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Zusammenfassung 1

Zusammenfassung

Gap Junctions sind durch den Austausch von Ionen und Metaboliten zwischen benach-
barten Zellen an der Bildung von funktionellen Geweben beteiligt. In Endothelzellen sind
Gap Junctions essentiell fiir die Aufrechterhaltung der vaskuldren Funktionen. Adeno-
sin ist ein ubiquitéres extrazellulares Signalmolekiil, das durch parakrine Bindung an
seine Rezeptoren grofifiachige zellulare Reaktionen hervorrufen kann. Im vaskuldren
System regulieren Adenosinrezeptor-abhéngige Signalwege verschiedene Funktionen wie
Vasodilatation oder die endotheliale Barrierefunktion. Da Gap Junctions wichtig fiir
diverse Gewebefunktionen sind, ist die Regulierung der Gap Junction-Kopplung durch
allgemeine Signalmechanismen im Gewebe notig. Daher wurde die Regulierung von Gap
Junctions durch Adenosin als extrazellulirem Signalmolekiil in der vorliegenden Arbeit
untersucht.

Die Aktivierung des Adenosinrezeptor-Subtyps Asp fithrte in der mikrovaskuldren
Endothelzelllinie hCMEC/D3 durch Aktivierung von cyclic nucleotide-gated- (CNG)
Kanélen zu einer signifikanten Steigerung der Gap Junction-Kopplung und einer ver-
mehrten Anzahl von Connexind3-Gap-Junction-Plaques. Auf funktionaler Ebene stellt
die Regulierung von Gap Junctions durch Adenosinrezeptoraktivierung und der Zusam-
menhang zu den CNG-Kanélen einen bislang wenig beachteten Signalweg dar. Dieser
konnte neue Einblicke beispielsweise in die Regulierung von Entziindungsprozessen liefern.

Die Analyse der Gap Junction-Kopplung erfolgte durch scrape loading /Farbstofftrans-
fer-Versuche. Zur Optimierung wurde die Goldnanopartikel-vermittelte Laserperfora-
tion/Farbstofftransfer- (GNOME LP/DT) Methode zur nicht-invasiven, zellschonenden
Analyse der Gap Junction-Kopplung etabliert. Mit dieser Methode konnten semi-auto-
matisch vergleichbare Ergebnisse wie in scrape loading/Farbstofftransfer-Versuchen er-
mittelt und eine hohere Reproduzierbarkeit erzielt werden. Zusatzlich ist die GNOME
LP/DT-Methode fiir empfindliche Zellen sowie in komplexen, beispielsweise dreidimen-
sionalen Zellkulturmodellen sowie Ko-Kulturen in transwell inserts geeignet. Mit solchen
Zellkultursystemen kann es die GNOME LP/DT-Methode in Kombination mit transen-
dothelialen Widerstandsmessungen ermoglichen, neue Erkenntnisse zur Rolle der Gap
Junctions in der Pyhsiologie der Blut-Hirn-Schranke zu erlangen.

Schlagworter: Gap Junctions, Adenosinrezeptoren, Goldnanopartikel-vermittelte La-
serperforation/Farbstofftransfer
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Abstract

By allowing a direct exchange of ions and metabolites between cells, gap junctions par-
ticipate in the formation of physiological units in tissues. Gap junctions in endothelial
cells are essential for maintaining vascular functions. Adenosine is a ubiquitous extra-
cellular signalling molecule that can evoke cellular responses in large tissue areas by
binding in a paracrine manner to its receptors. Adenosine receptor-dependent signalling
mechanisms regulate several vascular functions, for example vasodilation or endothelial
barrier properties. Since gap junctions are important for various tissue functions, it
is essential to include the gap junction regulation into general signalling mechanisms
within tissues. Therefore, the regulation of gap junction coupling by adenosine receptor
signalling was analysed in the presented work.

Activation of the adenosine receptor subtype Asg significantly increased the gap junc-
tion coupling and the amount of connexin43 gap junction plaques in microvascular en-
dothelial hCMEC/D3 cells via activation of cyclic nucleotide-gated (CNG) channels. On
functional level the regulation of gap junctions upon adenosine receptor activation and
especially the involvement of CNG channels is as yet a disregarded signalling link and
could provide new insights for example into the regulation of inflammatory conditions.

Analysis of gap junction coupling was performed with scrape loading/dye transfer
assays. To improve this technique a gold nanoparticle-mediated laser perforation/dye
transfer (GNOME LP/DT) method was established for a non-invasive, cell-friendly ana-
lysis of gap junction-dependent cell coupling. The GNOME LP/DT method enabled
the analysis of gap junction coupling with similar results as scrape loading/dye trans-
fer assays and was more reproducible. Additionally, the GNOME LP/DT method was
successfully applied to sensitive cells and in complex cell culture systems, for example
three-dimensional cell culture or co-culture of blood-brain barrier cells in transwell in-
serts. Applying the GNOME LP /DT method in such cell culture systems in combination
with transendothelial resistance measurements can provide new insight into the role of
gap junctions in the physiology of the blood-brain barrier.

keywords: gap junctions, adenosine receptors, gold nanoparticle-mediated laser perfor-
ation/dye transfer
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1 General introduction

1.1 Gap junctions

Gap junctions are channels directly connecting neighbouring cells. They enable inter-
cellular communication by exchange of small molecules through diffusion from one cell
to another (Leybaert etal. 2017, Nielsen etal. 2012). As gap junction channels are per-
meable to ions, second messengers, metabolites (smaller than 1.5kDa) and even small
RNAs (Brink etal. 2012, Nielsen etal. 2012), gap junctions play a crucial role in the
formation of functional tissue from multiple individual cells. Gap junctions are ubiqui-
tously expressed in almost all animal tissue. Gap junction channels are involved in a
plethora of tissue functions including synchronous contraction of smooth muscle cells
(Figueroa & Duling 2009), electric conduction in the heart (Dhein 2004), passing mat-
uration signals to oocytes (Nicholson & Bruzzone 1997) and nutrient supply in the lens
(Donaldson et al. 2001, Berthoud & Ngezahayo 2017).

1.1.1 Connexins and gap junction structure

Gap junctions are formed by connexins in vertebrates (Nicholson 2003, Nielsen et al.
2012) and by innexins in invertebrates (Phelan 2005, Yen & Saier 2007). Connexins
are membrane-spanning proteins with two conserved extracellular loops, an intracellular
loop and N- and C-terminus located in the cytoplasm (Figure 1.1 A, Leybaert et al. 2017,
Nielsen etal. 2012, Kumar & Gilula 1996). Six connexins form a hemichannel, called
connexon (Nielsen etal. 2012) which as hemichannels at the cell surface can enable the
exchange of molecules with the extracellular space (Leybaert et al. 2017). Two connexons
from adjacent cells can interact through the extracellular loops of the connexins to form
a complete gap junction channel (Figure 1.1 B, Foote et al. 1998, Kumar & Gilula 1996,
Leybaert etal. 2017). So far 21 human genes of different connexin isoforms have been
identified (Sohl & Willecke 2004, Beyer & Berthoud 2009). The connexin isoforms are
distinguished by adding their weight in kDa as suffix to the abbreviation Cx for connexin
(Sohl & Willecke 2004, Willecke et al. 2002). Gap junctions can be homo- or heteromeric,
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concerning the composition of the connexons from different connexin isoforms, or homo-
or heterotypic with regard to the two connexons that form a complete gap junction
channel (Kumar & Gilula 1996, Nicholson 2003). Some connexin isoforms are expressed
only by few specialised cell types while others, like connexind3 (Cx43), are ubiquitously
found in almost every tissue (Willecke et al. 2002, Leybaert etal. 2017).

connexon

- gap junction

Figure 1.1: Schematic presentation of connexins, connexons and gap junctions. A) Con-
nexin proteins have four transmembrane domains (TM), two extracellular loops (EL),
one intracellular loop (IL) and N- and C-terminus are located intracellularly. B) Six
connexins form a hemichannel, a connexon; two connexons of adjacent cells build a
complete gap junction.

Like other membrane proteins connexins are synthesised in the endoplasmatic reti-
culum and transported to the membrane via the secretory pathway (Segretain & Falk
2004, Laird 2006). The hexamerisation to connexons can begin as early as in the en-
doplasmatic reticulum and continue in the Golgi apparatus and trans-Golgi network.
However, the exact compartment and time point of connexon assembly seems to be
isoform-dependent (Laird 2006, Segretain & Falk 2004). The closed hemichannels are
inserted into the plasma membrane, probably via regulated transport to distinct mem-
brane areas (Schubert etal. 2002, Shaw etal. 2007, Rhett & Gourdie 2012, Leybaert
etal. 2017). Gap junction assembly usually occurs at the edges of so-called gap junction
plaques, which contain up to thousands of individual gap junctions (Leybaert et al. 2017,
Nicholson 2003, Segretain & Falk 2004). Gap junctions can be integrated in specialised
membrane domains called lipid rafts, for example those structured by caveolins, that
participate in gap junction structuring and regulation (Hervé et al. 2012, Schubert et al.
2002, Langlois et al. 2008, Ampey et al. 2016). Several associated scaffolding proteins an-

chor the gap junction plaques into the cell membrane, mostly via cytoskeletal filaments
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(Segretain & Falk 2004, Giepmans 2004, Rhett & Gourdie 2012, Hervé et al. 2012). For
example, the tight junction-associated protein zonula occludens 1 (ZO1) tethers Cx43
to actin filaments and is involved in gap junction formation and degradation (Rhett
etal. 2011, Rhett & Gourdie 2012, Thévenin et al. 2017, Leybaert et al. 2017, Giepmans
2004, Hervé et al. 2012). Gap junction degradation occurs via proteasomal or lysosomal
pathways (Segretain & Falk 2004, Thévenin etal. 2013, Su & Lau 2014) and it is well
described that complete gap junctions from both neighbouring cells are internalised
in so-called annular junctions (Jordan etal. 2001, Berthoud etal. 2004, Thévenin et al.
2013, Falk etal. 2016). Posttranslational modifications of connexins regulate gap junc-
tions and the best-known modifications are phosphorylations through various protein
kinases (Leybaert etal. 2017). Phosphorylations regulate several steps in the connexin
life cycle, including trafficking through the secretory pathway, gap junction assembly,
channel gating and degradation (Thévenin etal. 2013, Lampe & Lau 2004, Leybaert
etal. 2017, Moreno & Lau 2007, Solan & Lampe 2005).

1.1.2 Gap junctions in the vascular system

Gap junctions exhibit important functions in the vascular system by enabling the regu-
lation of blood pressure and vascular tone through longitudinal intercellular communic-
ation (Johnstone et al. 2009, Haefliger et al. 2004, Figueroa & Duling 2009). Endothelial
cells of the vascular system express the connexin isoforms Cx37, Cx40 and Cx43 and
to a lesser extent Cx45 (Figueroa & Duling 2009, Johnstone etal. 2009, Begandt et al.
2017, Leybaert etal. 2017, Haefliger et al. 2004) with different distributions depending
on vascular bed and vessel size (Johnstone etal. 2009, Begandt etal. 2017, Leybaert
etal. 2017). The essential role of vascular connexins has been demonstrated in knock-
out mice (Simon & McWhorter 2003, Kriiger et al. 2000, Kirchhoff et al. 2000, Walker
et al. 2005, Sohl & Willecke 2004). Mice with global knock-out of Cx43 or Cx45 were
not viable due to severe vascular and cardiac malformations (Kriiger et al. 2000, Walker
etal. 2005, Reaume etal. 1995). Endothelial cell-specific deletion of Cx43 resulted in
hypotension and bradycardia (Liao etal. 2001). Global deletion of Cx40 led to hyper-
tension and cardiac arrhythmias (de Wit et al. 2000, Krattinger et al. 2007, Simon et al.
1998). While deletion of only Cx37 is not lethal and only associated with female infer-
tility (Simon etal. 1997), loss of both Cx37 and Cx40 resulted in severe abnormalities
in the vascular system and early death (Simon & McWhorter 2003, Figueroa & Duling
2009), indicating an interplay between different connexin isoforms. Furthermore, each

connexin isoform seems to have unique functions since exchanging one connexin isoform
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with another in knock-out/knock-in experiments usually does not result in complete
restoration of the defects associated with the lost connexin isoform (Plum etal. 2000,
Zheng-Fischhofer et al. 2006, Winterhager et al. 2007). Moreover, several vascular patho-
logies are associated with dysregulation or changed expression of connexins, for example
hypertension (Figueroa etal. 2006, Figueroa & Duling 2009) or atherosclerosis (Kwak
et al. 2002, Scheckenbach etal. 2011, Blackburn etal. 1995). Cx37 and Cx40 are down-
regulated in inflammatory conditions associated with atherosclerosis or acute lung injury
(Scheckenbach etal. 2011, Rignault etal. 2007). In contrast, endothelial Cx43 exhibits
pro-inflammatory properties and is upregulated in these conditions (Parthasarathi et al.
2006, Sarieddine etal. 2009, Scheckenbach etal. 2011, de Bock etal. 2017, Robertson
etal. 2010, O’Donnell etal. 2014) accompanied by increased expression of cell adhesion
molecules and increased tissue infiltration by neutrophils (Yuan et al. 2015, Sarieddine
et al. 2009). In accordance, reducing Cx43 levels attenuated progression of atherosclero-
sis in animal models (Kwak et al. 2003, Wong et al. 2003), decreased neutrophil recruit-
ment after lung inflammation (Sarieddine et al. 2009), attenuated inflammation-induced
pulmonary endothelial barrier disruption (O’Donnell etal. 2014) and reduced vascular

leakage and inflammation in spinal cord injury (Cronin etal. 2008).

1.1.3 Gap junctions in blood-brain barrier endothelial cells

The blood-brain barrier forms the physical and metabolic barrier between the cerebral
tissue and the blood circulation and therefore enables the maintenance of the cerebral
homoeostases (Abbott et al. 2006, Correale & Villa 2009, Weiss et al. 2009). The blood-
brain barrier is composed of specialised microvascular endothelial cells surrounded by
a network of pericytes, astrocytes, neurons and microglia (Figure 1.2, Abbott etal.
2006, Weiss et al. 2009). Blood-brain barrier endothelial cells exhibit specific properties,
including tight junction formation (Abbott et al. 2006, Weiss et al. 2009), low pinocytosis
(Sedlakova etal. 1999), expression of specialised receptors and transporters (Abbott
et al. 2006, Weiss et al. 2009) and a high amount of mitochondria (Oldendorf et al. 1977,
Abbott et al. 2006).

Gap junction-dependent communication in blood-brain barrier-forming endothelial
cells has been proposed to regulate the barrier function of these cells since connexins have
been found to be associated with tight junction proteins (Nagasawa et al. 2006). Blocking
the gap junctions resulted in a significant increase in endothelial permeability (Nagasawa
etal. 2006). Furthermore, gap junctions between blood-brain barrier endothelial cells

were proposed to participate in Ca®" wave spreading induced by bradykinin application
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Figure 1.2: Cellular components of the blood-brain barrier. Endothelial cells forming the
microvascular capillaries are surrounded by pericytes, astrocytes and neurons. Microglia
are not shown. Locally liberated adenosine nucleotides in the blood are broken down
by cluster of differentiation (CD)39 and CD73 to adenosine which activates adenosine
receptors present on the surface of microvascular endothelial cells. The connection of
microvascular endothelial cells via gap junctions is pointed out.

and associated with increased endothelial permeability (de Bock etal. 2012). Recently,
upregulation of Cx43 and increased intercellular gap junction coupling was observed in
a model of cerebral cavernous malformations, correlating with a redistribution of tight
junction proteins (Johnson etal. 2018). Apart from these studies little is known about
the detailed signalling mechanisms involved in the interplay between gap junctions or
connexin hemichannels and barrier properties in the blood-brain barrier (de Bock et al.
2014, 2017, Eugenin et al. 2012).

Since intercellular communication via gap junctions is essential for the formation of
functional tissue from several individual cells, the regulation of gap junction coupling
has to be integrated in the general signalling pathways in the tissue. The cells in a tissue

are able to sense changes in their extracellular environment for example via extracellular
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signalling molecules that activate cell surface receptors. Spreading these signals from cell
to cell can occur via gap junctions and several vascular pathologies are associated with
dysregulation of gap junctions (Figueroa & Duling 2009, Leybaert et al. 2017). Adenosine
comprises such an extracellular signalling molecule and adenosine concentrations are
often increased in pathological conditions (Fredholm 2007). By activating adenosine
receptors various intracellular signalling cascades are induced (Jacobson & Gao 2006,
Chen et al. 2013, Fredholm 2007, Blackburn et al. 2009). These can regulate gap junction
coupling as shown before in pituitary folliculostellate cells (Lewis et al. 2006) as well as
vascular smooth muscle (Begandt et al. 2013a) and endothelial cells (Begandt et al. 2010,
2013b).

1.2 Adenosine as extracellular signalling molecule

Extracellular adenosine is usually a breakdown product of locally liberated adenosine
nucleotides (Figure 1.2, Fredholm 2007). Adenosine triphosphate (ATP) is released from
cells for example due to shear stress or mechanical stretch (Bodin etal. 1991, Bodin &
Burnstock 2001, Hamada et al. 1998, Burnstock & Knight 2017), during hypoxic con-
ditions (Eltzschig 2009), or from damaged or dying cells (Burnstock & Knight 2017,
Fredholm 2007). Regulated nucleotide release during exocytosis (MacDonald et al. 2006,
Zhang etal. 2007), or through connexin and pannexin hemichannels (Eltzschig et al.
2006, Dahl 2015, Lohman & Isakson 2014) is also possible (Fredholm 2007). Adenosine
nucleotides are quickly degraded to adenosine through the ectonucleotidases cluster of
differentiation (CD) 39 and CD73 (Figure 1.2, Fredholm 2007, Eltzschig 2009, Chen et al.
2013, Antonioli etal. 2013) that are expressed by most cell types, including endothelial
cells (Eltzschig etal. 2003, Chadjichristos etal. 2010, Mills etal. 2011, Kim & Bynoe
2015). Additionally, intracellularly produced adenosine can be transported out of cells
along concentration gradients via equilibrative nucleoside transporters (Fredholm 2007,
Podgorska et al. 2005). The systemic plasma concentration of adenosine is usually in the
low nanomolar range (10 to 300 nM, Shryock & Belardinelli 1997, Fredholm 2007, Haskd
et al. 2008, Ballarin etal. 1991) but can rise to micromolar ranges in extreme physiolo-
gical or pathological conditions (Fredholm 2007, Ho & Rose’Meyer 2013, Eltzschig 2009,
Pedata etal. 2001). However, spontaneous locally increased adenosine concentrations in
non-pathological conditions were measured in vivo in various tissue such as the brain

(Nguyen etal. 2014, Nguyen & Venton 2015). Due to rapid adenosine uptake into the
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cells and further degradation (LofHler etal. 2007, Eltzschig 2009), locally increased ad-
enosine levels only last for about 10s (Ho & Rose’Meyer 2013, Eltzschig 2009).

Adenosine activates adenosine receptors that are expressed on the cell surface. Aden-
osine receptors are G protein-coupled receptors with seven transmembrane domains and
are divided in four subtypes, Aj, Asa, Ao and Aj (Jacobson & Gao 2006, Fredholm
2007, Chen etal. 2013). The A; and Aj adenosine receptor subtypes are coupled to
Gj or, the A; adenosine receptor less frequently, to G, proteins and generally inhibit
the adenylyl cyclase (Jacobson & Gao 2006, Fredholm 2007). The Ajx and Agp aden-
osine receptor subtypes are mainly coupled to Gy proteins and generally increase the
cyclic adenosine monophosphate (cAMP) concentration by activating the adenylyl cyc-
lase (Jacobson & Gao 2006, Fredholm 2007). The four receptor subtypes differ in their
affinity to adenosine. The A, Asx and A3 adenosine receptor subtypes are activated by
low adenosine concentrations that occur in physiological conditions while the Asg aden-
osine receptor subtype is activated by micromolar adenosine concentrations (Fredholm
etal. 2001a, Fredholm 2007) mainly observed under extreme physiologic or pathologic
conditions (Fredholm 2007).

Knocking-down adenosine receptor expression in animal models revealed a wide range
of effects, including altered response to inflammation and ischemia as well as behaviour
changes (Fredholm 2007, Chen et al. 2013, Blackburn et al. 2009). Adenosine receptors
are ubiquitously expressed (Chen etal. 2013) and have been found to be important for
the regulation of vascular function, for example vasodilation (Fredholm etal. 2001b,
Szentmiklosi et al. 1995, Eltzschig 2009), inflammatory responses by endothelial leuk-
ocyte adhesion (Yang etal. 2006, Lennon etal. 1998, Bouma etal. 1996, Linden 2011)
and vascular barrier function (Eltzschig et al. 2003, Eckle et al. 2008, Davies et al. 2014,
Umapathy etal. 2010).

1.2.1 Adenosine receptor signalling in the vascular system

In cerebral endothelial cells adenosine signalling has been implicated to play a role in
bacteria crossing the blood-brain barrier (Caporarello etal. 2017). Furthermore, ad-
enosine receptors were proposed as target for the controlled permeabilisation of the
blood-brain barrier (Kim & Bynoe 2015, Carman etal. 2011, Gao etal. 2014, Bynoe
et al. 2015). Many studies focused on activation of the Ays adenosine receptor subtype
in order to increase the blood-brain barrier permeability (Carman etal. 2011, Kim &
Bynoe 2015, Gao etal. 2014). Other authors proposed that Ajs adenosine receptor ac-

tivation to specifically target blood-brain barrier cells was not reproducible in vivo and
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previous observations could be explained by an impaired renal function and subsequent
retainment of the tracer in the blood (Cheng etal. 2016). In contrast to blood-brain
barrier-related studies, activation of both the Ay and Asg adenosine receptor subtypes
has been reported to be anti-inflammatory (Hask6 & Cronstein 2004, Haské et al. 2008,
Blackburn et al. 2009) and for example enhanced endothelial barrier function and pre-
vented vascular leakage in peripheral endothelial cells, especially in the lung (Eltzschig
et al. 2003, Eckle et al. 2008, Davies et al. 2014, Lennon et al. 1998, Umapathy et al. 2010,
Hassanian et al. 2014). However, pro-inflammatory roles of the Ayx and Asp adenosine
receptors have been reported as well (Yang et al. 2014, Zhou et al. 2011, Sun et al. 2006,
Karmouty-Quintana et al. 2013, Blackburn et al. 2009).

