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Key points 22 

- During the computation of sound localization, neurons of the Lateral Superior Olive 23 

(LSO) integrate synaptic excitation arising from the ipsilateral ear with inhibition from 24 

the contralateral ear. 25 

- We characterized the functional connectivity of the inhibitory and excitatory inputs onto 26 

LSO neurons in terms of unitary synaptic strength and convergence. 27 

- Unitary inhibitory postsynaptic currents (IPSCs) can generate large conductances but 28 

their strength varies over a 10- fold range in a given recording. On the contrary, 29 

excitatory inputs are relatively weak. 30 

- The conductance associated with IPSPs needs to be at least 2-fold stronger than the 31 

excitatory one to guarantee effective inhibition of action potential (AP) firing. 32 

- Computational modeling showed that strong unitary inhibition ensures an appropriate 33 

slope and midpoint of the tuning curve of LSO neurons, while weak but numerous 34 

excitatory inputs filter out spontaneous AP firing from upstream auditory neurons. 35 

 36 

Abstract 37 

The lateral superior olive (LSO) is a binaural nucleus in the auditory brainstem in which 38 

excitation from the ipsilateral ear is integrated with inhibition from the contralateral ear. It is 39 

unknown whether the strength of the unitary inhibitory- and excitatory inputs is adapted to 40 

allow for optimal tuning curves of LSO neuron action potential (AP) firing. Using electrical and 41 

optogenetic stimulation of afferent synapses, we found that the strength of unitary inhibitory 42 

inputs to a given LSO neuron can vary over a ~ 10-fold range; follows a roughly log-normal 43 

distribution, and on average causes a large conductance (9 nS). Conversely, unitary excitatory 44 

inputs, stimulated optogenetically under the bushy-cell specific promoter Math5 were 45 

numerous, and each caused a small conductance change (0.7 nS). About 5 - 7 bushy cell inputs 46 

had to be active simultaneously to bring an LSO neuron to fire. In double stimulation 47 
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experiments, the effective inhibition window caused by IPSPs was short (1 - 3 ms) and its 48 

length depended on the inhibitory conductance; an about 2 - fold stronger inhibition than 49 

excitation was needed to suppress AP firing. Computational modeling suggests that few, but 50 

strong unitary IPSPs create a tuning curve of LSO neuron firing with appropriate slope and 51 

midpoint, while weak but numerous excitatory inputs reduce the spontaneous AP firing that 52 

LSO neurons would otherwise inherit from their upstream auditory neurons. Thus, the specific 53 

connectivity, and strength of unitary excitatory and inhibitory inputs to LSO neurons is 54 

optimized for the computations performed by these binaural neurons. 55 

 56 

 57 

Introduction 58 

The superior olivary complex in the auditory brainstem computes the localization of sounds, 59 

and contains binaural nuclei like the LSO and the medial superior olive (MSO), which receive 60 

inputs from both ears (Masterton et al., 1967; Tollin, 2003; Grothe et al., 2010). The LSO 61 

receives inhibitory input from the medial nucleus of the trapezoid body (MNTB), which 62 

informs LSO neurons about a tone at the contralateral ear (Sanes, 1990; Kim & Kandler, 2003). 63 

LSO neurons also receive excitatory input from the ipsilateral cochlear nucleus, most probably 64 

originating from bushy cells (Spirou et al., 1990; Smith et al., 1991; Smith et al., 1993; Saul et 65 

al., 2008; see Cant & Benson, 2003 for a review). These synaptic inputs to LSO neurons thus 66 

explain the classical findings from in-vivo recordings showing that LSO neurons are excited by 67 

ipsilateral sounds, but inhibited by contralateral sounds (Boudreau & Tsuchitani, 1968; 68 

Magnusson et al., 2008; Karcz et al., 2011; for review, see Tollin, 2003; Grothe et al., 2010). 69 

 70 

The MNTB - LSO inhibitory synapse has previously been studied in-vitro as a model for a 71 

developing inhibitory synapse in the auditory brainstem. Thus, it was shown that the MNTB - 72 

LSO connection has GABAergic and glutamatergic components early in development, and that 73 
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it changes to a purely glycinergic connection after hearing onset (Kotak et al., 1998; Gillespie 74 

et al., 2005). Furthermore, IPSC amplitudes increase with development at around the same 75 

time, and separate unitary IPSCs are observed in electrical fiber stimulation experiments from ~ 76 

postnatal day (P) 9 onwards (Kim & Kandler, 2003; Walcher et al., 2011). The excitatory 77 

inputs to LSO neurons show a rather graded input - output relation (Case & Gillespie, 2011; 78 

Xiao et al., 2013), although some evidence for a developmental refinement towards larger 79 

unitary excitatory postsynaptic currents (EPSCs) was recently found (Case & Gillespie, 2011; 80 

Felix & Magnusson, 2016). Thus, it seems that LSO neurons receive a multitude of small 81 

excitatory synaptic inputs, unlike for example the specialized large 1:1 calyx of Held synapse 82 

between globular bushy cells and MNTB neurons (Schneggenburger & Forsythe, 2006; Borst & 83 

Soria van Hoeve, 2012). Nevertheless, the advantages of a graded excitatory input to LSO 84 

neurons, and of relatively large unitary inhibitory inputs for the excitation – inhibition (E-I) 85 

integration performed by the LSO neurons, have not been investigated. 86 

 87 

Many of the previous studies of inhibitory- and excitatory synaptic inputs to LSO neurons have 88 

been performed with fiber stimulation experiments. An alternative method to stimulate 89 

genetically defined synaptic afferents is optogenetic stimulation (Boyden et al., 2005). Here, the 90 

expression of a light-activated ion channel like Channelrhopsin-2 (ChR2) can be targeted with 91 

Cre-lox systems to molecularly defined neuron populations (Madisen et al., 2012). Optic 92 

stimulation of ChR2-expressing afferent fibers can then be used to evoke synaptic currents of 93 

molecularly defined origin (Petreanu et al., 2007). Here, we have made use of such optogenetic 94 

stimulation techniques to investigate E-I integration in LSO neurons. 95 

 96 

At the outset of our study, using electrical fiber stimulation in young hearing mice, we found 97 

that unitary IPSCs were larger, and had a larger variability across separate inputs than reported 98 

previously (Kim & Kandler, 2003, 2010; Noh et al., 2010; Hirtz et al., 2012; but see Walcher et 99 
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al., 2011). This prompted us to investigate the amplitude of unitary IPSCs also with optogenetic 100 

stimulation, which revealed unusually strong compound IPSCs after near-maximal optogenetic 101 

stimulation, and large, but variable unitary IPSCs. In a parallel study, we reconstructed the 102 

inhibitory axons that make contact with the soma and proximal dendrite of an LSO neuron 103 

using serial block face electron microscopy (SBEM; Denk & Horstmann, 2004). We found that 104 

an LSO neuron is densely surrounded by a multitude of inhibitory axons which together contain 105 

at least 300 active zones, a finding which provides the ultrastructural correlate for strong 106 

inhibition of LSO neurons (Gjoni et al., accompanying manuscript). In strong contrast to 107 

inhibition, optogenetic stimulation of excitatory fibers from bushy cells in the VCN produced 108 

graded EPSCs with small unitary EPSC amplitudes. Modelling approaches suggested that this 109 

distribution of the strengths of unitary postsynaptic currents (PSC) and the degree of 110 

convergence observed for both inhibition and excitation, determines the steepness of the tuning 111 

curve of AP-firing of LSO neurons and the spontaneous AP firing of LSO neurons. Thus, the 112 

specific connectivity of excitatory - and inhibitory inputs to LSO neurons is optimized for the E 113 

- I integration process performed by these binaural neurons. 114 

 115 

Methods 116 

Ethical Approval 117 

All procedures with research animals (mus musculus; different transgenic strains see below) 118 

were approved by the veterinary office of the Canton of Vaud, Switzerland (authorization # 119 

2063.3, 2063.4), and conform to the Journal of Physiology’s guideline on animal ethics. 120 

Research work at our institution operates under the Swiss Federal law on the protection of 121 

animals ("Loi fédérale sur la protection des animaux"). Mouse pups were housed in standard 122 

cages with their mother, under ad libitum access to food and water under a 12h/12h dark/light 123 

cycle. On the day of the experiment, a mouse pup was sacrificed by decapitation prior to 124 



6 
 

making native brain slices, in a procedure approved by the veterinary office of the Canton of 125 

Vaud, Switzerland (authorization # 2063.3, 2063.4). 126 

 127 

Animals 128 

Most experiments were done with mouse pups at postnatal days (P) 16 - 21. Two additional 129 

preparations were done with adult mice (P40 and P68; data not shown). For the optogenetic 130 

stimulation experiments (Figs 3-6), a Cre-dependent Channelrhodopsin (H134R) - eYFP 131 

reporter mouse line (abbreviated ChR2; RRID:IMSR_JAX:012569; Madisen et al., 2012), was 132 

crossed with one of the below Cre-mouse lines, depending on the purpose of the experiment. A 133 

Parvalbumin-IRES-Cre line (abbreviated PV
Cre

 ; RRID:IMSR_JAX:017320;  Hippenmeyer et 134 

al., 2005) was used for the experiments in Figs 3 and 4 to stimulate inhibitory- and excitatory 135 

inputs, respectively. In order to stimulate bushy cell inputs more specifically (Figs 5, 6), the 136 

ChR2 mice were crossed with a Math5
Cre

 mouse line kindly provided by Dr. Lin Gan (Yang et 137 

al., 2003). For the latter breeding pairs, typically only one parent had a Math5
Cre  

allele, to avoid 138 

generating Math5
Cre/Cre

 (Math5 null) mice (Yang et al., 2003). For the former breedings, mice 139 

heterozygous for the PV
Cre

 allele were used. For ChR2 mice, either heterozygous or 140 

homozygous mice were used as breeders. For all other experiments, C57Bl6/J mice were used. 141 

Mice of either sex were used, but the sex of the mice was in most cases not determined. 142 

 143 

Slice preparation and electrophysiology 144 

Coronal 200 µm slices of the mouse brainstem containing MNTB and LSO were cut using a 145 

Leica VT1000S slicer (Leica Microsystems, Wetzlar, Germany) according to standard 146 

procedures (von Gersdorff et al., 1997). For optogenetic stimulation of inhibitory neurons in the 147 

MNTB (Fig. 3I-L), slice thickness was 300 µm and the slice angle was slightly tilted medio-148 

laterally (~ 15°) to improve the preservation of fibers from MNTB to LSO. During dissection of 149 

the brainstem and the slicing procedure, the tissue was submerged in ice-cold solution 150 



