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"Nature 1s showing us only the tail of the lion, but I have no doubt that the lion belongs
to it even though, because of its large size, it cannot totally reveal itself all at once. We
can see it only the way a louse that is sitting on it would."”

Albert Einstein, 1914



Abstrakt

Signaliibertragung und Informationsverarbeitung einer chemischen Synapse wiahrend neu-
ronaler Aktivitat beruht auf der regulierten Freisetzung von Neurotransmittern. Diese Art
der chemischen Erregungstransmission basiert auf der repetitiven Fusion von synaptischen
Vesikeln mit der Plasmamembran. Um die Verfiigbarkeit beladener synaptischer Vesikel
zu gewahrleisten, werden diese durch Recycling regeneriert. Dieser Prozess beinhaltet
Endozytose, Neurotransmitterbeladung und Exozytose. Da die Anzahl der freigesetzten
Neurotransmittermolekiile direkt die Stéarke der synaptischen Transmission moduliert,
ist deren Beladung der kritischste Schritt wahrend des Recycling. Obgleich mehrere
Mechanismen und regulatorische Prozesse bereits identifiziert wurden ist die Regulation
des Grades der Vesikelbeladung noch nicht vollstéindig verstanden. Der wichtigste exzita-
torische Neurotransmitter im Nervensystem der Wirbeltiere ist Glutamat. Vesikulére
Glutamattransporter nutzen den protonenelektrochemischen Gradienten als treibende
Kraft fiir die Glutamatakkumulation in synaptische Vesikel. Die vesikulare Glutamatauf-
nahme wird dariiber hinaus durch niedrige millimolare [Cl’|cytos01 Stimuliert und durch
hohe millimolare [Cl|cytosor inhibiert. Abwesenheit des CI'/H* Austauscher C1C-3 fiihrt
zu schwerwiegender Degeneration des zentralen Nervensystems. Die genaue Funktion von
CIC-3 in der Regulation der Glutamatbeladung ist noch nicht vollstdndig untersucht und
wird gegenwértig diskutiert. In dieser Thesis konnte mittels des fluoreszierenden Proteins
Cerulean, als neuartiger Biosensor und Fluoreszenzlebenszeitmikroskopie, der absolute
pH Wert in synaptischen Vesikeln von kultivierten Priméarneuronen des Hippocampus
bestimmt werden. Es wurde gezeigt, dass nach der Endocytose synaptische Vesikel erst
bis zu pH 4.5 ansduern und dann wieder auf den Ruhe pH alkalisiert. Mittels knock-out
Mausmodellen und pharmakologischen Blockern konnte der molekulare Prozess hinter
diesem biphasischem Prozess der Ansduerung aufgeklirt werden. Es konnte gezeigt
werden, dass die anfingliche Ansduerung des synaptischen Vesikels unabhéngig von der
V-ATPase Aktivitét, aber in Abhéngigkeit der luminalen [Cl| stattfindet. Die luminale
[CI'] ist anfangs im Vergleich zur [Cl']¢ytosor hoch. Der dadurch entstehende ACI wird
genutzt durch den CI'/H™ Austauscher CIC-3, um luminales Cl~ gegen cytosolische H™
auszutauschen. Dies fiihrt zu einer bisher unbekannten, ATP unabhéngigen, Ansduerung
des synaptischen Vesikels. Der dadurch entstehende protonenelektrochemische Gradient
wird dann von VGLUT1 genutzt, um Glutamat im synaptischen Vesikel zu akkumulieren.
Es konnte weiterhin gezeigt werden, dass die Alkalisierung abhéngig ist von VGLUT
Aktivitat. Die Ergebnisse dieser Arbeit liefern einen neuen Einblick in die Bedeutung
des CI'/H" Austauschers CIC-3 in der Regulation des pHgy.



Abstract

During neuronal activity signal transmission and information processing at a chemical
synapse relies on the regulated release of neurotransmitters which are stored in synaptic
vesicles. This type of chemical neurotransmission is based on the repetitive fusion of
a high number of synaptic vesicles with the plasma membrane. In order to refill the
pool of neurotransmitter-loaded synaptic vesicles they are regenerated by recycling.
This process involves endocytosis, neurotransmitter loading and exocytosis of synaptic
vesicles. Because the amount of neurotransmitter molecules stored in synaptic vesicles
directly modulates the strength of synaptic transmission the filling of synaptic vesicles
with neurotransmitters is the most critical step in synaptic vesicle recycling. The
regulation of the degree of vesicle filling is not fully understood yet, although several
mechanisms and regulatory processes have been identified already. The major excitatory
neurotransmitter in the vertebrate nervous system is glutamate. Glutamate uptake into
synaptic vesicles is mediated by vesicular glutamate transporters (VGLUTS) that utilize
the electrochemical gradient of protons for vesicular glutamate accumulation. Moreover,
vesicular glutamate uptake is stimulated by low millimolar [Cl'|¢ytosor and inhibited by
high millimolar [Cl']|¢ytosol. Removal of the ClI'/H" exchanger CIC-3 leads to severe
neurodegeneration. The exact function of CIC-3 in regulation of glutamate uptake is
not fully understood yet and controversially discussed. By use of the fluorescent protein
Cerulean as a novel biosensor for pH-sensing and fluorescence lifetime imaging microscopy
the absolute pH in synaptic vesicles in primary hippocampal neurons could be measured.
It is shown for the first time that after endocytosis synaptic vesicle first over-acidify to a
pH similar to that of lysosomes, and then alkalize to the resting pH. By a combination
of knock-out mice models and pharmacological blocking the molecular process behind
this biphasic acidification process could have been unraveled. The initial acidification is
independent of V-ATPase activity but strongly depends on the luminal CI" concentration.
It could be demonstrated for the first time that the initial ACl" with high luminal CI
concentration is utilized by the Cl'/H" exchanger CIC-3 to rapidly accumulate cytosolic
H™ in exchange to luminal CI" in the synaptic vesicle lumen. This, hitherto unknown
process of acidification mediated by Cl-3 enlightens an ATP-independent, energy saving
pathway of synaptic vesicle acidification promoting the exhibition of the driving force
which regulates neurotransmitter loading in recycled synaptic vesicles. The re-alkalization
process, furthermore, is mediated by VGLUT1 activity. The findings in this thesis thus
provide a new insight into the importance of the luminal [Cl] and the CI'/H" exchanger

C1C-3 in the regulation of pHgy after endocytosis of recycled synaptic vesicles.
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Chapter 1

Introduction

1.1 Neurotransmission in a Chemical Synapse

The nervous system is build up of nerve cells and supporting glial cells. Nerve cells, also
called neurons, have the unique ability to respond to stimuli with an electrical discharge,
the exhibition of a nerve impulse, and by their fast conduction of the nerve impulse over
long distances. This allows a fast transmission of nerve impulses in milliseconds either
within the central nervous system or organs of the body. A single neuron typically can
be distinguished by three major compartments, the cell body or soma, the dendrites
and the axon. In the soma, nucleus, protein synthesis machinery and various organelles
(ER, lysosomes, mitochondria) are located. Synaptic input from other cells is collected
on the large surface of the dendrites which form extensive branches, the ’dendritic tree’.
In contrast, nerve impulses from the cell body to other nerve cells are conducted via
the axon. Therefore, in the axonal branches specific regions are formed, the synaptic
boutons, which are club-shaped enlargements in close proximity to the cell body or the

dendrites of other nerve cells [1].

Signal transmission and information processing at a chemical synapse in the central
nervous system relies on the regulated release of soluble mediators. Already in the
late 1960s Katz and colleagues have shown that synaptic transmission at the neuro-
muscular junction is quantized, and proposed that the underlying unit or quantum is

a neurotransmitter-filled synaptic vesicle [2]. Hereby, a nerve impulse in form of an
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1. INTRODUCTION

electrical discharge, an action potential, depolarizes the presynaptic membrane by inter-
fering the distribution of positively and negatively charged particles across the membrane.
This leads to opening of voltage-gated Ca?" channels thus elevating the cytosolic Ca"
concentration. Ca?" then triggers the fusion of synaptic vesicles with the presynap-
tic membrane, a process called exocytosis, resulting in the release of neurotransmitter
molecules into the synaptic cleft, the space between pre- and postsynapse. The released
neurotransmitter diffuses across the synaptic cleft at the postsynaptic membrane and
binds to neurotransmitter receptor proteins. Once activated, they lead to a transient
alteration in the postsynaptic membrane permeability to certain ions which in turn trig-
gers a subsequent series of events [3]. This results in the conversion of the chemical signal
back into an electrical signal which is activating or inhibiting, respectively, depending on
the neurotransmitter type. In this signal transmission pathway several neurotransmitter
are utilized, e.g. glutamate, aspartate, nucleotides, GABA (y-aminobutyric acid), glycine
and monoamines. These neurotransmitters are actively accumulated into synaptic vesicles
by vesicular neurotransmitter transporters which differ in their substrate specificity and
tissue distribution. This type of chemical neurotransmission is based on the repetitive
fusion of a high number of synaptic vesicles with the plasma membrane. In order to refill
the pool of neurotransmitter-loaded synaptic vesicles they are regenerated by recycling.
This cycle of exocytosis and compensatory endocytosis at the synapse has been termed

synaptic vesicle cycle [3].

1.2 Synaptic Vesicle Recycling in the Synapse

In the classical model three distinct synaptic vesicles pools can be distinguished which
differ in number and stimulus required for exocytosis |4, 5]. Synaptic vesicles docked in
the active zone, forming the readily releasable pool (RRP), are typically released first
and are compensatory substituted either by endocytosis or by synaptic vesicles from
the recycling pool when endocytosis is not sufficient. Utilization of synaptic vesicles
from the reserve pool only occurs when the recycling pool is depleted which can be
achieved by prolonged low frequency stimulation [5] (Figure [L.I]A). Recent work has
demonstrated that the synaptic vesicle pools differ in the composition of their SNARE
proteins, the proteins involved in docking and release of synaptic vesicles at the active
zone [6]. A crucial step for sustaining synaptic transmission during intense activity is the
rapid replenishment of synaptic vesicles through endocytosis. Before subsequent reuse,

synaptic vesicles undergo several recycling steps including endocytosis, acidification,

8



1.3. Neurotransmitter Filling into Synaptic Vesicles

Action Potential

|
@
® &

@

Reserve Pool

&

Figure 1.1: Neurotransmitter loading into synaptic vesicles. (A) The classic model of
three distinct synaptic vesicle pools. With the reserve pool (80 — 90 %), the recycling pool (10
— 15 %), and the readily releasable pool (RRP, ~1 — 5 %) (adapted from [4]). (B) Recycling
process of synaptic vesicles in a single synapse (adapted from [3]).

neurotransmitter loading, docking, release-priming and exocytosis ( [3] (Fig. [L.1B).
Because the amount of neurotransmitter molecules stored in synaptic vesicles directly
modulates the strength of synaptic transmission [7, 8, 9, 10, 1T, 12, [13], 14] the filling
of synaptic vesicles with neurotransmitters is the most critical step in synaptic vesicle
recycling [15] [16]. The regulation of the degree of vesicle filling is not fully understood

yet, although, several mechanisms and regulatory processes have been identified already.

1.3 Neurotransmitter Filling into Synaptic Vesicles

To date it is widely accepted that neurotransmitter storage into newly endocytosed
synaptic vesicles is maintained by neurotransmitter transporters which harness the
electrochemical gradient for protons Ay, . Auy. is composed of a H' gradient (ApH)
and an inside-positive membrane potential (Av). Typically the ApH and At of acidified
vesicles are ~ 1.8 pH units [17, 18] and ~ 80 mV [19, 20], respectively. This has been
determined in the the RRP of cultured hippocampal neurons, isolated synaptic vesicles
and the RRP of chromaffin cells.

Distinct neurotransmitter transporters employ these two types of driving forces to
variable extends due to the charge of the neurotransmitter at cytoplasmic pH and its

proton-coupled stoichiometry of the import process. Proton-coupled transporters of

9



1. INTRODUCTION

Figure 1.2: Simplified model of a single synaptic vesicle and its transport proteins.

electroneutral neurotransmitters such as GABA or glycine are electrogenic and thus
utilize both components of Auy, |21} 22, 23]. Electroneutral transporters of cationic
neurotransmitters are only driven by the transmembrane proton gradients [24] 25 26],
whereas uptake of glutamate by vesicular glutamate transporters (VGLUTS) is primarily
dependent on Ay [27, 28] 291 30, B1], 32, 33]. A generic model for a single glutamatergic
synaptic vesicle and the most important proteins participating into the loading process
is shown in figure [I.2] Since vesicular transporter will start the moment a driving force
has built up, the amount of accumulated neurotransmitter is critically dependent on
the time course of Aup, development after endocytosis. This makes the formation and

regulation of Auy, in synaptic vesicles after endocytosis a matter of high importance.

1.4 Formation and Regulation of the Electrochemical

Gradient

Apg, describes the HT gradient across the vesicular membrane. The total free energy is

the sum of the electrical AG,, and chemical energy AG,p:

AGtotal = AGw + AGpH (11)

and according to Farsi et al., 2017 [34] described as:

AGy =z X F x Ay (1.2)
HTt
cytosol

10



1.4. Formation and Regulation of the Electrochemical Gradient

where 2y is the proton valence, F' is Faraday’s constant, A is the membrane poten-
tial, R the universal gas constant and 7' the absolute temperature. The electrochemical

gradient (Apg, ) can be calculated as follows:

T
Apirry = A + 2.30%@1{ (1.4)

However, calculation of the electrical component is quite difficult while the chemical
component of Ay, is mainly determined by [H|sy and [H"|cytosol. The Atp depends
not only on the concentration of free protons, but also on the net accumulation of charged

ions in the lumen of the compartment and is described by the following equation 35, [36]:

Ay = F—CY an [cation] — an l[anion] +  x ApH — B (1.5)
i j

where C' is the membrane capacitance, V' is the SV volume, ¢ and j are all cation and
anion species with n; and n; are their respective valences,  is the buffering capacity,
B represents the Donnan particles, which are primarily fixed negative protein charges
trapped in the synaptic vesicle lumen [37]. The dependence of A on these factors means
that all variations in volume, protein composition, ion flux and luminal buffering capacity
can change At and thus Apg .

The regulation of Auy, in synaptic vesicles is affected by net proton movement
across the membrane: proton pumping activity and proton efflux. All synaptic vesicles
independent of the type of neurotransmitter stored inside contain a vacuolar-type H'-
ATPase (V-ATPase). Through energy released by the hydrolysis of ATP to ADP + P;
the V-ATPase translocates protons into the lumen of the SV forming an Apuy. across the
vesicular membrane. Since the V-ATPase is an electrogenic proton pump its efficiency
to pump H' is dependent on the movement of a counterion which would dissipate the
voltage developed from the proton transport [38]. In wvitro studies showed that the
addition of ATP is not sufficient enough to ensure the exhibition of a substantial pH
gradient (ApH), since activation of the proton pump rapidly increases Aty and arrests
the activity of the proton pump. Dissipation of A, by anion entry, allows the V-ATPase
in return to pump protons and exhibit a sizable ApH.

In contrast, proton efflux from the synaptic vesicle lumen affects the extent of the
ApH as well. Protons can leave the synaptic vesicle lumen either via passive leakage by
the membrane surface of the synaptic vesicle and the physical state of the membrane [39],
or through all the transporters and ion exchanger of the synaptic vesicle whose activity

is coupled to the translocation of protons for external molecules.
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1. INTRODUCTION

Besides the proton coupled transport of specific neurotransmitters by the vesicular
neurotransmitter transporters, two main proton exchanger on SVs are known to contribute
to proton efflux from the lumen, NHEs and CLCs.

1.5 NHE Exchangers as Transporters for Luminal

Protons

The Na' /H" exchangers NHE6 and NHE9 are proposed to transport cytosolic Na®™ and
K™ at the expense of luminal protons with a stoichiometry of 1:1 [40, [41]. However, recent
work in isolated synaptic vesicles has shown that K /H™ exchange was not blocked by
the NHE specific inhibitor EIPA (5-(n-ethyl-n-isopropyl)amiloride), suggesting that the
measured K response is coming from VGLUT [19, 42] or another, unknown transporter.

With respect to Auyy both Na™/H™ and K™ /H" exchange would result in a decrease
of ApH while maintaining A, and thus by a decrease of the Aug, accelerate V-ATPase
activity. However, a study on NHE7, who shares similarity in the primary structure
to that of NHEG, has shown that it can facilitate Na®™/H™ exchange bi-directionally
[43], and thus allowing it to acidify organellar lumen parallel or ahead of V-ATPase

immediately after endocytosis, utilizing the large outwardly directed sodium gradient.

1.6 The Role of Chloride in Regulation of Synaptic

Vesicle Acidification

CI is the most abundant anion in the extra- and intracellular space with a [Cl]cytosol
ranging from 6 - 80 mM in neurons [44. [45] 46|, 47, 48, [49] 50],and has shown to play a
key role in the regulation of the Apy .. In studies with synaptic vesicles isolated from
mammalian brains, acidification measurements with the weakly-basic fluorescence dye,
acridine orange (AO) have shown that Cl" confers a shunting current for H* movement
under normal conditions, which inhibits the formation of A, and in turn, promotes ApH
[51, 52, [53]. In absence of exctravesicular Cl7, however, movement of only a few protons
already produces a large A, whereas high extravesicular Cl" concentrations maximizes
the ApH and stimulates uptake of cationic neurotransmitters, and, in contrast, low
extravesicular CI” maximizes uptake of anionic transmitters, like glutamate, by promoting
A [22]. Therefore, the balance of ApH and At is influenced by the permeability of the

synaptic vesicle membrane to ClI” with important physiological consequences. Namely,

12



1.7. CLCs as Regulator of Intravesicular Chloride

the balance of Auy . is a critical step for the regulation of neurotransmitter concentration
and by this the quantal size of synaptic vesicles [54]. Furthermore, in clathrin-coated
synaptic vesicles, one possible step of endocytosis, where V-ATPase activity is lacking,
a Cl” flux was observed supporting a Cl° channel on the synaptic vesicle membrane
[55]. Nevertheless, how Cl° channels and/or transporters modify the pH in synaptic
vesicles is still not fully understood. A prominent candidate is the Cl" transporter CIC-3
[56, 67|, however, VGLUT1 itself is also discussed as a candidate for [Cl|sy modulation
[58, 59, [60].

1.7 CLCs as Regulator for [Cl]gy

The chloride transporter CIC-3, which belongs to the CLC family [61], has been detected
in early and late endosome as well as in synaptic vesicles [62, 63, 57]. The CLC-family
consists of two sub-classes: Cl -selective ion channels and transporters that catalyze the
stoichiometric exchange of one H" for two Cl-, and are expressed in most tissues fulfilling
diverse functions [64]. CLCs are dimerized [65, [66, [67]. This dimerization can either be
homologous or heterologous [68] [69]. CIC-3, which shares a high homology to CIC-4 and
CIC-5 operates as a voltage-dependent Cl"/H" exchanger in a 2:1 stoichiometry |70, [71].
It can build a heterodimer with Cl1C-4 and then guides C1C-4 to the endosomal pathway
[69], but also its different splice variants result in different subcellular localization [68]
including synaptic vesicles [62, 63, 57].

At low [Cl'|gy the import of CI” into the SV lumen is activated by an inside positive
membrane potential and an outwardly directed proton gradient once established by the
proton pump. However, this process is highly electrically dissipative and should increase
ApH by reducing Ay as long as an active proton pump compensates for the loss of
protons. ClC-5 and a prokaryotic homologue of CLC Cl'-channels are blocked at high
luminal [H*] [72, [73]. CIC-3 shows close structural and functional homology to CIC-5,
thus, it cannot be excluded that this H"-dependent block also appears in CIC-3. Tt
was also shown in several studies that CIC-3 facilitates acidification of lysosomes and
endosomes by accumulation of luminal chloride |71, [74].

