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ABSTRACT 

Sensory information is the basis of an integrated perception of reality and allows an 

organism to make informed decisions based upon events occurring in its surroundings. 

Mammals are equipped with five sensory modalities to sample the physical and chemical 

phenomena of the outside world. However, the cellular mechanisms underlying basic 

sensory processing in the brain are poorly understood. Particularly, an outstanding 

question is how do heterogeneous groups of cells, e.g. neuronal microcircuits, function in 

concert to extract and relay meaningful information about sensory inputs? This thesis 

focuses on a mammalian auditory brainstem region known as the dorsal cochlear nucleus 

(DCN). Using whole-cell patch clamp electrophysiology and multi-photon imaging in 

acute brain slices from mouse DCN, the experiments herein focus on inhibition mediated 

by the neurotransmitters glycine and GABA. Chapter 1 addresses outstanding issues 

related to the molecular mechanisms involved in the packaging of inhibitory 

neurotransmitters into synaptic vesicles. Chapters 2-4 focus on the synaptic inputs that 

control the activity of a previously unstudied inhibitory interneuron in the DCN, the 

superficial stellate cell. In particular, Chapter 3 describes a novel pathway in the DCN 

microcircuit that allows excitatory projection neurons to control the activity of stellate 

cells via gap junction (electrical) coupling. Chapter 4 demonstrates that synaptic 

inhibition in stellate cells is mediated not only by glycine and GABA, but can be 

mediated by synaptically-released glutamate deactivating a resting cation conductance in 

the dendrites of electrically-coupled neurons. These findings are discussed in the context 

of auditory perception and current theories regarding neuronal microcircuits. 
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INTRODUCTION 

Sound information is processed by parallel pathways in the brain. 

 Deflections in sound pressure, which form the physical basis of auditory stimuli, are 

transformed into electrical impulses in the ear via a tonotopically-organized array of 

mechanosensitive inner hair cells (Gillespie and Müller, 2009). This "labeled-line" 

organization divides harmonically-rich acoustic stimuli into distinct frequency bands, 

with the amplitude of each band encoded as a graded change in glutamate release from 

the hair cell onto spiral ganglion neurons (Glowatzki et al., 2008). Auditory information 

is subsequently relayed to the brain via excitatory auditory nerve fibers (8th cranial nerve) 

arising from the spiral ganglia, thereby maintaining the tonotopic organization of the 

inner ear in the efferent projections to the brain.  

 A key aspect of the central auditory system is that sound information is funneled 

through parallel neural pathways specialized in extracting distinct components of 

auditory stimuli, while nevertheless maintaining a tonotopic organization across distinct 

neuronal populations (Kandler et al., 2009). This division of auditory information into 

parallel streams occurs at the initial stages of auditory processing, where auditory nerve 

fibers terminate in two specific brain regions: The ipsilateral dorsal and ventral cochlear 

nuclei (Oertel and Young, 2004; Kandler et al., 2009). A tonotopic organization is 

established because the principal neurons of these nuclei receive excitatory synapses 

from a limited number of isofrequency auditory nerve fibers, thus restricting the auditory 

response properties of any given neuron to a narrow frequency range. 
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Cellular anatomy of the DCN microcircuit 

 Whereas neurons of the ventral cochlear nucleus are specialized to extract distinct 

features of acoustic stimuli, the dorsal cochlear nucleus (DCN) is unique in the auditory 

brainstem in that its principal efferent neurons (fusiform/giant cells) integrate excitatory 

inputs from auditory and non-auditory sources (Oertel and Young, 2004). Furthermore, 

the large number of inhibitory interneurons in the DCN, e.g. cells that project their axons 

locally, suggests that this circuit is involved in more than simply relaying information 

from the ear to higher order brain regions.  

 The DCN circuit is typically divided into three distinct layers: molecular, cell body, 

and deep layers (Figure 1). Glutamatergic auditory nerve fibers course through the deep 

layer and synapse on the basal dendrites of fusiform cells as well as glycinergic 

interneurons termed vertical 

cells. Non-auditory information 

from proprioceptive, vestibular, 

and higher-order brain areas 

(Shore and Zhou, 2006) enters 

via a cerebellum-like system of 

excitatory mossy fibers that 

innervate local granule cells 

(Oertel and Young, 2004; Bell 

et al., 2008). The granule cells 

subsequently project 

Figure 1: Simplified diagram of the DCN circuit. The principal 
output neurons (fusiform cells; FC) integrate auditory nerve input 
with multisensory input from a cerebellum-like system of granule 
cell parallel fibers. In addition, the auditory pathway recruits 
inhibitory vertical cells (VC), whereas the multisensory pathway 
contacts cartwheel (CW) and stellate (SC) cell interneurons. 
However, no interneuron integrates auditory and multisensory 
input, suggesting that the two pathways are processed 
independently.  
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glutamatergic parallel fiber axons through the molecular layer and synapse on the apical 

dendrites of fusiform cells. Parallel fibers also excite two types of inhibitory 

interneurons: Cartwheel cells, which provide strong, mixed glycinergic/GABAergic 

inhibition to fusiform and other cartwheel cells, and stellate cells which are thought to 

release GABA and inhibit the distal dendrites of fusiform and cartwheel cells. Thus, 

auditory and non-auditory inputs are integrated at the level of fusiform cells, and each 

pathway recruits non-overlapping sets of inhibitory interneurons.  

 

Function of the DCN in sound localization. 

 The specific role of the DCN in auditory perception is poorly understood. Electrolytic 

lesions of the DCN or the dorsal acoustic stria do not seem to interfere with sound 

perception, but instead cause subtle deficits in sound localization in the vertical plane 

(May, 2000). These data, along with anatomical studies showing that DCN neurons 

integrate auditory and non-auditory information, suggest that the DCN may compute 

information regarding the location of a sound source relative to the animal's body 

position (Oertel and Young, 2004; Bell et al., 2008; Requarth and Sawtell, 2011). In 

agreement with a significant non-auditory input to the DCN, fusiform cells recorded in 

vivo respond to auditory and somatosensory stimuli (Young et al., 1995) and 

somatosensory stimuli can modify the auditory response properties of fusiform cells 

(Shore, 2005; Koehler et al., 2011). 

 What is the functional significance of the DCN's integration of somatosensory and 

auditory signals, and why does this integration occur at the earliest stages of central 
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auditory processing? One prominent hypothesis is that the DCN is involved in detecting 

notches in the frequency spectrum of harmonically rich sounds (Reiss and Young, 2005). 

Spectral notch detection is important because the outer ear creates distortions in auditory 

stimuli characterized by a gain reduction in a specific frequency band (e.g., the head-

related transfer function, Hebrank and Wright, 1974). The central frequency of this 

pinna-based notch filtering changes depending on the location of the sound source, and 

previous studies suggest that the frequency of the spectral notch provides a cue for 

detecting the vertical location of a sound source (Middlebrooks, 1992; May, 2000). In 

agreement with a role for the DCN in spectral notch detection, fusiform cells recorded in 

cats respond best to harmonically-rich sounds where the rising edge of a spectral notch is 

positioned near that cell's characteristic frequency (Reiss and Young, 2005). These data, 

along with the previously mentioned lesion studies (May, 2000), suggest that the DCN 

may play a role in detecting the elevation of a sound source (Oertel and Young, 2004). 

Thus, the prominent somatosensory input to the DCN could provide necessary cues as to 

the location of the animal's head during incoming auditory stimuli.  

 

Local inhibition controls the response properties of DCN fusiform cells. 

 Regardless of the precise role of the DCN in auditory perception, previous studies 

demonstrate that inhibitory interneurons determine the response properties of fusiform 

cells in vivo. Single unit recordings show that many fusiform cells display non-linear 

tuning curves in response to sound: The prototypical response of fusiform cells recorded 

in unanaesthetized cats (Type IV responses) displays characteristic frequency tuning, 
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whereby specific frequencies increase the neuron's firing rate as a function of sound 

amplitude (Spirou and Young, 1991; Davis and Young, 2000). However, increasing the 

amplitude beyond a certain point typically causes inhibitory responses (reduction in 

spontaneous firing), and sounds tuned above or below the characteristic frequency 

similarly decrease spontaneous firing rate at most amplitudes (Davis and Young, 2000). 

Thus, fusiform cells, at least in cats, are characterized by frequency and amplitude-

tuning. Interestingly, pharmacological block of glycine receptors broadens the tuning 

curve of fusiform cells, implying that local glycinergic inhibition shapes the inhibitory 

sidebands. On the contrary, blocking GABAA receptors actually sharpens the tuning 

curves, suggestive of a GABAergic inhibition of glycinergic interneurons (Davis and 

Young, 2000). 

 

Downregulation of local inhibition in the DCN may play a role in tinnitus. 

 Tinnitus is a condition defined by a pervasive ringing in the ears in absence of 

auditory stimuli. This phantom percept of sound affects between 8-20% of people over 

age 60 but can be induced in individuals of any age, particularly after traumatic exposure 

to loud noises (Roberts et al., 2010). Although tinnitus is not life threatening, it can have 

a significant effect on the quality of life and may be co-morbid with depression 

(Kaltenbach, 2006a). 

 Converging lines of evidence suggest that tinnitus may be mediated by hyperactivity 

in the central auditory system, particularly in the DCN (Kaltenbach, 2006b). Specifically, 

denervation of the auditory nerve does not abolish tinnitus in most cases (Berliner et al., 
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1992), suggesting a central locus for the expression of tinnitus percepts. Furthermore, the 

pitch and amplitude of tinnitus are modulated by head orientation and muscle movements 

(particularly jaw and neck muscles; Cherian et al., 2013). Given that the DCN is the first 

brain region in the auditory pathway that integrates auditory and somatosensory 

information, recent studies have focused on maladaptive plasticity in the DCN circuit as a 

potential basis for tinnitus (Brozoski et al., 2002; Kaltenbach, 2006a; Kaltenbach, 2006b; 

Roberts et al., 2010; Middleton et al., 2011). Particularly, evidence shows that fusiform 

cells become hyperactive in animal models of tinnitus, and that this may be partially due 

to a downregulation of inhibitory transmission (Brozoski et al., 2002; Wang et al., 2011). 

Furthermore, a recent study showed that the DCN hyperactivity associated with 

behavioral expression of tinnitus in mice is due to a specific reduction in feedforward 

GABAergic inhibition in the parallel fiber pathway (Middleton et al., 2011). Taken 

together with the in vivo data showing that local inhibition controls the response 

properties of DCN neurons (Davis and Young, 2000), these studies converge upon the 

idea that local inhibitory circuits tightly control the excitability of fusiform cells, and that 

pathological hyperactivity of fusiform cells, due to downregulation of GABAergic and/or 

glycinergic inhibition, may underlie certain aspects of tinnitus (Kaltenbach, 2006b; 

Roberts et al., 2010; Wang et al., 2011). Thus, identifying the mechanisms that generate 

local inhibition in the DCN may drive the development of novel treatments for tinnitus.  
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Vesicular packaging and synaptic release of inhibitory neurotransmitters 

 Although it is accepted that synaptic inhibition is crucial for shaping the response 

properties of auditory neurons in the DCN and beyond, the cellular mechanisms that 

determine the strength of inhibitory synapses remain poorly understood. Fast inhibitory 

transmission in the nervous system is mediated by the release of glycine and GABA. 

Interestingly, both neurotransmitters are packaged into synaptic vesicles by the same 

vesicular transporter (VGAT), and thus can be co-released from the same vesicles (Jonas 

et al., 1998; Wojcik et al., 2006; Lu et al., 2008). However, the mechanisms controlling 

the rate of refilling, as well as the amount of glycine or GABA inside presynaptic vesicles 

remain unclear. Understanding these features of synaptic transmission is important, as 

previous studies show that the amount of neurotransmitter inside synaptic vesicles is a 

key determinant of synaptic strength (Edwards, 2007). Thus, the experiments in Chapter 

1 were designed to answer the following questions. 

1) How fast can synaptic vesicles re-equilibrate upon acute changes in cytosolic 

transmitter availability? Do synaptic vesicles retain their transmitter content after filling, 

or do vesicles leak neurotransmitter independently of exocytosis?  

2) What molecules at presynaptic terminals are responsible for generating the 

neurotransmitter available for uptake into synaptic vesicles?  

3) What is the concentration of free neurotransmitter inside the presynaptic cytosol?  

 We approached these issues by recording from synaptically-coupled pairs of cartwheel 

interneurons in acute DCN brain slices. We found that 1) Synaptic vesicles are not static 

after refilling. Instead, synaptic vesicle content can be bi-directionally regulated 
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independently of exocytosis. 2) The plasma membrane transporter GlyT2 and the 

intracellular enzyme glutamate decarboxylase are the main determinants of the moment-

to-moment supply of glycine and GABA, respectively. 3) The effective concentration of 

cytosolic glycine or GABA available for uptake into synaptic vesicles is 5 to 7 mM. The 

results of Chapter 1 show that vesicular transmitter content is labile and can be regulated 

on a minutes time-scale, and suggest that cytosolic transmitter availability represents a 

key locus for the control of inhibitory synaptic strength. 

 

Adaptive filtering in cerebellum-like structures. 

 A conundrum regarding sensory perception is that an animal must differentiate 

between sensory stimuli that are generated by its own behavior and those that originate 

from the outside world; the nervous system of all creatures must therefore be equipped 

with mechanisms to adaptively filter self-generated or irrelevant sensory input (Bell et al., 

2008; Requarth and Sawtell, 2011). A canonical example of such adaptive filtering comes 

from studies in weakly electric fish (mormyrid and other species). These fish recognize 

objects in their environment by generating an electric field and sensing the perturbations 

caused by nearby objects. However, the electroreceptors on the fish's skin do not 

differentiate between electric field perturbations generated by the fish's own movement 

versus that of extrinsic objects, and movements of the fish's tail can cause fluctuations in 

the electric field that are much larger than those caused by ethologically-relevant stimuli 

(Bell et al., 2008). Thus, the fish's nervous system must be equipped with mechanisms to 

cancel out the electric field perturbations arising from self-generated movement. To this 
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end, the efferent neurons in the electrosensory lobe (ELL) integrate two types of 

excitatory synapses from different sensory modalities: An "instructive" input carrying 

information about the activity of electroreceptors on the skin, and a "predictive" input 

that relays information regarding ongoing motor commands and the fish's behavior (Bell 

et al., 2008; Requarth and Sawtell, 2011). Whereas the instructive sensory input is 

relayed by electroreceptor afferent fibers, predictive inputs are transmitted by a set of 

granule cell parallel fibers similar to those found in the DCN and the cerebellum.  

 Anti-Hebbian synaptic plasticity has been proposed as simple mechanism that may 

contribute to adaptive filtering of predictable sensory input: Pairing of parallel fiber 

activity followed by instructive electroreceptor activity causes a long-term depression of 

the active parallel fiber synapses, whereas parallel fiber inputs that are anti-correlated 

with electrosensory stimuli become strengthened. Thus, electrosensory stimuli occurring 

in tandem with motor commands (e.g., self generated sensory input) reduce the strength 

of the active excitatory parallel fiber synapses, whereas stimuli that are unpaired with 

sensory stimuli increase the strength of parallel fiber inputs. As such, repetitive pairing of 

motor commands with electrosensory stimuli leads to a pattern of activity in ELL neurons 

that resembles highly-specific "negative images" of the activity which occurred during 

the pairing protocol (Han et al., 2000; Bell et al., 2008; Sawtell and Williams, 2008). 
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The DCN as an auditory, cerebellum-like structure: Adaptive filtering of self-generated 

sounds? 

 The DCN bears considerable homology to cerebellum-like structures such as the ELL. 

For example, similar to efferent neurons of the ELL, DCN fusiform cells integrate 

information from predictive and instructive sensory pathways. Predictive motor 

commands are relayed to fusiform cells via granule cell parallel fibers, whereas auditory 

nerve inputs are suggested to function as the instructive signal (Requarth and Sawtell, 

2011). Furthermore, the local circuitry of the ELL and DCN are quite similar: Parallel 

fibers in the ELL recruit Purkinje-like medium ganglion cells and small GABAergic 

stellate cells that are strikingly similar to DCN cartwheel and superficial stellate cells, 

respectively (Bell et al., 2008). Thus, the DCN may similarly function as an adaptive 

filter, either via short-term or long-term plasticity mechanisms, to mitigate the salience of 

self-generated sounds such as chewing, breathing, or vocalizations, just as the ELL is 

suggested to generate "negative images" of self-generated electrosensory input in electric 

fish. However, specific data in support of the adaptive filter hypothesis of DCN function 

are lacking. More generally, the cellular mechanisms underlying the integration of 

predictive and instructive signals in the DCN are poorly understood. 

 Similar to other cerebellum-like structures, the DCN circuitry is divided into two 

separate sensory processing domains that ultimately converge upon efferent neurons 

(Figure 1). This segregation is exemplified by the fact that the auditory nerve and parallel 

fiber pathways recruit distinct types of interneurons. Thus, no interneuron in the DCN 

receives input from both sensory streams, implying that auditory and non-auditory 

information are processed by distinct local circuits and integrated only at the level of the 
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fusiform cell. However, this anatomical segregation is at odds with physiology data 

showing that neurons contacted solely by parallel fibers can nevertheless be excited or 

inhibited by auditory stimuli (e.g., cartwheel cells: Davis and Young, 2000; Portfors and 

Roberts, 2007). These data suggest either that a significant amount of auditory 

information is funneled through the parallel fiber pathway, or that previously 

undiscovered pathways in the DCN allow for integration of auditory and non-auditory 

inputs in local interneurons. This poses two outstanding questions regarding the 

activation of DCN interneurons: 

1) What are the synaptic conductances involved in regulating the excitability of local 

interneurons? 

2) Are there previously undiscovered pathways that allow for the integration of auditory 

nerve and parallel fiber inputs in local interneurons?  

 

Superficial Stellate cells of the DCN: Molecular layer interneurons providing GABAergic 

(and glycinergic) inhibition. 

 Chapters 2-4 focus on the cellular physiology of the superficial stellate cell, a 

previously unstudied inhibitory interneuron in the DCN molecular layer. Previous 

anatomy studies have suggested that stellate cells perform a similar function in the DCN 

circuit as the stellate and basket cells of the cerebellar cortex (Wouterlood et al., 1984). 

For example, DCN stellate cells express markers of GABAergic neurons (Mugnaini, 

1985) and are suggested to be electrically-coupled via dendro-dendritic gap junctions 

similar to cerebellar molecular layer interneurons (Wouterlood et al., 1984; Mugnaini, 
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1985; Mann-Metzer and Yarom, 1999). Given that even single stellate cells in the 

cerebellum can control the firing patterns of Purkinje cells (Oldfield et al., 2010), DCN 

stellate cells may provide strong GABAergic inhibition to the Purkinje-like cartwheel 

cells, and also perhaps to the apical dendrites of the fusiform cells. However, nothing is 

known regarding the synaptic inputs or even the postsynaptic targets of DCN stellate 

cells: Anatomy studies using Golgi stains were unable to discern the morphology of their 

myelinated axon (Wouterlood et al., 1984). Furthermore, there are literally only two 

published recordings from putative stellate cells (Zhang and Oertel, 1993; Golding and 

Oertel, 1997), which provide little information beyond a demonstration that these neurons 

fire action potentials and receive excitatory synaptic inputs.  

 The experiments of Chapter 2 examine the synaptic inputs to DCN stellate cells and 

compare them to the previously reported properties of cerebellar stellate and basket cells. 

We find that excitatory transmission is mediated by Ca2+-permeable AMPA receptors 

with sub-millisecond kinetics, similar to what has been reported in the cerebellum (Liu 

and Cull-Candy, 2000; Jackson and Nicoll, 2011). Furthermore, single parallel fibers are 

sufficient to activate synaptic NMDA receptors that provide large, slow synaptic currents. 

Surprisingly, stellate cells were found to co-release glycine alongside GABA. This 

finding was unexpected, highlighting a strong functional divergence from the GABA-

only stellate/basket cells of the cerebellum. Thus, co-release of fast inhibitory 

transmitters is a common feature of molecular layer interneurons in the DCN. 
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Electrical coupling between fusiform and stellate cells allows for cross-modal integration 

in DCN interneurons. 

 Electrical coupling is a common phenomenon in the brain, and allows populations of 

neurons to synchronize their activity (Alvarez et al., 2002; Bennett and Zukin, 2004; 

Vervaeke et al., 2010). However, electrical coupling is predominantly observed between 

inhibitory neurons of the same anatomical class; thus it is typically accepted that 

electrical synapses synchronize activity across populations of neurons that serve a similar 

function, instead of acting as mechanism to transmit information across different cell 

populations (Bennett and Zukin, 2004; Hestrin and Galarreta, 2005). By contrast, we find 

that the inhibitory stellate cells of the DCN are electrically-coupled to the excitatory 

fusiform cells via dendro-dendritic gap junctions. This discovery was not predicted by 

previous anatomy studies and significantly revises the circuitry of the DCN. Chapter 3 

presents data showing that electrical coupling with fusiform cells is strong, persists 

throughout development, and allows the auditory nerve pathway to control the 

excitability of stellate cells independently of a direct projection into the DCN molecular 

layer. Furthermore, activating fusiform cells is sufficient to generate GABAergic 

inhibition in the DCN via this novel gap junction pathway. These findings represent a 

major revision of the DCN circuitry and provide a mechanistic basis for rapid, cross-

modal signaling at the earliest stages of auditory processing. 
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Subthreshold activation of dendritic Na+ channels and deactivation of Ih in fusiform cells 

generates an excitatory/inhibitory response sequence in stellate cells. 

 Synaptic transmission in the central nervous system is typically mediated by the 

release of neurotransmitters acting on ligand-gated receptors. However, the excitability of 

neurons is also heavily influenced by the activity of voltage-gated ion channels at the 

postsynaptic membrane. Given the voltage-dependence of these channels, synaptic inputs 

that modulate membrane voltage are predicted to have a significant effect on the 

activation of voltage-gated channels. Indeed, previous studies have shown that glutamate 

release can depolarize neurons and activate voltage-dependent Ca2+, Na+, and K+ 

channels located in dendrites (Stuart and Sakmann, 1995; Hoffman et al., 1997; Losonczy 

et al., 2008; Harnett et al., 2013). These results imply that interactions between chemical 

synapses and voltage-gated ion channels shape information transfer in the brain. 

 A cation conductance commonly found in neurons is Ih. Originally described in 

cardiac tissue (Barbuti and DiFrancesco, 2008), Ih is paradoxically activated by 

hyperpolarizing the membrane potential away from spike threshold, and deactivated at 

more positive potentials. Unsurprisingly, Ih has been implicated in the genesis of 

pacemaker activity (Bal and McCormick, 1997; Barbuti and DiFrancesco, 2008) and 

rebound spiking in the brain (Kopp-Scheinpflug et al., 2011). Furthermore, previous 

studies show that the dendrites of hippocampal CA1 neurons contain a high concentration 

of HCN channels (Bittner et al., 2012), and synaptic glutamate release deactivates Ih by 

depolarizing dendrites (Magee, 1999). The deactivation of a resting cation conductance 

results in a net outward current that limits the amplitude and time course of excitatory 

postsynaptic potentials (Magee, 1999). 
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 Previous studies show that the resting membrane potential of fusiform cells is 

determined by an interplay between a resting Ih conductance, inward rectifying K+ 

channels, and a persistent Na+ conductance (Leao et al., 2012; Rusznák et al., 2013). 

These results suggest that fusiform cell dendrites contain all three of these active 

conductances, and that that sub- or supra-threshold depolarizations generated by EPSPs 

or spike trains can activate Na+ channels and deactivate the resting Ih conductance, as has 

been observed in other brain regions (Stuart and Sakmann, 1995; Magee, 1999). The 

experiments in Chapter 4 test the hypothesis that glutamatergic synapses onto fusiform 

cells activate a persistent Na+ conductance and also deactivate the resting Ih conductance.  

 We find that the half-width and amplitude of parallel fiber EPSPs in fusiform cells is 

strongly controlled by a persistent Na+ current. Furthermore, subthreshold EPSPs as well 

as spike trains in fusiform cells deactivated the resting Ih conductance, thereby causing 

the fusiform cell membrane potential to transiently drop below its baseline and generate 

an after-hyperpolarization (AHP) at the end of a depolarizing event. Surprisingly, the 

persistent Na+ conductance activated by subthreshold EPSPs in fusiform cells propagated 

to electrically-coupled stellate cells, and this gap junction current comprised 70% of the 

total charge from parallel fiber->stellate cell transmission. Furthermore, the Ih-mediated 

AHP in fusiform cells generated robust inhibition in the interneurons that lasted several 

hundred milliseconds. Together, these results show that synaptic release of glutamate 

activates Na+ channels and deactivates Ih in fusiform cells, thereby generating an 

excitatory/inhibitory sequence that propagates through an electrically-coupled network. 
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Abstract 

The release of neurotransmitter via the fusion of transmitter-filled, presynaptic 

vesicles is the primary means by which neurons relay information. However, little is 

known regarding the molecular mechanisms that supply neurotransmitter destined for 

vesicle filling, the endogenous transmitter concentrations inside presynaptic nerve 

terminals or the dynamics of vesicle refilling after exocytosis. We addressed these 

issues by recording from synaptically-coupled pairs of glycine/GABA co-releasing 

interneurons (cartwheel cells) of the mouse dorsal cochlear nucleus. We find that the 

plasma membrane transporter GlyT2 and the intracellular enzyme glutamate 

decarboxylase supply the majority of glycine and GABA, respectively. 

Pharmacological block of GlyT2 or glutamate decarboxylase led to rapid and complete 

rundown of transmission, whereas increasing GABA synthesis via intracellular 

glutamate uncaging dramatically potentiated GABA release within one minute. These 

effects were surprisingly independent of exocytosis, indicating that pre-filled vesicles 

re-equilibrated upon acute changes in cytosolic transmitter. Titration of cytosolic 

transmitter with postsynaptic responses indicated that endogenous, non-vesicular 

glycine/GABA levels in nerve terminals are 5 to 7 mM, and that vesicular transport 

mechanisms are not saturated under basal conditions. Thus, cytosolic transmitter 

levels dynamically set the strength of inhibitory synapses in a release-independent 

manner. 	
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Introduction	
  	
  

	
   Synaptic vesicles express transporters that drive transmitter accumulation by 

exploiting a transvesicular voltage and/or pH gradient set by the vesicular ATPase 

(Edwards, 2007), and cytosolic transmitter levels in nerve terminals must be sufficiently 

concentrated to permit fast and efficient refilling of recycling vesicles. Indeed, the local 

cytosolic concentration should determine the rate and extent of vesicle filling, thereby 

controlling the size of the “quantum” of transmission (Edwards, 2007; Hori and 

Takahashi, 2012). However, the endogenous cytosolic concentration of most 

neurotransmitters is unknown, and despite its theoretical importance (Axmacher et al., 

2004), the extent to which cytosolic transmitter levels impact vesicle filling is also 

unknown.  

 A related issue is whether vesicles retain their contents until release, or if pre-filled 

vesicles re-equilibrate upon acute changes in cytosolic transmitter independently of 

exocytosis. Isolated vesicles in certain biochemical experiments leak transmitter in 

absence of extra-lumenal substrate, suggesting that vesicle content may turn over rapidly 

(Burger et al., 1991; Floor et al., 1995). If such a leak were prominent in situ, vesicles 

would need to refill in the absence of activity; the amount of transmitter inside a vesicle 

would then reflect a "dynamic equilibrium" between transporter rates and leak (Williams, 

1997; Edwards, 2007). This model predicts that changes in cytosolic transmitter will be 

rapidly mirrored as changes in vesicle filling, even at quiescent synapses. By contrast, 

studies at peripheral cholinergic synapses suggest that pre-filled vesicles are "sealed off" 

and only exchange their contents after exocytosis, implying that changes in cytosolic 
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transmitter will affect synaptic strength only after prolonged activity (Cabeza and Collier, 

1988; Van der Kloot, 2003).  

 These questions are particularly important for inhibitory glycinergic and GABAergic 

synapses. The sole transporter responsible for packaging both glycine and GABA into 

vesicles, VGAT, has particularly low affinity for its substrates (Km=5-10 mM; 

Christensen et al., 1990; McIntire et al., 1997). Previous studies suggest that nerve 

terminal transmitter may reach up to 20-40 mM for glycine (Supplisson and Roux, 2002) 

or 50-150 mM for GABA (Fonnum and Walberg, 1973). However, these values would 

saturate VGAT-mediated uptake (Christensen et al., 1990), implying that fluctuations in 

cytosolic transmitter will have little effect on vesicle filling even in the presence of a non-

specific leak. 

 We addressed these issues in acute brain slices by identifying the mechanisms that 

supply cytosolic transmitter in synaptically-coupled pairs of glycine/GABA co-releasing 

cartwheel interneurons of the dorsal cochlear nucleus (DCN). These short-axon cells 

(Bender and Trussell, 2009) allowed us to manipulate the presynaptic cytosol and 

examine the control mechanisms for two major transmitter systems in an identified, 

homogenous cell population. We show that GlyT2 and glutamate decarboxylase (GAD) 

supply the majority of glycine and GABA, respectively. Endogenous cytosolic 

glycine/GABA levels are in the low mM and do not saturate vesicular transporters. 

Blocking GlyT2 or GAD, or acutely enhancing GAD activity, regulates transmission 

independently of the level of ongoing exocytosis. Thus pre-filled, release-ready vesicles 

in nerve terminals re-equilibrate their contents upon changes in cytosolic transmitter, 
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thereby implicating transmitter supply mechanisms as critical loci for regulating 

inhibitory synaptic strength.  