A correlation between adenosine-dependent signalling via CD73 and Cx40 has been
shown in endothelial cells: Knocking-down endothelial Cx40 expression resulted in a
down-regulation of CD73 and subsequently increased leukocyte adhesion and inflam-
matory response (Chadjichristos etal. 2010, Scheckenbach etal. 2011). The increased
inflammation was attributed to decreased adenosine receptor-dependent signalling due
to less degradation of adenosine nucleotides (Chadjichristos etal. 2010, Scheckenbach
etal. 2011). Applying the nucleoside transporter blocker dipyridamole to rat smooth
muscle cells (Begandt et al. 2013a) or bovine aortic endothelial cells (Begandt et al. 2010,
2013b) increased the gap junction coupling via adenosine receptor-dependent activation
of cAMP /protein kinase A (PKA) signalling pathways (Begandt etal. 2010, 2013a).
Application of adenosine also increased Cx43 expression and gap junction coupling in
pituitary folliculostellate cells (Lewis et al. 2006). This could indicate that increased ad-
enosine levels as occurring for example during hypoxic conditions (Eltzschig 2009, Chen

et al. 2013, Fredholm 2007) can regulate gap junction coupling and Cx43 expression.

1.2.2 Aim of the first study

Both adenosine receptor-dependent signalling and gap junction-dependent intercellular
communication are associated with the same cellular processes, especially in the vascu-
lar system, for example cellular responses during inflammation or ischemia (Willebrords
etal. 2016, Yang et al. 2006, Lennon et al. 1998, Chen et al. 2013, Blackburn et al. 2009,
Scheckenbach etal. 2011, Green & Nicholson 2008). It was shown that gap junction
coupling can be regulated by adenosine receptor stimulation (Lewis et al. 2006, Begandt
etal. 2010, 2013a) and this can provide a link for spreading locally induced adenosine
signals by gap junction-dependent cellular responses along the vascular wall. The role of

gap junctions in the specialised microvascular endothelial cells of the blood-brain bar-
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rier still is not conclusive (de Bock etal. 2014, 2017, Eugenin etal. 2012). In contrast,
adenosine-dependent signalling is especially important in the brain for example in re-
sponse to inflammation or ischemia (Melani et al. 2014, Blackburn et al. 2009) but also
as target for the controlled opening of the blood-brain barrier (Bynoe etal. 2015). The
aim of the first part of this work was to analyse the regulation of gap junction-dependent
intercellular communication after adenosine receptor activation and elucidate which sig-
nalling pathways participate in this regulation. We focused on specialised blood-brain
barrier microvascular endothelial cells using a human cerebral microvascular cell line as

model.

1.3 Analysis of gap junction coupling

Gap junction coupling can be analysed by dye transfer experiments (Abbaci et al. 2008)
or by measuring electrical conductances between cells with double whole-cell patch-
clamp experiments (Neyton & Trautmann 1985, Abbaci etal. 2008). For dye transfer
studies small, membrane-impermeable but gap junction-permeable dyes are loaded into
cells using different methods (Abbaci et al. 2008). These include microinjection in single
cells and, for loading many cells simultaneously, electroporation or mechanical wounding
with the scrape loading technique (Abbaci et al. 2008).

1.3.1 Scrape loading/dye transfer

The scrape loading/dye transfer technique (Figure 1.3 A) is a simple method that allows
the simultaneous gap junction coupling analysis of numerous cells without the need of
special equipment (Abbaci et al. 2008, Babica et al. 2016, Trosko et al. 2000). Loading the
cells with the membrane-impermeable dye is achieved by cutting the cell monolayer with
a razor blade or a needle in presence of the dye, allowing its infiltration into the cytoplasm
of the wounded cells and dye diffusion into neighbouring cells via gap junctions (Abbaci
et al. 2008, Babica et al. 2016). The amount of cells inheriting the dye corresponds to the
grade of gap junction coupling and this can be quantified by counting dye-incorporating
cells, calculating the dye-incorporating cell area or calculating the dye diffusion distance
(Babica etal. 2016, Trosko etal. 2000, Opsahl & Rivedal 2000, Begandt etal. 2010).
This method enables the quantification of gap junction coupling in response to different
stimuli (Begandt et al. 2010, 2013a,b, Babica et al. 2016, Opsahl & Rivedal 2000, Trosko
et al. 2000).
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Figure 1.3: Scrape loading/dye transfer in comparison to the gold nanoparticle-mediated
approach. A) During the scrape loading/dye transfer assays cells are cut with a razor
blade to introduce the fluorescent dye. B) A weakly focused laser beam interacting with
gold nanoparticles on the cell surface enables the transient membrane permeabilisation.

Although the scrape loading/dye transfer method is easy to perform without the need
of special equipment (Abbaci etal. 2008, Babica et al. 2016, Begandt et al. 2010) it has
limitations. Assays are usually performed in two-dimensional cell culture systems of cells
grown on hard culture surfaces (Babica et al. 2016, Begandt et al. 2010), although adap-
tation of the technique to ex vivo animal tissue has been attempted by some groups (Sai
et al. 2000, Upham et al. 2009, Babica et al. 2016). Furthermore, gap junction coupling
is hard to quantify in cells that do not grow to uniform monolayers or show an elongated
or irregular morphology (Babica et al. 2016, Trosko et al. 2000). Additionally, cellular re-
sponses in tissue are not only regulated by neighbouring cells of the same sort, but also by
interactions with other cell types. In the blood-brain barrier (Figure 1.2) astrocytes for
example actively participate in the regulation of endothelial barrier properties (Abbott
et al. 2006, Hawkins etal. 2015, de Bock et al. 2014, 2017). For improved modelling of
the blood-brain barrier consisting of endothelial cells, astrocytes, pericytes and neurons,
co-culture of multiple cell types provides a much more in vivo-like setting (Gromnicova
etal. 2013, Sreekanthreddy etal. 2015, Thomsen et al. 2015, Zhang et al. 2011, Czupalla
etal. 2014, Wilhelm etal. 2011, Hatherell etal. 2011). To enhance the transferability
of cell culture-based in wvitro experiments to in vivo conditions, three-dimensional cell
culture is preferable. With respect to endothelial cells this can be combined with cul-

tivation under continuous flow conditions as found in vivo (Cucullo etal. 2008, 2011,
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Adriani etal. 2017, Wilhelm etal. 2011, Sellgren et al. 2015). Since scrape loading/dye
transfer assays are not applicable in these cell culture systems, other methods need to
be established that enable the quantitative analysis of gap junction coupling in complex

cell culture models as well as in animal tissue.

1.3.2 Gold nanoparticle-mediated laser perforation

Laser-based perforation of cells to specifically deliver molecules like DNA, RNA or pro-
teins has proved to be a cell-friendly method (Stevenson et al. 2010). In particular gold
nanoparticle-mediated laser perforation is well established for the application in thera-
peutics and diagnostics (Schomaker et al. 2015, Kong et al. 2017). In this approach gold
nanoparticles (diameter 200 nm) are added to the cell culture medium and allowed to
sink and attach to the cell surface (Heinemann etal. 2013, Kalies etal. 2013). Then
a laser beam is applied and thermal as well as plasmon resonance effects lead to a
temporal membrane permeabilisation (Figure 1.3 B, Heinemann et al. 2013, Schomaker
etal. 2015). The permeabilisation does not need a focused system which simplifies the
construction of the set-up (Heinemann etal. 2013). So far, gold nanoparticle-mediated
laser perforation was shown to be an efficient and cell-friendly method to introduce
different molecules into cells, including dextran-coupled dyes (Heinemann etal. 2013,
Schomaker et al. 2014), siRNA (Heinemann et al. 2013), morpholinos (Kalies et al. 2013)
and proteins (Heinemann etal. 2014), and was successfully applied to primary human
cells (Krawinkel et al. 2016).

1.3.3 Aim of the second study

Considering the easy application of gold nanoparticle-mediated laser perforation (Hei-
nemann et al. 2013, Kalies et al. 2013) we aimed to utilise this method to load the gap
junction-permeable dye Lucifer yellow into cells and analyse the gap junction coupling
in an assay as simple as the scrape loading/dye transfer technique (Figure 1.3 B). Fur-
thermore, with respect to the non-invasive character of this method, the technique is
potentially appclicable to gap junction analysis of more complex cell culture models. The
applicability of this method in co-cultures of different cell types of the blood-brain barrier
(Hatherell etal. 2011, Hawkins etal. 2015, Thomsen et al. 2015) and three-dimensional
culture of the endothelial cells (Adriani etal. 2017, Cucullo et al. 2008, 2011) was tested

with the perspective of adaption for ex vivo or even in vivo analysis of animal tissue.
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Key points

e Gap junction channels are essential for the formation and regulation of physiological units in
tissues by allowing the lateral cell-to-cell diffusion of ions, metabolites and second messengers.

e Stimulation of the adenosine receptor subtype A,p increases the gap junction coupling in the
human blood-brain barrier endothelial cell line hCMEC/D3.

e Although the increased gap junction coupling is cAMP-dependent, neither the protein kinase
A nor the exchange protein directly activated by cAMP were involved in this increase.

e We found that cAMP activates cyclic nucleotide-gated (CNG) channels and thereby induces a
Ca*" influx, which leads to the increase in gap junction coupling.

e Thereportidentifies CNG channels as a possible physiological link between adenosine receptors
and the regulation of gap junction channels in endothelial cells of the blood-brain barrier.

Abstract The human cerebral microvascular endothelial cell line hCMEC/D3 was used to
characterize the physiological link between adenosine receptors and the gap junction coupling in
endothelial cells of the blood—brain barrier. Expressed adenosine receptor subtypes and connexin
(Cx) isoforms were identified by RT-PCR. Scrape loading/dye transfer was used to evaluate
the impact of the A, and A,z adenosine receptor subtype agonist 2-phenylaminoadenosine
(2-PAA) on the gap junction coupling. We found that 2-PAA stimulated cAMP synthesis and
enhanced gap junction coupling in a concentration-dependent manner. This enhancement was
accompanied by an increase in gap junction plaques formed by Cx43. Inhibition of protein
kinase A did not affect the 2-PAA-related enhancement of gap junction coupling. In contrast,
the cyclic nucleotide-gated (CNG) channel inhibitor L-cis-diltiazem, as well as the chelation of
intracellular Ca?* with BAPTA, or the absence of external Ca*", suppressed the 2-PAA-related
enhancement of gap junction coupling. Moreover, we observed a 2-PAA-dependent activation
of CNG channels by a combination of electrophysiology and pharmacology. In conclusion,
the stimulation of adenosine receptors in hCMEC/D3 cells induces a Ca’>" influx by opening

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society DOI: 10.1113/JP273150
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CNG channels in a cAMP-dependent manner. Ca?" in turn induces the formation of new
gap junction plaques and a consecutive sustained enhancement of gap junction coupling. The
report identifies CNG channels as a physiological link that integrates gap junction coupling
into the adenosine receptor-dependent signalling of endothelial cells of the blood—brain
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Introduction

Gap junctions are intercellular channels that connect the
cytoplasm of adjacent cells. They provide the possibility
to exchange ions and small molecules (< 1.5 kDa) such as
metabolites or second messengers between neighbouring
cells. Gap junctions consist of two hemi-channels, the
so-called connexons, each comprising six protein sub-
units, the connexins (Cxs). So far, 21 genes for different Cx
isoforms have been identified in humans (S6hl & Willecke
2004; Beyer & Berthoud 2009). They are expressed in a
tissue-specific manner and are named according to their
molecular weight (e.g. Cx43 has a molecular weight of
43 kDa; Sohl & Willecke 2004). Of these isoforms Cx37,
Cx40, Cx43 and to a lesser extent Cx45 are commonly
found in cells of the vascular wall (Haefliger er al
2004; Johnstone et al. 2009; Figueroa & Duling 2009).
They form gap junctions that mainly participate in the
regulation of blood pressure and blood flow (Haefliger
et al. 2004; Johnstone et al. 2009; Figueroa & Duling
2009).

In cerebral endothelial cells of different species, the
expression of Cx37, Cx40, Cx43 and Cx45 has been shown
(Nagasawa et al. 2006; Avila et al. 2011; Bock et al. 2012;
Kaneko et al. 2015). At the functional level, Cxs were
found to be closely associated with tight junction proteins
in porcine blood-brain barrier (BBB) endothelial cells.
It was also observed that chemical agents that close gap
junctions such as 188-glycyrrhetinic acid affected the
barrier function of these cells (Nagasawa et al. 2006). The
association of Cxs with the endothelial tight junctions,
which constitute the morphological basis of the barrier
function of the BBB, suggests possible regulatory inter-
actions as well as a co-regulation of gap junction coupling
and tight junctions by signalling mechanisms in BBB
endothelial cells.

One of the signalling mechanisms involved in the
physiology of the BBB is adenosine-stimulated signalling.
Adenosine is a metabolite ubiquitously present in tissues

(Fredholm 2007; Blackburn et al. 2009). As an extracellular
mediator, adenosine is produced by rapid (< Ims)
conversion of released adenine nucleotides like ATP or
ADP through a series of ectonucleotidases such as CD73
and CD39 (Fredholm 2007; Eltzschig 2009).

Under pathophysiological conditions such as ischaemia,
hypoxia or inflammation, external adenosine achieves
high (100-fold) and sustained concentrations, stimulating
various cells in large portions of organs such as the
brain (Sands & Palmer 2005; Fredholm 2007; Eltzschig
2009; Blackburn et al. 2009; Melani et al. 2014). Local
increases of external adenosine by transient adenosine
nucleotide release have also been observed in the brain
under non-pathophysiological conditions (Nguyen et al.
2014; Nguyen & Venton 2015) and can occur in the
vasculature as well, especially in response to changed
fluid flow (Bodin et al. 1991; Bodin & Burnstock 2001).
As an external mediator, locally produced adenosine can
affect the cells in an autocrine or paracrine manner by
binding to the adenosine receptor subtypes A, Aza, Az
or As. These receptors are G protein-coupled receptors
which regulate the synthesis of cAMP in the cells and
have a plethora of actions on the cells depending on the
cell-specific signalling regulated by cAMP. A; and A;
subtypes inhibit the synthesis of CAMP via G; proteins,
while A4 and A,p subtypes stimulate the production of
cAMP via G, proteins (Fredholm 2007; Eltzschig 2009).

In endothelial cells of the BBB, the expression of A,
Ay and A,p adenosine receptor subtypes was shown at
mRNA and protein levels (Schaddelee et al. 2003; Mills
et al. 2011; Carman et al. 2011). In animal experiments,
adenosine-dependent signalling was demonstrated as a
regulator of the BBB (Carman et al. 2011; Gao et al. 2014).
However, the specific contribution of the participating
cells (blood cells, endothelial cells, pericytes, glial cells
or neurons) was not determined in those experiments
and contradictory results have been published. While
many authors claimed that adenosine signalling affected
endothelial barrier function, Cheng et al (2016)

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society




2 Cyclic nucleotide-gated channels link adenosine receptors and gap junctions 17

J Physiol 595.8

have shown that the classical adenosine receptor
agonist 5'-N-ethylcarboxamidoadenosine (NECA) could
stimulate cerebral extravasation of fluorescein and dextran
without directly affecting the BBB (Cheng et al. 2016).
The authors argued that NECA impaired renal function,
resulting in retention of the tracer in the blood.
This led to an increased concentration of the tracer
in brain tissue (Cheng et al. 2016). Since adenosine
receptor-dependent signalling in the BBB was proposed
as a potential target for pharmacological therapies of
pathophysiological conditions such as hypoxia, ischaemia
or stroke (Blackburn et al. 2009; Melani et al. 2014),
or for controlled opening of the BBB to deliver drugs
into the CNS (Carman et al. 2011; Gao et al. 2014; Kim
& Bynoe 2015; reviewed by Bynoe et al. 2015), it is of
interest to decipher the physiology of this signalling in
the different cells of the BBB. Using the human cerebral
microvascular endothelial cell line hCMEC/D3, which has
been proposed as a suitable in vitro model for BBB end-
othelial cells (Weksler et al. 2005, 2013), we show in the
present study that adenosine receptor signalling enhances
gap junction coupling. We identify cyclic nucleotide-gated
(CNG) channels as the physiological link which allows an
integration of the adenosine receptors and gap junction
communication in a signalling unit in the BBB endothelial
cells.

Methods
Materials

2-PAA, MRS1754, SCH58261, forskolin, 8-Br-cAMP,
8-Br-cGMP, dibutyryl-cGMP (db-cGMP) and Lucifer
Yellow were purchased from Sigma-Aldrich (Taufkirchen,
Germany). BAPTA AM was obtained from Santa Cruz
Biotechnology (Heidelberg, Germany). EGTA AM was
purchased from Biomol (Hamburg, Germany). CGS21680
was from Merck Millipore (Darmstadt, Germany).
L-cis-diltiazem was from Abcam (Cambridge, UK).
8-Cyclopentyl-1,3-dipropylxanthine (DPCPX), KT5720
and SQ22536 were from Enzo Life Sciences (Lorrach,
Germany). Rp-cAMPS and 8-pCPT-2'-O-Me-cAMP were
from Biolog Life Science Institute (Bremen, Germany).

2-PAA was dissolved in a mixture (1:1) of ethanol
and buffer solution (121 mm NaCl, 54 mm KCl,
25 mM Hepes, 0.8 mM MgCl,, 5.5 mM glucose, 6 mMm
NaHCOs;, 1.8 mm CaCly, pH 7.4) while MRS1754,
SCH58261, CGS21680, BAPTA AM, EGTA AM, KT5720
and 8-pCPT-2'-O-Me-cAMP were dissolved in DMSO.
All inhibitors were added 20-30 min prior to addition
of 2-PAA. The vehicles DMSO or ethanol were added to
control cells in all experiments at maximal concentrations
of 0.2% or 0.3%, respectively. At these concentrations
the vehicles by themselves did not affect the cells in any
experiment.

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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Cell culture

The human cerebral endothelial cell ine hCMEC/D3 was
cultured as described before (Weksler et al. 2005) in EBM-2
medium (Lonza, Basel, Switzerland) supplemented with
5% fetal calf serum (Biochrom, Berlin, Germany),
1 mg ml™! penicillin, 0. mg ml~! streptomycin
(Biochrom), 1.4 uM hydrocortisone, 5 ;g ml~! ascorbic
acid, 10 mm Hepes, 1 ng ml™' bFGF (Sigma-Aldrich),
and chemically defined lipid concentrate (Thermo Fisher
Scientific, Darmstadt, Germany) diluted 1:100. The cells
were maintained in a cell culture incubator in a humidified
atmosphere with 5% CO, at 37 °C. The cell culture media
was renewed every two to three days. Cells up to passage
36 were used for experiments.

Scrape loading/dye transfer

hCMEC/D3 cells were seeded at a density of 3 x 10° cells
per coverslip on glass coverslips coated with collagen I
(Trevigen, Gaithersburg, MD, USA). Cells were allowed
to form a monolayer for 48 h before 2-PAA was added to
the cell culture medium for the indicated time periods.
Scrape loading/dye transfer experiments were performed
as described previously (Begandt et al. 2010). The cell
monolayers were washed with Ca*"-free buffer (121 mm
NaCl, 5.4 mm KCl, 25 mm Hepes, 0.8 mm MgCly, 5.5 mm
glucose, 6 mm NaHCO;, 1 mMm EGTA, pH 7.4) and
then incubated in 0.25% Lucifer Yellow in Ca?*-free
buffer for 2 min. The monolayers were scraped with
a razor blade and incubated for another 5 min to
allow dye uptake by the injured cells and lateral dye
diffusion in the cell monolayer. The cells were then washed
twice, first with Ca®>"-free and then with Ca?"-containing
buffer before fixing with 4% formaldehyde in phosphate
buffered saline (PBS, 137 mMm NaCl, 2.7 mm KCl, 10 mm
Na,HPOy, 1.8 mm KH,PO,, pH 7.4) for 10 min. The
cells were stored in PBS at 4 °C prior to microscopic
analysis.

Four images along the scrape with a size of
1273 pum x 1273 pm were acquired from each coverslip
with a confocal Nikon Eclipse TE2000-E laser scanning
microscope (Nikon GmbH, Diisseldorf, Germany) and
the software EZ-C1 (Nikon GmbH). A home-made
Image] (http://imagej.nih.gov/ij) plugin and Matlab- or
Octave-based software was used to calculate the lateral
diffusion distance of Lucifer Yellow within the monolayer
(Begandt et al. 2010). For the graphical presentation of
the data the dye diffusion distances were normalized to
those found in vehicle-treated cells. All experiments were
repeated at least five times using at least three different cell
passages.

To evaluate the time dependency we used the non-linear
curve fit assistant of Origin 7 (OriginLab) to fit the
measured dye diffusion distances at different time points
for 2-PAA concentrations of 1 uM, 10 uM, 20 uMm and
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50 M to an exponential asymptotic curve defined by the
equation:

y®H=a+b—a)e"’

In this equation, b represents the relative dye diffusion
distance measured at the time point 0 h and a represents
the asymptotic value of the dye diffusion distance that
would be achieved by 2-PAA treatment for an infinite time.
From the asymptote g, the half-maximal increase in the
dye diffusion distances was calculated as (a — b)/2 + 100
and the corresponding time point was considered as .
To analyse the concentration dependency, we used the
non-linear curve fit assistant of Origin 7 to fit the dye
diffusion distances obtained after treatment with 2-PAA
concentrations ranging from 0.01 um to 100 M for 1 h to
a sigmoidal Boltzmann function given by the equation:

A — A
= — T4
l1+e

In the equation, A; represents the diffusion distance
obtained for 0.01 uM 2-PAA and A, is the theoretical
maximal diffusion distance calculated from the data.
We estimated the half-maximal increase as the value
(A; + Ay)/2 (which corresponds to x = x;) and
the corresponding concentration was estimated as ECs
concentration for 2-PAA.