The [Cl]gy is around one magnitude higher than that of the cytoplasm. Under these
conditions CIC-3 may operate in the reverse direction thus using the chloride gradient as
a driving force to import cytoplasmic protons into the SV lumen as it has been shown for
CIC-5 [75], [76] and by electrophysiological characterization [70]. However, application of
the specific V-ATPase blocker Bafilomycin or Folimycin abolishes apparent acidification
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in SV after endocytosis [18, [77, [78]. In a hypothesis developed by Farsi et al. [34] the pH
change of C1C-3 mediated ClI'/H" exchange may be small due to the 2:1 exchange ratio
and the SV proton buffering capacity. However, a substantial membrane potential could
be accumulated, and subsequently acidification of the synaptic vesicle by V-ATPase
activity may switch the direction of ClC-mediated exchange, working to buffer Ay,
[34].

The importance of CIC-3 is supported by the finding that a loss of C1C-3 by genetic
disruption in rodent models results in severe neurodegeneration represented by impairment
of synaptic vesicle acidification and degeneration of the retina and hippocampus at early
stages [79, 62, 80]. Although this phenotype suggests excessive glutamate release in
the absence of CIC-3, excitatory synaptic transmission did not show any significant
differences between WT and Clecnd”/- mice [62]. This finding can be explained by
neurodegeneration and subsequent down regulation of vesicular glutamate transporters
in Clen3/" mice. Using cultured hippocampal neurons to prevent potential interference
of neurodegeneration in studying glutamatergic synaptic transmission in Clen3”” mice it
was demonstrated that ClC-3 modulates the magnitude of synaptic events by altering
the amount of glutamate release and SV size as well as the release probability of SV

while leading the pool size of the readily releasable pool unaffected [57].

1.8 The Vesicular Glutamate Transporter Utilizes
App+ for Neurotransmitter Transport into

Synaptic Vesicles

The major excitatory neurotransmitter in the vertebrate central nervous system is
glutamate. Recycled synaptic vesicles are refilled with glutamate by VGLUTs by use of a
membrane potential gradient as driving force [5I]. VGLUTS belong to the SLC17 family
and so far, three distinct isoforms have been identified in mammals (VGLUTI, 2, and 3)
which differ in their expression pattern and subcellular localization [81], 27, 28| 29, [82],
31, R3]. Loss of VGLUT is leading to severe cognitive malfunctions and lethality during
postnatal neurogenesis due to abolished glutamatergic neurotransmission [84) 85, 86)].
Knock-out mouse models of the different VGLUT isoforms exhibit a progressive phenotype
including uncoordination, blindness and enhanced startle response [87, [86), [88].

It is widely accepted that glutamate transport is predominantly driven by Ag)
[28, 30, 89, 27, @0, O], B1, B3, B2], and some studies even propose no contribution
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1.9. The pH of Synaptic Vesicles

of ApH in formation of glutamate transport [92, O3, 94]. In contrast, an emerging
number of studies show that VGLUT can also function as proton exchanger making its
activity dependent on ApH [28, 33, ©95]. Measurements on VGLUT reconstituted into
liposomes have shown that it can function as a K™ /H" exchanger [42] which was recently
supported by single-vesicle measurements in purified synaptic vesicles [19]. Moreover, it
was reported by electrophysiological recordings that VGLUTs are allosterically stimulated
upon acidification [5§].

With CI" VGLUTs show at least two distinct interactions. Already early studies of
VGLUT1 function have shown that this vesicular glutamate transporter isoform exhibits
a conductance for chloride that is blocked by glutamate [28]. Accordingly, a biphasic
chloride dependency of glutamate uptake characterized by a maximum glutamate uptake-
rate at low mM extravesicular (cytosolic) Cl" and subsequent decrease at higher CI°
concentrations was observed [96, 33, 03, O7]. In addition, in absence of external CI,
glutamate uptake in isolated synaptic vesicles is very low. This observation led to the
assumption that Cl™ allosterically modulates VGLUT in combination with a dissipation
of At as a result of Cl” influx into synaptic vesicles [96} [33]. Electrophysiological studies,
however, have recently directly confirmed an alternative but non contradictory explanation
that luminal proton concentrations and CI allosterically activate Cl- conductance and
glutamate transport [58] due to VGLUTs intrinsic Cl" permeability [28].

However, it is still unclear if VGLUT in its native environment possesses a separate
pH-dependent CI" channel, and/or if glutamate transport is mediated in a channel-like

way coupled to the transport of H", and/or K* or not.

1.9 The pH of Synaptic Vesicles

The quantal size is related to the basal pH of synaptic vesicles. By selective dissipation
of ApH in the presence of chloride a significant glutamate efflux and a decreased velocity
of glutamate uptake was observed in isolated synaptic vesicles [33]. This finding was
supported by the observation that the content of releasable small molecules on secretory
vesicle of chromaffin cells is increased when the driving force for their uptake is enhanced,
e.g. by increasing the pH gradients [98]. This dependency of ApH on neurotransmitter
uptake can influence short-term synaptic plasticity by modulation of the function of
vesicular neurotransmitter transporters. The time-constant for synaptic vesicle re-
acidification measured with the fluorescent reporter protein pHluorin from single vesicle

events, or newly endocytosed re-acidifying synaptic vesicles after repetitive stimulation,
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revealed a relatively fast time constant of 3 — 5 s [99, [100} 10Tl 102]. Due to the very
small response of pHluorin at the luminal pH 5.7 [I7] caused by its high pK, of 7.1
[103] the precision of pHluorin used as a reporter protein of the late, acidic phase of
of re-acidification could thus lead to an underestimation of final pHgy and apparent
artificially shorter re-acidification kinetics. Indeed experiments with the fluorescent
reporter protein mOrange2 whose response range (pK, = 6.5) is more in the range of the
luminal pH 5.7 compared to pHluorin has shown a substantially longer re-acidification of
15 s after electrical field stimulation. This time-constant is in the range of glutamate
loading (15 s, [104]) and still faster then the time of vesicle reuse (30 s, [105]).

Early experiments reported an intravesicular pH of 5.7 of synaptic vesicles under
resting conditions [I7]. As a reporter protein pHluorin was linked to the synaptic
vesicle membrane protein VAMP-2/synaptobrevin (Sybll) facing the synaptic vesicle
lumen and measured ratiometrically. This value was supported recently by independent
measurements of luminal pH of synaptic vesicles with mOrange2 and pHluorin as reporter
proteins. A resting pH of 5.80 was reported for glutamatergic synaptic vesicles [23].
However, in GABAergic synaptic vesicles the luminal resting pH of SVs was reported to be
much higher (pH 6.44) [23]. However, a major drawback is still the lack of pH-sensitivity
below pH 5.5 of the established pH-sensors in synaptic vesicles. Since a majority of
synaptic vesicles at rest exhibit no or only weak fluorescence an optimal pH sensor would
have a pK, around the resting pH to allow precise pH determination. Furthermore, it
cannot be excluded that the pH even acidifies to a much greater extent, but cannot be

determined by common pH sensing fluorescent proteins.

1.10 How to Study Acidification of Synaptic Vesicles
in Living Cells

1.10.1 The pH-sensitive Protein Cerulean

Monitoring pH of individual subcellular compartments in mammalian cells is an important
step towards a better understanding of cellular processes and protein functions. Over
the years a broad variety of pH-sensitive fluorescent reporter proteins have been found
and genetically engineered, ranging from mildly alkaline to acidic pH, and covering the
visible light spectrum from blue to red. The number of genetically encoded sensors
suitable for acidic pH measures, e.g. in lysosomes, is rather small and mostly organic

dyes have to be used. Albeit, genetically encoded bionsensors have the advantage that
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1.10. How to Study Acidification of Synaptic Vesicles in Living Cells

their intracellular targeting is under control compared to organic dyes which distribute
through the cell by diffusion. Due to the specific targeting to intracellular compartments
genetically encoded biosensors enable to measure at the exact location. By the work of
genetic engineering a number of promising candidates with sensitivity down to pH 5 and
below have been found (e.g. E2GFP, ECFP) [106, 107, 108, [109]. One of them, Cerulean,
was developed by a triple mutation of the cyan fluorescent protein (S72A, Y145A and
H148D). Ceruleans fluorescence properties were optimized to be a more promising FRET
donor protein with improved quantum yield and higher extinction coefficient compared
to ECFP [I10]. Cerulean has already been used in a number of studies as a FRET
sensor [ITT], but its pH-dependent absorption and fluorescence has not been exploited
so far for pH-determination in in vivo experiments. The pKa of Cerulean is well below
pH 6 and it has a still sizable fluorescence at pH 4, making it useful for measurements
at extremely acidic environments. Most fluorescent sensors have in common that their
fluorescence intensity is monitored by changes in dependency of the surrounding pH and
most studies measure relative temporal variation rather than absolute numbers coming
from calibrated levels of biosensor occupancy. Calibration of a pH sensors dose-response
in situ is challenging to impossible because it is difficult to compare optical signals
from tissue to those referring to the in wvitro calibration since the fluorescence intensity
is not only pH-dependent but also depends on other factors, including maturation,
expression and photobleaching of the fluorescent protein based sensor. Ratiometric
readout helps to overcome these problems partially but still is limited by the correct
maturation of both proteins and the need of using two excitation wavelength and/or
emission detection wavelength. Fluorescence lifetime imaging microscopy (FLIM), on
the other hand, overcomes most of these limitations and provides a valuable alternative
that gives well-calibrated measurements of absolute values. The distinct pH-sensitivity of
Ceruleans fluorescence lifetime is used in this thesis as a genetically encoded fluorescent
biosensor for determination of absolute pH in synaptic vesicles in primary hippocampal

neuromns.

1.10.2 Fluorescence Lifetime Imaging Microscopy

The fluorescence lifetime of a fluorophore is the average time a fluorophore stays in the
excited state (S;) before it returns to the ground state (Sy), and thus the subsequent
emission of the fluorescence (Fig. B). The emission of individual photons is a stochastic
process and its temporal statistics and characteristic property of the fluorophore. The

decay process of the fluorescence intensity can be quantified by the characteristic time
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(often from assuming a sum of exponential functions). It describes the dwell time in
the excited state which is determined by the total exit rate from the excited state.
However, returning from the excited state can not only be by emission of a fluorescence
photon, but also by non-radiative energy decay or energy transfer (e.g. Forster Resonance
Energy Transfer, internal conversion, intrasystem crossing, quenching, radical formation).
Calibration of the fluorescence lifetime within the biosensors environment in cells and e.g.
brain tissue is relatively easy provided because the fluorescence lifetime is an intrinsic
property of the fluorophore and thus does not vary with the expression level of the sensor

and by this is independent of the fluorescence intensity.

1.10.3 Time-Correlated Single Photon Counting to Measure

Fluorescence Lifetime

Using time-correlated single photon counting (TCSPC) the fluorophore is excited with a
sequence of photon pulses (length: 50 fs — 200 ps) generated typically by pulsed lasers
with defined wavelength, pulse length, and high (Mhz) pulse repetition frequency (Fig.
1.3B). The time between excitation pulse and the first detected emission photon at the
emission wavelength is measured and registered in a histogram. This process is repeated
1,000 to 100,000 times, and the average fluorescence lifetime (7ean) is calculated (Fig.
and C and chapter . The plotted Thean is derived as the amplitude-weighted
average fluorescence lifetime, when the time course of the fluorescence intensity decay is

described by the best fit of a sum of exponential functions.
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Figure 1.3: Illustration of TCSPC and two-photon excitation (A) In TCSPC 7,eqp is
measured by counting single photons. For this purpose the time it takes them between excitation
of the fluorophore and detection of emitted photons is measured (scheme modified from [112]).
(B) Ilustration of two-photon excitation and emission. (C) Example of Tyean as a function of
the influences of radiative and non-radiative returnment to the ground state.

1.11  Aim of This Study

Efficient neurotransmitter uptake is one of the most crucial steps of synaptic vesicle

cycle because it undoubtedly influences the quantal size of synaptic transmission. It is

regulated by the complex interplay between vesicular neurotransmitter transporters, the

ATP-driven proton pump, and luminal ion transporters. Despite of all the work compiled
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during the last decades, the quantitative understanding of all ion fluxes regulating the
electrochemical gradient and thus the neurotransmitter refilling is still lacking. Technical
challenges limit the possibilities to monitor the physical state and ionic composition in
synaptic vesicles. In this thesis, by the use of the pH sensor Cerulean and fluorescence
lifetime imaging microscopy new insights into regulation of synaptic vesicle acidification
could be unraveled. It is shown that the luminal chloride concentration modulates the
extent of acidification. Furthermore, it is demonstrated that the chloride gradient is
utilized by C1C-3 to acidify synaptic vesicles. In addition, it is demonstrated that synaptic
vesicle acidification underlies a biphasic process with an initial acidification to pH 4.5 and
a second step defined by a recovery phase to the resting pH of 5.7 by VGLUT mediated

proton efflux.
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Chapter 2

Material and Methods

2.1 Chemicals and Materials

All chemicals and regents with purity grade pro analysi (p.a.) were obtained from
different companies listed in chapter [2.17, All solutions and buffer were prepared with
bi-distilled water and filtered by a 0.22 pm pore size filter (Millipore) for sterilization

when necessary.

2.2 Plasmid Construction

Cerulean was made by site-directed mutagenesis of ECFP inserting the following muta-
tions S72A, Y145Y, H148D [110](courtesy of W. Bonigk, CAESAR, Bonn, Germany).
For protein purification from E. coli, Cerulean was inserted into a pET vector equipped
with a hexaHis-tag. Sybll-Cerulean was made by fusing the cDNA encoding Cerulean
to the C-terminus of the cDNA encoding Synaptobrevin-2/VAMP2 (SyblII) in a FsY1.1
G.W. vector under control of a synapsin promoter (vector was kindly provided by Dr.
M. Filippov, Nizhny Novgorod, Russia). SybII-pHluorin2 was made by substitution of
Cerulean in SybII-Cerulean by pHluorin2 [I13]. For CIC-5 knock-down experiments
the ShRNA (CCTATGATGATTTCAACACAA, Sigma) for CIC-5 was inserted into the
FsY1.1 G.W. SyblI-Cerulean plasmid and control of a H1 promoter. For non-targeted

expression, Cerulean was inserted into a pcA vector. The final constructs were verified
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by dideoxynucleotide sequencing (Eurofins Genomics).

2.3 Heterologous Expression and Purification of

Cerulean in FE.colz

Overexpression of Cerulean equipped with a hexaHis-tag was performed in E. coli strain
BL21 (DE3) Codon Plus RIL that was transformed with the corresponding DNA. Starter
cultures were grown in Luria-Bertani-Medium (bactotrypton 10 g/1, NaCl 10 g/, yeast
extract 5 g/1) with antibiotics (ampicillin 100 pg/ml, chloramphenicol 18 pg/ml), grown
at 37 °C overnight and then transferred into 500 ml to reach an ODggg of ~ 0.03. Bacteria
were grown until they reached an ODgyy of 0.4 - 0.6 and protein expression was then
induced by addition of isopropyl-D-thiogalactopyranoside (IPTG, 1mM f.c.). Expression
was further carried out at 20 °C overnight (~20 h). Cells were harvested and Cerulean was
purified according to the semi-batch purification protocol of polyhistidine-tagged proteins
under native conditions using Protino® Ni-NTA agarose (Macherey-Nagel). Subsequently
the samples were concentrated by use of centrifuge filters. Simultaneously, buffer was
exchanged to PBS with a centrifugal filter unit (Amicon Ultra 10K, Merck). The integrity
and function of the proteins was judged by coomassie-blue stained SDS-PAGE gels and

spectrometric analysis.

2.4 Cell Culture

tsA201 are transformed HEK293T cells (derived from human embryonic kidney, Sigma)
and were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen) supple-
mented with 10% FBS (Invitrogen) and 1 % Pen/Strep (100x, Invitrogen). Cells were
incubated at 37°C and 5% CO2 until recording at room conditions (21 — 24 °C, air
atmosphere). For FLIM experiments extracellular solution (ES) was used at pH 7.4 if

not otherwise indicated.

2.5 Cell Transfection

tsA201 cells were transiently transfected overnight in 5 cm cell-culture dishes with 3ml
medium using the Calcium-Phosphate Method [114] with 2.5 ug DNA. Briefly, 2.5 ug
DNA dissolved in TE buffer was diluted in ddH30 to a final volume of 124 ul. Then
41 pl 1 M CaCl, was added (124 mM final concentration) and mixed with 165 pl 2x
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HEBS (in mM: 274 NaCl, 40 HEPES, 12 Glucose, 10 KCI, 1.4 Na,HPO, - 2H20, pH
7.05). The day after transfection, cells were washed with PBS/EDTA, splitted with
0.05 % Trypsin/EDTA (25300, Gibco, Life Technologies, Darmstadt, Germany) and
seeded on 0.1 mg/ml poly-L-lysine (Sigma) coated glass coverslips. Image acquisition

was performed 24 hours after splitting.

2.6 Lentivirus Production

Lentivirus particles were generated as described before [69, [1T15]. Using calcium-phosphate
transfection method the transfer vector plasmid (FsY1.1 G.W., 75 ug) and the helper plas-
mids (pRSV-REV, pMDLg/pRRE, and the vesicular stomatitis virus G protein-expressing
plasmid, kindly provided by Dr. Thomas Siidhof, 30 ug each) were cotransfected into
HEK293FT cells (Thermo).

For transfection of five 5-cm cell culture dishes DNA was diluted in 0.1 x TE and
HEPES buffered H,O (2.5 mM HEPES, pH 7.00) in a 2:1 relation. The solution was
mixed with 2.5 M CaCl, to a final concentration of 125 mM. Under drop-wise agitation
HeBS (2x: 0.28 M NaCl, 0.05 M HEPES, 1.5 mM Na,HPOy, pH 7.00) was added and
incubated for at least 10 minutes. After 14 h, the transfection medium was replaced with
fresh medium (DMEM, 10 % FCS and 100 mM sodium pyruvate, 100 mM non-essential
amino acids and 100 mM glutaMAX). Lentiviral particles were harvested after 48 hours
late, filtered (0.22 ym PVDF membrane, Millipore), concentrated by ultracentrifugation,
The viral particles were resuspended in culture medium, aliquotted, flash-frozen in liquid

nitrogen, and stored at -80 °C prior usage.

2.7 Animals

2.7.1 Mice Maintenance

According to institutional guidelines mice were housed under standard conditions in
the animal facility of the Forschungszentrum Jiilich and kept on a 12 h light/dark
cycle. All experiments were approved and in compliance with the German Law for
Protection of Animals, the Forschungszentrum Jiilich, and the Landesamt fiir Natur,
Umwelt und Verbraucherschutz (LANUV) of North-Rhine Westphalia (Reference number
84-02.04.2014.A334).
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2.7.2 C57BL/6 WT Mouse Model

C57BL/6 were obtained from Jackson Laboratory (JAX).

2.7.3 CIC-3 knock-out (Clcn3”/-) Mouse Model

Heterozygous Clcn3*/- were obtained from Dr. Thomas Jentsch (Department of Phys-
iology and Pathology of Ton Transport, Max Delbriick Center, Berlin, Germany) and
generated in a C57BL/6 background. Heterozygous animals were mated to breed ho-
mozygous knock-out animals. For genotyping, the primers C1C-3 WT R, F and KO F

were used (Table [2.1).

