Cymeven® Roche Diagnostics Deutschland

GmbH, Mannheim, Germahyn 10mL H,0, sterilize by filtration and store in 5QIL aliquots af 20°C.

2xTrypsin/EDTA: Mix 4 partsPBS with1 part 10xrypsifEDTA, store at 4°C for up tb month.

500%2-ME (50mM): Add 70pL 2-mercaptoethanol (ME) to 20mL PBS, sterilize by filtration and

store in1 mL aliquots af 20°C.

1 500<LIF (0.5x10° U/mL): Dilute 1 mL (1x10’ U) leukemiainhibitory factor (LIE Millipore GmbH,

Schwalbach/Ts., Germany) with t8. feedemedium, store in InL aliquots at 4°C.

DMSO (dimethyl sulfoxide)

ESC medium: 8086 DMEM (400mL), 20% ESGFBS (100mL), 1x1C°U/mL LIF (1 mL 500xLIF),

0.1mM 2-ME (1 mL 500x2ME), store at 4°C.

1 ESC/G48-medium: 40Qug/mL G418 (5mL 100xG418/500nL ESC medium

= —a

= —a
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ESC/GCVmedium: 2uM GCV (50pL 10*xGCV/500mL ESC mediuh

ESGFBS: ESCtested FBS (GIBCO, Life Technologiesorder no1027010, lot 40F2342K, heat
inactivated(30 min at 56°C), store in 5L aliquots aff 80°C.

1 Feedemedium: 9% DMEM (450mL), 10% ESGFBS (50mL), store at 4°C.

= —a

In comparison to randommutagenesismethods oftargetedmutagenesisannot be performed in the
mouse embryo itself, budre performedin ESCs(seeFigure 2 on p. 3). Culture is performed in
presence ofeeder cellsand leukemiainhibitory factor (LIF) adéd to the medium4@48). LIF and
other factors secreted by the feeder cells as well as feedeio-ESC contacts preventESC
differentiation and loss of pluripotencifor successful generation of transgenic mice from targeted
ESCs, puripotent ESCsnustcontribute tothe germ-line of chimeric mce generated bynjection of
ESCsinto wild type blastocyss. It is therefore critical that ESCs remain pluripotent duringiiro
culture. The time in culture should therefore kept as short as possible and appropriate culture

conditions must be strictly maintained.

In this work, the RIESCline (449 is used and frozen stocksiipassagd5 (frozen in 02/199%re
thawedfor gene targetingexperiments General requirementand procedurefor the culture of R1
ESGs are specified hereinafter.

9 ESCsare cultured on mitotically inactive feeder cdbige belowpnt 37°C and & CO, (Innoval1l50 CO,
incubator, New Brunswick Scientific, Enfield, CT, USW)ESCmedium containing LIF and 20FBS.
Recommended medium volumes for various culture vessels are giVahlew.

1 Thaw and fate feeder cells iESCor feedemedium 624 h beforeESCsare seeded onto the feeder cell

layer. If feeder cellsre platedn feedemedium, change tESCmedium~1 h beforeESCsare seeded.

ChangeESCmedium every day or every other day, depending on culture density.

Passag&SCsat 80-80% confluene: washthe cellsoncewith PBSandadd 1xtrypsifEDTA (volumes in

Table 4) to detachthe cells When cellsbeginto detachafter 35 min), resuspendo obtain a single cell

suspensionandadd 12 volumesESC medium Pelletize cells by centrifugation forrBin at 1,000rpm.

Resuspendhe cell pellet irESCmedium, and late ESCsonto new feeder celis splitting ratie of 1:5

to 1:15, if not statedbtherwise Keep notes on the passage number!

9 To prepare frozen stocks, detach cellstiypsinisation add 12 volumesESC medium, centrifuge, and
resuspend cells freezing mediun(90% ESC medium, 186 DMSO). Subdivide cells to several frozen
stocks to have cells from Bxn¥ per vial (e.g. cells from a T75 flask intesix 1 mL aliquoty. Freeze
cellsin a Styrofoambox placedat1 80°Cfor at least 24 hthentransfer the frozen stoclsto a cell bank
with liquid nitrogen.

1 Thawfrozen stocks in avater bathat 37°C add thecell suspensioio 4 mL ESCmedium, centrifugéor
5min at 1,000rpm, and resuspend the pellet BBC medium Cells are plated onto a T25 flask, if not
statedotherwise.

E

Table 4. Surface areas, medium volumes, and trypsin volumes for typical culture vesse Is.

Format Area (per well) Total area Medium Trypsin
T25 flask 25 cm? 25 cm? 5mL 2mL
T75 flask 75 cmz 75 cm2 15mL 5mL
T175 flask 175 cm? 175 cm? 20mL 8mL
100 mneulture dish 55 cm? 55 cm? 1015mL 5mL
6-well mukvell plate 9.5 cm?/well 57 cm2 23mL 1mL
12well mukivell plate 3.8 cm?/well 45.6 cm? 1-1.5mL 0.5mL
24well mukvell plate 1.9 cm?/well 45.6 cm? 0.51mL 0.3mL
96well mukvell plate 0.32 cm?/well 31 cm? 106200puL 50puL
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2.3.4.1 Gene Targeting in ESCs

The introduction ofa transgene at a defined genomic locus ofEBE€ genomeis performedin gene
targeting experimentsThese experimentely on homologous recombination betwegitransgene
containingtargeting vectoand corresponding genomiESC DNA (seel.1l.2on p.2). Homologous
recombination is very inefficient compared to the random integration dhtheting vector into the
ESC genome. With the use of selection methods, ESCs acbexhrivhich integrated thieansgendoy
homologous recombination and not thegeting vectoby random integratiorHjgure 9A).

Selection via ramagene SNECE
Neomyein/DTA
@ ==
neoR
Homologous recombination Random integration

— T —- — T —-
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Figure 9. Gene targeting in ESCs.

A. Strategy for the enrichment of targeted ESCs by positive selection with neomycin-related G418 and negative
selection by diphtheria toxin fragment A (DTA). G418 is added to the culture medium to select for Neo"-
expressing ESCs by elimination of wild type (G418-sensitive) ESCs. Additionally, ESCs that carry random
integrations of the targeting vector are eliminated
the homologous arms. During selection, neomycin-resistant, DTA-negative cells are enriched, which should have
undergone correct homologous recombination. B. Low passage ESCs are thawed and expanded (1), transfected
by electroporation with the linearized targeting vector (2). After electroporation, selection for targeted ESCs takes
place (3, see panel A). After 7-9 days of selection, surviving ESCs form colonies large enough for manual
isolation (4). Cells from individual colonies are isolated into 96-well plates and are passaged into two replicate
cultures (5), of which one is frozen for later expansion and blastocyst injection (6); the other replicate is passaged
to generate three replicates for DNA analysis by Southern blot or PCR (7).
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Integration of the transgereads to expression of tiéed® gene,resulting inresistance againghe
neomycinrelated aminoglycoside antibiotgeneticin(G418). Consequentl a positive selection for
G418resistant ESCs takes place that will kill all unmodified (wild type) ESCs. The targeting vector
carries an additional negative selection marker that is not part of the transgen€igsedf (B, C).

Its expressiomnvill lead toablationof ESCswith random integratiosiof the targeting vector. gypical
marker genaisedfor negative selection idiphtheriatoxin fragmentA (DTA), which is a genetically
encodednhibitor of protein synthesiteadng to cell death(450). During a gene targeting experiment
(overview inFigure 9B), ESCsare transfected with the lineariz&atgeting vectoby electroporation
with the Gene Pulser Xcell Electroporation System {B&x). Then theyare plated onto G418
resistant feeder cell® a densitythat allows for the growth ofindividual (clonal) ESC colonies.
During selection~99% of the original ESC populationdies, and the remaining G4i&sistant, DTA
negativeESCs(Figure 9A) grow to coloniesof asize thatheycan bemanuallyisolatedandpassaged
to duplicate96-well plates(Figure 9B). One duplicate (plate A) is frozdar culturerevitalizationand
blastocysinjection while the other duplicate (plate B)passageto three replica plates (B), which
are used to isolateSCgenomicDNA for analysis by Southern blot or PGRigure 9B).

Protocolsfollow standard procedures (as described4ii) andare adapted fronS. Feil ¢51) with
slight modificatons for the use of an electronic multichannel pipett&gpendorf Xplorer plusfor

handling ofESC cultures i®6-well plates.

A) Generation and Irradiation of MEF Feeder Cells

Mitotically inhibited mouse embryonic fibroblés (MEFcells) areused as feeder cells. To arrtwir
cell cycle, DNA damage is induced lgyirradiation During gene targeting experimenisSCsare
treatedwith selection agents, usually with G418heFefore feeder cells must b&418resistant,
which means that theyeed to belerived from transgenidNed*-expressingmice. During thiswork,

MEF cells derived from embryos carryitige SMIb rescuétransgend279) are used

1. Mate2-4 males flomozygous for théled® transgengto each timewo females ¢57BI/6 age(B weeks)
On the next morning (=8.dpc, daygost coitur), check females for the presence of copulation plugs and
separateplug-positive females

2. On 14.5 dp¢ sacrifice 3 pregnant femalessterilize the fur with @% ethano] and maintain sterility
during the whole procedur®pen the abdomen aneihnove the uteri. Colle¢che embryos in a petri dish
with PBS remove lhe amniotic sac, angmove heaslandall blood-illed (=red-colored) organfrom the
embryos

3. Cut the carcasses to small piecesand transfertheminto a 50mL tube filled with XxtrypsifEDTA
(1 mL/emlryo). Incubate for 1@nin at 37C.

4. Dissociate théissue with pipettesuge in the order 23.0, and5 mL), incubate for another fin at 37°C,
and homogenizéhe suspension with 2mL pipette.Add 2mL feedermediumper embryo, resuspend
and allow debristo settle for Gmin. Add 20mL feedermedium toT175 flasks (2 flaskdembryo) then
add1.5mL of thecell suspensiono each bottleGrow cdls to 93-100% confluence at 37°C and6CO,
within 4-6 days

5. Wash cellsn each flaskwith 15mL PBS,detachthemwith 5 mL 1xtrypsin/EDTA (510 min at 37C),
thenadd 6mL feedemedium and resuspend.
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Remove 9ImL from every flask (collect it a 50mL tube),add 18mL feedermediumto theremaining
2 mL cell suspensigrandlet the cellgrow again to 10% confluence.

Centrifuge the collected cell suspensiom fomin at 1,000rpm and resuspenthe cell pelletin feeder
medium (4 mL/T175flask). Allow the cells to settle and irradiatthem with a dose of ®OORad
(50 Gray), either in thedverfligungsgebauder in the animal facility of the pediatric clin{in both cases
with a Gamnacell 1000 device, NordiorQttawa, ON, Canada

Centrifugeirradiatedcells for 5 min at 1,000rpm and resuspentthe cell pelletin 3 mL freezing medium
(90% feedemedium, 106 DMSO) per flask Aliquot the cell suspension todzen stocks with inL/vial
and freezehemat1 80°C. Transfer the vials to a cell bank witguid nitrogen.

Repeatheprocedure up tthe sixth passage

B) Preparation of the Targeting Vector

1.
2.

3.

4.

Linearize40-80 g targetiny vector by restriction digest.

Precipitate DNA with3 M NaOAc pH 5.5 and 1006 ethano] wash twice with 7% ethanoland dry the
pellet under sterile conditions.

Dissolve the DNA in sterile PBS and take an aliquot for concentration measuremlesmgaaosegel
electrophoresis, store DNA a20°C.

Use 25 pmol (2050 g at15kb) linearized DNA for electroporation.

C) Preparation of ESCs

1.

2.

3.

Thaw lowpassageESCs plate them onto 25cm?, passagehem to 75cm?, and let them grow to
60-80% confluence.

Washthe ESCstwice with PBS, detach them withm3L 1xtrypsifEDTA, resuspend, add L ESC
medium,andcentrifugefor 5 min at 1,000 rpm.

Resuspend the cell pellet 10mL PBS add5 pL trypanblueto a 45uL aliquot of the celsuspension
and ountthe cellsin a Neubauer chambéhe viability should bed®5%). Centrifuge agairfor 5 min at
1,000rpmand resuspenithe pelletn PBS toobtaina density of 0.81x10" ESC¢mL.

D) Electroporation and Selection

1.

Mix 0.7mL of the ESC suspensiomwith linearizedtargeting vector and transfdéte suspensiointo an
eledroporation cuvette (d&=mm).

Performthe electroporaibn with 230V and 500uF, t should be-5 ms.

Leavethe cellsin the cuvettdor 5 min atroom temperaturghentransfer themnto 9mL ESCmedium,
resuspendanddistribute the cells to 1€ulture dishe$100mm) with feeder cells.

Start G418 selection 24 after electroporatianDuring selection, ltange medium every dayr every
otherday, depending owulture density anthe numberof deal cells

4-6 days after lectroporationnonresistanESCswill start to die,while coloniesof G418resistanESCs
will growin sizeandareidentified by their sharp borders.

E) Isolation of ESC Clones

1.

ESCclonesareisolated 79 days after electroporatiotsolationof clonal ESC colonies can be repeated
up tothreetimes every 12 days 100400 clonesareisolated per day.

For theisolation of96 ESCcolonies preparegwo 96-well plates (eplica pates A and B)with feeder cells
in 100 pL ESAG418 medium

Prepare roundbottom 96well plateswith 50 pL PBSto accommodate the isolateE&Ccolonies

Placea steremicroscope(Stemi 2000C with transmittedight unit S Carl Zeiss Microscopy GmbH
Gottingen, Germanyinside a tissue culture hoodetach undifferentiated ESC colonies Wwitsharp
bordersfrom the culture dish using a 20 pipettesetto 2L. Race everycolonyinto a new wellof the
PBSfilled roundbottom 96well plate unti 96 coloniesareisolated(within ~60 min).

Add 50 pL 2xtrypsifEDTA, incubate for 1@nin at 37°C, resuspend, addOuL ESAQG418 medium
and resuspend again.

Plate eachtime 90 uL of the cell suspensioto plates A and Bchangethe mediumon the next day.
Freezeplate A at 6680% confluence, passagéate Bat 96100 confluence
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F) Freezing of ESC Clones in Plate A

1. Remove medium fromplate A, wash cells with150uL PBS, and detach them with 50 pL
IxtrypsinEDTA for 10min at 37°C

2. Add 150 pL freezing medium (9% ESCTG418mediumwith 10% DMSO) and resuspend

3. Closethe plate tightly with autoclavéape,andfreeze cells slowly for-Bh at120°C. Store the frozen
platesati 80°C for up to 2 months.

G) Passage of ESC Clones in Plate B

1. Add 150uL ESQG418 medium tawo new 96well plateswithout feeder cell§Plae CandD).

2. Remove the medium from plate B, washthe cells with 150 uL PBS, detachthem with 50 pL
1xtrypsinfEDTA for 10min at 37C. Add 100 pL ESQG418 medium and resuspend.

3. Transfereachtime 50 L of the cell suspensiofiom plate Bto theplates C and Dthenadd another
150 L ESAG418medium toplate B.Grow cells to 10& confluence.

4. Removethe medium, washhe cells twice with 150uL PBS andallow the cells todry. Isolate the
genomicESCDNA, or storedried cellsatT 20°C.

2.3.4.2 Southern Blot Analysis

0.2M HCI: Add 20mL 37% HCI to 980mL H,0.

0.4xSSC, 0.% SDS:20 mL/L 20xSSC, SmL/L 20% SDS.

0.5M NaOH/1.5M NaCl: 20g/L NaOH and 87.5/L NacCl.

0.5M Tris/3M NaCl pH 7.4:60.58g/L Tris, 175.3g/L NaCl, aljustpH to 7.4 with HCI.

1M NaHPOy: 177.99g/L NagHPOy.

1M NaH,POy: 137.99g/L NaH,PO;.

10% BSA: Dissolve 53 BSA in 50mL H,0, heat in water batht 65°C

10xLabeling buffer with octadeoxyribonucleotides (NEB), stoiie2a@cC.

2xSSC, 0.% SDS: 100mL/L 20xSSC, SmL/L 20% SDS.

20xSSC: 175.3)/L NaCl, 88.2g/L trisodium citratedihydrate

50XTAE: 400mM Tris-acetate (248/L Tris, 57.1mL/L aceticacid), 50mM EDTA (100mL/L 0.5M

EDTA pH 8.0).

Chloroformisoamy! alcohol.

Church buffer: % BSA (50mL 10% BSA), 0.5M phosphate buffepH 7.2 (193.5mL 1M NaHPO,

and56.3mL 1 M NaH,PQ,), 7% SDS (175mL 20% SDS),50 mM EDTA (1 mL 0.5M EDTA), H,O to

500mL. Sorein 50mL aliquotsatT 20°C. Preheat and add ssDNA to a final concentration ah@/hL

(10 uL/mL 10 mg/mL ssDNA) before use.

dCTP a%%P (3000Ci/mmol, 10mCi/mL, EasyTide; PerkirElmer, Rodgau, Germany), store at 4°C.

DNA | ysis b uHESer: mNaoreiChphl 7.4 (10mi/l61 M Tris-Cl pH 7.4), 10mM NaCl

(2mL/L 5M NaCl), 10mM EDTA (20mL/L from 0.5M EDTA pH8.0), 0.86sarcosyl (5g/L

N-lauroylsarcosine sodium salt; SigiA&drich). Before use, adgroteinaseK to a final concentration of

0.25mgmL (5 pL/mL 50 mg/mL proteinase).

T DNA lysis buffermWTas-Gl pHi7#4 (5&L/L(1MSTRSC) pH 7.8),(6 mM EDTA
(10mL/L 0.5M EDTA pH8.0), 1% SDS (50 mL/L 20% SDS) 200mM NaCl (40mL/L 5M NaCl),
autoclave Before use add proteinaseK to a final concentration of 0fmg/mL (10pL/mL 50 mg/mL
proteinaseK).

T DNA lysis buffer mMTHs-GlpHt8.0@mLLA MNESTBHpH 8.0), 3r@M EDTA

(10mL/L 0.5M EDTA pH8.0), 1% SDS (50 mL/L 20% SDS) 400mM NaCl (80 mL/L 5M NaCl),

autoclaveBefore useaddproteinase K to 0.4ng/mL (8 uL/mL 50 mg/mL proteinaseK).

= —a_a_a_a8_4a_-a_-a_-4a_-2_-»

= —a

= —a

1 dNTP mixture: Mix equal parts of 2€fold dilutions of 100mM dATP, dGTP and dTTP (PEQLAB),
storein25pLal i quots at 1 20AC.
Ethanol/NaCl (for one 9évell plate): Add 15QuL 5 M NaCl to 10mL ethanolprec hi I Il ed t o T 20AC) .

Filter paper: Whatman 3MM gel blotting paper, 0.34 mmx460 mmx570 mm.

Klenow Fragment3 E Y 5 E Klenawdragment (5)00Units/mL; NEB), store at T1T20AC.
LSC: Liquid scintillator cocktail UltimaGold (PerkirElmer, Rodgau, Germany

MembraneHybondN*, 20cm>3 m (GE Healthcare, Freiburg, Germany).