 

Methods 

Slice Preparation 

All procedures involving animals were approved by OHSU’s Institutional Animal Care 

and Use Committee. Wild-type mice of either sex (C57/BL6 or CBA) postnatal 15-24 

days were used for the majority of the experiments. Optogenetic experiments were 

performed on GlyT2-cre transgenic mice (MMRRC Tg(Slc6a5-cre)KF109Gsat/Mmucd) 

containing a single copy of the cre transgene. Mice were anesthetized with isofluorane, 

decapitated, and 210-230 µm coronal slices of the DCN were cut in ice-cold solution 

containing (in mM) 87 NaCl, 25 NaHCO3, 25 glucose, 75 sucrose, 2.5 KCL, 1.25 

NaH2PO4, 0.5 CaCl2, 7 MgCl2, and bubbled with 5% CO2/95% O2. After cutting, slices 

were allowed to recover at 34° C in an ACSF solution containing (in mM) 130 NaCl, 2.1 

KCl, 1.7 CaCl2, 1 MgSO4, 1.2 KH2PO4, 20 NaHCO3, 3 Na-HEPES, 10-12 glucose, 

bubbled with 5% CO2/95% O2 (300-310 mOsm). In some experiments, 5 µM R-CPP or 

50 µM D-APV were added to the incubation chamber. After a 30-45 min recovery 

period, slices were kept at room temperature (~22° C) until recording. Experiments were 

typically performed within 5 hours of slice preparation. 
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Electrophysiology 

Slices were transferred to a recording chamber and continuously perfused at 3-4 ml/min 

with ACSF heated to 31-33° C by an inline heater. Inhibitory post-synaptic currents 

(IPSCs) were isolated by blocking excitatory transmission with 10 µM NBQX and 5 µM 

R-CPP (or 50 µM D-APV) in all experiments. Neurons were visualized by Dodt contrast 

optics with a 40x objective on an upright microscope (Zeiss Axioskop2). Cartwheel cells 

were identified by previously published criteria (Roberts et al., 2008; Bender and 

Trussell, 2009; Kuo and Trussell, 2011). The presynaptic pipette solution contained (in 

mM) 15.5 KCl, 105 K-gluconate, 4.8 MgCl2, 4 ATP, 0.5 Tris-GTP, 14 Tris-

phosphocreatine, 0.1 EGTA, 10 HEPES, pH 7.25 with KOH, ~290 mOsm. This solution 

was used for most postsynaptic recordings in Figures 1-4. In most experiments in Figures 

5-8, postsynaptic cells were filled with an internal solution containing (in mM) 94.5 

CsMeSO3, 5 TEA-Cl, 5 QX314, 15.5 CsCl, 4.8 MgCl2, 4 ATP, 0.5 GTP, 14 Tris-

phosphocreatine, 0.1 EGTA, 10 HEPES. For mIPSC recordings and the majority of 

glutamate uncaging experiments, CsMeSO3, QX314, and TEA-Cl were exchanged for 

113 CsCl. For excised patch experiments, CsMeSO3 was replaced by 103 CsCl. In 

experiments where presynaptic neurons were dialyzed with exogenous GABA and for 

puff experiments in Figure 8, 3 µM CGP55845 was added to the ACSF to prevent 

activation of GABAB receptors by GABA ejected from the pipette during seal formation. 

Pipette resistances with a K+-based internal solution were typically 2-3 MOhm and 1.8-

2.5 MOhm with the Cs+-based internal solution. For postsynaptic recordings, cells were 

held between -70 and -80 mV. In some experiments, cells were transiently hyperpolarized 

to -120 mV during presynaptic action potentials to increase the absolute amplitude of 



	
  

22	
  

IPSCs. Series resistance of the postsynaptic cell (<15 MOhm) was compensated 60-80% 

‘correction’, 90% ‘prediction’ (bandwidth=3 kHz) and experiments were not included if 

series resistance varied >20-25% over the course of the recording. Presynaptic cells were 

typically held between -70 and -80 mV in current-clamp. Action potentials were elicited 

every 15 s by positive current injection (0.8-1.5 nA, 1.5-2.5 ms) rapidly followed by 

negative current (between -0.5 and -1.5 nA, 100 ms) to prevent spike bursts. In some 

experiments, presynaptic cells were held in voltage clamp and spikes were elicited by 

steps (20-100 µs) to -20 or -30 mV. Under these conditions, some cartwheel cells 

displayed a prominent autaptic IPSC with similar properties as paired recordings and thus 

were used for a minority of the data points (n=1 in Figure 2D, n=2 in Figure 4, n=1 in 

Figure 8). For extracellular stimulation, voltage pulses (100-200 µs) were delivered once 

every 10-15 s through a bipolar theta glass electrode placed in the vicinity of the recorded 

neuron. In experiments in Figure 4 where cells were dialyzed with exogenous glycine, 

SR95531 was applied >25 min after establishing a presynaptic whole-cell recording. For 

puff application experiments in Figure 8, glycine and GABA were dissolved in ACSF 

and pressure ejected (5 psi, 5-20 ms) near the soma. For excised patch experiments, 

solutions were loaded into separate barrels of a double-barreled, theta-glass pipette and 

pressure ejected (20-30 psi, 5-20 ms) near the patch. Glycine and GABA puffs were 

interleaved. 

Glutamate Uncaging 

In Figure 7, MNI-glutamate (Tocris) was added only to the presynaptic internal solution. 

K+ internal solution containing 5 mM MNI-glutamate was prepared in the dark and stored 

at -80o C in opaque 1-ml tubes until the day of the experiment. In some experiments, 5 
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mM glutathione was added along with MNI-glutamate. Experiments were performed in 

the dark and trans-illumination from the microscope was turned off after establishing a 

paired recording. The microscope setup for uncaging was similar to that described by 

Otis et al., 1996.  

Data Acquisition and Analysis 

All data reported in the text and displayed in figures are expressed as mean ±SEM. 

Statistical comparisons were made using paired or unpaired Student's t-tests where 

appropriate. Data were collected with pClamp 9 software using a Multiclamp 700B 

amplifier and a Digidata 1322A analog-digital converter board. Traces were acquired at 

20-50 kHz and low-pass filtered at 10-20 kHz. IPSCs were analyzed by filtering the 

traces offline at 2-4 kHz and measuring the peak amplitude. Amplitudes were normalized 

to a stable 5-10 minute baseline period (20-40 traces) and binned per minute. For the 

experiments with chelidonic acid in Figures 5 and 6, amplitudes were normalized to data 

during the first 2 min after breaking into the presynaptic cell.  

mIPSC analysis 

mIPSCs were recorded in 1 µM tetrodotoxin to block spikes, with 10 µM zolpidem + 30 

µM pentobarbital to slow the decay kinetics of GABAA receptors and help distinguish 

them kinetically from glycinergic currents. Additionally, 10 µM baclofen was routinely 

added in these experiments. Baclofen reduced mIPSC frequency in cartwheel cells 

(unpublished observations) and thereby minimized the frequency of overlapping events. 

Individual mIPSCs were detected using a template algorithm (Axograph X) with a 

minimum amplitude cutoff between -10 and -20 pA. Events were inspected visually for 
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false positives or malformed events, and the decay components were fit by the following 

dual exponent function to determine the relative contribution of glycinergic and 

GABAergic transmission to individual events (Jonas et al., 1998):  

 

€ 

y = y faste
(−(x−offset ) /τ fast ) + yslowe

(−(x−offset ) /τslow ) 

tfast=3.07 and tslow=27.88 ms represent the average decay time of purely glycinergic or 

GABAergic events recorded in 10 µM SR95531 or 500 nM strychnine, respectively. We 

considered events as "mixed glycine/GABA" if both the amplitude of the fast and slow 

components were greater than 38.4 and 22 pA, respectively. These values represent the 

2x S.D. cutoff for the amplitude of the fast component calculated from events recorded in 

strychnine (38.4 pA) and from the slow component recorded in SR95531 (22 pA). 

Kinetic modeling 

The kinetic model and transmitter time course described by Beato, 2008 for spinal 

interneurons was used to simulate IPSCs and their block by SR95531 in cartwheel cells. 

In the Beato model, a peak concentration of 3.3 mM was followed by a 0.64 ms 

exponential decay (obtained for a model in which desensitization was omitted), a glycine 

profile that accounted quantitatively for antagonism by SR95531 and enhancement 

following GlyT1 blockade. Axograph X software was used to drive the model with a set 

of peak glycine levels varying 0.5, 0.75, 1.0, 1.5, 2.0 and 2.5 times the optimal value 

determined in Beato (2008). For each of these values we then tested a set of SR95531 

concentrations (0 to 6 mM), all with no change to the transmitter timecourse.  Results in 

Figure 4C were obtained as the ratio of the response at 70 µM SR95531 to that at 10 µM 

SR95531, in parallel to the experimental data shown in this figure.  The 3.3 mM glycine 
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value gave a fractional block in SR95531 lower than that observed experimentally (0.58 

vs 0.65), suggesting that cartwheel cell vesicles release a somewhat higher concentration 

of glycine than do spinal interneurons. 

In utero injections 

Pregnant female mice (10.5-12.5 days pregnant) were deeply anesthetized, and 

abdominal surgeries were performed as described in Wang et al., 2012. Up to 8 embryos 

per dam were injected in the hindbrain with <200 nL of an AAV-FLEX-rev-ChR2-

tdtomato construct (Addgene # 18917) along with dextran-conjugated Alexa488 using a 

beveled, glass capillary micropipette and a Parker Picospritzer III. Postnatal pups were 

genotyped for the cre transgene by PCR. 

ChR2 activation 

A 100W Hg bulb was placed in the epifluorescence port of the microscope and gated by a 

computer-controlled shutter (Uniblitz). Light was passed through a blue filter and brief 

flashes (2-50 ms) were delivered through the objective. In 4/8 experiments, we added 10 

µM norepinephrine to the bath solution to reduce spontaneous firing of presynaptic 

cartwheel cells and increase the signal/noise ratio of IPSCs (Kuo and Trussell, 2011). No 

difference was observed in the glycine/GABA ratio (p=0.458) with and without 

norepinephrine so the data were pooled. ChR2 stimulation evoked "complex spike" bursts 

of 2-4 IPSCs per light flash. We analyzed the glycine/GABA ratio of these bursts by 

measuring peak amplitude of the IPSC with the most stable baseline amplitude (typically 

the second or third IPSC in the burst) after peak aligning the individual sweeps. 
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Statistics 

All data reported in the text and displayed in figures are expressed as mean ±SEM. 

Statistical comparisons were made using paired or unpaired Student's t-tests where 

appropriate.  Fits to dose-response curves were performed on raw data using a sigmoid or 

Hill equation with Igor 6.22. The purpose of these fits was to determine through 

interpolation a predicted concentration for a given response amplitude.Reliability of the 

estimates of intracellular transmitter concentrations based on these curve fits was 

determined using a jackknife procedure (Efron and Tibshirani, 1986). In each data set, a 

single point was removed, and the fit recalculated; the procedure was then repeated 

sequentially with removal and replacement of all points. Estimates of the concentration 

were determined from the mean of values obtained from the different curve fits. The error 

of the mean was then scaled by the number of iterations, according to Equation 10.10 of 

Efron and Tibshirani (1986). 

Reagents 

NBQX, D-APV, R-CPP, SR95531 were from Ascent Scientific/Abcam. MNI-glutamate 

was from Tocris. Strychnine, pentobarbital, zolpidem, and chelidonic acid were from 

Sigma Aldrich. ORG25543 was a gift from Hardy Sundaram at Organon. 
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Results 

Synaptic transmission between cartwheel cells is predominantly glycinergic. 

 Because VGAT packages both glycine and GABA into vesicles, functional co-release 

of glycine/GABA occurs at many synapses in juvenile and mature animals (Jonas et al., 

1998; Awatramani et al., 2005). While cartwheel cells label with antibodies against both 

glycine and GABA (Wenthold et al., 1987), inhibitory transmission is reported to be 

predominantly glycinergic (Roberts et al., 2008; Mancilla and Manis, 2009).  

 To further define the balance between the two transmitter systems, paired pre- and 

post-synaptic recordings were made between neighboring cartwheel cells. Action 

potentials elicited in a presynaptic cell caused short latency, monosynaptic inhibitory 

postsynaptic currents (IPSCs) in its voltage-clamped postsynaptic target cell (Figure 1A). 

In agreement with previous studies, bath application of the glycine receptor antagonist 

strychnine (500 nM) significantly reduced IPSCs to 13±2% of control (blue traces, n=8. 

Roberts et al., 2008). The GABAA receptor antagonist SR95531 (10 µM) blocked the 

strychnine-insensitive component (2±1% remaining, n=7), showing that glycine and 

GABA were co-released from the same presynaptic cell. Cytosolic GABA can wash out 

during whole-cell recordings (Smith and Jahr, 2002; Diana and Marty, 2003), which may 

underestimate the GABAergic contribution to transmission in cartwheel cell pairs. We 

tried to avoid washout by applying blockers soon after recording began. Nevertheless, to 

determine whether the glycinergic predominance was due to selective washout of GABA, 

we expressed in cartwheel cells the light-activated ion channel channelrhodopsin2 

(ChR2) via in utero viral transfection in GlyT2-cre transgenic mice (see Methods). 

Because GlyT2 is specifically expressed in glycinergic neurons (Zafra et al., 1995), viral 
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transfection results in mosaic expression of ChR2 in cartwheel cells, enabling activation 

of these neurons via blue light stimuli. In DCN slices from injected GlyT2-cre mice, wide 

field flashes of blue light (2-50 ms duration) caused barrages of "complex spike" IPSCs 

previously attributed to burst firing of presynaptic cartwheel cells (Figure 1B; Roberts et 

al., 2008). 500 nM strychnine reduced the amplitude of ChR2-evoked IPSCs to 16±3% of 

baseline (n=8), whereas SR95531 blocked the remaining IPSCs (2±1% of baseline 

remaining, n=8). The IPSC remaining in strychnine was not significantly different 

between paired recordings and optogenetic experiments (Figure 1C; p=0.32.) 

 Cartwheel cells receive inhibitory inputs from two main sources: Other cartwheel cells 

and superficial stellate cells (Rubio and Juiz, 2004). However, stellate cells are thought to 

be predominantly GABAergic (Rubio and Juiz, 2004) and their connectivity rate is lower 

than cartwheel <-> cartwheel pairs (Apostolides and Trussell, unpublished observations). 

We also recorded miniature IPSCs (mIPSCs) to test whether glycine and GABA were co-

packaged in the same vesicles, similar to other brain regions (Jonas et al., 1998; 

Nabekura et al., 2004); Awatramani et al., 2005). We recorded mIPSCs in 1µM 

tetrodotoxin to block spikes, along with 10 µM zolpidem and 30 µM pentobarbital to 

slow the decay kinetics of GABAA receptors. Under these conditions, the decay time 

constant of GABAA mIPSCs isolated with strychnine was ~10 fold slower than that of 

glycine mIPSCs isolated with SR95531 (glycine = 3.0±0.2 ms, n=9; GABAA = 27.9±2.0 

ms, n=9). Consequently, mIPSCs recorded in the absence of inhibitory blockers 

displayed a spectrum of decay kinetics and could be classified into three basic categories 

(Figure 1D): Rapidly decaying glycinergic events, slowly decaying events mediated by 

GABAA receptors, and a third population with both fast glycine and slow GABAergic 
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decay components. We determined the relative amplitude of the glycinergic and 

GABAergic components of mIPSCs by force-fitting the decay phase of individual events 

with a double exponential function containing the average glycine and GABAA decay 

time constants (Jonas et al., 1998; Awatramani et al., 2005). Figure 1E shows 

representative data from 2 cells, plotting the amplitude of the glycine component against 

the GABA component for individual mIPSCs. The dashed lines mark the ± 2x S.D. 

amplitude cutoffs for GABAA (horizontal) or glycine (vertical) events. We categorized 

events falling above both vertical and horizontal S.D. lines as "dual component" mIPSCs 

and thus mediated by both transmitters. On average, 19.3±2.2% of events recorded in 

absence of inhibitory blockers were classified as mixed glycine/GABA mIPSCs (n=14 

cells; Figure 1G). Importantly, adding 10 µM SR95531 (n=10) or 500 nM strychnine 

(n=4) to the bath solution reduced the fraction of mIPSCs falling above the 2x S.D. lines 

to 1.5±0.3% (Figure 1F,G). Thus, cartwheel cells co-package GABA and glycine in the 

same vesicle similar to other co-releasing synapses. 

 

GlyT2 activity determines glycinergic synaptic strength on a time-scale of minutes. 

 Genetic deletion or chronic block of the plasma membrane glycine transporter GlyT2 

reduces the amplitude of glycine mIPSCs in cultured spinal neurons, suggesting that 

GlyT2 can regulate glycine availability in nerve terminals (Gomeza et al., 2003; 

Rousseau et al., 2008). However, such chronic manipulations do not abolish glycinergic 

transmission, implying that nerve terminals can maintain glycine for long periods of time 

independent of GlyT2, or possibly compensate for loss of GlyT2 activity. Furthermore, in 

some cases acute block of GlyT2 reduces glycine mIPSC frequency without affecting 
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mIPSC amplitudes (Bradaïa et al., 2004), suggesting that any acute effects of GlyT2 

block could potentially reflect an influence of GlyT2 on presynaptic release probability 

(but see Rousseau et al., 2008), as has been demonstrated for other cation-coupled 

transporters (Bagley et al., 2011). We determined the extent to which GlyT2 actively 

regulates cytosolic glycine levels by assessing the acute effect of a selective GlyT2 

inhibitor (ORG25543, 1 µM) on glycine IPSCs. Pairs were recorded in 10 µM SR95531 

to isolate glycinergic transmission and ORG25543 was bath applied after establishing a 

stable baseline. IPSC amplitudes ran down soon after drug application (Figure 2A), 

declining to 59±11% (n=9) of baseline within 10-11 min (Fig 2D). The rate of rundown 

was variable between experiments (Figure 2D), although IPSCs invariably dropped to 

3±1% of baseline within 30 min of drug application (n=9, p=0.0003). These results show 

that GlyT2 constitutively supplies glycine for moment-to-moment refilling of recycling 

vesicles. 

 

Vesicles re-equilibrate with reduced cytosolic transmitter levels independently of 

exocytosis. 

  We next tested whether the rundown induced by glycine depletion was affected by the 

rate of stimulation, either by suspending presynaptic activity during the first 10 min of 

ORG25543 application, or by increasing the rate of stimulation 30 fold, from 0.067 Hz to 

2 Hz (Figure 2B-D). Surprisingly, neither manipulation altered the rate of loss of 

glycinergic transmission. When stimulation was omitted, IPSCs declined to 57±9% of 

baseline (Figure 2B,D, n=10), as observed when presynaptic stimulation resumed 10-11 

min after ORG25543 application. This value was not significantly different (p=0.83) 
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from experiments at 0.07 Hz (Figure 2D). In 9 of 10 experiments, stimulation was again 

stopped for 7-10 min as slices remained exposed to ORG25543. Immediately upon 

resuming stimulation at 20-23 min, IPSCs were now further depressed to 12±4% of 

baseline. Again, these values were not significantly different (p=0.294) from the fraction 

remaining with continuous activity (14±4%, n=8). Conversely, transiently increasing the 

stimulus rate to 2 Hz to augment vesicle release during ORG25543 application did not 

appreciably accelerate run down, with amplitudes remaining at 66±27% of baseline (n=3) 

after 10-11 min (Figure 2C,D).  These results argue that glycine content inside vesicles is 

not static, but rapidly re-equilibrates upon acute reductions in extra-lumenal glycine 

levels.  

 Could spontaneous vesicle release account for the apparent activity-independence of 

rundown during ORG25543 application? In cartwheel cells, glycine mIPSCs recorded in 

TTX using a CsCl internal solution (without pentobarbital + zolpidem added to the bath) 

had an average amplitude of 68.8 ± 5.3 pA and occurred with a frequency of 12.3 ± 1.0 

Hz (n=16 cells; data not shown). In separate experiments, we estimated the number of 

functional release sites between single cartwheel cell pairs by loading pre- and post-

synaptic neurons with a CsCl-internal solution. Adding CsCl to the presynaptic neuron 

blocks K+ channels and broadens the presynaptic action potential waveform, thereby 

enhancing Ca2+ influx and release probability in nerve terminals (Vincent and Marty, 

1996). Unitary glycine IPSCs evoked under these conditions had an average amplitude of 

4.8 ± 1.4 nA (n=14 pairs; data not shown), suggesting that the reciprocal synapses 

between cartwheel cells are made up of at minimum ~70 release sites (unitary 

IPSC/mIPSC amplitude: 4800/69 = 69.5). Based on correlation analysis, cartwheel cells 
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are probably contacted by at least 2 other cartwheel cells (Roberts and Trussell 2010).  If 

we assume that a single neuron is contacted by 5 neighboring presynaptic cartwheel cells, 

the frequency of spontaneous fusion at a single release site is on the order of one to two 

vesicles per min (12.3 Hz/350 release sites = 0.035 Hz/release site). Thus, during a 10-

min application of ORG25543, only 20 release sites from a presynaptic neuron will have 

spontaneously released a single vesicle. If each site contains on average 3 release-ready 

vesicles (Trigo et al., 2012), spontaneous vesicle fusion will have turned over only 10% 

of all release-ready vesicles from a single presynaptic neuron. 

 We also tested whether ORG25543-induced rundown was due to a spurious drug 

effect on release probability by adding glycine (20 mM) to the pipette solution and 

subsequently bath applying ORG25543 (Figure 2E). Glycinergic transmission was stable 

for the entirety of the experiment, with IPSC amplitudes remaining at 106±21% of 

baseline (n=6) 30-36 min after drug application. This indicates that ORG25543 acted by 

depleting the terminal of glycine, and also that pipette contents effectively reach 

presynaptic terminals. The possibility was also tested that washout of presynaptic glycine 

during prolonged whole-cell dialysis with transmitter-free solution could reduce IPSC 

amplitude (Diana and Marty, 2003). When pairs were recorded with a glycine-free 

internal solution, IPSC amplitudes min 35-40 remained at 98±11% of the first five min 

(n=7, p=0.98. Figure 2F) suggesting that whole-cell dialysis does not significantly reduce 

presynaptic glycine while GlyT2 is active. Finally, establishing paired recordings with 

glycine in the presynaptic electrode after pre-incubation in ORG25543 rapidly restored 

transmission (Figure 3), arguing that loss of intracellular glycine does not have a 

deleterious effect on nerve terminals. 
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GlyT2-supplied glycine does not saturate VGAT.  

 Our data indicate that cytosolic transmitter levels determine the level of vesicle filling, 

and thus the strength of transmission. However, VGAT has a low affinity for glycine and 

GABA, suggesting that terminals must contain mM levels of free transmitter to 

adequately refill vesicles. Indeed, GlyT2 can establish intracellular glycine 

concentrations up to 20-40 mM from nanomolar extracellular pools (Supplisson and 

Roux, 2002), although concentrations above ~10 mM are expected to saturate VGAT 

function (Christensen et al., 1990). We tested for such saturation by measuring the degree 

of block of IPSCs by the low-affinity, competitive glycine receptor antagonist SR95531, 

under basal conditions and in pairs with 20 mM glycine in the presynaptic pipette. 

SR95531 blocks GABAA receptors with high affinity, although it also acts as a low-

affinity competitive antagonist of glycine receptors at concentrations >30 µM (Beato et 

al., 2007);(Beato, 2008). The off-rate of SR95531 from glycine receptors (~30 µs) is 

shorter than the duration of the synaptic glycine transient (Beato et al., 2007). Thus, a 

significant fraction of glycine receptors will unbind SR95531 while glycine is still 

present in the synaptic cleft, making the degree of block by a set concentration of 

SR95531 inversely proportional to the amount of glycine released in the cleft following 

exocytosis (Beato, 2008). If the basal cytoplasmic glycine concentration saturates VGAT, 

experimentally increasing presynaptic glycine levels should have no effect on the 

efficacy of SR95531 to block glycine receptors compared to control. Alternatively, if 

vesicular transport is not saturated under basal conditions, SR95531 should reduce IPSC 

amplitudes significantly less when presynaptic neurons are loaded with 20 mM glycine 

compared to control conditions with no added transmitter. 
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 SR95531 (10 µM) was present during the baseline period to block GABAA receptors. 

In control pairs with no exogenous glycine in the internal solution, increasing SR95531 

from 10 to 70 µM reduced glycine IPSCs to 63±3% of baseline (Figure 4A; n=10). 70 

µM SR95531 similarly reduced glycine IPSCs evoked with an extracellular stimulating 

electrode (65±3%, n=6, p=0.68 compared to control pairs), indicating that whole-cell 

recording from the presynaptic neuron did not significantly diminish the amount of 

glycine released in the cleft. By contrast, 70 µM SR95531 reduced IPSCs significantly 

less when 20 mM glycine was added to the presynaptic pipette (77±3% of baseline, n=8, 

p=0.0014 compared to control pairs). Thus, increasing cytosolic glycine levels near 

presynaptic vesicles resulted in a higher peak transmitter concentration released per 

action potential, indicating that the glycine provided by GlyT2 does not saturate VGAT 

function. 

 

The endogenous concentration of glycine in nerve terminals. 

 We used the low-affinity antagonist approach to determine the endogenous glycine 

concentration supplied by GlyT2 by pre-incubating slices in 1 µM ORG25543 to deplete 

cartwheel cells of their endogenous glycine, and "rescuing" transmission with 

experimentally-defined glycine concentrations in the recording pipette. IPSCs evoked 

with 2 mM glycine in the pipette were significantly more sensitive to 70 µM SR95531 

than in control conditions (Figure 4A; 52±4% reduction, n=8. p=0.02 and 0.03 compared 

to control pairs and extracellularly-evoked IPSCs, respectively), showing that GlyT2 

must supply more than 2 mM glycine. In pairs loaded with 5 mM glycine, 70 µM 

SR95531 reduced IPSCs to 65±2% of baseline (n=9). This reduction was similar to 
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control pairs (p=0.74) and extracellularly-evoked IPSCs (p=0.998). 70 µM SR95531 

similarly reduced IPSCs with 10 mM glycine in the pipette (69±3% of baseline 

remaining, n=5). By fitting these concentration-block data with a Hill function (Figure 

4B), we find that the values from control pairs and extracellular stimulation experiments 

lie near the 5 mM data point (gray bar).  Using a value of control block of 0.65, a 

jackknife analysis of the curve fit to these data (see Methods) indicated that GlyT2 

supplies about 5.4±1.0 mM glycine to presynaptic terminals (mean and SEM of fits to 30 

trials).  

 What range of vesicular glycine concentrations might result from the 10-fold range of 

cytosolic glycine levels that we tested?  As we could not directly measure vesicular 

glycine in situ, we adopted an indirect, modeling approach, and determined the predicted 

values of cleft glycine concentrations that would be associated with the various levels of 

block observed with SR95531. The results of Beato (2008) were used as a starting point 

for a kinetic model of synaptic glycine receptors and for an initial value for peak cleft 

glycine concentration and transmitter time course. Both peak cleft glycine and SR95531 

values were varied in the model, and a fractional block was expressed as block in 70 uM / 

10 uM SR95531 in order to directly compare values to the experimental data of Figure 

4A and B.  The results shown in Figure 4A and C indicate that a degree of block similar 

to that seen with control recordings was obtainable in the model with just under 5 mM 

peak cleft glycine.  Importantly, the results show that although the range we observed of 

fractional block by SR95531 was <50%, such a range would correspond to a > 3-fold 

variation in cleft glycine and, presumably, a similar range in vesicular glycine.  
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GAD is the predominant source of GABA in cartwheel cell terminals. 

 We next tested whether GAD is the main supplier of GABA to vesicles by dialyzing 

presynaptic neurons with chelidonic acid, a conformationally-restricted analogue of 

glutamate that rapidly and competitively inhibits GAD (Porter and Martin, 1985). 

GABAergic transmission was isolated with 500 nM strychnine, and pairs were recorded 

with chelidonic acid (1 mM) in the presynaptic pipette. Data collection began within 30 s 

of breaking into the presynaptic cell. Figure 5A (blue circles) shows that GABAA IPSCs 

ran down rapidly after break-in, reaching 11±1% of their initial amplitude after 20 min of 

presynaptic dialysis (n=9). This remaining component probably reflects a residual 

glycinergic component not blocked by 500 nM strychnine. These data show that de novo 

synthesis by GAD is the main source of GABA in nerve terminals, and tightly regulates 

vesicular GABA content on the order of minutes. 

 Similar to previous studies recording from pairs of GABAergic neurons (Smith and 

Jahr, 2002; Diana and Marty, 2003), we observed partial rundown of GABAA IPSCs after 

~10 min of whole-cell dialysis with our standard internal solution (without chelidonic 

acid). This rundown stabilized to 43±7% of baseline after 20-30 min (n=8. Figure 5A,B). 

Adding 5 mM glutamate to the internal solution significantly reduced this rundown 

(Figure 5A,B. Fraction remaining after 20-30 min: 88±5%, n=9, p=0.0002 compared to 

control conditions) supporting an essential role for GAD in supplying GABA for vesicle 

filling. Furthermore, adding exogenous GABA (20 mM) to the presynaptic internal 

solution rapidly and significantly potentiated transmission to 130±5% of the first 2 min 

(open circles. p=0.01, n=5). Thus, unlike GlyT2-supplied glycine, vesicular packaging of 
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GABA does not function optimally during whole-cell dialysis due to washout of GABA 

and/or its precursor glutamate. 

 

The effective cytosolic concentration of GABA. 

 Based on the previous observations we estimated the endogenous GABA 

concentration in nerve terminals by dialyzing presynaptic cells with chelidonic acid plus 

defined concentrations of exogenous GABA, and determined the amount of GABA 

necessary to maintain transmission near baseline for 20-30 min. With 2 mM GABA + 

chelidonic acid in the presynaptic cell (Fig 6A,B), the fraction remaining was 32±6% of 

baseline (n=7), suggesting that cytosolic GABA levels must be higher than 2 mM. The 

fraction remaining with 5 mM GABA + chelidonic acid was 82±12% of baseline (n=8), 

while 10 mM GABA + chelidonic acid potentiated transmission to 130±22% of baseline 

(n=12; Fig 6A,B). A sigmoid fit to these data using a jackknife procedure (see Methods) 

indicated that transmission would be maintained at a constant level by 6.2±1.2 mM 

intracellular GABA (mean and SEM for 40 iterations;  Fig 6B).  Thus, these observations 

suggest that synaptic vesicles in cartwheel cell terminals are exposed to similar levels of 

cytoplasmic GABA and glycine.  