2.7.4 CIC-3 E281Q knock-in (Clen3F?51Q) Mouse Model

Heterozygous Clen3P?$1Q were obtained from Cyagen Biosciences Inc. and generated by
XXXX knockin of E281(Q mutation in a C57BL/6 background. Homozygous animals

were mated.

2.7.5 VGLUT1 knock-out (VGLUT1/-) Mouse Model

VGLUTI1/" were obtained from Mutant Mouse Resource & Research Centers (RRID:
MMRRC 011669-UNC) and back-crossed into a C57BL/6 background. Heterozygous

animals were mated to breed homozygous knock-out animals. For genotyping, the primers
VGLUT1 Neo3a, Com and WT were used (Table [2.1).

2.7.6 Genotyping

Genotypes were determined by polymerase chain reaction (PCR) from DNA obtained
from tail biopsies after decapitation using the KAPA Mouse Genotyping hot start kit
(Peqlab) and primers as referenced in table . Amplified PCR products were analyzed
on a 1.5 % agarose gel, 25 min, 80 V, 200 mA and their size (compare to table XX)
compared to a 100 bp gene ruler (Thermo Scientific, SM0241).

2.7.7 Animals Used for Primary Culture

Primary hippocampal cultures were prepared from mice of either sex. Exclusively
homozygous VGLUT1/~, Clen3/~, and wild-type animals were used for measurements.

All cultures were prepared from animals at the postnatal (P) age of PO-P2.
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Table 2.1: Primers Used for Genotyping

Primer Sequence Band Size
CIC-3 WT R ACTCTGCCCATGTTTTCCACT

CIC-3 WT F GATCTAATTCTGCCTTCCTC 550 bp (WT)
CIC-3 KO F GGAAGACAATAGCAGGCATGC 650 bp (KO)

VGLUT1 Com R GAGAGACAGATCAAAGTGGG
VGLUT1 Neo3a F' GCAGCGCATCGCCTTCTATC 594 bp (KO)
VGLUT1 WT F CAGGAGGAGTTTCGGAAGC 509 bp (WT)

2.8 Primary Culture of Hippocampal Neurons

2.8.1 Preparation of Hippocampal Mass Culture

Dissociated mass culture from hippocampal neurons derived from WT, Clen3”/", and
VGLUTI1”/" mice, respectively, at postnatal day 0 — 2 was prepared as described before
[116]. Briefly, after decapitation hippocampi were dissected from brain and digested for
20 min at 37 °C with 10 units of papain (Worthington) followed by gentle mechanical

2 were plated on 13 mm

trituration. Neurons diluted to a density of 350 cells/mm
coverslips coated with 0.2 mg/ml poly-D-lysine (Sigma) solved in 0.1 M borate buffer
saline (di-Sodium tetraborate, Merck) pH 8.0. Cultures were maintained at 37°C in
an incubator, humidified with 95% air and 5% CO; in Neurobasal Medium A (NBA;
Invitrogen), supplemented with 2% B-27 (Sigma), 1% Glutamaxx (Invitrogen) and 2%
penicillin/streptomycin (Invitrogen). Two-thirds of culturing medium was renewed twice

a week.

2.8.2 Lentiviral Transduction

Primary neuronal cultures were infected with lentivirus after two days in vitro (DIV). 25
— 75 pl viral solution was added to the cells and incubated over night at 5 % CO5 and 37

°C. 14 — 16 hours after transduction, medium was completely replaced.

2.8.3 Imaging

Experiments were carried out between DIV 14 and 28 at room temperature (21 — 24 °C).
Neurons were placed in a modified imaging chamber (RC-21BRFS, Warner Instruments)
and, unless otherwise stated, kept in standard extracellular solution (ES). For electrical

field stimulation neurons were exhibited to trains of action potentials (AP) at indicated
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frequencies, pulses. Stimulation was carried out with the ML1001 Electronic Stimulator
(ADInstruments). In acid quench experiments modified standard ES was used with 10
mM 2-(N-morpholino)ethane sulphonic acid (MES) replacing HEPES below pH 5.6. For
experiments without or with reduced concentrations of chloride, chloride was substituted
by equivalent amounts of Gluconate (see Chapter . Neurons were constantly held
under presence of 25 uM D-APV (Sigma) to reduce recurrent activity from excitatory
transmission. Usage of CNQX was not possible due to absorption and fluorescence
properties of this blocker which interfere with Cerulean.

Different blocker compositions were applied when noted to emphasize the specific
roles of different transporter types and ion channels on the pHgy regulation in neurons.
Neurons were exposed, if not otherwise stated, 5 minutes prior imaging to standard or
modified ES plus blocker as indicated and recorded for not longer than 1 hour. The

detailed concentration and dilution solutions are listed in table 2.3l

2.9 Fluorescence Lifetime Imaging Microscopy

2.9.1 Two-Photon Fluorescence Microscope

Data were acquired on an upright fluorescence microscope (A1l MP; Nikon) equipped
with a 25 x water-immersion objective (NA 1.1; working distance 2.0 mm; Nikon) at
room temperature. Fluorescence was excited by 100 fs light pulses (A = 880 nm) by
two-photon excitation. A mode-locked Titan-Sapphire laser (MaiTai DeepSee; output
power X.X W at 880 nm; Newport Spectra Physics) generated laser pulses at a frequency
of 80 Mhz. The laser light was directed onto cultured neurons through the lens with
reduced power of around X mW. The focal spot was scanned over the sample with a scan
size of 512 x 512 pixel (pixel size: 0.17 ym?) and a frame-rate of 1/4 images*sec’!. The
emitted light of Cerulean (em: 475 nm) was separated from autofluorescence by a short
pass filter (short pass filter, 500 nm, Agps < 510 nm; Omega Optical). FLIM data were
recorded by a GaAsP hybrid photodetector (HPM-100-40; Becker & Hickl).

2.9.2 Time-Correlated Single Photon Counting

For fluorescence lifetime imaging microscopy (FLIM), time correlated single photon
counting (TCSCP) technique was applied. Data were obtained using electronics for
TCSPC (Simple-Tau 152; Becker & Hickl). The acquisition of Cerulean fluorescence was

averaged over 80 seconds (20 frames in total) with a pixel dwell time of 12.1 pseconds
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per pixel and frame. FLIM data were analyzed with SPCImage (Version 5.2, Becker &
Hickl) by iterative re-convolution of the instrument response function, IRF(t), with an

bi-exponential model function f(t) to the fluorescence decay in every pixel of the image
applying equations and [2.2]

I(t) = IRF(t) = f(t) (2.1)

n

f6y=> (ai6%:> (2.2)

i=1

where 7; is the characteristic lifetime and a; is the respective fluorescence intensity
of the ith component; n (=2) is the number of decay functions. Because the amount
of photons collected per pixel was in most cases under the critical minimum of 1000
photons, for calculation a bin-factor (b) of 2 at a pixel size of 0.17% ym? was used. The
bin-factor was calculated as follows (see equation [2.3):

b=(2n+1)+ (2n+1) (2.3)

Where n is the number of pixels. The (Tyean) Of every synaptic boutons is therefore
represented by squared areas of 0.852 pm?.
The amplitude-weighted average fluorescence lifetime (7ean) Was used for further

analysis and evaluation.

_ 2 (aixT)

Tmean - n )
Zz‘:l a;

Where a; is the amplitude, 7; is the fluorescence lifetime, and n is the number of

n=2 (2.4)
decay functions.

2.10 pH Calibration in Synaptic Vesicles of

Hippocampal Neurons

To determine absolute pH values 7 has to be related to the specific pHgy by calibration
in living cells. To "clamp" the pHgy to external pH (pH.) high external [K™| at a
concentration of 122.4 mM was applied together with a variety of ionophores and blocking
agents for transport and channel activity (Table . Under the assumption that, when
internal and external potassium ion concentrations are equal, protons move freely, pHgy

should be equal to pH, [117]. In order to dissipate proton gradients across the membranes
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the K™ /H" exchanger Nigericin (Sigma), the uncoupler carbonyl cyanide m-chlorophenyl
hydrazone (CCCP, Sigma), the potassium ionophore Valinomycin (Sigma), and the
V-ATPase inhibitor Bafilomycin (Calbiotech) were added together with Triton X-100
(Sigma) to solubilize the plasma membrane [I8] (see table [2.3). Five minutes before
imaging neurons were incubated in standard ES and two to three FLIM images were
recorded to verify cells integrity and expression of the biosensor. To equate pHgy to pHe,
neurons were first incubated for 10 minutes with a mixture of ionophores composed of 20
uM CCCP, 10 uM Valinomycin, 10 uM Nigericin, 0.2 uM Bafilomycin and 0.02 % Triton
X-100 in 122.4 mM K calibration solution (CS) at a defined pH. To keep the buffering
capacity of CS at the different pH values stable, PIPES or Potassium acetate buffer was
used for solutions below pH 5.5, MES buffer was used for solutions set between pH 5.5
and 6.7, and HEPES buffer was used for solutions set above pH 6.7. Before recording
the fluorescence lifetime image neurons were incubated for at least 10 minutes in CS
to ensure adjustment of pHgy to pH.. After recording, the final pH of the solution was
verified again with a pH meter and the measured value has been used as reference pH
(Knick pH-Meter 766 Calimatic).

2.11 Data Analysis

2.11.1 Ciriteria for Data Selection and Analysis of FLIM Data

In order to avoid experimenter bias FLIM data were analyzed with a row of automated
algorithms to identify synaptic boutons under strict criteria. The first selection to avoid
false-identification of boutons from background or membrane staining in axons and
dendrites was already made by calculation of the fluorescence lifetime in SPCImage.
Here, the threshold of the minimum number of photons in the peak of a fluorescence
curve was set to at least "30". Due to the higher concentration in a synaptic bouton
the fluorescence is much brighter than in the plasma membrane of the axon between the
boutons, thus a higher threshold excludes darker pixels from analysis.

To identify synaptic boutons and determine their 7.4, in an automated process, the
data set for Tan and pixel intensities for a single image was exported as a matrix-text
image file from SPCImage and further processed in Fiji by ImageJ [118]. In these text
files for every pixel the absolute value of the number of photons and 7,,cqn, respectively,
is stored and interpreted by Fiji as grey values which can be used for further evaluation
(Figure . In a first step the fluorescence intensity image is used to identify synaptic

boutons by application of a Gaussian blur filter with a radius of 1.0 to increase the
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Figure 2.1: Identification of synaptic boutons expressing SybII-Cerulean. (A) Fluo-
rescence intensity and fluorescence lifetime data are exported from SPClmage as text image.
White squares indicate selected ROIs shown in (B). The upper panel demonstrates a position
with clearly distinguishable synaptic boutons already in the FLIM image, wheres in the lower
panel single boutons can only be identified by their local intensities. (B) Post-processing in
ImageJ. Application of (1.) Gaussian filter and (2.) "Find maxima" plugin on the fluorescence
intensity image to identify single synaptic boutons (yellow crosses in 2.) Identified ROIs in (2.)
are used to determine their respective Tpeqan in (3.).

difference between signal and background noise. In a second step, the "Find Maxima"
plugin is used to identify single synaptic boutons. To verify that only maxima are
selected which represent synaptic boutons, only spots with high fluorescence intensity
compared to the background were selected by setting the minimal value for the noise
tolerance value to "20". In any case the selection of the algorithm was verified by visual
inspection and if necessary adjusted. However, this value strongly depends on the overall
brightness of the fluorescence intensity image and has to be adjusted for every image
again. The thus identified spots are defined as synaptic boutons when they fulfill the
following criteria round-shaped, bright spots, and typically organized like pearls on a
string with a diameter of 0.85 pm or 5 pixels (1 pixel = 0.17 pum). Due to the bin-factor
set beforehand, this single pixel represents an area with an edge length of 0.85 pm (4x
zoom). The volume of a typical synaptosome is 0.37 ym? [I19] thus having a diameter of
0.89 um assuming a spherical shape. Areas which are obviously representing vesicles in
the soma of a neuron are excluded from the analysis by setting the gray value to "NaN".
In the last step Timean Of the identified synaptic boutons is determined by the gray value

from the pixel representing the centre of the synaptic bouton in the text image containing
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the fluorescence lifetime values per pixel. 7,c.n data were further analyzed in OriginPro
2017 (OriginLab Corporation).

2.11.2 Fitting of pH Calibration Data

The correlation between the observed 7., and clamped pH was obtained by sigmoidal
fitting of a DoseResponse curve with variable Hill slope in OriginPro 2017 with the

following equation:

(A2 — A1)
1 4+ 10(PKa—pH)p

y=Al+ (2.5)

where y is the pH-dependent average fluorescence lifetime (7ean ), pKa is the acid dis-
sociation constant for protein binding, A1 and A2 represent the minimum and maximum

asymptotic values of Tpean, respectively, and p is the power value [120)].

2.11.3 Time-Course Measurements by Fluorescence Intensity

Changes

The time-course of the change in fluorescence intensity over time was analyzed in Fiji
by ImageJ [118]. First a Gaussian blur filter with a radius of "1" was applied to all
frames to increase signal-to-noise ratio. Second, the "Find Maxima" plugin of ImageJ
was used to tag synaptic boutons. The noise tolerance value was set to a value were the
thus identified synaptic boutons match with the following criteria: round-shaped, bright
spots, and typically organized like pearls on a string with a diameter of 0.85 pum.

For neurons stained with Sbyll-Cerulean the "Timer Series Analyzer V3" was used.
Here oval regions of interests (ROIs) with a height and width of 5 pixels were set at
the local maxima which were previously identified by the "Find Maxima" plugin. For
SybII-pHluorin2 stained neurons the ROIs identified by the "Find Maxima" were used
for the next step.

The average intensity for every ROI in every frames was determined and analyzed
in OriginPro 2017G. Data traces from every bouton were normalized to the maximum
intensity and all boutons were averaged for every frame. To calculate the decay of
fluorescence intensity drop-down after stimulation traces were fitted to a bi-exponential

decay function with time constant parameters (ExpDec2) in OriginPro 2017:

y=yo+Aien + Ase™ (2.6)
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where yq is the offset, A; and A, the amplitudes and t; and ty are the time constant

for the fluorescence decay, respectively.

2.12 Statistical Analysis

For normally distributed values statistical analysis was performed by a two tailed student’s
t-test. When the values were not normally distributed the Mann-Whitney Rank Sum
Test was used. The level of significance is indicated by asterisks (*** p < 0.001; **,
p < 0.01; *, p < 0.05). Verification of normal distribution of data sets was carried out

by Shapiro-Wilk tests. All determined values and test results are listed in the tables in
chapter [3.9

2.13 Confocal Imaging and Immunohistochemistry

2.13.1 Selective Labelling of GABA Release Sites

GABA release sites in primary hippocampal neurons were selectively labelled with a-
VGAT-Oyster550 (Synaptic Systems) antibodies as described before [121] [122]. Briefly,
primary hippocampal neurons were incubated with 5 pug/ml a-VGAT-Oyster550 in a
37°C incubator for 3 — 4 hrs in a carbonate buffer (in mM: 105 NaCl, 20 KCI, 2.5 CaCl?,
1 D-glucose and 18 NaHCOj3. Before fixation, cells were washed three times with NBA

and incubated again for 30 minutes.

2.13.2 Cell Fixation and Immunostaining

Neuronal cultures expressing SyblI-Cerulean were fixed in PBS containing 4 % para-
formaldehyde at room temperature. Primary antibody against VGLUT1 (guinea pig
polyclonal, Chemicon) was diluted in CTA and then added to cells over night at room
temperature. Subsequently, a secondary antibody linked to Dye649 (Dianova) was applied
for 60 min. After washing in PBS, coverslips containing cells were mounted on a glass

slide with a drop of Aqua-Poly/Mount (Polysciences).
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Table 2.2: Primary and Secondary Antibodies
Primary Antibody Secondary Antibody
Name Dilution = Company ‘ Name Dilution  Company

gp-a-VGLUT1 1:30000 Chemicon AB5905 | d-a-gp-Dye649  1:500 Dianova 706-495-148
a-VGAT-Oyster550 5 pg/ml  SYSY 131 103C3

2.13.3 Confocal Imaging and Data Analysis of Fixed Samples

Images were acquired using a Leica TCS SP5 II inverted microscope equipped with a
63x oil immersion objective at room temperature. Cerulean was excited with a 488 nm
Argon laser, Oyser550 (Invitrogen) with a 543 nm He-Ne laser, and Dye649 with an 633
nm He-Ne laser. Emission signals were detected after filtering at 465 — 510 nm, 556 —
588, and 651 — 800 nm bandpass filters, respectively. Confocal images were assembled in
Fiji for ImageJ [I18] and analyzed for colocalization by Pearson’s correlation coefficient
with the JACoP plugin [123].

2.14 FM1-43 Measurement

Analysis of synaptic vesicle recycling of synaptic vesicles was carried out in untransfected
hippocampal neurons loaded with 5 M FM1-43 (Invitrogen) by exposition to 600 AP
at 10 Hz via field electrode stimulation (see chapter [2.8.3). Neurons were exposed to
ES containing 148.4, 75, 18.9, 13 and 0 mM CI, respectively, supplemented with 20
pm CNQX and 25 pm D-APV (see section for buffer composition). One minute
after stimulation medium was changed to Ca?"-free ES containing 2 ym TTX, 25 pm
Bicuculline, 20 yum CNQX, and 25 pym D-APV. After 5 minutes neurons were exposed to
ES supplemented with 20 pm CNQX and 25 pm D-APV and recorded for 60 seconds.

Images were recorded on an Olympus IX 73 fluorescence microscope equipped with a
40x air immersion objective (NA = 0.6, LUCPlanFLN, Olympus), an emission filterset for
GFP (49002 - ET - EGFP (FITC/Cy2), Chroma) and an Andor Neo sCMOS (Andor).
Images (1280 x 1080 pixel, pixel size = 0.1 uM /pixel) were acquired at a frame rate of
0.5 s and an illumination time of 0.09 s. FM1-43 fluorescence was activated by LED
[lumination (pE300"! CoolLED). LED illumination intensity was set to a low level to
reduce bleaching of the dye.

Time-series were analyzed in Fiji by Image]J [II8]. By use of the "Timer Series
Analyzer V3" synaptic boutons were selected which match with the following criteria:
round-shaped, bright spots, and typically organized like pearls on a string with a diameter
of 0.85 um. Here oval ROIs with a height and width of 5 pixels were set at the local
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maxima which were previously identified by the "Find Maxima" plugin. Then the average
intensity for every ROI in every frame was determined and analyzed in OriginPro 2017G.

Data traces from every bouton were averaged for 30 frames.
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2.15 Blocker and ionophores

Table 2.3: Blocker and ionophore compositions

Blocker Concentration Stock Manufacturer
Bafilomycin A1 1 uM 200 pM in DMSO  Calbiotech
Bicuculline 20 uM 10 mM in ES Sigma
CCCP 20 uM 50 mM in EtOH  Sigma
CNQX 20 uM 8 mM in ES Sigma
D-APV 25 uM 10 mM in ES Sigma
DL-Histidine 10 mM 1 M in ddH,O Sigma
EIPA 10 uM 5mM in DMSO  Sigma
Nigericin 10 uM 10 mM in EtOH  Sigma
Rose Bengal 100 nM 50 uM in DMSO  Sigma
TTX 2 uM 10 mM in ES Sigma
Triton X-100 0.02 % 2 % v/v in ES Sigma
Valinomycin 10 uM 10 mM in EtOH  Sigma

2.16 Buffers
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Table 2.4: Extracellular Solution — ES, 148.4 mM CI-

Concentration

Substance

140 mM
2.4 mM
10 mM

10 mM

2 mM

1 mM
0.025 mM

NaCl

KCI
HEPES
D-Glucose
C&Clg
MgCl,
D-APV

pH adjusted to 7.4 with NaOH.
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Table 2.5: Extracellular Solution — ES; 75 mM CI-

Concentration

Substance

66.6 mM
73.4 mM
2.4 mM
10 mM

10 mM

2 mM

1 mM
0.025 mM

NaCl
NaGlu
KCl
HEPES
D-Glucose
CaCl,
MgCIQ
D-APV

pH adjusted to 7.4 with NaOH.

