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Summary

Summary

The inferior olive is a brainstem nucleus which receives input from a broad spectrum of sources
ranging from visual and auditory to proprioceptive and nociceptive to vestibular and motor-sensory
inputs as well as cortical innervation but also inhibitory innervation from the cerebellar nuclei via the
olivo-cerebellar loop. Olivary neurons project to Purkinje cells in the cerebellar cortex via the
climbing fibers and to the cerebellar nuclei via climbing fibers collaterals. While the input is manifold
and integrates many modalities, the output climbing fiber signal consists of a short high frequency
burst with a variable number of burst components but an amazingly low burst frequency of about
1-2 Hz. The climbing fiber signal elicits a massive calcium influx in the dendritic tree of Purkinje cells
which gives rise to the somatic complex spike. Although Purkinje cell function has drawn a lot of
attention, the purpose of the complex spike and its source, the climbing fiber signal, remain only
poorly understood. This has consequences for the understanding of the role of the cerebellum at
large. A key towards better insight into the nature of cerebellar function may therefore lie in the
investigation of the function of the inferior olive in general and of the spatio-temporal nature of
olivary neuron activity in particular.

Neurons of the inferior olive are remarkable as they are densely connected to each other via
dendro-dendritic electrical synapses —the highest density of electrical synapses in the central nervous
system — resulting in clusters of electrotonically coupled neurons. It has been shown that these
electrical synapses are primarily composed of the gap junction protein connexin 36 (Cx36). Olivary
neurons exhibit sub-threshold oscillations (STO) which are based on the interplay of calcium
conductances. These oscillations are highly synchronous among neighboring olivary neurons and it is
assumed that electrical coupling provides the means of this synchrony. Current interpretations of the
functional relevance of the STO assume that the probability of regenerative events is higher at the
peak of the STO phase when the membrane is more depolarized. This would allow a temporal and
spatial control of activity among coupled neurons. Moreover, recent work has indicated that the
strength of coupling among olivary neurons is dynamically regulated on different time scales. In
particular synaptic input located at the electrical synapses seems to be able to modulate coupling
and thus provide control over the extent of coupled neuron clusters and their synchrony on a short
time scale.

Previous studies have attempted to understand the purpose of the electrotonic coupling by using
Cx36 knockout mice. In these animals olivary neurons were able to maintain STO in the absence of
Cx36 but the oscillations were not in synchrony any more. Yet, only a mild phenotype with subtle
impairment of motor learning but not of motor coordination could be described. This may be due to
the fact that olivary neurons compensate for the lack of Cx36 on the cellular level. To overcome the

issue of developmental compensation lentiviral vector mediated dominant negative inhibition of
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Cx36 in rats was used as a tool to transduce olivary neurons. This work showed that olivary neurons
in areas with high transduction density were no longer able to maintain STO. Unfortunately animals
used in this work were not subjected to behavioral assessment and thus no conclusion on possible
motor impairment could be drawn. Hence, it also remains unexplored what possible consequences

on locomotion may arise from postnatal reduction of Cx36 based coupling.

We tried to address the role of Cx36 mediated coupling in the rat inferior olive by a strategy resting
on two pillars.

The first pillar was formed by investigating the change of gap junctional coupling during the first
postnatal weeks. We recorded the presence and properties of spontaneous regenerative events
(spontaneous action potentials and spikelets) as well as STO in olivary neurons in acute brain slices
from animals at postnatal week two, three or five with the whole-cell patch clamp technique.
Furthermore, we diffused neurobiotin, a gap junction permeable dye, to the patch clamp recorded
neurons and reconstructed the extent of the coupled networks in three dimensional confocal laser
scanning microscopy image stacks.

The second pillar was formed by RNA interference mediated knockdown of Cx36 by specific short-
hairpin RNA delivered by lentiviral vector. At three weeks (postnatal day 21) viral vector solution was
stereotaxically injected in the center of the inferior olive under electrophysiological guidance.
Animals (5w-shCx36) were allowed to recover for several days and were subjected to free
locomotion analysis before being sacrificed at postnatal week five for whole-cell patch clamp
recordings of olivary neurons / neuron pairs. Recordings of pairs of olivary neurons enabled us to
assess the electrotonic coupling in 5w-shCx36 neurons compared to the wildtype or non-functional
control and to investigate differences in STO presence and synchrony. Moreover, we examined the
occurrence of spontaneous regenerative events and their kinetics in respect to the phase and
amplitude of the STO cycle in the prospect to identify features that may code for the oscillatory state
of the respective neuron — putative important information to be transmitted to the cerebellar cortex

and the cerebellar nuclei.

We found that gap junctional coupling among olivary neurons undergoes dynamical changes during
the first postnatal weeks with highest coupling around postnatal week three. Whereas no case of
neurobiotin dye-coupling could be observed at postnatal week two, the incidence of dye-coupling
and the number of coupled cells per dye-filled neuron increased at postnatal week three but
dropped again by postnatal week five. Robust STO were not found until postnatal week three, the
time point of maximal coupling, and continued to be present from then on. The probability of
occurrence of spontaneous action potentials as well as of spikelets in olivary neurons followed the

dynamics of gap junctional coupling and so did the spontaneous firing frequencies of both event
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types. We further found a general maturation of the regenerative events during postnatal
development. Spontaneous action potentials as well as spikelets became faster from postnatal week
two to five, indicating substantial changes in membrane channel composition and density.

RNAi was found to effectively reduce the amount of Cx36 immunoreactivity in transduced olivary
neurons indicating that a substantial proportion of gap junctions was eliminated. This manifested in
highly reduced dye-coupling and almost complete diminishing of electrical coupling. The largely
absent coupling led to an increased probability of observing spontaneous action potentials.
Moreover, the firing frequency of spontaneous action potentials was higher than in the age matched
wildtype, resembling frequencies found in olivary neurons from postnatal week three. Interestingly,
spikelets were still observed in 5w-shCx36 neurons which is counterintuitive to the idea of them
being the echo of action potentials transmitted across gap junctions, questioning the prevailing
interpretation. Uncoupled 5w-shCx36 neurons were less able to maintain STO synchrony with
neighboring neurons. Yet, most of these neurons were stable oscillators during the full time of
recording and we even observed an increase in dominant STO frequency as a result of uncoupling.

We observed that spontaneous action potentials and spikelets occurred independent of the STO
phase at postnatal week three. At postnatal week five however, both event types were aligned to the
peak of the STO phase. In contrast, uncoupling led to a loss of spikelet alignment to the STO phase
while the alignment of spontaneous action potentials to the STO phase was undisturbed. Parameters
of the kinetics of both regenerative event types were sensitive to the STO phase or amplitude and
may be capable to convey information about the oscillatory state of the neuron.

While several electrophysiological changes on the neuronal level could be attributed to the loss of
gap junctional coupling, we identified only a mild phenotype during free locomotion. Classifying
animals based on the affected olivary sub-nuclei, we could identify most alterations of locomotion

parameters when substantial parts of the medial accessory olive (MAO) were transduced.

We conclude that gap junctional coupling is necessary for the proper maintenance of STO
synchrony and the timing of spikelets in respect to the STO phase. Moreover, spontaneous activity of
I0 neurons seems to positively depend on coupling. Furthermore, features of action potential and
spikelet kinetics appear to convey information on the STO phase and amplitude at event occurrence.
Yet, on the level of locomotor coordination, only moderate changes were observed and it seems that

the impact was strongest if the medial accessory olive was affected to a great extent.



Introduction

1. Introduction

Since Ramdn y Cajal’s first and beautifully illustrated description of neurons of the inferior olive (10)
(page V, Ramdn y Cajal (1909)) the extraordinary gross anatomical appearance of this brainstem
nucleus and later even more so the puzzling functional connectivity have fascinated neuroanatomists
and neurophysiologists alike.

Neurons of the inferior olive are remarkable in several ways: i) they are the sole source of the
cerebellar climbing fibers, ii) they unite excitatory and inhibitory synaptic input close to electrical
synapses in a structure known as the glomerulus, and iii) a (sub-) type of 10 neurons maintains
retroverting dendrites that bend back in the direction of the soma. Here, theories of olivo-cerebellar
function will be described and put in context to the unique features of IO neurons. Moreover,
experimental strategies to investigate the olivo-cerebellar function are illustrated leading to

presentation of the study performed here.

1.1 Afferent and efferent connectivity of the inferior olive
The nuclei of the inferior olive receive a manifold of afferent innervation and have a topographically
organized output to the Purkinje cells (PC) of the cerebellar cortex (Figure 1).

The dorsal accessory olive (DAO) receives primarily somatosensory input from the spinal cord and
the dorsal column nuclei and projects to the vermis and intermediate areas of the posterior lobe of
the cerebellum. The principal olive (PO) is innervated by input from the red nucleus, the nucleus of
the optic tract, nucleus Darkschewitsch, and cortical areas as well as likely from the perirubral area
and from diencephalic sources. Many of these innervations are associated with motor instances. The
PO predominantly projects to the hemispheres of the cerebellum. The broadest spectrum of
afferents can be found for the medial accessory olive (MAQ). Input from the spinal cord, dorsal
column nuclei, vestibular nuclei, tectal and pretectal sources, periaqueductal gray, and the nucleus of
Darkschewitsch project to different lamellar areas of the MAO. The vertical lamella of the MAO
projects to the posterior vermis and to the flocculus whereas the horizontal and the rostral lamellae
project to the anterior vermis and to intermediate areas or the hemispheres, respectively (Azizi and
Woodward 1987). For a further detailed review see also Glickstein et al. (2011).

10 neurons are the sole source of the climbing fibers (CF) which project to PC in the cerebellar
cortex (Desclin 1974; Szentagothai and Rajkovits 1959) and to neurons of the cerebellar nuclei (CN)
via CF collaterals, although the latter projection appears to be weak (Lu et al. 2016). These
projections preserve a topography where proximity of 10 neurons is represented in parasagittal
zones of CF-PC innervation (Armstrong et al. 1974; Sugihara and Shinoda 2004; 2007; Sugihara et al.

2001). The projections of PCs of such a parasagittal zone converge on neurons of the CN. These
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neurons in turn project to the respective 10 neurons that give rise to the CFs projecting to the very
sagittal zone, constituting a loop-like connectivity - the proposed cerebellar module (Apps and

Garwicz 2000; Ruigrok 2011).
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Figure 1. Schematic diagram of lamellar and zonal distribution of olivary afferents and efferents.

The two lamellae (folds) of the DAO (1 and 2) and the horizontal lamella of the MAO (3) receive afferents
mainly from the spinal cord and dorsal column nuclei while projecting to the anterior vermis and to parts of the
intermediate cerebellum. The medial MAO (vertical lamella, 4) receives input from vestibular and visual areas
and projects to the posterior vermis and to the flocculus. The rostral lamella of the MAO and both lamellae of
the PO receive projections from higher centers and send fibers to the lateral hemispheres. From Azizi and
Woodward (1987) (reproduction with permission from Wiley, license number: 4680980432221).
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1.2 Developmental changes in climbing fiber innervation

The CF innervations to PC of the cerebellar cortex undergo major alterations during the first three
weeks of postnatal development (Hashimoto and Kano 2013) (Figure 2), before the onset of puberty
in small rodents (mouse: postnatal week 5, rat: postnatal week 6 - 8) (Zutphen et al. 2001).

Neurons of the inferior olive establish axons to the developing cerebellum by embryonic day 18
(Morara et al. 2001; Wassef et al. 1992) but it is not before postnatal day 3 (p3) that a functional
innervation of PCs can be found (Crepel 1971). Initially, at a time when the dendritic tree of the PCs is
not yet developed, multiple different CFs originating from different |0 neurons terminate on one PC
soma. These multiple innervations can be measured as graded excitatory post-synaptic responses in
a PC if the corresponding section of the IO or the CFs are electrically stimulated at increasing
intensities (Crepel et al. 1976; Kakegawa et al. 2015).

Between p3 - p7, one single CF innervation is strengthened in an activity dependent manner while
the other CFs remain unchanged (Hashimoto and Kano 2003). From p9 on, this strengthened CF
translocates from the soma to the meanwhile more developed PC dendrites. Around the same time
the non-strengthened CFs are eliminated which is only completed by p17 or even later (Hashimoto et
al. 2009). It has recently been described that from p14 - 16 to p17 - 19 a steep increase in CS firing
rate may either reflect the strengthening of one CF or may play a role in activity dependent
maturation (Arancillo et al. 2015). In a final stage, synaptic connections of the solitary “winner” CF
with the PC dendrite undergo further maturation (Hashimoto and Kano 2013). This is accompanied
by the transformation of the PC dendrite towards its adult monoplanar appearance in the third
postnatal week (Kaneko et al. 2011). While initially CF maturation was considered to establish a hard
wiring that would persist during life, it became obvious more recently that CF morphology is under
dynamical change throughout adulthood (Cesa and Strata 2009) and may be an important substrate
for cerebellar learning.

During the time frame described above (first three postnatal weeks), transition from immature to
adult locomotion pattern takes place in mice and rats (Westerga and Gramsbergen 1990) and in the
light of activity dependent differentiation, the question of the contribution of olivary synchrony in

shaping the olivo-cerebellar connectivity is still persisting.
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Figure 2. Postnatal refinement of CF to PC synapses.

A Postnatal development of CF-PC synapses in the mouse. CF, climbing fiber; BC, basket cell; GC, Golgi cell; MF,
mossy fiber; PC, Purkinje cell; PF parallel fiber. B Four distinct phases of postnatal refinement of CF-PC
synapses. From Hashimoto and Kano (2013) (reproduction under Creative Commons license CC-BY).

1.3 Temporal and spatial integration of electrical and chemical synaptic input in

IO neurons

1.3.1 The glomerulus as the site of multi-synaptic integration

The inferior olive receives excitatory input especially but not exclusively from multiple sensory and
motor-sensory sites but also inhibitory input from the CN (see above, section 1.1). The way these
innervations are structured on the micro-anatomical and synaptic level is quite extraordinary. The
electrical synapses that connect dendrites of neighboring 10 neurons are found in dendritic
protrusions known as glomeruli. It is on these glomeruli where excitatory and inhibitory synapses
converge (de Zeeuw et al. 1990a) (Figure 3) and one may wonder about the functional significance of
such a unique structural arrangement. For a long time it been assumed that the synaptic input may
act on the electrical synapse by modulating its efficacy but experimental prove has been lacking until
recently addressed in three coinciding elegant studies.

Turecek et al. (2014) showed that NMDA receptors are located in proximity to electrical synapses
and that synaptic or pharmacologic activation of NMDA receptors strengthened the gap junctional
coupling on a short time scale. This led to an increase in STO synchrony among neighboring 10

neurons and extended the size of the coupled cluster of neurons. Yet, on a longer time scale,
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repetitive spike triggering excitatory input can lead to long-term depression of electrical coupling
(Mathy et al. 2014).

Glutamatergic input to the glomerulus may therefore be a positive modulator of coupling among
10 neurons and synchrony on a short time scale but a negative modulator of coupling when the input
is long lasting and repetitive.

Also, the inhibitory synapse that originates from the CN has received attention. Strong inhibition
on dendritic structures on both sides of the electrical synapse could practically shunt the movement
of charges across it and render the electrical synapse dysfunctional for the time of the inhibition
(Llinas 1974). Such inhibition would be a fast handle to disconnect IO neuron ensembles and be able
to shape the extent of local synchronous clusters on a short time scale. Best and Regehr (2009) could
show that the high firing rate of the GABAergic CN neurons projecting to the 10 is translated into an
asynchronous synaptic release and into a rather long lasting inhibitory current in 10 neurons, a
synaptic property perfectly suited for this kind of shunt inhibition.

Indeed, selective optogenetic activation of CN axon terminals within the 10 could reliably elicit
inhibitory post-synaptic potentials (IPSPs) in 10 neurons. As a consequence, the coupling between 10
neurons (measured in paired patch clamp recordings) was substantially reduced and showed
increased a asymmety during the time of inhibitory synaptic activation. Additionally, optogenetically
evoked IPSPs had either a phase shifting effect on STO when only single IPSPs were elicited, or
dampened or suppressed STO when trains of IPSPs were elicited (Lefler et al. 2014). These findings
indicate that the cerebellum actively controls the coupling and rhythmic activity of 10 neurons and
ultimately the spatio-temporal elements of the CF signal by the interplay of convergent innervation

of excitatory and inhibitory afferents in the proximity of electrical synapses.
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Figure 3. The olivary glomerulus.

Two dendritic spines interconnected by electrical synapses are surrounded by axonal terminals of excitatory
and inhibitory nature. a Current flow from one dendrite to another is maintained by electrical synapse
connection. b GABA release at the inhibitory synapse blocks current flow across the electrical synapse by
shunting inhibition. From Llinas (2013) (reproduction under Creative Commons license CC-BY).

1.3.2 Retroverting dendrites
I0 neurons exhibit a broad heterogeneity in dendritic morphology and directionality (Vrieler et al.
2019). Two main types of 10 neurons can be distinguished by their dendritic morphology: Type |
features straight dendrites where the Euclidian distance from the soma increases with dendrite
length and grade of arborization, whereas Type Il shows a dendritic morphology where this “rule” is
violated in the way that distal dendritic arbors tend to bend back towards the soma, leading to a
curly appearance (Devor and Yarom 2002a; Foster and Peterson 1986). These retroverting dendrites
are a rather unique morphological feature in the mammalian CNS yet it is unclear what their
functional purpose may be. Here, a possible functional explanation will be outlined that suggests to
receive experimental attention.

Spatial and temporal integration of synaptic input at dendritic sites and transmission along the
dendritic tree are complex and depend on a multitude of factors such as i) density and spatial

distribution of synaptic input ii) set of ion channels, and iii) modulation of their opening probabilities

9
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and kinetics. Moreover, iv) on the balance and spatio-temporal position of excitatory and inhibitory
input, v) on the dendritic diameter, or vi) the presence of “hot zones” that govern the current density
at distinctive regions.

An electrical synapse between I0 neurons N; and N, could potentially connect one dendrite (D)
originating from N; to a dendrite (D,) of a neighboring neuron (N,) in two ways that potentially result
in great differences of spatio-temporal integration along a dendrite (Figure 4).

(i) At glomerulus site 1 (G;), an electrical synapse could be formed to make a connection between
dendritic spines of D, and D,, where the spine location on D, is proximal to the soma of N,. In this
case a depolarizing electrical volley in D, would invade the neighboring dendrite D, via the electrical
synapse and travel along D, towards active dendritic zones and/or to the soma in short time.
Integration proximal to the soma would likely increase its relative impact on the somatic
depolarization and its contribution to sub- as well as supra-threshold events might be high.

(i) Another dendritic spine originating from the same location on D, could be part of a glomerulus
site G, and would also connect to a dendritic spine of D,. In this case though, the spine on D, would
have its base far distant on the retroverting part of D, and thus would have a much longer dendritic
distance to the soma of N,. Therefore, the same electrical volley originating in D; would be
transferred to D, but would need far longer to travel along the dendrite until it could contribute to
the somatic signal. Moreover, this signal would likely have a totally different spatio-temporal
integration profile than the signal in i).