 

GABA is synthesized and loaded into synaptic vesicles on the time scale of minutes. 

 Is GAD turnover sufficiently fast to supply the high concentrations of GABA needed 

to refill vesicles? Classic experiments in purified vesicles, along with a recent study at the 

calyx of Held, suggest that synaptic vesicles rapidly (<1 min) accumulate transmitter 
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(Christensen et al., 1990; Hori and Takahashi, 2012). However, these experiments could 

not address whether endogenous transmitter supply mechanisms operate on a similar time 

scale. Conversely, experiments at cholinergic synapses suggest that newly-synthesized 

acetylcholine does not readily incorporate into synaptic vesicles unless the preparation is 

extensively stimulated (Potter, 1970; Agoston et al., 1985), arguing that transmitter 

synthesis lags behind vesicle filling under periods of low activity. Having established that 

GAD is the main supplier of GABA, we therefore asked if inhibitory synaptic strength is 

tightly coupled to GABA synthesis, or whether transmitter supply mechanisms affect 

transmission only after a significant delay. We dialyzed presynaptic cells with a solution 

containing no added GABA or glutamate, but rather a caged glutamate compound (MNI-

glutamate; 5 mM). The loss of endogenous glutamate and GABA led to rundown of 

transmission, as expected from the experiments in Figure 5, and subsequently uncaging 

glutamate inside the terminal rapidly increased local GAD substrate.  Figure 7A shows 

data from a typical experiment, plotting the amplitude of individual GABAergic IPSCs 

(recorded in strychnine) over time. MNI-glutamate was uncaged with wide-field 

illumination by UV light (500 ms) at times denoted by the red line. The results were 

dramatic, with IPSC amplitudes potentiating >3-fold within two minutes. Indeed, the first 

test points taken even 15 and 30 s after uncaging are clearly enhanced above pre-flash 

baseline. These data illustrate that GABA is synthesized and packaged into release-ready 

vesicles within seconds of increases in nerve terminal glutamate concentrations. 

 We next tested whether GABA synthesis and/or vesicle refilling required activity. 

MNI-glutamate was uncaged in the absence of presynaptic activity, and the resumption of 

test stimuli was delayed for ~3 min. An example is shown in Figure 7A, where pre-
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synaptic activity was suspended at the 20-min mark, followed by a 500-ms UV flash. 

When stimulation was resumed, IPSCs were clearly potentiated compared to baseline. 

These data show that de novo transmitter synthesis and vesicle filling are remarkably 

independent of exocytic history. 

 The potentiation under the two stimulus conditions was quantified and compared by 

normalizing IPSCs to the average amplitude during a five-min epoch before uncaging and 

binning these values per min. With continuous presynaptic activity, IPSC amplitudes 

increased significantly to 204±12% of baseline 3-5 min after uncaging (Figure 7B, n=12, 

p=0.0004). Following an absence of stimulation, IPSC amplitudes similarly increased to 

211±12% of baseline (Figure 7C, n=9, p=0.0005). The degree of potentiation was not 

significantly different between these two data sets (p=0.6), showing that the refilling of 

vesicles was virtually independent of electrical activity.  

 Several control experiments rejected alternative interpretations that could account for 

the rapid potentiation following uncaging. 500-ms UV flashes with no MNI-glutamate in 

the pipette did not potentiate GABAergic transmission (IPSC amplitudes 3-5 min after 

UV flashes: 71±7% of baseline, n=3), ruling out direct effects of UV light on GABAA 

receptors (Chang et al., 2001).  Furthermore, uncaging MNI-glutamate in presynaptic 

cartwheel cells had no effect on glycinergic IPSCs recorded in 10 µM SR95531 (IPSC 

amplitudes 3-5 min after uncaging were 93±4% of baseline, n=9, p=0.35), demonstrating 

that uncaging glutamate does not merely increase the probability of vesicle release.  

Finally, uncaging-induced potentiation of GABAA IPSCs was absent when presynaptic 

cells were loaded with 5 mM MNI-glutamate and 1 mM chelidonic acid (IPSC 

amplitudes 3-5 min after uncaging were 75±9% of baseline, n=7), showing that 
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potentiation required de novo GABA synthesis. Taken together, these data confirm that 

GABAergic transmission is temporally coupled to increases in GAD substrate 

availability, and that the extent of increase is not influenced by ongoing exocytosis. 

 

Transmission is predominantly glycinergic even when terminals contain similar GABA 

and glycine levels. 

 The results thus far suggest that cartwheel cell terminals contain similar concentrations 

of glycine and GABA. As an independent test of our presynaptic glycine/GABA 

estimate, we loaded cartwheel cells with the concentrations determined in Figures 4 and 6 

(5 mM glycine and 7 mM GABA), while depleting neurons of endogenous 

glycine/GABA by preincubating in 1 µM ORG25543 and adding chelidonic acid to the 

internal solution. Under these conditions, 500 nM strychnine reduced IPSC amplitudes to 

24±1% of baseline (Figure 8A,B; n=10), and subsequent application of 10 µM SR95531 

reduced the remaining IPSCs to 1.3±0.2% (n=7). Given that IPSCs were predominantly 

glycinergic in all 10 pairs tested (Figure 8B), these results indicate that cartwheel cells 

contain roughly equal concentrations of glycine and GABA, and suggest that 

postsynaptic factors determine IPSC identity.  

 

Postsynaptic receptor expression determines IPSC phenotype. 

 One transmitter typically predominates over the other at mixed glycine/GABA 

synapses, but whether this is due to different ratios of transmitter in presynaptic vesicles 

(Nabekura et al., 2004) or differential postsynaptic expression of glycine and GABAA 
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receptors (Dugué et al., 2005) is controversial. Given that VGAT has a ~2-fold higher 

affinity for GABA than glycine (Burger et al., 1991), the largely glycinergic phenotype in 

Figure 1 might be determined postsynaptically and not by differential presynaptic 

glycine/GABA levels. We tested whether the postsynaptic response to exogenous glycine 

and GABAA differed in parallel to that of synaptic responses by quantifying the relative 

amplitude of currents evoked by puff application of 1 mM glycine or GABA onto the 

same neuron (Figure 8C,D). The average amplitude of glycine-evoked currents was 

always substantially greater than the GABAA component (p=0.006, n=7), with an average 

glycine/GABA ratio of 3.6±0.3 (Figure 8D). Because the puff-evoked whole-cell currents 

were often several nano-amperes in amplitude, we worried that voltage-clamp errors 

could distort these results. Furthermore, saturating concentrations of agonists may lead to 

receptor desensitization during puffs. To overcome these limitations and apply agonists 

more uniformly, we performed excised ("outside-out") patch experiments from cartwheel 

cell soma and puff-applied glycine and GABA (1 mM each) to the same membrane 

patch. In agreement with our whole-cell results, glycine evoked significantly larger 

responses than GABA in excised patches, with a peak glycine/GABA ratio of 3.5 ± 1.4 

(n=11 patches, p=0.003). These results, along with our finding that cartwheel cell 

terminals contain similar glycine/GABA concentrations, show that the IPSC phenotype in 

cartwheel cells is determined by the relative expression of postsynaptic glycine/GABAA 

receptors and not by different transmitter levels in synaptic vesicles.  
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Discussion 

Vesicular transmitter content is in dynamic equilibrium with cytosolic concentrations. 

 We used paired recordings to determine the molecular mechanisms, temporal 

dynamics, and cytosolic transmitter concentrations involved in vesicle refilling at a mixed 

glycine/GABA synapse. Surprisingly, neither up- or down-regulation of vesicle content 

was modified by activity-driven exocytosis, suggesting that vesicular transmitter turns 

over in minutes, independent of activity. These results establish that synaptic vesicle 

content is not merely a static reflection of initial transport activity following vesicle 

biogenesis, but is dynamically regulated by ongoing fluctuations in cytosolic transmitter 

availability.  

 Our results contrast with studies at cholinergic synapses, where blocking vesicular 

acetylcholine uptake does not affect transmission unless axons are stimulated extensively 

and ~15% of the vesicle pool has turned over (Cabeza and Collier, 1988; Searl et al., 

1991).  Furthermore, radio-labeled acetylcholine does not incorporate into vesicles in un-

stimulated preparations (Agoston et al., 1985; Whittaker, 1987), suggesting that vesicles 

do not increase their contents upon acute increases in cytosolic transmitter, nor is active 

synthesis of acetylcholine required to maintain vesicle content. Thus, it is thought that 

cholinergic vesicles are "sealed off" and cannot change their contents until they are 

recycled after exocytosis, thereby limiting fluctuations in cytoplasmic transmitter from 

affecting transmission only after significant activity (Van der Kloot, 2003). One 

explanation is that positively charged acetylcholine may be less prone to leaking from 

vesicles than glycine/GABA, which are transported as neutral zwitterions (Edwards, 

2007). 
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 Recent studies exploring this issue at inhibitory synapses in the hippocampus provided 

differing results, with some data suggesting that vesicles re-equilibrate independent of 

exocytosis after acutely blocking GABA synthesis (Mathews and Diamond, 2003), 

whereas another study required significant activity to observe changes in vesicle filling 

(Liang et al., 2006). One explanation is that differences in spontaneous firing of 

presynaptic neurons may result in different rates of vesicle turnover during experiments. 

Indeed, extensive stimulation produces a component of synaptic depression due to 

depletion of glycine availability in terminal (Rousseau et al., 2008). We controlled the 

degree of presynaptic activity using paired recordings and found that regulation of 

cytosolic transmitter caused rapid, activity-independent changes in transmitter release. 

Our results corroborate a model whereby vesicle content reflects the balance between 

transport-mediated uptake of cytosolic transmitter and non-specific efflux.  

 

GlyT2 provides glycine for cartwheel cell nerve terminals. 

 Previous studies show that GlyT2 is intimately linked to refilling of glycinergic 

vesicles (Rousseau et al., 2008). However, alternative sources may also supply glycine to 

fill synaptic vesicles: GlyT2 -/- mice exhibit some glycinergic transmission, albeit with 

reduced quantal size (Gomeza et al., 2003), and preincubation of cultured spinal neurons 

with ORG25543 for 12-24 hours does not completely abolish glycine IPSCs (Rousseau et 

al., 2008). Our results extend these observations by demonstrating that GlyT2 is the main, 

if not only source of glycine for constitutive vesicle refilling (Figure 2). Thus, any 

alternative pathway for intracellular synthesis or uptake of glycine is likely to operate on 

a slower time scale than GlyT2. 
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GAD is the main supplier of vesicular GABA. 

 GABA is synthesized from the decarboxylation of glutamate by GAD65 and GAD67, 

and mutant mice lacking both GAD isoforms have no detectable brain GABA (Ji et al., 

1999). However, pharmacological block of GAD using extracellularly applied 

antagonists over several hours typically fails to abolish GABAergic transmission (Engel 

et al., 2001; Mathews and Diamond, 2003; Lu et al., 2008). Thus, while GAD is involved 

in synthesizing GABA for vesicular transport, it is possible that other sources, such as 

local recapture by plasma membrane GAT1 transporters (Kirmse and Kirischuk, 2006) or 

synthesis from polyamines (Bell et al., 2011), may also rapidly concentrate GABA near 

synaptic vesicles. However, we find that direct application of a GAD inhibitor to the 

presynaptic cytosol causes rapid and almost complete run down of GABAergic 

transmission that is reversed, in a concentration-dependent manner, by the addition of 

exogenous GABA to the pipette (Figure 6).  Moreover, in GABA depleted synapses, step 

increases in cytosolic glutamate through intracellular uncaging restored GABAergic 

transmission within seconds (Figure 7).   

 Why do other studies report incomplete reductions in GABAergic transmission with 

GAD inhibitors, even after incubations >12 hours (e.g. Engel et al., 2001)? A commonly 

employed GAD inhibitor, 3-mercaptopropionic acid, blocks only ~50% of GABA 

synthesis in brain slices, even at saturating concentrations (Dericioglu et al., 2008). 

Chelidonic acid is a potent GAD inhibitor that is competitive with glutamate and does not 

inhibit GAD by interfering with its required co-factor, pyridoxal-phosphate (Porter and 

Martin, 1985). To our knowledge, our study is the first to apply directly a GAD inhibitor 
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inside nerve terminals to determine the extent to which GAD supplies GABA for vesicle 

refilling.  

 

Synaptic vesicles are exposed to low mM glycine/GABA concentrations. 

 Little is known about endogenous transmitter levels inside nerve terminals. One study 

suggested that the endogenous glutamate concentration in the cytoplasm is 1-10 mM 

(Ishikawa et al., 2002), while experiments in chromaffin cells estimated that 

catecholamines are between 5-50 µM (Mosharov et al., 2003). There have been no 

functional estimates of intracellular glycine/GABA levels until now. Previous studies 

proposed GABA concentrations ranging from 7 mM in somata (Obata et al., 1970; 

Otsuka et al., 1971) to 50-150 mM in nerve terminals (Fonnum and Walberg, 1973), 

while glycine may be near 20-40 mM (Supplisson and Roux, 2002). These estimates raise 

the intriguing possibility that VGAT saturation is a prerequisite for efficient refilling of 

inhibitory vesicles. However, we find that endogenous transmitter does not saturate 

vesicular transporters, as dialyzing presynaptic cells with high concentrations of glycine 

or GABA reduced the efficacy of a fast-off glycine receptor antagonist (Figure 4) and 

potentiated GABAergic transmission (Figure 5).  

 Our cytosolic transmitter estimates agree with the work of Obata et al. (1970) and 

Otsuka et al. (1971) in Purkinje cell somata. Cartwheel cells share considerable 

homology to Purkinje cells (Mugnaini et al., 1987), suggesting that our estimates extend 

to GABA-only synapses. Nevertheless our results may represent underestimates, as 

previous work suggests that cytosolic glycine and GABA compete for vesicular transport 
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(Burger et al., 1991). Moreover, the concentrations reached in the terminal cytoplasm 

may be somewhat lower than that of the pipette. Our experiments were limited by the fact 

that GABA, but not glycine washes out during whole-cell dialysis (Figures 2D and 5A). 

Thus, if GABA and glycine compete for vesicular transport, the 5 mM glycine estimate 

was calculated under conditions where endogenous GABA is reduced by approximately 

50%. However it should be noted that GAD is anchored to synaptic vesicles in nerve 

terminals (Kanaani et al., 2002; Jin et al., 2003). This association with vesicles could 

reduce the extent to which glycine and GABA compete for vesicular transport by 

establishing spatial "nanodomains" of GABA that would be preferentially transported by 

VGAT. In agreement with minimal competition are data showing that neither 

pharmacological block (Bradaïa et al., 2004; Rousseau et al., 2008) nor genetic deletion 

of GlyT2 (Latal et al., 2010) increase GABAA mIPSC amplitudes in spinal neurons (but 

see Xu et al., 2005).  

 

Postsynaptic receptor expression, not presynaptic transmitter availability determines 

transmitter phenotype. 

 Glycine/GABA co-release occurs in the cerebellum (Dugué et al., 2005), brainstem 

(Nabekura et al., 2004; Awatramani et al., 2005) and spinal cord (Jonas et al., 1998). 

Whether transmitter phenotype is determined by differential glycine/GABA 

concentrations in presynaptic vesicles (Nabekura et al., 2004) and/or by differential 

expression of glycine and GABAA receptors at postsynaptic targets (Dugué et al., 2005) 

remained unresolved. We find that under conditions where there is equal, if not more 

GABA than glycine in vesicles, synaptic transmission is predominantly glycinergic 
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(Figures 1 and 8). Furthermore, direct application of glycine and GABA to postsynaptic 

cells revealed much larger glycine than GABAA currents. A fraction of this glycinergic 

predominance can be explained by the larger (~40%) single channel conductance of 

glycine over GABAA receptors (Smith et al., 1989). However, the postsynaptic response 

to exogenous glycine was 3.5-fold larger than to equimolar GABA, suggesting that an 

increased density of glycine receptors accounts for the majority of the observed 

phenotype. The glycine/GABA ratio in the puff experiments was slightly lower than our 

synaptic estimates with paired recordings. This is not surprising, as puff application will 

sample both synaptic and extrasynaptic receptors. A high density of extrasynaptic 

GABAA receptors, as reported for targets of co-releasing interneurons in the spinal cord 

(Chéry and de Koninck, 1999), would reduce our synaptic glycine/GABA estimate. We 

nevertheless observe a 3.5-fold larger glycine than GABAA component, indicating that 

receptor expression determines transmitter phenotype in cartwheel cells. 

 

Implications for inhibitory synaptic plasticity  

 GlyT2 membrane expression and GABA synthesis are subject to regulation by 

multiple signaling pathways: GlyT2 traffics to and from the plasma membrane on a time-

scale of minutes, and this trafficking is regulated by activity-dependent Ca2+ influx 

(Geerlings et al., 2001), protein kinase C (Fornés et al., 2008), and metabotropic purine 

receptors (Jiménez et al., 2011). Furthermore, GABA synthesis is bi-directionally 

controlled by PKA and PKC (Wei and Wu, 2008), suggesting that activators upstream of 

these kinases could potently control cytosolic GABA levels. Together with our current 
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findings, these results predict that cytosolic transmitter levels potently regulate inhibitory 

synaptic strength. 
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Figure 1.1 
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Figure 1.1 Transmission between cartwheel cells is predominantly glycinergic. 

 (A) Example paired recording between synaptically connected cartwheel cells 

demonstrating that glycine is the main neurotransmitter at this synapse. The top panel 

shows IPSC amplitude over time from a single experiment, showing IPSC block by the 

glycine receptor antagonist strychnine and the GABAA receptor antagonist SR95531. The 

lower panel shows traces from this experiment, with a single presynaptic action potential 

and an overlay of 10 IPSCs evoked during baseline conditions (black), in the presence of 

500 nM strychnine (blue), and in the presence of strychnine + 10 µM SR95531. Bottom 

gray traces show partial recovery of IPSCs during drug washout.  

(B) Optogenetic activation of cartwheel cells. In a GlyT2-cre mouse injected with a 

ChR2 AAV virus, wide-field blue light flashes evoked bursts of IPSCs that were mostly 

blocked by strychnine, similar to paired recordings. Top panel shows a time course of the 

experiment. Lower panel is example sweeps evoked in different drug conditions. The 

color scheme is the same as in A. Blue line denotes approximate offset of a 20 ms light 

stimulus in this experiment.  

(C) Summary data plotting the IPSC amplitude remaining in strychnine and SR95531 

from paired recordings and optogenetic experiments. The percent block by strychnine 

was not significantly different between the two data sets, showing that transmission 

between cartwheel cells is mainly glycinergic. Open circles are individual experiments. 

Red points are mean ± SEM. 

(D) Individual mIPSCs recorded in the absence of inhibitory blockers and in the presence 

of pentobarbital + zolpidem display a spectrum of decay kinetics and can be classified 
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into three basic categories: rapidly decaying and predominantly glycinergic events, 

slowly decaying events mediated by GABAA receptors, and a third population with both 

fast glycinergic and slow GABAergic decay components. 

(E) The relative amplitude of the glycinergic and GABAergic components of mIPSCs 

was measured by force-fitting the decay phase of individual events recorded in absence 

of inhibitory blockers with a double exponential function containing the average glycine 

and GABAA decay time constants recorded in the presence of SR95531 or strychnine 

(Jonas et al., 1998; Awatramani et al., 2005). The amplitude of the slow GABAA decay is 

plotted on the x-axis whereas the fast glycine component is plotted on the y-axis. The 

dashed gray lines represent the 2x S.D. for the amplitudes of glycine and GABAA decay 

components, and events falling above the cutoff for both glycine and GABAA amplitudes 

were classified as co-releasing glycine/GABA. On average, 19.3±2.2% of events 

recorded in absence of inhibitory blockers were classified as mixed glycine/GABA 

mIPSCs (n=14 cells). Data are from two separate cells. 

(F) mIPSCs recorded from the same two cells as panel (E), but after the addition of 

strychnine (blue points) or SR95531 (red points) in one or the other cell. The majority of 

mIPSCs fell below the 2x S.D. lines after blocking either GABAA or glycine receptors 

with SR95531 or strychnine. Inset shows the average glycinergic and GABAergic mIPSC 

recorded in SR95531 or strychnine, respectively. Note the similarity in kinetics to the 

pure glycine and GABA events recorded (D). 

(G) Summary data from 14 experiments similar to (D-F). Red points are mean ± SEM. 

Asterisks denote statistical significance at p=0.00001, paired t-test. 
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Figure 1.2 
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Figure 1.2: GlyT2 supplies the majority of glycine destined for filling of recycling 

vesicles. 

 (A-C) Bath application of the GlyT2 inhibitor ORG25543 causes a rapid and near 

complete run down of glycinergic transmission independently of presynaptic activity. 

Left: Time course of run down. Each data point is normalized mean ± SEM of 3-9 

individual experiments in (A), 8-10 experiments (B), and 2-3 experiments in (C). Right: 

average of IPSCs from a single experiment evoked during baseline period (black) and 

after 25-30 min in ORG25543 (red trace). In (A), IPSCs were elicited at 0.07 Hz for the 

entirety of the experiment. In (B), activity was suspended for the majority of drug 

application and transmission was periodically tested at ~10 min intervals. The run down 

in these "minimal activity" experiments was similar to the experiments in panel (A). In 

(C), presynaptic stimulation frequency was transiently increased from 0.07 Hz to 2 Hz, 

eliciting between 572 and 600 action potentials during min 3-8 of ORG25543 

application. Upon returning to 0.07 Hz stimulation, IPSC rundown was not greater than 

in experiments from A and B. (D) Summary showing the fraction remaining min 10-11 in 

experiments from panels A-C. No significant differences were found between the three 

conditions, demonstrating that presynaptic vesicle content equilibrates with cytosolic 

transmitter availability independently of exocytosis. Black dots represent values from 

individual experiments. Red is mean ± SEM. 

(E) Adding exogenous glycine to the whole-cell internal solution occluded the run-down 

caused by GlyT2 block, showing that the ORG25543 effect was specifically due to loss 

glycine availability in the presynaptic terminal. Right: average IPSCs during baseline 
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(black) and after 25-30 min in ORG (red). Each time point is the normalized mean ± 

SEM from 4-6 individual experiments. 

(F) Glycinergic transmission remains stable during whole-cell recordings with a glycine-

free internal solution, showing that endogenous GlyT2 activity is sufficient to 

continuously fill synaptic vesicles even during prolonged dialysis. Right: Average IPSCs 

during min 0-3 (black) and min 35-40 (red). Each time point is the normalized mean ± 

SEM from 3-7 individual experiments. 
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Figure 1.3 

 

 

 

 

 

 

 

 

 

Figure 1.3: Rapid restoration of transmission in glycine-depleted cartwheel cells. 

 (A) Data from a single experiment where the slice was pre-incubated in 1µM ORG25543 

for ~ 2 hours. Glycinergic transmission was isolated with 10 µM SR95531. A pair of 

cartwheel cells was patched with an internal solution containing 10 mM glycine. Data 

collection at t=0 began less than 1 min after breaking into the presynaptic cell. IPSC 

amplitudes rapidly increased during the first 20 min after break in. Right, example IPSCs 

(average of 4 sweeps per trace) at various times during presynaptic glycine dialysis. 

(B) Average time course of transmission run up by presynaptic dialysis of 10 mM glycine 

in ORG25543-treated slices, similar to the experiment in (A). T=0 begins <2 min after 
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presynaptic break-in. Data are normalized to the average IPSC amplitude at t=20 min, 

and each data point is the normalized mean ± SEM of 6-8 individual experiments. 
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Figure 1.4 

 

 

 

 

 

 

 

 

 

Figure 1.4: GlyT2 supplies ~ 5 mM to presynaptic terminals. 

(A) Cytosolic transmitter concentrations determine the degree of vesicle filling. Example 

average IPSCs evoked during baseline (10 µM SR95531) and after partial block of 

glycine receptors with 70 µM SR95531 (red traces) under endogenous conditions (control 

pairs and extracellular stimulation) and in paired recordings with experimentally-

determined concentrations of exogenous glycine.  Far right trace shows results of a 

kinetic model for 4.95 mM peak cleft glycine and the relative amplitudes predicted for 10 

mM and 70 mM SR95531. 
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(B) Summary plotting the fraction IPSC remaining in 70 µM SR95531 as a function of 

pre-synaptic glycine concentration. These values were fit with a standard Hill equation of 

the form 

€ 

base +
max− base

1+ (xhalf / x)
rate

⎛ 

⎝ 
⎜ ⎜ 

⎞ 

⎠ 
⎟ ⎟ . Gray bar brackets range of block seen with control 

pairs or extracellular stimulation, predicting about 5 mM cytosolic glycine.  

(C) A kinetic model (Beato, 2008) was driven with different peak glycine transients and 

the relative block in 70 mM versus 10 mM was compared, as in panel B.  Blue lines 

connect experimental values in panel B for the range of cytosolic glycine levels used to 

the corresponding predicted values of cleft glycine in the model. 
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Figure 1.5 

 

 

 

 

 

 

 

 

 

 

Figure 1.5: GAD supplies the majority of GABA for synaptic vesicles. 

(A) Average of GABAA IPSCs evoked during the first two min after breaking into the 

pre-synaptic cell (black traces) and after 25-30 min of presynaptic dialysis (red traces). 

Each pair of red and black traces are from the same individual experiment. Dialyzing 

presynaptic cells with 1 mM chelidonic acid caused a near complete run down of 

GABAergic transmission. Prolonged dialysis with a control internal solution caused 

partial rundown of GABAergic transmission that was reduced by exogenous glutamate, 

while 20 mM GABA potentiated transmission. 
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(B) Average time course of experiments shown in panel (A).  Each data point is the 

normalized mean ± SEM of 5-9 individual experiments in each condition. 
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Figure 1.6 

 

 

 

 

 

 

 

 

 

Figure 1.6: GAD supplies millimolar concentrations of GABA. 

(A) Average GABAA IPSCs in single experiments during presynaptic dialysis with 

chelidonic acid and different concentrations of exogenous GABA. The black trace is an 

average of IPSCs during the first two min after presynaptic break-in and the red trace is 

an average of min 20-30. The large hyperpolarization following the presynaptic action 

potential is due to negative current injection to prevent complex-spike firing. 

(B) Fractional IPSC remaining after 20-30 min is plotted against the concentration of 

exogenous GABA added to the presynaptic pipette solution. Data are normalized to the 

amplitude of IPSCs recorded during first two min after presynaptic dialysis. The point 0 
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represents dialysis with chelidonic acid and 0 mM GABA. The 20 mM GABA data are 

from experiments in Figure 5 where presynaptic cells were loaded with 20 mM GABA 

and no chelidonic acid. To estimate the GABA concentration needed to prevent run-down 

(dashed gray line), the data were fit with a sigmoidal function of the form 

𝐵𝑎𝑠𝑒𝑙𝑖𝑛𝑒+{𝑌𝑀𝐴𝑋(1+exp ⁡((𝐸𝐶50−𝐶)𝑛))}.  With C as concentration the fitted parameters 

were Baseline (starting level of the fit), YMAX (peak), EC50 (concentration at half 

maximal run-down) and n (slope factor).  For the solid red line these parameters were 

0.02, 1.34, 4.01 mM and 1.8. This equation was also used for jackknife analysis of the 

data set as described in the text. 
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Figure 1.7 

 

Figure 1.7: Vesicles re-equilibrate with cytosolic transmitter within one minute and 

independently of activity. 

 (A) Time course of GABAA IPSC amplitudes (bottom) and average traces at different 

time points (top) from a recording with 5 mM MNI-caged glutamate added to the 

presynaptic internal solution. Presynaptic whole-cell recording began ~10 min prior to 

data collection. Uncaging glutamate by wide-field UV flash (500 ms; red line) rapidly 

potentiated GABAergic transmission. At the ~20 min mark, presynaptic activity was 

suspended and glutamate was uncaged a second time. Presynaptic activity resumed 3 min 

after uncaging, and IPSC amplitudes were similarly potentiated. 
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(B-C) Average time course of the uncaging effect in experiments where IPSCs were 

continuously evoked after uncaging (B) or in experiments where presynaptic activity was 

suspended during uncaging (C). Each data point is the normalized mean ± SEM of 11-12 

individual experiments (B) or 6-9 experiments (C). 
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Figure 1.8 

 

Figure 1.8: Postsynaptic receptor density determines IPSC phenotype.  

(A) Presynaptic cartwheel cells loaded with 5 mM glycine + 7 mM GABA recapitulate 

the endogenous, predominantly glycinergic IPSC phenotype. Slices were pre-incubated in 

ORG25543 and cartwheel cells were patched with an internal solution containing 5 mM 

glycine, 7 mM GABA, and 1 mM chelidonic acid. The left panel is a time course from a 

single experiment plotting IPSC amplitude over time, showing that IPSCs evoked under 

these conditions are predominantly blocked by the glycine receptor antagonist strychnine. 

The traces on the right show a single presynaptic action potential and average IPSCs from 

this experiment during the baseline period (black, no inhibitory blockers), in strychnine 

(blue), and in strychnine + SR95531 (red). Gray trace is partial recovery during drug 

washout. 
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(B) Summary data plotting the fractional IPSC remaining in the presence of strychnine 

and strychnine + SR95531. Open circles are individual experiments. Red circles denote 

mean ± SEM. Data are normalized to the average IPSC amplitude during baseline. 

(C) Puff application (10 ms, 5 psi) of 1 mM glycine or GABA to the same cell reveals 

that post-synaptic glycine currents are ~3-fold larger than GABAA currents. Traces are 

averages from a single experiment. 