Knock-down of the A,z adenosine receptor subtype

For siRNA-mediated knock-down of the A,z adenosine
receptor subtype, 2.5 x 10° cells were seeded on
collagen I-coated coverslips and grown for 24 h to a
confluence of about 60%. The cell culture media was
exchanged to Opti-MEM (Thermo Fisher Scientific). Two
different anti-A,p adenosine receptor siRNAs (Qiagen,
Hilden, Germany, S102662982 and SI02662975) and
Silencer Select Negative Control No. 2 siRNA (Thermo
Fisher Scientific) were diluted in JetPrime dilution buffer
(Polyplus transfection, Illkirch, France). Per well 1.5 ul
JetPrime transfection reagent (Polyplus transfection) were
added. The transfection mix was incubated for 10 min
at room temperature before addition to the cells to a
final siRNA concentration of 50 nm per well. After 6-7 h
the transfection medium was exchanged for normal cell
culture medium and the cells were cultivated for further
48 h before scrape loading/dye transfer experiments and
quantification of A,p adenosine receptor mRNA was
performed.

RT-PCR

The RNeasy Mini kit (Qiagen) or the PeqGOLD Total
RNA kit (Peqlab, Erlangen, Germany) were used for total
RNA isolation according to the manufacturer’s protocols.
Briefly, cells were washed with PBS containing 1 mg ml™!

A. Bader and others
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EDTA. Lysis buffer was then added and the cell lysate was
collected in a new reaction tube. The RNA was eluted from
the spin columns with 40-50 ul RNase-free water. The
RNA concentration was measured with a Nanodrop2000c
spectrophotometer (Peqlab).

After removal of genomic DNA with DNasel (Thermo
Fisher Scientific), 500 ng of total RNA were reverse trans-
cribed into cDNA in a 20 ul reaction mixture containing
0.2 pg of random hexamer primers, 10 uM of each
dNTP, 1 x reaction buffer, 1 U RiboLock RNase inhibitor
and 1 U MML-V reverse transcriptase (Thermo Fisher
Scientific). A first incubation phase at 25 °C for 5 min
was followed by a second incubation phase at 37 °C for
1 h before the reaction was stopped at 70 °C for 5 min.
Alternatively the Maxima First Strand cDNA synthesis kit
for RT-qPCR with dsDNase (Thermo Fisher Scientific)
was used. Up to 5 ug of total RNA were incubated with
1 ul dsDNAse and 1 x dsDNAse buffer for 30 min at
37 °C. Then 1 x reaction buffer and 2 ul enzyme mix
were added in a final volume of 20 ul. The reaction was
carried out for 10 min at 25 °C followed by 30 min at
65 °C and 5 min at 85 °C. Complete removal of genomic
DNA was confirmed before reverse transcription for all
samples by PCR analysis using the DNase-treated RNA as
template.

The primer pairs for gene expression analysis of Cx iso-
forms, adenosine receptors and CNG channel subtypes
are given in Table 1. The correct amplification of all genes
was verified by sequencing of the amplificates. PCR was
performed in a 25 ul reaction mixture containing 62.5 ng
cDNA, 0.2 uM of each primer and 1 x GoTaq G2 Green
Mastermix (Promega, Mannheim, Germany) or KAPA
ReadyMix with dye (Kapa Biosystems, Wilmington, MA,
USA) or OneTaq Quick-Load Master Mix with standard
buffer (New England Biolabs, Ipswich, MA, USA) in a
peqSTAR Universal 2x gradient PCR cycler (Peglab).
The PCR reaction started with an initial denaturation at
95 °C for 3 min followed by 35 cycles of denaturation
at 95 °C for 10 s, annealing of primers at 60 °C for
30 s and elongation at 72 °C for 45 s and a final
elongation at 72 °C for 5 min. Each PCR was run with
an appropriate positive and negative control for each
primer pair. The PCR products were separated in 2%
agarose gels stained with GelRed (Biotium, Hayward,
CA, USA).

Real time PCR was used to quantify the expression
of Cx isoforms after 2-PAA treatment and to analyse
the knock-down of the A,p adenosine receptor subtype
after siRNA transfection. The glyceraldehyde 3-phosphate
dehydrogenase (gapdh) and beta-actin (actB) genes
were used as housekeeping genes for normalization. For
real time PCR the KAPA SYBR FAST Universal mastermix
(Kapa Biosystems) was used and PCR was performed in
a peqSTAR 96Q real time PCR cycler (Peqlab). Real time
PCR was carried out with an initial denaturation at 95 °C

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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Table 1. List of all primer pairs used for gene expression analyses and quantitative real time PCR
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Target gene Primer sequence 5'-3’ Amplicon size (bp)

gapdh For GGGGAGCCAAAAGGGTCATCATCT 701
Rev TGTGCTCTTGCTGGGGCTGGTG

adoral For ATCCCTCTCCGGTACAAGATG 550
Rev TCTGGATGCGGAAGGCATAG

adora2A For ATCGCAGTGGGTGTGCTCGC 455
Rev GCCGCCAGGAAGATCCGCAAA

adora2B For GTGCCACCAACAACTGCACAGAAC 518
Rev CTGACCATTCCCACTCTTGACATC

adora3 For GTGCTTCCAGCTCTGCTCCCA 518
Rev GCCAGTGGGCCTAGCTCTCG

cx30 For GCTACCTGCTGCTGAAAGTG 326
Rev CGTTGTGTATGAATGGAGCA

cx32 For CCTGGAGGAGGTGAAGAGGC 250
Rev GCCAGAGGCAGCTAGCATGA

36 For CTGCCCAGTCTTTGTCTGCT 119
Rev CAACAGGATCCTCCCGATCAT

37 For GGACCATGGAGCCCGTGTTTGTGT 443
Rev AGAGCTGCTGGGACGACTTGGGGG

x40 For CCGTATGCTCGTGCTGGGCA 465
Rev CTGCGGCAGACATGCAGGGT

43 For AGCAAAAGAGTGGTGCCCAGG 494
Rev TGATGTAGGTTCGCAGCAACCCC

cx45 For GGCTTCCAAGTCCACCCGTTTTAT 453
Rev ATCCAAGCGTTCCTGAGCCATCC

cngA1l For TCAAGGAAGGCAAACTCGCT 511
Rev GAGTCGATGGGCCCACTTTC

cngA2 For AAAATGGGCAATCGACGCAC 436
Rev CAATGCTGGAGAGGCAGTTG

cngA3 For GCTACTTCGGGGAGATCAGC 483
Rev CCCTGTGAAGCAGGAGACAG

cngA4 For CAGAGACCCGCACAGCTTAC 447
Rev AGTCAATAACTCGCCGCTCC

cngB1 For CCCCTCGGAAGACCAAGATG 451
Rev TTCTGCTCCAGCCACAGAAG

cngB3 For TGAGCTAAGGAAACACTACAGGAC 524
Rev TGGTGTCATCCATGCAGGC

gapdh* For GCTCATTTCCTGGTATGAC 274
Rev ACAGGGTACTTTATTGATGGT

actB* For ATATGAGATGCGTTGTTACAG 257
Rev CAAAAGCCTTCATACATCTC

cx37* For CCCAGCAGCTCTGCTTCTAA 274
Rev TGCTGACTCTGTCTGTGCTC

cx40* For AAATGCCCCACCTTGGTGAT 265
Rev GGTTCGAGAGAGGACAACAG

cx43* For AAGCTCTGTGCTCCAAGTTAC 254
Rev GTTTGCCTAAGGCGCTCCA

cx45* For CTGGACAACAGGGCATACCA 269
Rev GGAACACCCAGAAGCGTACA

gapdh* For TTGAGGTCAATGAAGGGGTC 117
Rev GAAGGTGAAGGTCGGAGTCA

actB* For CCTTGCACATGCCGGAG 112
Rev GCACAGAGCCTCGCCTT

adora2B* For TTCTGGCCGTGGCAGTC 100
Rev AGGACAGCAATGACCCCT

*Primers for real time PCR.

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society
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for 3 min followed by 40 cycles of denaturation at 95 °C for
15sand annealing of primers and elongation at 55 to 65 °C,
depending on the primers, for 30 s. Amplification of target
sequences was confirmed by melting curve analysis and gel
electrophoresis. The A Act method of the cycler software
peqSTAR 96Q (Peglab) was used for quantification of
the relative mRNA amounts. At least three experiments
with three different cell passages were performed for each
treatment and each gene expression study.

Western blot

For isolation of total protein, cells grown in 60 mm
diameter cell culture plates were washed twice with
ice-cold PBS and removed from the culture plate surface
with a cell scraper in the presence of 1 ml PBS. The
cells were centrifuged for 4 min at 900 x g at 4 °C.
The cell pellet was resuspended in 15 ul RIPA buffer
(25 mMm Tris HCL, pH 7.6, 150 mM NaCl, 1% non-
idet P-40, 1% sodium desoxycholate, 0.1% SDS, freshly
added 1% phosphatase inhibitor mix II (Serva, Heidelberg,
Germany), 0.5% protease inhibitor cocktail (Roche,
Waiblingen, Germany), 1.5 mM PMSF) and kept for 15 min
on ice before centrifugation for 15 min at 14,000 x g
at 4 °C. The protein concentration in the supernatant
was determined with a Bradford assay (Sigma-Aldrich)
using bovine serum albumin (BSA) as standard. The
protein solution was mixed with 1 x Laemmli buffer
(13 mm Tris HCI, 2% glycerol, 0.4% SDS, 0.002%
Bromophenol Blue, 10 mM DTT, pH 6.8) and heated at
70 °C for 10 min. Aliquots of 30 ug of protein per
lane were separated in a 5% SDS-polyacrylamide stacking
gel and a 8% or 12% separation gel. The proteins
were transferred onto a nitrocellulose membrane using
a semi-dry blotting system (transfer buffer: 25 mm
Tris HCl, pH 8.3, 192 mMm glycine, 0.1% SDS, 20%
methanol). Afterwards, the membranes were blocked
in 5% non-fat dry milk powder in TBS (50 mm Tris
HCI, 75 mm NaCl, pH 7.4) containing 0.1% Tween 20
(TBS-T) for 2 h at room temperature. Anti-B-tubulin
antibody for the loading control (Sigma-Aldrich, T4026)
was diluted 1:7500, anti-CNGA2 antibody (Alomone
Labs, Jerusalem, Israel, APC-045) was diluted 1:750 and
anti-Cx37 antibody (Abcam, ab58918) was diluted 1:700
in TBS-T and applied to the membranes at 4 °C over-
night. After washing, the secondary anti-rabbit and the
secondary anti-mouse antibody (each diluted 1:10,000
in TBS-T, Sigma-Aldrich, A9169 and A9044) were each
applied for 1 h at room temperature. The detection
was carried out with SuperSignal West chemiluminescent
substrate (Thermo Fisher Scientific) and imaged with
a CCD camera imaging system (Intas Science Imaging,
Gottingen, Germany). The presence of CNGA2 and Cx37
protein was confirmed in at least five different cell
passages.
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Measurement of intracellular cAMP concentration

Approximately 4.5 x 10° hCMEC/D3 cells per well were
seeded in a 24 multiwell plate and grown for 48 h until
confluent. Measurement of cAMP levels was performed
using the cAMP-Screen Chemiluminescent Immuno-
assay System (Thermo Fisher Scientific) according to the
manufacturer’s instructions with slight modifications as
described below. 100 pl of lysis buffer were added per
well to the cells and incubated for 30 min at 37 °C with
gentle agitation. 90 ul of lysed cell suspension were added
to each well of the supplied ELISA 96 multiwell plate.
30 ul of the diluted cAMP-AP conjugate and 60 ul of
the anti-cAMP antibody were added per well, followed
by an incubation for 1 h at 37 °C with gentle agitation.
Afterwards the wells were washed three times with 200 ul
wash buffer before addition of 100 ul chemiluminescent
substrate and incubation for 30 min at room temperature.
Luminometric measurement was performed with a
Varioskan Flash plate reader (Thermo Fisher Scientific)
with a measurement time of 1 s per well. Defined cAMP
concentrations served as standard. Chemiluminescence
values of treated cell samples were normalized to those
obtained from vehicle-treated cell samples. The results are
given as the mean + SEM from at least six different cell
passages.

Ca?* imaging

The evaluation of changes of the intracellular Ca**
concentration was performed by ratiometric Ca’*"
imaging with Fura-2 (Merck Millipore, Darmstadt,
Germany) as described previously (Bintig et al. 2009). Cells
grown on coverslips were loaded with 2 uM Fura-2 AM
dissolved in buffer (140 mMm NaCl, 5 mm KCI, 10 mMm
HEPES, 1 mm MgCl,, 10 mMm glucose, 2 mMm CaCl,, pH
7.4) for 20 min at room temperature. The coverslips
were transferred to a perfusion chamber mounted on
an inverted microscope (Zeiss, Oberkochen, Germany)
and perfused with buffer to remove external Fura-2.
Fura-2 in single cells was excited at 340 and 380 nm
using a monochromator polychrome II (T.L.LL.L Photo-
nics GmbH, Planegg, Germany) equipped with a 75 W
XBO xenon lamp. Fluorescence emission at 510 nm
was recorded with a digital CCD camera (C4742-95,
Hamamatsu Photonics Deutschland GmbH, Herrsching
am Ammersee, Germany) controlled by Aquacosmos
software (Hamamatsu Photonics GmbH). The Ca’*
concentration was accessed as the ratio of the fluorescence
intensities elicited by excitation at 340 nm and 380 nm
(R = Fs49/F589). At the beginning of the measurement,
the cells were perfused with 0.3% ethanol-containing
buffer as vehicle control. 2-PAA-containing buffer was
applied 1-2 min later, and the data were recorded for
the following 20 min. For control experiments, the cells
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were continuously superfused with the vehicle-containing
buffer. For all cells, the ratio R measured during the first
1-2 min was averaged to generate a value R, and the
standard deviation (SD) was calculated. A Ca?* increase
in a cell was assumed if the ratio R of the respective cell
achieved a value higher than Ry + 2 x SD over a period of
at least 5 s within 20 min. The percentage of cells with an
increased Ca*" signal is given as the mean = SEM for five
different cell passages with at least 20 cells measured per
passage.

Electrophysiology

CNG channel opening was analysed using the whole-cell
patch-clamp technique. hCMEC/D3 cells were settled on
coverslips placed in a perfusion chamber containing buffer
(140 mm NaCl, 5 mm KCl, 2 mm CaCl,, 1 mm MgCl,
10 mM glucose, 10 mm Hepes, pH 7.4). The perfusion
chamber was mounted on a Ti-E inverted fluorescence
microscope (Nikon GmbH) equipped with a CCD
Orca-Flash 4 camera (Hamamtsu Photonics Deutschland
GmbH) and the software NIS-Elements AR (Nikon
GmbH). A whole-cell configuration was established
using an EPC 10 USB Double (HEKA Elektronik
Dr Schulze GmbH, Lambrecht/Pfalz, Germany) coupled
to PulseMaster software (HEKA Elektronik Dr Schulze
GmbH). The patch pipette filling solution was composed
of 125 mM potassium gluconate, 15 mm CsCl, 0.2 mm
CaCl,, 2.5 mM MgATP, 2 mm NaATP, 5 mm EGTA,
5.5 mM glucose, 10 mm Hepes (pH 7.25). The cells
were clamped at —60 mV. Membrane currents were
elicited by voltage pulses between —150 and 100 mV
for 250 ms in 10 mV steps in the presence of buffer
with 0.3% ethanol, or 20 uM 2-PAA, or buffer containing
2-PAA and 100 uM L-cis-diltiazem or L-cis-diltiazem alone.
The results were obtained from two to four different
cell passages measuring at least nine cells for each
treatment.

Immunofluorescence

For immunostaining 7.5 x 10* cells were seeded on
collagen I-coated coverslips (diameter 10 mm) and grown
for 48 h to a confluence of more than 70%. The cells
were washed with PBS and fixed with 4% formaldehyde in
PBS for 20 min at 4 °C. Blocking was performed with
0.5% BSA in PBS for 30 min at 37 °C. The primary
antibodies anti-Cx37 (1:100, Sigma-Aldrich, SAB2100920
or Abcam, ab58918), anti-Cx40 (1:100, Sigma-Aldrich,
SAB1304973), anti-Cx43 (1:4000, Sigma-Aldrich, C6219)
and anti-Cx45 (1:50, Sigma-Aldrich, AV36631) were
diluted as indicated in PBS containing 0.3% Triton X-100
and 0.5% BSA (only for anti-Cx40 antibody) and
added to the cells overnight at 4 °C. The secondary
fluorescein-conjugated anti-rabbit antibody (Merck
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Millipore, 401314) was diluted 1:100 in PBS containing
0.3% Triton X-100 and added to the cells with 2 umM DAPI
(Sigma-Aldrich) for 1 h at 37 °C. The cells were washed
with PBS and stored at 4 °C.

Immunostaining was imaged using the Eclipse
TE2000-E inverse confocal laser scanning microscope
(Nikon GmbH) with a x60 water immersion objective
and the software EZ-C1 (Nikon GmbH). Six sections of
212 pum x 212 um were recorded of each coverslip. Cx40
and Cx43 were visible as green ‘dots’ either within the
cytoplasm of the cells or as ‘plaques’ in the cell membranes
between adjacent cells. For quantification, the number of
cells containing Cx43 as ‘plaques’ in the cell membrane
was counted in blinded samples. The percentage of
vehicle-treated cells containing membrane-localized Cx43
was compared to the percentage of 2-PAA-treated cells
containing Cx43 in the cell membrane. The experiments
were repeated 12 times with at least three individual cell
passages.

For evaluation of the Cx43 gap junction plaque size,
additional super-resolution stimulated emission depletion
(STED) microscopy was applied. Staining was performed
as described above, but without nuclear staining. The
secondary goat anti-rabbit AlexaFluor488-conjugated
antibody was diluted 1:1000. The STED set-up (Urban
et al. 2011) included a pulsed-laser diode (Toptica Photo-
nics, Graefelfing, Germany) with excitation at 488 nm
and 100 ps pulses. The pulses for the STED beam were
delivered by a Ti:Sapphire laser (MaiTai; Spectra-Physics,
Darmstadt, Germany) operating at 80 MHz and emitting
light pulses at 795 nm that were converted to 595 nm by an
optical parametric oscillator (APE, Berlin, Germany) and
stretched to 400 ps by dispersion. The power of the STED
beam was 20-30 mW in the back focal aperture of the
objective lens. The STED focal doughnut was created with
avortex phase plate (RPC Photonics, Rochester, NY, USA)
introduced into the path of the expanded STED beam. The
STED and excitation pulses were synchronized via external
triggering of the laser diode. Both beams were overlapped
using custom-made dichroic mirrors and focused into the
1.2 NA objective lens (PL APO, CORR CS, 63, water; Leica,
Wetzlar, Germany). The fluorescence was collected by the
same lens, separated by a dichroic mirror, filtered with a
535/50 band-pass filter and imaged onto a multimode
optical fibre connected to a single-photon avalanche
photodiode (PerkinElmer, Waltham, MA, USA). Images
were recorded with resonant mirror scanning (15 kHz,
SC-30; EOPC, Glendale, NY, USA) along the x-axis
and piezo-stage scanning (P-733; Physik Instrumente,
Karlsruhe, Germany) along the y-axis.

Membrane areas between adjacent cells with Cx43 gap
junction plaques were selected from confocal imaging and
magnified with STED imaging. Areas of 18 um x 18 um
were recorded with STED imaging. The plaque sizes
in STED and corresponding confocal images were
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determined using the particle analyser tool of Image]
after conversion into a 16-bit image, applying the auto
threshold MaxEntropy and selection of the plaque areas
in the corresponding confocal images. For statistical
analysis of plaque areas and the number of distinguishable
plaques, linear mixed effects models (Pinheiro & Bates
2000) were used. Total area of plaques per image
and number of distinguishable plaques per cell were
log-transformed before analysis. The model for comparing
microscopy methods involved treatments, methods and
their interaction as fixed effects and random effects for
replicates, replicate-method-interaction and individual
images. For the comparison of treatments, microscopy
methods were analysed separately; the mixed models
included treatments as fixed effects and random effects for
replications, and treatment-replication interaction. After
model fitting, all pairwise comparisons of least square
means of microscopy methods and treatments were tested
using Kenward-Roger degrees of freedom. Analysis was
performed in R-3.2.2 (https://www.R-project.org/) using
add-on packages Ismeans 2.20-23 and Ime4 1.1-10. 4.

Statistical analysis

Statistical analysis was performed with a Student’s paired
two-sided ¢ test. Cells from the same passage treated at
the same time were considered as pairs. All treatments
were compared to the corresponding vehicle controls and
treatments with inhibitors were additionally compared
to samples treated with 2-PAA only. Results with a P
value < 0.05 were considered to be statistically significant.
The exact P values are stated in the respective Results
section.

Results

The aim of the present report was to study how stimulation
of the adenosine receptors affects gap junction coupling
of endothelial cells of the BBB. We first tested for the
expression of the different adenosine receptor isoforms
as well as of the vascular Cx isoforms in the hCMEC/D3
cells, which are an accepted in vitro model for human BBB
endothelial cells (Weksler et al. 2005, 2013).

RT-PCR showed that the adenosine receptors A;, Aya
and A,p were expressed in hCMEC/D3 cells at the mRNA
level (Fig. 1A). The hCMEC/D3 cells also expressed
Cx37, Cx40, Cx43 and Cx45 mRNA (Fig. 1B). The
Cx isoforms Cx30, Cx32 and Cx36 that are expressed
in other cerebral cell types (Eugenin et al. 2012) were
not found in hCMEC/D3 cells (Fig. 1B). Cxs form gap
junction channels which assemble in gap junction plaques
that are easily recognized in immunocytochemistry
experiments. Correspondingly, we found gap junction
plaques composed of Cx40 and Cx43, while Cx37 and
Cx45 were not observed in the membrane areas between
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contacting cells. For Cx37 and Cx45, a diffuse staining in
the intracellular space was observed (Fig. 1C).

