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Abstract 

The inferior olive (IO) is comprised of electrically-coupled neurons that make climbing fiber synapses 

onto Purkinje cells. Neurons in different IO subnuclei are inhibited by synapses with wide ranging release 

kinetics. Inhibition can be exclusively synchronous, asynchronous, or a mixture of both. Whether the 

same boutons, neurons or sources provide these kinetically distinct types of inhibition was not known. We 

find that the deep cerebellar nuclei (DCN) and vestibular nuclei (VN) are two major sources of inhibition 

to the IO that are specialized to provide inhibitory input with distinct kinetics. DCN to IO synapses lack 

fast synaptotagmin isoforms, release neurotransmitter asynchronously, and are exclusively GABAergic. 

VN to IO synapses contain fast synaptotagmin isoforms, release neurotransmitter synchronously, and are 

mediated by combined GABAergic and glycinergic transmission. These findings indicate that VN and 

DCN inhibitory inputs to the IO are suited to control different aspects of IO activity.  
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Introduction  

At most synapses, neurotransmitter release is rapid, highly synchronous and tightly associated with 

presynaptic firing (Borst and Sakmann, 1996; Katz and Miledi, 1965; Sabatini and Regehr, 1996). At 

some specialized synapses release persists for tens or hundreds of milliseconds after a presynaptic action 

potential and is highly asynchronous (Atluri and Regehr, 1998; Best and Regehr, 2009; Daw et al., 2009; 

Hefft and Jonas, 2005; Iremonger and Bains, 2007; Lu and Trussell, 2000; Peters et al., 2010). Within the 

IO, the properties of neurotransmitter release at inhibitory synapses are highly variable between different 

subnuclei (Best and Regehr, 2009; Turecek and Regehr, 2019). In some IO subnuclei, GABA release is 

exclusively asynchronous, for others release is exclusively synchronous, and for the rest release has both 

a synchronous and an asynchronous component. This influences the jitter, the rise time and the decay time 

of synaptic responses (Fig. 1A, Turecek and Regehr, 2019). Across the IO, the synchrony of GABA 

release is determined by the presence or absence of fast Synaptotagmin isoforms, Syt1 and Syt2 (Syt1/2). 

Release in the IO is synchronous if Syt1/2 are present, but asynchronous if they are absent (Turecek and 

Regehr, 2019), consistent with a role of Syt1/2 in release synchrony at other synapses (Bacaj et al., 2013; 

Chen et al., 2017; DiAntonio and Schwarz, 1994; Geppert et al., 1994; Kochubey and Schneggenburger, 

2011; Xu et al., 2007).  

The striking diversity in the properties of inhibitory synapses in the IO raises several important issues. 

The kinetics of release are determined by the presence of Syt1/2, but it is unclear whether the same 

presynaptic inputs provide both synchronous and asynchronous release. Neurons in the deep cerebellar 

nuclei (DCN) are a major source of inhibition (Fredette and Mugnaini, 1991), with DCN to IO inputs 

anatomically segregated such that a single DCN region projects to a single IO subnucleus (Anguat and 

Cicirata, 1982; Dietrichs and Walberg, 1986; Dietrichs et al., 1985; Pijpers et al., 2005; Ruigrok, 1997; 

Ruigrok and Voogd, 1990). It is possible that neurons in different DCN regions differentially express 

Syt1/2 to tune the kinetics of inhibition within each IO subnucleus. Some IO subnuclei also receive 

inhibitory input from vestibular nuclei (VN, (Barmack, 2006; Barmack et al., 1998; De Zeeuw et al., 

1993; Nelson, 1988), but it is unknown whether VN inputs are synchronous, asynchronous or both. 

Another aspect of inhibitory transmission in the IO that is poorly understood is the contribution of 

glycinergic transmission to synchronous and asynchronous inhibition. In other brain regions GABA and 

glycine are often co-released, and glycinergic transmission often has faster kinetics than GABAergic 

transmission (Apostolides and Trussell, 2013; Jonas et al., 1998; Lu et al., 2008; Moore and Trussell, 

2017; O'Brien and Berger, 1999). This raises the possibility that glycinergic transmission could contribute 

to fast synaptic inhibition in the IO, but the properties of glycinergic transmission are not known because 

previous studies have focused primarily on GABAergic inhibition in the IO.  

We examined the properties of inhibitory synapses within the IO. Our anatomical and 

electrophysiological experiments indicate that many inhibitory boutons in the IO have a glycinergic 

component. Viral expression of ChR2-YFP allowed us to isolate the properties of DCN and VN inputs. 

We find that inhibitory inputs to the IO from the DCN are exclusively asynchronous and mediated by 

GABAA receptors. VN inputs provide rapid inhibition with synchronous release that activates GABAA 

receptors and glycine receptors. IO subnuclei with exclusively asynchronous release only received input 

from the DCN, regions with exclusively synchronous release received strong input from the VN, and 

regions with mixed kinetics received prominent input from both. These findings establish that different 

sources provide inhibitory synapses with distinct kinetics within the IO.  

Results 

We used immunohistochemistry to characterize inhibitory synapses in the IO. We immunolabeled Vgat in 

animals expressing Synaptophysin-Tdtomato (Syp-TdT) driven by GlyT2-Cre (Kakizaki et al., 2017), and 

co-stained for Syt1/2 (Figure 1B). This strategy labels all inhibitory boutons with Vgat, and prominent 

labelling is present throughout the rostral and caudal IO and in regions surrounding the IO. Glycinergic 
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boutons are present at modest levels in some regions of the rostral IO, and they are present at higher 

levels in the caudal IO and in the reticular formation (RF) surrounding the IO. Syt1/2 labelling is 

prominent throughout the IO, but Syt1/2 labeling is not restricted to inhibitory synapses, so much of this 

labelling is in glutamatergic synapses (Turecek and Regehr, 2019). We therefore identified Vgat-positive 

boutons and measured co-localization with Syt1/2 by correlating the signals of Vgat and Syt1/2. Signal 

correlation for each bouton was measured using Pearson’s correlation coefficient (R2), with low R2 values 

indicating that Syt1/2 is absent from the bouton, and a large R2 value indicating that Syt1/2 is present 

(Turecek and Regehr 2019, Figure 1 – figure supplement 1, see methods). We also identified Vgat-

positive boutons that are either glycinergic (TdT-containing, GlyT2+) or purely GABAergic (TdT-

lacking, GlyT2−, Figure 1C). Differences in the properties of GlyT2+ synapses were evident in high 

power images of different subnuclei (Figure 1C), and in summaries of R2 for all Vgat boutons in IO 

subnuclei (Figure 1D). Throughout the IO, Syt1/2 was absent in GlyT2− boutons, whereas Syt1/2 was 

present at most GlyT2+ synapses. GlyT2+ synapses were also segregated to distinct IO subnuclei. In the 

rostral IO, a majority of inhibitory synapses lacked Syt1/2 and were GlyT2− in the PIO and rMAO 

(Figure 1 – figure supplement 2). Other subnuclei contained mixed populations of GlyT2+, Syt1/2-

expressing synapses (DAO, rIOBe/C, cIOBe/C). In the caudal IO and dorsal cap of Kooy, most synapses 

were GlyT2+ and expressed Syt1/2 (rDCK, cDCK, IOB/A). The anatomical segregation of GlyT2+ 

synapses was evident in the distributions (Figure 1D, Figure 1 – figure supplement 2), and reconstructed 

maps of GlyT2+ and GlyT2− boutons in the IO (Figure 1E). Our results indicate that glycinergic inputs to 

the IO are generally directed to distinct subnuclei and mostly express Syt1/2, whereas exclusively 

GABAergic inputs are targeted to complementary nuclei and lack fast Syt isoforms.  

