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Abstract

Principal neurons (PNs) of the lateral superior olive (LSO) are a critical component of brain circuits that
compare information between the two ears to extract sound source-location-related cues. LSO PNs are
not a homogenous group but differ in their transmitter type, intrinsic membrane properties, and pro-
jection pattern to higher processing centers in the inferior colliculus. Glycinergic inhibitory LSO PNs
have higher input resistance than glutamatergic excitatory LSO PNs (∼double). This suggests that
the inhibitory cell type has a lower minimum input or signal intensity required to produce an output
(activation threshold) which may impact how they integrate binaural inputs. However, cell-type-specific
differences in the strength of synaptic drive could offset or accentuate such differences in intrinsic
excitability and have not been assessed. To evaluate this possibility, we used a knock-in mouse model
to examine spontaneous and electrically stimulated (evoked) synaptic events in LSO PN types using
voltage-clamp technique. Both excitatory and inhibitory spontaneous postsynaptic currents were larger
in inhibitory LSO PNs, but evoked events were not. Additionally, we found that LSO PN types had inputs
with similar short-term plasticity and number of independent fibers. An important contrast was that
inhibitory LSO PNs received inhibitory inputs with slower decay kinetics which could impact integrative
functions. These data suggest that synaptic inputs onto LSO PNs are unlikely to offset excitability
differences. Differences in activation threshold along with transmitter type and projection laterality
may allow for distinct roles for LSO PN types in inferior colliculus information processing.
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Significance Statement

Lateral superior olive (LSO) neurons compare information between the two ears to extract location-
related cues. LSO neurons differ in the transmitters they release and their projection pattern to higher
processing centers, but their relative functions, synapses, and targets are not fully understood.
Inhibitory LSO neurons have higher intrinsic excitability, requiring less current to drive them to fire
action potentials, but it was not known whether there are cell-type-specific synaptic input differences
that offset or accentuate their excitability differences. We found that the synaptic inputs to these neu-
rons have largely similar strength, number, and short-term plasticity. This suggests that membrane
excitability differences between LSO neuron types are an important factor for understanding transfer
of LSO information to higher processing centers.

Introduction
Interaural time and level differences (ITDs, ILDs) are useful for horizontal/azimuth sound

localization. Circuits in the brainstem ofmammals compare synaptic inputs driven by each
ear to extract this information. Principal neurons (PNs) of the lateral superior olive (LSO) are
distinct from olivocochlear neurons found in the same region in rodents and project via theContinued on next page.
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lateral lemniscus to the inferior colliculus (IC; Sterenborg et al., 2010; Friauf et al., 2019;
Williams et al., 2022; Frank et al., 2023; Maraslioglu-Sperber et al., 2024). These neurons
compare excitatory inputs driven by the ipsilateral ear and inhibitory inputs driven by the
contralateral ear. In this canonical circuit, ipsilateral excitation comes directly from gluta-
matergic spherical bushy cells in the anteroventral cochlear nucleus (AVCN) while inhibi-
tory inputs arrive via the glycinergic relay neurons in the ipsilateral medial nucleus of the
trapezoid body (MNTB) which are driven by globular bushy cells in the contralateral
AVCN (for review, see Grothe et al., 2010; Friauf et al., 2019; Joris and van der Heijden,
2019; Yin et al., 2019). Subtractive analysis of these inputs gives LSO PNs intrinsic sensi-
tivity to ITDs and ILDs (Joris and Yin, 1995; Tollin, 2005). Classically the role of LSO PNs
was thought to be detection of ongoing ILDs (Tsuchitani and Boudreau, 1966; Boudreau
and Tsuchitani, 1968; Tsuchitani, 1977); however, their function in detection of ITDs for the
beginning of sounds (onsets), amplitude modulations, and transient broadband sounds is
increasingly appreciated (Beiderbeck et al., 2018; Franken et al., 2018, 2021; Joris and
Trussell, 2018; Ono et al., 2020; Chen and Song, 2024) and there may be cellular diversity
to support both roles in the LSO PN population (Haragopal and Winters, 2023).
Not only does the function of LSO PNs depend on the relative weight of their inhibitory

and excitatory inputs encoding a location, but the LSO PNs themselves also consist of
inhibitory (glycinergic) and excitatory (glutamatergic) transmitter types (Glendenning
et al., 1992; Henkel and Brunso-Bechtold, 1995; Fredrich et al., 2009; Ito and Oliver,
2010; Ito et al., 2011; Mellott et al., 2021). In mice, glycinergic cells make up 39% of the
population and glutamatergic cells make up 61% (Haragopal et al., 2023).
Inhibitory and excitatory LSO PNs also have different projection patterns to higher pro-