NICKc ol umns: i | colunsg witlsepiddexGE (GE Healthcare).

Phenol¢hloroformisoamyl alcohol, store at 4°C.

ProténaseK: 50mg/mL proteinas&Ki n 11T TE, store at T120AC.

RNase:10mg/mL RNaseH in 1xTE, storein 1mL aliquotsat T 20 AC.

ssDNA: 10mg/mL salmon sperm DNA (Roche), store inriL aliquots af 20°C. Denature for fin at

99°Cto obtainsingle-stranded DNA (ssDNApefore use.

= 4 _—a_a_a_-a_-4a_-9a_-9a_-2

-48 -



Materials and Methods

To identify targetedESCsamongcells that escaped positive and negative selection, Souttietn
analysisis performedwith genomicDNA isolatedfrom ESC colonies This analysismethod is based
on the detection of an altered restriction pattern upon integration of the tramsgheearget locus
After isolation,genomicDNA is digested withan appropriateestriction enzymeand separated by
agarosael electrophoresis. Tuisualizetherestrictionfragmentspecificallybelonging to theargeted
locus, DNA is blottedfrom the agarosegel to a membrandoy capillary transfe(452). Then, he
membraneis incubated with a radioactively labeldaNA probe binding only to the restriction
fragment of interestProbelabeling is performedvith a[*P]dCTP by random primed labelingt63,
454). Probebinding is detected by exposwta storagephosphor screefiuji Imaging Platefuijifilm
Medical Systems Stamford, CT, USA}Jo the membranerurther details on the choice of restriction
enzymes compatible with the underlying screening protacuihe choice of m appropriatgrobe,or
on the use of PCR to screen for targdiRI{Cscan befound inref. 447. Additionally, Southerrblot
analysisis usedto analyze DNA of conditional transgenes after-@eombination irESCsor tissue
isolated fromtransgenic micdgaccording to protocoR.3.4.2B) and to verifyESC genotypes after

blastocysinjection.

A) Isolation and Digestion of ESC DNA in 96-Well Plates

1. Add50pL DNA lysis buffer (variantl, ESG ith proteinase Ko a96-well plate withdriedESCsand
wrap the plate tightly witlsaran wrap. Incubate the plaieernight at 55°C

2. Allow the pate to cool dowrio room temperatureand theradd 10QuL ethanolNaCl, and precipitat¢he
DNA for Q1 h atroom temperaturéthe DNA will stick to the plastic surfaaf the 96well plate).

3. Decantethanolcarefully, wastthe precipitatedDNA 2-3 timeswith 100uL 70% ethanol(pre-chilled to
120°C), drytheDNA for 1 h atroom temperaturédried DNA can be stored at20°C.

4. For Southerrblot analysis,add the restriction enzyme miare directly to the driedyenomicDNA in the
96-well plate(50 pL/well), wrap the plate tightly witlsaran wrapandincubateovernightat 37°C
Restriction enzyme migompositionfor 1 well:

Restriction enzyme buffd NEB1/2/3/4) 5 uL
100xBSA: 0.5puL

Restriction enzyme: fiL (20 U)

H,0: 43.5uL

O o0ooo

5. Prepare agarose gels wifour rows 426 lanes ©.8% agarosein 500mL 1xTAE without ethidium
bromidg. Load 3040 uL of the DNA size markeiinto the first and last lanef each row Add 10pL
6xloading dyeto each well of the 96@vell plate andload 5055 pL of the digesed genomicDNA onto
the agarose gétow-wise: A,B/C,D/E,F / G,H).

B) DNA Isolation from ESC Pellets and Tissue Samples

If necessary, cut tissue samples into smaller piacglsmake sure that samples are agitated during
proteinase K digestionUse 700uL/ESC pellet or 700uL/50-100mg tissue of DNA lysis buffer
variant2 ( 6 S F 6niL/5®cn? cells or 4mL/100mg tissue of DNA lysis buffer varialB( 6 SNET 6 ) .

Do not vortexhe samplesluring DNA preparation
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Incubae samples overnighdt 55°Cunder agitationin awater bath

After overnight incubation, add RNase (10/mL) and incubate for h atroom temperature

Add thesame volume gphenolthloroformisoamylalcohol;shake for 3@nin onashaker

Centrifuge10 min at 5,000rpm, transferthe supernatant (aqueous phaseqtew tube and adihe same

volume ofchloroformisoamylalcohol, shake for 1&in onashaker

Centrifuge 10 min at 5,000rpm, transferthe supernatant (aqueous phaseatew tube and adihe same

volume of2-propano] mix by inversion and shake for 30in onashaker

Centrifuge for 20min at 10,000rpm and4°C; washthe pelletwice with 70% ethanol

Dry the DNA pelletunder vacum (Eppendorf Concentrator 530fr 10 min at 40°C. Take care not to
overdry the pellet.

8. Add50-100pL 1xTE buffer; shake overnight at 4°C, théor 0.51 h at 40°C

9. Estimate DNA concentration and purity by UV spectroscopy. Usg g DNA per restriction digest (in
50 L final volume); load the complete digest onto dgarosayel.

PwbE

o

No

C) Southern Blot

1. Run gelat 80-100V. Checkfor the progressby the running frontof bromophenol blueand xylene
cyanoldyes

2. Stainthegelfor 30 min with ethidium bromide Q.01 mg/mL in 1xTAE). Destainthe gelfor 10-20 min in
H,0.

3. Takeaphotograph of the gel with leal or size marketdgke picture with aigital camera).

4. Perform epurinationfor 10min with 0.2M HCI (color change obromophenol bluefrom blue to

yellow). Wash with HO.

Perform @naturatiorfor 45min with 0.5M NaOH/1.5M NaCl. Wash with HO.

Neutraliz the gein 0.5M Tris/3 M NaClpH 7.4 for 30 min. Wash with HO.

PerformSoutherrblot; build the following setp (from the bottom to the tQp

Nowu

Buffer reservoir 2 L 10xSSC) in blackank with gel tray tfay isupside down)

Filter papermon top d the gel trayfilter paper dips into the buffeeservoir

Agarosayel (upside down)

Hybond N' membrane (prevetedwith 10xSSC)

Parafilm around the membraneo(contactbetweerfilter papersabove and below the membrane
Filter paper (six sheets)

Two stacks opaper towels

Gel chamber lid with-1 kg weighton top

O O0OO0OO0OO0OO0OO0O0

8. After Southerrblot, label pocketsind themembrane, cuhe membrane to the correct size (remdeees
with DNA size markesto reducebackgroundiuring hybridizatioi.
9. Dry themembrandor 3 h at80°C.Storethe membrane in saran wrap &C4

D) Radioactive Labeling of DNA Probes by Random Primed Labeling

If more thantwo membranes ariicubated with the prohehe labeling reactioneeds to be upscaled
as well as the number dfICK columrs usel for purification The ROSA265 @robeis isolated with
EcoRl from @CR-I-RosaBprobé (obtained from R. Kihn), théNeo-probe with Pstl from
pPGKneoA+LS1(provided by R. Fejl

1. Dilute 100ng of the probe template DNA in 3gL H,O. Denatue theprobefor 5min at 99°C, chill on
ice (2-5 min), andspin down Performthe labeling reaction; therefoaeld to the desiured probe (38LL):

5 pL 10xlabeling buffer withoctadeoxyribonucleotides
6 pL dNTP mixture

5uL a[*P|dCTP

1 pL (5 U) Klenow fragment

OO0 oo

2. Incubae for G50 min at 37°C
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Remove storage bufférom NICK columrs, washoncewith 3mL 1xTE, and equilibrate by addition of
3mL IxTE.

Removea 1pL aliquotfrom the labeling reactigradd the aliquato 10mL LSC. Add 30 pL 1xTE to the
remaininglabeling reactio(~50pL), loadthe dilution on theNICK column and collect fractionspon
buffer addition

o0 Fraction 1:320puL 1xTE (death volumeno radioactivity)
o0 Fraction 2500uL 1xTE (labeled probe)
o Fraction 3:800pL 1xTE (freea[*’P]dCTP)

After mixing and centrifugation of the fractiomagasurghe radioactivityof 1 uL aliquotsin 10mL LSC
of each fraction and the labeling reactiare liquid scintillation analyzer(2500 TR, Packard, Frankfurt
Germany)

Denaturethe probgfraction2) for 5 min at99°C. Chill for 2-5 min on ice

E) Membrane Blocking, Hybridization and Washing

1.

n

Nouk,ow

2.3.4.3

2344

Build stack of memtaneswith nylon spacer meskBiometra GmbH, Géttingen, Germany) in between
the membrare Wrap to fit the stackinto the hybridization tube Put the membranestackinto the
hybridization tube; add XBSC, closethe tube, and roll it until the membrane stack is unwrapped.
Remove 18SSC, start pediybridizationin the hybridization ovefOV1, Biometrg for 60 min at 60°C

in prewarmedChurch buffer vith denatured ssDNA (1L ssDNA/mL).

Removethe pre-hybridization buffer, adchew prewarmed Church buffewith the labeled, denatured
probe

Incubate overightin the hybridization oveat 60C.

Washtwice with prewarmed2xSSC, 0.% SDS (60°C, 10nin).

Washtwice with prewarmed 0.4SSC, 0.% SDS (60C, 10min).

Wash with prewarmed 0.4SSC, 0.% SDS (70C, 10min), if necessary.

After two or threewasling steps removethe membrane stack frorhe hybridization tube and continue
washing in plastic boxgsemovethe spacemeshek

Wash until activities of 40-80Bq are detectedwith a scintillation counter abovéhe unwrapped
membrane Enwrap membranes in saran foil (on the left side: no space between membrane and foil),
placethe membranénside an exposition cassettd’ut a clearedphosphor screethat mustnot become
weton thewrappedmembraneand expos¢he screeffior 3-7 days.

Read the phosphor screen theBioimaging Analyzer Syster(Fujifilm) with 200um resolutionin 1P

mode Convert the image into the TIFF format and perform evaluation with ImageJ (NIH, Bethesda, MD,
USA).

Thawing of ESCs from 96 -Well Plates

Wrap the 96éwell platethat containghe desiredESCclones with plasticoil. Pace the wrappe@6-well

plate in a37°C water bath to thaw the cells.

Transfer the cell suspension from every well that contains a targ&€dlone into a well of 24-well
platewith feeder cellandESCmedium. Perform a medium change aftex days.

At 60-80% confluence, passage tESCsto a 6well plate. Upon the next passage, freeze a part of the
cells (3-45cm2jial) and plate the remaining cells again to -avedl plate. Expand the cellfor a
secondary targeting or use them for blastocyst injection.

ESC Secondary (Cre -) Targetin g

Crerecombinatiorof conditional transgenes performedin cultured ESCs either to verify transgene

integrity or to obtainESCscarryinga Crerecombined transgene for blastocyst injection. Throughout

this work, Cre recombinatiois performed inESCsto testif reporter geneexpression of targeted

knockins can successfullybe activatedTo performCre recombination ESCs(carrying a targeted,

conditional transgenearetransfectedvith a Cre expression plasmiy electroporationThencellsare
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plated atlow densitieswithout selectionagentsthat single ESCscan grow to individual colonies

These colonieareisolated aslescribed fothe primary targetingxperimenin 2.3.4.1E)

2.3.4.5

Prepare the Cre expression plasmid: predpitaOug plasmid DNA, washthe pellettwice with
70% ethanol and dry it under sterile conditionsResuspendthe pelletin PBS use an aliquot for
concentratiordeterminationand adjust the concentration tqud/pL.

ExpandESCsfrom atargetedESCcloneto aT75flask.

At 60-80% confluence, perform steps similar to the electroporation of the targeting vector using
1x10 cellsand50 pg plasmid DNA. Afterelectroporation, prepare 1:100 and 1:1000 dilutions of the cell
suspensioim PBS.

Add 1 mL of each dution to 10 mm culturedishes with feeder cells and®. ESCmedium.

Change the medium on the next day after electroporation and grow celi3 &tays, untiiESCcolonies
areisolated.

Perform isolation oESCcolonies as described for the initial gene targetin8.4.1E) p47).

From the two replicate plates, freeze plate A and passage plate B intll98ates without feeders for
DNA analysis and into 9@ell plates with feeder celfer selection assays.

Selection Assays

Selection assayareperformed to testvhetherCrerecombinedransgenidSCsexpressa functionaly

active HSVtsr39tkreporter. For that purposeSCsaretreated withGCV, whichis phogphorylated
by HSVEsr39tkultimatelyleadng to cell death(seechapterl.2.3for further details)

1.

2.3.4.6

= —a-a_-a_-8a_-9a_-4a_-9a_-2

E ]

For selection assays in-9¢&ll plates

0 Seed cells at 1:3:6 ratios to 98vell plates with feeder cellsAdd 50pL of the ESCsuspension
to 150 puL ESCmedium in the well.

0 On the next day, replace medium with 300ESTG418medium(400pug/mL G418, ESQGCV
medium @ uM GCV), or ESCmedium withouselectionagent

o0 Change medium evemyther day, and then every dapd deck for cell growth odeathwith a
phase contrashicroscopgAxiovert 40, Carl Zeiss)

0 When cells are confluemediumcoloris used asndicatorfor cell growth (f cells are confluent,
color changsfrom red to yellowwithin 1 day).

For selection asys in 6well plates

0 Seed cells at 1:8:12 ratios into &vells with feeder cells.

0 On the next day, start selectiovith 2 mL ESQG418 medium 400ug/mL G418),ESCGCV
medium(2 uM GCV), or ESCmedium without selection agent

o Change medium ery otherday, later every dayCheck for cell growth or death with a phase
contrast microscop@\xiovert 40)andtake photographs for documentation

Blastocyst Injection and Establishment of Transgenic  Mouse Lines

Holding pipette: VacuTifolding capillary(Eppendorf).

Injection pipette: TransferTip ES (Eppendorf).

M2 medium (Sigmé&Aldrich).

Mineral oil: light oil (neat), suitable for mouse embryo cell culture (Sigvdich).

Narcosis antidotenaloxon (1.2mg/kg), flumazenil (0.5mg/kg), atipamezol (2.5mg/kg).
Narcosisfentanyl (0.05mgkg), midazolam (5.00ng/kg), medetomidin (0.50ng/kg).
Analgesiacarprofen (4dmg/kg).

Surgical suture: Ethicoicryl P-3/5-0 (Johnson & Johnson Medical GmbH, Norderstedt, Germany).
Transfer pipette: Selinade from glassapillaries with 15 mm O.D.x1.17 mm|.D. (Clark Electromedical
InstrumentsWarner Apparatug{olliston, MA, USA)

Vaseline
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In order to obtain transgenic mice from genetically modit#sRCs they areinjectedinto wild type
recipient blastocysstage embnys to generatechimeric animals. If the transgene is transmitted
through thec h i me r alihes a tcamesgenic mouse line can be establisterdying the transgee
previouslyintroduced into th&SCgenome(Figure 10). Chimericblastocysts are transferred into the
uterus of pseudpregnant foster mothers, where they settle and develop, until foster mothers give
birth to chimeric miceFoster mothers of the CD1 outbred strain are wserkcipients fomodified
blastocysts6-8 Ildgp o s i €57BRI/@fémale mice(3.5 dpg are needed for blastocyst isolation

one injection day, and-8 o6 plosg t i ved CD1 5dpg,dntoevhich ibdS blagtacysts ( 2 .
perfoster mothemreimplanted If blastocyst injection and replantati are successful, foster mothers

give birth to chimeric mice, which derive from (black) h@87BI/6 blastocyst and injecteESCs

from agouticolored 129/Sv micéFigure 10). The extent oESC contribution to chimeric animsis
estimated from the proportion of ageatlored fur, at best-14 days aftebirth. ESCspossess a XY
karyotype, while host embryos have either a male (XY) or female (XX) karyotype. Due to the
i ncompatibility of 0f e n&Csdetalenchimeras islialysare mferflesdrs a n d
ESCsdo not contribute to the gerlime of femalechimera. In contrast, ESCs can contribute to the
germline of male chimeras; therefore, the transgene can be inherited to progeny of male chimeras that
were matedd femaleC57BI/6 mice. Only agoutcolored chimera progeny can carry the transgene,
these animals are tested by PCR for presence of the transgguee (10). Germtline transmission
occursusually with male chimeraghat showhigh prgortions (6890%) of agouticolored fur. When
chimeras are mated t657BI/6 mice, transgenic progeny will have a mixed genetic background
(C57Bl/6and 129/Sv), and to achieve uniform genetic background (usDall/6), transgenic mice

need to be backcrsed to C57BI/6 micéor OLO generationgN1-5: mixed N6-9: incipient congenic
ON1O0: ¢ lmaokgreund) Adternatively, chimeras are mated to 129/Sv mice, here all chimera
progeny will be agouttolored and needs to be tested for transgeasencéy PCR, but transgenic

micehavea6b uni f ormé 129/ Sv background.

Vasectomy of FVB/N micdaccording to standard surgery procedures described id4@f. ESC

injection, and blastocyst replantation were performed by Dr. Susanne Feil.

A) Blastocyst Donor Mice and Foster Mothers

1. TargetedESCsare injected into blastocystage embryo$3.5 dpc derived fromC57BI/6 mice: Mate
30C57BI/6 stud males (ageCBweekd with each two femaleC57BI/6 mi ¢ e  8waegke)on Ghe
eveningfour days before injectionOn the next morning (B.dpc), check female mice for the presence of
acopulatonpl ug, and -pephtaveddpemgl es.
2. To induce pseudpregnancymateCD1 femals (ageO 812 weeks) to vasectomized FVB/N male mice
( weeks).Mate 30 vasectomized FVB/N males with each two female CD1 mice on the etlem@iag
days before injectionSe p ar a t-peo s6iptliuge 6 f e ma |l e s5dpd) sotthatdlastoeystst mor ni ng
are inplanted on day 8.dpc
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B) Blastocyst Isolation

1.

2.

Prepare two 35nm dishes with B3 mL feedermedium per dondiemale, and equilibrate them for 8tin

at 106 CO, and 37°C. Prepare twgb mm dishes with 2 mL ESCmedium.

Sacrifice donor females and disinfect the abdomen wif &banol.Remove the ovaries and uterine
horns.Cut the uterine horn at the cervical junction and then at the junction of uterus and.oviduct
Place uteri in a dish witfeedermedium and wash the blastocysts ofithe uteri using a syringe with
bended 22G injection needle.

After blastocysts haw settled, collect ~5 blastocysts/doramimal under a steredcroscope(Stemi
2000C) atl0x magnification with a transfer pipette, transfer them ES@ medium, and incubate them
for 1-3hat 186 CO, and 37°C.

C) Preparation of ESCs for Injection

1.

D) ESC |
1.

Start to clture ESCs7-9 daysbeforeschedulednjection. Prepar&SCsin 6-well plates with different
densities 1:3 to 1:10 splitting ratiosiponpassageto ensurghat ESCswith appropriate confluence are
available on injection day. Prepdrezenstocks from emainingESCs(3-4.5 cm2ryovial).