Nothing is known about the function of glycinergic transmission in the IO because previous studies of 

inhibition in the IO focused on GABAergic transmission and were therefore conducted in the presence of 

glycine receptor antagonists (Best and Regehr, 2009; Turecek and Regehr, 2019). However, our 

immunohistochemical studies make several predictions about inhibitory synapses in the IO. They suggest 

that glycinergic synapses are rapid due to the presence of Syt1/2. In contrast, exclusively GABAergic 

synapses are expected to be asynchronous based on the lack of Syt1/2. In addition, the spatial dependence 

of glycinergic boutons provides a guide to subregions where glycinergic synaptic responses are likely to 

be prominent. We performed electrophysiological studies to test these predictions and to characterize the 

glycinergic inputs to the IO.  

The DAO is a particularly interesting place to test the hypothesis that glycinergic synapses are 

synchronous. GABAergic transmission is dominated by asynchronous release in the DAO (Turecek and 

Regehr, 2019), and most synapses in this region lack Syt1/2. However, a small subset of inhibitory 

synapses in the DAO contain both Syt1/2 and glycinergic markers (Figure 1C-E; Figure 1 - Table 

supplement 1, Figure 1 - figure supplement 2). We therefore re-examined the properties of evoked 

inhibitory transmission in the DAO with glycinergic and GABAergic transmission intact, and with 

excitatory input blocked by NBQX and (R,S)-CPP. Inhibitory synaptic responses had two components of 

release with very different properties: a rapid synchronous component consistent across trials (Figure 2A, 

left), was followed by a prolonged asynchronous component that varied across trials as described for 

asynchronous release of GABA in the DAO. Gabazine eliminated asynchronous release and left a rapid 

synchronous component intact (Figure 2A, right). We plotted the evoked currents sensitive to gabazine 

and strychnine that reflect the properties of GABA and glycine release respectively (Figure 2B). 

Compared to GABA, the release of glycine had much faster rise and decay kinetics and had similar 

properties to synchronous release seen in synapses outside the IO (Fig 2A-C). We observed considerable 

variability in the amplitude of the glycinergic component of release for different cells in the DAO, but 

GABA release typically contributed much more overall inhibitory charge transfer (Figure 2C). Thus, in 

agreement with the predictions from immunohistochemistry, the DAO receives two distinct forms of 

inhibition. The synchronous component has a prominent glycinergic component, whereas the 

asynchronous component is exclusively GABAergic. 
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We also measured the properties of mIPSCs to see if regions in which immunohistochemically identified 

glycinergic boutons are abundant also have prominent glycinergic mIPSCs. We recorded mIPSCs in the 

presence of either gabazine to isolate glycinergic events, or strychnine to isolate GABAergic events. We 

found that the frequency of glycinergic mIPSCs is regionally segregated. In the PIO where mIPSCs 

mediated by GABA are abundant, we did not observe spontaneous glycine release (Fig. 2D). In the caudal 

A and B subnuclei of the IO (IOB/A), we observed prominent glycinergic mIPSCs (Fig 2E). Glycinergic 

mIPSCs across all subnuclei of the IO had more rapid kinetics and larger amplitudes than GABAergic 

mIPSCs (Fig. 2F, G). The fast decay time of individual glycinergic quantal events contributes to the rapid 

kinetics of evoked glycine release we observed in the DAO. mIPSCs measured in the absence of 

antagonists of GABAA and glycine receptors revealed large amplitude events with a slow decay that 

appeared to consist of both glycinergic and GABAergic components (Fig. 2 - Fig. supplement 1). Washin 

of gabazine eliminated small and slow mIPSCs, whereas large amplitude mIPSCs remained. The decay of 

the remaining large mIPSCs was faster in the presence of gabazine, suggesting that some glycinergic 

synapses in the IO also corelease GABA.  

The frequency of glycinergic mIPSCs in the IO (Figure 2H) conformed to the observed prevalence of 

anatomically defined glycinergic synapses within subnuclei (Figure 1). Glycinergic mIPSCs were not 

observed in the PIO, and rMAO, where glycinergic boutons are not observed. At the opposite extreme, 

the frequency of glycinergic mIPSCs was reliably high throughout the IOB/A and other parts of the 

caudal IO, regions with a high density of glycinergic boutons. For regions such as the DAO and rIOBe 

where a subset of inhibitory synapses is glycinergic, glycinergic mIPSCs were apparent in a fraction of 

cells. The average frequency of glycinergic mIPSCs in these areas also was lower than for the IOB/A. 

Thus, both anatomical and electrophysiological approaches indicate that the contribution of glycinergic 

transmission to inhibition is highly subnucleus dependent.  

Multiple regions provide inhibitory input to the IO, including the deep cerebellar nuclei (DCN) and the 

vestibular nuclei (VN) (Figure 3A). It is not clear whether a single source of inhibition can mediate both 

synchronous and asynchronous release, or whether different sources provide inhibition with distinct 

release kinetics. The beta subnucleus (rIOBe) is an ideal region to distinguish between these possibilities, 

because electrical stimulation evokes inhibition within the rIOBe with prominent synchronous and 

asynchronous components (Figure 3B). We assessed the properties of synapses provided by different 

sources by locally injecting AAV to restrict the expression of ChR2-YFP to either the DCN or the VN, 

and then measuring light-evoked responses in the rIOBe subnucleus. Injections into the DCN labelled 

fibers that projected broadly to the IO, including the rIOBe (Figure 3C). Light-evoked responses were 

entirely asynchronous and lacked a synchronous component (Figure 3D). The rise and decay times of the 

average IPSC was very slow, and there was considerable jitter in the peak times of IPSCs for individual 

trials. Injections into the VN also labelled fibers that projected to the IO including the rIOBe (Figure 3E), 

but light-evoked responses were entirely synchronous and lacked an asynchronous component (Figure 

3F). The rise and decay times were fast, and single trial responses were very reproducible, with low jitter 

in peak times. Thus, the DCN and the VN both project to the rIOBe, but the properties of the synapses are 

very different.  

This optogenetic approach was used to characterize DCN and VN projections to numerous IO subnuclei 

(Figure 4).  DCN injections resulted in ChR2-YFP fluorescence throughout much of the IO, including the 

rIOBe, DAO, PIO, and the rMAO in the rostral IO, and in the lateral IOB/A and IOBe/C in the caudal IO. 

Example light-evoked responses are shown for DCN projections to the DAO, IOB/A and the PIO (Figure 

4A). Light-evoked synaptic responses were observed in all regions where fluorescent fiber labelling was 

present (Figure 4C, filled circles), with the exception of the cIOBe/C (Figure 4C, open circles). The lack 

of evoked responses in the cIOBe/C suggests that the presence of ChR2-YFP fluorescence might be 

associated with DCN fibers of passage rather than synaptic boutons, although it is also possible that our 

injections did not label the region of the DCN that projects to the cIOBe/C. For all regions where DCN 
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responses could be evoked, synaptic inputs had the slow rise, prolonged decay and large jitter typical of 

asynchronous release, as exemplified by the DCN inputs to the rIOBe (Figure 4A, C, E). VN injections 

resulted in ChR2-YFP fluorescence in the rIOBe and DAO in the rostral IO, and in the IOB/A and 

IOBe/C in the caudal IO. Example light-evoked responses are shown for the DAO, IOB/A, and the 

cIOBe/C (Figure 4B).  Light-evoked synaptic responses had prominent synchronous release with rapid 

rise times and decay times, and the peak of the synaptic responses had little jitter, as illustrated by VN 

inputs to the rIOBe (Figure 4B, D, F).  

DCN and VN synaptic inputs also differed in their pharmacological sensitivity (Fig. 5). The asynchronous 

synaptic currents of the DCN were eliminated by gabazine, indicating that they were mediated entirely by 

activation of GABAA receptors (Fig. 5A-C). In contrast, gabazine did not eliminate the rapid synaptic 

currents mediated by VN inputs (Fig. 5D-F). A very rapid component of the synaptic current remained in 

the presence of gabazine (Fig. 5D-F) and the remaining release could be eliminated by strychnine (not 

shown). The kinetics of the glycinergic component were much faster than those of GABA, consistent with 

the faster rise and decay times of individual glycinergic mIPSCs in the IO. Thus, VN inputs are mediated 

by synchronous release consisting of a very fast component mediated by glycine receptors, and a slower 

component mediated by GABAA receptors.  