One could also imagine that the different run-time along the dendrites may introduce asymmetry
of signal transmission. Backpropagation of signals from the soma towards electrical synapses that are
located on distal parts of a dendrite may lead to a significant attenuation compared to signal
propagation to proximally located electrical synapses. In the given example, in N; a somatic signal of
given amplitude may reach G; or G, with comparable intensity that would allow successful
transmission across the respective electrical synapses and that may both be propagated to the soma
of N, by passive and active dendritic properties. Yet, in the other direction, a somatic signal in N2
would reach G, only highly attenuated (compared to G;), further dampening at the electrical synapse
may then reduce the transmission to a great extent or even abolish it.

Current theories of the function of the inferior olive, from pace-making to motor learning, share
the idea that timing is a key element (see below, section 1.4). The unique morphology of 10
retroverting dendritic trees may be particularly suited to serve that purpose.

Assuming connections like i) and ii) exist in parallel, it is imaginable that the convergent excitatory
and inhibitory input (see above, section 1.3.1) could act as a selective switch to channel signals

towards either the “short” or “long” route on a millisecond time scale.

10
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On a longer time scale dendro-dendritic connections to a dendrite of the same target neuron
could be eliminated at one site G; just to be established on a different more distal part of the same
dendrite at G, but with totally different spatio-temporal contribution to the dendritic integration.
Dynamical emergence, relocation, modulation and elimination of dendro-dendritic gap junctions
along two adjacent dendrites that share an overlapping space may alter the “run-time” of a current
volley (elicited by ions passing the gap junction) along a dendrite and/or change its integration. Such
dynamics may result in changes of synchrony and spike timing and might form a means to precisely

establish morphological correlates of temporal components of (motor-) learning and/or timing.

Figure 4. Retroverting dendrites of 10 neurons differently connected by glomeruli.

Two 10 neurons Ny, N, are connected via dendro-dendritic gap junctions (electrical synapses, red) either by
glomerulus G; or by glomerulus G,. The spines contributing to G; and G, have their basis in close proximity on
dendrite D, - and thus at about the same distance to the soma. In contrast, the spines on the other side of the
electrical synapse connect to D, at different distance to the soma. Signals from D, passing to D, via G, would
have a considerably longer “run-time” towards the soma compared to signals passing via G;. Selective
excitatory and inhibitory inputs to G; and G, may govern the route signals will take.
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1.4 Theories of olivo-cerebellar function

Several, partially competing theories on the function of the I0 have been proposed. It has been
suggested that the 10 plays a pivotal role in cerebellar motor learning (Marr 1969). The theory’s key
element builds on the convergence of mossy fiber and CF input upon the PC of the cerebellar cortex.
On one hand, input from the mossy fibers, which enter the cerebellar cortex via granule cells and
project to PC via their parallel fiber (PF) output, would conduct information about the context in
which a movement was initiated. On the other hand, information about the movement itself would
be received via the CF signal. In the case of coinciding converging input the formation of an
association mediated by facilitation of PF synapses would be expected. This association could then be
retrieved by PF input alone and elicit a movement. Independently of Marr, Albus (1971) developed a
theory where he expanded and modified the concept in the light of the contribution of inhibitory
interneurons in memory formation. He proposed a framework where PF synapses on PC and
interneurons are weakened if activities of PF and CF coincide. Moreover, CF activity would serve as
the unconditioned stimulus and mossy fiber activity as the conditioned stimulus and thus the CF
inactivation would constitute the unconditioned response. This concept found first experimental
support by Yeo et al. (1985) and also more recently by Zbarska et al. (2008) in studies exploiting the
nictitating membrane response of the rabbit. Also, in the non-human primate, altered complex spike
activity during saccadic adaptation was observed (Catz et al. 2005) and another study showed that CS
suppress simple spikes (SS) in the successive trial during active learning of smooth pursuit eye
movements (Medina and Lisberger 2008). Junker et al. (2018) recently confirmed the concept that
the CF signal contains information about motor-errors during trial-based saccadic learning.
Furthermore, they made the surprising observation that this information is reverberated in
successive trials for a prolonged period — which points to the 10 as an important instance for the
maintenance and coordination of motor-errors. It has also been shown recently that a gradual
decrease in complex spike activity takes place during acquisition of conditioned response in a
classical conditioning paradigm (Rasmussen et al. 2014). Moreover, |0 neurons primarily respond to
somatosensory input which may also be indicative of a role in associative learning (Gibson et al.
2004). Yet, the purpose of the resulting CF signal is far from being understood.

Another school neglects the learning theories but views the 10 and its CF signal as a pace making
entity that mainly serves the purpose of providing a clock for the coordination or spatio-temporal
alignment of motor patterns (Lampl and Yarom 1993; Llinas and Muhlethaler 1988; Llinas 2009).
Rhythmic firing based on the sub-threshold oscillations and the electrotonic coupling of 10 neurons
(Bazzigaluppi et al. 2012; Llinas and Yarom 1986; Mathy et al. 2009) are thought to form the basis of
this clock. A plethora of experiments support the timing hypothesis. For example, electrical

stimulation of the lip induces a CS with an effectiveness that appears to be bound to the underlying
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10 rhythmic sub-threshold oscillation setting the pace for input gating (Llinas and Sasaki 1989). Also,
simultaneous recordings from PCs while rats performed a licking task revealed synchronous rhythmic
CS firing indicating that the 10 plays a role in the organization of movement in time (Welsh et al.
1995). During constant speed treadmill locomotion, rats exhibit robust rhythmic discharges of 10
neurons at frequencies similar to the step cycle frequencies. This rhythmicity is maintained even at
short periods of step irregularity (Smith 1998). Moreover, stimulation of the tongue area of the
primary motor cortex provided insight into the way how synchronous CF activity can rhythmically
gate mossy fiber signals and thus modulate SS firing rate and rhythm dynamics (Schwarz and Welsh
2001).

As seen, over the last decades many studies on this matter were conducted yielding support to
both concepts. Yet, we might well see these two aspects amalgamate into a consistent concept of
olivo-cerebellar function in the near future in respect to spatio-temporal integration of somato- and
motor-sensory and feedback modalities. A common denominator of both main theories seems to be
the timing of activity of 10 neurons and a key to a better understanding may lie in the careful

examination of synchronicity within this structure.

1.5 Olivary impairment and clinical manifestations
Olivary impairment in patients is rare and most commonly emerges in the form of hypertrophic
olivary degeneration (HOD) as a consequence of a lesion along the segment of the so-called Guillain-
Mollaret triangle which connects the contralateral dentate nucleus with the ipsilateral inferior olive,
passing around the ipsilateral red nucleus.

HOD clinically manifests as palatal tremor, a persistent myoclonus of the palate, or oculopalatal
tremor with the addition of synchronous, oscillatory movement of the eyes (pendular nystagmus),
and dysmetric saccades.

On the anatomical level HOD appears in the name-giving hypertrophy of the olives, in swelling,
vacuolation and shape change of 10 neurons, fibrillary gliosis and demyelination; eventually followed
by neuronal cell loss in the 10. It is assumed that the pathological changes in the olives are the result
of the loss of inhibitory synapses from the dentate nucleus as a consequence of the aforementioned
deafferentation.

On the functional level it is suggested that the olives show increased firing activity possibly due to
the increased electrotonic coupling following disinhibition due to the deafferentation of CN input and
a shift of gap junctions from the dendrite to the soma (de Zeeuw et al. 1990c; Ruigrok et al. 1990).
Modelling of abnormal, synchronous firing of 10 neurons could attribute pacemaker properties for

oculopalatal tremor oscillations to the 10 but also indicated the importance of a modulator instance
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in the cerebellum (Shaikh et al. 2010). For a comprehensive review, see also Tilikete and Desestret
(2017).

Interestingly, subjects exhibiting oculopalatal tremor showed impaired fast and slow motor
learning in a saccadic adaptation paradigm presumably due to the stochastic, synchronous CF signal
which fails to serve as a meaningful error-signal (Shaikh et al. 2017).

Moreover, a recent post-mortem histological examination of the |0 in humans revealed age
related accumulation of intraneuronal granules, possibly composed of lipofuscin, as well as cell loss
in some subjects. These observations were interpreted as a possible aspect of age-related changes in

motor and cognitive performance of the cerebellum (Baizer et al. 2018).

1.6 Experimental lesion of the inferior olive
Full olivectomy results in ataxic and dysmetric movements (Murphy and O'Leary 1971; Wilson and
Magoun 1945) and more recent work in the cat could show that destruction of distinct 10 sub-nuclei
by kainic acid (Horn et al. 2012) or blockade of glutamatergic input to distinct 10 sub-nuclei (Horn et
al. 2010) impairs grasping or induces ataxic limb movements. Moreover, chemical lesion of the rat 10
also results in impaired motor learning (Llinas et al. 1975) and inactivation of the 10 by lidocaine has
even been shown to inhibit associative learning (Welsh and Harvey 1998). Compensatory
mechanisms may take action likely within the CN as SS firing rates in PC are increased during the
acute phase after 10 lesion but drop to baseline levels after 4 weeks (Benedetti et al. 1984).

In any case, the interpretation of the results is not straight forward as the lesion destroys also the
access of information to the cerebellum normally conveyed by the 10. Hence, an interference with

relaying of information cannot be separated from processing within the 10.

1.7 Electrical synapses
One of the most remarkable features of 10 neurons is that they are coupled via electrical synapses
which are formed by dendro-dendritic gap junctions (Llinas and Yarom 1981a; Sotelo et al. 1974)
predominantly composed of connexin 36 (Cx36) (Belluardo et al. 2000; Condorelli et al. 1998). These
gap junctions connect dendrites within a protrusion called the glomerulus where afferents from the
mesodiencephalic junction and from the CN terminate in close proximity (de Zeeuw et al. 1990a; de
Zeeuw et al. 1990b).

It was expected that investigation of the role of the extensive but weak gap junctional coupling
among |0 neurons (Devor and Yarom 2002a; Hoge et al. 2011) would be the key to the
understanding of |0 function. It could be shown that the characteristic prominent sub-threshold

oscillations (STO) are synchronous among neighboring neurons (Devor and Yarom 2002b) and it is
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assumed that this synchrony is maintained by electrotonic coupling via gap junctions (Devor and
Yarom 2002a) which are perfectly suited for this kind of synchronization due to their low-pass filter
properties (Galarreta and Hestrin 1999).

The creation of Cx36”" mice (Guldenagel et al. 2001) was expected to reveal a phenotype with
distinct motor impairments that could elucidate the role of electrical synapses within the olivo-
cerebellar circuitry.

On the neuronal level, the elimination of gap junctions in these mice results in hyperexcitability as
well as in STO desynchronization (Long et al. 2002) and reduced complex spike synchrony (Marshall
et al. 2007). Yet, surprisingly, Cx36”7 mice show only minor impairments in motor learning (Van Der
Giessen et al. 2008) as well as abnormal spinocerebellar reflexes (De Gruijl et al. 2014) but they are
not ataxic and have only slight deficits in motor performance (Frisch et al. 2005; Kistler et al. 2002).
Also, many aspects of the phenotype might be explained by the global loss of Cx36 affecting for
example cortical interneurons (Deans et al. 2001) and neurons in the retina (Glldenagel et al. 2001).
On the other hand, morphological and functional changes in 10 neurons seem to take place during
development which are likely capable to partially compensate for the loss of coupling (De Zeeuw et
al. 2003), again with relevance for the behavior.

To overcome these putative developmental adaptations counteracting on the Cx36 depletion,
alternative strategies were utilized. A dominant negative Cx36 mutation was introduced into the rat
10 by local injection of a lentiviral vector which impaired muscle coherence in the low millisecond
range (Placantonakis et al. 2004) and abolished robust sub-threshold oscillations (Placantonakis et al.
2006). Nevertheless, reported plaque formation of wildtype and mutant Cx36 protein aggregates
alongside incomplete inhibition may have had an unfathomable impact on affected neurons.
Moreover, neither detailed description of electrophysiological features (i.e. firing activity or action
potential properties) nor behavioral data from animals that were manipulated in such manner are

available so far.

1.8 Pharmacological inhibition of gap junctions
Pharmacological inhibition of gap junctions has been utilized in the attempt to gain further insight
into their function. Local administration of the non-selective gap junction blocker carbenoxolone
revealed their importance for complex spike (CS) synchrony (Blenkinsop and Lang 2006). However,
incomplete blockade (Rozental et al. 2001), and complex effects on membrane properties,
excitability, calcium oscillations and synaptic transmission (Rouach et al. 2003; Tovar et al. 2009)
make it difficult to accept this blocker as a specific tool for a detailed investigation of the effect of
electrical synapses on cellular electrophysiological properties i.e. conductances or kinetics of active

events. Yet, it is noteworthy that another study could show impaired eye-blink conditioning in human
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users of mefloquine, an anti-malaria drug and gap junction blocker of connexins 36, 43 and 50 (van
Essen et al. 2010). However, these results should be taken with caution as none of the known gap

junction blockers are highly specific (Manjarrez-Marmolejo and Franco-Perez 2016).

1.9 Developmental changes in gap junctional coupling
A potential route to the understanding of the purpose of gap junctional coupling among 10 neurons
might be to study the emergence and manifestation of gap junctions and the associated neuronal
activity during the first weeks of postnatal development — a time period in which adult motor
patterns are being established (Westerga and Gramsbergen 1990) and the CF connectivity undergoes
major transformations (Hashimoto et al. 2009; Sugihara 2006). While early structural studies
suggested the emergence of gap junctions in the 10 not earlier than postnatal day 10 (p10) when the
glomeruli are formed (Bourrat and Sotelo 1983), it has also been reported that during early postnatal
development, clusters of 10 neurons exhibit synchronous Ca**-transients and that the probability of
their observation peaked around p12.5 but declined to about zero at p15.5 (Rekling et al. 2012).
Moreover, STO seem to emerge between p9 - p16 (Bleasel and Pettigrew 1992). These observations
also coincide with an expression of ionotropic glutamate receptors peaking around pl1l0 before

decreasing to adult levels prior to p30 (Rao et al. 1995).

1.10 Manipulation of protein expression by RNA interference

As our study uses RNA interference (RNAi) to manipulate 10 gap junctions, we briefly describe its
functional principle and utilization as a tool to selectively inhibit expression of a target protein.

1.10.1 Principle of RNA interference

RNAi in animals was first described with the finding that the introduction of either sense or antisense
RNA had similar degrading effects to a target mRNA transcript in the nematode Caenorhabditis
elegans (Guo and Kemphues 1995). Soon after, Craig Mello and Andrew Fire found that double-
stranded RNA could block protein expression in C. elegans (Fire et al. 1998) — an achievement they
were awarded the Nobel Prize in Physiology or Medicine in 2006. In the attempt to translate the
application to mammalian cells it became obvious that short double-stranded RNA sequences (short
interfering RNA: siRNA) of about 21 - 23 nucleotides in length and complementary to their target
MRNA were determining the target mRNA cleavage site (Elbashir et al. 2001a; Elbashir et al. 2001b;
Zamore et al. 2000) leading to a massive reduction in expression of the respective protein.

Attempts to utilize RNAI as a tool to manipulate the protein expression in the mammalian CNS in

vivo were soon initiated but faced several challenges that also remain to be constraints in possible
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human therapeutic application so far. The blood-brain barrier blocks siRNA from reaching cells of the
CNS (Pardridge 2002). Moreover, “naked” siRNA injected to the striatum did not prove to be
efficient, likely because it is not taken up by neurons (Isacson et al. 2003). Experimentally complex
techniques like electroporation of siRNA into neurons have been reported to be effective (Akaneya et
al. 2005) but did not reach broader application. Moreover, RNAi mediated by external siRNA is
transient and may therefore have reduced effectiveness on target proteins with long half-life.

A potent alternative lies in employing viral vectors as vehicles that transduce target cells with a
sequence coding for a short-hairpin RNA (shRNA) that contains a target specific sequence (Elkobi et
al. 2008; Kriebel et al. 2011; Xia et al. 2004; Zitman et al. 2014).

Figure 5 shows a simplified illustration of the current understanding of the RNAi pathway
mediated by lentiviral vector transduction of the target cell and delivery of the genetic material
coding for a designed shRNA, typically under the control of a suitable promoter. The genetic material
carried by the lentiviral vector is integrated into the genome of the host cell. The shRNA coding
sequence is expressed under the control of a (cell specific) active promoter. The shRNA is
transported to the cytoplasm where Dicer cleaves the hairpin loop and releases a double-stranded
siRNA. The siRNA is then incorporated into the RISC complex where the guide strand is selected and
the passenger strand is released to undergo degradation. RISC binds to a region of the target mRNA
that is complementary to the sequence of the guide strand. Within the complementary sequence
cleavage takes place and after release from RISC the mRNA fragments undergo degradation. The
reduction of target mRNA subsequently leads to a reduction of the respective protein level — the

RNAi based knockdown. For a comprehensive review see (Davidson and McCray 2011).
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Figure 5. Pathway of RNA interference mediated by transduction of lentiviral vector coding for short-hairpin
RNA.

1.10.2 Viral vectors as vehicle for in vivo gene delivery to the CNS

Several viral vector types have been used in a wide range of in vivo applications, predominantly
derived from adenoviruses, adeno-associated viruses (AAV) and lentiviruses. All three vector types
are capable to infect dividing and non-dividing cells and are thus suitable for transducing neurons
(Lentz et al. 2012). Of these, adenoviral vectors have the highest packaging capacity of ~36 kilobase.
Their viral genetic material persists in the nucleus as a linear episome which results in sustained
expression and integration into the host genome is unlikely. Yet the major drawback is that they can
trigger massive host immune responses against the epitopes of the adenovirus or of the helper
vectors that have been used during production. A hard lesson learned from the prominent tragic case
of clinical trial participant Jesse Gelsinger who died in 1999 due to massive immune response after
adenoviral vector injection.

AAV are rather abundant and most mammals have been exposed and infected by AAV without
symptoms. Compared to adenoviral vectors, AAV vectors have a lower risk to trigger immune
responses and careful selection of the serotype can further reduce this risk and, moreover, partially

direct the efficacy of infection towards certain cell types (Rabinowitz et al. 2002). In general, AAV
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vector transduction efficacy is high for neurons and glial cells. Wildtype AAV generally integrate into
the genome at a specific site called AAVS1 but insertional mutagenesis has been described as well
(Deyle and Russell 2009). This issue is circumvented in recombinant rAAV vectors that hardly
integrate in the absence of helper virus but persist as episomes in linear or circular form (Schnepp et
al. 2005). Expression is persistent, yet a considerable limitation lies in their lower packaging capability
of ~4.7 kilobase restricting its use to shorter sequence length. AAV vector based gene therapy trials
covering a broad spectrum of neurological conditions are currently undertaken. In other therapeutic
areas two AAV based in vivo gene therapies recently received market approvals, namely Glybera
(alipogene tiparvovec), a treatment of lipoprotein lipase deficiency (LPLD) from UniQure, and
Luxturna (voretigene neparvovec), adressing Leber's congenital amaurosis (LCA) from Spark
Therapeutics.

