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Synaptic Mechanisms Underlying Temporally Precise
Information Processing in the VNLL, an Auditory Brainstem
Nucleus
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Large glutamatergic, somatic synapses mediate temporally precise information transfer. In the ventral nucleus of the lateral lemniscus,
an auditory brainstem nucleus, the signal of an excitatory large somatic synapse is sign inverted to generate rapid feedforward inhibi-
tion with high temporal acuity at sound onsets, a mechanism involved in the suppression of spurious frequency information. The
mechanisms of the synaptically driven input-output functions in the ventral nucleus of the lateral lemniscus are not fully resolved.
Here, we show in Mongolian gerbils of both sexes that, for stimulation frequencies up to 200 Hz, the EPSC kinetics together with
short-term plasticity allow for faithful transmission with only a small increase in latency. Glutamatergic currents are exclusively medi-
ated by AMPARs and NMDARs. Short-term plasticity is frequency-dependent and composed of an initial facilitation followed by
depression. Physiologically relevant output generation is limited by the decrease in synaptic conductance through short-term plasticity
(STP). At this endbulb synapse, STP acts as a low pass filter and increases the dynamic range of the conductance dependent input-
output relation, while NMDAR signaling slightly increases the sensitivity of the input-output function. Our computational model
shows that STP-mediated filtering limits the intensity dependence of the spike output, thus maintaining selectivity to sound transients.
Our results highlight the interaction of cellular features that together give rise to the computations in the circuit.

Key words: auditory system; endbulb synapse; glutamatergic signaling; synaptic transmission; temporal precision; ventral
nucleus of the lateral lemniscus
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Auditory information processing in the brainstem is a prerequisite for generating our auditory representation of the environ-
ment. Thereby, many processing steps rely on temporally precise filtering. Precise feedforward inhibition is a key motif in au-
ditory brainstem processing and produced through sign inversion at several large somatic excitatory synapses. A particular
feature of the ventral nucleus of the lateral lemniscus is to produce temporally precise onset inhibition with little temporal
variance independent of sound intensity. Our cell-physiology and modeling data explain how the synaptic characteristics of
different current components and their short-term plasticity are tuned to establish sound intensity-invariant onset inhibition
that is crucial for filtering out spurious frequency information. j

spectral splatter (Spencer et al., 2015), a function based on the

Introduction etal : \ctio :
The ventral nucleus of the lateral lemniscus (VNLL) is involved ~ ©Octopus cell area (VNLL) inferior colliculus circuitry. Neurons in
the ventral aspect of the VNLL receive large, somatic, glutama-

in suppressing spurious frequencies, as they occur during
tergic synapses (Adams, 1997; Berger et al., 2014; Caspari et al.,

2015) that originate in the octopus cell region of the cochlear nu-
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cleus (Stotler, 1953; Friauf and Ostwald, 1988; Adams, 1997;
Schofield and Cant, 1997; Smith et al., 2005) and send GABA-/
glycinergic projections to the inferior colliculus (Saint Marie et
al,, 1997; Kelly et al., 2009; Moore and Trussell, 2017). Thus,
VNLL neurons are considered to generate rapid feedforward in-
hibition. Feedforward inhibition with high temporal precision
has been shown to be important not only in the binaural system
(Pecka et al., 2008; Myoga et al., 2014; Beiderbeck et al., 2018;
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Franken et al,, 2021), but also, for example, to enable high-fre-
quency oscillations in the hippocampus (Bartos et al., 2002) and
controlling feedforward versus feedback processing in cortico-
thalamic loops (Cruikshank et al., 2010). Thereby, the functions
differ from rapid subthreshold integration to the generation of
oscillatory network behaviors and gating of information.

The physiological hallmark of VNLL neurons with presum-
ably large endbulb synapses is a rapid, temporally accurate onset
response, of which the latency is little affected by sound intensity
(Covey and Casseday, 1991; Zhang and Kelly, 2006a,b; Liu et al.,
2014; Recio-Spinoso and Joris, 2014). Their modulation transfer
functions are tuned for onset responses to envelope sounds in a
frequency range <250Hz (Zhang and Kelly, 2006a; Recio-
Spinoso and Joris, 2014). Biophysically, ventral VNLL neu-
rons are characterized by an onset action potential (Wu,
1999; Caspari et al., 2015; Franzen et al., 2015; Baumann
and Koch, 2017; Kladisios et al., 2020), and membrane dy-
namics that amplify output frequencies ~20 Hz (Fischer et
al., 2018). The endbulb inputs are large, fast, and depress
during ongoing activity (Wu, 1999; Caspari et al., 2015;
Baumann and Koch, 2017; Kladisios et al., 2020).

In the mature auditory brainstem, NMDAR signaling influen-
ces synaptic information transfer and sound processing by its
electrogenic component (Kelly and Kidd, 2000; Pliss et al., 2009;
Porres et al., 2011; Ammer et al., 2012; Siveke et al., 2018, 2019) .
Since NMDAR currents are small in mature auditory brainstem
neurons, a small and slow inward current can functionally par-
take in sound processing. In some auditory synapses, AMPAR
currents decay biexponentially with a large, fast and a small,
slow component (Berger et al., 2014). Whether this small,
slow AMPAR-current component contributes to sound proc-
essing is unclear.

Short-term plasticity (STP) is implicated in neuronal filtering
(Fortune and Rose, 2001; Chung et al, 2002), gain control
(Rothman et al.,, 2009; Pedroarena, 2020), and temporal integra-
tion (Kuba et al., 2002; Cook et al., 2003). STP, and predomi-
nantly depression, occurs in vitro in nearly all auditory synapses
(Friauf et al., 2015). However, in mature mammals, the influence
of STP in auditory brainstem structures is debated because in
vitro observations were not corroborated in vivo (Lorteije et al.,
2009; Kuenzel et al., 2011). Arguments for solving this contra-
diction are that in vivo release probabilities are very low, so
depression is not prominent (Borst, 2010), and the presence
of spontaneous activity (Bajo et al., 1998; Hermann et al.,
2007; Kopp-Scheinpflug et al., 2008) might put the synapse
in an ongoing steady-state depression, resulting in a largely
invariant level of input size.

Here, we investigated the synaptic contributions to the gener-
ation of output and its temporal precision at the mature endbulb
synapse in the VNLL under physiologically relevant conditions.
NMDAR, but not slow AMPAR, current components amplify
the supra-threshold output and increase the sensitivity of
the STP-modulated conductance and frequency-dependent
filter functions. Modeling acoustically driven VNLL spiking
activity indicates that the presence of STP maintains the
specificity of the VNLL output to sound onset and supports
invariance of output generation to sound intensities.

Materials and Methods

Animals and ethics statement. Mongolian gerbils (Meriones unguicu-
latus) were bred in the institute’s animal facility on a Charles River he-
reditary background. Animals were kept in a 12 h dark-light cycle at 22°
C and 35%-44% humidity and had access to food pellets and water ad
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libitum. Animals of either sex and with an average postnatal age (P) of
25.76 + 0.5d (range P18-P37) were used. All experiments were per-
formed in accordance with institutional guidelines and regional
laws, and approved by the University’s animal welfare committee
under TiHo-T-2021-4.

Slice preparation. Animals were anesthetized with isoflurane and
decapitated. Brains were rapidly removed in cold preparation solution
consisting of the following (in mm): 120 sucrose, 25 NaCl, 25 NaHCO;,
1.25 NaH,PO,, 2.5 KCl, 25 glucose, 0.4 L-ascorbic acid, 3 myo-insositol,
2 Na-pyruvate, 3 MgCl,, and 0.1 CaCl,, with a pH of 7.4 when oxygen-
ated with 95% O, and 5% CO,. Trimmed brain tissue was cut into
200-pum-thick coronal sections containing the VNLL with a VT1200S
vibratome (Leica Microsystems). Slices were incubated at 34°C for
45min in recording solution containing the following (in mm): 125
NaCl, 25 NaHCO3, 1.25 NaH,PO,, 2.5 KCl, 25 glucose, 0.4 L-ascorbic
acid, 3 myo-inositol, 2 Na-pyruvate, 1 MgCl,, and either 2 CaCl, for
voltage-clamp experiments presented in Figure 1, or 1.2 CaCl, for the
remaining data, and with a final pH solution of 7.4 when oxygenated
with 95% O, and 5% CO,.