Discussion 

We found that the two primary sources of inhibitory inputs to the IO are specialized to provide very 

different types of inhibition. DCN synapses are exclusively GABAergic, and lack Syt1/2, resulting in 

completely asynchronous release. VN synapses are mediated by both GABA and glycine, and express 

Syt1/2, leading to synchronized release. 

Determination of release kinetics in the IO 

Our results provide insight into the determinants of the kinetics of transmitter release at inhibitory 

synapses in the IO. Prior to this study, a leading possible explanation for differences in the kinetics of 

inhibitory transmission across IO subnuclei was that subregions of the DCN differentially express Syt1/2. 

The observation that DCN inputs to the IO are all asynchronous, regardless of their targets in the IO, 

indicates that this is not the case. Another major issue was whether regions of the IO where electrically 

evoked inhibition had both synchronous and asynchronous components reflected the ability of individual 

boutons and individual axons to mediate both synchronous and asynchronous release. The properties of 

release from isolated DCN or VN inputs indicates that, in general, a given brain region provides primarily 

either synchronous or asynchronous release. Consequently, we can conclude that for inhibitory 

transmission in the IO, individual boutons and individual axons with multiple boutons generally do not 

mediate both synchronous and asynchronous release. The mixture of asynchronous and synchronous 

release evoked by electrical stimulation in some regions is a consequence of activating axons that 

originate from two different sources. In subnuclei such as the rIOBe, where asynchronous and 

synchronous inhibition are both prominent, electrical stimulation evokes inhibition consisting of two 

components: one from synchronous VN synapses, and the other from asynchronous DCN synapses.  

Optogenetics studies and immunohistochemical analysis indicate that release kinetics are segregated by 

presynaptic origin. Asynchronous release at VN to IO synapses and synchronous release at DCN to IO 

synapses are exceedingly small, but it is difficult to completely exclude contributions from these 

components. A fraction of glycinergic boutons in the rDCK (20%) and the cIOBe/C (46%) appear to lack 

Syt1/2 (Fig. 1F, Fig.1 – Fig. supplement 2), which raises the possibility that some glycinergic synapses 

are asynchronous in these regions. Similarly, Syt1/2 appears to be present at a small fraction of 

exclusively GABAergic synapses in the cIOBe/C and the rIOBe (Fig. 1F, Fig.1 – Fig. supplement 2), 

suggesting that there is a synchronous component of release at a small fraction of exclusively GABAergic 

synapses in these regions. Interpreting these findings is complicated because regions other than the DCN 
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and the VN provide some inhibitory inputs to the IO, and our anatomical experiments did not identify the 

presynaptic origin of inhibitory boutons. The contributions of glycine, GABA and Syt1/2 to the kinetics 

of release of inhibitory synapses from regions other than the DCN and VN are not known. It is therefore 

difficult to completely exclude the possibility that prominent synchronous release masks a tiny 

component of asynchronous release at VN to IO synapses, and similarly that prominent asynchronous 

release could mask a tiny component of synchronous release at DCN to IO synapses.  

Spatial extent of DCN and VN inputs to the IO 

The optogenetic characterization of DCN and VN synapses combined with the immunohistochemical 

characterization of inhibitory synapses in the IO, allow us to estimate the regional distribution of DCN 

and VN inputs to the IO (Figure 6 (Anguat and Cicirata, 1982; Dietrichs and Walberg, 1986; Dietrichs et 

al., 1985; Pijpers et al., 2005; Ruigrok, 1997; Ruigrok and Voogd, 1990). The finding that VN inputs are 

fast with a glycinergic component suggest that Syt1/2 and GlyT2 are present in these boutons (Figure 1E, 

GlyT2+, large R2). In contrast, DCN inputs are asynchronous, exclusively GABAergic, and thus lack 

Syt1/2 and GlyT2 (Figure 1E, GlyT2−, small R2). Thus, the GlyT2− boutons in Figure 1C provide a map 

of the DCN inputs to the IO. Exclusively GABAergic inputs lacking Syt1/2 are present throughout the 

rostral IO, but only account for a very small percentage of inputs to the rDCK. DCN inputs account for a 

large fraction of inputs in the rostral IO, and are present in subregions of the rIOBe and the cIOBe/C. VN 

inputs are prominent in all regions of the caudal IO, provide the bulk of the inputs to the cDCK, and 

provide a low percentage of inputs to some regions in the rostral IO.   

Our optogenetic studies combined with our immunohistochemical studies suggest that VN makes much 

more extensive inhibitory projections to the IO than had previously been appreciated (Fig. 6B). 

Retrograde and anterograde tracing techniques established that the VN projects to various IO subnuclei 

(Barmack, 2006; Carleton and Carpenter, 1983; Gerrits et al., 1985; Saint-Cyr and Courville, 1979; 

Voogd and Barmack, 2006), but in most cases the extent to which inhibitory neurons contributed to these 

projections had not been determined. It was however established that the parasolitary nucleus, which can 

be considered the most caudal region of the vestibular complex, contains vestibular responsive inhibitory 

neurons that project to the IOBe and to the dorsomedial cell column of the IO (Barmack, 1996; Barmack 

et al., 1993; Barmack et al., 1998; Nelson et al., 1989). It has also been shown that the prepositus nucleus 

(PPH) provides vestibular inhibitory inputs to the DCK (De Zeeuw et al., 1993). Although our 

experiments do not identify the specific regions of the VN that project to the IO, our results confirm that 

the VN provide prominent inhibitory inputs to the DAO, the IOBe, and much of the caudal IO.  

GABA and glycine corelease 

The differential kinetics of the glycinergic and GABAergic components, and the considerable spread in 

the contributions of these two components to VN to IO synapses, suggests that the regulation of these 

components could provide a means of adjusting the kinetics of inhibition within the IO. The relative 

strengths of glycinergic and GABAergic components is determined post-synaptically by the density of 

GABAA and glycine receptors , and presynaptically by vesicular content (Apostolides and Trussell, 2013; 

Aubrey and Supplisson, 2018; Gamlin et al., 2018; Legendre, 2001). Glycine and GABA share the 

transporter vesicular inhibitory amino acid transporter (VIAAT), also known as Vgat (Aubrey, 2016; 

Aubrey et al., 2007; Aubrey and Supplisson, 2018; Wojcik et al., 2006). VIAAT is nonspecific, and the 

relative concentrations of glycine and GABA in a vesicle is regulated by the cytosolic levels of GABA 

and glycine. Corelease of glycine and GABA also occurs at other synapses (Dufour et al., 2010; 

Hirrlinger et al., 2019; Jonas et al., 1998; Keller et al., 2001; Medelin et al., 2016; Nabekura et al., 2004; 

Polter et al., 2018; Rahman et al., 2013; Rajalu et al., 2009; Russier et al., 2002; Wu et al., 2002). For VN 

to IO synapses, and other synapses that corelease GABA and glycine, the contribution of GABA and 

glycine to inhibition could be regulated by the contents of vesicles or by the composition of postsynaptic 

glycine and GABA receptors.  
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 Functional consequences of specializations of DCN and VN synapses 

Neurons in the inferior olive are electrically coupled, and it is thought that one of the primary functions of 

inhibition in IO neurons is to regulate the extent of synchronous firing of IO neurons by regulating the 

effective gap junction coupling (Best and Regehr, 2009; Lang et al., 1996; Lefler et al., 2014). Some 

GAD-immunoreactive boutons that synapse onto IO dendrites are in close proximity to gap junctions, 

suggesting that they are well suited to this task (de Zeeuw et al., 1988; de Zeeuw et al., 1989; de Zeeuw et 

al., 1990; Sotelo et al., 1986). In the rMAO it was shown that many of the inhibitory boutons associated 

with gap junctions originated in the DCN (de Zeeuw et al., 1989), and our findings suggest that in mice 

the rMAO is inhibited exclusively by the DCN. Asynchronous release of GABA may be ideal to provide 

slow tonic inhibition that could shunt current away from gap junctions and effectively uncouple or 

desynchronize neurons in the IO. It has also been shown that some vestibular inhibitory inputs from the 