Table 2.6: Extracellular Solution — ES; 18.9 mM CI

Concentration

Substance

10.5 mM
129.5 mM
2.4 mM
10 mM

10 mM

2 mM

1 mM
0.025 mM

NaCl
NaGlu
KCl
HEPES
D-Glucose
C&Clg
MgClg
D-APV

pH adjusted to 7.4 with NaOH.

Table 2.7: Extracellular Solution — ES, 13 mM CI-

Concentration

Substance

4.6 mM
135.4 mM
2.4 mM
10 mM

10 mM

2 mM

1 mM
0.025 mM

NaCl
NaGlu
KC1
HEPES
D-Glucose
CaCl
MgCl
D-APV

pH adjusted to 7.4 with NaOH.
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Table 2.8: Extracellular Solution — ES, chloride free

Concentration

Substance

NaGlu
KGlu
HEPES
D-Glucose
CaGlu
MgGlu
D-APV

140 mM
2.4 mM
10 mM

10 mM

2 mM

1 mM
0.025 mM

pH adjusted to 7.4 with NaOH.

Concentration

Table 2.9: Acid Quench

Substance

140 mM
2.4 mM
10 mM
10 mM

2 mM

1 mM
0.025 mM

NaCl
KCI

D-Glucose
C&Clg
MgCIQ
D-APV

Table 2.10: Calibration Solution — CS

Concentration

pH adjusted with NaOH.

Substance

20 mM
122.4 mM
10 mM

10 mM

2 mM

1 mM
0.025 mM
0.02 mM
0.01 mM
0.01 mM
0.2 uM
0.02 %

NaCl

KCl

HEPES (> pH 6.7)
MES (pH 5.5 — pH 6.7)

PIPES or Potassium acetate (< pH 5.5)

D-Glucose
CaCl

MgCl

D-APV

CCCP
Valinomycin
Nigericin
Bafilomycin Al
Triton X-100

pH adjusted with NaOH and HCI, respectively.
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Manufacturers

2.17 Manufacturers

Abcam, Cambridge UK

ADInstruments, Oxford, UK

Andor, Belfast, Northern Ireland

Becker & Hickl, Berlin, Germany
Calimatic, Berlin, Germany

Chemicon, Temecula, CA, USA

Chroma, Bellows Falls, VT, USA

CoolLED, Andover, UK

Eurofins Genomics, Ebersberg, Germany
Invitrogen JAX, Bar Harbor, ME, USA
Leica, Mannheim, Germany
Macherey-Nagel, Diiren, Germany

Merck, Darmstadt, Germany

Mutant Mouse Resource & Research Centers USA
Newport Spectra Physics, Irvine, CA, USA
Nikon Instruments Europe, Amsterdam, Netherlands
Omega Optical, Brattleboro, VT, USA
OriginLab Corporation, MA, USA

Peqlab, Erlangen, Germany

Polysciences Inc., Worrington, PA, USA
Sigma-Aldrich, Munich, Germany

Synaptic Systems, Gottingen, Germany
Thermo Fischer, Darmstadt, Germany
Thermo Scientific, Braunschweig, Germany
Worthington, Lakewood, NJ, USA
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Chapter 3

Results

3.1 pH Imaging in Synaptic Vesicles of Cultured

Hippocampal Neurons

To determine the pH in synaptic vesicles, Cerulean was fused to the amino terminus
of the SNARE protein synaptobrevin-2 (Sybll) (Fig. [3.1]A) and expressed in cultured
hippocampal neurons via lentiviral transduction. A punctured distribution of the sensor
resembles Sybll expression in neurons [124] and mostly overlaps with antibody labelling
of VGLUT1 (Pearson’s coefficient = 0.39 £ 0.04, Mean £+ SD) but not VGAT (Pearson’s
coefficient = 0.24 £+ 0.04, Mean + SD ) which indicates predominant expression in
glutamatergic nerve terminals (Fig. [3.1B). Furthermore, about 90% of synaptic boutons
on a single cover-slip were marked by VGLUT1 antibody, whereas only about 10% were
marked as VGAT positive synaptic boutons. The Pearson’s coefficient was calculated on
spots were all three proteins were expressed as shown in the representative images in
figure [3.1]C. A representative FLIM measurement of SybII-Cerulean is shown in figure
providing mean fluorescence lifetimes (7,,eqn) for every pixel color-coded according
to the look-up table from red (1 ns) to blue (3 ns). Cerulean’s fluorescence decay was
best described by a bi-exponential decay function which led to better fitting results
than a mono-exponential fit (Figure ) In figure the fitted decays of selected
synaptic boutons from A are shown with a 7,,e4, of 2.1 & 0.3 ns (SD, n = 58). The Ty,ean

39



3. RESULTS

were calibrated according to the high K /Nigericin-method [117] measuring synaptic
boutons from around 5 - 10 spots for each preset pH. Nigericin is a K™ /H™ exchanger
which equilibrates pHex and pHgy when extracellular K* is the same as intracellular
K*. The punctuate distribution permits identification and evaluation of individual
synaptic boutons by automated analysis in Fiji (see chapter . During calibration
the fluorescence lifetimes change from 0.7 to 2.8 ns at preset pH between pH 3.9 and pH
8.0. Calibration is used to calculate pH from 7 by sigmoidal fitting with a DoseResponse
model (Fig. 3.2D, see chapter which was generated by plotting 7,,cq., against the
pH (see table and for data and parameter). The resulting pK, (the pH value
Were Tpnean 18 50% of maximal) is pH 5.3 and thus, in the optimal range for the expected

resting pHgy of pH 5.7 as determined before with synaptopHluorin [17].
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Figure 3.1: SyblI-Cerulean is predominantly overlapping with glutamatergic synap-
tic boutons. (A) Schematic of the SybII-Cerulean fusion protein, with Cerulean fused to the
C-terminus of synaptobrevin-2 (SyblI) thus facing the synaptic vesicle lumen after endocytosis.
(B) Bar plot representing the colocalization of SybII-Cerulean with glutamatergic and GABAer-
gic synaptic boutons, respectively, by Pearson’s coefficient (n = 2 independent preparations).
All data are mean + SD. (C) SybII-Cerulean (Red) transfected hippocampal neurons stained
with an antibody against the GABAergic marker protein VGAT (Magenta). VGLUT1 (Green)
was marked by antibody staining after fixation. Scale bar: 10 pum.
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Figure 3.2: pH measurement in synaptic vesicles of cultured hippocampal neurons.
(A) Left: Fluorescence intensity image of primary hippocampal neurons at DIV 15, thirteen days
after transfection with lentivirus containing the DNA of SyblII-Cerulean. Right: Corresponding
fluorescence intensity image showing Ty,eqan, color-coded accordingly the look-up table (red 1 ns to
blue 3 ns). In both images, the punctuate distribution represents single synaptic boutons. Scale
bar: 10 pm (B) Comparison of mono- and bi-exponential fits of selected single bouton (white
arrow in A). Mono-exponential fit: Tyeqn = 2.415, x? = 1.42. Bi-exponential fit: Tpean = 2.1ns
with al = 35.1%, 7 = 0.7ns, a2 = 64.9%, 7 = 2.9ns, x> = 1.03. Bi-exponential fitting leads
to a better description of the fluorescence decay than mono-exponential fitting. (C) Tpean
of 58 representative synaptic boutons from A. Insert shows the corresponding distribution of
Tmean With a mean of 2.1 £+ 0.3 ns (SD, n = 58). The errors denote the 1.5 IQR, the boxes
represent the 25 to 75 percentiles. (D) Using the high-K+ method the pH dependence of
SyblI-Cerulean was calibrated at different pH values and fitted to a DoseResponse model (red
line). For fitting parameters and data see tables and All data are mean + SD.
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3.2 Determination of the Resting pH of Synaptic

Vesicles
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Figure 3.3: pH distribution in synaptic vesicles Distribution of pHgy of 20722 boutons
measured in 37 cover-slips from 11 mice (DIV 14 — P21). The mean value is pH 6.54 £+ 0.58
(SD). The error bars denote the 1.5 IQR, the boxes represent the 25t to 75t percentiles. The
horizontal line represents the median, whereas the square symbol denotes the respective mean
values. Gaussian distribution shown by black line in lower panels. Dataset and N listed in table
3.3

Under resting conditions pHgy was heterogeneously distributed with a mean of 6.54
+ 0.58 (SD), which is considerably higher than published data [17, 23] (Fig. [3.3A). It has
been reported that transient over-expression of Sybll leads up to 30 % protein within the
bouton plasma membrane [125] [126]. The deviation of the results measured with SyblI-
Cerulean from published synaptic vesicle pH might thus be due to a fraction of sensors
facing the extracellular environment and reporting the higher pH in the external medium
(as indicated in the inserts in figure — D). In experiments with SyblIl-pHluorin
as pH-sensor the acid quench method was developed to only visualize the fluorescence
of the luminal population. For this, acidic ES with a pH of 5.0 is applied to the cells
and the remaining fluorescence is immediately determined [99]. Due to the low pH, the
surface population of pHluorin is quenched and only fluorescence from luminal proteins
remain. A pH of 5.7 was determined for synaptic vesicles at rest with this method [17, 23].
Cerulean, however, still exhibits a considerable fluorescence intensity at pH 5, therefore,

this method is not useful to completely quench the surface pool of sensor proteins, but
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can be used in an adapted manner.

Under the assumption that the measured pH of 6.5 under resting conditions is a
mixture of two pH populations, the known pH 7.4 from the surface population, and the
unknown lower pHgy. Then, pHgy can be estimated by the variation of the measured
fluorescence lifetime to the expected fluorescence lifetime at set external pH which is
known from the calibration curve. If pHgurace equals pHgy, then the difference of the
measured fluorescence lifetime to the expected fluorescence lifetime of pHgurace Would be
zero, and thus on the calibration curve (Fig. ) To give an estimation of the resting
pHgy SyblI-Cerulean fluorescence lifetimes were determined at various extracellular pH.

Perfusion of extracellular solution with pH 7.4 gives a Tyean = 2.40 + 0.27, and an
apparent pH of 6.57 £ 0.58 (Fig. ) Whereas perfusion of acidic solution with pH 5.2
reduces Tieqn = 1.78 £0.24, resulting in an apparent pH of 5.51 £ 0.29 (SD) (Fig. 3.4B).
External pH 6.5 results in an apparent pH of 6.19 + 0.51 (SD) (Tnean = 2.24 £+ 0.29,
Fig. [3.4C), whereas an apparent pH of 5.58 =+ 0.30 (SD) is observed at external pH 5.5
(Tmean = 1.84 +0.24, Fig. ) Because the difference between the measured 7 at pH
5.5 and the expected 7 was substantially small it can be concluded that the resting pH
of synaptic vesicles is around pH 5.5 — 5.6 considering the graph in figure [3.4E where the
variation of 7,,eqsureq 10 the calibration curve is plotted. These data are in full agreement
with the notion that surface membrane and synaptic vesicle Cerulean both contribute to
the measured fluorescence lifetime.

In such system with two populations with distinct 7 at a synaptic bouton, contributions
by Cerulean in the surface membrane can also be corrected by calculation of 7,,cqn
without the contribution of the lifetime value (7.,) obtained from the calibration curve
at the superfused pH. To achieve this, the fluorescence lifetime decay was fitted by a
tri-exponential fit with a fixed value for the known fluorescence lifetime of 7., from
the pH calibration (see equation 2.2, with n = 3). The 75y was then calculated from
the amplitude-weighted fluorescence lifetime 71 and 75 without contributions of 73 (see
equation 2.4). Figure provides 75y for three different external pH and WT. At
external pH 5.5, when no pH gradient between surface population and synaptic vesicle
population exists (7, equals Tgy) this method fails and results in underestimated values
for pHgy, because the fixed 7., which is excluded from the calculation by this method
resembles also 7gy,. With this method a mean resting pHgy of 5.5 was obtained, when
the corrected value for acidic solution pH 5.5 is excluded (Fig. B.4F).

In conclusion it could have shown that the synaptic vesicles at rest have a pH between
5.5 and 5.7 which is line with previously published data for glutamatergic synaptic
vesicles [17, 18], 23].
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Figure 3.4: The resting pH in synaptic vesicles (A) Distribution of 7eqn of 20722
boutons measured in 37 cover-slips from 11 mice (DIV 14 — P21) exposed to ES pH 7.4.
Tmean = 2.4010.27 (SD). (B) Distribution of 7;,eqn of 362 boutons measured in 1 cover-slip from
1 mouse superfused with acidic solution of pH 5.2. Tpean = 1.78 £0.24 (SD). (C) Distribution
of Tinean of 764 boutons measured in 1 cover-slip from 1 mouse superfused with acidic solution
of pH 6.5. Tyean = 2.24 £ 0.29 (SD). (D) Distribution of 7eqn of 372 boutons measured in 1
cover-slip from 1 mouse superfused with acidic solution of pH 5.5. Typean = 1.8440.24 (SD). The
error bars denote the 1.5 IQR, the boxes represent the 25 to 75" percentiles. The horizontal
line represents the median, whereas the square symbol denotes the respective mean values.
Gaussian distribution shown by black line in lower panels. (E) Tpeqn values from experiments
A-D in relation to the calibration curve (from Fig. [3.1]D). The solid lines indicate the deviation
from the calibration curve. The vertical line indicates the deviation from the expected Tean
when pHex would equal pHgy. The horizontal line indicates the deviation of 7,eqp as a result of
the mix between pHeyx and pHgy. The smaller the deviations the smaller the difference between
pHex and pHgy. (F) Mean pH values from experiments A-D corrected by consideration of
fluorescence lifetime of surface population in the fitting function. The dashed line indicates the
mean pHgy of 5.5 determined from the calculated pHgy from pH 7.4, pH 5.2, and pH 6.5. Mean
+ 95% Confidence Interval (CI). Dataset and N for (A-E) listed in table [3.4] and for (F) in
table B.51
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3.3 Biphasic Acidification of Synaptic Vesicles after
Endocytosis
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Figure 3.5: Synaptic vesicles over-acidify to pH 4.5 after endocytosis (A) The effect
of electrical whole field stimulation on pHgy over time after stimulation with trains of 600
APs at a frequency of 10 Hz in WT neurons. All data are mean + 95%CI. Dataset listed in
table (B) Time-course of synaptic vesicle acidification monitored by change in fluorescence
amplitude of Cerulean after stimulation with 600 AP at 10 Hz. Intensity of every bouton
(n = 58) is normalized to its maximum. The dashed boxes indicate the time window for
FLIM measurements. Blue line is the fitted decay in fluorescence intensity represented by a
bi-exponential time-course with a fast component of 10.02 + 0.86 seconds and and a slower rate
of 49.49 £ 2.29 seconds. All data are mean + 95%CI. Fitting parameter are listed in

Three classes of synaptic vesicles can be distinguished with distinct roles in synaptic
transmission: the readily releasable pool, the recycling pool, and the reserve pool (Fig.
[L.1B) [4]. These pools differ in number and in the stimulus required for their exocytosis
and subsequent recycling. The reserve pool encompasses the vast majority of vesicles and
only recycles upon strong stimulations. The large dynamic range of Cerulean permits
insights into pH regulation of this vesicle pool. Reserve pool exocytosis was evoked by
repetitive electrical stimulation with trains of 600 AP at 10 Hz [127] and the post-stimulus
endocytosis rate and acidification using Cerulean was measured. For this purpose directly
after the end of stimulation, and after 2, 10, 20, and 30 min FLIM data were recorded
(Fig[3.5| A). For Time Correlated Single Photon Counting (TCSPC) FLIM measurements
the number of photon counts collected for every pixel is limiting the minimal acquisition

time for one frame. To collect sufficient photons in decays representing single synaptic
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3.4. V-ATPase Independent Acidification of Synaptic Vesicles

boutons FLIM measurements last about 80 seconds and thus dynamic changes in time
periods shorter than 80 seconds are not resolved and averaged. During collection of FLIM
data 20 consecutive single frames at a frame rate of 0.25 Hz were recorded including the
fluorescence intensity information for every pixel (Fig|3.5| B). This allows the analysis
of pH-dependent fluorescence intensity changes upon stimulation with higher temporal
resolution. The fluorescence intensity does not only reflect the time course of vesicle
acidification, but also of endocytosis, however, permitted identification of time periods in
which fluorescence signal are stable enough for FLIM measurements (figure , dashed
box). In the first 80 seconds after the stimulation protocol ends pHgy drops to pH 4.98
+ 0.02 (mean £ 95 % CI) and further decreases after 2 minutes to pH 4.48 + 0.03 (120
— 200 seconds after stimulation)(Fig|3.5 A). Within 10 minutes after stimulation pHgy
recovered to pH 5.7 £ 0.02 (Fig A). Even 30 minutes after stimulation pHgy was
not back to baseline (pH 5.88 £ 0.02) compared to the initial pH 6.54 (see figure [3.4)A)
confirming that the high pH measured before stimulation is influenced by the surface
population of the sensor (Fig A). The change of fluorescence intensity which was
collected in parallel to FLIM recording shows an bi-exponential decrease with a fast rate
of 10.02 £ 0.86 seconds and and a slower rate of 49.49 + 2.29 seconds, reflecting the rate
of endocytosis and acidification (Fig B) which is substantially longer than estimated
previously with pHluorin (7 =~ 17s) [128], 129] 102, 130, [131].

It was shown that during compensatory endocytosis caused by long-term stimulation,
the surface population participates in the recycling of SV proteins [126], [125]. The thus
obtained steady-state pHgy is in perfect agreement with the values obtained in figure [3.4
and further supports the notion that SybIl-Cerulean permits accurate quantification of
steady-state synaptic vesicle pH.

Furthermore, this over-acidification after endocytosis and re-alkalization process of
pHgy has not been seen before. One the one hand, common pH-sensors compared
to Cerulean do not even permit pH sensing at this low pH and, on the other hand,

re-alkalization is an indicator for a H" eflux.

3.4 V-ATPase Independent Acidification of Synaptic

Vesicles

Previous studies demonstrated that the V-ATPase is crucial for acidification of synaptic
vesicles [I5], 132]. Since V-ATPase mediated proton pumping is electrogenic, it is

normally assumed that ion channels or transporters are required to mediate counter-ion
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fluxes/transport to prevent switch off of the pump caused by electrical repulsion of [H"]sy.
The anion-proton exchanger CIC-3 [57, [68] [62], as well as anion channels associated with
VGLUT [95] have been proposed to serve this purpose, but so far, no agreement has
been reached about the role of these proteins.

