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1. Introduction 
 

The speed of information processing in the central nervous system (CNS) critically depends 

on several parameters including the frequency of neuronal signaling. Synapses represent the 

main functional units where signals of various frequencies are conveyed between neurons. 

The cerebellum is optimized for fast information processing of sensory inputs (Eccles et al., 

1967). Rate-coded broad-bandwidth signals are reliably transmitted by the cerebellar mossy 

fibers to the cerebellar cortex via the cerebellar mossy fiber boutons (cMFB), which are 

capable of firing action potentials (APs) at kilohertz frequencies (Garwicz et al., 1998; 

Jörntell & Ekerot, 2006; Rancz et al., 2007; Ritzau-Jost et al., 2014). Granule cells (GCs) 

represent the first stage of information processing of the mossy fiber input and efficiently 

transfer information to the Purkinje cells. Therefore, the cMFB-GC synapse represents a 

model for high fidelity synaptic transmission at the mammalian CNS (Delvendahl & 

Hallermann, 2016). In the present work, the biophysical properties of synaptic release and 

postsynaptic firing were studied at this synapse. The following sections give an overview on 

neuronal firing, synaptic release, cMFB-GC synapse, enriched environment, and the aims of 

this work. 

  

1.1. Neuronal firing 

Due to their excitability, neurons are capable of communicating and transmitting information 

in the form of APs. The plasma membrane surrounding the nerve cell acts as an insulator 

separating the inside of the cell from the extracellular matrix. The presence of channels in this 

excitable membrane allows neurons to respond to electrical signals through the exchange of 

different ions between the neuron and its surrounding.  

 

At resting conditions, the neuronal membrane is polarized such that the voltage difference 

across the cell membrane is around 70 mV. An AP is fired when electrical signals lead to a 

membrane depolarization exceeding the threshold of voltage gated sodium (Na+) channels of 

approximately -50 mV. When the critical threshold of membrane depolarization is reached, an 

increase in Na+ permeability occurs due to the activation of voltage gated Na+ channels. This 

leads to a rapid self-amplifying Na+ influx, occurring as positive feedback known as the 

Hodgkin cycle (Hodgkin & Huxley, 1952), that leads to the rapid rising phase of the AP 

towards the Na+ reversal potential (Figure 1A). The depolarizing phase is ended by the fast 
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inactivation of Na+ channels and the delayed activation of potassium (K+) channels, which 

leads to a rapid repolarization phase towards the reversal potential of K+ close to the resting 

membrane potential (Figure 1A). This is followed by a relative refractory period during which 

neuronal firing is not possible due to the inactivation of Na+ channels. Therefore, the expression 

level and activation kinetics of various types of voltage-dependent Na+ and K+ channels control 

the AP waveform and, in addition, the timing of AP firing including the refractory period. The 

frequency of AP firing is a critical parameter which directly affects the function of the CNS. 

For example, in the cerebellum, the position of the limb has been shown to be directly 

correlated to the AP firing frequency of mossy fibers (Figure 1B).  

 

APs are transferred from one neuron to another through the process of synaptic transmission. 

Synaptic signals, reaching a certain threshold at the axon initial segment of the postsynaptic 

neuron, trigger the firing of new APs. Therefore, neuronal signals continue to flow and carry 

information through the biological network. Information processing depends on the rate and 

the timing at which synaptic signals are transmitted and how those signals are integrated in the 

postsynaptic neurons.  

 

 
Figure 1: Action potential firing 
 
(A) Example of an AP recorded from a cerebellar GC showing the different phases of the spike waveform. Inward 
Na+ current leads to the rising phase of the AP until reaching the overshoot phase. The repolarizing phase occurs 
due to the inactivation of Na+ channels and the activation of an outward K+ current, which is followed by a 
hyperpolarized state in which AP firing is not possible (modified from Eshra et al., 2019). (B) In vivo extracellular 
recordings showing the relation between the AP firing frequency of the mossy fiber and the position of the 
PRQNH\¶V� OLPE��Note the correlation of the sustained firing rate to the limb position during the holding phase 
(Adopted from van Kan et al., 1993). 
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1.2. Synaptic release 

In presynaptic terminals, APs leads to the opening of VGCCs. This generates a local calcium 

(Ca2+) signal of high concentration, which triggers the exocytosis of synaptic vesicles (Figure 

2). Based on their molecular maturation and proximity to the voltage-gated Ca2+ channels 

(VGCCs), two main functional pools of synaptic vesicles have been differentiated, the reserve 

pool and release-ready pool of vesicles (RRP) (Kaeser & Regehr, 2017; Neher & Sakaba, 

2008). The AP-evoked local Ca2+ signals reach a concentration in the micromolar range which 

is three orders of magnitude higher than the Ca2+ concentration under resting conditions (Llinás 

et al., 1992; Simon & Llinás, 1985) (Figure 2B). However, these micromolar Ca2+ signals decay 

very fast via several mechanisms including extrusion (DiPolo & Beaugé, 1983), diffusion (Tran 

& Stricker, 2018), and buffering (Schwaller, 2020).  

 

The exocytosis of synaptic vesicles induces a transient increase in the surface area of the 

presynaptic membrane which is counterbalanced by membrane retrieval through endocytosis 

(Heuser & Reese, 1973; Südhof, 2004; Sun et al., 2002). The retrieved membrane is used in 

the formation of new synaptic vesicles, which are then loaded with the neurotransmitter, and 

eventually mobilized to the reserve pool of vesicles (Figure 2A). During activity, synaptic 

vesicles from the reserve pool are used to refill the RRP via a process referred to as 

replenishment, reloading, or recruitment. These vesicles achieve fusion competence through 

further positional and molecular maturation steps known as priming (Imig et al., 2014; Neher 

& Sakaba, 2008). 

 

The Ca2+ sensors which trigger vesicle fusion have been extensively studied. Classical work 

by Dodge and Rahamimoff has shown that Ca2+ ions exert a cooperative function while 

triggering vesicle fusion (Dodge & Rahamimoff, 1967). Further detailed analysis of the Ca2+ 

dependence of neurotransmitter release showed that synchronous vesicle fusion occurs via the 

cooperative binding of Ca2+ to the Ca2+ sensor (Brose et al., 1992) (Figure 2C).  

 

Studying the Ca2+ sensitivity of these fusion sensors is challenging due to the difficulty to 

experimentally capture the concentration of the fast decaying microdomain Ca2+ signal at the 

vicinity of VGCCs (Figure 2B). Ca2+ uncaging technique allows the homogenous elevation of 

the Ca2+ concentration all over the presynaptic terminal, therefore bypassing the issue of the 

occurrence of extreme spatial Ca2+ gradients during the AP-triggered opening of the VGCCs. 

Using this technique, the Ca2+ sensitivity of the fusion sensors has been studied at several 
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synaptic terminals and different results were obtained which were dependent on the age and 

the type of the studied synapse (Beutner et al., 2001; Fukaya et al., 2021; Heidelberger et al., 

1994; Sakaba, 2008; Schneggenburger & Neher, 2000; Thoreson et al., 2004; Wang et al., 

2008). This discrepancy is likely to be functionally significant since presynaptic boutons show 

type-specific functional and structural differences (Atwood & Karunanithi, 2002; Nusser, 

2018; Zhai & Bellen, 2004). For example, the size of the ready-releasable pool of vesicles, the 

release probability, the vesicle recruitment rates, and the occupancy of the release site varies 

between different types of neurons (Bornschein & Schmidt, 2019; Silva et al., 2021). 

 

Due to the discrepancy in results obtained from different terminals, the previously described 

mechanistic release schemes cannot be directly applied to the cMFBs. Furthermore, cMFBs 

show ultrafast signaling properties (Ritzau-Jost et al., 2014) with prominent faster vesicle 

replenishment than other central synapses (Hallermann et al., 2010; Miki et al., 2020; Saviane 

& Silver, 2006), therefore, a release scheme explaining the fast functional aspects of this 

synapse is required. A precise description of the Ca2+ sensitivity of vesicle fusion critically 

impacts our mechanistic analysis of synaptic function. For example, studying the coupling 

distance between the VGCCs and the RRP requires a precise knowledge of the Ca2+ affinity of 

the fusion sensors of synaptic vesicles. 

 

 
Figure 2: Synaptic vesicle cycle and neurotransmitter release 
 
(A) Schematic diagram of a glutamatergic synapse. When an AP depolarizes the presynaptic membrane, voltage 
gated Ca2+ channels open and lead to Ca2+ influx which triggers the exocytosis of vesicles from the release-ready 
pool of vesicles (RRP). The release of glutamate and its subsequent binding to postsynaptic glutamatergic 
receptors generates an excitatory postsynaptic current. (B) Top: Illustration of the extreme Ca2+ gradients which 
occur due to the opening of the voltage-gated Ca2+ channels (VGCCs). Large local Ca2+ domains build up in the 
vicinity of the VGCCs but drop off very fast with distance from the VGCCs. Therefore, the experimental analysis 
of these local Ca2+ signals is very challenging. Bottom: illustration of the Ca2+ uncaging method which is used to 
induce a homogenous elevation of the Ca2+ concentration that is experimentally quantifiable. This technique 
overcomes the issue of different Ca2+ domains occurring due to the opening of the VGCCs (adopted from 
Kochubey et al., 2011). (C) Example of a reaction scheme describing the cooperative Ca2+ sensor which triggers 
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the fusion of synaptic vesicles with different rates via five Ca2+ steps. kon, koff, and Ȗ represent the binding, 
unbinding, and fusion rates, respectively (modified from Eshra et al., 2021). 
 

1.3. cMFB-GC synapse 

cMFBs were described in detail by Ramon Cajal in the 19th century in his drawings of the 

cerebellar neurons (Ramón y Cajal, 1894, 1911; Figure 3A). Cerebellar mossy fibers represent 

one of the major inputs of information to the cerebellum. Cerebellar mossy fibers rise from the 

cerebellar white matter where they branch in the granule layer of the cerebellar cortex (Figure 

3B). Each mossy fiber forms several rosette-like en-passant boutons along its axon at intervals 

of 20-80 ȝm (Krieger et al., 1985). In each of these rosettes, the cMFB forms synapses with 

the dendrites of approximately 10 - 100 GCs (Figure 3A, C, and D). Therefore, the cMFB-GC 

is a highly divergent synapse. Despite its divergence, the cMFB has a comparably small size 

with a diameter of about 3-12 ȝm (Jakab & Hámori, 1988). Accordingly, the cMFB-GC 

V\QDSVH�KDV�EHHQ�GHVFULEHG�DV�D�³GHYLFH�WR�VHFXUH�D�KLJK�PRVV\�ILEHU�WR�*&�GLYHUJHQFH�ZLWK�

PLQLPDO�SK\VLFDO�VWUXFWXUH´�(Eccles et al., 1967).  

 

GCs are the most abundant neurons in the human brain (Williams & Herrup, 1988). In most 

cerebellar network models, GCs have been considered as one population of neurons with 

homogenous functional properties (Albus, 1971; Ito, 1970; Marr, 1969). On the other hand, 

*&V¶�VRPD�DQG�SDUDOOHO�ILEHUV show differences in their spatial arrangement as described since 

the early stainings of Ramon Cajal (Eccles et al., 1967; Ramón y Cajal, 1911, but see Espinosa 

& Luo, 2008; Wilms & Häusser, 2015).  

 

Functionally, cerebellar mossy fibers send broad-bandwidth signals to the cerebellar cortex. 

The cMFB-GC synapse can reliably covey high frequency signals from the cerebellar mossy 

fiber to the GCs (Chadderton et al., 2004; Gabbiani et al., 1994; Rancz et al., 2007). It has been 

shown that the cMFB can fire APs at high frequencies up to 1 kHz (Ritzau-Jost et al., 2014) 

and can ensure neurotransmitter release with high fidelity (Figure 3C ± 3F), which is mediated 

by fast replenishment of synaptic vesicles (Hallermann et al., 2010; Miki et al., 2020; Saviane 

& Silver, 2006). 
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Figure 3: Signaling at the cMFB-GC synapse 
(A) Early drawings of the cerebellar architecture from 
Ramon Cajal (adopted from Ramón y Cajal, 1911). (B) 
Scheme of a parasagittal slice from the cerebellar cortex 
showing the different cerebellar lobules (adopted from 
Straub et al., 2020). (C) Scheme of the cellular 
connectivity in the cerebellar cortex. Arrows represent 
the flow of information from the mossy fiber to the 
cerebellar cortex where the presynaptic cMFBs 
transmit signals to postsynaptic GCs. Axons of the GCs 
bifurcates to form the parallel fibers which excite the 
Purkinje cells. Axons of the Purkinje cells represent the 
sole output of the cerebellar cortex. The two pipettes 
represent the configuration for the extracellular 
stimulation of the mossy fiber axon (left pipette) and 
recording the AP firing at the cMFB (right patch-clamp 
pipette; modified from Delvendahl et al., 2015). (D) 
Same as in (C) but the two pipettes represent the 
configuration for the simultaneous pre- and 
postsynaptic patch-clamp recordings (modified from 
Delvendahl et al., 2015). (E) Examples of AP firing 
recorded at the cMFB with different stimulation 
frequencies elicited by the recording configuration 

described in (C). Note that the AP firing could be maintained at high frequencies up to 1.6 kHz (adopted from 
Ritzau-Jost et al., 2014). (F) Example of a simultaneous pre- and postsynaptic whole-cell recording. Top: represent 
the current injected in the cMFB. Middle: represent the presynaptic AP. Bottom: represent the postsynaptic current 
recorded at the GC (modified from Eshra et al., 2021). 
 

1.4. Enriched environment 

Enriched environment refers to refined housing conditions in which the complexity and novelty 

of the environment are enhanced. Enriched environment of lab animals includes social 

grouping as well as other complex inanimate objects, therefore, promoting the behavioral, 

motor, and cognitive stimulation (Rosenzweig et al., 1978). The idea that the brain is influenced 

by the environment goes back to at least the 19th century when Ramon Cajal described the 

QHXURQV¶�DELOLW\�WR�DGDSW�WR�WKH�HQYLURQPHQW (DeFelipe, 2006; Ramón y Cajal, 1911). However, 

the concept of enriched environment was introduced in an experimental scientific context by 

Donald Hebb in 1940s. Hebb observed that, compared to laboratory animals, animals that were 

raised at his home as pets had superior behavioral and problem-solving abilities (Hebb, 1947, 

1949). This laid the foundation for research studies on enriched environment and its role on 

various brain functions. Nowadays, controlled experimental paradigms are used to establish 

environmental enrichment while housing laboratory animals. These housing paradigms 

include, for example, adding extra objects in the animal cage like climbing ladders, plastic 

tubes, tunnels and small boxes as well as a variety of other toys like igloos and saucer wheels 

(Figure 4A). In order to provide novelty and more chances for learning, the configuration of 

the enriched environment cage is regularly changed by rearranging the position of the toys and 

6



 
 

by adding and removing different elements. Social interaction is promoted by housing the 

animals in larger groups compared to standard housing conditions.  

 

Environmental enrichment has been shown to induce several alterations in the brain at the 

structural level (Diamond et al., 1966; Ehninger & Kempermann, 2003; Kempermann et al., 

1997; Restivo et al., 2005; Volkmar & Greenough, 1972) and molecular level (Barak et al., 

2013; Rampon et al., 2000; Rossi et al., 2006; Torasdotter et al., 1998). For example, dendritic 

spinogenesis has been shown to be enhanced upon environmental enrichment (Leggio et al., 

2005) (Figure 4B). Moreover, establishing an enriched environment for animals with toys that 

stimulate motor performance (like saucer wheels and others), is considered to be a powerful 

tool to induce voluntary motor learning (Horvath et al., 2013; Lee et al., 2013; Madroñal et al., 

2010). Interestingly, motor learning has been shown to induce structural plasticity at the 

cerebellar glomeruli (Ruediger et al., 2011) (Figure 4C), although in that study, enriched 

environment in itself did not induce structural alterations at the presynaptic terminal. However, 

it remains unanswered if the observed structural plasticity in the cerebellar cortex, in response 

to enhanced motor functions, has a functional correlate. 

 

 
Figure 4: Structural changes induced by enriched environment and motor learning 
 
(A) Illustration of a cage with the different tools used to implement the enriched environment (adopted from van 
Praag et al., 2000). (B) Illustration of the effect of environmental enrichment on the branching of the apical 
dendrites of cortical neurons. Scale bar: 30 µm (adopted from Leggio et al., 2005). (C) Left: motor learning curve 
obtained from training the animal on a rotarod. Right: the corresponding structural changes occurring in the mossy 
fiber terminals manifested in an increased number of filopodia (adopted from Ruediger et al., 2011). 
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1.5. Aims 

Information transfer at the cMFB-GC synapse represents one of the major inputs to the 

cerebellum. Mossy fiber axons are able to send broad-bandwidth signals via ultrafast neuronal 

signaling with high frequencies up to 1 kHz. In this work, I studied high frequency signaling 

at the cMFB-GC synapse from the synaptic, the neuronal network, and the behavioral 

perspectives. 

 

High fidelity neurotransmission occurs at the cMFB-GC synapse and is mediated by a fast 

cycle of synaptic vesicles (Miki et al., 2020; Ritzau-Jost et al., 2014; Saviane & Silver, 2006). 

However, the biophysical tuning of the release machinery to perform fast synaptic release 

remains unknown. Therefore, the first aim of this work was to study the Ca2+ dependence of 

the different steps of the vesicle cycle mediating synaptic transmission at this synapse. In order 

to do this, I used a range of methods to address the Ca2+ sensitivity of the three central steps in 

the vesicle cycle: priming, fusion, and replenishment. By combining tools to directly 

manipulate the presynaptic Ca2+ concentration, pre- and postsynaptic recordings, and two-

photon Ca2+ imaging, I was able to describe the Ca2+ sensitivity of synaptic release at the 

cMFB.  

 

GCs represent major information processing units in the cerebellar network and are the most 

abundant neurons in the whole brain (Williams & Herrup, 1988). How do fast mossy fiber 

signals propagate along the cerebellar network?  In most cerebellar network models, GCs have 

been considered as a homogenous population of neurons with similar functional properties. 

However, the spatial arrangement of these cells has been shown to be quite distinct since the 

early stainings of Ramon Cajal (Eccles et al., 1967; Ramón y Cajal, 1911). A better 

understanding of the biophysical and firing properties of GCs based on their spatial 

arrangement would provide more insights into the cerebellar information processing. 

Therefore, the second aim of this work was to study the spatio-functional differences between 

different populations of cerebellar GCs based on their depth and rostro-caudal organization. 

Using somatic recordings of different GC populations, I described gradients in the firing 

frequencies of GCs based on their spatial properties. 

 

It remains unclear, whether the neuronal ability to perform high frequency firing can be 

considered a plastic phenomenon that could be directly modulated via experiences. Structural 

plasticity has been shown to occur in the cerebellar cortex in response to enhancing the motor 
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performance. These alterations were manifested as an increase in the number of filopodia per 

mossy fiber terminal in lobule IX of the cerebellum (Ruediger et al., 2011). However, if the 

observed structural plasticity has a functional correlate remains largely unknown. Therefore, 

the third aim of this work was to investigate the influence of the environmental enrichment and 

the consequent improvement in motor performance on the firing properties of cerebellar 

neurons. In order to do this, I focused on mice raised under control conditions or enriched 

environment, assessed their motor performance, and then performed somatic recordings of GCs 

of the vestibular cerebellum. This analysis described the adaptations of the firing frequencies 

of GCs in response to environmental enrichment. 
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Calcium dependence of neurotransmitter
release at a high fidelity synapse
Abdelmoneim Eshra, Hartmut Schmidt, Jens Eilers, Stefan Hallermann*

Carl-Ludwig-Institute for Physiology, Medical Faculty, University of Leipzig, Leipzig,
Germany

Abstract The Ca2+-dependence of the priming, fusion, and replenishment of synaptic vesicles
are fundamental parameters controlling neurotransmitter release and synaptic plasticity. Despite
intense efforts, these important steps in the synaptic vesicles’ cycle remain poorly understood due
to the technical challenge in disentangling vesicle priming, fusion, and replenishment. Here, we
investigated the Ca2+-sensitivity of these steps at mossy fiber synapses in the rodent cerebellum,
which are characterized by fast vesicle replenishment mediating high-frequency signaling. We
found that the basal free Ca2+ concentration (<200 nM) critically controls action potential-evoked
release, indicating a high-affinity Ca2+ sensor for vesicle priming. Ca2+ uncaging experiments
revealed a surprisingly shallow and non-saturating relationship between release rate and
intracellular Ca2+ concentration up to 50 mM. The rate of vesicle replenishment during sustained
elevated intracellular Ca2+ concentration exhibited little Ca2+-dependence. Finally, quantitative
mechanistic release schemes with five Ca2+ binding steps incorporating rapid vesicle replenishment
via parallel or sequential vesicle pools could explain our data. We thus show that co-existing high-
and low-affinity Ca2+ sensors mediate priming, fusion, and replenishment of synaptic vesicles at a
high-fidelity synapse.

Introduction
Neurotransmitter release is mediated by the presynaptic vesicle cycle (Südhof, 2004) including (1)
the priming of neurotransmitter-filled vesicles, (2) the fusion of primed vesicles, and (3) the replenish-
ment of new vesicles after fusion. The Ca2+-sensitivity of these steps is difficult to determine due to
the large spatial gradients of the Ca2+ concentration, which occur during Ca2+ influx through the
Ca2+ channels. While the basal free intracellular Ca2+ concentration is ~50 nM, thousandfold higher
local microdomains of Ca2+ build and decay very fast around the Ca2+ channels (Simon and Llinás,
1985; Yamada and Zucker, 1992). The small size and the rapid kinetics of the microdomain signals
complicate the quantification of the local Ca2+ signals with the imaging techniques (Neher, 1998).
Ca2+ uncaging circumvented this problem by allowing for the homogenous elevation of Ca2+ con-
centration throughout the whole presynaptic compartment via UV-photolysis of caged Ca2+ com-
pounds (Kaplan and Ellis-Davies, 1988) and thus the direct measurement of the Ca2+-concentration
immediately relevant for vesicle fusion (reviewed by Neher, 1998; Kochubey et al., 2011).

Among the steps of the presynaptic vesicle cycle, the Ca2+-sensitivity of vesicle fusion is best
studied. First experiments with Ca2+ uncaging at retinal bipolar cells of goldfish found a very low
sensitivity of the release sensors with a half saturation at ~100 mM Ca2+ concentration and a fourth
to fifth power relationship between Ca2+ concentration and neurotransmitter release
(Heidelberger et al., 1994), similar to previous estimates at the squid giant synapse (Adler et al.,
1991; Llinás et al., 1992). Subsequent work at other preparations showed different dose-response
curves. For example, analysis of a central excitatory synapse, the calyx of Held (Forsythe, 1994) at a
young pre-hearing age, found a much higher affinity with significant release below 5 mM intracellular
Ca2+ concentration and a steep dose-response curve (Bollmann et al., 2000; Lou et al., 2005;

Eshra et al. eLife 2021;10:e70408. DOI: https://doi.org/10.7554/eLife.70408 1 of 34
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Schneggenburger and Neher, 2000; Sun et al., 2007). Further analysis of the calyx of Held during

neuronal development comparing the Ca2+-sensitivity of the release sensors at the age of P9 to P12-
P15 (Kochubey et al., 2009) and P9 to P16-P19 (Wang et al., 2008) showed a developmental

decrease in the Ca2+-sensitivity of vesicle fusion. Studies at two other central synapses, the hippo-
campal mossy fiber boutons of rats (P18–30; Fukaya et al., 2021) and the boutons of cerebellar bas-

ket cells of mice (P11-16; Sakaba, 2008), also described a high Ca2+-sensitivity of vesicle fusion with
a steep dose-response curve. In contrast, the dose-response curve of sensory neurons of the rod

photoreceptors was more shallow (Duncan et al., 2010; Thoreson et al., 2004) and vesicle fusion

below 7 mM Ca2+ concentration was absent at the cochlear inner hair cells (Beutner et al., 2001).
The steps preceding the fusion of synaptic vesicles are in general still poorly

understood (Südhof, 2013). We refer to vesicle priming as the molecular and positional preparation

of vesicles for fusion near Ca2+ channels (Neher and Sakaba, 2008). Molecular priming has recently

been shown to be the functional correlate of vesicle docking (Imig et al., 2014; Maus et al., 2020).
Vesicle replenishment refers to the delivery of new vesicles during sustained activity. The effect of

the residual Ca2+ on the strength of synapses particularly during synaptic facilitation has been stud-
ied for decades with a particular focus on the release probability of vesicles (see Discussion). Here,

we investigate the Ca2+-dependence of priming and replenishment, which increases the number of
release-ready vesicles. Previous work provided evidence that priming and replenishment are strongly

Ca2+-dependent (reviewed by Silva et al., 2021, and Neher and Sakaba, 2008). The following find-

ings demostrate the Ca2+-dependence of vesicle priming and replenishment. First, the size of the
pool of fast-releasing vesicles linearly depends on the intracellular Ca2+ concentration at the calyx of

Held synapse (Hosoi et al., 2007; see also Awatramani et al., 2005; Wang and Kaczmarek, 1998).
Second, the sustained component of release, presumably reflecting vesicle replenishment, linearly

depends on the intracellular Ca2+ concentration at cerebellar basket cell synapses (Sakaba, 2008).
Third, the number of docked vesicles assessed by electron microscopic techniques is rapidly and

reversibly regulated depending on the resting Ca2+ levels and neuronal activity at hippocampal neu-

rons (Chang et al., 2018; Imig et al., 2020; Kusick et al., 2020; Vandael et al., 2020; Vevea et al.,
2021). Fourth, the occupancy of the docking sites increases upon elevating extracellular Ca2+ levels

at cerebellar synapses (Blanchard et al., 2020; Malagon et al., 2020). Finally, in several studies on
chromaffin cells and synapses of vertebrates and invertebrates, the assumption of Ca2+-dependent

priming was required to explain the experimental data (Doussau et al., 2017; Kobbersmed et al.,
2020; Millar et al., 2005; Pan and Zucker, 2009; Voets, 2000; Walter et al., 2013). In contrast,

previous studies at cerebellar mossy fiber synapses could explain release during trains of action

potentials or prolonged depolarizations with Ca2+-independent vesicle priming and replenishment
(Hallermann et al., 2010; Ritzau-Jost et al., 2014; Ritzau-Jost et al., 2018; Saviane and Silver,

2006).
The discrepant findings of the Ca2+-sensitivity of vesicle priming, fusion, and replenishment could

be due to methodological errors. However, synapses show type-specific functional and structural dif-
ferences (Atwood and Karunanithi, 2002; Nusser, 2018; Zhai and Bellen, 2004). The rate at which

vesicles are replenished to empty release sites seems to be particularly different between
types of synapses. The cerebellar mossy fiber bouton (cMFB) conveys high-frequency sensory infor-

mation to the cerebellar cortex and relies on extremely fast vesicle replenishment (Miki et al., 2020;
Ritzau-Jost et al., 2014; Saviane and Silver, 2006). The aim of this study was therefore to deter-

mine the Ca2+-sensitivity of vesicle priming, fusion, and replenishment at mature cMFBs synapses at

physiological temperature, and to test whether and how the prominent fast vesicle replenishment
affects the Ca2+-dependence of the vesicle priming, fusion, and replenishment at this synapse. To

measure the Ca2+-dependence of vesicle priming, we first directly manipulated the free basal intra-
cellular Ca2+ concentration and measured the amount of action potential-evoked release. To meaure

the Ca2+-dependence of vesicle fusion, we focused the initial release kinetics of the fusion of the
primed vesicles upon Ca2+ uncaging (with time constants mostly << 10 ms). To finally measure the

Ca2+-dependence of vesicle replenishment, we focused on the sustained component of release

occurring during 100 ms of flash-evoked Ca2+ increase.
Our data revealed a strong dependence of the number of release-ready vesicles on basal Ca2+

concentrations between 30 and 180 nM, a significant release below 5 mM, an apparent shallow

dose-response curve in the studied Ca2+ concentration range of 1 to 50 mM, and little Ca2+-depen-
dence of vesicle replenishment during sustained elevated intracellular Ca2+ concentrations.
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Computational simulations incorporating mechanistic release schemes with five Ca2+ binding steps
and fast vesicle replenishment via sequential or parallel pools of vesicles could explain our data. Our
results show the co-existence of Ca2+ sensors with high- and low-affinities that cover a large range
of intracellular Ca2+ concentrations and mediate fast signaling at this synapse.

Results

Action potential-evoked synaptic release critically depends on basal
intracellular Ca2+ concentration
To investigate the impact of the basal intracellular Ca2+ concentration on synaptic release, we per-
formed simultaneous patch-clamp recordings from presynaptic cerebellar mossy fiber boutons
(cMFB) and postsynaptic granule cells (GC) of 5- to 6-week-old mice at physiological temperatures
(Figure 1A and B). We aimed at clamping the free Ca2+ concentration in the presynaptic patch solu-
tion to either low or high basal Ca2+ concentrations by adding different concentrations of Ca2+ and
the Ca2+ chelator EGTA (see Materials and methods). Two-photon quantitative Ca2+ imaging with
the dual-indicator method using Fluo-5F as the Ca2+ indicator (Delvendahl et al., 2015;
Sabatini et al., 2002) revealed the free Ca2+ concentration of the presynaptic intracellular solution
to be 28 ± 3 and 183 ± 8 nM, for the low and high basal Ca2+ conditions (n = 4 and 4), respectively
(Figure 1A). In both solutions, the free EGTA concentration was 4.47 mM (see
Materials and methods). In response to triggering a single action potential in the presynaptic

Figure 1. Action potential-evoked synaptic release critically depends on basal intracellular Ca2+ concentration. (A) Left: Illustration of the cellular

connectivity of the cMFB to GC synapse during simultaneous pre- and postsynaptic patch-clamp recording. The presynaptic terminal was loaded with

an intracellular solution having either low or high free basal Ca2+ concentration (top and bottom, respectively). Right: Comparison of the average free

Ca2+ concentration in the presynaptic patch pipette (quantified by two-photon Ca2+ imaging) for the intracellular solutions with low and high basal

Ca2+ (n = 4 each). (B) Example two-photon microscopic image of a cMFB and a GC in the paired whole-cell configuration. (C) Example traces of a

paired cMFB-GC recording with current injection (IcMFB) (top) eliciting an action potential in the cMFB (middle) and an EPSC in the postsynaptic GC

(bottom). Black and blue color code corresponds to low and high free basal Ca2+ concentration in the presynaptic solution, respectively. The decay of

the EPSC was fitted with a bi-exponential function (magenta line). (D) Comparison of the properties of presynaptic action potentials and EPSCs evoked

after eliciting an action potential in the presynaptic terminal using solutions having either low (black) or high (blue) free Ca2+ concentration. From left to

right: peak amplitude of the EPSC, weighted decay time constant of the EPSC, 10-to-90% rise time of the EPSC, amplitude of the presynaptic action

potential, and action potential half-duration (n = 8 and 8 paired cells for the conditions with low and high resting Ca2+ concentration, respectively).

Boxplots show median and 1st/3rd quartiles with whiskers indicating the whole data range. Values of individual experiments are superimposed as

circles. The numbers above the boxplots represent p-values of Mann-Whitney U tests.