On injection day, detach undifferentiate8Csat 6% confluencefrom one 6well and resuspend cells in
3-5mL ESCmedium. Use 4..5mL for injection and harvest the remaining cells for DNA isolation and
subsequent analysis by Southern blot.

Transfer theESCsdesignated for thajection into a 1.5nL tube and centrifuge for &in at 1,000rpm.
Discard the supernatant except 80 and reuspendESCsin the remaining mediumUse the cells
immediately for injection, or store them G h at 4°C, if necessary.

njection into Blastocysts

Fix a 24 mmx60 mm glass coverslip witliaseline oran 80 mmx25mm aluminum framéo prepare the
injection chambemith the glass coverslip as chamber bottom. Add two drops of M2 medium to the
chamber and overlay them with mineral oil. One drop is used to clean the injection néddI&840
blastocysts and theSCsto the other, larger drop of M2 medium.

Attach the holding and injection needles to the needle holders and fill the needles with oil, until no air
remainsinside the needles.

Place the injection chamber on the microscope stage that is cooled to 10%CtofaheESCson the
chamber bottom, and align the need&s50x magnification.

Add medium into the holding pipette from the smaller medium drop and put both needles into the
medium drop containing blastocysts anASCs Aspirate few medium into the injemn needle; the
medium/oil phase border should still be visible.

At 100x magnification, collect healtlySCs but not the larger feeder cells with the injection pipette and
inject 1315 ESCsinto a blastocyst, which is fixed with the holding pipette irappropriate position for
injection By using the holding and the injection pipette, the blastorgstberotated in a position that
allows for ESCsinjection into the inner cavity without hurting the inner cell mass of the blastocyst. The
blastocyst ispenetratedat the border between two trophoblasts. Upon injection, as few medium as
possible should be injected together with the ESCs.

Collectinjected blastocysts at an appropriate placthe medium drop. The injection procedure should
not exceea h.

After finishing the injection, transfer injected blastosysta dish withESCmedium and incubate them

for 1-6 h until replantation at 1% CO, and 37°C.

E) Blastocyst Implantation into Foster Mothers

. Anesthetize a pseudmregnant CD1 femalmouse (weight: 30 g).

Collect 812 blastocysts with a transfer pipette; collect alsoinfgtted blastocyst#f necessary.

Place the ammhetized animal under a stem@ioroscope (Stemi 2000C) Disinfect the skin with
70% ethanoland open the abdomen with a small incision between the upper leg and theilovi@rasp
the ovarian fat pad and pulary, oviduct, and upper part of the uterus ofithe body cavityWith a
22G needle,ut a small hole into theop of theuterus.

Transfer the blastocystsith the transfer pipetténto the uterine lumenand place uteruspvary, and
oviduct back into the body cavitZlose the wound, inject antidaded analgesjand allow the animal to
recover undewarminginfrared light.

Chimeras ee born20 days after blastocyst transfer.
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Figure 10. Generation of transgenic mice from targeted ESCs.

15-25tar get ed ( OESCsanesnigded into the blastocoel of blastocyst-stage host embryos from C57BI/6
(wil d t y@hei)memiicced. bdl teassterved nts utesi of psewao-pregnant foster mothers, which deliver
chimeric mice. R1 ESCs are derived from 129/Sv mouse strains with agouti-colored fur (A"/A" genotype), while
C57BI/6 mice have black fur (a/a genotype); see also Table 20 (p. 142) for nomenclature. Chimeric mice are
recognized by black and agouti-colored fur (agouti: ESC-derived, black: host embryo-derived). Cells of the germ-
line are host embryo-derived (wild type) and/or ESC-derived (transgenic). Male chimeras are mated to wild type
C57BI/6 females, and host embryo- or ESC-derived sperm cells fertilize a wild type C57BI/6 egg cell. If the
fertilizing sperm cell is derived from C57BI/6 cells, offspring will have black fur (genotype: a/a) and cannot carry
the transgene (GLT'). If the fertilizing sperm cell is derived from transgenic ESCs, offspring will be agouti-colored
(genotype: A"/a), as the agouti (A"Y) allele is dominant over non-agouti (a). In 6t r a rESGseonei atlete is
genetically modified, and around 50% of agouti-colored offspring carries the transgene (GLT") that is detected in
a PCR reaction (lower right). This GLT -offspring is used to establish a new transgenic mouse line.
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2.4 Analysis of Transgenic Mice

Analysis of transgenic mids performed on the DNA level to detect prese(a®d recombinationyf

the transgene, and on RNA and protein levels to characterize extent and/or spatial distribution of

transgene expression,tter in tissue lysates an situ on formaldehyddixed tissuesamples To
perform functional analyses, celiseisolated from transgenic mice, or transgenic naiceused forin

Vivo experiments.

2.4.1 DNA Analysis

The presenceof a transgeneis typically verified by genotyping PCRésee 2.3.2. For targeted
mutations Southern blotor a PCRbased analysis iperformedto detect Cremediatedtransgene

recombinatioron the DNA level(see2.3.4.9.

2.4.2 Transcript Analysis

1 10xDNase buffer: 1M Tris-Cl, 2.5mM MgCl,, 0.6mM CaCh,pH7 . 6 ( NEB) , .st or e at

1 10xRT buffer. 100mM Tris-Cl pH8.0 (ImL 1M Tris-Cl pH 8.0), 500mM KCI (5mL 1M KCI),
15mM MgCl, (0.15mL 1M MgCly), 2mM of each dNTP (4x0.enL 100mM
dATP/dGTP/dCTP/dTTP), 3.68L H,0. Store in 0.5nL aliquots af 20°C.

1 70% Ethanol/DEPC: 7@nL ethano] 30mL DEPGtreated HO.

1 DEPGtreated HO: 1 mL/L diethylpyrocarbonatDEPQ), shake or stir fofl h, autoclave.

1 DNase |:22000U/uL DNase | (RNasdéree;NEB) , store at T1T20AC.

1 Lysis cups and lysigmatrix A (MP Biomedicals, llkirch, France)

1 MMLV -RT: 200000U/mL Moloney murine leukemiavirus reversetranscriptase (MMLVRT; NEB),

store af 20°C.
1 peqGOLD RNAPure (PEQAB), store lightprotected at 4°C.

RNA is isolated from tissue samplexcording to the method @&@homczynskiand Sacchi455).
Tissue samplesare homogenized in a FastPr2d instrument (MP Biomedicals) that ag#s
2 mL-tubes filled with lysing matrix, lysis buffer and the tissue samplel@@mg). The lysing matrix
is composed of a single ceramic sphere and garnet matrix, which ddaseoyssue sample during
homogenization in the FastPrep instrumdsblaed RNA is usedto detect transgene mRNx@ia
RT-PCR Therefore, the mRNA is convertéd copyDNA (cDNA) by the reverse transcriptag®T)
enzyme; thecDNA serves as template in RCR reaction The following protocol describe®RNA
isolation from tissue sanes andonestepRT-PCR reactioawith transcriptspecific primes.
1. Sarifice animaj collect tissue samples (~1AB0mg) in 2 mL tubes andfreezethemin liquid nitrogen.
Store af 80°C or continue witliRNA isolation
2. Prepare lysis cups (add lysigtrix and label cups on wall and lid). AddnL peqGOLD RNAPure per
100mgt i s s ue WLptauthe cipd dmdthen the frozen tissue. Keep the tubes on ice until all samples
are prepared. Place the ebplder in the FastPrep devi¢eastPref24, MP Biomedicals) run once for
1 min with 6.5 M/s; centrifuge forLlO min at9,000rpm and 4°G transfer the supernatant irdanew 2mL

tubeand incubate the sample forrbn atroom temperature
3. Add 0.2mL chloroformpermL peqGOLD RNAPure, shaker 15s,and incubate for fin on ice.
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10.

11

14

2.4.3

2431
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For the

Centrifuge for 15min at 9,000rpm and 4°C. Transfer the upper (aqueous) phase into a new tube and add
an equal volume@-propanol Incubate for 15nin on ice.

Centrifuge for 15min at 9,000rpm and 4°C. Wash the pellet twiones with 706 ethano] dry the RNA
pellet under vacuum (Eppendorf Concentr&t®®1) for 5 min at 40°C.

Resuspend the pellet 5 uL DEPGtreatedH,0 and incubate for 1@in at 5560°C. Estimate the RNA
concentration by UV spectroscopy.

Perform DNasedigest: Use 1Qug RNA, add 10uL 10xDNasebuffer and DEPGireated water to a
volume of 99 L. Add 1pL DNase incubate for 20nin at 37°G and then for 1@nin at 80C. Add
100uL peqGOLD RNAPure, mix, incubate fomgin atroom temperaturand perform RNAsolation as
described above (witB0 uL chloroformand100uL 2-propano).

Resuspend thBRNA pellet in 30uL DEPGtreated HO and incubate for 1in at 5560°C. Estimate the
RNA concentration by UV spectroscoiBtorethe RNA ati 20°C.

Preparghe RT-PCRreaction(primersin Table 19, p.141):

500ng RNA

5 uL 10xRT buffer

0.5puL forward primer(25 uM)
0.5uL reverse prime25 uM)
DEPGtreated HO to 45uL

O O0Oo0O0oo

Denature reaction mixture forrbin at 94°C, cooklowly to 50°C (ramp rate 0.1°C/s)

.Add 200U MMLYV -RT in 5puL 1xRT buffer.Perform RT reactiofor 20min at42°C.
12.
13.

Add 25 U Taqgpolymerase in piL 1xRT buffer.
Continue withPCR reactiorfinitial denaturation for Bnin at 94°C and 3amplificationcycles.

.Add 10puL 6xDNA loading dye and load 18 on a 26 agaroseyel.

Analysis of Protein Lysates

Cell and Tissue L ysis

Lysis cups and lysigmatrix A (MP Biomedicals)

PMSF: 100mM phenylmethylsulfonylfluorid (PMSF) in 186 ethano] store in ImL aliquots ai 2 0.A C
Protein lysis buffer: % SDS (100mL/L 20% SDS), 50mM Tris-Cl pH8.0 (50mL/L 1M Tris-Cl
pH 8.0), 5mM EDTA (10mL/L 0.5M EDTA pH 8.0), 100mM NaCl (20mL/L 5M NacCl). Add 25uL
100mM PMSFpermL lysis bufferbefore use

preparation oprotein lysates from culturedells, SDScontaining protein lysis buffer is

directly added to the cellslissue samplearehomogenizedvith SDScontaining protein lysis buffer

in a FastPref24 instrument (MP Biomedicals).

1.

3.

For cell lysis, remove the mediumand wash cells twice with PBS. Add protein lysis buffer
(800pL/6-well). Pipette upand down, wipe thesurface of theculture dishwith the pipette tip(avoid
foam formation. Denature cell lysates for Ifin at 95°C, centrifuge for Bin at 13000rpm and
transfer the supernatant to a new tube

For tissue lysis, iegpare lysis cups (add lysis matrix andelabups on walland lid). Prepare tissue
sampleswith weights of50-120mg. Shockfreeze tissue samples in liquid nitrogéwd 7.5uL protein
lysis buffer/mg tissuebt QL50L) to the lysis cupsand therthe frozen tissue. Keefhe tubeson ice
until all samples are prepardelacethe cup-holder in the FastPrep device, rance or twicefor 1 min
with 6.5 M/s; chill on ice for 5min between runsr centrifuge if necessaryDenature samples fa0 min
at 94C and centrifuge for 1fnin at 13,000rpm. Transfer the supernatant to new tubes. Dilute an aliquot
of the sample withproteinlysis buffer €.g.1:2 for lung; 1:3for bladder, hed, skeletalmuscle; 1:4for
kidney, colon, spleen; 1#8r brain, liver).

Performproteinquantification with the protein lysates.
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2.4.3.2

1
1

Protein Quantification with the  Lowry Assay

BSA standardi2.5, 25, 50100, and200e gnL BSAin H,0.
Total proteinkit, microL o wr vy , Preodlifeeatian §SigdaAldrich).

Protein concentratianof cell or tissuelysatesare determinedin a colorimetric reactiorwith the

Pet er s on 06 s (4580fithefLowcyartethod4b7). Protein determinatiom areperformed in a

96-well plate; all sampleareanalyzedat leastin duplicate Products of the colorimetric reaction are

quantifiedin a multi-well platereader (Multiskan EX, Thermo Fisher) at G20 and correlatén a

range of ~240 ug with the protein conterih the sample.

aghrownbE

No

2.4.3.3
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Prepare negative contrds00eL H,O or 90 pL H,O with 10 €L proteinlysis buffe).

Preparel 0 Q. ofghe BSA standard (12.5, 25, 3@M0,and200¢ gnL BSA).

Add 10¢L cell or tissudysatesto 90¢ LH,0.

Add 100¢L Lowry reagensolution to all samplesResuspend anidcubate for 20min in the dark.

Add 50¢ IFolin-Ci o ¢ a phénelredgsntvorking solution to all samples. Resuspeadd incubate for
30-60 min in the dark.

Read absorption at 620nin a multrwell plate reader

With absorptions of the BSA samples (corrected fgd Bbsorptiof), estimatea calibration curve and use
it to determinethe protein concentrations of the cetltissuelysates(corrected forabsorption oforotein
lysis buffer)

SDS-PAGE and Western Blot

1% and %6 MP: 1g/100mL or 5¢g/100mL nonfat dry nilk powder (MP) in TBS-T; prepare freshly
before use.

10xSDSrunning buffer: 0.28 Tris-glycine (30.2g/L Tris, 144.0g/L glycine), 0.26 SDS (10g/L).
10xTBS: 100mM Tris-Cl pH 8.0 (100mL/L 1 M Tris-Cl pH 8.0), 1.5M NaCl (87.669/L).

12% separating gel (2x0.78m gels): 2.7#nL Rotiphorese Roth (36 acrylamide/0.86 bisacrylamide),
2.5mL 4xTris-CI/SDS pH 8.8), 4.7mL H,0, 50uL 20% APS, 10uL TEMED.

20% APS: Dissolve2 g ammonium persulfate (APS) 0 mL H,0, store in ImL aliquots af 20°C.

4% stacking gel tvo 0.75 mmgels): 0.65mL Rotiphorese Roth (36 acrylamide/0.86 bisacrylamide),
1.25mL 4xTris-Cl/SDS ¢H 6.8), 3.05mL H,0, 25uL 20% APS, 10uL TEMED.

4xTris-Cl/SDS pH 6.8): 0.5M Tris-Cl (60.04 g/L Tris), 0.4% SDS (4 g/L), adjustpH to 6.8 with HCI,
store at 4°C.

4xTris-Cl/SDS @H 8.8): 1.5M Tris-Cl (182g/L Tris), 0.4% SDS @ g/L), adjustpH to 8.8 with HC|
store at 4C.

5xLaemmli buffer: 0.3M Tris-Cl pH 6.8 (3.2mL 1 M Tris-Cl pH 6.8), 406 glycerol (4mL), 15% SDS
(1.59), 3.6M 2-mercaptoethanol (2.8L), 0.1% bromophenol blue (1fnhg), H,O to 10mL, storein
1 mL aliquotsatT 20°C.

8% separating geftwo 0.75mm gel9: 2.7mL Rotiphorese Roth (38 acrylamide/0.86 bisacrylamide),
2.5mL 4xTris-CI/SDS pH 8.8), 4.7mL H,0 , 50uL 20% APS, 10uL TEMED.

Anodebuffer!| (pH 10.4): 0.3M Tris (36.3g/L), 20% methanol 200mL/L).

Anodebuffer1l (pH 10.4): 0.025M Tris (3.03g/L), 20% methanol 200mL/L).

Blotting paper Whatman 3MM gel blotting paper, 0.34 mmx460 mmx570 mm.

Cathode buffer (H 7.6): 0.04M aminocaproic acid (5.2g/L), 0.025M Tris-Cl (3.03g/L Tris),
20% methanol 200mL/L), adjust pH with HC

Coomassie destaining solution:92@nethanol, 286 aceticacid, 2@% 2-propanol

Coomassie staining solution: 2y8Coomasiebrilliant blue R250, 500nL methanol, 40 mL H,0, at last
100mL aceticacid.

Enhanced chemiluminescen@CL) reagent: ECL advanaeestern blot detection kit (GE Healthcare)
Primary antibody diluent: TBST with 5% BSA and 0.0% NaNs, store at 4°C.

Protein LadderP a g e R wlestaingproteinladder (Fermentadhermo Fisher

PVDF membrane: #tyvinylidenfluoride (PVDF) membrane lfnmobilon-P with 0.45um pore size,
Millipore).

TBS-T: 1XxTBS (100mL/L 10xTBS) with 0.1% Tweerr20 (1 mL/L).
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Proteins are separatday SDS polyacrylamidegel electrophoresisSDSPAGE) under denaturing
conditions according teheir molecular weight 458) in a Mini-PROTEAN Electrophoresis System
(Bio-Rad) To control for equal loading and for the integrity of the progitract proteirs are stained
in the gelwith Coomassiebrilliant blue. To detect specific protein,a western blot analysis is
pefformed, whereproteins are transferreafter SDSPAGE from the geto a polyvinylidenfluoride
(PVDF) membranén a semidry blotting apparatusCarl Roth). Binding of proteinspecific primary
antibodies to protemimmobilized onthe membrane is detecteg horseradish peroxidagéiRP)-
linked secondary antibodieklydrogen peroxide and commercially availabl&CL reagen{ECL =
enhanced chemiluminescence) reactta HRRcatalyzed reactiorunder light emission which is

detected by a digital cameirathe Alphalmager HPRsystem Biozym).

1. Prepare protein samples: add 1 volume 5xLaemmli buffénvtiumes of the sample and incubate them
for 5 min at 95°C. Allow to cool down and centrifuge fontin at 13,000pm.

2. Preparegpolyacrylamide geldirst theresohing gel, therthe stacking gelMount the gels into the running
chamberand fill the chamber with®¥SDS running buffer. Remove the combs and clean the gel pockets.

3. Load the protein ladder (BL) andthe samplesFill empty pockets witlixLaemmli buffer

4. Run the gefor 5minat100V, then~1 hat150V until theloadingdyeruns outof the gel.

5. Disassemble the gel chamber, discard the stageéh@nd use the running gel farestern blot analysis
or Coomassie staining.

6. For Coomassie staining, transfer the getht® Coomassiestaining solutionshake for 45nin. Transfer
the gel intoCoomassielestaining solution (first usreadyused, then freskolutior) until protein bands
become visible.