cessing centers in the IC. In C57BL6/J mice and rats, LSO outputs are fully segregated
with inhibition being ipsilateral and excitation contralateral (Ito and Oliver, 2010;
Haragopal et al., 2023; but see Williams and Ryugo, 2024); however, low-frequency-hear-
ing cats and Mongolian gerbils have both contralateral and ipsilateral excitatory LSO pro-
jections (Glendenning et al., 1992; Henkel and Brunso-Bechtold, 1995; Fredrich et al.,
2009; Mellott et al., 2021). Prior studies have examined synaptic inputs to the LSO, but
not with respect to the different PN types and largely from a developmental perspective
(Sanes and Rubel, 1988; Sanes, 1990; Wu and Kelly, 1992; Sanes, 1993; Gillespie et al.,
2005; Kandler et al., 2009; Noh et al., 2010; Case and Gillespie, 2011; Pilati et al., 2016;
Gjoni et al., 2018b).
LSO PNs differ in their intrinsic membrane properties; however, their synaptic inputs

have not been compared. Questions remain about how the combined synaptic and intrin-
sic properties of these two types of LSO PNs impact sound localization and higher audi-
tory processing. Inhibitory LSO PNs have substantially higher input resistances (∼double
on average) and correspondingly lower minimum current injection needed to elicit an
action potential (rheobase), suggesting they have a lower minimum input or signal inten-
sity required to produce an output (activation threshold) than excitatory LSO PNs
(Haragopal and Winters, 2023). How this relates to LSO circuit function would depend
on whether there are cell-type-specific differences in synaptic drive that might offset or
accentuate intrinsic excitability differences. To determine whether this is the case, we
made whole-cell recordings from identified LSO PN types in voltage-clamp mode and
recorded spontaneous and electrically stimulated synaptic responses using synaptic
blockers to isolate glycinergic inhibitory and glutamatergic excitatory inputs.
We found several cell-type-specific differences in synaptic drive but alsomany similarities.

Inhibitory LSOPNs exhibited larger amplitude spontaneous excitatory and inhibitory events,
but not evoked events. Spontaneous event frequencies and the number of single input fibers
were similar between LSO PN types. These data suggest that cell type-specific synaptic
drive does not offset intrinsic membrane excitability differences between LSO PN types
and that the inhibitory LSO PNs likely have lower activation thresholds within the canonical
LSO circuit. We also observed slower decay kinetics in inhibitory LSO PNs which may dif-
ferentially affect integrative synaptic functions. Together, these data clarify previously
observed excitability differences and lay the groundwork for future modeling and
in vivo studies.

Materials and Methods
Animals. All animal procedures were approved by the Northeast Ohio Medical

University Animal Care and Use Committee in accordance with the guidelines of the
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United States National Institutes of Health. Mice were procured from Jackson Labs. We produced vGlut2 reporter mice by
crossing a vGlut2-cre mouse line (B6J.129S6[FVB]-Slc17a6tm2(cre)Lowl/MwarJ; RRID: IMSR_JAX:028863) with Ai9
tdTomato reporter mice [B6.Cg-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J; RRID: IMSR_JAX:007909] to obtain red fluorescent
labeling of vGlut2-expressing cells. Animals were then bred at Northeast Ohio Medical University maintaining a 12 h light
cycle with ad libitum food and water. Animals of both sexes were used (62 male and 44 female). At the time of electrophys-
iological recordings, mice were aged 26–50 d (40 ±0.6 average). There was no difference in age between LSO PN trans-
mitter types (vGlut2+: 40.34 ±0.75 d, n=55; vGlut2−: 39.96± 0.82 d, n=51, p=0.73, t test).

Electrophysiology. Animals were transcardially perfused under isoflurane anesthesia with oxygenated, room tempera-
ture cutting solution containing the following (in mM): 135N-methyl-D-glucamine (NMDG, Sigma), 1.25 KCl, 1.25 KH2PO4,
0.5 CaCl2, 2.5 MgCl2, pH 7.35 with HCl, ∼310 mmol/kg then decapitated and the brain quickly removed. The brainstem
was isolated, embedded in 1% agarose, and sliced coronally 200–230 µm thick using a vibrating microtome (7000 smz2,
Campden) at room temperature. Slices were transferred to a recovery solution containing the following (in mM): 110 NaCl,
2.5 KCl, 1.5 CaCl2, 1.5 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 12 dextrose, 5 N-acetyl-ʟ-cysteine, 5 Na-ascorbate, 3
Na-pyruvate, 2 thiourea, pH 7.35 with NaOH, continuously bubbled with 5% carbogen, ∼295 mmol/kg at 35°C for
30 min and then maintained at room temperature until being transferred to the recording stage. Recordings were made
in oxygenated artificial cerebrospinal fluid (ACSF) containing the following (in mM): 120 NaCl, 2.5 KCl, 1.5 CaCl2, 1.5
MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 12 dextrose, pH 7.35 with NaOH, ∼295 mmol/kg at 35 ± 0.5°C maintained using an
in-line heating system.
Neurons were targeted using differential interference contrast microscopy combined with widefield fluorescence