Slice recordings. Slices were transferred to a recording chamber inte-
grated into an upright microscope (BX51 WI, Olympus) and continu-
ously perfused with recording solution at 33-35°C. Electrophysiological
recordings were performed using an EPC10/2 USB amplifier (HEKA)
controlled by PatchMaster software. For conductance clamp recordings
(see Figs. 3-9), we adapted the system introduced by Yang et al. (2015),
where a slave computer was connected via a DA board interface (BNC-
2090A, National Instruments) with the HEKA amplifier. The slave com-
puter calculated in near real-time the required stimulation current to
accommodate the electrochemical driving force, dictated by the conduct-
ance of the appointed templates in relation to the membrane potential of
the neuron and reversal potential of the conducting ions. VNLL neurons
were visualized by either a TILL-Imago VGA or SCMS PCO.edge 3.1m
camera controlled by TILLvisION imaging system (FEI) or Camware64
imaging (PCO Imaging) system, respectively. All reported potentials
were corrected for liquid junction potential (LJP) according to Barry
(1994), by comparing ionic concentration gradients between intracellu-
lar and extracellular solutions (Ammer et al., 2015). The intracellular so-
lution for voltage-clamp experiments contained the following (in mm):
130 Cs-gluconate, 10 HEPES, 20 TEA-CI, 4 MgATP, 0.3 Na,GTP, 5 Na,-
phosphocreatine, 5 Cs-EGTA, 5 Qx-314, and 0.1 spermine, with a calcu-
lated LJP of 13.3mV. For conductance clamp recordings, the internal
solution contained the following (in mwm): 145 K-gluconate, 15 HEPES,
4.5 KCl, 7 Na,-phosphocreatine, 2 Mg-ATP, 2 K,-ATP, 0.3 Na,GTP,
and 0.5 K-EGTA, resulting in an LJP of 15.95mV. Both solutions also
contained 50 pum Alexa-594 for cell visualization. For voltage-clamp
experiments, VNLL neurons were held at —63mV. Access resistance
was compensated to a residual of 3 m{). For conductance clamp record-
ings, LJP was corrected online and the bridge balance was set to 100%.
Overall, data acquisition rate was set at 50 kHz and filtered with a low-
pass cutoff of 3 kHz.

Synaptic currents were evoked with a local monopolar glass elec-
trode filled with recording solution, positioned near a patched neu-
ron. Biphasic synaptic stimulations of 200 ps length were triggered
via a stimulator unit (Model 2100 A.M. Systems) and amplified by the
EPC10/2. EPSCs were pharmacologically isolated by blocking inhibitory
GABA- and glycinergic inputs with 10 M SR95531 and 1 pim strychnine
(Stry), respectively. To isolate different glutamatergic components of the
synaptic currents, 10 pm (R)-CPP, 50 um GYKI-53655, and 20 pm
DNQX were applied to, respectively, block NMDAR-, AMPAR- and
KAR- (other non-NMDA) mediated currents. To estimate [-V relation-
ships (see Fig. 1), neurons were held from —93to 67mV, in 10mV step
intervals and recorded in 2 mm extracellular Ca®* concentration. As
pharmacologically verified, the EPSC peak at the stimulus onset was
defined as the AMPAR, and the residual current 5 ms afterward as the
NMDAR current. The decay time of synaptic inputs was estimated by
fitting biexponential functions at the peak of the EPSC. Weighted decay
time was calculated according to the following: 7, = (7, * A, + 7, *
A,)/(A; + A,), where 7, and 7, represent the fast and slow decay time,
with the corresponding amplitude fractions A; and A,.
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Figure 1. EPSCs at the endbulb of Held are AMPAR- and NMDAR-mediated. A, Top,
Exemplary EPSCs of the VNLL synapse recorded at different step potentials (—93 to 67 mV,
10 mV increments) during single fiber stimulation with 2 mu extracellular Ca** from a P19
gerbil. Inhibitory inputs were blocked with 10 zm SR95531 and 1 uum strychnine. Non—
NMDAR-mediated peak size was defined as the maximum current deflection at the beginning
of the stimulus (orange symbol), and NMDAR-mediated component as the current size after
5ms (blue symbol). Bottom, Addition of 10 m R-CPP blocks the NMDAR-mediated compo-
nent. B, I~V relationship of NMDAR- (blue) and non—-NMDAR-mediated currents (orange),
before and after R-CPP application (filled and open circles, respectively). Inset, Enlarged plot
of the NMDAR-mediated /~V curve. A sigmoid Boltzmann fit (black) described the nonlinear
relationship (Vigr = —24.3mV, Ve = 23mV). Qalibration: 20mV, 300 pA. ¢, Non—
NMDAR-mediated current (top) and full elimination after application of the AMPAR antago-
nist GYKI-53655 (bottom). D, /-V/ relationship of non—NMDAR-mediated currents before and
after GYKI-53655 application (filled and open circles, respectively). E, 71 and 7, calculated
from biexponential fits to EPSC decays before and after R-CPP application. F, The average
weighted decay time (7,,), plotted against step potentials. B, D-F, Data are mean = SEM.
n=7(AB),n=6(C-F.P212 = 1.

In order to define the rate of the frequency-dependent STP, we
stimulated afferent fibers with 20 pulse trains and frequencies
ranging from 1 to 333 Hz, in physiological extracellular Ca®" con-
centration (1.2 mwm). The envelope current amplitudes of each
pulse, calculated as the maximum current deflections from the
baseline before stimulations, were normalized to the amplitude of
the first EPSC. Paired-pulse ratio (PPR) was calculated as the ratio
of the second to the first EPSC size, and steady state as the average
STP ratio of the last three pulses.

Kladisios et al. ® Synaptic Mechanism for VNLL's Onset Responsiveness

Synapse model. To simulate synaptic trains in conductance clamp,
we generated templates with linear AMPAR-and nonlinear NMDAR-
mediated conductances. In order to estimate the nonlinear behavior of
NMDARSs, we fitted sigmoid Boltzmann curves in the I-V relationships
of the NMDAR current and estimated the average half-activation voltage
(Vhare = —24.282mV) and activation rate (Vyye = 23.046). During con-
ductance clamp recordings, the injected current for simulated AMPAR
(simAMPAR) and NMDAR (simNMDAR) conductances was individu-
ally calculated online (AMPAR: Ixppa = G(t) (Vin = Viey); NMDAR:
Invpa = (Vin = View) GOO/(1 + exp[(Vhair = Vin)/Viael)- To assert possi-
ble contribution of simNMDAR conductance to output genera-
tion, every cell was challenged with only simAMPAR, and with
simAMPAR plus simNMDAR EPSGs. Both templates were scaled
in size between 15% and 100% of the average unitary EPSC. In this
study, the average conductance of a unitary EPSC from a single
terminal recorded in 1.2 mMm extracellular calcium concentration
was 78.9 nS. Action potential generation rate was analyzed for all
EPSG paradigms.

To detect potential contribution of the slow simAMPAR component
to action potential generation, EPSGs with stable 7, and 7, but with dif-
ferent amplitude ratios of A, to Aj, expressed as %, and ranging from 0
to 100 were generated. Twenty pulse EPSGs of frequencies between 10
and 400 Hz, with corresponding STP ratios were scaled and the success
rate of action potential generation was determined. Additionally, the
absolute refractory period of VNLL neurons was calculated, by injecting
paired-pulse simAMPAR EPSG spikes, with or without NMDAR con-
ductance, and with interstimulus frequencies between 100 and 2000 Hz.

To approach a more physiological state of synaptic transmission,
8-s-long EPSG templates were generated with custom-written func-
tions in MATLAB (The MathWorks). EPSG generation incorpo-
rated AMPAR and NMDAR Kkinetics and frequency-dependent
simulated STP (simSTP), as shown in Figures 1 and 2. Stimulation
templates either excluded simSTP and contained only simAMPAR
conductances (EPSGanpa = Ag * (A #(exp[(t - to)/taug] — exp[- (t -
to)/taugl)), where A;=4.9152e-9, A =237.295, taug = 1.3634e-4, tauy =
1.3793e-4, and ty = 0.0011), or AMPAR and NMDAR conductances
(EPSGnmpa = EPSGanmpa 1 Ag * (A * (exp(t - to)/taug — exp(t - to)
tauyg)), where Ay = 4.9152¢-9, A=0.079, taug = 5.465le-4, taug =
0.0172, and to = 0.0013). The second set of templates incorporated a phe-
nomenological model of simSTP, and was based either on simAMPAR
or simAMPAR and simNMDAR conductances. Although the simSTP
model includes physiological interpretable parameters, such as vesicle
resource (R) and probability (P) of release, it should not be seen as a
reflection of biophysical reality, simply owing to its restriction to a single
vesicle pool and a single facilitatory term. Phenomenological models
of that kind have been successfully used to simulate dynamical syn-
aptic transmission under ongoing stimulation in other synapses
(Markram and Tsodyks, 1996; Sen et al., 1996; Hanson and Jaeger,
2002; Gundlfinger et al., 2007; Hermann et al., 2009). The simulated
amplitude A,= P,R, on stimulus n was thereby calculated as prod-
uct of release probability P and apparent pool size R of releasable
vesicles with P, = (f (Pmax = Pn.1) + (Pao1 — Po)) * exp(=dt/taug) + po
and R, = Ry + ((1 - P,.1) * Ry — Rp) * exp(-dt/taug), where f=
0.987 is the facilitation factor, taug = 10.9 ms the time constant of
decay of faciltation, taug = 1.07 s the time constant of pool replenish-
ment, ppax = 0.0807 and po = 0.0609 denote the bounds for P, and dt
the interstimulus time between input n and n-1. Parameters were
obtained from numerical minimum least square fits to the depres-
sion curves in Figure 2C. Interstimulus intervals dt were Poisson-
distributed restricted to instantaneous frequencies between 1 and
800 Hz. As previously, each cell was injected with either simAMPAR
alone, or with the addition of simNMDAR EPSGs, and template size
was scaled between 20% and 120%. All experiments were repeated
3-10 times, and the results were averaged for each neuron.