Therefore, pharmacological tools together with knock-out animals were used to test
the role of the V-ATPase, CIC-3, and VGLUT for acidification of reserve pool vesicles
after endocytosis. Figure depicts acidification time courses obtained by FLIM for
control as well as for neurons pretreated with 1 yM Bafilomycin a specific V-ATPase
inhibitor. Bafilomycin only slightly decreased peak acidification of synaptic vesicles
2 minutes after stimulation and even slightly decreased steady-state values. Different
concentrations from 1 uM to 5 uM were tested, and incubation times from 5 minutes to
4 hours prior imaging as well as compounds from three companies were tested. There
was never any significant reduction in synaptic vesicle acidification observed after this
stimulus protocol and by the use of Cerulean as a pH-sensor (Figure B) in contrast
to other studies [133], [134]. In neurons expressing SyblI-pHluorin2, Bafilomycin delayed
the pH-dependent decrease in fluorescence intensity after stimulation about 40 seconds
but did not prevent it (Figure C). Besides the V-ATPase thus further transporter
were tested which may lead to synaptic vesicle acidification by accumulation of luminal

H* utilizing the ionic concentration gradient build up after endocytosis.
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Figure 3.6: pHgy drops to pH 4.5 after electrical stimulation (A) Time-course of
pHgy in endocytosis after stimulation with trains of 600 APs at a frequency of 10 Hz in WT
neurons in control (squares) and Bafilomycin (circles) treated conditions. (B) Time-course of
pHgv after stimulation in WT neurons treated with different concentrations and incubation
times of Bafilomycin. (C) Time-course of synaptic vesicle acidification monitored by change in
fluorescence intensity of SyblI-pHluorin2 in WT neurons (squares, n = 3 cover-slips and 795
synaptic boutons) and treated with 1 M Bafilomycin (squares, n = 3 cover-slips and 1173
synaptic boutons). Intensity of every bouton is normalized to its maximum. All data are mean
+ 95%CI. Dataset for A and B listed in table

49



3. RESULTS

3.5 NHE Exchanger Do Not Contribute to Synaptic

Vesicle Acidification

A V4
7 _B00AP, 10H
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Figure 3.7: Acidification is unaffected from NHE activity (A) The effect of electrical
whole field stimulation on pHgy over time after stimulation with trains of 600 APs at a frequency
of 10 Hz in WT (squares) and EIPA treated neurons (circles). All data are mean £+ 95%CI.
Dataset listed in table 3.0

The N /H" exchanger NHEG has shown to be expressed in synaptic vesicle membrane
and could, in theory, utilize the large inward directed sodium gradient after endocytosis
to acidify synaptic vesicle lumen [19]. WT neurons exposed to the NHE-specific blocker
ethyl-isopropyl amiloride (EIPA) showed no difference in peak acidification acidification
after endocytosis compared to untreated neurons (Fig. ) Thus ruling out that
N /H" exchange is responsible for the V-ATPase independent acidification observed

before.

3.6 Clecn3/  and VGLUT1”/" Independent Synaptic

Vesicle Acidification

CIC-3 is a CI'/H™ antiporter with a 2:1 transport stoichiometry that might acidify
synaptic vesicles after endocytosis utilizing the outwardly directed chloride gradient. In
freshly endocytosed synaptic vesicles extracellular electrolytes are taken up leading to

an |Cl'|sy which is around one magnitude higher than that of the cytoplasm. However,
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Figure 3.8: Acidification is unaffected in KO mouse models of VGLUT1 and CIC-3.
(A) The effect of of pHgy after endocytosis over time after in Clend. . neurons stimulated with
trains of 600 APs at a frequency of 10 Hz. Squares indicate control conditions and circles
Bafilomycin treated neurons. (B) The effect of of pHgy after endocytosis over time in VGLUT17/~
neurons stimulated with trains of 600 APs at a frequency of 10 Hz. Squares indicate control
conditions and circles Bafilomycin treated neurons. All data are mean + 95%CI. Dataset listed

in table B.10l

in Clend”/" neurons no change in the pHgy after endocytosis was observed and also no
changes in the effect of Bafilomycin (Figure ) The vesicular glutamate transporter
VGLUTT1 also can function as an chloride channel [58] 59 [05] and thus might support
acidification by electrogenic proton co- or antiporter. In VGLUT1”/~ neurons no change
in pHgy was observed compared to WT. Bafilomycin, however, decreased the maximum
acidification and reduced the recovery to the resting pH (Figure ) In conclusion,
neither the V-ATPase, nor CIC-3 nor VGLUT1 are indispensable for synaptic vesicle
acidification after endocytosis, but VGLUT1 has a remarkable influence on synaptic

vesicle re-alkalization.

3.7 Anion Transport is Critical Determinant of

Synaptic Vesicle Acidification

To assess whether anion transporters/channels might play an important role in synaptic
vesicle acidification the experiments were repeated in external solutions with reduced [CI].
After endocytosis, synaptic vesicles initially contain a luminal solution that resembles

the external solution, and modification of the external medium is therefore an easy
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approach to change the driving force for transporters/channels involved in synaptic
vesicle acidification. The standard external solution contains 148.4 mM CIl. With WT
neurons perfused with external medium containing 75 mM, 18.9, 13 mM or no CI the
peak acidification and recovery considerably changed (Figure [3.9A). When 13 mM [Cl']x
was applied, acidification was completely abolished (pHgy = 6.54 + 0.04), whereas
without [Cl|ex a small change was observed (pHsy = 6.33 £ 0.04). The remaining
acidification in neurons exposed to no [Cl’|ex might be explained by an import of luminal
CI" by CIC-3 utilizing the remaining concentration gradient which is abolished when
neurons are exposed to 10 mM [Cl|ox. This would already support the V-ATPase driven
acidification by decreasing Ay.

To exclude that the reduced acidification in absence of chloride might be a side
effect of reduced endocytosis, neurons were loaded with FM1-43 at different external CI°
concentrations and the change in intensity after washout of the dye in ES was analyzed
(Fig. [3.9B). Here, no [Cl'|-dependent change in the endocytosis was observed. And, it
could further be shown that the reduced acidification is not biased by an increased surface
population of the biosensor. FM1-43 is a fluorescent styryle dye which only exhibits
as long as it is inserted into membranes and can be washed out. Thus the amount of
intensity after internalization at different [Cl'| reflects the relative amount of endocytosed
synaptic vesicles after stimulation. If endocytosis would have been inhibited by reduced
[CI], remaining FM1-43 would have been washed out and the fluorescence intensity
would be lower compared to WT.

To analyze if C1C-3 might be responsible for inducing acidification of synaptic vesicles
by utilization of the Cl-gradient [Cl e, was reduced in Clen3/" neurons. Whereas at
148.4 mM [Cl'|e acidification of Clens /~ resembled WT data (Figure , pHsy =
4.47 £+ 0.07), reduced peak acidification and steady state pHgy were observed at 20
mM luminal chloride (Figure B.9C, squares, pHgy = 6.14 + 0.04). This effect was
further enhanced when the V-ATPase activity was blocked by additional treatment with
1 uM Bafilomycin (Figure [3.9C, triangles, pHgy = 6.53 + 0.04). Analysis of knock-out
animals is often complicated by up-regulation of related isoforms that compensate for
the genetic ablation of individual proteins. Therefore, the gain-of-function mutation
E281Q of CIC-3 which lacks chloride conductance [70] was expressed in Clcn3”/~ mice.
Clen3P251Q neurons acidify in a similar [Cl']sy-dependent manner than Clen3”/” neurons
(Fig. 3.8D). However, recently it has been shown that C1C-3 permits sorting of C1C-4 into
endosomal compartments [69]. Thus, it cannot be excluded that in Clen3®?5? neurons
ClC-4 rescues the loss of CIC-3 function in synaptic vesicles. But the same study [69]
also shows that in absence of CIC-3, CIC-4 retains in the ER. Therefore, in Clen3”/"
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neurons another transporter might overcome the loss of C1C-3.

The CIC-3 and CIC-4 related exchanger CIC-5 is absent in adult mouse brain [62],
but not in juvenile animals. In Clen3/~ hippocampal cultures CIC-5 expression was
significantly up-regulated (determined by qPCR, R. Guzman, SUPPLEMENTS). There-
fore, the expression of CIC-5 in Clen3/~ was suppressed and the acidification of pHgy
determined. In WT-Clen5%P neurons peak acidification was slightly increased (pHgy
= 4.08 £ 0.16) and recovery decreased (pHsy = 5.00 & 0.25) (Figure [3.10A). In con-
trast, Clen3”/ -Clen5%P neurons show a significantly decreased acidification at 148.4 mM
luminal CI' (pHgy = 5.45 4+ 0.09) that resembles WT data at 18.9 mM external CI
(Figure[3.10B, pHgy = 5.33 £ 0.04). When V-ATPase activity was blocked by addition of
Bafilomycin (Figure 3.10B) acidification was abolished (pHgy = 6.67 & 0.05). Stimulation
in Clend”/"-Clen5%P neurons exposed to 18.9 mM luminal CI- acidified below pH 6 (pHgy
= 5.85 £ 0.05), but above the resting pHgy, with steady-state values similar to WT
synaptic vesicles exposed to the same [Cl]e, (Figure and Figure 3.10A).
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Figure 3.9: Chloride dependent acidification of synaptic vesicles (A) Time-course of
pHgy after stimulation with trains of 600 APs at a frequency of 10 Hz in WT neurons exposed
to different [Cl|ex before stimulation. (B) FM1-43 fluorescence intensity which remains after
washout in synaptic vesicles after electrical stimulation at different cytosolic [Cl'] does not differ
between [CI7]. (C) Acidification after endocytosis in Clend”” neurons exposed to 20 mM [Cl ey
(circles) and additionally treated with 1 uM Bafilomycin (triangles) compared to standard ES
(squares, dashed line). (D) Acidification after endocytosis in Clen8®?61Q neurons exposed to
150 mM (circles) and 13 mM (triangles) [Cl]ex. All data are mean + 95%CI. Dataset listed in

table B.111
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CIC-3 dependent acidification of synaptic vesicles (A) Effect of CIC-5

knock-down on acidification after endocytosis in WT neurons (circles) compared to WT' (squares,
dashed line). (B) Effect of CIC-5 knock-down on acidification after endocytosis in Clend””
neurons at different [Cl|ex. 148.4 mM [Cl|ex (circles), 20 mM [Cl|ex (squares), and 20 mM
[Cl']ex plus 1 uM Bafilomycin (triangles). All data are mean + 95%CI. Dataset listed in table
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3.8 VGLUTs Alkalize Synaptic Vesicle Lumen

Previous findings have raised the implication that glutamate import into synaptic vesicles
might be coupled to H" translocation [42] 59]. Furthermore, it is proposed that VGLUT
exhibits a pH-dependent CI" conductance which could modulate [Cl]sy [58 (59]. To
investigate the effect of VGLUT1 on pHgy, acidification in VGLUT1”/" neurons was
measured (Fig. 3.11]A). Compared to WT neurons no difference in peak acidification
and recovery of the pH was measured. For investigation of VGLUT1”/~ neurons cultures
not younger than DIV 21 have been used because in juvenile brain VGLUT?2 is highly
expressed with low expression of VGLUT1 [I35]. During maturation the expression of
VGLUT1 and VGLUT?2 switches and three weeks after birth VGLUT1 is the predominant
vesicular glutamate transporter in synaptic vesicles in the hippocampus [I135]. However,
the related transporter VGLUT?2 is still expressed in cultured neurons compensating
the knock-out of VGLUT1 in VGLUTI”/- neurons [86]. To overcome possible side-
effects in VGLUT17~ neurons by upregulation of VGLUT2 the VGLUT-specific blocker
Rose Bengal (RB) was applied to neurons [136, [59] [137]. In presence of the scavenger
histidine to protect neurons from single oxygen production during illumination [138] RB
left peak pHgy in WT, VGLUT1/~, and Clcn3/" neurons unaffected, but decelerated
recovery and reduced steady state pH (Fig. B.11]A, B, and C). Additional block of
V-ATPase activity with Bafilomycin in WT, VGLUT1/", and Clen3”/" neurons keeps
peak acidification unaffected (Fig. , B, and C), thus supporting the previous results
of CIC-3 mediated acidification in synaptic vesicles. Furthermore, reduction of [Cl|gy in
WT and VGLUT1/ neurons treated with RB together with Bafilomycin only reduced
recovery but peak acidification was similar to W7 and VGLUT1”/~ neurons exposed to
decreased [Cl'|gy (Figure [3.11D). These findings support the hypothesis that activity of
VGLUT1 is coupled to efflux of [H"|gy re-alkalizing pHgy, and that a reduction of ACI
does not affect the pHgy when VGLUTT is absent.
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Figure 3.11: VGLUTs alkalize synaptic vesicles after peak acidification (A) Time-

course of pHgy after stimulation with trains of 600 APs at a frequency of 10 Hz in VGLUT17/
neurons (squares) treated with RB (upward triangles) and RB + Bafilomycin (diamonds). (B)
Acidification after endocytosis in WT neurons (squares, dashed line) treated with the VGLUT-
specific blocker RB (upward triangles) and RB + Bafilomycin (diamonds). (C) Acidification
after endocytosis in Clen3”/” neurons (squares) treated with RB (upward triangles) and RB +
Bafilomycin (diamonds). (D) Acidification after endocytosis in VGLUT1/~ and WT neurons
exposed 18.9 mM CI" (squares and upward triangles for WT and VGLUT1 /s respectively) and
additionally treated with RB and Bafilomycin (circles and diamonds for WT and VGLU T1/,
respectively). All data are mean + 95%CI. Dataset listed in table
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3.9 Data

Table 3.1: Fitting data for pH calibration of SyblI-Cerulean in hippocampal neurons

pH No boutons  Tmean  £SD

3.86 46 0.72 0.13
4.18 197 0.854 0.27
4.42 624 0.95 0.17
4.92 1310 1.22 0.23
5.25 374 1.47 0.39
5.44 1408 1.84 0.24
5.74 1857 2.10 0.24
5.96 442 2.13 0.42
6.21 629 2.23 0.21
6.43 2084 2.41 0.45
6.71 2034 2.53 0.23
7.09 1038 2.61 0.21
7.48 1783 2.71 0.26
7.96 2863 2.77 0.23

Table 3.2: Fitting parameter for pH calibration of SyblI-Cerulean in hippocampal neurons

Model DoseResp
Equation y=Al+ mfﬁ(%
Al 0.50 + 0.15 ns

A2 2.77 &+ 0.67 ns

pKa 5.33 £ 0.1

P 0.68 + 0.1
Reduced x2 5.29

R-Square 0.99

Adj. R-Square 0.99

Table 3.3: Dataset for figure "pH distribution in synaptic vesicles"

w0

A

0 =
= @ 3 3 5 &
Mouseline & Time-point  Treatment =2 +H = aa) O =
wT 6.54 0.58 6.52 20722 37 11
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3.9. Data

Table 3.4: Dataset for figure ‘ -E "The resting pH in synaptic vesicles"

5 after endocytosis"

w0
k=
n —
. g 5 i
g a 3 = 2 8
. . . S wn [ o o o=
Mouseline & Time-point  Treatment [N +H = M O =
wT 2.40 0.27 247 20722 37 11
WT pH 6.5 224 0.29 2.28 764 1 1
WT pH 5.2 1.78 0.24 1.80 362 1 1
WT pH 5.5 1.84 0.24 1.86 372 1 1
Table 3.5: Dataset for figure I "The resting pH in synaptic vesicles"
92}
e
= 2 B
-
- @ g 2z £
Mouseline & Time-point  Treatment [>% + = m o =
WT 3exp 5.73 0.7 5.7 4844 10 5
WT pH 6.5 3exp 5.5 0.71 5.44 672 1 1
WT pH 5.2 3exp 5.38 0.69 5.33 226 1 1
WT pH 5.5 3exp 489 0.53 4.87 304 1 1
Table 3.6: Dataset for figure "Synaptic vesicles over-acidify to pH 4.
= &
O 7] =
= 8 3§ F £ &
Mouseline & Time-point  Treatment o H = m o =
WT 0 min 498 0.02 5.02 1992 15 8
WT 2 min 448 0.03 4.44 648 7 4
WT 10 min 5.70 0.02 5.68 1514 9 5
WT 20 min 5.80 0.02 5.83 1197 5 5
WT 30 min 5.88 0.02 5.88 901 6 5

Table 3.7: Dataset for figure "Synaptic vesicles over-acidify to pH 4.5 after endocytosis"
ExpDec2

Model

Equation

yO0

Al

t1

A2

t2

Reduced x?
R-Square

Adj. R-Square

y=yo+Are + Ase

07+0

0.15 £ 0.01

10.02 + 0.86 sec

0.21 + 0.01

49.49 £ 2.29
3.47E-6

1
1
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Table 3.8: Dataset for figure "V-ATPase independent acidification of synaptic vesicles"

= 2
O 12} =

- 2 T g2z =

Mouseline & Time-point Treatment a +H = m o =
WT 0 min 1 uM Baf 524 004 524 246 2 2
WT 2 min 1 uM Baf 4.67 0.05 466 236 2 2
WT 10 min 1 uM Baf 549 003 554 333 2 2
WT 20 min 1 pM Baf 572 004 57 304 2 2
WT 30 min 1 uM Baf 5.69 0.05 569 218 2 2
WT 0 min 1 uM Baf 3hrs  5.83 0.06 5.86 255 1 1
WT 2 min 1 uM Baf 3hrs  4.95 0.15 4.98 69 1 1
WT 10 min 1 M Baf 3hrs  5.18 0.11 535 56 1 1
WT 20 min 1 uM Baf 3hrs  5.29 0.1 5.43 68 1 1
WT 30 min 1 pM Baf 3hrs 5.2 0.09 5.35 68 1 1
WT 0 min 5 uM Baf 5.67 0.04 569 203 1 1
WT 2 min 5 pM Baf 4.73 0.06 476 149 1 1
WT 10 min 5 uM Baf 521 003 525 281 1 1
WT 20 min 5 uM Baf 539 0.03 539 262 1 1
WT 30 min 5 pM Baf 563 003 56 239 1 1
WT 0 min 5 uM Baf 4hrs  5.25 0.1 5.37 108 1 1
WT 2 min 5 pM Baf 4hrs 4.73 0.16 4.6 48 1 1
WT 10 min 5 uM Baf 4hrs 5.38 0.11 5.51 90 1 1
WT 20 min 5 pM Baf 4hrs 5.36  0.13  5.53 80 1 1
WT 30 min 5 uM Baf 4hrs 5.5 0.08 5,55 106 1 1

Table 3.9: Dataset for fig "Acidification is unaffected from NHE activity"

= 2
2] =
- 2 3 g2 5 S
Mouseline & Time-point Treatment [o% +H = [aa) o =
WT 0 min 10 uM EIPA 521 0.05 5.25 228 1 1
WT 2 min 10 uM EIPA 465 0.06 4.64 156 1 1
WT 10 min 10 uM EIPA 556 0.03 553 304 1 1
WT 20 min 10 uM EIPA  5.73 0.04 5.69 260 1 1
WT 30 min 10 uM EIPA 55 0.03 546 299 1 1
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Table 3.10: Dataset for figure "Acidification is unaffected in KO mouse models of VGLUT1

and C1C-3"

92}
® g =

= % £ : : &
Mouseline & Time-point  Treatment % H = m o =
Clen3/7 0 min ctrl 5.16 0.04 5.22 337 3 2
Clen™/~ 2 min ctrl 4.47 0.07 446 120 2 2
Clens/~ 10 min ctrl 5.51 0.03 5.51 603 4 3
Clen3™/~ 20 min ctrl 574 0.03 575 571 4 3
Clens™/~ 30 min ctrl 58 0.03 5.77 957 4 3
Clen8 /- 0 min 1 pM Baf 519 0.04 5.19 291 1 1
Clen8 /- 2 min 1 puM Baf 4.69 0.06 4.71 168 1 1
Clens™/~ 10 min 1 puM Baf 556 0.03 5.56 344 1 1
Clens/~ 20 min 1puM Baf 533 0.03 5.3 345 1 1
Clens/~ 30 min 1 puM Baf 556 0.03 5.57 286 1 1
VGLUT1/~ 0 min ctrl 5.02 0.02 5.02 858 5 1
VGLUTI1/~ 2 min ctrl 4.5 0.03 4.51 636 5 1
VGLUT1/~ 10 min ctrl 575 0.02 577 1488 5 1
VGLUTI1"/~ 20 min ctrl 5.87 0.02 588 1193 4 1
VGLUT1/~ 30 min ctrl 6.04 0.02 6.03 1180 4 1
VGLUT1/~ 0 min 1 puM Baf 5.33 0.07 5.29 90 1 1
VGLUTI/~ 2 min 1 puM Baf 479 0.09 4.79 92 1 1
VGLUT1/~ 10 min 1 puM Baf 5.14 0.05 5.14 137 1 1
VGLUTI1/~ 20 min 1 puM Baf 513 0.04 5.14 214 1 1
VGLUT1/~ 30 min 1 pM Baf 5.3 0.05 5.26 139 1 1

61



3.