(Axioskop 2 FS Plus, 40× NA 0.8 objective, Zeiss). LSO PNs were distinguished from olivocochlear cells based on size
and shape. LSO neurons that are larger, fusiform-shaped cells are highly likely (>95%) to be PNs with prominent Ih sag
currents and lacking the A-current delay-to-firing response associated with olivocochlear cells (Adam et al., 1999;
Sterenborg et al., 2010; Williams et al., 2022; Maraslioglu-Sperber et al., 2024).
Whole-cell patch-clamp recordings were made using Dual IPA (Sutter Instrument) or EPC-10 USB (HEKA) amplifiers

with integrated digitizers in voltage-clamp mode using thick-walled borosilicate patch pipettes (2–4 MΩ, Sutter
Instrument) filled with Cs-based internal containing the following (in mM): 40 CsMeSO3, 70 CsCl, 5 EGTA, 10 HEPES,
10 Na2 phosphocreatine, ∼8 sucrose, 2 Mg-ATP, 0.3 Na-GTP, 1.8 CaCl2, 1.5 QX-314 (HBr), 0.02 ZD 7288, 5 4-AP, 10
TEA-Cl, 0.1% (2.68 mM) biocytin, pH 7.30 with CsOH, ∼295 mmol/kg, ECl =−12 mV at 35°C. Data were low-pass filtered
at 5 or 2.9 kHz, digitized at 20–50 kHz, and acquired to computer using PatchMaster Next (HEKA) or SutterPatch (Sutter
Instrument). A calculated liquid junction potential of −6 mV was corrected. Resting membrane potential was recorded
immediately after break-in. Cells were held at −70 mV during synaptic data collection.
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR)-mediated glutamatergic inputs were iso-

lated by bath-applied pharmacological blockade of glycine receptors (1 µM strychnine, Sigma), GABAA receptors (2 µM
gabazine, Sigma), GABAB receptors (1 µM CGP55845, Sigma), and NMDA receptors (25 µM D-AP5, Alomone Labs).
Glycine receptor (GlyR)-mediated inhibition was isolated by bath-applied pharmacological blockade of GABAA receptors
(2 µM gabazine, Sigma), GABAB receptors (1 µMCGP55845, Sigma), NMDA receptors (25 µM D-AP5, Alomone Labs), and
AMPA/kainite receptors (10 µM NBQX, Alomone Labs).

Spontaneous synaptic events. Spontaneous events were analyzed from 9 to 31 1 s long raw traces acquired at 50 kHz
(excitation, mean 117±17 events/cell; inhibition, 415 ±55 events/cell). Spontaneous events were detected using a cus-
tom MATLAB GUI platform. Semiautomated detection used an estimate of the noise floor obtained by subtracting a low-
pass filtered version of the raw trace (fourth-order Butterworth at 1.25 kHz cutoff) from the raw trace and a manual thresh-
old for deviation. Exclusion of spurious events, inclusion of missed events, and rewindowing of detected events as well as
separation of compound events was done manually. Peaks of compound events were counted in frequency analysis, but
only single events were used for amplitudes and kinetics. Amplitude was calculated from a local baseline immediately
before the event. Amplitude averages provide information on the typical strength of postsynaptic responses.
Cumulative frequency distributions provide more details. These distributions can reveal the presence of multiple channel
subtypes if bimodal or multimodal and help characterize the variability due to quantal parameters. Kinetic parameters ana-
lyzed were 20–80% rise times, halfwidths (event width at half amplitude), and decay time constant (tau). Series resistance
(Rs) was monitored with a −6 mV hyperpolarizing test pulse at the start of each sweep and cells were excluded if Rs chan-
ged by >30%.

Evoked synaptic responses. A glass stimulating electrode (∼20 µm inner diameter, WPI) was placed either lateral to LSO
near the seventh nerve to stimulate fibers of the ventral acoustic stria for excitatory synaptic inputs or medial to the LSO to
stimulate fibers from the MNTB for inhibitory synaptic inputs. Stimulation pulses were delivered with a stimulus isolator
(WPI A-395 or Digitimer DS4) controlled by the recording amplifier. Rs was monitored with a −6 mV hyperpolarizing
test pulse at the start of each sweep and cells were excluded if Rs changed by >30%. Minimal stimulation (>12% failures)
was 40–100 µs duration and 40 sweeps recorded at a sampling rate of 20–50 kHz. For paired pulses, 40–100 repetitions
were recorded with a 2 s intersweep interval. Responses were filtered with a fourth-order low-pass Butterworth filter with a
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cutoff of 1.25 kHz (single pulse) or 1.5 kHz (paired pulse). Response kinetics were evaluated using 20–80% rise times, half-
width, and decay time constant. Paired-pulse ratios were determined as the ratio of the second to the first pulse response
amplitude. For PPRs, cells were only included if they had at least seven trials with responses to both stimuli.
For wide stimulation range experiments, stimulation durations were 100 µs and incrementally increased at a fixed step