Output success rate was defined as the ratio of supra-threshold
events to the total number of delivered pulses, and action potential la-
tency (see Fig. 7) as the duration between the pulse and action potential
peak. Action potential latencies were either averaged across all supra-
threshold events in response to each EPSG template, or individually
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Figure 2.  STP of the VNLL synapse. A, Left, EPSCs of a P22 VNLL neuron, evoked with a 20 pulse stimulation train of 1Hz
and 1.2 mw extracellular Ca**. For comparison, the first and last EPSCs are plotted as black traces. Right, EPSCs from the same
neuron evoked with a 20 pulse stimulation train of 333 Hz. The neuron was held at —63 mV. B, Maximum EPSC size. Open
circles represent individual synapses. Black circle represents average = SEM. n=14. C, Average STP of envelope EPSCs, normal-
ized to the first EPSC size for stimuli of 1, 10, 50, 100, 250, and 333 Hz. D, PPR, as a fraction of the second to the first EPSC
size. E, Normalized steady-state depression (st.st. norm.), plotted against stimulation frequency before and after R-CPP applica-
tion (filled and open cirles, respectively). F, The temporal decay of the last EPSC before and after R-CPP was calculated by fit-
ting a biexponential function (red line) at the end of the stimulation trains. G, Weighted decay times (7,) of the last pulse
were plotted against stimulation frequencies before and after R-CPP application (filled and open circles, respectively). H,
Pharmacologically isolated NMDAR-mediated current evoked by stimulation trains of 1-333 Hz. Top, Twenty overlaid NMDAR-
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plotted against the maximum peak conductance of
each pulse. Latency values from templates with-
out STP were averaged and compared with
latencies derived from templates with STP. The
latency from the latter responses was averaged
at conductance levels of =5 nS from templates
without STP. Frequency sensitivity of action
potential generation was analyzed by pooling
of all supra-threshold events within a bin of
100 Hz of stimulation frequencies. Output was
furthermore normalized to the number of stim-
ulations within the frequency bin (see Fig. 8).

Circuit simulations. We used the octopus cell
model described by Rebhan and Leibold (2021) to
generate model octopus cell spike trains for sound
stimuli in a population with center frequencies
between 1 and 10kHz. In brief, the model uses a
modified (Zilany-Bruce-Carney) periphery model
(Zilany et al,, 2009, 2014) adjusted to human pa-
rameters and feeds its output into a phenomeno-
logical octopus cell model, which primarily acts as
a differentiator (Oertel et al., 2000). The obtained
octopus cell spikes were then used as input to the
synaptic dynamics described in the previous para-
graph (AMPA+NMDA+/—STP). The synaptic
inputs were then fed into a model VNLL cell, mod-
eled as a leaky integrate and fire model with time
constant 5ms (Fischer et al., 2018), threshold of
0.25mV X input resistance (in MOhms) and a
prolonged refractory period of 10 ms to effectively
model feedforward inhibition.

Data analysis and statistics. Electrophysiological
data were analyzed with custom-written Igor
Pro Version 7 (WaveMetrics) functions and fur-
ther processed with Microsoft Excel. MATLAB
R2016a (The MathWorks) software was used to
generate the Poisson-distributed templates. For
the results of Figure 1, a total of 13 neurons
from 12 animals were recorded; and for Figure
2, 16 neurons from 15 further animals were ana-
lyzed. Figures 3 and 4 show data collected from
11 neurons and 5 gerbils, and from 10 neurons
and 5 gerbils, respectively. Figure 5 shows data
from 11 neurons and 3 animals, Figures 6-9
from 22 neurons from 12 gerbils. Statistical
analysis was conducted with GraphPad Prism
version 9.2.0. Datasets were tested for normal
distribution using the Kolmogorov-Smirnov
test. All data indicated normal distribution,
except from the 7, values at —43 and —53 mV of
Figure 1. The lack of normal distribution for
these two data points is not relevant for the ex-
perimental design and interpretation of this
study. Statistical comparisons were performed
either with one-way ANOVA with post hoc
Tukey test, or paired and unpaired multiple ¢
tests, with Holm-Sidak correction. The signifi-
cance level was set at 5%. Data are presented as
mean = SEM.

«—

mediated EPSCs of 1Hz trains. Bottom, NMDAR-mediated EPSCs
evoked with 333 Hz train. Black traces represent the first and last
EPSCs of the stimulation train. n=3. I, The decay time (7) of the
last NMDAR-mediated EPSC plotted against stimulation frequencies.
B-E, G, 1Hz n=11; 10Hz n=5; 50Hz: n=7; 100Hz: n=6;
250Hz n=7; 333Hz n=12. Data are mean = SEM.
P21.8 + 04.
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Results A
Pharmacological composition of glutamatergic

endbulb currents

Current components of the glutamatergic synaptic
transmission at the VNLL endbulb in hearing ger- J
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NMDAR antagonist R-CPP selectively abol-
ished the slow EPSC component, determined
at 5ms after the EPSC onset, confirming that
the second component is mediated by NMDA
currents (Fig. 1A). By plotting I-V curves for
both non-NMDAR- and NMDAR-mediated
currents (Fig. 1B), we showed that, even at hyper-
polarized potentials <—73mV, a small amount
of current (~40pA) permeates NMDARs. The
inward NMDAR current was maximal at —23 mV
with —0.22 + 0.08 nA (n=7). NMDAR-mediated
currents reversed at 0mV and showed outward
rectification. To extract the degree of voltage-
dependent Mg”" unblocking of NMDAR-medi-
ated currents, a sigmoid Boltzmann function
was fitted to the I-V curve, with resulting half-
activation voltage Vp,r = —24.282mV and acti-
vation rate V. = 23.046 (Fig. 1B, inset). Non-
NMDAR-mediated currents reversed at 0 mV
and showed strong inward rectification, in agreement with
earlier results (Kladisios et al., 2020). This suggests that mainly
GluR2 lacking AMPARs known from other auditory brainstem
nuclei (Geiger et al., 1995; Lujan et al., 2019; Franzen et al., 2020)
are underlying the adaptation of rapid synaptic transmission. The
maximal recorded non-NMDAR-mediated inward and outward
currents were —8.67 = 0.3 nA and 2.8 = 0.2nA recorded at step
potentials of —93 and 67 mV, respectively (n=7).

To assess whether the fast non-NMDAR component is exclu-
sively driven by AMPAR-mediated currents, we applied 50 pm of
the noncompetitive AMPAR antagonist GYKI, along with R-
CPP, strychnine, and SR95537. The application of GYKI fully
eliminated the EPSCs (Fig. 1C), as also seen in the I-V rela-
tionship of Figure 1D. Therefore, EPSCs at the endbulb are
exclusively mediated by AMPAR and NMDARs.

