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Summary 

 

The metabotropic glutamate receptor type 1 (mGluR1) is highly expressed in 

Purkinje neurons (PNs) of the mammalian cerebellum, and mGluR1-dependent 

synaptic signalling is crucial for cerebellar function, e.g. motor learning and motor 

coordination. At parallel fiber-PN synapses, activation of mGluR1 evokes a com-

plex synaptic response consisting of a slow excitatory postsynaptic potential 

(sEPSP) involving the transient receptor potential canonical (TRPC) channel 

subunit TRPC3 and inositol trisphosphate receptor- (IP3R)-dependent calcium 

release from endoplasmic reticulum (ER) calcium stores. In many non-excitable 

cell types it has been demonstrated that the depletion of ER calcium stores acti-

vates store-operated calcium entry (SOCE) that is based on the interaction be-

tween the ER calcium sensor stromal interaction molecule 1 (STIM1), the calci-

um-permeable ion channel Orai1 and (in certain cell types) TRPC channels in the 

plasma membrane (PM). Less is known about SOCE or other mechanisms of 

calcium homeostasis in neurons. In addition, the mechanism of TRPC3 activation 

downstream of mGluR1 is unknown. In cerebellar PNs, it was earlier demon-

strated that STIM1 controls both the calcium content of ER calcium stores and 

the TRPC3-mediated sEPSP. However, both types of mGluR1-dependent re-

sponses are transiently rescued in the absence of STIM1 in PN-specific STIM1 

knockout (STIM1pko) mice by calcium influx through voltage-gated calcium chan-

nels (VGCCs). The aim of the work for this thesis was to elucidate how the acti-

vation of TRPC3 is regulated by calcium and how it relates to calcium homeosta-

sis in cerebellar PNs. 

Using whole-cell patch-clamp recordings in combination with confocal cal-

cium imaging in acute cerebellar slices from STIM1pko mice I first showed that the 

depolarization-induced effect on TRPC3 activability outlasts the transient in-

crease of the intracellular calcium concentration by minutes, is not sensitive to 

the antagonist of Sarco/endoplasmic reticulum calcium-ATPase (SERCA) CPA 

and the “slow” calcium chelator EGTA but was abolished by intracellular perfu-

sion with the “fast” calcium buffer BAPTA. Thus, TRPC3 is not regulated by direct 



 

 

binding of calcium ions but by PM-delimited nanodomain coupling to a STIM1-

controlled calcium conductance such as Orai1. However, in many neuronal cell 

types in the brain including PNs the homolog of Orai1, Orai2, is more abundant 

than Orai1. The significance of this specific expression pattern for neuronal func-

tion is not known.  

Immunostaining confirmed the presence of Orai2 protein in the soma-

todendritic compartment of PNs. Streptavidin-staining of biocytin-filled PNs in 

cerebellar slices demonstrate normal morphology of somata, dendrites and 

spines in mice with a genomic deletion of Orai2 (Orai2-/-) mice. However, the im-

portance of Orai2 expression in PNs for cerebellar function is emphasized by a 

deficit in motor coordination on in mice with an Orai2 deficiency restricted to PNs 

(Orai2pko mice). In PNs lacking Orai2 calcium release signals in response to local 

application of the mGluR1-specific agonist dihydroxyphenylglycine (DHPG), re-

petitive parallel fiber stimulation, IP3 uncaging, and local application of the 

ryanodine receptor (RyR) agonist caffeine were largely abolished. Moreover, ag-

onist and synaptic stimulation of mGluR1 revealed that TRPC3 activation is prac-

tically eliminated in the absence of Orai2 while the AMPAR-dependent fast syn-

aptic transmission remains unaltered in Orai2-/- mice. Similarly to STIM1pko mice, 

mGluR1-dependent responses were rescued transiently by VGCC-mediated cal-

cium influx, either evoked by somatic depolarization or climbing fiber activation. 

Again, this rescue was not sensitive to CPA or EGTA but to BAPTA.  

 However, stronger depolarization and larger calcium influx was required 

to restore mGluR1 responsiveness in all tested cells. These data point to a very 

selective and specific role of Orai2 in PNs and very likely neurons in general. It is 

the ion channel that is primarily responsible for the refilling of ER calcium stores 

at resting membrane potential. Furthermore, this thesis demonstrates for the first 

time a novel role for an Orai protein beyond calcium store replenishment: By en-

abling the coupling between mGluR1 and TRPC3 it is directly involved in synap-

tic transmission, neuronal activity and sensorimotor integration in the cerebellum.  
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Chapter 1 Introduction 

1.1 The Cerebellum 

The cerebellum (small brain, Latin) is a brain structure that is present in all verte-

brates, albeit in different forms and levels of complexity (Voogd et al. 1998). It 

lies on the posterior side inside the skull and is mostly covered by the cerebral 

hemispheres. Recently a number of reports provide experimental proof of non-

motor roles of the cerebellum, for example Wagner and colleagues (Wagner et al. 

2017) (for an overview of non-motor roles of the cerebellum the reader is directed 

to a review of Strick (Strick, 2009)). Nonetheless, the bulk of literature touching 

upon functions of the cerebellum describes motor functions. Among the best de-

scribed motor processes mediated by the cerebellum are oculomotor coordina-

tion (Baier et al. 2009), motor control of speech (Ackermann, 2008) (Riecker et al. 

2005), grip force (Fellows et al. 2001), voluntary limb movement (Goodkin et al. 

1993) and the timing of motor behavior (Bastian et al. 1996). For an extensive 

review on the functions of the cerebellum during the behaviors mentioned please 

consult a consensus review published in Cerebellum in 2015 (Manto et al. 2015). 

Considering the scope of this work, if suffices to say the cerebellum is heavily 

involved in the modulation of motor movement.  

The cerebellum consists of the cerebellar cortex and the deep cerebellar 

nuclei in the white matter. The cerebellar cortex is organized in three layers. 

Starting from the surface of the cerebellum, the first layer is the molecular layer, 

which contains the dendritic trees of the Purkinje neurons (PNs) which is the ma-

jor cell type of the cerebellum. In addition to that interneurons such as basket and 

stellate cells and processes of specialized cerebellar astrocytes, namely the 

Bergmann glia cells, are located in the molecular layer. The second layer is the 

PN layer, which is the thinnest layer and consists of the PN somata and the so-

mata of the Bergmann glia cells on top of them. Finally, the innermost layer of the 

cerebellar cortex consists mainly of granular cells and is therefore called the 

granular layer.   
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1.2 Purkinje Neurons 

The PN is unique in a number of ways. First of all, it is one of the largest neurons 

of the brain. Not only is the soma large compared to other neurons, but also the 

extended dendritic tree and its numerous spines. Second, the dendritic tree is 

spread out in an almost flat, two-dimensional plane. Lastly, a PN receives nu-

merous inhibitory inputs on their somata and dendritic tree. One input into the 

cerebellum is transmitted via mossy fibers. Mossy fibers are the axons from a 

number of sources, notably from inside the cerebellum as feedback signal from 

the deep cerebellar nuclei. Sources from outside the cerebellum are pontine nu-

clei relaying input from the cerebral cortex via the pontocerebellar pathway, the 

vestibular nerve and nuclei, the spinal cord and the reticular formation. The 

mossy fibers terminate on granular cells, which then project onto the PNs. The 

second synaptic input coming into the cerebellum is the climbing fiber (CF), 

which rises from the inferior olive and forms synapses on PNs. Both these cere-

bellar inputs are excitatory; released glutamate activates PNs, which project to 

deep cerebellar nuclei that send projections to other parts of the brain.  

PNs themselves are Gamma-aminobutyric Acid (GABA)-ergic and are sur-

rounded by a strong inhibitory network formed by interneurons located in the mo-

lecular and PN layer. A schematic overview of connectivity within the cerebellum 

is presented in Figure 1. Both parallel fibers and CF are glutamatergic. In vivo, 

parallel fibers drive spiking activity in PNs by evoking simple spikes. PNs are in-

nervated by hundreds of thousands of parallel fibers, but usually receive input 

from only one CF. In vivo CF discharge at a frequency of 1Hz, which causes 

semi global depolarization of the dendritic trees of PNs (Ito, 2006). 

Signaling downstream of the cerebellum originates almost exclusively 

from the deep cerebellar nuclei. The largest efferent pathway is the superior cer-

ebellar peduncle, which is formed by a large white matter tract passing through 

the brain stem. An important motor related fiber tract runs from the cerebellum 

into the ventrolateral nucleus of the thalamus, which in turn projects to the prima-

ry motor cortex of the cerebral cortex. Other major brain areas that are targeted 

by the cerebellum are for example the hypothalamus, amygdala, hippocampus, 

https://en.wikipedia.org/wiki/Vestibular_nerve
https://en.wikipedia.org/wiki/Vestibular_nuclei
https://en.wikipedia.org/wiki/Spinal_cord
https://en.wikipedia.org/wiki/Reticular_formation
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vestibular nuclei. Additionally, a number of nuclei in the pontine reticular for-

mation are connected by efferent fibers from the cerebellum (Zhang et al. 2016).  

 

 

 

Figure 1 Schematic representation of cerebellar connectivity 

 

With the prevalent role the cerebellum takes during motor behavior, cerebellar 

dysfunction is likely to result in some form of ataxia. Typical symptoms of cere-

bellar ataxias are dyssynergia, dysmetria, dysdiadochokinesia, and dysarthria 

(Diener et. al, 1992). By now, numerous types of cerebellar degeneration are 

known to cause different types of ataxia (Manto et. al, 2009). Typical classifica-

tion of ataxias can be made based on whether they are episodic or hereditary; 

one class of hereditary ataxias is formed by a group of diseases that originates in 

the cerebellum or spinal cord, namely the spino-cerebellar ataxias (SCAs). The 

known SCAs can genetically be divided in three groups: 1. Expanded CAG (also 

called polyQ) regions, 2. Repeat expansions in non-protein coding regions and 3. 

single basepair mutations such as deletion, insertion, missense and duplication. 

One common feature between all SCAs is the pattern of neurodegeneration in 

the cerebellum, but also often involving the brainstem (Paulson, 2009). Although 

it is thought that in the case of polyQ mutations transcription factors are affected, 
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much is unknown about the molecular causes of SCAs. Recently, three publica-

tions linked SCA1, 2 and 3 to a disturbance of metabotropic glutamate receptor 1 

(mGluR1) (Konno et al. 2014; Meera et al. 2017; Shuvaev et al. 2017) (refer-

ences referring to SCA1, 2 and 3, respectively). This protein has a large role in 

PN functioning, as I will describe in the following section.  

1.3 Metabotropic glutamate receptors 

Glutamate is the predominant neurotransmitter used by excitatory synapses in 

the mammalian brain (Hayashi, 1952). For a long time it was thought that gluta-

mate could only exert functions on neurons via ionotropic glutamate receptors 

such as NMDA (N-methyl-d-aspartate), AMPA (a-amino-3-hydroxy-5-methyl-4-

isoazolepropionic acid) and kainate receptors (Hermans et al., 2001). In 1985, 

however, a study showed that glutamate can stimulate the intracellular produc-

tion of Inositol trisphosphate (IP3) (Sladeczek et al., 1985), a finding that was 

confirmed in the following years. Thus, a distinct class of glutamate receptors, 

the metabotropic glutamate receptors, was identified. The first cloning of the now 

termed mGluR was done in 1991 and mGluR1a was described (Masu et al. 

1991). Five years later, all now known eight mGluR subtypes were described and 

classified based on pharmacology and their downstream intracellular pathways 

(Conn et al., 1997). The mGluR family belongs to the vast group of proteins 

called G protein-coupled receptors (GPCRs) because the first event after gluta-

mate binding to mGluRs is the activation of a heterotrimeric G protein.  

mGluRs are expressed throughout the brain, mGluR1 being the most 

abundant member of the family in the brain (Lein et al. 2007). Together with 

mGluR5, mGluR1 forms a subfamily called ‘group I’ metabotropic glutamate re-

ceptors. Upon binding of glutamate, these receptors activate phospholipase C 

(PLC) via a Gq heterotrimeric G protein. The other two subfamilies are formed by 

class II and class III, which both inhibit adenylyl cyclase, which lowers cyclic AMP. 

Of all brain regions, the highest expression of mGluR1 is found in the cerebellum, 

where mGluR1 is perisynaptically located at postsynaptic sites of parallel fibers 

(Hartmann et al. 2015). 
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1.4 Function of mGluR1 in the cerebellum 

The function of mGluR1 in cerebellar PNs is highly related to the overall function 

of the cerebellum such as fine tuning of movements and motor learning (Eccles, 

1967). Impairment of mGluR1 in patients with Hodgkin’s disease leads to para-

neoplastic cerebellar ataxia due to the production of autoantibodies against 

mGluR1 (Sillevis Smitt et al. 2000). Consistent with that a knockout mouse line 

lacking mGluR1 showed strong signs of ataxia (Aiba, 1994) This phenotype 

could be rescued with PN-specific expression of mGluR1 on the genetic back-

ground of the general mGluR1 knockout (Ichise et al. 2000). This unequivocally 

proves the importance of mGluR1 in PNs for cerebellar function.  In line with this 

another study showed that adult mice in which mGluR1 is conditionally deleted in 

PNs only start showing ataxic behavior (Nakao et al. 2007). Additionally, mice 

lacking mGluR1 show impaired long term depression (LTD). Eyeblink condition-

ing proved not to be possible in these mice, indicating a role of mGluR1-

mediated plasticity during cerebellar motor learning (Aiba, 1994). 

1.5 Downstream pathways of mGluR1 in cerebellar PNs 

For many years synaptic transmission and postsynaptic signaling in PNs have 

been studied in acute cerebellar slices. In sagittal slices the dendritic tree of PNs 

lies in the plane of the slice and parallel fibers run perpendicularly to the plane of 

the slice. Excitatory postsynaptic potentials (EPSP) resulting from the electrical 

stimulation of the parallel and CF, respectively, were first identified in 1990 by the 

mentor of this thesis, Arthur Konnerth (Konnerth et al. 1990). At parallel fiber 

synapses, AMPA receptors are activated with single shock stimuli (Konnerth et al. 

1990; Llano et al. 1991b), The activation of mGluR1, in contrast, requires repeti-

tive stimulation (Batchelor et al. 1993; Batchelor et al. 1994; Batchelor et al. 1997; 

Takechi et al. 1998) most likely due to the perisynaptic location of mGluR1 

(Nusser et al. 1994). Thus, only high levels of glutamate in the synaptic cleft will 

ensure an effective activation of the receptors. Whole-cell patch-clamp record-

ings from PNs filled with calcium-sensitive fluorescence dyes in conjunction with 

confocal fluorescence imaging revealed that activation of mGluR1 in PNs is fol-
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lowed by two types of responses: a highly localized dendritic calcium transient 

that is independent of membrane potential changes (Llano et al. 1991a; Finch et 

al. 1998; Takechi et al. 1998) (Figure 2) and a slow EPSP (Batchelor et al. 1993; 

Batchelor et al. 1994; Batchelor et al. 1997) (“Slow” relates to the much faster 

AMPA receptor-dependent EPSP.) 

 As mentioned before, the first step in the cascade of events following 

binding of glutamate to mGluR1 is the activation of a Gq protein. Of all members 

of the Gq subclass of G proteins, G11 and Gq are the major isoforms in the adult 

brain (Wilkie et al. 1991; Mailleux et al., 1992) and are found at parallel fiber syn-

apses of PNs (Tanaka et al. 2000).Although an in vitro assay showed that both 

Gq protein subtypes (Gαq and Gα11) couple to mGluR1 with equal effectiveness 

(Hartmann et al., 2004), Gαq knockout mice failed to show a mGluR1-mediated 

calcium transient. In mice that lack Gα11, on the other hand, mGluR1-mediated 

calcium responses were similar to those recorded in wild type mice. Since the 

expression of Gαq is about ten times higher than that of Gα11 (Hartmann et al, 

2004) an expression level-dependent effect of Gαq actions is a valid explanation 

for this major difference. Thus, Gαq contributes mostly to the mGluR1-mediated 

activation of PLC. The main PLC subtypes in the cerebellum are Phospholipase 

C beta (PLCβ)1, 3 and 4. Upon knockdown of PLCβ4, CF elimination is strongly 

impaired, although this phenomenon was mainly seen in the rostral part of the 

cerebellum. The latter observation can be explained by the regional relative ex-

pression of PLCβ4, which is higher expressed in the rostral cerebellum. In other 

parts of the cerebellum, PLCβ3 is the dominant type (Kano et al. 1998). The PLC 

cleaves Phosphatidylinositol 4,5-bisphosphate (PIP2) in the PM and thereby pro-

duces DAG and IP3 that is released into the cytosol. IP3 binds to its own receptor 

in the membrane of the endoplasmic reticulum (ER) and releases calcium ions 

from this intracellular calcium store into the cytosol. This gives rise to the 

mGluR1-dependent dendritic calcium transient. 

The most abundant IP3 receptor in PNs is IP3R1 (Sharp et al. 1999); IP3R2 

is expressed in lower amounts and IP3R3 is not present. Interestingly enough, 

within the native environment of the PN, IP3Rs sensitivity is low compared to in 
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vitro conditions. Compared to astrocytes, hepatocytes, exocrine cells and vascu-

lar endothelium, IP3Rs in PNs require 10-20 times higher cytosolic IP3 concentra-

tions to release calcium from the ER. When isolated from PNs, however, the 

sensitivity of IP3Rs is similar to that of IP3Rs from other cell types. This discrep-

ancy can be attributed to a number of proteins that bind to IP3Rs in PNs and 

modulate its function (Hartmann et al. 2011). The consequence of these charac-

teristics is that calcium release following IP3 production is strongly space limited 

(Hartmann et al., 2011). The ER store itself can be challenged by both IP3R acti-

vation, as well as activation of RyRs, which appear to share a common calcium 

pool with IP3 receptors (Khodakhah et al. 1997).  

The mGluR1-dependent slow depolarization was observed both following 

parallel fiber (Batchelor et al. 1993, Batchelor et al. 1997) and CF activation 

(Dzubay et al., 2002). However, the bulk of literature describing mGluR1-

mediated synaptic transmission results from studying parallel fiber synapses. The 

onset of the slow current starts around 100ms after repetitive parallel fiber stimu-

lation (Bachelor et al. 1997); this delay indicates recruitment of an internal signal-

ing pathway. When measured in the voltage clamp mode the ionic properties of 

the mGluR1-dependent slow excitatory postsynaptic currents (sEPSCs) are simi-

lar to those permeating through the canonical transient receptor potential (TRPC) 

channels. Indeed, it was initially suggested that TRPC1 is the responsible ion 

channel (Kim et al. 2003). However, later experiments in our own group in 

TRPC3-deficient knockout mice demonstrated that TRPC3, rather than TRPC1, 

is underlying the slow depolarization following mGluR1 activation in PNs (Hart-

mann et al. 2008) (Figure 2). 

1.6 The TRPC subfamily of cation channels 

Transient receptor potential (trp) channels were first found in 1977 in photorecep-

tors of a Drosophila (Minke et al. 1977) mutant that exhibited a transient receptor 

potential during continuous illumination.  To date 28 trp genes grouped into six 

families are identified. The family with the closest relation to the original TRP 

channel in Drosophila is the TRPC family of “classical” or “canonical” TRP chan-
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nels (Moran et al. 2004). All seven members of the TRPC family (TRPC1-7) have 

six transmembrane domains with a pore forming region between the fifth and 

sixth domain. TRPC subunits form homo- or heterotetramers with diverse prefer-

ences (Clapham et al. 2001). 