size for current amplitudes up to 10 mA or until LSO PN responses saturated. If synaptic responses did not saturate or the
baseline was more negative than −200 pA, cells were discarded. Here, a more stringent criterion of Rs< 20% change was
applied where Rs was measured from a hyperpolarizing voltage step of −10 mV applied at the beginning of a sweep. Raw
traces were used for input count estimation. A further inclusion criterion applied was the absence of spontaneous or com-
pound events in the response window. The average of a 10 ms window prior to the first pulse was used as baseline for
estimating response amplitudes.
For a given neuron, the number of synaptic inputs were estimated from postsynaptic current (PSC) amplitude distribu-

tion fits using a Gaussianmixturemodel (GMM; Lee et al., 2023). The PSC amplitude distributions weremodeled as having
been generated by a latent mixture of normally distributed components, with each component contributing a specific
mean amplitude and variance to the overall distribution. A sum of the Gaussians of each component weighted by its prior
probability provided the fit. To arrive at the fit, the PSC amplitude distributions were first fitted with 1–20 components using
the fitgmdist() function in MATLAB based on an expectation-maximization (EM) algorithm running on PSC amplitudes. For
each component of a k-component Gaussian mixture, an initial PSC amplitude was chosen at random from the data as its
mean, where the default initializationmethod or “plus” in fitgmdist() ensured that the chosen values are as far apart as pos-
sible for improved clustering, and the variance of PSC amplitudes was treated as a diagonal element of a k-by-k diagonal
covariancematrix andwas identical for all the k components. In the expectation step, posterior probability for membership
of each PSC amplitude to each component was computed using these initial values, assuming a uniform prior probability,
1/k for k components. In the maximization step, the posterior probabilities were used as weights in computing component
means, covariancematrix, andmixing proportions based on themaximum likelihood approach. In the ensuing expectation
step, the mixing proportions served as prior probabilities and were used along with the means and covariance matrix for
updating posterior probabilities. A maximum EM iteration of 1,500 ensured that the loglikelihoods of the k-component
GMM fits were stable to within a tolerance of 1 × 10−7. The estimation of the loglikelihood function for the GMM fit required
the determinant of the covariance matrix that had only diagonal entries to go into the denominator. The determinant must
not be zero or assume near-zero values to avoid infinite or large loglikelihoods to ensure stable fits. Thus, at each EM iter-
ation, a non-negative regularization value of 0.01 was added to the diagonal entries of the covariance matrix and this
matrix was shared by all inputs. To identify the optimal input number, Bayesian information criterion (BIC) was computed
from the loglikelihood of the GMM fit. The GMM fit was considered optimal among all k-component GMM fits, if for any k,
ranging from 1 through 20 components, the BIC was 20 over the minimum value (Lee et al., 2023) and had a component
count estimate larger than that allowed by minimum BIC. This provided a tradeoff between overfitting and underfitting of
the distribution by the model. Then, to further penalize overfitting, the number of inputs were conservatively determined as
the number of modes or peaks in the fits, as these were always smaller than the number of components. Modes were iden-
tified from fits plotted using MATLAB function pdf() at fixed bin intervals of 93 pA for synaptic inhibition and at fixed inter-
vals of 36 pA for synaptic excitation. All modes were counted regardless of their prominence as this parameter is affected
by the sum of the underlying Gaussian components. The chosen bin widths above were derived from the 25th percentiles
for response amplitudes for minimal stimulation, estimated more conservatively by excluding those with large amplitudes
>1 nA to capture contributions from single fibers. Single fiber inputs to LSO are likely to have multiple synaptic contacts
(Cant, 1984; Gjoni et al., 2018a). Minimal and maximal stimulation amplitudes used for ratiometric input counts were the
smallest and largest amplitudes at which peaks were detected by our algorithm, respectively.