PPH to the DCK are present within glomeruli containing gap junctions (De Zeeuw et al., 1993), and may 

therefore also regulate electrical coupling between DCK neurons. It is unclear what fraction of synapses 

from each source target gap junctions, and how they ultimately influence the firing and coupling of IO 

neurons in different subnuclei. Since IO subnuclei are part of distinct cerebellar and vestibular circuits the 

kinetics of neurotransmitter release and inhibition may be suited to the needs of their unique functions.  
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METHODS DETAILS 

 

Key Resources Table 

Reagent type 

(species) or 

resource 

Designation Source or 

reference 

Identifiers Additional 

information 

Strain, strain 

background 

Mus musculus 

C57BL/6 Charles River   

Strain, strain 

background 

Mus musculus 

GlyT2Cre Obtained from the 

RIKEN 

BioResource 

Research center 

(Kakizaki et al., 

2017) 

BRC No: 

RBRC10109 

 

Strain, strain 

background 

Mus musculus 

Ai34 

(B6;129S-

Gt(ROSA)26So

rtm34.1(CAG-

Syp/tdTomato)Hze/J) 

Jackson 

Laboratories 

Stock:  

012570 

 

Recombinant 

DNA reagent 

AAV9-hSyn-

hChR2(H134R)-

EYFP 

 

UNC Viral Vector 

Core/Addgene 

26973-AAV9  

Software, 

algorithm 

Matlab Mathworks 

(https://www.math

works.com/downlo

ads/) 

RRID:SCR_00

1622 

Version R2019a 

Software, 

algorithm 

IgorPro Wavemetrics 

(https://www.wave

metrics.com/order/o

rder_igordownloads

6.htm) 

RRID:SCR_00

0325 

Version 6.22 

Software, 

algorithm 

ImageJ/Fiji 

software 

Fiji 

(http://fiji.sc/) 

 

RRID: 

SCR_002285 

 

Version 1.52N 
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algorithm 

ZEN 

software 
Zeiss 

(https://www.zeiss.

com/microscopy/us

/products/microsco

pe-

software/zen.html) 

 

 

RRID: 

SCR_013672 

Version 2.3 

SP1 FP3 

Chemical 

compound, 

drug 

Tetrodotoxin 

citrate  

Abcam Ab120055  

Chemical 

compound, 

drug 

NBQX 

disodium salt  

Abcam Ab120046 

 

 

Chemical 

compound, 

drug 

(R)-CPP Abcam Ab120159  

Chemical 

compound, 

drug 

Strychnine 

hydrochloride 

Abcam Ab120416  

Chemical 

compound, 

drug 

SR95531 

(Gabazine)  

Abcam Ab120042  

Chemical 

compound, 

drug 

TTA-P2 Alamone Labs T-155  

 

Ethics: All animal procedures were carried out in accordance with the NIH and Animal Care and Use 

Committee (IACUC) guidelines and protocols approved by the Harvard Medical Area Standing 

Committee on Animals (animal protocol #1493).  

Animals 

Adult (≥P40) animals of both sexes were used for experiments. For electrophysiology, C57/BL6 obtained 

from Charles River. For anatomical experiments, GlyT2Cre animals were obtained from the RIKEN 

BioResource Research Center and crossed with R26LSL-Synaptophysin-tdTomato (Ai34, Jackson labs) mice. 

Experiments were not performed blind to viral injections. 

Slice preparation 

Slices were made from adult (>P40) C57BL/6 mice obtained from Charles River. Animals were 

anesthetized with isoflurane and transcardially perfused with solution composed of in mM: 110 Choline 

Cl, 2.5 KCl, 1.25 NaH2PO4, 25 NaHCO3, 25 glucose, 0.5 CaCl2, 7 MgCl2, 3.1 Na Pyruvate, 11.6 Na 

Ascorbate, 0.002 (R,S)-CPP, 0.005 NBQX, oxygenated with 95% O2 / 5% CO2, kept at 35°C. Vertebrae 

and the back of the skull was dissected away and the hind brain was isolated by making a cut between the 

border of the cerebellum and midbrain. The dura was then carefully removed from the brainstem and the 
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cut face was glued down. 200 µm thick coronal sections of the brainstem were made using a Leica 1200S 

vibratome and then transferred to a chamber with ACSF containing in mM: 127 NaCl, 2.5 KCl, 1.25 

NaH2PO4, 25 NaHCO3, 25 glucose, 1.5 CaCl2, 1 MgCl2, allowed to recover at 35°C for at least 20 

minutes, and then stored at room temperature in the same solution. For experiments involving AAV, 

experiments were performed 14-28 days after injections. Coronal slices of the entire hindbrain were 

collected. Following electrophysiology experiments slices were fixed in 4% PFA in PBS for 2 hours at 

room temperature. Images of sections containing the DCN and VN were collected on a Zeiss Axioscope 

under a 5x objective to confirm restriction of the injection to either the DCN or dorsal brainstem for all 

experiments. 

Electrophysiology 

Experiments were performed at room temperature using a flow rate of 3-5 ml/min. ACSF used for 

recording had the same composition as incubation ACSF except Ca2+ was raised to 2.5 mM and Mg2+ 

lowered to 0.5 mM to maximize evoked release. All experiments were performed in 5 µM NBQX to 

block AMPARs, and 2.5 µM (R)-CPP to block NMDARs. Borosilicate electrodes (1-2 MΩ) contained 

internal solution consisting in mM of: 110 CsCl, 10 HEPES, 10 TEA-Cl, 1 MgCl2, 4 CaCl2, 5 EGTA, 20 

Cs-BAPTA, 2 QX314, 0.2 D600, pH to 7.3. Cells were held at -60 mV. Conditions were adjusted to 

minimize subthreshold membrane potential oscillations (See Turecek and Regehr, 2019; Best and Regehr, 

2009) that are generated by IO neurons (Llinas and Yarom, 1981a, b, 1986; Turecek et al., 2016). 1 µM 

TTA-P2 was included in the ACSF to block t-type Ca2+ channels, and experiments were performed at 

room temperature to suppress oscillations. For experiments requiring electrical stimulation, a glass 

monopolar electrode (2-3 MΩ) filled with ACSF was placed several hundred µm away within the IO or in 

the surrounding reticular formation.  

Axons expressing ChR2 were stimulated by 473 nm light from an LED (Thorlabs) that was guided 

through a 60x objective producing an 80 µm diameter spot positioned several hundred µm away from the 

recorded cell. Single 0.5-1 ms pulses were used with an intensity of 80 mW/mm2 measured under the 

objective. All data are presented as individual cells unless otherwise noted. Whole-cell capacitance and 

series resistance were uncompensated for all experiments. All currents were reversible at 0 mV, indicating 

that they were not mediated through gap junctions. Measurements of mIPSC frequency were performed in 

the presence of TTX (0.5 µM) and in slices unperturbed by stimulus electrodes. Experiments measuring 

GABA and glycinergic components of release were performed in the presence of 5 µM SR95531 

(Gabazine) to isolate GABAergic release, or 0.5 µM strychnine to isolate glycinergic release. For Figure 

2F-G mIPSCs measured in the presence of gabazine were compared to mIPSCs measured in strychnine 

from previously published work (Turecek and Regehr 2019). 

Viruses 

AAV2/9-hSyn-hChR2(H134R)-EYFP was obtained from the University of Pennsylvania Vector Core.  

Stereotaxic surgeries were performed on adult (>P40) C57/BL6 male mice anesthetized with 

ketamine/xylazine (100/10 mg/kg) supplemented with isoflurane (1-4%). Viruses were injected through 

fine-tipped glass capillary needles via a Nanoject III (Drummond) mounted on a stereotaxic (Kopf). 