The online version of this article includes the following source data for figure 1:

Source data 1. Action potential-evoked synaptic release critically depends on basal intracellular Ca2+ concentration.
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terminal, the recorded excitatory postsynaptic current (EPSC) depended strongly on the presynaptic
resting Ca2+ concentration (Figure 1C). We found an almost threefold increase in the EPSC ampli-

tude when elevating the resting Ca2+ concentration in the presynaptic terminals from 30 to 180 nM.
On average, the EPSC amplitudes were 39 ± 8 and 117 ± 28 pA for the low and high basal Ca2+ con-
ditions, respectively (n = 8 and 8; PMann-Whitney = 0.028; Figure 1D). Interestingly, the frequency of
miniature currents in-between the current injections used to elicit action potentials had a tendency
to increase with elevated basal Ca2+ concentration (median 1.1 and 3.5 Hz for the low and high basal

Ca2+ conditions, respectively, n = 8 and 8; PMann-Whitney = 0.13; data not shown). The EPSC rise and
decay kinetics were not significantly different (Figure 1D). No significant differences were observed
in the action potential waveform including amplitude and half duration (Figure 1D) indicating that
the altered synaptic strength was not caused by changes in the shape of the presynaptic action

potential. These data indicate that moderate changes in the presynaptic basal Ca2+ concentration
can alter synaptic strength up to threefold.

Ca2+ uncaging dose-response curve measured with presynaptic
capacitance measurements
To gain a better understanding of the profound sensitivity of AP-evoked release on presynaptic
basal Ca2+ concentration, we established presynaptic Ca2+ uncaging and measured the release
kinetics upon step-wise elevation of Ca2+ concentration. We combined wide-field illumination using

a high-power UV laser with previously established quantitative two-photon Ca2+ imaging
(Delvendahl et al., 2015) to quantify the post-flash Ca2+ concentration (Figure 2A). This approach
offers sub-millisecond control of the UV flashes and a high signal to noise ratio of the two-photon
Ca2+ imaging deep within the brain slice. The flash-evoked artefacts in the two-photon signals, pre-
sumably due to luminescence in the light path, could be reduced to a minimum with an optimal set

of spectral filters and gate-able photomultipliers (PMTs). Subtraction of the remaining artefact in the
background region of the two-photon line scan resulted in artefact-free fluorescence signals
(Figure 2B and C).

To obtain a large range of post-flash Ca2+ concentrations within the bouton, we varied the con-
centration of the Ca2+-cage DMn (1–10 mM) and the intensity (10–100%) and the duration (100 or
200 ms) of the UV laser pulse (Table 1). The spatial homogeneity of the Ca2+ elevation was assessed
by UV illumination of caged fluorescein mixed with glycerol (Figure 2—figure supplement 1;

Schneggenburger and Neher, 2000; Bollmann et al., 2000). The resulting post-flash Ca2+ concen-
tration was quantified with either high- or low-affinity Ca2+ indicator (Fluo-5F or OGB-5N). To mea-
sure the kinetics of neurotransmitter release independent of dendritic filtering or postsynaptic
receptor saturation, vesicular fusion was quantified by measuring the presynaptic capacitance with a

5 kHz-sinusoidal stimulation (Hallermann et al., 2003). The first 10 ms of the flash-evoked capaci-
tance increase was fitted with functions containing a baseline and mono- or bi-exponential compo-
nents (magenta line in Figure 2D and E; see Equation 1 in the Materials and methods section). With
increasing post-flash Ca2+ concentration the fast time constant decreased (t in case of mono- and t1
in case of bi-exponential fits; Figure 2D). The inverse of the fast time constant represents a direct

readout of the fusion kinetics of the release-ready vesicles. When plotting the inverse of the time
constant as a function of post-flash Ca2+ concentration, we obtained a shallow dose-response curve
that showed a continuous increase in the release rate with increasing post-flash Ca2+ concentration
up to 50 mM (Figure 2F). In some experiments with high Ca2+ concentrations, the release was too

fast to be resolved with 5 kHz capacitance sampling (i.e. time constants were smaller than 200 ms;
Figure 2E). We therefore increased the frequency of the sinusoidal stimulation in a subset of experi-
ments to 10 kHz (15 out of 80 experiments). Such high-frequency capacitance sampling is to our
knowledge unprecedented at central synapses and technically challenging because exceptionally

low access resistances are required (<~15 MW) to obtain an acceptable signal-to-noise ratio (Gil-
lis, 1995; Hallermann et al., 2003). Despite these efforts, the time constants were sometimes faster
than 100 ms, representing the resolution limit of 10 kHz capacitance sampling (Figure 2E). These
results indicate that the entire pool of release-ready vesicles can fuse within less than 100 ms. Fitting
a Hill equation on both 5- and 10 kHz data resulted in a best-fit KD of >50 mM with a best-fit Hill

coefficient, n, of 1.2 (Figure 2F).
In addition to the speed of vesicle fusion, we analyzed the delay from the onset of the UV-illumi-

nation to the onset of the rise of membrane capacitance, which was a free parameter in our fitting
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Figure 2. Ca2+ uncaging dose-response curve measured with presynaptic capacitance measurements. (A) Illustration of the experimental setup showing

the light path of the two-photon laser illumination (red line), the UV laser illumination (blue line), the electrophysiology amplifier (‘ephys.’), the red and

green gate-able photomultiplier tubes (PMTs), and infrared LED illumination with oblique illumination via the condenser for visualization of the cells at

the specimen plane by the camera (gray line) when the upper mirror is moved out of the light path (gray arrow). (B) Top: Two-photon microscopic

image of a cMFB in the whole-cell configuration loaded with OGB-5N, Atto594, and DMn/ Ca2+. Positions of the patch pipette and line scan are

indicated. Bottom: Two-photon line scan showing the fluorescence signal as measured through the green PMT, red PMT, and an overlay of the green

and red channels. Arrow indicates the onset of the UV flash and dashed lines represent the flash-induced luminescence artefact as detected outside the

cMFB. The lookup tables for the green and red channel were arbitrarily adjusted independent of the absolute values in C. (C) Top: change in

fluorescence intensity within the cMFB for the green channel along with the corresponding flash-induced green artefact measured in the background.

Middle: change in fluorescence intensity within the cMFB for the red channel along with the corresponding flash-induced red artefact. Bottom: green

and red fluorescence signal after subtracting the flash-induced artefacts. (D) Top: Ca2+ signals of different concentrations elicited through Ca2+

uncaging in three different cells, the flash was blanked. Bottom: corresponding traces of capacitance recordings measured using a 5 kHz (left and

middle) or 10 kHz sinusoidal stimulation (right). t represents the time constant from a mono-exponential fit, t 1 represents the time constant of the fast

component of a bi-exponential fit. (E) Traces of capacitance recordings showing the resolution limit in detecting fast release rates of >5 ms!1 using 5

kHz sinusoidal stimulation or >10 ms!1 using 10 kHz sinusoidal stimulation. (F) Plot of release rate versus post-flash Ca2+ concentration (n = 65 from 5-

kHz- and from 15 10-kHz-recordings obtained from 80 cMFBs). The line represents a fit with a Hill equation (Equation 2) with best-fit values Vmax =

1.7*107 ms!1, KD = 7.2*106 mM, and n = 1.2. Color coded symbols correspond to traces in (D – E). Gray symbols represent values above the resolution

Figure 2 continued on next page
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functions (see Equation 1). The delay was strongly dependent on the post-flash Ca2+ concentration

and the dose-response curve showed no signs of saturation at high Ca2+ concentrations (Figure 2G),

which is consistent with the non-saturating release rates. These data reveal that the fusion kinetics of

synaptic vesicles increased up to a Ca2+ concentration of 50 mM without signs of saturation, suggest-

ing a surprisingly low apparent affinity of the fusion sensor at mature cMFBs under physiological

temperature conditions (KD > 50 mM).

Ca2+ uncaging dose-response curve measured with deconvolution of
EPSCs
Capacitance recordings are not very sensitive in detecting low release rates. We therefore per-

formed simultaneous pre- and postsynaptic recordings and used established deconvolution techni-

ques to calculate the presynaptic release rate by analyzing the EPSC as previously applied at this

synapse (Figure 3A,B; Ritzau-Jost et al., 2014). Kynurenic acid (2 mM) and cyclothiazide (100 mM)

were added to the extracellular solution in order to prevent the saturation and desensitization of

postsynaptic AMPA receptors, respectively. Ca2+ uncaging in the presynaptic terminal evoked

EPSCs with kinetics, which strongly depended on the post-flash Ca2+ concentration. The cumulative

release obtained from deconvolution analysis of the recorded EPSCs was fitted as previously done

for capacitance traces (Equation 1). At low Ca2+ concentrations (<5 mM), a significant amount of

neurotransmitter release could be measured, which is consistent with previous reports from central

synapses (Bollmann et al., 2000; Fukaya et al., 2021; Sakaba, 2008; Schneggenburger and

Neher, 2000). The presynaptic release rates increased with increasing post-flash Ca2+ concentration

and no saturation in the release rate occurred in the dose-response curve (Figure 3D). The dose-

response curve for the delay from the onset of the UV illumination to the onset of the rise of the

cumulative release trace (Equation 1) did not show signs of saturation of the release kinetics in the

Figure 2 continued

limit. (G) Plot of synaptic delay versus post-flash Ca2+ concentration (n = 64 from 5-kHz- and 15 from 10-kHz-recordings obtained from 79 cells). Note

that one recording was removed from the analysis because the exponential fit led to a negative value of the delay. Color coded symbols correspond to

traces in (D – E).
The online version of this article includes the following source data and figure supplement(s) for figure 2:

Source data 1. Ca2+ uncaging dose-response curve measured with presynaptic capacitance measurements.

Figure supplement 1. Measurement of the UV energy profile with caged fluorescein.

Table 1. Parameters for weak, middle, and strong post-flash Ca2+ elevations.
weak Ca2+ elevation middle Ca2+ elevation strong Ca2+ elevation

UV illumination

Duration (ms) 0.1 or 1 0.1 0.1 or 0.2

Intensity (%) 10–100 20–100 100

Concentration in intracellular solution (mM)

ATTO 594 0.010 0.020 0.020

Fluo 5F 0.050 0 0

OGB 5N 0 0.200 0.200

CaCl2 0.500 2.000 10.000

DM-N 0.500 2.000 10.000

Obtained peak post-flash Ca2+ (mM)

Min 1.1 2.7 15.7

Max 7.1 36.0 62.6

Median 2.4 8.8 25.1

Simulated uncaging fraction of DMn

a 0.08–0.5 0.15–0.55 0.14–0.25
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Figure 3. Ca2+ uncaging dose-response curve measured with deconvolution of EPSCs. (A) Illustration of the

cellular connectivity in the cerebellar cortex showing the pre- and postsynaptic compartments during paired

whole-cell patch-clamp recordings and Ca2+ uncaging with UV-illumination. (B) Two-photon microscopic image of

a cMFB and a GC in the paired whole-cell patch-clamp configuration. (C) Three different recordings showing UV-

flash evoked EPSC (top trace) and cumulative release rate measured by deconvolution analysis of the EPSCs

(bottom trace). The peak Ca2+ concentration, quantified with two-photon Ca2+ imaging, is indicated in each panel.

t represents the time constant from mono-exponential fit, t 1 represents the time constant of the fast component

of bi-exponential fit. Note the different lengths of the baselines in the three recordings. (D) Plot of release rate

versus post-flash Ca2+ concentration. Gray open circles represent data from capacitance measurements (Figure 2)

and black triangles represent data from deconvolution analysis of EPSC (n = 57 recordings obtained from 42

paired cells). Gray and black lines represent fits with a Hill equation of the capacitance (as shown in Figure 1F)

and the deconvolution data, respectively. The best-fit parameters for the fit on the deconvolution data were Vmax

= 6*107 ms!1, KD = 7.6*105 mM, and n = 1.6. Red, blue, and brown symbols correspond to the traces in (C). (E) Plot
of synaptic delay versus post-flash Ca2+ concentration (n = 59 recordings obtained from 43 paired cells). Note that

two recordings was removed from the analysis because the exponential fit led to a negative value of the delay

Gray open circles represent data from capacitance measurements, and black triangles represent data from

deconvolution analysis of EPSC. Red, blue, and brown symbols correspond to the traces in (C).
The online version of this article includes the following source data and figure supplement(s) for figure 3:

Source data 1. Ca2+ uncaging dose-response curve measured with deconvolution of EPSCs.

Figure supplement 1. Measuring the KD of the Ca2+ sensitive dyes.

Figure supplement 2. Comparison of brief versus long UV illumination to rule out fast Ca2+ overshoots.

Figure 3 continued on next page
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investigated range. Thus, consistent with capacitance measurements, deconvolution analysis of post-
synaptic currents revealed a shallow Ca2+-dependence of neurotransmitter release kinetics
(Figure 3D and E). Fitting a Hill equation to the deconvolution data resulted in a best-fit KD >50 mM
and a Hill coefficient of 1.6 (Figure 3D). Therefore, two independent measures of synaptic release
(presynaptic capacitance measurements and postsynaptic deconvolution analysis) indicate a non-sat-
urating shallow dose-response curve up to ~50 mM.

To rule out methodical errors that might influence the dose-response curve, we carefully deter-
mined the KD of the Ca2+ indicator OGB-5N using several independent approaches including direct
potentiometry (Figure 3—figure supplement 1), because this value influences the estimate of the
Ca2+ affinity of the fusion sensors linearly. We estimated a KD of OGB-5N of ~30 mM being at the
lower range of previous estimates ranging from 20 to 180 mM (Delvendahl et al., 2015;
DiGregorio and Vergara, 1997; Neef et al., 2018), arguing against an erroneously high KD of the
Ca2+ indicator as a cause for the non-saturation.

In addition, we used the two following independent approaches to rule out a previously
described Ca2+ overshoot immediately following the UV illumination. Such a Ca2+ overshoot would
be too fast to be detected by the Ca2+ indicators (Bollmann et al., 2000) but could trigger strong
release with weak UV illumination which would predict a shallow dose-response curve. First, the time

course of Ca2+ release from DMn was simulated (see below; Figure 6A) and no significant overshoots
were observed (see below). Secondly, we experimentally compared strong and short UV illumination
(100% intensity; 0.1 ms) with weak and long UV illumination (10% intensity; 1 ms), because a Ca2+

overshoot is expected to primarily occur with strong and short UV illumination. Comparison of these
two groups of UV illumination resulted in similar post-flash concentrations but did not reveal a signif-
icant difference in the corresponding release rate indicating that undetectable Ca2+ overshoots did
not affect the measured release rate (Figure 3—figure supplement 2). Therefore, both approaches
argue against a Ca2+ overshoot as an explanation for the shallow dose-response curve.

Presynaptic and postsynaptic measurements reveal two kinetic
processes of neurotransmitter release
In some Ca2+ uncaging experiments, synaptic release appeared to have two components, which
could be due to heterogeneity amongst release-ready vesicles. We therefore systematically com-

pared mono- and bi-exponential fits to the capacitance and deconvolution data (Figure 4A B). Sev-
eral criteria were used to justify a bi-exponential fit (see Materials and methods). One criterion was
at least a 4% increase in the quality of bi- compared with mono-exponential fits as measured by the
sum of squared differences between the fit and the experimental data (c2; Figure 4D). Consistent
with a visual impression, this standardized procedure resulted in the classification of ~40% of all
recordings as bi-exponential (38 out of 80 capacitance measurements and 17 out of 59 deconvolu-
tion experiments; Figure 4C D). The release rate of the fast component (1/t1) of the merged capaci-
tance and deconvolution data showed no signs of saturation consistent with our previous analyses of
each data set separately. Fitting a Hill equation to the merged data indicated a KD >50 mM and a

Hill coefficient of 1.6 (Figure 4C). The release rate of the slow component (1/t2; if existing) was on
average more than 10 times smaller (black symbols, Figure 4C). These data indicate that there are
at least two distinct kinetic steps contributing to release within the first 10 ms.

Fast sustained release with very weak Ca2+-dependence
To gain more insights into the mechanisms of sustained vesicle release, we focused on the synaptic
release within the first 100 ms after Ca2+ uncaging, presumably reflecting vesicle replenishment
(Sakaba, 2008). Using capacitance measurements, we investigated the Ca2+-dependence of sus-
tained release by estimating the number of vesicles (Nv) released between 10 and 100 ms after flash
onset (Figure 5A), assuming a single vesicle capacitance of 70 aF (Hallermann et al., 2003). There

Figure 3 continued

Figure supplement 3. Correction for the post-flash changes in the fluorescent properties of the intracellular
solution.

Figure supplement 4. Comparison of the time constants obtained from presynaptic capacitance measurements
(tCm) and analysis of postsynaptic current recordings (tdeconv).
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Figure 4. Presynaptic and postsynaptic measurements reveal two kinetic processes of neurotransmitter release. (A)
Example of a capacitance trace showing the two components of release observed within the first 10 ms in

response to UV-flash-evoked increase in Ca2+ concentration to 24 mM. The solid magenta line represents the bi-

exponential fit and the dashed magenta line represents mono-exponential fit (see Equation 1). (B) Top: example

trace of an EPSC recording in response to UV-flash evoked increase in Ca2+ concentration to 36 mM. Bottom: the

corresponding cumulative release trace obtained from deconvolution analysis, showing the two components of

release observed within the first 10 ms. The solid magenta line represents the bi-exponential fit and the dashed

magenta line represents mono-exponential fit (see Equation 1). (C) Top: plot of neurotransmitter release rates as

a function of peak Ca2+ concentration (n = 80 and 59 capacitance measurements and deconvolution analysis,

respectively). Data obtained from capacitance measurements with sinusoidal frequency of 5 kHz are shown as

circles, data from 10 kHz capacitance measurements are shown as squares, and cumulative release data obtained

from deconvolution analysis are shown as lower left- and lower right- triangles for recordings with OGB-5N and

Fluo5F, respectively. Open symbols correspond to data from the mono-exponential fits and filled symbols

correspond to data from the bi-exponential fits. Red symbols represent merged data of the release rates obtained

from mono-exponential fit and the fast component of the bi-exponential fit, and black symbols represent the

second component of the bi-exponential fit. The line represents a fit with a Hill equation with best-fit parameters

Vmax = 29.9 ms!1, KD = 75.5 mM, and n = 1.61. (D) c2 ratio for the mono-exponential compared to the bi-

exponential fits. Dashed line represents the threshold of the c2 ratio used to judge the fit quality of double

compared to mono-exponential fits (as one criterion for selection). 5 kHz capacitance data are shown as circles, 10

kHz capacitance data are shown as squares, and cumulative release data (obtained from deconvolution analysis)

are shown as lower left- and lower right- triangles for recordings with OGB-5N and Fluo5F, respectively. Open

symbols correspond to data points judged as mono-exponential and filled symbols correspond to data points

judged as bi-exponential.

The online version of this article includes the following source data for figure 4:

Source data 1. Presynaptic and postsynaptic measurements reveal two kinetic processes of neurotransmitter release.
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was considerable variability in the release rate between 10 and 100 ms, which could be due to differ-

ences in bouton size and wash-out of proteins during whole-cell recordings. However, the release

rate showed no obvious dependence on the post-flash Ca2+ concentration (Figure 5B). A compara-

ble dose-response curve was obtained when investigating the rate of release between 10 and 100

ms using deconvolution analysis of postsynaptic currents, however, with a weak but significant corre-

lation (Figure 5C). These data indicate that the slope of the sustained component of release is, if

anything, weakly dependent on the intracellular Ca2+ concentration in the range of 1–50 mM, consis-

tent with previously observed Ca2+-independent vesicle replenishment as assessed by depolarizing

cMFBs to 0 mV in the absence or presence of intracellular EGTA (Ritzau-Jost et al., 2014).

Release schemes with five Ca2+ steps and fast replenishment via
parallel or sequential models can explain Ca2+-dependence of release
To investigate the mechanisms that could explain a non-saturating and shallow dose-response curve

and rapid sustained release, we performed modeling with various release schemes. First, we simu-

lated the exact time course of the concentration of free Ca2+. The Ca2+ release from DMn and sub-

sequent binding to other buffers and the Ca2+ indicator were simulated based on previously

described binding and unbinding rates (Faas et al., 2005; Faas et al., 2007; Figure 6A; Table 2;

see Materials and methods). In contrast to previous results, which predicted a significant overshoot

of Ca2+ following UV illumination with short laser pulses (Bollmann et al., 2000), our simulations pre-

dict little overshoot compared to the Ca2+ concentration measured by the Ca2+ indicator

(Figure 6B). The discrepancy is readily described by recent improvements in the quantification of

Ca2+ binding and unbinding kinetics (Faas et al., 2005; Faas et al., 2007). The calculations predict

an almost step-like increase in the free Ca2+ concentration with a 10–90% rise time below 50 ms.

These simulated UV illumination-induced transients of free Ca2+ concentrations were subsequently

used to drive the release schemes. Realistic noise was added to the resulting simulated cumulative

release rate and the traces were fit with exponential functions (Equation 1) as the experimental data

(Figure 6C).
We compared three different release schemes in their ability to reproduce our experimental data.

In model 1, a single pool of vesicles with two Ca2+ binding steps was used as previously established,

for example for chromaffin cells and rod photoreceptors (Duncan et al., 2010; Voets, 2000). Such

an assumption would readily explain the shallow dose-response curve (Bornschein and Schmidt,

2018). The 2nd component of release could be replicated by assuming rapid vesicle replenishment

from a reserve pool (VR; Figure 6D). However, adjusting the free parameters did not allow

Figure 5. Fast sustained release with very weak Ca2+-dependence. (A) Examples of a capacitance trace showing a sustained component of release. (B)
Plot of the number of vesicles released between 10 and 100 ms as estimated from capacitance measurements divided by the time interval (90 ms)

versus the post-flash Ca2+ concentration (n = 71 cMFBs). The line represents a linear fit to the data with a slope of 6 vesicles ms!1 mM!1 (Pearson

correlation coefficient = 0.06, r2 = 0.003; PPearson correlation = 0.6). (C) Plot of the number of vesicles released between 10 and 100 ms as estimated from

deconvolution analysis divided by the time interval (90 ms) versus the post-flash Ca2+ concentration (n = 51 cMFB-GC pairs). The line represents a linear

fit to the data with a slope of 10 vesicles ms!1 mM!1 (Pearson correlation coefficient = 0.3, r2 = 0.1; PPearson correlation = 0.01).

The online version of this article includes the following source data for figure 5:

Source data 1. Fast sustained release with very weak Ca2+-dependence.
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reproducing the synaptic delay (Figure 6E). We therefore tested two more sophisticated models in

which vesicle fusion is triggered via five Ca2+ binding steps (Schneggenburger and Neher, 2000).

In model 2, onevesicle pool represents the docked vesicles (V2) and the other pool represents a

replacement pool (V1), which can undergo rapid docking and fusion (Miki et al., 2016; Miki et al.,

2018), therefore representing two kinetic steps occurring in sequence. In model 3, two pools of

vesicles (V1, V2) with different Ca2+-sensitivity exist, where both types of vesicles can fuse with differ-

ent Ca2+ affinity (Voets, 2000; Walter et al., 2013; Wölfel et al., 2007; Hallermann et al.,

2010 ) therefore representing two kinetic steps occurring in parallel. Model 3 reproduced the data

Figure 6. Release schemes with five Ca2+ steps and fast replenishment via parallel or sequential models can explain Ca2+-dependence of release. (A)
Scheme of the chemical reactions that were implemented in the model to calulate the UV-illumination-evoked increase in the free Ca2+ concentration.

The model considered Ca2+ (Ca) and Mg2+ (Mg) binding to the indicator dye (OGB-5N or Fluo-5F), to DM-nitrophen (DMn), and to buffers (ATP and/or

an endogenous buffer). The forward (kon) and backward (koff) rate constants differ between chemical species. Upon photolysis, a fraction a of metal

bound and free DMn made a transition to different photoproducts (PP1 and PP2; Faas et al., 2005). For model parameters see Table 2. (B) The
scheme in (A) was converted to a system of differential equations and the time courses of the ‘real’ free Ca2+ (magenta) and the free Ca2+ reported by

Ca2+ dye were simulated for the indicated uncaging fractions a. Note that after less than 1 ms the dye reliably reflects the time course of Ca2+. (C)
Traces showing the steps used in the simulation of the kinetic model of release. (D) Graphical illustration of the three models used during the

simulations. For model parameters see Table 3. (E) From left to right, predictions of each model and the experimental data for the inverse of t 1 (gray

symbols, solid lines) and inverse of t 2 (black symbols, dashed lines), delay, vesicle replenishment rate between 10 and 100 ms, and the increase in the

c2 ratio for the single- compared to the bi-exponential fits. Red, yellow, and blue lines correspond to simulations of models 1, 2, and 3, respectively. For

the c2 ratio (right plot), the experimental data and the simulations are shown separately for 5-kHz- and 10-kHz-capacitance data (C5 and C10; black and

brown, respectively) and the deconvolution data (D; green).
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Table 2. Parameters for simulations of Ca2+ release from DMN cage.
Parameters Values References number / Notes

Resting Ca2+ [Ca2+]rest 227*10!9 M Measured

Total magnesium [Mg2+]T 0.5*10!3 M Pipette concentration

Fluo-5F [Fluo] 0 or 50 *10!6 M (see Table 1) Pipette concentration

KD 0.83 *10!6 M Delvendahl et al., 2015

koff 249 s-1 ibid

kon 3*108 M!1s!1 Yasuda et al., 2004

OGB-5N [OGB] 0 or 200*10!6 M (see Table 1) Pipette concentration

KD 31.4*10!6 M Measured (Figure 3—figure supplement 1A)

koff 6000 s!1 ibid.

kon 2.5*108 M!1s!1 DiGregorio and Vergara, 1997

ATP [ATP] 5 *10!3 M Pipette concentration

Ca2+ binding KD 2*10!4 M Meinrenken et al., 2002

koff 100 000 s!1 ibid.

kon 5*108 M!1s!1 ibid.

Mg2+ binding KD 100*10!6 M Bollmann et al., 2000; MaxC

koff 1000 s!1 ibid.

kon 1*107 M!1s!1 ibid.

Endogenous buffer [EB] 480 *10!6 M Delvendahl et al., 2015

KD 32*10!6 M ibid

koff 16 000 s!1 ibid.

kon 5*108 M!1s!1 ibid.

Total DM nitrophen [DMn]T 500*10!6 – 10*10!3 M (see Table 1) Pipette concentration

Ca2+ binding KD 6.5*10!9 M Faas et al., 2005

koff 0.19 s!1 ibid.

kon 2.9*107 M!1s!1 ibid.

Mg2+ binding KD 1.5*10!6 M ibid.

koff 0.2 s!1 ibid.

Uncaging fraction a See Table 1

Fast uncaging fraction af 0.67 Faas et al., 2005

Photoproduct 1 [PP1]

Ca2+ binding KD 2.38*10!3 M Faas et al., 2005

koff 69 000 s!1 ibid.

kon 2.9*107 M!1s!1 ibid.

Mg2+ binding KD 1.5*10!6 M ibid.

koff 300 s!1 ibid.

kon 1.3*105 M!1s!1 ibid.

Photoproduct 2 [PP2]

Ca2+ binding KD 124.1*10!6 M Ibid.

koff 3600 s!1 ibid.

kon 2.9*107 M!1s!1 ibid.

Mg2+ binding KD 1.5*10!6 M ibid.

koff 300 s!1 ibid.

kon 1.3*105 M!1s!1 ibid.
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as good as model 2; however, the non-saturation up to 50 mM could be reproduced somewhat bet-

ter in model 3. Interestingly, models 2 and 3 both replicated the observed shallow dose-response

curve despite the presence of five Ca2+ binding steps. These results indicate that established models

with five Ca2+-steps incorporating fast vesicle replenishment via sequential or parallel vesicle pools

can replicate our data fairly well.

Ca2+ uncaging with different pre-flash Ca2+ concentrations indicates
Ca2+-dependent vesicle priming
Finally, we aimed to obtain a mechanistic understanding that could explain both the strong depen-

dence of action potential-evoked release on basal Ca2+ concentration (Figure 1) and the Ca2+-

dependence of vesicle fusion (Figures 2–6). In principle, the action potential-evoked data in Figure 1

could be explained by an acceleration of vesicle fusion kinetics or, alternatively, an increase in the

number of release-ready vesicles upon elevated basal Ca2+. To differentiate between these two

mechanistic possibilities, we investigated the effect of basal Ca2+ concentration preceding the UV

illumination (pre-flash Ca2+) on flash-evoked release. The pre-flash Ca2+ concentration can only be

reliably determined with the Ca2+ indicator Fluo5F used in the experiments with weak flashes (see

Table 1). We therefore grouped the deconvolution experiments with weak flashes, which elevated

the Ca2+ concentration to less than 7 mM, into two equally sized groups of low and high pre-flash

Ca2+ (below and above a value of 200 nM, respectively). Due to the presence of the Ca2+ loaded

DMn cage, the pre-flash Ca2+ concentrations were on average higher than the resting Ca2+ concen-

tration in physiological conditions of around 50 nM (Delvendahl et al., 2015). In both groups, the

post-flash Ca2+ concentration was on average similar (~3 mM; Figure 7B). The peak EPSC amplitude

of postsynaptic current was significantly larger with high compared to low pre-flash Ca2+ concentra-

tion (38 ± 10 and 91 ± 16 pA, n = 18 and 13, respectively, PMann-Whitney = 0.001; Figure 7A and C).

Correspondingly, the amplitude of the fast component of release as measured from deconvolution

analysis was larger with high compared to low pre-flash Ca2+ (18 ± 5 and 49 ± 10, n = 18 and 13,

respectively, PMann-Whitney = 0.005; Figure 7C). However, the kinetics of vesicle fusion, measured as

the inverse of the time constant of the fast component of release, were not significantly different for

both conditions (0.15 ± 0.04 and 0.12 ± 0.03 ms!1 for the low and high pre-flash Ca2+ conditions, n

= 18 and 13, respectively, PMann-Whitney = 0.74; Figure 7C). The delay was also not significantly differ-

ent (PMann-Whitney = 0.54; Figure 7C). These data indicate that the number of release-ready vesicles

were increased upon elevating the basal Ca2+ concentration but the fusion kinetics were unaltered.

We therefore added an additional Ca2+-dependent maturation step to the initial vesicle priming of

the release schemes (see Materials and methods; note that this was already present in the above-

described simulations of Figure 6 but it has little impact on these data). This allowed replicating the

Table 3. Parameters for release scheme models.
Model1 Model2 Model3

kon 2.95*109 Ca2+(t) M!1 s!1 kon,init 5.10*108 Ca2+(t) M!1 s!1 kon1 0.5 kon2

kon,plug 0.1 kon,init kon2 5.10*108 Ca2+(t) M!1 s!1

koff 4.42*105 s!1 koff,init 2.55*104 s!1 koff1 10 koff2

koff,plug 0.4 koff,init koff2 2.55*104 s!1

b 0.25 b 0.25 b 0.25

g 1.77*104 s!1 g 1.77*104 s!1 g 1.77*104 s!1

kprim 0.6+30*(Ca2+(t)/(KD,prim +Ca2+(t))) s!1 kprim1 2.5+60*(Ca2+(t)/(KD,prim1 +Ca2+(t))) s!1 kprim1 30 s!1

kunprim 0.6+30*(Ca2+Rest/(KD,prim + Ca2+Rest))
s!1

kunprim1 2.5+60*(Ca2+Rest/(KD,prim1 + Ca2+Rest)) s
!1 kunprim1 30 s!1

KD,prim 2 mM KD,prim1 2 mM

kprim2 100+800*(Ca2+(t)/(KD,prim2 +Ca2+(t))) s!1 kprim2 0.5+30*(Ca2+(t)/(KD,prim2 +Ca2+(t))) s!1

kunprim2 100+800*(Ca2+Rest/(KD,prim2 + Ca2+Rest))
s!1

kunprim2 0.5+30*(Ca2+Rest/(KD,prim2 + Ca2+Rest))
s!1

KD,prim2 2 mM KD,prim2 2 mM
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Figure 7. Ca2+ uncaging with different pre-flash Ca2+ concentrations indicates Ca2+-dependent vesicle priming.