7 
 

containing (in mM): 125 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 25 Glucose, 0.4 ascorbic 151 

acid, 3 myo-inositol and 2 Na-pyruvate, supplemented with 0.1 CaCl2 and 3 MgCl2 (all from 152 

Sigma-Aldrich/Fluka, Buchs, Switzerland), bubbled with 95% O2, 5% CO2 (pH 7.4). The slices 153 

were transferred to a submerged incubation chamber with standard bicarbonate-based solution 154 

as above, but containing 2 mM CaCl2 and 1 mM MgCl2, and were kept there for at least 45 min 155 

at 35°C before the recordings. We made recordings in the medial limb of the LSO, and targeted 156 

LSO neurons with relatively large somata. The recorded neurons had a baseline cell capacitance 157 

of 12 - 15 pF and thus likely represent the larger principal neurons as opposed to neurons of the 158 

lateral olivocochlear bundle which have smaller somata (Sterenborg et al., 2010). Whole-cell 159 

patch-clamp recordings were done at room temperature (22 - 24°C), using an EPC10/2 patch-160 

clamp amplifier (HEKA Elektronik, Lambrecht/Pfalz, Germany). 161 

 162 

For measurements of IPSCs under conditions of high intracellular Cl
-
 ion concentration ([Cl

-
]i) 163 

(Figs 1, 3), the patch pipette solution contained (in mM): 140 CsCl, 10 HEPES, 20 TEA-Cl, 5 164 

Na2-phosphocreatine, 4 Mg-ATP, 0.3 Na2-GTP, 0.2 EGTA (pH 7.2 with CsOH), with a total 165 

[Cl
-
]i of 160 mM. In these experiments, IPSCs were measured at a holding potential (Vh) of -70 166 

mV, initially with 10 µM NBQX and 50µM APV (Biotrend, Wangen, Switzerland) in the 167 

extracellular solution to block excitatory synaptic currents. However, because NBQX at high 168 

concentrations is an antagonist of homomeric glycine receptors, we later switched to 10 µM 169 

CNQX which has significantly lower potency at glycine receptors (Meier & Schmieden, 2003). 170 

We estimate that the unitary IPSCs reported for some recordings in Fig. 1 might have been 171 

underestimated by ~ 30% because of the blocking effect of NBQX on glycine receptors. 172 

 173 

The experiments of Figs. 2, 5 and 6 were performed with a patch-pipette solution with "low" 174 

[Cl
-
]i, containing (in mM): 145 K-gluconate, 6 KCl, 10 HEPES, 3 Na2-phosphocreatine, 4 Mg-175 

ATP, 0.3 Na2-GTP, 0.2 EGTA; pH 7.2 with KOH. The total [Cl
-
] was 6 mM, close to a 176 
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previous estimate of intracellular [Cl
-
] in LSO neurons of near-mature rats (Ehrlich et al., 177 

1999). Considering the extracellular [Cl
-
] of 133 mM and a temperature of 22°, we calculate the 178 

Cl
-
 equilibrium potential to be -78.8 mV and +4.6 mV for low - and high [Cl

-
]i conditions, 179 

respectively. In the voltage-clamp experiments under low [Cl
-
]i, the IPSCs were recorded at a 180 

Vh of -50 mV (Fig. 2). Membrane potential values were not corrected for liquid junction 181 

potential. For the recordings of EPSCs in Fig. 4, the Cs-based intracellular solution with high 182 

[Cl
-
]i was used (see above). 183 

 184 

The series resistance (Rs) was in the range of 4 to 10 MOhm, exceptionally up to 15 MOhm, 185 

and was compensated by 50 - 90 % by the patch-clamp amplifier. All displayed, and analyzed 186 

IPSC- and EPSC traces were corrected for the remaining Rs error in an off-line analysis 187 

procedure (Meyer et al., 2001; see also Fig. 1A3). If the correction increased the peak IPSC by 188 

more than 50 %, the data was discarded. Recordings were made using the lowest possible gain 189 

(0.5 mV/pA) with the intermediate feedback resistor of the EPC-10 (500 MOhm). With these 190 

setting, currents of up to +/- 20 nA amplitude can be recorded, before amplifier saturation 191 

occurs. However, considering Rs-errors, we estimate that the true currents close to saturation of 192 

the amplifier correspond to ~ 30 nA (see above). In some recordings with strong optogenetic 193 

stimuli, Vh was set to -20mV to avoid amplifier saturation (Fig. 3C2). 194 

 195 

Electrical fiber-stimulation was performed with a custom-built platinum/iridium bipolar 196 

electrode, which was placed medially to the LSO for activating fibers originating from MNTB 197 

(Figs. 1, 2 and 6). Short pulses (0.1 ms) were delivered via an isolated stimulator (A-M 198 

Systems, Model 2100, Carlsborg, WA, USA). To measure IPSC amplitudes as a function of 199 

stimulus intensity (input-output curves; e.g. Figs. 1A, B) we applied n = 8 stimuli at 0.1 Hz at a 200 

given stimulus intensity. We attempted to map out the recruitment of new fibers with finer 201 
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stimulation increments, but used larger increments when no additional fibers appeared; thus, the 202 

stimulation increments were not constant. 203 

 204 

Optical stimulation 205 

For optogenetic stimulation (Figs. 3 - 6), blue light pulses were generated by a LED controller 206 

(Doric lenses, Québec, Canada) driving a high-power LED (CREE XP-E2 Royal Blue, 450-460 207 

nm; Cree Inc, NC, USA). The light was coupled into the microscope (ZEISS, Axioskop 2, FS 208 

plus) using an epifluorescence condenser (TILL photonics, Planegg, Germany) and focused 209 

onto the sample with a 40x objective (Olympus LUM Plan FL, 0.8 NA). The light output was 210 

restricted to an area of ~160 x 120 µm with an aperture; during most experiments the recorded 211 

LSO neuron was positioned in the middle of the illuminated area. In the experiments of Fig. 3I-212 

L, after establishing a recording of an LSO neuron, the microscope optical axis was carefully 213 

moved to the MNTB by means of an x-y table mounted below the microscope, to allow optical 214 

stimulation of groups of MNTB neurons. 215 

 216 

In the majority of the experiments, the light intensity was modulated with neutral density (ND) 217 

filters (5%, 10%, 25% and 50%, alone or in combination), while using only the upper half of 218 

possible voltage ranges fed into the LED controller (range 2.5 - 5 V). This is because voltage 219 

pulses below 2 V led to timing errors of the LED controller (Doric lenses). The time course of 220 

light pulses was measured with a photodiode (DET36A/M, ThorLabs, USA); stimulus light 221 

intensity is expressed as percent of the maximal light intensity (5 V at the LED controller and 222 

no ND filter corresponding to "100 %"). 223 

 224 

Analysis of electrophysiological data 225 

During offline-analysis, IPSC and EPSC traces were first corrected for the remaining Rs error 226 

(see above). In the plots of peak IPSC amplitudes versus stimulus intensity, the data points were 227 
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grouped by eye based on IPSC amplitudes, and the average IPSC amplitude of each IPSC level 228 

was then calculated. The amplitude of unitary IPSCs was calculated as the difference between 229 

subsequent group averages (see e.g. Fig. 1A2). This gave an estimate of various unitary IPSC 230 

amplitudes in each recorded cell (Fig. 1C). For the conversion of IPSC amplitudes to 231 

conductance (Fig. 2), linear IPSC current - voltage relations between the holding potentials and 232 

the reversal potentials were assumed. For high [Cl
-
]i (Vh = -70 mV) the average measured 233 

reversal potential (+4.5 mV; see Fig. 2C) was used for calculating conductance values. For low 234 

[Cl
-
]i, for 3 cells Erev was determined in each cell, for one remaining cell the average measured 235 

Erev was considered. 236 

 237 

For the analysis of unitary IPSCs after weak optogenetic stimulation, the evoked IPSCs were 238 

analyzed only up to their first peaks (continuous traces in Fig. 3E1, E2, I), to avoid the 239 

possibility that a second AP in the same fiber could have biased the estimate of unitary IPSCs 240 

(by inducing short-term plasticity of the second IPSC). 241 

 242 

Immunohistochemistry and confocal imaging 243 

For immunohistochemistry, a PV
Cre

 x ChR2 mouse (P 20; Fig. 3) and a Math5Cre x ChR2 244 

mouse (P 25; Fig. 5) were deeply anesthetized with intraperitoneal injection of pentobarbital 245 

(150 mg/kg body weight) and then transcardially perfused with 4% paraformaldehyde in 246 

phosphate-buffered saline solution. Immuno-staining of 40 µm thick transverse hindbrain 247 

sections on the level of the LSO was done as described before (Bouhours et al., 2017). We used 248 

primary antibodies against VGAT (polyclonal guinea-pig, 1:500, cat. 131004; Synaptic 249 

Systems, Göttingen, Germany; RRID: AB_887873) or VGluT2 (polyclonal guinea-pig, 1:500, 250 

cat. 135404; Synaptic Systems; RRID:AB_887884) and GFP (polyclonal chicken, 1:1000; 251 

Abcam 13970, Cambridge, UK; RRID: AB_300798) to visualize the ChR2-eYFP protein. 252 

Primary antibodies were applied overnight at 4°C. The secondary fluorescently labelled 253 



11 
 

antibodies (1h incubation at room temperature, dilution 1:200) were respectively, goat anti-254 

guinea pig Alexa 647 (A21450; Thermofischer Scientific; RRID:AB_2535867) and goat anti-255 

chicken Alexa 488 (A11039; Thermofischer Scientific; RRID: AB_2534096). Confocal images 256 

were acquired with an upright Zeiss LSM 700 microscope using the 488 and 633 nm laser lines 257 

and a Plan-Apochromat 40X/1.30 NA oil immersion objective (pixel size was 90 nm). 258 

 259 

Model of E-I integration in an LSO neuron 260 

To study the integration of excitatory and inhibitory synaptic inputs in LSO neurons in response 261 

to pure tone stimuli at both ears, we simulated a single integrate-and-fire neuron with correlated 262 

synaptic input (Gerstner et al., 2014). The membrane voltage V in our model obeys the 263 

following differential equation: 264 

 265 

𝐶
𝑑𝑉

𝑑𝑡
= 𝑔leak(𝑉rest − 𝑉) + 𝑔exc(𝑉exc − 𝑉) + 𝑔inh(𝑉inh − 𝑉) 

 266 

with membrane capacitance C, leak conductance gleak and resting potential Vrest (- 60 mV). 267 