Bilateral injections were made using stereotactic coordinates targeting various nuclei of the DCN, 1.5-2.5 

mm lateral, 2 mm posterior from lambda, 2.5 mm depth. VN injections were performed by inserting the 

injection pipette at an angle to avoid passage through the cerebellum. An incision was made in the skin of 

the dorsal neck and neck muscle were cut or moved away from the midline to expose the dorsal surface of 

the brainstem. A small incision was made in the dura between the cerebellum and brainstem. The injector 

pipette mounted on the stereotactic frame was angled to pass along just below the dorsal surface of the 

brainstem and the tip was inserted at a depth of 2 mm. For DCN and VN injections 200-300 nL of virus 

suspension (2-5 x 1013 vg/mL) was delivered to each site at a rate of 100 nL/minute, and the needle was 
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retracted 10 minutes following injection. Subcutaneous analgesic (buprenorphine 0.05 mg/kg) was 

administered for 48 hours post-surgery.  

Immunohistochemistry 

Adult (>P40) male GlyT2Cre; R26LSL-Synaptophysin-tdTomato (Ai34) were anesthetized with isoflurane and 

perfused transcardially with PBS, then with 4% paraformaldehyde (PFA) in PBS. The hindbrain was 

removed and post-fixed overnight in 4% PFA. The hindbrain was mounted in 6% low-melting agarose 

and coronal slices were made on a Leica VT1000S vibratome (30-50 µm). For immunohistochemistry, 

two sections were selected to capture the rostral and caudal IO using the same criteria used for physiology 

experiments (see Quantification and Statistical Analysis). Free-floating slices were permeabilized (0.2% 

triton X-100 in PBS) for 10 min followed by blocking for 1 hr (4% Normal Goat Serum in 0.1 % triton X-

100) at room temperature. Sections were then incubated overnight at 4°C with primary antibodies (Mouse 

anti-Syt1, Synaptic Systems 105011, 1:500; Mouse anti-Syt2, Zirc znp-1, 1:200; Guinea-pig anti-VGAT, 

Synaptic Systems 131004, 1 µg/mL, 1:200). For all experiments, antibodies for Syt1 and Syt2 were 

applied together and labeled with the same secondary. Slices were then incubated with secondary 

antibodies for 2 hrs at room temperature (anti-Guinea-pig-AlexaFluor488, Abcam ab150185; anti-Mouse-

AlexaFluor647, Abcam ab150115). Tissue was mounted with #1.5 precision coverslips and Prolong 

Diamond Antifade mounting medium. Z-Stacks were collected with a Zeiss LSM-710 confocal 

microscope equipped with ZEN software. Images were collected using a 60x 1.4 NA oil immersion 

objective. Mosaics of the ventral brainstem were collected and stitched using ImageJ. Images were 

collected at a resolution of 0.1 µm/pixel with 8 bit depth and z-spacing of 0.2 µm/section. Individual 

stacks were 101.6 x 101.6 x 3 µm in size. 

Quantification and statistical analysis 

Electrophysiology analysis 

Recordings were collected using a Multiclamp 700B (Molecular Devices) with Igor Pro software 

(Wavemetrics). Data was sampled at 20 kHz and filtered at 4 kHz. Analysis was performed using custom-

written scripts in Matlab (Mathworks). All electrical stimulus artifacts were blanked for clarity. The 

average synaptic current was used to measure release kinetics including the half-rise time, decay time 

constant. Jitter was calculated by measuring the time of peak current amplitude for each individual trial 

was measured and calculating the standard deviation of peak times. mIPSC events were detected using a 

first derivative and integration threshold using custom written scripts in Matlab. For all recordings, an 

image of the pipette tip position in the IO were taken under a 5x objective by a CCD. Images were then 

used to assign cells to a common map of the IO (Fu and Watson, 2012; Paxinos and Franklin, 2001; Yu et 

al., 2014). Although the IO is a 3D structure, a rostral and caudal coronal section of the IO were selected 

in order to analyze the largest number of regions that could be reliably identified in acute slices. Acute 

slices and fixed tissue were selected to match these common sections of the IO. Caudal sections of the IO 

were required to have lateral arms of the IO visible as single bands of gray matter and no parts of the 

DAO or PIO. Rostral slices were selected in which the IOBe and DCK were visible and the lateral aspect 

of the PIO and DAO were clearly defined. All physiology data are presented as individual cells unless 

otherwise noted. 

Anatomical and co-localization analysis 

Analysis of images were performed as previously described (Turecek and Regehr 2019). Images were not 

de-noised or processed after acquisition. Raw image data was collected as tiles that were individually 

analyzed using custom-written scripts in Matlab. Mosaic images for display were prepared in ImageJ 

using the Grid/Collection Stitching plugin (Priebsisch et al. 2009). In some cases global changes to 

brightness were made for clarity. 
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Vgat-positive boutons were first identified by determining local maxima in each imaged 3D volume. For 

each identified synapse, a 1.5 x 1.5 x 1 µm volume of interest was isolated around the bouton centroid. 

Vgat and Syt1/2 signals were collected for each voxel and plotted against each other. Voxels on the edge 

of the region of interest (outer 0.25 µm) with Vgat signals generated by neighboring boutons were 

detected by a set intensity threshold and ignored. Vgat and Syt1/2 signals were correlated using linear 

regression, generating a value of R2 as a measure of co-localization. For anti-correlated signals (slope of 

regression line < 0) R2 was set to 0.01.  

Vgat-positive boutons were subdivided by whether they co-expressed synaptophysin-TdTomato (Syp-

TdT) to isolate synapses that were glycinergic (Syp-TdT-positive, GlyT2+) or exclusively GABAergic 

(Syp-TdT-negative, GlyT2-). The presence of Syp-TdT was assessed using Vgat and Syp-TdT signal 

correlation performed identically as for Vgat and Syt1/2. After obtaining R2 values for Vgat-Syp-TdT, a 

set threshold was used to isolate GlyT2+ boutons (R2
Vgat-Syp-TdT > 0.4) and GlyT2- boutons (R2

Vgat-Syp-TdT < 

0.1). 

Subnuclei of the IO were outlined and defined by visual inspection of mosaic images. A 170 x 170 x 3 

µm volume just dorsal to the DAO was sampled as the reticular formation. Some nuclei were grouped 

because they could not be reliably distinguished, and could not be compared across experiments, 

especially in acute brainstem slices. The ventrolateral outgrowth could not be reliably distinguished from 

the rostral beta subnucleus. For others, borders could not be clearly defined in acute slices such as for 

caudal beta subnucleus, subnucleus C and more recently defined subnucleus D (Fujita et al. 2020), or for 

the caudal subnuclei A and B, and were therefore grouped for analysis. The dorsal fold of the DAO was 

not examined. 

Data and Software Availability  

Data and custom-written Igor and Matlab analysis scripts are available upon request. 

Acknowledgements  

We thank the Regehr lab for comments on the manuscript.  This work was supported by National 

Institutes of Health Grant R35NS097284 to W.G.R.  

Competing interests: The authors declare that no competing interests exist.  