(A) Two consecutive recordings from the same cell pair, with the same post-flash Ca2+ concentration but different

pre-flash Ca2+ concentration in the presynaptic terminal. Top: postsynaptic current. Bottom: cumulative release of

synaptic vesicles measured by deconvolution analysis of EPSCs superposed with a mono-exponential fit (magenta).

Black and blue color represent low and high pre-flash Ca2+ concentration, respectively. The pre- and post-flash

Ca2+ concentrations are indicated in each panel. (B) Comparison of the average post-flash Ca2+ concentration

between both groups of either low (black) or high (blue) pre-flash Ca2+ concentration (n = 18 and 13 pairs,

respectively). (C) From left to right: comparisons of the peak amplitude, the number of released vesicles measured

as obtained from deconvolution analysis of EPSC, the delay of the release onset, and the release rate. Boxplots

show median and 1st/3rd quartiles with whiskers indicating the whole data range. The values above the boxplots

represent P-values of Mann-Whitney U tests. (D)Top left: simulated local action potential-

evoked Ca2+concentrations at 20 nm from a Ca2+ channel taken from Delvendahl et al., 2015. Note the almost

complete overlap of the two Ca2+ concertation traces with low and high basal Ca2+ concertation. Bottom left:

predicted action potential-evoked EPSCs with low and high basal Ca2+ concertations. Right: ratio of the action

potential-evoked EPSC amplitude with high and low basal Ca2+ concentrations for the experimental data and the

model predictions.

The online version of this article includes the following source data for figure 7:

Source data 1. Ca2+ uncaging with different pre-flash Ca2+ concentrations indicates Ca2+-dependent vesicle priming.
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three-fold increase in the action potential-evoked release when driving the release scheme with a
previously estimated local Ca2+ concentration during an action potential (Figure 7D;
Delvendahl et al., 2015). Thus, the release schemes 2 and 3 describe all our experimental data and
therefore represent to our knowledge the only release scheme explaining the priming, fusion, and
replenishment of vesicles at a mature excitatory synapse in the CNS at physiological temperature.

Discussion
Here, we provided insights into the Ca2+-dependence of vesicle priming, fusion, and replenishment
at cMFBs. The results obtained at this synapse show prominent Ca2+-dependent priming steps, a
shallow non-saturating dose-response curve up to 50 mM, and little Ca2+-dependence of sustained
vesicle replenishment. Our computational analysis indicates that the peculiar dose-response curve
can be explained by well-established release schemes having five Ca2+ steps and rapid vesicle
replenishment via sequential or parallel vesicle pools. Thus, we established quantitative scheme of
synaptic release for a mature high-fidelity synapse, exhibiting both high- and low-affinity Ca2+

sensors.

Ca2+ affinity of the vesicle fusion sensor
The Ca2+-sensitivity of vesicle fusion seems to be synapse-specific. In contrast to the estimated Ca2+

affinity for vesicle fusion of ~100 mM at the bipolar cell of goldfish (Heidelberger et al., 1994) and
the squid giant synapse (Adler et al., 1991; Llinás et al., 1992), recent studies showed that the
affinity is much higher at three types of mammalian central synapses: the calyx of Held
(Bollmann et al., 2000; Lou et al., 2005; Schneggenburger and Neher, 2000; Sun et al., 2007;
Wang et al., 2008), the inhibitory cerebellar basket cell to Purkinje cell synapse (Sakaba, 2008), and
the hippocampal mossy fiber boutons (Fukaya et al., 2021). Consistent with reports from mamma-
lian central synapses, our data revealed prominent vesicle fusion at concentrations below 5 mM argu-
ing for a high-affinity fusion sensor (Figures 2–4). However, the non-saturation of the dose-response
curve (Figures 2–4) argues for the presence of a rather low-affinity fusion sensor at cMFBs. In our
simulations, both models 2 and 3 exhibit vesicles with a Ca2+-affinity similar to the calyx of Held.
Nevertheless, with high intracellular Ca2+ concentrations (>20 mM) these vesicles will fuse very rap-
idly and the further increase in the release kinetics (causing the non-saturating dose-response curve)
can be explained by rapid vesicle replenishment from a sequential pool of vesicles exhibiting use-
dependent lowering of the Ca2+-affinity (V1 in model 2; Miki et al., 2018) or from a parallel pool of
vesicles with lower Ca2+ affinity (V1 in model 3; Hallermann et al., 2010). Our data therefore indi-
cate that the shallow and non-saturating dose-response curve is the consequence of rapid replenish-
ment of vesicles that still exhibit a lower Ca2+-affinity compared to fully recovered vesicles.
Consistent with this interpretation, a lowering in the Ca2+-affinity of the vesicle fusion sensor has
been observed at the calyx of Held with Ca2+ uncaging following vesicle depletion (Müller et al.,
2010; Wadel et al., 2007). These newly replenished vesicles might contribute particularly to the
dose-response curve at the cMFB because the cMFB has a much faster rate of vesicle replenishment
compared with the calyx of Held synapse (Miki et al., 2020) providing a possible explanation why
the here-reported dose-response curve differs from previous results at the calyx of Held. Further-
more, cMFBs seem to have functional similarities with ribbon-type synapses because it has recently
been shown that the vesicle mobility in cMFBs is comparable to ribbon-type synapses
(Rothman et al., 2016). The hallmark of ribbon-type synapses is their rapid vesicle replenishment
(Lenzi and von Gersdorff, 2001; Matthews, 2000) and indeed more shallow dose-response curves
were obtained at the ribbon photoreceptors and inner hair cell synapses (Duncan et al., 2010;
Heil and Neubauer, 2010; Johnson et al., 2010; Thoreson et al., 2004, but see Beutner et al.,
2001). The newly replenished vesicles might be molecularly immature and resemble vesicles that
have only a near-linear remaining Ca2+ sensor when the fast Ca2+ sensor synaptotagmin II is lacking
(Kochubey and Schneggenburger, 2011).

The here obtained dose-response curve has the following three caveats. First, the cMFB to GC
synapses in lobule IX are functionally distinct based on the origin of the mossy fibers (Chabrol et al.,
2015). Therefore, the here-recorded boutons in lobule IV/V could be molecularly and functionally
distinct leading to the observed scatter in the dose-response curve, which could cause an apparent
shallowing. Yet, the degree of scatter in the vesicular release rate at the cMFB seems comparable to
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studies at other synapses (Fukaya et al., 2021; Heidelberger et al., 1994; Sakaba, 2008) including

the calyx of Held (Bollmann et al., 2000; Schneggenburger and Neher, 2000), although the func-

tional heterogeneity between different types of calyces (Grande and Wang, 2011) could be

explained by differences in the coupling distance (Fekete et al., 2019). Second, we could not inves-

tigate allosteric or two-sensor models (Lou et al., 2005; Sun et al., 2007; Li et al., 2021) because

we did not address the release rates in the low Ca2+ range (<1 mM), therefore, these questions

remain to be investigated at the cMFBs. Third, currently available techniques to estimate fast release

rates at near-physiological temperatures in the Ca2+ range above 50 mM are limited by the sampling

frequency of capacitance measurements and dendritic filtering, which could prevent the detection of

saturation at the upper end of the dose-response curve.

Ca2+-sensitivity of vesicle priming
In previous reports, the Ca2+-dependence of vesicle priming and replenishment at cMFBs was ana-

lyzed more indirectly with the Ca2+ chelator EGTA (Ritzau-Jost et al., 2014; Ritzau-Jost et al.,

2018) and the obtained results could be explained by Ca2+-dependent models but surprisingly also

by Ca2+-independent models (Hallermann et al., 2010; Ritzau-Jost et al., 2018). Furthermore, the

analysis of molecular pathways showed that the recovery from depression is independent of the

Ca2+/calmodulin/Munc13 pathway at cMFBs (Ritzau-Jost et al., 2018). Our paired recordings and

uncaging experiments (Figures 1 and 7) clearly demonstrate pronounced Ca2+-dependence of vesi-

cle priming at cMFBs. Taken together, these data indicate that some priming steps are mediated by

Ca2+-dependent mechanisms, which do not involve the Ca2+/calmodulin/Munc13 pathway. A poten-

tial candidate for such a Ca2+-dependent mechanism are the interaction of diacylgylcerol/phospholi-

pase C or Ca2+/phospholipids with Munc13s (Lee et al., 2013; Lou et al., 2008; Rhee et al., 2002;

Shin et al., 2010). Another candidate for a high-affinity Ca2+ sensor is Synaptotamin 7 (see below).
Synaptic vesicles that fuse upon single action potentials (Figure 1) and weak uncaging stimuli

(post-flash Ca2+ concentration of ~3 mM; Figure 7) are particularly fusogenic and thus might repre-

sent the superprimed vesicles with a particular high release probability (Hanse and Gustafsson,

2001; Ishiyama et al., 2014; Kusch et al., 2018; Lee et al., 2013; Schlüter et al., 2006;

Taschenberger et al., 2016) suggesting that the process of superpriming is Ca2+-dependent. This

interpretation would also provide an explanation why in a recent report, triggering an action poten-

tial in the range of 10–50 ms before another action potential restored the synchronicity of synaptic

vesicle fusion in mutant synapses which had an impaired synchronous release (Chang et al., 2018). It

would be furthermore consistent with a proposed rapid, dynamic, and Ca2+-dependent equilibrium

between primed and superprimed vesicles (Neher and Brose, 2018). However, further investiga-

tions are needed for the dissection between the Ca2+-dependence of priming and superpriming.

Yet, our data show that some priming steps are strongly Ca2+-dependent with a high-affinity Ca2+

sensor that allow detecting changes between 30 and 180 nM at cMFBs.

Ca2+-sensitivity of vesicle replenishment
The upstream steps of vesicle priming, referred to as replenishment, recruitment, refilling, or reload-

ing, remain controversial in particular with respect to their speed. The slow component of release

(during prolonged depolarizations or Ca2+ elevations with uncaging) was initially interpreted as a

sub-pool of release-ready vesicles that fuse with slower kinetics (see e.g. Sakaba and Neher,

2001a). However, recent studies indicate very fast vesicle replenishment steps (Blanchard et al.,

2020; Chang et al., 2018; Doussau et al., 2017; Hallermann et al., 2010; Lee et al., 2012;

Malagon et al., 2020; Miki et al., 2016; Miki et al., 2018; Saviane and Silver, 2006; Valera et al.,

2012). These findings further complicate the dissection between fusion, priming, and replenishment

steps. Therefore, the differentiation between ‘parallel’ release schemes with fast and slowly fusing

vesicles and ‘sequential’ release schemes with fast vesicle replenishment and subsequent fusion is

technically challenging at central synapses. Our data could be described by both sequential and par-

allel release schemes (models 2 and 3; Figure 6). The non-saturation of the release rate could be

described somewhat better by the parallel model 3. However, further adjustment of the use-depen-

dent slowing of the rates in model 2 (see kon,plug, koff,plug, Equations 3 and 4; Miki et al., 2018) can

result in a sequential model exhibiting both fast and slowly fusing vesicles with different Ca2+-sensi-

tivity (see Mahfooz et al., 2016, for an alternative description of use-dependence of vesicle fusion).
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Such use-dependent sequential models ultimately complicate the semantic definitions of ‘sequential’

and ‘parallel’, because the replenished vesicles of such sequential models will fuse in a molecularly

different state, which could also be viewed as a parallel pathway to reach fusion. Independent of the

difficulty to differentiate between sequential and parallel release schemes, the sustained component

of release exhibited little Ca2+-dependence in the here-tested range between 1 and 50 mM (Fig-

ure 5). However, it should be mentioned that measuring the sustained release rate is prone to errors

with both presynaptic capacitance and postsynaptic current recordings, because the former cannot

differentiate between exo- and endocytosis occurring simultaneously, and the latter can fail to dis-

sect direct release from spill-over current, which is prominent at this synapse (DiGregorio et al.,

2002). Nevertheless, the Ca2+-independence of vesicle replenishment observed with capacitance

measurements and the very weak Ca2+-dependence observed with postsynaptic techniques seem

consistent with the previously observed EGTA-independent slope of the sustained release during

prolonged depolarizations (Ritzau-Jost et al., 2014). Our data cannot differentiate if replenishment

is mediated by a saturated Ca2+ sensor for priming (model 2; assumed KdD of 2 mM; Miki et al.,

2018) or a parallel Ca2+-independent step (model 3). Thus, during sustained activity at cMFBs, vesi-

cle replenishment is mediated by either an apparently Ca2+-independent process because of a satu-

rated high-affinity Ca2+ sensor or a Ca2+-independent process.

Implications for coupling distance
The Ca2+-sensitivity of vesicle fusion critically impacts the estimates of the coupling distance

between Ca2+ channels and synaptic vesicles, mainly those obtained based on functional approaches

(Neher, 1998; Eggermann et al., 2011; but not on structural approaches, see e.g. Éltes et al.,

2017; Rebola et al., 2019). Our previous estimate of the coupling distance at the cMFB of 20 nm

(Delvendahl et al., 2015) was based on the release scheme of Wang et al., 2008 obtained at the

calyx of Held synapse at an age of (P16-P19) at room temperature and assuming a Q10 factor of 2.5.

The now estimated kon and koff rates at mature cMFBs at physiological temperature were slightly

larger and smaller than the temperature-corrected values from the calyx, respectively, resulting in a

slightly higher affinity of the fast releasing vesicles (V2 in models 2 and 3). Therefore, at the cMFB,

the coupling distance of the vesicles released by a single action potential is if anything even smaller

than the previous estimate of 20 nm.

Implications for synaptic facilitation
Our data might contribute to a better understanding of the mechanisms of the ‘residual Ca2+

hypothesis’ explaining synaptic facilitation (Jackman and Regehr, 2017; Katz and Miledi, 1968;

Magleby, 1987; Zucker and Regehr, 2002). The strong dependence of the action potential-evoked

release on basal Ca2+ (Figure 1) supports the critical effect of residual Ca2+ on synaptic strength.

Our mechanistic analysis (particularly Figure 7) indicates that the number of release-ready vesicles

rather than the vesicular release probability is regulated by residual Ca2+. The high-affinity Ca2+ sen-

sor Synaptotagmin-7 (Sugita et al., 2002) could be a sensor for the changes in basal Ca2+ levels and

mediate the here-reported three-fold increase in synaptic strength (Figures 1 and 7). Synaptotag-

min-7 has been shown to mediate vesicle recruitment (Liu et al., 2014), asynchronous release

(Luo and Südhof, 2017), and synaptic facilitation (Chen et al., 2017; Jackman et al., 2016). If the

recruitment and priming steps are fast enough they could provide a powerful mechanism for synap-

tic facilitation. Indeed, there is increasing evidence for ultra-fast Ca2+-dependent recruitment and

priming (reviewed in Neher and Brose, 2018) as well as facilitation mediated by an increase in the

number of release-ready vesicles rather than the vesicular release probability (Jackman et al., 2016;

Kobbersmed et al., 2020; Vevea et al., 2021). Our data are therefore consistent with the emerging

view that facilitation is mediated by rapid Synaptotagmin-7/Ca2+-dependent recruitment and prim-

ing of vesicles.

Implications for high-frequency transmission
Synaptic fidelity has been shown to increase with age at cMFBs (Cathala et al., 2003), neocortical

synapses (Bornschein et al., 2019), and the calyx of Held (Fedchyshyn and Wang, 2005;

Nakamura et al., 2015; Taschenberger and von Gersdorff, 2000). During high-frequency transmis-

sion, the residual Ca2+ concentration increases up to a few mM at cMFBs (Delvendahl et al., 2015)
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but mature cMFBs can still sustain synchronous release (Hallermann et al., 2010; Saviane and Sil-

ver, 2006). The developmental decrease in the affinity of the release sensors observed at the calyx

of Held (Wang et al., 2008) and the here-reported shallow-dose-response curve at mature cMFBs

could be an evolutionary adaptation of synapses to prevent the depletion of the release-ready

vesicles at medium Ca2+ concentrations and therefore allow maintaining sustained synchronous neu-

rotransmission with high fidelity (Matthews, 2000).

Materials and methods

Key resources table

Reagent type
(species) or resource Designation Source or reference Identifiers

Additional
information

Chemical
compound, drug

NaCl Sigma-Aldrich Cat. # S9888

Chemical
compound, drug

NaHCO3 Sigma-Aldrich Cat. # S6297

Chemical
compound, drug

Glucose Sigma-Aldrich Cat. # G8270

Chemical
compound, drug

AP 5 Sigma-Aldrich Cat. # A78403

Chemical
compound, drug

KCl Sigma-Aldrich Cat. # P9333

Chemical
compound, drug

CaCl2 Sigma-Aldrich Cat. # C5080 For extracellular
solution

Chemical
compound, drug

CaCl2 Sigma-Aldrich Cat. # 21115 For intracellular
solution

Chemical
compound, drug

EGTA Sigma-Aldrich Cat. # E0396

Chemical
compound, drug

NaH2PO4 Merck Cat. # 106342

Chemical
compound, drug

Tetrodotoxin Tocris Cat. # 1078

Chemical
compound, drug

MgCl2 Sigma-Aldrich Cat. # M2670

Chemical
compound, drug

TEA-Cl Sigma-Aldrich Cat. # T2265

Chemical
compound, drug

HEPES Sigma-Aldrich Cat. # H3375

Chemical
compound, drug

NaGTP Sigma-Aldrich Cat. # G8877

Chemical
compound, drug

Na2ATP Sigma-Aldrich Cat. # A2383

Chemical
compound, drug

DMnitrophen Synptic systems Cat. # 510016

Chemical
compound, drug

CsOH Sigma-Aldrich Cat. # C8518

Chemical
compound, drug

Atto594 ATTO-TEC Cat. # AD 594

Chemical
compound, drug

OGB1 Thermo Fisher Scientific Cat. # 06806

Chemical
compound, drug

OGB-5N Thermo Fisher Scientific Cat. # 944034

Chemical
compound, drug

Fluo-5F Thermo Fisher Scientific Cat. # F14221

Continued on next page
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Continued

Reagent type
(species) or resource Designation Source or reference Identifiers

Additional
information

Chemical
compound, drug

KOH solution Roth Cat. # K017.1

Chemical
compound, drug

Kynurenic acid Sigma-Aldrich Cat. # K3375

Chemical
compound, drug

Cyclothiazide Sigma-Aldrich Cat. # C9847

Chemical
compound, drug

Ca2+ Calibration Buffer Kit Thermo Fisher Scientific Cat. # C3008MP

Chemical
compound, drug

Caged fluorescein Sigma-Aldrich Cat. # F7103

Chemical
compound, drug

Glycerol Sigma-Aldrich Cat. # G5516

Chemical
compound, drug

Isoflourane Baxter Cat. # Hdg9623

Chemical
compound, drug

Aqua B. Braun Braun Cat. # 00882479E For extracellular
solution

Chemical
compound, drug

Sterile Water Sigma-Aldrich W Cat. # 3500 For intracellular
solution

Strain, strain
background
(mouse C57BL/6N)

Female, male
C57BL/6N

Charles river https://www.criver.com/

Other Vibratome LEICA VT 1200 https://www.leica-
microsystems.com/

Other Femto2D laser-scanning
microscope

Femtonics https://femtonics.eu/

Other UV laser source Rapp OptoElectronic https://rapp-opto.com/ 375 nm, 200 mW

Other DMZ Zeitz Puller Zeitz https://www.zeitz-puller.com/

Other Borocilicate glass Science Products https://science-products.com/en/ GB200F-10
With
filament

Other HEKA EPC10/2 amplifier HEKA Elektronik https://www.heka.com/

Other Ti:Sapphire laser MaiTai, SpectraPhysics https://www.spectra-physics.com/

Other Ca2+ sensitive electrode
(ELIT 8041 PVC membrane)

NICO 2000 http://www.nico2000.net/index.htm

Other Single junction silver
chloride reference
electrode (ELIT 001 n)

NICO 2000 http://www.nico2000.net/index.htm

Other PH/Voltmeter Metler toledo https://www.mt.com/de
/en/home.html

Other Osmomat 3000 Gonotec http://www.gonotec.com/de

Other TC-324B perfusion
heat controller

Warner Instruments https://www.warneronline.com/

Software, algorithm MES Femtonics https://femtonics.eu/

Software, algorithm Igor Pro Wavemetrics https://www.wavemetrics.com/

Software, algorithm Patchmaster HEKA Elektronik https://www.heka.com/

Software, algorithm Adobe illustrator Adobe https://www.adobe.com/
products/illustrator.html

Software, algorithm Mathematica Wolfram https://www.wolfram.com
/mathematica/

Software, algorithm Maxchelator Stanford University https://somapp.ucdmc.ucdavis.
edu/pharmacology/bers/maxchelator/

Eshra et al. eLife 2021;10:e70408. DOI: https://doi.org/10.7554/eLife.70408 19 of 34

Research article Neuroscience

29

https://www.criver.com/
https://www.leica-microsystems.com/
https://www.leica-microsystems.com/
https://femtonics.eu/
https://rapp-opto.com/
https://www.zeitz-puller.com/
https://science-products.com/en/
https://www.heka.com/
https://www.spectra-physics.com/
http://www.nico2000.net/index.htm
http://www.nico2000.net/index.htm
https://www.mt.com/de/en/home.html
https://www.mt.com/de/en/home.html
http://www.gonotec.com/de
https://www.warneronline.com/
https://femtonics.eu/
https://www.wavemetrics.com/
https://www.heka.com/
https://www.adobe.com/products/illustrator.html
https://www.adobe.com/products/illustrator.html
https://www.wolfram.com/mathematica/
https://www.wolfram.com/mathematica/
https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/
https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/maxchelator/
https://doi.org/10.7554/eLife.70408


Preparation
Animals were treated in accordance with the German Protection of Animals Act and with the guide-

lines for the welfare of experimental animals issued by the European Communities Council Directive.

Acute cerebellar slices were prepared from mature P35–P42 C57BL/6 mice of either sex as previ-

ously described (Hallermann et al., 2010). Isoflurane was used to anesthetize the mice, which were

then sacrificed by decapitation. The cerebellar vermis was quickly removed and mounted in a cham-

ber filled with chilled extracellular solution. 300-mm-thick parasagittal slices were cut using a Leica

VT1200 microtome (Leica Microsystems), transferred to an incubation chamber at 35˚C for ~30 min,

and then stored at room temperature until use. The extracellular solution for slice cutting and stor-

age contained (in mM) the following: NaCl 125, NaHCO3 25, glucose 20, KCl 2.5, CaCl2 2, NaH2PO4

1.25, MgCl21 (310 mOsm, pH 7.3 when bubbled with Carbogen [5% (vol/vol) O2/95% (vol/vol) CO2]).

All recordings were restricted to lobules IV/V of the cerebellar vermis to reduce potential functional

heterogeneity among different lobules (Straub et al., 2020).

Presynaptic recordings and flash photolysis
All recordings were performed at near-physiological temperature by adjusting the set temperature

of the TC-324B perfusion heat controller (Warner Instruments, Hamden, CT, United States) until the

temperature in the center of the recording chamber with immersed objective was between 36.0˚C

and 36.3˚C. This process was repeated before using a new brain slice. During recordings, the ther-

mometer was put at the side of the recording chamber and the readout was monitored to avoid

potential drifts in temperature (the readout was between 32˚C and 34˚C, critically depending on the

position of the thermometer, and changed during recording from one brain slice by less than 0.5˚C).

The room temperature was controlled using an air conditioner set to 24˚C. Presynaptic patch-pip-

ettes were from pulled borosilicate glass (2.0/1.0 mm outer/inner diameter; Science Products) to

open-tip resistances of 3–5 MW (when filled with intracellular solution) using a DMZ Puller (Zeitz-

Instruments, Munich, Germany). Slices were superfused with artificial cerebrospinal fluid (ACSF) con-

taining (in mM): NaCl 105, NaHCO3 25, glucose 25, TEA 20, 4-AP 5, KCl 2.5, CaCl2 2, NaH2PO4

1.25, MgCl2 1, and tetrodotoxin (TTX) 0.001, equilibrated with 95% O2 and 5% CO2. Cerebellar

mossy fiber boutons (cMFBs) were visualized with oblique illumination and infrared optics (Ritzau-

Jost et al., 2014). Whole-cell patch-clamp recordings of cMFBs were performed using a HEKA

EPC10/2 amplifier controlled by Patchmaster software (HEKA Elektronik, Lambrecht, Germany). The

intracellular solution contained (in mM): CsCl 130, MgCl2 0.5, TEA-Cl 20, HEPES 20, Na2ATP 5,

NaGTP 0.3. For Ca2+ uncaging experiments, equal concentrations of DM-nitrophen (DMn) and

CaCl2 were added depending on the aimed post-flash Ca2+ concentration, such that either 0.5, 2, or

10 mM was used for low, middle, or high target range of post-flash Ca2+ concentration, respectively

(Table 1). To quantify post-flash Ca2+ concentration with a previously established dual indicator

method (see below; Delvendahl et al., 2015; Sabatini et al., 2002), Atto594, OGB-5N, and Fluo-5F

were used at concentrations as shown in (Table 1).
A 50 mM solution stock of DMn was prepared by neutralizing 50 mM DMn in H2O with 200 mM

CsOH in H2O. The purity of each DMn batch was determined in the intracellular solution used for

patching through titration with sequential addition of Ca2+ as previously described (Schneggenbur-

ger, 2005) and by measuring the Ca2+ concentration using the dual indicator method with 10 mM

Atto594 and 50 mM OGB1 (Delvendahl et al., 2015).
After waiting for at least one minute in whole-cell mode to homogenously load the terminal with

intracellular solution, capacitance measurements were performed at a holding potential of !100 mV

with sine-wave stimulation (5 kHz or 10 kHz frequency and ±50 mV amplitude; Hallermann et al.,

2003). Distant mossy fiber boutons on the same axon are unlikely to contaminate capacitance meas-

urements because investigations at hippocampal mossy fiber buttons indicate that the high-fre-

quency sine-wave techniques as used in our study are hardly affected by release from neighboring

boutons on the same axon (Hallermann et al., 2003). During the ongoing sine-wave stimulation, a

UV laser source (375 nm, 200 mW, Rapp OptoElectronic) was used to illuminate the whole presynap-

tic terminal. According to a critical illumination, the end of the light guide of the UV laser was

imaged into the focal plan resulting in a homogeneous illumination in a circular area of ~30 mm diam-

eter (Figure 2—figure supplement 1). The duration of the UV illumination was 100 ms controlled

with sub-microsecond precision by external triggering of the laser source. In capacitance
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measurements with 10 kHz sine wave frequency, longer pulses of 200 ms were used to reach high

Ca2+ levels. In a subset of experiments, UV pulses of 1 ms were used to rule out fast undetectable

Ca2+ overshoots (Bollmann et al., 2000; Figure 3—figure supplement 2). The UV flash intensity

was set to 100% and reduced in some experiments (10–100%) to obtain small elevations in Ca2+ con-

centrations (Table 1). To avoid photoproducts-induced cell toxicity, we applied only one flash per

recording. In a subset of the paired recordings with weak UV illumination (post-flash Ca2+ concentra-

tion < 5 mM), we used consecutive flashes on the same cell (from 43 paired cells, 16 consecutive

recordings were used).

Paired recordings between cMFBs and GCs
For paired pre- and postsynaptic recordings, granule cells (GCs) were whole-cell voltage-clamped

with intracellular solution containing the following (in mM): K-gluconate 150, NaCl 10, K-HEPES 10,

MgATP three and Na-GTP 0.3 (300–305 mOsm, pH adjusted to 7.3 with KOH). 10 mM Atto594 was

included to visualize the dendrites of the GCs (Ritzau-Jost et al., 2014). After waiting sufficient time

to allow for the loading of the dye, the GC dendritic claws were visualized through two-photon

microscopy, and subsequently, cMFBs near the dendrites were identified by infrared oblique illumi-

nation and were patched and loaded with caged Ca2+ and fluorescent indicators as previously

described. The reliable induction of an EPSC in the GC was used to unequivocally confirm a cMFB-

GC synaptic connection. In a subset of the Ca2+ uncaging experiments, simultaneous presynaptic

capacitance and postsynaptic EPSC recordings were performed from cMFBs and GCs, respectively.

Clamping intracellular basal Ca2+ concentrations
The intracellular solution for presynaptic recordings of the data shown in Figure 1 contained the fol-

lowing in mM: K-gluconate 150, NaCl 10, K-HEPES 10, MgATP 3, Na-GTP 0.3. With a combination

of EGTA and CaCl2 (5 mM EGTA / 0.412 mM CaCl2 or 6.24 mM EGTA / 1.65 mM CaCl2), we aimed

to clamp the free Ca2+ concentration to low and high resting Ca2+ concentrations of ~50 or ~200

nM, respectively, while maintaining a free EGTA concentration constant at 4.47 mM. The underlying

calculations were based on a Ca2+ affinity of EGTA of 543 nM (Lin et al., 2017). The resulting free

Ca2+ concentration was quantified with the dual indicator method (see below) and was found to be

to ~30 or ~180 nM, respectively (Figure 1A).

Quantitative two-photon Ca2+ imaging
For the quantification of Ca2+ signals elicited through UV-illumination-induced uncaging, two-photon

Ca2+ imaging was performed as previously described (Delvendahl et al., 2015) using a Femto2D

laser-scanning microscope (Femtonics) equipped with a pulsed Ti:Sapphire laser (MaiTai, Spectra-

Physics) adjusted to 810 nm, a 60"/1.0 NA objective (Olympus), and a 1.4 NA oil-immersion con-

denser (Olympus). Data were acquired by doing line-scans through the cMFB. To correct for the

flash-evoked luminescence from the optics, the average of the fluorescence from the line-scan in an

area outside of the bouton was subtracted from the average of the fluorescence within the bouton

(Figure 2B). Imaging data were acquired and processed using MES software (Femtonics). Upon

releasing Ca2+ from the cage, we measured the increase in the green fluorescence signal of the

Ca2+-sensitive indicator (OGB-5N or Fluo-5F) and divided it by the fluorescence of the Ca2+-insensi-

tive Atto594 (red signal). The ratio (R) of green-over-red fluorescence was translated into a Ca2+ con-

centration through the following calculation (Yasuda et al., 2004).