Lentiviral vectors are retroviruses and those used in biomedical applications are typically derived
from human immunodeficiency virus (HIV). They have the capability to efficiently infect / transduce
non-dividing cells and neurons in particular (Kriebel et al. 2011; Zitman et al. 2014). Like their HIV
origin, lentiviral vectors hardly trigger immune responses, and high and robust persistent expression
is initiated fast after transduction. Yet, lentiviral vectors regularly integrate into the host cell genome
which may have unfathomable consequences if the insertion interferes with coding sequences of the
genome - in particular if oncogenes are affected. Only recently, efforts to create non-integrating
lentiviral vector were fruitful which promises a great improvement. Lentiviral vectors allow a payload
of ~ 8 kilobase, making them suitable for multi-gene transduction and the like. Overall, like AAV
vectors, ease and safety of production, purification and handling make them preferred transduction

systems for studies in basic research.

1.10.3 Methodological considerations on RNA interference
RNAi based on lentiviral vector mediated delivery of shRNA coding sequences is a strong tool to
knock down a target by cleavage of the respective mRNA leading to its degradation. Nonetheless, a
few caveats need to be considered:

First, direct application of siRNA has been shown to trigger innate immune responses via
activation of interferon pathways resulting in a broad spectrum of adverse effects. Yet, introduction
of the RNAI effector via shRNA seems to highly reduce the risk of such immune reactions and should
be a minor concern in lentiviral vector / shRNA based RNAi (Ozcan et al. 2015; Sioud 2009).

Second, RNAI, in contrast to a full deletion of a gene as it is the case for knockout animals, is never
a complete effector and not all sequences are equally efficient in silencing a target mRNA. Selection
of the optimal shRNA / siRNA sequence can be complex and laborious (Elbashir et al. 2001c; Takasaki

2009). Nevertheless, some functional mRNA may escape RNAi and depending on its stability or on
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the stability of its resultant peptide or protein some function may persist. In this case, the residual
expression may be sufficiently high to counteract the goal to eliminate a certain protein and may
lead to false assumptions on the function of the entity under investigation.

Third, off-target silencing has been described. Although the full siRNA guide-strand is typically
designed to be complementary to a sequence of the target mRNA, some mismatch is tolerated by the
RNAi cellular machinery, especially as siRNAs may act as miRNAs in some instances (Doench et al.
2003). Typically, precautions like BLAST search (U.S. National Library of Medicine) for sequence
homology of the target with other non-target sites are performed in the shRNA / siRNA design and
selection process to reduce this risk.

Fourth, excessive shRNA transcription may overflow the neuron’s internal RNAi pathway and
disturb post-transcriptional regulations by intrinsic regulatory RNAs, i.e. miRNAs, with unpredictable
consequences on proper cell function (Grimm et al. 2006). This problem needs to be appreciated
particularly if many functional copies of the transcript are present in one cell due to high multiplicity
of infection by viral vectors. Conclusions drawn on the function of a shRNA target are thus potentially
prone to misinterpretations based on manifestations of regulatory RNA malfunction.

Overall, precaution is advised when constructing RNAi effectors but awareness and appropriate

measures can largely reduce non-specific and off-target effects to a high degree.

1.11 Scope

We attempted to obtain a deeper insight into the role of gap junctional coupling in the 10 by
following two strategies: We examined the detailed electrophysiological properties of 10 neurons i)
in the light of gap junctional coupling, which we suspected to be dynamically regulated in the course
of the first postnatal weeks, and ii) in search for other techniques to locally alter the coupling, we
performed a knockdown of Cx36 by lentiviral vector shRNA based RNA interference (RNAI).

We assessed the gap junctional coupling by neurobiotin dye-coupling and/or paired whole-cell
patch clamp recordings; examined the occurrence and kinetics of regenerative events, namely
spontaneous action potentials (sAP) and spikelets (sp) (Llinas et al. 1974; Llinas and Yarom 1981a);
the presence, frequency and synchrony of sub-threshold oscillations (STO) (Devor and Yarom 2002b);
the putative phase-locking of events to the STO (Bazzigaluppi et al. 2012; Khosrovani et al. 2007;
Lampl and Yarom 1993; Llinas and Yarom 1986; Mathy et al. 2009) and whether kinetic parameters
of events may encode STO features.

Moreover, we assessed free locomotion in wildtype and Cx36 knockdown rats (LV-shCx36) in
order to investigate whether our approach of local Cx36 knockdown taking place later during

postnatal development would reveal a more distinct phenotype than observed in the knockout mice.
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2. Materials and Methods

2.1 Animals and surgery
CD rats (Charles River Laboratories, Research Models and Services, Germany GmbH, Sulzfeld,
Germany) of different age were used throughout all experiments. All experimental and surgical
procedures were in accordance with German law and were approved by the local animal care
committee (Regierungsprasidium Tlbingen). Injection of lentiviral vector solution into the inferior
olive was performed at postnatal day 21 (p21) under ketamine and xylazine anesthesia (100 mg/kg
and 10 mg/kg body weight, respectively). Supplemental injections were given if necessary to
maintain a suitable level of anesthesia which was identified by the loss of hind limb and tail reflexes
evoked by strong pinch stimulation. The animals were mounted in a stereotaxic frame and the cranial
bone was exposed by a caudo-rostral skin incision. A small trepanation was performed at the
horizontal coordinates corresponding to the center of the inferior olive (AP: -9.1 mm, ML: £0.5 mm
relative to bregma). Coordinates were derived from the Rat Brain Atlas (Paxinos and Watson 1998)
and adapted to the younger animals by initial electrophysiological mapping. A custom designed
injectrode (adapted from Tokuno et al. (1998)), built from a glass-insulated tungsten electrode with
resistance >1 MQ (Alpha Omega GmbH, Ubstadt-Weiher, Germany) attached to a sharp-end 30G
needle on a syringe (Hamilton Bonaduz AG, Bonaduz, Switzerland), was lowered towards the dorso-
ventral center of the I0 while the neuronal activity was constantly monitored. The target location
was identified by the characteristically low mean firing rate of 10 neurons (less than 1 Hz) and the
distinctive discharge of pyramidal tract fibers underneath the 10. Once in position, a volume of
2 - 5 ul lentiviral vector solution was injected at a rate of 0.5 pl/min and the injectrode was kept in
place for an additional 10 minutes after the injection to allow diffusion and to minimize solution
reflux along the injection tract. The wound was sutured and animals were housed individually for
4 days to allow proper recovery and to prevent opening of the suture knots by littermates. A daily
dose of about 10 mg/kg carprofen (Rimadyl; Pfizer GmbH, Berlin, Germany) was administered for

2 - 3 days after surgery for analgesia and for reducing the impulse to scratch the wound.

2.2 RNA interference (RNAI)

Modified lentiviral vectors on the basis of the BLOCK-iT™ Lentiviral RNAi Expression System (Life
Technologies GmbH, Darmstadt, Germany) were designed to express short-hairpin RNA sequences
under the control of the human U6 promoter, and EGFP-WPRE (woodchuck hepatitis virus
posttranscriptional regulatory element) under the control of the CAMKIlla promoter (pLenti-hU6-
shRNA-CamKlla-EGFP-WPRE). Three different vectors were generated: A control vector LV-shCTR
with the target sequence 5'-AGACGTTTCACGTCGGAGA-3' (Burkarth et al. 2007), and two different
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functional vectors LV-shCx36i and shCx36ii with the respective target sequences
5-GCATTTGTGTGGTGCTCAATC-3’ and 5-GCTCAATCTGGCTGAACTTAA-3'. It was ensured by BLAST
search (U.S. National Library of Medicine) that sequences would not have collateral targets. Titers
were ~1.7*¥10” TU or 4.6*10"° LP measured with the QuickTiter™ Lentivirus Titer Kit (Cell Biolabs Inc.,
San Diego, US-CA), an ELISA for the HIV-1 p24 antigen. Prior to insertion into the lentiviral vector
backbone, the RNAI efficiency of the different shRNAs was assessed with the psiCHECK™-2 Vector
assay (Promega GmbH, Mannheim, Germany) which is based on the relative fluorescence intensities
of a reference firefly luciferase and one expressed from a Cx36-Renilla luciferase fusion mRNA, that is
degraded in relation to the RNAI efficiency of the tested shRNA. The functional constructs shCx36i &
shCx36ii significantly reduced the expression of the fusion protein by RNAi to 7.32+0.66 % &
10.96 + 0.99 % respectively compared to shCTR based RNAi that maintained 90.50 £ 8.16 % of the
fusion protein (mean £ SEM) (p = 0.004, Kruskal-Wallis).

2.3 Acute slice electrophysiology
Acute slices from brain stem were prepared from either 2 weeks (p13 - p16), 3 weeks (p20 - p23) or
5 weeks (p32 - p40) old wildtype rats or rats that had received an olivary injection with one of the
two functional or with the control lentiviral vector solutions two weeks earlier (5w-shCx36 or 5w-
shCTR; p33 - p36). The animals were decapitated under deep ketamine anesthesia. The brain was
quickly removed and transferred to ice-cold, oxygenated (95 % O,, 5% CO,) cutting artificial
cerebrospinal fluid (cACSF) containing (in mM) 252 sucrose, 5KCl, 1.25 NaH,PQ,, 3.5 MgSO,,
26 NaHCOs, 10 D-Glucose, 0.5 CaCl,. The pia mater and big blood vessels were removed around the
brainstem with sharp forceps and coronal slices of 290 um were cut on a microtome (VT1000S; Leica
Microsystems GmbH, Wetzlar, Germany). The slices were transferred to oxygenated ACSF at room
temperature containing 126 NaCl, 5 KCI, 1.25 NaH,P0O,, 2 MgS0,, 26 NaHCO3, 10 D-Glucose, 2 CaCl,
and kept for at least 1.5 h for recovery. Slices containing |0 nuclei were transferred to a recording
chamber and were continuously perfused with oxygenated, warmed ACSF (35 °C). The preparation
was visualized via a motorized (Luigs and Neumann GmbH, Ratingen, Germany) microscope
(Axioscope; Carl Zeiss Microlmaging GmbH, Jena, Germany) with a water-immersion objective (40x,
numerical aperture: 0.75, Zeiss) and illuminated by a halogen light source (Zeiss) attached to a Dodt-
Gradient-Contrast System (Luigs und Neumann), infrared filter and infrared-sensitive CCD camera
(Newvicon C2400-07-C; Hamamatsu, Japan). A UV-light source (HBO50, Zeiss) and appropriate filters
were used to discriminate between EGFP positive neurons that were transduced with the lentiviral
constructs and EGFP negative neurons that were non-transduced. Somatic whole-cell patch clamp
recordings (pairs and single) were performed with pulled glass electrodes (resistance 2 —4 MQ) and

amplified by using two current clamp bridge amplifiers (BA-1S; NPl electronic GmbH, Tamm,

22



Materials and Methods

Germany). The recordings were digitized at a sampling rate of 12.5 kHz on a PC controlling a
1401plus data acquisition system and running Spike2 software (Version 7; Cambridge Electronic
Design, Cambridge, UK). The intracellular solution in the patch electrode contained (in mM)
131 K-Gluconate, 5 K-HEPES, 5 NaCl, 5 EGTA, 4 K-ATP, 0.3 Na-GTP, 0.5 CaCl, adjusted to pH 7.3 with
KOH. In one electrode of a pair as well as in all single recordings neurobiotin (Vector Laboratories
Inc., Burlingame, US-CA) was added to the intracellular solution to reveal the transfer of this dye to
neighboring neurons via gap junctions (dye-coupling) and to identify the position of the labelled
neuron within the 10 as well as to reveal the neuron’s dendritic morphology.

The quality of the recording was assured by a stable resting potential and a high signal-to-noise
ratio, indicating high seal quality. Only neurons with overshooting rebound action potentials (peak
amplitude >0 mV) elicited by negative step current injections were included in the analysis.

After recording, the electrodes were carefully retracted to ensure resealing of the cell membrane
and thus preserving the integrity of the soma. The slices were transferred back to oxygenated, room
temperature ACSF and kept for 60 min. to allow sufficient spread of neurobiotin into the dendritic
processes and to potential neighboring neurons connected by gap junctions. Thereafter, the slices of
the experimental day were transferred to well plates and fixated in 4 % paraformaldehyde in 0.1 M
phosphate buffer (PFA) over night and then transferred to 30 % sucrose in 0.1 M phosphate buffer
(PB) for dehydration for at least two days or until the slices had sunk to the bottom of the well. Slices

were either immediately stained by immunohistochemistry or stored at -80 °C for batch processing.

2.4 Data analysis
Regenerative events (sAP and sp) were detected in continuous recordings from 10 neurons and their
parameters (amplitude, (10 - 90 %) rise time, 10-90 % slope, decay time, half-width, area) were
determined using Mini Analysis (Synaptosoft Inc.,, Fort Lee, US-NJ). Event frequencies were
determined by dividing the number of detected events by the recording time. Average waveformes,
dominant STO frequencies, STO synchrony, event vs. STO-phase relationships, and electrotonic
coupling were analyzed and visualized in Spike2, IGOR Pro 5 (WaveMetrics Inc., Lake Oswego, US-OR)
or MATLAB (The MathWorks Inc., Natick, US-MA) using custom written scripts. Data is typically

presented as mean = SEM (standard error of the mean) unless indicated otherwise.

2.5 Histology

Rats that received an olivary injection of one of the lentiviral vector solutions 3 weeks earlier were
deeply anaesthetized with ketamine and transcardially perfused with ice-cold 0.1 M PB followed by

ice-cold 4 % PFA for about 20 min. The brains were removed and post fixed in 4 % PFA for one day
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and then dehydrated in 30 % sucrose in 0.1 M PB until they had sunk to the ground of the flask.
Brains were frozen in 2-methylbutane and 35 um slices in the coronal plane were cut from the
brainstem region containing the 10 on a sliding microtome (SM200R; Leica) and kept in 0.1 M
phosphate buffered saline (PBS). The slices were permeabilized and blocked with 0.4 % Triton X-100
(Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany), 10 % goat serum (Gibco, Life Technologies),
1 % bovine serum albumin fraction V (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) in 0.1 M PBS
for 3h and thereafter immunohistochemically stained over night at room temperature for
microtubule-associated protein 2 (MAP2) and connexin 36 (Cx36) with the following primary
antibodies: mouse anti-MAP2 (2a+2b) (1:1000; Sigma, Cat.-No M1406) and rabbit anti-Cx36 (1:125;
Zymed, Life Technologies, Cat.-No. 51-6200). After washing in 0.1 M PBS the slices were incubated
for 3h with the following secondary antibodies: goat anti-mouse IgG (H+L) Cy5 conjugate and goat
anti-rabbit IgG (H+L) Cy3 conjugate (1:500 each; both Zymed, Life Technologies, Cat.-Nos. 81-6516
and 81-6115, resp.).

Slices from patch-clamp recordings were stained according to the same protocol mentioned

above with the primary antibody mouse anti-MAP2 (2a+2b) and secondary antibody goat anti-mouse
IgG (H+L) Cy5 conjugate as well as neurobiotin binding Alexa Fluor 555 conjugated streptavidin
(1:500; Life Technologies, Cat.-No. S32355) to stain for neurobiotin filled structures.
All immunostained brain slices were covered in Fluorescent Mounting Medium (Dako Deutschland
GmbH, Hamburg, Germany) and multi-fluorescence 3D image stacks were obtained using a confocal
laser scanning microscope (LSM 510 Meta; Zeiss). The point spread of the fluorescence signals within
these image stacks was reduced by software based deconvolution in AutoQuant (Media Cybernetics
Inc., Bethesda, US-MD).

The obtained 3D stack images of the |10 were processed and analyzed in ImagelJ (NIH, Bethesda,
US-MD) and Imaris (Version 7; Bitplane AG, Zurich, Switzerland). For determining Cx36 expression
and knockdown, sub-volumes were generated by co-localization of either MAP2 stained structures
and lentivirally transduced structures that were EGFP positive, or by co-localization of MAP2 stained
structures and EGFP negative structures. The obtained sub-volumes, named “transduced” and “non-
transduced”, resp., were used as masks for the discrimination of the Cx36 associated
immunofluorescence. Cx36 spots were then detected and examined in these two sub-volumes
employing the built-in Imaris spot detection module with identical detection criteria applied to the
sub-volumes. For dye-coupling, Alexa Fluor 555 positive somata were reconstructed plane-wise by
semi-automatic “magic-wand” edge discrimination under visual inspection (IMARIS). Relative
intensities were determined, and Euclidian distances of the soma centers to the primary neuron

were calculated by ImarisXT and supplied MATLAB routines.
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2.6 Locomotion analysis
Locomotion was recorded and analyzed on an automated system (CatWalk; Noldus Information
Technology BV, Wageningen, NL) detecting the spatial and temporal dynamics of the limb contact
with a side-illuminated glass walkway via a high-speed CCD camera underneath. Briefly, in the dark,
animals were placed on one end of the walkway and had to walk freely the full length towards the
other side where a food reward was offered (Dein Bestes, Drop-Mix; dm-drogerie markt GmbH + Co.
KG, Karlsruhe, Germany). Three habituation and training days preceded a test day. Data was
averaged from 3 continuous runs of one session. Data from individual paws of an animal was pooled
for the parameters stand, swing & cycle time, swing speed, stride length and mean print area.
Moreover, the parameters couplings (diagonal, girdle & ipsilateral), base of support, step regularity

index and cadence as well as support pattern and step sequence were analyzed.

2.7 Statistics

Statistical analysis was performed using standard software packages SPSS (IBM, Armonk, US-NY) for
Fisher's exact test and SigmaStat/Plot (Systat Software Inc., San Jose, US-CA) for (paired) two-tailed
Student’s t-test, Mann—Whitney U test (MWU), one-way ANOVA (followed by Tukey’s post-hoc
multiple comparison), Kruskal-Wallis ANOVA on Ranks (and Dunn’s post-hoc multiple comparison)
unless otherwise stated. The CircStat MATLAB circular statistics toolbox (Berens 2009) was utilized
where circular statistics were appropriate. Experimental values are either presented as mean %
standard error for Gaussian distributed data or as median (25 % - 75 % percentile) for non-Gaussian
distributed data unless otherwise stated. Box plots around the median span from the 25" to the 75"
percentile (Q1-Q3) flanked by whiskers extending from 10™- 90" percentile. Additionally dots
indicate the 5™ and 95™ percentile and red dashed lines represent means. Statistical significance is

indicated as *p<0.05, **p<0.01, ***p<0.001.
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3. Results

Aiming for a better understanding of the relevance of gap junctional coupling for the function of the
10 we employed wildtype (WT) rats of either two (2w), three (3w) or five (5w) weeks of age, as well
as 5 weeks old rats where gap junction expression was manipulated by RNAi (5w-shCx36) or their
respective controls (5w-shCTR). In the latter two groups, two weeks prior to assessment, rats
received olivary injections of lentiviral vectors coding either for functional short-hairpin RNA (LV-
shCx36) to knock down connexin 36 (Cx36) or for a non-functional control (LV-shCTR). Whole-cell
patch clamp recordings were performed on single neurons and on pairs of neurons in acute slices
from animals of the subject groups. In the context of the degree of gap junctional coupling, we
investigated the presence and properties of spontaneous action potentials and spikelets in 10
neurons across the age and treatment groups. Moreover, we examined the occurrence and
synchrony of sub-threshold oscillations (STO) and explored the relationship of occurrence and
properties of spontaneous action potentials or spikelets with the phase or amplitude of STO. Last, we
assessed free locomotion in 5 weeks old WT, LV-shCx36 or LV-shCTR rats to gain insight into possible

implications of RNAi mediated uncoupling of olivary neurons on motor coordination.