7. For western blot analysigrreparefilter papers and PVDF membranesdimensionsof the protein gel
and stack the blot frotop (anode) tdoottom(cathode)

Weight (~05 kg)

Cathode

8 Whatman3 MM blotting papergwettedin cathodebuffer)
Proteingel

PVDF membraneifimersedn methanoland anode buffer II)
4 Whatman3 MM blotting papergwettedin anode buffer 1)

4 Whatman3 MM blotting papergwettedin anode buffer)
Anode

OO0Oo0OO0OO0OO0O0OOo

8. After every layer, remove air bubbles by rolling over the stack with a plastic pipette

9. Blot 1 h with 50mA per blotting stackAfter the blot, ait the membrane, label the membrane with a
pencil,and transfer the markéands

10. Block the membranwith 5% MP for QL h atroom temperaturér overnight at 4C).

11. Washtwice 3 min with 1% MP. Wash3 min with TBS-T.

12. Incubate the membramneith the primary antibodyTable 22, p. 143 in primary antibody diluenin a
50 mL falcon tube overnighat 4°C(or 2h atroom temperatuje

13. Wash 3times3 min with 1% MP.

14. Incubatethe membranevith HRP-coupled secondary antibodyTable 22, p. 143 for Gl h at room
temperature

15. Washonce3 min with 1% MP andtwice 3 min with TBS-T.

16. Wet the membrane with ECL reagénndiluted or dilutd 1:2 to 1:20 in TBST), placethe membrane
inside the Alphémager and acquirechemluminescence images of appropriatguisition times (5 to
10min), and a brighfield imagefor comparison with the size marker
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2.4.4 In Situ Analysis of Mouse Tissue

2.4.4.1 Immunofluorescence on Frozen Sections

2-Methyl butane.

30% Sucrose: Dissolve 3@sucrose in 100nL PBS, store at 4°C.

4% PFA: Stir 4 g paraformaldehyde (PFA) in 1G8L PBS, heat to 557°C until the PFA gets dissolved.
Allow the solution to cool down arfit ratebefore use.

Blocking solution: 86 NGS and % BSA in PBST, store at 4°C.

HeparinPBS:25 mg heparin/100mL PBS, store at 4°C.

Mounting medium: Shandon ImmuMount (Fisher HealthCare, Houston, TX, USA).

NGS: normal goat serumNGS; Axxora, Enzo Life Sciences GmbH, Lorrach, Germangtore in ImL
aliquots at 4°C.

PBST: 0.4% Triton X-100 (4mL/L Triton X-100) in PBS.

SuperFrosPlusglass slidesThermo Fishex

TissueTek: TissueTek O.C.T. compound (Sakura Finetek Germany GmbH, Staufen, Germany).

E I = —a —a

= —a —a

The antibodybasedin situ analysis of protein expression patteiaperformed on frozen sections
prepared fronPFA-fixed tissue sampleor antibodies, se@able 22 on p143). Antibody bindingis
detected with fluorescendabeled secondary antibodi€Bo control for unspecific binding, controls
are performedwith tissue fromnontransgenic (orknockout) mice, or by omission oprimary

antibody.

1. Sacrifice animals and perfortranscardiaperfusion to remove blood and to achieve uniform fixation of
the organs. Place the animal on top of a paper stack to collect $gjllidOpen the thoracic cavity and
insert a 27(eedle into the left ventricle of the heart directed towards the ascending aorta. Perfuse the
animals a2 mL/min with heparinPBSfor 5 min followed by perfusion with4% PFA for 10min.

2. Dissectorgans and contire fixation with 46 PFA overnightat 4°C.

3. Wash organs with PBS, place thé&m30% sucroseat 4°Cuntil they sink down(1-2 days) Embed them
in TissueTek Freeze thembeddedamplesn 2-methyl butane at80°C, and store them B20°C.

4. Prepare frozen sections witld um thicknesson a cryostatNlicrom, Thermo Fishgr Mount the sections

on SuperFrosPlus glassslides, drythem at room temperatureand $e them immediately or store at

120°C.

Incubate slides for Binin PBS,then for 5min in PBST atroom temperature

Block unspecific binding with blocking solutidor 45 min atroom temperature

Incubate sections overnight with primary antib@@igble 22, p. 143 diluted in blocking solutin at 4°C.

Wash 3x5min with PBST, and incubate with secondary antibofyable 22, p. 143 and 1 pg/mL

Hoechst33258in PBST and 26 BSA for 2 h atroom temperatute

9. Wash3x5min with PBST, dip slides briefly intdH,0, add a drop of mounting medium and cover the
slides with a coverslip of appropriate size.

oNo >

2.4.4.2 X-Gal staining of Tissue Samples

25% Glutaraldehyde

40xX-Gal: Dissolve 0.4 5-bromo-4-chloro-3-indolyl-D-galactoside (XGal) in 10mL DMSO, store in
1 mL aliquots afi 20°C.

HeparinPBS: 25mg heparin/100mL PBS, store at 4°C.

X-Gal fixative solution: 2 formaldehyde(54 mL/L 37% formaldehydg 0.2% glutaraldehyde (8nL/L
25% glutaraldehyde) in PBStore at 4°C.

1 X-Gal staining solution2.5mM KsFe(CN) (1.69/L), 2.5mM K4Fe(CN) (2.14g/L) and 2mM MgCl,
(2mL/L 1M MgCly) in PBS, store in the dark. Add4Dvolume 40xX-Gal (final concentration:
1 mg/mL) freshly before use.

= —a
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Tissue fromROSA26lacZ Cre reportemice (64) is used toanalyze recombination patterof Cre

transgenianouse linesFor analysis, fixedissue samplesolatedfrom Cré?"; ROSA26lacZ’ ' ice
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areincubated with thd-galactosidassubstrate XGal. After b-galactosidaseatalyzed hydrolysisf
X-Gal, it reacts toa blue, wateinsoluble indigo dye. Cre recombinasdriven activation of
b-galactosidasexpression ighereforeindicated bya blue staining of the tissu&he X-Gal staining
solution will penetrag only outer layers dargersamplesso theyshould becutinto halves or several
slices before XGal staining.To exclude falsgositive resultsfor exampledue to tissuéntrinsic
galactosidaseactivities, a control staininghas to beperformed with issue isolated from CFé:
ROSA26lacZ” mice(459).

1. Sacrifice animals and perfortranscardiaperfusion to remove blood and to achieve uniform fixation of
the organsPlace the animal on top of a paper stack to collect liguiltl Openthe thoracic cavity and
insert a 27G needle into the left ventricle of the heart directed towards the ascending aorta. Perfuse the
animals at 2 mL/min with heparirPBS for 5min and then withX-Gal fixative solution for 1Gmin.

Collect organs from the mea, pool them in a 5L tube with 25mL of X-Gal fixative solution, and
continue fixation for 3@nin underagitation.

Wash the fixed tissues three times with PBS fomibunderagitation.

Incubate the samples overnigimderagitationin X-Gal stainingsolution (in the dark).

Wash the XGalstained tissues three timies 15min with 10mL of PBS.

Analyze the samples in a Petri dish asteremicroscopeg(Stemi 2000C) Documentation is performed
with a digital camea under different illumination conditis

7. Store stainedrgansin PBS or 7@ ethanolin the dark at 4°C.

n

o0k w

2.4.5 Isolation of Primary Cells from Transgenic Mice

M 10pg/mL or 100pg/mL PDL: Dissolve Img poly-D-lysine HBr (PDL, SigmaAldrich) in 1 mL H,O by
shaking at 37°C for & and then at 4°C overnight. Dilute PDL i® or 100mL with H,O to final
concentratioaof 1000r 10 pg/mL, respectively. $re at 4°C for up t@ months.

1 100mM Ara-C: Dissolve 100ng cytosineb-D-arabinofuranoside hydrochloride (A@ SigmaAldrich)
in 3.58mL H,0, store ir600L aliquots af 20°C.

1 100xL-Glutamine (200mM; GIBCO, Life Technologiek store in ImL aliquots aff 20°C.

1 2.5% Trypsin: Dissolve 1 trypsin(SigmaAldrich) in 40mL H,0, storein5nLal i quot s at T 80AC.

1 50xB27 supplement (GIBCQjfe Technologies), storein®Lal i quot s at T 20AC.

9 Cell strainer 24mm Netwell insert with 74im mesh size (Corning B.V. Life Sciences, Amsterdam,
Netherlands)

1 FBS: heatnactivatedFBS (GIBCO, Life Technologigsstorein50nLal i quot s at T 20AC.

1 MEM: Minimum essential medium (MEM) witholt-glutamire (GIBCO, Life Technologi€s

For FRETbased cGMPimaging, cells are isolated from mice that express etgpe biosensors.
Hippocampal neurons (H\ cortical astrocytes (Cg), and cerebellar granule rmeans (CGNs)are
isolated from braisof transgenic mice. To obtain viable cultusssl sufficient cell yieldsthese cells
need to be isolated from newborn mice7(days after birth, depending @olatedcell type). To allow
cell attachmento the glasscoverslip in the culture vessdhe coverslipneeds to be coated with
poly-D-lysine. Furthermore,neuralcells need to be suppliesith growth factors that promote their
survival, whichare supplemerdd asB27 cocktail @60). Astrocytes willproliferate in culture while
neurons are poshitotic anddo not dividein culture If cells are presentvhich proliferaterapidly
(like fibroblasts from the meningegheyovergrow cultured neurons. In orderittibit proliferation
of thesecells, AraC is added to the madn, which interferes with DNA synthesis andtligerefore

cytotoxic for dividing cells but not for postmitotic neurons Cells were not starvede.g. by

-61 -



Materials and Methods

withdrawal of serum or supplement) prior to imaging, becaesgal cellsaresensitive to changes in
culture conditionsespecially to a change of the whole culture medidé1)( For the preparation of
neural cells newbornmice are neededsepaate pregnant feales and check for pup delivery
(postnatal day Oand use>-7 pups on the same day for HN or CA isolation, or keep them for CGN
isolation on postnatalay 7. To identify cGi-transgenic pups for the isolatiaf CGNs (here, &% are
needed) the pups are labeledon postnatal day %vith a waterproof marker pen and tail tipse
collected for genotypingNewborn pups used for HN and CA isolatiare not genotyped before

preparation, so thamixed cultures derived from transgenic and wild typénaalsare obtained

2.4.5.1 Hippocampal Neurons and Cortical Astrocytes

1M HEPESpH 7.3: 238 g/100mL HEPES, adjust pH with NaOH, sterilize by filtration, store at 4°C.

1% DNase: Dissolve 10fhg DNase (Roche) in 1ML H,0O, store in 0.3nL aliquots af 20°C.

10xHBSS(Hankss balancedsalt solution; GIBCO, Life Technologies

12% D-Glucose:Dissolve3 g D-glucosein 25mL MEM, sterilize by filtration store at 4°C

20 mM Na pyruvate:Dissolve56 mg Na pyruvate in 25mL MEM, sterilize by filtration store at 4°C

CMF-HBSS:calciumimagnesiurdree HBSS, 10nL 10xHBSS, ImL 1 M HEPESpH 7.3, 89mL H,0.

DMEM+10% HS: 27mL DMEM + 3 mL HS.

Glial Medium: £.525mL MEM, 2475mL 12% D-glucose 0.50mL Pen/Strep, 0.561L

100xL-glutamire, 5.00mL HS, 1mL 50xB27 supplement.

T HN medium: 26.InL MEM, 15mL 20mM Na pyruvate, 1.5mL 12% D-glucose 300 uL
100X_-glutamire, 600uL 50xB27.

1 HS: Horse serum (GIBCO, Life Technologieseatinactivated (3amin at 56°C), store in 5L aliquots
at T20AC.

1 Trypsin inhibitor (GIBCO, LifeTechnologies).

= —a_—_a_a_a_-4a_-a_-°

A) PDL-coating of Glass Coverslips

1. Oneday beforecell isolation,add1 mL 100pg/mL PDL to 20 mmglass coverslips in 1@ell platesand
incubate overnighin thetissue culture hoad

2. On the next day, collect PDL for reuseyse twicgand washhe wells thre¢gimes withH,O.

3. Dry openi2-well plates® h in thetissue culture hooblefore platinghecells

B) Preparation of the Brain

1. Prepareone100mm and severa&85 mm culture disles with CMFHBSS and 50mL tubeswith PBSon
ice.

2. Wash dissection instruments thoroughly. Keep thegathanoland rinse in KO before use.

3. Use 35 mouse pups of postnatal day Di p t he pasimodasbheakee witd Mafetbanolathd
then cut the neck anglace the head im 50mL tube with icecold PBS. Collect the tail tip for
genotyping.

4. After 30-60s, take the head with a forceps gidceit in a 100mm petri dish with CMFHBSS under a
stereomicroscopdake the head withforceps and remove the skin. To open the skull, hold it at the nose
andcut the skull with fine scissors above the brain from caudal to rostral. Pull the skull apart to each side
with a bend forceps. Disconnect the brain from the skull by cutting at the olfactory Toaltsferthe
brain intoa 35 mm culture dishwith CMF-HBSS. Store the brains on ice while dissecting the remaining
brains.

5. After all brains have been dissectesimove meninges and blood vessels fronotliter part of the cortex
(under40x magnification) Thenseparatehe cerebral hemisphereemove the inner part of the brain and
the meningesfrom the inner part of the corteand above the hippocampi. Separate the hippocampi from
the cortex and collect them in a new dislckPthe tissuesinto small pieces while removing any
remaining menings or blood vessels.
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C) Isolation of Hippocampal Neurons (HNs)

1. Transfer théhippocampinto a 50mL tubewith 2 mL CMF-HBSS Add 40pL 2.5% trypsinandswirl the
tubeonce.Incubatefor 15minin a 37°C water bath

2. Add 50pL 1% DNaseand wait forl min. Add 10 mL prewarmed DMEM10% HS, and allowthe tissue
piecesto settledown and carefully aspirate the supernatant with anlOpipette. Repeat this washing
step oncavith 10 mL DMEM+10% HS. Then ald 2 mL DMEM+10% HS.

3. Dissociate thdissue by slow pipettinthrougha regularPasteupipette for 10 passes. @tinue with 10
passes through a flampolishedPasteur pipettéopening width is important for cell survivallExpel the
suspension against theéewall to minimize foanformation

4. When the solutiorbecomes turbidand all tissue pieceslisappeas, centrifugefor 5min at 600rpm.
Remove the supernatant and resuspend the pelld mLlpre-warmedHN medium.

5. Mix 18 pL of the cell suspension with{fl. trypanblue and count viable and dedd/panblue-positive)
cells in a cytometer. Calculate the titer of viable cellh e vi abi | i9%witlscy®ld bfd b e
0.751x1@ cells per animal Seed3.5x10" cellsin 1 mL HN medium perl2-well equipped with a PDL
coated coversliglx10' cellscm?. Grow cells at 37°C and % CO, (Innova170 CQ incubator,New
Brunswick Scientifig. Imaging experimentareperformed starting from day 3 after plating.

6. Add AraC to a final concentration & uM to thecells 24 hoursafter plating the cellsPerform medium
changes every & days.Replaceone third of the mediuwith freshHN medium(equilibratethe medium
in the incubatobefore usp

D) Isolation of Cortical Astrocytes (CAs)

1. Transfertissuepiecesinto a 50mL tubewith 5mL CMF-HBSS Add 125uL 2.5% trypsin and 50uL
1% DNase.Incubatefor 5 min at37°C in awater bathswirl the tube everg0s.

2. Triturateten timeswith a 10mL pipette;incubate the tubér another 23 min at 37°Cin the water bath
until the majority of tissue pieces disappetransfercell suspension into tube with 10 mg trypsin
inhibitor; resuspendLO times with a 10mL pipette Add another 10QiL 1% DNase andncubate for
15 min under agitatiorat 37°C inthe water bath.

3. Pass the cell suspension through a cell strameemoveany un-dissociated tissyecollect the flow
through in a 50nL tubecontaining 1amL glial medium Centrifugefor 10 min at1,100rpm.

4. Resuspend the cell pellet imiL glial medium.Mix 18 pL of the cell suspension with| trypanblue
and count viable and deattypanblue-positive) cells in a cytometer. Calculate the titer of viable cells.
The viabi |l i99%andste gield shoulth lEBx1®celldanimal Seed 3.5x1Tcellsin 1.0 mL
glial medium perl2-well equipped with @DL-coated coverslip (1xf@ellscn?). Grow cells at 37°C
and 646 CO, (Innova170 CQ incubator).

5. Changethe medum every 23 days Imaging experimentsre performed starting from day-b after
plating. To remove microglighat grow on top of the astrocytes, tap the culture distiGtimes before
medium is exchanged.

2.4.5.2 Cerebellar Granular Neurons (CGNS)

1 0.3% BSA solution (prepare always fresh on the daysg: Weigh 450mg BSA into a beaker glass, add
132.84mL H,0, 15mL 10xKrebs buffer, 2.16nL 1 M D-glucoseand 1.2mL 3.826 MgSQ,. Adjust the
pH to 7.4 with NaOH, sterilize by filtration, store at 4°C.

1 M D-glucoseg(19817 g/L D-glucoseH,0), sterilize by filtration, store at 4°C.

1.2% CacCl: Dissolve 1.2y CaChx2 H,O in 100mL H,0, sterilizeby filtration, store at 4°C.

10xKrebs buffer pH 7.4) without D-glucose 1.24M NaCl (725¢g/L), 54mM KCI (4g/L), 5mM

NaH,PQ, (0.7 g/L NaH,PO;xH,0). Adjust pH to 7.4 with NaOH, autoclave, store at 4°C.

3.826 MgSOy: Dissolve 3.82) MgSO,x7 H,O in 100mL H,0, sterilize by filtration, store at 4°C.

50 mg/mL Gentamicin (GIBCO, Life Technologies).

CGN medium: To 88nL HK medium, add 9nL FBS, 0.9mL 100+ -glutamire, 2mL 50xB27

supplement, store at 4°C for up to 1 month.

1 High K" (HK) medium: Weigh 82%ng KCl into an autoclaved beaker glass, addi0Ofrom a medium
bottle with 500mL MEM. After the KCI has dissolved, sterilize the solution by filtration and transfer it
back into the original medium bottle. AddmL of gentamicin (50ng/mL), store at 4°C for upo
2 months.

= —a —a
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CGNs are obtained frommGi transgenic micat postnatalday 7. Since CGNs ar¢éhe most abundant
neuronal cell typén the cerebellum, this protocol yields a relatively high number of cella dadjely

homogeneous culture.
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A) PDL-coating of Glass Coverslips
1. Perform coatingiccording td2.4.5.1A)with 10 ug/mL PDL.

B) Preparation of Solutions
1. On the day of preparation (postnatal day 7), prep&s@ BiL centrifuge tubef the tissue culture hood:

0 Tube 1: Add 30nL 0.3% BSA solution.

Tube2: Add 30mL 0.3% BSA solution and, shortly before use, 3002.5% trypsin

0 Tube 3: Dissolve 7.&ng trypsin inhibitor in 15mL 0.3% BSA solution (thorough mixing and
warming to 37°C facilitates its dissolution), add 1803.826 MgSQ, and, shortly before use,
150pL 1% DNase.

0 Tube 4: Add 1L 0.3% BSA solution and 8L from tube 3; discard 1L, so that 15nL
remain in the tube.

0 Tube 5: Add 12.5nL 0.3% BSA solution, 10QuL 3.826 MgSO, and 15uL 1.29% CaCl.

o

2. Distribute part of theemaining 0.8 BSA solution into 1835mm culture disles (3mL/dish); keep
them on ice for preparation of the brains.