Ca2þ
! "

¼KD
R!Rminð Þ

Rmax !Rð Þ

To avoid pipetting irregularities, which might influence the quantification of the fluorescence sig-
nals, pre-stocks of Ca2+-sensitive and Ca2+-insensitive indicators were used. For each pre-stock and

each intracellular solution, 10 mM EGTA or 10 mM CaCl2 were added to measure minimum (Rmin)

and maximum (Rmax) fluorescence ratios, respectively. We performed these measurements in cMFBs

and GCs as well as in cuvettes. Consistent with a previous report (Delvendahl et al., 2015), both

Rmin and Rmax were higher when measured in cells than in cuvettes (by a factor of 1.73 ± 0.05; n = 83

and 63 measurements in situ and in cuvette; Figure 3—figure supplement 3A). The values in cMFBs

and GCs were similar (Figure 3—figure supplement 3B). OGB-5N is not sensitive in detecting Ca2+
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concentrations less than 1 mM. Therefore, we deliberately adjusted Rmin of OGB-5N in the recordings

where the pre-flash Ca2+ had negative values, to a value resulting in a pre-flash Ca2+ concentration

of 60 nM, which corresponds to the average resting Ca2+ concentration in these boutons

(Delvendahl et al., 2015). This adjustment of Rmin resulted in a reduction of post-flash Ca2+ ampli-

tudes of on average 7.5 ± 0.4% (n = 37).
The fluorescence properties of DMn change after flash photolysis, and the Ca2+ sensitive and

insensitive dyes can differentially bleach during UV flash (Schneggenburger, 2005; Zucker, 1992).

We assumed no effect of the UV flash on the KD of the Ca2+-sensitive dyes (Escobar et al., 1997),

and measured Rmin and Rmax before and after the flash for each used UV flash intensity and duration

in each of the three solutions (Table 1; Schneggenburger and Neher, 2000). The flash-induced

change was strongest for Rmax of solutions with OGB-5N, but reached only ~20% with the strongest

flashes (Figure 3—figure supplement 3F).

Deconvolution
Deconvolution of postsynaptic currents was performed essentially as described by Ritzau-Jost et al.,

2014, based on routines developed by Sakaba and Neher, 2001b. The principle of this method is

that the EPSC comprises currents induced by synchronous release and residual glutamate in the syn-

aptic cleft due to delayed glutamate clearance and glutamate spill-over from neighboring synapses,

which is prominent at the cMFB to GC synapses (DiGregorio et al., 2002). Kynurenic acid (2 mM)

and Cyclothiazide (100 mM) were added to the extracellular solution to reduce postsynaptic receptor

saturation and desensitization, respectively. The amplitude of the miniature EPSC (mEPSC) was set

to the mean value of 10.1 pA (10.1 ± 0.2 pA; n = 8) as measured in 2 mM kynurenic acid and 100 mM

cyclothiazide. Kynurenic acid has been reported to absorb UV light resulting in a reduction of the

uncaging efficiency (Sakaba et al., 2005; Wölfel et al., 2007). However, kynurenic acid particularly

absorbs UV light at wavelength below 370 nm (Wölfel et al., 2007) suggesting that the reduction in

the uncaging efficiency at the wavelength used in this study (375 nm) might be small. In agreement

with this, we were able to increase the post-flash Ca2+ concentrations to ~50 mM.
The deconvolution kernel had the following free parameters: the mEPSC early slope t0, the frac-

tional amplitude of the slow mEPSC decay phase a, the time constant of the slow component of the

decay t2 of the mEPSC, the residual current weighting factor b, and the diffusional coefficient d.

Applying the ‘fitting protocol’ described by Sakaba and Neher, 2001b before flash experiments

might affect the number of vesicles released by subsequent Ca2+ uncaging. On the other hand,

applying the ‘fitting protocol’ after Ca2+ uncaging might underestimate the measured number of

vesicles due to flash-induced toxicity and synaptic fatigue especially when applying strong Ca2+

uncaging. Therefore, we used the experiments with weak and strong flashes to extract the mini-

parameters and the parameters for the residual current of the deconvolution kernel, respectively, as

described in the following in more detail. To obtain the mini parameters (early slope, a, and t2) using

weak flashes, deconvolution was first performed with a set of trial parameters for each cell pair. The

mini-parameters of the deconvolution were optimized in each individual recording to yield low (but

non-negative) step-like elevations in the cumulative release corresponding to small EPSCs measured

from the postsynaptic terminal (the parameters for the residual current had little impact on the early

phase of the cumulative release rate within the first 5 ms, therefore, some reasonable default values

for the parameters of the residual current were used while iteratively adjusting the fast mini parame-

ters for each individual recording). Next, using the average of the mini-parameters obtained from

weak flashes, the deconvolution parameters for the residual current (b and d) were optimized in

each recording with strong flashes until no drops occurred in the cumulative release in the range of

5–50 ms after the stimulus (while iteratively readjusting the mini parameters, if needed, to avoid any

drops in the cumulative release in the window of 5–10 ms that might arise when adjusting the slow

parameters based on the cumulative release in the range of 5–50 ms). Finally, we averaged the val-

ues of each parameter and the deconvolution analysis of all recordings was re-done using the aver-

age parameters values. To test the validity of this approach, cumulative release from deconvolution

of EPSCs and presynaptic capacitance recordings were compared in a subset of paired recordings (n

= 9 pairs) similarly as done in previous investigations (Ritzau-Jost et al., 2014). Exponential fits to

the cumulative release and the presynaptic capacitance traces provided very similar time constants.

On a paired-wise comparison, the difference in the time constant was always less than 40%
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(Figure 3—figure supplement 4). Therefore, both approaches yielded similar exponential time

constants.
To combine the sustained release rate estimated from capacitance measurements (Figure 5B)

and deconvolution analysis of EPSC (Figure 5C) for the modeling with release schemes (Figure 6E),

we estimated the number of GCs per cMFB by comparing the product of the amplitude and the

inverse of the time constant of the exponential fit of the presynaptic capacitance trace and the simul-

taneously measured cumulative release trace obtained by deconvolution analysis. Assuming a capac-

itance of 70 aF per vesicle (Hallermann et al., 2003), we obtained an average value of 90.1 GCs per

MFB in close agreement with previous estimates using a similar approach (Ritzau-Jost et al., 2014).

This connectivity ratio is larger than previous estimates (~10, Billings et al., 2014; ~50, Jakab and

Hamori, 1988) which could be due to a bias toward larger terminals, ectopic vesicle release, post-

synaptic rundown, or release onto Golgi cells.

Measurement of Ca2+ concentration using a Ca2+-sensitive electrode
A precise estimation of the binding affinity of the Ca2+-sensitive dyes is critical in translating the fluo-

rescence signals into Ca2 concentration. It has been reported that the KD of fluorescent indicators

differs significantly depending on the solution in which it is measured (Tran et al., 2018) due to

potential differences in ionic strength, pH, and concentration of other cations. Accordingly, different

studies have reported different estimates of the KD of OGB-5N having an up to eight-fold variability

(Delvendahl et al., 2015; DiGregorio and Vergara, 1997; Neef et al., 2018). In these studies, the

estimation of the KD of the Ca2+ sensitive dyes depended on the estimated KD of the used Ca2+ che-

lator, which differs based on the ionic strength, pH, and temperature of the solution used for calibra-

tion. So, we set out to measure the KD of OGB-5N, in the exact solution and temperature, which we

used during patching, through direct potentiometry using an ion-selective electrode combined with

two-photon Ca2+ imaging. An ion-selective electrode for Ca2+ ions provides a direct readout of the

free Ca2+ concentration independent of the KD of the used Ca2+ chelator. Using the same intracellu-

lar solution and temperature as used during experiments, the potential difference between the

Ca2+-sensitive electrode (ELIT 8041 PVC membrane, NICO 2000) and a single junction silver chloride

reference electrode (ELIT 001 n, NIC0 2000) was read out with a pH meter in voltage mode. A series

of standard solutions, with defined Ca2+ concentration (Thermo Fisher Scientific) covering the whole

range of our samples, were used to plot a calibration curve of the potential (mV) versus Ca2+ concen-

tration (mM). Then, the potential of several sample solutions containing the same intracellular solu-

tion used for patching, but with different Ca2+ concentrations buffered with EGTA, was determined.

This way, we got a direct measure of the free Ca2+ concentration of several sample solutions, which

were later used after the addition of Ca2+-sensitive fluorometric indicators to plot the fluorescence

signal of each solution versus the corresponding free Ca2+ concentration verified by the Ca2+-sensi-

tive electrode, and accordingly the KD of the Ca2+ indicators were obtained from fits with a Hill

equation. The estimated KD was two-fold higher than the estimate obtained using only the Ca2+ Cal-

ibration Buffer Kit (Thermo Fisher Scientific) without including intracellular patching solution (Fig-

ure 3—figure supplement 1). Comparable results were obtained when estimating the free Ca2+

concentration using Maxchelator software (https://somapp.ucdmc.ucdavis.edu/pharmacology/bers/

maxchelator/). Therefore, we used two independent approaches to confirm the KD of OGB-5N. We

found that TEA increased the potential of the solutions measured through the Ca2+-sensitive elec-

trode, which is consistent with a previous report showing a similar effect of quaternary ammonium

ions on potassium sensitive microelectrodes (Neher and Lux, 1973). We compared the fluorescence

signals of our samples with or without TEA, to check if this effect of TEA is due to an interaction with

the electrode or due to an effect on the free Ca2+ concentration, and found no difference. There-

fore, TEA had an effect on the electrode read-out without affecting the free Ca2+, and accordingly,

TEA was removed during the potentiometric measurements (Figure 3—figure supplement 1). This

resulted in a good agreement of the estimates of the free Ca2+ concentration measured using a

Ca2+-sensitive electrode and those calculated via Maxchelator.

Assessment of the UV energy profile
The homogeneity of the UV laser illumination at the specimen plane was assessed in vitro by uncag-

ing fluorescein (CMNB-caged fluorescein, Thermo Fisher Scientific). Caged fluorescein (2 mM) was
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mixed with glycerol (5% caged fluorescein/ 95% glycerol) to limit the mobility of the released dye

(Bollmann et al., 2000). We did the measurements at the same plane as we put the slice during an

experiment. The fluorescence profile of the dye after being released from the cage was measured at

different z-positions over a range of 20 mm. The intensity of fluorescein was homogenous over an

area of 10 mm x 10 mm x 10 mm which encompasses the cMFB.

Data analysis
The increase in membrane capacitance and in cumulative release based on deconvolution analysis

was fitted with the following single or bi-exponential functions using Igor Pro (WaveMetrics) includ-

ing a baseline and a variable onset.

fmono tð Þ ¼
0 if t<d;

a 1! exp !ðt!dÞ
t

h i# $

if t' d

(

fbi tð Þ ¼
0 if t<d;

a 1! a1exp !ðt!dÞ
t 1

h i

!ð1! a1Þexp !ðt!dÞ
t 2

h i# $

if t' d

(
(1)

where d defines the delay, a the amplitude, t the time constant of the mono-exponetial fit, t 1 and
t 2 the time constants of the fast and slow components of the bi-exponential fit, respectively, and a1

the relative contribution of the fast component of the bi-exponential fit. The fitting of the release

traces was always done with a time window of 5 ms before and 10 ms after flash onset. If the time

constant of the mono-exponential fit exceeded 10 ms, a longer fitting duration of 60 ms after flash

onset was used for both the experimental and the simulated data.
The acceptance of a bi-exponential fit was based on the fulfillment of the following three criteria:

(1) at least 4% decrease in the sum of squared differences between the experimental trace and the

fit compared with a mono-exponential fit (c2mono/c
2
bi > 1.04), (2) the time constants of the fast and

the slow components differed by a factor >3, and (3) the relative contribution of each component

was >10% (i.e. 0.1 < a1 < 0.9). If any of these criteria was not met, a mono-exponential function was

used instead. In the case of weak flashes, where we could observe single quantal events within the

initial part of the EPSC, mono-exponential fits were applied. In Figure 1, bi-exponential functions

were used to fit the decay of the EPSC and the amplitude-weighted time constants were

used (Hallermann et al., 2010).
Hill equations were used to fit the release rate versus intracellular Ca2+ concentration on a double

logarithmic plot according to the following equation:

H xð Þ ¼ Log Vmax
1

1þ KD

10x

% &n

" #

(2)

where Log is the decadic logarithm, Vmax the maximal release rate, KD the Ca2+ concentration at
the half-maximal release rate, and n the Hill coefficient. H(x) was fit on the decadic logarithm of the

release rates and x was the decadic logarithm of the intracellular Ca2+ concentration.

Modeling of intra-bouton Ca2+ dynamics
We simulated the intra-bouton Ca2+ dynamics using a single compartment model. The kinetic reac-

tion schemes for Ca2+ and Mg2+-uncaging and -binding (Figure 6A) were converted to a system of

ordinary differential equations (ODEs) that was numerically solved using the NDSolve function in

Mathematica 12 (Wolfram) as described previously (Bornschein et al., 2019). The initial conditions

for the uncaging simulation were derived by first solving the system of ODEs for the steady state

using total concentrations of all species and the experimentally determined [Ca2+]rest as starting val-

ues. Subsequently, the values obtained for all free and bound species were used as initial conditions

for the uncaging simulation. The kinetic properties of DMn were simulated according to Faas et al.,

2005, Faas et al., 2007. The total DMn concentration ([DMn]T) includes the free form ([DMn]), the

Ca2+-bound form ([CaDMn]), and the Mg2+-bound form ([MgDMn]). Each of these forms is subdi-

vided into an uncaging fraction (a) and a non-uncaging fraction (1-a). The uncaging fractions were

further subdivided into a fast (af) and a slow (1-af) uncaging fraction:

[DMn]T = [DMn]f + [DMn]s + [CaDMn]f + [CaDMn]s+ [MgDMn]f + [MgDMn]s
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[DMn] = [DMn]f + [DMn]s
[DMn]f = a af [DMn]
[DMn]s = a (1-af) [DMn]
[CaDMn] = [CaDMn]f + [CaDMn]s
[CaDMn]f = a af [CaDMn]
[CaDMn]s = a (1-af) [CaDMn]
[MgDMn] = [MgDMn]f + [MgDMn]s
[MgDMn]f = a af [MgDMn]
[MgDMn]s = a (1-af) [MgDMn]

The suffixes ‘T’, ‘f’, and ‘s’ indicate total, fast or slow, respectively. The transition of fast and slow
uncaging fractions into low-affinity photoproducts (PP) occurred with fast (tf) or slow (ts) time con-

stants, respectively. Free Ca2+ or Mg2+-bound DMn decomposed into two photoproducts (PP1,

PP2) differing with respect to their binding kinetics. The binding kinetics of all species were gov-

erned by the corresponding forward (kon) and backward (koff) rate constants

d CaDMn½ )

dt x
¼ kon Ca½ ) DMn½ )x!koff CaDMn½ )x!

CaDMn½ )x
t x

H t! t flash
% &

x¼ f ; s

d MgDMn½ )

dt x
¼ kon Mg½ ) DMn½ )x!koff MgDMn½ )x!

MgDMn½ )x
t x

H t! t flash
% &

x¼ f ; s

d DMn½ )
dt x

¼ !kon Ca½ ) DMn½ )xþkoff CaDMn½ )x!kon Mg½ ) DMn½ )xþkoff MgDMn½ )x
cc

! DMn½ )x
t x

H t! t flash
% &

x¼ f ; s

d CaPP1½ )
dt

¼ kon Ca½ ) PP1½ )! koff CaPP1½ )þ
CaDMn½ )f

t f
H t! t flash
% &

þ CaDMn½ )s
t s

H t! t flash
% &

d MgPP1½ )

dt
¼ kon Mg½ ) PP1½ ) ! koff MgPP1½ )

d PP1½ )
dt

¼ !kon Ca½ ) PP1½ )þ koff CaPP1½ )! kon Mg½ ) PP1½ ) þ koff MgPP1½ )

þ
CaDMn½ )f

t f
H t! t flash
% &

þ CaDMn½ )s
t s

H t! t flash
% &

d CaPP2½ )

dt
¼ kon Ca½ ) PP2½ ) ! koff CaPP2½ )

d MgPP2½ )
dt

¼ kon Mg½ ) PP2½ ) ! koff MgPP2½ )þ
MgDMn½ )f

t f
H t! t flash
% &

þ MgDMn½ )s
t s

H t! t flash
% &

d PP2½ )

dt
¼ !kon Ca½ ) PP2½ ) þ koff CaPP2½ )! kon Mg½ ) PP2½ )þ koff MgPP2½ )

þ2
DMn½ )f
t f

H t! t flash
% &

þ
DMn½ )s
t s

H t! t flash
% &

þ
MgDMn½ )f

t f

H t! t flash
% &

þ
MgDMn½ )s

t s

H t! t flash
% &

where H is the Heaviside step function and tflash the time of the UV flash. Ca2+ and Mg2+-binding
to the dye, ATP, and an endogenous buffer (EB) were simulated by second-order kinetics:

d Ca½ )
dt buffer

¼ !kon;j Ca½ ) B½ ) þ koff ;j CaB½ ) j¼ dye; ATP; EB
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d Mg½ )
dt

¼ !kon;j Mg½ ) B½ ) þ koff ;j MgB½ ) j¼ ATP

d B½ )
dt

¼ ! d CaB½ )
dt

! d MgB½ )
dt

B¼ dye; ATP; EB

The time course of the total change in Ca2+ concentration or Mg2+ concentration is given by the
sum of all the above equations involving changes in Ca2+ concentration or Mg2+ concentration,

respectively. Ca2+ concentration as reported by the dye was calculated from the concentration of

the Ca2+-dye complex assuming equilibrium conditions (Markram et al., 1998). The clearing of Ca2+

from the cytosol was not implemented in these simulations. Instead, the Ca2+ concentration was sim-

ulated only for 10 ms after the flash. The experimentally observed subsequent decay of the Ca2+

concentration was implemented by an exponential decay to the resting Ca2+ concentration with a

time constant of 400 ms. The parameters of the model are given in Table 2.
These simulations were used to obtain Ca2+ transients with peak amplitudes covering the entire

range of post-flash Ca2+ concentrations. To this end, the uncaging efficiency a was varied in each of

the three experimentally used combinations of concentrations of DMn and Ca2+ indicators (see

Table 1 for details).

Modeling of release schemes
Model one with two Ca2+ binding steps mediating fusion and one Ca2+-dependent priming step

was defined according to the following differential equation

dV0CaðtÞ=dt
dV1CaðtÞ=dt
dV2CaðtÞ=dt
dVfusedðtÞ=dt

0

B

B

@

1

C

C

A

¼M

V0CaðtÞ
V1CaðtÞ
V2CaðtÞ
VfusedðtÞ

0

B

B

@

1

C

C

A

V0Ca, V1Ca, and V2Ca denote the fraction of vesicles with a fusion sensor with 0 to 2 bound Ca2+

ions, respectively, and Vfused denotes the fused vesicles as illustrated in Figure 6D. The reserve pool

VR is considered to be infinite. M denotes the following 4x4 matrix:

!2kon!kunprimþkprim=V0CaðtÞ koff 0 0

2kon !koff!kon 2koff b 0

0 kon !y!2koff b 0

0 0 y 0

0

B

B

@

1

C

C

A

See Table 3 for the values and Ca2+-dependence of the rate constants in the matrix.
The initial condition was defined as V0Ca(0) = kprim/kunprim and V1Ca(0), V2Ca(0), and Vfused(0) was

zero. kprim was the sum of a Ca2+-dependent and Ca2+-independent rate constants. The Ca2+-

dependence was implemented as a Michaelis-Menten kinetic with a maximum rate constant of 30

s!1 (Ritzau-Jost et al., 2014) and a KD of 2 mM (Miki et al., 2018). The Ca2+-independent rate con-

stant was 0.6 s!1, adjusted to reproduce the factor of 3 upon elevating Ca2+ from 30 to 180 nM

(Figures 1D and 7D). kunprim was defined such that the occupancy V0Ca(0) = 1 for the default pre-

flash resting Ca2+ concentration of 227 nM (Tables 2 and 3). The occupancy was set to 1 for simplic-

ity in all models because our data did not allow determining the occupancy (but for evidence of

occupancy < 1 see Pulido and Marty, 2017).
The differential equations were solved with the NDSolve function of Mathematica. The Ca2+ con-

centration, Ca2+(t), was obtained from the simulations as described in the previous paragraph.

Vfused tð Þ represents the cumulative release normalized to the pool of release-ready vesicles per cMFB

to GC connection. To reproduce the absolute sustained release rate (Figures 5, 6D), Vfused tð Þ was

multiplied by a pool of release-ready vesicles per connection of 10 vesicles. The cumulative release,

Vfused tð Þ, including a pre-flash baseline was sampled with 5 or 10 kHz. Realistic noise for 5- or 10-kHz-

capacitance or deconvolution measurements was added and the data, in the 10 ms-window after the

flash, were fit with mono- and bi- exponential functions (Equation 1). The selection of a bi- over a

mono-exponential fit was based on identical criteria as in the analysis of the experimental data

including the prolongation of the fitting duration from 10 to 60 ms if the time constant of the mono-

exponential fit was >10 ms (see section Data analysis). For each peak post-flash Ca2+ concentration
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(i.e. simulated Ca2+(t) transient) the sampling, addition of noise, and exponential fitting were

repeated 50 times. The median of these values represents the prediction of the model for each peak

post flash Ca2+ concentration. The parameters of the r were manually adjusted to obtain best-fit

results.
Model 2 was a sequential two-pool model based on Miki et al., 2018 with five Ca2+ binding

steps mediating fusion and two Ca2+-dependent priming steps defined according to the following

differential equations

dV2;0CaðtÞ=dt
dV2;1CaðtÞ=dt
dV2;2CaðtÞ=dt
dV2;3CaðtÞ=dt
dV2;4aðtÞ=dt
dV2;5CaðtÞ=dt
dV2;fusedðtÞ=dt

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

¼M

V2;0CaðtÞ
V2;1CaðtÞ
V2;2CaðtÞ
V2;3CaðtÞ
V2;4CaðtÞ
V2;5CaðtÞ
V2;fusedðtÞ

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

V2;0Ca, V2;1Ca, . . ., and V2;5Ca denote the fraction of vesicles with a fusion sensor with 0 to 5 bound

Ca2+ ions, respectively, and V2;fused denotes fused vesicles as illustrated in Figure 6D. The fraction of

vesicles in state V1 is calculated according to the following differential equation

dV1 tð Þ

dt
¼ kprim1! kunprim1 V1 tð Þ! kprim2 V1 tð Þþ kunprim2 V2;0Ca tð Þ

M denotes the following 7x7 matrix:

!5kon!kunprim2þkprim2=V1ðtÞ=V2;0CaðtÞ koff 0 0 0 0 0

5kon !koff!4kon 2koff b 0 0 0 0

0 4kon !2koff b!3kon 3koff b2 0 0 0

0 0 3kon !3koff b2!2kon 4koff b3 0 0

0 0 0 2kon !4koff b3!kon 5koff b4 0

0 0 0 0 kon !y!5koff b4 0

0 0 0 0 0 y 0

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

To implement the use-dependent slowing of the release rate constants of this model (Miki et al.,
2018) in a deterministic way, a site-plugging state, P tð Þ, was defined according to

dP tð Þ

dt
¼ 1!P tð Þð Þ

dV2;fused

dt
tð Þ! 40ms P tð Þ (3)

P tð Þ is approaching one during strong release and decays with a time constant of 40 ms back to
zero. Similar to the implementation by Miki et al., 2018, the rate constants kon and koff were linearly

interpolated between two values depending on P tð Þ as

kon tð Þ ¼ kon;init þ kon;plugged ! kon;init
% &

P tð Þ (4)

koff tð Þ ¼ koff ;init þ koff ;plugged ! koff ;init
% &

P tð Þ

The reserve pool VR is considered to be infinite. See Table 3 for the values and Ca2+-dependence
of the rate constants in these differential equations.

The initial condition is defined as V1(0) = kprim1/kunprim1 and V2,0Ca(0) = (kprim1/kunprim1)*(kprim2/kun-
prim2). The initial condition of the other state V2,1Ca(0) to V5,0Ca(0), Vfused(0), and P 0ð Þ were zero.

kprim1 and kprim2 were the sum of a Ca2+-dependent and Ca2+-independent rate constant defined

similarly as described in Miki et al., 2018 and adjusted as described for model 1. kunprim1 and kun-

prim2 were defined such that the occupancy V1(0) = 1 and V2,0Ca(0) = 1 for the default pre-flash rest-

ing Ca2+ concentration of 227 nM (Tables 2 and 3).
Model 3 was a parallel two-pool model similar as described by Voets, 2000 and Walter et al.,

2013 but with five Ca2+ binding steps mediating fusion of both types of vesicles and a Ca2+-inde-

pendent priming step for V1 vesicles and a Ca2+-dependent transition step from V1 to V2 vesicles

defined according to the following differential equations
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dV1;0CaðtÞ=dt
dV1;1CaðtÞ=dt
dV1;2CaðtÞ=dt
dV1;3CaðtÞ=dt
dV1;4aðtÞ=dt
dV1;5CaðtÞ=dt
dV1;fusedðtÞ=dt

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

¼M1

V1;0CaðtÞ
V1;1CaðtÞ
V1;2CaðtÞ
V1;3CaðtÞ
V1;4CaðtÞ
V1;5CaðtÞ
V1;fusedðtÞ

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

dV2;0CaðtÞ=dt
dV2;1CaðtÞ=dt
dV2;2CaðtÞ=dt
dV2;3CaðtÞ=dt
dV2;4aðtÞ=dt
dV2;5CaðtÞ=dt
dV2;fusedðtÞ=dt

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

¼M2

V2;0CaðtÞ
V2;1CaðtÞ
V2;2CaðtÞ
V2;3CaðtÞ
V2;4CaðtÞ
V2;5CaðtÞ
V2;fusedðtÞ

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

V1;0Ca; V1;1Ca; ::::andV1;5Ca denote the fraction of vesicles with a low-affinity fusion sensor with 0 to

5 bound Ca2+ ions, respectively, and V2;0Ca; V2;1Ca; ::::andV2;5Ca denote the fraction of vesicles with a

high-affinity fusion sensor with 0 to 5 bound Ca2+ ions, respectively. V1;fused and V2;fused denote fused

vesicles as illustrated in Figure 6D.
M1 denotes the following 7x7 matrix:

!5kon1!kunprim1!kprim2þkprim1=V1;0CaðtÞþkunprim2=V2;0CaðtÞ=V1;0CaðtÞ koff 1 0 0 0 0 0

5kon1 !koff1!4kon1 2koff 1b 0 0 0 0

0 4kon1 !2koff 1b!3kon1 3koff1b2 0 0 0

0 0 3kon1 !3koff 1b2!2kon1 4koff1b3 0 0

0 0 0 2kon1 !4koff 1b3!kon1 5koff 1b4 0

0 0 0 0 kon1 !y!5koff 1b4 0

0 0 0 0 0 y 0

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

M2 denotes the following 7x7 matrix:

!5kon1!kunprim2þkprim2V1;0CaðtÞ=V2;0CaðtÞ koff2 0 0 0 0 0

5kon2 !koff 2!4kon2 2koff2b 0 0 0 0

0 4kon2 !2koff 2b!3kon2 3koff 2b2 0 0 0

0 0 3kon2 !3koff2b2!2kon2 4koff 2b3 0 0

0 0 0 2kon2 !4koff 2b3!kon2 5koff 2b4 0

0 0 0 0 kon2 !y!5koff 2b4 0

0 0 0 0 0 y 0

0

B

B

B

B

B

B

B

B

@

1

C

C

C

C

C

C

C

C

A

The initial condition is defined as V2,0Ca(0) = kprim1/kunprim1 and V2,0Ca(0) = (kprim1/kunprim1)*(kprim2/
kunprim2). The initial condition of the other state V1,1Ca(0) to V1,0Ca(0), V1,fused(0), and V2,1Ca(0) to

V2,0Ca(0), V2,fused(0) were zero. kprim1 was a Ca2+-independent rate constant and kprim2 was the sum

of a Ca2+-dependent and Ca2+-independent rate constants defined similarly as described in

Hallermann et al., 2010 and adjusted as described for model 1. kunprim1 and kunprim2 were defined

such that the occupancy V1,0Ca(0) = one and V2,0Ca(0) = one for the default pre-flash resting Ca2+

concentration of 227 nM (Tables 2 and 3).

Statistical analysis
Boxplots show median and 1st/3rd quartiles with whiskers indicating the whole data range (Figures 1

and 7). For statistical comparison, Mann-Whitney U tests were used, and the p-values are indicated

above the boxplots.
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UV, Taschenberger H, Brose N, Cooper BH. 2020. Ultrastructural imaging of Activity-Dependent synaptic
Membrane-Trafficking events in cultured brain slices. Neuron 108:843–860. DOI: https://doi.org/10.1016/j.
neuron.2020.09.004, PMID: 32991831

Ishiyama S, Schmidt H, Cooper BH, Brose N, Eilers J. 2014. Munc13-3 superprimes synaptic vesicles at granule
cell-to-basket cell synapses in the mouse cerebellum. The Journal of Neuroscience 34:14687–14696.
DOI: https://doi.org/10.1523/JNEUROSCI.2060-14.2014, PMID: 25355221

Jackman SL, Turecek J, Belinsky JE, Regehr WG. 2016. The calcium sensor synaptotagmin 7 is required for
synaptic facilitation. Nature 529:88–91. DOI: https://doi.org/10.1038/nature16507, PMID: 26738595

Jackman SL, Regehr WG. 2017. The mechanisms and functions of synaptic facilitation. Neuron 94:447–464.
DOI: https://doi.org/10.1016/j.neuron.2017.02.047, PMID: 28472650

Jakab RL, Hamori J. 1988. Quantitative morphology and synaptology of cerebellar glomeruli in the rat. Anatomy
and Embryology 179:81–88. DOI: https://doi.org/10.1007/BF00305102
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Figure 2 - figure supplement 1 
 
Measurement of the UV energy profile with caged fluorescein 
(A) 3D plot of the fluorescence profile in response to UV uncaging of caged-fluorescein at different z-positions. 
(B) Magnification of the middle part in panel (A) over a range of 10 ȝm. 