TRPC3 is the most abundantly expressed TRPC channel in PNs (Hart-

mann et al, 2008). Mutant mice lacking TRPC3 show impaired motor behavior 

indicating an important role of TRPC3 for cerebellar function most likely based on 

its mediation of slow mGluR1-dependent synaptic transmission at parallel fiber 

synapses (Hartmann et al. 2008) (Fig. 2). Interestingly, in a spontaneous mouse 

mutant it was found that a point mutation in the trpc3 gene that results in in-

creased TRPC3 activation following mGluR agonist application is underlying the 

ataxic phenotype which the mouse line owes its name (moonwalker, mwk) 

(Becker et al. 2009). TRPC3 expression is upregulated during dendritic develop-

ment (Huang et al. 2007), and the gain of function mwk mutation leads to im-

paired dendritic outgrowth in PNs (Becker et al. 2009). This indicates that TRPC3 

has more functions in PNs in addition to synaptic transmission.  

 

 

 

Figure 2 Identification of TRPC3 as the ion channel responsible for the slow 

depolarization following mGluR1 activation in cerebellar PNs. Left: in wild 

type mice, activating mGluR1 in PNs via parallel fiber stimulation activates calci-

um release from stores (top) and a slow depolarization (bottom). Middle: Alt-

hough the calcium release signal is preserved (top), the mGluR1-mediated slow 

current is abolished in TRPC3-/- PNs (bottom). Right: summary of experiments. 

Adjusted from Hartmann (Hartmann et al. 2008) 
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1.7 TRPC3 activation mechanisms 

With few exceptions (Stroh et al. 2012) TRPC channels are activated down-

stream of Gq coupled receptors (Clapham et al. 2001). However, the gating 

mechanism of TRPC channels is unknown. Findings about the molecules in-

volved downstream of the metabotropic receptors are contradictory and difficult 

to pinpoint (Hartmann et al. 2015). 

The molecular mechanisms underlying TRPC3 activation in PNs are only 

partially resolved and largely unclear. Reproducibility of findings regarding TRPC 

activation in their native environment such as the PN is a general problem be-

cause most of them result from studies on heterologous expression systems or 

cultured cell lines. 

Of the two Gq proteins found in PNs, Gαq seems to be crucial for TRPC3 

activation, while Gα11 deletion did not influence the success rate of activating 

TRPC3 (Hartmann et al. 2004). The role of PLCβ for the generation of the slow 

mGluR1-mediated depolarization was described in the late 90s (Sugiyama et al. 

1999) with the use of a transgenic PLCβ4 knockout mouse that lacked the 

mGluR1-dependent slow EPSPs in the anterior cerebellum where PLC4 is the 

predominant PLC subtype. Others (including our own group) could not confirm 

this observation using PLC antagonist U73122 (Hirono et al. 1998) (Canepari et 

al. 2001) (Henning, unpublished). U73122, however, might not be a suitable drug 

for the use in neurons since it inhibits also certain potassium channels (Klose et 

al, 2008). A more recent study proposed PLD, rather than PLC, as an activator of 

TRPC3 (Glitsch, 2010). The same group later also showed that TRPC3 activation 

is independent of kinase regulation (Nelson et al. 2012). Indirect evidence for a 

possible involvement of the PLC in TRPC3 activation is the inhibition of TRPC3 

by PIP2 depletion in HEK 293 cells (Imai et al. 2012). This experiment shows that 

depletion of the substrate of PLC renders the protein unable to activate TRPC3.  

Besides IP3, there is a second product of PIP2 hydrolysis by the PLC, DAG. 

TRPC3, together with TRPC6 and TRPC7 belongs to the so-called DAG-

activated subfamily of TRPCs. The DAG-sensitivity of TRPC3 was first reported 

in CHO-K1 cells (Hofmann et al., 1999). However, attempts to activate TRPC3 in 
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PNs in cerebellar slices using the DAG-analog oleyl-acetylglycerol (OAG) and an 

inhibitor of the DAG-kinase in our own group failed (Henning, Hartmann and 

Konnerth, unpublished).   

1.8 STIM1, calcium homeostasis and TRPC3 activation 

The quest for TRPC3 activation mechanisms was given new impulse when it was 

discovered that in transfected HEK293 cells TRPC3 can be gated by direct mo-

lecular interaction with STIM1 (Zeng et al., 2008).  

The gene coding for STIM1 was initially identified in a genetic screen for 

B-lymphocyte activating molecules (Parker et al. 1997). Later STIM1 was found 

to be involved in a process called capacitive calcium entry, (CCE) or store-

operated calcium entry (SOCE). These terms refer to the mechanism of the re-

plenishment of the ER intracellular calcium store that is critical for calcium home-

ostasis (Putney, 1986). STIM1 and its homolog STIM2 have a single transmem-

brane domain and reside in the ER membrane, where they function as intralu-

minal calcium sensors. When the ER calcium store is depleted, calcium ions un-

bind from the N-terminal EF-hand calcium-binding domain (Roos et al, 2005). 

STIM1 molecules then form clusters that are translocated to ER-PM junctions 

where they open Orai channels (Muik et al. 2008). These calcium permeable 

channels are responsible for the earlier identified calcium release-activated calci-

um current (ICRAC; (Hoth et al., 1992) that is required for the refilling of ER calci-

um stores in non-excitable cells. Because of the reported interaction between 

STIM1 and TRPC channels (Zheng et al., 2011) and because TRPC3 in cerebel-

lar PNs is activated concomitantly with IP3 receptor-mediated release of calcium 

ions from the ER STIM1 appeared to be a good candidate for the missing link 

between Gq activation and opening of TRPC3.  

In cerebellar PNs, the function of STIM1 was assessed in two studies. In 

2015, our lab published a study that describes the role of STIM1 in PNs at resting 

membrane potential (Hartmann et al. 2014). The PN-specific deletion of STIM1 in 

conditional knockout (STIM1pko) mice did not affect fast synaptic transmission 

mediated by AMPA receptors. However, STIM1pko mice showed virtually no 
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mGluR1-mediated response to synaptic or agonist stimulation. Calcium stores 

were unresponsive to IP3 and caffeine, and spontaneous store refilling at resting 

membrane potential was impaired in STIM1pko mice. The slow mGluR1-mediated 

current through TRPC3 was absent in STIM1pko mice, too. Motor control in 

STIM1pko mice was impaired, similarly to TRPC3-deficient knockout mice (Hart-

mann et al., 2008), but less than in general mGluR1-knockout mice (Aiba et al., 

1994). A crucial finding in this study was the observation that depolarization re-

stores responsiveness of dendritic ER calcium stores to IP3. Apparently, ER Cal-

cium stores are refilled following calcium influx through VGCCs.  Surprisingly, 

immediately after a transient depolarization the activation of TRPC3 was possible 

in STIM1pko mice (Figure 3). This shows that STIM1 is not directly activating 

TRPC3 in PNs, but plays an intermediate role that most likely involves calcium. 

 Later it was shown by others (Ryu et al. 2017) that STIM1 regulates cyto-

solic calcium clearance in PN somata during action potential firing. In the ab-

sence of STIM1 in STIM1pko mice the delay in calcium clearance results in a re-

duction of neuronal excitability and disruption of cerebellar memory consolidation. 

However, the experiments in this study were not performed in voltage clamp, al-

lowing the cell to be spontaneously active. Membrane depolarization causes cal-

cium influx over the PM, thereby possibly obscuring any effects that STIM1 can 

have on calcium homeostasis.  
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Figure 3 Rescue of the mGluR1-mediated response in STIM1 knock down 

PNs by transient depolarization. Left: PNs lack mGluR1 responsiveness. Mid-

dle: transient depolarization (bottom trace) evokes a short calcium transient me-

diated by calcium influx over the PM (top trace). The depolarization restores 

mGluR1 responsiveness and allows calcium release from stores as well as 

TRPC3 activation. Right: After almost 6 minutes the respond is back to baseline 

(adjusted from Hartmann et al. 2014). 

1.9 Orai channels 

The finding that TRPC3 in cerebellar PNs is regulated by STIM1-dependent, 

voltage-independent calcium influx through the PM gave rise to the hypothesis 

that it is regulated by an Orai channel. Orai proteins were previously found to be 

the pore forming subunits of ICRAC channels (Feske et al. 2006) (Zhang et al. 

2006). There are three Orai  subtypes, namely Orai1, 2 and 3, that exhibit a high 

degree of homology (Hogan et al. 2015). Single Orai subunits contain four 

transmembrane domains, and both their N- and C-terminals are located on the 

cytosolic side (Vig et al. 2006).The Orai-STIM interaction and the mechanism of 

store-refilling is best known for the STIM1-Orai1 complex in non-excitable cells. 

Upon store depletion, STIM1 and Orai1 redistribute and colocalize at so-called 

ER-PM junctions. The initial clustering of STIM in so called puncta is independent 

of Orais (Hogan et al. 2015).  Seconds to minutes after store refilling, both STIM 

and Orai return to their native state. 

A previous expression analysis done in our laboratory had revealed that In 

PNs Orai2 is more abundant than Orai1 and Orai3 (Hartmann et al. 2014). Alt-
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hough the homologs of STIM1 and Orai1, STIM2 (Liou et al. 2005; Williams et al. 

2001) and Orai2/3 (Feske et al. 2006; Mercer et al. 2006; Vig et al. 2006), re-

spectively, were discovered at the same time, much less is known about their 

cellular functions. Experiments from our lab indicate a lack of function of STIM2 

in PNs (Ryan Alexander, unpublished data). So far, it has been revealed that 

Orai2 and Orai3 also show SOCC characteristics (DeHaven et al. 2007; Hoth et 

al. 2013; Mercer et al. 2006). 

1.10 STIM, Orais and calcium homeostasis in neurons 

The involvement of STIM and Orai in neurons is being investigated for about a 

decade. Although capacitative calcium entry was already found in neurons (Kraft, 

2015), with the identification of STIM and Orai proteins neuronal calcium homeo-

stasis could be studied on a more detailed level. All STIM and Orai variants can 

be found in the brain (Wissenbach et al. 2007), with STIM1 showing the highest 

expression in the cerebellum (Klejman et al. 2009; Hartmann et al., 2015; Figure 

4). Interestingly, in other brain areas like the hippocampus and the cortex STIM2 

is the predominant STIM homolog (Lein et al. 2007). Kleijman et al. demonstrat-

ed activation of STIM1 and Orai1 following calcium store depletion in cultured 

neurons from cortex, hippocampus and PNs from cerebellum. This indicates a 

similar role for STIMs and Orais in neurons and non-excitable cells.  Other stud-

ies have found divergent roles for STIM1, it was reported that upon activation of 

STIM1 by store depletion, L-Type voltage gated calcium channels are inhibited 

by STIM1 (Park et al. 2010). Thus, STIM1 seems to regulate ER and cytosolic 

calcium concentrations in more intricate ways as initially thought.  
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Figure 4 Abundance of STIM1 and STIM2 in cerebellum Left: Quantification of 

STIM1 and 2 in whole cerebellum tissue. Middle: fluorescent traces obtained dur-

ing single (Purkinje) cell quantitative PCR for STIM1 and STIM2. Right: quantifi-

cation of the single cell qPCR experiment (adjusted from Hartmann et al. 2014). 

 

Because STIM proteins in non-excitatory cells have been found to interact with 

Orai channels, it seems likely that functions of STIM1 in neurons also depend on 

Orai.  Evidence of STIM-Orai interactions in neurons have been slowly accumu-

lating during recent years. In Drosophila neurons, STIM and Orai are required for 

store operated calcium entry (Venkiteswaran et al. 2009). Impairment of store 

operated calcium entry by reducing STIM or Orai expressing causes flight de-

fects, demonstrating that not only STIM, but also Orai are required in Drosophila 

neurons. In mammalian neurons, evidence for STIM-Orai-mediated calcium influx 

was found in a growing number of neuronal structures (Xia et al. 2014) (LaLonde 

et al. 2014) 

Besides the evidence of interaction between STIM and Orai, store operat-

ed calcium entry in neurons have been linked to normal physiological functions. 

SOCE was found in sensory neurons and acts during axonal trauma (during for 

instance spine damage) to maintain calcium homeostasis; SOCE depends in 

these neurons on Orai1 and STIM1 (Gemes et al. 2011). On the other hand, hip-

pocampal neurons who suffer from ischemia after neuronal injury increased their 

STIM and ORAI expression, and inhibiting expression with short interference 

RNA increased the chance of neuronal survival and improved neurological func-

tion of rats (Zhang et al. 2014). Injection of STIM1 sRNA caused impairment of 
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mGluR1-mediated store depletion in hippocampal neurons, demonstrating a link 

between STIM1 and mGluR1 activation (Ng et al., 2011).  Later findings linked 

mGluR1-dependent signaling to STIM1 (Hou et al. 2015) (Hartmann et al. 2014). 

Sun and colleagues showed that loss of mushroom spines in Alzheimer’s dis-

ease (AD) is prevented by overexpression of STIM2, and STIM2 itself is down-

regulated in older AD brains. STIM and Orai are involved in more pathologies, as 

will be described in the next paragraph (Sun et al. 2014). 

1.11 Medical implications 

STIM and Orai-mediated store operated calcium entry has been linked to a num-

ber of diseases. Pathological dysregulation of calcium homeostasis, such as 

found in epilepsy, can be countered by pharmacologically inhibiting store operat-

ed calcium entry in epileptic rats (Steinbeck et al. 2011) and after traumatic neu-

ronal injury (Hou et al. 2015). In cell culture, mice medium spiny neurons who 

overexpress a mutant Huntington protein fragment show increased store operat-

ed calcium entry, which can be treated by short interference RNA against STIM1 

or Orai1 (Vigont et al. 2015). 

Another brain disease in which STIM and Orai might be involved is Alz-

heimer’s disease (AD). Although the causes of AD are still unknown, one of the 

causes could be an overall imbalance in calcium signaling and homeostasis, a 

hypothesis called the ‘calcium hypotheses’. In short, the hypothesis states that 

disruption of calcium signaling and homeostasis via abnormal functioning of cal-

cium handling proteins (such as ion channels) could underlie the pathogenesis of 

AD. Experimental proof of AB peptides interacting with calcium-regulating pro-

teins is becoming more abundant (Popugaeva et al. 2015). Indeed, several re-

ports link STIM and/or Orai and AD. 

In primary cortical neurons from an Alzheimer mouse model, attenuated 

store operated calcium entry was linked with γ-secretase STIM1 cleavage and 

spine instability, and could be rescued by γ-secretase inhibition or STIM1 over-

expression (Tong et al. 2016).  A later study linked STIM1 to Alzheimer’s albeit 

via a different mutation (Ryazantseva et al. 2017). The STIM1-Orai complex is 
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furthermore involved in axon growth via calcium regulation in cultured embryonic 

dorsal root ganglions (Mitchell et al. 2012) (Shim et al., 2013). 

1.12 Aim of the study 

The aim of this study is to elucidate the STIM1-dependent activation mechanism 

of TRPC3. Initially, I used STIM1 deficient mice and describe novel conditions 

under which TRPC3 is activated. I proceeded to search for missing links in the 

molecular mechanisms that underlie TRPC3 activation in PNs. During these in-

quiries, I successfully applied a novel, light-activated molecular tool, namely Pho-

to-activatable diacylglycerol (PhoDAG). Finally, I identify Orai2 as the STIM1-

activated calcium channel, which is critically involved in TRPC3 activation and 

calcium homeostasis in PNs, and which is crucial for cerebellar motor behavior. 

The significance of this work applies to many disciplines. First, I am the 

first to describe a role of Orai2 channels for the activation of TRPC3. Second, 

this work is the first that links Orai2 to ataxic behavior, which could contribute to 

our current understanding of cerebellar ataxias. Finally, my work demonstrates a 

major contribution of SOCE to neuronal function. 
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Chapter 2 Material and Methods 

2.1 Animals 

All experiments were carried out in accordance with institutional animal welfare 

guidelines of the government of Bavaria, Germany.  

STIM1 cell type specific knockout (STIM1PKO) mice (Hartmann et al. 2014) were 

generated by crossing mice in which exon 6 of STIM1 was flanked by LoxP sites 

(Baba et al. 2008) with mice that express the Cre recombinase under the control 

of the GluD2 promoter (Yamasaki et al. 2011). The resulting mice have a deletion 

of STIM1 specifically in PNs.  

Generation of TRPC3 knockout (TRPC3-/-) mice used during our experiments 

were described before (Hartmann et al. 2008).  

CamKII-/- mice: Mice carrying a loxP sequence on the first and second exon of 

camk2a (Jackson laboratories, catalogue number #006575) (Hinds et al. 2003) 

were crossed with mice that express Cre under the control of the GluD2 promoter 

(Yamasaki et al. 2011). In the resulting offspring α- Calcium/calmodulin-

dependent protein kinase II (CaMKIIa) is deleted exclusively in PNs. 

Orai2 general knockout (Orai2-/-) mice were a generous gift of the lab of Stefan 

Feske and the generation of these mice has been recently published (Vaeth et al. 

2017). 

Orai2PKO mice: Mice carrying a floxed exon 2 of the Orai2 gene were generously 

provided by the group of Marc Freichel. These mice were bred with mice ex-

pressing Cre under the control of the GluD2 promotor (Yamasaki et al. 2011). 

The resulting mice carry an Orai2 deletion in PNs specifically. 

Orai1PKO mice: Mice carrying a floxed  exon 2 on the Orai1 gene were provided 

by Prakriya and colleagues (Somasundaram et al. 2014). These mice were bred 

with mice expressing Cre under the control of the GluD2 promotor (Yamasaki et 

al. 2011). In the resulting offspring Orai1 is deleted in exclusively in PNs.  

Control mice were mice with floxed alleles that did not express Cre in the case of 

STIM1PKO, Orai2PKO and Orai1PKO mice. Black6 mice were used as control for 
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Orai2-/- and CaMKII-/- mice. The mice were reared in a 12 hours light/dark cycle 

and kept with food and water ad libitum. 

2.2 Electrophysiological solutions and pharmacological agents 

All substances reported except standard salts for solutions will be reported with 

the name and in brackets the (online catalogue number, and company) of pur-

chase. 

For slice preparation and perfusion of slices during experiments artificial 

cerebrospinal fluid (ACSF) containing (in mM) 125 NaCl, 4.5 KCl, 2 CaCl2, 1 

MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 20 glucose with an osmolality of ~ 315 

mosm. ACSF was freshly prepared at the beginning of an experimental day. The 

internal solution (IS) for patch-clamping was prepared on a weekly basis as a 

stock solution and stored at -20°C. Before usage the IS stock was melted and 

diluted (80:20 IS/H2O) to the final concentration. This allowed us to later mix the 

internal solutions with pharmacological agents or calcium indicators. In almost all 

experiments for instance, the calcium indicator Oregon Bapta Green 1 (OGB-1) 

was added. The final composition (unless stated otherwise) was in mM: 148 po-

tassium-gluconate, 10 HEPES, 10 NaCl, 0.5 MgCl2 , 4 Mg-ATP, 0.4 Na3-GTP, 

and 0.1 Oregon Green BAPTA-1 (06807, Molecular Probes). The pH was adjust-

ed to 7.3 with 3M KOH and the osmolarity was tested to be approximately 310 

mosm. During all experiments, 10 µM bicuculine (14340, Sigma) was added to 

block GABAergic transmission by GABA-A receptors. In experiments with 200Hz 

electric stimulation of parallel fibers, α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR)-mediated synaptic transmission was 

partially blocked with 10 µM Cyanquixaline (6-cyano-7-nitroquinoxaline-2,3-dione) 

(CNQX) (C239, Sigma). For depletion of intracellular stores the SERCA blocker 

30μM cyclopiazonic acid (CPA) (C1530, Sigma) was used. Direct activation of 

mGluR1 was achieved by local pressure ejection (10psi; 100ms) of 200μM of the 

group 1 agonist (S)-3,5-dihydroxyphenylglycine (DHPG) (0805, Tocris).  