3.1 Spontaneous activity is altered during postnatal maturation
We examined the spontaneous activity in 10 neurons from postnatal week 2, 3 & 5 WT and 5w-
shCx36 rats by measuring the incidence probability, the frequencies and the detailed properties of

two spontaneous regenerative event types: spontaneous action potentials (sAP) and spikelets (sp).

3.1.1 Spontaneous activity and membrane excitability

We found that the majority of 10 neurons of postnatal week 2 (2w) rats were not spontaneously
active at all: 50 % (9/18) of recorded 10 neurons were silent throughout the recording, whereas 33 %
(6/18) showed only sp and 17 % (3/18) showed sAP & sp, no neuron showed only sAP. In contrast,
neurons from postnatal week 3 (3w) rats were more likely to exhibit regenerative events: only 13 %
(2/15) were silent and the majority of neurons showed either only sp (27 %, 4/15) or sAP & sp (60 %,
9/15), no neuron showed only sAP. The contingencies of events were significantly different between
2w and 3w (p = 0.022, Fisher's exact test).

To our surprise we again found a lower probability to observe regenerative events in neurons
from postnatal week 5 (5w) rats: 54 % (23/43) of neurons were silent, 21 % (9/43) showed only sp
and 23 % (10/43) showed sAP & sp. We also observed one case (2 %) with sAP but no sp. The
contingencies of events were significantly different between 3w and 5w (p =0.017, Fisher's exact

test). To test whether the degree of electrotonic coupling would influence the occurrence of
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regenerative events, we examined the situation in neurons of 5 weeks old rats in which gap
junctional coupling via Cx36 had been knocked down by RNAi (5w-shCx36): we found that more
neurons were spontaneously active compared to the 5w group. Only 30 % (7/23) of neurons were
silent, 26 % (6/23) showed only sp and 35 % (8/23) showed sAP & sp. Moreover, 9 % (2/23) showed
sAP but no sp. Yet, despite the increased activity seen in the 5w-shCx36 group, contingencies of
events between 5w and 5w-shCx36 did not significantly differ (p=0.226, Fisher's exact test) (Figure
6A).

In general, frequencies of sAP were low in 10 neurons from all WT age groups and also in the case
of RNAI induced uncoupling. Whereas we could not find significant differences (p = 0.372, Kruskal-
Wallis (KW)), we could observe a tendency for lower mean sAP frequencies in neurons from 2w and
5w rats (0.0046 = 0.0026 Hz, n =3 and 0.0079 £ 0.0039 Hz, n =11, resp.) and for higher mean sAP
frequencies in neurons from 3w rats (0.0206 + 0.0128 Hz, n =9). In line with this observation sp
mean frequencies, albeit also not significantly different among the groups (p = 0.08, KW), were also
lower in neurons from 2w and 5w rats (0.0120 = 0.0054 Hz, n=9 and 0.0114 £ 0.0054 Hz, n =19,
resp.) and higher in neurons from 3w rats (0.0350 + 0.0143 Hz, n = 13) (Figure 6B).

The interrelation of sAP and sp frequencies in the WT age groups becomes more obvious when
plotted against each other (Figure 6C and D). In neurons from 2w and 5w rats the mean sAP
frequencies were lower than in neurons from 3w rats and so where the mean sp frequencies (Figure
6C).

Moreover, neuron-by-neuron based Pearson correlation of sAP and sp frequencies for each age
group (the respective fraction of neurons where sp & sAP could be observed) revealed that in 5w
(r=0.72, p=0.019, n = 10) but not earlier (2w: r=0.32, p=0.795, n=3; 3w: r=0.1, p =0.805, n =9)
sAP and sp frequencies were significantly correlated (Figure 6D). In the wildtype, recording of sp in IO
neurons from 5w rats may therefore serve as a reliable predictor of local sAP activity.

After uncoupling, albeit not significantly different, the mean sAP frequency was found to be
higher in 5w-shCx36 neurons (0.0220 = 0.0171 Hz, n =10), resembling and even exceeding the
activity seen in 3w neurons. Interestingly this higher sAP activity was not translated into higher sp
activity which, in contrast, was lower (0.0087 + 0.0028 Hz, n = 14) than in any WT group (Figure 6B)
and compared to their 5w WT counterpart, the uncoupled neurons did not show a linear relationship
between sAP and sp mean frequencies any more (Figure 6C), nor did the individual neuron-by-
neuron analysis of AP and sp frequencies identify any significant correlation (r=0.3, p=0.47, n=8)
(Figure 6D).

What may be the basis of the dynamical change in spontaneous activity that we could observe?
To address this question we looked at the averaged VI-curves of neurons from the four different

groups. The Vl-curves were obtained by fitting sigmoidal regression models (and their 95 %
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prediction boundaries) to the steady response voltage deflections elicited by series of rectangular
current pulse injections of increasing amplitude (-100 to 100 pA, 10 pA steps) into the whole-cell
recorded neurons (Figure 7). We observed a general and dynamical change of membrane excitability
during postnatal development and after uncoupling.

Quite intriguing, the excitability was highest in the 2w group and decreased in the course of
maturation (3w and 5w), evident by flattening of the VI-curves. Uncoupling (5w-shCx36) on the other
hand led to an increased excitability and resulted in a VI-curve largely identical to the one found for
3w neurons. It revealed that at 2w neurons were per se highly excitable but this did not translate into
high sAP or sp activity. On the other hand, the neurons at 3w were less excitable than at 2w but
nevertheless exhibited high sAP and sp activity. At 5w excitability was lower than in all the other
examined groups and congruently sAP and sp activity was low. In contrast, uncoupled 5w-shCx36
neurons increased their sAP frequency which went along with an increased excitability while their sp

frequency was the lowest observed across the groups.

Taken together we conclude that the spontaneous activity is dynamically altered during the first
postnatal weeks and shows a maximum around postnatal week 3 followed by a subsequent
reduction by postnatal week 5. Uncoupling of neurons by RNAI increases spontaneous activity and
disrupts the close relationship between sAP and sp frequencies observed in the age matched WT
group. Uncoupling moreover leads to changes in the membrane excitability resembling the

excitability observed in younger animals.
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Figure 6. Probability and frequency of regenerative events (spontaneous action potentials (sAP) and spikelets
(sp)) change during maturation.

A Absolute numbers of neurons and the respective probabilities in percent to observe sAP and/or sp during
recordings from neurons of the different age or treatment groups investigated. Neurons from 2 and 5 week old
animals (2w and 5w) showed a low probability of regenerative events, whereas higher event probabilities were
observed in neurons from 3 week old animals (3w) - and to some extent also in neurons from 5w-shCx36
animals (*p < 0.05, Fisher's exact test). B Corresponding regenerative event frequencies for the different age
groups. sAP and sp frequencies were changing in a similar fashion in the course of maturation, yet uncoupling
led to an increase of sAP but not sp frequency. C sp vs. SAP mean frequencies for the different age or treatment
groups. Black dashed line, linear regression for the means of the WT groups. Error bars indicate SEM.
D Significant correlations of sp & sAP frequencies within the groups could only be found in the more mature 5w
group (*p < 0.05, Pearson correlation). Colors: red, postnatal week 2 (2w); blue, week 3 (3w); orange, week 5
(5w); green, week 5 and knockdown of Cx36 (5w-shCx36).
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Figure 7. Voltage-current relationship (VI-curves) obtained from neurons of the different age groups and after
Cx36 knockdown.

VI-curves generated from steady-state voltage deflections elicited by rectangular current pulse injections
of -100 to 100 pA in 10 pA steps. While the VI-curves became more flat in the course of maturation, Cx36
knockdown led to a steeper curve largely identical to the one of 3w animals. Each data point represents mean +
SEM. Each series was fitted by a sigmoidal function. Dashed lines: 95% prediction bounds. Colors: red,
postnatal week 2 (2w); blue, week 3 (3w); orange, week 5 (5w); green, week 5 and knockdown of Cx36
(5w-shCx36).

3.1.2 Kinetics of regenerative events

We further examined the properties of regenerative events in neurons from the three WT age groups
and from the uncoupled 5w-shCx36 neurons to get a better understanding of possible changes in
their kinetics. As shown in Figure 8, the grand averages of sAP and sp from the different groups make
evident that substantial changes occur during development or after RNAi mediated uncoupling.
Assessing the amplitude as well as the components of the depolarizing and repolarizing phase of sAP
and sp in more detail, we found that the kinetic parameters exhibited a rather complex picture for
both event types (Figure 9).

In general, we observed that the sAP amplitude significantly increased with age (2w, 3w, 5w vs.
each other: all p < 0.05, KW) and the depolarization became faster by 5w as rise time & 10 - 90 % rise
time significantly decreased and the 10 - 90 % slope significantly increased (each: 2w vs. 3w: ns; 2w
or 3w vs. 5w, p <0.05, KW). The repolarization phase also became faster between 3w and 5w. The
decay time was similar in neurons from 2w and 3w but significantly shorter in 5w. The half-width was
also similar in 2w and 3w but significantly narrower in 5w (each: 2w or 3w vs. 5w: p <0.05, KW).
Interestingly, the “long” 75 % quartile as well as the grand average of waveforms (Figure 8) indicate

that a great proportion of sAPs from 3w had much longer decay times, which likely reflect sAP with
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long after-depolarization (ADP) (Llinas and Yarom 1981a). In accordance, the area was significantly

larger in 3w than in 5w, yet similar to 2w (2w or 3w vs. 5w: p < 0.05, KW) (Figure 9A).

A similar picture could be drawn for sp kinetic parameters. The amplitude also significantly increased
with age (2w, 3w, 5w vs. each other: all p <0.05, KW). Like for sAP, the depolarization of sp also
became faster with age, but the major change seemed to have happened between postnatal weeks 2
and 3. The rise time significantly decreased between 2w and 3w (2w vs. 3w or 5w: p <0.05; 3w vs.
5w: ns, KW) & 10-90 % rise time significantly decreased as well (2w, 3w, 5w vs. each other: all
p < 0.05, KW). Congruently, the 10 - 90 % slope significantly increased from 2w to 3w but stayed at
the same level at 5w (2w vs. 3w or 5w: p < 0.05; 3w vs. 5w: ns, KW). The repolarization phase also
became faster in the course of postnatal development. The decay time was found to be similar in 2w
and 3w and significantly decreased in 5w (2w vs. 3w: ns; 2w or 3w vs. 5w: p <0.05, KW), while the
half-width constantly decreased with age (2w, 3w, 5w vs. each other: all p <0.05, KW). The area
significantly increased from 2w to 3w and significantly decreased in 5w to the lowest value measured
(2w, 3w, 5w vs. each other: all p < 0.05, KW), indicating that features of sAP like the longer ADP at 3w
that led to longer half-width and larger area might be reflected in the observed larger area of sp

(Figure 9B).

To investigate whether gap junctional coupling had an impact on sAP or sp properties, we analyzed
the same parameters in 5w-shCx36 |0 neurons. In uncoupled 5w-shCx36 neurons sAP amplitudes
were significantly smaller than in 5w and similar to 2w and 3w and the rise time was significantly
longer than in 5w and similar to 2w and 3w (each: 5w vs. 5w-shCx36: p <0.05; 2w or 3w vs.
5w-shCx36: ns, KW). Yet, 10 - 90 % rise time & 10 - 90 % slope were unchanged in respect to 5w and
consequently significantly shorter / higher (resp.) than in 2w and 3w. Likewise the decay time was
unchanged in respect to 5w hence also significantly shorter than 2w and 3w (each: 2w or 3w vs.
5w-shCx36: p < 0.05; 5w vs. 5w-shCx36: ns, KW). In contrast, the half-width was significantly wider
compared to 5w but still significantly narrower than in 2w and 3w (2w, 3w or 5w vs. 5w-shCx36: all
p < 0.05, KW). The area was not different from 5w and significantly smaller than in 2w and 3w (2w or
3w vs. 5w-shCx36: p < 0.05; 5w vs. 5w-shCx36: ns, KW) (Figure 9A).

The spikelets, albeit at lower frequency but still found in 5w-shCx36 neurons (Figure 6A, B), had a
significantly higher amplitude than in 2w, 3w, or 5w (2w, 3w or 5w vs. 5w-shCx36: all p < 0.05, KW).
The depolarization was even faster as rise time & 10 -90 % rise time were significantly lower and
10 - 90 % slope was significantly higher than in any other group (each: 2w, 3w or 5w vs. 5w-shCx36:
all p<0.05, KW). Decay time and half-width were not different from 5w and therefore also

significantly smaller than in 2w and 3w (each: 2w or 3w vs. 5w-shCx36: p < 0.05; 5w vs. 5w-shCx36:
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ns, KW). The area was significantly larger than in 5w, likely due to the higher amplitude, but also
significantly smaller than in 2w or 3w (2w, 3w or 5w vs. 5w-shCx36: all p < 0.05, KW) (Figure 9B).

Over all, we found a speed-up of sAP waveforms and faster kinetics during postnatal maturation and
saw the same dynamics in sp (Figure 8). Despite uncoupling we still saw spikelets but their properties

did not necessarily modulate in the same way as the spontaneous action potentials did.
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Figure 8. Grand averages of sAP and sp waveforms.

During maturation sAP amplitudes (left column) increased and the depolarizing plateau (likely calcium current
mediated) became shorter. Secondary peaks reflect wavelets present in some sAP. Amplitudes of sp were
highest at 3w and repolarization became faster during maturation (right column). Uncoupling decreased sAP
amplitude but increased sp amplitude. Colors: red, postnatal week 2 (2w); blue, week 3 (3w); orange, week 5

(5w); green, week 5 and knockdown of Cx36 (5w-shCx36).
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Figure 9. Kinetics of spontaneous regenerative events.

A Spontaneous action potential (sAP) amplitudes increased during maturation and de- as well as repolarization
became faster, reflected in the parameters 10 -90 % rise time and 10 - 90 % slope, or decay time and half-
width, respectively. Notably, greater variabilities in decay time and more so in half-width and area in the 3w
group originate from a fraction of sAP with long depolarization plateaus. Cx36 knockdown led to significantly
lower sAP amplitudes but had only modest impact on the kinetics (significantly increased half-width). B Spikelet
(sp) amplitudes increased during maturation and de- as well as repolarization became faster in congruence
with the sAP dynamics seen in A. Cx36 knockdown led to significantly higher sp amplitudes, and thus to
significantly higher area, but to faster depolarization without affecting the repolarization phase. Bars indicate
non-significance (ns), missing bars indicate p <0.05. Colors: red, postnatal week 2 (2w); blue, week 3 (3w);
orange, week 5 (5w); green, week 5 and knockdown of Cx36 (5w-shCx36).

3.2 Gap junctional coupling

We examined dye-coupling during the first postnatal weeks and assessed dye-coupling and

electrotonic coupling in 5w and 5w-shCx36 or 5w-shCTR IO neurons.

3.2.1 Dye-coupling
We examined the extent of gap junctional coupling in neurons of rat acute slice preparations from
postnatal week 2, 3 & 5 and in 5w-shCx36 or 5w-shCTR neurons by filling one 10 neuron of each
recorded pair or every single recorded neuron with neurobiotin which is known to diffuse to
neighboring neurons if they are connected by functional gap junctions (Devor and Yarom 2002a;
Vaney et al. 1998).

Following immunohistology, we took image stacks of the primary neurons and the surrounding
volume with a confocal laser scanning microscope. If labeled, we reconstructed the somata of the
secondary neighboring neurons and assessed their mean labeling intensity and the Euclidian distance
of their soma center from the soma center of the primary neuron as illustrated in the examples in
Figure 10A.

Interestingly, no case of dye-coupling could be observed in neurons from 2w rats (0/13). In
contrast, in 3w rats we found 63.6 % (7/11) of primary neurons being surrounded by secondary
labeled neighboring neurons. In neurons from 5w rats, however, only 21.4 % (3/11) of filled primary
neurons showed dye-coupling. In 5w-shCx36 neurons the dye-coupling was further reduced to only
8.3 % (1/12) compared to 16.7 % (1/6) of neurons from the 5w-shCTR control animals. The residual
dye-coupling might be explained to occur through some persisting Cx36-channels still present due to
residual expression after exploiting RNAI (a typical constraint of the technique). In line with the
incidence rate of dye-coupling, we could observe differences in the mean number of dye-coupled
neurons per case. At 3w when the coupling probability was highest, we also found the largest extent
of the coupled clusters with 4.1 + 1.2 secondary neurons. The extent dropped to 2.0 + 0.6 secondary

neurons in 5w animals and was even less (1 secondary neuron) in the only 5w-shCx36 neuron that
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showed dye-coupling but was higher in the one case of dye-coupling we found in a 5w-shCTR neuron
(5 secondary neurons) (Figure 10B).

We also found somewhat higher mean labeling intensities in secondary neurons of 5w rats
compared to 3w (688 + 184 a.u., n =6 vs. 317 + 48 a.u., n = 29, resp.), to 5w-shCx36 (37 a.u., n=1),
or to 5w-shCTR (124 + 40 a.u., n = 5), indicating that even if the size of the coupled cluster may be
smaller in 5w neurons, coupling among members of the cluster may be stronger than at 3w or after
uncoupling (Figure 10C).

The medians of the distance between the primary and secondary neurons were similar among the
groups (p = 0.203, KW) (Figure 10D).

Moreover, the mean intensity of the labeling did not significantly correlate with the distance from
the primary neuron soma center in neither of the groups (3w: r=-0.11, p=0.57, n =29; 5w: 0.02,
p =0.973, n=6; 5w-shCx36: not enough data points, n=1, 5w-shCTR: r=-0.45, p =0.446, n=5;

Pearson correlation).

Our observations indicate changes in the degree of coupling within the first postnatal weeks with a
sudden onset of dye-coupling between postnatal week 2 and 3. After high coupling around postnatal
week 3, an apparent decline in coupling incidences and in the extent of the coupled clusters could be
observed. Manipulation of Cx36 expression had modest effects on the already low degree of dye-
coupling (number of coupled neurons) at postnatal week 5 and low amounts of dye passing through

the few remaining gap junctions may have fallen below the detection limits.
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Figure 10. Neurobiotin dye-coupling of 10 neurons.

A Three examples of 10 neurons filled with neurobiotin during whole-cell recording (white), and reconstructed
somata of dye-coupled neighboring neurons. Examples from 3w (top), 5w (middle) and after Cx36 knockdown,
5w-shCx36 (bottom); inset: GFP fluorescence alone, verifying the positive transduction of the recorded neuron
(arrowhead). Intensity heat-map: red (low) to yellow (high), a.u.; scale bars 50 um. B Number of dye-coupled
neighboring neurons per recorded and neurobiotin filled |10 neuron (mean + SEM) as well as incidence of dye-
coupling in percent of filled neurons (red dashed line). C Intensity of somatic neurobiotin in dye-coupled
neighboring neurons. D, soma-somatic distance between dye-coupled neighboring and primary neurons (black
bars: mean + SEM). Colors: blue, week 3 (3w); orange, week 5 (5w); green, week 5 and knockdown of Cx36 (5w-
shCx36); purple, week 5 and control vector (5w-shCTR).
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3.2.2 Electrotonic coupling
To assess the degree of electrotonic coupling, we performed whole-cell current clamp recordings of
pairs of |0 neurons in acute slices from 5w rats and from rats that received a local olivary injection of
one of the lentiviral vector constructs at p21 (5w-shCx36i, 5w-shCx36ii, 5w-shCTR) (Figure 11A).