45



 
 

 
Figure 3 - figure supplement 1 
 
Measuring the KD of the Ca2+ sensitive dyes 
(A) Green (OGB-5N) over red (Atto594) fluorescence ratio for different Ca2+ concentrations, measured using 
either a Ca2+ calibration buffered kit or by clamping the free Ca2+ using EGTA in the intracellular patching 
solution. The free Ca2+ concentration was predicted from the kit, calculated with software like Maxchelator 
(MaxC) or measured by potentiometry using a Ca2+-sensitive electrode. The indicated KD values were obtained 
from superimposed fits with Hill equations. (B) Top: illustration of the Ca2+-sensitive electrode. Bottom: 
Example of a calibration curve of the Ca2+-sensitive electrode fitted with a straight line. (C) Effect of 
Tetraethylammonium (TEA) on the Ca2+-sensitive electrode at different Ca2+ concentrations. 20 mM TEA 
induced ~10-fold increase in the potential (left axis) and thus the read-out Ca2+ concentration (right axis) of 
intracellular solutions which had free Ca2+ concentrations clamped by EGTA to 3 ȝM, 30 ȝM, or 4 mM (pH was 
kept constant; bargraphs represent the mean; line-connected circles represent two independent repetitions). (D) 
Effect of TEA on G/R fluorescence ratio. The ratio of the intracellular solution containing only 10 mM EGTA 
(Rmin), free Ca2+ clamped with EGTA to 30 ȝM (R30ȝM), or 10 mM Ca2+ (Rmax) did not change upon adding 20 
mM TEA indicating that TEA is not contaminated with Ca2+ but instead TEA specifically interferes with the 
Ca2+-sensitive electrode. 
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Figure 3 - figure supplement 2 
 
Comparison of brief versus long UV illumination to rule out fast Ca2+ overshoots 
(A) Post-flash Ca2+ concentration obtained from long flashes of 1 ms duration and 10% UV intensity, 
normalized to post-flash Ca2+ concentration obtained from brief flashes of 0.1 ms duration and 100% UV 
intensity. Two consecutive weak flashes (brief and long) were applied on each cell (n = 6 paired cells). (B) 
Release rates obtained from long flashes of 1 ms duration and 10% UV intensity, normalized to release rates 
obtained from brief flashes of 0.1 ms duration and 100% UV intensity. Color code matches the data in A and B. 
Two consecutive weak flashes (brief and long) were applied on each cell (n = 6 paired cells). 
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Figure 3 - figure supplement 3 
 
Correction for the post-flash changes in the fluorescent properties of the intracellular solution 
(A) Green over red fluorescence (G/R) ratios measured in situ normalized to G/R ratios measured in cuvettes. 
Data represent the different solutions used throughout the study. (a±g) represent measurements obtained from 
different solutions prepared using different pre-stocks of the fluorescent indicators or a different DMn/Ca2+ 
concentration. (B) Green over red fluorescence (G/R) ratios measured in cMFBs normalized to G/R ratios 
measured in GCs. Data represent different solutions used throughout the study. (a±f) represent measurements 
obtained from different solutions prepared using different pre-stocks of the fluorescent indicators or a different 
DMn/Ca2+ concentration. (C) Example traces of in situ post-flash alterations in the green fluorescence, in the red 
fluorescence, and the overall drop in the G/R ratio (in black) in response to a UV flash of 0.1 ms duration and 
100% intensity. (D) Comparison of the UV-flash-induced bleaching of fluorescent indicators measured in cells 
to the UV-flash-induced bleaching of fluorescent indicators measured in cuvettes, in response to a UV flash of 
0.1 ms duration and 100% intensity. (E) Example traces of UV-flash-induced changes occurring in cuvettes in 
response to UV flashes of different intensities or duration. (F) Average UV-flash-induced changes occurring in 
cuvettes in response to UV flashes of different intensities or duration. 
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Figure 3 - figure supplement 4 
 
Comparison of the time constants obtained from presynaptic capacitance measurements (ĲCm) and analysis of 
postsynaptic current recordings (Ĳdeconv) 
The time constants were obtained from the initial fast component of exponential fits of the capacitance trace and 
the cumulative release trace obtained from the deconvolution analysis of the simultaneously recorded 
postsynaptic current. The line represents the identity relation (r2 = 0.98; n = 9 paired cMFB-GC recordings). 
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and Cognitive Research (CNCR), VU University, Amsterdam, Netherlands; 3Institut
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Abstract Cerebellar granule cells (GCs) make up the majority of all neurons in the vertebrate
brain, but heterogeneities among GCs and potential functional consequences are poorly
understood. Here, we identified unexpected gradients in the biophysical properties of GCs in mice.
GCs closer to the white matter (inner-zone GCs) had higher firing thresholds and could sustain
firing with larger current inputs than GCs closer to the Purkinje cell layer (outer-zone GCs). Dynamic
Clamp experiments showed that inner- and outer-zone GCs preferentially respond to high- and
low-frequency mossy fiber inputs, respectively, enabling dispersion of the mossy fiber input into its
frequency components as performed by a Fourier transformation. Furthermore, inner-zone GCs
have faster axonal conduction velocity and elicit faster synaptic potentials in Purkinje cells.
Neuronal network modeling revealed that these gradients improve spike-timing precision of
Purkinje cells and decrease the number of GCs required to learn spike-sequences. Thus, our study
uncovers biophysical gradients in the cerebellar cortex enabling a Fourier-like transformation of
mossy fiber inputs.

Introduction
Digital audio compression (e.g. ‘MP3’; Jayant et al., 1993) and image compression (e.g. ‘JPEG’;
Wallace, 1992) rely on Fourier transformations, which decompose a signal (e.g. sound amplitude as
a function of time or image intensity as a function of space) into its frequency components (power as
a function of frequency). By storing these frequency components with different precision depending
on psychophysical demands of hearing and seeing, the overall storage capacity can be increased
dramatically. In principle, neuronal networks consisting of neurons with varied electrophysiological
properties could be suitable for Fourier-like transformations of information. This could benefit proc-
essing in neuronal circuits by increasing the signal-to-noise ratio of input signals or by selecting only
relevant spectral components of a signal. Interestingly, there are indications that for example pyra-
midal neurons in the visual cortex and in the hippocampus are tuned to different inputs or different
input strengths (Cembrowski and Spruston, 2019; Fletcher and Williams, 2019; Soltesz and
Losonczy, 2018). However, whether these neuronal networks perform a Fourier-like transform of
their inputs remains unknown.
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Controlling the timing and precision of movements is considered to be one of the main functions
of the cerebellum. In the cerebellum, the firing frequency of Purkinje cells (PCs) (Heiney et al.,

2014; Herzfeld et al., 2015; Hewitt et al., 2011; Medina and Lisberger, 2007; Payne et al., 2019;

Sarnaik and Raman, 2018; Witter et al., 2013) or the timing of spikes (Brown and Raman, 2018;

Sarnaik and Raman, 2018) have been shown to be closely related to movement. Indeed, cerebellar

pathology impairs precision in motor learning tasks (Gibo et al., 2013; Martin et al., 1996) and tim-

ing of rhythmic learning tasks (Keele and Ivry, 1990). These functions are executed by a remarkably

simple neuronal network architecture. Inputs from mossy fibers (MFs) are processed by GCs and

transmitted via their parallel fiber (PF) axons to PCs, which provide the sole output from the cerebel-

lar cortex. GCs represent the first stage in cerebellar processing and have been proposed to provide

pattern separation and conversion of the MF input into a sparser representation (recently reviewed

by Cayco-Gajic and Silver, 2019). These MF inputs show a wide variety of signaling frequencies,

ranging from slow modulating activity to kilohertz bursts of activity (Arenz et al., 2008; Rancz et al.,

2007; Ritzau-Jost et al., 2014; van Kan et al., 1993). Interestingly, in most cellular models of the

cerebellum, each MF is considered to be either active or inactive with little consideration for this

wide range of frequencies (Albus, 1971; Marr, 1969). Furthermore, in these models, GCs are gener-

ally considered as a uniform population of neurons.
Here, we show that the biophysical properties of GCs differ according to their vertical position in

the GC layer. GCs located close to the white matter (inner-zone) preferentially transmit high-fre-

quency MF inputs, have shorter action potentials, and a higher voltage threshold to fire an action

potential compared with GCs close to the PC layer (outer-zone). These gradients in properties

of GCs enable a Fourier-like transformation of the MF input, where inner-zone GCs convey the high-

frequency, and outer-zone GCs the low-frequency components of the MF input. The different Four-

ier-like components are sent to PCs by specialized downstream signaling pathways, which differ in

PF axon diameters, action potential conduction velocity, and PC excitatory postsynaptic potential

eLife digest The timing of movements such as posture, balance and speech are coordinated by
a region of the brain called the cerebellum. Although this part of the brain is small, it contains a
huge number of tiny nerve cells known as granule cells. These cells make up more than half the
nerve cells in the human brain. But why there are so many is not well understood.

The cerebellum receives signals from sensory organs, such as the ears and eyes, which are passed
on as electrical pulses from nerve to nerve until they reach the granule cells. These electrical pulses
can have very different repetition rates, ranging from one pulse to a thousand pulses per second.
Previous studies have suggested that granule cells are a uniform population that can detect specific
patterns within these electrical pulses. However, this would require granule cells to identify patterns
in signals that have a range of different repetition rates, which is difficult for individual nerve cells to
do.

To investigate if granule cells are indeed a uniform population, Straub, Witter, Eshra, Hoidis et al.
measured the electrical properties of granule cells from the cerebellum of mice. This revealed that
granule cells have different electrical properties depending on how deep they are within the
cerebellum. These differences enabled the granule cells to detect sensory signals that had specific
repetition rates: signals that contained lots of repeats per second were relayed by granule cells in
the lower layers of the cerebellum, while signals that contained fewer repeats were relayed by
granule cells in the outer layers.

This ability to separate signals based on their rate of repetition is similar to how digital audio files
are compressed into an MP3. Computer simulations suggested that having granule cells that can
detect specific rates of repetition improves the storage capacity of the brain.

These findings further our understanding of how the cerebellum works and the cellular
mechanisms that underlie how humans learn and memorize the timing of movement. This
mechanism of separating signals to improve storage capacity may apply to other regions of the
brain, such as the hippocampus, where differences between nerve cells have also recently been
reported.
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(EPSP) kinetics. Computational simulations show that the biophysical gradients in the GC and molec-

ular layer significantly reduce the number of GCs required to learn a sequence of firing frequencies

and reduce the time needed to switch between firing frequencies.

Results

Gradients in the biophysical properties of inner- to outer-zone GCs
To investigate whether GCs are tuned for different frequencies, we first investigated the intrinsic

membrane properties of GCs from different depths within the GC layer in lobule V of the cerebellum

of P21-30 mice. We divided the GC layer into three zones and performed whole-cell current-clamp

recordings from inner- (closest to the white matter), middle- and outer-zone GCs (closest to

PCs) (Figure 1A,B). Upon current injection, inner-zone GCs were less excitable compared with

outer-zone GCs (Figure 1C). On average, the relationship between the frequency of action poten-

tials and the injected current was surprisingly different for inner- and outer-zone GCs (Figure 1D):

inner-zone GCs needed higher current injections to fire an action potential (inner: 56.8 ± 2.6 pA vs.

middle: 51.2 ± 2.0 pA vs. outer: 39.4 ± 2.0 pA; n = 38, 25, and 37, respectively; PKruskal-Wallis <0.0001;

Figure 1E) and to achieve the maximum firing rate compared with middle- and outer-zone GCs

(inner: 224.6 ± 9.8 pA vs. middle: 190.8 ± 9.6 pA vs. outer: 174.3 ± 9.0 pA, respectively; P
Kruskal-

Wallis
= 0.002; Figure 1F). Consistently, inner-zone GCs had a more depolarized threshold for action

potential generation compared with middle- and outer-zone GCs (!38.0 ± 0.7 mV vs. !38.2 ± 0.8

mV vs. !41.4 ± 0.6 mV; PKruskal-Wallis = 0.003; Figure 1G) and a lower input resistance (486 ± 27 MW

vs. 494 ± 27 MW vs. 791 ± 63 MW; PKruskal-Wallis = <0.0001; Figure 1H). Furthermore, the capacitance

of inner-zone GCs was significantly larger compared with outer-zone GCs (inner: 5.8 ± 0.2 pF vs.

middle: 5.8 ± 0.2 pF vs. outer: 4.6 ± 0.1 pF; PKruskal-Wallis = <0.0001 Figure 1I). In agreement with

these findings, we observed depolarization block in inner-zone GCs at higher current inputs than for

outer-zone GCs (Figure 1C,D). Furthermore, a larger delay of the first spike was observed in inner-

compared with outer-zone GCs (Figure 1J; PKruskal-Wallis = 0.0001; Figure 1K). The delay with 60 pA

current injection was 48 ± 6 ms for inner-, 38 ± 4 ms for middle-, and 23 ± 2 ms for outer-zone GCs

(n = 32, 25, and 37, respectively; note that 6 out of 38 inner-zone GCs did not fire an action poten-

tial at 60 pA). Finally, the action potential half-width of GCs differed significantly between the three

zones (inner: 122 ± 2 ms vs. middle: 137 ± 4 ms vs. outer: 143 ± 4 ms; PKruskal-Wallis = 0.0001;

Figure 1L). The distribution of the raw data (Figure 1—figure supplement 1) suggests a gradual

change in the average cell parameters along the depth axis of the GC layer, but two populations of

neurons (salt and pepper distribution), or three populations of neurons (inner-, middle-, and outer-

zone) cannot fully be ruled out.
To test whether these gradients are specific to lobule V, we investigated GCs in lobule IX. Here,

we observed very similar gradients to lobule V (Figure 1—figure supplement 2). In short, outer-

zone GCs were more excitable and had broader spikes compared with inner-zone GCs. Interestingly,

the absolute values between lobule V and IX differed (Figure 1—figure supplement 2), consistent

with previously described differences in, for example the firing frequency in vivo between these two

lobules (Witter and De Zeeuw, 2015a; Zhou et al., 2014) and in the differential density of Kv4 and

Cav3 channel expression in GCs across different lobules (Heath et al., 2014; Rizwan et al., 2016;

Serôdio and Rudy, 1998). Taking the large functional difference between spino- and vestibulo-cere-

bellum into account (Witter and De Zeeuw, 2015b), these data suggest that different biophysical

properties of GCs are likely a conserved mechanism throughout the entire cerebellar cortex, poten-

tially tuning GCs to different frequencies.
Development can have large effects on the physiology of neurons, and GCs in particular undergo

profound changes during development (Dhar et al., 2018; Lackey et al., 2018). To exclude con-

founding effects of the developmental stage, we tested whether these gradients were also present

in more adult mice. Recordings obtained from GCs in lobule V in animals between 80 and 100 days

of age revealed very similar gradients to those observed in young animals (Figure 1—figure supple-

ment 3). Together, these data show prominent gradients in the electrophysiological properties of

GCs over the depth of the GC layer, and that these gradients can consistently be found across differ-

ent lobules and ages.
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Figure 1. Gradients in the biophysical properties of inner- to outer-zone GCs. (A) Scheme of a parasagittal slice from the cerebellar cortex where lobule

V is indicated by an arrow. Enlargement shows a schematic representation of the white matter, the GC, PC and molecular layer of the cerebellar cortex.

Throughout the manuscript, inner-zone GCs (close to the white matter) are depicted in green, the middle-zone GCs in gray, and the outer-zone GC

(close to the PCs) in magenta. (B) Example differential-interference-contrast (DIC) microscopic images of acute cerebellar slices during recordings from

outer- (top) and an inner-zone GCs (bottom). The pipette is indicated with a dashed line. (C) Example current-clamp recordings from an outer-zone GC

(magenta, top) and an inner-zone GC (green, bottom) after injection of increasing currents (40 pA, 60 pA and 300 pA). (D) Average action potential

frequency from inner- (green, n = 38) and outer- (magenta, n = 37) zone GCs plotted against the injected current. Note that the maximum frequency is

similar but outer-zone GCs achieved the maximum firing rate with a lower current injection (error bars represent SEM). (E) Average current threshold for

action potential firing of inner-, middle- and outer-zone GCs (PDunns = 0.0001 for inner- vs outer-zone GCs). All bar graphs represent mean and SEM. (F)
Average current needed to elicit maximum firing frequency for inner-, middle- and outer-zone GCs (PDunns = 0.001 for inner- vs outer-zone GCs). (G)

Left: example action potentials from an inner- and outer-zone GC with the indicated (arrows) mean voltage-threshold for firing action potentials. Right:

Comparison of the average voltage threshold for action potential firing (PDunns = 0.006 for inner- vs outer-zone GCs). (H) Average input resistance of

inner-, middle- and outer-zone GCs (PDunns = 0.0001 for inner- vs outer-zone GCs). (I) Average capacitance of inner-, middle- and outer-zone GCs

(PDunns = 0.0001 for inner- vs outer-zone GCs). (J) Delay time of the first action potential plotted against injected current. Note that only 32 of 38 inner-

zone GCs fired action potentials at a current injection of 60 pA. (K) Delay of the first action potential of inner-, middle- and outer-zone GCs at a current

injection of 60 pA (PDunns = 0.0001 for inner- vs outer-zone GCs). (L) Average action potential half-duration of inner-, middle- and outer-zone GCs

(PDunns = 0.0001 for inner- vs outer-zone GCs).

The online version of this article includes the following figure supplement(s) for figure 1:

Figure supplement 1. Raw data of the bar graphs from Figure 1.

Figure supplement 2. Gradients in the biophysical properties of GCs and PFs are preserved throughout the cerebellar cortex.

Figure supplement 3. Gradients in the biophysical properties of GCs and PFs are also found in 3-month-old animals.
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Voltage-gated potassium currents are larger at inner-zone GCs
To investigate possible biophysical causes for the gradients in the biophysical properties, we investi-
gated voltage-gated potassium (Kv) currents by performing voltage-clamp recordings in outside-out
patches from somata of inner- and outer-zone GCs in lobule V (Figure 2A). The maximum Kv current

at -60 mV was significantly higher in inner-zone GCs (282 ± 29 pA, n = 48) compared with outer-
zone GCs (221 ± 28 pA, n = 54, PMann-Whitney = 0.04; Figure 2B; Figure 2—figure supplement 1).
Neither the steady-state activation curve (Figure 2C) nor the degree of inactivation (Figure 2D) was
different between the two GC populations. Furthermore, steady-state inactivation, which was investi-
gated with different holding potentials, was similar between inner- and outer-zone GCs (Figure 2—
figure supplement 2). These data suggest that inner- and outer-zone GCs have a similar composi-
tion of Kv channels, but inner-zone GCs have a higher Kv channel density. The larger Kv currents in

inner-zone GCs are consistent with the short action potential duration of inner-zone GCs (cf. Fig-
ure 1). Thus, our data provide a biophysical explanation for the observed gradients in GC
properties.

MF inputs are differentially processed by inner- and outer-zone GCs
The gradients within the GC layer create an optimal range of input strengths for each GC. To test
how these gradients impact the processing of synaptic MF inputs, we performed Dynamic Clamp
experiments (Desai et al., 2017) and investigated whether different MF input frequencies

Figure 2. Voltage-gated potassium currents are larger at inner-zone GCs. (A) Example potassium currents from

outside-out patches of cerebellar GCs evoked by voltage steps from !90 to +60 mV in 10 mV increments with a

duration of 10 ms. All recordings were made in the presence of 1 mM TTX and 150 mM CdCl2 to block voltage-

gated sodium and calcium channels, respectively. (B) Average peak potassium current (Imax) plotted versus step

potential of inner (green) and outer-zone (magenta) GCs. Significance level was tested with a Mann-Whitney U

Test for the value at +60 mV and the p value is indicated in the figure. (C) Average normalized peak potassium

conductance (G/Gmax) versus step potential of inner (green) and outer-zone (magenta) GCs. (D) Average steady-

state current (Iss, mean current of the last 2 ms of the 10 ms depolarization) normalized to the peak current (Imax)

versus step potential of inner (green) and outer-zone GCs (magenta).

The online version of this article includes the following figure supplement(s) for figure 2:

Figure supplement 1. Raw data of the amplitude of potassium currents at 60 pA current injection.

Figure supplement 2. Steady-state activation and inactivation are similar for inner and outer GCs.
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differentially affect spiking in inner- and outer-zone GCs (Figure 3A and B). We first recorded excit-

atory postsynaptic currents (EPSC) from GCs in inner- and outer-zones of lobule V after single MF

stimulation. We found no significant differences in the amplitude or kinetics of EPSCs in inner- and

outer-zone GCs (Figure 3—figure supplement 1).
Individual MFs span the entire depth of the GC layer, contacting both inner- and outer-zone GCs

(Krieger et al., 1985; Palay and Chan-Palay, 1974). Furthermore, GCs are electronically extremely

compact neurons and can be considered as a single compartment (D’Angelo et al., 1993;

Figure 3. MF inputs are differentially processed by inner- and outer-zone GCs. (A) Schematic representation of the

Dynamic Clamp system. (B) Illustration of MF conductance (Gmossy), GC membrane potential (Vm), and MF current

(Imossy) for the Dynamic Clamp technique. Note the prediction of a negative current during an action potential as

apparent in the experimental traces in panel C. (C) Example Dynamic Clamp recordings of inner- (green) and

outer-zone (magenta) GCs at different holding potentials (!90 mV left; !80 mV middle and !70 mV right) at a

stimulation frequency of 100 Hz. Upper traces represent poisson-distributed MF currents. Lower traces show the

measured corresponding membrane potential with EPSPs and action potentials. (D) Average firing frequency of

inner- and outer-zone GCs during MF- like inputs at different frequencies and at the indicated holding potentials.

The online version of this article includes the following figure supplement(s) for figure 3:

Figure supplement 1. MF input is similar for inner- and outer-zone GCs.

Figure supplement 2. Raw data of the bar graphs from Figure 3. Same data as in Figure 3D, but shown as box

plots (median and interquartile range with whiskers) superimposed with single data points.
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Delvendahl et al., 2015; Silver et al., 1992). Therefore, we could use the Dynamic Clamp technique

to implement the conductance of identical MF signals in inner- and outer-zone GCs based on the

measured EPSC kinetics. We first applied input of a single MF with Poisson-distributed firing-fre-

quencies ranging between 30 and 500 Hz for 300 ms duration while changing the resting membrane

potential to simulate the large variability of membrane potential observed in GCs in vivo

(Chadderton et al., 2004). In line with the gradients in the electrophysiological properties of GCs,

inner-zone GCs fired fewer action potentials compared with outer-zone GCs in response to low-fre-

quency MF inputs at a membrane potential of approximately –90 mV (Figure 3C and D; Figure 3—

figure supplement 2). In contrast, inner-zone GCs fired more action potentials compared with

outer-zone GCs in response to high-frequency MF inputs at a membrane potential of approximately

–70 mV. In vivo, such a depolarization would be caused by reduced inhibition and/or simultaneous

activation of multiple MF inputs. These data suggest that outer- and inner-zone GCs are specialized

to process low- and high-frequency MF inputs, respectively.

Fourier-like transformation of MF input frequency
To further test whether inner- and outer-zone GCs can extract different frequency components from

a MF input signal, which would resemble a Fourier-transformation, we varied the MF input frequency

sinusoidally between 30 and 300 Hz, representing a range of in-vivo-like tonic firing behaviour

(Figure 4A; Arenz et al., 2008; van Kan et al., 1993). At a holding potential of !70 mV, commonly

occurring in vivo (Chadderton et al., 2004), inner-zone GCs responded preferentially to high-fre-

quency MF inputs up to 300 Hz, while outer-zone GCs responded preferentially to low-frequency

inputs up to 100 Hz (Figure 4B; Figure 4—figure supplement 1). To estimate the optimal frequency

at which inner- and outer-zone GCs preferentially fire action potentials, we calculated the phase

angle (see Materials and methods, Equation 3). The mean phase angle, at which GC preferentially

fired, was 162 ± 8˚ for inner-zone (n = 10) and 100 ± 20˚ for outer-zone GCs (n = 7; PMann-Whit-

ney = 0.02; Figure 4C), representing an average firing frequency of 284 and 116 Hz for inner- and

outer-zone GCs, respectively (cf. Equation 2). Thus, the gradients in the biophysical properties

enable the cerebellar GC layer to split incoming MF signals into different frequency bands and

thereby to perform a Fourier-like transformation of the compound MF input signal.

The position of PFs is correlated with the position of GC somata
A Fourier-like transformation in the GC layer (i.e. a separation of the spectral components of MF sig-

nals) could be particularly relevant if downstream pathways are specialized for these spectral compo-

nents. Early silver-stainings and drawings from Ramón y Cajal indicate that inner-zone GCs give rise

to PFs close to the PC layer and outer-zone GCs give rise to PFs close to the pia (Eccles et al.,

1967; Cajal, 1911 but see Espinosa and Luo, 2008; Wilms and Häusser, 2015). To test this possi-

bility, we examined the axons of GCs. First, we investigated whether there is a correlation between

the relative positions of the PF in the molecular layer and the GC somata in the GC layer. DiI was

injected in vivo into the GC layer to label GCs and their axons. Several GCs were clearly stained 24

hr after DiI injection (Figure 5A), and the position of their soma and PF in the cerebellar cortex could

be measured (Figure 5B–D). Even though the length of the ascending GC axon showed consider-

able variation (196 ± 5.5 mm, range: 144 to 291 mm, n = 39 axons in n = 6 mice), after normalization

for the thickness of the molecular and GC layers, the GC soma position was significantly correlated

with the position of the bifurcation in the GC axon (Figure 5C,D; R = –0.86, p<0.001). These data

show that inner-zone GCs preferentially give rise to PF located near the PC layer (inner-zone PFs)

and outer-zone GC give rise to PF near the surface of the cerebellar cortex (outer-zone PFs).

Inner-zone PFs have larger diameter and higher action potential
conduction velocity
Next, we tested whether PFs, like GCs, have different properties depending on their position within

the molecular layer. First, we compared the PF diameters in electron microscopic images of parasa-

gittal sections of lobule V of mouse cerebellum and found significantly larger diameters for inner-

zone PFs compared with middle- and outer-zone PFs (182 ± 2.6 nm, n = 703 vs. 159 ± 2.0 nm,

n = 819 vs. 145 ± 1.7 nm, n = 1024 Figure 6A–C; PKruskal-Wallis <0.0001), which is in agreement with
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previous investigations reported in cat (Eccles et al., 1967), monkey (Fox and Barnard, 1957), rat

(Pichitpornchai et al., 1994), and mouse (Wyatt et al., 2005).
The axonal diameter is usually correlated with conduction velocity (Jack et al., 1983). We there-

fore recorded compound action potentials of PFs in lobule V and compared their conduction velocity

in the inner-, middle-, and outer-zone of the molecular layer (Figure 6D–F). We detected a signifi-

cantly higher velocity in inner-zone PFs compared with middle- or outer-zone PFs (0.334 ± 0.003

m*s!1, n = 8 vs. 0.303 ± 0.004 m*s!1, n = 6 vs. 0.287 ± 0.007 m*s!1, n = 8; Figure 6F; PKruskal-

Wallis <0.0001). The absolute velocity and the gradient in the velocity from inner- to outer-zone PFs

agree well with previous studies (Baginskas et al., 2009; Vranesic et al., 1994). These results sug-

gest that inner-zone PFs are specialized for fast signaling, which is consistent with the concept that

inner-zone GCs are tuned for high-frequency inputs (cf. Figures 1 and 2).
In addition to the above results obtained from lobule V, similar gradients in both axon diameter

and axon conduction velocity were found in lobule IX (Figure 6—figure supplement 1). This sug-

gests that gradients in axon diameter and axon conduction speed are general features of the cere-

bellar cortex.
A possible confounder of our results could be an over-representation of large-diameter Lugaro

cell axons within inner-zone PFs (Dieudonné and Dumoulin, 2000). However, this would predict that

the histograms of the axon diameters show two peaks with varying amplitude. Instead, we observed

a single bell-shaped distribution in each zone (Figure 6—figure supplement 2), arguing that the

Figure 4. Fourier-like transformation of MF input frequency. (A) Target frequency of the Dynamic Clamp MF-like

inputs during two cycles. The frequencies varied sinusoidally on a logarithmic scale between 30 to 300 Hz and the

cycle duration was 1 s (Equation 2). The degree values denote the phase angle. Black: example trace of poisson-

distributed MF-like inputs. Magenta and green: example membrane potential during Dynamic Clamp experiments

of an outer- and an inner-zone GC, respectively, at a holding potential of approximately !70 mV. (B) Average
normalized frequency of action potentials (APs) fired by inner- and outer-zone GCs (green and magenta,

respectively) versus the phase angle and the target MF-like frequency within one cycle (for each cell, the integral of

the spike histogram was normalized to 1; see Figure 4—figure supplement 1 for absolute frequency). The light

green and magenta areas represent the SEM. (C) Polar plot of phase angle and vector strength of the preferred

firing frequency according to Equation 3 from inner- (green) and outer-zone (magenta) GCs (dots: single

cells; arrows: average). Bar graph of the average phase angle at which inner- and outer-zone GCs preferentially

fired action potentials.

The online version of this article includes the following figure supplement(s) for figure 4:

Figure supplement 1. Raw data of the traces shown in Figure 4B.
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measured differences between axon diameters were not due to varying contributions from Lugaro
cell axons, but reflect the differences between inner-, middle-, and outer-zone PFs.

PCs process inner-, middle-, and outer-zone PF inputs differentially
Our data thus far indicate that GCs and PFs are adapted to different MF input frequencies and con-
duction velocities, respectively. This arrangement could in principle provide PFs with functionally
segregated information streams that are differentially processed in PCs. To investigate this possibil-
ity, we made whole-cell current-clamp recordings from PCs in sagittal slices of the cerebellar vermis.
PCs were held at a hyperpolarized voltage to prevent spiking and to isolate excitatory inputs. Electri-
cal stimulation of PFs was performed at inner-, middle-, and outer-zones of the molecular layer and
the stimulation intensity was adjusted to obtain similar EPSP amplitudes in all zones (Figure 7A,B).
Stimulation of inner-zone PFs resulted in EPSPs (Barbour, 1993; Roth and Häusser, 2001) with
shorter rise and decay times compared with EPSPs obtained from stimulating outer-zone PFs (rise20-
80: inner: 0.57 ± 0.04 ms, n = 12; middle: 0.93 ± 0.17 ms, n = 4; outer: 1.83 ± 0.33 ms, n = 12; PKrus-

kal-Wallis = 0.0001; decay: inner: 21.9 ± 1.5 ms, middle: 39.7 ± 1.1 ms outer: 40.8 ± 4.1 ms; PKruskal-

Wallis = 0.0004, Figure 7C; Figure 7—figure supplement 1). These results suggest that inner-zone
PF inputs undergo less dendritic filtering in PCs compared with outer-zone PF inputs (De Schutter
and Bower, 1994a; Roth and Häusser, 2001 but see De Schutter and Bower, 1994b). To investi-
gate high-frequency inputs to PCs, we elicited five EPSPs at 100 Hz and 500 Hz (Figure 7D,E).

Figure 5. The position of PFs is correlated with the position of GC somata. (A) Example of GCs labeled with DiI 24

hr post injection. Numerous GCs from inner-, middle-, and outer-zone were labeled. (B) Example of traced axons

from different GCs from the outer zone. The axon was traced (red) from the cell soma to the bifurcation site in the

molecular layer. Stained cell bodies of GCs are also visible (white). ML: molecular layer; PCL: Purkinje cell layer;

GCL: granule cell layer. (C) The distance between labeled GCs and the PC layer strongly correlated with the

distance between the axon bifurcation and the PC layer (Pearson’s correlation coefficient R = –0.86; p<0.001).

Solid black line depicts the linear interpolation and the gray lines represent SEM of the fit. The number of GCs (n)

is indicated. (D) Position of the GC somata within the GC layer of each traced cell linked to the position of the

bifurcation site in the molecular layer. The distances were normalized to the height of the corresponding layers.
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Individual EPSPs evoked from inner-zone PFs showed clear individual rising phases and peaks

between each stimulus and less summation compared with outer-zone PFs (Figure 7D–F; Figure 7—

figure supplement 1). These results suggest that inner-zone PFs can transmit timing information

more faithfully compared with outer-zone PFs and thus control spike timing of PCs more precisely.

The observed neuronal gradients increase storing capacity and improve
temporal precision of PC spiking
Thus far we have described prominent gradients in the electrophysiological properties of GCs over

the depth of the GC layer that enable inner- and outer-zone GCs to preferentially respond to high-

and low-frequency inputs, respectively. The different frequency components are transferred via spe-

cialized PFs, which enable PCs to interpret high-frequency signals rapidly at the base of their den-

dritic trees and low-frequency signals slowly at more distal parts of their dendritic trees (Figure 8A).
To address the functional implications of these gradients in the GC and molecular layer, we per-

formed computational modeling of a neuronal network of the cerebellar cortex with integrate-and-

fire neurons. The model consisted of one PC and a varying number of GCs and MFs (Figure 8A).