(D) Summary of puff-evoked glycine/GABAA current ratios in 7 cells similar to panel 

(C). Open circles are individual experiments. Red dot represents mean ± SEM of these 

data. 
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Abstract 

The dorsal cochlear nucleus (DCN) is a cerebellum-like auditory brainstem region whose 

functions include sound localization and multisensory integration. While previous in vivo 

studies show that glycinergic and GABAergic inhibition regulate the response properties 

of several DCN cell types in response to sensory stimuli, data regarding the synaptic 

inputs onto DCN inhibitory interneurons remain limited. Using acute DCN slices from 

P15-P24 mice, we examined the properties of excitatory and inhibitory synapses onto the 

superficial stellate cells, a poorly understood cell class in the DCN. Excitatory synapses 

onto stellate cells activated both NMDA receptors and fast-gating, Ca2+-permeable 

AMPA receptors. Inhibition onto superficial stellate cells was mediated by glycine and 

GABAA receptors with different temporal kinetics. Paired recordings revealed that 

superficial stellate cells make reciprocal synapses and autapses, with a connection 

probability of ~18-20%. Unexpectedly, superficial stellate cells co-released both glycine 

and GABA, suggesting that co-transmission may play a role in fine-tuning the duration of 

inhibitory transmission.  
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Introduction 

 The dorsal cochlear nucleus (DCN) is a mammalian auditory brainstem region 

composed of diverse neuronal cell types (Oertel and Young, 2004). Although the 

contribution of the DCN to auditory processing is not clear, previous studies suggest that 

it may be involved in sound localization in the vertical plane and orientation of the head 

towards sounds of interest (Davis and Young, 2000; May, 2000). Interestingly, the local 

circuitry of the DCN closely resembles that of the cerebellum and cerebellum-like nuclei 

found in mammals and fish (Oertel and Young, 2004) and this homology suggests that 

the DCN may also function to generate "negative images" of predictable auditory input, 

thereby filtering out self-generated sounds (Bell et al., 2008; Requarth and Sawtell, 

2011). 

 Regardless of the precise role of the DCN in auditory processing, previous studies 

have established that the glutamatergic efferent neurons (fusiform and giant cells) 

integrate auditory information from the ear with sensory input from non-auditory brain 

regions (Oertel and Young, 2004). Sound information is relayed via auditory nerve fibers 

synapses on the basal dendrites of fusiform cells, whereas non-auditory information 

enters via an array of cerebellum-like, granule cell parallel fibers that synapse onto 

fusiform cell apical dendrites. DCN parallel fibers also contact two types of molecular 

layer interneuron: glycinergic, Purkinje-like cartwheel cells, and GABAergic superficial 

stellate cells (henceforth “stellate cells”) that closely resemble the stellate/basket cells of 

the cerebellum (Wouterlood et al., 1984; Mugnaini, 1985; Bell et al., 2008). 

 Previous studies show that parallel fibers recruit feedforward glycinergic inhibition 

onto fusiform cells, presumably mediated by cartwheel cells (Davis et al., 1996; Davis 
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and Young, 1997; Kanold and Young, 2001; Roberts and Trussell, 2010; Kuo and 

Trussell, 2011; Doiron et al., 2011). Given that even a single cartwheel cell can control 

the firing rate of fusiform cells (Roberts and Trussell, 2010), these findings imply that 

feedforward inhibition from interneurons potently gates whether the DCN relays signals 

to downstream targets. Interestingly, in vivo work suggests that GABAergic inhibition 

also controls the response properties of cartwheel and fusiform cells (Davis and Young, 

2000), and a recent in vitro study suggested that GABAergic inhibition controls the 

spread of parallel fiber excitation in the DCN (Middleton et al., 2011). Since cartwheel 

cell transmission is predominantly glycinergic (Golding and Oertel, 1997; Roberts et al., 

2008; Mancilla and Manis, 2009; Apostolides and Trussell, 2013a), these results suggest 

that stellate cells are a likely source of GABAergic inhibition.  

 However, little is known about chemical synaptic transmission onto DCN stellate 

cells. This lack of information is surprising, as stellate cells are common components of 

the outer layers of the DCN (Wouterlood et al., 1984) and may share homology with the 

stellate and basket cells known to be crucial for controlling the output of the cerebellar 

cortex (Callaway et al., 1995; Barmack and Yakhnitsa, 2008; Oldfield et al., 2010; 

Coddington et al., 2013). Therefore, a comparison of cerebellar and DCN stellate cell 

properties might provide clues to DCN function.  Nevertheless, there are no confirmed in 

vivo recordings from DCN stellate cells, and in vitro recordings are few (Zhang and 

Oertel, 1993; Golding and Oertel, 1997; Apostolides & Trussell 2013b). We performed 

whole-cell recordings from visually identified DCN stellate cells in acute mouse brain 

slices and examined the properties of excitatory and inhibitory synapses. We find that 

similar to cerebellar stellate/basket cells, parallel fibers activate fast, Ca2+-permeable 
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AMPA receptors on DCN stellates. Unlike cerebellar stellate cells (Clark and Cull-

Candy, 2002), however, single parallel fibers activated both AMPA and NMDA 

receptors. We also find that DCN stellate cells inhibit one another via reciprocal synapses 

as well as autapses. While it has been previously suggested that DCN stellate cells were 

GABAergic, we found that they express the glycine transporter GlyT2 required for 

functional glycinergic transmission (Gomeza et al., 2003; Rousseau et al., 2008), and 

most stellate cells tested co-released both glycine and GABA. Our findings shed light on 

the synaptic properties to DCN stellate cells, highlighting significant functional 

similarities and differences between the DCN and the cerebellum.  

 

Methods 

Slice Preparation 

 All protocols involving animals were approved by OHSU's Institutional Animal Care 

and Use Committee. Mice P15-P24 days of age of wild-type (C57/Bl6 or CBA), GlyT2-

GFP, or GAD65-GFP background were used for these experiments. Mice were 

anesthetized with isofluorane, decapitated, and slices (200-250 µm thick) containing the 

DCN were cut in an ice-cold sucrose solution containing (in mM): 87 NaCl, 25 NaHCO3, 

25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2, and bubbled with 

5% CO2/95% O2. After cutting, slices were allowed to recover for 30-45 min at 34o C in 

an artificial cerebrospinal fluid (ACSF) solution containing (in mM): 130 NaCl, 2.1 KCl, 

1.7 CaCl2, 1 MgSO4, 1.2 KH2PO4, 20 NaHCO3, 3 Na-HEPES, 10-12 glucose, bubbled 

with 5% CO2/95% O2 (300-310 mOsm). This solution was used as the standard perfusate 
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for all experiments. In some experiments 5 µM R-CPP or 50 µM D-APV were added to 

the cutting solution and/or recovery chamber. After recovery, slices were maintained at 

~22o C until recording. Experiments were typically performed within 5 hours of slice 

preparation. 

Electrophysiology 

 Slices were mounted in a recording chamber and continuously perfused at 3-5 ml/min 

with ACSF heated to 31-33o C. Neurons were visualized using Dodt contrast optics with 

a 40x or 63x objective on a Zeiss Axioscop2 microscope. For paired recordings, the 

pipette internal solution contained 60 K-gluconate, 10 K-glutamate, 70 KCl, 4.8 MgCl2, 

4 ATP, 0.5 GTP, 10 Tris-phosphocreatine, 0.1-0.2 EGTA, 10 HEPES, pH adjusted 

between 7.2-7.3 with KOH (~290 mOsm). For recording miniature events and 

broadening action potentials in figure 7, K-gluconate, K-glutamate and KCl were 

replaced by 120 mM CsCl. For evoked and spontaneous EPSC recordings, the internal 

contained (in mM) 118 CsMeSO3, 5 TEA-Cl, 5 QX314-Cl, 5 Cs4-BAPTA, 10 HEPES, 4 

Mg-ATP, 0.5 GTP, 10 Tris-Phosphocreatine. In some experiments, 30 mM CsFl was 

substituted for equimolar CsMeSO3. 

 Whole-cell recording pipettes (final resistance: 2.5-5 MOhm) were made from 

boroscillicate glass (#8250, World Precision Instruments) using a Narishige P97 puller. 

Parallel fibers were stimulated by delivering voltage pulses (50-200 µs) through a theta 

glass pipette filled with ACSF positioning within 20-40 µm of the cell. Series resistance 

in voltage-clamp (<30 MOhm) was monitored frequently and compensated 60-80% 
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'correction', 90% 'prediction' (bandwidth=3 kHz) and data were not analyzed if series 

resistance varied >20-25% over the course of the recording. 

Identification of stellate cells 

 Most experiments were performed using wild-type mice. Stellate cells were identified 

by their location in the slice (at the outer edge of the molecular layer and below the 

ependymal surface) and basic membrane properties. The main types of neurons found in 

the DCN superficial molecular layer are stellate and cartwheel cells (Wouterlood et al., 

1984; Osen and Mugnaini, 1981). Stellate cells were easily distinguished from cartwheel 

cells by the size of their soma and input resistance which typically differed by an order of 

magnitude (Apostolides & Trussell, 2013b). In experiments with transgenic mice, GFP 

fluorescence was observed with a 100W Hg bulb placed in the epi-fluorescence port of 

the microscope and passed through a GFP filter set. 

Data Acquisition and Analysis 

 Traces were recorded with a Multiclamp 700B amplifier and a Digidata 1322A 

analog-digital converter board using pClamp 9 software. Signals were low-pass filtered at 

10-20 kHz and digitized at 20-50 kHz. Data were analyzed offline after filtering the 

traces at 2-10 kHz. For voltage-clamp data, all measurements were made on the peak 

amplitude of averaged traces unless otherwise stated. Spontaneous and miniature events 

were detected using a template algorithm or amplitude threshold in Axograph X or 

Clampfit, and each event was visually inspected for false positives or malformed events. 

Decay kinetics were measured on averages of aligned events with a single, double, or 
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triple exponential function. Weighted decay time constants were calculated from double 

exponential fits were calculated as: 

€ 

(Aslow *τslow ) + (Afast *τ fast )
Aslow + Afast

	
  

All values are reported as mean ± SEM. Statistical significance was determined using 

paired or unpaired Student's t-tests where appropriate. 

Histology 

Mice were transcardially perfused with warm (38°C) 100mM PBS solution, pH 7.4, 

followed by ice-cold 4% paraformaldehyde in PBS. The brains were dissected from the 

skull and incubated overnight in 4% paraformaldehyde for complete tissue fixation. Next 

the brains were rinsed in PBS and brainstem coronal sections were acquired at 30 µm on 

a vibratome (VT1000S, Leica). After sectioning, the tissue was washed in PBS solution 

for 30 minutes. Sections were then incubated for 1 hour in block solution (2% goat 

serum, 0.2% Triton X-100 (in PBS), 0.3% BSA) and subsequently incubated overnight at 

4°C with anti-GFP, rabbit polyclonal antibody, Alexa Fluor 488 conjugate (1:200 in 

block solution, Invitrogen Molecular Probes). Next day, sections were washed in PBS for 

1 hour and mounted on 0.3% gelatin coated slides. After drying, sections were 

dehydrated in ascending alcohols, and delipidized in xylenes. The tissue was then 

rehydrated and coverslipped using Fluoromount G medium (Southern Biotechnology 

Associates). Fluorescence images were acquired using a confocal microscope (Olympus 

FV1000) by sequential scanning of GFP signals using an oil-immersion objective (60×, 
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numerical aperture 1.42) with Olympus Fluoview-1000 software. Image analysis was 

conducted using NIH ImageJ software.  

Reagents 

NBQX, APV, CPP, SR95531 were purchased from Ascent Scientific/Abcam. Strychnine 

was purchased from Sigma-Aldrich. 

 

Results 

Single parallel fibers activate AMPA and NMDA receptors 

 Previous studies in cerebellar stellate/basket cells showed that excitatory postsynaptic 

currents (EPSCs) evoked by parallel fiber stimulation lack a prominent NMDA receptor 

component (Glitsch and Marty, 1999). Consequently, NMDA receptors on cerebellar 

stellate cells are thought to be extra-synaptic and primarily activated by glutamate 

spillover during sustained activity of multiple parallel fibers (Carter and Regehr, 2000; 

Clark and Cull-Candy, 2002). We tested whether NMDA receptors were similarly 

excluded from postsynaptic sites in DCN stellate cells by evoking EPSCs while voltage-

clamping the cell at negative or positive potentials. All recordings were performed in 10 

µM SR95531 and 0.5-2 µM strychnine to block GABAA and glycine receptors, 

respectively. Single parallel fiber shocks from a bipolar stimulating electrode (0.5-6 V), 

delivered while the cell was held at -67 to -77 mV, evoked fast EPSCs typical of AMPA 

receptor-mediated transmission (Fig. 1A, lower trace). By contrast, EPSCs at +33 mV 

displayed a prominent slow component (Fig. 1A, upper trace) that was blocked by the 

selective NMDA receptor antagonist R-CPP (5 µM, n=6 cells; Fig. 1B). NBQX (10 µM) 
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blocked the fast EPSC component (n=5 cells; Fig. 1C), confirming that it was mediated 

by AMPA receptors.  

 However, even relatively weak shocks employed in these experiments likely activated 

more than one presynaptic parallel fiber (Roberts and Trussell, 2010). It could be argued 

that pooling of glutamate from even a few closely spaced synapses, or the repetitive 

activation of single parallel fibers (Isope et al., 2004; Nahir and Jahr, 2013), might suffice 

to activate high-affinity, extrasynaptic NMDA receptors. We therefore tested whether 

NMDA receptors were activated by single parallel fibers by analyzing spontaneous 

EPSCs occurring due to random firing of presynaptic granule cells. At +33 mV, 

spontaneous EPSCs displayed a prominent slow component similar to evoked EPSCs 

(Fig. 1D). The decay phase of these events was best fit with the sum of two or three 

exponentials, with an average weighted decay time constant of 36.2±6.3 ms (n=8 cells). 5 

µM R-CPP or 50 µM D-APV selectively blocked the slow decay component, thereby 

reducing the weighted decay time constant to 1.8±0.2 ms (Fig. 1E,F; n=8, p<0.001, 

paired t-test). However, NMDA receptor antagonists had minimal effect on the peak 

amplitude of spontaneous events (Fig. 1F. baseline: 26.3±2.1 pA, NMDA blockers: 21.5 

±3.4 pA, n=8, p=0.20). Together these results show that, in contrast to cerebellar 

stellate/basket cells, AMPA and NMDA receptors are co-localized at parallel fiber 

synapses in DCN stellate cells. 
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DCN stellate cells contain fast, Ca2+-permeable AMPA receptors. 

 Cerebellar stellate cells express Ca2+-permeable, GluA2-lacking AMPA receptors with 

sub-millisecond decay kinetics (Liu and Cull-Candy, 2000; Carter and Regehr, 2002; 

Jackson and Nicoll, 2011). Interestingly, previous studies in the cochlear nuclei found 

that the biophysical properties of AMPA receptors correlate with the identity of the 

presynaptic terminal: AMPA receptors at auditory nerve synapses have rapid kinetics and 

are typically Ca2+-permeable, whereas AMPA receptors at parallel fiber synapses gate 

slowly and are impermeable to Ca2+ (Gardner et al., 1999; Gardner et al., 2001). Thus, we 

asked whether DCN stellate cells contained Ca2+-permeable AMPA receptors with rapid 

kinetics similar to cerebellar stellate cells, or if their AMPA receptor properties followed 

the pattern proposed by (Gardner et al., 2001).  

 We first quantified the kinetics of synaptic AMPA receptors by recording miniature 

EPSCs (mEPSCs) in DCN stellate cells. D-APV, SR95531, and strychnine were added to 

the bath solution to isolate AMPA mEPSCs, and 1 µM tetrodotoxin (TTX) was added to 

block spikes. Quantal events typically ranged in amplitude between 20 and 200 pA, with 

an average amplitude of 45.2±6.5 pA, a 10-90% rise time of 0.17±0.01 ms, and a 

weighted decay time constant of 0.71±0.07 ms (n=12 cells). Data from an example cell 

are shown in Figure 2A, with the corresponding amplitude histogram of individual events 

shown in 2B. mEPSCs could exceed 200 pA, which, given the high input resistance of 

stellate cells (Apostolides & Trussell 2013b) would make even small synapses relatively 

potent. These amplitude and kinetic values are similar to those reported in cerebellar 

stellate/basket cells (Carter and Regehr, 2002; Crowley et al., 2007), and suggest that 
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AMPA receptors on DCN stellate cells might lack the GluA2 subunit and be Ca2+-

permeable (Liu and Cull-Candy, 2000; Jackson and Nicoll, 2011).  

 We further tested for expression of Ca2+-permeable AMPA receptors by evoking 

EPSCs with a stimulating electrode while voltage clamping stellate cells at different 

holding potentials. Ca2+-permeable AMPA receptors exhibit an inward rectification due 

to intracellular polyamine block at positive potentials, while GluA2-containing AMPA 

receptors are Ca2+-impermeable and have a linear current-voltage (IV) relationship (Isaac 

et al., 2007). AMPA EPSCs were isolated with D-APV/SR95531/strychnine and 

exogenous polyamines (spermine, 100 µM) were added to the pipette internal solution. 

Parallel fibers were stimulated 3 times at 100 Hz (delivered once every 10-15 s) while 

holding the postsynaptic cell between -50 and +50 mV. AMPA EPSCs exhibited paired-

pulse facilitation, typical of parallel fiber synapses in the DCN (Tzounopoulos et al., 

2004; Kuo and Trussell, 2011; Fig. 2C): The amplitude of the third EPSC at -50 mV was 

on average 6.28±0.56 times larger than the first EPSC (n=12 cells). As expected from 

Ca2+-permeable AMPA receptors, the IV curve of EPSCs showed significant inward 

rectification (Fig. 3C, D). We calculated a "rectification index" (RI) for each cell, defined 

as the actual EPSC amplitude recorded at +50 mV divided by the value extrapolated from 

a linear fit of EPSCs recorded at negative potentials. 10 of 12 DCN stellate cells tested 

exhibited significant inward rectification (RI=0.58±0.05, p<0.0001, one sample t-test; Fig 

2E,F), and rectification was absent when EPSCs were recorded without exogenous 

polyamines added to the pipette solution (RI=1.06±0.06, n=6, p=0.5; (Kamboj et al., 

1995); Fig 2F). Thus, inward rectification was due neither to poor voltage-clamp at 

positive potentials, nor to the activation of glutamatergic synapses on electrically-coupled 
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neurons (Apostolides & Trussell, 2013b). The degree of inward rectification we observed 

was comparable to that that reported in rat cerebellar stellate cells (Liu and Cull-Candy, 

2000; Soto et al., 2007). Given the low release probability of parallel fiber synapses, we 

measured the final EPSC in a train of 3 parallel fiber stimuli delivered at 100 Hz. This 

analysis may therefore underestimate the degree of inward rectification if the receptors 

experienced use-dependent unblock by spermine (Rozov and Burnashev, 1999). 

However, paired-pulse facilitation was not significantly different between EPSCs 

recorded at negative and positive potentials (EPSC3/EPSC1 at -50 mV was 6.27±0.47 

versus 6.79±0.93 at +50 mV; p=0.47, paired t-test), suggesting that any use-dependent 

unblock of GluA2-lacking receptors occurring during these short trains was negligible. 

 

Stellate cells are GABA/glycine co-releasing interneurons. 

 DCN stellate cells receive inhibitory inputs both from cartwheel cells and other 

stellate cells (Manis et al., 1994; Wouterlood et al., 1984). While cartwheel cells are dual 

GABA-glycinergic neurons (Roberts et al., 2008; Apostolides and Trussell, 2013a), 

previous immunohistochemical and anatomical studies suggested that stellate cells are 

GABAergic interneurons (Wouterlood et al., 1984; Mugnaini, 1985).  Indeed, in order to 

train ourselves to recognize these tiny neurons for patch clamping in thick brain slices, 

we initially utilized a mouse line in which GFP expression was driven by the promoter 

for GAD65 (Hughes et al., 2005), a synthetic enzyme for GABA.  In the DCN molecular 

layer in this mouse line, small cells could be observed lying close to the ependymal layer, 

with numerous fine processes extending towards the cell body layer (Fig 3A), consistent 

with superficial stellate cells. Labeled small cells are also very common in the molecular 
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layer of the cerebellum of this mouse (not shown).  However, we were surprised that 

small cells can also be readily observed in a mouse line (Zeilhofer et al., 2005) in which 

GFP expression is driven by the promoter for GlyT2, a marker of glycinergic neurons 

(Fig 3B). These observations suggested that inhibition by stellate cells may be mediated 

by both GABA and glycine. 

 

GABAergic and glycinergic transmission onto stellate cells  

 We therefore quantified the amplitude and kinetics of GABAergic and glycinergic 

miniature inhibitory postsynaptic currents (mIPSCs). GABAA mIPSCs were isolated with 

10 µM NBQX, 50 µM D-APV, 500 nM strychnine and 1 µM TTX. The decay phase of 

averaged GABAA mIPSCs were fit by the sum of two exponentials (Fig. 4A). The fast 

component decayed with a time constant 2.2±0.1 ms and represented 82±2% of the total 

amplitude, whereas the slow component decayed with a time constant of 9.8±1.3 ms. The 

weighted decay time constant for GABAA mIPSCs was 3.4±0.2 ms (n=12 cells). GABAA 

mIPSCs had an average amplitude of 44.4±7.1 pA and a 10-90% rise time of 0.24±0.01 

ms (n=9).  

 Glycine mIPSCs (isolated with NBQX, D-APV and SR95531) were prevalent in all 

cells tested and had an average amplitude of 42.9±5.5 pA and a 10-90% rise time of 

0.17±0.01 ms (n=14). The decay of glycine mIPSCs was fit with a double exponential 

function in 13/14 cells, whereas one cell was best fit by a single exponential. Similar to 

GABAA mIPSCs, glycinergic events were dominated (72±6% of total amplitude) by a 

fast decay time constant of 1.1±0.1 ms and a minor slow component of 3.6±0.2 ms 
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(n=14). The average weighted decay time constant for glycine mIPSCs was 1.7±0.2 ms 

(Fig. 4B). Glycine mIPSCs rose significantly faster than GABAA events (p<0.001, 

unpaired t-test). Furthermore, both fast and slow decay components were significantly 

faster for glycinergic compared to GABAA mIPSCs (p<0.01, unpaired t-test), although 

the relative weighting of fast vs. slow did not differ significantly (p=0.19). The peak 

amplitude of the glycine and GABAA mIPSCs did not differ significantly (p=0.82). 

Figures 4C and 4D show amplitude histogram for GABA and glycine mIPSCs recorded 

in two different cells. These results show that stellate cells receive similarly potent 

glycinergic and GABAergic inhibition, albeit with different temporal kinetics. These 

results do not however indicate whether these different events arose from cartwheel cell 

or stellate cell synaptic terminals. 

 

Unitary synaptic and autaptic connections in DCN stellate cells 

 Previous anatomical studies suggested reciprocal synaptic connections between DCN 

stellate cells (Mugnaini, 1985), in agreement with the connectivity profile of 

stellate/basket cells of the cerebellum (L Palay and Chan-Palay, 1974). We searched for 

reciprocal connections by making paired recordings from neighboring DCN stellate cells. 

Similar to reports on cerebellar stellate cells (Kondo and Marty, 1998), we found that 

11/60 (18.3%) of attempted stellate connections (each pair = 2 connections) were 

synaptically coupled. An example pair is shown in Figure 5A. The presynaptic cell was 

held in voltage clamp and action potentials were elicited at 10 Hz by voltage steps from -

70 to +5 mV for 100 µs (top trace). Five consecutive sweeps from the postsynaptic cell 

are shown in black, and an average of these sweeps is shown in red. Interestingly, a 
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similar proportion of cells also displayed a prominent autaptic connection (19/89 cells 

tested, 21.3%), observed as an IPSC arising after evoking an escaping action potential in 

the recorded neurons, thus highlighting another parallel between the DCN and cerebellar 

stellate cells (Pouzat and Marty, 1998). An example autaptic recording is shown in Figure 

5B. The top traces are an overlay of 20 consecutive sweeps (4 failures) evoked at 0.5 Hz 

in black, with an average of successes in red. The transmission probability in this 

recording was 83.9% (131/156 successes). The lower traces in Figure 5B are 20 

consecutive sweeps (black) and average (red) after the addition of 10 µM SR95531, 

showing that this current was predominantly due to GABA release. Figure 5C plots the 

amplitude of autaptic events from the recording in Figure 5B as a function of time as the 

GABAA receptor blocker was added. Overall, transmission fidelity was highly variable 

between connections, with success probability ranging from 16.8% to 100% when IPSCs 

were evoked at 0.5-1 Hz (mean rate of successes (ie, when an IPSC followed a 

presynaptic spike) was 56±9%, n=6 autapses and 4 paired recordings).  

 SR95531 blocked the majority of transmission in 7 unitary connections (5 autapses 

and 2 paired recordings). In some recordings, we noticed a small residual IPSC in 

SR95531, which together with the GlyT2 expression described above, suggests that DCN 

stellate cells co-release glycine. Due to the high failure rate of these connections, 

however, it was impossible to determine whether these IPSCs originated specifically 

from the stellate cell of interest, or if these were spontaneous glycinergic IPSCs 

coincidently originating from another presynaptic neuron. We therefore repeated the 

pharmacological experiments in stellate cells loaded with a CsCl-rich internal solution. 

By blocking K+ currents that would normally repolarize presynaptic action potentials, 
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intracellular Cs+ should enhance exocytosis, thereby increasing the absolute IPSC size 

and reducing the variability of unitary IPSCs (Vincent and Marty, 1996). Under these 

conditions, autaptic IPSCs showed almost no failures (Fig. 6A). Bath application of 10 

µM SR95531 reduced the peak IPSC to 29±7% of baseline (n=13 cells). In 11/13 

experiments, a significant SR95531-insensitive component remained and this component 

was subsequently blocked by 0.5-1 µM strychnine (Fig. 6B). Thus, glycine and GABA 

are functionally co-released from DCN stellate cells. Although transmission was mostly 

mediated by GABA and GABAA receptors in the majority of experiments, there was a 

significant variability in percentage of transmission mediated by glycine in the grouped 

data (Fig. 6B). 

 

Activating fusiform cells generates GABA and glycinergic IPSCs in stellate cells. 

 We sought another method for determining the transmitter phenotype of stellate cells 

that would avoid the dialysis of presynaptic neurons which may alter the effectiveness of 

inhibitory transmission (Apostolides and Trussell, 2013a). The approach is based upon 

the recent demonstration that stellate cells are electrically coupled to fusiform principal 

cells, and that optogenetic activation of fusiform cells leads to action potentials in stellate 

cells (Apostolides & Trussell 2013b). This provides a means for selectively activating 

presynaptic stellate cells without doing presynaptic recordings. We therefore recorded 

from stellate cells in transgenic mice expressing channelrhodopsin2 in glutamatergic 

fusiform cells (Apostolides & Trussell 2013b; Thy1-ChR2 line 18: Arenkiel et al., 2007 

and VGluT2-ChR2: Hägglund et al., 2010).  Stellate cells were recorded with a cesium-

based internal solution and voltage-clamped between 0 and +40 mV to establish an 



	
  

84	
  

outward Cl- driving force. Pulses of blue light delivered to the slice often led to 

electrically conducted photocurrents and spikelets, as previously shown.  However, we 

noticed that holding the stellate cell at positive potentials for extended periods (>5 min) 

of recording weakened the gap-junction mediated events on the recorded cell, leaving 

only chemical transmission. This enabled us to record IPSCs in stellate cells generated by 

the neighboring still-coupled stellate cells. Blue light pulses led to vigorous bursts of 

IPSCs (Fig 7A). We determined the transmitter phenotype of stellate cells by using an 

event detection to overlay and average individual IPSCs evoked under baseline 

conditions and in the presence of GABAA receptor blockers. GABA-glycine co-

transmission was evident in 10/12 cells tested: SR95531 reduced the peak amplitude of 

average IPSCs to 47±10% of baseline (range: 20-80% remaining in SR95531. n=6 and 

n=4 in Thy1-ChR2 and VGluT2-ChR2 mice, respectively). In two cells, SR95531 

completely abolished light evoked IPSCs (1 cell from each genotype). The fraction 

remaining in SR95531 in these experiments was not significantly different from the 

CsCl-filled autapses (p=0.45, unpaired t-test). Together with the results of Figures 3 and 

6, these data show that DCN stellate cells co-release GABA and glycine from autaptic 

and reciprocal synaptic connections. 

 

Discussion   

 We have examined chemical synaptic transmission onto DCN stellate cells, 

contrasting the results with known properties of synapses onto cerebellar stellate cells. 

While general parallels exist between these two types of interneuron in terms of 

GABAergic phenotype, subtype of AMPA receptors and existence of gap junctions (see 
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Apostolides & Trussell 2013b), several differences were apparent, notably in NMDA and 

glycine receptor activation. Given the kinetic properties of these receptors, our results 

suggest that the time course of synaptic excitation and inhibition may be quite different in 

stellate cells of the two regions. 

    

Glutamate receptors on DCN stellate cells are Ca2+-permeable 

 We observed that NMDA and AMPA receptors in DCN stellate cells could be 

activated by single stimuli to parallel fibers. This contrasts with cerebellar molecular 

layer interneurons, where the NMDA component of parallel fiber EPSCs is small (Glitsch 

and Marty, 1999; Clark and Cull-Candy, 2002)  and is primarily recruited by glutamate 

spillover during intense presynaptic activity (Carter and Regehr, 2000; Clark and Cull-

Candy, 2002; Nahir and Jahr, 2013). However, similar to cerebellar stellate cells, 

intracellular polyamines cause inward rectification of current-voltage relations for AMPA 

receptor EPSCs, indicating the presence of GluA2-lacking, Ca2+-permeable AMPA 

receptors. Thus, single action potentials in granule cells may activate two types of 

glutamate-gated, Ca2+-permeable conductances on DCN stellate cells, mediated by 

AMPA and NMDA receptors.  DCN parallel fiber synapses onto cartwheel and fusiform 

cells are differentially depressed or potentiated by similar patterns of Ca2+ influx through 

NMDA receptors during spike-timing dependent plasticity (Tzounopoulos et al., 2004; 

Tzounopoulos et al., 2007). The presence of Ca2+-permeable AMPA receptors, which 

lack the outward rectification endowed by voltage-dependent Mg2+ block of NMDA 

receptors, suggests the possibility that parallel fiber plasticity rules in DCN stellate cells 
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may be distinct from those previously described in cartwheel and fusiform cells (e.g. 