Synaptic input is conductance-based with excitatory (and inhibitory) conductances  gexc (ginh) 268 

and with Vexc = 0 mV and Vinh = - 80 mV denoting the reversal potentials of excitation and 269 

inhibition. Whenever the membrane potential reaches the threshold Vthr = -50 mV, a spike is 270 

emitted and in the next simulation time step the membrane potential is reset to Vrest  where it 271 

remained during a refractory period of τref  = 1 ms. Afterwards, V evolved freely starting from 272 

Vrest. 273 

 274 

In the absence of presynaptic spikes the synaptic conductances evolve independently according 275 

to the following set of differential equations:  276 

 277 
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𝜏exc
𝑑𝑔exc

𝑑𝑡
= −𝑔exc and  𝜏inh

𝑑𝑔inh

𝑑𝑡
= −𝑔inh 278 

 279 

with synaptic time constants τexc = 1.5 ms and τinh = 3 ms respectively. At the arrival time of a 280 

spike in a given presynaptic excitatory fiber, gexc makes a discontinuous transition gexc → gexc + 281 

ωexc. Similarly a spike in a given inhibitory axon causes the transition ginh → ginh + ωinh to 282 

occur; here, exc and inh denote the unitary excitatory - and inhibitory conductances (0.7 and 9 283 

nS for the simulations in case 1). The model cell had a capacitance of 15 pF and membrane 284 

time constant of 3 ms. Key parameters of the model are summarized in Figure 7B. 285 

 286 

The model cell received synaptic input from a set of independently realized inhomogeneous 287 

Poisson processes. To mimic auditory stimuli as an input to our model, we used PSTHs with 288 

rectangular shapes and various peak firing rates for excitatory and inhibitory inputs (Fig. 7C, 289 

see Results for details). Each stimulation protocol was repeated 1000 times and the excitatory 290 

and inhibitory synaptic conductances and resulting membrane potentials were recorded for each 291 

trial (see e.g. Fig. 7D1; Fig. 7D2, top). These data were used to compute spike raster plots, the 292 

peri-stimulus time histogram (PSTH), and trial averaged firing rates, the latter two with 1ms 293 

binning, of the postsynaptic neuron (e.g. Fig. 7D2, middle and bottom). The simulations were 294 

performed using custom written C++ code base on the Auryn library (Zenke & Gerstner, 2014). 295 

Numerical integration was performed using the forward Euler method with a 0.1ms time step. 296 

 297 

The rectangular PSTHs used as inputs to our model (see above) were deemed appropriate 298 

because in typical pure tone stimulation experiments during LSO in-vivo recordings, low 299 

intensity tones are used (Magnusson et al., 2008; Karcz et al., 2011). VCN bushy cells and 300 

MNTB neurons supposedly fire in a rather constant manner in response to low intensity sounds 301 

(Pfeiffer, 1966; Smith et al., 1993; Kopp-Scheinpflug et al., 2003). The spontaneous firing 302 
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frequency of excitatory- and inhibitory axons was set to the conservative estimate of 10 Hz 303 

(Kopp-Scheinpflug et al., 2003). 304 

 305 

In the model, the number of excitatory (n = 40) and inhibitory inputs (n = 8) was larger than the 306 

number of inputs that we found in functional experiments (excitatory; n ~ 20; inhibitory; n ~ 5-307 

6; see Figs. 5 and 1, respectively). The available evidence suggests that the number of inputs is 308 

typically larger than what can be measured in functional experiments (see also discussion in 309 

Gjoni et al., accompanying manuscript). 310 

 311 

Statistics 312 

Statistical tests were performed by using the software Prism (GraphPad, RRID: SCR_002798). 313 

Each data set to be tested statistically was first tested for normality by the D'Agostino and 314 

Pearson normality test. For all statistical tests (Figs 1G, 2D and 3L), we used the Mann-315 

Whitney test because these data were not normally distributed. 316 

 317 

We tested whether the logarithmized values of unitary IPSC amplitudes (Fig. 1E) might obey a 318 

normal distribution, by using the D'Agostino and Pearson test. In addition, we plotted the sorted 319 

logarithmic values against the normal order statistic median (the latter was calculated with a 320 

built-in function of IgorPro; Filliben, 1975), as a further graphical test for normality (Fig. 1F; 321 

Fig. 3H3). 322 

 323 

 324 

Results 325 

Large unitary IPSCs upon electrical stimulation of MNTB fibers  326 

We wished to investigate the functional relevance of specific unitary IPSC and EPSC 327 

amplitudes for E-I integration in LSO neurons. We first measured IPSCs in LSO neurons after 328 
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stimulating MNTB afferents electrically (Fig.1A), using young hearing mice for our study (P16 329 

– P21). NBQX (or CNQX; both at10 µM) and D-APV (50 µM) were present in the bath 330 

solution to suppress EPSCs; for the experiments in Figs. 1 and 3, pipette solutions with high 331 

[Cl
-
]i were used (see Methods). Fiber stimulation elicited fast-rising and decaying inward 332 

currents (decay time constant, 2.6 ± 0.9 ms when fitted with a single exponential; n = 9 cells). 333 

The currents were blocked by 2 µM strychnine (n = 3 cells; results not shown), suggesting that 334 

they were glycinergic IPSCs, in agreement with previous findings (Kotak et al., 1998; Kim & 335 

Kandler, 2003, 2010; Walcher et al., 2011; Hirtz et al., 2012). 336 

 337 

By varying the stimulation strength in small increments, we observed abrupt jumps between 338 

distinct IPSC amplitude levels in most recordings (Fig. 1A1, A2). We identified clear IPSC 339 

"steps" by visual inspection (Fig. 1A2; arrow indicates an example of a step; Kim & Kandler, 340 

2003; Walcher et al., 2011). In a few recordings, however, the IPSC amplitude increased more 341 

gradually over certain stimulation voltages, and steps could not be detected (Fig. 1B1, B2; IPSC 342 

amplitudes above ~ 3.5 nA in this case). We interpreted “steps” as the recruitment of a new 343 

fiber with increasing stimulation intensities, and used the step amplitudes to estimate the 344 

amplitudes of several unitary IPSCs in each recording (Fig. 1C).  345 

 346 

The distribution of all unitary IPSC amplitudes (n = 42, from n = 9 recordings) showed a skew 347 

towards larger events and was significantly different from a normal distribution (Fig. 1D; p = 348 

0.0388; D’Agostino and Pearson normality test). After logarithmic transformation of the data, 349 

the distribution was not significantly different from a normal distribution (Fig. 1E; p = 0.117; 350 

D’Agostino and Pearson Normality test), suggesting that the unitary IPSCs might obey a log-351 

Normal distribution. The logarithmic transformation also revealed that there were some small 352 

events not well fitted by the Gaussian (Fig. 1E). As a further test, we plotted the sorted and 353 

logarithmically transformed unitary IPSCs amplitudes against the normal order statistic median, 354 
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which graphically suggested a log-normal distribution (Fig. 1F). The average unitary IPSC was 355 

2.06 ± 1.84 nA (mean ± S.D., n = 42 unitary IPSCs in n = 9 recordings), with a median of 1.73 356 

nA. These values of unitary IPSCs are larger than in most previous studies (Kim & Kandler, 357 

2003, 2010; Noh et al., 2010; Hirtz et al., 2012; but see Walcher et al., 2011; see Discussion for 358 

an exact comparison with the previous studies). 359 

 360 

When we plotted the amplitude of unitary IPSCs in the order of their occurrence with 361 

increasing stimulation intensity, we found that unitary IPSC amplitudes tended to increase with 362 

increasing stimulus intensity (Fig. 1G; note the logarithmic scale). Thus, the unitary IPSCs at 363 

threshold (0.37 ± 0.39 nA) had a significantly smaller amplitude than the fifth-appearing 364 

unitary IPSCs (3.7 ± 1.6 nA; Fig. 1G; average data points; p < 0.001, Mann-Whitney test; see 365 

Discussion). The IPSC amplitude recorded at the highest stimulation intensities was on average 366 

11.3 ± 5.6 nA across recordings (Figs 1A2, B2; n = 9), ~ 2 - 3 fold larger than the previously 367 

reported maximal IPSC values (Kim & Kandler, 2003, 2010; Noh et al., 2010; Hirtz et al., 368 

2012; Clause et al., 2014). 369 

 370 

Since the IPSC amplitudes were large, voltage-clamp errors are a possible concern. In our 371 

recordings, we attempted to impose successful voltage-clamp by minimizing series resistances 372 

(Rs); by electronically compensating for part of the Rs during the recordings (50 - 90%), and by 373 

correcting the remaining Rs error off-line (Meyer et al., 2001; see Methods). An example for 374 

offline-Rs compensation is shown in Fig. 1A3 (red trace). In the case of the 40 V stimulation, 375 

the increase of the IPSC amplitude caused by the offline Rs-compensation was more than 50 % 376 

and therefore, the corresponding data points were not admitted for the final data set (red data 377 

points in Fig. 1A2; see also Methods). Thus, we estimate that voltage-clamp errors caused by 378 

the large current flow during these IPSCs can be substantial, and that online- and offline 379 

compensation of Rs errors must be employed to estimate correct IPSC amplitudes, especially at 380 
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high stimulation intensities when IPSCs are large. Taken together, the experiments in Fig. 1 381 

suggest that unitary IPSCs at the MNTB - LSO synapse are larger than previously estimated, 382 

and that unitary IPSC amplitudes in a given LSO neuron are distributed over a wide range (~ 10 383 

-fold). 384 

 385 

We also measured the conductance of unitary IPSCs under conditions of low, near-386 

physiological [Cl
-
]i (Ehrlich et al., 1999). With 6 mM [Cl

-
]i, the reversal potential was strongly 387 

shifted towards negative values (-76.2 ± 6.3 mV), as expected for a Cl
-
 conductance (Fig. 2A-388 

C). Under these conditions, we measured IPSCs at a holding potential of - 50 mV, and upon 389 

increasing the stimulation intensity gradually, steps could again be distinguished in many 390 

recordings (Fig. 2A1, A2). We then computed the conductance of unitary ISPC from the step 391 

amplitudes observed at - 50mV and taking into account the reversal potential of the IPSCs (see 392 

Methods). This yielded an average unitary IPSC conductance of 9.1 ± 6.9 nS across cells (n = 393 

11 unitary IPSCs in n = 4 recordings; Fig. 2D, left). This value was roughly 3 -fold smaller than 394 

the unitary IPSC conductance, which we computed for the data from Fig. 1 obtained under high 395 