GCs received randomly determined MF inputs with either tonic (Arenz et al., 2008; van Kan et al.,

1993) or bursting (Rancz et al., 2007) in-vivo-like spiking sequences. MF inputs were randomly

Figure 6. Inner-zone PFs have larger diameter and higher action potential conduction velocity. (A) Electron
microscopic image of the outer (A) and inner zone (B) of sagittal sections through the molecular layer. (C)
Summary of axon diameters in the inner- (green), middle- (gray), and outer-zone (magenta) of the molecular layer

(PDunns = 0.0001 for inner- vs outer-zone GCs). (D) DIC image of the molecular layer superimposed with a

schematic illustration of the experimental setup to measure compound action potentials from PFs. Compound

action potentials were evoked by a stimulus electrode (right) and recorded by a proximal and distal recording

electrode (middle, left). (E) Example traces used to determine the conduction velocity of inner- and outer-zone

PFs. The time difference between the compound action potential arriving at the proximal electrode (solid traces)

and the distal electrode (light traces) was used to determine the velocity. The time was shorter for inner-zone PFs

(green) compared with outer-zone PFs (magenta). (F) Summary of conduction velocity in inner-, middle- and outer-

zones (PDunns = 0.0007 for inner- vs outer-zone GCs).

The online version of this article includes the following figure supplement(s) for figure 6:

Figure supplement 1. Differences in axon diameter and conduction velocity are also found in lobule IX.

Figure supplement 2. Histogram of the axon diameters.
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distributed across layers, consistent with MFs having rosettes throughout the depth of the granule

cell layer (Krieger et al., 1985; Palay and Chan-Palay, 1974). By changing the synaptic weights of

the GC to PC synapses, the PC had to acquire a target spiking sequence with regular 80-, 40- and

120 Hz firing (Figure 8B). The algorithm for changing the synaptic weights was a combination of a

learning algorithm based on climbing-fiber-like punishments and an unbiased minimization algorithm

(see Materials and methods).
We first compared a model without gradients, where the parameters were set at the average of

the experimentally determined values, with a model including all experimentally determined gra-

dients (black and red, respectively, throughout Figure 8). To measure the difference between the

final PC spiking and the target sequence, we calculated van Rossum errors using a time constant of

30 ms (van Rossum, 2001; Figure 8C–E). With an increasing number of GCs, the final PC spiking

sequence resembled the target sequences increasingly better, as illustrated by an average spiking

histogram from many repetitions with different random sets of MF inputs for models consisting of

100 and 1000 GCs (Figure 8B). As expected, the average minimal van Rossum error (for many repe-

titions with different random sets of MF inputs) decreased with increasing number of GCs

(Figure 8C). For all sizes of the GC population, the average minimal van Rossum error was signifi-

cantly smaller in the model containing all the experimentally determined gradients compared with

the model without any gradients. For example, to obtain the spiking precision of the model contain-

ing 400 GCs with all gradients, the model without gradients required 800 GCs (cf. red arrows in

Figure 8C). This indicates that for a cerebellum exploiting gradients, the number of GCs can at least

be halved while obtaining a certain temporal precision compared with a cerebellum containing no

gradients.
To investigate the relative contribution of each of the gradients, we tested models containing sin-

gle gradients in isolation, resulting in intermediate van Rossum errors (blue, yellow, and green in

Figure 8C,D). The average relative differences between the models across all sizes of the GC

Figure 7. PCs differentially process inner-, middle-, and outer-zone PF inputs. (A) DIC image of the molecular layer

superimposed with a schematic illustration of PC recordings while stimulating inner- (top) and outer-zone PFs

(bottom). Shown are the GC layer (GCL), PC layer (PCL) and molecular layer (ML). (B) EPSPs measured at the PC

soma after stimulation (1 Hz) of inner- (green), middle- (gray), and outer-zone PFs (magenta). (C) Average 20% to

80% rise time, time to peak and weighted decay time-constant of PC EPSPs after stimulation of inner- (green;

n = 12), middle- (gray; n = 4) and outer-zone PFs (magenta; n = 12) as shown in B (PDunns = 0.0001; PDunns = 0.0001;

PDunns = 0.0009 for inner- vs outer-zone GCs, respectively). Note, one cell out of 12 had a monoexponentiell

decay. (D-E) Example traces of EPSPs from a PC after five impulses to inner- (green) and outer-zone PFs (magenta)

at 100 Hz (D) and 500 Hz (E). (F) Average paired-pulse ratio measured in PCs after five 100 Hz stimuli at inner-

(green; n = 11), middle- (gray, n = 3) and outer- zone PFs (magenta, n = 8; PDunns = 0.04 for inner- vs outer-zone

GCs).

The online version of this article includes the following figure supplement(s) for figure 7:

Figure supplement 1. Raw data of the bar graphs from Figure 7.
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populations suggest an almost additive behavior of the individual gradients to the overall perfor-

mance (Figure 8E).
To further investigate the interplay of the different gradients, we investigated a model containing

all gradients, but the connectivity between GCs, PF action potential conduction velocity, and PC

EPSP kinetics were randomly intermixed (red dashed lines in Figure 8C–E). The network benefits

Figure 8. The observed neuronal gradients increase storing capacity and improve temporal precision of PC spiking. (A) Schematic illustration of the

network model of the cerebellar cortex as explained in the main text. (B) Average spiking histogram for models consisting of 100 and 1000 GCs,

superimposed with double sigmoidal fits constrained to 80, 40 and 120 Hz. The target spiking sequence is indicated above. tT indicates the transition

time of the sigmoidal fit for the respective number of GCs. (C) Double logarithmic plot of the average minimal van Rossum error plotted against the

number of GCs for models with no gradients (black), with only gradually varied PF conduction velocity (blue), GC parameters (yellow), )and EPSP

kinetics (green), and with all gradients (red). Furthermore, all parameters were gradually varied but the connectivity between GC, PF and EPSPs was

random (all gradients mixed; dashed red). Red dashed lines with arrows indicate the number of GCs needed to obtain the same van Rossum error with

all gradients compared to no gradients. With no gradients, twice as many GCs are needed to obtain the same van Rossum error. (D) Average van

Rossum error as shown in panel C but normalized to values obtaned from the model without gradients, superimposed with a smoothing spline

interpolation. (E) Average of the relative differences shown in panel D.

The online version of this article includes the following figure supplement(s) for figure 8:

Figure supplement 1. The observed neuronal gradients reduce the temporal error and improve rate coding of PC spikes.
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from these intermixed gradients, but maximum optimization can only be obtained with correct con-
nectivity (Figure 8E).

The time constant to calculate the van Rossum error can be decreased or increased to investigate
spike timing or slower changes in firing rate, respectively. The impact of the gradients increased
with increasing time constant (Figure 8—figure supplement 1A,B), indicating that rate coded sig-
naling especially benefits from the here described gradients. To specifically test the effect of gra-
dients on the cerebellum’s ability to switch between firing frequencies, we made sigmoid fits around
the times of firing rate changes. The transition time (tT; see Materials and methods) from these fits
showed that models with all gradients showed on average about 30% faster ‘frequency-switching’
than models without any gradients (Figure 8—figure supplement 1C–F).

Finally, we repeated the modeling experiments but used a target sequence with a firing pause
(i.e. 80, 0, and 120 Hz instead of 80, 40, and 120 Hz) resulting in similar conclusions regarding the
van Rossum errors and transition times (Figure 8—figure supplement 1G–M). A pause in firing
enabled us to quantify the temporal error at the beginning and the end of the pause (Figure 8—fig-
ure supplement 1N–Q). These spike times have been proposed to be of particular relevance for
behavior (Hong et al., 2016). Analysis of the temporal error in the beginning and the end of the
pause revealed similar results compared with the van Rossum error and the transition time. Thus, our
modeling results show that the experimentally determined gradients improve the spiking precision,
accelerate ‘frequency-switching’, and increase the storing capacity of the cerebellar cortex.

Discussion
In this study, we describe gradients in the biophysical properties of superficial to deep GCs, which
enables the GC layer to perform a Fourier-like transformation of the MF input. Furthermore, we
show that the downstream pathways from GCs to PCs are specialized for transmitting the frequency
band for which the corresponding GCs are tuned to. Finally, computational modeling demonstrates
that both the gradients in the GC layer and the specialized downstream pathways improve the spik-
ing precision, accelerate the switching between firing frequencies of PCs, and increase storing
capacity in the cerebellar cortex.

Fourier-like transformation in the cerebellar cortex
Our data demonstrate that outer-zone GCs preferentially fire during MF input with low frequency
(‘low-frequency’ GCs, magenta in Figure 9A), whereas inner-zone GCs preferentially fire during MF
input with high frequency (‘high-frequency’ GCs, green in Figure 9A). The separation of a signal into
its frequency components resembles a Fourier transformation (Figure 9B). The analogy with a Four-
ier transformation has the limitations that (1) the separation is only partial with overlapping ranges of
preferred frequency, (2) a single MF cannot transmit two frequencies simultaneously but only sepa-
rated in time (as illustrated in Figure 9A) and (3) concurrent inputs from two MFs with different fre-
quencies synapsing onto a single GC cannot be separated. Yet, our data indicate that the entire GC
layer with several MFs sending various frequencies to numerous GCs can execute a Fourier-like
transformation. In analogy to the dispersion of white light into its spectral components by an optical
prism, the broadband MF signal is separated into its spectral components with inner- to outer-zone
GCs preferentially transmitting the high- to low-frequency components, respectively.

Such a partial separation offers the chance to differentially process high- and low-frequency com-
ponents. Indeed, in the molecular layer, the high-frequency components of the MF signal are sent
via rapidly conducting axons to proximal parts of the PC dendritic tree. This allows fast (phasic) sig-
nals to have a strong and rapid impact on PC firing. On the other hand, low-frequency components
of the MF signal are conducted more slowly and elicit slower EPSPs, allowing slow (tonic) signals to
have a modulatory impact on PC firing. Our data indicate that, in analogy to the increased storing
capacity of digital audio and image compression (Jayant et al., 1993; Wallace, 1992), the combina-
tion of a Fourier-like transformation in the GC layer and specialized downstream signaling pathways
in the molecular layer dramatically reduce the number of required GCs for precise PC spiking (Fig-
ure 8). Furthermore, our data support the ‘adaptive filter’ theory of the cerebellum, where broad-
band MF input is differentially filtered by GCs (Dean et al., 2010; Fujita, 1982; Singla et al., 2017).
Within this framework, our data indicate gradients in the band-pass filtering properties of GCs. Fur-
thermore, our data could provide an additional explanation for the improvement in motor learning
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when elevating background activity of MFs (Albergaria et al., 2018): the elevated MF activity will

help to overcome the high threshold of inner-zone GCs, which rapidly and effectively impact PCs via

fast conducting PFs at the proximal dendrite.

Axes of frequency specialization in the cerebellum
There are at least two axes of heterogeneity in the cerebellar cortex. First, Zebrin stripes can be

observed as parasagittal zones (‘medio-lateral’ axis) in cerebellar cortex (Apps et al., 2018). Firing

rate, firing regularity, synaptic connectivity and synaptic plasticity seems to differ between PCs in

zebrin positive and negative zones (Valera et al., 2016; Wadiche and Jahr, 2005; Xiao et al., 2014;

Zhou et al., 2014). Second, there is a lobular organization (‘rostro-caudal’ axis) as shown here by

the functional differences between lobules V and IX (Figure 1—figure supplement 1). GCs in lobule

IX are tuned to lower frequencies than GCs in lobule V. These findings are largely in line with previ-

ous investigations (Heath et al., 2014; Witter and De Zeeuw, 2015a; Zhou et al., 2014), where the

anterior cerebellum was identified to process high-frequency or bursting signals, while the vestibulo-

cerebellum mainly processed lower frequency or slowly-modulating inputs. Furthermore, the optimal

time intervals for introduction of spike timing dependent plasticity differ between the vermis and the

flocculus (Suvrathan et al., 2016).
In addition to these two known axes of heterogeneity, we described an axis that is orthogonal to

the surface of the cerebellar cortex. This ‘depth’ axis causes inner-zone GCs to be tuned to higher

frequencies than outer-zone GCs. The frequency gradients along the ‘depth’-axes are in line with

recently described connections of nucleo-cortical MFs and PC, which specifically target GCs close to

the PC layer (Gao et al., 2016; Guo et al., 2016). These connections send slow feedback signals to

the outer-zone GCs, which –– according to our framework –– are ideally suited to process such slow

modulatory signals. Independent of these specialized feedback pathways, MFs exhibit heterogeneity

(Chabrol et al., 2015; Bengtsson and Jörntell, 2009). Consistent with MFs having rosettes through-

out the depth of the granule cell layer (Krieger et al., 1985; Palay and Chan-Palay, 1974), our data

indicate that each type of the heterogeneous MF inputs is split into its frequency components along

the depth axis. A preference of some MFs to specific zones could furthermore contributes to the fre-

quency separation (Quy et al., 2011; Jörntell and Ekerot, 2006).
Our results predict that superficial GCs, such as the ones imaged recently in the investigation of

eye-blink conditioning and reward representation in the cerebellar cortex (Giovannucci et al., 2017;

Figure 9. Illustration of the concept of Fourier-like transformation in the cerebellar cortex. (A) Illustration of a

broadband MF input conveying a sequence of low, high, and low firing frequency. Inner-zone GCs will

preferentially fire during high-frequency inputs (‘high-frequency’ GC) and outer-zone GCs during low-frequency

inputs (‘low-frequency’ GC). (B) Schematic illustration of the signal flow through the cerebellar cortex. The Fourier-

like transformation in the GC layer is illustrated as an optical prism separating the spectral components on the MF

input. Thereby, the MF signal in the time domain is partially transformed into the frequency domain and sent to

PCs via specialized signaling pathways in the molecular layer.
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Wagner et al., 2017), would preferentially convey low-frequency signals to PCs and might not be

representative for the full range of frequencies present over the depth of the GC layer. Recently,

diverse adaptation of GCs to 2-s-lasting current injections has been described (Masoli et al., 2019),

but it remains unknown to which extent this form of adaptation exhibits a gradient along the depth

axis. The genetic reasons for the here-observed gradients in cerebellar cortex are currently not

known. Due to a large variability within each zone, our data cannot rule out a salt and pepper distri-

bution of two populations of neurons (Espinosa and Luo, 2008). However, neurons in the medial

vestibular nucleus exhibit a graded tuning of the capacity for fast-spiking by expression levels of spe-

cific ion channels (Kodama et al., 2020). Thus, including this new ‘depth’ axis, there are three

orthogonal axes along which the cerebellar cortex is tuned for preferred frequency, indicating the

importance of proper frequency tuning of the circuitry.

The role of inhibition
In the current study we did not investigate molecular layer interneurons, which can have a large

impact on PC spiking (Blot et al., 2016; Dizon and Khodakhah, 2011; Gaffield and Christie, 2017;

Mittmann et al., 2005; Sudhakar et al., 2017). However, the spatial arrangement of stellate and

basket cell interneurons is consistent with our framework. Although the dendrites of molecular layer

interneurons can span the entire molecular layer, the dendrites of basket cells seem to be preferen-

tially located at the inner-zone of the molecular layer (Palkovits et al., 1971; Rakic, 1972), which

positions them ideally to receive rapid high-frequency signals of inner-zone PFs. Consistently, they

impact PC firing rapidly and efficiently via their pinceaus (Blot and Barbour, 2014). Furthermore,

the dendrites of a subset of stellate cells (with their somata located in the outer-zone molecular

layer) are preferentially located at the outer-zone molecular layer (Palkovits et al., 1971;

Rakic, 1972), which positions them ideally to receive modulatory low-frequency signals and elicit

slow IPSPs in PCs. Furthermore, molecular layer interneurons seem to represent a continuum along

the vertical axis, with a correlation between the vertical location of the soma, axonal boutons, and

dendrite location (Sultan and Bower, 1998), which is consistent with the here-described continuum

of biophysical properties along the vertical axis of the cortex. Incorporating molecular layer inter-

neurons, their synaptic plasticity and their potential gradients into the frequency-dispersion frame-

work may show a further increase in the dynamic range of frequency separation within the cerebellar

cortex c what we have described here (Gao et al., 2012).

Functional implications for the cerebellum
MF firing frequencies range from <1 to ~1000 Hz (Arenz et al., 2008; Chadderton et al., 2004;

Jörntell and Ekerot, 2006; Rancz et al., 2007; van Kan et al., 1993). Many previous modeling

studies investigating cerebellar function considered the activity of each MF as a constant digital

value (Albus, 1971; Babadi and Sompolinsky, 2014; Brunel et al., 2004; Clopath et al., 2012;

Marr, 1969), a constant analog value (Chabrol et al., 2015; Clopath and Brunel, 2013), or spike

sequences with constant frequency (Billings et al., 2014; Cayco-Gajic et al., 2017; Steuber et al.,

2007). We focused on the time-varying aspects of MF integration in GCs, and therefore imple-

mented a model with a corresponding large range of MF input frequencies that could change over

time. It would be interesting to elucidate whether models with more uniform MF inputs, such as

those found in many previous models, would benefit from the here-observed biophysical gradients.
To implement these gradients in a model, we used a simplified cerebellar circuitry that does not

consider active dendrites (Llinás and Sugimori, 1980) or the tonic activity of PCs (Raman and Bean,

1997). It will therefore be interesting to investigate if the here-observed gradients in the GC and

molecular layer improve the performance of more complex models of the cerebellar cortex

(De Schutter and Bower, 1994a; Garrido et al., 2013; Masoli et al., 2015; Medina et al., 2000;

Rössert et al., 2015; Spanne and Jörntell, 2013; Steuber et al., 2007; Sudhakar et al., 2017;

Walter and Khodakhah, 2009; Yamazaki and Tanaka, 2007). Furthermore, it remains to be investi-

gated whether gradients in the GC layer also improve models that aim to explain tasks such as eye-

blink conditioning (Mauk and Buonomano, 2004) and vestibulo-ocular reflexes (Lac et al., 1995).
Our model simulated the learning that PCs undergo to acquire specific firing frequencies in

response to GC input. PC firing rate and spiking precision have been shown to be closely related to

movement (Brown and Raman, 2018; Sarnaik and Raman, 2018). Our results show that the same
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temporal spiking precision or the same frequency switching speed can be obtained with approxi-

mately half the number of GCs when GC gradients are implemented (Figure 8). Taking into account

the large number of cerebellar GCs in the brain (Herculano-Houzel, 2009; Williams and Herrup,

1988), a significant reduction in the number of GCs could represent an evolutionary advantage to

minimize neuronal maintenance energy (Howarth et al., 2012; Isler and van Schaik, 2006). There-

fore, the dramatic increase in storing capacity for precise PC spiking provides an evolutionary expla-

nation for the emergence of gradients in the neuronal properties.

Functional implications for other neural networks
Based on the described advantages of the Fourier transformation for rapid and storing-efficient

information processing, we hypothesize that other neural networks also perform Fourier-like trans-

formations and use segregated frequency-specific signaling pathways. To our knowledge, this has

rarely been shown explicitly, but similar mechanisms might operate, for example, in the spinal cord

network: descending motor commands from the pyramidal tract send broadband signals to moto-

neurons with different input resistances resulting from differences in size. This enables small moto-

neurons to fire during low-frequency inputs and large motoneurons only during high-frequency

inputs (Henneman et al., 1965). Furthermore, specialized efferent down-stream signaling pathways

innervate specific types of muscles with specialized short-term plasticity of the corresponding neuro-

muscular junctions (Wang and Brehm, 2017).
In the hippocampus, frequency preferences of hippocampal neurons are well established in

enabling segregation of compound oscillatory input into distinct frequency components (Pike et al.,

2000). Furthermore, there is increasing evidence that what has been considered a homogeneous

population of neurons exhibit gradients in the neuronal properties (Cembrowski and Spruston,

2019), such as the intrinsic electrical properties and synaptic connectivity in CA3 pyramidal neurons

(Galliano et al., 2013). The here reported heterogeneity furthermore enables functional segregation

of information streams for example in CA1 pyramidal neurons (Soltesz and Losonczy, 2018). Addi-

tionally, gradients in biophysical properties of neurons in the entorhinal cortex might serve to gener-

ate functional outcomes relevant for the generation of grid cell sizes (Giocomo et al., 2007;

Schmidt-Hieber and Nolan, 2017; Orchard et al., 2013). Finally, in the neocortex, gradients in ana-

tomical and biophysical properties were recently uncovered (Fletcher and Williams, 2019).
In summary, our findings contribute to the growing body of evidence that the neurons of a cell

layer can exhibit systematic functional heterogeneities with differential tuning of neurons along gra-

dients. Our data furthermore suggest that such gradients facilitate complex transformation of infor-

mation, such as Fourier-like transformations, to cope with a broad temporal diversity of signals in

the central nervous system.

Materials and methods

Electrophysiology
Parasagittal 300-mm-thick cerebellar slices were prepared from P21–P30 (young animals) or from

P80– P100 (old animals) C57BL/6 mice of either sex as described previously (Ritzau-Jost et al.,

2014; Delvendahl et al., 2015). Animals were treated in accordance with the German and French

Protection of Animals Act and with the guidelines for the welfare of experimental animals issued by

the European Communities Council Directive. The extracellular solution for the whole-cell measure-

ments contained (in mM): NaCl 125, NaHCO3 25, glucose 20, KCl 2.5, CaCl2 2, NaH2PO4 1.25,

MgCl21 (310 mOsm, pH 7.3 when bubbled with Carbogen (95%O2/5%CO2)). For outside-out meas-

urements of potassium currents (Figure 2), 150 mM CdCl2 and 1 mM TTX were added to the external

solution to block voltage-gated calcium channels and sodium channels, respectively. The intracellular

solution contained in mM: K-Gluconate 150, NaCl 10, K-Hepes 10, Mg-ATP 3, Na-GTP 0.3, EGTA

0.05 (305 mOsm, pH 7.3). A liquid junction potential of +13 mV was corrected for. All electrophysio-

logical measurements were performed with a HEKA EPC10 amplifier (HEKA Elektronik, Lambrecht/

Pfalz, Germany) under control of the Patchmaster software. All measurements were performed at

34–37˚C.

Straub et al. eLife 2020;9:e51771. DOI: https://doi.org/10.7554/eLife.51771 16 of 28

Research article Neuroscience

66

https://doi.org/10.7554/eLife.51771


Current clamp recordings in GCs
Action potentials were evoked in current-clamp mode by current pulses (amplitude 20–400 pA, dura-

tion 300 ms). To determine the input resistance, subthreshold current pulses were applied from !20

to + 20 pA in 2 pA steps. The resistance of the solution-filled patch-pipettes was between 6 and 12

MW . Data were sampled at 200 kHz.

Outside-out recordings in GCs
To reliably clamp potassium currents from the soma of GCs (Figure 2), potassium currents were

measured in outside-out patches pulled from the soma of inner and outer GCs by applying 10-ms

voltage steps from !90 to +60 mV with 10 mV increments at an intersweep interval of 1 s. The inter-

sweep holding potential was !90 mV. Data were sampled at 100 kHz.

Compound action potentials in PFs
For the detection of compound action potentials in PFs, two pipettes (tip resistances 1–4 MW) filled

with extracellular solution and connected to the patch-clamp amplifier were positioned within the

molecular layer of horizontally cut slices of the cerebellar vermis. The average distance between two

recording electrodes was 143 ± 5 mm. Compound action potentials were evoked by voltage stimula-

tion (100 V) for 100 ms with a third pipette connected to an accumulator powered stimulation device

(ISO-Pulser ISOP1, AD-Elektronik, Buchenbach, Germany). 40 to 80 stimulations delivered at 1 Hz

were averaged and analyzed.

Excitatory postsynaptic potentials in PC
Excitatory postsynaptic potentials (EPSPs) in PC were elicited by voltage stimulation of the PFs

within the inner, middle or outer third of the molecular layer from horizontally cut cerebellar slices

(Figure 7). 10 mM SR95531 was added to the external solution to block GABAA receptors. The stim-

ulation pipette was filled with extracellular solution, and the voltage was adjusted between 6 to 25 V

to elicit EPSPs with amplitudes between 1 and 2 mV. EPSPs were measured after a single 100 ms

voltage stimulation or five stimulations (100 ms duration) at a frequency of 100 and 500 Hz. Averages

of 30 trains per stimulation protocol were used for data analysis.

Excitatory postsynaptic currents in GCs
To measure evoked EPSCs from GCs (Figure 3—figure supplement 1), 90–100 days-old mice were

used. GCs from inner- or outer-zone from lobule V were held at resting conditions and MF axons

were stimulated at 1 Hz with a second pipette. The average stimulation voltage was 36 ± 3 V for

outer-zone GCs and 37 ± 3 V for inner-zone GCs.

Dynamic Clamp of MF conductance in GCs
In order to analyze the response of GCs on in vivo-like MF inputs, we used a Dynamic Clamp imple-

mented with the microcontroller Teensy 3.6 (https://www.pjrc.com) as described by

Desai et al. (2017). The Teensy was programmed using the Arduino integrated development envi-

ronment with the code provided by Desai et al. (2017) and modified for our need as described in

the following.
The time course of MF conductance was

GEPSC tð Þ ¼Gmax Anorm !e!
t
tr þ

X

3

i¼1

aie
! t

ti

 !

(1)

where the exponential rise time (tr) was 0.1 ms, the decay time constants (t1, t2, and t3) were 0.3, 8,
and 40 ms, respectively, and the relative amplitude of the decay components (a1, a2, and a3) were

0.7, 0.26, and 0.04, respectively. The peak conductance (Gmax) was 1 nS (Hallermann et al., 2010)

and the normalization factor (Anorm) was 0.518, which was numerically calculated to obtain a peak

amplitude of 1. The kinetics of the MF conductance were chosen to reproduce the measured mixed

AMPA and NMDA EPSC kinetics of single EPSCs (Figure 3—figure supplement 1) and trains of

EPSCs (Baade et al., 2016). The short-term plasticity during Poisson sequence of spikes was imple-

mented by changing Gmax according to a simple phenomenological model (Tsodyks and Markram,
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1997) assuming a release probability pr0 of 0.4 (Ritzau-Jost et al., 2014). Facilitation was imple-

mented as an increase in the release probability according to pr = pr + 0.2*(1- pr) and decaying back

to pr0 with a time constant of 12 ms (Saviane and Silver, 2006). Depression was implemented

according to a recovery process with a time constant of 25 ms, which approximates a biexponential

recovery process of 12 ms and 2 s (Hallermann et al., 2010; Saviane and Silver, 2006). The result-

ing short-term plasticity reproduced previously obtained data with regular spiking ranging from 20

to 1000 Hz (Baade et al., 2016; Hallermann et al., 2010; Ritzau-Jost et al., 2014).
The microcontroller was programmed to implement the MF conductance and its short-term plas-

ticity with Poisson distributed spike times with a constant frequency ranging from 30 to 500 Hz for

300 ms (Figure 3). In each cell, each frequency was applied five times.
To investigate the response to sinusoidally varying input frequencies (Figure 4), the target fre-

quency of the Poisson process (F) was varied on a logarithmic scale according to:

F tð Þ ¼ exp log Fminð Þþ log Fmaxð Þ! log Fminð Þð Þ 0:5! 0:5 cos 2pt=Tð Þð Þð Þ (2)

where the minimal and maximal frequency (Fmin and Fmax) were 30 and 300 Hz, respectively, and the
duration of the sine wave cycle (T ) was 1 s. In each cell, 10 cycles were applied consecutively for at

least four times (interval >30 s). The histogram of the spike times (Figure 4B) was averaged across

the last four cycles of all cells. The vector strength and phase angle (van Kan et al., 1993) were cal-

culated as the absolute value and the argument of the complex number ! (i¼
ffiffiffiffiffiffiffi

!1
p

):

!¼
1

N

X

N

n¼1

ei2p
tn
T (3)

where tn are the spike times of all N spikes per experiment and T the cycle duration (1 s). To
increase statistical validity, only those cells that fired more than 100 action potentials during the ana-

lyzed cycles were included in the analysis. This criterion resulted in the exclusion of 3 out of 13 and 2

out of 9 cells for inner- and outer-zone GCs, respectively. However, inclusion of these cells in the

analysis resulted in similar preference for MF firing frequency [phase angle along the cycle: 146 ± 10˚

for inner-zone (n = 13) and 103 ± 18˚ for outer-zone GCs (n = 9; PMann-Whitney= 0.06), representing an

average firing frequency of 246 and 123 Hz for inner- and outer-zone GCs, respectively].

Electron microscopy
Four C57BL/6 mice of either sex with an age between P23–P28 were sacrificed, followed by transcar-

dial perfusion with saline and consecutively a fixative containing 4% paraformaldehyde and 2% glu-

taraldehyde in phosphate-buffered saline (PBS). After removal of the brain, the tissue was allowed to

post-fix over night at 4˚C and sagittal sections of the cerebellum were prepared at a thickness of 60

mm using a Leica microtome (Leica Microsystems, Wetzlar, Germany). The sections were stained in

0.5% osmium tetroxide in PBS for 30 min followed by dehydration in graded alcohol and another

staining step with 1% uranyl acetate in 70% ethanol. After further dehydration, the tissue was

embedded in durcupan (Sigma-Aldrich), which was allowed to polymerize for 48 hr at 56˚C between

coated microscope slides and cover glasses. Regions of interest were identified by light microscopy,

cut and transferred onto blocks of durcupan to obtain ultra-thin sections using an Ultramicrotome

(Leica Microsystems). Ultra-thin sections were transferred onto formvar-coated copper grids and

stained with lead citrate. Ultrastructural analysis was performed using a Zeiss SIGMA electron micro-

scope (Zeiss NTS, Oberkochen, Germany) equipped with a STEM detector and ATLAS software.

Measurement of parallel-fiber axon diameter
Electron micrographs were manually analyzed in a blind manner (numbered by masked randomiza-

tion) and each micrograph was divided into eight identically sized fields. The diameter of each paral-

lel-fiber axon was measured as the longest chord in one or two of these fields. Cross sections with

visible active zones or mitochondria were excluded from analysis.

DiI injections and GC tracking
Six P20 CD1 mice were anesthetized with isoflurane (4%). An incision of the skin to expose the skull

was made and a hole was manually drilled using a 25G needle above the desired injection site.

Straub et al. eLife 2020;9:e51771. DOI: https://doi.org/10.7554/eLife.51771 18 of 28

Research article Neuroscience

68

https://doi.org/10.7554/eLife.51771


Injections of small amounts of DiI (1,1-dioctadecyl-3,3,3,3 tetramethylindocarbocyanine perchlorate,

ThermoFisher Scientific, 10% in N,N-dimethylformamide) were performed using a broken glass

pipette connected to a picospritzer II (Parker Instrumentation). 24 hr after injection, animals were

sacrificed and transcardially perfused with 4% paraformaldehyde in PBS. The cerebellum was dis-

sected, fixed overnight, and embedded in 4% agarose in PBS. 150 mm thick sections were then cut

in the transverse or sagittal plane using a vibratome (VT1000, Leica microsystems). Z-Stacks (1 mm

steps) were acquired using a confocal microscope (Leica SP5 II, 63x objective). GCs were traced

from their soma to the axonal bifurcation of PFs. (Average stack depth: 84 ± 20 mm). GC axons were

reconstructed using the ‘Simple Neurite Tracer’ plugin (Longair et al., 2011) in Fiji (ImageJ, NIH,

USA). This plugin allowed us to assess the continuity of axons between several cross-sections. GC

ascending axons were then fully traced and measured within the Z-limits of image sections. The size

of the different layers of cerebellar cortex was reconstructed in each Z-stack. To avoid variability, all

distances were normalized to the corresponding molecular layer height.