To activate adenosine receptors, we applied
2-phenylaminoadenosine (2-PAA), a non-hydrolysable
agonist for A, and A, adenosine receptors (Bruns et al.
1986; Choksi et al. 1997; Wilson & Batra 2002), to the
hCMEC/D3 cells. With scrape loading/dye transfer assays,
we analysed the gap junction coupling by measuring the
dye diffusion distance in cell monolayers treated with
2-PAA (20 pm) for 15 min to 6 h (Fig. 2A). We found
that compared to vehicle-treated cells, the dye diffusion
distance increased rapidly within the first 45 min of
2-PAA application and reached an asymptotic maximum
of approximately 135% after a 2-PAA treatment period
of 1 h (Fig. 2B; Student’s paired ¢ test compared to
vehicle-treated cells: P = 4.5 x 1072). For concentrations
above 1 uM, the kinetic of the 2-PAA-induced increase in
gap junction coupling was not concentration dependent
as shown by the times for the half-maximal increase
(t5) of approximatively 39 min calculated by fitting
the dye diffusion distances for 1 um, 10 uM, 20 um
and 50 uM 2-PAA applied for 15 min to 6 h to an
exponential asymptotic function (Table 2). With respect
to the concentration dependency, we applied 2-PAA at
various concentrations between 0.01 um and 100 um
for 1 h (Fig. 2C). The dye diffusion distance in the
cells increased beginning with 0.01 puM 2-PAA (107%,
Student’s paired t test compared to vehicle-treated cells:
P = 5.3 x 1072) and achieved a maximal increase of
130-140% at 20-50 uM (Student’s paired ¢ test compared
to vehicle-treated cells: P < 2.2 x 1072). An ECsy of 1.9 uM
was evaluated with a curve fit to a sigmoidal Boltzmann
function (Fig. 20C).

The increase in gap junction coupling was not
related to a change in the expression of the Cxs since
quantitative real time PCR showed that the quantity of
the mRNA for Cx37, Cx40, Cx43 and Cx45 was not
significantly changed by an application of 2-PAA for
1 or 6 h (data not shown). At the morphological level, the
2-PAA-related enhancement of the gap junction coupling
correlated to an increase in cells with gap junction plaques
composed of Cx43 (Fig. 3A). It is noteworthy that the
other Cx isoforms were not affected. We observed 73% of
cells with Cx43 gap junction plaques in control conditions
and found an increase to 80% of cells with Cx43 gap
junction plaques after 2-PAA treatment for 1 h (Fig. 3B;
Student’s paired ¢ test compared to vehicle-treated cells:
P = 1.6 x 1072, n = 12). Evaluation of the STED
microscopy showed that compared to the corresponding
confocal microscopic images, in STED microscopic images
the mean area of the plaques per image was reduced
to one-third (P < 1.0 x 107*) but the total amount
of individually distinguishable particles increased 10-fold
(P < 1.0 x 107, Fig. 3C). The different treatments were
compared for each microscopic method individually. A
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significant increase in the total plaque area per image
was found for 2-PAA-treated cells both in the confocal
images (123% of the vehicle control, P = 4.9 x 1072) and
in the images generated with STED microscopy (144%
compared to ethanol-treated cells, P= 4.5 x 1072).

In recent publications we showed that the adenosine
transporter inhibitor dipyridamole increased the gap
junction coupling in aortic endothelial cells by activating
adenosine receptors and subsequently the cAMP-PKA
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Figure 1. Expression of adenosine receptor
subtypes and Cx isoforms in hCMEC/D3 cells
The mRNA of the adenosine receptor subtypes A,
Ay and Agg (A) and of the Cx isoforms Cx37,
Cx40, Cx43 and Cx45 (B) was detected with
RT-PCR. Cx30, Cx32 and Cx36 were absent in
hCMEC/D3 cells. -RT is the reverse transcription
control with gapdh primers to confirm the absence
of genomic DNA contamination. NTC is the
negative control without template exemplarily
shown for gapdh primers. C, immunofluorescence
images of the different Cx isoforms in hCMEC/D3
cells (green). While Cx37 and Cx45 showed a
diffuse intracellular staining (arrowheads), Cx40
and Cx43 staining showed gap junction plaques
between neighbouring cells (arrows). Nuclei were
counterstained with DAPI (blue). Scale bars
represent 50 um. [Colour figure can be viewed at
wileyonlinelibrary.com]
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pathway (Begandt et al. 2010, 2013b). Therefore, we
analysed whether the same pathway is activated in the
BBB endothelial cells. We found that 2-PAA (20 uMm)
stimulated the synthesis of cCAMP to 124% compared to
the vehicle (Fig. 4A; Student’s paired ¢ test compared to
vehicle-treated cells: P= 8.5 x 10™*). The adenylyl cyclase
inhibitor SQ22536 (400 uM) applied concomitantly with
2-PAA suppressed the increase in the intracellular cAMP
concentration evoked by 2-PAA alone with a relative

Ay Ay A Az

cx30 cx32 cx36 c¢x37 cx40 cx43 cx45 gapdh -RT NTC
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cAMP concentration of 91% compared to the vehicle
control (Fig. 4A; Student’s paired t test compared to
2-PAA-treated cells: P=2.4 x 1073, n=7). Consequently,
we found that SQ22536 attenuated the 2-PAA-induced
enhancement of the dye diffusion distance in scrape
loading/dye transfer experiments (Fig. 4B; relative dye
diffusion distance of 109% for 2-PAA with SQ22536
compared to 121% for 2-PAA alone, Student’s paired ¢
test compared to 2-PAA-treated cells: P = 2.6 x 1072,
n= 7). Additionally, a general increase in the intracellular
cAMP concentration either by activation of adenylyl
cyclase using forskolin (0.5 um) or by application of
the membrane permeable cAMP analogue 8-Br-cAMP
(1 mm) significantly increased the gap junction coupling
(Fig. 4B; relative diffusion distance of 123% for forskolin
and 129% for 8-Br-cAMP, Student’s paired ¢ test compared
to vehicle-treated cells: P=4.6 x 108, n= 23 for forskolin
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and P = 3.3 x 1072, n = 7 for 8-Br-cAMP), suggesting
a CAMP-dependent mechanism might also be induced by
2-PAA.

As agonist of adenosine receptors, 2-PAA pre-
dominantly targets A, and A, adenosine receptor sub-
types (Bruns et al. 1986; Choksi et al. 1997; Wilson
& Batra 2002). However, since 2-PAA is an adenosine
derivate, an action on the A; adenosine receptor sub-
type, which was also expressed in hCMEC/D3 cells,
cannot be completely excluded. The classical pathway
of the A; adenosine receptor subtype is activation of
G;, thereby inhibiting the adenylyl cyclase. This pathway
seemed unlikely since we found that 2-PAA increased
cAMP in the cells and the adenylyl cyclase inhibitor
SQ22536 antagonized the 2-PAA-related increase in
the dye diffusion distance (Fig. 4A and B). A second
pathway of A; adenosine receptor activation is related
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Figure 2. Enhancement of gap junction coupling by 2-PAA

A, representative micrographs of scrape loading/dye transfer experiments in hCMEC/D3 cells treated with the
vehicle (cont., 0.3% ethanol) or 2-PAA (20 um) for 1 h. Scale bar represents 100 um. B, the time-dependent
increase in the dye diffusion distance induced by 2-PAA (20 um) as found by scrape loading/dye transfer assays
relative to the vehicle control (cont., 0.3% ethanol). C, the concentration dependency of 2-PAA on the increased
dye diffusion distance. The data points represent the relative dye diffusion distance achieved in cell monolayers
after application of 2-PAA for 1 h. All results were analysed using Student’s t test. xSignificant differences to the
vehicle control: *P < 0.05, **P < 0.01, **P < 0.001. [Colour figure can be viewed at wileyonlinelibrary.com]
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Table 2. The time for the half-maximal increase in the dye
diffusion distance for 2-PAA concentrations ranging from 1 um
to 50 um

Time for the
half-maximal dye
diffusion increase (min)

Maximal relative
dye diffusion
distance (%)

Concentration
of 2-PAA (um)

1 111.9 46
10 125.5 40
20 138.4 40
50 151.0 31

The maximal relative dye diffusion distance and the time for
the half-maximal increase were estimated by fitting the data
points for the corresponding 2-PAA concentration to a single
exponential equation (Fig. 2B).

to ¢cGMP accumulation (Kurtz et al. 1988; Serpa et al.
2014; Pinto et al. 2016). Therefore we analysed whether
A, adenosine receptor- and cGMP-dependent pathways
may be involved in the 2-PAA-induced enhancement
of the gap junction coupling. We found that DPCPX
(25 nM), an A; adenosine receptor subtype antagonist,
had no effect on the 2-PAA-induced increase in the
dye diffusion distance (Fig. 4C; relative dye diffusion
distance of 122% for 2-PAA with DPCPX compared
to 131% for 2-PAA alone, Student’s paired ¢ test
compared to 2-PAA-treated cells: P = 0.11, n = 9).
Moreover, the membrane permeable cGMP analogues
db-cGMP (1 mM) and 8-Br-cGMP (1 mMm) did not
influence the dye diffusion distance (relative dye diffusion
distance of 96% for both db-cGMP and 8-Br-cGMP,
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Student’s paired ¢ test compared to vehicle-treated cells:
P = 0.36 for db-cGMP and 0.57 for 8-Br-cGMP, n = 7,
respectively).

With respect to the A,y and A,p adenosine receptor
subtypes, MRS1754 (0.5 uM), a specific antagonist of
the A,p adenosine receptor subtype, almost completely
antagonized the effect of 20 uM 2-PAA on the gap
junction coupling (Fig. 4C; relative dye diffusion distance
of 113% for 2-PAA with MRS1754 compared to 131%
for 2-PAA alone, Student’s paired f test compared to
2-PAA-treated cells: P= 1.2 x 107>, n = 15). In contrast,
the A4 adenosine receptor subtype antagonist SCH58261
(0.5 um) only had a slight inhibitory effect on the
increased dye diffusion distance after 2-PAA application
(Fig. 4C; relative diffusion distance of 122% for 2-PAA
with SCH58261 compared to 131% for 2-PAA alone,
Student’s paired f test compared to 2-PAA-treated cells:
P =125 x 1072, n = 15). The combination of all three
adenosine receptor inhibitors with 2-PAA led to the same
result as the combination of 2-PAA with only MRS1754
(Fig. 4G; relative dye diffusion distance of 111% for 2-PAA
with all three inhibitors compared to 131% for 2-PAA
alone, Student’s paired t test compared to 2-PAA-treated
cells: P = 8.3 x 1073, n = 9). Additionally, the specific
Ax adenosine receptor agonist CGS21680 (25 nMm and
50 nM) did not affect the gap junction coupling of
hCMEC/D3 cells with maximal dye diffusion distances
of 105% compared to the vehicle control (Fig. 4D;
Student’s paired ¢ test compared to vehicle-treated cells:
P > 0.38, n = 5). The siRNA-mediated knock-down
of the A,p adenosine receptor subtype also confirmed
the importance of this receptor subtype in the observed

C

confocal

cont. 2-PAA

Figure 3. 2-PAA induced the formation of gap junction plaques between hCMEC/D3 cells

A, representative microscopic images of Cx43 (green) immunofluorescence in hCMEC/D3 cells after 20 um 2-PAA
treatment for 1 h. Nuclei were counterstained with DAPI (blue). Scale bar represents 50 um. B, the amount
of hCMEC/D3 cells with Cx43 gap junction plaques was significantly increased after 2-PAA treatment (20 pm)
for 1 h compared to the vehicle control (cont., 0.3% ethanol). The results were analysed using Student’s t test.
*Significant differences to the vehicle control: *P < 0.05. C, exemplary confocal and STED images with increased
resolution of individual Cx43 gap junction plaques. Scale bar represents 5 um. [Colour figure can be viewed at

wileyonlinelibrary.com]
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Figure 4. The pharmacology of the 2-PAA-related increase in gap junction coupling

A, 2-PAA (20 uwm) increased the intracellular cAMP concentration. This increase could be blocked by the adenylyl
cyclase inhibitor SQ22536 (SQ, 400 wm). B, the increase in the dye diffusion distance in scrape loading/dye
transfer assays was significantly attenuated by the adenylyl cyclase inhibitor SQ22536 (SQ, 400 wM). The adenylyl
cyclase activator forskolin (for., 0.5 um) and the CAMP analogue 8-Br-cAMP (1 mw) significantly increased the dye
diffusion distance within 1 h similar to 2-PAA. C, the increased dye diffusion distance by 2-PAA (20 um, 1 h) was not
significantly affected by the Ay adenosine receptor subtype antagonist DPCPX (DP, 25 nm) and only slightly affected
by the A;a adenosine receptor subtype antagonist SCH58261 (SCH, 0.5 um). The A adenosine receptor subtype
antagonist MRS1754 (MRS, 0.5 uwm) alone or together with DPCPX and SCH58261 nearly completely blocked
the 2-PAA-induced increase in the dye diffusion distance. D, the Aya adenosine receptor subtype-specific agonist
CGS21680 did not change the dye diffusion distance. E, transfection of the hCMEC/D3 cells with two different
anti-Azg adenosine receptor siRNAs (Azg siRNA) significantly decreased the mRNA amount of the Azg adenosine
receptor after 48 h compared to transfection with negative control (neg.) siRNA. Cells that were not treated with
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transfection reagent (-transf.) served as control. F, the transfection with both anti-A,g adenosine receptor siRNAs
(Azp siRNA) attenuated the increase in the dye diffusion distance after 2-PAA (20 uMm) application compared to
cells transfected with negative control (neg.) siRNA. The result of cells that were not treated with transfection
reagent (-transf.) is shown as control. The relative dye diffusion distances were normalized to vehicle-treated cells
transfected with negative control siRNA. All results were analysed using Student’s t test. *Significant differences to
the vehicle control: *P < 0.05, **P < 0.01, **P < 0.001; #significant differences to 2-PAA: ¥P < 0.05, ##P < 0.01,

###p - 0.001.

2-PAA-related enhancement of gap junction coupling.
Transfection of the hCMEC/D3 cells with siRNA specific
for Ap adenosine receptor mRNA led to significant
decreases in A,p adenosine receptor mRNA amounts
of 29% and 27% for siRNA1 and siRNA2, respectively,
compared to cells transfected with negative control
siRNA after 48 h (Fig. 4E Student’s paired f test
compared to negative control siRNA-transfected cells:
P=5.7 x 10 "for siRNA1l and P= 1.8 x 107 for siRNA2,
n = 8). Scrape loading/dye transfer experiments showed
that 2-PAA (20 pM, 1 h) enhanced the dye diffusion
distance in cells transfected with negative control siRNA
(Fig. 4F; relative dye diffusion distance of 115% for 2-PAA,
Student’s paired t test compared to vehicle-treated cells:
P=12.8 x 1072, n=38). In cells that were transfected with
anti-A,p adenosine receptor siRNAs the effect of 2-PAA
on the dye diffusion distance was significantly reduced
(Fig. 4F; relative dye diffusion distances of 106% and
103% for siRNA1 and siRNA2, respectively, for 2-PAA
treatment compared to the respective vehicle-treated cells,
Student’s paired t test compared to vehicle-treated cells:
P=10.20 for siRNA1 and P= 0.41 for siRNA2, n=_8). The
observed reduced increase in the dye diffusion distance
induced by 2-PAA in cells transfected with negative control
siRNA as compared to non-transfected cells (Fig. 4F)
seems to reflect a general stress induced in the cells by the
transfection.

As second messenger, CAMP can activate the protein
kinase A (PKA; Tasken & Aandahl 2004), the exchange
protein directly activated by cAMP (Epac; Banerjee &
Cheng 2015), and cyclic nucleotide-gated (CNG) channels
(Kaupp & Seifert 2002). We used pharmacological
approaches in combination with patch-clamp and Ca**
measurements to evaluate the involvement of the different
cAMP-dependent pathways in the 2-PAA-induced
enhancement of the gap junction coupling in the
hCMEC/D3 cells. We found that the PKA inhibitors
Rp-cAMPS (200 uM) and KT15720 (1 um) did not affect
the 2-PAA-related enhancement of the gap junction
coupling in the cerebral microvascular endothelial cells
hCMEC/D3 (Fig. 5A; relative dye diffusion distances of
132% for 2-PAA alone and 133% with Rp-cAMPS and
123% with KT5720, respectively, Student’s paired ¢ test
compared to 2-PAA-treated cells: P = 0.20, n = 17 for
2-PAA with Rp-cAMPS and P = 0.95, n = 9 for 2-PAA
with KT5720). Furthermore, the specific Epac activator
8-pCPT-2'-O-Me-cAMP (100 um) did not induce an
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increase in the gap junction coupling in the hCMEC/D3
cells with a dye diffusion distance of 98% compared to the
vehicle control (Fig. 5A; Student’s paired ¢ test compared
to vehicle-treated cells: P = 0.65, n = 5). We therefore
hypothesized that the 2-PAA-related enhancement of
the gap junction coupling in these cells was related to
an activation of CNG channels. Accordingly, we found
that the CNG channel inhibitor L-cis-diltiazem (100 M)
suppressed the 2-PAA-related enhancement of the gap
junction coupling (Fig. 5B; relative dye diffusion distance
of 102% for 2-PAA with L-cis-diltiazem compared to
125% for 2-PAA alone, Student’s paired ¢ test compared to
2-PAA-treated cells: P= 1.8 x 1072, n = 7). We therefore
analysed the expression and activation of CNG channels
in hCMEC/D3 cells.

There are six different subunits known to form CNG
channels, A1, A2 and A3 and the three modulatory sub-
units A4, B1 and B3 (Kaupp & Seifert 2002). RT-PCR
experiments showed that the hCMEC/D3 cells expressed
the A1, the A2 and the B1 subunits of the CNG channels
(Fig. 5C). Western blotting confirmed the presence of
the particularly cAMP-sensitive A2 subunit (Kaupp &
Seifert 2002; Cheng et al. 2008) in the cells (Fig. 5D).
Correspondingly, the patch-clamp technique showed that
the application of 20 uM 2-PAA increased a whole-cell
current registered in the cells (Fig. 5E; Student’s paired
t test compared to vehicle-treated cells: P < 0.08, n = 9).
The increase in the current was abolished by simultaneous
application of the CNG channel blocker L-cis-diltiazem
(100 puM; Fig. 5E; Student’s paired t test compared to
vehicle-treated cells: P > 0.25, n = 15).

CNG channels are rather wunselective channels
permeable to cations. Beside Na™ influx and K* efflux,
the CNG channels also allow Ca*" entry into the cells.
Accordingly, Ca’" imaging experiments with Fura-2
showed an increased Ca’" signal in more cells treated
with 2-PAA (61%) compared to cells treated with the
vehicle (30%; Fig. 6A; Student’s paired ¢ test compared
to vehicle-treated cells: P = 1.7 x 1072, n = 5). The
increase in the Ca®* signal was slow and rapid transient
Ca’" spikes were rarely observed, suggesting that the
fractional Ca’" current was reduced, as the CNG
channels are permeable to both Ca** and Na™ (Kaupp
& Seifert 2002). We therefore replaced the external
Na' by 5'-N-ethylcarboxamidoadenosine (NMDG) and
repeated the Ca’™ imaging. In the absence of external
Na*, 2-PAA more readily induced rapid transient
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Ca’* spikes (Fig. 6B). To analyse whether Ca’" was
necessary for the 2-PAA-related enhancement of the
gap junction coupling, 2-PAA (20 M) was applied after
preloading the cells with BAPTA (10 uMm) as chelator of
intracellular Ca*>* or in the absence of extracellular Ca*.
Under these conditions, the 2-PAA-related enhancement
of the dye diffusion distance was strongly reduced (Fig. 6 C
relative dye diffusion distances of 109% for 2-PAA with
BAPTA and 113% for 2-PAA without extracellular Ca**
compared to 126% for 2-PAA alone, Student’s paired ¢
test compared to 2-PAA-treated cells: P = 2.1 x 1073,
n = 12 for 2-PAA with BAPTA and Student’s paired ¢
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test compared to 2-PAA-treated cells with extracellular
Ca*™: P=5.1 x 107°, n = 17 for 2-PAA in absence of
extracellular Ca®").

Collectively, the data presented in this report identify
CNG channels as a previously unrecognized physio-
logical link between adenosine receptors and gap junction
coupling in human cerebral microvascular endothelial
cells. Specifically, we show that following activation of pre-
dominantly A, adenosine receptors in hCMEC/D3 cells,
the second messenger cAMP leads to the opening of CNG
channels, allowing a Ca?" influx that evokes the increase
in gap junction coupling.
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Figure 5. The signalling mechanism induced by 2-PAA

A, the increase in the dye diffusion distance induced by 2-PAA (20 uM, 1 h) was not blocked by the protein
kinase A inhibitors Rp-cAMPS (Rp, 200 um) and KT5720 (KT, 1 wMm). Additionally, the activator of the exchange
protein directly activated by cAMP, 8-pCPT-O-Me-cAMP (100 M) did not affect the dye diffusion distance. B,
the cyclic nucleotide-gated (CNG) channel inhibitor L-cis-diltiazem (L-cis-dil., 100 um) could prevent the increase
in the dye diffusion distance induced by 2-PAA (20 uM, 1 h) relative to the vehicle control (cont., 0.3% ethanol)
in scrape loading/dye transfer assays. C, RT-PCR showed that the CNG channel subunits A1, A2 and B1 were
expressed in hCMEC/D3 cells. D, furthermore, the cAMP-sensitive subunit CNGA2 was confirmed to be expressed
at protein level with B-tubulin (8-Tb) serving as loading control. E, in whole-cell patch-clamp experiments, 2-PAA
(20 pum) increased the current measured in hCMEC/D3 cells. This increased current was completely abolished by
simultaneous application of the CNG channel blocker L-cis-diltiazem (L-cis-dil., 100 M) with 2-PAA. All results were
analysed using Student’s t test. *Significant differences to the vehicle control: *P < 0.05, **P < 0.01, ***P < 0.001;
#significant differences to 2-PAA: #P < 0.05.
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Discussion

By allowing the exchange of ions and metabolites between
cells, the gap junction coupling permits the formation
of physiological units in tissues. A prerequisite for a
regulation of these units is the physiological integration
of the gap junction coupling in the general signalling
pathways of the cells within a tissue. In the present report
we used hCMEC/D3 cells as an accepted in vitro model for
human BBB endothelial cells (Weksler et al. 2005, 2013)
and found that adenosine receptor-dependent signalling
regulated the gap junction coupling in these cells via
activation of CNG channels (Figs 2 and 5).