C) Preparation of the Cerebellum and CGN Isolation

1. Performpreparatiorof the brain from3-5 mouse pups of postnatal daydcording ta2.4.5.1B) but use
0.3% BSA solution instead of CMHBSSfor all steps

2. Remove cerebella from thierains afterall brains have been dissectd®Remove meninges and blood
vessels from th cerebellaunder high magnification (4Q. Transfer the cerebella into a new petri dish
with 0.3% BSA solution on ice. Up to thigoint, the preparation should not take longer tthdn

3. In the tissue culture hood, mince the cerebella 86 exm petri dish with 0.3 BSA solution using a
razorblade ntil the suspension becomes turbid (). A thorough disintegration is critical for a high
cell yield.Transfer the minced tissue into tube 1 using a Pasteur pipette.

4. Centrifuge for 5min at 1,100rpm. Remove the supernatant and resuspend the pelB&rirL solution
from tube 2 (withtrypsin). Incubate for 18ninin a 37°C water bath. Invert tube after 5 andriif.

5. Using a 25mL pipette, resuspend the cells and transfer the suspension into tube 4 (with tdjjoséd
inhibitor and DNase). Centrifugerf 5min at 1,100rpm. Remove the supernatant and resuspend the cell
pellet with a25mL pipette in 7mL solution from tube 3 (withrypsininhibitor and DNase). Resuspend
20 times with a 1@nL pipette and then 10 times with a Pasteur pipéttiel 12mL sdution from tube 5.

6. Pass the cell suspension througmetwell mesh into a new 5@L tube. Centrifuge for Smin at
1,100rpm. Remove the supernatant and resuspend the cell pellehin@GGN medium. Mix 18iL of
the cell suspension with | trypan blue and count viable and deadypan blue-positive) cells in a
cytometer. Calcul ate the titer %dndthe yel shoudde | | s. The
~4x1P cellsper cerebellum. Platexd(® cellsin 1.0mL CGN medium per 1vell equippedvith a PDL-
coakd coverslip (1.£10° celldcm?. From 35 pups, ~360 wells with cellsareobtained.

7. Grow the cells at 37°C and®CGO, (Innoval70 CQ incubator,New Brunswick Scientifit Imaging
experimentsare performed starting from day 2 after platirifj.cells shall be cultured for more than
4 days, add Are to a final concentration of |BM to the medium 24 after plating.Change medium
every 23 days according to the efficiency of cell attachment, theuatnof cell debris and microglia.

2.4.5.3 Smooth Muscle Cells (SMCs)

f  10mgmL Collagenase: Dissolve 1089 collagenase (SigmaAldrich) in 10mL C&'-free medium, store
in 0.5mL aliquots afl 20°C.

1 10mg/mL Hyaluronidase: Dissolve 108g hyaluronidasgSigmaAldrich) in 10mL Ca*-free medium,
store in 0.5mL aliquots af 20°C.

f  100mg/mL BSA: Dissolve 0.5 BSA in 5mL C&'-free medium, sterilize by filtration, store in G
aliquots af 20°C.

f  100mgmL DTT: Dissolve 0.5 dithiothreitol (DTT) in 5mL C&'-free medium, sterilize by filtration,
store in 0.5mL aliquots af 20°C.

1 7mgmL Papain: Dissolve 10Mg papain (SigmaAldrich) in 14.29mL C&'-free medium, store in
05mLal i quots at T1T20AC.
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1 Céa*-free medium gH 7.4): 85mM Nal-glutamate (1®1g/L NaL-glutamateH,0), 60mM NaCl

(3519g/L), 10mM HEPES (2389/L), 5.6mM KCI (0.42g/L), 1 mM MgCl, (0.20g/L MgCl,x6 H,0),

adjust pH to 7.4 with HCI, autoclave, store at 4°C.

Serumfree culture medium: Add 8L Pen/Strep to 50tL DMEM, store at 4°C

SMC culture medium: Add 561L FBS and 5mL Pen/Strep to 50tmL DMEM, store at 4°C.

SMC enzyme solution A (BiL, prepare shortly before use4.4mL C&*-free medium, 50QIL papain

(final concentration: 0.fg/mL), 50uL DTT (final concentration: ing/mL), 50puL BSA (final

concentrationl mg/mL).

f SMC enzyme solution B (&L, prepare shortly before use3.95mL Ca'*-free medium, 50QIL
collagenase (final concentrationmig/mL), 500uL hyaluronidase (final concentrationmdg/mL), 50pL
BSA (final corcentration: Img/mL).
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SMCsareisolated from aortévascular SMG, VSMCs) bladdern(bladder SMCs, BSMCshand colon
(colonic SMCs, CSMCs)f transgenic mice. Thegreisolated from adult animals, but cell yield and
transgene expressiaran change withincreasingage, therefor@-5 cGitransgenic micevith ages of

1-3 months areused forSMC isolation.

1. Prepare 835 mmand several00mm petri dishes with PBS.

2. Sacrifice animals by C£or diethyl etheinhalation. Do not perform cervical dislocation, as the amata
bedisrupted, making its isolation more difficultollect tail tips for regenotyping. Wet fur of the animals
with 70% ethanoland gen abdominal and thoracic cavity.

3. Collect bladder andaton in a100mm petri dish with PBS. In order to isolate the aorta, remove
diaphragm, remaining intestines and esophagus as well as liver and spleen. Cut ascending vessels, trachea
and esophagus below the pharynx, grab the heart with a forceps anchiitfitlly to set the aorta under
some tension. Cut along the spine towards the tail. Transfer the excised aorta (still attached to heart and
lung) into a100mm petri dish with PBS.

4. Under a stereomicrosco8temi 2000C)isolate theSM tissue from bladde colon, and aorta. Remove
as much fat as possible, because it interferes with the subsequent isolation steps. TBS84Gse
remove surrounding fat and cut the bladder open. Grab the urothelium and peel it off the smooth muscle
layer. To isolateCSMCs remove remaining feces from the colon by washing with PBS using a syringe
with bended needle, and transfer it into a ng@0mm petri dish with PBS. Remove remaining
mesenteries, fat, and blood vessels. Make a cut at the proximal part of the colorg Stdhtis cut, peel
off the SM layer from the enteric tissue. Once a small piece oStfidayer has been separated from the
enteric tissue, it can easily be peeled off the whole cdlonsolateVSMCs from aorta, carefully remove
the heart, thymudung, and remainders of the airways and the esophagus. Clean the vessel carefully from
blood, fat, and connective tissue by using two fine forceps.

5. Place the dissecte®M tissues intd5 mm petri dishes with PBS. Up to this point, the preparation should
naot take longer than 4&in.

6. Transfer the petri dishes into a tissue culture hood and cut the tissueS into pieces using scissors.
Transfer the pieces into 1BL tubes with enzyme solution A (1rBL for 3-5 aortae or bladders,raL for
3-5 colons). Inabate for 45min in a water bath at 37°C; invert every rhin.

7. Centrifuge atl,000rpm for 2 min, discard the supernatant and suspend the tissue fragments in enzyme
solution B by gentle shaking; use the same volume as for solution A (see previdd)s step

8. Incubate for 16l5min in a water bath at 37°C. After +in in enzyme solution B, resuspend the
digestion mixture with a 1000L pipette. If the tissue pieces occlude the opening of the pipette tip,
incubatefor another 3 min. Resuspend 10 times and continue the incubation. Aftein5resuspend
again with a 100QiL pipette until the majority of tissue pieces disappears and the solution becomes
turbid. Even if some tissue pieces remain, stop the digedtemnaax. 15min by adding culture medium
to a final volume of 10nL, and resuspendOptional step: Pass cells through a Netwell mesh.)

9. Centrifuge atl,000rpm for 7 min; discard the supernatant and resuspend the cell pellet containing the
SMCs (VSMCsBSMCs, or CSMCs) in 1.hL SMC culture mediumMix 18 pL of the cell suspension
with 2 uL trypanblue and count viable and dead/panblue-positive) cells in a cytometer. Calculate the
titer of viabl e cel%uwithaiehl of 2¥10 aeclisipdr aottay bladderpandoldn. be 090

10. Adjust the number of cells ISMC culture medium to ®10° VSMCs/mL, 410*BSMCs/mL,
3x10" CSMCs/mL. Plate 1.0hL of each cell suspension per well into-d2ll plates equipped with
20mm coverslips. This correspontts a plating density of 1:80° VSMCs/cnf, 1.1x10° BSMCs/cni
and 0.%10* CSMCs/cm. From 3-5 mice, the yield is *0wells with VSMCs, 20wells with BSMCs
and 30 wells with CSMCs.

11. Grow the cells ifSMC culture medium at 37°C and®CG0O, (Innoval70 CQ incubator).Change the
medium3 days after platingChange thesMC culture medium to serwfree medium when the cells are
~70% confluent (after 4 days)and keep the cells for another P4in culture before cGMAFRET
imaging.
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Cultured SMCs attach to thencoated glass surface and proliferate in presence of FBS. They undergo
phenotypic changes, especially where culture gets confluent or when they are passaged to
subcultures 462-464). For that reason, cells cultured under wedifined conditions (subonfluent

primary SMC cultureserumstarved for24 h) are used for cGMP FRET imaging.

2.4.6 Cell Fixation and Immunofluorescence

1 1% BSA-PBS: Dissolve J BSA in 100mL PBS.

1 1xGSDB @oat serum dilution buffer): 0.3%6 Triton X-100 (1.08mL 10% Triton X-100), 20mM PB
(3.00mL 240mM PB pH 7.4), 450mM NaCl (4.05mL 4 M NacCl), 27.87mL H,O. Add BSA to the
required concentrations.

1 10% Triton X-100: 10mL Triton X-100, 90mL H,0O.

1 240mM NaHPO,: 3407 g/L NaHPO,

1 240mM NaH,POy: 4272 g/L NaH,PQ,.

1 4M NaCl: 2338 g/L NaCl.

M Cell fixation solution: 4&6sucrose (4 sucrose/100nL), 4% formaldehyde (10.8mL

37%formaldehyd&l00mL), prepare freshly with PBS.

HS buffer: 20mM PB (8.32mL PBpH 7.4),500mM NaCl (12.48mL 4 M NaCl), 79.20mL H,0.

LS buffer: 10mM PB (4.16mL pH 7.4), 150mM NacCl (3.76mL 4 M NacCl), 92.08mL H,0.

Mounting medium: Shandon ImmuMount (Fisher HealthCare).

NGS:normal goat serunNGS; Axxora), store in InL aliquots at 4°C.

PB pH 7.4: phosphate buffer (PBAdd 240mM NaH,PQ, to 240mM Na,HPQ,, until the pH reaches
7.4.

E R E EE]

The following protocolis used to perform immunofluorescence antibody staimingetect a single
protein or two proteins in a double staining. In case of a double staamtigodies (two primary
antibodies and two secondary antibodies) may crossreactwith each otherTo test forcross

reactionspossiblyleadng to artificial signals, a control staining performedwith tissue from non

transgenic oknockoutanimals (when available), by omittingone of the two primary antibodies.

Fix cellsfor 25 min in cell fixation solutionat 37°C.

Wash cells3x5 min with PBS.Storecellsin 1% BSA-PBSat 4C, or continue with staining.

Wash3x5 min with LS buffer, then3x5 min with HS buffer

Permeabilize and blodior 30 min in 1XGSDB supplemented with0% BSA and10% NGS.

Incubate with primary antibod§fable 22, p. 143 in 1xGSDB supplemented witl8% BSA overnight at

4°C or2 h atroom temperaturgdKeep moid)

Wash3x10 min with HS buffer.

Incubate for 1h with secondary antibodyTable 22, p. 143 and 1xHoechst33258 in XGSDB

supplemented with® BSA atroom temperature

Wash 3x5min with HS buffer.For double staining continuleere otherwise continue with stdg.

Block for 30 min in 1xGSDB supplemented with0% BSA and 106 NGS.

10. Incubate with primary antibod{able 22, p. 143 in 1xGSDB supplemented with%® BSA overnight at
4°C or2 h atroom temperaturgKeep moist

11. Wash3x10 min with HS buffer.

12.Incubate for 1 h with secondary antibodyTable 22, p. 143 and 1xHoechst33258 in XGSDB
supplemented with® BSA atroom temperaturdKeep moist!

13. Wash3x5 min with HS buffer.

14. Wash3x5 min with LS buffer.

15. Dip the cover slip carefully in distilled water and place it upside down on a glass slide with a drop of

mounting medium with the cells facing to the medium. Store in the dark at 4°C.

arwdPE

No

© @
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2.4.7 FRET-based cGMP Imaging

1 100uM ANP: Dissolve 0.Ing ANP (1-28, rat Sigma-Aldrich) in 0.327mL H,0, store in 5L aliquots

at120°C.

100uM CNP: Dissolve 0.8.ng CNP (SigmaAldrich) in 2.275mL H,0, store in 5QL aliquots af 20°C.

100mM cGMP: Dissolvel00e mol ¢ GMP ( Bl OLOG LBrdmenGermangintmnel | nstitut e

H,0, store in 10QuL aliquots afl 20 °C.

1 100mM DEA/NO: Dissolve 50mg 2-(N,N-diethylamino)diazenolate2-oxide diethylammonium salt
(DEA/NO, Axxora) in 2.42mL ice-cold 10mM NaOH, store in 5QL aliquots aff 20°C.

1 100mM Glutamate: Dissolve 181g/L L-glutamic acid monosodium salt monohydrate, store L1
aliguots at T 20AC.

1 10mM Norepinephrine: Dissolve 3rig (-)Arterenol (SigmaAldrich) and 352ng ascorbic acid (final
concentration250mM) in 2mL H,O, storein1@uLal i quot s at 1 20AC.

1 20mM ODQ: Dissolve 10mg 1H-[1,2,4]oxadiazolo[4,3]quinoxalinl-one (ODQ, Axxora) in 2.6L
DMSO, store in 10QuL aliquots af 20°C.

1 30mM Sildenafit Dissolve 50ng sildenafil citrate (Santa CrySanta Cruz, CAUSA) in 25mL H,0,
store in 1.9mL aliquots af 20°C.

1 50mM Escin: Dissolve55mg/ mL-esdin (SigmaAldrich) in H,O. Store af 20 °C and protect from
light.

1 500mM IBMX: Dissolve 1.0g 3-isobutyt1-methylxanthine (IBMX, Sigmaldrich) in 9.0mL DMSO,
store in 1.5mL aliquots af 20°C.

1 High-K* imaging bidfer (pH 7.4): 115mM NaCl (672g/L), 30mM KCI (2.24g/L), 1.2mM MgCl,
(0.296¢g/L MgSQyx7 H,0), 2.0mM CaCl, (0.222g/L), 5mM HEPES (119g/L). Adjust topH 7.4 with
NaOH, autoclave, store at room temperature. AdchllGl M D-glucoseto 1000mL high-K* imaging
buffer before use (final concentration ~HM D-glucosé.

1 ICM (pH 7.3): intracellularlike medium (ICM) with 125nM KCI (9.32g/L), 19mM NaCl (111g/L),
1 mM EGTA (038g/L), 10mM HEPES (238g/L), 0.33mM CaCl, (37 mg/L). Adjust the pH to 7.3vith
KOH, autoclavestoreat room temperature.

1 Imaging buffer pH 7.4): 140mM NaCl (818 g/L), 5mM KCI (0.373¢g/L), 1.2mM MgCl, (0.2969/L
MgSO,x7 H,0), 2.0mM CaC}, (0.222g/L), 5mM HEPES (119g/L). Adjust to pH 7.4 with NaOH,
autoclave, store at oon temperature. Add 1L 1 M D-glucoseto 1000mL imaging buffer before use
(final concentration ~1hM D-glucosg.

= —a

2.4.7.1 Imaging of Cells and Tissue Samples

FRET-based cGMP measurement$ cGi-expressing cells or tissue sampliss performed by
ratiometric epifluorescence microscopmder continuous superfusion with imaging bufEigure
11). The imaging platforms based on amvertedAxiovert 200 microscope with 1.0/2x80ptova
lens Carl Zeis$ that is equipped wittiluorescencgrade objectives (Plan NeoFluarx10.30; EC
Plan NeoFluar 4€9/1.30 Qil, Garl Zeis3. A computercontrolled light source with electronic shutter
(Oligochrome, TILL PhotonigsGréafeling, Germanyis equipped with a 445/2@m CFP excitation
fiter (AHF, Tubingen, Germanyand combined with a&70nm dichroic mirror (AHF) in the
microscope. The dam splitter (Micrelmager DUAL-View, PhotometricsTucson, AZ USA) with
05-EM insert (516m dichroic mirror, 480/50m and 535/40hm emission filtery is used to separate
CFP and YFP signals that are recorded wittbaled electrormultiplying chargeecoupled device
(EM-CCD) camera (Retiga 2000R, Qlmagirurrey, BC, CanaglaAdditionally, anYFP filter set
with 497/16nm excitation flter, 516nm dichroic mirrorand535/22nm emission filter (AHF)is used
to examine cell and tissue samples by eye and to record EYFP fluorescence images without beam

splitter.
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To swerfuse the cells with imaging buffer and to apply cG&ating or othedrugs, a custorbuilt
superfusion systenis used Figure 11A). It consists of a FPLC pump (Pharmacisb®, GE
Healthcare), FPLC injection valves (Pharmacia \GE Healthcare), a satiade superfusion chamber
(Figure 11B), a vacuum pump with adjustable vacuum (Laboport N86, KNF Neuberger, Freiburg,
Germany)andsample loops with different sizes (2, 7,1Q). This setup provides stable and precise

superfusion of the cells with irgang buffer and test compounds.

1. Cyclic GMP imaging is performed in an aionditioned dark room at ~21°C.

2. Check the beam splitter for alignment Bfg, and Fs3s channels every time before starting a FRET
imaging session.

3. Install sample loops of appropriate volumes at the injection sadzg. a L loop for 2min superfusion
and a 20nL loop for 20min superfusion at inL/min. Connect the imaging buffer reservoirl() to the
FPLC pump and flush the superfusion system including the sample loops with irbaffergfor 10min
at 5mL/min (Figure 11A).

4. Place a coverslip with c&xpressing cells in 35 mm culture diskfilled with imaging buffer.

5. Assemble the superfusion chamber. Place silicon grease on the chamber frame and the chamber plate to
seal it Figure 11B). Mount the coverslip with the cells facing to the inside of the chamber. Place the
chamber plate on top of the coverslip, add gD0imaging buffer to cover the cellsna finish the
chamber assemhlifake care that the chamber is heaky

6. Clean the glass coverslip on the outside and fix the chamber on the microscope stage.

7. Place inlet and outlet needles into the superfusion chamber and start the superfusion with imaging buffer
at 1mL/min. Adjust the vacuum and the level of the eutleedle so that steady supseifm of the cells is
obtained

8. By using the YFP filter set, identify feld of view (FOV) with fluorescent cells of appropriate
brightness. Dim cells with signéd-b ackground ratios 02.5 shmelyld not
bright cells, in which strong sensor expression could interfere with cell functions. Check also for cell
morphology and sensor localization; the sensor should be homogeneously distributed in the cytosol
without | ocali zed dRepdustthe inla and outletnbedlésdf their pasitiomd havé ) .
changed during the setup of the system.