Data analysis
Current-clamp data were analyzed using custom-written procedures in Igor Pro software (WaveMet-

rics, Oregon, USA) as previously described (Eshra et al., 2019). Intrinsic properties of GCs were

determined from the injected currents that elicited the largest number of action potentials. The

action potential threshold was defined as the membrane voltage at which the first derivative

exceeded 100 V s!1, the minimal action potential peak was set at !20 mV and the minimal ampli-

tude at 20 mV. All action potentials with a half-width shorter than 50 ms and longer than 500 ms were

excluded. Action potential voltage threshold and half-width were calculated from the average of the

first five action potentials. If a trace contained less than five action potentials, only the first action

potential was considered. The action potential frequency was determined by dividing the number of

action potentials during the 300-ms-lasting current injection by 300 ms. Membrane capacitance, rest-

ing membrane potential and series resistance were read from the amplifier software (HEKA) after

achieving the whole-cell configuration. Input resistance (Rin) was analyzed from alternating sub-

threshold current injections from !20 to 20 pA (2 pA steps). The resulting voltage was plotted

against the injected current and a spline interpolation was performed to obtain the slope at the

holding membrane potential (0 pA current injection).
The peak-current from outside-out patches was determined from voltage steps (!90 to +60 mV)

with Fitmaster software (HEKA). Steady-state inactivation was determined from the last 2 ms of the

respective sweep. Cells were only included if 50 pA <Imax < 1 nA to exclude potential whole-cell

measurements and membrane-vesicles.
EPSP measurements from PCs and EPSC measurements from GCs were analyzed with the Fitmas-

ter software (HEKA). For PC EPSPs, 20–80% rise time and time to peak were determined from the

average of 30 individual single EPSPs. GCs EPSCs were averaged from 25 traces. To obtain the

decay kinetics, single EPSPs/EPSCs were fitted with either one or two exponentials. The weighted

time constant was calculated as:

tw ¼
AslowtslowþAfasttfast

Aslow þAfast
(4)

Paired-pulse ratio was determined between the first and the 5th EPSP after stimulation with 100
Hz trains. Single EPSCs from inner- and outer-zone GCs were averaged and fitted with two exponen-

tials. The decay kinetics and amplitude of the grand-average was used to implement the MF EPSCs

for the Dynamic Clamp.

Neuronal networking modeling
The neuronal network consisted of varying numbers of MF inputs, GCs, and one PC and was imple-

mented in Matlab (The MathWorks, Inc, Natick, Massachusetts, R2017a). For each simulation, a ran-

dom set of MF inputs was generated. This input was then fed to a layer of integrate-and-fire GCs.

An integrate-and-fire PC received the output of the GCs as EPSPs with delays based on PF conduc-

tion velocity. The PF-to-PC synaptic weights were optimized with the aim to make the PC spiking

sequence similar to the target sequence. In the following, each component of the model is explained

in detail.
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MF inputs
To simulate in vivo-like MF firing patterns, half of the MFs fired tonically (van Kan et al., 1993) and

the other half fired bursts (Rancz et al., 2007). All MF spike trains were modeled first by generating

a ‘threshold trace’. For tonically firing MFs, this threshold trace was a Gaussian function with a peak

and standard deviation chosen from uniform distributions ranging between 10 and 100 Hz and 0.2

and 0.5 s respectively, and a peak time point between 0 and 0.5 s. For burst firing MFs, the thresh-

old trace was an exponential function with a peak randomly chosen between 600 and 1200 Hz, a

decay time constant of 30 ms and a peak between 0 and 0.5 s. The threshold trace was then evalu-

ated against random numbers from a uniform distribution to determine the occurrence of a spike.

To accelerate the simulations, the sampling time interval was adjusted to 1 ms.

GC properties
GCs were implemented as integrate and fire models with the following parameters: membrane resis-

tance linearly varied between 450 MW for inner GCs to 800 MW for outer GCs (Figure 1H) and the

threshold linearly varied between !37 mV for inner GCs to !42 mV for outer GCs (Figure 1G). For

the models without the GC gradient, these values were set to the mean of the values for the inner

and outer GC (i.e. 625 MW and !39 mV). The reset potential was set to !90 mV and the membrane

potential to !80 mV.

PF properties
To simulate a different action potential conduction velocity, the GC spike times were delayed by a

value linearly varied between 0 for inner and 3 ms for outer GCs. The delay was calculated as the dif-

ference in conduction time required to travel 5 mm with a speed of 0.28 and 0.33 m s!1 (Figure 4F).

Even with this anatomically rather too large PF length (Harvey and Napper, 1991), the PF conduc-

tion speed had only a small impact on the model performance (see e.g. blue lines and bars in

Figure 7C–E), arguing against a big impact of PF conduction delays (Braitenberg et al., 1997) at

least in our model approach.

Synaptic connections and properties
Each MF was connected to 10 GCs and each GC received 2 MF inputs, that is, the number of MF

was 1/5 of the number of GCs. Since our model consists only of ‘active’ MFs, we chose only 2 and

not 4 MFs per GCs (Billings et al., 2014). The MF to GC synapse was implemented as a model with

one pool of vesicles with a release probability of 0.5 and a vesicle recruitment time constant of 13

ms (Hallermann et al., 2010). Synaptic facilitation was implemented by increasing the release proba-

bility after each spike by 0.2 decaying to the resting release probability with a time constant of 12

ms (Saviane and Silver, 2006). The synaptic conductance had exponential rise and decay time con-

stants of 0.1 and 2 ms, respectively, and a peak amplitude of 1.9 nS (Silver et al., 1992). Corre-

spondingly, the GC to PC synapse was implemented as a model with one pool of vesicles with a

release probability (pr0) of 0.4 and a vesicle recruitment time constant of 50 ms. Synaptic facilitation

was implemented by increasing the release probability after each spike by 0.2 decaying to the rest-

ing release probability with a time constant of 50 ms (Doussau et al., 2017; Isope and Barbour,

2002; Valera et al., 2012). The synaptic conductance had an exponential rise time constant

between 0.5 and 2 ms and a decay time constant between 17.5 and 70 ms for inner- and outer-zone

GCs, respectively (Figure 6). The peak amplitude was adjusted to equalize the charge of the EPSC

and to generate an approximately correct number of PC spikes (with the initial start values, that is,

all GC to PC synaptic weight factors = 1) by linearly varying between 0.5 and 0.15 nS for inner- and

outer-zone GCs, respectively.

PC properties
The PC was implemented as an integrate and fire model with a membrane resistance of 15 MW, rest-

ing membrane potential of !50 mV, and a firing threshold of !45 mV. Spontaneous firing of PCs

(Raman and Bean, 1997) was not implemented, and the only inputs to drive PCs to threshold were

the GC-to-PC EPSCs.
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Target sequence and van Rossum error
Based on in vivo firing patterns (Witter and De Zeeuw, 2015a), an arbitrary target firing sequence

of 80, 40, and 120 Hz for 300, 100, and 100 ms, respectively, was chosen. The distance between the

PC and the target spiking sequence was quantified with the van Rossum error (van Rossum, 2001).

Both spiking sequences were convolved with an exponential kernel with a decay time constant of 30

ms (or values ranging from 2 to 300 ms in (Figure 8—figure supplement 1A,B). The van Rossum

error was defined as the integral of the square of the difference between these two convolved

traces. We also tested another algorithm to calculate the van Rossum error (Houghton and Kreuz,

2012), C++ code taken from http://pymuvr.readthedocs.io/ and incorporated into Matlab via the

MEX function and results were comparable.

Learning and minimization algorithm
For each random set of MF inputs, the GC to PC synaptic weights were changed according to the

following algorithm with the aim to minimize the van Rossum error between the PC spiking

sequence and the target sequence. The initial values of the synaptic weights were 1, and values

were allowed to change between 0 and 100. First, an algorithm was used that was based on super-

vised learning (Raymond and Medina, 2018) to punish the GCs that have spikes that precede

unwanted PC spikes. Subsequently, an unbiased optimization of the GC to PC synaptic weight was

performed using the patternsearch() algorithm of Matlab to minimize the van Rossum error. To

increase the chance that a global (and not local) minimum was found, the minimization of the routine

was repeated several times with random starting values. Other optimization routines such as a sim-

plex [(fminsearch() of Matlab) or a genetic algorithm (ga() of Matlab)] revealed similar results. To

exclude the possibility that the differences in the minimal van Rossum error between models with

and without gradients were due to a bias in our learning algorithm, we performed a set of simula-

tions with networks consisting of less than 100 GCs, in which we skipped the learning algorithm and

only used an unbiased minimization algorithm. This resulted in similar difference in the minimal van

Rossum error between models with and without gradients, indicating that the learning algorithm

was not biased toward one type of model. For networks consisting of more than 100 GCs the pre-

learning was required to facilitate the finding of the global minimum.
300 different sets of random MF inputs were used to determine 300 statistically independent min-

imal van Rossum values for each of the models with a different number of GCs and a different num-

ber of implemented gradients (illustrated as mean ± SEM in Figure 8C). Comparing different models

with the same set of MF input (using the nonparametric paired Wilcoxon signed-rank statistical test)

the difference was significant (p<0.001) for all of the models and all number of GCs. The van Rossum

errors were then normalized to the mean of the error of the model without gradients (Figure 8D).

The values in Figure 8D were fitted with cubic spline interpolation using the logarithm of the num-

ber of GCs as abscissa.
To quantify the transition time between two target frequencies of the PC, the spike histogram

was fitted with the equation

f tð Þ ¼ 80þ
!80þ 40

1þ e! t!200ð Þ=tT
þ

!40þ 120

1þ e! t!300ð Þ=tT
(5)

where f is the spike frequency in Hz and t the time in ms. The transition time tT corresponds to the
23% to 77% decay and rise time for the transition from 80 to 40 Hz and from 40 to 120 Hz,

respectively.

Sensitivity of model parameters
We verified that our conclusions do not critically depend on specific parameters of the model. For

example, decreasing the simulation time interval from 1 ms to 100 ms, resulted in a difference of the

best van Rossum error of 21% between models with and without gradients consisting of 100 GC,

compared with a difference of 17% between the corresponding models with the default simulation

time interval of 1 ms (cf. Figure 8D). With 4 MFs per GC (not 2) the difference of the best van Ros-

sum error was 15% between models with and without gradients consisting of 100 GC (17% with 2

MF per GC). With a membrane resistance of the PC of 100 MW (not 15 MW) the difference of the

best van Rossum error was 23% between models with and without gradients consisting of 100 GCs
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(17% with 15 MW). Finally, changing the target sequence to 80, 0, and 120 Hz (not 80, 40, and 120

Hz) resulted in very similar results as obtained with the original target (compare Figure 8C–E with

Figure 8—figure supplement 1H–J and Figure 8—figure supplement 1D–F with Figure 8—figure

supplement 1K–M).

Code
The Matlab scripts used to reproduce the model results in Figure 8 are available at: https://github.

com/HallermannLab/2019_GC_heterogen (Straub, 2019; copy archived at https://github.com/elifes-

ciences-publications/2019_GC_heterogen/settings).

Statistical testing
Data are expressed as mean ± SEM or as box plots with median and interquartile range. The number

of analyzed cells is indicated in the figures. To test for statistically significant differences, we per-

formed Kruskal-Wallis (for three groups) or Mann-Whitney U tests (for two groups) and provide the

p values (PKr-Wa, or PMann-Whitney) above the bar-graphs. In case of three groups, we performed non-

parametric Dunn’s multiple comparisons post-hoc tests and provide the p values in the figure

legends (PDunn). Results were considered statistically significant if p<0.05.
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Figure 1 - figure supplement 1 
 
Raw data of the bar graphs from Figure 1 
The panels of Figure 1 containing bar graphs are shown as box plots (median and interquartile range with whiskers 
indicating the entire range) superimposed with the single data points. The same color code as in Figure 1 is used 
for inner- (green), middle- (gray) and outer-zone (magenta) GCs. 
 
  

79



 
 

 

 
Figure 1 - figure supplement 2 
 
Gradients in the biophysical properties of GCs and PFs are preserved throughout the cerebellar cortex 
(A) Average action potential frequency from inner (green) and outer-zone GCs (magenta) plotted against the 
injected current. Inset: An image of a cerebellar slice indicating lobule V and lobule IX by arrows. (B) Bar graphs 
represent the firing threshold of GCs from inner (dark-green), middle (dark-gray) and outer-zone (dark-magenta). 
The light-colored bar graphs in the background are the data from lobule V shown in Figure 1. Firing threshold is 
higher in inner- compared to outer-zone GCs from lobule IX, and with the same current injection, GCs from lobule 
IX fire action potentials faster compared to lobule V. The numbers of recorded GCs for lobule IX (n) are indicated 
(PDunns = 0.06 for inner- vs outer-zone GCs). (C) Average current needed to elicit the maximum number of action 
potentials for of inner- (green), middle- (gray) and outer-zone GCs (magenta) (PDunns = 0.06 for inner- vs outer-
zone GCs). (D) Left: example action potentials from an inner- and outer-zone GC with the indicated (arrows) 
mean voltage threshold for firing action potentials. Right: Average voltage threshold to elicit action potentials in 
inner-, middle- and outer-zone GCs from lobule IX compared with data from lobule V. Voltage threshold for 
outer-zone GCs is lower compared to inner-zone GCs from lobule IX (PDunns = 0.009 for inner- vs outer-zone 
GCs). (E) Input resistance of GCs from outer-zone of lobule IV is higher compared to inner- and middle-zone 
GCs but there is no difference between the input resistance of GCs from lobule V and IX (PDunns = 0.03 for inner- 
vs outer-zone GCs). (F) Average capacitance of inner-, middle- and outer-zone GCs. In contrary to lobule V, there 
is no difference in the capacitance of GC from inner-, middle, or outer-zone (PDunns = 0.8 for inner- vs outer-zone 
GCs). (G) Delay of the first action potential plotted against the injected current. (H) Delay of the first action 
potential after a current injection of 60 pA from inner-, middle- and outer-zone GCs from lobule IX compared to 
lobule V (PDunns = 0.01 for inner- vs outer-zone GCs). (I) The action potential half-duration of inner-zone (dark-
green) GCs from lobule IX is shorter compared to middle (dark-gray)- and outer-zone (dark-magenta) GCs (PDunns 
= 0.09 for inner- vs outer-zone GCs). Compared to lobule V (light-colored bar graphs), the GCs from lobule IX 
showed a broader action potential half-width. 
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Figure 1 - figure supplement 3 
 
Gradients in the biophysical properties of GCs and PFs are also found in 3-month-old animals 
(A) Average action potential frequency from inner (green) and outer (magenta) zone GCs plotted against the 
injected current for 3-month-old animals. For all these measurements GCs from lobule V were used. (B) Bar 
graphs represent the firing threshold of GCs from inner (dark-green) and outer-zone (dark-magenta). The light-
colored bar graphs in the background are the data from lobule V in young (21±30 days-old) animals shown in 
Figure 1. Firing threshold is higher in inner- compared with outer-zone GCs from old animals. (C) Average current 
needed to elicit the maximum number of action potentials for of inner- (green) and outer-zone GCs (magenta). 
(D) Left: example action potentials from an inner- and outer-zone GC with the indicated (arrows) mean voltage-
threshold for firing action potentials. Right: Average voltage threshold to elicit action potentials in inner and outer-
zone GCs from old animals compared with data from young animals. (E) Input resistance of GCs from outer-zone 
is higher compared to inner-zone GCs. But there is no difference between the input resistance of GCs from young 
and old animals. (F) Average capacitance of inner- and outer-zone GCs. In agreement with the data from the 
young animals, inner-zone GCs have a higher capacitance compered to outer-zone GCs. (G) Delay of the first 
action potential plotted against the injected current. Since the mean current threshold is higher compared to young 
animals only 8 out of 22 GCs from inner- and 10 out of 23 GCs from outer-zone already fired action potentials at 
a current injection of 60 pA. (H) Delay of the first action potential after a current injection of 60 pA from inner-, 
middle- and outer-zone GCs from old animals compared to young animals. (I) The action potential half-duration 
of inner-zone (dark-green) GCs from old animals is shorter compared with outer-zone (dark-magenta) GCs. 
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Figure 2 - figure supplement 1 
 
Raw data of the amplitude of potassium currents at 60 pA current injection 
Peak amplitudes of single-cell potassium currents from inner-(green) and outer-zone CGs (magenta) after 60 pA 
current injection are shown together with box plots (median and interquartile range with whiskers). 
 

 
Figure 2 - figure supplement 2 
 
Steady-state activation and inactivation are similar for inner and outer GCs 
(A ± C) left: Example potassium currents from outside-out patches of cerebellar GCs evoked by voltage steps 
IURP�í���WR�����P9�LQ����P9�LQFUHPHQWV�ZLWK�D�GXUDWLRQ�RI����PV��7KH�LQWHUVZHHS�KROGLQJ�SRWHQWLDO�YDULHG�
EHWZHHQ�í���P9��$���í���P9��%��DQG�í���P9��&���3DQHOV�VKRZ�WKH�FRUUHVSRQGLQJ�FXUUHQW-voltage relationship 
(first panel) of inner- (green) and outer-zone GCs (magenta), the normalized conductance (second panel) and the 
normalized inactivation behavior (third panel). The number of measured cells is indicated in the figure. 
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Figure 3 - figure supplement 1 
 
MF input is similar for inner- and outer-zone GCs 
(A) Examples of single EPSCs measured from inner- (green) and outer-zone GCs (magenta) after 1 Hz stimulation 
of MF axons. Stimulation artifacts were removed. (B) Average amplitude of EPSCs from inner- (green) and outer-
zone GCs. (C) Weighted decay time (Equation 4) of EPSCs from inner- (green) and outer-zone GCs (magenta). 
 
 

 
Figure 3 - figure supplement 2 
 
Raw data of the bar graphs from Figure 3. Same data as in Figure 3D, but shown as box plots (median and 
interquartile range with whiskers) superimposed with single data points 
The same color code as in Figure 3 is used for inner- (green) and outer-zone (magenta) GCs. 

83



 
 

 

 
Figure 4 - figure supplement 1 
 
Raw data of the traces shown in Figure 4B 
Data of Figure 4B are shown as single cell data (each cell is one line) superimposed with the median (circles) and 
interquartile range (error bars). Upper graph: inner-zone GCs in green, lower graph: outer-zone GCs in magenta. 
 
 

 
Figure 6 - figure supplement 1 
 
Differences in axon diameter and conduction velocity are also found in lobule IX 
(A) Summary of axon diameters in the inner- (green), middle- (gray), and outer-zone (magenta) of the molecular 
layer (PDunns = 0.0001 for inner- vs outer-zone GCs). The light-colored bar graphs in the background are the data 
from lobule V shown in Figure 6. (B) Summary of conduction velocity in the inner-, middle- and outer-zone of 
of the molecular layer of lobule IX (PDunns = 0.007 for inner- vs outer-zone). 
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Figure 6 - figure supplement 2 
 
Histogram of the axon diameters 
Histograms of the diameter of inner-, middle- and outer-zone axons in the molecular layer. Data were fit with a 

skewed Gaussian function: a ݁
ቈି୪୭୥�ሺଶሻቆቀ௟௢௚ቀଵାଶ௕೏ష೏బ೏ೞ ቁȀ௕ቁ�మቇ቉

, where a is the amplitude, d the diameter, and d0 the 
diameter at the peak. ds and b represent parameters related to the width and the skewness, respectively. The peak 
is indicated by a vertical line. 
 
 

 
Figure 7 - figure supplement 1 
 
Raw data of the bar graphs from Figure 7 
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The data from panels of Figure 7 with bar graphs are shown as box plots (median and interquartile range with 
whiskers indicating the entire range) superimposed with the single data points. The same color code as in Figure 
7 is used for inner- (green), middle- (gray) and outer-zone (magenta) GCs, respectively. 
 
 

 
Figure 8 - figure supplement 1 
 
The observed neuronal gradients reduce the temporal error and improve rate coding of PC spikes 
(A) Double logarithmic plot of the van Rossum error of models with 300 GCs without (black) and with all 
gradients (red) plotted versus the time constant of the van Rossum kernel ranging from 2 to 300 ms. (B) Data as 
in panel A normalized to the model without gradients. (C) Average spiking histogram for models consisting of 
100 and 1000 GCs, superimposed with double sigmoidal fits constrained to 80, 40 and 120 Hz. The target spiking 
sequence is indicated above. The data is reproduced from Fig. 8B for direct comparison with panel G. (D) Double 
logarithmic plot of the transition time (tT) of the double exponential fits as illustrated in panel C. To minimize the 
impact of outliers caused by unstable conversion of double exponential fits, the data presented as median and the 
error bars represent 95% confidence intervals. (E) Transition time (tT) as shown in panel D but normalized to the 
value of the model without gradients, superimposed with a smoothing spline interpolation. (F) Average of the 
relative differences shown in panel E. (G) Average spiking histogram for models consisting of 100 and 1000 GCs, 
superimposed with double sigmoidal fits constrained to 80, 0 and 120 Hz. The target spiking sequence with 80, 
0, and 120 Hz is indicated above. (H) Illustration of the temporal error (e1 and e2) of the spikes defining the 
beginning and the end of the pause. (I-Q) Analyses for the 80, 0, 120 Hz target sequence including the van Rossum 
error (I-K), the transition time (tT) (L-N) and the temporal error (O-Q). 
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Environmental enrichment for rodents is known to enhance motor performance.

Structural and molecular changes have been reported to be coupled with an enriched

environment, but functional alterations of single neurons remain elusive. Here, we

compared mice raised under control conditions and an enriched environment. We

tested the motor performance on a rotarod and subsequently performed whole-cell

patch-clamp recordings in cerebellar slices focusing on granule cells of lobule IX, which

is known to receive vestibular input. Mice raised in an enriched environment were able

to remain on an accelerating rotarod for a longer period of time. Electrophysiological

analyses revealed normal passive properties of granule cells and a functional adaptation

to the enriched environment, manifested in faster action potentials (APs) with a higher

depolarized voltage threshold and larger AP overshoot. Furthermore, the maximal firing

frequency of APs was higher in mice raised in an enriched environment. These data

show that enriched environment causes specific alterations in the biophysical properties

of neurons. Furthermore, we speculate that the ability of cerebellar granule cells to

generate higher firing frequencies improves motor performance.

Keywords: enriched environment, action potential, granule cell, cerebellum, electrophysiology

INTRODUCTION

Environmental enrichment (EE) refers to refined conditions for housing animals, which result
in enhanced motor, social, sensory and cognitive performances (Nithianantharajah and Hannan,
2006). In the 1940s, Donald Hebb used EE and showed that rats, which were raised in his home,
had superior problem solving abilities compared to laboratory-raised rats (Hebb, 1947, 1949). In
addition, EE has been reported to improve motor performance when checked with assays such as
rotarod, eyeblink conditioning, grid walking, rope suspension, footfault, and walk initiation tests
(Madroñal et al., 2010; Horvath et al., 2013; Lee et al., 2013).

On the anatomical level, EE leads to thicker regions in the cerebellar cortex (Diamond
et al., 1966) and altered dendritic and spine morphology (Volkmar and Greenough, 1972;
Restivo et al., 2005). EE robustly induces neurogenesis in the hippocampus (Kempermann
et al., 1997) and cell proliferation in the amygdala (Okuda et al., 2009) as well as
gliogenesis, manifested in an increase in the number of new astrocytes in the visual cortex
(Sirevaag and Greenough, 1987), the motor cortex (Ehninger and Kempermann, 2003) and
the hippocampus (Kronenberg et al., 2007). Furthermore, EE increases the number of
myelin-forming oligodendrocytes (Szeligo and Leblond, 1977; Sirevaag and Greenough, 1987)
and the number of myelinated fibers in the cerebral white matter (Yang et al., 2013).
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On themolecular level, EE has been extensively studied. A change
in the expression level of many genes involved in neuronal
structure, synaptic plasticity, and neurotransmission have been
reported (Rampon et al., 2000; Barak et al., 2013). Moreover, the
expression levels of brain-derived neurotrophic factor (BDNF)
and nerve growth factor (NGF) were found to be increased in
association with EE (Torasdotter et al., 1998; Rossi et al., 2006).

Granule cells are the most abundant neurons in the brain
(Williams and Herrup, 1988), representing the input layer, which
translates mossy fiber signals into parallel fiber signals that
project to Purkinje cells (Eccles et al., 1967). Granule cells
seem to have various functional roles for sensory processing
(Chadderton et al., 2004), locomotion (Powell et al., 2015),
and reward predictions (Wagner et al., 2017). To gain a
better understanding of the improvement of motor performance
induced by EE on a cellular level, we here focused on the
biophysical properties of granule cells in a specific region of the
cerebellum, lobule IX, which receives vestibular sensory signals
(Barmack, 2003) and is involved in motor tasks such as the
rotarod test (Ruediger et al., 2011). We found that EE changed
fundamental biophysical parameters of granule cells, such as the
duration of action potentials.

MATERIALS AND METHODS

Animals and Housing
Mice were bred and treated in accordance with the German
Protection of Animals Act and with the guidelines for the welfare
of experimental animals issued by the European Communities
Council Directive. Mice were housed in either EE or control
conditions from birth (pre-weaning) until the age of P70-80
before testing. The EE cages were designed to be bigger (height:
140 and 150 mm, for control and EE, respectively; bottom:
252 ⇥ 167 and 427 ⇥ 267 mm, for control and EE, respectively)
and contained climbing ladders, plastic tubes, tunnels and small
boxes as well as a variety of other toys like igloos and saucer
wheels (Figure 1A). Groups of mice designated to the EE
cohort were housed in larger groups (⇠5 and ⇠9, for control
and EE, respectively) to allow more social interactions. The
configuration of the EE was changed approximately twice per
week by rearranging the position of the toys and by adding
and removing toys to provide novelty, complexity, and di�erent
opportunities for learning. Both mice groups, EE and controls,
were housed under an appropriate temperature (21–23�C) and
humidity (40–60%) in a controlled atmosphere with a 12 h/12 h
light/dark cycle, and had free access to both water and food.

Preparation and Electrophysiology
Acute cerebellar slices were prepared from mature (P70–80)
C57BL/6 mice of either sex. Mice were lightly anaesthetized
with isoflurane and killed rapidly by decapitation. The cerebellar
vermis was removed quickly and then placed in a chamber filled
with ice-cold extracellular solution. Parasagittal slices of 300 µm
were cut using a Leica VT1200 microtome (Leica Microsystems,
Wetzlar, Germany), transferred to an incubation chamber at
⇠35�C for 30 min, and subsequently stored at room temperature.

The extracellular solution for slice preparation, storage, and
electrophysiological recordings contained (in mM) the following:
NaCl 125, NaHCO3 25, glucose 20, KCl 2.5, CaCl2 2, NaH2PO4
1.25 and MgCl2 1 [310 mOsm, pH 7.3 when bubbled with
Carbogen (5% (vol/vol) O2 and 95% (vol/vol) CO2)].

Cerebellar granule cells were visualized after mounting a
slice into a recording chamber placed on the stage of a
Nikon upright microscope equipped with infrared di�erential
interference contrast. Slices were continuously superfused with
extracellular solution and the temperature in the center of
the recording chamber was set to 36�C using a TC-324B
perfusion heat controller (Warner Instruments, Hamden, CT,
United States). Patch pipettes were pulled from borosilicate
glass (Science Products, Hofheim, Germany) using a DMZ
Puller (Zeitz-Instruments,Munich, Germany). Patch pipettes had
open-tip resistances of 6–8 M� (when filled with intracellular
solution). The intracellular solution contained the following (in
mM): K-gluconate 150, NaCl 10, K-HEPES 10, MgATP 3 and
Na-GTP 0.3 (300–305 mOsm, pH adjusted to 7.3 with KOH).
Whole-cell patch-clamp recordings from granule cells were made
using a HEKA EPC10/2 amplifier (HEKA Elektronik, Lambrecht,
Germany) operated by the corresponding software PatchMaster
(HEKAElektronik), running on a personal computer. Recordings
were performed in the middle region of the granule cell layer of
lobule IX of the cerebellar vermis. Measurements were corrected
for a liquid junction potential of +13 mV. Series resistance
was typically <40 M�. Experiments with series resistance >40
M� were excluded. Action potentials were evoked in current-
clamp mode by injecting brief current pulses (amplitude 10–
500 pA; duration 300 ms). Recordings from neurons of mice
raised in an enriched environment and the corresponding
control, of the same gender, were done in the same day in an
interleaved manner.

Rotarod Test
Before testing began, mice were given a trial in order to
familiarize them with the procedure. Mice were placed on the
rotarod (Panlab, Harvard apparatus) at a constant acceleration
from 4 to 40 rounds per minute for a total of 120 s so that the
longer the mouse remained on the rod, the faster it had to move
to maintain balance. Each time the mouse fell, it was immediately
returned to the rod and the process was restarted for ⇠10 trials
per mouse. EE and control mice were compared on an animal-
to-animal basis by averaging the latencies per mouse (Figure 1B)
and on a trial-to-trial basis by averaging the latencies per trial
number (Figure 1C). Motor assessment of each EE mouse and
the corresponding control, having the same gender, was done
on the same day, and both were later sacrificed to be used for
electrophysiological recordings.

Analysis of Action Potential Parameters
Data were analyzed using custom-made procedures in Igor
Pro software (WaveMetrics, Tigard, OR, United States). The
parameters of the action potentials (APs) were determined in the
trace at current threshold, the trace with 60-pA-current injection,
and the trace with most APs elicited. In each of these three traces
the analysis was restricted to the first AP, average of the first five
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FIGURE 1 | Enriched environment improves motor performance. (A) Example photographs of EE cage showing different items placed during the housing of the

mice. (B) Left: Bar graphs showing comparison of the absolute latency on the rotarod per animal (animal-to-animal basis). Right: Bar graph of the average latency on

the rotarod assessment test for EE and control mice, n = 14 and 14 mice, respectively; Student’s t-test was used to measure statistical significance, Pt�test = 0.007.

(C) Left: Bar graphs showing comparison of the absolute latency on the rotarod per trial number (trial-to-trial basis). Right: Bar graph of the grand average of the

latency on the rotarod, n = 123 and 123 trials, for control and EE mice, respectively; Pt�test = 5 ⇥ 10
�6

.

APs at the beginning of the current injection, and average of all
APs. In traces with less than five APs, the value for the first five
APs was the average of those up to four APs. In four and one
out of 299 cells in control and EE mice, respectively, the current
threshold was above 60 pA, and accordingly the numbers of cells
for the 60-pA-current trace were 295 and 298 for control and
EE mice, respectively. The half duration of AP was measured
at half maximum amplitude. The amplitude was measured from
threshold to peak. The threshold was defined as the membrane
voltage at which the first derivative exceeded 100 V/s. Action
potentials with a peak smaller than�20mV, an amplitude smaller
than 20 mV, and a half duration smaller than 50 µs or larger
than 500 µs were excluded. These exclusion criteria were chosen
to ensure that only proper APs are analyzed. For example, the
distribution of AP duration is well within the 50 and 500 µs
borders (Supplementary Figure S2B).