Statistics. Statistical comparisons weremade using Prism (GraphPad) or MATLAB. The data are shown asmean ±SEM
along with the data points. Significance was assessed using an alpha level of 0.05. The data points for synaptic measure-
ments themselves were the average of across sweep measurements for each LSO PN and statistical inferences were
mainly based on these average measurements. Comparisons between transmitter types were made on these data points
using two-tailed, unpaired t test. Spearman’s rwas used to test correlation of parameters. Cumulative spontaneous event
amplitude distributions were tested using the Kolmogorov–Smirnov test.
Paired-pulse stimulation was carried out at minimal stimulation intensities to better assess short-term synaptic plasticity

by only activating the same synapses. At minimal intensity, events are small and the number of trials with both first and
second events could be low (minimum of 7 for inclusion). A bootstrap test was performed at an alpha level of 0.05 on
the paired-pulse data from individual neurons to test whether the average paired-pulse ratios (PPRs) were borne out of
an interaction of the first pulse response with those of the second pulse and not simply due to variability in responses
to the first pulse. For this, a test of interaction was carried out based on bootstrapped mean PPRs where the null distribu-
tion for mean PPRswere generated with first pulse alone. A single instance of bootstrap sampling had the same number of
trials that went into calculation of average PPR for the neuron. This yielded 1,000 such instances from which mean PPRs
were computed, and a null distribution was constructed from the 1,000 mean PPRs calculated. This gave at least seven
traces fromwhich bootstrap distributions could be created and at least 49 unique pairs with 1,000 iterations gave sufficient
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sampling for neurons with larger number of traces. Thus, the p value was the probability of seeing in the null distribution at
least the mean PPR value (if > 1) or at most the mean PPR value (if < 1) computed from data.

Results
Excitatory inputs
We used knock-in vGlut2 reporter mice to identify fluorescent excitatory LSO PNs and nonexpressing inhibitory LSO

PNs by subtractive logic (Haragopal andWinters, 2023) for whole-cell voltage-clamp recordings. Since the cochlear nuclei
are removed in our preparation, there is little to no action potential-driven activity in inputs to LSO PNs; therefore, spon-
taneous synaptic events are a good general measure of the relative number (frequency) and strength (amplitude) of synap-
tic inputs from all sources. Pharmacologically isolated AMPAR-mediated glutamatergic spontaneous excitatory
postsynaptic currents (sEPSCs; Fig. 1A,B) exhibited larger average amplitudes in inhibitory LSO PNs [excitatory LSO
PNs (E): 20.90 ±1.60 pA, inhibitory LSO PNs (I): 26.66± 2.00 pA, t test, p=0.04, Fig. 1D] and the cumulative probability
distribution was also substantially shifted toward larger events in inhibitory LSO PNs (KS test, D=0.1077, p<0.001,
Fig. 1C). The frequency of sEPSCs was similar between LSO PN types (E:10.9 ± 3.2 Hz, I:10.3 ± 1.9 Hz, t test, p=0.90,
Fig. 1E) as were their kinetics (rise: E: 0.160 ± 0.004 ms, I: 0.150± 0.008 ms, t test, p=0.35, Fig. 1F; halfwidth: E: 0.730
±0.040 ms, I: 0.690± 0.046 ms, t test, p=0.52, Fig. 1G; decay: E: 0.76 ±0.05 ms, I: 0.75 ± 0.08 ms, t test, p=0.93, Fig. 1H).
Minimal evoked EPSCs stimulated near the seventh nerve (eEPSCs, 12–90% failure rate, Fig. 2A) had similar average

amplitude between LSOPN types (E: 120.2 ± 66.1 pA, I: 233.3 ± 118.9 pA, t test, p=0.46, Fig. 2B, left and smaller events at
expanded scale, 2B, right) and included some cells with very large single fiber amplitudes in excess of 1 nA despite meet-
ing our failure rate criteria. If we were to exclude these 3 data points, the averages would be much smaller but still not sig-
nificantly different (E: 54.23 ±5.5 pA, I: 63.90 ±9.6, t test, p=0.43, data not shown). We did not observe differences in
minimal eEPSC kinetics between LSO PN types (rise: E: 0.36 ±0.03 ms, I: 0.32 ± 0.02 ms, t test, p=0.26, Fig. 2C; half-
width: E: 1.36 ± 0.15 ms, I: 1.29 ± 0.17 ms, t test, p=0.77, Fig. 2D; decay: E: 1.27 ±0.17 ms, I: 1.22 ± 0.20 ms, t test,
p=0.85, Fig. 2E).
We examined the paired-pulse ratio of minimal eEPSCs at three interpulse intervals (IPIs, 5, 10, and 20 ms). At 5 ms IPI,