In accordance with other studies on BBB endothelial
cells (Nagasawa et al. 2006; Avila et al. 2011; Bock et al.
2012; Kaneko ef al. 2015), RT-PCR analysis revealed that
Cx37, Cx40, Cx43 and Cx45 were expressed in hCMEC/D3
cells (Fig. 1B). Transcripts of three other isoforms, Cx30,
Cx32 and Cx36, that are known to be expressed in other
cerebral cell types (Eugenin et al. 2012) were not found in
hCMEC/D3 cells (Fig. 1B). Immunofluorescence staining
showed that in hCMEC/D3 cells Cx40 and Cx43 formed
gap junction plaques while Cx37 and Cx45 were solely
stained in the intracellular space (Fig. 1C). The structural
and physiological significance of the absence of Cx37 and
Cx45 in gap junction plaques is not clear. It is possible that
Cx37 and Cx45 are not inserted into the membrane of the
cells. The expression of Cxs independently of gap junction
channel formation has for example been proposed to
modulate cell migration (Kameritsch et al. 2012) or act as
tumour suppressors (McLachlan et al. 2006). Alternatively
Cx37 and Cx45 could form gap junction hemichannels or
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gap junction channels which are not clustered like the Cx43
and Cx40 plaques and are therefore not easily recognizable
with fluorescence microscopy (Nakagawa et al. 2011). In
endothelial cells, particularly those derived from the BBB,
the existence and functional role of hemichannels has been
proposed (Bock et al. 2012; Kaneko et al. 2015). These
hemichannels are permeable to metabolites such as ATP
(Stout et al. 2002; Kang et al. 2008) and pathophysiological
conditions like hypoxia or ischaemia are known to increase
their open probability (Davidson et al. 2012; Kaneko et al.
2015). Furthermore, the presence of non-clustered gap
junction channels containing Cx37 and Cx45 is possible
as it is known that the different Cxs form gap junction
channels with variable dynamics (Thomas et al. 2005;
Stout et al. 2015).

Considering gap junction coupling, we found that in
hCMEC/D3 cells the adenosine receptor agonist 2-PAA
enhanced the gap junction coupling (Fig. 2), which
achieved its maximum within 45-60 min (Fig. 2B). At
the morphological level, the 2-PAA-induced increase in
gap junction coupling was only paralleled by an increased
formation of Cx43 gap junction plaques as well as
increased Cx43 gap junction plaque size between adjacent
cells as revealed by quantitative evaluation of confocal and
STED microscopic images (Fig. 3). Although no effect of
2-PAA on the localization of Cx37, Cx45 or Cx40 was
discernible (data not shown), the increased presence of
Cx43 in the membrane in response to 2-PAA treatment
suggests that the increase in gap junction coupling may
primarily be related to an increased formation of gap
junction channels between the cells. However, changes in
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Figure 6. The 2-PAA-induced increase in gap junction coupling was Ca?t dependent

A, application of 2-PAA (20 M) increased the intracellular Ca2* signal (fluorescence ratio F340/F3g0). The columns
show the results obtained by counting the amount of cells with an increased [Ca?*]; after treatment with the
vehicle control (cont., 0.3% ethanol) or 2-PAA (20 uw) in presence of 140 mm external Na*. B, a representative
rapid transient Ca* signal induced by application of 2-PAA (20 ;M) when external Na™ was replaced by NMDG.
C, the 2-PAA-induced increase in the dye diffusion distance was abolished when 2-PAA (20 um, 1 h) was applied
on cells preloaded with the Ca2* chelator BAPTA (10 M) or in absence of external Ca2t (- Ca?t gxracel ). All results
were analysed using Student’s t test. *Significant differences to the vehicle control: *P < 0.05: ***P < 0.001;

#significant differences to 2-PAA: P < 0.01.
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the biophysical properties of the gap junction channels
such as an increase in single gap junction channel
conductance or the open probability of the channels
may be secondarily involved as well. An increase in gap
junction channels can be achieved by enhanced gene
expression, Cx synthesis, less connexon degradation or
enhanced connexon trafficking to the membrane. The
increase in gap junction coupling can also be achieved by
the insertion of new connexons into the membrane or a
reduced removal of the gap junctions from the membrane.
The synthesis and trafficking, as well as the removal, of gap
junction channels are processes which necessitate a time
too long (Jordan et al. 1999; Falk et al. 2014) to explain the
observed rapid 2-PAA-induced increase in gap junction
coupling within 30 min (Fig. 2B), which is therefore
more compatible with 2-PAA stimulated formation of gap
junction channels in the membrane.

Regarding the kinetics of the effect of adenosine receptor
stimulation on the physiological function of the BBB in
animal models, an increase in the BBB permeability was
visible within 15-30 min (Carman et al. 2011). However,
while the animal model reflects systemic reactions
integrating all cells in a tissue, the specific contribution of
the different cell types, e.g. endothelial cells, is very difficult
to estimate. Other authors have analysed how adenosine
receptor stimulation affected the BBB function using iso-
lated microvascular endothelial cells. It was found that
the A, adenosine receptor-specific agonist regadenoson
(lexiscan) and the non-specific adenosine receptor agonist
NECA decreased the transendothelial electrical resistance
(TEER) of the cells within 5-15 min of application (Gao
et al. 2014; Kim & Bynoe 2015), which is faster than the
effect of 2-PAA on the gap junction coupling described in
the present report (Fig. 2B). The pharmacology shows
that the decrease of the TEER was mainly due to the
stimulation of the A,5 adenosine receptors (Gao et al.
2014; Kim & Bynoe 2015). 2-PAA, which was used in the
present report, stimulates both A, and A,z adenosine
receptor subtypes (Bruns et al. 1986; Choksi et al. 1997;
Wilson & Batra 2002). Accordingly, we found that 2-PAA
increased the cellular cAMP concentration and that
the adenylyl cyclase inhibitor SQ22536 suppressed the
increased cAMP synthesis (Fig. 4A). SQ22536 also reduced
the 2-PAA-related increase in gap junction coupling
(Fig. 4B), which showed that cAMP was necessary for
the 2-PAA-induced increase in gap junction coupling. It
is noteworthy that SQ22536 did not completely suppress
the 2-PAA-induced increase in gap junction coupling,
suggesting that other mechanisms could be involved in
the 2-PAA-induced enhancement of gap junction coupling
in the cells. Although 2-PAA is described as an agonist for
Ajx and A,p adenosine receptors (Bruns et al. 1986; Choksi
etal. 1997; Wilson & Batra 2002) and we found that 2-PAA
stimulation induced cAMP synthesis, as an adenosine
derivative 2-PAA might be able to bind to A; adenosine
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receptors, which are linked to G; or to the synthesis of
c¢GMP (Kurtz et al. 1988; Eltzschig 2009; Serpa et al. 2014;
Pinto et al. 2016). The following findings, however, argue
against the involvement of the A, adenosine receptor in
the action of 2-PAA on the gap junction coupling. First,
we found that 2-PAA induced a cAMP increase (Fig. 4A),
which is incompatible with activation of A; adenosine
receptors, which, via G, preferentially inhibits adenylyl
cyclase (Fredholm 2007; Eltzschig 2009). Secondly, the A,
adenosine receptor antagonist DPCPX did not influence
the 2-PAA-related enhancement of the gap junction
coupling (Fig. 4C), and additionally cGMP analogues
were not able to mimic the effect of 2-PAA on the gap
junction coupling. Hence, an action of 2-PAA that involves
binding to A; adenosine receptors and activation of cGMP
synthesis seems very unlikely. The results therefore suggest
that 2-PAA acted solely by binding to G, coupled receptors,
which activated adenylyl cyclase to synthesize cAMP. Nine
different adenylyl cyclase isoforms can be expressed in
cells (Seifert et al. 2012) and none of the widely used
adenylyl cyclase inhibitors is able to inhibit all isoforms
equally well (Seifert et al. 2012). Therefore we assume
that even in the presence of SQ22536, 2-PAA could still
induce cAMP synthesis to some extent, which could affect
the gap junction coupling in a statistically non-significant
manner as observed in this report. Regarding the A,4
and A, adenosine receptor subtypes which are both
linked to G, and stimulation of adenylyl cyclase, the
Ay adenosine receptor antagonist SCH58261 and the
A,p adenosine receptor antagonist MRS1754, as well as
the A,y adenosine receptor-specific agonist CGS21680,
revealed that the 2-PAA-related increase in gap junction
coupling was mainly dependent on stimulation of the Ay
adenosine receptor subtype and not the A,, adenosine
receptor subtype (Fig.4Cand D). The predominant role of
the A,p adenosine receptor subtype in the regulation of gap
junction coupling in cerebral endothelial cells presented
here is also sustained by the transient knock-down of the
A,p adenosine receptor subtype using siRNA. We found
that when expression of the A, adenosine receptor sub-
type was decreased, 2-PAA could no longer significantly
increase the gap junction coupling in hCMEC/D3 cells
(Fig. 4F). Itis noteworthy that neither the pharmacological
inhibition nor the siRNA-dependent knock-down of the
A,p adenosine receptor could completely suppress the
effect of 2-PAA. With siRNA we achieved a knock-down
of mRNA levels of over 70% (Fig. 4E) and with
the pharmacological inhibitors our aim was to avoid
high inhibitor concentrations, which are not specific
anymore and might induce unintended side-effects on the
cells. We therefore assume that under our experimental
conditions, a reduced activation of adenosine receptors
by 2-PAA was still possible, thereby inducing an increase
in gap junction coupling. This increase was, however,
not statistically significant. Moreover, an involvement

© 2017 The Authors. The Journal of Physiology © 2017 The Physiological Society




2 Cyclic nucleotide-gated channels link adenosine receptors and gap junctions 31

J Physiol 595.8

of the A,s adenosine receptor subtype to a low extent
cannot completely be ruled out. However, our results
obtained using hCMEC/D3 cells as model suggest that
the regulation of gap junction coupling in cerebral micro-
vascular cells is mainly related to A,p adenosine receptor
subtypes.

Activation of the A,p adenosine receptor subtype and
subsequent upregulation of its expression in endothelial
cells has been proposed as a mechanism for preventing
vascular leakage (Eltzschig et al. 2003; Eckle et al. 2008)
and inflammatory signalling (Yang et al. 2006; Blackburn
etal. 2009). Additionally, it was found that activation of the
A,p adenosine receptor subtype stimulated the expression
of vascular endothelial growth factor and angiogenesis in
microvascular endothelial cells (Feoktistov et al. 2002; Du
et al. 2015). Our findings identify gap junction coupling
as another target of the A adenosine receptor-related
signalling in endothelial cells of the microvascular system.
Whether and how gap junction coupling is integrated
in, for example, the anti-inflammatory or angiogenic
properties of Ap adenosine receptor stimulation is an
exciting topic for future research; to this end the pre-
sent report clearly shows the physiological link between
A,p adenosine receptor activation and cAMP-dependent
regulation of gap junction coupling.

The enhancement of gap junction coupling in different
cells by cAMP- and PKA-dependent pathways is an
accepted mechanism (Mehta et al. 1992; Atkinson et al.
1995; Paulson et al. 2000; Lampe & Lau 2004). A
general increase in the cAAMP concentration by application
of forskolin or 8-Br-cAMP also increased the gap
junction coupling in hCMEC/D3 cells (Fig. 4B). Recently,
we showed that the adenosine transporter inhibitor
dipyridamole induced an enhancement of gap junction
coupling in aortic endothelial cells as well as in aortic
smooth muscle cells through activation of adenosine
receptors, an effect that was suppressed in presence of
PKA inhibitors (Begandt et al. 2010, 20134,b). In the pre-
sent report the PKA inhibitors Rp-cAMPS and KT5720
were not able to suppress the 2-PAA-related enhancement
of gap junction coupling in hCMEC/D3 cells (Fig. 5A).
Additionally, an activator of Epac, another effector of
cAMP, also failed to affect the gap junction coupling
(Fig. 5A), suggesting that another cAMP-dependent
mechanism is activated in these BBB endothelial cells.

CNG channels constitute a third target for cAMP.
RT-PCR experiments showed that the CNG channel sub-
units Al, A2 and Bl were expressed in hCMEC/D3
cells (Fig. 5C). Western blotting confirmed that
the especially cAMP-sensitive A2 subunit of CNG
channels (Kaupp & Seifert 2002; Cheng et al. 2008)
is expressed in hCMEC/D3 cells (Fig. 5D). Electro-
physiological patch-clamp experiments showed that
2-PAA increased the current in the cells (Fig. 5E) without
significantly affecting the membrane potential. However,
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the CNG channel inhibitor L-cis-diltiazem antagonized
the 2-PAA-related current changes (Fig. 5E), suggesting
that 2-PAA induced the opening of CNG channels. It
could be expected that BBB endothelial cells might express
CNG channels since expression and a physiological role of
CNG channels in various endothelial systems has been
shown previously (Zhang et al. 2002; Cheng et al. 2003;
Cheng et al. 2008). Moreover, it was shown that an
adenosine receptor-related increase in cAAMP enhanced the
membrane current and intracellular Ca®* concentration
in endothelial cells and that these effects were both blocked
by CNG channel inhibitors (Cheng et al. 2008). Inter-
estingly, in those experiments it was also the A, adenosine
receptor subtype that led to the CNG channel activation
(Cheng et al. 2008), which is in accordance with our results.

With respect to gap junction coupling of hCMEC/D3
cells, L-cis-diltiazem suppressed the 2-PAA-related
enhancement of gap junction coupling as shown by
scrape loading/dye transfer experiments (Fig. 5B). This
indicates that activation of CNG channels was required
for the 2-PAA-induced enhancement of gap junction
coupling. Interestingly, L-cis-diltiazem also attenuated
the increase in gap junction coupling induced by the
adenylyl cyclase activator forskolin (data not shown),
indicating that cAMP-dependent activation of CNG
channels was crucial for the cAMP-mediated effect
on the gap junction coupling. As cation permeable
channels, the CNG channels can affect the membrane
potential of the cells and allow a Ca?" influx into
the cells (Kaupp & Seifert 2002). Since we did not
observe a significant change in the membrane potential
of the cells when we applied 2-PAA in the whole-cell
patch-clamp experiments (Fig. 5E), we concluded that
the 2-PAA-related increase in gap junction coupling
necessitated a Ca’" influx. The finding that the
2-PAA-related increase in gap junction coupling was
reduced if 2-PAA was applied to cells preloaded with
the internal Ca’™ chelator BAPTA or if 2-PAA was
applied in the absence of external Ca>* (Fig. 6C) support
this conclusion. Preloading the cells with BAPTA also
attenuated the forskolin-induced increase in gap junction
coupling (data not shown), indicating the importance
of Ca?* in the action mechanism of cAMP on the gap
junction coupling. Additionally, Ca*" imaging showed
that 2-PAA led to a slow and moderate increase in the
intracellular Ca?* signal (Fig. 6A). A rapid and transient
increase in Ca’" could, however, be observed if 2-PAA
was applied in the absence of external Na* (Fig. 6B).
These results suggest that 2-PAA induced an activation
of CNG channels but that under normal extracellular Na*
concentrations the fractional Ca’" current is reduced.
We therefore assume that under normal conditions, the
intracellular Ca*" increase was mostly related to a locally
restricted Ca’" increase in the vicinity of the membrane
rather than to a general influx of Ca?* into the cytoplasmic
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space. This assumption is supported by comparison of the
results obtained when 2-PAA was applied to cells pre-
loaded with the Ca?* chelators EGTA or BAPTA. BAPTA
antagonized the 2-PAA-induced increase in gap junction
coupling, but EGTA did not (data not shown). This might
be because BAPTA diffuses readily, coming into close
proximity with the cell membrane (Rousset et al. 2004),
and is therefore able to efficiently chelate Ca** that is
located right underneath the cell membrane, while EGTA,
due to its limited diffusion, mainly chelates the Ca?t inthe
core of the cells and does not reach the membrane region
(Rousset et al. 2004). Furthermore, BAPTA can effectively
chelate Ca?* derived from nano- and microdomains due to
its faster Ca’* binding rate constant (Parekh 2008; Fakler
& Adelman 2008). Overall, the results suggest that 2-PAA
by binding to A, adenosine receptors activates adenylyl
cyclase which synthesises cAMP. cAMP in turn induces a
locally restricted Ca®" influx through CNG channels. This
Ca”* stimulates insertion of connexons in the membrane
and leads to an increase in gap junction plaques between
the cells, resulting in an increase in gap junction coupling.
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To our knowledge, a physiological link between the
A, adenosine receptor, CNG channels and gap junction
coupling as shown in this report (Fig. 7) has not
been described before. The detailed mechanism by
which the reinforcement of gap junction plaques and
gap junction coupling in hCMEC/D3 cells is achieved
by a Ca’" influx through CNG channel activation is
currently a matter of speculation. Protein kinase C
(PKC) or Ca**/calmodulin-dependent protein kinase II
(CaMKII)-dependent pathways do not seem to play arole,
since the PKC activator TPA did not enhance gap junction
coupling in the hCMEC/D3 cells. Moreover, inhibitors of
PKC (bisindolylmaleimide II) and of CaMKII (KN93) did
not significantly affect the 2-PAA-related enhancement
of gap junction coupling (data not shown). Considering
the relatively fast increase in gap junction coupling and
the observation of a parallel increased formation of gap
junction plaques, we propose that the increased Ca®*
induced formation of new gap junction channels in the
membrane in a secretion process of connexon containing
vesicles.

L-cis-diltiazem Ca2+

fusion of
vesicles with
membrane ?

KT5720

8-pCPT-2"-O-
Me-cAMP

Figure 7. Proposed mechanism of action of 2-PAA to increase the gap junction coupling in hCMEC/D3
cells (continuous arrows)

The stimulation of A,z adenosine receptors induces synthesis of cCAMP which leads to a Ca2* influx by opening
CNG channels. We hypothesise that Ca?t in turn induces the increase in gap junction plaques resulting in
an enhancement of the gap junction coupling. The increase in the gap junction plaques is related by an
as-yet-unidentified mechanism which is probably a fusion of connexon-containing vesicles with the cell membrane.
The green arrows indicate activation, the red bars indicate inhibition. The dotted arrows indicate other possible
adenosine receptor-dependent signalling mechanisms which were found not to be involved in the regulation of
gap junction coupling in the cerebral microvascular endothelial cells in the present report. [Colour figure can be
viewed at wileyonlinelibrary.com]
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Abstract The present report evaluates the advantages of
using the gold nanoparticle-mediated laser perforation
(GNOME LP) technique as a computer-controlled cell
optoperforation to introduce Lucifer yellow (LY) into cells
in order to analyze the gap junction coupling in cell mono-
layers. To permeabilize GM-7373 endothelial cells grown in a
24 multiwell plate with GNOME LP, a laser beam of 88 um in
diameter was applied in the presence of gold nanoparticles and
LY. After 10 min to allow dye uptake and diffusion through
gap junctions, we observed a LY-positive cell band of
179 + 8 um width. The presence of the gap junction channel
blocker carbenoxolone during the optoperforation reduced the
LY-positive band to 95 £ 6 um. Additionally, a forskolin-
related enhancement of gap junction coupling, recently found
using the scrape loading technique, was also observed using
GNOME LP. Further, an automatic cell imaging and a subse-
quent semi-automatic quantification of the images using a
java-based ImagelJ-plugin were performed in a high-
throughput sequence. Moreover, the GNOME LP was used
on cells such as RBE4 rat brain endothelial cells, which cannot
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be mechanically scraped as well as on three-dimensionally
cultivated cells, opening the possibility to implement the
GNOME LP technique for analysis of gap junction coupling
in tissues. We conclude that the GNOME LP technique allows
a high-throughput automated analysis of gap junction cou-
pling in cells. Moreover this non-invasive technique could
be used on monolayers that do not support mechanical scrap-
ing as well as on cells in tissue allowing an in vivo/ex vivo
analysis of gap junction coupling.

Keywords Scrape loading - Dye transfer - Gap junction -
Gold nanoparticle-mediated laser perforation - GNOME -
In vivo - Vascular - Endothelial cells

Introduction

Gap junctions are intercellular channels that directly connect
the cytoplasm of neighboring cells. They enable the exchange
of small molecules (<2 kDa), e. g. metabolites or second
messengers. Therefore, gap junction-dependent cell-cell cou-
pling is very important for the communication and coordina-
tion of cells in a multicellular tissue (Nielsen et al. 2012;
Goodenough and Paul 2009; Harris 2007). Non-functional
gap junction channels as a result of specific gene mutations
or physiological dysregulation can lead to pre- or postnatal
death, as well as severe diseases such as deafness or cataracts
(Kelsell et al. 2001; Zoidl and Dermietzel 2010; Figueroa and
Duling 2009; Willecke et al. 2002), which demonstrate the
importance of gap junctions for tissue homeostasis (Nielsen
et al. 2012; Goodenough and Paul 2009).

Intercellular gap junction coupling can be analyzed using
the transfer of hydrophilic gap junction permeable dyes such
as Lucifer yellow (LY) (Abbaci et al. 2008; el-Fouly et al.
1987). The dye is introduced into a single cell or a limited

@ Springer
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number of cells and the subsequent diffusion of the dye
through gap junction channels into neighboring cells is eval-
uated. Dye transfer experiments primarily differ in the method
of dye introduction into the cells. The introduction of dye into
single cells through microinjection capillaries is an option,
which necessitates a micro injector and technical skills that
require extensive training (Abbaci et al. 2008). Additionally,
the repetitive injection of single cells to achieve a statistically
relevant population is a time consuming process. Therefore,
the technique is often reduced to proof-of-concept experi-
ments rather than experiments for the quantitative evaluation
of gap junction coupling. In contrast, cells grown to a mono-
layer can be examined by introducing the dye using the scrape
loading/dye transfer (SL/DT) technique (Abbaci et al. 2008;
el-Fouly et al. 1987). For this method, cells have to be grown
to confluence on a hard and even surface such as glass cover
slips. In presence of a dye such as LY, the cell monolayer is
mechanically scraped with a sharp tool, for instance a razor
blade or needle. The dye infiltrates into the cytoplasm of the
wounded cells at the edge of the scrape and can diffuse
through gap junctions into neighboring cells (Begandt et al.
2010, 2013). The dye diffusion distance within the cell mono-
layer can then be used for the estimation of gap junction cou-
pling and for a quantitative evaluation of the regulation of gap
junction coupling by physiological and pharmacological
agents in various cell types (Begandt et al. 2010, 2013; Lee
et al. 2010; Xia et al. 2009; Ke et al. 2013).