[Cl
-
]i (31.8 ± 27.6 nS; n = 42 unitary IPSCs; Fig. 2D, right). Thus, low [Cl

-
]i leads to a shift of 396 

the reversal potential, and it furthermore reduces the conductance of unitary IPSCs by a factor 397 

of roughly 3. Indeed, this factor is consistent with single-channel measurements of glycine- and 398 

GABAA - receptor channels under conditions of low [Cl
-
]i (Bormann et al., 1987). For the 399 

simulations in Fig. 7, we used the physiologically more relevant value of 9 nS for the 400 

conductance of an average unitary IPSC (see below). 401 

  402 

Optogenetic stimulation to estimate unitary IPSC amplitudes 403 

We wished to confirm the estimate of large unitary IPSC amplitudes using an independent 404 

stimulation method, and therefore turned to optogenetic stimulation of afferent fibers (Boyden 405 

et al., 2005; Petreanu et al., 2007). We crossed a PV
Cre

 mouse line (Hippenmeyer et al., 2005) 406 
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with a Channelrhodopsin - eYFP reporter mouse line (called ChR2 below; Madisen et al., 2012) 407 

to drive ChR2 expression in axons arising from the MNTB, based on the observation that 408 

MNTB principal neurons express PV (Lohmann & Friauf, 1996; Felmy & Schneggenburger, 409 

2004). Because excitatory nerve terminals arising from the VCN will also be stimulated in the 410 

PV
Cre

 x ChR2 mice (see below; Fig. 4), we measured optogenetically evoked IPSCs in the 411 

presence of CNQX (10 µM) and D-APV (50 µM). Immunohistochemistry with antibodies 412 

against GFP (to enhance the eYFP-signal of the ChR2-eYFP construct) and VGAT revealed the 413 

presence of ChR2 on the membranes of inhibitory nerve terminals surrounding LSO neurons 414 

(Fig. 3B). 415 

 416 

We recorded from LSO neurons under conditions of high [Cl
-
]i and at a holding potential of – 417 

70 mV. Low-intensity blue light pulses (1 ms) in the tissue surrounding the recorded LSO 418 

neuron triggered desynchronized IPSCs with multi-peak appearance (Fig. 3C1). Upon 419 

increasing the light intensity, the IPSC amplitudes became larger, and the compound IPSCs 420 

became gradually more phasic until their rising phase reached sub-millisecond kinetics (Fig. 421 

3C2). In addition, the latency of the IPSCs became substantially shorter (Fig. 3D; see 422 

Discussion). When the rising phases of the IPSCs were nearly synchronous, the measured 423 

compound IPSCs caused in all recordings a saturation of the patch-clamp amplifier at 20 nA (n 424 

= 5 recordings). Considering the Rs errors, a lower-limit estimate of these ISPCs evoked by 425 

maximal optogenetic stimulation of ~ 30 nA results (see also Methods). For the recording in 426 

Fig. 3C2, we reduced the holding potential to -20 mV to allow the recording of a non-saturating 427 

IPSC in response to strong optogenetic stimulation, but we emphasize that this IPSC was too 428 

large to be voltage-clamped. These large IPSCs were not caused by direct optogenetic 429 

depolarization of the nerve terminal since they were completely suppressed by adding 1 µM 430 

tetrodotoxin (results not shown, and see Bouhours et al., 2017). Taken together, maximal 431 

optogenetic stimulation suggests that the total strength of inhibition mediated by the sum of 432 
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potentially all PV - positive inhibitory fibers that innervate a given LSO neuron is substantially 433 

larger than previously estimated (see Discussion). 434 

 435 

We next developed protocols of minimal optogenetic stimulation to assess the unitary IPSC 436 

amplitudes (Fig. 3E). In a first protocol, we used weak light pulses (1.0 - 2.5 % of maximal 437 

LED light) with a short duration (1 ms), with the aim to evoke IPSCs at the stimulation 438 

threshold, and occasional failures (see Fig. 3E1 for two light intensities in one recording). In 439 

some experiments, we additionally or alternatively used prolonged light pulses (5 ms) at even 440 

lower light intensities (< 0.5 %; Fig. 3E2). Both types of minimal optogenetic stimuli 441 

desynchronized the activation of presynaptic fibers, which enabled us to temporally resolve 442 

fast-rising IPSCs. These most likely represent the firing of individual presynaptic fibers, and 443 

therefore, unitary IPSCs. We restricted the analysis to the first peaks of fast-rising IPSCs (Fig. 444 

3E; continuous trace). The resulting amplitude histograms showed various peaks, which were 445 

fitted with multi-peak Gaussian functions; the center of each Gaussian component was taken as 446 

an estimate of a unitary IPSC (Fig. 3F). In the example recording of Fig. 3E, the unitary IPSCs 447 

had amplitudes of 0.53, 2, 5, 10.1 and 18.2 nA (Fig. 3F, and Fig. 3G, cell # 1). 448 

 449 

Across cells, minimal optogenetic stimulation revealed unitary IPSC amplitudes with a large 450 

variation in each recording, with a characteristic spread over an about 10 -fold range (Fig. 3G, 451 

H1). The distribution of logarithmized unitary IPSC amplitudes collected from all recordings 452 

was again not significantly different from a normal distribution (Fig. 3H2; p = 0.1842; 453 

D’Agostino and Pearson test), and was graphically determined to be log-normally distributed 454 

(Fig. 3H3). The mean and S.D. of the unitary IPSC amplitudes was 5.2 ± 4.5 nA (n = 45 unitary 455 

IPSCs from n = 11 recordings; median, 4.1 nA); this value was larger than the unitary IPSCs 456 

estimated by the fiber stimulation method (Fig. 1; mean of ~ 2 nA). 457 

 458 
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To reconcile the larger estimates of unitary IPSCs after optogenetic stimulation, we next wished 459 

to more selectively stimulate afferent fibers arising in the MNTB. For this purpose, we moved 460 

the site of optogenetic stimulation to the ipsilateral MNTB in some recordings, and again 461 

applied minimal optic stimuli (Fig. 3I). These experiments yielded a smaller estimate of unitary 462 

IPSC amplitudes (2.0 ± 1.9 nA; n = 29 unitary IPSCs from = 7 recordings; Fig. 3I-K). 463 

 464 

There might be two reasons for the larger unitary IPSC amplitudes after local optogenetic 465 

stimulation in the LSO. First, local stimulation of axons might evoke release with a higher 466 

release probability, maybe caused by broader axonal APs (Zhang & Oertner, 2007). Second, 467 

PV-positive inhibitory axons of a non-MNTB origin might innervate LSO (see e.g. Jalabi et al., 468 

2013), and it is conceivable that these fibers have larger unitary IPSCs than fibers originating in 469 

the MNTB. Nevertheless, we note that minimal optogenetic stimulation in the MNTB leads to a 470 

similar estimate of unitary IPSC amplitudes as with fiber stimulation (~ 2 nA in each case). 471 

 472 

Optogenetic estimate of unitary EPSC amplitude  473 

To address how unitary IPSCs with overall large, but variable amplitude inhibit the firing of 474 

LSO neurons, we next sought to obtain information about the excitatory input that drives AP 475 

firing in LSO neurons. Previous work has shown that electrical fiber stimulation laterally to the 476 

LSO, presumably activating fibers of the VCN - LSO connection, leads to EPSCs of moderate 477 

total amplitude, with an overall rather graded nature (Case & Gillespie, 2011; Xiao et al., 2013; 478 

Felix & Magnusson, 2016; but see Discussion). Here, we used optogenetic stimulation of the 479 

VCN to LSO pathway, to enable the selective stimulation of molecularly identified afferent 480 

fibers. 481 

 482 

In a first series of experiments (Fig. 4), we used the PV
Cre

 x ChR2 mice, because bushy cells in 483 

the VCN express PV (Lohmann & Friauf, 1996; Xiao et al., 2010). Since optogenetic 484 
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stimulation under the PV promoter also leads to activation of glycinergic fibers from the MNTB 485 

(Fig. 3), the experiments were done in the presence of 2 µM Strychnine and 10 µM Bicuculline 486 

to block IPSCs. In striking difference to the optogenetically stimulated IPSCs, we observed 487 

small EPSCs at the threshold for successful stimulation (26.2 ± 11.0 pA; n = 9 recordings; Fig. 488 

4A1, B, C). In some recordings, we noted an early-rising but more slowly decaying 489 

photocurrent probably due to the expression of ChR2 in some LSO neurons of the PV
Cre

 x 490 

ChR2 mice (Fig. 4A1, pink trace which did not contain an EPSC). In a few recordings, we 491 

increased the light intensity to measure more complete input - output curves, but we did not 492 

observe clear step-like increases of EPSCs (Fig. 4A2; see also Fig. 5). Thus, optogenetic 493 

stimulation experiments under the PV promoter suggest a small unitary EPSC amplitude 494 

measured at the threshold for stimulation, and a small total synaptic weight of EPSCs mediated 495 

by PV-positive excitatory axons.  496 

 497 

Integration of many small unitary EPSCs in LSO neurons 498 

We next took advantage of the Math5 promoter (Saul et al., 2008) to optogenetically stimulate 499 

the excitatory inputs from bushy cells more selectively. We crossed Math5
Cre

 with ChR2 mice, 500 

and investigated the presence of ChR2 - positive axons by immunohistochemistry in the LSO 501 

(Fig. 5B). This revealed ChR2-eYFP (Math5) - positive axons in the LSO; many but not all of 502 

these axons contained vGluT2 - positive nerve terminals (Fig. 5B, right). This is consistent with 503 

the finding that most bushy cells co-express the mRNA for both vGluT1- and -2 isoforms, but 504 

that some are VGluT2 - negative (Xiao et al., 2010). 505 

 506 

We then made recordings of LSO neurons and stimulated Math5-positive nerve terminals 507 

optogenetically, with the aim to estimate unitary EPSC amplitudes, and to investigate the 508 

number of unitary EPSCs necessary to trigger an AP in an LSO neuron. Brief blue light pulses 509 

(1 ms) evoked small EPSCs at the threshold for successful stimulation (Fig. 5C2, left; 44.5 ± 510 
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9.7 pA on average in n = 6 recordings; Fig. 5F, left). The EPSC amplitude rose gradually with 511 

increasing light intensity (Fig. 5C2, D2). These data suggest that similarly as with optogenetic 512 

stimulation under the PV-promoter (Fig. 4), unitary EPSCs were small. 513 

 514 

We performed the same measurements under current-clamp, to investigate the number of 515 

unitary EPSCs needed to trigger an AP in an LSO neuron. This showed that EPSP amplitudes 516 

increased gradually until at ~ 10 - 15 mV, an AP was triggered (Fig. 5C1, D1). Comparison 517 

with the EPSC input-output curve under voltage-clamp shows that in this recording, an EPSC 518 

of ~ 220 pA amplitude was needed to reliably trigger an AP in the three repeated trials (Fig. 519 