Statistics
Data are presented as mean ± SEM. To provide a simple
measure of the statistical di�erence of the shown comparisons,
the P-value of the Student’s t-test is provided for each bar
graph (using Microsoft Excel or Igor Pro software). In addition,
a four-way ANOVA test with the following four factors was
used: (1) AP parameters (half-duration, amplitude, overshoot
and threshold), (2) trace per cell (trace at current threshold,
trace with 60 pA, and trace with maximal number of APs), (3)
APs per trace (first AP, first five APs, and average of all APs),
and (4) animal group (control and EE). For the comparison of
control vs. EEmice (4th factor), the P-value was 0.0002. However,
the significance level of the four-way ANOVA is most likely

an overestimation, because the investigated parameters are not
completely independent. We therefore focused on the P-values
of the t-test (Pt�test). For each of the four AP parameters, there
was the same trend between control and enriched conditions in
the various analyzed APs. In addition, we addressed the statistical
significance of the di�erence of the AP half duration not only on
a neuron-to-neuron but also on a mouse-to-mouse basis (i.e., the
average value for each mouse). To address the significance of the
correlations (Figure 4D and Supplementary Figures S3A,B), we
provided the Pearson correlation coe�cient (RPearson) and the
corresponding P-value (PPearson) as well as the P-value of the
Spearman rank correlation coe�cient (PSpearman Rank). T-tests
were calculated withMicrosoft Excel and the other statistical tests
with built-in functions of Mathematica 10 (Wolfram Research,
Champaign, IL, United States).

RESULTS

Enriched Environment Improves Motor
Performance
To investigate the e�ect of continuous long-term EE (Figure 1A)
on the motor performance of mice, we used the rotarod test.
The performance of mice raised in an EE (referred to as EE
mice in the following) was significantly better on the rotating rod
than the corresponding control mice. This was manifested in a
significantly longer latency to fall from the rotarod in the case of
EE mice than for the corresponding controls, both for animal-
to-animal overall performance (38.7 ± 2.1 and 53.2 ± 4.5 s
for control and EE mice, n = 14 and 14 mice, respectively;
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FIGURE 2 | Action potentials of EE mice have shorter half duration. (A) Example voltage traces upon injecting current of increasing amplitudes (orange: trace at

current threshold; cyan: trace with 60-pA-current injection; red: trace with maximum APs fired; green: trace with highest current injection and decrease in APs

number). (B) Top: Magnification of the shaded part in panel (A) showing an example of APs. Bottom: Corresponding magnification showing a single AP. (C) Average

AP half duration for control and EE mice (orange: trace at current threshold, n = 299 and 299 cells; cyan: trace with 60-pA-current injection, n = 295 and 298 cells;

red: trace with maximum APs fired, n = 299 and 299 cells). From left to right, analysis of first AP, first five APs, and average of all APs. All the P-values shown are

from Student’s t-test.

Pt�test = 0.007; Figure 1B) and for trial-to-trial basis (38.1 ± 0.9
and 51.3 ± 1.4 s for control and enriched animals, n = 123 and
123 trials, respectively; Pt�test = 5 ⇥ 10�6; Figure 1C). This is
consistent with previous findings where EE was reported to have
a direct e�ect on motor functions when assessed with di�erent
motor coordination assays (Madroñal et al., 2010; Horvath et al.,
2013; Lee et al., 2013). These data indicate that EE mice have
improved motor capabilities as evaluated by the rotarod test.

Action Potentials of EE Mice Have
Shorter Half Duration
To test if and how these improvements in motor skills go
along with alterations of the biophysical parameters of single
neurons, we performed whole-cell current-clamp recordings
from granule cells and measured the excitability of the neurons
and the properties of the APs. We analyzed 90,750 APs, in
600 neurons in 30 mice, elicited by injection of depolarizing
current of di�erent amplitudes (10–500 pA; Figure 2A). Due to
several reasons (like AP broadening and amplitude reduction),
which can change the AP shape over the duration of injected
current, and in order to properly compare the APs in both
conditions, we focused on three traces to be representative
for all the APs fired per neuron: (1) the trace with lowest
current injection and at least one AP (current threshold), (2)
the trace where APs were elicited upon 60 pA current injection,
and (3) the trace where the highest number of APs appeared.
Within each of these three traces, we analyzed the first AP,
the average of the first five APs, and the average of all APs
(Figure 2B). The half duration of the AP of neurons of EE mice

was found to be significantly shorter than the half duration of
APs of neurons of control mice (e.g., first AP in the traces at a
current threshold: 166.1 ± 1.6 and 159.7 ± 1.5 µs for control
and EE mice, n = 299 and 299, respectively; Pt�test = 0.002;
Figure 2C). The analysis of other APs in other traces revealed
similar results (Figure 2C). To further test the observed e�ect
of EE on AP half duration, we compared the AP half duration
on a mouse-to-mouse basis (i.e., the average value for each
mouse). We found a tendency toward faster APs in EE compared
to control mice (Pt�test ⇡ 0.1; Supplementary Figure S1),
indicating that a trend with a significance level of 10% exists
even on a mouse-to-mouse basis. In order to test the robustness
of our measurements, we compared the AP half duration of
control mice of di�erent ages from P20 to 1 year, and found
that the AP half duration did not change significantly between
di�erent age groups (Supplementary Figure S2A), indicating
that our technique allows precise and reliable determination
of AP parameters. The AP seems to be a constant parameter
throughout development between the age of P20 and 1 year.
Despite this developmental constancy, our data demonstrate
that the AP half duration of cerebellar granule cells of mice
raised in an EE environment is shorter compared to the
corresponding control mice.

Alteration in Threshold, Overshoot, and
Amplitude of Action Potentials Upon
Enrichment
To gain insight into the di�erent biophysical properties of APs
of EE mice, we first compared the input resistance by injecting
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FIGURE 3 | Alteration in threshold, overshoot and amplitude of action potentials upon enrichment. (A) Example of an AP illustrating the criteria of measuring AP

threshold, AP overshoot and AP amplitude. Bar graphs showing the average of resting membrane potential, n = 299 and 299 cells; input resistance, n = 45 and 45

cells; rheobase, n = 299 and 299 cells; and series resistance, n = 299 and 299 cells, of neurons of control and EE mice, respectively. (B) Average voltage threshold

of APs of neurons of control and EE mice (orange: trace at current threshold, n = 299 and 299 cells; cyan: trace with 60-pA-current injection, n = 295 and 298 cells;

red: trace with maximum APs fired, n = 299 and 299 cells). From left to right, analysis of first AP, first five APs and average of all APs, respectively. (C) Corresponding

average AP overshoot. (D) Corresponding average AP amplitude. All the P-values shown are from Student’s t-test.

current of low amplitude into a subset of granule cells (⇠3) from
each animal of either the EE or control groups, and observed
no significant change (0.88 ± 0.08 and 0.90 ± 0.07 G�, for
control and EE mice, n = 45 and 45, respectively; Pt�test = 0.89;
Figure 3A). Other passive parameters of neurons were similar,
too (series resistance: 27.4 ± 0.4 and 26.7 ± 0.4 M�, for control
and EE mice, n = 299 and 299, respectively; Pt�test = 0.2;

rheobase: 31.3 ± 1.1 and 30.4 ± 0.5 pA; Pt�test = 0.45; and
resting membrane potential: �99.4 ± 0.3 and �99.5 ± 0.2 mV;
Pt�test = 0.67; Figure 3A).

In order to gain more mechanistic insights, we focused on
additional parameters of the APs and found that the threshold
potential of the APs of EE mice had a more depolarized voltage
than the APs of control mice (e.g., first AP in the traces at current
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threshold: �41.5 ± 0.21 and �40.67 ± 0.22 mV for control
and EE mice, n = 299 and 299, respectively; Pt�test = 0.005).
The analysis of other APs in other traces revealed similar results
(Figure 3B). The maximum peak of the voltage overshoot
reached during the AP was higher in EE compared to control
mice (e.g., first AP in the traces at current threshold 22.58 ± 0.36
and 24.13 ± 0.37 mV, for control and EE mice, n = 299 and
299, respectively, Pt�test = 0.003). The analysis of other APs in
other traces revealed similar results (Figure 3C). Furthermore,
there was also a tendency for the absolute amplitude of APs
to be higher in the case of EE mice compared to control mice
(e.g., first AP in the traces at current threshold 64.09 ± 0.38
and 64.8 ± 0.38 mV, for control and EE mice, n = 299 and 299,
respectively; Pt�test = 0.1). The analysis of other APs in other
traces revealed similar results (Figure 3D).

Interestingly, when analyzing the after-hyperpolarizing (AHP)
component of the APs, there was no significant di�erence
between EE and control mice. For the trace at current threshold,
the delay between the peak (maximum) of the AP and the peak
(minimum) of the AHP was not di�erent between EE and control
mice groups (402.6 ± 3.3 and 401.9 ± 3.4 µs for control and EE
mice, n = 299 and 299, respectively; Pt�test = 0.89), and the AHP
voltage did not change either (e.g., first AP in the traces at current
threshold: –64.9 ± 0.2 and –64.8 ± 0.2 mV for control and EE
mice, n = 299 and 299, respectively; Pt�test = 0.85). The analysis
of other APs in other traces revealed similar results, indicating
that channels responsible for the after-hyperpolarization of
APs were not altered. Thus, these data indicate that several
fundamental parameters of APs are altered in EE mice compared
to control mice.

Enriched Environment Tunes Neurons for
Firing at Higher Frequencies
The shortening of the AP half duration suggests that neurons
are able to fire at higher frequencies after EE. We analyzed the
maximum firing frequency of the first two APs (instantaneous
frequency), the average of the first five APs, and average of all APs
of the trace wheremost APs occurred (Figure 4A), and found that
neurons of EE mice were able to reach higher firing frequencies
than neurons of control mice (e.g., instantaneous frequency of
495.5 ± 9.8 and 521.6 ± 9.4 Hz, for control and EE mice,
n = 299 and 299, respectively; Pt�test = 0.05; Figure 4B). We also
analyzed the maximum firing frequency on a mouse-to-mouse
basis corresponding to the analysis of the AP half duration in
Supplementary Figure S1. Again, the maximum firing frequency
showed a tendency to be larger in EE compared to control mice
(Pt�test ⇡ 0.1; Figure 4C). Finally, we observed a correlation
between the maximum firing frequency per animal (i.e., the
average from ⇠20 granule cells) and the motor performance of
the same animal measured on the same day (i.e., average latency
of ⇠10 trials on the rotarod; Figure 4D). In addition, there
was an inverse correlation between maximum firing frequency
and AP half duration (Supplementary Figure S3A). As a result,
there was also a tendency of an inverse correlation between the
latency on the rotarod and the AP half duration (Supplementary
Figure S3B; see last paragraph of the discussion for a cautious

interpretation of the correlations described here). These data
indicate that the maximal firing frequency of granule cells is
higher in EE compared to control mice.

DISCUSSION

Our data show that, upon EE, cerebellar granule cells of lobule
IX of the cerebellum have altered AP parameters and can fire APs
at higher frequencies. Thus, fundamental biophysical parameters
of the neurons are influenced by the environment. Furthermore,
the maximal firing frequency of granule cells correlated with the
motor performance of themice. This correlation does not provide
a causal relationship between firing rate and behavior, but it is
tempting to speculate that higher firing frequencies of cerebellar
granule cells are beneficial for rapid sensory-motor integration.

EE-Induced Changes in Action Potentials
We found that EE shortened the half-duration, increased the
overshoot, and increased the threshold of APs. The observed
e�ect is likely due to an alteration induced by EE on ion
channels, so that voltage-gated potassium channels (Kv) and
sodium channels (Nav) have di�erent densities and/or di�erent
properties (Keyvani et al., 2004). The observed shortening in
the AP half duration could be explained by faster activating Kv
channels. In fact, a regulatory e�ect of EE on potassium channels
and particularly the regulatory subunit Kvb1 has been reported
(Need et al., 2003). The observed increase in the amplitude
and the threshold of APs could be linked to a change in the
density or properties of Nav channels. Interestingly, an e�ect
of EE on sodium channel Nav1.6 has been reported, in which
EE decreased the amplitude of the ramp-induced persistent
sodium current of the medium spiny neurons in the nucleus
accumbens (Scala et al., 2018). Our data showing that the input
resistance and the resting membrane potential were not altered
upon EE is consistent with other work showing constant passive
cell parameters during intrinsic homeostatic plasticity of cortical
pyramidal neurons (Desai et al., 1999). Thus, the changes in
ion channel properties and/or density upon EE are specific to
channels shaping the AP and do not extend to channels setting
the passive neuronal properties.

Our finding that EE alters AP properties adds to the emerging
idea that AP properties are dynamically regulated. For example,
it was recently shown that a direct modulation of presynaptic Kv
channels in hippocampal mossy fiber boutons mediates a form
of synaptic plasticity by activity-dependent release of arachidonic
acid from the postsynaptic CA3 neurons (Carta et al., 2014).
In addition, prominent alterations of AP half duration were
observed during homeostatic plasticity induced in fast spiking
interneurons (Miller et al., 2011). Furthermore, the AP half-
duration of specific neurons in the amygdala and the cochlear
nucleus was changed by fear extinction and noise exposure,
respectively (Senn et al., 2014; Ngodup et al., 2015). Finally,
altered neuronal activity in avian brainstem auditory neurons
(Kuba et al., 2010) or hippocampal neurons (Grubb and Burrone,
2010) causes a rearrangement of the Nav channels in the axon
initial segment, contributing to the excitability and firing patterns

Frontiers in Cellular Neuroscience | www.frontiersin.org 6 July 2019 | Volume 13 | Article 289

93

https://www.frontiersin.org/journals/cellular-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-neuroscience#articles


fncel-13-00289 July 12, 2019 Time: 15:37 # 7

Eshra et al. EE Accelerates APs

FIGURE 4 | Enriched environment tunes neurons for firing at higher frequencies. (A) An example of the APs of the trace of maximum firing frequency (color-code as

in Figure 2). (B) Average maximum firing frequency of neurons of EE and control mice, n = 299, 299 cells, based on the first two, first five APs, and average of all

APs in the trace, in which most APs were fired, Pt�test = 0.05, 0.02, 0.002, respectively. (C) Average maximum firing frequency of neurons of EE and the

corresponding control mice, n = 15, 15 mice. For the first two, first five APs and average of all APs in the trace, in which most APs were fired, Pt�test = 0.1, 0.1 and

0.01, respectively. (D) Correlation between the maximum firing frequency and the latency of the mouse to fall from rotarod, for control and EE mice, n = 9 and 9

mice, rPearson = 0.53, PPearson = 0.02, and PSpearman Rank = 0.03.

of neurons (Evans et al., 2015; Kole and Brette, 2018). Our results
are thus consistent with a scenario, in which EE alters neuronal
activity, which in turn induces plastic alterations in ion channels
responsible for shaping the AP waveform.

Relation of Motor Performance and
Firing Rate
Information can be coded as the average firing rate or as
the temporal correlation of the exact time of the APs (Rieke
et al., 1997). For example, vestibular, proprioceptive, and
somatosensory information (Van Kan et al., 1993; Jörntell and
Ekerot, 2006; Arenz et al., 2008) as well as the control of
muscles (Adrian and Bronk, 1929) relies on rate coding. Our
finding that improved motor performance correlates with AP
frequency is therefore consistent with the idea that an increased
bandwidth of firing accelerates information processing (reviewed
in Delvendahl and Hallermann, 2016). Particularly, the increase
in firing frequency of granule cells guarantees the precision of

information transfer from the granule cell level to the Purkinje
cell level, assuring a more precise pace-making role for Purkinje
cells, which is critical in motor coordination (Walter et al., 2006).

We observed both a shortening of the AP half duration and
an increase in the maximal firing frequency upon EE. There was
an inverse correlation between maximum firing frequency and
AP half duration (Supplementary Figure S3A). Such inverse
correlation has also been observed within vestibular nucleus
neurons (Gittis et al., 2010), across cell types (Carter and
Bean, 2009), and across di�erent species (Wang et al., 2016).
As expected from the correlation between the latency on the
rotarod and the maximal firing frequency (Figure 4D), we
therefore also observed a tendency for an inverse correlation
between the latency on the rotarod and the AP half duration
(Supplementary Figure S3B).

Thus, our data provide support to the idea that the duration of
the AP and the maximum frequency of firing are related to the
speed of sensory-motor information processing. Interestingly,
action potential kinetics were recently shown to correlate with
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another behavioral parameter (the intelligence quotient; IQ) in
humans (Goriounova et al., 2018). However, several caveats
should be considered regarding the relation between behavior
and biophysical properties of neurons. (1) The correlations,
which we observed here between performance on the rotarod and
AP firing in granule cells, is statistically significant but not very
strong. (2) The correlations do not imply causal relationships.
(3) Our results were obtained in acute brain slices and future
studies in freely behaving animals need to confirm the correlation
between behavior and neuronal firing patterns in vivo. (4) Several
other neuronal factors changing upon EE could contribute to
the improved motor performance, such as myelination (Szeligo
and Leblond, 1977; McKenzie et al., 2014), neuronal density
(Kempermann et al., 1997), and dendritic and spine morphology
(Volkmar and Greenough, 1972; Restivo et al., 2005). (5) Other
parts of the nervous system (e.g., other types of neurons, other
cerebellar lobules, the motor cortex, and the vestibular and
proprioceptive systems) could change and cause the improved
motor performance. (6) Factors independent of the nervous
system (e.g., muscle strength and body weight) could underlie
the improved rotarod performance. Yet, independent of the
di�cult question of the relation between behavior and neuronal
biophysical properties, our data convincingly demonstrate that
fundamental parameters such as AP duration and maximum
firing frequency are influenced by the environment.
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FIGURE S1 | Statistical analysis of AP half duration considering the average value

for each mouse instead of the average value for each cell. The average AP half

duration of 15 EE and 15 control mice is shown; (orange: trace at current

threshold; cyan: trace with 60-pA-current injection; red: trace with maximum APs

fired). From left to right, analysis of first AP, first five APs, and average of all APs,

respectively. All the P-values shown are from Student’s t-test.

FIGURE S2 | Constancy of action potential half duration between different age

groups. (A) Average AP half duration of control mice of different age groups (n

refers to the number of cells). (B) Histogram showing the distribution of the half

duration of all APs recorded.

FIGURE S3 | Correlation between behavior and electrophysiology. (A) Correlation

between maximum firing frequency and AP half duration, for control and EE mice,

n = 9, 9 mice, rPearson = 0.70, PPearson = 0.0007, PSpearman Rank = 0.0002. (B)
Correlation between AP half duration and latency to fall from rotarod, for control

and EE mice, n = 9, 9 mice, rPearson = 0.43, PPearson = 0.07, PSpearman Rank = 0.04.
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Supplementary figures of Eshra et al., 2019 

 

 
FIGURE S1  
 
Statistical analysis of AP half duration considering the average value for each mouse instead of the average value 
for each cell. The average AP half duration of 15 EE and 15 control mice is shown; (orange: trace at current 
threshold; cyan: trace with 60-pA-current injection; red: trace with maximum APs fired). From left to right, 
analysis of first AP, first five APs, and average of all APs, respectively. All the P-YDOXHV�VKRZQ�DUH�IURP�6WXGHQW¶V�
t-test. 
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FIGURE S2  
 
Constancy of action potential half duration between different age groups.  
(A) Average AP half duration of control mice of different age groups (n refers to the number of cells). (B) 
Histogram showing the distribution of the half duration of all APs recorded. 
 
 

 
FIGURE S3  
 
Correlation between behavior and electrophysiology.  
(A) Correlation between maximum firing frequency and AP half duration, for control and EE mice, n = 9, 9 mice, 
rPearson = 0.70, PPearson = 0.0007, PSpearmanRank = 0.0002. (B) Correlation between AP half duration and latency to fall 
from rotarod, for control and EE mice, n = 9, 9 mice, rPearson = 0.43, PPearson = 0.07, PSpearmanRank = 0.04. 
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The function of the CNS depends on efficient processing of neuronal signals. High frequency 

signaling accelerates the process of information transfer and expands the coding capacity. In 

this work, I addressed the following three questions: (1) How is the presynaptic release 

machinery tuned to perform fast synaptic release? (2) How do fast neuronal signals propagate 

along the network? (3) Is the neuronal ability, to perform high frequency signaling, a plastic 

parameter that could be directly altered via experiences? I used the cMFB-GC synapse to 

address these questions. This synapse represents an ideal system to study high frequency 

signaling in the CNS, because mossy fiber axons carry broad-bandwidth signals to the 

cerebellum with firing frequencies up to 1.2 kHz in vivo (Jörntell & Ekerot, 2006; Rancz et al., 

2007). Therefore, I studied high frequency signaling at the cMFB-GC synapse from (1) the 

synaptic, (2) the neuronal network, and (3) the behavioral perspectives. In the following 

sections, I present a short summary of the three publications of this cumulative dissertation and 

future perspectives of the obtained results. 

 
5.1. Ca2+ dependence of neurotransmitter release at the cMFBs  

The mechanisms of neurotransmitter release and especially the Ca2+ dependence is still 

surprisingly poorly understood. It is particularly unclear, how synapses can release 

neurotransmitter at high frequencies. In this work, a mechanistic analysis of synaptic release at 

the cMFBs was provided (Eshra et al., 2021). The cMFB-GC synapse is a high fidelity central 

synapse and represent one of the few synaptic terminals where direct recordings can be 

performed in brain tissue of mature mice. 
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AP-evoked responses were found to be critically dependent on basal Ca2+ levels (below 200 

nM), indicating a high affinity Ca2+ sensor for vesicle priming. The strong Ca2+ dependence of 

vesicle priming resulted in an increased size of the RRP upon elevating the residual Ca2+ level. 

Therefore, these results contribute to better mechanistic understanding of synaptic facilitation. 

In order to understand the Ca2+ dependence of vesicle fusion, I implemented Ca2+ uncaging to 

avoid the issue of different Ca2+ domains (Figure 2B), occurring during the AP-triggered 

opening of VGCCs, that cannot be differentiated experimentally. Combining Ca2+ uncaging 

with quantitative two-photon Ca2+ imaging and electrophysiology (Figure 5A), I was able to 

obtain the relationship between the kinetics of vesicle fusion and the Ca2+ concentration. The 

obtained dose-response curves show significant release in the low Ca2+ range (below 5 µM). 

The intracellular Ca2+ dependence of the vesicular release rate was surprisingly shallow and 

did not show any signs of saturations up to a Ca2+ concentration of 50 µM, hence indicating a 

low affinity sensor for vesicle fusion. Analysis of the mechanisms of fusion of the RRP showed 

the existence of at least two distinct kinetic steps contributing to release within the first 10 ms. 

Quantitative functional analysis of this data indicated very rapid vesicle replenishment which 

occurred via sequential (Figure 5B) or parallel vesicle pools (Figure 5C). The Ca2+ dependence 

of vesicle replenishment, occurring within the first 100 ms after Ca2+ uncaging, showed very 

little Ca2+ dependence indicating either a Ca2+ independent process or an apparent Ca2+ 

independence in the relevant Ca2+ range due to an almost saturated high-affinity Ca2+ sensor.  
 

 
 
Figure 5: Kinetic models which explain synaptic release at the cMFBs 
 
(A) Illustration of the experimental setup which was used in Eshra et al. (2021) showing the establishment of UV-
induced Ca2+ uncaging and two-photon quantitative Ca2+ imaging together with electrophysiology (adopted from 
Eshra et al., 2021). (B) A sequential model where the release of the release-ready pool of vesicles (RRP) occurs 
from two subpools of vesicles (V1, V2). One subpool represents the docked vesicles (V2) and the other represents 
a replacement pool (V1) which can undergo rapid docking and fusion. Therefore, this model describes two 
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sequential kinetic steps of release (adopted from Eshra et al., 2021). (C) A parallel model where the release of the 
RRP occurs from two subpools of vesicles (V1, V2), where both types of vesicles can fuse but with different Ca2+ 
sensitivity. Therefore, this model describes two parallel kinetic steps of release (adopted from Eshra et al., 2021). 
 
Therefore, my data reveal the presence of two types of Ca2+ sensors having high and low 

affinities that mediate synaptic release at the cMFB. The co-existence of multiple sensors could 

represent an evolutionary adaptation, that prevents the depletion of the RRP at medium Ca2+ 

concentrations, to allow maintaining high frequency neurotransmission with high fidelity. 

 
5.2. Functional heterogeneity among GCs 

How are high frequency input signals from the cMFBs processed at the postsynaptic level? 

Most previous models of the cerebellar network assumed that GCs represent a homogenous 

population of neurons that are functionally uniform. Here, I used whole-cell recording from 

GCs located in different positions in the cerebellar cortex and contributed to the description of 

prominent functional differences among GCs (Straub et al., 2020). My recordings and 

recordings from other coworkers in the laboratory revealed the existence of biophysical 

heterogeneity along the depth axis of the cerebellar cortex. My recordings showed that deep 

GCs (close to the white matter) fired APs with shorter half duration compared to more 

superficial GCs (close to the Purkinje cells). Deep GCs had higher threshold for firing APs 

compared to more superficial GCs and were able to reach higher AP firing frequencies (Figure 

6). Additional data from my coworkers revealed the presence of: (1) a Fourier-like 

transformation of mossy fiber input into its frequency components in the GC layer, (2) 

functional and anatomical differences in different parallel fiber layers, and (3) differential 

processing of inputs from different parallel fiber layers to the Purkinje cells. Therefore, the 

ability of a GC to process the mossy fiber inputs differentially, based on its spatial properties, 

represents a critical mechanism to control information processing in the cerebellum. 

 
Figure 6: Spatio-functional heterogeneity of cerebellar GCs 
 
(A) Illustration of the GCs along the depth axes (modified from Straub 
et al., 2020). (B) In response to small current injections (IGC), GCs 
close to the white matter (green) were able to fire APs at higher 
frequencies than GCs close to the Purkinje cells (magenta; modified 
from Straub et al., 2020). 
 

 

In addition, I investigated the heterogeneity along the rostro-caudal axis. Rostral GCs (in lobule 

V of the cerebellum) also showed functional and biophysical heterogeneity when compared to 

caudal GCs (lobule IX). GCs of lobule V had higher threshold for firing APs compared to the 
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more caudal GCs of lobule IX. Moreover, GCs of lobule V fired APs with shorter half duration, 

and could reach higher firing frequencies than GCs of lobule IX. The here-described rostro-

caudal axis is largely in line with previous studies (Colin Heath et al., 2014; Witter & de Zeeuw, 

2015; Zhou et al., 2014), where the anterior cerebellum was shown to process high-frequency 

bursting signals, while the vestibulo-cerebellum mainly processed lower frequency inputs. The 

here-reported two axes of biophysical heterogeneity, the depth axis and the rostro-caudal axis, 

contribute to the growing body of evidence for the functional differences within the cerebellar 

cortex (Apps et al., 2018). The existence of these functional gradients might facilitate 

information processing in the cerebellum via the frequency dispersion of input signals in the 

cerebellar cortex (Straub et al., 2020). 

 
5.3. Environmental enrichment alters the biophysical properties of single neurons  

After describing mechanisms of high frequency neuronal signaling in the context of 

neurotransmitter release and processing of input signals, I aimed to investigate whether the 

neuronal intrinsic ability, to reach maximal firing frequency, can be altered via environmental 

inputs. One of the core functions of the cerebellum is the fine coordination of timing and 

precision of motor functions. In the cerebellar network, the cMFB-GC synapse represents the 

first processing station which distributes sensory inputs to a huge number of GCs. Enriched 

environment is an effective tool that improves the motor performance of animals (Horvath et 

al., 2013; Lee et al., 2013; Madroñal et al., 2010). At the cerebellar glomerulus, motor learning 

induced prominent structural plasticity (Figure 4C; Ruediger et al., 2011), however, the 

occurrence of functional adaptations to the improved motor performance remains unclear. In 

this work, I demonstrated direct functional alterations of cerebellar GCs in response to enriched 

environment (Eshra et al., 2019). First, the improvement in motor skills induced via 

environmental enrichment was confirmed via the rotarod assay. Next, whole-cell recordings 

were used to describe the biophysical adaptations occurring to GCs of environmentally 

enriched animals. APs of GCs of environmentally enriched animals had shorter half duration, 

more depolarized voltage threshold, and larger overshoot (Figure 7A). On the other hand, the 

passive properties of GCs did not change upon environmental enrichment. Therefore, the 

enriched environment-induced changes are likely to be specific to the densities or properties of 

the ion channels which shape the AP waveform but do not extend to the channels responsible 

for setting the passive properties of neurons. GCs of environmentally enriched animals were 

able to reach higher firing frequencies than GCs of control animals (Figure 7B), suggesting an 

increased ability of signal processing at the cMFB-GC. Furthermore, a significant (although 
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weak) correlation was found between the maximum firing frequency and the motor 

performance on the rotarod. This correlation does not provide any causal relationship between 

firing rate and motor skills, but it is tempting to speculate that rapid sensory-motor integration 

benefits from the ability of GCs to reach higher firing frequencies. Taken together, these results 

demonstrate that maximum firing frequency is a plastic parameter that can adapt to sensory 

inputs from the environment.  

 
Figure 7: Effect of environmental enrichment on the firing 
properties of cerebellar GCs 
 
(A) APs recorded from GCs of control (black) or environmentally 
enriched (red) animals. GCs of environmentally enriched animals 
fired APs with shorter half duration and larger overshoot compared 
to GCs of control animals (modified from Eshra et al., 2019). (B) 
Comparison of the AP firing frequency of GCs of animals grown in 

control (black) or enriched (red) conditions. GCs of environmentally enriched animals were able to fire APs at 
higher frequencies compared to GCs of control animals (adopted from Eshra et al., 2019). 
 
5.4. Outlook  

Towards understanding the mechanisms of high frequency signaling, my work provided more 

insights into how the release machinery of a fast synapse performs high fidelity 

neurotransmitter release. The results raise several exciting questions, for example, whether the 

here-described model of synaptic release is exclusive to cMFBs. This is the first study to 

investigate the release kinetics at a relatively mature central synapse. Since synaptic fidelity 

has been shown to increase with age, it would therefore be interesting to study the Ca2+ 

dependence of synaptic release during development. Furthermore, the exact molecular identity 

and expression level of the here-described Ca2+ sensors remain ambiguous.  

 
This work described heterogeneity in the biophysical properties of GCs that were previously 

considered functionally homogenous. Similar mechanisms could exist in other brain regions 

which could have important implications on the functional understanding of the neuronal 

network. Finally, it would be interesting to check if the design of artificial neural networks 

profits from the implementation of neuronal heterogeneities.  

 
How does growing in a different environment affect the computational power of single 

neurons? Revealing the ability of GCs to reach high firing frequencies, upon environmental 

enrichment, raises two important questions: (1) whether the here-reported increase in firing 

frequencies is beneficial for the integration of sensory motor functions and (2) if this effect 

extends to other types of neurons in the brain. 
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