RESULTS

62

Table 3.11: Dataset for figure "Chloride dependent acidification of synaptic vesicles"

— 2
O n =

= & £ 3 z &
Mouseline & Time-point Treatment [N +H = m o =
WT 0 min 75 mM CI° 588 0.03 592 552 1 1
WT 2 min 75 mM CI- 475 0.05 472 292 1 1
WT 10 min 75 mM CI- 6.19 0.06 634 477 1 1
WT 20 min 75 mM CI° 6.48 003 651 728 1 1
WT 30 min 75 mM CI- 66 003 661 555 1 1
WT 0 min 18.9 mM CI" 579 0.04 580 261 1 1
WT 2 min 18.9 mM CI- 533 004 535 159 1 1
WT 10 min 18.9 mM CI" 6.00 0.05 598 216 1 1
WT 20 min 18.9 mM CI- 6.11 004 612 265 1 1
WT 30 min 18.9 mM CI 6.39 006 638 229 1 1
WT 0 min 13 mM CI- 6.48 004 652 635 1 1
WT 2 min 13 mM CI- 6.54 004 654 480 1 1
WT 10 min 13 mM CI 6.59 0.05 662 439 1 1
WT 20 min 13 mM CI- 6.60 0.05 661 515 1 1
WT 30 min 13 mM CI 6.43 004 643 538 1 1
WT 0 min 148.4 mM Glu 6.33 004 632 53 2 2
WT 2 min 148.4 mM Glu~ 6.03 0.04 609 507 2 2
WT 10 min 148.4 mM Glu 6.24 0.03 624 616 2 2
WT 20 min 148.4 mM Glu~ 6.53 0.04 652 778 2 2
WT 30 min 148.4 mM Glu 6.47 0.04 645 591 2 2
Clend/~ 0 min 189 mM Cl" + 1 uM Baf 6.77 005 6.75 334 1 1
Clend/~ 2 min 189 mM Cl" + 1 uM Baf 6.53 0.04 649 308 1 1
Clend~/~ 10 min 189 mM CI" + 1 uM Baf 6.37 004 638 342 1 1
Clens™/~ 20 min 189 mM CI" + 1 uM Baf 6.33 0.03 6.33 425 1 1
Clens/~ 30 min 189 mM CI" + 1 uM Baf 6.44 004 644 373 1 1
Clend/~ 0 min 18.9 mM CI- 6.51 0.06 648 257 1 1
Clen8/~ 2 min 18.9 mM CI- 6.14 004 612 215 1 1
Clens/~ 10 min 18.9 mM CI 6.16 0.06 6.16 203 1 1
Clen$/~ 20 min 18.9 mM CI" 6.15 0.07 615 205 1 1
Clend/~ 30 min 18.9 mM CI- 6.42 0.06 641 242 1 1
Clen8F281Q () min ctrl 488 0.07 481 138 1 1
Clen8E281Q 2 min ctrl 436 0.08 423 97 1 1
Clen8F281Q 10 min ctrl 555 0.04 553 248 1 1
Clen3E281Q 20 min ctrl 569 004 569 296 1 1
Clen8®281Q 30 min ctrl 549 004 55 333 1 1
Clen8F281Q (0 min 13 mM CI- 6.47 005 65 361 1 1
Clen3F281Q 2 min 13 mM CI- 6.34 006 634 319 1 1
Clen8F281Q 10 min 13 mM CI 6.12 005 615 265 1 1
Clen3E281Q 20 min 13 mM CI- 64 007 643 308 1 1
Clen8E281Q 30 min 13 mM CI 6.64 006 661 237 1 1



3.9. Data

Table 3.12: Dataset for figure "CIC-3 dependent acidification of synaptic vesicles"

— g
O 0 =

- 2 T ER-S
Mouseline & Time-point Treatment o) +H = M o =
WT-Clen55P 0 min 148.4 mM CI- 497 019 5.02 10 2 1
WT-Clen55P 2 min 148.4 mM CI- 4.08 0.16 4.11 4 1 1
WT-Clen55P 10 min 148.4 mM CI- 500 025 517 19 2 1
WT-Clen55P 20 min 148.4 mM CI 508 029 522 13 2 1
WT-Clen55P 30 min 148.4 mM CI- 558 0.15 558 30 2 1
Clensd/~-Clen55P 0 min 148.4 mM CI- 6.17 0.07 6.11 256 2 1
Clen8/~-Clen55P 2 min 148.4 mM CI- 545 0.09 539 262 1 1
Clend/~-Clen55P 10 min 148.4 mM CI- 583 004 58 411 2 1
Clend/~-Clen5KP 20 min 148.4 mM CI- 589 0.03 591 546 2 1
Clens/~-Clen55P 30 min 148.4 mM CI 597 003 593 522 2 1
Clen3/~-Clen5¥P 0 min -~ 1484 mM CI" + 1 uM Baf 6.5 0.04 6.53 517 1 1
Clen3/~-Clens® P 2 min+~ 1484 mM CI" + 1 uM Baf  6.67 0.05 6.67 510 1 1
Clen8/ -Clen5%P 10 min -~ 1484 mM CI' + 1 uM Baf 6.4 0.03 6.38 570 1 1
Clen8/~-Clen5®P 20 min 1484 mM CI" + 1 uM Baf  6.47 0.03 644 703 1 1
Clen3/~-Clens®P 30 min 1484 mM CI" + 1 uM Baf 627 0.03 6.26 588 1 1
Clen8d/~-Clen55P 0 min 18.9 mM CI- 588 0.08 592 205 1 1
Clen8/~-Clen55P 2 min 18.9 mM CI- 585 005 586 293 1 1
Clend/~-Clen55P 10 min 18.9 mM CI- 579 004 579 428 1 1
Clen8/~-Clen55P 20 min 18.9 mM CI- 5.82 0.04 578 346 1 1
Clend/~-Clen55P 30 min 18.9 mM CI- 59 005 5.87 408 1 1
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Table 3.13: Dataset for fig "VGLUTs alkalize synaptic vesicles after peak acidification”

= 2
O 0 =

= & £ 3 z &
Mouseline & Time-point Treatment a, +H = m o =
WT 0 min 100 nM RB 497 0.05 499 180 1 1
WT 2 min 100 nM RB 4.66 0.06 463 166 1 1
WT 10 min 100 nM RB 4.89 0.04 490 160 1 1
WT 20 min 100 nM RB 4.80 0.03 481 207 1 1
WT 30 min 100 nM RB 493 0.03 492 219 1 1
WT 0 min 100 nM RB + 1 uM Baf 4.78 0.04 479 247 1 1
WT 2 min 100 nM RB + 1 uM Baf 4.32  0.10 4.27 43 1 1
WT 10 min 100 nM RB + 1 uM Baf 4.36 0.07 430 81 1 1
WT 20 min 100 nM RB + 1 uM Baf 4.87 0.06 493 122 1 1
WT 30 min 100 nM RB + 1 uM Baf 5.02 0.09 5.09 79 1 1
WT 0 min 18.9 mM CI" + 100 nM RB + 1 uM Baf 5.67 0.06 5.67 168 1 1
WT 2 min 18.9 mM CI" + 100 nM RB + 1 uM Baf 5.57 0.06 5.58 100 1 1
WT 10 min 18.9 mM CI" + 100 nM RB + 1 pM Baf 5.55 0.07 5.54 94 1 1
WT 20 min 18.9 mM CI" + 100 nM RB + 1 uM Baf 5.40 0.07 546 88 1 1
WT 30 min 189 mM CI" + 100 nM RB + 1 uM Baf 5.64 0.08 5.58 76 1 1
VGLUT1/~ 0 min 100 nM RB 5.02 0.03 5.08 407 1 1
VGLUT1/~ 2 min 100 nM RB 447 0.04 445 281 1 1
VGLUT1/~ 10 min 100 nM RB 4.69 0.03 473 582 1 1
VGLUT1/~ 20 min 100 nM RB 5.04 0.02 5.08 605 1 1
VGLUT1/~ 30 min 100 nM RB 524 0.03 527 320 1 1
VGLUT1/~ 0 min 100 nM RB + 1 M Baf 512 0.01 5.14 63 1 1
VGLUT1/~ 2 min 100 nM RB + 1 uM Baf 4.46 0.08 442 113 1 1
VGLUT1/- 10 min 100 nM RB + 1 uM Baf 464 0.04 465 203 1 1
VGLUTI1/~ 20 min 100 nM RB + 1 uM Baf 496 0.04 499 184 1 1
VGLUT1/~ 30 min 1100 nM RB + 1 uM Baf 5.05 0.02 5.06 425 1 1
VGLUT1/~ 0 min 189 mM CI" + 100 nM RB + 1 puM Baf 5.78 0.04 5.77 264 1 1
VGLUT1/~ 2 min 189 mM CI" + 100 nM RB + 1 uM Baf 5.36 0.05 540 144 1 1
VGLUT1/~ 10 min 189 mM CI" + 100 nM RB + 1 puM Baf 5.38 0.05 543 226 1 1
VGLUT1/~ 20 min 18.9 mM CI" + 100 nM RB + 1 uM Baf 5.46 0.07 544 152 1 1
VGLUT1/~ 30 min 189 mM CI" + 100 nM RB + 1 pM Baf 5.70 0.05 5.68 162 1 1
Clen3/~ 0 min 100 nM RB 5.77 0.03 578 491 1 1
Clen3™/~ 2 min 100 nM RB 487 0.04 49 291 1 1
Clend™/~ 10 min 100 nM RB 496 0.03 498 321 1 1
Clen8™/~ 20 min 100 nM RB 522 002 523 444 1 1
Clen3™/~ 30 min 100 nM RB 5.39 0.02 538 517 1 1
Clen8/~ 0 min 100 nM RB + 1 uM Baf 5.13 0.03 5.18 299 1 1
Clen3/~ 2 min 100 nM RB + 1 M Baf 4.52 0.06 452 152 1 1
Clen3™/~ 10 min 100 nM RB + 1 uM Baf 4.88 0.03 495 333 1 1
Clens™/~ 20 min 100 nM RB + 1 uM Baf 514 0.03 518 294 1 1
Clen3™/~ 30 min 100 nM RB + 1 uM Baf 530 0.04 532 180 1 1
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Table 3.14: Statistical Analysis 2min

Mouseline Treatment W p-value Normality  Significance
WT 1484 mM CI 0.97 8.48E-10 failed

wT + Baf 0.99 0.07 passed p<0.001
WT + EIPA 0.98  9.53E-04 failed p<0.001
WT 75 mM CI 0.94 7.54E-08 failed p<0.001
WT 18.9 mM CI- 0.96 2.52E-04 failed p<0.001
wT 13 mM CI 0.99 0 failed p<0.001
wT 0 mM CI 0.96 4.13E-10 failed p<0.001
wT 100 nM RB 0.99 0.14 passed p<0.001
WT 100 nM RB + 1 uM Baf 0.93 0.01 failed p<0.001
wT 20 mM CI" 100 nM RB + 1 M Baf 0.92 1.78E-05 failed p<0.001
WT - Clen5KD 148.4 mM Cl 0.9 0.45 passed p<0.001
Clen3/~ 148.4 mM CI- 0.97 0.01 failed -
Clens/~ 1 pM Baf 0.99 0.23 passed p<0.001
Clens /- 18.9 mM CI- 0.96 4.85E-06 failed p<0.001
Clen3/~ 18.9 mM CI- +1 puM Baf 0.91 8.44E-13 failed p<0.001
Clen3/~ 100 nM RB 0.99 0.15 passed p<0.001
Clen3 ™/~ 100 nM RB + 1 uM Baf 0.98 0.01 failed -
Clen8/~-Clen55P 148.4 mM CI- 0.97 9.80E-06 failed p<0.001
Clen8/~-ClensXP 148.4 mM CI° + 1 uM Baf 0.92 1.94E-15 failed p<0.001
Clen3/~-ClensX P 18.9 mM CIt 0.94 9.97E-10 failed p<0.001
ClensE281Q 148.4 mM CI 0.91 4.87E-06 failed p<0.001
Clen35281Q 18.9 mM CI- 0.97 5.38E-06 failed p<0.001
VGLUT1/~ 148.4 mM CI 0.97  4.73E-09 failed -
VGLUTI1/~ 1 uM Baf 0.96 0.01 failed p<0.001
VGLUT1/~ 100 nM RB 0.99 0.01 failed -
VGLUTI1/~ 100 nM RB + 1 pM Baf 0.96 0 failed -
VGLUT1/~ 18.9 mM CI" + 100 nM RB + 1 uM Baf 0.93  1.28E-06 failed p<0.001

Table 3.15: Statistical Analysis 10 min

Mouseline Treatment W% p-value Normality  Significance
WT 148.4 mM CI 0.98 5.45E-14 failed

WT + Baf 0.91 2.26E-13 failed p<0.001
WT + EIPA 0.99 3.86E-05 failed p<0.001
wT 75 mM CI 0.95 1.24E-05 failed p<0.001
wT 18.9 mM CI- 0.97 2.48E-04 failed p<0.001
wT 13 mM CI 0.94 1.05E-11 failed p<0.001
wWT 0 mM CI 0.97 8.69E-09 failed p<0.001
WwT 100 nM RB 0.97 0 failed p<0.001
WT 100 nM RB + 1 uM Baf 0.94 4.79E-04 failed p<0.001
wT 20 mM CI" 100 nM RB + 1 uM Baf 0.92 2.05E-05 failed p<0.001
WT - Clen5KP 148.4 mM Cl 0.86 0.01 failed p<0.001
Clens /- 148.4 mM CI 0.96 2.38E-11 failed p<0.001
Clen3/~ 1 uM Baf 0.98 6.12E-05 failed p<0.001
Clen3/~ 18.9 mM CI’ 0.99 0.07 passed p<0.001
Clen3 ™/~ 18.9 mM CI +1 puM Baf 0.89 1.08E-14 failed p<0.001
Clen3/~ 100 nM RB 0.97 1.74E-06 failed p<0.001
Clen3/~ 100 nM RB + 1 uM Baf 0.97 2.61E-06 failed p<0.001
Clen8/~-Clen55 P 148.4 mM CI- 0.98 9.21E-05 failed p<0.001
Clen8/~-ClensX P 148.4 mM CI° + 1 uM Baf 0.98 2.76E-07 failed p<0.001
Clen8/~-Clen55P 18.9 mM CI- 0.93 1.20E-13 failed p<0.001
Clen3%281Q 148.4 mM CI 0.99 0.03 failed p<0.001
Clen35281Q 18.9 mM CI- 0.97 4.98E-06 failed p<0.001
VGLUTI1/~ 148.4 mM CI 0.98 5.03E-13 failed p<0.001
VGLUTI1/~ 1 pM Baf 0.98 0.05 failed p<0.001
VGLUT1/~ 100 nM RB 0.98 9.26E-08 failed p<0.001
VGLUT1/~ 100 nM RB + 1 uM Baf 0.99 0.14 passed p<0.001
VGLUTI1/~ 18.9 mM CI" + 100 nM RB + 1 uM Baf 0.97 2.98E-05 failed p<0.001

65



3. RESULTS

Table 3.16: Dataset for FM1-43 measurements in figure
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148.4 mM CI” 242 71 231 287 2 1
75 mM CI- 302 8 290 309 3 1 p<0.001
18.9 mM CI” 2656 75 243 318 2 1 p<0.001
13 mM CI 312 63 315 228 2 1 p<0.001
0 mM CI 260 53 255 361 3 1 p<0.001
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Chapter 4

Discussion

4.1 Resting pH in Synaptic Vesicles

The resting pH of synaptic vesicle was determined in several studies. Using the pH-
dependent change in the fluorescence amplitude of pHluorin a pHgy of 5.67 4 0.71 was
determined in synaptic vesicles in cultured hippocampal neurons [I7]. In accordance
with this, experiments using mOrange2 reported a pHgy of 5.80 + 0.04 for glutamatergic
and a remarkably higher pHgy of 6.44 + 0.03 for GABAergic synaptic vesicles [23]. In
purified synaptic vesicles, however, a luminal pH between 6.4 — 7.0 and 6.6 — 7.2 for
glutamatergic and GABAergic synaptic vesicles, respectively, was measured by the use of
pHluorin [19]. This discrepancy from purified synaptic vesicles compared to living cells
may be explained by differences in luminal ionic and anionic composition which affect
acidification.

What all common sensors are missing is an adequate sensitivity at low pH. The
determined resting pHgy are at the lower range of the sensitivity of pHluorin and
mOrange2. Compared to pHluorin and mOrange2, Cerulean more accurately covers the
pH range in the lumen of synaptic vesicles. pHluorin for example has a high pK, of 7.1,
and is lacking sensitivity below pH 6 considering that a difference between pH 5.7 (the
resting pH) and 6.0 corresponds to the difference of [H"| equivalent to that between pH
7.4 and 6.0 [18]. The use of mOrange2 as a pH probe enhances the sensitivity below pH

6.0, however, considerable sensitivity below pH 5.6 is still not achieved [I8]. Furthermore,
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pHluorins, but not Cerulean, sense the surrounding pH by protonation directly at the
chromophore [I7], thus lowering the total [H"] of their environment they are measuring
in.

Using fluorescence intensity to determine absolute and relative changes in the pH
with pHluorin and mOrange2 faces a major problem which can influence the luminal
pH during measurement and might leading to a false-interpretation of pHgy. The
typical fluorescent proteins used for determination of luminal pH have their optimal
pH-sensitivity in the physiological range (pH 5.5 — 8) with a pK, around 7 and are
nearly non-fluorescent at pH 5.5. For quantification it is therefore necessary to artificially
neutralize all intracellular membrane compartments in order to visualize all fluorescence
proteins expressed. Typically the addition of 50 mM NH4CI is used to achieve this. The
weak base NH; " dissociates into H™ and the cell permeable NHj3 in neutral pH. Once
diffused into acidic organelles, intracellular H" is sequestered turning NHjz into NHy,
thus causing de-acidification [139]. This conversion is reversible, therefore, it is generally
accepted that also cellular impacts, if any, are reversible and transient. Thus, it is practice
to apply high concentrations of NH,Cl prior recording of fluorescence images to select
suitable spots in the sample for imaging [140]. Especially in studies of synaptic vesicle
dynamics this is a common procedure when using fluorescence-intensity based fluorescent
proteins |17, [T4T], [142], [143] 144, 145], 146, 147, 148, [149] 150, 103}, 151]. By using synaptic
vesicle-specific proteins like synaptophysin or Sybll, the fluorescent protein tag is almost
completely quenched and thus non-fluorescent at pH 5.5 [129] 99, 100, 152]. In a recent
study the effect of NH4Cl on neurons was tested with the result that 50 mM NH4Cl
depolarizes the membrane, leads to [Ca®"|cy0s0 increase and synaptic vesicle release,
the latter two effects persisted even after thorough washout [I53]. These problems even
persist at low 5 — 10 mM application of NH,Cl. In experiments with Cerulean and
FLIM, treatment of neurons with NH4ClI is not necessary to quantify the pH-dependent
fluorescence properties because the fluorescence lifetime of Cerulean is concentration
independent and Cerulean still exhibits sufficient fluorescence at the lowest pH measured
in synaptic vesicles.