IP3 uncaging experiments were performed with internal solution containing 

400 µM NPE-IP3 (I23580, Invitrogen). Uncaging of IP3 was done by a 10ms light 
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pulse delivered from an ultraviolet laser (Coherent Cube; 375 nm, 15 mW at the 

laser head) and was directed to the surface of the slice with the use of a tapered 

lensed optical fiber (Nanonics; working distance 6 ± 1 μm, spot diameter 6 ± 

1 μm). The success of uncaging was assessed by the large, out-of-range flash 

artifact followed by a slower fluorescent signal that represented IP3-mediated 

calcium release from stores. PhoDAG (PhoDAG-11) was kindly provided by the 

group of Dirk Trauner (Ludwig-Maximilian University). PhoDAG was diluted in 

Dimethyl sulfoxide (DMSO) and BSA. The external solution was such that the 

final concentration of DMSO and BSA did not exceed 0.1%. The final concentra-

tion of PhoDAG was 200 μM. Calphostin (C6303, Sigma) was diluted in DMSO to 

a final working concentration of 1 μM; the final concentration of DMSO was 0.1%. 

1-oleoyl-2-acetyl-sn-glycerol (OAG) (O6754 Sigma) was diluted in DMSO to a 

final working concentration of 100 μM. GSK1702934A (10-1445, Focus Biomole-

cules) was diluted in external solution to a working concentration of 10 μM. 

2.3 Preparation of brain slices 

Acute slices from the cerebellar vermis were prepared in accordance with the 

animal care and use guidelines of the government of Bavaria, Germany.  

The mice were anesthetized using CO2 and decapitated. Starting from 

caudal at the level of the cervical medulla to rostral ending at bregma 1mm bilat-

eral incisions and a frontal incision of the cranium were performed. The epicrani-

um was removed and the cerebellum and part of the cerebrum were laid open. 

After two paramedian sagittal cuts at the level of the cerebellar hemispheres, one 

horizontal cut at the base of the skull (basis crania interna) and a horizontal cut 

through the cerebrum (bregma ~ -1mm) the cerebellar vermis was rapidly dis-

sected and placed in ice-cold ACSF (0°C – 2°C) bubbled with 95% O2 and 5% 

CO2. Using cyanoacrylate based superglue (UHU Sekundenkleber, Bühl) one 

lateral side of the tissue block was glued to a stage, placed into a slicing cham-

ber and subsequently submerged in ice-cold oxygenated ACSF. Parasagittal 

slices of the cerebellar vermis with a thickness of 300μm were cut using a vi-

bratome slicer (Leica VT1200S). In order to increase the quality of the slices the 
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built-in Vibrocheck function of the slicer was used in order to minimize vertical 

vibrations of the blade. The cut slices were transferred to an oxygenated storage 

chamber and kept for 30 to 45 minutes at 34°C (Edwards et al. 1989). Slices 

were left to rest at least 1 hour before the start of the experiment. Finally the slic-

es were stored in ACSF at room temperature for up to 8 hours. For experimental 

recordings one slice was transferred to a recording chamber and mechanically 

fixed at the bottom of the recording chamber with a grid of nylon threads glued to 

a U-shaped platinum frame. During the entire experiment the slice was continu-

ously perfused (perfusion rate 2 – 2.5 ml/min) with ACSF containing 10 μm bicu-

culine in order to block GABAA receptors. All experiments were performed at 

room temperature. PNs near the surface of the slice were identified based on 

their location in the PN layer and their morphology (size and shape of the soma-

ta). 

2.4 Electrophysiology 

Recordings were obtained with an EPC-9 amplifier (HEKA; Germany) and ‘Pulse’ 

software (HEKA; Germany) was used for data acquisition. Patch pipettes (3–

4MΩ) were pulled on a Narishige puller (model PC-10) from borosilicate glass 

(Hilgenberg). During the recordings, the slices were continuously perfused with 

ACSF at room temperature. The liquid junction potential for the used IS and 

ACSF was calculated to be 14.5 mV and was left uncorrected. Following gigaseal 

formation the fast capacitance was corrected for and the whole-cell configuration 

was attained with application of short negative pressure pulses to the pipette. 

After break in, the slow membrane capacitance was compensated for. Data were 

sampled at 20 kHz and filtered with a 10 kHz Bessel filter. Afferent stimulation 

was performed using a patch pipette filled with 1 M NaCl (1 MΩ resistance). The 

stimulation pipette was placed on top of the molecular layer, right on top of the 

target dendrite. Stimuli were applied by a triggered isolated pulse stimulator 

(Model 2100; A-M Systems) with varying pulse duration and pulse number, de-

pending on the experiment. 
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2.5 Live cell calcium imaging 

A multipoint confocal microscope using dual spinning disc technology (QLC 100; 

VTi), attached to an upright microscope (E600FN; Nikon) and equipped with a 

40× objective (NIR Apo, NA 0.8; Nikon) was used to acquire fluorescence images 

from dendritic fields in parallel to the patch clamp recordings. Spinning disk mi-

croscopy has the advantage of a confocal system, i.e. out-of-focus light is filtered 

out in order to increase the signal to noise ratio.  

  Excitation was generated by a Sapphire laser (Coherent; USA) with a 

wavelength of 488 nm and adjustable output power of up to 75 mW. Full-frame 

80x80 pixel images were recorded at 40 Hz with a CCD camera (NeuroCCD, 

RedShirt imaging, USA). Synchronization of the spinning disc with the CCD 

camera was achieved by utilization of a function generator (TG1010A; TTi). Data 

acquisition and conversion to text files was done via in house written software in 

LabView. As region of interest (ROI) a circle of six pixels diameter placed on the 

first responding dendritic region was chosen; as background, a larger dark area 

close to the region of interest was chosen. Fluorescence recordings were cor-

rected for ambient light by subtracting a single image without laser illumination 

from all images recorded with laser illumination. Then the recordings were back-

ground-corrected by subtracting the averaged brightness values of the pixels in 

the background ROI from all images in the recording.  Finally, relative fluores-

cence changes were calculated as F/F [%] = (F-F0)/F0 x 100 with F being the 

brightness values on the CCD pixels at each particular time point of the recording 

and F0 being the baseline brightness. A custom-made macro in Igor Pro (Wave-

metrics, USA) was used to calculate F/F for ROIs by averaging the relative fluo-

rescence changes of all pixels contained in this ROI.  The ‘baseline’ calcium lev-

els (F0) before stimulation were determined by averaging the first 40 frames of 

the recording.  

False color images were made by loading the CCD camera recording as a 

TIFF stack in 16 bit mode into Image J. Then a maximum-intensity projection of 

the stack was made and the resulting image was converted to black-and-white as 

a dendritic overlay template.  A “baseline image” was obtained by maximum-
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intensity projecting the last 20 images (e.g. 0.5 seconds) before stimulation. 

Analogously, the “peak image” was the result of maximum-intensity projection of 

20 images recorded during the peak of the calcium response. The ‘baseline’ is 

subtracted from the ‘peak’ using the image calculator option in ImageJ and the 

resulting image is converted to the’16 color’ mode using the appropriate lookup 

table. Finally, the false color spot is excised from the image and placed in the the 

dendritic template image at the identical location using Adobe Photoshop (USA). 

2.6 Fluorescent immunostaining  

Mice of designated genotype were deeply anesthetized with isoflurane. The 

chest was opened by cutting through the ribcase and exposing the heart. A nee-

dle was inserted into the left atrium and a small cut was made in the right ventri-

cle. After a flush of phosphate buffered saline (PBS), the mouse was perfused 

with cold 4% paraformaldehyde (PFA). After a clear discoloration of the liver, in-

dicating successful perfusion, the brain was removed and stored at 4°C in 4% 

PFA. Longer storage was done at 4°C in PBS. After storage, 50 µm broad cere-

bellar sections were made using a Vibrotome (Leica, VT1200S). Slices were im-

mediately after slicing used for immunostaining. Slices were permeabilized 3% 

normal calf serum and 0.3% Triton X-100 overnight at 4°C. Slices were incubated 

with one of three primary antibodies: Orai1 (Abcam, ab59330), Orai2 (Abcam, 

ab180146), Orai3 (Abcam, ab15558) diluted 1:100 overnight at 4°C, and were 

co-immunostained with calbindin (ab82812, abcam) 1:1000. Slices were washed 

five times 5 min. in PBS on a shaker and incubated with secondary antibodies 

(for Orais: 488, rabbit, Thermo Fisher; for calbinding: 564, goat, Thermo Fisher) 

for 1 hour at room temperature. Slices were washed five times in PBS and 

mounted (Vectashield, Vector Labs).  Slices were scanned with a scanning con-

focal microscope (FV, 3000, Olympus) and images were acquired using 

FluoView (Olympus). More precisely, the images were 1024 by 1024 pixels; 

stacks were composed of single images taken at a vertical distance of 1 μm, and 

each image was scanned only once. Laser strength and photomultiplier tube 

(PMT) gain was determined in wild type slices for 20x and 60x separately and 
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applied for all other genotypes. Maximum-intensity projections of all images in a 

stack were done using Image J. Further post processing involved balancing out 

colors linearly in 16bit mode; the resulting intensity values were applied to all 

other slices. 

2.7 Biocytin-Streptavidin immunostaining 

Cerebellar slices were prepared as described in section 3.3. Next, cells were 

whole-cell patch-clamped and loaded with standard internal solution supple-

mented with 20 mg/ml biocytin (B2461, Merck) as mentioned in section 3.2. Per-

fusion was allowed for approximately half an hour, after which the patch pipette 

was gently removed from the cell at the lowest speed possible in order to let the 

PM reseal. Then the slices were immediately placed in 4% PFA and remained 

there overnight at 4°C. The following day the slices were transferred to a PBS 

solution containing 1% Normal Goat Serum, 1% Triton X-100 and GFP-

conjugated streptavidin (1:200) (Molecular Probes, S11223) and were incubated 

overnight at 4°C. Next, the slices were washed five times in PBS and mounted 

(Vectashield, Vector Labs).  Slices were scanned with a scanning confocal mi-

croscope (FV, 3000, Olympus) and images were acquired using FluoView 

(Olympus). More precisely, the images are 4096 by 4096 pixels taken with a 20x 

objective; stacks were composed of images taken at 1 μm vertical distance, and 

each image was scanned twice and averaged. Magnified images are 4096 by 

4096 pixel images taken with a 60x objective at a vertical distance of 0.2 μm. 

Each image was averaged by scanning each section four times. Maximum-

intensity projection of stack was done using Image J. Further post processing 

involved balancing out colors linearly in 16bit mode. 

2.8 Quantitative single cell RT-PCR 

For cell harvesting, we applied a similar procedure described originally by Du-

rand et al. (Durand et al., 2006). Slices were placed into the recording chamber, 

similarly to electrophysiology experiments. PNs were identified visually using an 

upright microscope (Nikon Eclipse, E600FN; Nikon, Japan). Pipettes used for 
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targeted harvesting were made from borosilicate glass (2.0/0.3 mm; Hilgenberg) 

using a Narishige PC-10 pipette puller similarly to patch pipettes but with a much 

larger tip diameter (ca. 5 µm). The pipette solution consisted of 4 μl H2O and 1 μl 

M-MLV Reverse Transcriptase 5x Reaction Buffer (“First Strand Buffer” – FSB; 

Promega, USA). The tip of the pipette was placed under visual control tightly to 

the soma of the selected PN. Gentle suction was applied through a mouthpiece 

connected to the pipette. After complete incorporation of the soma, the negative 

pressure was released to minimize the collection of extracellular solution. The 

content of the pipette was pressure-ejected into an Eppendorf tube (0.5 ml) and 

immediately frozen in liquid nitrogen and later stored at -80°C.  

The Reverse Transcription (RT) was performed as follows: The harvested 

material was complemented with the “Master Mix 1” (1μl “Nonidet P-40”, 1% 

(Roche); 1μl “Primer random p(dN)6”, 5mM (Roche); 1μl dNTPs, 10mM each 

(Promega), 1 μl FSB and 1 μl “RNasin Plus” (Promega)). The mixture was incu-

bated at 70°C for 5 min and subsequently at 0°C for 5min. After that 10 μl of 

“Master Mix 2” (2μl FSB, 6,5μl H2O and 1,5μl M-MLV Reverse Transcriptase 

(Promega)) were added to each tube which was then incubated for 1-2h at 37°C. 

The resulting cDNA was isolated and purified with the use of silica matrix and 

subsequently stored at -80°C until quantitative RT-PCR. Rapid-cycle PCR reac-

tions were optimized and performed in 20μl reactions in glass capillaries accord-

ing to the manufacturer’s instructions using the LightCycler FastStart DNA Mas-

ter SYBR Green I kit (Roche).  

Samples were quantified by using ‘Lightcycler’ software. Raw fluores-

cence data was plotted against cycle number, and a cut off value (‘Crossing 

Point’, CP) was determined as the cycle number in which the fluorescence for 

each sample rises above the noise band for the first time and the exponential 

phase of cDNA amplification is entered. Relative expression was determined by 

2-Cp(Orai2) / 2-Cp(GAPDH).  
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2.9 Quantitative tissue RT-PCR  

To analyze the tissue expression of Orai2 in the cerebellum, a small block of tis-

sue (maximum a cube of 3 by 3 by 3 mm or 30 mg) was cut from the cerebellar 

vermis and stored in RNAlater (Qiagen) at 4°C for maximum one week. RNA was 

extracted using the RNeasy Mini Kit (Qiagen). RNA content was measured using 

a Nanodrop device. Next, RNA was transcribed to cDNA using Omniscript RT-Kit 

(Qiagen). After that, cDNA was diluted to 8 mg/ml and quantitative polymerase 

chain reaction (qPCR) was performed in 20μl reactions in glass capillaries ac-

cording to the manufacturer’s instructions using the LightCycler FastStart DNA 

Master SYBR Green I kit (Roche). cDNA samples were quantified similar as de-

scribed in section 2.8. 

2.10 Behavior tests 

Elevated beam test:  Mice were handled in the experimental room for 3 days at 

the same time of the day as the later experiment. On the experiment day, the 

mice were placed in the experimental room half an hour before experimental on-

set. At the start of the experiment, the mice were placed on a cylindrical plastic 

beam (0.8 cm diameter) close to one of the 2 platforms at the extreme ends of 

the beam. The native house of the mice was placed on the platform were the 

mouse was placed close to, to motivate the mouse to walk. After the mouse en-

tered the house, the mouse was placed on approximately the middle of the beam 

and imaged using a handicam while it walked towards the house. Mouse place-

ment was repeated five times. Mice that were unable to walk were excluded. Da-

ta was analyzed with Windows Movie Maker to count paw slips with single frame 

precision. 

Rotarod: Rotarod experiments were performed on a Rotarod (model 

47600, Ugo Basile) with a preprogrammed speed increase, which went from 4 to 

40 rpm in 5 minutes. Mice were placed 30 minutes before experiment onset in 

the experimental room with the rotarod running at stationary speed of 4 rpm. On 

the first day, mice were placed on the rotarod and the acceleration started when 

the mice stayed on the rotarod revolting with constant speed for 20 seconds. 
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Time recording began at the start of acceleration and was stopped when the 

mice fell off or when it began to cling to the rod and rotate with it (an event that 

happened very seldom). The trial was repeated twice every day with a one hour 

interval at at the same time of the day every day for four days. 

2.11 Analysis 

For electrophysiology and calcium imaging, raw traces were loaded into IGOR 

PRO (Wavemetrics, USA) and processed using in-house written macros. Out-

come values were entered in Excel (Microsoft, USA). Statistics were performed 

with GraphPad (GraphPad Software, San Diego) and Excel. Normality of data 

was assessed observing frequency distributions of the data, rather than normality 

tests, which do not perform well with very small or very large data sets. Statistical 

significance is indicated as * (p<0.05) or ** (p<0.001). 

For morphological measurements (Fig. 17) ImageJ was used to determine 

dendritic area and somata size. 
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Chapter 3 Results 

3.1 Calcium dependence of the STIM1-mediated regulation of TRPC3 down-

stream of mGluR1 

In order to characterize the nature of the STIM1-dependent regulation of the 

TRPC3-mediated current I first studied the time-dependence of its rescue by 

depolarization in STIM1pko mice (Fig. 1). From earlier work (Hartmann et al. 2014) 

it was known that the effect of the depolarizing pulse is transient and that PNs in 

STIM1pko mice are mostly unresponsive to DHPG again when DHPG is applied 

after more than five minutes without depolarization. 

3.1.1 Long lasting effects of transient depolarization in STIM1PKO mice 

First, I looked into the speed with which calcium influx rescues TRPC3 activation. 

In acute cerebellar slices from STIM1pko mice PNs were whole-cell patch-

clamped and perfused intracellularly with Oregon Green Bapta 1 (OGB-1; 100 

µM). The group I mGluR-specific agonist dihydroxyphenylglycine (DHPG) was 

applied under control conditions and either 0.5 s or four seconds after a transient 

depolarization to 0 mV for 1s. As reported by Hartmann et al., PNs in STIM1pko 

mice at resting membrane potential do not respond to DHPG. However, 

depolarizing the cells  restored both the DHPG-evoked calcium transient and the 

TRPC3-mediated inward current, irrespective whether DHPG (200 mM, 10 ms) 

was applied 4s or 0.5s after the depolarization (Fig. 1A). However, there was no 

significant difference in the amplitudes of the calcium transient and inward 

current when responses from experiments with a 0.5s interval or a 4s interval, 

respectively, were compared (mean ΔF/F; 0.5s: 173 ± 14%, 4s: 167 ± 16%, p = 

0.73; mean IDHPG amplitude; 0.5s: 114 ± 14 pA, 4s: 149 ± 24 pA, p=0.06) (Fig. 

1B). In conclusion, the effect of the depolarization is fast and there is no decline 

of the responsiveness to DHPG within the 4s time window that was used as a 

standard interval in earlier experiments (Hartmann et al. 2014). 
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Figure 1 Transient depolarization allows reactivation of mGluR1 for 

minutes after calcium influx. A DHPG application (10ms, 200µM) before (left) 

and after (Right) transient depolarization (1s, 0 mV) (blue bar). DHPG was 

applied 0.5s (dark green) or 4s (light green) after depolarization and indicated by 

vertical bars. Top traces show OGB-1 fluorescence recordings in dendritic 

subregions, bottom traces indicate current measurements via whole-cell somatic 

patch-clamp in voltage mode. B Summary: Mean ΔF/F amplitudes(left) and 

inward currents (IDHPG;right) following DHPG application taken from the 

experiment shown in A. C Similar experiment as shown in A, but with longer 

periods between depolarization and DHPG application. Vertical black lines 

indicate point of DHPG application with the time between depolarization and 

DHPG application indicated behind it. All applications were performed in one cell. 

D Summary: mean inward current amplitudes following DHPG application (IDHPG) 

as shown in C. E Summary of the inward current in C normalized against the 4s 

value. 
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In order to elucidate the temporal characteristics of the transient restoration of 

responsiveness to DHPG by depolarization I applied DHPG at various intervals 

that were multiples of the standard 4s interval. In Fig. 1C subsequently recorded 

inward currents from one cell stimulated with DHPG at 4s and up to 256s after 

the depolarizing pulse are plotted. The amplitude of the TRPC3-mediated 

currents decline only after 4 min (Fig. 1D, 4s 191 ± 55 pA, 8s 201 ± 86 pA, 16s 

210 ± 80 pA, 32s 202 ± 73 pA, 64s 183 ± 64 pA, 128s 148 ± 47 pA, 256s 90 ± 26 

pA) but were statistically the same for all intervals. Normalizing for the response 

at 4s did not reveal any differences either (Fig. 1E, 8s 76 ± 14 %, 16s 82 ± 11 %, 

32s 84 ± 10 %, 64s 76 ±10%, 128s 68 ± 11%, 256s 59 ± 19%) Thus, a single 

event of calcium influx over the PM can reliably rescue mGluR1-mediated inward 

current in STIM1pko PNs for minutes and the effect of the depolarization regarding 

the rescue of mGluR1 signaling in the absence of STIM1 in STIM1pko mice by far 

outlasts the rise in the cytosolic calcium concentration due to calcium influx 

through VGCCs. Direct binding of calcium ions to the TRPC3 subunits as a 

requirement for channel gating can therefore be excluded.  