References 

Anguat, P., and Cicirata, F. (1982). Cerebello-olivary projections in the rat. An autoradiographic study. 
Brain Behav Evol 21, 24-33. 
Apostolides, P.F., and Trussell, L.O. (2013). Rapid, activity-independent turnover of vesicular transmitter 
content at a mixed glycine/GABA synapse. J Neurosci 33, 4768-4781. 
Atluri, P.P., and Regehr, W.G. (1998). Delayed release of neurotransmitter from cerebellar granule cells. 
J Neurosci 18, 8214-8227. 
Aubrey, K.R. (2016). Presynaptic control of inhibitory neurotransmitter content in VIAAT containing 
synaptic vesicles. Neurochem Int 98, 94-102. 
Aubrey, K.R., Rossi, F.M., Ruivo, R., Alboni, S., Bellenchi, G.C., Le Goff, A., Gasnier, B., and Supplisson, S. 
(2007). The transporters GlyT2 and VIAAT cooperate to determine the vesicular glycinergic phenotype. J 
Neurosci 27, 6273-6281. 
Aubrey, K.R., and Supplisson, S. (2018). Heterogeneous Signaling at GABA and Glycine Co-releasing 
Terminals. Front Synaptic Neurosci 10, 40. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 31, 2020. ; https://doi.org/10.1101/2020.07.31.231290doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.31.231290
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

Bacaj, T., Wu, D., Yang, X., Morishita, W., Zhou, P., Xu, W., Malenka, R.C., and Sudhof, T.C. (2013). 
Synaptotagmin-1 and synaptotagmin-7 trigger synchronous and asynchronous phases of 
neurotransmitter release. Neuron 80, 947-959. 
Barmack, N.H. (1996). GABAergic pathways convey vestibular information to the beta nucleus and 
dorsomedial cell column of the inferior olive. Ann N Y Acad Sci 781, 541-552. 
Barmack, N.H. (2006). Inferior olive and oculomotor system. In Neuroanatomy of the Oculomotor 
System, pp. 269-291. 
Barmack, N.H., Fagerson, M., Fredette, B.J., Mugnaini, E., and Shojaku, H. (1993). Activity of neurons in 
the beta nucleus of the inferior olive of the rabbit evoked by natural vestibular stimulation. Exp Brain 
Res 94, 203-215. 
Barmack, N.H., Fredette, B.J., and Mugnaini, E. (1998). Parasolitary nucleus: a source of GABAergic 
vestibular information to the inferior olive of rat and rabbit. J Comp Neurol 392, 352-372. 
Best, A.R., and Regehr, W.G. (2009). Inhibitory regulation of electrically coupled neurons in the inferior 
olive is mediated by asynchronous release of GABA. Neuron 62, 555-565. 
Borst, J.G., and Sakmann, B. (1996). Calcium influx and transmitter release in a fast CNS synapse. Nature 
383, 431-434. 
Carleton, S.C., and Carpenter, M.B. (1983). Afferent and efferent connections of the medial, inferior and 
lateral vestibular nuclei in the cat and monkey. Brain Res 278, 29-51. 
Chen, C., Arai, I., Satterfield, R., Young, S.M., Jr., and Jonas, P. (2017). Synaptotagmin 2 Is the Fast Ca(2+) 
Sensor at a Central Inhibitory Synapse. Cell Rep 18, 723-736. 
Daw, M.I., Tricoire, L., Erdelyi, F., Szabo, G., and McBain, C.J. (2009). Asynchronous transmitter release 
from cholecystokinin-containing inhibitory interneurons is widespread and target-cell independent. J 
Neurosci 29, 11112-11122. 
de Zeeuw, C.I., Holstege, J.C., Calkoen, F., Ruigrok, T.J., and Voogd, J. (1988). A new combination of 
WGA-HRP anterograde tracing and GABA immunocytochemistry applied to afferents of the cat inferior 
olive at the ultrastructural level. Brain Res 447, 369-375. 
de Zeeuw, C.I., Holstege, J.C., Ruigrok, T.J., and Voogd, J. (1989). Ultrastructural study of the GABAergic, 
cerebellar, and mesodiencephalic innervation of the cat medial accessory olive: anterograde tracing 
combined with immunocytochemistry. J Comp Neurol 284, 12-35. 
de Zeeuw, C.I., Ruigrok, T.J., Holstege, J.C., Jansen, H.G., and Voogd, J. (1990). Intracellular labeling of 
neurons in the medial accessory olive of the cat: II. Ultrastructure of dendritic spines and their 
GABAergic innervation. J Comp Neurol 300, 478-494. 
De Zeeuw, C.I., Wentzel, P., and Mugnaini, E. (1993). Fine structure of the dorsal cap of the inferior olive 
and its GABAergic and non-GABAergic input from the nucleus prepositus hypoglossi in rat and rabbit. J 
Comp Neurol 327, 63-82. 
DiAntonio, A., and Schwarz, T.L. (1994). The effect on synaptic physiology of synaptotagmin mutations in 
Drosophila. Neuron 12, 909-920. 
Dietrichs, E., and Walberg, F. (1986). The cerebellar nucleo-olivary and olivocerebellar nuclear 
projections in the cat as studied with anterograde and retrograde transport in the same animal after 
implantation of crystalline WGA-HRP. III. The interposed nuclei. Brain Res 373, 373-383. 
Dietrichs, E., Walberg, F., and Nordby, T. (1985). The cerebellar nucleo-olivary and olivo-cerebellar 
nuclear projections in the cat as studied with anterograde and retrograde transport in the same animal 
after implantation of crystalline WGA-HRP. I. The dentate nucleus. Neurosci Res 3, 52-70. 
Dufour, A., Tell, F., Kessler, J.P., and Baude, A. (2010). Mixed GABA-glycine synapses delineate a specific 
topography in the nucleus tractus solitarii of adult rat. J Physiol 588, 1097-1115. 
Fredette, B.J., and Mugnaini, E. (1991). The GABAergic cerebello-olivary projection in the rat. Anat 
Embryol (Berl) 184, 225-243. 
Fu, Y.H., and Watson, C. (2012). The arcuate nucleus of the C57BL/6J mouse hindbrain is a displaced part 
of the inferior olive. Brain Behav Evol 79, 191-204. 
Gamlin, C.R., Yu, W.Q., Wong, R.O.L., and Hoon, M. (2018). Assembly and maintenance of GABAergic 
and Glycinergic circuits in the mammalian nervous system. Neural Dev 13, 12. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 31, 2020. ; https://doi.org/10.1101/2020.07.31.231290doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.31.231290
http://creativecommons.org/licenses/by-nc-nd/4.0/