In this study Cerulean has been used to determine absolute pH values with FLIM
in synaptic vesicles in cultured hippocampal neurons. A dynamic range of Cerulean’s
fluorescence lifetime from pH 3.9 to 8.0 was determined with a pK, of 5.3. However, it
has to be considered that the sensor has limited sensitivity between pH 6.5 and pH 8§,
due to the small change in 7,,cq, in this pH-range. Thus, a significant difference at pH
values above 6.5 cannot be made by the use of Cerulean.

In the hippocampus the majority of neurons are glutamatergic. Co-localization
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analysis of SyblIl-Cerulean with immunohistochemically stained VGLUT1 and VGAT
shows that Cerulean predominantly expresses at VGLUT1-positive synaptic boutons (Fig.
and C), and thus the dynamics described here should be interpreted preferentially
for glutamate accumulation. However, the small Pearson’s coefficient for co-localization
with VGLUT might be due to the different staining techniques. In this experiment
SyblI-Cerulean was expressed by lentiviral expression which leads to overexpression
and a substantial localization at other membranes than the synaptic vesicles. Whereas
VGLUT1 was stained by antibody labelling of PFA-fixed neurons and VGAT in living
cells by a fluorescent-labelled fist antibody. VGLUT1 and VGAT have a more distinct
localization in the synaptic vesicle membrane.

Besides Sybll, synaptophysin [129] and VGLUT1 [78] are possible fusion proteins to
target Cerulean to synaptic vesicle membrane. As an advantage, both proteins show a
more exclusive localization pattern to the synaptic vesicle membrane with less background.
However, because the calculation of 7,,.4, needs a minimal number of photons the use of
synaptophysin as well as VGLUT1 is a drawback. Sybll is the most abundant protein
in the synaptic vesicle membrane with a copy number of about 70 proteins per vesicle
whereas synaptophysin (30 proteins/vesicle) and VGLUT1 (9 proteins/vesicle) are less
present [154]. Because the number of these proteins in the synaptic vesicle would directly
determine the number of fluorescent proteins and thus the fluorescence intensity. Use
of synaptophysin and VGLUT1 would further elongate the recording time per image
and reduce the possibility to record dynamic events. This furthermore would increase
illumination-induced phototoxicity.

With the use of Sybll-Cerulean a pHgy of 6.54 is determined at rest. This value
is, however, in alignment with the pH measured with SynaptopHluorin at the onset of
application of acidic solution (pH 6.67, [18]) but still widely above the proposed resting
pH of 5.7. To determine the resting pH of synaptic vesicles several approaches have been
used. Due to the transient over-expression of SyblI-Cerulean by lentiviral transduction,
up to 30% of the sensor accumulates at the plasma membrane [126] 125]. When exposed
to extracellular solution with a pH of 7.4, the determined pH value of a synaptic bouton
is thus shifted to a more alkaline level compared to the average pHgy of all synaptic
vesicles in the synaptic bouton. In experiments where pHluorin is used as a pH probe
this surface population can be quenched by application of acidic solution with a pH
of 5.0 because pHluorin does not exhibit any fluorescence emission at pH below 5.5
and thus only fluorescence from the synaptic vesicles remains [99]. This method is not
directly applicable for Cerulean because it still exhibits considerable fluorescence at

values below pH 4. Although, short perfusion with acidic solutions, e.g. pH 5.8, does
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not change the intracellular pH (Fig. , it is questionable how stable neurons are
when perfused with acidic solutions at a pH of 3.0 for a few minutes. Another way to
reduce the surface population is to cleave the sensor from the membrane tag by inserting
a TEV-protease cleaving site between the fluorescence protein and the membrane protein.
Upon incubation with TEV protease the excess of sensor at the surface membrane will
be cleaved and washed out afterwards [121], I55]. However, this method failed with a
modified version of SyblI-Cerulean, where a TEV-protease cleavage site has been inserted
into the linker-region between SybII and Cerulean, for unknown reasons (data not shown).
Therefore, the resting pH of synaptic vesicles has been determined by using the following

approaches:

(1) In a first experiment the pH of the surface population has been adjusted with
acidic solutions of different pH until the measured 7,,¢q, as a combination of the Ty, face
representing pHgurface and 7gy representing pHgy, is equal to the expected 7 known from
the calibration data at the specific pH. With this method a resting pH of around 5.5 has
been determined (Fig. E). (2) Second, a mathematical approach has been employed
were the assumed 7Ty, fqce 1s excluded from the calculation of the amplitude weighted
average fluorescence lifetime. Thus, a resting pH of 5.5 is obtained (Fig[3.4 F). (3) In a
third step the resting pH has been determined after long-term stimulation. It was earlier
reported that during compensatory endocytosis the surface population participated in
the recycling of synaptic vesicle proteins [126], 125]. Ten minutes after electrical field
stimulation the pH in synaptic vesicles was reduced from the initial high pH 6.5 (Fig.
A) to 5.7 where it increased slowly the next 20 minutes but did not reach initial pH
(Fig. . Furthermore, a possible mislocalization of the sensor to non-synaptic vesicle
organelles, such as the endosome which have a luminal pH of 6 — 6.5 [I56], can be ruled
out by these results. However, in case of metabolic stress, where endocytosis is reduced
or inhibited this method would not work properly because the surface fraction of sensor
would not be reduced. Thus, to determine the resting pHgy after stimulation, it has to

be clear that endocytosis is not affected by the experiment.

The three different approaches resulted in a similar value for pHgy at rest in a range
from pH 5.5 to 5.7 which is also in alignment with published values [17, 23]. Thus, it
can be concluded that the method of FLIM and Cerulean to determine pH in synaptic
vesicles is a useful and convincing method yielding results in accordance with published

results.
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4.2 Time-Course of Synaptic Vesicle Acidification
After Endocytosis

Under high frequency-stimulation three pools of synaptic vesicles in a synapse have been
identified (see reviews [4, [5]): (1) the ready releasable pool (RRP) (2), the recycling pool,
and the reserve pool. Vesicles from the RRP and recycling pool can be easily mobilized
upon stimulation, whereas the large reserve pool is only slowly utilized upon ongoing
stimulation when the RRP is depleted. In a synapse of a typical hippocampal neuron
the RRP includes about 5% of the total amount of synaptic vesicles, whereas recycling
pool and resting pool include 10% and 85%, respectively [4]. To analyze the acidification
of synaptic vesicles after endocytosis with Cerulean as a pH probe the following problem
occurs. Because of relatively high fluorescence signal even at low pH, all synaptic vesicles,
regardless to which pool they belong, are fluorescent. This means that, upon electrical
stimulation, when the RRP is released and subsequently retrieved by compensatory
endocytosis, the signal-to-noise-ratio (SNR) between the active synaptic vesicles from
the RRP and the inactive vesicles from the reserve pool is too low to be detected by
changes in the fluorescence lifetime of Cerulean. Unlike to pHluorin experiments, the
majority of synaptic vesicles, thus, have to be forced to undergo synchronous exocytosis
followed by endocytosis to map the course of synaptic vesicle acidification. To achieve
this, an electrical stimulation protocol of 600 action potentials at a rate of 10 Hz has
been applied [127] and the change of fluorescence intensity and lifetime has been recorded
simultaneously. This allows to monitor the endocytosis rate and to give absolute pH

values at distinct time points after endocytosis.

The kinetics of compensatory endocytosis of synaptic vesicles was reported to be
between 15 and 20 seconds [157, 158 100} 129, 128, 130, 102, 131]. After stimulation,
the fluorescence intensity of Cerulean drops down in a bi-exponential manner with a fast
rate of 10 seconds and a slower rate of 49 seconds which is substantially longer compared
to pHluorin measurements but can be explained by the increased sensitivity at acidic pH
(Fig. B.-5B). In addition, the measurement revealed that synaptic vesicles acidify to a
much greater extent than the resting pH. By comparison of the absolute pH values from
the first 80 s after stimulation and from 120 — 200 s, when intensity change was stable,
pHgy decreased to pH 4.5 in WT neurons, while it was already in the first 80 seconds
with pH 5 considerably below the resting pH of 5.7 (Fig. [3.5A). This acidic pH could
have been measured for the first time by the high dynamic range of Cerulean because

commonly used pH-probes are completely dark at this acidic pH.

71



4. DISCUSSION

Assuming that pHeytosol is around pH 7.2 then a maximum acidification upon pH 4.5
would result in a ApH of 2.7 units. However, upon prolonged low-frequency stimulation,
the cytosolic pH decreases to pH 6.6 during the first 50 seconds after stimulation and
stabilizes at pH 6.8 after 150 seconds (unpublished data by M. Kahms, University of
Miinster, Germany). This results in a ApH of 2.3 units and not 2.7. Nevertheless, this
is still substantially higher, compared to the ApH of 1.8 measured before |17, [I8] and
might have a substantial influence on At. However, since the sensor used in this study
(YFP) is also strongly Cl'-dependent in its sensitivity [159], it cannot be excluded that
also [Cl|cytosor is changing.

To sum up, it could be demonstrated that synaptic vesicles after endocytosis over-
acidify to a level which could not have been measured with common pH-sensors like
pHluorin and mOrange2, respectively. Acidification after endocytosis further underlies
a biphasic process with a re-alkalization after peak acidification. This supports the
notion that to establish the resting pHgy a H'-efflux from the synaptic vesicle takes
place. To further analyze the proton fluxes in synaptic vesicles after endocytosis the
different transporters and channels identified in synaptic vesicles were pharmacologically

or genetically blocked.

4.3 Synaptic Vesicles Can Acidify Without
V-ATPase Activity

Early experiments investigating glutamate uptake into purified synaptic vesicles have
shown that ATP is required to drive the V-ATPase generating an electrochemical gradient
[160, 132]. This gradient builds up the driving force for the uptake of neurotransmitters
[1611, 511 22] 52]. This uptake was inhibited by molecules that dissipate the electrochemical
proton gradient like FCCP, CCCP, and the V-ATPase specific inhibitor Bafilomycin.
Also in cultured hippocampal neurons with the fluorescence reporter protein pHluorin
acidification was impaired when V-ATPase was blocked [23, [162]. In the prevalent model
of synaptic vesicle acidification the V-ATPase starts to acidify as soon as endocytosis is
complete.

Synaptic vesicles are formed and recycled locally at presynaptic terminal [163, 164] but
the precise mechanisms of synaptic vesicle recycling remain still unclear [165, [166], 167].
The well-defined protein composition and homogeneous size of synaptic vesicles requires
a high grade of control over this process. To date, five mechanisms for synaptic vesicle

endocytosis have been discussed. Clathrin-mediated endocytosis, which is a type of
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endocytosis that capitalizes the formation of a clathrin coat including a number of adaptor
and accessory proteins, and the GTPase dynamin [164], 168, [169], as well as clathrin-
independent, fast endocytosis [I70} 171, 172, kiss-and-run [173, 174], bulk endocytosis
[175, 176], [177] and ultra-fast endocytosis [I78] [179] are known and still being investigated.

The formation of the different endocytosis pathways strongly depends on the tem-
perature and stimulation paradigm applied (summarized in [I80]). After low-frequency
stimulation (< 20 Hz) at room temperature inherent formation of clathrin-coated vesicles
(CCVs) from the plasma membrane has been detected [129] whereas higher frequency
protocols lead to budding of CCVs from endosomal like structures, or favor the other
pathways of endocytosis (see review [166]).

The use of pHluorin and mOrange2, respectively, as pH-reporter allows to stimulate
only a small number of synaptic vesicles to investigate endocytosis followed endocytosis
because of their high signal-to-background ratio. Because the majority of synaptic
vesicles exhibit only weak fluorescence at rest recycling of a single synaptic vesicle can be
detected. This allows to stimulate with short pulses at high frequencies which typically
activates synaptic vesicles from the RRP and include only a minority of the whole
subset of synaptic vesicles in a bouton. The use of Cerulean, however, cannot resolve
single events, because of the remarkable high fluorescence from synaptic vesicles at rest.
Thus it is necessary to synchronously stimulate and recycle all synaptic vesicles in a
synaptic bouton by the application of prolonged low-frequency stimulation. Therefore,
it can be assumed that by the use of Cerulean and FLIM, as described in this thesis,
synaptic vesicles are preferentially endocytosed as CCVs. The pathway of clathrin-coated
endocytosis is further characterized by a slow time constant of 10 — 20 seconds [170, [18]1].
The pH-dependency of pHluorin and mOrange?2 is typically monitored by their change in
fluorescence intensity which allows recording with high temporal resolution. In contrast,
FLIM measurements are relatively slow, since emitted fluorescence is accumulated over
80 seconds, thus dynamic changes at lower time-scales cannot be resolved.

In contrast to previous findings where acidification was prevented [23], [162], phar-
macological blocking of V-ATPase with Bafilomycin did not disrupt the acidification of
synaptic vesicles, regardless of incubation time and concentration applied (Fig. [3.6). Only
in absence of ACI or of the CI'/H" exchanger CIC-3 a substantial Bafilomycin-induced
effect could be seen (Fig. and [3.10).

The contradictory results between Cerulean and pHluorin measurements are not easy
to explain. Differences in the stimulation protocol which would lead to different endocy-
tosis pathways, however, do not explain this difference. With pHluorin as fluorescent

reporter protein, in neurons exposed to low frequency stimulation the application of
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Bafilomycin also inhibited the formation of a ApH [100] 23], 182]. The block of acidifica-
tion was also monitored for several minutes [I82]. Thus the difference in the temporal
resolution between fluorescence intensity and FLIM is also no explanation for this phe-
nomenon observed. A possible explanation might be the high signal-to-background ratio
of pHluorin. Assuming that after endocytosis only a small number of synaptic vesicles
treated with Bafilomycin fail to acidify the synaptic bouton, this would still exhibit a
substantial amplitude in fluorescence intensity. Furthermore, in case of bulk endocytosis,
these large structures might as well be less acidic than synaptic vesicles at rest, because
endosomes typically acidify between pH 6.0 and 6.5 [156].

Recently it was shown that in CCVs V-ATPase activity is inhibited, because the
torsion of the head unit is blocked by the clathrin-coat [I83]. This is in prevalence
with previous observations that pHluorin quenching showed delayed kinetics during
post-stimulus recovery at living synapses where uncoating was delayed due to genetic
modification [130, 184] [185]. The same behavior was observed in this thesis when neurons
were exposed to Bafilomycin and the change of pHluorin2 was measured after stimulation.
Here, the kinetics of pHluorin2 quenching were delayed as well (see figure ). The
stimulation protocol in this case was the same for experiments using pHluorin2 and
Cerulean.

An alternative pathway of acidification, as it was observed here, could be provided by
activating exchanger proteins which utilize preexisting ionic gradients like Cl or Na™
to accumulate H. Compared to the cytosol [Cl'|sy and [Nat|sy in freshly endocytosed
synaptic vesicles are around one magnitude higher. Utilization of the ANa™ was excluded
because pharmacological blocking of the Na* /H"-exchanger NHE did not prevent synaptic
vesicle acidification (Figure [3.7)).

4.4 CLC CI'/H" Exchange Regulates Luminal pH

The luminal [Cl] in freshly endocytosed synaptic vesicles is around one magnitude higher
than that of the cytoplasm. This Cl-gradient can in principle be used as a driving force
for luminal acidification by transport activity of the ClI'/H"-antiporter CIC-3 as it has
been shown for CIC-5 recently [76]. Electrophysiological recordings of CIC-3 show a
voltage-dependent transport of protons against their diffusion gradient and an activation
of C1C-3 by high luminal [CI] [70]. This demonstrates that CIC-3 can exchange cytosolic
H* against luminal CI in freshly endocytosed synaptic vesicles. A gradual decrease

of |Cl']sv by application of external solution at different relations of Cl" and gluconate
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indeed reduced synaptic vesicle acidification and could even prevent it in W7T neurons
(Fig. and B). An influence of ClI" on Cerulean’s 7,,eq, could be excluded, because
there was no difference in the 7,,c., of purified Cerulean in presence and absence of
140 mM CI' measured from pH 4 — 7 (Figure [A.4] together with T. Gensch, 1CS-4,
Forschungszentrum Jiilich).

Clen3”/~ deficient neurons, however, still exhibit a similar acidification than WT
neurons (Fig[3.8]A) and treatment with Bafilomycin did not prevent acidification (Fig
). To exclude a side-effect by compensatory up-regulation of related CI'/H" exchanger
of the CLC family a gain of function mutant of C1C-3 was investigated. The CIC-3 mutant
E281Q lacks CI” conductance [70] but did not prevent synaptic vesicle acidification (Fig.
3.9C). However, in a recent study it was demonstrated that ClC-3 promotes sorting of
CIC-4 by exhibiting heterodimers [69]. If this C1C-3-CI1C-4 heterodimer is also localized to
the membrane of synaptic vesicles is not investigated yet. But the result that Clcn3P?81¢
neurons still acidify can either be explained by compensation by CIC-4 or by a yet
unidentified CI'/H" exchanger. The same study also demonstrated that in absence of
ClIC-3 sorting of ClC-4 into the endosomal membrane is inhibited and ClC-4 retains in
the ER membrane [69]. Thus, it is unlikely that in Clen3”/~ neurons ClC-4 compensates
for the loss of CIC-3 but in Clen3®?819,

C1C-5 shares similar transport properties with ClC-3 and CIC-4 and is expressed
in the juvenile brain [62]. QPCR experiments (R. Guzman, ICS-4, Forschungszentrum
Jiilich) further indicate that CIC-5 expression is up-regulated in juvenile Cleng”/~ neurons
(see Fig . Therefore, CIC-5 was down-regulated in Clcn3”/” neurons by expression of
shRNA together with the pH-sensor and acidification after endocytosis was measured. In
Clens” - Clen5™ P neurons synaptic vesicle acidification is reduced to pH 5.45 at persisting
high ACI (Fig. ) In WT-Clen5%P neurons synaptic vesicles acidify to pH 4.08, and
fail to recover to the resting pH (Fig. [3.10/A). Without further investigation a concrete
explanation for the observed over-expression cannot be given. A loss of C1C-5 may have
an influence in CIC-3 trafficking thus increasing the amount of CIC-3 in the synaptic
vesicle membrane or further changes the function of the endosomal system.

The remaining acidification in Clend”/ - Clen5%P neurons might be due to V-ATPase
activity. Additional Bafilomycin treatment decreased acidification of the synaptic vesicle
lumen in Clend”~-Clen5%P neurons to pH 6.67 (Fig E). The remaining difference
between the initial pH of 7.4 and the measured pH can be explained by the Cerulean’s
lack of sensitivity above pH 6.5. In Clen3”~ and WT neurons the additional Bafilomycin
induced effect was only visible when [Cl'|sy was reduced to 18.9 mM. In WT neurons

peak acidification was reduced from pH 5.33 to 5.63 when Bafilomycin was additionally
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applied. This can be explained by a lack of ACl when [Cl|gy was reduced to 18.9 mM
and thus the ClI'/H" exchanger fails to acidify synaptic vesicles.

These experiments demonstrate that C1C-3 (and CIC-4) mediated H*/Cl exchange is
necessary for regulation of synaptic vesicle acidification, and that up-regulation of C1C-5
in Clen3/" neurons and can partially compensate for the loss. The latter one might
further explain why Clcn”/~ animals exhibit severe neurodegeneration starting two weeks
after birth |79, 62, 80|, that is correlated with down-regulation of C1C-5 expression in
the brain during maturation [62].