3.1.2 TRPC3 activation happens independent of intraluminal calcium con-

centrations 

Thus, it was found that TRPC3 is activable in conditions where ER calcium 

stores in PNs are full: at rest when STIM1 ensures store replenishment or 

alternatively during or following activity when stores are full due to calcium influx 

through VGCCs. Next, the hypothesis that the ER calcium store regulates 

TRPC3 activation was tested. For this purpose we used an experimental setting 

similar to that shown in Fig. 1A (4s interval). After an initial test that showed 

restoration of DHPG responses following the depolarization the experiment in the 

same cells was repeated in the presence of 30 µM CPA, an antagonist of 

SERCA that depletes ER calcium stores of mobilizable calcium ions (de Juan-

Sanz et al. 2017). Surprisingly, TRPC3 activation due to DHPG-application was 

observed following the depolarization in the presence of CPA when the DHPG-

induced calcium signal was strongly reduced as an indication of store emptying 
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(Fig. 2, right ③). The summary shows that TRPC3 is equally activated with or 

without CPA (Fig.2B, middle, ① 17 ± 9 pA,  ② 125 ± 40 pA ③ 155 ± 50 pA). 

The calcium release from stores is significantly reduced following CPA 

application (Fig.2B, left, ① 9 ± 9 %, ② 85 ± 37 % ③ 51 ± 15 %). Note that CPA 

did not influence the calcium influx following depolarization (Fig 2B, right, control:  

237 ± 41 %, CPA: 221 ± 38%). 

 
 

Figure 2 TRPC3 activation does not depend on calcium concentrations in 

the ER. A DHPG application before (left) and after (middle) transient depolariza-

tion. Depolarization and DHPG application were repeated in the presence of CPA 

(30 µM) in the external medium (right). Dotted lines indicate baseline values un-

der control conditions. B Summary:  Mean amplitudes of relative OGB-1 fluores-

cence changes (ΔF/F; left) and inward currents (IDHPG; middle) in response to 

DHPG-application for the three conditions depicted in A, and mean amplitudes of 

depolarization-induced calcium transients under control conditions and in the 

presence of CPA (right). 
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The residual calcium transient in the presence of CPA occurs due to calcium 

influx through TRPC3 that is an unspecific cation channel that is permeable to 

Calcium (Clapham et al. 2001). This was proven with the use of a general 

TRPC3 knockout (TRPC3-/-) mouse that completely lacks the mGluR1-dependent 

current but has normal IP3R-mediated calcium release downstream of mGluR1. 

In acute cerebellar slices of TRPC3-/- mice PNs were whole-cell patch-clamped, 

and DHPG was applied before and after depolarization under control conditions 

and in the presence of CPA similarly to the experiment the STIM1pko mouse in 

Fig. 1A. It was found that in the absence of an inward current there is no DHPG-

evoked calcium signal in the presence of CPA (Fig. 3).  Thus, CPA effectively 

empties calcium stores in cerebellar PNs under these conditions. Based on these 

data, the hypothesis that TRPC3 activation depends on the filling state of ER 

calcium stores was discarded. Instead, TRPC3 appears to be regulated by the 

cytosolic calcium concentration.  

 
 

3.1.3 TRPC3 activation is regulated by local cytosolic calcium concentra-

tions in STIM1-/- mice 

This hypothesis was tested in wild type mice by another variation of the 

experimental conditions in this protocol (① control DHPG response, ② test 

DHPG response after depolarization), namely by supplementing the internal 

solution with 20 mM ethylene glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic 

acid (EGTA) to buffer cytosolic calcium. This prevented cytosolic calcium 

transients during the depolarization in 7/12 cells tested.  The remaining 5 EGTA 

Figure 3 CPA empties calcium 

stores in TRPC3-/- mice. Similar to 

Figure 2A, DHPG was applied be-

fore (left) and after (right) transient 

depolarization under application of 

CPA. 
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cells that showed calcium transients were removed from the analysis. 

Surprisingly, despite the absence of a cytosolic VGCC-mediated calcium 

transient during the depolarization in the cells perfused with EGTA TRPC3 could 

be activated immediately thereafter as indicated by DHPG-evoked inward 

currents (Fi. 4A ②). However, in other experiments, when EGTA was replaced 

with the same concentration of 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid (BAPTA) the activation of TRPC3 by DHPG-application following 

the depolarization was completely prevented (Fig. 4B ②). The summary in Fig. 

4C shows that under EGTA conditions, TRPC3 is as strongly activated as under 

CPA only (Fig. 4C top, CPA 165 ± 55 pA, BAPTA 5 ± 3 pA, EGTA 128 ± 23 pA). 

Calcium influx via TRPC3 was buffered with either calcium chelator (Fig.4C 

bottom, CPA 31 ± 9 %, BAPTA 3 ± 2 %, EGTA 9 ± 6 %). 
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Figure 4 Fast calcium buffering prevents depolarization-induced rescue of 

TRPC3 activation in STIM1PKO mice. A OGB-1 fluorescence (top) and current 

recordings (bottom) with DHPG application before (left) and after (right) transient 

depolarization with 20 mM EGTA in the pipette solution intracellularly and in the 

extracellular presence of 30 µM CPA. B Analogous experiment as in A, but with 

20mM BAPTA instead of EGTA. C Summary of the DHPG responses shown in 

2A (condition ③, CPA), 4A (②) and 4B (②): Mean inward current amplitudes 

(IDHPG, top) and mean amplitudes of DHPG- DHPG, 

bottom). 

 

The difference between the effects of both buffers reveals an important 

prerequisite underlying the activation mechanism of TRPC3. BAPTA and EGTA 

bind calcium with similar affinities, but BAPTA has nearly 100-fold faster binding 

kinetics than EGTA (Naraghi et al. 1997). EGTA buffers global calcium signals 

(hence the absence of a calcium transient following depolarization). BAPTA, 

however, captures calcium ions much nearer to the source (here VGCCs in the 

PM).   

This differential sensitivity of processes dependent on calcium influx to BAPTA 

and EGTA has been interpreted as being due to a close physical distance 

between the channels and the respective calcium sensor (“nanodomain coupling”, 

Eggermann et al. 2012). The conclusion from the experiments described above 

is that the activation of TRPC3 downstream of mGluR1 in the absence of STIM1 

depends on a calcium binding component that is located within nanometer range 

to the mouth of VGCCs in the PM.  

3.1.4 TRPC3 activation depends on cytosolic calcium in wild type mice 

From earlier work in our group it was known that at resting membrane potential 

TRPC3 depends on STIM1 (Hartmann et al. 2014) but activates normally in the 

presence of CPA when ER calcium stores are empty and STIM1 expression is 

unaltered (Henning, unpublished). In order to clarify whether the activability of 

TRPC3 depends on cytosolic calcium also at rest, I conducted whole-cell patch-

clamp experiments in acute cerebellar slices from wild type mice.  
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Figure 5 Fast calcium buffering prevents TRPC3 activation in WT mice. A 

Top: Somatic voltage-clamp recordings with DHPG application 15 minutes (left) 

and 25 minutes (right) after the whole-cell configuration was established with 

standard intracellular solution in the pipette. Bottom: Analogous experiment with 

an intracellular solution substituted with 30 mM BAPTA. B Summary: Mean IDHPG 

amplitudes for all experiments as shown in A for control (circles) and BAPTA 

containing (squares) internal solutions. 

 
Once the whole-cell configuration was attained by rupturing the membrane patch 

under the pipette tip DHPG was repeatedly applied at regular time intervals (5 

min). The pipette contained either the regular internal solution or the solution that 

was complemented with BAPTA. Under both conditions inward currents are 

reliably evoked up to 15 min after the beginning of the perfusion of the cells with 

the respective pipette solutions (Fig. 5A, top). In control experiments the 

amplitude of the DHPG-evoked inward currents initially increases (E53: 0‘ 100 ± 

0 pA, 5‘ 173 ± 2 pA, 10‘ 204 ± 27 pA, 15‘ 222 ± 30 pA, 20‘ 261 ± 38 pA, 25‘ 249 ± 

42 pA). A possible explanation for that is an increase of the driving forces for 

cation currents as the liquid cytosol is increasingly exchanged with the pipette 

solution. The amplitude then remains stable throughout the experiment (Fig. 5B). 

In the cells filled with BAPTA-containing solution, in contrast, TPRC3-mediated 

currents do not increase initially and started to decline after 20 min into the 

experiment and practically disappeared after 25 min. (BAPTA:  0‘ 100 ± 0, 5’ 125 

± 25 pA, 10‘ 81 ± 24 pA, 15‘ 98 ± 32 pA, 20‘ 70 ± 28 pA, 25‘ 44 ± 20 pA) (Fig. 5A, 
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bottom). The observation that TRPC3 cannot be activated when all necessary 

molecular components are in place but cytosolic calcium is buffered led to the 

conclusion that permissive cytosolic calcium levels are required for TRPC3 

activation.  

3.1.5 Physiological calcium influx over the PM is sufficient to reactivate 

mGluR1 responses 

Calcium influx through the PM seems crucial for TRPC3 activation in PNs (Fig. 1, 

2). I wondered how relevant these findings are considering the physiological 

connections excitatory fibers make with cerebellar PNs. Cerebellar PNs receive 

massive excitatory input from the CF at a frequency of 1 Hz in vivo (Ito, 2006) 

leading to semi global calcium influx in large parts of the dendritic tree (Otsu et al. 

2014). Could activation of the CF lead to store refilling and TRPC3 rescue in 

STIM1pko PNs? With an extracellular voltage pulse CF can reliably be activated in 

cerebellar slices (Konnerth et al. 1990). Successful activation of CF was 

assessed by its all or nothing character, paired-pulse depression when the 

interstimulus interval is < 500 ms and the characteristic waveform of the resulting 

complex spike in the current clamp mode (data not shown). We confirmed that 

DHPG-evoked TRPC3-mediated currents are successfully rescued after 

activation of the CF (Fig. 6A). In summary, physiological depolarization resulting 

from synaptic activity and consecutive calcium influx through the PM can ensure 

activatability of TRPC3 in STIM1pko PNs (Current: DHPG 117 ± 57 pA, 

CF+DHPG 251 ± 81 pA) (Fig. 6B). 
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Figure 6 Rescue of mGluR1-mediated responses in STIM1PKO mice by a 

preceding CF activation. A OGB-1 fluorescence (top) and whole-cell voltage-

clamp recordings with DHPG applications before (left, ①) and after (right, ②) 

climbing CF. The inset shows the CF-mediated EPSC on a high resolution time 

scale. B Summary: Mean IDHPG amplitudes at the two time points as indicated 

in A. 

 

3.1.6 Calcium release from stores does not affect TRPC3 activation 

The unknown calcium binding factor that is required for the mGluR1-dependent 

gating of TRPC3 during neuronal activity is located near the mouth of VGCCs. 

These channels, however, are closed at resting membrane potential when 

TRPC3 depends on STIM1 but not on the calcium concentration in the lumen of 

the ER. Thus, it seems justified to assume that the calcium-dependent regulator 

of TRPC3 could be located near to the cytosolic side of the IP3R. Therefore, 

calcium ions released from the ER through IP3Rs could be responsible for the 

regulation of the activability of TRPC3.  In STIM1pko PNs the ER calcium stores at 

resting state (Hartmann et al. 2015). However, Hartmann et al. also reported a 

small increase of inward currents through TRPC3 following depolarization in PNs 

in wild type mice. We used this observation to test our hypothesis by exchanging 

the depolarization-evoked calcium influx with calcium release from stores. To 

force calcium from IP3R dependent stores, in whole-cell patch-clamped PNs in 

cerebellar slices from wild type mice we photolytically uncaged intradendritic 

myo-inositol 1,4,5-triphosphate, P4(5)-1-(2-nitrophenyl)ethyl ester (NPE-caged 

IP3) (400 µM) followed by puff application of DHPG to PNs.  



 

Results: Calcium-mediated TRPC3 regulation  37 
 

 

 
 

Figure 7 Calcium release from stores does not modulate TRPC3 activation. 

A OGB-1 fluorescence recordings (top) and somatic voltage-clamp recordings 

(bottom) with DHPG application before (left, ①) and after (right, ②) IP3 uncag-

ing (purple lightning bolt, purple bar in the inset). The inset shows the IP3 uncag-

ing on a higher time resolution scale. For display purposes, the uncaging artifact 

in the ΔF/F trace is cut off. B Summary: Mean IDHPG amplitudes (left) and calci-

um signal (right) as shown in A. 

 
Following a short UV-illumination artefact in the fluorescence trace, a slow 

calcium transient could be observed (Fig. 7A, inset) indicating successful IP3 

uncaging and IP3R-mediated calcium release from stores. The mGluR1-mediated 

slow calcium transient was consistently smaller after IP3 uncaging compared to a 

preceding control response due to partial store depletion by IP3  (Calcium: DHPG 

79 ± 13 %, Uncage+DHPG 54 ± 11 % ) (Fig. 7A, B right). However, we did not 

observe an increase in TRPC3-mediated current as was observed earlier 

(Current: DHPG 104 ± 23 pA, Uncage+DHPG 116 ± 30 pA) (Hartmann et al. 

2014). It therefore seems unlikely that calcium release from stores modulates the 

strength of TRPC3 activation. 
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3.1.7 Summary 

The findings in this chapter have broadened our understanding of the mGluR1 

signaling pathway in cerebellar PNs. More precisely, I found: 

 STIM1PKO neurons can be relieved of mGluR1 dependent signaling 

impairments for minutes by a single transient depolarization; 

 Physiological input from the CF can rescue the mGluR1 response in 

STIM1PKO PNs; 

 TRPC3 activation depends on the presence of calcium ions close to the 

PM; 

 TRPC3 activation does not depend on the filling state of the ER calcium 

store; 

 TRPC3 activation is likely to depend on the amount of cytosolic calcium 

close to the PM; 

 Calcium release from store seems insufficient to modulate TRPC3 

activation. 

In the following section, I attempt to unravel in closer detail some of the 

molecular mechanisms that underlie the activation of TRPC3.  
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3.2 Molecular mechanisms of TRPC3 activation 

After it was established that a calcium-dependent process is required to render 

TRPC3 activable, the next question was about the possible molecular 

mechanism that is involved.  

3.2.1 CaMKII-/- mice show small alterations in mGluR1 responsiveness 

TRPC3 is activated downstream of mGluR1 and Gq (Hartmann et al. 2004). Apart 

from the pathway downstream of mGluR1, in cell culture it was shown that 

calcium can modulate activation of TRPC3 channels (Zitt et al. 1997) (Shi et al. 

2004) (Shi et al. 2013). In cerebellar PNs influx of calcium is not sufficient to 

open TRPC3 (Fig. 1, 2, 5) but permissive cytosolic calcium levels are required to 

allow the gating of TRPC3. The calcium-regulated enzyme calcium calmodulin-

dependent kinase II (CaMKII) was demonstrated to modulate the close 

homologues of TRPC3, TRPC6 and TRPC7 (Shi et al. 2004) (Shi et al. 2013). 

We tested the hypothesis that CaMKII is involved in TRPC3 activation by testing 

mGluR1 activation via DHPG in PNs from CaMKII-/- mice. Again, as described 

previously, in acute cerebellar slices DHPG was locally applied to dendrites of 

whole-cell patch-clamped PNs filled with an OGB1-containing solution. As 

presented in Fig. 8A (right), CaMKII-/- PNs show slightly augmented TRPC3-

mediated current following DHPG application compared to wild type animals (Fig. 

8A, left). Strikingly, analysis of the data revealed a significant increase of the 

mean amplitude of TRPC3-mediated inward currents in CaMKII-/- mice (Fig. 8C, 

left), while mean amplitudes of DHPG-evoked calcium transients are not affected 

by the absence of CaMKII (Calcium: WT 204 ± 13 %, CamKII-/- 189 ± 20 %, 

Current: WT 189 ± 21 pA, CamKII-/-, 411 ± 52 pA) (Fig. 8C middle left).  
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The same experiment was repeated in the presence of 30 µM CPA in the ACSF. 

As was demonstrated earlier (Henning unpublished, Fig. 3), under these 

conditions the DHPG-evoked calcium transient is entirely mediated by calcium 

influx through TRPC3 (Fig. 9A). This CPA-resistant calcium transient is 

significantly larger in CaMKII-/- mice than in wild type mice (Fig. 9B).This result 

was unexpected since Shi et al. reported that CaMKII facilitates the activation of 

TRPC6 (Shi et al. 2013). Based on my results in CaMKII-deficient mice I can 

exclude this possibility for TRPC3 in PNs.  

Figure 8 Increased TRPC3-

mediated currents in the ab-

sence of CaMKII. A OGB-1 flu-

orescence (top traces) and 

whole-cell voltage-clamp record-

ings (bottom traces) with local 

DHPG application to PNs in wild 

type (left) and CaMKII-/- (right) 

mice. B Summary: Box plot 

(Tukey’s) of the IDHPG ampli-

tudes (left) and cytosolic calcium 

transients (right). Blue dots indi-

cate individual values. 
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3.2.2 DAG and the activation of TRPC3 

Similarly to TRPC6 (Clapham et al. 2001) in non-excitable cells TRPC3 has been 

shown to be activated by diacylglycerol (DAG), the second product of PLCβ 

besides IP3 (Hofmann et al. 1999). PLCβ has been reported to be modulated by 

calcium (Lomasney et al. 1999) and presents itself as a likely candidate for the 

calcium binding TRPC3-regulator. However, the use of blockade of PLCβ with 

U73122 resulted in negative findings regarding TRPC3 activation (Henning, 

unpublished)  However, a positive control that the antagonist was effective is 

lacking for these experiments, and therefore no clear conclusion can be drawn 

from them. 

 
 

Figure 9 Increased calcium 

influx through TRPC3 in 

CaMKII-/- mice. A Analogous 

experiment as in Figure 8A, with 

a bath solution containing 30 µM 

CPA for WT (left) and CamKII-/- 

(right). B Box plot (Tukey’s) of 

IDHPG amplitudes (left) and 

amplitudes of cytosolic calcium 

transients (right). Blue dots indi-

cate individual values. 
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Figure 10 OAG increases DHPG-evoked inward currents in a subset of PNs. 

Example traces of a cell showing a response to bath-applied OAG during (top, 

‘Example 1) and a cell that seemingly lacks responsiveness (bottom, ‘Example 

2’). 