9. Acquire a still image of the fluorescent cells. Select regions of interests (ROIs) to be imaged as well as a
backgroundbg) region without fluorescentedis.

10. Adjust the camera settings (pixel binning, gain), exposure time and acquisition cycle interval (the time
from the beginning of one acquisition to thegimming of the next acquisitignEnsure that the hardware
settings are correct (FRET filter culvdth CFP excitation filter, 47@m dichroic mirror, light path
through the beam splitter to the camera) and start the experiment.

11. Record images during superfusion with imaging bufferrmat.imin until a stable baseline is obtained.

12. Dilute test compounds iimaging buffer to their final concentrations. Typical final concentrations are:
DEA/NO; 20-500nM; ANP and CNPR10-250nM; IBMX, 100-500uM; sildenafil 10-30 uM;

ODQ, 1-10uM. To account for dead volumes of the superfusion system (tubing, syringes)|utme of
a drug solution should be ~&blarger than the volume of the sample loop. With syringes, load the
compounds via the injection valves into the respective sample |bapsd 11A).

13. Apply the test compounds atmilL/min via valve switching and note down the time when the dangs
applied. To terminate the superfusion of a compound before the sample loop has been completely flushed,
switch the valve back to the loading position and note down the time. Flush thes daogs with
imaging buffer before loading the next drug solution.

14.Upon drug application, followr,sd/Fs35 ratio changes as well as changes in the indivii@FP and
EYFP channels to recognize potential artifidtgdy/Fs35 ratio changes

15. After the imagig session, flush the complete superfusion system including injection valves, sample loops
and all connective tubing with @ and then with 28 ethanol Store the system in 2®ethanol If
necessary, clean the outlet needle from aspirated silicon grease.
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A Superfusion chamber
Coverslip Loop 2
with cells
Outlet
Vacuum —| FPLC pump
pump
Waste Imaging buffer

. O ,..-v'/dfm 470 nm dc: 516 nm / C Foss
exc: 44520 nm \ / em: 535/40 nm (YFP)
Light source \\ C F
with filter wheel 480
em: 480/30 nm (CFP)
Beam Splitter (DV?) CCD
camera

B Superfusmn chamber (exploded wew)

:j - Upper ring o D

— Lower ring "‘-L
Chamber plate
with bore

Coverslip
20 mm 35 mm

Chamber frame
e NAITOW WIdE mgpy

Figure 11. Imaging system for cGMP FRET measurements.

A. The sample is illuminated with light through an excitation (exc) filter and a dichroic mirror (dc). Emitted light
reaches the camera through a beam splitter, where a dichroic mirror splits CFP and YFP signals. The same
microscopic field of view illuminates the two halves of the camera chip, so that both emission intensities are
recorded at the same time. Cells are continuously supplied with imaging buffer by a FPLC pump through two
injection valves (1, 2). Cells are attached to a glass coverslip that serves as bottom of the superfusion chamber.
The 6chamber plated6 is placed on top of the cover sl
details on chamber assembly, see panel B). The buffer is continuously removed from the chamber via suction by
an adjustable vacuum pump. Drug solutions are loaded into sample loops (loop 1, loop 2) that are attached to the
injection valves. By changing the valve position, the drug solution is delivered to the cells. Two valves connected
in series are used to apply different drugs simultaneously (e.g. a PDE inhibitor from loop 1 followed by NO donors
together with the same PDE inhibitor from loop 2). Valve settings shown in the figure would lead to drug
application from loop 2, but not from loop 1. B. Exploded view on a cross-section of the superfusion chamber.
Variants with a narrow (left) or wide (right) opening of the chamber frame are shown, which accommodate either
20mmor35mm coverslips. The coverslips serve as bottom
oval-shaped bore (5 mmx14 mm or 8 mmx20 mm) is placed on top of the coverslip. It defines the superfusion
chamber and its maximal volume. Each type of chamber plate is used with both 20 mm and 35 mm coverslips.
The upper ring is screwed into the metal frame and tightens the chamber assembly. The inlet and outlet needles
are directed through bores in the lower ring and the chamber frame until they approach the borders of the
chamber plate openings (see also panel A); fine-adjustment of the outlet needle is used to regulate the liquid level
during superfusion.
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2.4.7.2 Intravital Imaging of the Cremaster Muscle

1 mM ACh: Dissolve 1.2ng acetylcholinechloride (ACH in 10 mL H,O.

1 mM Ado: Dissolve2.67 mg adenosine (Ado) in 1énL H,0.

1 mM SNP:Dissolve 2.98ng sodium nitroprusside dihydrate (SNP) i@ thL H,O, store in the dark
BBSS bicarbonatebuffered saline solutiopH 7.4 with (in mM): Na* 143, K' 6, C&"* 2.5, Mg* 1.2, CI
128, HCQ 25, SQ* 1.2 and HPO, 1.2, gassed with % CO, and 9%6 N, (pCO, ~40mmHg, pO,
~30 mmHg).

E I I E

Preparation of thenice for cremastemuscleintravital microscopywas performedby Prof. C de Wit
andK. Schmidt UniversitatLubeck)as previouslydescribed465. The imaging setugor intravital
imaging experiments isomposed of ampright Axioskop 2 FS microscopeCarl Zeis$ with water
immersion objective (Achroplan10x/0.30wor 40x/1.75w; Carl Zeiss)a Polychrome Might source
(TILL Photonics)set to420nm, an Andor iXon 885 EMCCD camera (Andor Technology, Belfast,
Northern Irelad), and abeam splitter DualView, Photometrics)Dichroic mirrors and filtergexcept
for the excitation filter)are similar to the setup describddr in vitro experiments 2.4.7.1. The
cremastemuscle is superfused withrBL/min BBSS at 34°C; flow is gravity-driven and regulated
with valves Drug solutions are appliethto the BBSS superfusateith 80 uL/min, so thatthey get

diluted 1:100to their final concentratiorbefore they reach thessue.

2.4.7.3 Fura-2-based Ca?" imaging

1 Fura2/AM: 1 mM fura2/AM (VWR Inter,national GmbH, Darmstadt, Germany) in DMSO, store in
10pLal i quot s at T 20AC.

For fura2-based CH imaging, cellsareincubated for 3@nin with 1 pM cell-permeabldura-2/AM in
imaging buffer Imaging setup anduperfusion chamberare identical to the FRET imaging setup
described befor¢2.4.7.). To detect changes in intracellul@e®* concentratios, fura2 is excited at
340 and380nm, and emission is recorded at it using alternatingexcitation with two excitation
filters (340/26nm and 38711 nm), a410 nm dichroic mirror, and &40nm long-passemission filter.
Image analysis is performed as described for FRET measuref2gh®4 to obtainDR/R (F40/Fzg0),
DF340/Fz40 and D354/ F3sg0 values.

2.4.7.4 Image Analysis and Quantification

For image acquisition and online analysis, Live acquisition (TILL Photorgasded andfor offline
image analysis either arivis Browser (arivis GmbH, Berlin, GermanijpageJ NIH, Bethesda, MD,
USA). Dataanalysis is performedith Microsoft Excel (Microsoft, Redmond, WA, USA) and Origin
(OriginLab Corp., Northampton, MA, USA).
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Table 5. Calculation of the background -corrected and baseline -normalized F 4g0/Fs3s (CFP/YFP) ratio DR/R.

From time-lapse recordings of CFP and YFP emission intensities at 480 nm and 535 nm in a fluorescent ROI and
a non-fluorescent background region (bg), the background-corrected Fago/lFsssr at i o OR(t ) 6 i s
0 ( ind)caies the time dependency of parameters. For baseline normalization, n ratio values obtained from t, to t;
during the baseline period (e.g. from the start of the experiment to the first drug application) are averaged, leading
to Ro. With Ry, ratio changes are normalized to the baseline and denoted as DR/R. Background correction and
baseline-normalization is also directly applied to Fago and Fs3s emission intensities leading to DF/F values (not
shown).

Measured parameters

Fas0(CFP channgl Fs3s(YFP channgl
ROI &leJT[F]p/) &Uouﬁp/)
Background & P HQ C & o HQ C

Calculated parameters

FsgdFsasratio
_ . R 0 O O
Background correction Yo = =
(O (O
Baseline normalization Y - YO
. . . YY Yo .
Signalchange relative to baseline v v Gp T T P

1. Recheckand correct(if necessary ROIs selected at the beginning dfie experiment forsample
movement or focus drift

2. SubtractF,g0 and k35 signalsof a (nonfluorescent background regiobg) from Fsgp and k35 signalsof
the fluorescenk regions of interestsandcalculatethe (backgrounecorrected)r,;5¢/Fs3s ratio Rusingthe
Ratio (integrating) algorithm of the arivis softwareAverageF,;s, and Fss emission intensities and
FedFs3s ratio valuesirom the baselingeriod use thenfor normalizationaccording toTable 5 to obtain
baselinecorrectedF4g/Fagp DFs35/Fs3s andDR/R values

3. Examinesingle cell traces to exclude artifacts aciteckfor the presence ddntiparallel gy and ks
changes upon stimulatioof the cells with cGMRelevating drugsExclude traces showing artifacts or
insufficient signatto-noise ratios fom subsequent evaluation stefg=or graphical presentatioof
mearrSEM traces averagesingle celbtraces 0DF,g¢/F4g0, DFs39Fs35 or DR/R values

4. To estimate peak areas frobR/R tracesusethe Peak Analyzer Module ddrigin 8.6 first, correct
single celltraces ér baseline drifts by subtracting a linear basellDefine peaksand determingpeak
areaqdkeeppeak borders constardrfall cells in a single experimgnEor data presentation, avergueak
areasihearrSEM of n cellg.

5. For the quantificationof a doseresponse relationshipuse a doseresponse functiono describethe
correlationbetweerlog(c[drug)) and theaveraged peak ared the DR/R tracesas shown in 6)Estimate
the parameters A, Amax 109(EG) and the Hill constanh. For normalizationof the doseesponse
curve between experimentglivide the averagecpeak area by #f, and calculateerror barsfrom
[err(area)err(Anadl/Amax TO compare doseesponseelationships obtained in different experimeras
two-t ai | ed gestis gperformed.sFor tstudies withepeatedstimulation of the same samplea
ranked ANOVA with repeated measuremergsperformedin SigmaPlotll (Systat Software, Inc.,
Chicago, IL, USA)with T u k e y &soc tpsb t® tcompare single stimulations. P values <0.05 are
considered to be significant.
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6. For the calibration of cGMP FRET sensodsaw a calibration curve withog[cGMP] vs. DR/R and
performa nonlinear regression analywiih adoseresponse functian

y2. Y2 2777
\IAQ‘“_IEI‘
2 2 jgipenreAE E

to estimatelog(ECsg), (DR/R)min, (DR/R)nax and the Hill constant hTo estimate unknown cGMP
concentrations fronDR/R values measured in native cellse doseresponse functions solved for
[cGMP] using EGy, (DR/R)nin, (DR/R)naxand h obtained from the calibration:

A' - 0%g, 2,402 ich

2 "2 0E
cGMP concentratiomaree st i mat ed from the 61 i néoaexanplgpetween of t he <cal
~100nM and ~3uM cGMP for cGi500.

2.4.8 PET Imaging of HSV1-sr39tk expression

[*®F]FHBG synthesis was performed by the chemists ofDeeartment ofPreclinical Imaging and
Radiopharmacy according to standard procedures for radiotracer prodastpreviously described
(162).

2.4.8.1 PET and MRI

PET imagingwith [**F]FHBG wasperformed in the Laboratory for Preclinical Imaging angging
Technologyaccording to ref.224 with a dedicated small animdPET scanner [hveon, Siemens
Healthcare Knoxville, TN, USA performance evaluation iref. 466) and a7 TeslaMR scanner

(ClinScan, Bruker BioSpin MR, Ettigen, Germany)

2.4.8.2 Tracer Uptake Studies with Cultured Cells

1 Protein lysis buffer: % SDS (100mL/L 20% SDS), 50mM Tris-Cl pH8.0 (50mL/L 1 M Tris-Cl
pH 8.0), 5mM EDTA (10mL/L 0.5M EDTA pH 8.0), 100mM NaCl (20mL/L 5 M NaCl).

ESCsareincubated in évells with 3mL full culture medium containind@5 pCi/mL (925kBg/mL)
[**F]FHBG. After 1, 2, 3 or 4 (with 3 replicates per time point), supernataresremoved andells
arewashed twice with InL PBS (nediumand wash PB$epresenextracellular fraction)Cells are
lysed withl mL protein lysis buffer, cell lysatesrecollected, and wellarewashed twice with 2nL
PBS (lysates and wash PB&oresenintracellular fraction). Radioactivitis measured in g counter
(Wallac 1470 WIZARD, Perkin Elmer, Turku, Finlandand uptake is calculated as ratio of
intracellular fraction to total radioactivity. Uptake BSV1sr39tkexpressing cell$s normalized to
the uptake oHSVZ1sr39tknegative cellslf cell cultures are compared that contaionequal cell
numbers, cell lysateare used for protein quantification to normalif€F]JFHBG uptake to protein

content.
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3 Results

3.1 Cell Tracking with PET

One of he most commdyg usedreporter gen¢o label cellsfor their detection witlPET is thesr39tk
variant of theHSV1thymidine kinase enzyme. Althougihwasused in severatudies no conditional
HSV1sr39tktransgenicmouse line was generatget, which allows for modulaandinducible cell
labeling A strategybased on the Cre/I@xsystemwas developedo generate such a mouse limne

which HSV sr39tkexpressions induced byCre recombination in a specifissue Figure 12).

Cell type-specific Silenced
Cre mouse ROSA26-sr39tk mouse

Cell type-specific
ROSA26-sr39tk mouse

Figure 12. Strategy for the generation of  tissue -specific HSV1-sr39tk reporter mice.

To generate mice that express the HSV1-sr39tk PET reporter gene in a tissue-specific manner, mice carrying a
transgene for tissue-specific Cre expression are mated to mice carrying a silenced, Cre-inducible HSV1-sr39tk
gene cassette in the ROSA26 locus (loxP sites are indicated by black triangles). The ROSA26 locus allows for
ubiquitous HSV1-sr39tk expression, but its expression must be induced by tissue-specific activation of the
transgene via Cre recombination. In animals that carry both transgenes, Cre recombines the ROSA26-sr39tk
transgene leading to the removal of the loxP-flanked STOP cassette that inhibits HSV1-sr39tk expression.

Two different strategies wereisedto generatdtROSA26sr39tk mouse lines byntrodudng silenced
HSVZ1sr39tk transgensg into the ROSA26 locusvia homologousrecombination The first transgene
(ROSA26sr39tk Figure 13A) does not carry its own promotekfter Cremediated removabf the
STOP cassettdiSV1sr39tk expression is driven by the endogenous ROSA26 promblker STOP

cassettés made ofaloxP-flankedNed® genecassetteised taselect fortargetedESCs
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Figure 13 (left). ROSA26 gene targeting strateg ies to generate HSV1-sr39tk reporter mouse lines.

A. Targeting leads to integration of the ROSA26-sr39tk transgene into the first intron of the ROSA26 locus.
Successfully targeted ESCs carry the silenced ROSA26-sr39tk transgene (L2 allele). Cre recombination leads to
removal of the Neo® gene cassette and activation of HSV1-sr39tk expression (L1 allele). HSV1-sr39tk expression
is driven by the endogenous ROSA26 promoter. Therefore, a splice acceptor (SA) site in front of the transgene
leads to splicing from exon 1 of the ROSA26 gene into the transgene (for details, see Table 6). B. Also the
ROSA26-mT/sr39tk transgene is introduced into the first intron of the ROSA26 locus. From the L2 allele of the
ROSA26-mT/sr39tk transgene, mT is expressed. Cre recombination leads to removal of the mT CDS, which leads
to HSV1-sr39tk expression from the L1 allele. Expression of mT and HSV1-sr39tk is driven by the CAG promoter,
which is part of the transgene; therefore, no SA site is necessary. EcoRYV restriction fragments used for Southern
blot analysis with a 5 probe are shown as dashed lines, binding sites for primers in genotyping PCRs are
indicated in green. For further details on the wild type ROSA26 gene, see also Figure 14A.

In the second transgenRQSA26mMT/sr39tk Figure 13B), a CAG promoter drive$iSV1sr39tk

expression after removal of the STOP cassette. Here, the STOP cassette carries the coding sequence

(CDS) for he membranéargetedRFP tandemdimer tomato (mT), which is expressed until Cre
recombination. ThéNed® gene cassette to select for targeted ESCs is placed &t é&nel of the

transgene, and can be removed bymRidiated recombination, if desired.

3.1.1 Generation of HSV1-sr39tk Reporter ESC Lines

To produceHSV21sr39tk reporter ESC lines, targeting vectors were generated to introduce the
ROSA26sr39tkor ROSA26mT/sr39tk transgene into the wild type ROSA26 lodusthe promoter

less ROSA26sr39tk transgene, the endogenous ROSA26 promdtiees HSV1sr39tk expression
after Cremediated removal of the STOP cassetieus mMRNA needs testart within the ROSA26
promoterandneeds to bspliced intothe transgenélhisis achievedoy placing aspliceacceptor $A)

site at thes @artof the transgeneReview ofwild type ROSA26 transcript sequencasd published
ROSAZ26 reporter transgenesvith a similar designas the ROSA26sr39tk transgene raised some
questions about thexacttranscriptsequenceEspeciallythe location of the firsstart codon Aug/aTg),
which serves agranslationaktartpoint, was uncertainThe first exon ofthe ROSA26geneas well as

the remaimg loxP site whichresidesbetween SA site and reporter gene Gia8y potentialstart and
stop codons. To verify the transcript structure of a ROSE26 reporter transgene with proven
functionality, a RT-PCRbasedanalysis was performed witRNA isolated from mice carryinthe
ROSA26lacZ transgene(64). Results from this analysis were included in the design of the
ROSA26sr39tk targeting vectorFor the ROSA26mT/sr39tk construct the CAG promoter drives
HSV1sr39tk expressionandthe transcript sequends thereforepredictable:the first start codon of
the transcript ighe start codon of thelSV1sr39tkCDS, and serveas translatioal startpoint Both
targeting vectors carrgliphtheriatoxin A (DTA) gene casseido select againsESCswith random

integrations of the targeting vecs.
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3.1.1.1 Characterization of the Cre-recombined ROSAZ26-lacZ Transgene by RT-PCR

To acquiredetailed insight into transcript sequesoé a ROSA26 Cre reporter transgenealgsis of
RNA isolated frommice expressing Cre and tROSA26lacZ reporterwas performed When the
ROSA26 locusvas analyzed upon iidentificationin the group of P. Soriap@ short open reading
frame (ORF) of 15 amino acids (aapsfound inexonl of the ROSA26 genes(). This short ORF
probably preceds the lacZ CDS as the ROSA28acZ transgenatarts with aSA site that leadso
splicing fromROSA26exon linto the transgendf so, the first start codoin the transcript, ift is
derived from exon 1should not be able to initiatlacZ translation To analyze,if this or other
transcrips canleadto lacZ epression inthe ROSA26lacZ reporter RNA for RT-PCRanalysiswas
isolated from urinary bladders of tamoxifentreated SMKI-CreER™>*": ROSA26lacZ’’,’
SMKI-CreER?*"": ROSA26-lacZ™, and wild type nice (provided by Dr. SFeil). Theproposed gene

and transcripstructure are shown irFigure 14.