The SL/DT technique is a simple and convenient meth-
od that enables the analysis of gap junction coupling with-
in large cell populations. However, there are also limita-
tions to this method. First, the process of scraping single
cover slips is time consuming and necessitates different
mechanical steps that can affect gap junction coupling.
Second, the geometry of mechanical scrapes varies great-
ly, which limits the possibility of automation of the imag-
ing and quantification processes. Third, in cells that form
a mechanically instable monolayer, the scraping leads to
undesirable disruptions of the cell monolayer or a detach-
ment of the cells from the cultivation surface. Therefore,
less invasive methods for dye loading, which can be eas-
ily automated, are needed to achieve an accurate and
high-throughput analysis of gap junction coupling in cell
networks. Moreover, a non-invasive technique promises
the possibility of gap junction coupling analysis in three
dimensional (3D) tissues in and/or ex vivo.

Various laser perforation (optoperforation) techniques
promise to be new cell friendly permeabilization methods
that allow the uptake of various molecules into cells, while
not affecting the cellular viability (Stevenson et al. 2010).
A high-throughput variant of the laser perforation tech-
nique is the gold nanoparticle-mediated (GNOME) laser
perforation (Schomaker et al. 2010; Heinemann et al.
2013; Kalies et al. 2014). During GNOME laser

@ Springer

perforation (GNOME LP), the cell permeabilization is in-
duced by heating effects generated by a laser beam weakly
focused at gold nanoparticles (diameter 200 nm) that are
adhered on the cell membrane. To date, GNOME LP has
been successfully used for the cellular introduction of
dextran-coupled dyes as well as siRNA and morpholinos
into different cell types (Heinemann et al. 2013; Kalies
et al. 2013, 2014; Schomaker et al. 2014). During these
experiments, it could be shown that the permeabilization
of the cells supported a cell viability of more than 90 %.
We propose to adapt the GNOME LP method to a GNOME
LP/dye transfer (GNOME LP/DT) technique that can be
used to analyze intercellular gap junction coupling in cell
monolayers. This technique will offer many advantages,
such as the avoidance of mechanical invasiveness, the pos-
sibility of automated cell permeabilization, cell imaging as
well as experiment evaluation. Additionally we applied the
GNOME LP/DT technique to 3D cultivated cells to test the
in vivo/ex vivo applicability of the method.

Materials and methods
Chemicals

Carbenoxolone (CBX), forskolin, Hoechst 33342,
tetramethylrhodamine isothiocyanate (TRITC)-dextran, aver-
age weight 4.4 kDa, and Lucifer yellow (LY) were purchased
from Sigma-Aldrich (Munich, Germany). Gold nanoparticles
(AuNP, 7 x 10® particles/ml) with a size of 200 nm were
delivered from Kisker Biotech (Steinfurt, Germany). For dye
transfer experiments, cells were cultivated for 6 h in presence
of forskolin (100 pM) or DMSO (0.2 %). Untreated cells and
cells treated with dimethylsulfoxide (DMSO), which was used
in all experiments as vehicle for forskolin, served as reference.

Cell culture

Bovine GM-7373 aortic endothelial cells (Deutsche
Sammlung von Mikroorganismen und Zellkulturen GmbH,
Braunschweig, Germany) were cultivated using Dulbecco’s
Modified Eagle’s/Ham’s F-12 Medium (DMEM/Ham’s
F-12, Biochrom, Berlin, Germany) and the rat brain endothe-
lial cell line RBE4 was cultivated with a mixture of Ham’s
F-10 and alpha-MEM medium (Biochrom). Both media were
supplemented with 10 % fetal calf serum (FCS), penicillin and
streptomycin (100 U/ml and 0.1 mg/ml, respectively). Addi-
tionally, basic fibroblast growth factor (Sigma-Aldrich) with a
final concentration of 1 ng/ml was added to the RBE4 medi-
um. The cultures were maintained at 37 °C in a cell culture
incubator with a humidified atmosphere containing 5 % CO,.
The culture medium was renewed every 2—3 days.
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Scrape Loading/Dye Transfer (SL/DT)

For SL/DT experiments, cover slips (@ 10 mm) were placed
into the wells of a 24 multiwell plate containing 0.5 ml of the
corresponding culture medium. The cells were seeded at a
density of about 4 x 10° cells/well. Additional cultivation
for 2448 h allowed the cells to adhere and form a monolayer
on the cover slip. Analyses of functional gap junction cou-
pling were performed using the SL/DT technique as previous-
ly described (Begandt et al. 2010). Briefly, the cells were
washed with a bath solution containing 121 mM NacCl,
5.4 mM KCl, 6 mM NaHCOs;, 5.5 mM glucose, 0.8 mM
MgCl,, 1 mM EGTA, and 25 mM HEPES (pH 7.4,
295 mOsmol/l). The scrape was introduced with a razor blade
in presence of 0.25 % LY dissolved in bath solution and incu-
bated for 10 min. Afterwards the cells were washed twice with
the bath solution containing 1.8 mM CaCl,. The cells were
fixed for 10 min in 4 % formaldehyde dissolved in phosphate
buffer saline (PBS) composed of 137 mM NaCl, 2.8 mM KCl,
10 mM Na,HPO,4 and 1.8 mM KH,PO, (pH 7.4,
295 mOsmol/l) and were stored in PBS for further microscop-
ic analysis. In CBX (100 uM) experiments, the chemical was
also present during the scraping and washing steps.

Gold Nanoparticle-mediated Laser Perforation/Dye
Transfer (GNOME-LP/DT)

For GNOME LP/DT experiments, the cells were seeded at a
density of about 4 x 10° cells/well in a 24 multiwell plate and
were cultivated for 2448 h until they reached confluence.
Prior to the experiments, AuNP (0.5 ug/cmz) were added to
the cells for 3—6 h to allow the particles to adhere onto the cell
surface. A modified SL/DT protocol was used for the
GNOME LP/DT experiments. The cells were washed with
the bath solution as described for SL/DT and then were
laser-permeabilized in the presence 0o 0.25 % LY alone or with
0.4 % TRITC-dextran dissolved in bath solution. The laser
system set-up and laser treatment was performed according
to Heinemann et al. (2013). The set-up included a 532 nm
Nd:YAG microchip laser (Horus Laser, Limoges, France), en-
abling 850 ps laser pulses with a repetition rate of 20 kHz, a
telescope for the adjustment of the laser diameter and a half-
wave plate combined with a polarizing beam-splitter
(Thorlabs, Newton, USA) for adjustment of the laser power.
A motorized stage (Carl Zeiss, Jena, Germany) with controller
unit (Prior Scientific, Cambridge, UK) and a scanner (Miiller
Elektronik, Spaichingen, Germany) enabled the positioning
and scanning of the multiwell plates. The laser power and
the scanning velocity as well as the selection of individual
wells were controlled by a self-developed, LabView-based
software (Heinemann et al. 2013). To perform GNOME LP/
DT, in each well of a 24 multiwell plate, a line of cells was
optoperforated by a 35 mW laser beam of 88 um in diameter

with a scanning velocity of 40 mm/s. After variable dye dif-
fusion times, the cells were washed twice with fresh Ca®'-
containing bath solution as described above for manual SL/
DT experiments. The fixation and conservation of the cells
were performed as described for SL/DT experiments. In
CBX experiments, the chemical was also present during the
optoperforation and the washing steps.

Quantification of SL/DT Experiments

The SL/DT experiments were documented with a confocal
laser scanning microscope (Nikon, Diisseldorf, Germany)
using the software program EZ-C1 3.50 (Nikon). A view area
of 1024 x 1024 pixels (1273 x 1273 wm) was recorded. The
settings for gain, brightness and contrast were not changed for
all images within a set of experiments and no editing of the
images occurred prior to quantification. The estimation of the
dye transfer was performed with the software ImagelJ (http://
rsbweb.nih.gov/ij/docs/menus/analyze.html) as previously
described (Begandt et al. 2010). Briefly, the dye diffusion
distance was calculated on the basis of plot profiles
generated along the scrape from which the background
brightness was subtracted. Per cover slip four micrographs
each with six frames with a size of 300 x 100 pixels
(length x width) were analyzed with a MATLAB-based soft-
ware (Begandt et al. 2010). For each treatment, at least four
experiments were performed from which the average dye
diffusion distance and SEM were calculated.

Quantification of GNOME LP/DT Experiments

To automatically document the GNOME LP/DT experiments,
images were obtained with an Orca Flash 4.0 camera (Hama-
matsu Photonics, Herrsching am Ammersee, Germany)
mounted onto an Eclipse Ti microscope (Nikon) using the
NIS elements AR 4.21 software (Nikon). The tool Multipoint
ND acquisition was used to generate three images with
2048 x 2048 pixels (3367 x 3367 um) per well. Two images
documented the dye uptake and diffusion in the cells and one
image was obtained away from the perforation line, which
documented a section of cells that did not contain the dye.
The latter image was used for estimation of the background.
A constant exposure was used for all images. The automatic
focus module of the Eclipse Ti microscope was used to keep
the cells in focus during the automatic imaging of the cells in
the wells. To analyze the data obtained through the automatic
documentation of the 24 multiwell plate, a Java-based ImagelJ-
plugin was designed which omitted the manual generation of
the plot profiles by allowing a robust and automatic detection
of the dye-infiltrated cell region in a set of fluorescence im-
ages. The plugin detected the boundary of the fluorescent cell
band and performed an average intensity projection along the
direction of the band. Furthermore, the plugin provided an
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alert for detecting image artifacts and outliers in the dye-
loaded cell area, allowing the user to correct the boundary of
the cell band if necessary. The results were passed to the
MATLAB-based software described in a previous publication
(Begandt et al. 2010) for calculation of the dye diffusion dis-
tance. For each treatment, the average dye diffusion distance
and SEM from at least six experiments (at least four passages)
were calculated.

Three-dimensional cultivation of cells

To allow the GM-7373 cells to form a 3D pseudo capillary, the
cells were introduced into glass capillaries with an inner di-
ameter of 0.58 mm or 1.1 mm, respectively. The cells were
allowed to proliferate and to cover the inner surface of the
capillaries for 48 h. The AuNP were introduced in the capil-
laries and allowed to adhere onto the cells for at least 3 h. To
avoid an inhomogeneous distribution of the particles the glass
capillaries were gently agitated during the AuNP incubation
period. A LY-containing bath solution was introduced into the
capillaries using a small pipette tip and the capillaries were
placed in the GNOME set-up for optoperforation as described
above. After washing and fixation of the cells the nuclei were
stained with Hoechst 33342. Images of the cells grown in the
capillaries were generated using the z-stack tool of the EZ-C1
software and the volume render tool of the software EZ-C1
Free Viewer (Nikon). The dye diffusion distance in untreated
cells was compared to that found in cells permeabilized in the
presence of CBX.

Statistical analysis

All experiment sets were performed in at least three cell pas-
sages. For statistical analyses, a paired two-sample Student’s #-
test was used. The significance is given as * for P < 0.05, **
for P < 0.01 and *** for P < 0.001 for at least four experi-
ments for each treatment.

Results

Gap junction coupling analysis: comparison
between SL/DT and GNOME LP/DT

The analysis of gap junction-dependent intercellular coupling
is often performed by the SL/DT technique (Abbaci et al.
2008; el-Fouly et al. 1987; Begandt et al. 2010). This simple
technique can be used to access the degree of gap junction
coupling and to screen the effect of various substances on gap
junction coupling in different cells (Fig. 1) (Begandt et al.
2010, 2013). In GM-7373 endothelial cells, a LY diffusion
distance of approximately 142 + 2 um was measured 10 min
following the onset of the SL/DT experiment (Fig. 1b). The
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presence of the gap junction channel blocker CBX during SL/
DT reduced the dye diffusion distance to 57 + 3 pum (paired
Student’s #-test, compared to untreated cells; df =5, £ = 32.08,
P =5.5x10""), which represents the first row of cells that
were injured during scraping (Fig. 1b). The comparison be-
tween the results obtained in the absence or presence of the
gap junction blocker CBX clearly indicates that the lateral
diffusion distance of the LY of 85 + 3 pum in the untreated cell
monolayer was due to gap junction coupling. Conversely, the
SL/DT experiments showed that the adenylyl cyclase activator
forskolin significantly increased gap junction coupling of the
GM-7373 endothelial cells (Fig. 1b). In cells cultivated in the
presence of forskolin for 6 h before SL/DT experiments, a dye
diffusion distance of 165 £+ 2 um was observed after a diffu-
sion time of 10 min (paired Student’s z-test, compared to
DMSO-treated cells; df =5, t=—-12.61, P=5.6 x 1075). This
increase in the diffusion distance was solely due to a forskolin-
dependent action on gap junction coupling and did not involve
DMSO, which was also present (0.2 %) in the experiments. In
cells that were cultivated for 6 h with DMSO only, a diffusion
distance of 137 + 3 um was observed (Fig. 1b, paired Stu-
dent’s t-test, compared to untreated cells; df = 5, ¢t = 1.32,
P =0.25). After subtraction of the value found when SL/DT
was performed in presence of CBX, the dye diffusion distance
found in cells treated with forskolin and DMSO alone was
108 £ 4 pm and 80 = 4 pm, respectively, indicating a
forskolin-related enhancement of the gap junction coupling
of 135 %.

We tested whether optoperforation-based GNOME LP
could be used to introduce the dye into the cells to allow the
analysis of gap junction coupling in cell monolayers establish-
ing thereby a new method named GNOME LP/dye transfer
(GNOME LP/DT). In our experimental set-up the GNOME
LP/DT uses a laser beam with a diameter of 88 pm, which, by
interacting with large gold nanoparticles (@ 200 nm) in vicin-
ity of the cell membrane, permeabilizes the plasma membrane
(Heinemann et al. 2013; Kalies et al. 2014). It has been shown
before that gold nanoparticles with a size of 200 nm are best
suited for the cell friendly delivery of several substances, for
example dextrans or siRNA (Kalies et al. 2013). With the
GNOME LP/DT LY was introduced into the GM-7373 endo-
thelial cells. As in SL/DT experiments, the cells were allowed
to laterally transmit LY for 10 min after the GNOME LP
process. A 179 + 8 um wide band of LY-positive cells was
found (Fig. 2). The width of the LY-positive cell band was
reduced to 112 um when the cells were fixed immediately
after the GNOME LP/DT process without allowing additional
time for dye diffusion. The width of the LY-positive cell band
was increased to 267 um when the diffusion time following
laser application was changed to 15 min (Fig. 2a). Addition-
ally, when the gap junction blocker CBX was present during
GNOME LP/DT experiments a dye diffusion distance of only
95 + 6 pm was found corresponding to approximately 2—3
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diffusion distance in ym

Fig. 1 SL/DT experiment with endothelial GM-7373 cells using the
fluorescent dye LY. a A typical fluorescent micrograph and correspondent
differential interference contrast (DIC) image of cells loaded with LY. b
Quantitative evaluation of SL/DT experiments performed on cells culti-
vated with forskolin (For.), DMSO, and under control conditions, as well
as cells treated with carbenoxolone (CBX). Cultivation of the cells with

rows of cells (Fig. 2b, paired Student’s #-test, compared to
untreated cells; df =3, r=12.61, P=1.1 x 1073). The results
indicate that when gap junction channels were blocked by
CBX, LY entered only into the cells that were within the
laser beam. Similarly, we performed GNOME LP/DT in
the concomitant presence of LY and a gap junction imper-
meable TRITC-dextran (4.4 kDa). While LY diffused
through the gap junctions into the cells that were not within
the range of the laser beam, TRITC-dextran was only
found in the cells that were directly permeabilized by the
laser beam (Fig. 2c¢). It is striking that the band of the
TRITC-dextran-positive cells had the same width as the
band of the LY-positive cells found when LY was intro-
duced into CBX-treated cells (Fig. 2c). The results indicate
that the LY-positive cell band larger than 95 um that was
found when GNOME LP/DT was performed in the absence
of CBX (Fig. 2b) corresponded to a lateral diffusion of LY
through gap junction channels in the cell monolayer. For a
diffusion time of 10 min, this dye diffusion distance in the
monolayer of untreated cells related to gap junction cou-
pling was found to be 83 + 7 um.

The SL/DT technique showed that forskolin enhanced the
gap junction coupling in GM-7373 endothelial cells (Fig. 1;
Begandt et al. 2010). We therefore tested whether GNOME
LP/DT, could also detect this forskolin-related effect. We per-
formed GNOME LP/DT on cells cultivated for 6 h in the
presence of forskolin and allowed a dye diffusion for
10 min. The width of the LY-positive cell band was found to
be 239 + 11 pum (Fig. 2b, paired Student’s #-test, compared to
DMSO-treated cells; df =3, t=-8.27, P=3.7 x 10>). Nota-
bly, DMSO did not affect the gap junction coupling (paired
Student’s #-test, compared to untreated cells; df = 3, t = 1.62,
P =0.20). A 166 = 4 pm wide LY-positive cell band was

175
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125+

100+

754

50 +

25

CBX DMSO

forskolin (100 uM) for 6 h increased the dye diffusion distance compared
to cultivation of the cells with DMSO (0.2 %), which was used as the
solvent for forskolin. Results are shown as average + SEM from at least
four experiments, asterisks indicate P < 0.001. The scale bar represents
100 um

unt. For.

observed in cells cultivated for 6 h with DMSO (0.2 %)
(Fig. 2b). Similar to the SL/DT experiments, the 95 um wide
band of LY-positive cells, which represents the cells directly
permeabilized by the laser beam as shown by application of
GNOME LP/DT in presence of CBX, was subtracted from the
measured dye diffusion distance observed in all other experi-
ments. Relative to the cells cultivated in the presence of
DMSO (70 + 6 um), cell cultivation with forskolin for 6 h
increased the dye diffusion distance to 143 = 9 pum, which
correlates to an enhancement of the gap junction coupling of
203 %.

GNOME LP/DT opens new possibilities to high
throughput screening

As mentioned above, one limitation of the SL/DT technique is
the geometric variability of the mechanic scrape, which hin-
ders the automation of experiment processing (Fig. 1). Using
GNOME LP/DT, we could generate an accurate band of LY-
positive cells (Fig. 2), allowing the automatic imaging and the
implementation of a subsequent semi-automatic evaluation of
the images using an ImageJ-plugin. The GNOME LP/DT-
treated multiwell plate was mounted on a motorized micro-
scope table. Subsequently, the fluorescent images of each well
of the 24 multiwell plate were obtained using a multipoint
memory tool. The images were further processed with a
custom-made ImageJ-plugin based on Java. Using this tool,
the dye diffusion plot profiles (Begandt et al. 2010) were au-
tomatically generated and saved. These data were passed to
the homemade MATLAB-based software described for the
SL/DT experiments, which then calculated the dye diffusion
distance.
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Fig. 2 Analysis of gap junction coupling of GM-7373 cells using
GNOME LP/DT. a Fluorescent micrographs of LY-loaded cells using
GNOME LP/DT. The width of the LY-positive cell band increased with
the diffusion time following the GNOME LP/DT process. b For
quantification, a diffusion time of 10 min was selected. In cells that
were cultivated in the presence of forskolin (For., 100 pM) for 6 h,
GNOME LP/DT revealed an increase of the diffusion distance
compared to cells cultivated with DMSO (0.2 %). ¢ Concomitant
introduction of LY (left) and TRITC-dextran (center) using GNOME
LP/DT. The band of TRITC-dextran-positive cells was narrow
compared to the band of LY-positive cells. It is striking that the band of
TRITC-dextran-positive cells was comparable to that of LY-positive cells
observed when LY was introduced into the cells in presence of CBX
(right). The quantitative results in b are given as average from at least
six experiments + SEM, asterisks indicate P <0.001. Scale bars represent
100 pm

GNOME LP/DT increases the number of investigable cell
types and tissues

Another major limitation of the SL/DT technique is that for
some cell types, such as HUVEC or RBE4 cells, we observed
that during SL/DT, the cells at the edge of the scrape were
squeezed or shredded, rendering an estimation of the dye dif-
fusion distance in the monolayer very difficult (Fig. 3a). As an
optical method, GNOME LP/DT did not alter the mechanical
adhesion of the cells on the culture surface. Because the de-
tachment of the cells could be avoided, an evaluation of the
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gap junction coupling in RBE4 cells was possible. Using the
optoperforation-based GNOME LP/DT, we found LY-loaded
RBE4 cells with a width of 178 & 11 um under control con-
ditions (Fig. 3). The width of the LY-positive cells was re-
duced to 101 £ 5 pm when the GNOME LP process was
performed in the presence of the gap junction inhibitor CBX
(Fig. 3).

The SL/DT technique can only be applied on cells growing
in 2D. We tested whether the GNOME LP/DT could be ap-
plied to 3D tissues such as blood vessels. Pseudo vessels were
generated by cultivation of the GM-7373 cells in glass capil-
laries. First it is striking that the cells were able to grow and
line the inner surface of the glass capillaries imitating a vessel
lumen (Fig. 4). This allowed us to introduce the AuNP into the
pseudo vessels and to perform GNOME LP/DT (Fig. 4a).
Using GNOME LP/DT we found a LY-positive cell band of
approximately 160 pm indicating that cells which were not
located within the width of the laser beam (@ 88 pum) were
able to acquire the dye from neighboring cells by diffusion
through gap junctions (Fig. 4b). Furthermore, the width of the
LY-positive cells was clearly reduced in CBX-treated cells
(Fig. 4b). These experiments give evidence that GNOME
LP/DT could be applied to 3D tissues.