Lamsa et al., 2007). Moreover, the submillisecond decay kinetics of stellate cell AMPA 

receptors contrast sharply with the properties of AMPA receptors at parallel fiber 

synapses onto cartwheel cells and the apical dendrites of fusiform cells (Gardner et al., 

1999; Gardner et al., 2001), suggesting that similar patterns of parallel fiber activity will 

result in cell-type specific spike output. 

 

Inhibitory transmission is mediated by glycine and GABA 

 Glycinergic and GABAergic mIPSCs had similar amplitudes but different time 

courses, suggesting that the potency of both transmitter systems is approximately equal, 

but also that the temporal profiles of inhibition may differ in a transmitter-specific 

manner. Based on labeling of small superficial cells similar to the ones we routinely 

record from, DCN stellate cells probably express the plasma membrane glycine 

transporter GlyT2, which transports glycine from the extracellular space into the nerve 

terminal for subsequent vesicular packaging (Gomeza et al., 2003; Rousseau et al., 2008). 

Most DCN stellate cells tested co-released glycine and GABA, although transmission 

was predominantly mediated by GABAA receptors. This suggests that stellate cells 

release more GABA than glycine, or alternatively, that postsynaptic GABAA receptors 

are more abundant and/or have higher conductance than glycine receptors.  Although our 

data do not distinguish between these possibilities, cartwheel cells of the DCN appear to 

maintain a largely glycinergic phenotype through a preponderance of glycine receptors 

rather than a mismatch in GABA/glycine synthesis (Apostolides and Trussell, 2013a). 
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 Stellate cells probably also receive inhibitory inputs from cartwheel cells (Manis et al., 

1994), and we have occasionally noticed large IPSC bursts typical of the cartwheel cell's 

"complex spike" firing pattern (data not shown; Golding and Oertel, 1997; Roberts et al., 

2008). Thus, some proportion of glycine and GABAA mIPSCs in our data sets likely 

originate from cartwheel as well as stellate cell synapses.   

 

Function of DCN stellate cells 

   A recent study from (Middleton et al., 2011) demonstrated that in a mouse model of 

tinnitus, brain slices made from acoustically traumatized mice exhibited enhanced spread 

of electrical activity through the DCN molecular layer, apparently due to reduced 

GABAergic control of excitation. Given that GABA is the primary transmitter of stellate 

cells, it may be that reduced activity of stellate cells or their synapses may underlie this 

cellular correlate of tinnitus, and this possibility highlights the need to clarify how stellate 

cells function within the context of molecular layer circuitry.  Indeed, the three targets of 

parallel fibers, stellate cells, cartwheel cells and fusiform cells, together form a 

remarkably sophisticated, interacting network. Cartwheel cells provide powerful 

inhibition to fusiform cells (Roberts and Trussell, 2010), with synapses targeting near the 

fusiform soma (Rubio and Juiz, 2004). Stellate cells, given their size and position, 

primarily reach the distal portions of fusiform dendrites (Apostolides and Trussell, 

2013b), and probably distal regions of cartwheel dendrites as well. It is therefore possible 

that they serve to locally control excitation by parallel fibers in those distal 

compartments. However, the recent observation that fusiform cells communicate to 
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stellate cells via gap junctions suggests a model in which fusiform cell activity, triggered 

either by parallel fibers or auditory nerve, is carried back into the molecular layer by 

stellate cells (Apostolides and Trussell, 2013b). The inhibitory synapses stellate cells 

make onto one another and onto other cell types, as well as the gap junctions between 

stellate cells, may provide a mechanism for distributing these ‘retrograde’ signals from 

fusiform cells in complex ways throughout the molecular layer. Further understanding of 

how such signals are processed will require clarifying the organization of these cell types 

with respect to the tonotopic axis and the subtypes of modalities represented by parallel 

fiber activity. 
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Figure 2.1 

 

Figure 2.1: Parallel fibers activate AMPA and NMDA receptors. 

A) Example average EPSCs recorded in a stellate cell at negative (lower trace) and 

positive (upper trace) holding potentials. Of note is the slow decay component at +33 

mV, typical of NMDA receptor-mediated transmission. 

B) In the same cell, bath application of the NMDA receptor antagonist R-CPP (5 µM) 

selectively blocks the slow component. 

C) Subsequent application of the AMPA receptor blocker NBQX (10 µM) abolishes the 

fast EPSC. 
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D) Average of spontaneous EPSCs recorded at +33 mV, highlighting a slow component 

similar to evoked EPSCs. Different cell from the one shown in panels A-C. 

E) Average of spontaneous EPSCs recorded at +33 mV in the presence of R-CPP, 

showing that the slow decay is due to NMDA receptor activation. 

F) Quantification of 6 experiments similar to panels D-E. Left panel shows the peak 

amplitudes of average spontaneous EPSCs before and after NMDA receptor blockade, 

indicating that NMDA receptors contribute minimally to the peak. The rightmost panel 

shows the effect of NMDA receptor blockers on the weighted decay time constant of 

spontaneous EPSCs. Black lines connect data from individual experiments, red dot is 

mean ± SEM. Asterisks denote statistical significance. 
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Figure 2.2 
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Figure 2.2: AMPA receptors are Ca2+-permeable. 

A) Example average mEPSC from a DCN stellate cell. The decay phase is fit with a 

double exponential decay (weighted decay t = 0.42 ms). 

B) Amplitude histogram of individual mEPSCs from the same cell as in (A). 

C) Example average EPSCs evoked at different holding potentials. Arrows denote time of 

parallel fiber stimulation. The shock artifact is blanked for clarity. 

D) IV curve for the third EPSC in the example traces shown in (A). The red line is a 

linear fit to the data recorded at negative holding potentials. 

E) Summary IV curve for 12 cells, normalized to the amplitude at -50 mV.  Error bars are 

generally smaller than the symbols. 

F) Group data showing the rectification index of individual stellate cells. Note that all 

cells recorded with a spermine-free internal solution displayed a linear IV. 
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Figure 2.3 
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Figure 2.3: Stellate cells express molecular markers of GABA/glycine co-releasing 

interneurons. 

A) Photomicrograph of the DCN in a GAD65-GFP mouse, showing that stellate cells 

express the GABA synthesizing enzyme GAD65. Arrows point to stellate cells located at 

the ependymal edge of the DCN. 

B) Photomicrograph of the DCN in a section from a GlyT2-GFP mouse. Arrows point to 

small labeled neurons at the ependymal edge of the brainstem, suggesting that stellate 

cells also express the plasma membrane transporter required for functional glycine 

release. The larger neurons in the DCN molecular layer are presumably cartwheel cells, 

while the intense background indicates a high density glycinergic fibers throughout the 

DCN.  



	
  

95	
  

Figure 2.4 

 

Figure 2.4: Inhibition is mediated by glycine and GABA 

A) Left: Summary data showing the distribution of fast, slow, and weighted decay time 

constants for average GABAA mIPSCs. Right, example average GABAA mIPSC. Red 

curve is the double exponential fit to the decay phase. Rate constants for the fit were: t- 

fast, 2.1 ms (73%), t -slow 7.1 ms (27%), weighted t, 3.41 ms.  

B) Histogram showing the amplitude distribution of GABAA mIPSCs from a single cell. 

Right,: example average mIPSC from this cell. Rate constants for the fit were: t- fast, 0.9 
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ms (75%), t-slow 3.0 ms (25%), weighted t, 1.5 ms. These data are from a different cell 

than that shown in panel A. 

C) Same as panel A, but for glycine mIPSCs.  

D) Same layout as panel B, but for glycine mIPSCs. The data are from a different cell as 

panel C.  
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Figure 2.5 

 

Figure 2.5: reciprocal synaptic connections and autapses in DCN stellate cells. 

A) Example recording of a synaptically coupled pair of stellate cells. The presynaptic cell 

(upper trace) is held in voltage clamp and escaping spikes were triggered by short voltage 

steps. Middle black traces are four consecutive sweeps showing time-locked IPSCs in a 

postsynaptic stellate cell. Lower red trace is an average of multiple trials from this cell. 

These experiments were performed in the presence of NBQX/R-CPP to block AMPA and 

NMDA receptors. IPSCs are inward due to a high Cl- internal solution. 

B) Example autaptic IPSCs from a stellate cell. Black traces are individual trials, red 

trace is an average of successful transmission events. Lower trace is after bath application 

of SR95531. The escaping spike artifact was removed by digitally subtracting an average 

of transmission failures from these traces.  

C) Time course of the experiment shown in panel (B) 



	
  

98	
  

Figure 2.6 

 

Figure 2.6: Stellate cells co-release GABA and glycine 

A) Example traces from a stellate cell filled with a CsCl internal solution. Black traces 

are individual sweeps, red trace is an average of sweeps in each individual condition. 

SR95531 blocks the majority of the autaptic IPSC in this cell. The remaining component 

is blocked by strychnine. 

B) Summary data showing the fraction of IPSC (normalized to a baseline period) 

remaining after the addition of SR95531 and strychnine. Notice the spread of data points, 

with some cells displaying no glycine component, whereas some were predominantly 

glycinergic. 
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Figure 2.7 

 

Figure 2.7: Reciprocal connections between neighboring stellate cells are also mixed 

GABA/glycinergic. 

A) Example experiment from a Thy1-ChR2 mouse. The stellate cell is held at +33 mV 

and fusiform cells are activated by blue light stimuli (500 ms) denoted by the blue bar. 

Four example sweeps are shown superimposed, recorded in baseline (black), SR95531 

(red), and SR95531 + strychnine (gray).  

B) Average of IPSCs in baseline (black) and SR95531 (red) detected with a template 

algorithm. Data are from the same cell as in panel (A). 
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Abstract 

Electrical coupling of inhibitory interneurons can synchronize activity across multiple 

neurons, thereby enhancing the reliability of inhibition onto principal cell targets. It is 

unclear whether downstream activity in principal cells controls the excitability of such 

inhibitory networks. Using paired patch-clamp recordings, we show that the excitatory 

projection neurons (fusiform cells) and inhibitory stellate interneurons of the dorsal 

cochlear nucleus form an electrically coupled network via connexin36-containing gap 

junctions. Remarkably, stellate cells were more strongly coupled to fusiform cells than to 

other stellate cells. This heterologous coupling was functionally asymmetric so as to bias 

electrical transmission from principal cell to interneuron. Optogenetically-activated 

populations of fusiform cells reliably enhanced interneuron excitability and generated 

GABAergic inhibition onto postsynaptic targets of stellate cells, whereas deep 

afterhyperpolarizations following fusiform spike trains potently inhibited stellate cells 

over several hundred milliseconds. Thus, the excitability of an interneuron network is bi-

directionally-controlled by distinct epochs of activity in principal cells. 
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Introduction 

 Cerebellum-like structures are present in most vertebrates and may act as adaptive 

filters of ongoing sensory information, thereby reducing the salience of predictable 

sensory input patterns (Bell et al., 2008; Dean et al., 2010; Requarth and Sawtell, 2011). 

To this end, the principal efferent neurons of these circuits integrate two types of 

excitatory synapses: "Instructive" signals from a specific sensory modality and 

"predictive" signals from other brain nuclei that convey the multisensory context in 

which the instructive signal occurred. Although these basic anatomical motifs are 

conserved across most cerebellum-like structures, the cellular mechanisms and local 

computations underlying the adaptive filtering of sensory information remain poorly 

understood (Bell et al., 2008). 

 The dorsal cochlear nucleus (DCN) is an auditory brainstem region thought to 

function as an adaptive filter to cancel predictable, self-generated sounds (Oertel and 

Young, 2004; Requarth and Sawtell, 2011). Similar to other cerebellum-like structures, 

the DCN is divided into instructive and predictive pathways which converge upon 

principal neurons (Bell et al., 2008; Requarth and Sawtell, 2011), an anatomical layout 

that implies that auditory and multisensory information are processed by largely non-

overlapping circuits. The glutamatergic principal neurons (termed fusiform or pyramidal 

cells) integrate sound frequency information from tonotopically-organized, auditory 

nerve synapses with multisensory signals relayed by granule cell parallel fibers (Figure 

1a). The parallel fiber pathway also recruits two types of inhibitory interneurons in the 

circuit's molecular layer: Purkinje-like cartwheel cells and superficial stellate cells that 

are analogous to the stellate/basket cells of the cerebellum (Oertel and Young, 2004). 
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Although fusiform cells receive convergent excitation from multisensory parallel fibers 

and the auditory nerve, the inhibitory stellate and cartwheel interneurons of the molecular 

layer only receive parallel fiber input. This suggests that while multisensory signals may 

filter auditory inputs by recruiting interneurons to modify fusiform cell spiking (Roberts 

and Trussell, 2010), auditory nerve synapses do not directly control the activity of 

molecular layer interneurons.   

 We find that the GABAergic stellate interneurons of the molecular layer are 

electrically-coupled to the excitatory fusiform cells that integrate auditory and 

multisensory inputs. This novel circuit motif is surprising, as electrical coupling in the 

brain occurs primarily between inhibitory neurons of the same anatomical and functional 

class (Bennett and Zukin, 2004; Hestrin and Galarreta, 2005). These heterologous 

electrical synapses showed directional asymmetry, thereby favoring transmission from 

the auditory to the multisensory processing domains. Accordingly, the functional 

consequences of electrical coupling were such that stimulating auditory nerve synapses 

onto fusiform cells reliably depolarized stellate cells, and fusiform cell activity was 

sufficient to generate robust inhibition in the multisensory pathway. Our data 

significantly revise the connectivity map of DCN, and show that at the first synapses of 

the central auditory system, interneuron excitability is temporally controlled by the 

activity of projection neurons via electrical synapses.  
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Methods 

DCN brain slice preparation 

All procedures involving animals were approved by OHSU’s Institutional Animal Care 

and Use Committee. C57/BL6 wild-type mice postnatal 15-32 days were used for the 

majority of the experiments. For optogenetic experiments, mice were B6.Cg-Tg(Thy1-

COP4/EYFP)18Gfng/J (Thy1-ChR2; Jax stock # 007612) or C57Bl/6-TG(Slc17a6-

COP4*H134R/EYFP)2OKi/J (VGluT2-ChR2; Jax stock # 017978). Mice were 

anesthetized by isofluorane inhalation, followed by decapitation, and 200-250 µm 

coronal DCN slices were cut in a cold sucrose solution containing (in mM) 87 NaCl, 25 

NaHCO3, 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2, and 

bubbled with 5% CO2/95% O2. After cutting, slices recovered for 30-45 min at 34o C in 

an ACSF solution containing (in mM) 130 NaCl, 2.1 KCl, 1.7 CaCl2, 1 MgSO4, 1.2 

KH2PO4, 20 NaHCO3, 3 Na-HEPES, 10-12 glucose, bubbled with 5% CO2/95% O2 (300-

310 mOsm). In some experiments, 5 µM R-CPP, 50 µM D-APV or 5 µM MK801 were 

added to the slice and recovery solutions. After recovery, slices were kept at room 

temperature (~22 Co) until recording. 

 For DCN slices from mature animals, P54-P63 mice were anesthetized with an i.p. 

injection of 2% Avertin, transcardially perfused and the brain sliced in a chilled solution 

containing (in mM) 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 10 

MgSO4, 0.5 ascorbic acid, 2 thiourea, 3 Na-pyruvate, 25 Glucose, 0.5 CaCl2, 0.005 

MK801, 12 n-acetyl-l-cysteine, 300-310 mOsm, pH adjusted to 7.3-7.4 with HCl (Zhao 

et al., 2011). Slices recovered at 34o C in NMDG-based solution for 10-15 min followed 

by a 40-60 min recovery period at room temperature in standard ACSF.  
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Electrophysiology 

Slices were transferred to a recording chamber and continuously perfused at 3-4 ml/min 

with ACSF heated to 32-34 Co by an inline heater. Neurons were visualized by Dodt 

contrast optics with a 40x objective. Chemical synaptic transmission was blocked in most 

experiments in Figures 1-3 and 5-7 by adding (in µM) 10 NBQX, 5 R-CPP (or 50 D-APV 

or 5 MK801), 0.5-2 strychnine, 5-10 SR95531. 0.5-1 TTX was sometimes added to 

experiments in Figure 1 and Supplemental Figures 3 and 4 to stop spontaneous firing. For 

experiments in Figures 4d-e, NBQX and R-CPP were omitted to enable activation of 

auditory nerve synapses. Fusiform cells were identified by previously published criteria 

(Roberts and Trussell, 2010; Kuo and Trussell, 2011). Superficial stellate cells were 

identified by their location at the ependymal edge of the DCN molecular layer and soma 

size (Wouterlood et al., 1984). Stellate cells could be easily distinguished from cartwheel 

cells by their smaller soma located at the ependymal edge of the DCN, stronger Ih sag 

upon hyperpolarization, and significantly higher input resistances (stellate: 996 ± 139 

MOhm, n=29. Cartwheel: 50 ± 4 MOhm, n=12, p=0.0001, unpaired t-test). In addition, 

30 µM Alexa488 (or 20 µM Alexa594) was added to the pipette solution in many 

experiments to visualize the somatodendritic morphology. The pipette solution for most 

current- and voltage-clamp experiments contained (in mM) 113 K-gluconate, 4.8 MgCl2, 

4 ATP, 0.5 Tris-GTP, 14 Tris-phosphocreatine, 0.1 EGTA, 10 HEPES, pH 7.25 with 

KOH, ~290 mOsm. In some experiments in Figure 1, 15.5 KCl was substituted for 

equimolar K-Gluconate. For IV curves in Figure 9, the internal solution contained (in 

mM) 64.5 CsMeSO3, 30 CsFl, 5 TEA-Cl, 5 QX314-Cl, 5 Cs4BAPTA, 4.8 MgCl2, 4 ATP, 

0.5 GTP, 10 Tris-phosphocreatine, 10 HEPES. In some experiments, CsFl was replaced 
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with 15 CsMeSO3 and 15.5 CsCl. Data are corrected for experimentally-determined 

liquid junction potentials of 7 or 10 mV (CsMeSO3 and K-Gluconate internal solutions, 

respectively). For paired recordings in Figure 8, 10 mM GABA was added to the 

presynaptic K-Gluconate solution to reduce transmitter washout during whole-cell 

dialysis (Apostolides and Trussell, 2013a), and cartwheel cells in Figure 8a+b were 

recorded with a Cs-based internal solution containing 103 CsCl in place of CsMeSO3 and 

CsFl. Fusiform cells in Figure 8c+d were recorded with the CsMeSO3 internal solution. 

Pipette resistances for fusiform/cartwheel and stellate cells were typically 2-3 and 3-5 

MOhm, respectively. In current-clamp, pipette capacitance was canceled and bridge 

balance maintained. For voltage-clamp recordings, neurons were held between -60 and -

80 mV. Series resistance (< 15 and 25 MOhm for fusiform/cartwheel and stellate cells, 

respectively) was compensated 60-80% ‘correction’, 90% ‘prediction’ (bandwidth=3 

kHz) and experiments were discarded if series resistance varied more than 20-25%. 

Stimulation of auditory nerve fibers (50-100 µsec pulses, 0.5-5 V) was performed using a 

bipolar metal electrode positioned in the ventral cochlear nucleus in a coronal slice that 

contained both cochlear nuclear divisions. Optogenetic stimulation was performed as 

described in (Apostolides and Trussell, 2013a) or using a custom-built, TTL-gated blue 

LED light source.  

2-Photon imaging 

 The 2-photon imaging system (Prairie Technologies) is described in detail in (Bender 

et al., 2010). For Ca2+ imaging experiments, EGTA in the K-Gluconate internal solution 

was replaced with 150-200 µM Fluo-5F and 20 µM Alexa594. A Ti:sapphire pulsed laser 

(Coherent Chameleon Ultra II) was set to 810 nm and line scans (2-2.4 ms) were 
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performed at multiple sites along the somatodendritic axis of fusiform cells. Epi- and 

transfluorescence signals were collected with a 40x, 0.8 NA objective and a 1.4 NA oil 

immersion condenser. For imaging the morphology of coupled pairs, the laser was set to 

800 nm; stellate and fusiform cells were filled with 20-30 µM Alexa594 or 90 µM 

Alexa488, respectively.  

Auditory Brainstem Response 

In order to be assured that the Cx36 KO mice did not have gross abnormalities in 

auditory function, we performed auditory brainstem response (ABR) audiometry test to 

pure tones. Three KO and three wt mice were anesthetized with a ketamine/xylazine 

cocktail, their eyes coated with Altalube (15% mineral oil/85% white petroleum) to 

prevent drying, and then placed on a heating pad in a sound-proof chamber. The 

experimenter was blinded to the genotype of the animals. Needle electrodes were placed 

subcutaneously near the each ear at the vertex. Each ear was then stimulated separately 

with a closed tube sound delivery system sealed into the ear canal. The auditory brain-

stem response to a 1-ms rise-time tone burst at 4, 8, 12, 16, 24, and 32 kHz was recorded, 

and thresholds for visually obvious responses were obtained for each ear.  Thresholds for 

16-24 kHz tones ranged from 24-49 dB for wt mice and 24-39 dB for KO mice. 

Data Acquisition and analysis 

Electrophysiology data were recorded using Pclamp 9 software with a Molecular Devices 

Multiclamp 700B amplifier and a Digidata 1332A analog-to-digital converter board. 

Signals were acquired at 20-50 KHz and low-pass filtered at 1-10 KHz for offline 

analysis. Ca2+ imaging experiments were analyzed using custom macros in ImageJ or 
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Igor; data are expressed DG/R*100 and each trace is an average of 20-25 events. Ca2+ 

transient amplitudes were calculated by extrapolating the peak from monoexponential fits 

to the fluorescence decay at the end of the action potential train.  

 Coupling conductances between cells were calculated according to equation 7 of 

Bennett (1966), which is based on current responses and estimates of input resistance. 

Although the results suggested directional rectification of gap junction conductance 

between fusiform and stellate cells, the high input resistance of stellate cells makes it 

difficult to estimate an input resistance independent of junctional resistances in the 

network. The equation also does not account for dendritic cable properties. In any case it 

is likely that the high resistance of stellate cells is the dominant factor in greater efficacy 

of transmission from fusiform to stellate cells.  Similar results were obtained using the 

equations of Devor and Yarom (2002). 

Statistics 

Data were analyzed with statistical tests listed in the main text. For ANOVAs, alpha was 

corrected for multiple comparisons and individual comparisons were made using Tukey 

post-hoc test. Chi-square tests were performed with Yate's correction. 

Reagents 

NBQX, R-CPP, D-APV, TTX, and SR95531 were from Abcam. Strychnine, MK801, and 

MFA were from Sigma-Aldrich. 
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Results 

Electrical coupling between interneurons and principal cells. 

 We made whole-cell current-clamp recordings from pairs of fusiform and stellate cells 

in DCN-containing brain slices from 15-32 day-old mice. Neurons were identified based 

on morphological and electrophysiological criteria (see Methods). In 92/203 attempted 

pairs (45%), hyperpolarizing one neuron (the "prejunctional" cell) via negative current 

injection caused a simultaneous hyperpolarization in the other cell (the "postjunctional" 

cell; Figure 1b). The bi-directional translation of negative, subthreshold membrane 

potential deflections across two neurons is a hallmark of electrotonic coupling (Bennett 

and Zukin, 2004).  

 For 57 pairs in which transmission was tested bi-directionally, we calculated a 

coupling coefficient, defined as the ratio of the mean hyperpolarization during the last 50-

100 ms of the current step in postjunctional and prejunctional cells. Surprisingly, we 

found that coupling strength showed strong directional preference, such that the average 

coupling coefficient in the fusiform-to-stellate direction was 0.10 ±0.01, but only 0.026 

±0.003 in the stellate-to-fusiform direction (Figure 1c,d). Although electrical coupling is 

stronger in neonates in some brain regions (Christie et al., 1989; Maher et al., 2009), 

coupling remained robust in DCN slices from mice 7-9 weeks of age (connection 

probability: 10/16; 62.5%). For pairs recorded in the more mature animals, the average 

fusiform-to-stellate cell coupling coefficient was 0.13 ±0.04 (n=8 pairs tested in this 

direction), whereas the stellate-to-fusiform coupling coefficient was 0.026 ±0.005 (n=5 

pairs tested). These results show that the excitatory projection neurons of the DCN form 

strong, developmentally-persistent electrical synapses with local inhibitory interneurons. 
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Furthermore, the directional asymmetry is such that coupling from fusiform-to-stellate 

cells is nearly 4-fold stronger than in the opposite direction. Using the approach of 

Bennett (1966), we calculated the junctional conductances for each direction, finding an 

average fusiform-to-stellate cell conductance of 0.41±0.04 nS, and stellate-to-fusiform 

conductance of 0.98±0.11 nS (n=57 pairs). The average ratio of junctional conductances 

was 0.53±0.05, suggesting but not confirming rectification of gap junctional signals 

opposite to that expected from the coupling coefficients (see Methods). 

 

Heterologous electrical coupling requires connexin36-containing gap junction channels. 

 Similar to other brain regions (Bennett and Zukin, 2004), electrical coupling was 

significantly compromised in DCN slices from mutant mice lacking the neuronal gap 

junction protein Connexin36 (Cx36 -/- mice; Figure 1d). Only 3/60 attempted pairs were 

coupled in these mice (p<0.0001 compared to wild-type, chi-square test). The average 

fusiform-to-stellate coupling coefficient of the remaining coupled pairs was 0.024 ±0.012 

(n=3), whereas coupling was 0.003 ±0.001 in the opposite direction (n=2). Furthermore, 

electrical coupling in wild-type mice was blocked by a 15-30 min bath application of the 

gap junction blocker meclofenamic acid (MFA; Supplemental Figure S1). Together, these 

data show that electrotonic coupling between fusiform and stellate cells reflects bona fide 

electrical synapses between two very different cell types, and that this coupling requires 

the neuronal gap junction channel Connexin36. 
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Fusiform and stellate cells make weak homologous electrical synapses. 

 These results are surprising, as electrical coupling in the brain is typically observed 

between inhibitory neurons of the same class (Gibson et al., 1999; Hestrin and Galarreta, 

2005). We therefore asked how coupling between fusiform and stellate cells contrasts 

with the efficacy of electrical transmission between the same cell types. Electrical 

coupling was indeed found to occur between stellate cells (9/42 of attempted pairs, 

Supplemental Figure S2a), as predicted from an anatomical study in the DCN 

(Wouterlood et al., 1984), and by homology to cerebellar stellate cells (Mann-Metzer and 

Yarom, 1999, Supplemental Figure S2b). However, the homologous coupling between 

stellate cells (0.024 ±0.005, average of both directions) was much weaker than fusiform-

to-stellate cell coupling. Interestingly, we also found electrical coupling in the majority of 

attempted fusiform cell pairs (20/28; Supplemental Figure S3), although again this 

coupling was weak (0.014 ±0.001). By contrast, we found no evidence for electrical 

coupling between fusiform cells and another major molecular layer interneuron, 

cartwheel cells (0/27 connected pairs, data not shown). This result highlights the 

remarkable specificity of electrical coupling in the DCN as cartwheel cells make potent 

inhibitory synapses onto fusiform cells and overlap extensively in their dendritic fields 

(Oertel and Young, 2004). Altogether, our data reveal a broad, cell-type specific network 

of gap junction-mediated communication between excitatory and inhibitory neurons in 

the DCN molecular layer, and show that electrical transmission is largely biased towards 

heterologous coupling in the fusiform-to-stellate cell direction.  
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Fusiform cell action potentials are transmitted to stellate cells via electrical synapses. 

 Previous studies show that fusiform cells fire spontaneously in vitro (Roberts and 

Trussell, 2010; Leao et al., 2012) and in vivo (Davis and Young, 2000). The strong 

coupling between fusiform and stellate cells suggests that these spikes could modulate the 

membrane potential of electrically-coupled stellate cells. Accordingly, we observed 

spontaneous, subthreshold spikelets in the majority of current-clamp recordings from 

single stellate cells (44/65; 67%. Figure 2a, top trace). In voltage clamp, spikelets were 

clearly biphasic, with a fast inward current followed by a slower, smaller outward current 

(Figure 2a, bottom trace). These events were due to electrical coupling as they occurred 

in the presence of glutamate, GABA, and glycine receptor antagonists and were absent in 

recordings from Cx36 -/- mice (Figure 2b). Furthermore, paired recordings revealed that 

action potentials in prejunctional fusiform cells evoked spikelets in the postjunctional 

stellate cell (Figure 2c). Spikelets had an average positive peak amplitude of 0.9±0.2 mV 

and a mean latency from the peak of the prejunctional spike to that of the postjunctional 

spikelet of 837±72 µs (n=11 pairs). Figure 2d illustrates a fusiform cell spike-triggered 

average of action potential-evoked spikelets from the same pair as in Figure 2c. 

Furthermore, we never observed any spikelet transmission failures, indicating that 

fusiform cell spikes reliably propagate to stellate cells. 

 

Electrical coupling occurs in distal regions of fusiform cell apical dendrites. 