Injections of negative rectangular current pulses into the primary neuron of a patched pair from

5w rats resulted in its hyperpolarization - most often with a prominent initial sag followed by a
steady hyperpolarization that lasted for the duration of the current pulse (300 ms). Thereafter, most
often rebound Ca**-depolarizations were observed that triggered (sodium current) action potentials
depending on their strength (Llinas and Yarom 1981b). In the coupled secondary cell current-flow
through open functional gap junctions led to similar yet attenuated membrane potential changes —
a steady hyperpolarizing junctional potential lasting as long as the current injection in the coupled
primary neighbor was followed by a depolarizing junctional potential (DJP) at the rebound. In
contrast, if any, only highly attenuated changes in membrane potential in the secondary neurons
could be observed in pairs with at least one 5w-shCx36 neuron indicating strong uncoupling by Cx36-
specific RNAi (Figure 11B).

Electrotonic coupling via gap junctions was determined by reciprocal measurements of the ratios
of steady voltage deflections in the primary and secondary neuron after current injection into the
primary neuron - yielding two directional coupling coefficients (CC [%]) per pair (Figure 11C & D).
Uncoupling by RNAI significantly reduced the electrotonic coupling among coupled pairs by ~70 %.
On average, pairs with at least one 5w-shCx36 neuron had significantly lower CCs compared to
neuron pairs from 5w WT (mean: 0.44 + 0.08 % (median: 0.39, 0.14 - 0.63 %), n =22 vs. 1.43£0.31 %
(1.6,0.38-1.91 %), n =16, resp., p = 0.01), or compared to pairs with at least one 5w-shCTR neuron
(1.64 £0.44 % (1.89, 0.38 - 2.84 %), n = 10, p = 0.007). No significant differences between the CCs of
5w WT and 5w-shCTR could be detected (p = 0.856, ANOVA & Tukey’s post-hoc multiple comparison)
(Figure 11C).

Moreover, we could not see any dependency of the coupling strength on the soma-somatic
distance between the members of the pair in 5w (r=-0.26, p=0.327, n =16), or 5w-shCx36 (r =-
0.24, p=0.275, n=22) but a significant negative correlation in 5w-shCTR (r=-0.86, p =0.001,
n = 10). The mean distances between neurons were 5w: 22.6 um (range: 9.3 - 38.1 um), 5w-shCx36:
23.4 um (9.9 - 44 um), 5w-shCTR: 26.2 pm (13.3 - 40.0 um) (Figure 11D).

Resting membrane potentials were stable during development (2w: -50.6 £ 0.6 mV, n=18;
3w: -50.3 £+ 0.9 mV, n=15; 5w: -50.3 £ 0.7 mV, n =43) and neither transduction with the functional
nor with the non-functional lentiviral construct had any impact (5w-shCx36: -50.7 + 1.2 mV, n = 23;

5w-shCTR: -50.5 + 1.1 mV, n = 11) (Figure 11E).
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Figure 11. Local knockdown of connexin 36 in the inferior olive.

A Lentiviral vector construct. The respective shRNA (shCx36 or shCTR) driven by the human U6 promoter (hU6),
and the reporter EGFP driven by the CaMKlla promoter (pLenti-hU6-shRNA-CamKIla-EGFP-WPRE) were
brought to expression in 10 neurons by local in vivo stereotaxic microinjection. B Examples of electrotonic
coupling of neighboring pairs of simultaneously whole-cell recorded 10 neurons, 5w WT pair (Bi) or 5w-shCx36
knockdown pair (Bii). Hyperpolarizing current steps (lower section) were injected to one neuron at a time and
the voltage deflections in both cells were recorded. Bi In the 5w WT neuron pair gap junction mediated
electrotonic coupling was evident by voltage deflections in the secondary neuron. Bii In the pair with one 5w-
shCx36 neuron (cell 1) no such deflections in the secondary cell could be recorded. Grey arrows indicate
direction of current flow expected from presumed presence of functional gap junctions. C Coupling coefficients
(voltage deflection in the secondary neuron divided by the deflection in the primary neuron at -100 pA current
injection into the primary neuron) of pairs with a 5w-shCx36 neuron were significantly lower compared to 5w
or 5w-shCTR pairs (*p < 0.05). D Coupling coefficients (two for each pair in the respective direction of current
flow) in respect to the distance between the soma centers of the two neurons for 5w, 5w-shCx36 and 5w-
shCTR. E Resting membrane potentials of 10 neurons were similar in all groups. Colors: blue, week 3 (3w);
orange, week 5 (5w); green, week 5 and knockdown of Cx36 (5w-shCx36); purple, week 5 and control vector
(5w-shCTR).
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3.3 Sub-threshold oscillations: occurrence and synchrony
Sub-threshold oscillations (STO) are thought to play a key role in synchronizing the supra-threshold
activity among coupled 10 neurons. In our study STO were mainly observed from postnatal week 3
(3w) on. Only 11 % (2/18) of recorded neurons from 2w rats were oscillating during the recording
compared to 80 % (12/15) of neurons from 3w rats (p = 0.0009, Fisher’s exact 2-sided). Between 3w
and 5w (81 % (35 of 43)), no significant difference in the proportion of oscillating neurons was
observed (p = 1). Interestingly, uncoupling of neurons did not lead to changes in STO probability. In
5w-shCx36 neurons 78 % (18 of 23) exhibited robust STO and 9 % (2) small amplitude STOs of low
power and low temporal stability. This STO probability was not significantly different from wildtype
5w neurons (p = 0.189) (Figure 12A). Despite no changes in STO probability, uncoupling increased the
dominant STO frequency in 5w-shCx36 neurons: whereas the medians of dominant frequencies were
similar in neurons from WT rats independent of age (2w: 2.22 (1.43 - 3.00) Hz; 3w: 2.55 (1.72 - 3.12)
Hz; 5w: 2.62 (1.82 -3.98) Hz), uncoupled 5w-shCx36 neurons had a significantly higher dominant
frequency of 3.72 (2.72 - 4.46) Hz compared to neurons from 5w animals (p = 0.024, KW for 3w, 5w,
5w-shCx36 & Dunn’s post-hoc vs. 5w) indicating that uncoupling made them oscillate at their intrinsic
or resonant frequency rather than at the common dominant frequency of the electrotonically
coupled cluster (Figure 12B). We found that the relative power of STO dominant frequency was
lower in the 2 neurons from 2w rats that oscillated at all (0.029 & 0.324 mV?) compared to the other
groups. The mean dominant STO frequency powers of neurons from 3w (0.401 + 0.043 mV?, n=12)
and 5w (0.390 + 0.022 mV?, n = 35) were not significantly different nor did uncoupling significantly
reduce the power in 5w-shCx36 neurons (0.354 + 0.035 mV?, n = 20) compared to the age matched
wildtype or 3w (p = 0.578, ANOVA) (Figure 12C).

Paired recordings from 5w WT and uncoupled 5w-shCx36 neurons were also used to investigate
the synchrony of STO among neighboring neurons. We calculated the cross-correlation coefficient
(CCC) of STO and derived the phase lag [°] of the two waveforms from the time between the
maximum CCC and zero taking into account the local dominant frequency. We could not find
significant differences between the groups in median CCC (5w: 0.945 (0.913 - 0.953), n=5 vs. 5w-
shCx36: 0.952 (0.811 - 0.978, n =11, p=0.777, MWU) or the mean phase lag (5w: 8.286 + 3.991° vs.
5w-shCx36: 9.850 + 3.200°, p =0.780, t-test). However, we examined possible correlations with
either the mean CC of the pair; the soma-somatic distance of the pair; or, for pairs with 5w-shCx36
neurons, the local transduction density.

Whereas phase lags in wildtype neuron pairs were small even in cases of low CCs (r=0.12,
p =0.854, n=5), we observed a trend to increased phase lags with smaller CCs in pairs with 5w-

shCx36 neurons (r =-0.49, p = 0.125, n = 11). Only weak, non-significant correlations of the phase lag
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with the soma-somatic distance of the pair were found for 5w WT or 5w-shCx36 pairs (r =0.30,
p=0.627 & r=0.27, p = 0.426 resp.).

In line with this observation, CCCs derived from oscillating 5w WT pairs were very robust even in
cases of low CCs (r=0.35, p = 0.565) pointing to a strong drive to maintain synchrony by the local
cluster of neurons interconnected via gap junctions, in which both members of the recorded pairs
may potentially have been embedded, despite low direct electrotonic coupling. In pairs with
5w-shCx36 neurons this population-drive for synchrony may have gotten disrupted by decreasing the
coupling to neighboring neurons of the cluster, as we saw a significantly correlated decrease in CCCs
with smaller coupling (r = 0.62, p = 0.040).

CCCs of 5w WT pairs also did not show any dependence on the soma-somatic distance of the pair
(r=0.02, p=0.976) whereas CCCs of pairs with 5w-shCx36 neurons seemed more influenced by
distance (r =-0.43, p = 0.190).

For pairs with 5w-shCx36 neurons, we were able to relate phase lags and CCCs to the normalized
local transduction density (cells/4*10° um3). We found trends to an increase in phase lag and to a
decrease in CCC with higher local transduction density (r =0.57, p=0.141 & r =-0.54, p = 0.169 resp.,
n = 8) adding further support to our hypothesis that the local coupled cluster is the primary driving
force for synchrony rather than the one-by-one gap junctional coupling of individual 10 neurons to a
particular neighbor (Figure 12D).

In general phase lag and CCC were independent of STO dominant frequency as we could not find
any significant correlations of neither phase lag (5w: r=0.06, p=0.920; 5w-shCx36: r=-0.44,
p =0.176) nor CCC (5w: r =-0.04, p = 0.950; 5w-shCx36: r =0.16, p = 0.635) with the STO dominant

frequency.

We may conclude that synchrony of pairs within the extent of proposed clusters depends on the
electrotonic coupling of the cluster members and that this coupling is dominated by gap junctions
composed of Cx36. Thus, artificial RNAi-mediated uncoupling that is wide-spread enough to disrupt
such a cluster abolishes synchrony among these neurons. Furthermore, maintenance of STO seems
to be an intrinsic property of |0 neurons, rather than a feature emerging from electrotonically
coupled clusters, and this property seems to be robustly established after postnatal week 2. Intrinsic
dominant frequency however seems to depend on coupling as uncoupled 5w-shCx36 neurons

showed increased dominant STO frequencies.
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Figure 12. Sub-threshold oscillations (STO) in 10 neurons.

A Probabilities of STO observation during whole-cell recording of neurons from 2w, 3w, 5w and 5w-shCx36
animals. Only a few 2w neurons exhibited STO in contrast to the majority of 3w, 5w, or 5w-shCx36 neurons. B
Dominant frequencies of STO were similar in 2w, 3w and 5w neurons but significantly higher in 5w-shCx36
compared to 5w. C Relative power of STO were independent of age and coupling. D STO synchrony in pairs of
10 neurons. Phase lag (upper row) and cross correlation coefficient (lower row) plotted against either the mean
coupling coefficient, the soma-somatic distance of the pair, or the local normalized transduction density for 5w
and 5w-shCx36. In 5w pairs phase lag and cross correlation were largely independent of coupling or distance
whereas in 5w-shCx36 pairs higher phase lag and lower cross correlation were prominent at low coupling,
greater distance or higher local transduction density. *p<0.05; ***p<0.001. Colors: blue, week 3 (3w); orange,
week 5 (5w); green, week 5 and knockdown of Cx36 (5w-shCx36).

3.4 Phase-locking of regenerative events to sub-threshold oscillations
The probability for observing spontaneous action potentials in 10 neurons has been described to be
higher around the peak of the sub-threshold oscillation (STO) which is when the neuron is more
depolarized (Llinas and Yarom 1986) and is likely independent of the phase of the synaptic input

(Lampl and Yarom 1993). We examined the event vs. STO-phase relationship for sAP and sp in 10

42



Results

neurons from 3w & 5w and from 5w-shCx36 neurons, as we did not observe any regenerative events
during STO in the 2 oscillating neurons from 2w rats. Examples of sAP and sp occurrence during STO

in two different neurons recorded in 5w animals are shown in Figure 13.
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Figure 13. Occurrence of regenerative events during STO.

A Three sAP (I, II, 1ll) during STO recorded in an olivary neuron from the 5w group. sAP have been truncated for
clarity in the magnifications (lower row). sAP typically occurred around the peak of the STO-phase. B Three sp
(i, ii, iii) during STO recorded in a different olivary neuron from the 5w group. sp could be observed over the full
STO-phase but occurrence probability was higher after the STO peak.

Figure 14A shows the occurrence of regenerative events in respect to the STO-phase and the
corresponding histograms of the event probabilities.

We employed circular statistics to describe the relation between STO-phase and event
parameters (Berens 2009; Zar 1999) by utilizing the following measures: Alongside the
mean resultant vector (the analogon to the mean in circular statistics) and its
circular standard deviation, we used skewness and symmetry around the median to examine the
symmetry (negative value: asymmetry to the right, positive value: asymmetry to the left), while
vector length and kurtosis k provided a good intuitive measure of the peakedness of the distribution
(0 £k<1; where k->1: distr. with narrow peak (leptokurtic) and slim tails; k -> 0: distr. with broad

peak and broad tails (platykurtic)). Moreover, Rao’s spacing test on uniformity was employed to
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assess whether the occurrence of events was phase-locked or randomly distributed over the STO-
cycle and was chosen due to its robustness irrespective of the underlying distribution.

We found that for sAP the positions of the mean resultant vectors were right before the peak of
the STO-cycle (defined as m) in all 3 groups and event distributions were quite symmetric (p >0.05 in
all cases, test for symmetry around the median). Nevertheless, a small positive skewness in the 3w
group revealed a slight leftward asymmetry thus indicating that the neurons were more likely to fire
on the rising phase of the STO than on the falling. Moreover, the vector length and kurtosis increased
from 3w to 5w indicating an increased phase-locking to the STO peak by changing from a less peaked
platykurtic to a more peaked leptokurtic distribution. This phase-locking was independent of
coupling as the distribution of of sAP in uncoupled 5w-shCx36 neurons showed similar vector length
and a leptokurtic distribution (Figure 14B). Rao’s Spacing test found that sAP of the 3w group but not
of the 5w & 5w-shCx36 groups were uniformly distributed over the STO cycle which indicates that at

3w randomness of firing dominated over event-STO phase-locking.

These observations raise the question whether spikelets, the presumed electrotonically transmitted
echo of the firing of coupled neighboring neurons, would show a congruent event distribution over
the STO cycle.

We found the mean resultant vectors of sp in all groups pointing to a position right after the peak
of the STO-cycle, which is reasonable assuming some delay by the transmission through gap
junctions and along the dendritic structures. Similar to our observations on sAP, a small leftward
asymmetry (small positive skewness) was observed for sp of the 3w group while sp of the 5w group
were quite symmetric. This observed asymmetry at 3w was significant with the test for symmetry
around the mean. Interestingly, we could see a small leftward shift in skewness of sp in the 5w-
shCx36 group despite that no such asymmetry could be seen in sAP. Although we found that the sp
vector lengths were almost identical among the groups and only slightly increasing from 3w to 5w,
we found that, in line with the picture of the sAP, the distribution of sp in the 3w group was
platykurtic as well, whereas the distribution in the 5w group was also more leptokurtic. Interestingly,
uncoupling of neurons seemed to have resulted in a lower sp phase-locking, as the distribution of sp
in the 5w-shCx36 group was found to be platykurtic, resembling the lower phase-locking seen in the
3w group (Figure 14B). We tested for uniformity as before: Rao’s Spacing test found sp of the 3w
group to be uniformly distributed. This changed with maturation as at 5w sp were not uniformly
distributed. Interestingly, uncoupling seemed to have had an impact on the phase-locking as we

observed a uniform distribution of sp in 5w-shCx36 despite the non-uniform sAP distribution.

Taken together we found a lower degree of STO phase-locking of AP and sp in neurons from 3w rats.

In neurons from 5w rats, a high degree of phase-locking was found for sAP and sp. Uncoupling
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destroyed this close relationship: while phase-locking of sAP, likely a property of the single neuron
and not a phenomenon associated with gap junctional coupling, was unaltered in these neurons, sp
were phase-locked to a lower degree which may largely be due to the reduced or eliminated STO

synchrony after uncoupling.
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Figure 14. Regenerative events in relation to the phase of the STO cycle.

A Events detected in 3w (blue), 5w (orange) and 5w-shCx36 (green) relative to their occurrence in the
“underlying” STO cycle and the respective probability histograms (top). sAP were uniformly distributed in 3w
but were STO peak aligned in 5w and 5w-shCx36; sp were uniformly distributed in 3w but STO peak aligned in
5w, uncoupling (5w-shCx36) resulted in a uniform sp distribution. B Circular measurements of the event
distributions over the STO cycle. In all groups, the mean resultant vectors (circular means) of sAP and sp were
located before and after the STO peak, respectively. In the 3w group, small positive (leftward) skewness, short
vector length and platykurtosis of sAP and sp indicate a more uniform distribution of events over the STO cycle.
In the 5w group in contrast, a skewness close to zero, longer vector length (in sAP) and leptokurtosis reflect a
narrow distribution around the STO peak. Uncoupling (5w-shCx36) did not change the distribution of sAP but sp
were more likely to occur on the rising phase of the STO cycle (leftward skewness) and showed a more uniform
distribution (platykurtic).

3.5 Parameters of regenerative events are sensitive to the STO state

It remains unclear whether certain parameters of sAP and sp would convey information about the
actual phase or amplitude of the STO at the time of the event - an information about the oscillatory
state that then potentially could be transmitted to electrically coupled neighboring neurons and/or,
via CF and their collaterals, to the target neurons (PC and neurons of the CN). Yet, aside from the

experimental description and quantification of the wavelets riding atop the characteristically long
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ADP (Bazzigaluppi et al. 2012; Mathy et al. 2009) and a recent attempt to identify the mechanisms
that may link wavelet properties to STO phase by modeling (De Gruijl et al. 2012), we are not aware
of any study addressing this aspect in detail.

We therefore examined the same parameters as described above for sAP and sp the in context of
the phase or amplitude of the STO by fitting either a combination model of sine and cosine or a linear
regression model and calculating the circular-linear or the linear correlation, respectively (Figure 16
& Figure 17).

We observed clear differences in the sensitivity of parameters to STO phase or amplitude arising
during postnatal development between 3w and 5w and also found alterations after uncoupling by

RNAi (5w-shCx36).

3.5.1 sAPvs. STO phase
The size of the sAP amplitude was significantly correlated with the STO phase in a positive manner
(amplitudes were highest around the peak of the STO cycle) at 3w (r=0.54, p=0.008, n=27)
whereas this relationship was inverted at 5w (r=0.41, p=0.009, n=56) with lower amplitudes
around the STO peak. Uncoupling however resulted in a loss of this correlation (r=0.16, p = 0.085,
n=187).