ROSA26 wild type

-4-BPZ4 --BP77
BPZ1—p»> ~—5P7) ~&-BPZ6 o
] —— S B I—— _— ——— W | GILRUSATE?SDI 001 [MMUB3174

D L ———— - —  — —— f)lfHUS’\\Z’?SDI-UU? MMUB3175

- - Sy
MMUBSIT3] — — — - W T W — Thumpds001 MMUETTTE
ROSA26-acZ (L2)

-4-RR18Y -5 -+-GPZ4 P77
BPZT fRFQT ~4-Rr) --fr7? 4ETBPZ5

R —
B —
ROSA26-acZ (L1)
--\/[58
-4-RFB2 P74 -4—BP77
BPZ1—D_' <a-RF77 <-Bp7) ‘QD—BPZG
& — 1 kb

Figure 14. Schematic structure s of the wild type ROSA26 gene, and the ROSA26-lacZ Cre reporter gene
before (L2) and after (L1) Cre recombination.

From the wild type ROSA26 locus, four non-coding RNA species are transcribed (Gt(ROSA)26Sor-001 to -004);
expressioni s driven by the R£5SA2MMUBraalemistTeer trangcdpls MMU83174 and
MMU83175 were described in ref. 61 together with MMU83176 from the protein-coding gene Thumpd3 that
partially overlaps with the ROSA26 gene. In the ROSA26-lacZ reporter, RNA is spliced from the ROSA26 exon 1
to the SA site at the beginning of the reporter transgene. After Cre-mediated excision of the loxP-flanked Neo®
cassette, lacZ is expressed from the promoter-less transgene by the endogenous ROSA26 promoter. Protein-
coding exons are indicated by closed rectangles, non-coding exons by open rectangles, and regulatory elements
(SA site, promoter, polyadenylation signal) by gray rectangles. Primers for RT-PCR-based characterization of the
ROSA26-lacZ reporter transgene and primers used during the initial characterization of the ROSA26 locus (BPZ1,
2, 4, 6; ref. 61) are indicated. For primer sequences, refer to Table 19 on p. 141.
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RT-PCR with RNA isolated fromSMKI-CreER**"; ROSA26lacZ” mice yields products with
BPZ1/RF127 (<200 bp), BPZ1/RF82 ©Bbp) and BPZ1/V158~410 bp) which were not present in
reactions with RNA fronwild type or SMKI-CreER?*"*; ROSA26lacZ” mice (Figure 15). These
results show that a transcript carrying the lacZz CDS was isolated from SMKI-CreER?**";
ROSA26lacZ” mice, whichis splicedfrom the endogenous ROSA26 exon 1 tothe ans§fe ne 6 s
siteas proposed ifigure 14. The3 @nd of BPZ1lused aforward primerin the RT-PCRbindsto the
part of exon Icarryingthe start codor(seeTable 12, p. 135). This indicates that exon lincluding its
shortORFis a part othe transcrippossiblyleading to lacZ expressioBut it cannot be excluded that
other transcripts exist, which do nioiclude the ORFeontainingpart of exon 1for examplewhen
splicing similar towild type Gt(ROSAR6Sor003 and-004 transcript®ccurs These transcripts were
not amplified in the RIPCR reaction, as they do runhd theBPZ1 primer(seeTable 12, p.135).

BPZ1/RF127 BPZ1/RF82 BPZ1/VI58

ROSA26-lacZ H.0 Ht  +H-  4- Ht  H- H- ++
SMKI-CreER™ 27 +/+ 4+

396 — |
34—
298 — |

220 =
201 =—

Figure 15. RT-PCR analysis of the Cre-recombined ROSA26-lacZ transgene.

Amplification was performed with primers as indicated in a RT-PCR reaction directly followed by the PCR reaction
(35 cycles, T,=58°C). Triangles point to PCR products purified for sequence analysis with BPZ1.

RT-PCR products obtainedith RNA from SMKI-CreER™**": ROSA26lacZ” mice were purified
via gel electrophoresis arglectroelution andthen theirsequene was determinedThe proposed
transcriptstructurewasconfirmed andthe sequence of thteansgené § partwasdeterminedyellow
highlight in Table 12, p. 135. Sequencing resigtshow that dditionally to the short ORK16 aa)in
exon 1 (partially coveredby the sequereanalysi$ two other short ORF§7 and19 aa) precedethe
lacZ CDS eitherin-frameor out-of-framewith the lacZCDS. Theanalyzedranscript carries two start
codons in exon 1 and il loxP, which are kirame with the lacZDS, but theORFs areinterrupted
by three stop codons in exon 1, inside and belktedloxP site. Additionally, anotheutof-frame
ORFis presenbetween the loxP site and the [a€BS(Table 12, p.135).
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3.1.1.2 Generation of the R OSA26-sr39tk Targeting Vector

With results of the ROSA26lacZ transcriptanalysisat hand the following requirementsfor the
ROSA26sr39tktargeting vectoweredefined(see alsdable 6).

The HSV1sr39tkCDSis in-frame with the start coddn ROSA26 exon 1

Behind SA site and in front of the first loxP site,start codon is placenh frame withthe
start codon irROSA26 exon Jandin context of a Kozaknitiation sequencéd&ozakAtad )
leadingto an uninterruptedORF containingthe HSV1sr39tk CDS. The loxP site does not
interruptthe ORFdefined byROSA26exon landKozak-ATaG.

1 Inhibition of HSV1sr39tk expression before Cre recombinatisnalso causedby a stop
codoninside thePrg-Ned® cassette iframe with theORF defined by ROSA26 exon 1 and
Kozakata

1 The 42 additional Merminal amincacidsprecedhg the HSV1sr39tk CDS upon expression
from ROSA26sr39tkdo not interfere withtHSVxsr39tkprotein stability or function.

In comparison to the ROSAZ&cZ transcript (sedable 12), only one start codofKozakATg in-
frame with the ROSA26 exonl start codon is present the ROSA26sr39tk transgene No stop
codons besides the stop codon in ROSA26n 1should be able tdnterfere with HSV1sr39tk
translation Table 6). Two outof-frame ORFs (9 and0Oaa) are presentin the transgene, buhey
follow the Kozakatcandshouldthereforenot affectHSVtsr39tktranslation.

Table 6. Putative ROSA26-sr39tk reporter transcript after Cre recombination.

Transcript structure was assembled from published sequences of the ROSA26 gene (not the full-length ROSA26

exon 1 is shown), and from sequences used for cloning of the ROSA26-sr39tk reporter. 6adrfd 0] 6 i ndicate
border s, 6*06 and 0 #s®and ¢Oprmer 3 @mds;, st t mep obtEHEY1Rss39tk CDS is marked

in red.

BPZL- - --- >

*

tgcgtttgeg ggg ATG GGC GGC CGC GGC AGG CCACC GAG CGT GGT GGA

001/002 E1] [ROSAZ26-sr39tk transgene
# 001: Gt(ROSA26)Sor - 001
GCC GTT CTG TGA gacagc cgg ctcgcggttga ggacaaact c ttcgc ggtct 002: Gt(ROSA26)Sor - 002
<emee -- RF127-- - -
ARR A A B A AoxP A<A
M ELEGGRSS T S Y
tt gccacc ATG GAG CTA GAA GGC GGC CGC TCT ATAACT TCG TAT AAT

AR-AAAAAA ARRA AAR RAR A # # #
N V CYTKLS R V V. D R DL R
GTA TGC TAT ACG AAG TTATCC AGT CGG GTA GTA GAT AGA GAT CTG CGG

Kozak ATG

#
P LSS LI N GS ML AT M A Y

CCG CTA AGC TCC TTA ATT AAC GGA TCC ATG CTA GCC ACC  ATG GCT TCG sradtk

S PGHOQHASA
TAC CCC GGC CAT CAACAC GCG TCT GCG
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The stepssummaized in Table 7 led to the ROSA26sr39tk targeting vectorpossessg the

aforementioned featurga detailed description on the constructisgivenin 6.2 on p.136). Cloning

products were verified using analytical restriction digests andeseguanalysis With primers as
indicated inTable 7).

Table 7. Generation of the ROSA26-sr39tk targeting vector.

Antibiotic resistance genes and other genetic elements not touched by the cloning procedure are not shown.
Parental plasmid backbones are indicated on the right. Primers used for sequence analysis are marked in green.

For further details on the cloning procedure, see 6.2 on p. 136.

1. SAsitePCR Xbal p—
Amplification of tBAsite froPROSA26LDPF introducing H
Xbaland Nhetestriction sgand a KozakTG. —_—

2. pCRBIuntIF-TOPGBA Nhel
TOPO clonimjthe amplifie8lAsiteintopCRBIunt-TOPO. MBS <

o DCR-Blunt-l-TOPO

3. pSA Nhel--Xbal
Transfer of ti&Asite from pGRIUNiFTOPGBA into pUC19 i i b
using Xbal. S pUCTg

4. pSALNL
Insertion of thexPflankedNed? genecassette (LN&Xcisedvith
XbalHindllfrom pCMY/NLlacZinto Nhel/Hindiibested pSA.

5. pSALNLERpA EcoRI-+Kpnl . EcoRl
Transfer of 9AL into pCreER(GERYIngNdeHindlIl. N E X-ba‘ -H'"dl‘" -“ e

P NeoR Ly ER | myrmrzeraro

6. PSALNLERpA-EcoR! ﬁ -

Digestion of pSALERpPA withkKpri/Ndel, réigatiomfter fiin Nelet-—Xbal Hindll Xbal
to remove EcoRI §ité thelSAsite. Pon] NeoR
¢ Neo ER | myramrseraey

7. pSALNLLinkerpA
Exchange of the ER fragment i [gEERpAEcoRIwith an
oligonucleotide linker carrying Pacl and Fsel restrieton <
HindI/EcoRI

8. pLinkerl Nhel
Insertion @h oligonucleotitiaker carrying Pa&amHINhe] Bsm'l*' EEORi‘

EcoRI, anBsel restriction sites into BdoRilitigested pUC1 % 5
g puC?gd
pQEfork

9. pPacisr39tkFsel BamH|--Nhel EcoRl
Transfer t1SVisr39tkrom pCMsr39tknto pLinkerl using Pecl ﬁ!| Feel
NhefEcoRl. e pUCTI

Miauni

10 pSALNLsr39tkpA Fsel
Transfer t11SVisr39thkrom pPacir39tkEsel into w
pSALNLLinkepAusingPaciFsel. P NEo® |y sr39tk | mpramrzererayy

11. pROSA26r39tk(= pPROSASALNL:sr39tkpA)

Transfer of SANLsr39tkpA from pSINLsr39tkpA into
pROSA26.2 with Xbal.

3'HA —}

PROSAZ6.2

Fsel
-Scel Xoal Pacl Xoal
Pegij NeoR [ 1y sragtk
RF126p

3 4RF128
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3.1.1.3 Generation of the ROSA26 -mT/sr39tk targeting vector

The strategy for generation of the ROSA®8/sr39tk (and other reporter gengargeting vectors

based on thROSA26mMT/mG construct{9) is summaizedin Table 8 (a detailed description can be

found in6.3on p.136). The preparation gimT/sr39tkfrom pROSAMT/mGwas performedogether

with A. Vachaviolosduring hisdiploma thesis 467). During targeting vectorgeneration, cloning

products were verified using analytical restriction digests and segjaeatysis primer as indicated
in Table 8).

Table 8. Generation of the ROSA26-mT/sr39tk targeting vector .

Antibiotic resistance genes and other genetic elements not touched by the cloning procedure are not shown.
Parental plasmid backbones are indicated on the right. Primers used for sequence analysis are marked in green.
For further details on the cloning procedure, see 6.3 on p. 136.

1.

pROSANT/MG

Pacl Ascl
. [
Eo P mT MG 1 { Prak Neo® |

3 HA

i DTA |

. pLinker3

Insertion of an oligonucleotide linker carrying Pac
Asclrestriction sites into EcoRI/Hiligitdted pUC19.

Pacl—-Ascl

o BUCTI

. pmT/mG

Transfer of mT/mG cassette into pLinker3 using f

Pacl Hindlll EcoRl Ascl
— T T

. pLOXPMGpA

Isolation of loxRGpA fragment from pmT/mG with
Hindlll/EcoR and insertion into EcoRiditjedtéd
puUC19.

Kpn2l Xhol
HindIHj [ECGRI
puCct9

. pLoXRMCSpA

Replacement of mG by oligonucleotide linker carn
Xmal, Mlul and AsiSI restriction sites via Kpn2l/X

Fselg-AsiS|
Kpn2l—f—Xhol
Hindlll EcoRl
pUCT:

13

. pmT/MCS

Retransfer of IoMTSpA fragment from pL-MESpA
into Hindlll/Ecetgested pmT/mG.

FselAsiS|
Hindll EcoRI
—‘Ia-mm-ili NeoR = 2UCT9

. pLinker5

Insertion of an oligonucleotide linker carrying Fse
BamHI, and AsiSlI restriction sites into EcoRI/Hinc
digested puUC19.

Neol1-BamHI
Fsel——AsiSI

— PUCTa

. pFselsr39tkAsiSl

Transfer ?1SVisr39tkrom pCM$r39thknto pLinker5
using Ncol/BamHI.

Neol BamHI
Fselj EAsiSI
pUCTI

. pmT/sr39tk

Transfer 1SV isr39tkrom pFsedr39tkAsiSI into
pmT/MCS using Fsel/AsiSI.

AsiSl

{Peck Neo® 1)

Pacl Fsel Ascl

pucty

10.

pROSANT/sr39tk

Transfer of the mT/sr39tk cassette into Pdai&stet
pROSA2MT/mG.

Pacl Ascl
r
5 HA H3 Pag mT sr3gtk {Ppak NeoRr ]

3 HA
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3.1.1.4 Gene targeting in ESCs

Targeting vectors were linearizddROSA26sr39tk with I-Scel and pROSANT/sr39tk with Acll)
andintroduced intoR1 ESCsby electroporationAfter 7-9 days of G418 selectionsurviving ESC
colonies were isolated and passagedsiablishreplicate cultures. One cultureplicawas frozen for
culture recovery andlastocyst injectionthe other replica was expandéok DNA analysis by
Southern blotDuring this work, around 000 ESC colonies were isolated and analyzed by Southern
blot (Table 9).

Table 9. Gene targeting experimental conditions and results

Targeting  Transgene I(Dul\é;)b\ nL?rr?llz:er (li;/lf}’l?-) Aé:gh’;:d Targeted clonés
1 ROSA28r39tk 25 or 5C 2x4x10 400 2x96=192 1 (0.5%) 1.1.FO8|C.[]
2 ROSA26r39tk 112 1.410 400 3x96=288 0 (0.0%) No targeted clones
3 ROSA26r39tk 43 1.%10 300 3x96=288 1 (0.4%) 3.2.E0[M
4 ROSA268r3Dik 40 5x10° 300 52 1 (1.9%) 4.1.E03
5 ROSA26nT/sr39t 60 8x10 320 2x96=192 15 (12.8% 5.1.D0C, 1], 5.1.D0K.1.E05,

5.1.E11[C5.1.F075.1.H015.1.HO4E, I],
5.1.HOG},1],5.1.H0%.2.E045.2.E07
5.2.F035.2.G065.2.H045.2.HO9

’C, Cre-targeting performed:; I, injection into blastocysts performed.

In threeindependengene targeting experiments with the ROSA289tk targeting vector(targeting
1-3), two targetedeSC lines were identified(Figure 16A). In another gendargeting experiment
(targeting4) with pROSA26sr3Dtk, one targetedESC line was identified(Figure 16B). Here,a
truncatedHSVZtsr39tkvariant ¢ a | br@dotko (8eealso1.2.3 was targeted into the ROSA26 locus;
the transgene istherwisesimilar to the ROSA26r39tk transgeneln one targeting experiment
(targeting5) with pPROSA26mMT/sr39tk 14 targetedESC cloneswere identified Figure 16C). Here,
Southern analysisevealedone ESC clone with a different fragment size of the targeted allele
(5.1.HO01) and another clone sesit® be contaminated with considel@aamounts ofvild type ESCs

(5.1.H09) asjudgedfrom the bandntensitiesin the Southermnalysis
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A ROSA26-sr39tk B ROSA26-sr39Atk
— 1.1 3.2 4.1
2_probe o, EO7 E03

L2 | & B “ 3

C ROSA26-mT/sr39tk
51 5.2

D01 D4 EOS5 Eff FO7 HO1HO4 HOG HO9) EO4 EO7 FO3 GO6 HO4 HO9

Figure 16. Identification of targeted ESC clones by Southern blot analysis.

A and B. Identification of targeted ESC clones in ROSA26-sr39tk (A) and ROSA26-sr39Dtk (B) gene targeting
experiments. DNA isolated from G418-resistant ESC clones was digested |n 96-well plates with EcoRV and
blotted to a nylon membrane after electrophoresis, which was incubated with a®p-l abel ed protoéhe bi ndi ng
ROSAZ26 locus (see map in Figure 13). Targeted ESCs show 2 fragments; 1 wild type fragment (6-§ 11.5 kb) and
a shorter fragment (&.29 4 kb) resulting from the transgene insertion into one allele of the ROSA26 locus
(genotype: +/L2). C. Southern analysis of targeted clones identified in the ROSA26-mT/sr39tk gene targeting
(5.1+5.2). DNA from ESC clones identified in the primary screen was digested with EcoRV in 96-well plates and
hybridized with a **P-labeled 5 Probe after Southern blot. Targeted clones are heterozygous (+/L2) and show the
wild type fragment (60 11.5kb) and a fragment from the targeted allele (.29 6kb) After exposure, the
membrane was stripped and hybridized with a ¥p_jabeled probe blndlng within the Neo® gene; here targeted
ESCs show a single fragment (6 § 12.2 kb). Note that clone 5.1. HO1" shows a shorter L2 fragment (<6 kb) upon
hybridization with the 5 probe, while the signals of the L2 and & 6fragment from clone H09” are weaker compared
to the other clones.

3.1.2 Characterization of HSV1-sr39tk Reporter ESC Lines

Before mice were generated from targeleRLCs transgendunctionality wastested. For that purpose,
targetedESCswere transfected with Cre expression plasnptis-Cre @1) or pSG5Cre (49) by
electroporation, plated at low densities to obtain sirfg8C colonies, vhich were isolated and
expanded for subsequeamalysesSouthern blot analysis was performed to detect Cre recombination
on the DNA level. Upon hybridization withROSA265 @robe, targeted ROSA2§39tkESCsshow

a4 kb (L2) fragment, and after Cre reaobination a 27 kb (L1) fragment Figure 17A, map inFigure

13A). Targeted ROSA2T/sr39tkESCsshowa 6 kb (L2) fragment and afer Cre recombination a
44kb (L1) fragment Figure 17B andC, map inFigure 13B). Additionally, colonies were present
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whichrepresent a mixture akllsthatareeither targeted or Creecombined; these colonies show both
the L2 and L1 fragment{gure 17C). In onecase, coloies showingonly thewild type (+) fragment
werefound Figure 17B, clone GO) Here the parental cloné.1.E11) wagrobablycontaminated

with wild type ESCsandfor that reasomot used for blastocyst injection.