 

Equally impossible to interpret have been earlier experiments in our lab in which 

the widely used analog of DAG, oleyl-acetyl-glycerol (OAG) was applied to 

whole-cell patch-clamped PNs in cerebellar slices in order to examine its 

possible role as a direct agonist of the channel. This did not result in the 

activation of OAG-evoked inward currents mediated by TRPC3 (Henning, 

unpublished). Because OAG application itself did not yield any responses (data 

not shown) we decided to apply a close to subthreshold concentration of DHPG 

before and during the OAG application. The experiment started with perfusing 

the slice with a DHPG-containing solution (30µM) while membrane currents were 

being recorded continuously in the voltage clamp mode. In 2/5 cells a small 

inward current developed similarly as reported earlier for bath application of 50 

µM 1-Amino-1,3-dicarboxycyclopentane (ACPD), another mGluR agonist 

(Hartmann et al. 2004). After 5 min OAG (100 µM) was added to the bath. In 

some cells this led to a further increase in the inward current that reached its 

maximum after approximately 1 min. following the perfusion with OAG. However, 

this only observed in 3/5 cells (Fig. 10). To reveal any subtle TPRC3 activating 

effects of OAG, we recorded current-voltage relationships (I-V curves) in control 

ACSF and with OAG (100 µM) in the bath. Again, the IV curves show little or no 

tendency towards more inward directed currents, meaning that we cannot 
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conclude that OAG positively modulates TRPC3 activation in our experimental 

setting (data not shown). Because OAG is very lipophilic it is probably captured 

near the surface of the slice and not reaching the dendrite of the patch-clamped 

PN that is most often located 20-50 µm beneath the surface of the slice. Recently, 

a photoactivatable DAG-analog (PhoDAG) has been developed by the group of 

Dirk Trauner (Frank et al. 2016). In this molecule DAG is covalently bound to a 

chemical group in the trans configuration in which it is inactive. Upon UV light 

illumination, the PhoDAG molecule switches from trans to cis configuration, 

rendering it biologically active. Green light switches the PhoDAG back in a non-

active state. PhoDAG has been shown to be effective in cell cultures in a sub 

second time range (Frank et al. 2016; Leinders-Zufall et al. 2018). In addition, it 

has been shown that PhoDAG can activate TRPC channels in brain slices 

(Leinders-Zufall et al. 2018). With this tool we tried again to assess the role of 

DAG for the activation of TRPC3 in PNs. More precisely, we used a variant 

called PhoDAG-11. We first verified that UV light illumination did not harm nor 

caused current artifacts during whole cell patched wild type PCs (Fig. 11A, 

control). Furthermore, perfusing our vehicle solution, consisting of 0.1% DMSO, 

did not give rise to any unspecific currents (Fig. 11A, vehicle). We proceeded by 

washing in PhoDAG into the bathing solution. Upon a 5 second, local dendritic 

illumination with UV light we did not observe a TRPC3-mediated inward current. 

Instead, a long-lasting outward current was measured (Fig. 11A, PhoDAG). 

Under the concrete ionic conditions in the experiment and the holding potential of 

-70 mV of the voltage clamp this outward current must be carried by potassium 

ions. DAG is known to be an activator of the protein kinase C (PKC) which 

phosphorylates potassium channels in PNs thereby activating them (Widmer et al. 

2003). The resulting outward currents might disguise TRPC3-mediated inward 

currents. We therefore attempted to block these PKC-mediated outward currents. 

Indeed, pre-incubating cerebellar slices with calphostin (1 µM), a PKC antagonist, 

for at least 5 min, blocked UV light-induced activation of outward currents in the 

presence of PhoDAG into the bath (Vehicle 6 ± 3 pA, PhoDAG 50 ± 9 pA, 

PhoDAG+Calphostin 3 ± 3 pA). However, no inward currents following UV-
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illumination were observed (Fig.11A, calphostin). Others have used PhoDAG-1 

(and -3) too, and reliably induced fast activation of TRPC2 and TRPC6 in 

heterologous systems, native cells and fresh mammalian tissue slices (Leinders-

Zufall et al. 2018). The calphostin-experiment described above demonstrates the 

successful transformation of PhoDAG and its functionality as an agonist. 

Therefore it is justified to put up the hypothesis that TRPC3 in PNs is not 

activated by DAG.  

 
 
 

Figure 11 PhoDAG induces a PKC-dependent outward current in PNs. A 

Somatic whole-cell recording from a PN with local UV light illumination (purple 

arrow and bar) onto a dendritic region of a PN in the presence of vehicle (1; 0.1% 

DMSO), PhoDAG (2), and both PhoDAG and calphostin (3). B Summary: mean 

membrane current amplitudes after illumination.  

 

3.2.3 Depolarization induced TRPC3 reactivation is not mediated by TRPC3 

insertion into the PM 

Indu Ambudkar and her coworkers (Singh et al. 2004) showed that TRPC3 in 

HEK-293 cells is trafficked intracellularly in vesicles and inserted into the PM via 

calcium-regulated exocytosis. In PNs, exocytosis could be the process that 

requires calcium influx and that ensures the presence of TRPC3 in the PM. 

Indeed, this hypothesis could well explain our observations in STIM1pko PNs, 

where under resting conditions the cells are not responsive to DHPG, but 

following calcium influx, TRPC3 is reactivated downstream of mGluR1. We 

wanted to know whether TRPC3 is absent from the PM during resting conditions 
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in STIM1PKO PNs. To answer this question we relied on a newly developed direct 

agonist for TRPC3 and TRPC6, GSK1702934A (Doleschal et al. 2015).  

GSK1702934A (10 µM) was locally puff-applied (10 s) to dendrites of whole-cell 

patched PNs in acute cerebellar slices. As can be seen in Fig. 12A, both in 

STIM1PKO and WT PNs, pressure ejection of GSK1702934A reliably caused a 

transient inward current that after decrease of local GSK concentration declined 

back to baseline. No significant difference between WT and STIM1PKO mice was 

observed (mean inward current amplitudes, WT 195 ± 32 pA, Orai2-/- 416 ± 83 

pA, STIM1PKO 334 ± 71 pA, Fig. 12B, summary). Most importantly, we did not see 

GSK-evoked inward currents in any of the six cells tested in TRPC3-/- mice, 

which proves the specificity of the agonist (Fig. 12C, grey overlaid trace). In short, 

we conclude that the insertion of TPRC3 into the PM of PNs is not impaired in 

the absence of STIM1 in STIM1PKO mice and its reactivation does not rely on 

insertion of the channel into the PM. 

 

 
 
 

Figure 12 GSK1702934A evokes TRPC3-mediated inward currents. A, B, C 

Whole-cell voltage-clamp recordings with GSK puff application on PN dendrites 

(black horizontal bar) in Orai2-/-, STIM1-/- and WT mice, respectively. In C, the 

wild type trace is overlaid with an analogous experiment in TRPC3-/- mice (grey). 

D Summary: Mean IGSK amplitudes in the genotypes indicated in A, B and C. 
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3.2.4 Summary 

The experiments described in this section disproved some initial hypotheses 

regarding the molecular mechanism of TRPC3 activation in cerebellar PNs. In 

short we have shown that: 

 It is unlikely that CaMKII plays a decisive role in TRPC3 activation or 

during calcium influx-mediated modulation of the channel; 

 The DAG analog OAG  as a rule did not activate TRPC3 or modulated the 

current though the channel in our experimental setting;  

 Despite successful photoactivation of PhoDAG in fresh cerebellar tissue 

TRPC3 in PNs was not activated; 

 Calcium influx-dependent TRPC3 insertion into the membrane as an 

underlying mechanism for the cellular phenotype observed in STIM1PKO 

mice can be excluded. 

In the following section we decided to present data that places TPRC3 in PNs in 

a larger molecular network with a decisive role of one of the binding partners of 

STIM1, namely Orai2, for its activation. 



 

Results: The role of Orai2 in Purkinje neurons 47 
 

3.3 The role of Orai2 downstream of mGluR1 in PN s 

3.3.1 Orais are expressed in WT cerebellar PNs 

Considering the role of cytosolic calcium and STIM1 in mGluR1 signaling, I 

continued my search of activation mechanisms of TRPC3 in cerebellar PNs. 

Gating of TRPC3 in cerebellar PNs at resting membrane potential depends on Gq 

activation (Hartmann et al. 2004), the presence of STIM1 and the nanodomain 

coupling of an unknown component (not TRPC3 itself) to a calcium-permeable 

channel in the PM. Orai channels are calcium-permeable channels in the PM that 

are opened by their interaction with STIM1 at resting membrane potential (Kraft 

2015). Orai channels therefore were the most likely candidates to provide the 

necessary calcium needed to make the gating of TRPC3 possible. All three Orai 

subunits were shown to be expressed in PNs (Wissenbach et al. 2007). Based 

on mRNA levels observed during single cell qPCR measurements, Orai2 is the 

most abundant subtype in cerebellar PNs, followed by Orai1 and Orai3 

(Hartmann et al. 2014). In order to demonstrate the presence of Orai proteins in 

PNs, I co-immunostained cerebellar slices for each of the three different Orai 

subtypes together with the PN marker calbindin (Fig. 13). Orai1 and 2 were 

detected in PN somata and faintly in proximal dendrites, a finding that mirrors the 

location of STIM1 in PNs (Hartmann et al. 2014).  
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Figure 13 Presence of Orai1 and Orai2 protein in cerebellar PNs. Fixated 

cerebellar slices from WT mice were stained against Orais (green) in the follow-

ing order: Orai1 (top), Orai2 (middle) and Orai3 (bottom) and co-stained with the 

PN marker calbindin-D28k (red). The overlaid result is presented under ‘Merge’ 

(right) were a yellow color indicates an overlap of anti-Orai and anti-calbindin an-

tibody binding. 

 

3.3.2 Orai2 is absent in Orai2-/- animals and does not affect dendritic mor-

phology 

To study the role of Orais on a functional level we made use of recently 

generated transgenic Orai2 knockout (Orai2-/-) mice (Vaeth et al. 2017). 

Immunostaining against Orai2 of the cerebellar vermis tissue demonstrates that 

Orai2 is no longer expressed in the Orai2-/- mice (Fig.14). Tissue qPCR analysis 

of cerebellar vermis of these mice shows they virtually lack mRNA copies of 

Orai2 (WT 0.01 ± 0.003, Orai2-/- 1.2 * 10-4 ± 8.4 * 10-5)) (Fig. 14). The mRNA copy 

numbers of Stim1 and Stim2 were not altered in the absence of Orai2. This was 

conformed with immunostaining for Orais in cerebellar slices from Orai2-/- mice, 

that showed intact expression of Orai1 and Orai3 and complete absence of Orai2 

(Fig. 15). 

 
 
Figure 14 Tissue expression of Orai2 in WT and Orai2-/- animals. Left: SYBR 

green fluorescence reporting the amplification of Orai2 cDNA during qPCR for 

WT (black) and Orai2 (red) tissue from the cerebellar vermis. Right: Summary of 

relative Orai2 expression normalized against the expression of the housekeeping 

gene gapdh (N=4 for both genotypes). 
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Additionally, I analyzed the general morphology of PNs in wild type and Orai2-/- 

mice. PNs in acute cerebellar slices were whole-cell patch-clamped and filled 

with a biocytin-containing intracellular solution. Cells remained intact after gentle 

retrieval of the patch pipette. Slices were then fixated and streptavidin staining 

was performed as described in the methods section. Confocal microscope 

imaging stained cerebellar slices showed that deletion of Orai2 does not cause 

abnormal development (Fig. 16). Although it should be noted that PN morphology 

varies widely between different cells, the mean size of somata (Soma size: WT 

407 ± 25 mm2, Orai2-/- 392 ± 32 mm2) as well as dendritic tree size (Dendrite size: 

WT 30303 ± 1745 mm2, Orai2-/- 26279 ± 1406 mm2) are similar for the two 

genotypes.  

 
 
Figure 15 Orai2 protein is not detected in Orai2-/- mice. Confocal images 

demonstrating immunostaining against Orai1 (top), Orai2 (middle) and Orai3 

(bottom) on fixated cerebellar slices from an Orai2-/- mouse. Slices from Orai2-/- 

mice were stained against Orais (green) in the following order: and co-stained 

with the PN marker calbindin-D28k (red). ‘Merge’ represents an overlay of stain-

ings (right) were a yellow color indicates overlap of the anti-Orai and anti-

calbindin-D28k antibody binding. 
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Figure 16 Deletion of Orai2 does not affect PN morphology. A Representa-

tive overview (left) and high magnification (right) confocal images of PNs in fixat-

ed cerebellar slices from wild type mice, filled with biocytin and stained with con-

jugated streptavidin. Full cell images are the result of maximum intensity projec-

tions of image stacks consisting of 20-30 images captured with a slice thickness 

of 1 µm. B Analogous images to A in an Orai2-/- mouse. C Summary: Mean soma 

size (left) and dendritic surface area (right) in both genotypes (wild type: n = 8; 

Orai2-/-: n = 8). 

 

3.3.3 Mice lacking Orai2 display cerebellum-mediated motor impairment 

Impairments in mGluR1 signaling in PNs have been associated with motor 

impairment numerous times in multiple mouse models (Hartmann et al. 2011). 

Similar behavioral defects were found in STIM1 knockout mice (Hartmann et al. 

2014) and therefore a possible motor impairment for Orai2-/- mice was predicted. 

I tested Orai2-/- mice on an elevated beam test, which was shown to detect even 

subtle PN specific impairments (Hartmann et al. 2008; Hartmann et al. 2014). I 

quantified the performance by the amount of paw slips the mice made while 

walking over a cylindrical, thin plastic beam to a ‘safe’ platform with their native 

house (Fig. 17A). Orai2-/- mice scored worse in this case compared to wild type 

mice (Fig.17B, left) by slipping with their hind paws in 13 ± 2 % of their steps (11 

vs 9 mice for WT and Orai2-/- mice, respectively), compared to WT 5 ± 1 %, % of 

slips in wild type mice. Both genotypes showed equal motivation to walk over the 

beam and made comparable amounts of steps (WT 84 ± 5, Orai2-/- 68 ± 9) 

(Fig.17B, right). The second behavior test I performed was the Rotarod test. Wild 

type and Orai2-/- mice were placed on a rotating cylindrical beam which linearly 

increased its rotating speed. The test was repeated twice daily for four days; the 
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results are depicted in Fig 17C. Over all trails, the wild type mice were able to 

stay on the rotating beam longer, and over time improve their performance more 

compared to Orai2-/- mice. The final run duration was significantly different 

between both genotypes (73 ± 8 s for wild type and 32 ± 7 s for Orai2-/- mice). 

These data indicate that Orai2-/- mice suffer from motor impairments. 

 
 
Figure 17 Orai2-/- mice demonstrate impaired motor coordination. A Demon-

stration of the experimental setting for the elevated beam test. The share of steps 

with paw slips (bottom, white arrow) was used as a measure of performance. B 

Summary: mean percentage of steps with paw slips (left) and mean number of 

steps (right) for all mice tested. C Mean time spent on the accelerating rotarod for 

wild type (black) and Orai2-/- (red) mice for all ten consecutive sessions.  

 
It should be noted that these experiments were performed on general knockout 

mice, which means that Orai2 is lacking in every cell of the body. As motor 

behavior depends not only on the cerebellum but also other parts of the brain, 

and in addition also on muscles, bones and other factors, there could be 

confounding factors in the general Orai2 knockout mice. We therefore repeated 

the elevated beam test in PN specific Orai2 knockout (Orai2PKO). These mice are 

the result of breeding a mouse line (Orai2Control) in which part of the Orai2 gene is 

homozygously flanked with loxP sites (floxed) to a mouse line that expresses the 

Cre recombinase under the control of the promoter that drives the expression of 

the GluD2 receptor (Yamasaki et al. 2011) that is found almost exclusively in 

PNs. Because orai2 is only deleted in PNs, any motor impairment seen in these 

mice can be attributed to defects in the PNs. The results of the elevated beam 

test with these mice are shown in Fig. 18. As expected, he difference between 
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Orai2PKO and Orai2Control mice was smaller compared to difference between 

Orai2-/- and wild type mice. However, Orai2PKO mice (7 ± 1% of slips) score 

significantly worse than the control mice (4 ± 1 % of slips). These results were 

again independent of weight or gender (data not shown) and both groups 

showed equal motivation to walk the beam (Fig. 18, right). In conclusion, deletion 

of Orai2 exclusively in PNs causes motor impairment and thus, Orai2 has an 

important role for cerebellar function. 

   

 

3.3.4 Normal fast synaptic signaling in PNs lacking Orai2 

Next, I sought to characterize synaptic signaling in Orai2-/- and wild type mice. I 

started out with fast AMPAR-dependent synaptic transmission that is activated 

with single shock stimulation of parallel fibers. It was previously reported that 

motor problems can be caused by impaired fast synaptic signaling as well as 

mGluR1-mediated signaling (Ito, 2006). Paired-pulse facilitation (PPF) is a 

characteristic short term plasticity mechanism observed at parallel fiber synapses 

of PNs (Atluri et al. 1996).  Paired activation of parallel fibers with different 

interpulse intervals (IPI) resulted in increased secondary responses. The 

enhancement of the second EPSC amplitudes declined with increasing length of 

IPIs and typically disappears at IPI > 500 ms (Fig. 19). The result shows that 

there is neither a difference between Orai2-/-, Orai2PKO and Orai2Control mice. In 

short, Orai2-deficient mice show the same PPF as wild type mice.  Because PPF 

at parallel fiber synapses is presynaptically regulated (Atluri et al. 1996) this is a 

strong indication for normal presynaptic glutamate release from parallel fiber 

terminals. 

Figure 18 Orai2PKO mice show 

impaired performance on an 

elevated beam. Summary of 

the relative amount of paw slips 

(left) and number of steps 

(right) during an elevated beam 

test for Orai2Control (‘Control’, 

white) and Orai2PKO (red) mice. 
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Figure 19 Normal paired pulse facilitation in Orai2-deficient mice. A Whole-

cell voltage-clamp recordings from PNs in cerebellar slices from Orai2-/- (black), 

Orai2PKO (red) and Orai2Control (green) mice. Overlay of five consecutive meas-

urements with pairwise parallel fiber stimulation with increasing ISIs (white trian-

gle = 1st EPSC, black = 2nd EPSC) in. B Summary: Mean paired-pulse ratio re-

sulting from the division of the amplitudes of both EPSCs (2nd EPSC/1st EPSC) 

plotted against the IPI. 

 
I also looked into synaptic signaling between CF and PNs. Activation of the CF 

results in an all or nothing, large EPSC. The postsynaptic action potential that 

follows CF activation is called ‘complex spike’ because the initial spike is followed 

by a number of smaller spikelets. Activation of the CF opens voltage gated 

calcium channels, and can be seen by a fast calcium transient in almost the 

whole dendritic tree (Otsu et al. 2014). Indeed, stimulating the CF in cerebellar 

slices of wild type and Orai2-/- mice resulted in a calcium transient measured in 

the proximal part of the dendritic tree (Fig. 20A). Moreover, this calcium transient 

was accompanied with a typical complex spike, with its characteristic initial spike 

and following spikelets. The summary shows that both the dendritic calcium 

transient (WT 92 ± 10 %, KO 111 ± 17 %) as well as the number of spikelets (WT 

4 ± 0.3, Orai2KO 4 ± 0.2) during the complex spike are unaltered in Orai2-/- mice 

compared to wild type mice. Taken together, this data suggests that the synaptic 

connection between CF to PN is intact despite the absence of Orai2.  



 

Results: The role of Orai2 in Purkinje neurons 54 
 

 
 
Figure 20 Climbing fiber responses are not altered in the absence of Orai2. 

A OGB-1 fluorescence recording with the response to the activation of the CF. 

Inset: Whole-cell current-clamp recordings of complex spikes resulting from CF 

activation. B Summary: Mean calcium transient amplitudes (left) and mean num-

ber of spikelets in the complex spikes (right). 

 

3.3.5 Slow, mGluR1-mediated synaptic signaling is impaired in Orai2-/- mice 

The experiment demonstrated in Fig. 20 shows data resulting from single parallel 

fiber stimulations. Parallel fibers in vivo can fire up to 1 kHz (Ito, 2006) and 

repetitive parallel fiber stimulation has been shown to activate postsynaptic 

mGluR1. I adopted a protocol from Hartmann (Hartmann et al. 2008) which 

allows me to see both fast and slow synaptic parallel fiber responses. More 

specifically, I used 200 Hz parallel fiber stimulation and partial AMRA receptor 

blockage with 10µM CNQX in the ACSF. The results are shown in Fig. 21. As 

described earlier (Hartmann et al. 2014) Repetitive (5 pulses) parallel fiber 

stimulation at 200Hz resulted in biphasic EPSCs. The AMPA receptor-mediated 

fast EPSCs (fEPSCs) are easily recognized by their immediate onset following 

stimulation. Opposed to this immediate response, the mGluR1-mediated slow 

EPSC (sEPSC) follows with a delay and peaks only a few hundred milliseconds 

after stimulation, indicating their dependence on intracellular pathways (Batchelor 

et al. 1993). In the confocal fluorescence recording performed concomitantly with 

10V stimulation strength, delayed mGluR1-mediated calcium transient was 

observed (Fig. 21A, top) (144 ± 23 %). Stimulating the same dendritic region with 

25V resulted in a pronounced slow current through TRPC3 (Fig. 21A, bottom) 

114 ± 31 pA). In Orai2-/- mice however, the same stimulation resulted in strongly 

altered synaptic signals. No mGluR1-mediated calcium transient was observed 
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following repetitive 10V stimulation (Fig. 21B, top) (Orai2-/- 3 ± 3 %). In addition, 

the mGluR1-mediated sEPSC was fully abolished (Fig. 21B, bottom) (4 ± 4 pA). 