Regarding parameters associated with the depolarizing component of sAP, the rise time was not
significantly correlated with the STO phase (3w: r=0.29, p =0.324; 5w: r =0.33, p =0.051), yet its
fast component, the 10-90 % rise time, was significantly smaller around the STO peak in 3w
(r=0.71, p=0.001) and 5w (r=0.43, p=0.006) alike. This was also reflected in the significantly
higher 10 - 90 % slope in 3w (r = 0.76, p < 0.001) around the STO peak. Interestingly, the 5w group did
not show a significant correlation here (r = 0.08, p = 0.822). Uncoupling resulted in a low but highly
significant correlation of the rise time with the STO phase (r=0.33, p <0.001), yet in a reduced
correlation of the 10-90 % rise time (r=0.23, p=0.007) while the 10-90 % slope was also not
significantly correlated with the STO phase (r = 0.18, p = 0.055).

The decay times were significantly shorter around the STO peak in 3w (r =0.69, p = 0.002) with
high correlation and in 5w (r = 0.41, p = 0.01) with lower correlation. After uncoupling this correlation
was even lower albeit being highly significant (r = 0.3, p < 0.001). The half-width was not significantly
correlated with the STO phase in either of the WT groups (3w: r=0.22, p=0.525; 5w: r=0.29,
p = 0.101). The vividly discussed number of wavelets was not significantly correlated in 3w (r =0.47,
p = 0.053) in contrast to a significant correlation in 5w (r = 0.43, p = 0.005, n = 57) with less wavelets
(only the initial sodium spike and no wavelets at all in most cases) around the peak of the STO cycle
and more wavelets if AP occurred not around the peak. Moreover, we found a quite substantial

difference in the distribution of the numbers of wavelets between the 3w and 5w groups. Whereas in
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3w most sAP had one or more wavelets, most sAP in 5w did not exhibit wavelets, but if they did,
either one or around 4 wavelets were observed (Figure 15).

Uncoupling led to a significant correlation of the half-width (r = 0.19, p = 0.04) being smaller at the
peak of the STO, an even stronger correlation of the number of wavelets (r = 0.5, p < 0.001) with the
STO phase, as well as a lack of higher numbers of wavelets per sAP (Figure 15). The area, however,
was not correlated in 3w (r = 0.37, p = 0.158) but in 5w (r = 0.46, p = 0.003) with areas being smaller
around the STO peak, which is in line with the lower amplitudes observed. Uncoupling did not alter

this correlation (r = 0.4, p < 0.001) (Figure 16, left).

Taken together, in 10 neurons recorded from slices of 3w old animals sAP de- and repolarized faster
and their amplitudes were higher if occurring around the peak of the STO cycle. This was also true for
neurons from 5w animals with the exception that correlations were weaker and, most prominently,
that the amplitudes were lower when occurring around the peak. Uncoupling of neurons from their
local cluster eliminated the significant correlation for the sAP amplitude, reduced correlation of the
10-90 % rise time but on the other hand established significant correlations for rise time (lower

around the STO peak) and half-width (smaller around the peak).
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3.5.2 sAPvs. STO amplitude
We found that the sAP amplitude had a significant positive correlation with the STO amplitude in 3w
(r=0.55, p=0.003) but not in 5w (r =-0.09, p = 0.494). Uncoupling resulted in a weak but significant

negative correlation (r =-0.2, p = 0.006).
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Like in the case of the association with the STO phase , no significant correlation was found for
the rise time in the WT groups (3w: r =-0.22, p=0.271; 5w: r = 0.13, p = 0.35) but was seen for the
10-90 % rise time (3w: r=-0.59, p=0.001; 5w: r=-0.36, p =0.007) and consequently for the
10-90 % slope (3w: r=0.67, p<0.001; 5w: r=0.35, p=0.008). After uncoupling, a significant
correlation of the rise time (r=0.26, p<0.001) with the STO amplitude was observed but
correlations of the 10-90 % rise time (r=-0.03, p=0.68) or of the 10-90 % slope (r=0.03,
p = 0.706) vanished.

Moreover, we found a highly significant negative correlation of the decay time with the STO

amplitude for 3w (r=-0.78, p <0.001) but not for 5w (r=-0.17, p =0.226), which was unchanged
after uncoupling (5w-shCx36: r = -0.05, p =0.489).
Whereas the half-width was significantly negatively correlated in 3w (r =-0.49, p = 0.01) but not in
5w (r=-0.24, p = 0.073), we did not find significant correlations of the number of wavelets with the
STO amplitude in the WT groups (3w: r=0.24, p=0.238; 5w: r=0.11, p =0.413). Surprisingly,
uncoupling resulted in a small but significant positive correlation of the half-width (r=0.19,
p =0.011) and also in a significant negative correlation of the number of wavelets (r=-0.24,
p < 0.001) with the STO amplitude.

We did not observe significant correlations of the area with the STO amplitude in the WT groups
(3w: r=0.17, p=0.387; 5w: r=0.04, p=0.792) but did so after uncoupling (5w-shCx36: r =-0.15,
p = 0.043).

Taken together, sAP de- and repolarized faster in 10 neurons recorded from slices of 3w animals and
their amplitudes were higher if they occurred at higher STO amplitude. While 5w neurons still
depolarized faster at higher STO amplitude, they did not seem to be sensitive to STO amplitude in
respect to the sAP repolarization or in respect to the sAP amplitude. Uncoupling of neurons from
their local cluster eliminated correlations of the fast components of the depolarization but on the
other hand established significant positive correlations for rise time (lower around the STO peak) and
half-width (smaller around the peak) as well as negative correlations for the sAP amplitude, area and

for the number of wavelets (Figure 16, right).
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Figure 16. Parameters of sAP in respect to STO phase and amplitude.

Parameters of sAP kinetics were plotted against the STO phase (left) or amplitude (right) and fitted by a
combined sine and cosine function or by a linear function, respectively. R-values of the fits are plotted in the
lower bar charts. Filled bars indicate significance (p < 0.05). In 3w neurons, sAP de- and repolarized faster and
had higher amplitudes when they occurred around the peak of the STO cycle or when the STO amplitude was
higher. In 5w neurons, sAP were also faster when they occurred around the peak of the STO cycle but then
their amplitudes were lower; only depolarization was faster at higher STO amplitudes. Uncoupling (5w-shCx36)
led to smaller correlations in general and to the establishment of new significant correlations without affecting
the notion that kinetics were faster around the STO peak. Yet, no correlation of the sAP amplitude with the STO
phase was present any more. Moreover, a stronger sensitivity of SAP amplitude, rise time, half-width and area
to the STO amplitude were observed. In 3w neurons, no significant correlations between the number of
wavelets and the STO state could be found. In contrast, less wavelets could be observed around the peak of the
STO cycle in 5w and 5w-shCx36 neurons and the number of wavelets was negatively correlated with the STO
amplitude in 5w-shCx36 neurons. Colors: blue, week 3 (3w); orange, week 5 (5w); green, week 5 and
knockdown of Cx36 (5w-shCx36).

3.5.3 spvs. STO phase
We asked whether we might find similar sensitivities of the spikelet parameters to STO phase or
amplitude (Figure 17). Analyzed in an identical manner, we found that sp amplitudes were correlated
to the STO phase only at younger age with higher amplitudes at the upward STO half-cycle (3w:
r=0.26, p=0.008, n=145; 5w: r =0.34, p=0.114, n = 38) and uncoupling did not have any impact
(5w-shCx36:r =0.25, p=0.123, n =67).

From the parameters of the depolarization only the rise time was significantly correlated in both
WT groups (3w: r=0.41; 5w: r =0.61; both: p <0.001) with longer rise times if sp occurred on the
upward STO half-cycle. Uncoupling did not affect this correlation (5w-shCx36: r = 0.488, p < 0.001).
Neither the 10-90 % rise time (3w: r = 0.06, p = 0.797; 5w: r=0.23, p=0.362) nor the 10-
90 % slope (3w: r=0.1, p=0.475; 5w: r=0.32, p =0.152) exhibited any significant correlation with
the STO phase, and uncoupling had no impact on these parameters either (r =0.28, p =0.075 &
r=0.17, p = 0.364, resp.).

The sp decay time was significantly correlated with the STO phase, being longer at the upward
STO half-cycle, in both WT groups (3w: r=0.43, 5w: r=0.65; both p<0.001) as well as after
uncoupling (5w-shCx36: r = 0.43, p = 0.002). Likewise, the half-width was larger during the upward
STO half-cycle with significant correlations in both age groups (3w: r =0.38, p <0.001; 5w: r=0.47,
p=0.014). Uncoupling eliminated this correlation (r=0.24, p=0.151). The area was significantly
correlated in all WT groups (3w: r=0.56, p<0.001; 5w: r=0.52, p=0.006) and after uncoupling
(r=0.55, p <0.001), being larger at the upward STO phase (Figure 17, left).

In general, and in contrast to sAP, differences in sp parameters appeared not to be associated
with the peak of the STO phase but rather with whether a sp occurred on the up- or downward half-
cycle of the STO and fast components did not play a role possibly due to the low-pass filter properties
of the gap junctions through which they putatively are transmitted. We found sp amplitudes to be

sensitive to the upward STO half-cycle only in 3w but not in 5w or after uncoupling, sensitivity of

50



Results

rise time and decay time as well as area was independent of age or coupling. Only the sensitivity of

the half-width to the STO phase was eliminated by uncoupling.
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Figure 17. Parameters of sp in respect to STO phase and amplitude.

Data was processed and plotted as in Figure 16. In 3w neurons, sp had higher amplitudes, were slower (longer
rise time) and lasted longer (longer decay time and half-width) when they occurred on the upward half of the
STO cycle. Moreover, sp showed lower amplitudes, slower depolarization but shorter decay time when they
occurred at higher STO amplitude. In 5w neurons, similar to 3w, sp were also slower and lasted longer when
they occurred on the upward half of the STO cycle. sp repolarized faster (shorter decay time and half-width)
when they occurred at higher STO amplitude. Uncoupling (5w-shCx36) did not disrupt the correlation of longer
rise time or longer decay time with the STO cycle (each slightly smaller but significant), but no correlation could
be found for the half-width any more. Only decay times were found to be shorter when occurring at higher STO
amplitude. The area was larger in neurons from all groups when sp occurred on the upward half but only
significantly negatively correlated with higher STO amplitude in 3w. Colors: blue, week 3 (3w); orange, week 5
(5w); green, week 5 and knockdown of Cx36 (5w-shCx36).

3.5.4 spvs.STO amplitude
The sp amplitude showed a weak yet significant negative correlation with the STO amplitude in 3w
(r=-0.19, p=0.022) but not in 5w (r=-0.31, p=0.058) or after uncoupling (5w-shCx36: r=0.21,
p = 0.082).

Parameters of the depolarization were found to be significantly correlated only in the 3w group
(positive for rise time and 10 - 90 % rise time; negative for the 10 - 90 % slope) and uncoupling did
not have an impact on any of the parameters: rise time (3w: r=0.3, p<0.001; 5w: r=-0.15,
p =0.379; 5w-shCx36: r =-0.01, p=0.912), 10 - 90 % rise time (3w: r =0.53, p <0.001; 5w: r=0.01,
p = 0.935; 5w-shCx36: r =0.05, p =0.686) and 10 - 90 % slope (3w: r =-0.38, p < 0.001; 5w: r =-0.07,
p = 0.662; 5w-shCx36: r = 0.14, p =0.273).

The decay time had a significant negative correlation with the STO amplitude in 3w (r=-0.42,
p <0.001) and 5w (r =-0.59, p <0.001). Uncoupling reduced this correlation (5w-shCx36: r =-0.26,
p = 0.035). In contrast to 3w (r=-0.04, p =0.673), the half-width in 5w (r =-0.42, p =0.009) had a
significant negative correlation with the STO amplitude and uncoupling eliminated this correlation
(r=0.03, p =0.803). The area was significantly negatively correlated only in 3w (r =-0.31, p < 0.001)
but not in 5w (5w: r =0.03, p = 0.69) or after uncoupling (5w-shCx36: r=0.17, p = 0.176) (Figure 17,
right).

Aside from the half-width, all sp parameters were sensitive to the STO amplitude in the 3w group
but only decay time and the half-width were sensitive in the 5w group. Uncoupling had modest

impact on these relationships whilst eliminating the sensitivity of the half-width.

In summary, we found that at younger age (3w), when electrical coupling is high among 10 neurons,
sAP were bigger and faster if they occurred around the STO peak or if the STO amplitude was high.
Later (5w), when neurons seem to be only moderately coupled, this association was weaker or even
reversed (sAP amplitude vs. STO phase). Correlations of wavelets with the STO phase were found
only in 5w, where more wavelets were present when the sAP were not occurring at the STO peak.

When neurons were uncoupled from their neighbors, the speed of the sAP was largely independent
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of the STO phase or amplitude at the time of the event. Interestingly, in 5w-shCx36 neurons the half-
width was smaller at the STO peak but higher at higher STO amplitude. Moreover, the area and the
number of wavelets became more sensitive to STO amplitude indicating that the changes described
above that go along with the uncoupling (higher excitability, faster STO frequency) may impact the
sensitivity of these parameters to STO phase and amplitude.

We could describe a rather complex pattern of developmental changes in sAP parameter
sensitivity and could show that the manipulation of the degree of gap junctional coupling had an
impact on this sensitivity. Yet, so far we do not know which mechanism in the end may bridge the
gap between parameter sensitivity to STO features and the degree of coupling, but assuming that
coupled neurons behave like a syncytium, event probability and kinetics may synchronize as well
across the coupled cluster. On the other hand, common input with high temporal precision could
also likely serve as an explanation but further experiments and different approaches are surely

necessary to address this question.

3.6 Connexin 36 immunohistology

To histologically verify the efficacy of RNAI, confocal laser scanning microscopy image stacks of 10
regions were obtained from brain slices of LV-shCx36 rats three weeks after olivary injection of the
lentiviral vector constructs (either vector constructs shCx36i (n = 10) or shCx36ii (n = 12)). Slices were
immunostained for Cx36 (Meier et al. 2002) and the widely used dendritic marker MAP2. On the
basis of MAP2 staining, transduced structures exhibiting the co-expressed EGFP (MAP2 & EGFP) were
separated from non-transduced structures (MAP2 only) by thresholding and co-localization, resulting
in two volume masks. Figure 18A depicts a typical example of one transduced LV-shCx36ii-EGFP
neuron and its surrounding volume stained for MAP2 and Cx36. The Cx36 signal was co-localized with
either the MAP2 & EGFP or the MAP2 only volume mask and Cx36 spots were detected in an
automatized approach (Figure 18B) revealing a substantial reduction in Cx36 spot density from
2.41 spots/1000 um3 in MAP2 & EGFP structures compared to 1.21 spots/1000 um3 in MAP2 only
structures. It may not surprise that Cx36 immunopuncta were still found after RNAi knockdown due
to some residual Cx36 expression and their focal accumulation in gap junctions. More interestingly
may therefore be to examine the intensity and diameter of these detected spots as scaffold
structures of GJ may still persist even in the case of Cx36 knockdown. The example showed an
increase of the spot diameter from 0.87 + 0.01 um in MAP2 only spots to 0.94 + 0.03 um in MAP2 &
EGFP spots. This increase went along with a significantly reduced mean spot intensity of
1092 + 67 a.u. (n=20) in MAP2 & EGFP spots compared to 1417 + 34 a.u. (n=110) in MAP2 only
spots (p <0.001, t-test) (Figure 18C).
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Alike, analysis of the population dataset revealed reductions of the relative number of Cx36 spots per
volume in 10 tissue transduced with LV-shCx36i (MAP2 & EGFP: 1.45 +0.33 spots/1000 pm> vs.
MAP2 only: 1.73 + 0.40 spots/1000 um®, n=10, p=0.316) or LV-shCx36ii (MAP2 & EGFP:
1.27 £ 0.33 spots/1000 um3 vs. MAP2 only: 2.9 + 0.66 spots/1000 pm3, n =12, p = 0.03). Transduction
with the LV-shCx36i or LV-shCx36ii construct similarly resulted in significantly increased spot
diameters of about +14 % (1.24 £ 0.11 pum vs. 1.09 = 0.08 um, p =0.001) or +19 % (1.08 £ 0.1 pum vs.
0.91 +£0.06 um, p =0.004), respectively compared to non-transduced structures. Moreover, the
mean spot intensity was significantly reduced by about -26 % (1092 + 55 a.u. vs. 1482 + 66 a.u.,
p < 0.0001) for LV-shCx36i and by about -27 % (649 + 85 a.u. vs. 889 + 76 a.u., p = 0.001) for LV-
shCx36ii (paired t-tests each). (Figure 18D)

We saw that transduction with the LV-shCx36 constructs not only led to reductions of Cx36-spots
in the respective (dendritic) structures but also led to decrease of the intensity of these immunospots

indicating that there are not only fewer gap junctions but that they may also contain less Cx36

channels.
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Figure 18. Immunohistology of Cx36 in LV-shCx36 transduced 10 neurons to assess in vivo efficacy of RNA..

A, B, C Typical example of one LV-shCX36 transduced 10 neuron. A Intrinsic EGFP fluorescence of a transduced
neuron was imaged alongside immunostaining for the dendritic marker MAP2 and for Cx36. B Two sub-
volumes were calculated based on co-localization of MAP2 & EGFP (green) or its inverse with MAP2 only (and
no EFGP) (blue). These 3D masks were used to split the Cx36 signal into two sub-volumes (transduced, lower
left and non-transduced, lower right) on which identical spot detections were performed. C In this example
effective RNAi of Cx36 is evident by reduced spot density (Cx36 spots per 1000 um3), and lower mean spot
intensity. Interestingly the mean spot diameter was slightly larger. D Population data. Both lentiviral constructs
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used yielded effective RNAI performance with reduced number of Cx36 spots, increased diameter and lower
mean spot intensity. *p < 0.05; **p < 0.01; ***p < 0.001.

3.7 Spatial and temporal analysis of free locomotion
Rats were subjected to spatio-temporal locomotion analysis to investigate whether the knockdown
of Cx36 and the resulting uncoupling would influence the coordination during free locomotion. We
compared wildtype animals (n =16) with animals that received a unilateral injection of either the
functional LV-shCx36 (n = 11) or the non-functional LV-shCTR (n = 8) lentiviral vector solution in the
right 10 under electrophysiological guidance.

Locomotion was recorded 11 days (p32) after injection following initial days of habituation and
training (Figure 19A). The parameters utilized to determine possible alterations in gait were stand,
swing & cycle times, swing speed, stride length, mean print area, couplings (diagonal, girdle &
ipsilateral), base of support, step regularity index, cadence, support pattern and step sequence
(Figure 19C).

Moreover, we attempted attribute observed locomotor changes to distinct 10 sub-nuclei by
subsequent histological characterization of the extent of the transduction and identification of
affected 10 sub-nuclei. Hereby, we could classify LV-shCx36 animals into 3 sub-groups based on the
major transduction in either only the dorsal olive (DAO only, n = 2), the dorsal and principal olive
(DAO+PO, n = 7) or where the medial olive was also transduced (MAO, n = 2) (Figure 19B).