the average ratios were similar between LSO PN types and slightly above 1 (E: 1.30 ±0.07, I: 1.40 ± 0.20, t test, p=0.56,
one-sample t test for all PPRs shown vs PPR of 1, p=0.0082, Fig. 2F). At larger IPIs there appeared to be little interaction
between events and no differences between LSO PN types (10 ms IPI: E: 1.07 ±0.09, I: 1.18 ± 0.13, t test, p=0.56, one-
sample t test for all PPRs shown vs PPR of 1, p=0.13, Fig. 2G; 20 ms IPI: E: 1.02 ±0.07, I: 1.02 ± 0.06, t test, p=0.94,
one-sample t test for all PPRs shown vs PPR of 1, p=0.62, Fig. 2H). We used minimal stimulation for our PPR analysis
to ensure interaction at the same synapses. Thus, there were a lot of trials with failures. In some cases, the number of trials
in which responses to both first and second stimulation were present was relatively small (at least seven trials to be
accepted). Additionally, minimal stimulation events are usually quite small amplitude raising the question of how random
amplitude variability might influence PPR on a trial-by-trial basis. This might draw the computed mean PPR value away
from the true mean PPR value regardless of event interaction. To address this possibility, we ran an analysis in which

Figure 1. Spontaneous excitatory postsynaptic currents (sEPSCs) are larger in inhibitory LSO PNs. A, Example traces from 3 vGlut2 positive (excitatory)
LSO PNs. B, Example traces from 3 vGlut2 negative (inhibitory) LSO PNs. C, Cumulative probability of sEPSC amplitudes. D, Amplitude of sEPSCs.
E, Frequency of sEPSCs. F, sEPSC 20 to 80% rise time. G, sEPSC halfwidths. H, sEPSC decay tau (time constant). Cells (animals) E: n=14(8),
I: n=15(12). Mean ±SEM. *p<0.05, ***p<0.001.
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for each neuron the mean PPR from first and second events was compared with those from a bootstrapped set of all first
events. Only a few LSO PNs exhibited significant interaction of first pulse responses on those of the second pulses (boot-
strap test, p<0.05, open diamonds, Fig. 2F–H), suggesting that concrete differences in mean PPR were unlikely at the
intervals examined.
In a subset of experiments, we examined eEPSCs over a wide range of electrical stimulation levels fromminimal to max-

imum plateau (Fig. 3A,B, insets). We analyzed the number of peaks using a GMM to assess the approximate number of
input fibers (Fig. 3A,B) and found that inhibitory and excitatory LSO PNs had similar numbers (E: 3.4 ± 0.4; I: 2.7 ± 0.6, p=

Figure 2. Evoked EPSCs (eEPSCs) exhibit similar amplitude, kinetics, and short-term plasticity in LSO PN types. A, Example eEPSC traces at minimal
stimulation from 3 vGlut2+ (left, excitatory) and 3 vGlut2− (right, inhibitory) LSO PNs. B, Minimal eEPSC amplitude (all left and at expanded scale right).
C, Minimal eEPSC 20–80% rise time. D, Minimal eEPSC halfwidth. E, Minimal eEPSC decay tau. B–E, Cell (animals) E: n=14(10), I: n=19(14).
F, Example eEPSC traces for a pair of stimulations at minimal stimulation intensity with 5 ms interpulse interval (IPI) from 3 vGlut2+ (left traces) and 3
vGlut2− (right traces) LSO PNs. Scale is the same for all traces. Paired-pulse ratio (right). Open diamonds in graph are cells with p<0.05 in bootstrap
test for individual LSO PN’s mean paired-pulse ratios. E: n=5(5), I: n=11(10). G, Same as F, for 10 ms IPI. E: n=6(5), I: n=13(11). H, 20 ms IPI. E: n=
8(7), I: n=9(9). Mean ±SEM.

Figure 3. LSOPN types receive similar numbers of excitatory inputs. A, Example eEPSC amplitudes plotted against stimulation intensities for an excitatory
LSO PN. Overlaid response traces shown in inset. Responses saturated at 1 mA. The number of inputs for the neuron was estimated as the number of
peaks in a GMM fit to the histograms binned at 36 pA (solid line overlaying histogram), « symbols indicate the local maxima of the fit. B, Same as in A,
but for an inhibitory LSO PN. C, The estimated number of inputs. E: n=8(8), I: n=6(6).D, Maximal amplitudes, measured as the largest amplitude at which
the GMM fit had a peak. One cell that had a single estimated input but <100 pA amplitude was discarded frommaximal stimulation analyses. E: n=7(7), I: n
=6(6). Mean±SEM.
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0.32, Fig. 3C) and similar maximum amplitudes (E: 1,170.0 ± 395.6 pA; I: 658.8 ± 235.1 pA, t test, p=0.36, Fig. 3D). We
analyzed the ratio of maximal to minimal stimulation amplitudes for each neuron and found no difference between LSO
PN types (E: 8.4 ± 2.2; I: 4.2 ± 1.7, t test, p=0.17, data not shown); however, ratiometric estimates were higher than
step-counting estimates (paired t test, p=0.02). The two methods were well correlated with each other [Spearman
(r) = 0.88, p<0.0001].