The quantification shows a highly significant difference between the TRPC3-

mediated sEPSC in wild type and Orai2-/- mice (Fig. 21C, left). In Orai2PKO and 

Orai2Control mice, the same observation was made (Fig. 21D, E, F). In conclusion, 

these results indicate a strong defect in parallel fiber to PN synaptic signaling in 

the absence of Orai2, which appears to be highly specific to the mGluR1 

pathway.  

 
 

Figure 21 Synaptic signaling in the absence of Orai2. A False color represen-

tation of a local calcium transient following 200Hz parallel fiber stimulation (5 

pulses) in a dendritic subregion (left), time course of the Calcium signal (right, top) 

and the somatically recorded sEPSC (right, bottom). Time point of stimulation is 

indicated by the black arrowhead. Grey traces indicate individual trials; an aver-

aged trace is overlaid in black. B, D, E Analogous experiments as in A for Orai2-/-, 

Orai2Control and Orai2PKO respectively. C Bar graphs showing mean amplitudes of 

calcium transients following stimulation (left) and mean sEPSC amplitudes (right) 

for WT (white) and Orai2-/- (red) mice. F Analogous summary as in C for 

Orai2Control (white) and Orai2PKO (red) mice. 

 

In order to further investigate postsynaptic calcium signaling in PNs and its 

dependence of Orai channels I performed similar experiments in acute cerebellar 

slices with reduced frequency of repetitive parallel fiber stimulation. Earlier work 
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in our group had demonstrated that stimulating parallel fibers five times at a 

frequency of 50 Hz in the dendrites of PNs biphasic calcium signals consisting of 

an AMPAR and an mGluR1-mediated component (Takechi et al. 1998). 

Averaging multiple such responses from different cells resulted in a calcium trace 

with a sharp initial peak and a broad second peak. The first maximum reflects 

VGCC-mediated calcium influx while the second is IP3-mediated calcium release 

from stores (Takechi et al. 1998; Fig. 22A, left). There is no contribution of 

calcium influx through TRPC3 because it is not activated under these conditions. 

On the other hand, Orai2-/- cells only show a sharp, AMPAR-mediated initial peak 

(Fig. 22A, middle). An overlay of the two reveals a noticeable difference in the 

time course of the signal (Fig. 22A, right) which can be quantified by measuring 

the half width of the calcium transient in both genotypes. The result indicates a 

significantly longer half width value for the wild type samples (0.30 ± 0.02 s) in 

comparison to Orai2-/- mice (0.20 ± 0.02), which can be explained by the lack of 

mGluR1-mediated calcium signal in the Orai2-/- (Fig. 22B). This experiment 

confirms the observation that Orai2-/- mice lack both types of mGluR1-mediated 

responses; the TRPC3-mediated sEPSC and the IP3R-mediated calcium release 

from ER calcium stores. 

 
 

Figure 22 Lack of Orai2 causes failure to release calcium from stores. A 

OGB-1 fluorescence recordings with 50Hz parallel fiber stimulation in WT (left), 

Orai2 (middle) and both traces superimposed (right). The inset shows the EPSC 

measured in the whole-cell voltage-clamp mode; the black triangle indicates the 

time point of the first stimulation. B Summary shows half widths of the calcium 

transients demonstrated in A for WT (white) and Orai2-/- (red). Blue dots corre-

spond to individual measurements.  
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3.3.6 Orai2-/- mice lack responsiveness to mGluR1 agonist application 

The previous results indicated an obvious defect in parallel fiber-PN synaptic 

signaling in the absence of Orai2. This finding does not only appear to be specific 

for Orai2, but also for signaling downstream of mGluR1, since fast synaptic 

signaling remained unaltered. To substantiate this initial finding I chose to 

activate mGluR1 in PNs directly using local application of the group I mGluR-

specific agonist (S)-3,5 Dihydroxyphenylglycine (DHPG). DHPG typically evokes 

both types of mGluR1-dependent response in PNs: IP3-mediated calcium release 

and an inward current mediated by TRPC3 (Hartmann 2008). Puff application 

(200µM, 50 ms, 10 psi) of DHPG on PNs’ dendrites in wild type mice produced 

such responses (Fig. 23A, left). The presence of this response proved to be 

highly reliable across different dendritic areas, slices and mice (Fig. 23B, top). 

Orai2-/- mice on the other hand mostly demonstrated unresponsiveness to the 

activation of mGluR1 (Fig. 23A, right). More precisely, only 25% of all dendritic 

regions tested showed responsiveness to DHPG (Fig. 23B, bottom). Comparison 

of mGluR1 responses between wild type and Orai2-/- mice showed highly 

significant differences for both calcium transients (mean ΔF/F amplitudes 147 ± 

17 % in the wild type and 21 ± 6% in Orai2-/- mice) and TRPC3 activation (mean 

sEPSC amplitudes 129 ± 32pA in the wild type and 15 ± 4 pA in Orai2-/- mice) 

(Fig. 23C). However, this comparison was made by including both responsive 

and non-responsive Orai2-/- samples in one group. I defined responsiveness as a 

positive value for both calcium signal and inward current following DHPG 

application. When only responsive dendritic regions are included into the analysis 

it shows highly reduced mGluR-mediated responses in Orai2-/- mice (mean ΔF/F 

amplitudes WT 147 ± 17 %, Orai2-/- 21 ± 6 %, mean sEPSC amplitudes WT 129 

± 32 pA, Orai2-/- 15 ± 4 pA) (Fig. 23D). A similar experiment in Orai2PKO mice 

shows similar results (Fig. 24A, B) albeit in a smaller sized sampling group. We 

did not observe any responses following mGluR1 activation in Orai2PKO mice, 

while Orai2Control mice showed normal mGluR1 activation (Calcium: Orai2Control 

263 ± 18 %, Orai2PKO 1 ± 0.2 %; Current: Orai2Control 237 ± 41 pA, Orai2PKO 6 ± 5 

pA). This nonetheless shows on the one hand the specificity of impairments of 
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the Orai2 deletion in PNs, and on the other hand the validity of both mouse 

models. 

 

 
 

 
Figure 23 Disrupted mGluR1-dependent synaptic signaling in the absence 

of Orai2. A Cytosolic calcium measurement (top) and whole cell current record-

ing (bottom) during DHPG application in WT mice (left) and Orai2-/- mice (right). 

B Quantification of the share of DHPG responsive cells in WT (top) and Orai2-/- 

(‘KO’, bottom). C Summary: Mean calcium transient amplitudes (left) and maxi-

mum IDHPG amplitudes (right) from all experiments as demonstrated in A. D Anal-

ogous summary for  the responsive cells only  (black areas in the pie chart of B). 
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Figure 24 Disrupted mGluR1-dependent responses to agonist stimulation 

in Orai2PKO mice A Cytosolic calcium measurement (top) and whole-cell current 

recording (bottom) during DHPG application in Orai2Control mice (left) and 

Orai2PKO mice (right). B Summary: Mean IDHPG amplitudes (left) and mean ampli-

tudes of DHPG-evoked calcium transients (right) and for all experiments as in A. 

 

3.3.7 Orai2-/- PNs show empty calcium stores under resting conditions 

I decided to first take a look into the abolished calcium release signal in Orai2-/- 

mice following mGluR1 activation. There are two possible hypotheses that could 

explain this impairment. First, the ER calcium store could simply be empty due to 

abolished calcium homeostasis as was shown in the absence of Orais in other 

cell types (Robers-Thomson et al. 2010). Second, the deletion of Orai2 possibly 

causes a more fundamental defect in the signaling cascade downstream of 

mGluR1. In order to test the first hypothesis, I photo-uncaged NPE-caged IP3 in 

wild type and Orai2-/- mice in an experimental setting analogous to those shown 

in Fig. 7 (Fig. 25). UV illumination was seen in the calcium trace as an out-of-

range brightness artifact, and successful uncaging of IP3 was demonstrated by a 

following calcium transient (Fig. 25A). IP3 uncaging reliably evoked calcium 

release from ER calcium stores in wild type mice (Fig. 25, left), but not in Orai2-/- 

mice (Fig. 25A, B right). The summary of the experiments (Fig. 25, bar graphs) 

shows a highly significant decrease of calcium release in Orai2-/- mice (mean 

ΔF/F Orai2Control 198 ± 31 %, Orai2PKO 21 ± 11 %). To exclude the possibility that 
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deletion of Orai2 influenced the sensitivity of IP3 receptors to IP3, I challenged the 

store using an alternative method, namely via caffeine. Caffeine activates 

ryanodine receptors, which reportedly share a common calcium pool with IP3 

receptors (Khodakhah et al. 1997). The results are demonstrated in Fig. 25C. 

The summary indicates a large reduction in caffeine-induced calcium release, but 

different to the IP3 sensitive calcium pool, there is still a residual response in 

about 30% of the dendritic regions tested. The mean amplitudes of caffeine-

induced calcium transients were Orai2Control 38 ± 5 %, Orai2PKO 12 ± 2 %). (Fig. 

25D, left) The remaining calcium signal could be explained by a number of 

reasons, for instance nonspecific effects of caffeine, or a unique calcium store 

that can only be addressed with caffeine. For the moment I decided to leave 

these questions unaddressed. Overall, based on these findings, I concluded that 

the calcium response to mGluR1 activation in Orai2-/- mice is absent because the 

ER store is empty. 
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Figure 25 ER Calcium stores are empty at rest in Orai2-/- mice A OGB-1 fluo-

rescence recordings from dendritic regions with UV-flash uncaging of IP3 (10ms, 

purple arrow) in WT (left, black) and Orai2-/- (right, red) mice. B Relative amount 

of responding cells (black) and unresponsive cells (white) from A for WT (left) 

and Orai2-/- (middle) and mean IP3-evoked Calcium transient amplitudes (right). 

C Fluorescence recordings with caffeine puff application (80 mM, 2s) in WT (left, 

black) and Orai2-/- (right, red) mice. D Relative amount of responding cells (black) 

and unresponsive cells (white) from A for WT (left) and Orai2-/- (middle) and 

mean caffeine-induced Calcium transient amplitudes (right). 

 

3.3.8 mGluR1 responsiveness in Orai2-/- mice can be restored by transient 

depolarization 

To test if signaling downstream of mGluR1 in Orai2-/- mice is still intact, I resorted 

to a method introduced by Hartmann (Hartmann et. al. 2014). This paper 

described a very similar impairment of calcium release signals and TRPC3 

activation downstream of mGluR1 in STIM1 knockout mice. This defect however 

could be overcome by briefly depolarizing PNs, a finding that I was able to 

confirm in the same mouse line (Fig. 1). Because of the involvement of Orai2 and 

STIM1 in the same processes of calcium homeostasis and TRPC3 activability I 

applied the same method in Orai2-/- mice. The result is depicted in Fig. 26. As 

shown before, Orai2-/- PNs are unresponsive to DHPG under control conditions 

(Fig. 26A, left). I then applied a one-second depolarization to 0 mV and again 

applied DHPG (Fig. 26A, right) after 5s. The results demonstrated a division of 

cells into two groups; one showed a measurable inward current and elevation of 

cytosolic calcium in response to local DHPG application following depolarization, 

an effect from here on referred to as ‘rescue’ (Fig. 26A, right). The other group 

showed no rescue, e.g. an absence of an mGluR1-mediated response even after 

transient depolarization. Overall, about half of the cells tested showed rescue of 

the mGluR1 response (N=8) while the other half remained unresponsive (N=6) 

(Fig. 26B, left). This grouping does not include five cells because they showed 

either only a calcium or a current response. Taking all data into account, the 

depolarization induced overall a significant augmentation of the mGluR1 

response (Fig. 26B, right) (Calcium Control 30 ± 13 %, dep 235 ± 30 %; Current 
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23 ± 10 pA, dep 90 ± 21 pA). Next, I repeated these experiments in Orai2PKO 

mice. Control animals showed normal wild type-like mGluR1-dependent calcium 

and current responses (Fig. 28A). As expected, Orai2PKO animals showed no 

DHPG responses under control conditions similarly to Orai2-/- mice (Fig. 28B, left, 

①). The summary reveals a dramatic shows a dramatic reduction of overall 

responsiveness to DHPG activation (calcium Orai2Control 263 ± 18 %, Orai2PKO 

0.2 ± 0.1 %; current Orai2Control 237 ± 41 pA, Orai2PKO 6 ± 6 pA (Fig. 28B) 

following deletion of Orai2 specifically in PNs. Indeed, all control neurons showed 

responsiveness to mGluR1 activation (Fig. 28C) while none of the Orai2PKO 

neurons did. I proceeded to depolarize Orai2PKO neurons and tested mGluR1 

responsiveness. Out of seven cells tested, 5 showed responsiveness to DHPG 

application after transient depolarization (Fig. 28C, right) 

These findings suggest a number of things. First, depolarizing the cell restores 

the mGluR1-mediated calcium release from stores. The most likely underlying 

mechanism is that the store is charged via calcium influx of voltage gated 

calcium channels (Garaschuk et al. 1997). This means that the deletion of Orai2 

does not lead to fundamental impairments in the mGluR1-IP3 pathway, but rather 

suggests the calcium stores to be empty at resting membrane potentials. 

Secondly, activation of voltage gated calcium channels can restore the activation 

of TRPC3. This suggests that TRPC3 is not activated by direct interaction with 

Orai2, but by a calcium-dependent factor located near to orai2 channels. This 

conclusion is in line with the findings in PNs lacking STIM1. 
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Figure 26 Depolarization-induced calcium influx rescues mGluR1 respons-

es in Orai2-/- mice. A DHPG application before and after transient depolarization. 

Depicted are representative traces of OGB-1 fluorescence fluorescence (top) and 

whole-cell voltage-clamp recordings (bottom) of a cell in which mGluR1-

responses were rescued following the depolarization (left) and of a cell in which 

that did not happen (right). B Left Share of cell with and without rescue of the 

mGluR1-responsiveness. Middle DHPG-induced calcium response before and 

after depolarization; inset shows individual samples. Right DHPG-induced inward 

current before and after depolarization; inset shows individual samples. C Left 

Plot of the difference between IDHPG amlitudes before and after depolarization 

(ΔIDHPG) and the depolarization-induced calcium signal (ΔF/FDep); green line indi-

cates linear regression analysis. Right Depolarization-induced calcium signal for 

cells with and without rescue of mGluR1-dependent responses B (left). 
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Figure 27 Climbing fiber activation rescues mGluR1-dependent responses 

in a subset of PNs. A Example figures of a typical mGluR1 agonist application 

experiment where a subset of responses were successfully rescued after CF 

stimulation (left) and another subset did not (right). B Summary of the experiment 

shown in A. Left: calcium transients before (-CF) and after (+CF) CF stimulation. 

Middle: DHPG-mediated current before (-CF) and after (+CF) CF stimulation. 

Right: amount of ‘rescued’ responses. 

 

Interestingly, activation of the CF 5s prior to DHPG application can successfully 

rescue mGluR1 responses (Fig. 27A, left). As with the depolarization 

experiments demonstrated in Fig. 26 only a subset of cells was rescued while 

others were not (Fig. 27A, right). Meta-analysis shows a significant increase in 

both modalities of the mGluR1 response (Fig. 27B). The mean calcium signal 

amplitude increased from (control 3.4 ± 1.9 %, CF 20 ± 7 %), and mean IDHPG 

amplitudes rose from (control 12 ± 6 pA, 40 ± 13 pA). The fraction of cells that 

are rescued is slightly lower compared to the depolarization-mediated rescue, 

namely about 30%. With this experiment I demonstrated it is possible to 
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reestablish mGluR1 responses in PNs with an Orai2 deletion via depolarization-

induced calcium influx, as is the case with PNs lacking STIM1.  

 

 
 
 

Figure 28 Depolarization-induced calcium influx rescues can return 

mGluR1-dependent signaling in PNs in Orai2PKO mice. A Left: OGB-1 fluores-

cence traces with DHPG application that is followed by a calcium transient (top) 

and an inward current in the somatic whole-cell recording (bottom) in a 

Orai2Control mice. Middle: Analogous experiment in a Orai2PKO mouse in which 

absent mGluR1-dependent responses were reactivated following a depolariza-

tion for 1s to 0 mV B Summary of the inward current (left) and calcium transients 

(right) following DHPG application. C Left: amount of DHPG responsive (black) 

and unresponsive (white) cells. Middle: DHPG responsiveness before and (right) 

after depolarization. 
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3.3.9 Enhancing calcium influx during transient depolarization leads to im-

proved return of mGluR1 responsiveness 

Apart from the apparent similarity between the Orai2-/- and STIM1PKO mice with 

regard to the effects of the mutations on mGluR1-dependent synaptic signaling, I 

observed a noticeable difference. During my experiments, the mGluR1 

responses in STIM1PKO mice were reliably rescued in almost all cells, an 

observation that was shared by colleagues that did similar experiments (personal 

communication, data not shown). As I demonstrated in Fig. 27 only half of the 

cells showed a successful restoration of mGluR1 responses following 

depolarization. I hypothesized about a possible underlying reason of this 

discrepancy. The experiments in STIM1PKO mice described in 4.1.3 demonstrated 

a role for cytosolic calcium for the activation of TRPC3 (Fig.4).  

When I compared the amplitudes of the calcium transients resulting from 

depolarization-evoked calcium influx upon transient depolarization between the 

group of cells in which TRPC3-mediated currents were rescued and those in 

which they were not I found a large difference (Fig. 27C). The amplitudes of the 

depolarization-induced calcium transients were plotted against the amplitude 

differences of TRPC3-mediated currents (before and after depolarization, ΔIDHPG). 

The result is illustrated in Fig. 27C. It appears that a cell with a large calcium 

influx shows a larger TRPC3 current compared to cells with relatively small 

calcium transient. Statistical analysis shows a highly significant correlation 

between calcium influx and TRPC3 activation (Rescue: 301 ± 35 %, no Rescue 

119 ± 44 %). This observation strengthens the finding that TRPC3 activation 

depends on cytosolic calcium. Overall, I conclude that TRPC3 gating depends on 

Orai2 during resting membrane potential; cellular activity in the form of 

membrane depolarizing events and consecutive calcium influx can overcome the 

absence of Orai2. 

On the basis of the strong correlation between the depolarization-induced 

increase in the cytosolic calcium concentration and the extent of TRPC3-

mediated current “rescue” it was predicted that by increasing the depolarization-
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evoked calcium transients eventually in all PNs in Orai2-/- mice TRPC3 activation 

should be possible. To prove this assumption, I repeated the experiment from Fig. 