5D1, D2). Across all recordings this value was 258 ± 82 pA (Fig. 5F, right; n = 6 recordings). 520 

Considering the estimated unitary EPSC amplitude (~ 44 pA; see above), it is seen that ~ 5 - 7 521 

unitary excitatory inputs need to be active synchronously to trigger an AP in an LSO neuron. At 522 

high light intensities, optical stimuli led to EPSCs with near - saturating amplitudes of 0.93 ± 523 

0.59 nA (Fig. 5E, 5G, right; n = 6). Considering the unitary EPSC amplitude measured in each 524 

recording, we estimate that the EPSCs at maximal amplitude were carried by 20 ± 10 unitary 525 

excitatory inputs (Fig. 5G, left).  526 

 527 

Taken together, the optogenetic stimulation results in Figs 4 and 5 show that LSO neurons 528 

receive a graded excitatory input from VCN bushy cells without obvious steps. The unitary 529 

EPSC amplitude based on minimal stimulation is ~ 30 - 45 pA, corresponding to a conductance 530 

of ~ 0.7 nS. This value is significantly smaller than the average unitary inhibitory conductance 531 

of ~ 9 nS (Figs. 1, 2). Also, maximal optogenetic stimulation of excitatory fibers under both 532 

promoters led to compound EPSCs of ~ 1 nA, in strong contrast to optogenetic stimulation of 533 

inhibition, which showed maximal IPSCs of 20 nA or larger (see above). 534 

 535 

The inhibitory conductance required to suppress AP firing 536 
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Previous current-clamp recordings have shown that electrical stimulation of inhibitory synapses 537 

to LSO neurons inhibits AP firing during a short effective time window (Sanes, 1990; Wu & 538 

Kelly, 1992). Here, we determined how converging excitatory, and inhibitory inputs influence 539 

the firing of an LSO neuron. We first assessed the strength of inhibition necessary to suppress 540 

AP firing driven by supra-threshold excitatory inputs from bushy cells. For this purpose, we 541 

made recordings under near - physiological [Cl
-
]i conditions (6 mM), and stimulated the 542 

excitatory bushy cell inputs optogenetically using the Math5
Cre

 x ChR2 mice, while the MNTB 543 

– LSO inhibitory synapse was activated via electrical fiber stimulation. 544 

 545 

We first measured the input-output curves for IPSCs and for EPSCs in voltage-clamp, to find 546 

suitable stimulation strengths for the E – I integration experiment. In the example recording of 547 

Fig. 6A-C, an optical stimulation with 10 % of the maximal LED light evoked a supra-threshold 548 

EPSP that reliably triggered an AP as measured under current clamp (Fig. 6A1, top). In this 549 

recording, the electrical stimulation intensities for the MNTB fibers were 5 V and 18 V, which 550 

triggered a small IPSC (0.31 nA, or 12.3 nS), and a larger IPSC (0.87 nA / 33.5 nS) (Fig. 6A2). 551 

We then varied the timing of excitation relative to inhibition to explore at which relative timing 552 

inhibition is most successful. When the onset of the IPSP was nearly coincident with the start of 553 

the EPSP, the IPSP effectively suppressed AP generation (Fig. 6B; t values of -1.4 ms and -554 

0.4 ms). However, when the EPSP occurred only a few milliseconds after the start of the IPSP, 555 

the former could again trigger an AP (Fig. 6B bottom; t values +1.6, + 2.1 ms). 556 

 557 

We plotted the AP success rate, estimated from n = 5 repetitions, as a function of the relative 558 

timing of EPSPs and IPSPs (Fig. 6C). For the example recording of Fig. 6A-B, in which the 559 

effect of a stronger intensity for stimulating inhibitory fibers was tested (33.5 nS), a time of 3.2 560 

ms became apparent during which the IPSP completely suppressed AP firing (Fig. 6B; star 561 

symbols; Fig. 6C, red data points). In the same recording, weak stimulation that evoked a small 562 



23 
 

IPSC of 12.3 nS could only partially lower the probability for an AP (Fig. 6C; pink data points). 563 

In all recorded cells, the width of the effective inhibition window was a function of the 564 

inhibitory conductance (Fig. 6D). Furthermore, this plot shows that an inhibitory conductance 565 

of ~ 10 nS was necessary to start causing a suppression of AP firing. 566 

 567 

At the end of each experiment, we also varied the excitation strength, in combination with two 568 

of the investigated inhibitory conductances. Increasing the EPSC conductance led in all cases to 569 

a shortening of the effective inhibition window (Fig. 6D, data points connected by dashed 570 

lines). In a few cases the increased excitation was able to overcome the inhibition completely as 571 

in the example of the yellow data points in Fig. 6D (inhibition window dropped to 0).  572 

 573 

In Fig. 6E, the width of the effective inhibition window was plotted as a function of the ratio of 574 

inhibitory - over excitatory conductance. This re-normalized the appearance of the data points 575 

obtained under stronger excitation by shifting them leftwards on the abscissa. This plot shows 576 

more clearly that in order to achieve an effective inhibition window of 1 - 3 ms, the inhibitory 577 

conductance had to be ~ two times higher than the excitatory one (Fig. 6E, grey shaded area). 578 

  579 

We also compared the length of the effective inhibition window to the half-width of the IPSCs 580 

and of the IPSPs (Fig. 6F). In general, the effective inhibition window fell in-between the 581 

IPSCs and IPSP half-width, except for very small inhibitory conductances which were unable to 582 

cause a suppression of AP triggering at all. In a few recordings, like the one shown in Fig. 6A-583 

C, the inhibition window (3.2 ms) was nearly as short as the half-width of the IPSCs (2.2 ms; 584 

both values for the larger IPSC of 33.5 nS in Fig. 6A-C). This was reminiscent of classical 585 

shunting inhibition during which inhibition is only effective when the inhibitory conductance is 586 

active (Fatt & Katz, 1953). However, in other recordings the length of the effective inhibition 587 

window was closer to the half-width of the IPSP, but it never clearly exceeded the latter (Fig. 588 
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6F). Thus, we conclude that even substantial inhibitory conductances of several tens of nS, can 589 

only briefly, for 1 - 3 ms, suppress AP firing caused by suprathreshold bushy cell inputs in LSO 590 

neurons. 591 

 592 

A connectivity-based model of E - I integration in the LSO 593 

We found that LSO neurons receive overall large inhibitory inputs with a large fiber-to-fiber 594 

variability in amplitude, whereas unitary excitatory inputs are weak and graded in nature. We 595 

wished to explore the role of this afferent input connectivity in generating the tuning curve of 596 

LSO neurons in-vivo. For this purpose, we developed a connectivity-based model of E - I 597 

integration. We used a simplified integrate-and-fire point-neuron model (Gerstner et al., 2014) 598 

to concentrate on modelling the influence of the unitary synaptic strength and fiber convergence 599 

of both the excitatory and inhibitory inputs (Fig. 7). 600 

 601 

We wished to model in-vivo recording experiments of LSO neurons (Magnusson et al., 2008; 602 

Karcz et al., 2011). In these, sound stimulation of the ipsilateral ear is typically applied with 603 

constant amplitudes slightly above threshold, while the sound intensity at the contralateral ear is 604 

varied for each trial. Most parameters were taken, or slightly adapted from our experimental 605 

observations (Fig. 7B; see also Methods). Fig. 7C shows the modeled "input" firing rates of 606 

excitatory and inhibitory presynaptic axons in response to three simulated sound presentations. 607 

We simulated constant sound intensity at the ipsilateral ear (thus, constant firing rates of the 608 

excitatory fibers; Fig. 7C1), whereas the firing of the inhibitory afferents was modulated from 609 

10 Hz, the assumed spontaneous firing rate in the absence of sound, to 30, 60, 90 and 120 Hz. 610 

 611 

Fig. 7D1 shows the modelled postsynaptic conductances in response to the firing of the 612 

excitatory and inhibitory afferent fibers. For the standard model ("case 1"), there were n = 8 613 

inhibitory inputs whose weights were evenly spaced on a log scale with a mean ginh of 9 nS 614 
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(Fig. 7C2), and n = 40 excitatory inputs with 0.7 nS each. With a weak activity of the inhibitory 615 

afferents (30 Hz), the excitatory inputs caused vigorous firing of the LSO neuron (Fig. 7D2, 616 

left). With increasing firing rates of the inhibitory afferents (see Fig. 7C), the firing frequency 617 

was suppressed, except for a brief response at the onset of the sound (Fig. 7D2, middle and 618 

right), which is also observed in-vivo (Magnusson et al., 2008). In the absence of sound 619 

stimulation, large negative fluctuations of Vm were apparent which were caused by spontaneous 620 

IPSPs (Fig. 7D2, Vm trace at top); these caused a tail towards more negative values in the 621 

histogram of the Vm values (Fig. 7D2, inset). 622 

 623 

To explore the computational significance of few, but strong inhibitory inputs, we next 624 

simulated the opposite case, i.e. a case in which the total inhibitory conductance (total ginh = 72 625 

nS) was distributed over many small inhibitory inputs ("case 2", Ninh = 40, unitary ginh = 1.8 626 

nS). With these parameters, individual IPSPs were less discernible, and the distribution of Vm 627 

values at rest showed only a single peak (Fig. 7E2, inset). Under sound stimulation with an 628 

ipsilaterally louder sound (excitatory fibers: 60 Hz, inhibitory: 30 Hz), the firing rate response 629 

was much lower (~ 25 Hz) as compared to case 1 (compare Figs. 7E2 and D2; note different 630 

scales). In the regime of equally intense sounds and for contralaterally louder sounds, the firing 631 

responses were strongly inhibited, except for a brief AP response at the onset (Fig. 7E2, middle, 632 

right). This led to a strongly suppressed evoked firing rate in the resulting tuning curve, except 633 

for the weakest contralateral sounds (Fig. 7G, compare case 2 with case 1; see also Fig. 7H in 634 

which the convergence of inhibitory inputs was varied over a larger range). These simulations 635 

indicate that many, but proportionally weaker unitary inhibitory inputs put a temporally more 636 

uniform "blanket" of inhibition on LSO neurons, which causes a shift of the tuning curve 637 

towards ipsilaterally louder sounds. 638 

 639 
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We modelled a third case, to explore the computational significance of the innervation of LSO 640 

neurons by many, but small excitatory inputs. Assuming the standard case for inhibition (N = 8 641 

inhibitory inputs with amplitudes evenly spaced on a log scale), we then decreased the number 642 

of excitatory inputs to n = 8, and increased the unitary excitatory strength to gexc = 3.5 nS to 643 

keep the total excitatory conductance constant. The resulting tuning curve was not strongly 644 

changed as compared to the standard case (case 1; Fig. 7G). However, the spontaneous firing 645 

rate in the absence of sound was strongly increased to 23 ± 7.9 Hz, whereas in the standard 646 

case, it was 2.8 ± 2.6 Hz (Fig. 7F). The spontaneous firing rates of ~ 3 Hz modelled in case1 is 647 

close to the observed value for LSO neurons (Tsuchitani & Boudreau, 1966; Karcz et al., 648 