Next, we analyzed the EPSC kinetics of inward currents
before and after application of R-CPP, by fitting biexponential
functions at the peak of the EPSCs (Fig. 1E). The fast decay
time constant (7;) ranged between 0.16 and 0.52ms with
no voltage-dependent significant change between —93 and
—43 mV, for either control condition or during R-CPP appli-
cation (one-way ANOVA: -CPP, F3s5 = 1.221, p=0.319,
CPP, F(s35 = 0.6966, p=0.654). Furthermore, 7; values did
not change significantly in R-CPP (multiple paired ¢ test, with
Holm-Sidak correction, p > 0.05 for all step potentials), indi-
cating that the first component is voltage-insensitive and
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Impact of AMPAR- and NMDAR-mediated conductance on output generation during short stimulation
trains. A, Linear simAMPAR (orange) and nonlinear simNMDAR (blue) conductance templates (EPSGs) with 20
pulses and frequencies between 10 and 400 Hz. Either simAMPAR EPSGs were injected alone or together with
simNMDA EPSGs, and voltage responses were recorded. The voltage response to simAMPA EPSGs (black traces),
and to simAMPA and simNMDA EPSGs (gray traces), is shown at two template intensities of 50% and 100%. B,
Normalized output for either simAMPAR (orange symbols) or for simAMPAR and simNMDAR EPSGs (petrol sym-
bols) plotted against the injected template intensity according to stimulation frequency (symbol-coded). Gray lines
indicate normalized output level of 0.5. C, Same as in B, but with the normalized averaged output of the last 3
pulses of each EPSG stimulation train. D, Influence of simNMDAR conductance on normalized output. The
simNMDAR influence is depicted as the difference between the evoked output (recording with simNMDAR — re-
cording without simNMDAR conductance) normalized to the pulse number as a function of stimulation intensity.
Black symbols represent the overall normalized output difference. Gray symbols represent the difference of nor-
malized output of the last 3 pulses in the stimulation train. Stimulation frequency was symbol-coded as in B.
P31 = 0.1, n=11. Data are mean with one-sided SEM.

AMPAR-mediated. The slow decay time (7,) gradually increased
significantly with more positive step depolarizations, from 2.5+
0.9ms at —93mV to 10.4 = 2.3 ms at —43 mV (one-way ANOVA,
F35) = 7.004, p=>5.95¢-5). Application of R-CPP eliminated this
increase and 7, remained unchanged through all potential steps
(one-way ANOVA, Fs35) = 1.648, p=0.161) (Fig. 1E). This voltage-
dependent increase of 7, was significantly different >—53mV
between control and R-CPP (multiple paired ¢ test, with Holm-
Sidak correction, —53 mV, p=0.05; —63 mV, p=0.023). Even after
blocking of NMDAR conductances, the AMPAR-mediated EPSC
decay is composed of a fast and a slow time constant.

Combining the components of the EPSC decay time with the
fractional decay, we extracted the weighted EPSC decay time 7,
(71 % Ay + 7 % Ay))/(A; + Ay). 7 increased in a voltage-de-
pendent manner, with values of 0.25%* 0.04ms and 1.6*
0.44 ms at step potentials of —93 and —43 mV, respectively (one-
way ANOVA: -CPP, Fs 35, = 5.42, p =4.8e-4), and did not signif-
icantly change after R-CPP wash-in (one-way ANOVA: -CPP,
Fis3s) = 0.7322, p=0.627) (Fig. 1F). Overall, we showed that
EPSCs at the endbulb of Held are AMPAR-driven, with a small
but substantial contribution of NMDAR-mediated currents that
persist even in mature gerbils.

Frequency-dependent STP
Ongoing synaptic activity can lead to history-dependent
STP and thereby generate features, such as gain control
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Figure 4.  Impact of EPSC shape on output. A, VNLL AMPAR EPSGs with stable 7 and 7,

(Fig. 1£), and varying A,-to-A, fractions between 0% and 100%. B, Twenty pulse EPSG trains
of varying stimulation frequencies, each consisting of the six A,-to-A; fractions, were injected
(top) and the voltage response was recorded for different template intensities. Red and black
traces represent the extreme A,-to-A; fractions of 0% and 100%, respectively. €, Normalized
output, according to different Ay-to-A; fractions and stimulation frequencies. For clarity, only
output of 0% and 100% A,-to-A; fractions (red and black traces, respectively) are shown.
Gray line indicates the normalized output of 0.5. Data are mean values. D, Same as in C, but
with the normalized output of the last 3 pulses in the stimulation train. E, Difference of nor-
malized output between A,-to-A; of 100% and 0%. Solid lines indicate the overall output
difference. Dotted lines indicate the output difference for the last 3 pulses in the stimulation
train. Symbols mark frequendies, coded as in C. Data are mean and one-sided SEM. F,
Template intensity corresponding to 0.5 of normalized output, plotted against train frequen-
cies for the different A,-to-A,; fractions. Solid lines indicate cutoff values of all spikes. Dotted
lines indicate steady state. Data are mean == SEM. P30.6 == 0.3, n=10.

(Rothman et al., 2009; Pedroarena, 2020), temporal filtering
(Fortune and Rose, 2001; Kuba et al., 2002; Cook et al.,
2003), and sensory adaptations (Chung et al., 2002). To
assess the STP at the endbulb synapse, we stimulated single
afferent fibers with 20 pulse stimulation trains and frequen-
cies between 1 and 333 Hz. During stimulation, neurons
were held at —63 mV and inhibitory inputs were pharmaco-
logically blocked. To approximate physiological release
probability, the external solution contained 1.2 mm Ca**
(Borst, 2010).

J. Neurosci., August 24, 2022 - 42(34):6536-6550 - 6541

A B
¥
2008 =1200-
2
S
_ D w— 8 8004
£
,‘;3 400+
=
J 30 mV g
_J 2 ms = 0 T T T
a 40 80 120
500 Hz 1400 Hz template intensity [%]
Figure 5. Absolute refractory period of VNLL neurons. A, Equally sized, paired-pulse

simAMPAR and simNMDAR EPSGs (orange and blue, respectively) with varying template in-
tensity and interstimulus duration were injected. Two EPSGs of 500 and 1400 Hz, and the
corresponding voltage responses are exemplified. B, Temporal discrimination, as the fre-
quency where both pulses generated supra-threshold responses, was plotted against tem-
plate intensity. Data are mean = SEM. P29.7 = 0.1, n=11.

The amplitude of EPSCs during a 20 pulse stimulation train
depended on the stimulation frequency and pulse number. At
1 Hz intervals, EPSC amplitudes remained stable; while at higher
frequencies, EPSC amplitudes significantly depressed after an
initial increase (Fig. 2A). To analyze the STP, the envelope EPSC
amplitudes were normalized to the first EPSC amplitude,
which at physiological external Ca®>* concentrations was
—4.12nA (Fig. 2B). Normalized STP revealed an average
frequency-dependent interplay between initial facilitation
and depression (Fig. 2C). Stimulation frequencies <50 Hz
showed no facilitation and low synaptic depression. For fre-
quencies of >100 Hz, the second and eventually two more
following EPSCs increased in amplitude, followed by depres-
sion (Fig. 2C). The data from Fig. 2C were used to fit the pa-
rameters of our phenomenological STP model that was used
for further conductance clamp stimulations.

Synaptic facilitation and depression were quantified by
analyzing PPR and relative steady-state plasticity. PPR analy-
sis revealed that the synapses facilitate >100Hz (Fig. 2D).
Steady-state depression increased in a frequency-dependent
manner (Fig. 2E). At the end of the 20 pulse train, EPSC am-
plitude dropped to 89.9% and 61.5% of the initial EPSC for
frequencies of 1 and 50 Hz, respectively, and to 39.3% for
333 Hz. Blocking NMDARs with R-CPP had no significant
effect on steady-state depression (multiple paired ¢ test, with
Holm-Sidak correction, p > 0.05 for all frequencies) (Fig. 2E).

In order to examine the influence of stimulation frequen-
cies on the decay of EPSCs, the peak of the last EPSC was
fitted with a biexponential function (Fig. 2F). The weighted
decay time increased according to stimulation frequency,
starting with 0.2 = 0.02 ms at 1 Hz, and reaching 0.9 = 0.15 ms
at 333 Hz. Blocking NMDARs decreased 7, at high stimula-
tion frequencies of 333 Hz (multiple paired ¢ test, with Holm-
Sidak correction, frequencies 1-250Hz; p >0.05; 333 Hz,
p=0.0034) (Fig. 2G), indicating that NMDAR-mediated cur-
rent build-up is present during high-frequency stimulation
trains.

To obtain further insights into the frequency-dependent
NMDAR-mediated current build-up and kinetics, non-NMDAR
currents were blocked by DNQX, and NMDAR-mediated cur-
rents were recorded at 37 mV at varying stimulation frequencies
(Fig. 2H). Stimuli of higher frequencies elicited build-up cur-
rents. Furthermore, the decay time (7) of the last NMDAR-
mediated EPSC was measured by fitting an exponential function.
In all three recorded neurons, an increase in 7 was detected for
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frequencies up to 50 Hz. Above 50 Hz, the
NMDAR-mediated current decay remained
constant, between 30 and 60ms (Fig. 2I,
n=3). Last, the 20%-80% rise time of the
NMDAR-mediated current was calculated
as 1.29 = 0.03 ms (n=38).