Surprisingly, at first glance, no obvious impairment of motor function became apparent in either
of the LV groups, when the animals were actively exploring their home cage. They were able to keep
balance and even climbed along the bar-lid of the cage. No direct signs of ataxia could be observed.
Consequently, we could not detect significant changes in virtually any of parameters analyzed when
the treatment groups (LV-shCx36 or LV-shCTR) were compared to the wildtype (without
differentiating for the sub-nuclei transduced), with the exception of step regularity and support
pattern. LV-shCTR groups were not significantly different from the wildtype in any of the parameters
assessed. We could detect subtle, yet significant changes in step regularity, decreasing from 99.85 +
0.15% in WT (and 100 £ 0 % in LV-shCTR) to 99.01 £ 0.42 % in LV-shCx36 rats (p = 0.034, KW). In
detail, when differentiating for the transduction of the I0 sub-nuclei, it was seen that the
LV-shCx36(DAO only) animals exhibited the lowest step regularity (98.48 + 1.52 %). Moreover, we
observed alterations of the support pattern in the LV-shCx36 group. The percentual diagonal support
was significantly higher in the LV-shCx36 group compared to the WT group (72.7+3.4% vs.
64.6 +1.6 %, p=0.034, ANOVA & Dunnett’s post-hoc test), indicating that these animals needed
additional stability along their cross-axis. Furthermore, when looking at the performance of the

individual animals, the front paw base of support in LV-shCx36 rats, albeit not significantly different
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from the WT in the group means, became significantly smaller with increased degree of transduction
(r=-0.72, p=0.013), which suggests that the more widespread the transduction was, the more did
the animals keep their feet together avoiding far reaching movements in the lateral domain. The hind
paw base of support was not different among groups.

Taken the sub-groups into consideration, we found that the mean stand times of LV-shCx36(MAOQ)
rats were significantly longer compared to the wildtype (210 + 4 ms vs. 181 + 4 ms, p = 0.003, resp.,
KW & Dunn’s). This prolonged stand time also had an impact on the duration of the cycle time
(LV-shCx36(MAO): 346 £ 4 ms vs. WT: 315+4 ms, p=0.021, KW & Dunn’s) whereas swing times
were not significantly affected but were slightly longer in the LV-shCx36(MAO) group (145 + 2 ms vs.
WT: 136+ 2 ms, p > 0.05, ANOVA). In line with this observation the swing speed was slower, albeit
not significantly, in the LV-shCx36(MAO) group (77 £ 0.9 cm/s vs. WT: 87.1 £ 1.7 cm/s, p > 0.05, KW).
In this group, the cadence was also slightly but not significantly reduced as well compared to the
wildtype (LV-shCx36(MAO): 11.6 £ 0.3 steps/s vs. 13.7 + 0.4 steps/s, resp., p > 0.05, ANOVA). It seems
that if medial parts of the 10 were transduced, longer stand times and a general trend to slow down
movement speed may reflect the need to compensate for possible difficulties in coordination. This
finding is in accordance with observations on the consequences of pharmacological lesions of the |0
in the cat (Horn et al. 2012). The mean stride length in the LV-shCx36(DAO+PO) group was
significantly longer than in the WT group (120.8 + 1.1 mm vs. 115.1 + 1.1 mm, p = 0.003, resp., KW &
Dunn’s) (Figure 19C).

Moreover, we calculated the locomotion parameters for front and hind paws separately and did
not detect significant differences among the groups (Figure 20).

Furthermore, we investigated the laterality of locomotion parameters by calculating their ratios of
the left and right paws for all paws as well as for the front and hind paws. For the front paws, we
found a leftward bias for longer stride length in the LV-shCx36(DAO only) group compared to the
wildtype (3.8 £2.8 % vs. -0.5 £ 0.5 %, resp., p =0.019, ANOVA & Dunnett’s). In line with this finding,
a leftward bias could be seen for the mean print area (all paws) in the LV-shCx36(DAO only) group
(24.3+9.9% vs. WT: -2.7 £ 2.8 %, p = 0.004, ANOVA & Dunnett’s) mainly caused by the bias for the
front paws (34.5+19.3% vs. WT: -3.2+4.7%, p=0.03, ANOVA & Dunnett’s). Interestingly, the
observed significant directional bias was leftward - contralateral to the injection site in the right 10
(Figure 20). However, couplings which reflect the inter-paw coordination and which were expected
to be most susceptible to manipulations of olivary electrical coupling were not affected at all.
Likewise did the step sequence, another reliable measure of coordination, not exhibit any major
changes (Figure 19C).

We conclude that unilateral uncoupling of 10 neurons did not have a distinct impact on inter-paw

coordination. Nevertheless, given that stand times were longer in LV-shCx36(MAO) animals and that
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we could observe a general slowdown of the step cycle, we speculate that these changes may reflect
some adaptation to overcome possible difficulties arising from the uncoupling of 10 neurons and that
this adaptation may stabilize the paw coordination providing the animals more time to precisely

control movement and limb interplay.
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Figure 19. Analysis of free locomotion revealed small changes in motor performance.

A Timeline of intervention and examination. Rats received a lentiviral injection (LV-shCx36 or LV-shCTR) into
the right 10 at p21 and were subjected to three consecutive habituation and training sessions 6, 7 and 8 days
after the injection. Test examination took place 11 days after the injection (p32). B Graphical depiction of the
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number of animals that were grouped based on which 10 sub-nuclei were transduced. Three groups were
distinguished: LV-shCx36(DAO only), where detectable transduction could only be seen in the dorsal olive
(n =2); LV-shCx36(DAO+PO), where dorsal and principle olive were transduced (n = 7); and LV-shCx36(MAO),
where the medial olive was also transduced (n =2). C Parameters derived from spatio-temporal locomotion
analysis: stand, swing and cycle time, print area, step regularity, swing speed, stride length, cadence, base of
support of front paws (inset: base of support vs. overall degree of 10 transduction) and hind paws, diagonal,
girdle and ipsilateral couplings, support pattern and step sequence for WT (orange), LV-shCTR (purple), LV-
shCx36 (green) and the respective LV-shCX36 sub-groups as described in B. *p<0.05 vs. WT.
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Figure 20. Free locomotion parameters separated for front and hind paws and their laterality.
Locomotion parameter means of stand, swing and cycle time, swing speed, stride length and print area
separated for front and hind paws and the laterality calculated as ratio of the respective means for all paws
(see Figure 19C) or separated for front and hind paws. WT (orange), LV-shCTR (purple), LV-shCx36 (green) and
the respective LV-shCX36 sub-groups. *p<0.05 vs. WT.
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4. Discussion

We investigated the developmental dynamics of gap junctional coupling in the 10 of juvenile rats
covering a period between postnatal weeks 2 and 5 and attempted a local knockdown of connexin
36, the major gap junction forming protein in the 10. We could show: (i) that the probability of
occurrence and the frequencies of spontaneous regenerative events (actions potentials and
spikelets) are positively associated with the degree of gap junctional (dye-) coupling but that the
kinetics of these parameters follow a more complex pattern of alteration; (ii) that gap junctional
coupling is highest around postnatal week 3 and decreases thereafter; (iii) that robust STOs are
present from postnatal week 3 on and that they are intrinsically maintained even after knockdown of
Cx36 (at increased dominant frequency); (iv) that STO synchrony among 10 neurons is preserved
even in low coupled wildtype pairs but not so after Cx36 knockdown; (v) that the STO phase-locking
of regenerative events and their parameters is subject to change during maturation and that
knockdown of Cx36 has an impact on the alignment of sp to the STO peak; and finally (vi) that
unilateral knockdown of Cx36 in the 10 has some but only minor consequences on free locomotion
and that the observed effects may depend on transduction of particular sub-nuclei with the lentiviral

vector.

4.1 Regenerative events are associated with gap junctional coupling
To our best knowledge we are the first to report that the spontaneous activity of 10 neurons
recorded from acute slices is markedly altered over the course of the first postnatal weeks and that
the kinetics of these regenerative events undergo changes during that period.

Neurons from 2 weeks old animals, where dye-coupling was virtually absent, had a low probability
of exhibiting either sAP or sp and the respective event frequencies were also low. In the course of
maturation sAP and sp probabilities and event frequencies increased, as seen in neurons from 3
weeks old animals which showed a higher degree of dye-coupling. Thereafter, in slices from 5 weeks
old animals where dye-coupling was found to be lower, sAP and sp probabilities and frequencies
decreased again to levels similar to those in the 2 weeks old animals. The close linear relationship
between mean sAP and sp frequencies across the groups indicates that both sAP and sp reflect the
general state of spontaneous activity of 10 neurons and that they are closely interrelated in the
normally developing 10. We also observed a change in the kinetics of regenerative events during
maturation. sAP and sp amplitudes increased and de- and repolarizations became faster in a
corresponding manner as the animals got older. Astonishingly knockdown of Cx36 in 5w-shCx36
neurons led to even faster kinetics.

Moreover, the general excitability of neurons, reflected in the slope of the Vi-curves, steadily
decreased over the course of maturation but interestingly did this neither correspond to the

increased activity nor to the higher dye-coupling seen in the 3 weeks old animals. Here we may have
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observed the effect of general mechanisms linked to the maturation of neurons in terms of dendritic
geometry (Metzger 2010; Puram and Bonni 2013), altered expression of P/Q-type and T-type calcium
channels which respectively generate high- or low-voltage activated currents (Cho et al. 2011; Rossi
et al. 1994; Vincent et al. 2000), or alterations of channel kinetics (Cho et al. 2011) i.e. by exchange of
ion channel subunits (Chen et al. 2006).

Immunohistology in the rat 10 had shown that expression of NMDA receptor subunits NR1
(GIluN1) and NR2A/B (GIuN2A/B) increased, and that AMPA/KA subunits GluR4 decreased and
GIuR5/6/7 increased from p7 to adulthood - with changes pronounced between p14 and p21 (Chen
et al. 2006). It is well conceivable that these alterations of receptors have effects on spontaneous
activity, alter event kinetics and affect the maintenance of STO (Placantonakis and Welsh 2001;
Turecek et al. 2014; Zhu et al. 2014).

To our surprise, 5w-shCx36 neurons had a membrane excitability (steeper VI-curve) resembling
the VI-relationship of 3w neurons which may explain the observed similar mean sAP frequencies. The
steeper VI-curve may be the direct consequence of uncoupling of the neurons from their electrical
syncytium formed with the “normally” gap junction coupled neuron cluster. This would increase the
input resistance and hence also the general excitability. In contrast, despite an increased input
resistance, no increase in 10 sAP frequency was described in Cx367 mice (De Zeeuw et al. 2003; Long
et al. 2002) (yet, no reports on sp occurrence are available) but neurons from these animals
responded abnormally to hyperpolarizing current injections with a prominent sag that resulted in
triggering a low-threshold calcium spike eventually giving rise to a sodium action potential. Yet, the
reported increase in membrane area and the observed thicker proximal dendrites may have
substantially changed the physiological properties of these neurons (De Zeeuw et al. 2003) adapting
them to deal with the lack of coupling. Block of Cx36 function by dominant-negative inhibition also
did not produce abnormal spiking nor did it affect the firing rhythmicity (Placantonakis et al. 2004). In
contrast, one study carried out in Cx367 mice in vivo (Marshall et al. 2007) reported lower complex
spike firing rates in PC (indirectly reflecting 10 activity) and attributed them to the loss of electrical
coupling.

On the other hand, the faster kinetics observed in 5w-shCX36 neurons could be explained by a
lower membrane capacitance that would be expected if the capacitance mediated by functional gap
junctions is eliminated or highly reduced. Membrane capacitance was previously described to be
about 50 % lower in Cx36”" mice (Bazzigaluppi et al. 2012). A lower capacitance would lead to faster
charging of the membrane and thus would speed up membrane potential changes resulting in faster
parameters of de- and repolarization.

It seems that neurons react to uncoupling by altering their excitability. It is reasonable to assume

that this is not simply due to isolation from the coupled cluster - as we find a similar VI-relationship in
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3w neurons that are intensely coupled (based on NB dye-coupling) - but that it may more likely be an
active adaptation to the “lack” of coupling. Considering recent findings describing active feedback
mechanisms that act on the gap junctions to regulate the degree of coupling on different timescales
(O'Brien 2014) we speculate that the chronic uncoupling by RNAi used here could have resulted in a
severe disturbance of these mechanisms and subsequently have led to the activation of pathways
that may regulate the density and/or the excitability of membrane ion channels resulting in the

observed change in responsiveness to sub-threshold current injections.

4.2 Dye-coupling, electrotonic coupling and the presence of gap junctions
There are quite contradicting studies on the question of the presence and extent of functional gap
junctions in young rats. Ultra-structural electron microscopy on one hand could not provide evidence
for gap junctions in rats younger than p7 and in the course of maturation immature “kissing”
junctions are formed around p10 but mature gap junctions are seen not earlier than from p15 on
(Bourrat and Sotelo 1983). On the other hand, functional calcium imaging as well as paired
recordings in the 10 of animals between p0.5 and p15.5 indicate the presence of gap junctions even
at very young age. Synchronous clusters of activity were observed with increasing probability until
p12.5 followed by a sudden drop (Rekling et al. 2012). In situ hybridization also indicates the
presence and constant increase of Cx36 mRNA from pl1 to p21 (Van Der Giessen et al. 2006) but
when exactly functional gap junctions, capable of transmitting dye and/or electrical signals, are
formed remains controversial. Our data from postnatal week 2 (p13 to p16) animals identified a
period during development where we could not detect dye-coupling, indicating the lack of functional
gap junctions - and only sparse presence of STO. This picture changed dramatically at 3 weeks (p20 to
p23) when not only more than 60 % of neurons showed dye-coupling but also the majority of them
maintained stable STO.

It has been widely accepted that dye-coupling in the 10 depends on the presence of functional
open gap junctions (Leznik and Llinas 2005) composed of Cx36 (De Zeeuw et al. 2003; Placantonakis
et al. 2006). Yet, while clear differences in dye-coupling could be seen between those groups with
low (2w, 5w, 5w-shCx36) and high coupling (3w), it was impossible for us to quantify any differences
in dye-coupling between the 5w and 5w-shCx36 groups despite the difference in electrotonic
coupling found in recorded neuron pairs from 5w-shCx36 rats compared to the higher electrotonic
coupling in 5w. While this study could not address the detailed relationship of dye- and electrotonic
coupling, one has to appreciate that both phenomena are not interchangeable in a one-to-one
fashion.

Since most studies which examined neurobiotin dye-coupling in the rat 10 used animals younger

than 3 weeks (Devor and Yarom 2002a; Hoge et al. 2011), one cannot rule out that pronounced dye-
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coupling is a feature mainly found in neurons of the immature 10 within that particular time frame
and that there might be differences in the way small molecules diffuse through gap junctions in more
mature neurons. Yet, a study in older rats (4-10 weeks) found dye-coupling similar to the situation in
younger animals (Placantonakis et al. 2006). However, in that study acute slices where cut in the
parasagittal plane, in contrast to slicing in the coronal plane performed here, and the degree of
coupling among neurons in a cluster may have an axial polarity.

Our RNAI approach effectively reduced the electrotonic coupling between 10 neurons indicating
that gap junctions composed of Cx36 could be eliminated to a large degree and, as indicated
previously (Long et al. 2002), that other connexins i.e. Cx57 (Zappala et al. 2010) or Cx43 (Van Der
Giessen et al. 2006), both expressed in the mouse 10, play a negligible role in the (electrical) coupling

among |0 neurons and likely serve other purposes.

4.3 Nature of spikelets
Spikelets were first observed in the hippocampus (Spencer and Kandel 1961) and later also in the IO
(Llinas et al. 1974; Llinas and Yarom 1981a) but not investigated in detail. More recently, Chorev et
al. (2007) found spikelets in the rat 10 in vivo and it seems that they are already present in acute
slices of very young mice (Kglvraa et al. 2013; Rekling et al. 2012) but a detailed description is yet
missing. A body of evidence generated from examination of hippocampal and cortical pyramidal cells
(MacVicar and Dudek 1981; Mercer et al. 2006), Golgi cells of the dorsal cochlear nucleus (Yaeger
and Trussell 2016) and the cerebellum (van Welie et al. 2016), and |0 neurons (Llinas et al. 1974)
suggests that spikelets originate from gap junctional transmission of APs in connected neighboring
neurons. Moreover, in combined dual intra- and extracellular recordings performed in vivo in
hippocampal CA1 pyramidal neurons, spikelets could be associated with preceding extracellular
potentials having their source in firing neurons nearby, likely coupled via gap junctions (Chorev and
Brecht 2012) and neurons in the Mesencephalic Trigeminal Nucleus show spikelets elicited by the
transmission of action potentials via soma-somatic gap junctions (Curti et al. 2012).

We found spikelets in all age groups and their occurrence and frequencies were closely associated
with the degree of dye-coupling in wildtype neurons which strongly indicates that gap junctional
coupling may be the underlying mechanism. Careful analysis of the event parameters revealed a
speed up of spikelet kinetics similar to that seen for sAP which further supports the hypothesis that
electrical coupling is the underlying mechanism that links sAP and spikelets. We could further
observe that in neurons from 3 weeks old rats sAP on average exhibited a longer ADP which seemed
to be echoed by a larger area of the spikelets speaking for electrical coupling as the source of
spikelets. Yet, general changes of excitability may affect sAP and spikelets in a comparable manner

even if spikelets are solely elicited without the contribution of gap junctions.
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Yet, to our great surprise we also observed spikelets in 5w-shCx36 neurons which challenges the
idea that gap junctional coupling is the underlying mechanism of spikelet generation.

Even more so, spikelets were not attenuated in 5w-shCx36 neurons compared to 5w as one would
expect from the low-pass filter properties of gap junctions (Galarreta and Hestrin 1999) and the lack
or massive reduction of gap junctions should result in higher dampening of fast components. During
paired recordings we could see such dampening of DJPs in coupled neurons when rebound AP were
elicited in connected neighboring neurons. Interestingly, the kinetics of these DJPs differed
substantially from the waveforms of spikelets. Instead, we found that the spikelet amplitudes were
higher and their depolarization even faster whereas the parameters of the repolarization phase did
not change at all. An active component involved in the generation, propagation, or shaping of
spikelets, as described in voltage-dependent “boosting” of junctional potentials (Curti and Pereda
2004; Dugue et al. 2009; Mann-Metzer and Yarom 1999), may explain our observations. In cerebellar
Golgi cells such amplifications depend on sodium channels (Dugue et al. 2009), but the presence and
nature of a similar mechanism in the 10 would need further detailed investigation.

On the other hand, the stronger excitability of 5w-shCx36 neurons might partly explain the
stability or speeding-up of the kinetics. These changes have their main effect on membrane
resistance change in the dendritic compartment but less so in the soma. Thus, sAP in the soma may
be less affected than spikelets travelling along the dendritic tree.

Two alternative explanations on the origin of spikelets will be further considered here: First,
axo-axonal coupling via gap junctions in the vicinity of the axon initial segment could lead to transfer
of AP from connected neighboring neurons and subsequent antidromic invasion of charges into the
soma would appear as spikelets (Schmitz et al. 2001). Yet, only shown in hippocampal pyramidal
cells, it remains open whether a similar mechanism might exist in |0 neurons and if, which connexins
(different from Cx36) would contribute. Second, the observed spikelets could be regenerative
potentials originating in the dendrite and being triggered by synaptic input and/or junctional
potentials and maintained by the boosting mechanism described above (Chorev et al. 2007).
However, Rash et al. (2007) found persisting spikelets in the suprachiasmatic nucleus (where
electrotonic coupling is abundant) during whole-cell recordings with the sodium channel blocker QX-
314 in the pipette solution and these spikelets could only be eliminated when AP generation was
blocked by bath application of the sodium channel blocker tetrodotoxin (TTX), speaking for triggering
of spikelets by coupled neighboring neurons.