26 in normal ACSF and in the presence of 4-Aminopyridine (4AP). 4AP is an 

antagonist of Kv1 potassium channels. Because of the increase in membrane 

resistance, the space clamp problem is reduced, increasing voltage control in 

more distal dendrites. Washing in 4AP often led to unwanted spontaneous 

activity; to counteract this, I simultaneously washed in 10 µM CNXQ. In control 

ACSF, in some cells the TRPC3-mediated was rescued, while in others TRPC3 

remained unresponsive, in line with the previous experiment (Fig. 30A, Control; 

as example, a cell with a small rescue effect is shown). After waiting 10 minutes, 

DHPG responses went back to baseline (Fig. 29A, 4AP, ①); 4AP application did 

not alter the control responses to DHPG. With 4AP in the bath depolarization-

induced calcium signals were dramatically augmented (Fig. 29B, right). The 

mean amplitude of depolarization-evoked calcium transients rose from 0 ± 0 %, 

(ΔF/F) in normal ACSF to 47 ± 25 %, and from 6.6 ± 4.5% in the presence of 100 

mM 4AP to 177 ± 28%. It should also be noted that in the presence of 4AP the 

depolarization-induced calcium signals showed reduced variation across cells 

(Fig. 29B, right). The effect on mGluR1-mediated responses were equally 

dramatic, as all of the cells tested showed a return of the DHPG-responses so 

including those in which depolarization-induced rescue failed before 4AP 

application (Current  Control① 7 ± 4 pA, ② 35 ± 12 pA; 4AP  ① 14 ± 9 pA, ② 

97 ± 18 pA). It seems that enhanced calcium influx increases the chance of 

TRPC3 reactivation, which is in line with the previous observation that TRPC3 

activation depends on local cytosolic calcium levels close to the PM.  
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Figure 29 Reliable depolarization-dependent rescue of mGluR1-mediated 

signaling in Orai2-/- mice when Calcium influx is enhanced. A DHPG appli-

cation before and after depolarization (blue bar) in control ACSF (left) and in the 

presence of 4AP (right) in the same cell. B Left: Summary for the amplitudes of 

DHPG-evoked Calcium signals before and after depolarization under control and 

in the presence of 4AP Middle: Analogous summary for  IDHPG amplitudes Right: 

Analogous comparison of amplitudes of depolarization-induced Calcium transi-

ents  in control ACSF and in the presence of 4AP.   

 

3.3.10 TRPC3 activation is regulated by local cytosolic calcium concentra-

tions in STIM1-/- mice 

This was further substantiated when analogous experiments were performed 

under conditions in which ER calcium stores are depleted in the presence of CPA 

in the extracellular solution. Again, 4AP was present in the bath, which 

dramatically increased the chance of TRPC3 activation rescue. The result 

indicates that TRPC3 can be activated even though the stores are empty, to 
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similar levels as without CPA (IDHPG ① 19 ± 14 pA, ② 77 ± 30 pA, ③ 91 ± 22 pA. 

Calcium (① 11 ± 8 %, ② 49 ± 21 %,③ 41 ± 11 %) (Fig. 30A, B). Application of 

4AP enhanced depolarization induced calcium signals but was unaltered by 

application of CPA (Dep. Ctr. 309 ± 34 %, CPA 338 ± 33 %) (Fig. 30B, right). 

 

 

Figure 30 TRPC3 is activated under empty store conditions in Orai2-/- mice 

A Dendritic OGB-1 fluorescence recordings (top traces) and somatic voltage-

clamp recordings (bottom traces) from a PN in an Orai2-/- mouse.  ‘Rescue’ ex-

periment in control (Control, left and middle) and in the presence of 30 µM CPA. 

Dotted horizontal lines indicate baseline amplitudes of responses to DHPG-

application under control conditions. B Summary of A. Left: Mean amplitudes of 

calcium transients (ΔF/F) to DHPG. Middle: Mean IDHPG amplitudes. Right: Com-

parison between the depolarization-induced calcium signal in control conditions 

and in the presence of CPA.  
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Finally, to confirm the role of cytosolic calcium during TRPC3 activation across 

genotypes, I performed the rescue experiment while buffering intracellular 

calcium analogously to the experiments demonstrated in Fig. 32. The slow 

calcium buffer EGTA was unable to prevent TRPC3 reactivation, although it 

successfully blocked calcium influx following depolarization as well as any 

mGluR1-mediated calcium release from stores (Fig. 32A, top). The fast calcium 

buffer BAPTA however prevented any mGluR1-mediated signals, even after 

depolarization (Fig. 31A, bottom). The summary of the experiment shows that 

both EGTA and BAPTA buffered all calcium signals following DHPG application 

(Current CPA 90 ± 19 pA, BAPTA 0 ± 0 pA, EGTA 51 ± 16 pA; Calcium CPA 43 

± 8 %, BAPTA 0 ± 0 %, EGTA 1.5 ± 1.5 %) (Fig. 31B, top) but only fast buffering 

of cytosolic calcium by BAPTA could prevent TRPC3 opening in response to local 

DHPG-application. In short, this experiment demonstrates that TRPC3 activation 

depends on cytosolic calcium levels very near to the PM across genotypes. 
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Figure 31 Fast calcium buffering prevents depolarization-induced rescue of 

TRPC3 activation in Orai2PKO mice. A OGB-1 fluorescence (top) and current 

recordings (bottom) with DHPG application before (left) and after (right) transient 

depolarization with 20 mM EGTA in the pipette solution intracellularly and in the 

extracellular presence of 30 µM CPA. B Analogous experiment as in A, but with 

20mM BAPTA instead of EGTA. C Summary of the DHPG responses shown in 

30A (condition ③, CPA), 31A (②) and 31B (②): Mean inward current ampli-

tudes (IDHPG, top) and mean amplitudes of DHPG-evoked calcium transients 

(ΔF/FDHPG, bottom). 
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3.3.11 Summary 

The findings in this chapter have established a role for Orai2 in cerebellar PNs 

during mGluR1 signaling. More precisely, I describe: 

 An ataxic phenotype for mice lacking Orai2 either ubiquitously or 

specifically in PNs; 

 Orai2 has no role for fast synaptic signaling between PNs and presynaptic 

excitatory partners; 

 Orai2 plays a crucial role for mGluR1-mediated postsynaptic signaling at 

test. Impairments in mGluR1-dependent signaling resemble STIM1 

knockout mice; 

 Orai2 does not directly activate TRPC3, but likely via an intermediate 

mechanism involving calcium influx through the PM; 

 Impairment of mGluR1 caused by Orai2 deletion can be overcome by 

depolarization, either artificial or via physiological input. 
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Chapter 4 Discussion 

In this thesis the properties of mGluR1-dependent TRPC3-mediated slow synap-

tic transmission and calcium signaling in cerebellar PNs with a special emphasis 

on the role of the calcium-permeable ion channel Orai2 were investigated. First, 

in whole-cell patch-clamp and confocal imaging experiments in acute cerebellar 

slices the rescue of the DHPG-evoked TRPC3-mediated inward current by calci-

um influx through VGCCs (Hartmann et al. 2014) was used as readout for the 

requirements for STIM1-independent activation of TRPC3 downstream of 

mGluR1. Based on tests with varying time intervals between depolarization and 

DHPG-application it was concluded that TRPC3 is not directly gated by binding 

of calcium ions to its subunits. In experiments with CPA in the external medium 

or calcium buffers in the pipette solution in STIM1pko, wild type and TRPC3-/- mice 

it was shown that TRPC3 activability is not dependent on the filling state of the 

intracellular calcium stores but instead essentially requires permissive calcium 

levels in the cytosol. Moreover, a differential effect of the slow and fast calcium 

buffers EGTA and BAPTA, respectively, demonstrated that the unknown calcium-

binding regulator of TRPC3 couples on a nanodomain scale to VGCCs. By acti-

vating mGluR1 in PNs both synaptically and pharmacologically in Orai2-/- and 

Orai2pko mice it was established that at rest Orai2 is the STIM1-dependent calci-

um conductance that renders TRPC3 activable downstream of mGluR1. In addi-

tion, Orai2 also provides the calcium influx that is necessary for ER calcium store 

replenishment in cerebellar PNs. Orai2pko mice exhibit an impaired motor coordi-

nation proving the importance of Orai2 expression in PNs for cerebellar function. 

This work thus identifies Orai2 as the calcium-permeable channel responsible for 

calcium homeostasis in PNs. Furthermore, this is the first demonstration of the 

crucial involvement of an Orai channel in glutamatergic synaptic transmission 

and thus extends the importance of Orai channels beyond the field of calcium 

store regulation. 
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4.1 Proposed model of mGluR1 signaling in PNs 

 

 

Figure 32 Schematic rep-

resentation of synaptic 

signaling downstream of 

mGluR1 in cerebellar PNs 

Top In the wild type at rest-

ing membrane potential cy-

tosolic and ER calcium lev-

els are maintained by consti-

tutiveSTIM1 Orai2 activity, 

which allows for TRPC3 ac-

tivation and calcium release 

upon mGluR1 activation. 

Middle In the absence of 

either STIM1 or Orai2 in the 

respective knockout mice at 

resting membrane potential 

ER calcium stores are emp-

ty of releasable calcium and 

TRPC3 is not activable be-

cause of the lack of Orai2-

mediated calcium influx. 

Bottom Calcium influx 

through VGCCs during neu-

ronal activity can substitute 

for the lack of STIM1 or 

Orai2 in STIM1pko and 

Orai2-/- mice, respectively 

and ensure both TRPC3 

activation downstream of 

mGluR1 as well as replen-

ishment of ER calcium 

stores.  
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4.2 Cytosolic calcium and TRPC3 activation 

Modulation of TRPC3 activity by cytosolic calcium levels have been reported be-

fore in TRPC3-transfected CHO cells (Zitt et al. 1997) and in HEK293 cells over-

expressing TRPC3 (Lintschinger et al. 2000). These studies in expression sys-

tems reported a modulatory effect on TRPC3-mediated currents. In our group a 

similar observation was made in PNs from wild type mice that show slightly en-

hanced TRPC3-mediated currents following transient calcium influx through 

VGCCs. Our group provided the first demonstration that in a native system an 

impaired mGluR1/Gq-TRPC3 signaling cascade in the absence of STIM1 is “res-

cued” by a transient depolarization and the resulting calcium influx (Hartmann et 

al. 2014). My work for this thesis adds important new findings regarding the de-

pendence of the activability of TRPC3 in PNs on intracellular calcium. First, the 

effect of the depolarization on TRPC3 activability in STIM1pko mice lasts for 

minutes (Fig. 1), thus, it is not based on direct binding of calcium ions to the 

channel subunits. Second, my experiments in the presence of CPA (Fig. 2) and 

with EGTA/BAPTA in the pipette (Fig. 4) clearly show that it is the cytosolic and 

not the luminal ER calcium concentration that determines TRPC3 function.  

 The hypothesis that TRPC3 is regulated by cytosolic calcium is strength-

ened by my observation that emptying calcium stores does not impair TRPC3 

activation. Vice versa, calcium release from stores is normal in TRPC3-/- mice 

(Hartmann et al. 2008) (Fig. 3). This indicates that TRPC3 does not play a role in 

SOCE in cerebellar PNs, although TRPC channels have been described to be 

involved in SOCE in other cell types (Ambudkar et al. 2016). Our finding shows 

that TRPC3 in PNs is receptor-activated, rather than a SOCE channel. Third, my 

experiments with IP3 uncaging and EGTA/BAPTA (Figs. 4) show that TRPC3 

activation downstream of mGluR1 requires a calcium-binding regulator that is 

located near the mouths of VGCCs and Orai2 but not near the IP3R channel. It is 

therefore likely that the TRPC3 activation mechanism is located near the PM, 

which is in our case the calcium entry site. An interesting possibility is that 

TRPC3 and Orai subunits form mixed channels that act as SOCE channels (Liao 

et al. 2007). However, I demonstrated that TRPC3 can be activated downstream 



 

Discussion  77 
 

of mGluR1 in the absence of Orai2 (Fig. 27) and mGluR1/IP3R-mediated calcium 

release is normal in TRPC3-deficient knockout mice (Hartmann et al. 2008). 

Therefore, the possibility that TRPC3 and Orai subunits together form SOCE 

channels can be discarded. 

Based on the observations that TRPC3 requires cytosolic calcium and is 

not activated in STIM1PKO and Orai2-/- mice at resting membrane potential, I hy-

pothesized that that cytosolic calcium levels in the latter two genotypes might be 

permanently lowered. However this idea was contested by recent experiments in 

an independently generated STIM1pko mouse line in which basal calcium levels at 

resting membrane potential, in PNs in acute cerebellar slices, were even slightly 

(but non-significantly) increased due to a reduced SERCA function in the ab-

sence of STIM1 (Ryu et al. 2017). This once more corroborates our own finding 

that not the bulk cytosolic calcium concentration is important for TRPC3 activabil-

ity but the calcium concentration in a submembraneous shell.  

4.3 TRPC3 regulation by phospholipase C/D 

The molecular mechanism underlying direct activation of TRPC3 remains elusive. 

The dependence on cytosolic calcium and a membrane proximate mechanism 

strongly point towards the involvement of phospholipase C, which was reported 

to be calcium dependent (Lomasney et al. 1999) and membrane bound (Lemmon 

2008). Experiments in transgenic PLCβ4 knock down mice demonstrated that 

TRPC3 activation in at least some regions of the cerebellum depend on this iso-

form, namely in the regions where PLCβ4 is the dominant one (Sugiyama et al. 

1999). It was later reported that pharmacological blocking of PCLβ using U73122 

did not inhibit TRPC3-mediated currents (Glitsch et al. 2010). In the latter study 

no clear reference to which cerebellar region was used is made, while Sugiyama 

and colleagues report that PLCβ deletion mainly affects the caudal region of the 

cerebellar vermis. Therefore, these two studies do not necessarily contradict 

each other, but rather point to a region specific regulation of TRPC3. Glitsch and 

her colleagues report in their study that not PLCβ, but phospholipase D (PLD) is 

responsible for TRPC3 activation via the small GTP-binding protein Rho. PLD is 
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found in multiple cellular locations but also on the PM (Bruntz et al. 2014) and at 

least two isoforms, PLD1 and PLD2, are expressed in human and rat brain (Mei-

er et al. 1999).  In addition, it was found that PKC activates PLD, with PKC acti-

vation depending on cytosolic calcium (Bruntz et al. 2014) (note however that 

Glitsch and colleagues reported that TRPC3 activation is independent from PKC 

(Nelson et al. 2012). Moreover, some PLD isoforms mainly found in plants re-

quire certain levels of calcium to be activated (Qin et al. 1997). In short, our data 

and the available literature points towards the possibility of phospholipases regu-

lated TRPC3 activation, with regional specialization of isoforms within the cere-

bellum. 

Still another possibility is the involvement of the phosphoinositide3 kinase 

(PI3K)/ mammalian target of rapamycin (mTOR) pathway. A very recent study 

demonstrated that in hippocampal slices, group I mGluR dependent LTD is im-

paired in mice lacking mTORC2 (Zhu et al. 2018). mTOR can be activated down-

stream of PI3K in neurons (Costa-Mattioli et al. 2013). Moreover, it has been 

shown that the nonselective current induced by brain derived neurotrophic factor 

(BDNF) is blocked by siRNA targeted against TRPC3 (Amaral et al. 2007). Thus, 

BDNF activates Pi3K and therefore, PI3K forms a molecular switch that can acti-

vate TRPC3. Additionally, Pi3K can be activated downstream of GPCRs and is 

located close to the PM (Gross et al. 2014). I have demonstrated that the latter is 

crucial for TRPC3 activation (Fig. 4). Finally, a study from 2003 demonstrated 

that BAPTA-mediated calcium  buffering in a mouse osteoblast cell line prevents 

Pi3K phosphorylation, which indicates that Pi3K activation, to a certain extent, is 

regulated by cytosolic calcium (Danciu et al. 2003). Taken together, this makes 

Pi3K/mTOR pathway a possible candidate for the TRPC3-activating mechanism 

in cerebellar PNs. To elucidate this, however, is a matter of future research.  

4.4 TRPC3 availability on the PM 

Another possible mechanism underlying calcium-regulated TRPC3 activation 

was brought forth by Ambudkar’s group (Singh et al. 2004). In short, Singh and 

colleagues reported that TRPC3 in HEK-293 cells is inserted into the membrane 
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by vesicle exocytosis and that this process is disrupted by the calcium chelator 

BAPTA. This causes less TRPC3 channels to be available on the PM. This ob-

servation is in line with my findings that intracellular BAPTA in PNs prevents 

TRPC3 activation. I tested if TRPC3 is available on the PM of several mice lines. 

Application of TRPC3 agonist GSK1702934A (Doleschal et al. 2015) led to relia-

ble and reproducible inward currents in all genotypes except, as expected, in 

TRPC3 knockout mice. Interestingly, in comparison to wild type mice, we saw 

non-significant yet larger currents in STIM1pko and Orai2pko mice. The hypothesis 

that TRPC3 exocytosis underlies the calcium dependent rescue of inward cur-

rents in the absence of STIM1 and Orai2 therefore can be discarded As final re-

mark it should be noted that calcium induced rescue of TRPC3 in my experi-

ments takes place within hundreds of milliseconds (Fig. 1), whereas Singh and 

colleagues reported that after 40 seconds, only half of the original fluorescence is 

restored in a photo bleaching experiment involving fluorescently tagged TRPC3. 

It seems therefore unlikely that membrane insertion of TRPC3 is of significant 

consequence during my observations. 

4.5 DAG/PKC 

DAG has been long since established as an activator of TRPC3 and TRPC6 in 

vitro (Hofmann et al. 1999). However, direct experimental evidence of TRPC3 

activation via DAG in PNs is lacking.  Direct puff or bath application of OAG, a 

close DAG analogue, did not result in detectable slow inward currents in PNs in 

my own experiments in acute cerebellar slices (data not shown). In some exper-

iments OAG at a concentration of 100 µM in the ACSF increased inward currents 

evoked by the concomitant presence of a low concentration of DHPG (30 µM). 

However, this result was not consistently reproducible. Interestingly, it was only 

observed in few cells that a membrane current was initiated by OAG-application.  

This was observed also in the experiments with photoactivated PhoDAG; 

PhoDAG was successfully photo-activated as verified by the stimulatory effect on 

PKC. However, a TRPC3-mediated inward current was never recorded in these 

experiments. The PhoDAG-evoked outward current can most likely be attributed 
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to the opening of PKC-activated BK channels (Widmer et al. 2003). The direct 

activation of TRPC3 by DAG, however, in PNs appears to be the exception ra-

ther than the rule. The reason underlying this discrepancy to other cell types re-

mains to be elucidated.  

4.6 IP3/IP3R effect on TRPC3 

In my experiments with IP3 uncaging I found that calcium released from stores 

does not modulate DHPG-evoked TRPC3-mediated inward currents in wild type 

mice (Fig. 6). Testing the rescue of TRPC3 activability by IP3R-mediated calcium 

release is not possible in STIM1- or Orai2-deficient mice because ER calcium 

stores in their PNs are empty at rest. The facilitating effect of calcium influx 

through the PM on native TRPC3-mediated currents is not always present and is 

often small and therefore did not reach the significance level with n = 11 cells 

tested (Hartmann et al. 2014). The negative result in my experiments shown in 

Fig. 6 (IP3 uncaging) provides therefore only weak evidence for an independence 

of TRPC3 activability on calcium ions released from stores compared to the 

strong undisputable evidence in favour of a dependence on calcium influx 

through the PM. Moreover, recent findings about the organization of IP3-sensitive 

stores are suggestive for an interaction between the IP3R and TRPC3.  It was 

found that the population of IP3Rs residing on the ER is not homologous (Thil-

laiappan et al. 2017). It appears that either receptor stimulation or IP3 uncaging 

results in calcium signals that are mediated by relatively immobile IP3Rs close to 

the PM. The mobile fraction IP3Rs colocalizes with STIM1 in its inactive form, the 

immobile IP3Rs do so with activated STIM1. Because active STIM1 binds to 

Orai1 in the PM (Derler et al. 2016), it is located close to the PM and is part of 

the ER-PM junction that brings together many proteins that are relevant for ER-

associated calcium signaling (Roberts-Thomson et al. 2010). Thus, IP3Rs could 

be part of the micro domain where activation of TRPC3 occurs. In line with this, a 

direct activation of TRPC3 by binding to activated IP3Rs was reported in cell at-

tached-mode HEK293 cells (Kiselyov et al. 1998). Our own data, however, do not 

suggest such a regulation of TRPC3 channels in cerebellar PNs. What the data 
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in Fig. 6, in contrast, clearly show, is the independence of TRPC3 activation of 

IP3 or the activated IP3R. The uncaged IP3 did not alter TRPC3 currents, which 

makes it unlikely that TRPC3 is regulated by IP3. In addition, the mGluR1-

dependent sEPSC is insensitive to blockade of IP3Rs with heparin (Tempia et al. 