 Stellate cell somata lie primarily near the DCN ependyma (Wouterlood et al., 1984), 

suggesting that electrical synapses are located in fusiform cell apical dendrites. In a 
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subset of our paired recordings, we investigated the location of putative contacts by first 

visualizing the morphology of fusiform cells with a fluorophore (Alexa488 or Alexa594) 

in the pipette internal solution and then selectively targeting stellate cells located near the 

fusiform cell's apical dendrites. This method significantly increased the probability of 

finding an electrically coupled pair from 36% without a priori visualization of fusiform 

cell morphology (41/113) to 57% when we targeted stellate cells near fusiform cell 

dendrites (51/90, p=0.006, chi-square test). We further characterized the anatomical 

organization of electrical coupling by imaging connected pairs using 2-photon 

microscopy. Fusiform and stellate cells were filled with Alexa488 (90 µM) and Alexa594 

(20-30 µM) dyes, respectively. Figure 3a shows a Z-projection of the paired recording in 

Figure 1b, with the dashed line denoting the DCN ependyma. We consistently (N=11 

electrically-coupled pairs) observed that stellate cell processes were primarily (though not 

exclusively) restricted to the distal region of fusiform cell apical dendrites, in agreement 

with previous anatomy (Wouterlood et al., 1984). Moreover, the dendritic arbors of the 

two cell types could be in close apposition (Figure 3b,c), suggesting putative points of 

contact.  

 Previous studies suggest that action potentials in fusiform cells back-propagate into 

the apical dendrites (Molitor and Manis, 2003; Tzounopoulos et al., 2004). The slower 

waveform of the spikelet versus the fusiform cell action potential suggests that the latter 

may be filtered as it propagates to the stellate cell, although the lack of transmission 

failures argues that fusiform cell spikes nevertheless reliably propagate through the apical 

dendrites (Figures 2c, d). In agreement with this interpretation, 2-photon Ca2+ imaging of 

fusiform cells loaded with Alexa594 and the Ca2+ indicator Fluo5F (150-200 µM) 
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revealed that action potentials invaded the entire apical arbor (Figure 3d, e). As expected 

from back-propagation of action potentials, the absolute amplitude of action potential-

evoked ΔG/R signal (see Methods) did not attenuate as a function of approximate 

distance from the soma, but instead remained constant throughout the distal processes 

(n=6 cells, Figure 3e). Altogether these data argue that spikelets in stellate cells originate 

as action potentials that have propagated through the apical dendritic arbor of the 

fusiform cell. Moreover, the obvious size difference between fusiform and stellate cells 

suggests that impedance mismatch contributes to the coupling asymmetry observed in 

Figure 1. Accordingly, input resistances for the two cells were found to differ by over 

tenfold (fusiform cells: 87±37 MOhms [cf. Zhang and Oertel, 1994]; stellate: 996±139 

MOhms (n=29), this study). 

 

Frequency-dependent transmission of signals from fusiform to stellate cells. 

 Previous studies suggest that electrotonic spikelets may exert a predominantly 

inhibitory effect on the postjunctional cell, as the low-pass filter properties of gap 

junction channels allow preferential passage of the spike after-hyperpolarization (AHP) 

compared to the faster depolarizing Na+ upstroke (Dugué et al., 2009; Vervaeke et al., 

2010). Indeed, our paired recordings (Figure 2d) show that fusiform-to-stellate cell 

spikelets are biphasic, with a prominent negative-going phase. However, other studies 

indicate that the shape of postjunctional spikelets depends on the firing rate of the 

prejunctional cell, and that the hyperpolarizing trough disappears at frequencies >50 Hz 

(Gibson et al., 2005). We therefore asked if the prejunctional spike frequency determined 

whether fusiform cells exert a net depolarizing or hyperpolarizing effect on stellate cells. 
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We evoked spikes in fusiform cells at different frequencies and measured the mean 

change in membrane potential of the stellate cells to which they were coupled (Figure 

4a,b). Stellate cells were hyperpolarized with constant bias current to prevent action 

potentials.  Fusiform cell spikes evoked at 1 and 10 Hz had no effect on mean membrane 

potential in stellate cells (1 Hz: 0.005±0.009 mV; 10 Hz: -0.04±0.04 mV, n=9 pairs). 

Thus, during low-frequency activity similar to that observed in vivo during periods of 

quiescence, fusiform cell activity does not cause the stellate cell’s membrane potential to 

appreciably deviate from baseline. On the other hand, high-frequency fusiform cell 

activity (50 and 100 Hz) had a net excitatory effect, causing a mean voltage change of 

+0.3 mV±0.1 mV and +0.8±0.2 mV. Given that fusiform cells can fire >200 Hz during 

sound-evoked activity in vivo (Davis and Young, 2000; Ma and Brenowitz, 2012), these 

data indicate that physiological spike rates in single fusiform cells depolarize the 

membrane potential of electrically coupled interneurons in a frequency-dependent 

manner.  

  Following a spike train in fusiform cells, a post-train AHP was invariably apparent. 

For trains elicited by square-pulse current injection (0.3-1 nA, 0.4-1 s), the negative peak 

of the AHP was -11.3 ±1.0 mV below rest with a half-width of 406 ± 58 ms (n=8 

fusiform cells; Figure 4c). Intracellular recordings from fusiform cells driven by acoustic 

stimuli in vivo show that this AHP occurs upon sound termination (Rhode et al., 1983; 

Hancock and Voigt, 2002), indicating that the AHP is not an artifact of direct current 

injection through the recording pipette. Paired recordings revealed that the post-train 

AHP in fusiform cells reliably invaded stellate cells (n=7 pairs, Figure 4c). Interestingly, 

the absolute peak amplitude of the postjunctional AHP in stellate cells was 92±8% of the 
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steady-state depolarizing phase, suggesting that positive and negative-going phases of 

fusiform cell activity may be of comparable significance to stellate cells. 

 

Auditory nerve activity is transmitted to stellate cells via gap junction coupling. 

 Auditory nerve fibers contact the basal dendrites of fusiform cells, but do not extend 

into the DCN molecular layer (Merchan et al., 1985). However, the results of Figures 4a-

c show that single fusiform cells can control the membrane potential of electrically-

coupled stellate cells, suggesting that acoustic information from the auditory nerve may 

nevertheless reach stellate cells through electrical synapses. We explicitly tested the 

possibility that stellate cells sense activity in the auditory pathway by recording from 

single stellate cells and stimulating the auditory nerve with a bipolar electrode placed in 

the ventral cochlear nucleus. In agreement, trains of stimuli to the auditory nerve 

depolarized stellate cells (3.2±0.5 mV; n=6 cells, Figure 4d,e). Two features of this 

response indicate that it occurred through gap junction coupling with fusiform cells. First, 

the depolarization was followed by a hyperpolarization (in current clamp) or outward 

current (in voltage clamp; Figure 4d), similar to the postjunctional activity generated by 

direct current injection in fusiform cells (Figure 4c). The slow outward current seen in 

voltage-clamp likely reflects the membrane potential of prejunctional fusiform cells 

relaxing towards baseline during the decay of the AHP. Second, depolarization of the 

stellate cell to 0 mV, which markedly reduces the driving force for glutamatergic 

transmission, only mildly reduced the amplitude of the steady-state response (Figure 4e. 

Average amplitude at -67 mV: -17±3 pA; 0 mV: -13±3 pA; ratio of average current at 0 

mV to -67 mV= 0.75±0.03; n=5 cells). Nevertheless, these voltage-independent 
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responses were entirely blocked by bath application of AMPA and NMDA receptor 

antagonists (Figure 4e, lower traces; n=3 cells), showing that they were generated by 

glutamatergic synaptic transmission. Thus, auditory nerve synapses generate excitatory 

responses that do not arise from transmitter-gated channels in stellate cells. These results 

strongly suggest that the auditory pathway transmits information to stellate cells, albeit 

independently of a direct auditory nerve projection into the molecular layer. 

 

Optogenetic activation of multiple fusiform cells.  

 Because auditory nerve input to the DCN is tonotopically organized, single fusiform 

cells respond best to a limited range of sound frequencies. If multiple prejunctional 

fusiform cells with similar frequency tuning converge upon a single stellate cell, our 

paired recordings likely underestimate the extent to which electrical synapses control 

stellate cell excitability. To determine the capacity of multiple prejunctional fusiform 

cells to control stellate cell membrane potential, we performed experiments in transgenic 

mice expressing the light-activated cation channel channelrhodopsin2 (ChR2) driven by 

the Thy1 (Thy1-ChR2-YFP line 18: Arenkiel et al., 2007) or vesicular glutamate 

transporter 2 promoters (VGluT2-ChR2-YFP: Hägglund et al., 2010). Both lines robustly 

expressed ChR2 in fusiform cells: Blue light flashes delivered through the microscope 

objective caused large inward currents in voltage-clamped fusiform cells and reliably 

drove spiking in current-clamp (Figure 5a,d). The absolute amplitudes of photocurrents in 

voltage-clamped fusiform cells from Thy1-ChR2 mice were on average significantly 

larger than those observed in VGluT2-ChR2 line (Thy1: 991 ± 185 pA, n=19 cells. 

VGluT2: 225 ±25 pA, n=13 cells. p=0.002, unpaired t-test). However, similar results 
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were obtained with Thy1 and VGluT2 lines for the optogenetic experiments in Figures 5-

7, so the data were pooled.  

 In slices from ChR2 mice, blue light also robustly increased the firing frequency of 

stellate cells recorded in current-clamp (Figure 5b,e). These experiments were performed 

in the presence of AMPA and NMDA receptor blockers (10 µM NBQX and 5 µM R-

CPP), showing that the rapid increase in stellate cell spike rate was not due to ChR2 

activation of presynaptic glutamatergic axons. We further investigated the depolarization 

underlying this phenomenon by hyperpolarizing stellate cells with negative bias current 

to prevent spiking. As expected from activating prejunctional fusiform cells, blue light 

evoked trains of spikelets atop a DC depolarization (Figure 5c,f, upper traces) followed 

upon light termination by the post-train AHP seen in paired recordings (e.g., Figure 4c). 

In voltage-clamped stellate cells, the same light stimuli caused biphasic "postjunctional 

photocurrents" characterized by spikelets riding atop an inward current, followed by a 

slow outward current upon light termination (Figure 5c,f, lower traces). The amplitudes 

of the mean steady-state inward and peak outward postjunctional photocurrents were -

16.9 ± 2.5 and 14.4 ± 1.8 pA, respectively (n=28 cells). Careful inspection of the voltage-

clamp traces revealed spikelets of different amplitudes (Figure 5f,g), suggesting that 

multiple fusiform cells with different coupling coefficients contact a single stellate cell. 

Additionally, we never observed light-evoked spikelets, depolarizations or inward 

currents in cartwheel cells (0/37 cells tested), further highlighting the cell-type specificity 

of electrical coupling. 

 Several control experiments led us to reject the possibility that the light-evoked 

depolarizations and postjunctional photocurrents in stellate cells were due to direct ChR2 
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expression in the stellate cell plasma membrane. First, the VGluT2 line should show 

ChR2 expression restricted to excitatory glutamatergic neurons such as fusiform cells (Ito 

and Oliver, 2010) and not in the GABAergic stellate cells(Mugnaini, 1985). Second, if 

postjunctional photocurrents are due to ChR2 expression in stellate cells, they should 

follow the current-voltage (IV) curve documented in previous studies of the ChR2 cation 

channel and reverse at positive potentials (Nagel et al., 2003). However, postjunctional 

photocurrents in voltage-clamped stellate cells were only minimally voltage-dependent 

and remained inward at +53 mV, as expected for a cation current arising through an 

unclamped distal compartment (Supplemental Figure S4a,b). By contrast, photocurrents 

in fusiform cells displayed a rectifying IV relationship expected of the ChR2 channel and 

reversed at positive potentials. Third, the gap junction blocker MFA abolished 

postjunctional photocurrents in stellate cells but had little effect on ChR2 photocurrents 

in fusiform cells (Supplemental Figure S4c,d). Together, these data show that 

postjunctional photocurrents represent the summed activity of prejunctional fusiform 

cells, not ectopic expression of ChR2 in stellate cells. Finally, bath application of 

tetrodotoxin (TTX; 500 nM) significantly reduced the amplitude of the stellate cell 

postjunctional depolarization by 38±4% (baseline: 5.8 ± 1.0 mV, TTX: 3.4 ±0.6 mV, 

n=14, p=0.0005, paired t-test), and reduced the postjunctional AHP during the light-off 

response by 61±3% (baseline: -5.2 ± 0.8 mV, TTX: -2.2 ± 0.5 mV, n=14, p<0.0001, 

paired t-test). These data show that spikes in prejunctional fusiform cells contribute to the 

light-evoked depolarizations in stellate cells. Thus, active and passive depolarizations in 

fusiform cells are transmitted to stellate cells. Moreover, the fact that the ChR2-induced, 

TTX-sensitive depolarization (2.4 mV) in stellate cells was over 2-fold greater than the 
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depolarization generated by stimulating a single fusiform cell (0.8 mV at 100 Hz) 

indicates that the ChR2-induced depolarization was indeed generated by multiple 

prejunctional fusiform cells. 

 

Fusiform cell activity increases stellate cell spike output. 

 Can a single fusiform cell suffice to increase stellate cell spike output, or does this 

require simultaneous activity in multiple prejunctional cells? We recorded electrically-

coupled pairs and injected a family of depolarizing current steps in the stellate cell with 

and without simultaneous 100-Hz activity in the prejunctional fusiform cell (Figure 6a). 

Negative bias current was used to prevent spontaneous firing of both neurons. A linear fit 

was made to the non-zero portions of stellate cell input/output curves to compare the 

slope and offset (x-intercept for y=0) of the function during the two conditions (Mitchell 

and Silver, 2003). In 8 pairs tested, fusiform cell activity shifted the offset of stellate cell 

input/output curves from 28.8 ± 5.0 pA during baseline to 25.2 ± 5.0 pA when the 

fusiform cell was active (Figure 6c. -13 ± 4% difference, p=0.02, paired t-test). However, 

fusiform cell activity had no significant effect on the slope of the input/output curve 

(baseline: 1.1±0.1 pA/Hz, with fusiform cell activity: 1.2±0.1 pA/Hz. +4.5±2.8% change, 

p=0.14, paired t-test). Furthermore, activating multiple prejunctional fusiform cells with 

blue light stimuli in ChR2 mice (Figure 6b) caused significantly larger shifts in the offset 

of stellate cell input/output functions (Figure 6d. From 34.1 ± 5.4 pA to 15.1 ± 4.9 pA. -

52 ± 10% difference, n=10 cells, p=0.005, paired t-test) with no significant change in the 

slope (1.6 ±0.15 pA/Hz to 1.47 ± 0.11 pA/Hz. -6.8±4.3% change, p=0.21). Thus, activity 

in even a single fusiform cell significantly enhances the excitability of local interneurons, 
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and this represents a largely additive transformation of the stellate cell's input/output 

function.  

 

Distinct epochs of fusiform cell activity bi-directionally control stellate cell spike output. 

 The large postjunctional AHP observed in stellate cells following fusiform cell or 

auditory nerve spike trains (Figures 4 & 5) suggests that the timing of fusiform cell 

activity determines whether electrical synapses exert a net excitatory or inhibitory effect 

on stellate cell spike output. We tested this by recording single stellate cells in ChR2 

mice and varying the time interval between depolarizing current steps in the stellate cell 

and blue light stimuli, thereby allowing either the depolarizing or AHP phase of fusiform 

cell activity to overlap with stellate cell spiking (Figure 7a). The results were dramatic, as 

coincident activation of fusiform cells within a ±100 ms time window of stellate cell 

depolarization increased spike output by 50±5% compared to baseline (Figure 7b, n=13). 

By contrast, activating fusiform cells 500 ms before stellate cell current injection, 

resulting in maximal overlap of the postjunctional AHP and stellate cell depolarization, 

reduced the total number of spikes by 53±6%. Thus, the timing of fusiform cell activity 

with respect to stellate cell excitation bi-directionally regulates the number of spikes 

generated by the interneuron over a 3-fold range.	
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Fusiform cell activity generates local inhibition.	
  

 Our data show that activity of even a single prejunctional fusiform cell is sufficient to 

excite stellate cells, and thus predict that fusiform cell spiking should increase inhibition 

in the DCN molecular layer by depolarizing the stellate cell network. By homology to 

their cerebellar counterparts, stellate cells are suggested to synapse onto the Purkinje-like 

cartwheel cells of the DCN (Wouterlood et al., 1984; Rubio and Juiz, 2004). 

Accordingly, paired recordings revealed unitary stellate-to-cartwheel cell inhibitory 

postsynaptic currents (IPSCs) in 8/26 attempted pairs (30.8% connection probability, 

Figure 8a).  

 To explicitly test whether fusiform cell activity generates inhibition in the DCN, we 

recorded from single cartwheel cells while isolating GABAergic transmission and 

optogenetically activating fusiform cells (300-500-ms light stimuli). In the majority of 

voltage-clamped cartwheel cells (25/28), optogenetic activation of fusiform cells caused 

barrages of IPSCs (Figure 8b) that were entirely blocked by the GABAA receptor 

antagonist SR95531 (5 µM; Figure 8b, n=8). These IPSCs were not due to polysynaptic 

recruitment of interneurons via glutamatergic synapses because excitatory transmission 

was blocked by 10 µM NBQX and 5 µM R-CPP in all experiments.  

 We also examined whether activation of fusiform cells could lead to inhibition of 

other fusiform cells through stellate-to-fusiform chemical synapses. Fusiform cells were 

recorded in voltage-clamp near the reversal potential for the ChR2 photocurrent (0-13 

mV) using a Cs-based internal solution. In 7 of 11 fusiform cells tested, blue light stimuli 

generated barrages of IPSCs that were partially occluded by the small inward 
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photocurrent (Figure 8c). These IPSCs were not triggered by excitatory glutamatergic 

synapses because all experiments were performed in the presence of NBQX and R-CPP. 

Bath application of inhibitory synaptic blockers (SR95531 and strychnine; n=6 cells) 

blocked the IPSCs, and subsequent digital subtraction of the average photocurrent trace 

from the single traces recorded in NBQX/CPP clearly showed that optogenetic activation 

of neighboring fusiform cells generated a robust inhibitory response in the voltage-

clamped neuron (Figure 8d). Thus, principal neuron activity generates time-locked 

increases in local inhibition, thereby regulating the excitability of neighboring principal 

neurons and interneurons. 

 

Discussion 

 A hallmark of sensory circuits is that external stimuli recruit inhibition proportional to 

the magnitude of excitatory drive (Isaacson and Scanziani, 2011). Whether the sensitivity 

of inhibitory neurons is fixed or labile with respect to a given stimulus is unclear. We 

have demonstrated a simple cellular mechanism that uses gap junctions to rapidly control 

the moment-to-moment dynamics of inhibition based upon the timing of principal neuron 

activity. The probability of electrical coupling between principal cells and interneurons 

was high (57%), suggesting that this transmission pathway constitutes a significant 

component of the DCN circuit. Moreover, electrical coupling was robust in animals as 

old as two months postnatal, indicating that this circuit motif should function as a 

component of sensory processing and is not a transient developmental phenomenon. 

Thus, our findings raise the possibility that even at the earliest stages of auditory 
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processing, ongoing sensory input bi-directionally regulates the threshold for recruiting 

local inhibition.   

 These results significantly revise the canonical DCN model, whereby multisensory 

and auditory inputs recruit distinct classes of interneurons (Oertel and Young, 2004). 

Through electrical coupling with fusiform cells, the stellate cell membrane potential will 

rapidly sense ongoing auditory activity, a prediction supported by our observation that 

auditory nerve activation itself generates signals in stellate cells through gap junction 

coupling. There are no recordings from identified stellate cells in vivo, presumably due to 

their small size and precarious location at the ependymal edge of the brainstem. Given 

that single stellate cells are coupled to multiple prejunctional fusiform cells, our data 

suggest that electrical coupling may endow stellate cells with complex "best frequency" 

characteristics reflecting the additive frequency tuning properties of prejunctional 

fusiform cells. Nevertheless, an understanding of how electrical coupling regulates 

information flow through the DCN will require knowing the functional connectivity 

between a stellate cell's postsynaptic targets and its electrically-coupled partners. Stellate 

cells form inhibitory synapses onto cartwheel and fusiform cells(Osen et al., 1990; Rubio 

and Juiz, 2004; our Figure 8). Activating stellate cells through the gap junction pathway 

generated IPSCs in a functionally silent (e.g., voltage-clamped) fusiform cell (Figure 

8c,d), showing that stellate cells do not strictly perform feedback inhibition onto activated 

principal neurons. However, it is unknown whether stellate cells inhibit fusiform cells 

that are tuned to similar frequencies as those with which they form electrical synapses, or 

if stellate cells inhibit fusiform cells across frequencies, a form of lateral inhibition. 

Similarly, the spatial distribution of cartwheel cell axons is also not yet known; thus it 
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remains to be determined if stellate cells inhibit cartwheel cells that control local or more 

distant fusiform cells.  

 Further studies are required to definitively assign a specific functional role for the 

novel circuit we have identified. The DCN is organized similarly to the cerebellum and 

cerebellum-like structures found in mammals and weakly electric fish: Fusiform cells are 

analogous to deep cerebellar nucleus neurons and the glutamatergic efferent cells of 

mormyrid electric fish's electrosensory lobe, whereas cartwheel cells are thought to 

function as the Purkinje-like cells of these circuits (Oertel and Young, 2004; Bell et al., 

2008). Given that cerebellum-like circuits may mediate the adaptive filtering of self-

generated sensory input, the molecular layer circuitry of the DCN could facilitate 

comparison of acoustic signals in the environment with body orientation or activity 

(Oertel and Young, 2004; Requarth and Sawtell, 2011). A key cellular phenomenon 

suggested to underlie such adaptive filtering is that coincident activity of predictive 

parallel fiber and instructive sensory pathways induces an anti-Hebbian, long-term 

depression of the active parallel fiber synapses (Bell et al., 1997b;  Han et al., 2000). For 

example, in the cerebellum-like electrosensory lobe of the mormyrid electric fish, the 

Purkinje-like medium ganglion cells and excitatory efferent neurons integrate sensory 

information from electroreceptors on the skin (e.g., instructive signals) with parallel fiber 

synapses that convey predictive information regarding the fish's motor movements and 

behavior (Bell et al., 2008; Requarth and Sawtell, 2011). Simultaneous pairing of motor 

commands with electrosensory signals leads to long-term depression of the active parallel 

fibers in Purkinje-like cells and efferent neurons (Bell et al., 1997a; Sawtell and 

Williams, 2008). On a circuit level, this phenomenon is thought to be involved in 
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generating activity patterns that are "negative images" of predictable sensory input (Bell 

et al., 2008; Requarth and Sawtell, 2011). However, experiments show that associative, 

long-term plasticity in cerebellum-like circuits requires prolonged induction protocols 

and is fully expressed only several minutes after induction (Han et al., 2000;  

Tzounopoulos et al., 2004; Hansel et al., 2006; Sawtell and Williams, 2008). Our work 

suggests an alternative mechanism that might contribute to a moment-to-moment 

reduction of parallel fiber synapses, thereby mediating adaptation to a rapidly changing 

environment. We find that activation of fusiform cells via the auditory pathway 

depolarizes stellate cells (Figure 4d), and thus can sensitize molecular layer interneurons 

to subthreshold parallel fiber inputs. Furthermore, fusiform cell activity alone is sufficient 

to generate robust inhibition onto two major targets of parallel fibers: cartwheel cells and 

neighboring fusiform cells (Figure 8). Thus, auditory signals could, in principle, rapidly 

recruit or suppress stellate cells and control the efficacy of parallel fiber actitivty, 

depending on the relative timing of auditory and non-auditory sensory signals. 

Interestingly, recent studies suggest that cerebellar stellate cells sense glutamate 

"spillover" from instructive climbing fiber synapses (Szapiro and Barbour, 2007; 

Mathews et al., 2012; Coddington et al., 2013), and feedforward inhibition generated by 

climbing fiber activity is sufficient to rapidly decrease the capacity of parallel fibers to 

drive spikes in neighboring Purkinje cells (Coddington et al., 2013). Together with our 

data, these findings imply that transmission of instructive signals to molecular layer 

interneurons may be a general feature of cerebellum-like circuits. 
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Figure 3.1 

 

 

Figure 3.1: Asymmetric electrical coupling between DCN fusiform and stellate cells. 

a) Diagram of DCN circuitry. The excitatory projection neurons of the DCN (fusiform 

cells; FC), integrate excitatory auditory nerve and multisensory parallel fiber 

synapses(Oertel and Young, 2004). Parallel fibers, but not auditory nerve fibers, impinge 

upon two distinct types of inhibitory interneurons: cartwheel cells (CW) and superficial 

stellate cells (SC). 

b) Example average traces from an electrically-coupled fusiform/stellate pair. Negative 

current injection into the fusiform cell (black trace) causes the expected 
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hyperpolarization. This causes a smaller voltage deflection with similar time course in the 

simultaneously recorded stellate cell (red trace, note difference in scale). Similarly, 

hyperpolarizing the stellate cell causes a small voltage deflection in the fusiform cell. 

c) Summary of coupling coefficients for 57 pairs similar to (b). Red point is average of 

the data set, and dotted gray line represents the unity line. Almost all pairs fall above the 

unity line, showing that the coupling coefficient is stronger in the fusiform-to-stellate 

direction compared to vice versa. 

d) Example average traces from a typical paired recording in a DCN slice from a Cx36 -/- 

mouse. Color coding is similar to panel (b). Out of 60 attempts, only 3 pairs were 

connected. 
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Figure 3.2 

 

Figure 3.2: Fusiform cells generate spikelets in electrically-coupled stellate cells. 

a) Example recording from a wild-type mouse showing spontaneous spikelet activity in a 

single stellate cell recorded in current- and voltage-clamp (upper and lower traces, 

respectively). These recordings were performed in the presence glutamate, glycine and 

GABAA receptor blockers. Spikelet events with two distinct amplitudes are apparent 

(e.g., see asterisk and triangle), suggesting that at least two prejunctional fusiform cells 

are coupled to the same stellate cell but with different coupling coefficients. 

b) Same experiment as (a), but in a Cx36 -/- mouse. No spikelet events were evident in 

stellate cells recorded from knockout mice; (0/77 cells tested, p<0.0001 compared to 

wild-type, chi-square test). Traces were similarly recorded in the presence of synaptic 

blockers. 
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c) Example paired recording from electrically coupled fusiform and stellate cells (upper 

and lower traces, respectively). The fusiform cell was driven to spike by positive current 

injection denoted by the command current waveform. Notice the immediate onset, 

uniform amplitude, and lack of transmission failures of spikelets in the stellate cell.  

d) Example averages (acquisition triggered by detection of the prejunctional spike) from 

the same pair as in (c). Only action potentials that occurred more than 300 ms apart were 

included in the average, so as to highlight the full time course of the depolarizing and 

hyperpolarizing phases of the spikelet waveform. The spikelet rises before the peak of the 

fusiform cell action potential, suggesting that the prejunctional voltage trajectory 

determines the moment-to-moment fluctuations in stellate cell baseline membrane 

potential. The inset shows the spikelet rising phase on a fast time base and normalized to 

the peak of the prejunctional spike, highlighting that the spikelet rises before the 

downswing of the fusiform cell action potential.  
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Figure 3.3  

 

Figure 3.3: Fusiform cell action potentials propagate into the distal apical dendrites. 

a) 2-photon maximum intensity z-stack from the example pair in Figure 1b. The stellate 

and fusiform cells are filled with Alexa594 (red) and Alexa488 (green) dyes, 

respectively. Dotted gray line represents the approximate ependymal border of the DCN. 

Stellate cell processes do not extend into the cell body layer, whereas fusiform cell 

processes span the entire length of the DCN.  

b) A maximal intensity z-stack at higher magnification from the same pair.  
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c) High magnification, single optical section of the area denoted by the white arrow in 

panel (b), showing a high degree of overlap between the stellate and fusiform cell 

processes (white dots). 

d) Right: Maximum intensity 2-photon z-stack from a representative fusiform cell 

showing line scan locations during the Ca2+ imaging experiment. Left: Example sweeps 

of action potential-evoked Fluo-5f Ca2+ transients (5 spikes, 50 Hz) recorded at the 

corresponding dendritic locations marked in the z-stack on the left. Each trace represents 

the average of 20-25 trials.  

e) Absolute ΔG/R are plotted as a function of approximate distance from the soma. 

Response amplitudes remain relatively constant along the dendrite. Each data point 

represents values from 3 to 6 individual cells.  
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Figure 3.4 
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Figure 3.4: Single fusiform cells control the membrane potential of electrically-coupled 

stellate cells in a frequency-dependent manner. 

a) Upper traces are spikes evoked in a fusiform cell at different frequencies (single trials). 

Lower traces are time-synchronized averages of multiple trials in an electrically-coupled 

stellate cell.  

b) Summary data from 9 experiments similar to (a) plotting the stellate cell's mean 

voltage change from baseline as a function of fusiform cell spike frequency. 

c) Positive current injection (+300 pA) in a fusiform cell causes high-frequency firing 

followed by a slow AHP upon stimulus offset (upper trace). A simultaneously recorded, 

postjunctional stellate cell (lower trace) is transiently depolarized above baseline (dotted 

gray line) during fusiform cell spiking and hyperpolarized by the AHP upon stimulus 

termination. Top trace is a single trial, bottom trace is an average of eight sweeps. 

d) Activation of auditory nerve fibers elicits biphasic signals in stellate cells. Left panel: 

layout of experiment. A bipolar stimulation electrode was placed in the ventral cochlear 

nucleus (VCN) >600 mm from the recorded cell in DCN. Recording was made in the 

presence of 1 mM strychnine/10 mM SR95531.  Right panel: Stellate cell recorded in 

current or voltage clamp (upper and lower traces, respectively) during stimulation of the 

VCN with 20 shocks at 5-ms intervals. The stellate cell was recorded with a K-gluconate-

based pipette fill. In current clamp, negative bias current (-30 pA) was injected to prevent 

spike generation. 

e) In a CsMeSO3-filled stellate cell, VCN stimuli were delivered while the membrane 

potential was clamped at either -67 mV or 0 mV (reversal potential for glutamatergic 
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EPSCs). Stimulus was 10 shocks at 20-ms intervals. Little difference was seen in 

response amplitude at the two potentials, indicating it was generated by ionic currents in 

a prejunctional cell. Lower trace: AMPA and NMDA receptor blockers 10 mM NBQX 

and 5 mM CPP) eliminated the response, as expected for glutamatergic transmission from 

auditory nerve fibers. For panels d + e, gray traces are 5 consecutive trials, and black 

traces are an average of between 12-31 trials. Stimulus artifacts are blanked for clarity.
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Figure 3.5 
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Figure 3.5: Optogenetic activation of fusiform cells depolarizes stellate cells. 

a) Example traces from a fusiform cell in a Thy1-ChR2-EYFP mouse. Blue light stimuli 

(50 ms; blue bar) generates action potentials in current-clamp (upper traces) and 

photocurrents in voltage clamp (lower traces). Top trace is a single trial, lower trace is an 

average of multiple trials. 

b) Top: Example current-clamp recording from a stellate cell in a Thy1-ChR2-EYFP 

mouse (0 pA bias current). A 500 ms light stimulus denoted by the blue bar causes an 

immediate increase in spike frequency. Lower panel: A raster plot of ten sequential trials 

from this experiment, highlighting the increase in spike rate upon optogenetic stimulation 

of fusiform cells. Similar results were obtained in 18/19 attempted stellate cells. 

c) Example from a stellate cell in the Thy1-ChR2-EYFP mouse (different cell as panel b). 