2011). Indeed, systematically varying the number of excitatory inputs revealed a strong effect 649 

of this parameter on the spontaneous firing rate of the LSO neuron (Fig. 7I, left). This can be 650 

understood by considering that spontaneous EPSPs with a larger amplitude will reach the AP 651 

threshold more easily; the smaller frequency of excitatory events upon decreasing the 652 

convergence (fewer excitatory fibers) could apparently not compensate for this effect, as 653 

expected because of the fast membrane time constant of these non-integrating neurons. 654 

  655 

Finally, we modelled a fourth case, in which we assumed N = 8 inhibitory inputs as in case 1, 656 

but in which we now assumed that inhibitory inputs had a fixed amplitude of 9 nS (Fig. 7J; case 657 

4). This simulation produced slightly smaller AP firing rates with ipsilaterally louder sounds as 658 

compared to case 1 with log-normally distributed unitary IPSC amplitudes (see Discussion); the 659 

spontaneous AP firing rate was essentially unchanged as compared to case 1 (Fig. 7F). Taken 660 

together, a connectivity-based model shows that the specific strength, and convergence of both 661 

the excitatory and inhibitory inputs determines E - I integration, and spontaneous firing rates in 662 

LSO neurons. 663 

 664 

Discussion 665 
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LSO neurons integrate ipsilateral excitation with contralateral inhibition to generate AP firing 666 

which codes for interaural sound intensity differences (Boudreau & Tsuchitani, 1968; Caird & 667 

Klinke, 1983; Sanes, 1990; Kim & Kandler, 2003; Magnusson et al., 2008; Karcz et al., 2011). 668 

Nevertheless, how exactly excitation and inhibition are integrated in the LSO, and the role of 669 

the specific unitary synaptic strengths in this process, has received little attention. We found 670 

that a given LSO neuron typically receives unitary IPSCs with different amplitudes that roughly 671 

obey a log-normal distribution. The amplitudes of the IPSCs were large, with a median of ~ 1.7 672 

nA under high [Cl
-
]i, and a mean conductance of ~ 9 nS under near - physiological conditions of 673 

low [Cl
-
]i. On the other hand, optogenetic stimulation of Math5-positive bushy cell axons 674 

produced graded EPSCs without obvious steps, and the unitary EPSC estimated by minimal 675 

stimulation was small (~ 0.7 nS). Thus, in the LSO, a multitude of weak unitary excitatory 676 

inputs is integrated with strong unitary inhibition distributed over fewer inputs. We found by 677 

modelling that this convergence of unitary inhibitory - and excitatory input strengths is a key 678 

determinant of the tuning curve that results from E - I integration in LSO neurons. 679 

 680 

Strong but variable unitary inhibition onto LSO neurons 681 

Previous fiber-stimulation experiments in LSO after ~ P9 have shown discrete steps in the IPSC 682 

amplitudes when the stimulation strength was gradually increased (Kim & Kandler, 2003; 683 

Walcher et al., 2011; Hirtz et al., 2012). We observed "step" amplitudes that varied over a 684 

roughly 10-fold range in a given recording, from a few 100 of pA to several nanoamperes. 685 

Furthermore, we found that small unitary IPSCs of a few hundred pA preferentially occurred at 686 

low stimulation intensities whereas higher unitary IPSCs were visible with stronger stimulation 687 

intensity (Fig. 1G), by a yet unknown mechanism. The value we obtained at stimulation 688 

threshold agrees with previous studies that often focused on the first-appearing step (~ 250 pA, 689 

Hirtz et al., 2012; ~ 500 pA, Kim & Kandler, 2010; Noh et al., 2010; Clause et al., 2014; ~ 700 690 

pA, Kim & Kandler, 2003). However, the amplitudes of all subsequent steps (second to fifth 691 
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unitary IPSCs; 2.83 ± 2 nA in our study; Fig. 1G) were significantly larger than the previous 692 

estimates of unitary IPSCs based on minimal stimulation. Thus, we conclude that both the 693 

median amplitude of unitary IPSCs, as well as the variability of unitary IPSC amplitudes is 694 

larger than previously thought. It is possible that voltage-clamp limitations, which should be 695 

more severe for the late-occurring larger unitary IPSCs, as well as the focus on the first-696 

appearing unitary IPSCs are factors that contribute to the smaller estimates of unitary IPSC 697 

amplitudes in the previous studies. One study found a value of 18 nS for the unitary IPSC 698 

conductance under conditions of physiological [Cl
-
]i, which is comparable or even larger than 699 

our estimate (Walcher et al., 2011). However, another recent study found small estimates even 700 

of total inhibitory conductance (~ 5 nS; Pilati et al., 2016). 701 

 702 

We used optogenetic stimulation of presynaptic fibers (Boyden et al., 2005; Petreanu et al., 703 

2007) to measure unitary IPSCs with an independent approach. Variation of the light intensity 704 

at the threshold for successful stimulation evoked large unitary IPSCs that appeared as fast-705 

rising, but temporally de-synchronized events. Higher stimulation intensities significantly 706 

shortened the delay of evoked IPSCs (Fig. 3D); similar observations were made for the 707 

optogenetically evoked EPSCs (Fig. 4A1; Fig. 5C2). The longer delay with lower light 708 

stimulation and the temporal variance in the occurrence of unitary IPSCs is probably caused by 709 

small presynaptic ChR2 currents, that lead to slow and variable presynaptic AP threshold 710 

crossings. This phenomenon has allowed us to temporally isolate discrete, fast-rising unitary 711 

IPSC events, which in LSO neurons can reach several nA of amplitude (Fig. 3). When studying 712 

excitatory transmission with the same method, we exclusively observed small events in the tens 713 

of picoampere range (Figs 4, 5). This revealed a striking, about 30-fold difference in the unitary 714 

synaptic conductances between inhibition and excitation converging onto LSO neurons, at least 715 

when excitation and inhibition are both measured under conditions of high driving forces (~ 70 716 

mV). The minimal optogenetic stimulation method used here might also be useful to measure 717 
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the strength of unitary synaptic events in other circuits, similar to what has been done recently 718 

at other connections (Lu & Trussell, 2016; Litvina & Chen, 2017). 719 

 720 

To translate to more physiological conditions, we measured unitary IPSCs under conditions of 721 

low [Cl
-
]i, which is normally prevalent especially in auditory neurons (Ehrlich et al., 1999; 722 

Kopp-Scheinpflug et al., 2011). Under these conditions, the unitary IPSC conductance was 723 

about 3-times smaller than under high [Cl
-
]i (Fig. 2). This reduced unitary inhibitory 724 

conductance is explained by the outward rectification and a smaller conductance of single 725 

glycine- (and GABAA) receptors under low intracellular permeant ion concentrations close to 726 

the reversal potential (Bormann et al., 1987). This illustrates that inhibitory receptors are 727 

constrained to function in a submaximal range, because inhibition normally has to function at 728 

membrane potentials not far from the reversal potential of these anion channels. Several 729 

mechanisms might compensate for this biophysical limitation, including a large single-channel 730 

conductance of glycine receptors in general (Bormann et al., 1993), a high density of 731 

postsynaptic glycine receptors (Friauf et al., 1997; Hruskova et al., 2012) thus creating large 732 

quantal amplitudes (Kim & Kandler, 2010), and the elaboration of multiple active zones by 733 

inhibitory axons enabling the generation of multiquantal IPSCs (Gjoni et al., accompanying 734 

manuscript). 735 

 736 

What might be the basis for the variable, but overall large strength of unitary inhibitory inputs 737 

onto a given LSO neuron? We have used SBEM to reconstruct the inhibitory axons that make 738 

contact with the soma and proximal dendritic segments of an LSO neuron (Gjoni et al., 739 

accompanying manuscript). We found that inhibitory axons establish large varicosities (average 740 

diameter, 3.7 µm) most of which contain several active zones. The number of repeated 741 

varicosities per axon, and therefore also the total number of active zones strongly varied 742 

between individual axons. This, together with a constant quantal size between "small" and 743 
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"large" unitary IPSCs estimated by the Sr
2+

 method (Gjoni et al., accompanying manuscript), 744 

strongly suggests that "small" and "large" unitary IPSCs are primarily distinguished by the 745 

number of active zones which they establish with an LSO neuron. Furthermore, when studying 746 

younger LSO neurons with fiber stimulation, we found that the characteristic ~ ten-fold 747 

variation between inputs is already found at ~ P7, despite an overall weaker total inhibition 748 

strength in pre-hearing mice (smaller maximal IPSCs; data not shown). It will be interesting to 749 

further study the developmental plasticity mechanisms - which could depend on pre-hearing 750 

activity in the auditory system (Sanes & Takacs, 1993; Clause et al., 2014) - responsible for the 751 

coordinated growth of inhibitory axons onto a given LSO neuron. 752 

  753 

Many weak excitatory bushy cell inputs converge onto an LSO neuron 754 

Optogenetic stimulation under the bushy cell-specific Math5 promoter (Saul et al., 2008; 755 

Kronander et al., 2017) revealed small EPSCs of ~ 50 pA amplitudes at the threshold for 756 

successful stimulation (Fig. 5); similar observations were made with optogenetic stimulation of 757 

excitatory inputs under the PV promoter (Fig. 4). Furthermore, the input-output curves 758 

appeared graded, suggesting that the unitary EPSC amplitudes were too small to be detected as 759 

clear steps. This data seems different from two previous studies which used electrical fiber 760 

stimulation in developing mice (Felix & Magnusson, 2016) and rats (Case et al., 2011). These 761 

studies reported steps of ~ 200 pA amplitudes especially in the older age groups (around 762 

hearing onset). We do not think that the absence of obvious steps in our data was a 763 

developmental issue, because our recordings were done at in young hearing mice (P16 - P21). 764 