Impact of distinct synaptic properties
on action potential generation
After having characterized AMPAR- and
NMDAR-mediated EPSCs and their STP,
we sought to gain insights into their func-
tional contributions. Therefore, we decom-
posed their synaptic components and
measured output generation by recording
voltage responses of VNLL neurons in con-
ductance clamp. Linear simAMPAR, and
nonlinear simNMDAR conductance tem-
plates (EPSGs) of 20 pulses and frequen-
cies between 10 and 333 Hz were created,
and included a simSTP template according
to the average initial EPSC amplitude,
decay kinetics, STP, and voltage-depend-
ent activation, as described in Figures 1
and 2. Additionally, 20 pulse EPSG trains
of 400 Hz were generated, and their STP
was calculated by fitting a linear function
to the STP rate of each pulse for frequen-
cies between 10 and 333 Hz. The average
AMPAR conductance of a single synap-
tic input, evoked in 1.2 mm extracellular
Ca®>" concentration, was 78.9 nS. EPSG
templates were scaled between 15% and
100% of initial conductance (Fig. 3A).
The action potential generation, defined
as output, was normalized to the number of
stimulation pulses and depended on the
stimulation frequency and template inten-
sity (Fig. 3B). Failures in output generation
occurred in response to EPSG frequencies
only >250Hz. Adding simNMDAR con-
ductances increased output significantly
between 30% and 60%, as well as 30% and
80% of conductances equal to a single
endbulb EPSC for 250 Hz and >333 Hz,
respectively (multiple paired ¢ test, with
Holm-Sidak correction) (Fig. 3B). Since
most failures occurred at the end of a
stimulation train, the output from the last
three pulses of each stimulation frequency
was separately analyzed (Fig. 3C). Compared
with the overall output, the steady-state out-
put decreased, especially in higher stimula-
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Figure 6.  Poisson-distributed stimulation trains simulate physiological synaptic inputs. A, Long EPSG trains, with Poisson-

distributed interstimulus frequencies between 1 and 800 Hz for both simAMPAR and simNMDAR conductances (orange and
blue traces, respectively). Voltage response to sSimAMPAR EPSGs, or simAMPAR with simNMDA EPSGs recorded in a VNLL neu-
ron. Maximum EPSG of each pulse either remained constant (left) or varied according to the modeled simSTP (right). B,
Enlargement of the dotted area of A. Scale of y axis as in A. (, Each line indicates a single action potential in response to the
Poisson-distributed EPSG train, according to trial number. Left, Responses to simAMPAR and simNMDAR EPSGs with simSTP
(petrol) and simAMPAR EPSGs with simSTP (orange). Right, Responses to simAMPAR and NMDAR EPSGs with and without
STP (orange and petrol, respectively). D, The normalized output of the four different EPSG template paradigms was plotted
against stimulus intensity of the first EPSG. Orange and petrol symbols represent normalized output from simAMPAR, and
simAMPAR and simNMDAR EPSGs, respectively. Filled circles represent EPSGs without STP. Open circles represent EPSGs with
simSTP. Dotted lines indicate normalized output from individual neurons. Dotted line indicates the 0.5 level of normalized
output. E, The difference of the normalized output between EPSG paradigms was plotted against template intensities (re-
cording with simSTP — recording without STP and recording with simNMDAR — recording without simNMDAR). Left, The nor-
malized output contribution of simNMDA for EPSGs with and without STP (black and green lines). Right, The normalized
output contribution of simSTP for trains with simAMPAR, and simAMPAR and simNMDAR EPSGs (gray and magenta lines).
Dotted lines indicate difference of individual neurons. Solid lines indicate average. P24.7 = 0.8, n=22.

Previous studies in auditory brainstem neurons have shown

tion frequencies. Here, simNMDAR EPSGs significantly amplified
output for trains of 250 and 333Hz and stimulus intensities
between 40% and 80%, as well as for 400 Hz stimulations between
intensities of 80% and 100% (multiple paired ¢ test, with Holm—
Sidak correction) (Fig. 3C). To illustrate the NMDAR-mediated
contribution, we determined the difference between the output with
and without simNMDAR EPSGs (Fig. 3D). NMDAR-dependent
amplification was more prominent in high frequencies and at
steady state, and is likely be attributed to the residual NMDAR
current build-up in ongoing high-frequency stimulations.

that a stimulus waveform influences action potential current
thresholds (Cathala et al., 2003; Couchman et al., 2010; Ammer
et al., 2012; Lehnert et al., 2014; Franzen et al., 2015; Cao and
Oertel, 2017; Kladisios et al., 2020; Bondy et al., 2021). Since
VNLL EPSCs exhibited biexponential decay that persisted after
NMDAR block (Fig. 1E), we investigated a potential functional
role of the second AMPAR component with regard to output
generation. For that purpose, we created 20 pulse simAMPAR
EPSG trains of different frequencies (10-400 Hz), with the
previously determined decayed time constant (7, = 0.165 ms,
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T, = 2.457 ms) and varied the amplitude fractions A,-to-A;
(Fig. 4A). Under physiological conditions, this fraction
approximated 10% in an average endbulb EPSC. Train con-
ductances were scaled from 20% to 100% of a single synaptic
input and the supra-threshold output generation was recorded
and normalized to the stimulation pulse number (Fig. 4B). For
better visualization, only results from 0% and 100% of ampli-
tude fractions are given in Figure 4C.

Overall, the average output significantly differed between 0%
and 100% A,-to-A; fractions for most intensities at frequencies
<400 Hz (multiple paired ¢ test between A,-to-A; fraction 0 and
100%, with Holm-Sidak correction, 10Hz, p < 0.05 for inten-
sities 20%-40%; 100 Hz, p < 0.05 for intensities 20%-40% and
100%; 250 Hz, p < 0.05 for intensities 20%-60%; 333 Hz, p < 0.05
for intensities 20%-80%; 400 Hz, p < 0.05 for intensities 20% and
100%) (Fig. 4C). The average output at steady state differed in a
similar manner (multiple paired ¢ test between amplitude frac-
tion 0 and 100%, with Holm-Sidak correction, 10 Hz, p < 0.05
for intensities 20%-30%; 100 Hz, p << 0.05 for intensities 40%;
250 Hz, p < 0.05 for intensity of 40%; 400 Hz, p < 0.05 for inten-
sity of 100%) (Fig. 4D). To illustrate the impact of altered A,-to-
A fractions, we plotted the differences in output between 100%
and 0% (Fig. 4E). This illustration revealed that 100% A,-to-A;
decaying EPSGs led to increased output, especially at intensities
<80%. To further compare the output from all six simAMPAR
EPSG shapes, we interpolated the average template intensity that
produced a postsynaptic output of 0.5, as depicted in Figure 4C,
D. For all stimulation frequencies, the template intensity at
0.5 output did not statistically differ for amplitude fractions
between 0%, 5%, and 10% (one-way ANOVA, p > 0.05; Fig. 4F).
For larger amplitude fractions, stimulation frequencies <250 Hz
induced significant alterations in the stimulus intensity that led
to an output of 0.5 (one-way ANOVA with post hoc Tukey test;
10Hz, p=0.025; 0% vs 100%, p =0.005; 5% vs 100%, p = 0.0075;
10% vs 100%, p=0.0039; 100 Hz, p=0.047; 0% vs 100%, p=
0.0302; 5% vs 100%, p=0.0421; 250 Hz, p = 0.0446; 0% vs 100%,
p=0.0372). Similar findings were extracted from the steady-state
output analysis of the last three pulses (one-way ANOVA with
post hoc Tukey test; 10Hz, p=0.0172; 0% vs 100%, p =0.0254;
5% vs 100%, p=0. 0254; 10% vs 100%, p=0. 0254; 100 Hz, p=
0.0041; 0% vs 100%, p=0.0149; 5% vs 100%, p=0.0065; 10% vs
100%, p=10.0065; 250 Hz, p=0.0176; 0% vs 100%, p=0.0175; 5%
vs 100%, p =0.0216; 333 Hz, p=0.9402; 400 Hz, p=0.8629) (Fig.
4F). Together, at physiological relevant A;-to-A, ratios of ~10%,
the slow simAMPAR conductance component did not influence
supra-threshold output generation.