Top trace: In current clamp, -25 pA bias current is injected to hyperpolarize the cell and 

prevent action potential generation. A blue light flash (400 ms) causes spikelets riding 

atop a steady-state depolarization, followed by a postjunctional AHP upon light offset. 

Note the similarity to the traces in 4c. Lower trace: The same light stimulus delivered 

when the cell is voltage-clamped at -70 mV causes a barrage of fast inward spikelets, 

followed by a slow outward current upon stimulus offset. Traces are single trials. 

d) Example traces from a fusiform cell in a VGluT2-ChR2-EYFP transgenic mouse. 

Similar to the Thy1-ChR2 mouse in panel (a), blue light (50 ms) drives spikes and 

induces photocurrents. 

e) Example current-clamp recording from a single stellate cell in the VGluT2-ChR2-

EYFP mouse. The experiment and panel layout is similar to that in (b). 
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f) Example recording from a stellate cell in the VGluT2-ChR2 mouse showing that blue 

light causes similar depolarizations and inward currents as in the Thy1-ChR2 mouse. 

Thus, spikelets and AHPs originate in prejunctional glutamatergic neurons. 

g) Enlargement of the area denoted by the gray dashed rectangle in (f). Note the presence 

of spikelets with multiple distinct amplitudes (denoted by the triangle and asterisks), 

suggesting that this stellate cell is coupled to at least two separate fusiform cells with 

different coupling coefficients.  
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Figure 3.6 
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Figure 3.6: Fusiform cells control spike rate of stellate cells. 

a) Single trials from an electrically-coupled fusiform-stellate cell pair. The stellate cell 

was depolarized with step pulses of increasing positive current (2.5-5 pA intervals; 500 

ms duration) in absence or with simultaneous 100 Hz activity in the fusiform cell (left 

and right columns, respectively). Activity in the prejunctional fusiform cell increases the 

total number of spikes generated in the stellate cell with intermediate current steps. 

b) Example single trials from a stellate cell in a Thy1-ChR2 mouse. Traces show stellate 

cell spiking evoked by positive current injection (500 ms) with (right) and without (left) 

concurrent blue light flashes (500 ms) to activate prejunctional fusiform cells.  

c) Input/output curve for the pair in (a). Spike frequency (y-axis) is plotted as a function 

of current injection. Solid points represent values while the prejunctional cell was silent; 

open points are with simultaneous prejunctional fusiform cell activity. The gray lines are 

linear fits to the non-zero portions of the data. 

d) Same as panel c, but for the ChR2 experiment. The open and filled circles represent 

the input-output curves of the example cell in (b) with and without simultaneous blue 

light flashes, respectively. 

e) Summary graph plotting the normalized change in offset (x-intercept) due to fusiform 

cell activity in paired recordings and ChR2 experiments. Asterisks denote statistical 

significance. Optogenetic stimulation caused a 3.7-fold greater shift in offset compared to 

paired recordings (p=0.004, unpaired t-test). 
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Figure 3.7 

 

Figure 3.7: The timing of fusiform cell activity bi-directionally controls stellate cell 

spike output. 

a) Single trials from a stellate cell in a VgluT2-ChR2 mouse where the cell was 

transiently driven to spike via positive current injection (400 ms). Prejunctional fusiform 

cells were activated by blue light (400 ms) at various times relative to the current step in 

the stellate cell. Negative bias current was used to prevent spontaneous firing. 

b) Summary graph from 13 stellate cells in ChR2 mice plotting normalized spikes/s as a 

function of flash timing relative to stellate cell current injection. The data are normalized 

to the +500 ms data point, where the light flash (and thus, fusiform cell activation) 

occurred after the current step in the stellate cell.  
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Figure 3.8 

 

 

Figure 3.8: Fusiform cells generate inhibition in the DCN circuit. 

a) Paired recording between a presynaptic stellate and postsynaptic cartwheel cell. 

GABAergic transmission was isolated with glutamate and glycinergic synaptic blockers. 

15 action potentials were elicited at 50 Hz in the stellate cell, resulting in a time-locked 

series of IPSCs in the postsynaptic cartwheel cell. IPSCs are inward as the cartwheel cell 

is recorded with a Cl- rich internal solution. Gray traces are 4 single sweeps, black is an 

average of 20 trials. 
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b) Example recording from a cartwheel cell in a VGluT2-ChR2 mouse. Top trace: 

Optogenetic stimulation of fusiform cells, denoted by the blue line, results in a barrage of 

IPSCs in the cartwheel cell. Lower trace: The GABAA receptor antagonist SR95531 

blocks the optogenetically-evoked IPSCs. Gray traces are 4 single sweeps, black is an 

average of 10 trials in each condition. 

c) Example recording from a fusiform cell in a VGluT2-ChR2 mouse. The cell is voltage-

clamped at 0 mV, generating a net outward driving for Cl- currents. Upper panel: 

Activating neighboring fusiform cells via blue light stimuli (500 ms) causes a powerful 

increase in IPSC frequency. Lower panel: IPSCs are blocked by the addition of 

GABAA/glycine receptor blockers SR95531 and strychnine, revealing an inward 

photocurrent during the light stimulus. Gray traces are 5 consecutive trials. Black traces 

are an average of 20 to 23 trials. 

d) Same example traces as those in the upper panel of (c), but with the average 

photocurrent digitally subtracted. Activation of neighboring fusiform cells causes an 

inhibitory outward current for the duration of the light stimulus. 
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Supplemental Figure 3.1 

 

 

 

 

 

 

 

 

 

 

 

Supplemental Figure 3.1: The gap junction blocker MFA abolishes electrical coupling. 

a) Average traces from a coupled fusiform-stellate cell pair (upper and lower traces, 

respectively). Black traces are the baseline period and red traces are after 15-30 min of 

incubation in the gap junction blocker MFA (100-200 µM). The increased amplitude in 

the stellate cell prejunctional waveform after MFA likely reflects a contribution of gap 

junction channels to the basal leak conductance (Vervaeke et al., 2012).  
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b) Summary of the coupling coefficients from six pairs before and after application of 

MFA. Open circles represent individual experiments, red points are mean ±SEM. Left 

and right panels represent fusiform-to-stellate and stellate-to-fusiform directions, 

respectively. MFA significantly reduced the coupling coefficient in the fusiform-to-

stellate cell direction from 0.10 ±0.02 to 0.008 ± 0.002, whereas the stellate-to-fusiform 

coupling dropped from 0.018 ±0.003 to 0.002 ±0.001 (p=0.005 and 0.006, respectively, 

paired t-test). 
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Supplemental Figure 3.2 

 

Supplemental Figure 3.2: DCN stellate cells are weakly electrically-coupled. 

a) Top: Example average traces from an electrically-coupled pair of DCN stellate cells. 

Lower panel: Summary data plotting the coupling coefficients for 9 coupled pairs. The 

apparent directional asymmetry in some pairs is probably due to intrinsic variability in 

basal input resistance, as the group average (red point) falls on the unity line. The 

homologous coupling coefficient between DCN stellate cells (0.024 ±0.005, average of 

both directions) was significantly weaker than fusiform-to-stellate cell coupling but not 

significantly different from stellate-to-fusiform coupling (One way ANOVA + Tukey's 
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post-hoc tests). The calculated junctional conductance for homologous coupling between 

DCN stellate cells was 0.14±0.04 nS. 

b) Top: Example average traces from a pair of cerebellar molecular layer interneurons. 

9/18 pairs showed coupling, and the coupling coefficient (0.15 ±0.02) was significantly 

greater than in DCN stellate cells (p<0.001, unpaired t-test). These values are in line with 

previous reports(Mann-Metzer and Yarom, 1999). The junctional conductance for 

coupling between cerebellar stellate cells was 0.52 ± 0.07 nS. 
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Supplemental Figure 3.3 
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Supplemental Figure 3.3: Fusiform cells are weakly electrically coupled to one another. 

a) Example average traces from a pair of fusiform cells. Current injection in one cell 

results in a small hyperpolarization of the other cell. Black and red traces are before and 

after addition of the gap junction blocker MFA, confirming that this effect is due to gap 

junction coupling. 

b) Summary data showing the coupling coefficient of 20 similar pairs. Red symbol is 

mean ±SEM. Dotted gray line is unity. Homologous coupling between fusiform cells 

(0.014 ±0.001, average of both directions) was significantly weaker than fusiform-to-

stellate cell coupling, but not significantly different than stellate-to-fusiform or stellate-

to-stellate coupling (one way ANOVA and Tukey's tests). The junctional conductance for 

this data set was 0.50±0.07 nS. 

c) Summary data showing that 100-200 µM MFA significantly reduced electrical 

coupling between fusiform cells (n=3 pairs; p=0.01, paired t-test.) Open symbols are 

individual experiments, red is mean±SEM. Asterisks denote statistical significance. 

d) Average traces from a fusiform cell pair in a Cx36 -/- mouse. Electrical coupling was 

absent in fusiform cell pairs recorded in Cx36 -/- mice (0/20 connected; p<0.0001 

compared to wild-type mice, chi-square test.). 
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Supplemental Figure 3.4 

 

Supplemental Figure 3.4: Stellate cells do not express ChR2 

a) Example average traces from a voltage-clamped fusiform (left) or stellate cell (right) at 

different membrane potentials. The -67 and +53 mV traces are highlighted for 

comparison in black and mauve, respectively. Note that the peak and steady-state 

photocurrents in fusiform cells are outward at +53 mV, whereas there is little change in 

the amplitude of the stellate cell response. Example traces are from a Thy1-ChR2 mouse, 

but similar results were observed in VGluT2-ChR2 mice. 
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b) Summary data of the IV relationship for photocurrent responses in fusiform and 

stellate cells from ChR2 mice (n=10 cells each, solid and open symbols, respectively) 

showing differential voltage-dependence of photocurrents. Stellate cell responses were 

persistently inward even at very positive membrane potentials, whereas fusiform cell 

photocurrents reversed direction. The positive reversal potential in fusiform cells may be 

due in part to the contribution of electrically-coupled fusiform cells that are 

simultaneously depolarized during the light stimulus (Supplemental Figure 3). Moreover, 

the dendritic arbor of fusiform cells (see example cell in Figure 3) may result in space-

clamp limitations. 

c) Differential block of fusiform and stellate cell light responses by the gap junction 

blocker MFA. Average photocurrent responses in a simultaneously recorded (uncoupled) 

fusiform/stellate cell pair from a Thy1-ChR2 mouse during baseline (black) and after 200 

µM MFA (red). The peak photocurrent in the fusiform cell was unaffected, whereas the 

stellate cell response was entirely abolished. Note that MFA caused a small reduction in 

the steady-state fusiform cell response, and also blocked the small outward current upon 

light offset. This probably results from the electrical coupling of adjacent fusiform cells 

activated during the light stimulus. 

d) Summary data showing the effects of 100-200 µM MFA on photocurrents in fusiform 

and stellate cells. The leftmost points show the fraction remaining in MFA (normalized to 

a pre-drug baseline) for the peak and steady-state amplitudes of the fusiform cell 

photocurrents. Black lines connect individual experiments, red points are mean±SEM. 

MFA had no effect on peak photocurrents (98 ± 4% remaining, n=7, p=0.7, paired t-test). 

MFA slightly reduced the steady state photocurrent in 4/7 experiments, although this 
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value was not statistically significant in grouped data (82 ± 8% remaining, p=0.08, paired 

t-test). The rightmost data points represent the fraction remaining of the steady-state 

postjunctional photocurrent in stellate cells. MFA completely abolished photocurrents in 

stellate cells (3 ± 1% remaining, n=9 cells, p=0.004, paired t-test). 
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Abstract 

Voltage-gated ion channels act in a cell-autonomous manner to amplify, 

compartmentalize, and normalize synaptic signals. We show here that voltage-gated 

channels activated by subthreshold inputs generate an excitatory/inhibitory synaptic 

sequence that propagates through an electrically-coupled network. In the fusiform 

principal cells of the dorsal cochlear nucleus, excitatory synapses activate a persistent 

Na+ current and deactivate a resting Ih conductance, leading to a striking reshaping of the 

synaptic potential. Voltage changes resulting from activation/deactivation of these 

channels subsequently propagate through gap junction channels to generate slow 

excitation followed by inhibition in interneurons that are electrically-coupled to fusiform 

cells. This gap junction-mediated transmission of voltage-gated signals from principal 

cells can account for the majority of glutamatergic input onto interneurons. 

Consequently, synaptic-like, subthreshold events from principal neurons are sufficient to 

drive spiking in local interneurons. Thus, the interaction between excitatory synapses and 

voltage-gated channels transmits a time-locked, biphasic synaptic sequence throughout an 

electrically-coupled network.  
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Introduction 

 Feedforward inhibition is a common phenomenon observed in diverse neuronal 

microcircuits, in which a group of presynaptic axons generates an excitatory postsynaptic 

potential (EPSP) onto principal cells and local inhibitory interneurons. If the EPSP onto 

the interneuron generates an action potential, GABA release from the interneuron onto its 

targets will cause an inhibitory postsynaptic potential (IPSP) that arrives shortly after the 

EPSP in principal cells (Andersen et al., 1963; Pouille and Scanziani, 2001; Kuo and 

Trussell, 2011). This rapid excitatory/inhibitory (E/I) synaptic sequence controls the 

temporal integration of subthreshold EPSPs, the timing of action potentials, and gain of 

single or groups of neurons (Isaacson and Scanziani, 2011). Thus, the biophysical 

mechanisms controlling the timing and magnitude of interneuron spiking are critical 

determinants of synaptic integration in principal cells.  

 Previous studies show that active conductances in principal cells control the 

timecourse of subthreshold EPSPs (Stuart and Sakmann, 1995; Magee, 1999; Carter et 

al., 2012) and IPSPs (Stuart, 1999), suggesting that voltage-gated channels can 

profoundly impact the temporal integration and relative duration of E/I sequences. Given 

that many types of neuron are electrically-coupled via gap junction channels (Bennett and 

Zukin, 2004), positive and negative voltage deflections can spread laterally from one 

neuron to multiple electrically-coupled partners. This implies that voltage-gated channels 

in single neurons can shape synaptic transmission in a cell-autonomous as well as 

network manner. However, previous studies investigating the of spread of signals through 

gap junctions have focused mostly on action potentials, and it remains unclear if 
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subthreshold events in one neuron can spread complex synaptic E/I sequences through 

electrically-coupled networks. 

 We recently showed that the inhibitory stellate interneurons of the dorsal cochlear 

nucleus (DCN) form an electrically-coupled network with the circuit's excitatory 

projection neurons (fusiform cells; Apostolides and Trussell, 2013). Given that fusiform 

cells express several types of voltage-gated ion channels (Molitor and Manis, 2003; Leao 

et al., 2012; Rusznák et al., 2013), we asked whether subthreshold activation of voltage-

gated channels by synaptic stimuli in fusiform cells propagates to electrically-coupled 

interneurons. Using whole-cell patch clamp recordings in acute slices of mouse DCN, we 

show that a subthreshold Na+ conductance controls the amplitude and width of EPSPs in 

fusiform cells, and propagation of this synaptic Na+ current through gap junctions is a 

major determinant of the time course and amplitude of excitatory transmission onto 

stellate cells. Subthreshold events in fusiform cells subsequently deactivated HCN 

channels that control the resting membrane potential (Rusznák et al., 2013), thereby  

hyperpolarizing the fusiform cell following an EPSP and generating a net outward current 

in stellate cells following an EPSP. Consequently, synaptic-like events that were 

subthreshold in fusiform cells reliably generated action potentials in electrically-coupled 

stellate cells. Thus, subthreshold activation of a persistent Na+ conductance and 

deactivation of HCN channels in principal cells generates a time-locked E/I sequence 

through an electrically-coupled network to control spiking of local interneurons. 
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Methods 

Electrophysiology 

All experiments were performed with prior approval from Oregon Health & Science 

University's IACUC. Briefly, 250-300 µm thick coronal sections of the DCN were 

prepared from p15-p25 mice of either sex from the following strains: C57/Bl6, Thy1-

ChR2-YFP, VGluT2-ChR2-YFP, and connexin36 -/- mice (or their wild-type 

littermates). The brain was submerged and sliced in an ice-cold cutting solution 

containing (in mM): 87 NaCl, 25 NaHCO3, 25 glucose, 75 sucrose, 2.5 KCl, 1.25 

NaH2PO4, 0.5 CaCl2, 7 MgCl2, 0.05 R-CPP, and bubbled with 5% CO2/95% O2. Slices 

were subsequently transferred to a holding chamber and allowed to recover for 30-45 min 

at 34o C in an artificial cerebrospinal fluid (ACSF) solution containing (in mM): 130 

NaCl, 2.1 KCl, 1.7 CaCl2, 1 MgSO4, 1.2 KH2PO4, 20 NaHCO3, 3 Na-HEPES, 10-12 

glucose, 0.05 R-CPP, bubbled with 5% CO2/95% O2 (300-310 mOsm). After recovery, 

slices were stored at 22-24o C until recording and experiments were performed within 5 

hours of slice preparation.  

 Slices were placed in a recording chamber and continuously perfused with the ACSF 

solution described above, heated to 31-33o C using an inline heater (3-5 ml/min). All 

experiments except for those in Figure 3A were performed in the presence of inhibitory 

synaptic blockers (10 µM SR95531 and 1-2 µM strychnine). Additionally, NMDA 

receptors were blocked in most experiments with 5 µM R-CPP. Stellate and fusiform 

cells were visually identified using previously established criteria (Apostolides and 

Trussell, 2013). The pipette internal solution for voltage-clamp experiments contained (in 
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mM) 64.5 CsMeSO3, 30 CsFl, 5 TEA-Cl, 5 QX314-Cl, 5 Cs4BAPTA, 4.8 MgCl2, 4 ATP, 

0.5 GTP, 10 Tris-phosphocreatine, 10 HEPES, pH 7.2-7.3 with CsOH. In some 

experiments, CsFl was replaced with 15 CsMeSO3 and 15.5 CsCl. The internal solution 

for current clamp experiments in fusiform cells contained 113 K-gluconate (Or 113 

KMeSO3), 4.8 MgCl2, 4 ATP, 0.5 Tris-GTP, 14 Tris-phosphocreatine, 0.1 EGTA, 10 

HEPES, pH 7.2-7.3 with KOH, ~290 mOsm. In some experiments, 15.5 KCl was 

substituted for equimolar K-Gluconate or KMeSO3. Optogenetic stimulation of fusiform 

cells was performed as described in (Apostolides and Trussell, 2013). Series resistance 

(<30 MOhm) was compensated in the majority of voltage-clamp experiments (60-80% 

correction, 90% prediction. Bandwith = 3 kHz). Data were not included if the series 

resistance varied >20-25% over the course of the recording. In current clamp , pipette 

capacitance was canceled and bridge balance was maintained.  

Parallel Fiber stimulation 

A bipolar metal electrode (FHC) or theta-glass stimulating electrode was placed in the 

DCN molecular layer >100 µm from the recorded cell. The distance between the two tips 

of the stimulating electrodes was ~20-50 µm for theta glass electrodes and 100 µm for the 

bipolar metal electrode. The size of the electrode and distance from the cell proved to be 

critical determinants for whether we recruited the gap junction mediated component of 

parallel fiber transmission. Indeed, our previous study characterizing chemical 

transmission onto DCN stellate cells did not report slow inward or outward components 

of parallel fiber transmission (Apostolides & Trussell, in revision). This discrepancy 

arises from the fact that the experiments in the previous study were performed using 

small theta glass stimulating electrodes (<10 µm distance between tips) placed in closer 
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proximity (20-40 µm) to the stellate cell. Those experiments therefore preferentially 

activated parallel fibers on the recorded stellate cells, with minimal contribution from 

synapses onto prejunctional fusiform cells. We explicitly tested this by varying the 

distance of the stimulating electrode from the recorded cell. EPSCs evoked when the 

electrode was 20-40 µm from the cell had significantly smaller half-widths than EPSCs 

evoked >100 µm away from the cell (n=5 cells. 20-40 µm half-width: 2.2±0.7 ms. 100-

200 µm: 43.1±9.0 ms, p=0.01, paired t-test)  

Data Acquisition and analysis 

Data were acquired in PClamp9 using a multiclamp 700B amplifier and Digidata 1322A 

analog-digital converter. Traces were sampled at 50 kHz, online filtered at 10-20 kHz, 

and filtered at 1-10 kHz during offline analysis. All traces displayed as averages of 

multiple trials unless stated otherwise. EPSC were generated using Axograph X (rise: 

0.2-0.7 ms, monoexponential decay: 3-7 ms). Statistical significance was set at p<0.05 

and determined using methods listed in the main text.  

Reagents 

R-CPP, SR95531, NBQX, and TTX were purchased from Abcam. Strychnine was from 

Sigma-Aldrich. 
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Results 

Glutamate release generates a non-canonical excitatory/inhibitory sequence in DCN 

stellate cells. 

 DCN stellate and fusiform cells receive excitatory synapses from granule cell parallel 

fibers that course through the molecular layer (Figure 1A; (Wouterlood et al., 1984). In 

voltage-clamped stellate cells, stimulating parallel fibers with a single shock from a 

bipolar electrode (see Methods) caused a multiphasic, inward excitatory postsynaptic 

current (EPSC) consistently followed by an outward current (Figure 1B). All experiments 

were performed in the presence of strychnine and SR95531, indicating that the outward 

component was not due to glycine or GABAA receptors. Furthermore, stellate cells in 

these experiments were recorded with a Cs-based internal solution that should block 

GIRK channels and establish a net inward K+ driving force, arguing that the slow 

outward current is not due to GABAB receptor activation. Interestingly, the AMPA 

receptor antagonist NBQX (10 µM) abolished the inward and outward components (n=7), 

indicating that glutamate transmission generates both excitatory and inhibitory responses 

in stellate cells (Figure 1B, red trace).  

 Close inspection of the voltage-clamp traces revealed that from trial-to-trial, parallel 

fibers variably generated two similar, but non-identical inward current responses. Some 

events had an initial rapidly rising component, typical of AMPA receptor-mediated 

transmission, followed by the slow inward and outward phases. Other events lacked the 

initial fast phase and thus had much slower rise times, but the slow decay of the inward 

component and subsequent outward components were similar (n=11; Figure 1B, right. 
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Black and gray traces, respectively). The stimulation intensity in these experiments was 

adjusted to evoke initial fast-rising inward currents in approximately half of the trials; we 

thus interpret the variable appearance of the fast inward component as reflecting quantal 

fluctuation of release from single parallel fiber synapses on the recorded stellate cells. 

Given that AMPA EPSCs in stellate cells display rapid rise and decay kinetics (Carter 

and Regehr, 2002; Apostolides & Trussell, 2014, ms in revision), the drastically slower 

kinetics and comparatively invariant nature of the later synaptic components shown in 

Figure 1B suggest that they reflect signals transmitted through gap junctions and 

mediated by a larger population of synapses on fusiform cells.  

 The slow rising EPSCs had smaller absolute peak amplitudes compared to events 

containing the initial fast phase. However, the slow component accounted for 75±7% of 

the total inward charge transfer of the total compound EPSC (calculated as the ratio of 

the inward charge in the gray trace to that of the black trace), suggesting that propagation 

of parallel fiber inputs from fusiform cells represents the majority of synaptic excitation 

for stellate cells. In agreement with this interpretation, the same experiment performed in 

DCN slices from mutant mice lacking electrical coupling in the DCN (connexin36 -/- 

mice; cx36 -/-) revealed that EPSCs from stellate cells fluctuated between a purely fast 

inward current or no current at all (n=12 cells; Figure 1C). Interestingly, the slow 

outward component was also absent in cx36 -/- mice, indicating that it was similarly 

mediated by synaptic activity in prejunctional fusiform cells.  

 The inward charge transfer of compound EPSCs from cx36 -/- mice was significantly 

smaller compared to EPSCs from WT mice (Figure 1D, left panel). However, the total 

charge and peak amplitude of the fast AMPA component (representing parallel fiber 
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transmission onto the voltage-clamped stellate cell) was similar in WT and cx36 -/- mice, 

arguing that these differences were not due to general deficits in parallel fiber 

transmission in mutant mice (Figure 1D, middle and right panels). In summary, our data 

show that glutamate synapses directly onto stellate cells account for only a quarter of the 

excitatory charge from sparse parallel fiber activity. Instead, the majority of excitatory 

transmission is generated by AMPA receptors located on prejunctional fusiform cells.  

 

A subthreshold Na+ conductance shapes the kinetics and controls the gain of 

subthreshold EPSPs in fusiform cells. 

 Fusiform cells express a persistent Na+ current that is activated at subthreshold 

voltages (Leao et al., 2012), and previous studies have shown that subthreshold EPSPs 

can activate Na+ channels in other neurons (Stuart and Sakmann, 1995; Carter et al., 

2012). If subthreshold EPSPs in fusiform cells activate the persistent Na+ conductance, 

then the slow inward component of parallel fiber transmission observed in stellate cells 

(Figure 1B) would not merely represent a passive depolarization of fusiform cell 

dendrites during EPSPs. Instead, a significant fraction of this slow synaptic excitation 

might be due to the subthreshold Na+ current in prejunctional fusiform cells.  

 We tested whether subthreshold EPSPs in fusiform cells activate Na+ channels by 

injecting EPSC-like waveforms through the patch pipette and quantifying the effect of the 

Na+ channel blocker tetrodotoxin (TTX, 1 µM) on the resulting artificial EPSPs 

(aEPSPs). As expected, increasing the amplitude of the EPSC waveform generated 

progressively larger subthreshold aEPSPs (n=7 cells, Figure 2A,B) and eventually led to 
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spike generation (not shown). Interestingly, a small afterhyperpolarization (AHP) often 

followed the aEPSPs (Figure 2A), suggesting that the slow outward current observed in 

stellate cells during the experiments of Figure 1 could in principle be generated by 

subthreshold events from prejunctional fusiform cells.  

 In agreement with a major role for subthreshold Na+ currents in shaping excitatory 

transmission in fusiform cells, aEPSP half-widths were markedly dependent on the EPSC 

waveform amplitude: aEPSPs evoked with 100-200 pA waveforms had significantly 

briefer half-widths than aEPSPs evoked with 250-700 pA waveforms (Figure 2A,B. 44±8 

vs. 77±14 ms, p=0.003, paired t-test). Blocking Na+ channels with TTX significantly 

reduced only the half-width of the larger aEPSPs, thereby abolishing the amplitude-

dependence of aEPSP half-width  (Figure 2B, left panel. 100-200 pA in TTX: 33±7 ms; 

250-700 pA in TTX: 30±5 ms, p=0.16 and p=0.0002 compared to baseline, respectively. 

Two-way repeated measures ANOVA + Sidak's post-hoc test). Furthermore, linear fits to 

the aEPSP peak amplitude values revealed that Na+ channels control the amplitude gain 

of subthreshold events, as the slope of the input/output function was significantly reduced 

in TTX (Figure 2B, right panel). Thus, Na+ currents in fusiform cells are activated by 

subthreshold depolarizations to control the amplitude and temporal integration properties 

of excitatory signals. These data predict that voltage-gated Na+ channels in prejunctional 

fusiform cells should play a major role in shaping parallel fiber transmission onto 

electrically-coupled stellate cells. 

 If Na+ channels have such a profound effect on the shape of aEPSPs, subthreshold 

events in fusiform cells might transmit a TTX-sensitive current to electrically-coupled 

stellate cells. We explicitly tested this possibility by recording from coupled fusiform-
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stellate cell pairs and driving aEPSPs in the fusiform cell while voltage-clamping the 

stellate cell (Figure 2C). The aEPSPs generated time-locked postjunctional inward 

currents in stellate cells, showing that subthreshold synaptic-like events in fusiform cells 

are reliably transmitted through gap junction channels (n=6 pairs. Figure 2C, black trace). 

As expected from the results of Figure 2 A and B, TTX significantly reduced the peak 

amplitude and half-width of aEPSPs in the prejunctional fusiform cells (to 73±3% and 

32±5% of baseline, respectively). This was mirrored by a prominent reduction in the peak 

amplitude and charge transfer of the postjunctional inward currents in voltage-clamped 

stellate cells (Figure 2C,D). This effect was not mediated by the activation of Na+ 

channels on stellate cells due to voltage-clamp errors, as Na+ channels were pre-blocked 

in all experiments by the addition of QX314 (5 mM) specifically to the stellate cell 

internal solution. These data show that sub-threshold activation of voltage-gated Na+ 

channels in single neurons shapes the amplitude and time course of excitatory 

transmission in a cell-autonomous and network-wide fashion. 

 

AHPs following sub- and supra-threshold responses in fusiform cells are mediated by the 

deactivation of Ih. 