Furthermore, in three additional recordings in Math5Cre x ChR2 mice in which we measured 765 

optogenetic input-output curves in much older mice (P40 and P68), we did not observe clear 766 

steps either (data not shown). Thus, species differences, or differences between optogenetic 767 

stimulation used here, and the fiber stimulation used in the previous studies, might account for 768 
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the different results. Taken together, we conclude that the bushy cell inputs onto LSO neurons 769 

have an overall graded nature in post-hearing mice. 770 

 771 

The effective window of inhibition in LSO neurons is brief 772 

In double stimulation experiments with optogenetic - and electrical stimulation (Fig. 6), we 773 

found that inhibition of AP firing was limited to a brief time window of ~ 1 - 3 ms, in 774 

agreement with previous current-clamp studies in-vitro (Sanes, 1990; Wu & Kelly, 1992). It is 775 

likely that in-vivo and at physiological temperatures, the inhibitory window is shorter and falls 776 

in the sub-millisecond range, as is suggested by recent in-vivo recordings in gerbils (Beiderbeck 777 

et al., 2018). We showed with voltage-clamp measurements that the inhibitory conductance 778 

needed to be ~ 2-fold larger than the excitatory one to guarantee suppression of AP firing 779 

driven by bushy cell inputs (Fig. 6E). These experiments roughly indicate that a spike triggered 780 

by an excitatory synaptic conductance of ~ 7 nS (Fig. 6D), or by about 10 excitatory fibers, 781 

might not be efficiently inhibited by a single "small" unitary IPSCs (< 9 nS). Conversely, a 782 

unitary IPSC of the "large" class (> 9 nS), or two synchronously occurring unitary IPSCs, will 783 

most likely suppress firing for a few milliseconds. 784 

 785 

LSO neurons in post-hearing mice have a fast membrane time constants of a few milliseconds 786 

(Walcher et al., 2011). Thus, the duration of the IPSP caused by a single or a few 787 

synchronously occurring unitary IPSCs should be short. In agreement with this prediction, we 788 

found short IPSP half-widths generally in the range of 2 - 6 ms. The effective inhibition 789 

window was still shorter, in the range of 1 - 3 ms (or 5 ms in one case; Fig. 6F). The brief 790 

window of inhibition might be caused by several factors, such as shunting inhibition, i.e. 791 

effective inhibition is limited to the time of active inhibitory conductance (Fatt & Katz, 1953). 792 

Additionally, active mechanisms in the postsynaptic neuron like Ih currents which are found in 793 

LSO neurons (Koch et al., 2004), or accelerated recovery of Na
+ 

channel inactivation after 794 
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strong hyperpolarization, could act to limit the effective inhibition window in LSO neurons 795 

(Leao et al., 2011). 796 

 797 

Computational role of large unitary inhibition versus small unitary excitation in E - I 798 

integration 799 

We developed a connectivity-based model to investigate how the observed convergence of 800 

inhibitory- and excitatory inputs shapes the output activity of LSO neurons. Although E - I 801 

integration in the LSO has inspired many modelling studies (for example, Reed & Blum, 1990; 802 

Karcz et al., 2011; see Ashida et al., 2017 for a systematic comparison of many previous 803 

models), synaptic input strength- and convergence parameters were not investigated in past 804 

modeling studies (see also discussion in Ashida et al., 2017). We chose a simple integrate-and-805 

fire model which allowed us to focus on the influence of unitary afferent synaptic strength, and 806 

the degree of convergence in both the excitatory and inhibitory pathways, on E-I integration in 807 

LSO neurons. The simulations showed that varying the convergence of inhibitory inputs 808 

strongly determines the steepness of the LSO tuning curve. Thus, many but weak inhibitory 809 

afferents, a parameter set opposite to the experimentally observed situation, led to a quenching 810 

of LSO neuron firing over a large range of ipsi- and contralateral sound intensities (Fig. 7G, H). 811 

This can be understood intuitively by considering that a large number of inhibitory fibers will 812 

cause many (albeit proportionally smaller) inhibitory events per unit time, creating a time-813 

uniform inhibitory 'blanket'. Conversely, fewer inhibitory fibers with larger amplitude cause 814 

more stochastic variation in the membrane potential and deeper hyperpolarizations (Fig. 7D, E). 815 

These, upon repolarization, can more readily trigger an AP consistent with our experimental 816 

results (Fig. 6), and with recent in-vivo findings (Beiderbeck et al., 2018). In our simulations 817 

with a simple integrate-and-fire model, the difference between large constant unitary ISPCs, 818 

and the more realistically large unitary IPSCs with variable amplitudes was not large (Fig. 7J). 819 

It is possible that the effect of unitary IPSC variability would be more visible when active 820 
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conductances, and a more realistic subcellular distribution of inhibitory - and excitatory inputs 821 

would be present in the model. 822 

 823 

Bushy cells in the VCN show high spontaneous firing rates in the absence of sound (Smith et 824 

al., 1993, 1998; Kopp-Scheinpflug et al., 2003), because they are driven by auditory nerve 825 

fibers, some of which show high spontaneous rates (Liberman, 1978). One aspect of connecting 826 

a bushy cell to a downstream neuron via many, but small excitatory connections is that the 827 

elevated spontaneous activity is filtered out as we show here by modeling (Fig. 7I). Indeed, the 828 

observed spontaneous activity of LSO neurons of a few Hz in-vivo (Tsuchitani & Boudreau, 829 

1966; Karcz et al., 2011) is substantially lower than the one of bushy cells, which is more on 830 

the order of 10 - 50 Hz (Smith et al., 1993; Kopp-Scheinpflug et al., 2003). Therefore, the 831 

convergence of many, but small excitatory inputs contributes to a steep tuning curve (Fig. 7I, 832 

right) and acts to filter out the elevated spontaneous activity of bushy cells. 833 

 834 

The convergence patterns of excitation and inhibition that we found here for mouse LSO 835 

neurons might not necessarily be shared by other binaural neurons like the medial superior olive 836 

(MSO). Indeed, a recent in-vitro study in the MSO of gerbils also found strong unitary 837 

inhibition, but different to the present study, few but large excitatory inputs which matched the 838 

inhibition strength were found (Couchman et al., 2010). This suggests that the unitary IPSC - 839 

and EPSC strength are regulated specifically in different nuclei of the superior olivary complex 840 

in order to fulfill the computational needs of each neuron type. Together with more drastic 841 

examples of variations in the synaptic convergence and nerve terminal size like the large, one-842 

to-one connectivity of the excitatory calyces of Held (Forsythe, 1994; Borst et al., 1995), these 843 

findings suggest that the strength, and the number of unitary synaptic inputs is specifically 844 

adapted to the computations in each neuronal sub-system. 845 

  846 
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Figure Legends 847 

Figure 1. LSO neurons receive large inhibitory inputs 848 

A1, IPSCs recorded with a high [Cl
-
]i pipette solution, in response to increasing intensities of 849 

electrical stimulation. Holding potential was -70 mV. A2, Peak IPSC amplitudes plotted as a 850 

function of stimulus intensity. Horizontal lines indicate the average amplitude of each identified 851 

step. The arrow indicates fluctuation of IPSC amplitudes evoked under a constant stimulation 852 

intensity, indicating that this stimulus intensity was at the threshold for recruiting an additional 853 

fiber. N = 8 repetitions at 0.1 Hz for each stimulation intensity. A3, Example traces from the 854 

recording in A1 before (in gray) and after offline Rs -compensation (Black or red trace). For the 855 

larger IPSC, offline Rs-compensation resulted in a larger than 50 % amplitude increase (red 856 

trace, and red data points in A2).The data in A1-A3 are from the same recording. B1, B2, 857 

Example IPSC input - output curve from another LSO neuron. In this example, a more gradual 858 

IPSC increase was apparent at higher stimulation intensities. C, Histograms of unitary IPSC 859 

amplitudes for each recorded cell. Note that for cells #3 and #7, steps could not be identified for 860 

all parts of the input-output curve, and the more graded IPSC increase is reported as a dotted 861 

line. The example recordings shown in A and B correspond to cells #9 and #7, respectively.  D, 862 

Histogram of the unitary IPSC amplitudes combined from all recordings (average ± SD: 2.37 ± 863 

2.1 nA; n = 42 unitary IPSCs from n = 9 cells; bin size = 200 pA). Note that the distribution is 864 

right-skewed. E, Histogram of all the unitary IPSC amplitudes, logarithmized, and fitted with a 865 

Gaussian function. F, Normal probability plot of the logarithmized unitary IPSC amplitudes. 866 

Note that the majority of the data points lie close to the unitary line (except for the smallest and 867 

largest values), consistent with a normal distribution. G, Plot of the unitary IPSC amplitudes in 868 

their order of appearance, from lowest to highest stimulation intensity, for n = 9 recordings. 869 

Average values for the first (left) and the last (right) unitary IPSC are also shown (grey average 870 

data points ± S.D.) 871 
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Figure 2. Inhibitory conductances at physiological intracellular Cl
-
 concentration  872 

A1, IPSCs recorded with low [Cl
-
]i (6 mM), evoked by increasing electrical stimulation 873 

intensities as indicated. Holding potential was -50 mV. A2, Input - output curve for the IPSCs 874 

recorded in A1. B1, IPSCs recorded under low [Cl
-
]i, at holding potentials ranging of -90 mV, -875 

85 mV and - 80 mV and then increments of + 10 mV. Each trace is the average of n = 8 IPSCs. 876 

B2, I-V plots of IPSCs recorded under low [Cl
-
]i conditions (left data points, same recording as 877 

in A, B1), and under high [Cl
-
]i from a different cell. C, Reversal potentials obtained for the 878 

IPSCs measured under high (n = 2 cells) and low [Cl
-
]i solutions (n = 5 cells). Horizontal bars 879 

indicate the average. D, Average and individual values of the conductance of the unitary IPSCs 880 

for the data in this Figure measured under low [Cl
-
]i (left). The data on the right represents the 881 

conductance values of unitary IPSCs under high [Cl
-
]i, converted from the measurements of 882 

unitary IPSC shown in Figure 1. Note the significantly smaller unitary IPSCs under conditions 883 

of low [Cl
-
]i (p < 0.0037; Mann-Whitney test). 884 

 885 

 886 

 887 

Figure 3. Minimal optogenetic stimulation of PV-positive fibers reveals large unitary 888 