1998). Thus, although TRPC3 and IP3Rs might be located in close proximity a 

gating of TRPC3 by IP3Rs can be excluded.   

4.7 Phenotype 

So far our group and the group of Kim have been the only ones addressing be-

havioral deficits in mice lacking STIM1 in PNs (Ryu et al. 2017) (Hartmann et al. 

2014). Ryu and his colleagues mention that the behavioral tests performed by 

our group (namely the elevated beam and rotarod test) lack cerebellar specificity 

since impairments in other brain regions also results in worsened test perfor-

mance (Urakawa et al. 2007) (1). Here, I will address this criticism. First, the mo-

tor impairment observed in STIM1PKO animals (I repeated this experiment, data 

not shown) was tested in cell type specific mice. Deletion of STIM1PKO was spe-

cific to the point that signal in cerebellar granular neurons was maintained (Hart-

mann et. al. 2014). These knock down mice were compared with control mice 

expressing Cre from the same litter; control mice show much comparable results 

with unmodified wild type animals (own observations). In short, cerebellar speci-

ficity is not necessarily brought via the behavioral test but rather by the design of 

the transgenic mice. 

Secondly, inquiries into the function of mGluR1 and its downstream tar-

gets in cerebellar PNs have a long history. It should be noted that motor deficits 

have been observed in mGluR1- (Aiba, 1994), IP3R- (Matsumoto et al. 1996), 

Gq-, G11- (Hartmann et al. 2004) and TRPC3- deficient (Hartmann et al. 2015) 

mice. In addition, I have shown that Orai2 cell type-specific knockout mice show 

the exact same impairment. All the components mentioned here cause cellular 

deficits downstream of mGluR1 when deleted. To summarize, the new findings 

presented in this thesis strengthen the notion that downstream targets of mGluR1 

play a vital role in cerebellar function. 
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4.8 Climbing fiber-induced rescue of mGluR1-dependent signaling and mo-

tor impairments in Oraipko mice  

Hartmann and colleagues already showed that in STIM1pko mice, TRPC3 activa-

tion can be restored by calcium influx through the PM (Hartmann et al. 2014). Not 

surprisingly, in view of the complementary roles of Orai2 and STIM1 in cerebellar 

PNs in calcium homeostasis, I was able to replicate this finding (with some varia-

tion) in Orai2-/- mice. Somatic depolarization by changing the holding potential in 

a voltage-clamp experiment is a rather artificial procedure. However, Fig. 22 in 

this thesis shows that a physiological stimulus, namely a single CF EPSC and 

the resulting Calcium signal is sufficient to rescue TRPC3 activability. CF activa-

tion onto PNs results in global depolarization and semiglobal calcium influx (Ito 

2006). CFs in vivo fire at a frequency of 1 Hz (Ito, 2006). My own experiment de-

picted in Fig. 1 demonstrates that the restoration of mGluR1-dependent respons-

es by depolarization-evoked calcium influx lasts for minutes. TRPC3-mediated 

sEPSCs and IP3R-mediated calcium release in PNs lacking either STIM1 or 

Orai2 in vivo are most likely ‘rescued’ constantly. Taking this into consideration 

the question arises why the deletion of STIM1 or Orai2 exclusively in PNs result-

ed in behavioral deficits that are typical for disrupted mGluR1-dependent signal-

ing (Hartmann et al. 2015) One possible explanation comes from observations of 

the group of Dieudonné (Otsu et al. 2014). They recorded CF-induced calcium 

transients in the whole PN dendritic tree. In distal dendrites these calcium transi-

ents are smaller compared to responses proximal dendrites in line with a pre-

dominant CF innervation of the proximal dendrite. I have found a strong correla-

tion between the amount of calcium influx and the extent of rescue of the 

mGluR1 responses in Orai2-/- mice. Thus, CF input in distal dendrites in vivo 

might be insufficient to restore mGluR1 signaling.  

In addition to that, a disturbed development of CF synapses could also 

underlie the observed motor discoordination in STIM1 and Orai2-deficient mice. 

During early postnatal development, a single PN is innervated by multiple CFs, of 

which all but one are removed (Ito 2006). For twenty years now it has been 

known that processes mediated by mGluR1 are crucial for this this CF elimina-
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tion (Hirai, 2018). MGluR1-deficient knockout mice exhibit strong ataxia (Aiba et 

al. 1994) and rescue of mGluR1-expression results in normal CF development 

(Ichise et al. 2000). The remaining CF can be physiologically distinguished from 

the to-be-eliminated CFs by its larger EPSCs (Bosman et al. 2008), and it forms 

its synapses around the dendritic tree, while the retracted CFs innervate the PN 

soma until P15 (Hashimoto et al. 2009). Not only the presence of mGluR1 but 

also its downstream targets are important during development, such as Gαq, 

PKC and PLCβ4 (Hashimoto et al. 2001). Thus, since in STIM1- and Orai2-

deficient mice mGluR1-dependent signaling is impaired, this possibly also affects 

the elimination of supernumerary CF synapses during development. Whether this 

is the case or not can be clarified in future experiments.  

Finally, it has to be taken into account, that TRPC3 function itself is im-

portant for CF firing frequency. This was first assumed based on results from in 

vivo electrophysiological recordings from PNs in awake mice when the simple 

and complex spike firing frequencies between different modules were compared. 

Despite the seeming homogeneity of the cerebellar cortex there are molecular 

markers that subdivide the cerebellar cortex into bands that are oriented along 

the rostro-caudal axis (Brochu et al. 1990). The best known of these are the gly-

colytic enzyme aldolase C or zebrin II that is expressed in symmetric stripes per-

pendicular to the cerebellar folds (Brochu et al. 1990). It was found that simple 

and complex firing frequencies were significantly higher in zebrin II-negative than 

zebrin II-positive modules (Zhou et al. 2014). Interestingly, expression of TRPC3 

is associated with zebrin II-negative PNs and pharmacological blockade of 

TRPC3 attenuated the difference in simple spike firing frequencies between both 

types of modules (Zhou et al. 2014). In our group it was shown earlier in mice 

with a PN-specific ablation of large-conductance voltage- and calcium-activated 

potassium (BK) channels that in these mice a reduction of simple spike frequen-

cy due to excessive depolarization leads to reduced CF activity. The reason for 

that is a malfunction in the tripartite olivocerebellar loop in which reduced simple 

spike firing  in PNs results in less inhibition of the deep cerebella nuclei and thus 

in reduced disinhibition of the inferior olive and hence fewer complex spikes in 
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PNs (Chen et al. 2010). This could be the underlying mechanism of reduced 

complex spike firing in PNs located in zebrin II-positive modules (Zhou et al. 

2014). This assumption is in line with the direct demonstration of reduced simple 

and complex spike firing frequencies in TRPC3pko mice that lack TRPC3 exclu-

sively in PNs by a former colleague in our group (Chen et al. unpublished). Thus, 

since in Orai2- and STIM1-deficient mice the TRPC3 function is reduced 

/abolished, it is to be expected that in vivo the CF fires with reduced frequency 

and thus there is only partial and/ or transient rescue of mGluR1-dependent cal-

cium signaling and sEPSCs. 

4.9 STIM1, Orai2 and SOCE in cerebellar PNs 

Since STIM and Orai proteins are the crucial elements for SOCE in non-excitable 

cells (Hogan et al. 2015) the disrupted mGluR1-dependent calcium release due 

to empty calcium stores in the absence of either STIM1 (Hartmann et al. 2014) or 

Orai2 point towards a similar role also in cerebellar PNs. However, with regard to 

SOCE, neurons differ from non-excitable cells (Lu et al. 2016). SOCE was identi-

fied initially and is measured to date with the classical calcium readdition assay. 

For this, cells are first being perfused with a calcium-free solution with SERCA 

blockers such as thapsigargin or CPA. This causes a small calcium transient due 

to calcium leakage from the ER. Readdition of normal extracellular calcium then 

causes a large calcium influx that is characteristic of SOCE and that is absent 

when the STIM/Orai complex is not functioning (Hogan et al. 2015). In neurons, 

however, the calcium readdition assay is not applicable in the same way as in 

non-excitable cells in order to pinpoint SOCE. First, neurons are endowed with 

VGCCs, and a fraction of them is open even at resting membrane potential. 

Moreover, in contrast to non-excitable cells in which the ER calcium content is 

stable for many minutes in the absence of extracellular calcium, the ER calcium 

store in neurons immediately deplete under such conditions (Lu et al. 2016; 

Hartmann et al. 2014). The reason for that is the expression of various calcium 

leak channels in the membrane of the ER that appears to be higher in neurons 

than in non-excitable cells (examples are Sec61 (Erdmann et al. 2011), prese-
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nilins (Tu et al. 2006) and the Ribosome translocon complex (van Coppenolle et 

al. 2004)). The depletion of the ER store with low extracellular calcium also af-

fects cytosolic calcium levels. TRPC3 can no longer be activated downstream of 

mGluR1 (Hartmann et al. 2014), which as I describe depends on cytosolic calci-

um. Thus, the classic calcium readdition assay is not working in neurons in the 

same way as in non-excitable cells. My own experiments were in line with these 

observations. Reestablishing extracellular calcium in fresh slices that were 

bathed in a calcium-free, CPA containing solution did not result in a measurable 

cytosolic calcium transient in cerebellar PNs (data not shown). The existence of 

SOCE in PNs was, indirectly, concluded based on the observation that STIM and 

Orai proteins cluster after treatment with thapsigargin (Klejman et al. 2009). It 

should be noted that a more recent study successfully demonstrated SOCE in 

dorsal root ganglion neurons, albeit in a cell culture system (Wei et al. 2017).   

PNs in wild type mice are unresponsive to mGluR1 activation similarly to 

PNs in Orai2 or STIM1-deficent knockout mice in a low extracellular calcium -

containing solution. This strongly speaks in favor of a constitutively active 

STIM/Orai complex in neurons that has to constantly counteract calcium leakage 

from ER calcium stores. All in all, intracellular calcium regulation in neurons thus 

is much more dynamic than in non-excitable cells. Another factor that deserves 

consideration when investigating SOCE specifically in neurons is the interaction 

between STIM1 and VGCCs (Wang et al. 2010). This study showed that when 

STIM1 is active (that is, when the intraluminal ER calcium concentration is low) 

STIM1 inhibits L-Type VGCC activity. I demonstrated that the ER store in Orai2-/- 

PNs appears to be empty, which makes it likely that STIM1 is in its active con-

formation. The scenarios that in Orai2-/- PNs the voltage gated calcium channels 

are inhibited are therefore plausible. However, when I compared the calcium 

transient amplitude following depolarization or CF stimulation in Orai2-/- and wild 

type mice I found no difference (data not shown). The reason for that may be that 

PNs mainly express P/Q type VGCCs (Hartmann et al. 2005) while the initial re-

port from Wang et al. only mentioned the inhibition of L-Type voltage gated calci-

um channels. In my own experiments I did not detect an alteration of depolariza-
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tion-induced calcium influx by the presence of CPA in the extracellular medium. 

So far, it is not yet possible to explain why stronger depolarization and larger cal-

cium influx is required in Orai2-/- mice compared to STIM1pko mice for the rescue 

of mGluR1 responses.  

How SOCE or the constitutive activity of STIM/Orai affects cellular and/or 

behavioral function is not well known. It was found that STIM2 is central for 

SOCE in cultured hippocampal neurons, and STIM2 knockdown neurons show 

significantly less calcium influx following ischemia (Berna-Erro et al. 2009). A 

mouse model of focal cerebral ischemia lacking STIM2 showed less cell death, 

indicating that STIM2 plays a critical role during neurological damage. STIM2 

was also found to be involved in maintenance of mushroom spines and overex-

pression of STIM2 resulted in rescued spine loss as well as improved store oper-

ated calcium entry in a mouse model of Alzheimer’s disease (Sun et al. 2014). A 

later study linked STIM1 to Alzheimer’s disease via the gamma secretase path-

way (Tong et al. 2016). References to the work of our group to STIM1 function in 

PNs have been made in the introduction of this work (Hartmann et al. 2014). In 

addition, it has been recently shown that deletion of STIM1 in PNs causes reduc-

tion of spontaneous firing and learning deficits during a vestibular ocular reflex 

paradigm (Ryu et al. 2017). STIM1 regulates SOCE in dopaminergic neurons via 

TRPC1, which upon activation inhibits L-Type voltage gated calcium channels via 

STIM1 causing cell death (Sun et al. 2017). Overexpression of STIM1 in excitato-

ry neurons led to decreased anxiety behavior and improved contextual learning 

(Majewski et al. 2017). 

Sparse data that point to a role of Orai2 in calcium homeostasis that is 

similar or complementary to Orai1 were mostly obtained in non-excitable cell 

lines. It was reported that co-expression of Orai1 and Orai2 with STIM increases 

the CRAC current (Icrac) that is needed for calcium store refilling (Hoth et al. 1992) 

in HEK293 cells (DeHaven et al. 2007; Lis et al. 2007; Mercer et al. 2006) and 

that silencing of Orai2 attenuated SOCE in leukemia-relevant HL60 cells (Diez-

Bello et al. 2017). Interestingly, in this cell line, the silencing of Orai2 reduced 

SOCE stronger than the knockdown of Orai1. This is different in human lung 
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mast cells in which only a minor reduction in SOCE was observed without func-

tional Orai2 (Ashmole et al. 2013). However, both publications support the view 

of identical or complementary roles for Orai1 and Orai2. In contrast, in chondro-

cyte cells (Inayama et al. 2015) and dissociated T-cells silencing or deletion of 

Orai2, respectively, increases SOCE. It was suggested that Orai2 forms heter-

omeric channels with Orai1 and attenuates CRAC channel function (Vaeth et al. 

2017). Moreover, deletion of Orai2 specifically in mast cells increases both re-

ceptor-activated calcium release as well as SOCE in high extracellular calcium 

(2mM) but reduces SOCE in low extracellular calcium (Tsvilovskyy et al. 2018). 

In bovine brain capillary endothelial cells, siRNA mediated knockdown of Orai2 

did not reduced SOCE (Kito et al. 2015). In native cells, Orai2 is upregulated dur-

ing the G2/M phase of the cell cycle to reduce SOCE. Thus, in non-excitable 

cells, the actions of Orai2 appear to be very diverse, depending on the cell type. 

4.10 Orai as a crucial brain protein 

My work presented in this thesis for the first time attributes a major role to Orai2 

for the function of central neurons and for motor behavior in mice. Although 

SOCE in neurons was already described 17 years ago (Bouron 2000) the 

amount of inquiries into STIM and Orai in the brain has been limited. STIM- and 

Orai-mediated store operated calcium entry has by now been reported in multiple 

brain regions and cells (reviewed in Kraft, 2015; Bollimuntha et al. 2017).  

My colleague Hsing-Jung Chen recently demonstrated in her thesis the 

crucial role of Orai2 for mGluR1-dependent calcium signaling in CA1 pyramidal 

neurons (Chen, TUM 2018). Most remarkably, Orai2-deficiency in Orai2-/- mice 

affected only IP3R-mediated but not RyR-mediated calcium release. Using differ-

ent approaches it was demonstrated that IP3-sensitive and Ry-sensitive calcium 

stores constitute largely separate entities that share only 15-20% of their calcium 

pool. This situation is different in cerebellar PNs (Khodakhah et al. 1997) in which 

I found that IP3R- and RyR-dependent calcium release are both impaired. How-

ever, similarly to STIM1pko mice (Hartmann et al. 2014) the Orai2-deficient mice 

show a residual response to caffeine whereas IP3R-dependent calcium release is 
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abolished. Khodakhah and Armstrong had suggested earlier that based on their 

results the existence of a small separate Ry-sensitive but IP3-insensitive store 

cannot be excluded, and the small responses to caffeine in the absence of IP3-

responsivess in STIM1- and Orai2-deficient mice are in line with that. Most re-

markably, in CA1 pyramidal neurons, in contrast to cerebellar PNs (Hartmann et 

al., 2014; this thesis) only Ry-sensitive not IP3-sensitive stores could be refilled 

by calcium influx through VGCCs. These findings regarding the distinct entry 

pathways for Calcium ions that replenish IP3- and Ry-sensitive Calcium stores 

suggest an arrangement of subcellular structures that places IP3Rs, Orai2 chan-

nels and SERCAs close to one another in one type of signaling domain and 

RyRs, VGCCs and SERCAs in a different type of domain, without cytosolic diffu-

sion of calcium ions between those signaling units. Such a possibility cannot be 

excluded for cerebellar PNs. One could speculate that the IP3R-mediated calci-

um release could then be restored by VGCCs because the Ry-sensitive store 

shares its calcium pool with the IP3-sensitive store. Vice versa calcium ions en-

tering the cytosol through Orai2 channels at IP3-sensitive domains are then 

shared with the Ry-sensitive store. For the STIM1/Orai1-dependent calcium store 

replenishment it is well established that it is organized at ER-PM junctions where 

the distance between ER and PMs does not exceed 10-20 nm (Chang et al. 2016. 

There, Orai subunits are organized in large supramolecular complexes that in-

clude IP3Rs and SERCA, ensuring highly localized and specific calcium reuptake 

(Fernández-Busnadiego et al. 2015; Orci et al. 2009; Poteser et al. 2016). My 

experiments shown in Fig. 4 demonstrated that the calcium-sensitive TRPC3-

regulator couples to Orai2 on a nanodomain scale and thus must be located at 

an ER-PM junction that contains STIM1, Orai2, IP3R1, SERCA and TRPC3.  

Interestingly, in hippocampal CA1 pyramidal neurons, in contrast to cere-

bellar PNs (Hartmann et al. 2014), the expression of STIM2 is similar to that of 

STIM1 (Lein et al. 2007; Chen, TUM 2018). The Stim1 and Stim2 genes are 

largely homologous but STIM2 has a smaller affinity for calcium than STIM1 

(Brandman et al. 2007). As a result, STIM2 has been shown to be activated by 

smaller changes in the intraluminal ER calcium concentration than STIM1. The 
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current view on both proteins is that STIM2 is responsible for sustaining a 

steady-state level of ER calcium while STIM1 is recruited by acute large drops in 

the ER calcium concentration (Brandman et al. 2007). In cerebellar PNs STIM2 

has no discernible role for mGluR1-dependent postsynaptic signaling. This con-

clusion was drawn based on experiments in acute cerebellar slices from mice 

with a PN-specific deletion of the Stim2 gene (STIM2pko mice). The cellular phe-

notype of PNs in STIM2pko mice with regard to glutamatergic synaptic transmis-

sion was indistinguishable from that of wild type mice. Moreover, STIM1/2 double 

knockout (STIM1/2pdko) mice did not differ from STIM1pko mice when mGluR1-

dependent responses were tested in whole-cell patch-clamp and imaging exper-

iments (Ryan Alexander, Master thesis). It can be clearly stated therefore that 

Orai2 must be mainly activated by STIM1. It is a matter of future research wheth-

er Orai2 can be activated also by STIM2, and CA1 pyramidal neurons are the 

appropriate system to test this.   

4.11 Conclusion 

The work presented in this thesis pinpoints for the first time the crucial role of an 

Orai protein for normal cerebellar output and cerebellar function. Moreover, with 

the demonstration that Orai2 is critical for synaptic transmission it assigns a nov-

el, hitherto unknown, role to an Orai protein besides ER calcium store replenish-

ment. Because of the wide distribution of mGluR1/5-dependent synaptic trans-

mission throughout the mammalian brain (Yin et al. 2014) Orai2 may be a key 

regulator of calcium signaling and synaptic transmission in many other types of 

central neurons. 
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