14 
 

Geppert, M., Goda, Y., Hammer, R.E., Li, C., Rosahl, T.W., Stevens, C.F., and Sudhof, T.C. (1994). 
Synaptotagmin I: a major Ca2+ sensor for transmitter release at a central synapse. Cell 79, 717-727. 
Gerrits, N.M., Voogd, J., and Magras, I.N. (1985). Vestibular afferents of the inferior olive and the 
vestibulo-olivo-cerebellar climbing fiber pathway to the flocculus in the cat. Brain Res 332, 325-336. 
Hefft, S., and Jonas, P. (2005). Asynchronous GABA release generates long-lasting inhibition at a 
hippocampal interneuron-principal neuron synapse. Nat Neurosci 8, 1319-1328. 
Hirrlinger, J., Marx, G., Besser, S., Sicker, M., Kohler, S., Hirrlinger, P.G., Wojcik, S.M., Eulenburg, V., 
Winkler, U., and Hulsmann, S. (2019). GABA-Glycine Cotransmitting Neurons in the Ventrolateral 
Medulla: Development and Functional Relevance for Breathing. Front Cell Neurosci 13, 517. 
Iremonger, K.J., and Bains, J.S. (2007). Integration of asynchronously released quanta prolongs the 
postsynaptic spike window. J Neurosci 27, 6684-6691. 
Jonas, P., Bischofberger, J., and Sandkuhler, J. (1998). Corelease of two fast neurotransmitters at a 
central synapse. Science 281, 419-424. 
Kakizaki, T., Sakagami, H., Sakimura, K., and Yanagawa, Y. (2017). A glycine transporter 2-Cre knock-in 
mouse line for glycinergic neuron-specific gene manipulation. IBRO Rep 3, 9-16. 
Katz, B., and Miledi, R. (1965). The Measurement of Synaptic Delay, and the Time Course of 
Acetylcholine Release at the Neuromuscular Junction. Proc R Soc Lond B Biol Sci 161, 483-495. 
Keller, A.F., Coull, J.A., Chery, N., Poisbeau, P., and De Koninck, Y. (2001). Region-specific developmental 
specialization of GABA-glycine cosynapses in laminas I-II of the rat spinal dorsal horn. J Neurosci 21, 
7871-7880. 
Kochubey, O., and Schneggenburger, R. (2011). Synaptotagmin increases the dynamic range of synapses 
by driving Ca(2)+-evoked release and by clamping a near-linear remaining Ca(2)+ sensor. Neuron 69, 
736-748. 
Lang, E.J., Sugihara, I., and Llinas, R. (1996). GABAergic modulation of complex spike activity by the 
cerebellar nucleoolivary pathway in rat. J Neurophysiol 76, 255-275. 
Lefler, Y., Yarom, Y., and Uusisaari, M.Y. (2014). Cerebellar inhibitory input to the inferior olive decreases 
electrical coupling and blocks subthreshold oscillations. Neuron 81, 1389-1400. 
Legendre, P. (2001). The glycinergic inhibitory synapse. Cell Mol Life Sci 58, 760-793. 
Llinas, R., and Yarom, Y. (1981a). Electrophysiology of mammalian inferior olivary neurones in vitro. 
Different types of voltage-dependent ionic conductances. J Physiol 315, 549-567. 
Llinas, R., and Yarom, Y. (1981b). Properties and distribution of ionic conductances generating 
electroresponsiveness of mammalian inferior olivary neurones in vitro. J Physiol 315, 569-584. 
Llinas, R., and Yarom, Y. (1986). Oscillatory properties of guinea-pig inferior olivary neurones and their 
pharmacological modulation: an in vitro study. J Physiol 376, 163-182. 
Lu, T., Rubio, M.E., and Trussell, L.O. (2008). Glycinergic transmission shaped by the corelease of GABA 
in a mammalian auditory synapse. Neuron 57, 524-535. 
Lu, T., and Trussell, L.O. (2000). Inhibitory transmission mediated by asynchronous transmitter release. 
Neuron 26, 683-694. 
Medelin, M., Rancic, V., Cellot, G., Laishram, J., Veeraraghavan, P., Rossi, C., Muzio, L., Sivilotti, L., and 
Ballerini, L. (2016). Altered development in GABA co-release shapes glycinergic synaptic currents in 
cultured spinal slices of the SOD1(G93A) mouse model of amyotrophic lateral sclerosis. J Physiol 594, 
3827-3840. 
Moore, L.A., and Trussell, L.O. (2017). Corelease of Inhibitory Neurotransmitters in the Mouse Auditory 
Midbrain. J Neurosci 37, 9453-9464. 
Nabekura, J., Katsurabayashi, S., Kakazu, Y., Shibata, S., Matsubara, A., Jinno, S., Mizoguchi, Y., Sasaki, A., 
and Ishibashi, H. (2004). Developmental switch from GABA to glycine release in single central synaptic 
terminals. Nat Neurosci 7, 17-23. 
Nelson, B.J. (1988). Distribution and source of nerve terminals containing glutamic acid decarboxylase in 
the inferior olivary complex. Doctoral dissertation Mansfield, Connecticut: University of Connecticut. 
Nelson, B.J., Adams, J.C., Barmack, N.H., and Mugnaini, E. (1989). Comparative study of glutamate 
decarboxylase immunoreactive boutons in the mammalian inferior olive. J Comp Neurol 286, 514-539. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 31, 2020. ; https://doi.org/10.1101/2020.07.31.231290doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.31.231290
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 
 

O'Brien, J.A., and Berger, A.J. (1999). Cotransmission of GABA and glycine to brain stem motoneurons. J 
Neurophysiol 82, 1638-1641. 
Paxinos, G., and Franklin, K.B.J. (2001). The mouse brain in stereotaxic coordinates, 2nd edn (San Diego, 
Calif. London: Academic). 
Peters, J.H., McDougall, S.J., Fawley, J.A., Smith, S.M., and Andresen, M.C. (2010). Primary afferent 
activation of thermosensitive TRPV1 triggers asynchronous glutamate release at central neurons. 
Neuron 65, 657-669. 
Pijpers, A., Voogd, J., and Ruigrok, T.J. (2005). Topography of olivo-cortico-nuclear modules in the 
intermediate cerebellum of the rat. J Comp Neurol 492, 193-213. 
Polter, A.M., Barcomb, K., Tsuda, A.C., and Kauer, J.A. (2018). Synaptic function and plasticity in 
identified inhibitory inputs onto VTA dopamine neurons. Eur J Neurosci 47, 1208-1218. 
Rahman, J., Latal, A.T., Besser, S., Hirrlinger, J., and Hulsmann, S. (2013). Mixed miniature postsynaptic 
currents resulting from co-release of glycine and GABA recorded from glycinergic neurons in the 
neonatal respiratory network. Eur J Neurosci 37, 1229-1241. 
Rajalu, M., Muller, U.C., Caley, A., Harvey, R.J., and Poisbeau, P. (2009). Plasticity of synaptic inhibition in 
mouse spinal cord lamina II neurons during early postnatal development and after inactivation of the 
glycine receptor alpha3 subunit gene. Eur J Neurosci 30, 2284-2292. 
Ruigrok, T.J. (1997). Cerebellar nuclei: the olivary connection. Prog Brain Res 114, 167-192. 
Ruigrok, T.J., and Voogd, J. (1990). Cerebellar nucleo-olivary projections in the rat: an anterograde 
tracing study with Phaseolus vulgaris-leucoagglutinin (PHA-L). J Comp Neurol 298, 315-333. 
Russier, M., Kopysova, I.L., Ankri, N., Ferrand, N., and Debanne, D. (2002). GABA and glycine co-release 
optimizes functional inhibition in rat brainstem motoneurons in vitro. J Physiol 541, 123-137. 
Sabatini, B.L., and Regehr, W.G. (1996). Timing of neurotransmission at fast synapses in the mammalian 
brain. Nature 384, 170-172. 
Saint-Cyr, J.A., and Courville, J. (1979). Projection from the vestibular nuclei to the inferior olive in the 
cat: an autoradiographic and horseradish peroxidase study. Brain Res 165, 189-200. 
Sotelo, C., Gotow, T., and Wassef, M. (1986). Localization of glutamic-acid-decarboxylase-
immunoreactive axon terminals in the inferior olive of the rat, with special emphasis on anatomical 
relations between GABAergic synapses and dendrodendritic gap junctions. J Comp Neurol 252, 32-50. 
Turecek, J., Han, V.Z., Cuzon Carlson, V.C., Grant, K.A., and Welsh, J.P. (2016). Electrical Coupling and 
Synchronized Subthreshold Oscillations in the Inferior Olive of the Rhesus Macaque. J Neurosci 36, 6497-
6502. 
Turecek, J., and Regehr, W.G. (2019). Neuronal Regulation of Fast Synaptotagmin Isoforms Controls the 
Relative Contributions of Synchronous and Asynchronous Release. Neuron 101, 938-949 e934. 
Voogd, J., and Barmack, N.H. (2006). Oculomotor cerebellum. In Neuroanatomy of the Oculomotor 
System, pp. 231-268. 
Wojcik, S.M., Katsurabayashi, S., Guillemin, I., Friauf, E., Rosenmund, C., Brose, N., and Rhee, J.S. (2006). 
A shared vesicular carrier allows synaptic corelease of GABA and glycine. Neuron 50, 575-587. 
Wu, L.J., Li, Y., and Xu, T.L. (2002). Co-release and interaction of two inhibitory co-transmitters in rat 
sacral dorsal commissural neurons. Neuroreport 13, 977-981. 
Xu, J., Mashimo, T., and Sudhof, T.C. (2007). Synaptotagmin-1, -2, and -9: Ca(2+) sensors for fast release 
that specify distinct presynaptic properties in subsets of neurons. Neuron 54, 567-581. 
Yu, Y., Fu, Y., and Watson, C. (2014). The inferior olive of the C57BL/6J mouse: a chemoarchitectonic 
study. Anat Rec (Hoboken) 297, 289-300. 

 

  

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 31, 2020. ; https://doi.org/10.1101/2020.07.31.231290doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.31.231290
http://creativecommons.org/licenses/by-nc-nd/4.0/


16 
 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 31, 2020. ; https://doi.org/10.1101/2020.07.31.231290doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.31.231290
http://creativecommons.org/licenses/by-nc-nd/4.0/


17 
 

Figure 1: Syt1/2 is expressed at glycinergic synapses and absent from exclusively GABAergic inputs 

to the IO.  