Octopus cells can produce high firing rates of up to 800 Hz in
vivo (Rhode and Smith, 1986; Oertel et al., 2000). Whether their
target, the VNLL neurons, are able to retain this high temporal
resolution is unclear. To test the absolute refractory period of
VNLL neurons in vitro, we injected paired-pulse simAMPAR
EPSGs, with and without simNMDAR EPSGs, with intersti-
mulus frequencies between 100 and 2000 Hz. The intensity
of these equally sized paired-pulse stimulations was scaled
between 30% and 120% of a single endbulb EPSG (Fig. 5A).
The frequency at which neurons started to respond supra-
threshold to both pulses in the pair was averaged (Fig. 5B).
Temporal discrimination of paired-pulses correlated with
the stimulation intensity. At 30% stimulation intensity, the
absolute refractory period was 478 Hz; and at 100% intensity,
it reached 1092 Hz. simNMDAR conductance did not play a
significant role in paired-pulse discrimination (paired ¢ test,
all intensities; p > 0.05). We conclude that VNLL endbulb
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synapses reliably differentiate paired-pulse inputs of the full
frequency range generated by octopus neurons.

Spike generation and synaptic fidelity from a physiologically
stimulated endbulb

The previous results documented the fidelity of input-output
functions with regard to different simAMPAR conductances and
kinetics, as well as the contribution of the imNMDAR compo-
nent, with standard 20 pulse trains at a resting synapse. Under
physiological conditions, however, synapses show spontaneous
activity. To mimic physiological activity, we simulated synaptic
input conductances over a large range of Poisson-distributed fre-
quencies, up to 800 Hz. The applied conductance train varied by
removing or adding simSTP, the sinNMDAR contribution, and
the initial intensity (Fig. 6A,B). The voltage response to these
conductance trains was analyzed (Fig. 6C), and the action poten-
tial number and timing were quantified.

We determined the normalized output for the different con-
ductance paradigms in a stimulus intensity-dependent manner.
For this purpose, the number of action potentials was counted
and normalized to the number of EPSGs in the conductance
train (Fig. 6D). Thus, a normalized output of 1 indicates that
each EPSG led to an action potential. When simSTP was elimi-
nated from the templates, even stimulation intensities <80% of a
single endbulb input led to a normalized output of one. The re-
moval of simSTP shifted the output leftward. Thus, the half-value
of the normalized output was reached already at 33.5 = 1.4% of a
single input, corresponding to 26.4 nS, on average. When simSTP
was included, the half-maximal output was found at 66.7 = 2.8%
(52.6 nS) of a single input. Importantly, with simSTP failures
emerged, even at intensities resembling a single input. This
indicates that VNLL endbulbs do not operate error-free under
physiological conditions. The presence of simNMDAR con-
ductance shifted the normalized output leftwards, both for
templates without and with simSTP. To illustrate the effect of
simSTP and simNMDA conductance on action potential gen-
eration in physiological relevant stimulations, we pairwise
subtracted the normalized output (Fig. 6E). With and without
simSTP, the simNMDAR conductance led to a small but sig-
nificant increase in action potential generation at various
stimulation intensities (with simSTP: multiple paired ¢ test,
with Holm-Sidak correction, 30%: p =0.034; 40%: p =0.0019;
60%: p=3.3e-4; 80%: p=0.027; 100%: p=0.0019; without
simSTP: multiple paired ¢ test, with Holm-Sidak correction,
30%: p =2.5e-e; 40%: p=0.021). simSTP was by far the most
prominent factor in altering the output (Fig. 6E, right). With or
without sSinNMDA conductance, simSTP significantly reduced
the output at all stimulation intensities (multiple paired t test, with
Holm-Sidak correction, p<0.05 for all intensities). Together,
simSTP appears to exert a strong filter on input-output functions
in the VNLL, while simNMDA conductance can promote action
potential generation at medium intensity levels.

As temporal fidelity is suggested to be a hallmark feature of
VNLL neurons (Covey and Casseday, 1991; Zhang and Kelly,
2006a; Liu et al., 2014; Recio-Spinoso and Joris, 2014), we ana-
lyzed the overall action potential latency in our conductance
trains as a function of stimulation intensity from the four differ-
ent stimulation conditions (Fig. 7). The overall action potential
latency decreased with increasing conductance intensity for all
four stimulation paradigms (Fig. 7A). To quantify the effects of
simSTP and simNMDAR conductance on latency in more detail,
we subtracted the latencies between the different conditions (Fig.
7B). simNMDAR conductance barely affected latency (multiple
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Figure 7.  Temporal fidelity of the VNLL synapse during physiological train stimulation. A,
Average action potential latencies evoked by Poisson-distributed EPSG trains. Symbols as in
Figure 6D. Solid lines indicate mean = SEM. B, The difference of action potential latency
between EPSG paradigms (recording with simSTP — recording without STP and recording
with simNMDAR - recording without simNMDAR) plotted against template intensity. C,
Individual action potential latencies of EPSGs with simSTP, plotted against the corresponding
conductance peak of each stimulus, pooled from each template intensity. Latencies from all
stimuli obtained from EPSGs without STP overlaid according to their conductance peak. All
data originate from a single neuron. D, Comparison of action potential latencies between
matched template intensities. Latencies from EPSGs without STP were averaged across neu-
rons, and latencies from EPSGs with simSTP were pooled and averaged at a level of 5 nS
from the maximum simAMPAR peak conductance of the former. Data are mean = SEM.
Symbols as in A.

paired ¢ test, with Holm-Sidak correction, 30%: p = 0.0024, 40%:
p=4.6e-5). simSTP led to a significant increase in latency (multi-
ple paired t test, with Holm-Sidak correction, p < 0.05 for all
intensities) that was most prominent between 60% and 100% of
an average endbulb stimulation intensity.

So far, we have analyzed the average latency of all action
potentials in a stimulation train as a function of the conductance
intensity of the initial EPSG size. Since EPSG peak conductance
varies during STP, we next analyzed the individual action poten-
tial latency in respect to the corresponding conductance peak
within the stimulation train. Figure 7C exemplifies latency data
recorded from a single neuron from trials of different initial
EPSG conductance. The latency derived from action potentials
stimulated with simSTP showed a continuous decline in relation
to increasing individual peak EPSG sizes. When simSTP was
excluded, latency values showed a range of latencies at the cho-
sen peak conductance (Fig. 7C). The latencies derived from tem-
plates with and without simSTP overlaid. To disentangle the
contribution of simNMDAR and simAMPAR conductance and
simSTP on latencies, latencies were averaged across cells and
statistically compared. Latencies from templates without simSTP
were averaged, as in Figure 7A, and those from templates,
including simSTP, were binned at =5 nS from the corresponding
conductance of the templates without simSTP (Fig. 7D). The
averaged latencies declined with increasing stimulation intensity,
and neither sinNMDAR conductance nor simSTP significantly
altered this relationship (multiple paired and unpaired ¢ tests,
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p > 0.05 for all combinations). Thus, action potential latency is a
function of AMPAR EPSG size and not history-dependent, or
modified by the NMDAR currents at the VNLL endbulb.

Above, we showed that the overall supra-threshold output
and latency in our stimulation trains depended on the initial in-
tensity and on the EPSG size. The EPSC size that underlies our
EPSG templates shows a frequency-dependent STP. In addition,
action potential generation is frequency-dependent. To illustrate
and segregate the effects of frequency dependence of STP and
action potential generation, we pooled the voltage responses
according to 100 Hz bins of stimulation frequency within the
conductance train (Fig. 8). The normalized output showed a
strong frequency dependence for all four stimulation paradigms
that was dependent on the initial EPSG size (Fig. 8A). The fre-
quency-dependent loss of output was more severe when simSTP
was included in the stimulation (Fig. 84, compare left and right).
Thus, simSTP strongly filters for action potential generation. For
all frequencies, the addition of simNMDA increased the output
(Fig. 8A, compare open and closed symbols). To quantify these
differences, the output for select binned frequencies (100, 300,
500, and 700 Hz) was plotted versus the initial stimulus intensity
(Fig. 8B). From these relations, we extracted the EPSG intensities
that led to a 0.4 normalized output and plotted them against their
respective binned stimulation frequencies (Fig. 8C). This allowed us
to segregate the filter effects of STP from the action potential gener-
ator. At all frequencies, inclusion of simSTP required between
1.5 and 2.5 times more stimulation intensity to drive the same out-
put (multiple paired ¢ test, with Holm-Sidak correction, only
simAMPAR EPSGs, 100 Hz, p = 1.4e-7, 300 Hz, p = 6.5e-11, 500 Hz,
p=69e-13, 700Hz, p=7.1e-14, sinAMPAR and sinNMDAR
EPSGs, 100 Hz, p=9.8e-8, 300 Hz, p=1.97e-11, 500 Hz, p=1.1e-12,
700 Hz, p =3.9e-13). Addition of simNMDAR conductance lowered
the required stimulus intensity for a 0.4 normalized output during
frequencies of 300 and 500 Hz when simSTP was present (multiple
paired ¢ test, with Holm-Sidak correction, without simSTP, 300 Hz,
p=0.034, 500 Hz, p=0.019; with simSTP, 300 Hz, p =0.0067,
500 Hz, p =1.5e-5), but not otherwise (multiple paired ¢ test,
with Holm-Sidak correction, without simSTP, 100 Hz, p=0.28,
700 Hz, p=0.38; with simSTP, 100 Hz, p=0.15, 700 Hz, p=0.24).
The steepness of the relation between required EPSG size and
stimulation frequency was a measure for the sensitivity of the
filter and was larger when simSTP was included compared
with when it was excluded (paired ¢t test, ssimAMPA EPSG
without simSTP vs simAMPA EPSG with simSTP, p=4.67e-5,
simnAMPAR and simNMDAR EPSGs without simSTP vs
simAMPAR and simNMDAR EPSGs with simSTP, p=1.7e-4;
unpaired ¢ test, imAMPAR EPSG without simSTP vs simAMPAR
and sinNMDAR EPSGs without simSTP, p=0.827, sinAMPAR
EPSG with simSTP vs simAMPAR and sinNMDAR EPSGs with
simSTP, p=0.66). The steepness across the same binned stimulus
frequency translated into a dynamic range. Thus, the dynamic range
was ~2.5-fold increased when simSTP was included compared
with the action potential generator alone. Together, simSTP
generated an efficient filter for action potential generation over
a large range of stimulation intensities, while simNMDA con-
ductance slightly counteracted this filter specifically in the mid-
frequency range.