IPSCs 889 

A, Scheme of the experimental design, in which blue light pulses were delivered onto the LSO 890 

(or sometimes MNTB) in PV
Cre

 x ChR2 mice. B, Immunohistochemistry performed in a PV
Cre

 x 891 

ChR2 mouse at P21on the level of the LSO, with antibodies against VGAT (red channel) and 892 

GFP to localize ChR2-eYFP (green channel). Scale bar: 5 µm. C1, C2, Light-evoked IPSCs 893 

obtained with 1 ms light pulses onto LSO (blue trace) at increasing light intensities. In C2, the 894 

holding potential (Vhold) was lowered to -20 mV. D, Plot of the latency of the optogenetically 895 

evoked IPSCs as a function of LED light intensity, fitted with a single-exponential function. 896 

Data points are from the recording in C. E1, E2, Minimal optogenetic stimulation in the LSO 897 
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with either 1 ms long pulses (left and middle panel) or with prolonged (5ms) but even dimmer 898 

light pulses (right). IPSCs are shown with a continuous line before and with a dotted line after a 899 

second peak occurs. F, Histogram of the amplitudes of the first IPSC peaks in E, fitted with a 900 

multi-peak Gaussian function (n = 83 events). G, Plot of the unitary IPSC amplitudes for each 901 

recorded cell, estimated by optogenetic stimulation in the LSO. For the first five cells, a 902 

subsequent optogenetic stimulation was performed in the MNTB (see K). H1, Histogram of the 903 

unitary IPSC amplitudes combined from all recordings. H2, Histogram of the logarithmized 904 

unitary IPSC amplitudes. The distribution can be fitted with a Gaussian curve, except for the 905 

very small values. H3, Normal probability plot of the logarithmized unitary IPSC amplitudes. 906 

Note that the majority of the data points lie close to the unitary line, consistent with a log-907 

normal distribution. I, IPSCs recorded in the same neuron as shown in C and E, but with the 908 

optical stimulation moved to the MNTB area, for two different light intensities (left, and right). 909 

J, Histogram of all the first peak IPSC amplitudes with light stimulation in the MNTB, fitted 910 

with a multi-peak Gaussian function (n = 104 events). K, Plot of the unitary IPSC amplitudes 911 

for each recorded cell, estimated by optogenetic stimulation in the MNTB. L, Average values of 912 

the unitary IPSC amplitudes evoked with light stimulation in the LSO (black) or MNTB (red; n 913 

= 45 and 29, respectively). Note the significantly smaller unitary IPSCs evoked by optogenetic 914 

stimulation in the MNTB (p < 0.0005; Mann-Whitney test). Error bars indicate S.D.  915 

 916 

 917 

 918 
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Figure 4. Optogenetic stimulation of the excitatory synapses under the PV promoter 

reveals small unitary EPSCs amplitudes 

A1, Light-evoked EPSCs obtained with 1 ms light pulses to the surrounding LSO tissue at 919 

increasing intensities in a PV
Cre

 x ChR2 mouse. The recordings were done in the presence of 920 

strychnine (2 µM) and bicuculline (10 µM) to block inhibitory inputs. The pink trace in the 921 

most left graph indicates a failure. The other traces obtained with the same light stimulation 922 

were off-set for clarity. Note the early-rising, but more slowly decaying light - evoked 923 

photocurrent. Faster rising - and decaying glutamatergic EPSCs are also observed. A2, Input - 924 

output curve for the same experiment. Note the discrete, but small first "step" with weak light 925 

intensities (see inset). B, Histogram of the EPSC amplitude measured at the threshold for 926 

successful stimulation in the same recording as shown in A1 and A2. The average of this 927 

distribution (30 ± 15 pA, n = 67 events) was taken as the estimate of the unitary EPSC. C, 928 

Individual- and average data points of unitary EPSC amplitudes. Error bars indicate S.D. 929 

 930 

 931 

  932 
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Figure 5. Optogenetic stimulation under the Math5 promoter reveals high convergence of 933 

bushy cell inputs to LSO neurons 934 

A, Scheme of the experimental design, in which blue light stimulation was delivered to LSO 935 

tissue of Math
Cre

 x ChR2 mice. B, Immunohistochemistry at the level of the LSO with an anti-936 

GFP antibody (green channel, to detect the transgenic ChR2-eYFP), and an anti-VGluT2 937 

antibody (red channel, to detect glutamatergic nerve terminals). Scale bar: 5 µm. C, Light-938 

evoked EPSPs (top traces) and EPSCs (bottom traces) recorded in the same example cell; light 939 

stimuli of increasing intensity were applied to the surrounding LSO tissue. D1, Occurrence of 940 

APs, and EPSP amplitudes plotted as a function of blue light intensity. A stimulus at a given 941 

intensity was repeated three times at 0.1 Hz. D2, EPSC amplitudes plotted as a function of 942 

stimulus light intensity. The data in panels C - D are from the same recording. E, Input-output 943 

curves of optically evoked EPSCs for n = 7 cells. Each data point represents the average of n = 944 

3 repeated stimuli at a given light intensity. F, Average- and individual data points of the 945 

unitary EPSC amplitude (left), and of the EPSC amplitude measured at the threshold of a 946 

reliably triggered AP (right). G, Average- and individual data points of the estimated number of 947 

inputs (left), and of the maximal EPSC amplitude (right). 948 

 949 

  950 
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Figure 6. The effective window for inhibition is brief and determined by the ratio of 951 

excitatory- and inhibitory conductances 952 

A1, top, Response of an LSO neuron to optogenetic stimulation of bushy cell inputs in a 953 

Math5
Cre

 x ChR2 mouse at 10% of maximal LED intensity. Note the reliably evoked APs 954 

(curtailed at -20 mV). Bottom, response of the same LSO neuron to electrical stimulation of 955 

MNTB fibers (at 18 V), which generates an IPSP of about - 15 mV, and an IPSC of 0.87 nA 956 

(red trace). A2, IPSCs recorded in the same LSO neuron evoked by the two different 957 

stimulation intensities (5 and 18 V) used for the E - I integration experiment. B, E - I integration 958 

experiment: the timing of optogenetic stimulation (EPSP onset is indicated by a gray arrow) 959 

was varied relative to inhibition (indicated with a dashed line) to find the optimal time 960 

difference for effective inhibition. The optogenetic stimulation of bushy cell fibers is marked by 961 

blue bars (1 ms light pulses at 10 %). The time differences between the onset of the IPSP and 962 

the onset of the EPSP are indicated ("t" values). Note that AP firing was suppressed (star 963 

symbols) when IPSP and EPSP occurred nearly synchronously. C, Probability of AP generation 964 

plotted as a function of the time difference between the IPSP and EPSP onset. Red data points 965 

were obtained with the higher electrical stimulation intensity (18 V; IPSC of 0.87 nA or 33.5 966 

nS), while the pink data points were obtained with the lower stimulation intensity (5 V; IPSC of 967 

0.31 nA or 12.3 nS). Each data point was estimated from n = 5 repetitions. The width of the 968 

inhibition period is referred to as the effective inhibition window. The data in A - C were from 969 

the same recording. D, Plot of the effective inhibition window as a function of the inhibitory 970 

conductance, for all cells investigated (n = 6). Data points linked by a continuous line represent 971 

recordings under the first (usually weaker) optogenetic stimulation of excitatory inputs, whereas 972 

data points linked by a dotted line represent recordings with the second (usually stronger) 973 

excitatory inputs. The resulting values for excitation strength, gexc (nS), are indicated in the 974 

label (value for the second excitation strength, in brackets). E, Same data as in D, but now 975 

plotted as a function of the ratio between the inhibitory and the excitatory conductance in each 976 
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cell. The grey area highlights an observed effective inhibition window of 1 – 3 ms, for which 977 

ratios of inhibition over excitation of at least 2 were necessary. F, Plot of the IPSC and IPSP 978 

half-widths (empty and filled squares, respectively) and of the effective inhibition window 979 

(open circles), as a function of Ginh.  980 

 981 

 982 

  983 
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Figure 7. The strengths and numbers of unitary inhibitory and excitatory inputs are key 984 

determinants of the tuning curve and the spontaneous firing properties of LSO neurons 985 

A, Schematic representation of the connectivity of excitatory and inhibitory inputs onto an LSO 986 

neuron as modelled here. B, Summary of the parameters used for the model simulations (see 987 

Methods for further details). The parameters shown in bold typeset are those of "case 1" (see 988 

panels D - G) and these connectivity-related parameters were varied in the simulations; all other 989 

parameters were fixed. C1, The simulated firing rates of the excitatory and inhibitory afferents 990 

onto an LSO neuron (black and red traces, respectively), which function as input to the model. 991 

C2, Plot of the distribution of conductance values of n = 8 inhibitory inputs used for case 1 and 992 

4. D1, Simulated postsynaptic conductances in response to modelled input firing rates of N = 8 993 

inhibitory, and N = 40 excitatory inputs (red and black traces, respectively). D2, The resulting 994 

membrane potential (Vm) trace (top), spike raster plot for 1000 repetitions (middle), and peri-995 

stimulus spike time histograms (bottom). Note the large hyperpolarizing fluctuations in the Vm 996 

trace caused by the strong unitary strength of inhibition. Inset: distribution of the Vm values 997 

under background input activity. E1, E2, Similar display of simulation results as in D1, D2, but 998 

now modelled for N = 40 inhibitory afferents, with proportionally reduced unitary IPSC 999 

strength (1.8 nS; "case 2"). Note the smaller fluctuations of Vm values (inset), and the absence 1000 

of spiking responses with the 60 Hz / 60 Hz stimulation, as compared to case 1, and the smaller 1001 

spontaneous firing visible in the spike raster plots in-between stimulations. F, Average 1002 

spontaneous firing rates of the LSO neuron for the four modelled cases. G, Evoked firing rates 1003 

of the LSO neuron for three modelled cases, in response to excitatory inputs firing at 60 Hz and 1004 

inhibitory inputs firing from 10 to 120 Hz, thus simulating varying sound intensity at the 1005 

contralateral ear. H, Spontaneous firing rates (left) and tuning curve (right) when the number of 1006 

inhibitory inputs is varied over a larger range. I, Spontaneous firing rates (left) and tuning curve 1007 

(right) when the number of excitatory inputs is varied over a larger range. Note the strong 1008 

influence of the excitatory convergence on spontaneous firing rates. J, Evoked firing rates of 1009 
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the LSO neuron for the modelled cases 1 and 4. The error bars in panels F - I correspond to the 1010 

standard deviation. 1011 
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