Inhibitory inputs
Pharmacologically isolated GlyR-mediated spontaneous inhibitory postsynaptic currents (sIPSCs; Fig. 4A,B) had sim-

ilar average amplitudes (E: 96.8 ± 11.4 pA, I: 106.5 ± 10.3 pA, t test, p=0.55, Fig. 4D); however, the cumulative probability
distribution was shifted toward more large events in inhibitory LSO PNs (KS test,D=0.21, p<0.0001, Fig. 4C), suggesting
there is a population of stronger synapses that are not numerous enough to skew the average. The frequency of sIPSCs
were similar between LSO PN types (E: 44.8 ± 8.9 Hz, I: 40.3 ± 6.9 Hz, t test, p=0.71, Fig. 4E). Rise times for sIPSCs were
similar between LSO PN types (E: 0.19 ± 0.01 ms, I: 0.18 ± 0.01 ms, t test, p=0.74, Fig. 4F); however, inhibitory LSO PNs
had slower sIPSC decay kinetics (halfwidth: E: 0.94 ±0.05 ms, I: 1.20 ± 0.07 ms, t test, p=0.0053, Fig. 4G; decay: E: 0.93 ±
0.05 ms, I: 1.28 ± 0.09 ms, t test, p=0.0008, Fig. 4H).
Minimal evoked IPSCs (eIPSCs, 20–95% failure rate, Fig. 5A) stimulated between the MNTB and the LSO had similar

average amplitude in LSO PN types (E: 389.30 ±94.94 pA, I: 1,003.00 ± 448.80 pA, t test, p=0.11, Fig. 5B, left and smaller
events at expanded scale, 5B, right) and included two cells in the inhibitory LSO PN group with very large single fiber
amplitudes in excess of 3 nA. If we were to exclude these 2 data points, the averages would be smaller, but still not sig-
nificantly different (E: 389.30 ±94.94 pA, I: 384.80 ±99.26 pA, t test, p=0.98, data not shown). Similar to what we sawwith
sIPSCs, minimal eIPSCs had similar rise times in LSO PN types (E: 0.30 ± 0.02 ms, I: 0.35 ± 0.01 ms, t test, p=0.14,
Fig. 5C), but slower decay kinetics in inhibitory LSO PNs (halfwidth: E: 1.54 ±0.11 ms, I: 2.20 ± 0.17 ms, t test,
p=0.002, Fig. 5D; decay: E: 1.50 ± 0.11 ms, I: 2.32 ± 0.21 ms, t test, p=0.0007, Fig. 5E).
Weexamined thepaired-pulse ratioofminimal eIPSCsat three interpulse intervals aswell. At all IPIs the averagePPRswere

similar betweenLSOPN types andnot different from1 (5ms IPI: E: 0.91±0.10, I: 1.20±0.20, t test,p=0.19, one-sample t test
for all PPRs shown vs PPR of 1, p= 0.92, Fig. 5F; 10 ms IPI: E: 0.98 ± 0.10, I: 1.22 ± 0.12, t test, p = 0.17, one-sample t test
for all PPRs shown vs PPRof 1, p= 0.48, Fig. 5G; 20 ms IPI: E: 0.96 ± 0.15, I: 0.93 ± 0.05, t test, p = 0.87, one-sample t test
for all PPRs shown vs PPR of 1, p= 0.60, Fig. 5H). There were also few LSOPNs in which there was a significant influence
of first pulse responses on those of the second pulses across IPIs (bootstrap test, p < 0.05, open diamonds, Fig. 5F–H).
Similar to our observations for eEPSCs, wide stimulus range experiments with eIPSCs suggested that inhibitory and

excitatory LSO PNs had similar numbers of inputs (E: 3.1 ± 0.7; I: 2.8 ± 0.7, t test, p=0.74, Fig. 6A–C) and similar maximal
amplitudes (E: 1,322 ±343 pA; I: 1,516.0 ± 489.1 pA, t test, p=0.77, Fig. 6D). Ratios of maximal to minimal amplitudes on a
per cell basis were similar between LSO PN types as well (E: 5.6 ± 1.9; I: 3.9 ± 1.3, t test, p=0.46, data not shown).
Ratiometric estimates were similar to step-counting estimates (paired t test, p=0.1) and the two methods were well cor-
related with each other [Spearman (r) = 0.79, p=0.0003].