So far, we have analyzed the action potential output with
respect to the binned interstimulus frequencies from the EPSG
stimulation train. Some action potentials were, however, gener-
ated after failures; therefore, the frequency of supra-threshold
output did not match the input frequency and this distinction
remains so far undescribed. To gain insights into the frequency
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of output generation of VNLL neurons, we extracted the time
between successfully evoked action potentials (Fig. 9A). First, the
numbers of input and output events were binned in 100 Hz
intervals. Second, a ratio of these values was calculated (Fig. 9B;
number of outputs at a given binned frequency divided by the
number of inputs of the same binned frequency) and plotted
against the corresponding frequency bin. A frequency-specific
output-input ratio of 1 indicates that a neuron responded to the
input frequency with the same overall output frequency. Values
<1 contained fewer events at this specific frequency compared
with the stimulation input frequency. Conversely, values >1
indicated more outputs at a specific frequency compared with
the same input frequency. When simSTP was removed and high
stimulation intensities (>100%) were applied, each input led to
an output (success rate of 1) for each input frequency in the stim-
ulation train (Fig. 9B, left). For binned input frequencies
<400 Hz, the output-input ratio reached values >1 for stimulus
intensities of 40%-60% without simSTP and for 80%-120% with
simSTP. The values >1 indicated that frequency-specific out-
put-input ratio <400Hz were enhanced by skipping supra-
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threshold responses during higher input frequencies. For all
other frequency conditions, VNLL neurons generated less output
and thus produced a frequency-specific output-input ratio <I.
Overall simNMDA conductance increased the frequency-specific
output-input ratio for most binned input frequencies <800 Hz,
when simSTP was included (multiple paired ¢ test, with Holm-
Sidak correction, 40%: 200-400 Hz; 60%: 200-600 Hz; 80%: 200-
700 Hz; 100%: 100-700 Hz; p < 0.05). Thus, simNMDAR con-
ductance amplified output generation and allowed higher output
rates. The maximum values of the filter functions in Figure 9B
were determined for each stimulus intensity (Fig. 9C). Without
simSTP, the maximal frequency-specific output-input ratio was
found at 40% of stimulation intensity with a value of 1.4, indicat-
ing that output numbers are enhanced at a specific frequency.
For stimulations containing simSTP, the maximal frequency-
specific output-input ratio reached ~1.2 for stimulation
intensities >60% of an average VNLL endbulb size. Thus, at
physiological input intensities, simSTP enhanced specific out-
put frequencies while others were suppressed. simNMDAR
conductance had no effect (multiple paired ¢ test, with Holm-
Sidak correction, p>0.05). Finally, we determined the fre-
quency at which the maximal frequency-specific output-input
ratio occurred (Fig. 9D). When simSTP was removed, the
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maximal frequency-specific output-input ratio was largest at
~300 Hz input frequency at stimulation intensities of 60% of
an average VNLL endbulb. In the presence of simSTP, the
maximum frequency-specific output-input ratio was given at
~200Hz input frequency for stimulation intensities >80%.
Thus, STP limits the maximal frequency-specific output—
input ratio and thereby promotes action potential generation
to stimulation onsets <200 Hz.

STP supports invariance of VNLL output

To assess whether the conclusions about stimulus filtering prop-
erties of STP from our in vitro recordings can translate to more
natural sound stimulus situations, we used a computational
model of the octopus pathway (Rebhan and Leibold, 2021) and
used the simulated spike output produced by the model as input
to the synaptic dynamics described here. In summary, octopus
cell model spikes were convolved with AMPAR and NMDAR
EPSC waveforms (Figs. 1, 2); and when implemented, the ampli-
tudes underwent STP dynamics as described in Figure 2. As
sound input to the model, we used a sentence from a male
speaker obtained from a free audiobook (The Adventures of
Huckleberry Finn) at various sound pressure levels (for 55dB
SPL, see Fig. 10A). The synaptic currents (Fig. 10B, blue lines)
were then used as input to a leaky integrate and fire model with
time constant of 5ms, resembling that of VNLL neurons
(Franzen et al., 2015; Kladisios et al., 2020). To effectively model
feedforward inhibition to the model neuron, the threshold
0.25mV x input resistance (in MOhms) and a prolonged action
potential refractory period of 10 ms were implemented. Visual
inspection of the raster plots (Fig. 10B) revealed a general
increase of activity with increasing sound pressure level, which
was less pronounced in the presence of STP compared with its
absence. Quantitative comparison of the overall spike counts
(Fig. 10C) corroborated this observation. To ensure that the spik-
ing patterns retained greater similarity over time, we computed
an average firing rate by convolving the spike trains with a
Gaussian of 10ms SD from which we derived the root mean
square difference between outputs for different sound levels (Fig.
10D). When STP was present, a greater similarity across input
levels was observed compared with STP absence.

Our model predicts that particularly STP of the endbulb syn-
apses underlies the hypothesized VNLL function of reducing
spectral splatter (Spencer et al,, 2015) by allowing to precisely
transmit broadband information of sound transients during
ongoing stimulation. STP further suppresses ongoing compo-
nents of input firing; hence, the VNLL, being an inhibitory
nucleus, protects this information from being suppressed in
higher-order midbrain processing stages. The model also shows
that, particularly for low input frequencies, as they occur espe-
cially in octopus cells during processing of natural sounds, STP
widens the dynamic range of the input-output function, which
confirms our experimentally derived conclusions from Figure 8.
We evaluated our model by using human speech sounds, since
peripheral models (cochlea and octopus cells) are currently not
available for gerbil-like parameters. The mix of harmonic com-
plexes and transients, however, is common to most natural
sounds and conspecific communication; thus, we expect the
same principles to apply also to a “gerbil” model. Conversely,
owing to the high evolutionary conservation of mammalian au-
ditory brainstem anatomy and the large diversity of communica-
tion sounds, we may hypothesize that auditory processing was
the driver for developing communication sounds rather than
having become adopted to them.
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Discussion

Here we quantified the synaptic current components mediated
by large somatic endbulbs onto mature VNLL neurons, and by
use of dynamic-clamp recordings, their influence on supra-
threshold output generation. We found that synaptic glutamate
currents were composed of a slow NMDAR, and a fast, biexpo-
nentially decaying AMPAR-mediated component. The slow
AMPAR current component did not contribute to output gener-
ation under physiological conditions. The STP at these endbulb
synapses was composed of frequency-dependent initial facilita-
tion followed by depression. During high-frequency activation,
the NMDAR current showed a build-up, which led to a minor
amplification of the supra-threshold output. When simulated
synaptic inputs were randomized, the supra-threshold output
generation depended on the input frequency and intensity. The
latency of action potential generation was determined by the
EPSG size. Mechanistically, STP generated a temporal filter
supporting onset responsiveness at frequencies up to 200 Hz.
Modeling suggests that this filtering restricts VNLL activity to
onset responsiveness of sound transients.