A ROSA26-sr39tk B ROSA26-mT/sr39tk
Seiik 1.1.F08xCre 5.1.E11xCre
=BrOD2 “5u 65 605 o BI0 BN G0l 602 G3
CEss RS
L2 Bl
L1 ; ; . l
C ROSA26-mT/sr39tk
5.1H6xCre

S'probe 5 Fs £ O oW BM AB® A0 GI0 FI0 EW D0 CI0 B0 ATD

+ — e .- —— [
L2 . -—

L1 . Nl Ay s |

Figure 17. Southern blot analysis of ESC clones after transfection with a Cre expression plasmid .

DNA of targeted ESC clones isolated after electroporation with Cre expression plasmids was digested with
EcoRV in 96-well plates and hybridized with the ROSA26 5 firobe after Southern blot. A. Analysis of clones
derived from the primary clone 1.1.FO8 (ROSA26-sr39tk construct, see map in Figure 13A). Clones G05 and G06
show the same pattern as the primary clone (¢.2§ 4 kb) and have a +/L2 genotype, while clones G04 and G07
show the wild type fragment (69 11.5 kb) and a shorter fragment (4.1§ 2.7 kb) resulting from the Cre-mediated
excision of the Neo" gene cassette (+/L1 genotype). B. Analysis of clones derived from the primary clone 5.1.E11
(ROSA26-mT/sr39tk construct, map in Figure 13B). Clones B10 and G03 show the same pattern as the primary
clone (6-§ 11.5 kb and L2, 6 kb) and have a +/L2 genotype, while clones B11 and G02 show beside the wild type
fragment (6-9 11.5 kb) a shorter fragment (&1 4.4 kb), resulting from the Cre-mediated excision of the mT
cassette (+/L1 genotype). Clone GOl shows only the wild type fragment (6§ 11 kb), probably due to a
contamination of the primary clone 5.1.E11 with wild type (+/+) ESCs. Because of the possible contamination with
wild type ESCs, this clone was not used for blastocyst injection. C. Analysis of clones derived from the blastocyst-
injected, primary clone 5.1.H6. Either no DNA was isolated (H10, B10, A10), or ESCs show a +/L2 pattern (H09,
GO09, D09, C10), a +/L1 pattern (C09, B09, A09, F10, E10) or represent a mixture of Cre-recombined (+/L1) and
non-recombined (+/L2) ESCs (F09, E09, G10, D10).

In parallel torecombination analysis bgouhern blot, isolated ESC colonies were analyzed in
selection assays with G418 aB(€V. In ROSA26sr39tkESCs Cre recombination removéise loxR
flanked Ne6 genecassettgleading toHSV1sr39tk expresion (seemap inFigure 13A). Targeted
(+/L2) ESCs are resistantto G418 and not affected byGCV, while Crerecombined
ROSA26sr39tk™™* ESCsdie in presence of3418 or GCV. In ROSA26mT/sr33k ESCs Cre

recombination removethe loxRflanked mT cassettieading toHSV1sr39tk expres®on, while the

-83-



Results

FRT-flankedNed® genecassettés unaffected(seemap inFigure 13B). Consequently, targetée/L2)
ESCsshowmT fluorescence, andre neitheaffectedby G418nor by GCV. After Cre recombination,
ROSA26mT/sr33k"* ESCslosetheir fluorescence and die in presence@lV, while still resistant

to G418.Replicas of isolate@&SCcolonieswere incubated with G418 @&CV, and visually examined

for cell growth or death. AdditionallyESCs carrying the ROSA26T/sr39tk transgene were
examined for the presence or absence of mT fluorescence. G418 or GCV sensitivity, as well as loss of

red fluorescence (not showwpnsin agreement with genotypes determined by Southern blot analysis.

For detailed analysis, selectégrgeted (+/L2) or Creecombined (+/L1)ESCs were thawed and
expanded from frozen replica plates. Usingl8Vttk antiserumHSVtsr39tkwas detected in ESC
protein extractsHigure 18A). The HSVtsr39tkprotein is present in Cieecombined (+/L1), but not
in targeted (+/L2) ESCs carrying either transgene, showingd&endency ofHSV1sr39tk
expression.  Furthermore, HSV1sr39tk protein  levels in  ROSA26r39tkK™ and
ROSA26mT/sr39tk™* ESCs are markéy different. The level is considerably higher in
ROSA26mMT/sr39tk ESCs, wherthe CAG promoter drivesiSV1sr39tk expression Additionally,
the HSVsr39tkprotein size is greater upon expression from the ROS$A28tktransgene, where the
original HSVtsr39tk CDS is preceded by 42 additional amino acids {sdade 6), while translation
starts at the originaHSV1sr39tk CDS (red letters inTable 6) upon expression from the
ROSA26mMT/sr39tk transgene. To test f6iSV1Esr39tk protein functionality in Creecombined
ESCs, G418 and GCV selection assays were repeated. As observed when perforaveelliplages,
Crerecombined ROSA26r39tk"™* ESCs die in presence of G418 and GCV, while
ROSA26mT/sr39tk! ESCs dieonly in presence of GCVF{gure 18B). Moreover, {°FJFHBG
uptake assays were performed. Targeted aneré@@mbined ESCs were incubated witfF[FHBG
added to the culture medium, and afted i of incubation, amounts of extrand intracellular
radioactivity were measured to determiftéF]JFHBG uptake into Creecombined (+/L1)versus
targeted (+/L2) ESCs. Targeted ESCs do not accumufifFHBG over time, whileHSV1sr39tk
expressing (+/L1) ESs show a timelependent increase of intracellulfiFfJFHBG levels, leading to
an overall L1/L2 [*|*F]JFHBG uptakeratio increase. ROSA26r39tK™ ESCs, which express
HSV1sr39tk from the endogenous ROSA26 promoter, show a L1/L2 ratio aiftér 4 hours.
Conversely, ROSA261T/sr39tk’" ESCs, which expreddSVisr39tkfrom the CAG promoter, show
higher [*®F]FHBG accumulation with L1/L2 ratios of 8 and after 1 and4 hours Figure 18C),
which correlates with highadSV1sr39tk protein levels found by western blot analysis Figure
18A). In case of ROSA26nT/sr39tk ESCs, the L1/L2 uptake ratio might have been underestimated,
as the gcounter used for measurements was saturated by high radioactivity tsonten
ROSA26sr39tk™ ESC lysates.
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Figure 18. Test on HSV1-sr39tk expressi on (A) and functionality (B, C) in Cre-recombined ESCs carrying
ROSA26-sr39tk or ROSA26 -mT/sr39tk transgene s.

A. Western blot analysis reveals higher HSV1-sr39tk expression levels in Cre-recombined ROSA26-mT/sr39tk
ESCs (+/L1) than in Cre-recombined ROSA26-sr39tk ESCs (+/L1). Here, the HSV1-sr39tk protein has a greater
weight due to the transgene design. Non-recombined ESCs (+/L2 genotype) show no HSV1-sr39tk expression at
all. Lysates (20 pg protein) from wild type (wt, +/+), targeted (+/L2) or Cre-recombined (+/L1) ESCs were
separated by SDS-PAGE and stained with Coomassie Brilliant blue (right) or used for western blot analysis (left).
Membrane was incubated with anti-HSV1-tk antiserum (1:2000); antibody binding was detected with HRP-
coupled anti-rabbit antibodies (1:2000) in a chemiluminescence reaction. B. Upon incubation with G418 (black
frame) and ganciclovir (GCV, blue frame), Cre-recombined ROSA26-sr39tk ESCs (+/L1) undergo cell death, as
Cre recombination leads to HSV1-sr39tk activation by removal of the Neo® gene cassette. ESCs carrying the Cre-
recombined ROSA26-mT/sr39tk construct (+/L1) die only in presence of GCV (blue frame), as Cre recombination
leads to HSV1-sr39tk activation by mT cassette removal, but not removal of Neo®. Targeted ESCs (+/L2) of both
constructs are neither affected by G418 nor by GCV. Phase contrast images were taken 4 days after seeding and
3 days after begin of the selection. Original magnification: 10x. C. Cre-recombined ROSA26-mT/sr39tk (+/L1)
ESCs show higher intracellular [*®F]FHBG accumulation compared to ROSA26-sr39tk (+/L1) ESCs. [**F]JFHBG
uptake is estimated as ratio of accumulation into recombined (+/L1) ESCs vs. non-recombined (+/L2) ESCs.
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3.1.3 Generation of HSV1-sr39tk Reporter Mouse Lines

After successful test of ROSAZB39tkand ROSA26mMT/sr39tk transgenea ESGs, targeted clones

were injected by Dr. S-eil into C57BI/6 blastocyststage embryos in two sessiofrsthe first session,

targeted ROSA28r39tK™> ESCswere injected into 116 blastocys@nd in the second session,
targeted ROSA26nT/sr39tk™-> ESCswere injected int@6 blastocystg§Table 10).

Table 10. Overview on ESC blastocyst injection and chimeric progeny.

Session Clone/Passag Injected Implanted Progeny Chimea gender

blastocysts blastocysts (grade of chimerism and GLT)

11 1.1.FO8/P28 23 14 no No

1.2 1.1.F08/P28 24 12(+14) 2+ DA I'1 (50 %)

1.3 3.2.E07/P24 10 5+5 6 I'2 -9080)Fk 3 -908pGLT)

14 1.1.F08/P29 14 6+8 5 4 -908 5 -90800 6 ( 2

15 3.2.E07/P24 16 8+8 7 7 -9080 8 -908GLT, I 9 (

1.6 1.1.F08/P28 22 T+7+7 no No

1.7 3.2.E07/P24 7 7 no No

21 5.1.H06/P23 8 8 5 I'1T (,8Q%)08)0 3 -70860D

22 5.1.D04/P23 26 9+9+8 6 4 (50%)

23 5.1.H04/P23 21 T+7+7 @R No

24 5.1.H06/P24 21 T+7+7 5 ¥ 5(70%GLT,l 6 (,6 @%) 5

For implanted blastocysts, every number stands for transfer into one foster mother. Grading of chimerism was
performed according to coat color (proportion of agouti-colored fur). GLT, germ-line transmission.

To establish transgenic mouse lines, male chasievere mated to wild type C57BIl/6 females and
agouticolored progeny was tested for transgene presence by PCR. To detect the RCEHR6
transgene, the ROSAZ26cZ genotyping PCR was used, while for the detection of the
ROSA26mMT/sr39tk transgene tHROSA26mMT/mG genotyping PCR was used (see dlable 21 on

p. 142). In both cases, three primers were used agare 13 for primer binding sites); the common
forward primer ROSA10 anthe wild type reverse primer ROSA11l amplifiB22bp fragment from

the wild type ROSA26 locus. ROSA10 and théreverse primer RF127 amplify88bp fragment
from the ROSA26r39tktransgene; ROSAL10 and tidebreverse primer ROSA04 amplify 249bp
fragment from the ROSA2&T/sr39tk transgend=rom the injection of ROSA26r39tk ESCs, eight
male chimeras were derived, of which two show génm transmission (se€able 10, session 1 and
Figure 19A). Both chimeas were derived from injections of the 3.2.E07 ESC clone, the
ROSA26sr39tkmouse line was established from progeny of chimera 8. In one of four male chimeras
derived from the injection of ROSA26T/sr39tk ESCs, the transgene was transmitted through the

germtline (seeTable 10, session 2 anBigure 19B); the chimera was derived from clone 5.1.H06.
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Figure 19. PCR analysis to detect g erm-line transmission of ROSA26-sr39tk and ROSA26 -mT/sr39tk
transgenes.

A. DNA isolated from agouti-colored chimera progeny (agl, ag2), from black-colored chimera progeny (bl1 and
bl2), and from ROSA26-lacZ mice (as positive control) was analyzed via PCR with primers ROSA10, RF127, and
ROSA11. In 2/2 agouti-colored animals, the ROSA26-sr39tk transgene was detected by the presence of an
additional PCR fragment (6 § of 188 bp (animals have +/ genotype). B. DNA isolated from agouti-colored
chimera progeny (agl-ag4), from black-colored chimera progeny (bll), from wild type mice (wt), from
ROSA26-mT/mG (mT/mG) mice (as positive control), and from the injected ESC clone (ES) was analyzed via
PCR with primers ROSA10, ROSA04, and ROSA11l. In 1/4 agouti-colored animals, the ROSA26-mT/sr39tk
transgene was detected by the presence of a PCR fragment (6 § of 249 bp (animals have +/T genotype).

3.1.4 Characterization of HSV1-sr39tk Reporter Mouse Lines

Heterozygous animalef both mouse lines are fertilend display no overt phenotypesvhile o
reliable data iswvailable for homozygous animalBNA wasisolated from tissue of transgenic mice
andused in aSouthern blotanalysisto test fortransgengresence and integrityesultsobtained are
similar toSoutherrblot analysis oESCDNA (not shown)

First, it wastestedwhetherHSV1sr39tkis functionally expressed from the Gaetivated transgeria

the ROSA26sr39tkmouse line Therefore,a western blot analysis of protein extracts from tissues of
Crd¥": ROSA26sr39tk ' ice was performedr{gure 20A; see3.1.50n p.90 for further details on
Cre transgends Additionally, coloric smooth muscle cells (CSMCs) isolated from CNYEY":
ROSA26sr39tk" mice were analyzedisingwestern blot Eigure 20A), andin a selection assayp

test forHSV1sr39tkfunctionality (Figure 20B). In the western blot withrain extracts oNesCre?¥";
ROSA26sr39tk” mice, a slightly more intense signal is present at the expected Hriglie result

is not conclusivedue tounspecificsignals at the same heigReliable HSV1sr39tkdetection wass
well not possible in protein extracttom mice with the following genotypes:RIP-Cré%*;
ROSA26sr39tk" (pancreasFigure 20A); MLC2a-Cré?": ROSA26sr39tk” (heart not showi and
CMV-Cré¥*: ROSA26sr39tk” (liver, colon not shown) However, a signalvas observedwith
protein extracts from cultured CSMdsolated from CMV-Cré?*": ROSA26sr39tk" mice. In
agreement with this result, these CSMCs show a clear reduction in cell number upon GCV treatment
(Figure 20B), while the growth behavior of control CSMCs (fraBMV-Cre”*; ROSA26sr39tK"
mice) is not affected. Som8SMCsseem to survive GCV selection, most likely because of non

recombined ROSA268r39tktransgene resulting from mosaic Cre expression.
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Figure 20. Test on HSV1-sr39tk expression and functionality in tissues and cells carrying the Cre -
activated ROSA26 -sr39tk construct.

A. Western blot analysis of protein extracts from ESCs (30 pg), and from tissue (30 pg) and colonic smooth
muscle cells (CSMCs; 8 pg) isolated from Cre'¥"; ROSA26-sr39tk” ' and Cre**; ROSA26-sr39tk”’ tontrol mice.
Proteins were separated on a gel with 12% polyacrylamide, and blotted onto a PVDF membrane, which was
incubated with HSV1-tk antiserum (1:2000); antibody binding was detected with HRP-coupled anti-rabbit
antibodies (1:2000) in a chemiluminescence reaction. B. G418 and GCV selection assay with CSMCs.
MHSV1-sr39tk-posi ti ved CSMCs eef'| ROSH26-§r39tk T mi@ MM in presence of G418 and
GCV, as Cre recombination leads to excision of the Neo" cassette and expression of HSV1-sr39tk, respectively.
CSMCs from control mice (CMV-Cre™"; ROSA26-sr39tk* /)'show slightly reduced growth in presence of G418, but
grow normally with GCV. CSMCs were cultured and expanded in two passages. With the last passage, incubation
with 400 pg/mL G418, and 2 uM GCV or normal media (no selection) was started. Phase contrast images of
different FOVs were taken at 10x original magnification 14 days after the incubation with G418 or GCV was
started.

These results show that Cre recombination of the ROSA28k transgene results in ROSA26
promoterdriven expression of functionally activ#SV21sr39tkprotein in ESCs and mice. The amount
of HSV1sr39tk protein expressed from the ROSA2@9ItK’' transgene is appropriate for the
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ablation of cultured cells isolated from ROSA2@9tk transgenic mice (or fothe ablation of
ROSA26sr39tk™* ESCs). However, lowHSV1sr39tk expression levelsender theusability of the
ROSA26sr39tk mouse line uncertain for PET experiments (see discussion)herefore, the
ROSA26mMT/sr39tk mouse linevas used for a firsh vivoPET experiment. For that purposanouse
with the genotypeRIP-Crd¥"; ROSA26mT/sr39tk ' 'was analyzedin a PET experimentwith
[**F]FHBG, and aitoradiographs of frozen section§ the pancreasere prepared directly aftéhe
PET experimentSpecific tracer retentioroccursin kidney and spleerand unspecific [**F]FHBG
uptake inbladder, intestines, gall bladder and skeldtigure 21A; PET dateof this experimentvas
comparedwith dataof nontransgenic controlfrom ref. 224). Due to tracelaccumulationin kidney
and spleenyptalke into the pancreas could not be localized and quantified fteerPET dataset
However, atoradiographs othe pancreas show a distinct intensity pattéfigure 21B), which
results from 1¥F]JFHBG uptakeinto cells located in theslets of Langerhans, but not ihe exocrine
pancreas as judged from aomparison of autoradiographs with microphotographghef same
sections stained withematoxylinandeosinafter autoradiographfnot shown)In summary this first
PET experiment vih a ROSA26mT/sr39tk transgenic mouse indicates tH&V1sr39tk expression
levels are sufficient for 'fFJFHBG accumulationinto HSV1sr39tkexpressing cellswhich can

thereforebe visualizedn a living animalby PET imagingor post mortenvia autoradography.

Figure 21. ["*FJFHBG PET/MR image (A) and autoradiograph y (B) of a RIP-Cre'¥": ROSA26-mT/sr39tk ™
mouse.

A. Coronal plane of a PET (heatmap) and MR (grayscale) image of the abdomen, with lungs on top and bladder
(bright PET signal) at the bottom. Specific [18F]FHBG uptake is found in spleen (asterisk) and the cortex of the
kidney (arrowhead), while [**F]FHBG uptake into intestines and bladder is unspecific. B. Autoradiographs of four
frozen sections from the pancreas show localized sites of [18F]FHBG accumulation. Sites of tracer uptake
correlate with islets of Langerhans, according to hematoxylin/eosin staining performed after autoradiography (not
shown). PET image was acquired 4 h after injection of ~300 pCi [**FJFHBG, MR image was acquired thereafter.
Images are manually registered using tracer-filled capillaries as fiducial landmarks. The pancreas was dissected
after finishing PET/MR image acquisition. Frozen 10 um sections were exposed to a phosphor screen ~7 h after
tracer injection; scale bar for B: 10 mm.
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