We may infer from our observations and from the mentioned previous reports that spikelets likely
have an active component located in the dendrite and that transfer of potentials via distal GJ may
need amplification in the dendrite (especially given the long and often retroverting dendritic

branches in 10 neurons) to transmit to and invade the soma.
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Even after RNAi mediated uncoupling, few remaining GJ-channels may still be able to locally
trigger such a dendritic spikelet which would then propagate to the soma and therefore result in a
waveform that may not be altered much. While uncoupling via RNAi may not fully diminish but
strongly reduce g, these proposed amplification units may be able to compensate by changing their
gain or their sensitivity to smaller input (through the remaining weak GJ). Such amplification
mechanisms may not be activated at rebound induced deflections or APs which might explain why
we could not observe similar kinetics / waveforms in our paired recording experiments.

While pharmacological inhibition of gap junctions would potentially be suited to answer the
guestion whether spikelets are transmitted across gap junctions the uncertainty about their off-
target effects on various receptors and conductances largely disqualifies gap junction blockers like
i.e. carbenoxolone, which also acts on AMPA, NMDA and GABA, receptors with consequences on

action potential properties and firing rate (Tovar et al. 2009), from use in this respect.

4.4 STO properties and synchrony
Sub-threshold oscillations were nearly absent in neurons from 2 weeks old animals and robust STO
were established thereafter, as from 3 weeks on most neurons showed STO in congruence with
previous reports (Bleasel and Pettigrew 1992; Pettigrew et al. 1988) and increased expression of
NMDAR (Chen et al. 2006), shown to induce oscillations in the 10 (Placantonakis and Welsh 2001; Zhu
et al. 2014), may contribute.

In contrast to other studies that suspected electrical synapses to be essential for STO generation
(Bleasel and Pettigrew 1992; Devor and Yarom 2002b; Llinas and Yarom 1986; Placantonakis et al.
2006) but in accordance with others who did not (Leznik and Llinas 2005; Long et al. 2002) STO were
not eliminated by our RNAi based uncoupling approach. Rather we found that the dominant STO
frequency in these neurons increased while the power remained unchanged. Comparable shifts
towards higher STO frequencies within the same neuron were previously observed in the presence of
the gap junction blocker 18B-glycyrrhetinic acid (Leznik and Llinas 2005). In contrast, picrotoxin
application (GABA4R antagonist) led to reduced inhibition, increase in cluster size and lower STO
frequencies (Leznik et al. 2002). Our results with the RNAi approach indicate that these shifts were
likely not off-target effects of the uncoupling agents used in the other studies, but solely attributable
to changes in coupling strength and extent. Uncoupled neurons may oscillate at their intrinsic
dominant frequency and this frequency seems to be higher compared to the common dominant
frequency of a coupled cluster of neurons, a concept also supported by recent modelling approaches
(Torben-Nielsen et al. 2012).

Our recordings of pairs of neurons indicate that the synchrony of STO depends not only on the

degree of coupling between the assessed pair but also on the local extent of coupling, thus on the
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size of functional clusters which may act as units with a common STO frequency (Devor and Yarom
2002b) forming the basis for synchronized common response patterns. Reduced complex spike
synchrony of PC in vivo was thus found after olivary injection of the gap junction blocker
carbenoxolone (Blenkinsop and Lang 2006) or in Cx367 mice (Marshall et al. 2007).

Whereas STO cross-correlation in wildtype neuron pairs was surprisingly high even in cases where
the pair was only weakly coupled, the cross-correlation collapsed in 5w-shCx36 neuron pairs with low
coupling coefficient. Moreover, synchrony seemed to partially depend on the local density of
neurons transduced with the viral vector construct and thus on the local degree of (un-) coupling
surrounding the cells that have been recorded; or in other words, on the capability of the neurons to

participate in local cluster formation.

4.5 Relationship between properties of events and STO
On the basis of our comprehensive examination of event occurrence, event kinetics as well as STO
properties at different time points during postnatal development or after RNAi mediated uncoupling,
we investigated whether event occurrence and kinetics were associated with the STO phase at the
time of occurrence.

We could see that in 3w neurons the distribution of occurrence of sAP was uniform and not
associated with the phase of the STO cycle, in contrast to the situation in 5w and 5w-shCx36 neurons
where sAP occurred predominantly around the STO peak. Such phase-locking was described before
(Bazzigaluppi et al. 2012; Khosrovani et al. 2007; Lampl and Yarom 1993; Llinas and Yarom 1986;
Mathy et al. 2009) and was found to be disturbed in Cx36”" mice (Bazzigaluppi et al. 2012).
Moreover, a recent study suggests that phase-locking of olivary activity finds its reflection in
quasiperiodic CS activity in awake mice (Negrello et al. 2019) which might form the substrate for
reverberation of motor error information (Junker et al. 2018). Based on our observations, it seems
that electrotonic coupling did not play a major role in the phase-locking of sAP but the increased
alignment to the STO peak during early development may rather reflect a feature of general
maturation of membrane conductances. Interestingly, we found a different picture for the phase-
locking of spikelet occurrence. In 3w neurons, at a time point during postnatal development when
gap junctional coupling was highest, the uniform distribution of spikelets resembled the distribution
found for sAP. In 5w neurons, at overall moderate coupling, a non-uniform, peak aligned distribution
of spikelet occurrence (with a reasonable delay right after the STO peak) may have its source in the
transmission of highly STO-phase-aligned sAP from coupled neighboring neurons. When uncoupled
by RNAi (5w-shCx36) the electrotonic transmission route was cut off and those spikelets that were
still present were uniformly distributed despite the preserved STO-phase alighment of sAP in these

neurons. Coding of the STO state by sAP may be a robust and coupling independent feature in more
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matured 10 neurons that seems to be largely unaltered by RNAi mediated knockdown of Cx36 while
the occurrence of sp may depend on coupling and thus be impaired if gap junctions are reduced.

It should further be considered that the uniform distributions of sAP and spikelets in respect to
the STO phase in the 3w neurons were observed within a period of postnatal development where
refinement and maturation of the CF-PC connection take place (Hashimoto et al. 2009; Sugihara
2006)

We further assessed whether certain event kinetic parameters would be sensitive to the STO
state. This would support the idea that information about the oscillatory state of the 10 neuron and
likely the common oscillatory state of the coupled cluster could potentially be transmitted via the CF
signal to PC where it would elicit complex spikes with distinct features that recently have been
associated with learning (Rasmussen et al. 2013). We found a rather complex picture but could
identify some general relationships:

Irrespective of age or coupling state sAP were faster in all groups when occurring around the peak
of the STO cycle. Moreover, kinetics were faster at higher STO amplitude in 3w neurons but this
sensitivity was lost in 5w and 5w-shCx36 neurons. On the other hand, sp were in general slower and
lasted longer when occurring during the upward part of the STO phase and were only considerably
sensitive to the STO amplitude in 3w neuron.

The number of wavelets following the initial sodium component of the sAP was less around the
STO peak in 5w and 5w-shCx36 in contrast to both other studies also examining this relationship
where either no correlation was found (Bazzigaluppi et al. 2012) or more wavelets at the STO peak
were observed (though under artificial STO generation by sinusoidal current injection) (Mathy et al.
2009). Modeling of 10 networks of electrically coupled three-compartment neurons proposed that,
(i) the number of wavelets would be higher if SAP occur on the rising phase of the STO cycle when an
electrically coupled network was stimulated, but that this relationship would be attenuated if only a
single cell was stimulated, (ii) that the bandwidth of possible wavelet numbers would be lower at
single cell stimulation, and (iii) that there would be an inverse correlation of the number of wavelets
with the STO amplitude (De Gruijl et al. 2012). While, as described above, the correlation of wavelets
with the STO phase was found differently in our experiments, we could confirm the two other model
predictions: First, we observed about 4 - 5 wavelets as the maximum in the 5w group but not more
than 2 wavelets in the 5w-shCx36 group. We may therefore have provided experimental evidence
that the possible number of wavelets that can be produced in a particular neuron depends on the
coupling state of its local neuron cluster, as the transmission of common activity elicited by
simultaneous input to a coupled cluster of neurons across functional gap junctions may participate in
wavelet formation. Second, we could observe an inverse correlation of the number of wavelets with

the STO amplitude. However, this inverse correlation was only found in the 5w-shCx36 group, but
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not in the 3w or 5w groups, indicating that this feature may be a property of uncoupled neurons.
However, the model predicted this relationship across different sizes of electrically coupled

networks.

One may wonder whether the kinetics of sAP or spikelets may have any potential impact on the CF
signal. If a sAP lasts longer it might elicit a CF burst that has more components, lasts longer and/or
has a higher frequency. As such, it could transmit information about the oscillatory state to PC as
already outlined with the sole focus on potential coding by wavelets (Mathy et al. 2009). CS
waveform and duration correlate with CS firing frequency in the non-human primate (Warnaar et al.
2015) and recent reports showed that cerebellar plasticity and motor learning depend on the
duration of the complex spike (Yang and Lisberger 2014) and on the number of spikes in the CF signal
(Rasmussen et al. 2013). Whereas multiple CF burst-pulses facilitated cerebellar learning, single
pulses led to an extinction of the learned response (Rasmussen et al. 2013). Most recently,
convincing data on the positive correlation of CS synchrony and the number of CS wavelets was
reported (Lang et al. 2014).

Similar, spikelets that last longer on the upward part of the STO cycle could promote threshold
crossing by coinciding depolarizing input and thus increase firing probability.

Nevertheless, this study does and cannot address the question on the purpose of such coding and
its functional relevance on the level of the target structures of the CF — the cerebellar cortex and
cerebellar nuclei, the latter via collaterals. Studies manipulating the kinetics of sAP or spikelets,

ideally in vivo, could shed light on this exciting aspect of olivo-cerebellar signal processing.

4.6 Gait

Early studies have suggested that the 10 is involved in the timing of movements (Soechting et al.
1976) possibly by providing a coordinated output to muscle groups via the cerebellar cortex (Welsh
et al. 1995). Furthermore, during treadmill locomotion firing rates of 10 neurons match the step cycle
frequency (Smith 1998) and groups of PC are co-activated by synchronous CF input (Ozden et al.
2012). This co-activation is reduced in the ataxic and dystonic tottering mouse mutant emphasizing
the relevance of orchestrated CF input for motor performance (Hoogland et al. 2015).

Cx36”7 mice provided an opportunity to test the involvement of Cx36 based coupling in
locomotion. But in line with the compensation seen on the cellular level (Kistler et al. 2002), motor
performance was found not to be impaired as these mice had a wildtype-like free locomotion
walking pattern and rotarod dwell time (Frisch et al. 2005; Kistler et al. 2002; Van Der Giessen et al.
2008). We also tested our LV-shCx36 animals for possible gait impairment. Across all animals tested

(without differentiating for the 10 sub-nuclei affected), we could observe a slight reduction of step
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regularity and a significantly higher percental diagonal support. Moreover, the base of support for
the front paws was negatively correlated with the degree of local transduction. Given the histological
data of each individual subject animal, we could distinguish three groups (DAO only, DAO+PO, MAO)
based on the transduced sub-nuclei. We could draw a rather complex picture of specific
impairments: longer stand and cycle times were detected when the MAO was also transduced, while
stride length was affected only in the LV-shCx36(DAO+PO) group. In the LV-shCx36(DAO only) group
bias of the left front paw for longer stride length and correspondingly for increased mean print area
were observed contralateral to the manipulated right 10.

The changes seen in the LV-shCx36(MAOQ) group are not surprising as it has been shown in the cat
that most MAO neurons have wide-spread receptive fields spanning several limbs and body parts and
are primarily activated when limb muscles and deeper structures are stimulated (Gellman et al.
1983). Uncoupling of neurons in this sub-nucleus may therefore more likely cause perturbations in
gait when feedback from muscles and joints may not be integrated properly any more in a timely
precise manner.

Congruently, Horn et al. (2010) showed that unilateral block of glutamatergic input to distinct IO
sub-nuclei in the cat resulted in locomotion deficits such as limping of the contralateral leg, waddling
and dragging (rostral MAO) and severe imbalance between the sides of the body (caudal MAOQ). A
rather similar picture could be drawn by excitotoxic focal lesioning of 10 sub-nuclei by kainic acid
(Horn et al. 2012). In this study strong immediate effects were followed by initial compensation that
then revolved into progressive ataxia on the long run indicating substantial adaptations.

Nevertheless, while we saw electrophysiological changes on the cellular level due to the RNAI
based Cx36 knockdown, we cannot rule out that complex unexplored adaptations during the 11 days
between injection of the lentiviral vector construct and locomotion assessment took place that could
have partially compensated for the loss of coupling and yielded the mild phenotype observed here. It
has been suggested that Cx367 mice may compensate the lack of gap junctional coupling by either
regulating the genes that govern membrane properties and ion channel composition, or that during
maturation a selection of certain neurons / neuronal progenitor cells may take place towards
neurons that are intrinsic oscillators (De Zeeuw et al. 2003). We can rule out the latter in our
approach because the RNAi effector was introduced postnatally after differentiation of olivary
neurons has long been completed but suggest that uncoupling from postnatal week 3 on (and
electrophysiological assessment at postnatal week 5) may have led to compensatory changes within

existing neurons.
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4.7 Immunohistology of Cx36 distribution
Comparison of Cx36 immunolabeling between transduced and non-transduced MAP2 positive
(dendritic) structures yielded some insight into potential regulatory adaptations that might have
happened after the RNAi based change in Cx36 expression. We could observe a reduction in the Cx36
spot density, hence in the number of Cx36 positive gap junctions, albeit this decrease was less than
what would have been expected from the strong reduction in electrotonic coupling.

Unexpectedly, we saw an increase of the mean Cx36 spot diameter in transduced structures but
also a pronounced decrease in the mean Cx36 spot labeling intensity. Given that the pore-
constituting connexins within the gap junction are embedded in a scaffold that has yet only been
partially dissected and understood (Ciolofan et al. 2006; Herve et al. 2012; Li et al. 2004; Lynn et al.
2012), we suggest that in the remaining detected gap junctions fewer connexins were incorporated,
resulting in a lower spot intensity, but that, on the other hand, these connexins were distributed over
an enlarged gap junction field. Whether such enlargement poses an active adaptation to the
shortage of connexin in transduced structures or whether reduced stability of the scaffold due to the
lack of connexin could lead to a deformation affecting the size of the gap junction plaque has to be

left open here and would need to be addressed elsewhere.

4.8 Conclusion
The purpose of gap junctional coupling among 10 neurons within the cerebellar orchestra still
remains rather obscure.

In the hope for a better understanding, we tried to identify changes in activity and kinetics of
regenerative events in |0 neurons that could be associated with the degree of coupling. We found
that spontaneous action potentials and spikelets were most frequently observed in neurons from
three weeks old (3w) rats compared to two weeks (2w) and five weeks old (5w) rats. This time course
was in congruence with the highest dye-coupling observed at that time point during postnatal
development. The observed onset of STO after 2w falls into the time period of transition from early
juvenile into a mature walking pattern (Westerga and Gramsbergen 1990). Moreover, the high
spontaneous activity accompanied by a high degree of coupling observed around 3w is in accordance
with the observation of a steep increase in CS firing rate of PC at that time (Arancillo et al. 2015). The
higher activity may play an important role in the later phase of the reshaping / consolidation of the
climbing fiber innervation to PC when the transition from multiple CF innervations towards single
“winner” CF innervation takes place (Hashimoto et al. 2009; Sugihara 2006). Moreover, mGluR1
dependent segregation and refinement of synaptic territories of climbing fibers and parallel fibers on
Purkinje cell dendrites around this developmental stage may depend on increased olivary / climbing
fiber activity (Ichikawa et al. 2016).
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In paired patch clamp recordings from 5w neurons STO were found to be highly synchronous even
when the coupling between the two recorded neurons was weak indicating a strong population
drive. After uncoupling by RNAI, such robustness was eliminated and the neurons were more likely to
show less synchronous STO.

Postnatal maturation of the 10 resulted in faster kinetics of sAP and sp alike. Apparent phase-
locking of sAP or sp to the peak of the STO cycle could not be observed earlier than at 5w.
Uncoupling led to a loss of sp STO phase-locking while sAP STO phase-locking persisted.

We could identify parameters of sAP and sp kinetics that showed sensitivity to the STO phase or
amplitude at the time of the event occurrence. In neurons of all age groups and after uncoupling sAP
were faster when they occurred at the STO peak. In the 3w neurons sAP were faster at higher STO
amplitude but this effect was reduced in 5w and sAP were even attenuated at higher STO amplitude
in the case of uncoupling. Wavelets could be observed at all age groups and after uncoupling, and
the number of wavelets per sAP was negatively correlated with the STO peak in 5w regardless of
coupling and negatively correlated with the STO amplitude in 5w-shCx36. In contrast, sp kinetics
were not found to be sensitive to the STO peak but to the rising or falling part of the oscillation cycle.
Spikelets from all age groups or after uncoupling were slower when occurring on the rising part of
the STO phase and faster on the falling part. The amplitude and duration of spikelets may be an
important determinant of whether action potential threshold will be crossed during somatic
integration and may govern the synchronicity of the 10 output. However, whether information about
the STO state is transmitted to PC via the climbing fiber (burst) signal would need to be investigated
elsewhere. Yet, it is attractive to speculate about how STO state dependent alterations in
regenerative event kinetics could be involved in the preservation of motor-error information over
prolonged periods, which has recently been observed in Purkinje cell recordings from non-human
primates (Junker et al. 2018).

Differences in locomotion were subtle and not visible at direct observation by the experimenter.
We may ask if adaptations to the RNAi based coupling may have happened and how they might
possibly compensate the loss of coupling. While elimination of GJA9 (the gene encoding the connexin
36 protein) in Cx367" mice has a widespread effect on the regulation of genes from all functional
categories (lacobas et al. 2007), one has to assume that there are mechanisms sensible to the
presence and composition of gap junctions and a manifold of adaptations with cell-wide impact may
occur which are hard to foresee. We see the loss of coupling accompanied by changes in activity and
disturbed spikelet STO-phase relationship as clear indication for an improper olivary function in LV-
shCx36 animals / 5w-shCX36 neurons and may assume that possible compensational mechanisms

that could rescue a locomotor phenotype are likely located outside of the 10. Yet, whether the
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cerebello-nucleo-olivary loop would be capable to adjust to olivary malfunction was beyond the

scope of this study and would need further experimental attention.

The experimental work presented here will hopefully contribute to a better understanding of
cerebellar function by providing insight into aspects of sub-threshold oscillation synchrony among
neurons of the inferior olive and properties of regenerative events in the context of gap junctional
coupling at different time points during postnatal development and after manipulation of gap
junction functionality. We verified previous work on the necessity of gap junctions for synchronicity
among olivary neurons and expanded current knowledge by detailed examination of event features
and their relationship to the oscillatory state. Moreover, we identified subtle changes in locomotor

activity after reduction of gap junctional coupling by knockdown of Connexin 36.

May our efforts form a brick in the construction of a comprehensive concept of information
processing within the cerebellar system and help to elucidate the role of gap junctions within the

inferior olive.
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