The pharmacological profile of glutamate currents indicated
AMPAR- and NMDAR-mediated signaling and the lack of kai-
nate-receptor currents. Somatic calyx or endbulb synapses, as in
the MNTB and the AVCN, are known for their large AMPAR-
mediated EPSC with rapid decay kinetics. These AMPAR cur-
rents are supposed to be mainly based GluR4 AMPAR currents
(Geiger et al., 1995; Koike-Tani et al., 2005; Lujan et al., 2019).
Such currents are characterized by a strong rectification similar
to the one observed here and described for VNLL neurons before
(Kladisios et al., 2020). Moreover, the described biexponential
AMPAR current decay has been observed in other synapses as
well (Silver et al.,, 1996; Wall et al., 2002; Berger et al., 2014).
Similar to cerebellar synapses (Wall et al., 2002), the second com-
ponent of AMPAR currents at mature VNLL end bulbs is
between 5% and 10% of the overall amplitude. In calyx and end-
bulb synapses, the presence of synaptic NMDAR currents was
described in some reports (Pliss et al., 2009; Steinert et al., 2010),
but not in others (Kladisios et al., 2020). Here, at ~P22, VNLL
endbulbs exhibited a minor NMDAR component that slightly
affected output generation. We could not detect kainate-receptor
currents, similar to other adult auditory brainstem synapses
(Couchman et al,, 2012). Thus, previously reported presence of
kainate-receptor currents in the LSO (Vitten et al., 2004) is likely
restricted to juvenile animals. Glutamate currents in VNLL end-
bulb synapses have been studied before in mice, where they
appear larger but with comparable decay kinetics (Caspari et al.,
2015; Baumann and Koch, 2017). In mice, short-term depression
has been shown to be the only form of plasticity, at least under 2
mu external Ca®>" concentration. In our recordings, the observed
initial facilitation and lower depression state might be attributed
to the lower external Ca®" concentration of 1.2 mm. Together,
endbulbs in the VNLL behave overall similar to other large so-
matic synapses, despite reported differences in calcium current
activation in juvenile postnatal ages (Berger et al., 2014).

Short trains of afferent fiber stimulation of various frequen-
cies are often used to determine the synaptic components and
plasticity and their influence on output generation in the audi-
tory system (e.g., Yang and Xu-Friedman, 2009; Porres et al.,
2011; Nerlich et al., 2014; Baumann and Koch, 2017). Here we
used dynamic clamp-based conductance train stimulations to
disentangle the effect of the synaptic NMDAR and AMPAR cur-
rent time course on output generation. The simulated synaptic
NMDAR current build-up during ongoing high-frequency trains
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Figure 10.  Model predictions of VNLL spiking on speech stimulation. A, Example sound stimulus (male voice at 55 dB SPL) taken from a free audiobook (https://librivox.org/the-adventures-
of-huckleberry-finn-version-5-dramatic-reading-by-mark-twain/). B, Synaptic currents (blue; scale bar in red) and spiking (black) of VNLL neurons receiving a single synaptic input from a model
octopus cell with center frequencies (CF) as indicated. Simulations are performed without (=) and with () STP for sound levels for 45-85 dB. B;, B,, Results from sound levels 55 and 75 dB,
respectively. C, Total spike counts as a function of frequency channel and intensity level (colors) without (top) and with (bottom) STP. D, Mean difference (RMSE; see color bar) between firing

rates (as a function of time) over all frequency channels without (top) and with (bottom) STP.

was capable to support action potential firing in the VNLL. This
effect was largest at the end of the stimulation train. This
NMDAR-mediated amplification was limited to ongoing high-
frequency trains, did not occur in paired-pulse protocols, and

was reduced during random stimulations. Large endbulbs in the
VNLL might, however, match other large synapses more closely,
as in MNTB and AVCN, where NMDAR-mediated output mod-
ification has been documented (Steinert et al., 2008, 2010; Pliss et
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al,, 2009; but see Kladisios et al., 2020). Nevertheless, the
NMDAR-dependent electrogenic output amplification seems
weak in the VNLL compared with other lateral lemniscal neu-
rons (e.g., in the DNLL) (Kelly and Kidd, 2000; Porres et al.,
2011; Ammer et al., 2012; Siveke et al., 2018, 2019). The physio-
logical size of the slow AMPAR current decay was not sufficient
to alter action potential generation in ongoing EPSGs. Yet,
increasing the slow simAMPA component showed that in prin-
ciple a change in AMPAR kinetics is capable of altering output.
This is consistent with previous work that shows that stimula-
tion shape strongly effects action potential generation (Cathala
et al., 2003; Couchman et al., 2010; Ammer et al., 2012; Lehnert
et al., 2014; Franzen et al, 2015; Cao and Oertel, 2017;
Kladisios et al., 2020; Bondy et al., 2021).

Neuronal activity in the auditory system is characterized by
spontaneous activity (Bajo et al., 1998; Hermann et al., 2007;
Kopp-Scheinpflug et al., 2008) and by sound evoked transient
increases in frequency and temporal precision (Joris et al.,
1994). The short stimulation trains of equally spaced time
intervals do not meet these physiological characteristics, while
Poisson-distributed stimulation trains are closer to the neuro-
nal activity in the auditory system. Therefore, we consider our
long Poisson-distributed stimulation trains as a good approxi-
mation for physiological conditions. These trains include rele-
vant synaptic dynamics of adaptations and recovery period.
The voltage response to these trains showed a large contribution
of simSTP and a minor contribution of simNMDAR conduct-
ance to action potential generation. The effect of sinNMDAR
conductance was smaller compared with short train stimulations,
likely because the simNMDAR current build-up is more limited
because of longer, interspersed time intervals.

During neuronal processing, STP exerts functions, such as
the sharpening of temporal integration (Kuba et al., 2002; Cook
et al,, 2003), filter functions (Fortune and Rose, 2001; Chung et
al., 2002), or gain control (Rothman et al., 2009; Pedroarena,
2020). The estimated STP in the VNLL during short stimulation
trains led to a strong low pass filter for output generation. This
filter function was also detected during long-lasting simulated
physiological stimulations. Moreover, during these physiological
matching stimulations, we found that simSTP increases the
dynamic range of the input-output function and therefore affects
the gain of these synapses. Thus, STP can simultaneously lead to
multiple effects. Concerning the simSTP-mediated filter func-
tions, simNMDAR conductance led to a slight leftward shift.
This shift can be interpreted as an increase in sensitivity for
input-output functions at these endbulb synapses. In addition to
gain and filter functions, our computational model indicates an
additional effect of STP. STP increases the invariance to sound
intensity for onset responsiveness. Thus, it allows the onset
response to sound transients to be selectively fed forward irre-
spectively of sound intensity, while other ongoing activity is sup-
pressed. This function combines the notion of a rapid inhibitory
onset response mediated by the VNLL (for review, see Pollak et
al., 2011) with the invariance of temporal precision to sound
intensities (Covey and Casseday, 1991; Zhang and Kelly, 2006b;
Recio-Spinoso and Joris, 2014).

We report that neuronal latency is largely a function of con-
ductance. Neither interstimulus interval itself, the history de-
pendence, nor simNMDAR conductance significantly altered the
action potential latency. The conductance mediated latency and
therefore its simSTP dependence is in agreement with the
increase in jitter observed during short stimulation trains in
VNLL neurons of mice (Baumann and Koch, 2017). Moreover,
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this finding is consistent with the described latency dependence
on neuronal leak (Franzen et al., 2015), since more leak (ie.,
more conductance) reduces jitter. The conductance dependence
of latency, however, appears to contradict the approximate inde-
pendence of the first spike latency to sound intensity. Yet, the la-
tency range for different conductances measured here in vitro is
~0.6 ms and therefore below or similar to the latency differences
observed with changes in sound intensity in vivo (Covey and
Casseday, 1991; Zhang and Kelly, 2006b; Liu et al., 2014; Recio-
Spinoso and Joris, 2014).

Our data add to the understanding of the mechanistic basis of
the phenotypic function of endbulb synapses. VNLL neurons are
supposed to be faithfully locked with temporal fidelity to sound
transients of up to 250 Hz (Zhang and Kelly, 2006a,b; Recio-
Spinoso and Joris, 2014). Our data suggest that STP composed of
depression and facilitation supports this faithful and precise out-
put. NMDAR contributions thereby slightly increase the sensitiv-
ity for action potential generation. The limitation of output
generation to <250 Hz stimulation also allows this synapse to be
more temporally precise because, at higher input frequencies, the
STD induced reduction of conductance transmits information
with larger delay and imprecision. Thus, rapid and selective
VNLL-induced onset inhibition in the IC achieves a sustained
precision within its boundaries.
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