Discussion

Gold nanoparticle-mediated laser perforation (GNOME LP)
was previously found as a cell friendly rapid method to deliver
substances, for example dextrans or siRNA into cells
(Heinemann et al. 2013; Kalies et al. 2013). In the present
report we show the method can also be used to introduce
gap junction permeable dyes into cells to evaluate the level
of gap junction coupling in the cell monolayer (Fig. 2). Our
experimental set-up with a laser beam of 88 pm, which, by
interacting with large gold nanoparticles (& 200 nm) in vicin-
ity of the cell membrane, permeabilizes the plasma membrane
(Heinemann et al. 2013; Kalies et al. 2013, 2014) allowed the
uptake of the dye, which then diffused laterally in the cell
monolayer through gap junctions. After a diffusion time of
10 min, a LY-positive cell band of 179 um was observed.
The lateral diffusion through gap junctions was demonstrated
by experiments in which the GNOME LP/DT was applied in
presence of the gap junction blocker CBX (Fig. 2). CBX re-
duced the LY-positive cell band to 95 pum (2-3 cell rows)
corresponding to the cells which were directly permeabilized
by the laser beam of about 88 pm. The observation that when
GNOME LP/DT was applied in presence of both the gap
junction permeable LY and the gap junction impermeable
4.4 kDa TRITC-dextran, LY diffused laterally while the dex-
tran stayed constrained in a cell band of about 90 um also
supports our assumption that the laser permeabilized the cells,
which then absorbed the dye in the external solution. These
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a DIC

Fig. 3 Analysis of gap junction coupling in RBE4 cells using SL/DT
and GNOME LP/DT. a Micrographs of RBE4 cells showing undesirable
disruptions, such as shredded (upper section) or squeezed (lower section)
cells at the edge of the scrape, as result of mechanical scraping.
Consequently, the dye diffusion distance could not be estimated. LY

cells transmitted the dye laterally through gap junctions if the
dye was gap junction permeable.

Using SL/DT, we recently showed that forskolin and other
stimulators of cAMP production were able to enhance the gap
junction coupling in GM-7373 cells (Begandt et al. 2010;
Fig.1). A forskolin-related enhancement of the gap junction
coupling could also be reproduced using the GNOME LP/DT

a
cells grown in capillaries
and incubated with AuNP
b unt CBX

Fig. 4 a Schematic representation of GM-7373 cells grown in glass
capillaries. Arrows indicate the expected direction of the dye diffusion.
b Section of a three-dimensional microscopic image of GM-7373 cells in
a glass capillary (inner diameter: 1.1 mm) after GNOME LP/DT. The
band of LY-positive cells (arrows) can be clearly recognized. CBX
reduced the width of the LY-positive cell band. Cell nuclei were stained
with Hoechst 33342 (blue) for better visualization of the cells. Scale bar
represents 100 pm

fluorescence is shown in white and the cells were additionally imaged
with the differential interference contrast (DIC). b The LY uptake and
diffusion in RBE4 cells revealed by GNOME LP/DT. The width of the
band of LY-positive cells was reduced when GNOME LP/DT was
performed in the presence of CBX. Scale bars represent 100 pm

(Fig. 2). We show that while DMSO, which was used as ve-
hicle for forskolin, did not influence the gap junction coupling
compared to control conditions, the cultivation of the cells in
presence of forskolin increased the dye diffusion distance in
the monolayers (Fig. 2). Relative to the cells cultivated in the
presence of DMSO, cell cultivation with forskolin for 6 h
enhanced the gap junction coupling up to 203 % (Fig. 2). It
is striking that the effect of forskolin observed using GNOME
LP/DT is reinforced compared with the effect observed using
the mechanical SL/DT (Begandt et al. 2010; Fig.1). The in-
terpretation for this observation is that GNOME LP/DT may
be less invasive for the cells. Performing dye loading or
transfection using optoperforation techniques such as
GNOME LP, it was shown that the loading of the cells with
molecules present in the extracellular milieu was compatible
with a cell viability of up to 90 % (Kalies et al. 2014;
Baumgart et al. 2012). How the mechanical SL/DT affects
the viability of the injured cells is not known, but from the
observation of the cells on the edges of the mechanical
scrapes, it can be speculated that many injured cells die be-
fore they transfer the dye into neighboring cells. It has been
shown that mechanically damaging tissues rapidly reduces
the gap junction coupling in the affected cells (Carbone
et al. 2014). Therefore, we assume that the invasive SL/DT
technique underestimates the degree of gap junction coupling
in a cell monolayer and most likely leads to underestimation
of the regulating effect of physiological and pharmacological
agents on the gap junction coupling. Collectively, our results
show that GNOME LP/DT can advantageously replace me-
chanical SL/DT for the analysis of gap junction coupling in
cell monolayers.

As mentioned above, the geometric variability of the me-
chanic scrape produced during SL/DT experiment (Fig. 1)
hinders the automation of experiment processing. During
GNOME LP/DT experiments, the cell permeabilization is
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achieved by a laser beam which interacts with nanoparticles in
close vicinity of the cell membrane (Heinemann et al. 2013;
Kalies et al. 2013, 2014). By reducing the mechanical inter-
vention of the experimenter, an accurate band of LY-positive
cells (Fig. 2) was produced in cell monolayers cultivated in the
wells of a 24 multiwell plate, which could then be automati-
cally imaged and evaluated using a java-based ImageJ-plugin.
This automation offers the corollary advantage of rapidity and
avoidance of experimenter-related biases. The automatic plot
profile generation of the three fluorescent images per well of a
24 multiwell plate, the transfer of the images to the MATLAB
software and the evaluation of the dye diffusion distances in a
complete excel table were accomplished within 30 min. To
generate and evaluate the same amount of data using the tra-
ditional scrape loading method (Begandt et al. 2010, 2013),
required more than 3 h and necessitated the continuous pres-
ence of an experimenter. Moreover, the automation can still be
improved by integrating the washing and fixation steps, as
well as optics for fluorescence imaging and further documen-
tation in the GNOME laser apparatus.

Because of the invasiveness of the SL/DT technique, we
found that cells such as HUVEC or RBE4 cells could not be
studied. They formed monolayers which were destroyed dur-
ing the SL/DT process (Fig. 3a). The GNOME LP/DT as an
optic-based method did not alter adhesion of the cells on the
culture surface, rendering possible the estimation of gap junc-
tion coupling in these cells. As shown in Fig. 3, after applica-
tion of GNOME LP/DT technique a band of LY-loaded RBE4
cells with a width of 178 um could be found after a diffusion
time of 10 min. The width of the LY-positive cells was reduced
to 101 um when the gap junction inhibitor CBX was present
during the GNOME LP/DT process, clearly indicating that
gap junction coupling was necessary for a lateral diffusion
of the dye in the RBE-4 cell monolayer.

The SL/DT technique is used on cells cultivated in 2D on
hard and even materials such as glass cover slips. We show in
this report that the GNOME LP/DT technology can be applied
on cells grown in 3D. As shown in Fig. 4, cells which formed
a 3D pseudo vessel when cultured in glass capillaries could be
addressed by GNOME LP/DT. It is shown that the width of
the band of LY-positive cells could be reduced by the gap
junction inhibitor CBX, clearly indicating that the method
can be used to access the degree of gap junction coupling in
3D structures. These experiments open a possibility to analyze
gap junction coupling in 3D tissue and even in living animal
tissues such as blood vessels. The vascular cells exhibit
homocellular gap junction coupling between the endothelial
cells and between the smooth muscle cells as well as
heterocellular gap junctions between the endothelial and the
surrounding smooth muscle cells (Figueroa and Duling 2009).
The analysis of the gap junction coupling in 3D tissue struc-
tures would appreciably increase our understanding of the role
played by gap junctions in the physiology of various tissues
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such as the heart, the brain and the blood vessels (Nielsen et al.
2012; Goodenough and Paul 2009; Figueroa and Duling
2009). However, physiological assays to access the coupling
in 3D structures are still missing. Using our pseudo vessels,
we show that the GNOME LP/DT could be applied on 3D
tissues for example isolated, dissected vessels for ex vivo in-
vestigations or direct in vivo studies. However, some im-
provements for an optimal in vivo usage are still required.
The application set-up for in vivo investigations will need
adaptation to tissues and animals. The accessibility of the
AuNP, the excitatory laser beam as well as the imaging system
to deep layers in the tissue are issues that will need new con-
siderations. While the introduction of the AuNP to cell layers
in tissue still is a challenging issue, the excitation of the AuNP
and imaging in deep layers of tissue can be solved, at least to a
certain extent, by the usage of multiphoton systems
(Werkmeister et al. 2007; Osswald and Winkler 2013).

In conclusion, we show that GNOME LP/DT is a fast and
reliable method for high-throughput analyses of gap junction
coupling in different cell types. Unlike SL/DT, GNOME LP/
DT does not require the cultivation of the cells on a hard and
even surface. The technique can therefore be used to analyze
gap junction coupling of cells cultivated in 3D or on softer
materials, e. g. matrigel. Additionally, the scanning parameters
(power of the laser beam and the scanning velocity) can be
adapted to different cell types and to specific cultivation con-
ditions. Moreover, by adapting the application unit, the tech-
nology could be used for analysis of gap junction coupling in
tissue even in vivo.
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4 General discussion and further

perspectives

In the second chapter of this work the regulation of gap junction coupling in cerebral
endothelial cells by adenosine receptor-dependent signalling mechanims was analysed.
It was shown that 2-phenylaminoadenosine (2-PAA), predominantely activating the Asp
adenosine receptor subtype, increased the gap junction coupling and the amount of Cx43
gap junction plaques in the cerebral microvascular endothelial cell line hCMEC/D3.
This was due to an increase in the intracellular cAMP concentration with cAMP in turn
activating cyclic nucleotide-gated (CNG) channels. A subsequent increase in Ca®" was
responsible for the increased gap junction coupling. The presented report for the first
time identified CNG channels as link between adenosine receptor activation and gap
junctions in endothelial cells (Chapter 2, Bader etal. 2017).

4.1 Role of the Ajg adenosine receptor subtype

The important role of the Asg adenosine receptor subtype in regulation of gap junc-
tion coupling in hCMEC/D3 cells was shown with several approaches. Firstly, the Asp
adenosine receptor subtype-specific inhibitor MRS1754 alone nearly completely blocked
the 2-PAA-induced increase in gap junction coupling (Chapter 2, Bader etal. 2017),
while the Asx adenosine receptor subtype-specific inhibitor SCH58261 only slightly at-
tenuated the 2-PAA-induced increase in gap junction coupling (Chapter 2, Bader et al.
2017). Secondly, in siRNA-treated cells with a reduced Asp adenosine receptor subtype
expression 2-PAA failed to induce a significant increase in the dye diffusion distance
(Chapter 2, Bader etal. 2017). Further new data not included in Chapter 2 confirmed
that the Asg adenosine receptor specifically affected the gap junction coupling of the
cerebral microvascular endothelial cells hCMEC/D3. We observed that the Ayp aden-
osine receptor-specific agonist BAY60-6583 (Hinz et al. 2014, van der Hoeven et al. 2011)

induced a significantly increased dye diffusion distance in scrape loading/dye transfer
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assays, comparable to 2-PAA (Figure 4.1 A), while the specific Ay adenosine receptor
subtype agonist CGS21680 (Phillis 1990, Klotz et al. 2000) did not induce an increased
dye diffusion distance (Chapter 2, Bader et al. 2017).
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Figure 4.1: Activation of the Ay adenosine receptor subtype increases the gap junction
coupling in hCMEC/D3 cells. A) The Asp adenosine receptor subtype-specific agonist
BAY60-6583 (BAY, 100 nM) significantly increased the dye diffusion distance compared
to the vehicle control (cont.) within 1h. B) The increased gap junction coupling in-
duced by dipyridamole (dip., 25 pM, 4 h) was significantly attenuated by simultaneous
application of the Asp adenosine receptor subtype-specific antagonist MRS1754 (MRS,
100nM) but not by the Asx adenosine receptor subtype-specific antagonist SCH58261
(SCH, 100nM). * Significant differences to vehicle control, # significant differences to
dipyridamole, Student’s t-test: %, # P <0.05, xxx P <0.001.

Activation of adenosine receptors and a subsequent increase in gap junction coup-
ling can also be achieved by pharmaceutical compounds as we demonstrated for the
antithrombotic drug dipyridamole that is used to prevent recurrent strokes, often in
combination with acetylsalicylic acid (Eisert 2006, Kim & Liao 2008, Isabel etal. 2016,
Rothlisberger & Ovbiagele 2015). Dipyridamole increases the extracellular adenosine
concentration by blocking equilibrative nucleoside transporters (Molina-Arcas et al. 2009,
Eisert 2006) and increased the gap junction coupling in aortic endothelial (Begandt et al.
2010, 2013b) and smooth muscle cells (Begandt et al. 2013a). The same effect was ober-
served in hCMEC/D3 cells in scrape loading/dye transfer experiments (Figure 4.1 B).
The enhanced gap junction coupling was due to activation of adenosine receptors and,
as for 2-PAA, mainly depended on activation of the Asg adenosine receptor subtype
since the application of dipyridamole together with the Asg adenosine receptor subtype
inhibitor MRS1754 (Figure 4.1 B) significantly attenuated the increased dye diffusion
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distance as compared to dipyridamole alone. The Ays adenosine receptor subtype in-
hibitor SCH58261 did not have an effect (Figure 4.1 B). The effect of dipyridamole on
gap junction coupling of vascular cells (Figure 4.1 B, Begandt etal. 2010, 2013a,b) is
not considered in its current therapeutic application that targets platelets (Eisert 2006).
However, the gap junction-dependent intercellular communication of vascular cells might
be an important therapeutic target (Willebrords et al. 2016, Green & Nicholson 2008).

The Asp adenosine receptor subtype is activated by high adenosine concentrations
in the micromolar range in contrast to the other three adenosine receptor subtypes
(Fredholm etal. 2001a, Fredholm 2007, Chen etal. 2013). A sustained systemic in-
crease of the external adenosine concentration to micromolar ranges mostly correlates
with pathophysiological situations such as inflammation or hypoxia, suggesting that the
A, adenosine receptor is only activated under pathological conditions (Fredholm 2007,
Eltzschig 2009, Chen etal. 2013). However, local increases of external adenosine levels
under non-pathological conditions have been found in tissue such as the brain (Nguyen
etal. 2014, Nguyen & Venton 2015) and in the vasculature in respose to changed flow
or mechanical stretch (Bodin et al. 1991, Bodin & Burnstock 2001, Burnstock & Knight
2017). This indicates that an activation of the A,g adenosine receptor subtype under
non-pathological conditions is possible. The Asp adenosine receptor subtype is widely
expressed in endothelial cells and is involved in many vascular signalling mechanisms
(Chen etal. 2013, Yang etal. 2006). Several studies indicated that activation of the Agp
adenosine receptor subtype by temporarily increased adenosine levels can have beneficial
tissue-protective effects (Karmouty-Quintana etal. 2013). It can protect against vascu-
lar injury (Yang et al. 2008), inflammation and excessive leukocyte adhesion (Yang et al.
2006) and prevent hypoxia-induced vascular leakage (Eltzschig et al. 2003, Eckle et al.
2008) as well as hyperoxic-induced vascular leakage in the lung (Davies et al. 2014). The
Agp adenosine receptor subtype is also involved in ischemic preconditioning in the heart
(Eckle et al. 2007) and lung (Chouker et al. 2012) and stimulates angiogenesis (Feoktistov
etal. 2002, Du etal. 2015).

In our studies the effects of Asg adenosine receptor activation on gap junction coupling
were evaluated during a time scale of one to a few hours. Furthermore, we found that
application of 2-PAA to hCMEC/D3 cells for 5 or 10 min and performing scrape loading/
dye transfer assays 1h later resulted in an increased dye diffusion distance (Figure 4.2).
This indicates that in contrast to constantly increased adenosine levels during chronic
disease states, activation of A, adenosine receptors and a subsequently enhanced gap

junction coupling can occur during transiently increased adenosine concentrations.
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Figure 4.2: A short-time stimulation of adenosine receptors increases the gap junction
coupling. Applying 2-PAA (20 pM) for 5min or 10 min was sufficient to observe a signi-
ficantly increased dye diffusion distance in scrape loading/dye transfer assays 1h later
compared to the vehicle control (cont.). * Significant differences to vehicle control,
Student’s t-test: * P <0.05, *x P <0.01.

In conclusion, our results show that the A, adenosine receptor subtype is also linked
to regulation of gap junction coupling (Chapter 2, Bader etal. 2017). Many reports con-
centrated on the macroscopic outcome of adenosine receptor activation on physiological
level. How gap junctions could be involved in these events is not clear yet. However,
both A,g adenosine receptor activation and gap junction coupling are associated with
the same physiological processes, for example regulation of inflammatory response or an-
giogenesis (Fredholm 2007, Blackburn et al. 2009, Chen et al. 2013, Scheckenbach et al.
2011, Willebrords etal. 2016). During acute inflammation Asp adenosine receptor ac-
tivation is mostly beneficial and attenuated vascular barrier leakage and tissue damage
(Yang et al. 2006, 2008, Karmouty-Quintana et al. 2013). Endothelial Cx43 is often up-
regulated during inflammation (Scheckenbach et al. 2011, Willebrords et al. 2016, Green
& Nicholson 2008, Sarieddine et al. 2009, Parthasarathi et al. 2006, O’Donnell et al. 2014,
Kandasamy etal. 2015). In several studies upregulation of Cx43 gap junctions cor-
related with increased vascular permeability (O’Donnell etal. 2014, Kandasamy et al.
2015, Zhang etal. 2015) and it was proposed that spreading pro-inflammatory signals
through gap junctions contributed to these effects (Parthasarathi et al. 2006). Increased
levels of Cx43 were also found to impair wound healing (Green & Nicholson 2008, Chen
etal. 2015). It was further shown that activating Asp adenosine receptors induced an-
giogenesis (Du et al. 2015, Feoktistov et al. 2002). Upregulation of endothelial Cx43 also



4 General discussion and further perspectives 50

increased angiogenesis (Dhein et al. 2015) while downregulation of endothelial Cx43 im-
paired angiogenesis (Géartner etal. 2012). How A,p adenosine receptor activation and
subsequently increased gap junction coupling as observed in our study (Chapter 2, Bader
etal. 2017) are involved in processes such as cellular responses to inflammation or reg-
ulation of angiogenesis cannot be concluded at this point, especially since the effects of
adenosine receptor signalling and gap junction regulation can differ, depending on the
vascular bed and surrounding tissue (Green & Nicholson 2008, Karmouty-Quintana et al.
2013). Many studies analysing Asp adenosine receptor subtype- and Cx43-dependent
effects during inflammation concentrated on pulmonary cells and not much is known for
the specialised endothelial cells of the blood-brain barrier. Taken together, we propose
that the role of gap junction coupling should be integrated into the signalling events
stimulated by Asg adenosine receptor activation to gain a detailed understanding of the
underlying mechanisms regulating the physiological effects of A;g adenosine receptor

activation in different tissue.

4.2 Mechanisms regulating the gap junction coupling

In hCMEC/D3 cells the activation of adenosine receptors and subsequently CNG chan-
nels led to an increase in the intracellular Ca*" concentration which was responsible
for the increase in gap junction coupling (Chapter 2, Bader etal. 2017). Ca®" is an
important second messenger involved in a plethora of cellular signalling cascades (Pani
& Singh 2009). To this point it is not clear how the increased amount of Ca*" affected
the gap junction coupling but different interacting molecules and pathways could be
involved (Figure 4.3, Bader etal. 2017).

In hCMEC /D3 cells a spatially restricted Ca*" increase after CNG channel activation
was assumed to explain the low measured increase in intracellular Ca?* and the efficacy
of BAPTA to suppress the 2-PAA-induced increase in gap junction coupling in contrast
to EGTA (Chapter 2, Bader etal. 2017, Rousset etal. 2004). Microdomains enable the
spatial separation of cellular signalling (Pani & Singh 2009, Cooper & Tabbasum 2014,
D’Ambrosi & Volonté 2013) and therefore ubiquitous second messengers like Ca*" or
cAMP can exhibit specific effects on different effectors (Pani & Singh 2009, Feinstein et al.
2012). Microdomains can be formed in lipid rafts which are cholesterol- and sphingolipid-
rich regions within the cell membrane (Lingwood & Simons 2010, Reeves et al. 2012, Pani
& Singh 2009). Various Ca®" channels and their regulatory interaction partners as well

as their effectors have been shown to be located in lipid rafts (Pani & Singh 2009,



4 General discussion and further perspectives 51

BAY60-6583

2-PAA MRS1754 L-cis-diltiazem Ca?*

adenylyl

formation of
new gap
junctions?

KT5720
8-pCPT-2'-0-

Figure 4.3: Postulated signalling pathway induced by Asp adenosine receptor activation
in hCMEC/D3 cells. Solid lines indicate the presented signalling mechanism, dashed
lines indicate other possible signalling pathways. Asp adenosine receptor activation
induced cAMP synthesis and subsequent activation of CNG channels. This led to a
Ca*" influx that increased the gap junction coupling. Grey, jagged text boxes show
mechanisms possibly involved in the increased gap junction coupling. This could rely on
increased formation of new gap junctions through enhanced vesicle fusion of connexon-
containing vesicles with the cell membrane. A caveolin- or lipid raft-mediated regulation
of connexons as well as a ZO1- and actin-dependent regulation of gap junctions could
also be possible. Modified from Bader etal. (2017).

Balijepalli et al. 2006, Wang et al. 2005). Lipid rafts are often structured and organised
by specialised proteins, for example by caveolins that form caveolae (Reeves et al. 2012,
Pani & Singh 2009). Caveolae are elongated invaginations within the cell membrane
that are involved in endocytosis and transcytosis and provide signalling platforms for
various signal transduction events (Reeves etal. 2012). They can also serve as small
intracellular Ca®" stores in endothelial cells (Isshiki et al. 2013). Caveolae are especially
abundant in endothelial cells (Reeves etal. 2012, Minshall etal. 2003) and have been
shown to regulate the expression of junction-associated proteins in brain microvascular
endothelial cells (Song et al. 2007).
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For our proposed signalling mechanism that links adenosine receptor stimulation, CNG
channel activation and gap junctions (Chapter 2, Bader et al. 2017), lipid rafts could act
as structural elements that cluster the participating proteins Asg adenosine receptors,
the adenylyl cyclase and CNG channels in close proximity. It is well known that adenylyl
cyclases (Cooper & Tabbasum 2014) and CNG channels (Rich etal. 2000, Brady et al.
2004, Ding etal. 2008) are targeted to and regulated by caveolear and non-caveolar
lipid rafts (Brady etal. 2004, Ding etal. 2008). Adenosine receptors are also known
to be located in lipid rafts (D’Ambrosi & Volonté 2013, Lasley 2011), although only a
few studies exist showing that the A;g adenosine receptor subtype specifically associates
with caveolins (Sitaraman et al. 2002). Microdomains could explain the restricted cAMP
elevation to only about 130 % after 2-PAA application (Chapter 2, Bader etal. 2017).
Brady etal. (2004) observed cAMP-dependent opening of CNG channels in response to
prostaglandin E1 application, although whole-cell cAMP increases were not measurable
(Brady etal. 2004). Similarly, it was shown that stimulation of Ayg adenosine receptor
subtypes in airway epithelial cells stimulated cAMP production in local compartments
containing A-kinase anchoring proteins to immobilise the PKA (Huang etal. 2000).
Phosphodiesterases can spatially restrict cAMP diffusion in these compartments (Barnes
et al. 2005). We therefore assume compartmentalisation of the signalling cascade leading
from the stimulated Asg adenosine receptor and its coupled adenylyl cyclase to gap
junctions via activation of CNG channels.