Bafilomycin treatment in Clend”/ -Clen5%P further demonstrates that acidification
of synaptic vesicles is a combined process of V-ATPase activity and utilization of the
ACT as a driving force for CI'/H" exchange mediated by CIC-3 and CIC-4. Given the
rather contradictory data already published in different independent Clend”” mouse
lines these data may help to clarify the role of CIC-3 in synaptic vesicle acidification. It
was previously shown that in vitro acidification of synaptic vesicles in C1C-3 abundant
mice is reduced [62]. In this study, purified synaptic vesicles from Clcnd”/~ neurons have
shown a decreased ATP-induced [Cl|.x-dependent acidification together with a reduced
glutamate uptake. Furthermore, the amount of VGLUT1 was drastically reduced to 50%
in Clen3”~. This, however, could explain the reduced glutamate uptake in the knock-out
synaptic vesicles. It should also be considered that the authors have used adult mice
for their preparations, whereas in this study hippocampal neurons were prepared from
newborn mice which do not show morphological changes in the hippocampus as it was
demonstrated for adult brain [62]. The importance of the luminal ionic composition in
regulation of acidification is demonstrated by measurements from Farsi et al. (2016) [19].
The authors used isolated glutamatergic and GABAergic synaptic vesicles and determined
a resting pH between pH 6.4 and 7.2 which is substantially higher than determined
in cultured hippocampal neurons, where the ionic composition resembles the in vivo
conditions. During the isolation process the ionic composition of the synaptic vesicle
lumen might change and cannot be changed or controlled afterwards, unlike in cultured
neurons where the ionic composition of the synaptic vesicle lumen can be changed by
perfusing the cells with different media.

Since it has been shown in this thesis that the accumulation of protons in the synaptic
vesicle depends on CIC-3 activity, the role of ClI" as a regulator of the acidification
emerges. In the classical model of synaptic vesicle acidification a ApH is build up by the
ATP-consuming activity of the V-ATPase which needs Cl" import into the vesicle lumen to
regulate the A by decreasing the charge imbalance between luminal and cytosolic site of

the synaptic vesicle membrane, and thus keeping the V-ATPase running. This raises and
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supports the question why synaptic vesicles should not utilize the energy derived from the
already existing Cl gradient to accumulate H" without the consumption of ATP and thus
saving energy. And indeed, reduction of the CI" gradient after endocytosis subsequently
decreased the ApH in WT neurons (Fig. A and B). The remaining acidification
is due to V-ATPase activity as additional Bafilomycin treatment in Clcnd”/ - Clen5%P
neurons inhibited exhibition of a ApH. In addition, in absence of ACI" Bafilomycin
treated neurons did not establish a ApH as well. Glutamate import into synaptic vesicles
relies to a greater extent on At than on ApH. Import of one positive charge in form of
H" and export of two negative charged Cl" would result in a net accumulation of positive
charge in the synaptic vesicle lumen, which is also supported by V-ATPase activity, thus
increasing Av. However, both transport processes can only work until a certain point is
reached. Too much positive charge in the vesicle lumen will block the V-ATPase activity,
and ClI'/H" exchange by CIC-3 is only working unless a substantial ACI is existing,.
Therefore, it cannot be excluded that the transport direction of CI'/H™ exchange by
CIC-3 switches once the reversal potential of the transporter is reached. This will support
the V-ATPase activity by providing a counter-ion for regulation of charge-imbalance.
However, also the import of negative charged Glutamate would compensate for the
charge-imbalance but reduce A. In conclusion, the combined transport processes of
V-ATPase, CIC-3 and VGLUTs have to be balanced to provide optimal conditions for
glutamate loading while Ay, ApH, and ACI vary.

4.5 VGLUT1 Regulates Synaptic Vesicle
Acidification by Providing a H"-Efflux From

Synaptic Vesicle Lumen

In the history of VGLUT research several models of ion and anion transport were discussed.
In early experiments it was shown that glutamate uptake is activated by low [Cl'|cytosol
and inhibited gradually by increasing [Cl'|eytosor [161, 97, O3]. This effect is attributed
to an allosteric binding site on the cytoplasm site [94] [33 OT]. It was further described
that VGLUTSs operate as solute-chloride exchanger [95] and that the transport cycle may
be associated with a net CI" flux [94], [59] which was recently supported by the finding
that increasing [H"]sv and [Cl]gy allosterically activate CI" conductance and glutamate
transport [58]. In a current model VGLUT1 is described as a voltage- and H"-dependent
antiporter which is activated either by positive voltage or by a ApH at lower voltage [59].

7



4. DISCUSSION

The authors further propose that glutamate import by VGLUT is first driven by the
the AYCl which impedes V-ATPase activity due to the high voltage. Once the AyYCl
is decreased by Cl-efflux through the anion-channel of VGLUT1 A Cl vanishes and
V-ATPase activity can further acidify the synaptic vesicle lumen. Nevertheless, they
assume that in the beginning, when A1 is high, luminal protons are still imported by
the V-ATPase delivering the H" for glutamate exchange by VGLUT1. At this point the
model is somehow contradictory if it is assumed that the high voltage inhibits V-ATPase
activity. Even when V-ATPase activity is slow, glutamate loading by VGLUT would
also be very small.

The results of this thesis have shown that initial acidification of recycled synaptic
vesicles is dependent on CIC-3 activity. Considering that the rate limiting process of
glutamate uptake according to the prevalent view of VGLUT1 activity is the availability
of luminal H" and considering that V-ATPase activity is inhibited by AyCl CI'/H*
exchange by CIC-3 might explain the availability of luminal protons for glutamate
exchange as well as speed up glutamate loading.

To investigate the role of VGLUT1 in regulation of pHgy a knock-out model has
been used. VGLUT1”/~ neurons did not show any difference in pHgy after endocytosis
compared to WT (Fig. C and D), but additional treatment with the VGLUT blocker
Rose Bengal reduced the recovery after maximum acidification in W7 and VGLUT1/"
neurons (Fig. A B and C,D). In Clen3”/” neurons acidification was also reduced
(Fig. E and F). The additional effect of RB treatment can be explained by a
block of the remaining fraction of VGLUT2 in VGLUT1”/~ neurons even after DIV 21
when these neurons were measured [86]. Together with Bafilomycin treatment pHgy in
VGLUT1/~ neurons fails to recover, too (Figure C and D). Both results indicate
a VGLUT-mediated H" efflux from the vesicle lumen. If H' is coupled to glutamate
loading, according to previous results [59, 95, 42, [60] cannot be determined by this
method, but also not excluded. However, when buffering capacity of synaptic vesicles is
exhausted, VGLUTs can exhibit a second transport mode which involves the exchange
of luminal H" with cytosolic K, that ensures charge-neutral proton exit, promoting
alkalization of the vesicle and keeping At high while accumulating glutamate [13], 42].

When [Cl'|gy is reduced to 18.9 mM RB treated synaptic vesicles acidify to a similar
extent than WT neurons. This experiment indicates that the putative Cl-conductance
of VGLUT1 does not regulate synaptic vesicle acidification. Assuming that a [H"|-
dependent CI" channel would lead to an eflux of luminal CI" the initial ACI would be
rapidly vanished and a block of this channel would support CIC-3 mediated ClI'/H™"

exchange thus supporting acidification of the vesicular lumen. In Clen3”” neurons peak
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acidification is actually slightly reduced. This is further supported by the notion that in
Bafilomycin treated VGLUT17~ neurons peak acidification is also slightly reduced.

4.6 A Proposed Model of Synaptic Vesicle
Acidification

0 min 2 min 10 min

Figure 4.1: Model of synaptic vesicle acidification. Luminal pH is indicated by a blue
over green to red scale. Glutamate neurotransmitter molecules are symbolized by small dots. (0
min) In presence of high [Cl’]sy, efflux of CI" facilitates acidification by exchange to cytosolic H*
mediated by CIC-3. The thus generated At promotes glutamate loading by activation of the
acid-dependent VGLUT. (2 min) As [Cl']|sy gradually decreases, glutamate import is driven by
At generated by the V-ATPase. (10 min) The synaptic vesicle is fully loaded with glutamate
and V-ATPase, CIC-3 and VGLUT1 transport activity is in a steady state. Time-course of
pHgsv, [Cl'lsv, Ay, and [Glut|sy. A dotted border indicates assumptions based on literature.

Based on the results of this thesis a model for the regulation of synaptic vesicle
acidification after stimulated endocytosis is proposed (Figure . Utilizing the ACI™ in

freshly endocytosed synaptic vesicles C1C-3 quickly acidifies the synaptic vesicle lumen
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together with the ATP-driven H'-transport by the V-ATPase. A CIC-3-supported
acidification reduces the ATP-consumption needed to fully acidify the synaptic vesicle
lumen. Once peak acidification is reached 2 minutes after endocytosis, pHgy slowly
increases up to the resting pH of 5.7 the next 8 minutes. This increase in the pHgy is
probably coupled to VGLUT activity, because it is disrupted when VGLUT activity is
blocked. Due to the 2CI"/H" exchange by CIC-3, [Cl'|sy is rapidly decreased. Considering
that at one point the reversal potential of C1C-3 is reached, [Cl'|sy will either kept at
a stable level or — if transport direction of ClC-3 switches — CI” is imported to support
the electrogenic transport of H™ by the V-ATPase. During this process A is formed
and glutamate is imported by VGLUT1. However, it is still unclear to which extent
and at which time-scale maximum |Glut|gy is reached. In clathrin-coated synaptic
vesicles, when the V-ATPase is blocked [183], this model still allows a fast acidification
and formation of Ay allowing fast glutamate loading into freshly endocytosed synaptic
vesicles.

These findings and the proposed mechanism are in contradiction with the prevalent
view that ClC-3 supports efficient acidification of synaptic vesicles by providing a CI°
conductance to counterbalance the accumulation of positive charged H™ by the V-ATPase
[34]. For CIC-5 it already has been shown that it can directly acidify endosomes [76],
but for CIC-3 it only has been postulated theoretically [34, [59]. The data presented here
are the first to directly demonstrate the ability of CIC-3 to acidify the synaptic vesicle
lumen independently of V-ATPase activity by utilization of ACI. This would provide
a fast and ATP-independent pathway of synaptic vesicle acidification. Together with
the recent identification of a H"-dependent CI" conductance in VGLUT1 [58], 59|, which
could overtake the shunt-function for regulation of V-ATPase activity, a comprehensive

insight into pHgy regulation is given confirming the importance of [Cl|sy.
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Chapter 5

Conclusion

5.1 Importance of Luminal [CI]

The importance of the luminal CI" concentration, as a modulator of synaptic vesicle
acidification, was identified in this thesis. It raises the question, how variations in extra-
and intracellular [CI'| impact the glutamatergic quantal size and thus synaptic plasticity.
The intracellular Cl” was thought to be passively distributed or distributed according to
its electrochemical potential equilibrium [I86, [I87], across the membrane as a side-effect
of the regulation of intracellular Na™, K. In neurons [Cl|cytos01 Was measured in a wide
range from from 6 - 80 mM [44], 45, [46], 47, 48], [49] 50]. In a theoretical analysis from
Delpire and Staley [188] an explanation for the disparate distribution of [Cl|cytosor has
been delivered. They propose that the formation of the transmembrane Cl™ gradient is
influenced by the fixed 'Donnan’ charges inside and outside the cell, free and unbound
water, and the water transport through the co-transporters. These factors greatly affect
the reversal potential for CI .

In inhibitory neurotransmission ligand-gated CI channels, such as GABA receptor-
type A (GABA, receptor) are activated to counteract the action of glutamate receptors
thus suppressing excitatory neurotransmission. Hereby, it was found out that CI" must be
actively accumulated because peripheral neurons and immature CNS neurons accumulate
CI" above the equilibrium potentials, while in mature CNS neurons the Cl- concentration

is below the thermodynamic equilibrium potential [I89, 190} [191]. Cytosolic [Cl'] may be

81



5. CONCLUSION

regulated by the Na™-K"-2Cl" cotransporter NKCC1 [192, 46, [47], the contribution of
KCC2 as an export pathway for CI” is unclear [I88]. It is known that during maturation

|CI'|eytosor in neurons decreases to facilitate inhibitory synaptic transmission [193] [50].

Furthermore, for regulation of synaptic vesicle acidification the luminal concentration
of CI" is also crucial. Because the ionic composition of synaptic vesicles after endocytosis
resembles the composition of the extracellular space modulations in this area could have
tremendous effects on the quantal size of synaptic transmission. It was recently shown
that glial cells actively accumulate CI” [194] but if the CI" concentration in the synaptic
cleft is stable or underlying fluctuations is not investigated yet. It is known that due to
synaptic activity [K"| and [Cl'] in the synaptic cleft increases about 7 mM measured in
the sensorimotor cortex of cats [195]. However, from these data the authors proposed an
increase in the osmolarity up to 30 mM which could indeed change the reversal potential
for CI" as described before, thus leading to a concentration change of CI™ in the cytosol.
Thus, it is now important to adequately determine the cytosolic and extracellular CI°

concentration during physiological relevant activity.

5.2 Determination of Luminal [CI]

To further investigate the role of luminal CI" it is first necessary to determine the luminal
[Cl'|sy. It is further important to determine [Cl|sy in living neurons, because, as
already described before, the use of purified synaptic vesicles might change the luminal
|[CI']. Second, the correct targeting of the fluorescence bio-sensor is important to reduce
recordings from non-synaptic vesicles. For this, genetically-encoded fluorescent chloride
sensors can be used which are fused to a synaptic-vesicle membrane protein e.g. Sybll
and synaptophysin, respectively. As an alternative, organic dyes are useful candidates,
too. However, these dyes have the disadvantage that their subcellular localization is
diffusion dependent and not limited to specific cellular compartments. One possibility
here is to use membrane-impermeable chloride sensitive quinolinium dyes (MEQ) which
can be loaded via endocytosis of recycled synaptic vesicles. Both sensor types have been
extensively used in intensity-based fluorescent chloride imaging, whereas the fluorescence
intensity decay is almost solely used with organic fluorescent dyes [196]. The currently
available fluorescent protein based chloride sensors are not suitable for absolute or relative
concentration measurements based on FLIM and the FRET-based sensors have limited
dynamic range. Furthermore, all Cl-sensitive fluorescent proteins have in common that

their CI" affinity is highly pH dependent. Quinolinium dyes [197], whose pH-sensitivity is
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based on collisional quenching are well suited Cl-sensors, especially when used for FLIM.
When collided with CI" the excited fluorophore returns back to the Sy state without
emission of light, thus the lifetime of MEQ is inversely proportional to the chloride
concentration. Due to this property, they further have a much higher dynamic range
compared to fluorescent protein based Cl-sensors. Several variants of quinolinium dyes
exist, the membrane permeable MQAE has already been used in FLIM experiments
[1941 [48], 196] but not the membrane-impermeable variant MEQ. The unique properties
of MEQ), will allow precise determination of [Cl]sy.

Once [Cl'|sy is known at different stages of synaptic vesicle cycling, the corresponding
[Cl |eytosor 1s important. Most measurements of [Cl |cytosol focused on the soma, because
they are easier to record, especially when organic dyes are used. Together with reference
staining of synaptic boutons, MQAE loaded hippocampal neurons would allow to record

[CI|eytosor Of the synaptic bouton.

5.3 A Quantitative Model of Synaptic Vesicle
Acidification

The experimental results in this thesis demonstrate a possible regulation of synaptic
vesicle acidification rather by the utilization of the ACI" then by V-ATPase activity.
The transport direction of CIC-3 and the H"-transport by V-ATPase activity strongly
depends on the Avy. Currently, simultaneous measurements of both pHgy and A are
very challenging and thus the model of synaptic vesicle ion regulation has unknown
quantities taken into account. Therefore, on the basis of a mathematical model of
lysosomal pH regulation from Ishida et al., 2013 (JI98]) a quantitative model describing
the synaptic vesicle ion regulation would enlighten the acidification and glutamate loading
of synaptic vesicles. The model has to be modified by incorporating a description of
the VGLUT1 transporter, and tuning other synaptic-vesicle specific parameters. The
description of the VGLTU1 transporter, however, is complicated by the diversity of ionic
and anionic interactions of this transporter as well as the lack of a sufficient transport
model. Whether glutamate loading is coupled stoichiometrically to H" transport or not,
and whether CI is transported via a channel or by a transport process is also not known
yet.

The findings in this thesis thus provide a new insight into the importance of the
luminal [Cl] and the CI'/H" exchanger CIC-3 in the regulation of pHgy after endocytosis

of recycled synaptic vesicles. Given the importance of this topic, future advances in this
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active field are expected to contribute to a better comprehension of neurotransmitter

loading into synaptic vesicles and the importance of luminal CI".
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A.1 Effect of Acid Quench on pHcytosol
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Figure A.1: Effect of acid quench on pHcytoso1 in HEK cells. HEK293 cells expressing

Cerulean in the cytosol were perfused with extracellular solution pH 5.8 for up to 30 minutes
Every 5 minutes the pH was determined. Data are given as mean values + SD.



A.2. Effect of RB on Purified Cerulean

A.2 Effect of RB on Purified Cerulean

Figure A.2: Rose Bengal and DL-Histidine do not interfere with Ceruleans fluores-
cence lifetime The fluorescence lifetime of purified Cerulean diluted to a final concentration of
2.3 uM in pH 7 and pH 5 citric acid - NasHPO,4 buffer solution was measured with and without
100 nM Rose Bengal and 10 mM DL-Histidine. All data are mean £+ SD.
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A.3 Upregulation of CIC-5 in Clcn3”/" neurons
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Figure A.3: Upregulation of CIC5 in Clen3/~ neurons All data are mean + SD.

88



A.4. Chloride Dependency of Cerulean’s 7,,can

A.4 Chloride Dependency of Cerulean’s 7,,..,
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Figure A.4: Chloride dependency of Cerulean’s 7,,cqn. All data are mean.

Photophysical properties of purified Cerulean were determined either in salt-free
buffer (20 mM Na2HPO4/citric acid, pH set from 7 to 4 with NaOH) or supplemented
with 140 mM NaCl (Figure . All samples were adjusted to a maximum absorption
of 0.1 (Aaps = 433 nm). Absorption spectra were measured using a UV-2450 absorption
spectrophotometer (Shimadzu Europe GmbH, Duisburg, Germany). Fluorescence spectra
were recorded using a Quanta-Master 40 fluorescence spectrophotometer (Photon Tech-
nology International, Birmingham, NJ, USA). Time-resolved detection of the fluorescence
decay of Cerulean was performed with a FluotimelO0 fluorescence spectrophotometer
(Picoquant, Berlin, Germany) based on a picoHarp300 unit by using a pulsed diode laser
(LDH-C 440, Picoquant; emission 440 nm; pulse width: 40 ps; used repetition frequency:
20 Mhz) as excitation source. Fluorescence decay curves as a function of time (t) were
measured by time-correlated single-photon counting that enables the determination of
fluorescence decay components with fluorescence lifetimes greater than 100 ps [4]. Decay
curves were analyzed by iterative reconvolution of the instrument response function,
IRF(t), with an exponential model function, M(t), using the FluoFit software (version

4.5.3.0; Picoquant) applying equation (A.1) and (A.2):

I(t) = IRF(t) = M(t) (A1)

=S [ai v exp (;—t)} (A2)
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7; are the characteristic lifetimes and a; are the respective intensities. The average

fluorescence lifetime, 7q ave., was calculated using equation (A.3):

Y oa;xT;
Tfl.ave = % (A3)
=1
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