A: Summary of time course of the IPSC decay for the GABAergic component for different regions of the 

IO (from Turecek and Regehr 2019). Abbreviations are defined in Figure 6.  

B: Low-magnification of coronal sections of the IO immunolabeled for Vgat (green, left) to mark 

GABAergic and glycinergic inputs in a GlyT2Cre; R26LSL-synaptophysin-TdT (Ai34) mouse, Synaptophysin TdT 

labeled glycinergic boutons (cyan, middle), and immunostaining labelled Syt1/2 (magenta, right). Images 

are of the rostral (top) and caudal (bottom) IO. Scale bar is 200 µm. 

C: High-magnification single plane images of inhibitory boutons from each subnucleus of the IO and the 

surrounding reticular formation (RF). From top to bottom: Vgat, Synaptophysin TdT in glycinergic 

boutons, Syt1/2, and a combined image of Vgat and Syt1/2. The lower three images provide measures of 

the degree of correlation of Vgat and Syt1/2 (R2) for all Vgat-positive boutons, for glycinergic boutons 

(GlyT2+), and for the non-glycinergic Vgat-positive boutons (GlyT2-). Scale bar is 1 µm. 

D: Distribution of R2 for all boutons in identified regions of the IO for glycinergic (top) and GABAergic 

synapses (bottom). 

E: Signal correlation (R2) of Vgat and Syt1/2 for all identified Vgat-positive boutons (left), for glycinergic 

boutons expressing TdT and Vgat (middle), and for exclusively GABAergic synapses expressing Vgat 

but not TdT (right).  
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Figure 1 – figure supplement 1: The presence of Syt1/2 at all Vgat positive boutons (TdT+ and  

TdT-) in the ventral brainstem 

 

A: Coronal view of the ventral brainstem showing Syt1/2 expression at all inhibitory boutons. Each 

marker is a Vgat positive bouton color coded for signal correlation between Vgat and Syt1/2 (R2). 

Outlines of IO subnuclei and a sample region of the surrounding reticular formation were used for 

analysis. 

B: Distribution of R2 for all subnuclei of the IO for all Vgat positive boutons (TdT+ and TdT-), and for 

the RF. 
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Figure 1 – figure supplement 2: Distribution of GlyT2 and Syt1/2 in Vgat-positive boutons in IO 

subnuclei 
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Figure 2: Evoked and spontaneous glycinergic input to the IO. 

A: Electrically evoked IPSCs in the DAO with average (top, black) and individual trials (gray), before 

(left) and after washin of Gbz. (right). 

B: Average Gbz.-sensitive IPSC (GABA, black) and strychnine-sensitive IPSC (Gly, red) for cell in A.  

C: Properties of GABA and glycine components of evoked release in the DAO, showing the rise and 

decay kinetics (left) and ratios of glycine and GABA evoked amplitude and charge (right). Markers are 

individual cells. 

D: Top: Example of mIPSCs in a PIO neuron recorded in the presence of strychnine (left). 

Bottom: Same as in top, but for a different PIO neuron recorded in the presence of Gbz. No events were 

detected over the course of 10 minutes. 

E: Same as in D, but for two cells in the IOB/A subnuclei. 

F: Average mIPSCs for cells in E. 

G. Plot of amplitude vs. decay time for averaged mIPSCs of all cells across the IO. Each marker is a cell. 

H: Color-coded map of glycinergic mIPSC frequencies for all recorded cells in the rostral (left) and 

caudal (right) IO. Markers are individual cells. 
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Figure 2 - figure supplement 1: GABA and glycine can be co-released in the IO 

A: Example of mIPSCs in a DAO cell before (gray) and after washin of Gbz. (red). 

B: Top: Amplitude of all events in baseline (gray) and in the presence of Gbz. (red) plotted against their 

decay time for ten minutes of recording in each condition for cell shown in A. Bottom: Histogram of 

mIPSC decay time for all events in baseline (black) and in the presence of Gbz. (red).  

C: Large amplitude mIPSCs with individual events (light) and average event (dark) before (gray, top) and 

after wash in of Gbz. (bottom, red) for the cell shown in A & B.  
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Figure 3: Optical isolation of cerebellar and vestibular sources of inhibition to the IO 

A: Sagittal view of the cerebellum and brainstem showing the locations of the DCN, VN and IO (left). 

Dashed lines indicate the coronal planes of insets showing the DCN and VN (top right) and IO (bottom 

right). Abbreviations are defined in Figure 6.  

B: Electrically evoked IPSCs showing mixed synchronous and asynchronous release from a cell in the 

rIOBe, with average IPSC (black, top) and individual trials (gray, bottom) 

C: Sagittal view of strategy for expressing ChR2-YFP in the DCN (left), with example injection site 

expressing ChR2-YFP in the DCN but not VN in coronal sections (top right). YFP-labeled projections are 

visible in the IO. 

D: Optically-evoked IPSCs in the rIOBe from DCN injection shown in C. 

E: Injection strategy for labeling of the VN (left). The injection pipette was angled to avoid the DCN. 

Example injection of the VN (top right) produced labeling in the IO and surrounding brainstem (bottom 

right). 

F: Optically-evoked IPSCs in the rIOBe from VN injection shown in E.  
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Figure 4: Synchronous and asynchronous inhibition arise from distinct presynaptic sources  

A: Light-evoked response for DCN inputs to the indicated regions with average responses (black) and individual trials 

(grey). Measurements of jitter, decay and rise time shown in red. 

B: Same as A but for VN inputs.  

C: Spatial plots of the jitter (left), decay time (middle) and rise time (right) of optically-evoked inhibitory input from the 

DCN for all recorded IO neurons. 

D: Same as C but for inputs from VN.  

E: Summary of jitter (left), decay time (middle) and rise time (right) for each region for inputs from the DCN. 

F. Same as E but for inputs from the VN. 
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Figure 5: Different sources of inhibition to the IO use different neurotransmitters  

A: IPSCs evoked by optical stimulation of DCN inputs to a DAO neuron with average (black) and individual trials (gray) 

before (left) and after washin of Gabazine (left). 

B: Average overlaid Gabazine-sensitive (black, GABA) and strychnine-sensitive (red, Gly) IPSCs for cell shown in A. 

C: Properties of averaged GABA (black) and Glycine (red) components of release originating from the DCN for each cell, 

with rise (left), decay (middle) times and ratio of Glycine and GABA IPSC charge. No Glycine component was detected 

in any cell. 

D: Same as in A, but for optically evoked vestibular input to a cell in the IOB/A 

E: Overlaid averaged Gabazine-sensitive (black, GABA) and strychnine-sensitive (red, Gly) IPSCs for cell shown in D. 

F: Same as C, but for properties of vestibular inputs to IO neurons. 
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Cerebellar nuclei Vestibular nuclei Inferior olive 

IP    Interposed nucleus LVN    Lateral vestibular nuclei DCK         Dorsal cap of Kooy 

DN  Dentate nucleus MVN   Medial vestibular nuclei DAO         Dorsal accessory olive 

FN  Fastigial nucleus  PPH   Prepositus nucleus  rIOBe       Rostral beta subnucleus 

 Psol    Parasolitary nucleus  PIO          Principal IO 

  rIOBe       rostral IO beta subnucleus 

  rMAO       rostral medial accessory olive  

  IOB/A       IO subnucleus A and subnucleus B 

  IOBe/C     Caudal beta subnucleus and IO subnucleus C 

   

Figure 6: Summary of inhibitory projections to the IO 

 

A: Schematic of inhibitory input from the DCN (top) to the IO (middle, bottom). The DCN supplies asynchronous (green) 

GABAergic inhibition, primarily targeting the rostral IO. Dashed arrows show putative connections between specific 

subregions of the DCN and IO. White regions of the IO did not receive detectable input from the DCN. 

B: Inhibitory input from vestibular origins (top) to the IO (middle, bottom) provide primarily synchronous (magenta) 

inhibition that typically has both GABAergic and Glycinergic components. White regions of the IO did not receive 

detectable input from the vestibular nuclei. Contralateral/ipsilateral specificity is not shown. 
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