Connexins and gap junctions are associated with and regulated by caveolins as well
(Schubert et al. 2002, Langlois et al. 2008, Ampey et al. 2016, Saliez etal. 2008, Hervé
et al. 2012). In keratinocytes caveolin-1 and caveolin-2 were associated with Cx43 already
in the Golgi apparatus and caveolins regulated the Cx43-dependent gap junction coup-
ling (Langlois et al. 2008). A co-trafficking of caveolins and connexins to the cell mem-
brane and a targeted introduction of connexins in lipid rafts (Schubert et al. 2002, Lan-
glois etal. 2008) could be a possible mechanism that regulates the observed rapid in-
creases in gap junction coupling and Cx43 gap junction plaques (Chapter 2, Bader et al.
2017). In hCMEC/D3 cells we showed co-localisation of Cx43 and caveolin-1 with double
immunofluorescence stainings (Figure 4.4 A) and proximity ligation assays (Soderberg
et al. 2006, Jarvius et al. 2007, Figure 4.4 B). Experiments after activation of adenosine
receptors with 2-PAA were not conclusive till now, so it remains unclear if caveolin-1-
mediated mechanisms play a role in the 2-PA A-induced increase in gap junction coupling.

An increase in gap junction coupling may result from an increased open probability

of gap junction channels, an increase in gap junction channel permeability, or an in-
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Figure 4.4: Co-localisation of Cx43 and caveolin-1. A) Immunofluorescence images after
co-stainig caveolin-1 (cav-1, green) and Cx43 (red). Nuclei were counterstained with
4’ 6-diamidino-2-phenylindole (DAPI, blue). Arrows point to co-localised particles. B)
Proximity ligation assays confirmed co-localisation of Cx43 and caveolin-1. Experiments
were performed with only the anti-caveolin-1 antibody (left), only the anti-Cx43 anti-
body (middle) or both antibodies (right). Co-localised proteins are clearly visualised by
red spots. Scale bars represent 50 pm.

creased amount of gap junction channels in the cell membrane. The latter explanation
could be favoured in the presented signalling mechanism because we observed a signi-
ficant increase in cells with Cx43 gap junction plaques and an increased gap junction
plaque area in high-resolution microscopic images after 2-PAA treatment (Chapter 2,
Bader etal. 2017). Since an increase in the overall Cx43 amount was not observed
and the increase in gap junction coupling occurred within 1h we assumed that the
increased amount of Cx43 gap junction channels depended on already synthesised con-
nexons (Chapter 2, Bader etal. 2017). The transport of connexon-containing vesicles
to the cell membrane or the fusion of these vesicles with the cell membrane could be
enhanced through a 2-PAA-induced Ca®"-dependent signalling pathway. Ca*" is a well-

known regulator of endothelial vesicle fusion and exocytosis (Pulido etal. 2011, Zhu
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etal. 2015, Lowenstein etal. 2005). Analysing the involvement of Ca*" in the vesicle
fusion of connexon-containing vesicles with the cell membrane could be an approach for
future studies. Ca?"-sensing proteins in the vesicle membrane, for example synaptot-
agmins or synaprotagmin-like proteins could be involved in this mechanism (Frampton
2013, Bierings etal. 2012, van Breevoort etal. 2014). Further targets could be the sol-
uble N-ethylmaleimide-sensitive-factor attachment receptors or synaptosomal-associated
proteins (SNAPs), for example SNAP-23 (Pulido etal. 2011, Zhu et al. 2015).

Another explanation for the rapid 2-PAA-induced increase in gap junction coupling
could be the formation of new gap junctions from connexons that are already inserted
in the cell membrane and rapidly recruited to existing gap junction plaques (Rhett et al.
2011, Laing et al. 2005, Olk etal. 2009). The cytoskeleton, especially actin filaments, are
known to be regulated by Ca®-dependent signalling pathways (Vandenbroucke et al.
2008, Tsai etal. 2015, Shen etal. 2009). The cytoskeleton is an important partner for
gap junction proteins, being the transport track for gap junctions to the cell membrane
(Smyth etal. 2012, Shaw etal. 2007, Olk etal. 2009), anchoring the gap junctions into
the cell membrane (Olk et al. 2009, Rhett et al. 2011, Hervé etal. 2012), and regulating
gap junction remodelling and degradation (Rhett et al. 2011, Rhett & Gourdie 2012, Olk
etal. 2009, Hervé etal. 2012). The cytoskeleton also participates in the regulation of
gap junction coupling, for example via RhoA-dependent modulation of actin filaments
(Derangeon etal. 2008) or directed microtubule-dependent transport of connexons to
gap junction plaques (Shaw et al. 2007).

Special interest has been paid to the interaction between ZO1 and connexins. ZO1
binds to Cx43 and tethers it to actin filaments (Chen etal. 2015, Rhett etal. 2011,
Derangeon et al. 2008, Hunter et al. 2005, Laing et al. 2005, Hervé et al. 2012, 2014). It
has been shown that ZO1 regulates gap junction plaque size by binding to Cx43 at gap
junction plaque edges and recruiting actin to these points (Hunter etal. 2005, Rhett
etal. 2011, Rhett & Gourdie 2012, Zhu etal. 2005). Rhett etal. (2011) proposed that
Z01 mainly binds to unopposed Cx43 connexons at the edge of gap junction plaques
and controls the insertion of these connexons into gap junction plaques (Rhett etal.
2011, Rhett & Gourdie 2012). Only gap junctional ZO1-Cx43 complexes were bound
to actin filaments (Rhett etal. 2011, Rhett & Gourdie 2012). Disrupting the binding of
Cx43 and ZO1 or knocking down ZO1 expression resulted in significantly enlarged gap
junction plaques and increased gap junction coupling (Hunter etal. 2005, Rhett et al.
2011). Similarly, activation of the small GTPase RhoA decreased Cx43-ZO1 interactions

and increased gap junction plaque size and dye transfer in cardiomyocytes via actin
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remodelling mechanisms (Derangeon et al. 2008). In contrast to these studies, Laing et al.
(2005) observed that interrupting the binding between ZO1 and Cx43 in osteoblastic
cells decreased the gap junction coupling (Laing et al. 2005). They proposed that lipid
raft-associated, inactive Cx43 connexons could rapidly be recruited into actin-anchored
gap junction plaques by ZO1 but also noted that ZO1 could differently regulate the
gap junction coupling in different cell types (Laing etal. 2005). Recently, Thévenin
et al. (2017) suggested that upon specific phosphorylation of Cx43, ZO1 recruited closed
Cx43 connexons to gap junction edges. When Cx43 and ZO1 could not disengage, the
gap junction plaque size and number increased, probably because the gap junctions were
kept in an open state and Cx43 half-life was increased (Thévenin et al. 2017). Chen et al.
(2015) showed that in microvascular cerebral endothelial cells disrupting the interaction
between Cx43 and ZO1 resulted in remodelling of the actin filaments and regulated cell
motility and wound healing independently of gap junction channel function (Chen et al.
2015).

Z01-dependent mechanisms regulating Cx43 gap junction coupling and gap junction
plaque size (Rhett etal. 2011, Hunter etal. 2005, Derangeon etal. 2008, Hervé et al.
2014) could play a role in the signalling link between Asp adenosine receptor activation
and gap junctions since we observed an increase in gap junction coupling and Cx43
gap junction plaques without changes in the overall Cx43 levels (Chapter 2, Bader
etal. 2017). Therefore, we also postulated that the formation of new gap junctions
from already synthesised connexons could be responsible for the increased gap junction
coupling (Chapter 2, Bader etal. 2017). We applied the peptide «CT1 to interrupt the
interaction between Cx43 and ZO1 (Chen etal. 2015, Rhett etal. 2011) to hCMEC/D3
cells and observed a significantly increased dye diffusion distance in dye transfer assays
similar to adenosine receptor activation with 2-PAA (Figure 4.5). These findings are
in agreement with previous results (Rhett etal. 2011) and could possibly indicate a
Z01- and actin-dependent remodelling of gap junctions (Rhett etal. 2011, Derangeon
et al. 2008) induced in hCMEC/D3 cells after adenosine receptor stimulation. Since it
has been shown that ZO1 contains a calmodulin binding site (Paarmann et al. 2008) it
could be possible that Ca*"-dependent signalling mechanisms influence ZO1. We did not
observe a significant restructuring in the actin cytoskeleton after application of xCT1
(data not shown) like Chen etal. (2015) in cerebral microvascular endothelial cells.

The results concerning «CT1 application are preliminary and need to be confirmed
with additional experiments. The specific role of ZO1 could be evaluated by knocking

down its expression and analysing the impact on gap junction coupling. The involvement
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Figure 4.5: Adding the peptide a«CT1 (150 pM) for 4h to hCMEC/D3 cells to disrupt
the binding of Cx43 and ZO1 increased the gap junction coupling in gold nanoparticle-
mediated laser perforation/dye transfer assays (Chapter 3). Additional application of
2-PAA (20pM) for 1h led to an even enhanced increase. * Significant differences to
vehicle control (cont.), Student’s ¢-test: * P <0.05.

of actin should also be analysed more detailed, for example by applying actin remodelling
agents like cytochalasin and phalloidin (Derangeon etal. 2008) and analysing the gap
junction coupling after 2-PAA application. Following the fate of Cx43 proteins, for ex-
ample with pulse-chase labelling and time-lapse microscopy (Boassa et al. 2010, Gaietta
et al. 2002), could shed more light on the mechanisms regulating connexin transport, in-
sertion of connexons into gap junctions and redistribution of connexons or gap junctions

in the cell membrane in hCMEC/D3 cells after adenosine receptor stimulation.

4.3 Comparison of endothelial cells of different vascular
beds

In bovine aortic endothelial GM-7373 cells it was shown that the equilibrative nuleoside
transporter inhibitor dipyridamole increased the gap junction coupling by activation of
adenosine receptors (Begandt et al. 2010, 2013b). The increase in gap junction coupling
was cAMP- and PKA-dependent (Figure 4.6 A, Begandt etal. 2010). Similarly, 2-PAA
significantly increased the dye diffusion distance in GM-7373 cells in scrape loading/dye
transfer assays and this increase could be suppressed by simultaneous application of the
PKA inhibitors Rp-cAMPS or KT5720 (Figure 4.6 A, Begandt et al. 2010). In contrast,
in the human cerebral endothelial cell line hCMEC/D3 neither the dipyridamole- nor
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the 2-PA A-induced increase in gap junction coupling could completely be suppressed by
PKA inhibition (Figure 4.6 B, Bader et al. 2017). In these cells activation of CNG chan-
nels was responsible for the 2-PA A-induced increase in gap junction coupling (Chapter 2,
Bader etal. 2017).

Differences between the different endothelial cells were also noted for the time course
of the increased gap junction coupling. The gap junction coupling in bovine aortic
endothelial GM-7373 cells increased consistently within 6h of dipyridamole treatment
and continued to increase up to 24 h (Begandt et al. 2013b). In the human microvascular
cerebral endothelial cell line hCMEC/D3 the gap junction coupling reached a maximum
within 1h (Chapter 2, Bader etal. 2017). Apart from the signalling pathways involving
the PKA in GM-7373 cells and CNG channels in hCMEC/D3 cells, the varying kinetics
of gap junction regulation resemble a difference between the cell lines. Primary cells or
endothelial cells in vivo could respond differently than cell lines used as in vitro model.
Furthermore, it cannot be excluded that species variations between the two cell lines
from bovine and human origin, respectively, led to the observed differences. However,
since both cell lines derive from different vascular beds, i.e. the aorta and the cerebral
microvasculature, the differences could also be due to specialised endothelial functions.
Cerebral microvascular endothelial cells forming the blood-brain barrier exhibit specific
properties, including polarisation and tight junction formation (Section 1.1.3, Abbott
et al. 2006, Correale & Villa 2009, Weiss et al. 2009). Considering that endothelial cells
from different vascular beds could exhibit different signalling pathways to regulate gap
junctions, the role of gap junctions for maintaining the blood-brain barrier properties in
cerebral micovascular endothelial cells should be analysed in more detail.

To evaluate the gap junction coupling and its regulation in a more in vivo-like set-
ting, the cell culture of blood-brain barrier-forming endothelial cells would have to be
improved. A more appropriate model of the blood-brain barrier would be the co-culture
of endothelial cells with pericytes and/or astrocytes as found in vivo (Figure 1.2, Grom-
nicova etal. 2013, Sreekanthreddy etal. 2015, Thomsen etal. 2015, Zhang etal. 2011,
Czupalla etal. 2014, Wilhelm etal. 2011). Furthermore, three-dimensional cell culture
systems would be advantageous (Cucullo etal. 2008, 2011, Bogorad etal. 2015). The
more complex the cell culture set-up is, the more complicated it is to investigate the
cells. The scrape loading/dye transfer technique for example would not be applicable in
the above-mentioned set-ups. Alternative methods are needed and have to be adapted

to the studied cell culture models. We established a new non-invasive method to ana-
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Figure 4.6: The adenosine receptor-dependent increase in gap junction coupling is PKA-
dependent in aortic, but not in microvascular cerebral endothelial cells. A) Applying
the nucleoside transporter inhibitor dipyridamole (dip., 50 pM, 6h) to GM-7373 bovine
aortic endothelial cells increased the dye diffusion distance in scrape loading/dye trans-
fer assays and this could be suppressed by the PKA inhibitor Rp-cAMPS (Rp, 200 pM).
Similar results were observed after 2-PAA incubation (50 pM, 6 h) with or without Rp-
cAMPS or another PKA inhibitor, KT5720 (KT, 1uM). B) The dipyridamole- (dip.,
25uM, 6h) induced increase in the dye diffusion distance in human cerebral microvas-
cular endothelial hCMEC/D3 cells could not completely be blocked by Rp-cAMPS
(200 pM). Neither Rp-cAMPS (200 pM) nor KT5720 (1 pM) had an effect on the 2-PAA-
(20 M) induced increase in dye transfer within 1h (modified from Bader etal. (2017)).
x Significant differences to the vehicle control, # significant differences to dipyridamole
or 2-PAA, respectively, Student’s t-test: %, # P <0.05, ## P <0.01, sxxx P <0.001.

lyse the gap junction coupling via dye transfer, using gold nanoparticle-mediated laser
perforation to introduce the dye into the cells (Chapter 3, Begandt et al. 2015).
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4.4 Applicability of GNOME LP /dye transfer in complex

endothelial cell culture models

The scrape loading/dye transfer technique is limited to analysing cells that are ro-
bust enough for the mechanically challenging scraping and is usually applied in two-
dimensional cell culture systems. For the analysis of gap junction coupling in complex
tissue-like cell culture systems the development of new techniques is necessary. Gold
nanoparticle-mediated laser perforation (GNOME LP) has proved to be a cell-friendly
method to deliver various molecules into cells (Heinemann et al. 2013, 2014, Kalies et al.
2013). In general, high cell viabilities have been found after GNOME LP, ranging above
80-90 % (Kalies etal. 2013, Heinemann et al. 2013, Schomaker et al. 2014, 2015). Many
studies have shown that relatively large gold nanoparticles as used for the dye transfer
experiments (diameter 200 nm) were well tolerated by cells and did not exhibit profound
cytotoxic properties (Pan etal. 2007, Connor etal. 2005, Schomaker etal. 2014, 2015,
Krawinkel et al. 2016). Additionally, in our experiments the incubation period with the
gold nanoparticles could be kept short (3 h, Chapter 3, Begandt et al. 2015, Heinemann
et al. 2013, Kalies et al. 2013). The mechanisms by which the gold nanoparticles enable
the temporal perforation of the cell membrane through a weakly focused laser beam is
still under investigation (Kalies etal. 2015, Schomaker etal. 2015). It has been shown
that thermal as well as plasmon resonance effects are involved in the membrane permeab-
ilisation (Heinemann etal. 2013, Schomaker et al. 2015). Likewise, it is not known how
long the cells should be permeabilised to allow efficient dye uptake without detrimental
effects. However, as Lucifer yellow that was used to analyse the gap junction coupling
is a small molecule (443 Da) it can efficiently be introduced into cells with GNOME LP
using low laser power (Schomaker et al. 2014). This reduces the probability of unwanted
stress-induced effects on the analysed cells. Therefore, after adapting the experimental
parameters laser power and scanning velocity the GNOME LP/dye transfer (GNOME
LP/DT) method could be applied to analyse the gap junction coupling.

The GNOME LP/DT method displayed similar results as the scrape loading/dye
transfer method (Chapter 3, Begandt etal. 2015). Therefore, GNOME LP/DT prom-
ised to be a new approach to analyse the gap junction coupling in diverse cell cul-
ture systems, for example on soft and flexible growth surfaces or in three-dimensional
cell culture systems. Co-culturing cerebral microvascular endothelial cells with astro-
cytes and/or pericytes better resembles the in vivo situation because the other cells of

the neurovascular unit are known to influence the barrier properties of the endothelial
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cells (Wilhelm et al. 2011, Hawkins et al. 2015, Thomsen et al. 2015, Abbott et al. 2006).
Three-dimensional cell culture can further improve the cell culture models (Cucullo et al.
2008, 2011, Adriani etal. 2017). The different cell types could be cultivated in extra-
cellular matrix gels like collagen or matrigel (Bogorad etal. 2015, McCoy et al. 2016,
Allen etal. 2011, Adriani etal. 2017), or the endothelial cells could be cultured in blood
vessel-like structures under flow conditions (Wong & Searson 2014, Bogorad et al. 2015,
Cucullo et al. 2008, 2011).

With GNOME LP/DT it was possible to analyse the gap junction coupling in cells
grown in three-dimensional cell culture systems. GM-7373 cells were cultured in glass
capillaries to form pseudo-vessels and GNOME LP/DT experiments were performed
(Chapter 3, Begandt etal. 2015). The cells successfully incorporated the dye along the
laser perforation line and the width of the stained cell band was significantly narrowed
when the experiments were performed in presence of the gap junction blocker carbeno-
xolone (CBX, Chapter 3, Begandt etal. 2015). This additionally opens the possibility
to apply the GNOME LP/DT method in ex vivo settings, for example in isolated blood
vessels, or directly in vivo. Considering the non-focused laser system (Heinemann et al.
2013) the perforation of whole blood vessels should be possible without major changes.
An adaption of the image acquisition, for example integration of a microscopic imaging
system adapted to tissue imaging, could be necessary (Chapter 3, Begandt et al. 2015).

Regarding alternative growth surfaces it was possible to directly apply the GNOME
LP/DT technique without modifications to cells grown in transwell inserts on porous
polyethylene terephthalate (PET) membranes (Figure 4.7). In this set-up a co-culture
of different cell types would be possible. For blood-brain barrier models endothelial cells
could be cultured inside the transwell inserts and astrocytes or pericytes in the well
bottom or on the abluminal side of the transwell inserts (Figure 4.7 A, Thomsen et al.
2015, Nakagawa et al. 2009, Hatherell et al. 2011, Zhang et al. 2011, Wilhelm et al. 2011).
The gap junction coupling of only the cells cultivated on one side of the insert could be
analysed with GNOME LP/DT as shown for hCMEC/D3 cells cultured inside transwell
inserts (Figure 4.7 B). The dye diffusion distance after GNOME LP/DT was clearly
reduced in cells perforated in the presence of CBX (Figure 4.7 B). This set-up would
enable the combination of different physiological assays in one cell culture, for example
analysis of transepithelial or transendothelial resistance measurements and gap junction
coupling of the same cells grown in transwell inserts. The possibility to perform different
physiological analyses within one single cell culture would be advantegeous for cells that

are costly to isolate and thus precious, for example primary cells (Nakagawa et al. 2009,
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Thomsen etal. 2015). These cell culture systems would also open the possibility to
link gap junction and tight junction function and for example analyse a co-regulation of
tight junctions and gap junctions as observed in blood-brain barrier endothelial cells by
Nagasawa et al. (2006). A co-regulation of gap junctions and tight junctions could also
be important in other blood-tissue barriers, for example the blood-testis or blood-retinal
barrier (Li et al. 2013) or in epithelial barriers, for example in the colon (Choi et al. 2017)
or the lung (Schlingmann et al. 2015).

A

transwell
insert

endothelial cells

astrocytes

Figure 4.7: GNOME LP/DT in transwell inserts. A) Schematic drawing of a co-culture
model of blood-brain barrier-forming microvascular endothelial cells grown inside a
transwell insert and astrocytes cultured on the abluminal side of the porous PET mem-
brane (dashed line). B) Dye diffusion after GNOME LP/DT experiments in hCMEC/D3
cerebral endothelial cells grown in transwell inserts, control (cont.) or in presence of
CBX. Scale bar represents 100 pm.

Since adenosine receptors have been proposed as targets for blood-brain barrier per-
meabilisation for drug delivery (Carman et al. 2011, Gao et al. 2014, Kim & Bynoe 2015,
Bynoe etal. 2015), a possible influence of adenosine receptor-dependent gap junction
regulation in this context could be analysed. Furthermore, the role of especially A,g ad-
enosine receptor activation in preventing vascular leakage and increasing vascular barrier
function is well-decribed (Section 4.1, Lennon et al. 1998, Eltzschig et al. 2003, Eckle et al.
2008, Zhou etal. 2011, Umapathy etal. 2010). The Asp adenosine receptor-dependent
regulation of gap junctions found in microvascular cerebral endothelial cells (Chapter 2,
Bader etal. 2017) could be linked to these events. The role of gap junction coupling in
vascular barrier modulation after Asg adenosine receptor activation could be analysed
with GNOME LP/DT in transwell inserts and facilitate a deeper understanding of the

detailed signalling mechanisms regulating vascular barrier function in different tissue.
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