 The AHP following subthreshold excitatory events in fusiform cells (Figure 2A) is 

interesting as it represents "feedfoward" off-response that could potentially generate the 

slow outward current seen in stellate cells (Figure 1B). Notably, the half-width of the 

subthreshold AHPs following aEPSPs (352±24 ms, n=19 cells) resembled that of the 

suprathreshold fusiform cell post-spike burst AHP reported in our previous study 
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(406±58 ms; (Apostolides and Trussell, 2013). Furthermore, the gap junction-mediated 

slow outward current following EPSCs in stellate cells (Figure 1B) closely resembles the 

current mediated by gap junction propagation of the aforementioned fusiform cell post-

spike burst AHP (Apostolides and Trussell, 2013). Together, these observations suggest 

that the same biophysical mechanism underlies sub and supra-threshold AHPs in 

fusiform cells, and that the resulting voltage deflection generates the inhibitory off-

response in electrically-coupled interneurons.  

 Given a recent study showing that HCN (Ih) channels control the resting membrane 

potential of fusiform cells (Rusznák et al., 2013), we hypothesized that the AHP 

represents the deactivation of HCN channels. Because HCN channels activate upon 

hyperpolarization and deactivate during depolarization, action potential trains or slow 

depolarizations will deactivate the HCN channels that are open at rest and transiently 

hyperpolarize below the resting potential at the end of an excitatory event. The decay 

kinetics of the AHP would therefore represent the re-activation of HCN channels upon a 

transient hyperpolarization. We first tested whether the HCN channel blocker CsCl (2-3 

mM) had a significant effect on spike-driven AHPs in fusiform cells. Bath application of 

CsCl hyperpolarized fusiform cells, in agreement with Rusznák et al. (2013). We injected 

positive bias current in the presence of CsCl to maintain the cell's membrane potential 

near its baseline value (n=6 cells. Pre-CsCl: -73.1±1.8 mV; post CsCl: -73.5±1.0 mV. 

p=0.63, paired t-test), but the AHP was reversibly reduced to 53±5% of baseline (Figure 

3A, n=6 cells). Thus, hyperpolarizations following the deactivation of HCN channels 

mediates approximately half of the suprathreshold AHP in fusiform cells.  
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 Can subthreshold events also deactivate HCN channels to generate AHPs in fusiform 

cells? We next tested the effect of CsCl on the AHP following subthreshold aEPSPs (e.g., 

Figure 2A). As expected, CsCl application led to a hyperpolarization of fusiform cells in 

these experiments (n=7 cells. Baseline: -70.3±1.4 mV. CsCl: -76±3.4 mV). Surprisingly, 

we also noticed that CsCl also caused a concomitant decrease in the fusiform cell's input 

resistance, which was largely reversed by injecting positive bias current to return the 

membrane potential near its baseline level (baseline: 93.2±10.8 MOhm, CsCl: 57.2±6.8 

MOhm, CsCl + bias current: 88.3±13 MOhm. p=0.002, one-way repeated measures 

ANOVA + Bonferroni test comparing baseline and CsCl; n.s. comparing baseline and 

CsCl + bias current. Membrane potential in CsCl + bias current condition: -70.0±1.4 

mV). This voltage-dependent drop in membrane resistance is probably due to an 

increased conductance through inward rectifier K+ channels, as described previously 

(Leao et al., 2012).  

 A decrease in membrane resistance in tandem with a hyperpolarization away from the 

activation range for Na+ currents that shape subthreshold events (Figure 2) is expected to 

alter the timecourse of aEPSPs. In agreement, CsCl significantly reduced the amplitude 

and half-width of aEPSPs, and returning the membrane potential to near baseline values 

with positive bias current largely reversed the effects of CsCl (n=7, Figure 3B). However, 

CsCl almost completely abolished the subthreshold AHP, and this effect was not reversed 

by injecting positive bias current (Figure 3B + inset).  

 We next tested whether fusiform cell AHPs generate HCN-mediated outward currents 

in voltage-clamped stellate cells by recording from mice expressing channelrhodopsin2 

specifically in fusiform cells (see Methods). In these mice, blue light stimuli generate 
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biphasic postjunctional photocurrents in stellate cells that are due to spike trains in 

prejunctional fusiform cells (Apostolides and Trussell, 2013). These photocurrents are 

characterized by a steady state inward component followed by a slow outward current 

upon light termination. CsCl reversibly reduced the peak amplitude of the outward 

component (n=7, Figure 3C), confirming that HCN-mediated currents are reliably 

transmitted to stellate cells.  

 Altogether, the results of panels A-C show that sub- and supra-threshold AHPs in 

fusiform cells are due to a transient hyperpolarization following the deactivation of HCN 

channels during depolarizing events, and this HCN-mediated inhibition propagates to 

electrically-coupled interneurons. Furthermore, the unusual voltage-dependence of the 

aEPSP half-width (Figure 3B) highlights a novel role for HCN channels in determining 

the integration properties of subthreshold events by setting the resting membrane 

potential near the activation range for a persistent Na+ current. Thus, HCN channels in 

fusiform cells might shape EPSCs in electrically-coupled stellate cells in two ways: Tonic 

HCN channel activity would determine the half-width of the slow parallel fiber EPSC in 

stellate cells by controlling whether parallel fibers onto fusiform cells activate a 

subthreshold Na+ conductance, whereas transient deactivation of these channels 

following fusiform cell EPSPs would generate the slow outward current (Figure 1B). 

 In agreement with a permissive role for HCN channels in controlling the activation of 

a subthreshold Na+ current during synaptic events, CsCl reduced the duration and total 

charge transfer of parallel fiber-evoked inward currents in stellate cells (Figure 3D). A 

similar reduction was observed with another HCN channel blocker (ZD7288, 20 µM. 

29±2% of baseline remaining, n=4, p<0.0001, one sample t-test. Data not shown). CsCl 
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also blocked the delayed outward current (Figure 3D, n=8 cells), indicating that this 

delayed inhibition following parallel fiber EPSPs is mediated by fusiform cell HCN 

channels. A similar block of the outward current was also observed with ZD7288 (n=4; 

p=0.004, one sample t-test). Thus, the interplay between subthreshold Na+ currents, Ih, 

and gap junction coupling generates a synaptic E/I sequence in local interneurons that 

persists for several hundred milliseconds.  

 

Subthreshold events in fusiform cells drive stellate cell spiking 

 The lowpass filter properties of gap junction channels predict that slow events such as 

subthreshold EPSPs might be significantly more potent than action potentials in 

regulating the membrane potential of postjunctional neurons. In agreement, paired 

current-clamp recordings revealed that subthreshold aEPSPs evoked in fusiform cells 

caused significantly larger depolarizations than action potentials in electrically-coupled 

stellate cells, even though the peak amplitude of the prejunctional spike was >8 fold 

larger than the prejunctional aEPSP (n=7 pairs, data not shown. 

Postjunctional/prejunctional aEPSP coefficient: 0.228±0.052. Postjunctional 

spikelet/prejunctional spike coefficient: 0.009±0.002, p=0.004, paired t-test. Absolute 

aEPSP amplitude in fusiform cell: 9.2±0.7 mV, spike: 75.3±2.1 mV).  

 These observations suggest that synaptic stimuli that do not drive spikes in fusiform 

cells may nevertheless bring the membrane potential of electrically-coupled stellate cells 

above spike threshold. We tested this idea by recording from electrically-coupled pairs, 

evoking aEPSPs in prejunctional fusiform cells, and quantifying the number of spikes per 
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50 ms bin in postjunctional stellate cells. As predicted, subthreshold aEPSPs in fusiform 

cells resulted in time-locked spikes in stellate cells (n=7 pairs, Figures 4A-D). In some 

pairs we noticed a reduction in spike rate during the ~200-400 ms following the aEPSP, 

corresponding to the timing of the subthreshold AHP. However, this reduction was not 

statistically significant in grouped data. These data show that subthreshold synaptic 

events in a single principal neuron are sufficient to drive spiking in electrically-coupled 

interneurons, thereby increasing the dynamic range over which presynaptic parallel fibers 

recruit local inhibition. Furthermore, these data suggest that although the depolarizing 

phase of EPSPs from single fusiform cells can drive spiking, subthreshold AHPs are less 

able to block spiking. Instead, a significant reduction in stellate cell spike rate may only 

occur after spike-driven AHPs, or may require simultaneous subthreshold EPSPs in 

multiple prejunctional fusiform cells. 

 

Discussion 

 We have shown that the strength and kinetics of parallel fiber transmission onto DCN 

stellate cells are determined in a cell-autonomous as well as network manner. 

Specifically, we find that parallel fiber activity generates an excitatory/inhibitory synaptic 

sequence in stellate interneurons that is mediated by the passive spreading of 

synaptically-triggered, voltage-gated events from prejunctional fusiform cells.  

 Stellate cells express fast-gating, Ca2+-permeable AMPA receptors (Apostolides & 

Trussell, in revision), but the shape of EPSCs can be surprisingly slow (Figure 1). We 

find that a Na+ current activated by subthreshold EPSPs in fusiform cells accounts for this 
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paradox. This is evidenced by the fact that >70% of the EPSC charge transfer in stellate 

cells is mediated by subthreshold activation of Na+ channels in fusiform cells. Our 

experiments establish that voltage-gated channels on neighboring neurons are a major 

source of excitation in electrically-coupled networks, and that subthreshold activity in 

single prejunctional neurons is sufficient to drive the postjunctional membrane potential 

above spike threshold. Thus, the lateral spread of subthreshold events from fusiform cells 

may be the main source of excitation for stellate cells in vivo. Furthermore, deactivation 

of the resting HCN conductance in fusiform cells caused a net outward current in stellate 

cells, highlighting a novel biophysical mechanism by which excitatory synapses generate 

complex synaptic sequences of excitation/inhibition.   

     What is the function of the much briefer, direct parallel fiber synaptic responses in 

stellate cells?  We found that these are more prominent under conditions in which small 

numbers of fibers are activated: careful, local placement of stimulus electrodes 

exclusively activates fast EPSCs in stellate cells (see Methods). Weak and strong 

activation of parallel fibers may result in very different types of postsynaptic responses in 

stellate cells. However, in a previous study it was observed that individual parallel fibers 

only rarely contacted both the cartwheel interneurons and their synaptically-coupled, feed 

forward target fusiform cell (Roberts and Trussell, 2010).  If this is also true of stellate 

and fusiform cells it would suggest that stellate cells may receive profoundly different 

synaptic signals depending on the population, not just number, of parallel fibers that are 

active. 

 Electrical coupling, HCN channels, and subthreshold activation of TTX-sensitive Na+ 

channels are all common features of neurons found in diverse brain regions such as the 
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thalamus (Parri and Crunelli, 1998), olfactory bulb (Balu et al., 2004), and locus 

coeruleus (Christie et al., 1989; de Oliveira et al., 2010). Together with our current 

results, these findings imply that the interplay between cell-autonomous activation of 

voltage-gated channels and network-wide gap junction coupling may shape synaptic 

transmission in diverse neuronal microcircuits. 
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Figure 4.1 
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Figure 4.1: Parallel Fiber transmission generates an E/I sequence mediated by AMPA 

receptors. 

A) Diagram of the DCN circuit and experimental set-up. The projection neurons integrate 

excitatory synapses from the auditory nerve and cerebellum-like granule cell parallel 

fibers. The latter pathway also contacts GABAergic stellate cells that are electrically-

coupled to fusiform cells. A bipolar stimulating electrode is placed in the molecular layer 

to activate parallel fibers synapses. 

B) A single parallel fiber shock generates an E/I sequence in stellate cells that is entirely 

blocked by bath application of the AMPA receptor antagonist NBQX (10 µM). Black 

trace is an average of events that had an initial rapidly rising component, whereas the 

gray trace is an average of events lacking the fast component. The right panel shows the 

two types of events on a faster time base to highlight the drastic difference in rise times. 

C) Parallel fiber EPSCs in connexin36 -/- mice lack the slow inward and outward 

components. Black and gray traces represent averages of trials in which the fast 

component either succeeded or failed, respectively. 

D) Quantification of EPSCs from wild-type and connexin36 -/- mice. Left panel: The 

total inward charge transfer of parallel fiber EPSCs in wild-type mice was on average -

734±164 pA*ms (n=11), whereas it was only -62±6 pA*ms in the KO mice (n=12). 

Middle and right panels: The inward charge transfer and peak amplitude of the fast rising 

AMPA EPSC from parallel fiber synapses directly on stellate cells was not significantly 

different between wild-type and KO mice (WT charge and peak amplitude: -65±8 

pA*ms, -29±3 pA. KO charge and peak amplitude: -60±6 pA*ms, -32±3 pA. p=0.67 and 
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0.39, respectively. unpaired t-test). The fast rising AMPA EPSC was isolated by 

subtracting the average of slowly-rising events from the average of fast rising events 

(e.g., black trace minus gray trace).
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Figure 4.2 
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Figure 4.2: Subthreshold activation of Na+ channels in fusiform cells shapes excitatory 

transmission in electrically-coupled interneurons. 

A) Example traces from a fusiform cell recorded in current-clamp. An EPSC waveform is 

injected at two different amplitudes (100 and 500 pA) before and after bath application of 

TTX (black and red traces, respectively). The differential kinetics of the black traces 

highlights the role of Na+ channels in shaping the aEPSP half-width. TTX application 

reduced the aEPSP half-width and peak amplitude, showing that subthreshold 

depolarizations activate Na+ channels. Of note is the noticeable AHP following the 

aEPSP evoked with a 500 pA waveform. This AHP was reduced to 39±8% of baseline by 

TTX (n=7 cells), and is likely due to an effect of TTX on the aEPSP half-width: In n=3 

cells tested, increasing the decay time of the EPSC command waveform from 3 to 10 ms 

following TTX application rescued the original AHP amplitude (baseline amplitude with 

3 ms decay: -1.4±0.3 mV, in TTX with 3 ms decay: -0.8±0.2 mV, in TTX with 10 ms 

decay: -1.6±0.3 mV). 

B) Example input/output curves for the recording in panel (A). Left Panel: aEPSP half-

widths as a function of EPSC waveform amplitude before and after TTX (black and red 

points, respectively). TTX abrogated the amplitude dependence of aEPSP half-width. In 

n=7 cells, aEPSP half-widths evoked with the largest EPSC waveform amplitude (mean: 

471±58 pA, range: 250-700 pA) were on average 2.4±0.4 times larger than aEPSP half-

widths evoked with the smallest amplitude waveform (mean: 114±24 pA, range: 50-200 

pA). This ratio was reduced to 1.0±0.1 in TTX (p=0.007, paired t-test), showing that Na+ 

channels powerfully control the kinetics of subthreshold events. Right panel: aEPSP peak 

amplitudes are plotted as a function of EPSC command waveform in baseline and after 
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TTX. Color scheme is the same as left panel. The lines are linear fits to the data points to 

calculate the slope of the input/output function. On average, TTX reduced the slope of the 

aEPSP peak amplitude function to 77±3% of baseline (baseline: 0.027±0.004 mV/pA, 

TTX: 0.020±0.003 mV/pA, n=7, p=0.007, paired t-test). 

C) Left: diagram of paired recording experiment. Na+ channels are blocked specifically in 

the stellate cell by adding QX314 to the stellate cell pipette internal solution. Right: 

Average traces showing a subthreshold aEPSP in a fusiform cell (lower panel) and the 

resulting inward current in the stellate cell (upper panel) before and after TTX (black and 

red traces, respectively). TTX significantly reduced the amplitude and half-width of 

aEPSPs in the fusiform cell, as expected from the data (A). Additionally, TTX caused a 

major reduction in the amplitude and charge transfer of the gap junction-mediated inward 

current in the stellate cell, showing that subthreshold Na+ currents in fusiform cells are a 

significant source of excitation for electrically-coupled interneurons. 

D) Summary data from 6 pairs similar to panel C. Left panel: TTX reduced the amplitude 

and half-width of fusiform cell aEPSPs to 73±3% and 32±5% of baseline (p=0.0002 and 

p<0.0001, respectively, one sample t-test). Right panel: TTX also significantly reduced 

the amplitude and inward charge transfer of postjunctional currents in stellate cells to 

75±6% and 29±8% of baseline (p=0.0097 and p=0.0003, respectively, one sample t-test). 
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Figure 4.3 
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Figure 4.3: Fusiform cell AHPs and stellate cell off-responses are mediated by 

deactivation of HCN channels. 

A) A fusiform cell recorded in current clamp is driven to spike with positive current 

injection. Bath application of CsCl (3 mM, middle red panel) significantly reduced the 

amplitude of the AHP to 54±5% of baseline (n=6. p=0.0002, one sample t-test), and the 

AHP returned to 92±4% of baseline upon CsCl washout. 

B) An EPSC-like command waveform (500 pA, lower trace) is injected in a fusiform cell 

recorded in current clamp. CsCl (red trace) hyperpolarized the cell (see main text), 

significantly shortened the half-width and reduced the peak amplitude of aEPSPs. These 

effects were largely reversed when the cell's membrane potential was returned to near 

baseline values with positive current injection (gray trace), showing that HCN channels 

control EPSP kinetics by setting the resting membrane potential near the activation range 

for subthreshold Na+ currents (n=7 cells. Peak amplitude baseline: 7.8±0.6 mV; CsCl 

6.0±0.5 mV; CsCl + bias current: 8.8±0.6 mV. p=0.0007 and p=0.13 comparing baseline 

to CsCl and CsCl + Bias conditions, respectively. Repeated measures ANOVA + 

Dunnett's test. Half-width baseline: 47±6 ms; CsCl: 15±1 ms; CsCl + bias: 36±3 ms; 

Baseline vs. CsCl: p=0.002 and p=0.076 comparing baseline to CsCl and CsCl+Bias, 

respectively. Repeated measures ANOVA + Dunnett's test). Blocking HCN channels also 

reduced the AHP following the depolarizing phase of the aEPSP, but adding bias current 

failed to recover the inhibitory off-response following the aEPSP (baseline: -0.39±0.08 

mV; CsCl: -0.05 ±0.02 mV; CsCl + Bias current -0.03±0.01 mV, p= 0.014 and p=0.001 

comparing baseline to CsCl and CsCl + Bias, respectively. Repeated measures ANOVA 
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+ Dunnett's test). Thus, the inhibitory off-response is mediated by cell-autonomous 

deactivation of HCN channels following an EPSP. 

C) Example from a voltage-clamped stellate cell in a VGluT2-ChR2 mouse. 

Prejunctional fusiform cells are driven to spike with blue light flashes (blue bar), thereby 

generating a biphasic postjunctional response. The outward component of the 

photoresponse, which represents the fusiform cell membrane potential returning towards 

baseline during the AHP, was reversibly reduced by CsCl to 40±12% of baseline (n=7, 

p<0.0001. One sample t-test). 

D) A stellate cell is recorded in voltage clamp. Parallel fibers are stimulated with a single 

shock, generating the biphasic E/I sequence shown in Figure 1B. CsCl significantly 

reduced the slow outward current to 1±2% of baseline (n=8. p<0.0001, one-sample t-

test). Additionally CsCl hastened the timecourse of the inward component, quantified as a 

reduction of the EPSC inward charge transfer (n=8. 26±3% of baseline remaining, 

p=0.01, one sample t-test).  



	
  

182	
  

Figure 4.4 
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Figure 4.4: Subthreshold events in fusiform cells drive spikes in stellate cells. 

A) Example recording (20 single trials) from a coupled fusiform-stellate cell pair (upper 

and lower panels, respectively). A subthreshold aEPSP is produced with an EPSC 

waveform in the fusiform cell at ΔT=1 s (peak amplitude: 350 pA). Of note is the 

clustering of spikes in the stellate cell specifically during the prejunctional aEPSP. 

B) Raster plot showing 123 trials from the pair in A, highlighting that subthreshold 

events in fusiform cell aEPSPs  cause time-locked spikes in the stellate cell. 

C) Histogram (50 ms bins) from the same pair as panels A and B. 

D) Summary histogram (50 ms bins) from 7 pairs similar to A-C. The data are 

normalized to the number of spikes/bin during the 1 s prior to EPSC injection in the 

fusiform cell. Subthreshold events in fusiform cells caused a 21±12 fold increase in the 

number of stellate cell spikes/bin at ΔT=1.05-1.1 s, followed by a non-significant 

reduction in spike count at ΔT=1.2-1.4 s  (baseline: 7.4±3.9 spikes/bin; ΔT=1.05-1.1 s: 

34.9±9.0 spikes/bin; ΔT=1.2-1.4 s: 0.5±0.1 spikes/bin, p=0.01 and 0.2 compared to 

baseline, respectively. One-way repeated measures ANOVA + Dunnett's test). Of note is 

that the y-axis is plotted on a logarithmic scale. 
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SUMMARY AND CONCLUSIONS 

 By combining patch-clamp electrophysiology, 2-photon imaging, transgenic 

manipulations, and optogenetics, the experiments in Chapters 1-4 tested hypotheses 

regarding the molecular and circuit-level mechanisms that control synaptic inhibition at 

the early stages of central auditory processing.  

 Chapter 1 employed paired recordings between synaptically coupled pairs of 

glycine/GABA co-releasing cartwheel cells. I tested whether synaptic vesicles in intact 

neurons retained their contents once filled, or if synaptic vesicles "leaked" 

neurotransmitter. The data support a model whereby inhibitory synaptic vesicles require 

constant refilling in absence of release. Furthermore, these experiments provide the first 

quantitative estimate of cytosolic neurotransmitter concentrations at an inhibitory nerve 

terminal. This has important consequences for our understanding of inhibitory synaptic 

strength. Foremost, the basal concentration of cytosolic transmitter available for uptake 

into release-ready vesicles does not saturate vesicular transporters, implying that up- or 

down-regulation of cytosolic transmitter availability will potently control inhibitory 

synaptic strength. In agreement, instantaneously increasing GABA synthesis by uncaging 

glutamate inside presynaptic cells caused a rapid and potent increase in synaptic strength 

lasting several minutes. Given that the molecular mechanisms supplying glycine and 

GABA to inhibitory nerve terminals are subject to regulation by synaptic activity and 

neuromodulators (Wei and Wu, 2008; Jiménez et al., 2011), cytosolic transmitter 

availability may be regulated on a minutes time scale in the intact brain. However, further 

studies are required to determine the extent to which endogenous mechanisms such as 
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neuromodulators can regulate cytosolic transmitter availability, and thus exert a 

presynaptic control over inhibitory synaptic strength. 

 Chapter 2 focused on the chemical synaptic inputs to a previously uncharacterized 

DCN interneuron, the superficial stellate cell. Given the DCN's homology to the 

cerebellum and cerebellum-like circuits (Oertel and Young, 2004; Bell et al., 2008; 

Requarth and Sawtell, 2011), DCN stellate cells were hypothesized to play a similar role 

as the GABAergic stellate/basket cells of the cerebellar cortex (Wouterlood et al., 1984; 

Mugnaini, 1985). Indeed, previous in vivo studies suggested that GABAergic inhibition 

controls the response properties of excitatory fusiform cells and the inhibitory Purkinje-

like cartwheel cells (Davis and Young, 2000), suggesting that the role of stellate cells in 

auditory processing potentially involves a disinhibitory function via stellate->cartwheel 

cell inhibition. Furthermore, a recent study suggested that GABAergic inhibition controls 

the spread of parallel fiber activity through the DCN (Middleton et al., 2011). This 

GABAergic inhibition is compromised in mice that show behavioral signs of tinnitus, 

suggesting that pathological downregulation of GABAergic inhibition in the DCN may 

partially underlie tinnitus percepts. Understanding how sensory inputs to the DCN drive 

stellate cell activity may provide insight as to the pathology of tinnitus and other hearing 

disorders. Thus, I set out to investigate the synaptic inputs to DCN stellate cells, and 

compare them with known features of cerebellar stellate cells. 

 Prior to these experiments, there had been only two published recordings from DCN 

stellate cells in slices (Zhang and Oertel, 1993; Golding and Oertel, 1997). This is likely 

due to their small size, which makes it difficult to record extracellularly during in vivo 

experiments. Moreover, the location of stellate cells at the ependymal edge of the 
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brainstem provides difficult access for whole-cell patch clamping, particularly for paired 

recordings. With practice, I managed to routinely record from sub-ependymal stellate 

cells and examine their properties. Similar to results from cerebellar stellate cells, I find 

that parallel fiber synapses onto DCN stellate cells have Ca2+-permeable AMPA 

receptors with sub-millisecond decay kinetics. However, single parallel fibers also 

activated NMDA receptors, which contrasts with several reports from the stellate cells of 

the cerebellum (Glitsch and Marty, 1999; Carter and Regehr, 2000; Clark and Cull-

Candy, 2002; Nahir and Jahr, 2013). Another major divergence from the cerebellum is 

that DCN stellate cells co-released glycine and GABA. This result was surprising and 

contrasts with previously held assumptions regarding the transmitter phenotype of DCN 

interneurons (Mugnaini, 1985; Doiron et al., 2011). Future studies are required to better 

understand how the different time courses and voltage-dependences of AMPA and 

NMDA receptors control stellate cell firing during sensory experience in intact animals. 

Furthermore, the functional implication of glycine/GABA co-release from stellate cells is 

unclear. Does co-release enable target-dependent kinetics of inhibitory transmission, as 

previously reported for Golgi cells of the cerebellum (Dugué et al., 2005)? Or perhaps co-

release fine tunes the decay kinetics of postsynaptic glycine receptors (Lu et al., 2008)? 

Given that glycine is a co-agonist at NMDA receptors (Johnson and Ascher, 1987), 

another intriguing possibility is that glycine co-released from stellate cells might enhance 

NMDA receptor activity on neighboring neurons, thereby controlling the threshold for 

inducing synaptic plasticity at parallel fiber synapses. 

 While performing the experiments in Chapter 2, I found that stellate cells were 

electrically coupled to fusiform cells. This was surprising, as electrical coupling in the 
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brain is typically observed between GABAergic interneurons belonging to the same 

functional and anatomical family (Hestrin and Galarreta, 2005). Furthermore, 

heterologous coupling between principal cells and interneurons was not predicted by 

previous anatomy studies, and thus represents a significant revision of the canonical DCN 

circuit. The experiments in Chapter 3 characterized this electrical network and examined 

the functional implications of this novel circuit motif. Electrical coupling was >4-fold 

stronger in the fusiform to stellate direction than vice versa, thereby preferentially 

allowing fusiform cells to control the stellate cell membrane potential. This is likely due 

to the fact that the stellate cell membrane resistance is ~10-fold greater than that of 

fusiform cells. Furthermore, the data show that stellate cells are electrically coupled to 

multiple prejunctional fusiform cells, but activity in even a single fusiform cell is 

sufficient to alter the firing pattern of stellate cells. Perhaps the most surprising result was 

that activating fusiform cells sufficed to generate robust inhibition in neighboring 

neurons by driving the stellate cell network. This "surround inhibition" was entirely 

mediated by gap junction coupling, as it persisted in the presence of drugs that block 

excitatory glutamatergic transmission.  

 Although these experiments revise our understanding of the DCN microcircuit, further 

studies will be required to elucidate the functional connectivity in the DCN "electrome". 

For example, do stellate cells receive electrical inputs from isofrequency fusiform cells, 

or from fusiform cells that respond to different frequencies? This will likely be an 

important determinant of stellate cell response characteristics in an awake, behaving 

animal. Furthermore, it is unclear whether the weak homologous electrical coupling 

reported in pairs of stellate cells occurs between stellate cells that receive common or 
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divergent electrical inputs from fusiform cells. These experiments will require major 

studies using cutting-edge functional anatomy and imaging techniques. 

 An interesting consequence of electrical coupling is that sub-threshold activity as well 

as action potentials can propagate through electrical networks. Furthermore, gap 

junctions allow for excitatory and inhibitory signals to transmit from one neuron to the 

next, permitting a bidirectional control of neighboring neurons. The experiments in 

Chapter 4 tested whether sub-threshold synaptic activity onto fusiform cells generates 

signals in stellate cells through gap junction coupling. In agreement, I find that even mild 

stimulation to parallel fibers (e.g., single shocks) generates a slow excitatory/inhibitory 

response sequence in stellate cells that is mediated by ion channel activity in fusiform 

cells. This occurs because fusiform cell EPSPs are shaped by subthreshold activation of a 

persistent Na+ current and HCN channel deactivation. Subthreshold activation of the 

fusiform cell Na+ current generated slow excitation in stellate cells. However, EPSPs in 

fusiform cells were followed by a transient hyperpolarization that was due to the 

deactivation of the resting Ih conductance during the EPSP; this hyperpolarization causes 

an inhibitory postjunctional current in electrically-coupled stellate cells. Thus, excitatory 

transmission in fusiform cells generates both cell-autonomous and network-wide 

excitatory/inhibitory sequences through gap junction coupling. 

 Given that fusiform cells receive a much larger total number of parallel fibers than 

stellate cells, I suggest that gap junction-mediated transmission in stellate cells accounts 

for the majority of the excitatory drive to these neurons during in vivo activity. A direct 

test of this hypothesis will however require recording from stellate cells in awake, 

behaving animals. If this model is correct, stellate cells recorded from mice lacking gap 
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junction coupling in the DCN (connexin36 knockout mice) should show far less 

excitatory drive than wild-type littermates during sensory stimulation.  

 While these experiments were performed in the auditory brainstem, the mechanisms 

involved in packaging and release of inhibitory neurotransmitters are remarkably similar 

across different brain areas (Edwards, 2007). Furthermore, the biophysical mechanisms 

that control the activity of DCN stellate cells, e.g., electrical coupling, Ca2+-permeable 

AMPA receptors, and subthreshold Na+ channel activation, are common features found in 

diverse cell types (Bennett and Zukin, 2004; Isaac et al., 2007; Yamada-Hanff and Bean, 

2013). It is my hope that the experiments from this thesis shed light upon certain general 

principles that govern how inhibitory neurons function to control the output of neuronal 

microcircuits.  
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