Figure 4. Spontaneous inhibitory postsynaptic currents (sIPSCs) have larger amplitudes and slower decay kinetics in inhibitory LSO PNs. A, Example
traces from 3 vGlut2 positive (excitatory) LSO PNs. High Cl− internal used. B, Example traces from 3 vGlut2 negative (inhibitory) LSO PNs. C,
Cumulative probability of sIPSC amplitudes. D, Amplitude of sIPSCs. E, Frequency of sIPSCs. F, sIPSC 20 to 80% rise time. G, sIPSC halfwidths. H,
sIPSC decay tau (time constant). Cells (animals) E: n=20(15), I: n=15(11). Mean±SEM. **p<0.01, ***p<0.001, ****p<0.0001.
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We estimated the whole-cell capacitance of all recorded cells in voltage-clampmode. We found that inhibitory LSO PNs
had smaller capacitance than excitatory LSO PNs (E: 17.1 ± 0.6 pF, n=54; I: 14.4 ± 0.5 pF, n=51; t test, p=0.0014, data
not shown).

Discussion
Our primary objective was to determine if the strength of synaptic drive was similar between LSO PN transmitter types.

We did not find any differences between LSOPN types in sEPSC or sIPSC frequency (Figs. 1E, 4E), suggesting they house
similar numbers of synapses globally. We did observe that sEPSC amplitudes, both average and cumulative, were larger in
inhibitory LSO PNs (Fig. 1C,D). However, we also found that the cumulative distribution of sIPSC amplitudes (Fig. 4C), but
not the average (Fig. 4D), were shifted toward larger amplitudes in inhibitory LSO PNs. These data suggest the possibility

Figure 5. Evoked IPSCs (eIPSCs) exhibit slower decay kinetics in inhibitory LSO PNs but similar amplitudes and short-term plasticity between LSO PN
types. A, Example eIPSC traces at minimal stimulation from 3 vGlut2+ (left, excitatory) and 3 vGlut2− (right, inhibitory) LSO PNs. B, Minimal eIPSC ampli-
tude (all left and at expanded scale right).C, Minimal eIPSC 20–80% rise time.D, Minimal eIPSC halfwidth. E, Minimal eIPSC decay tau.B–E, Cell(animals)
E: n=20(15), I: n=13(10). F, Example eIPSC traces for a pair of stimulations at minimal stimulation intensity with 5-ms interpulse interval (IPI) from 3 vGlut2+
(left traces) and 3 vGlut2− (right traces) LSOPNs. Scale is the same for all traces. Paired-pulse ratio (right). Open diamonds in graph are cells with p<0.05 in
bootstrap test for individual LSO PN’s mean paired-pulse ratios. E: n=8(8), I: n=4(4).G, Same as F, for 10 ms IPI. E: n=11(8), I: n=5(5).H, 20 ms IPI. E: n=
13(10), I: n=8(8). Mean±SEM. **p<0.01, ***p<0.001.

Figure 6. LSO PN types receive similar numbers of inhibitory inputs. A, Example eIPSC amplitudes plotted against stimulation intensities for an excitatory
LSO PN. Overlaid response traces shown in inset. Responses saturated at 10 mA. The number of inputs for the neuron was estimated as the number of
peaks in a GMM fit to the histograms binned at 93 pA (solid line overlaying histogram), « symbols indicate the local maxima of the fit.B, Same as inA, but for
an inhibitory LSO PN. Responses saturated at 1 mA. C, The estimated number of inputs. D, Maximal amplitudes, measured as the largest amplitude at
which GMM fit had a peak. E: n=7(6), I: n=10(7). Mean±SEM.
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that inhibitory LSO PN’s stronger excitation and stronger inhibition balance each other out, resulting in no net difference
from excitatory LSO PNs. We did not observe differences in minimal eEPSC or eIPSC amplitudes (Figs. 2B, 5B) between
LSO PN types. Since these would presumably be the canonical LSO circuit inputs, these data provide further support for
the conclusion that the strength of synaptic drive is similar between LSO PN types. Thus, we provide strong evidence that
that cell type-specific synaptic drive does not offset the higher intrinsic excitability of inhibitory LSO PNs.
Because of our electrical stimulation locations and synaptic blockers used, noncanonical LSO input sources such as

ipsilateral inhibition (Weingarten et al., 2023) and contralateral excitation from nuclei of the trapezoid body
(Glendenning et al., 1991) or auditory cortex (Feliciano et al., 1995; Coomes Peterson and Schofield, 2007) would not
have been sampled in our evoked synaptic responses. These sources may constitute differences observed between
LSO PN types in spontaneous synaptic event amplitudes. Since the function of these inputs is not understood, we
cannot speculate as to what such differences might result in.
Some LSO PNs received large minimal/single fiber responses (>1 nA) despite meeting our failure rate criteria (Figs. 2B,

5B). We also observed some cells with large steps in our wide stimulus range experiments, presumably where powerful
fibers were recruited above minimal stimulation intensity. The sources of these events are not known, but in the case of
excitation may represent a population of cells that receive powerful inputs with multiple boutons, each of which covering
multiple synapses, as has been observed in the gerbil medial superior olive (Couchman et al., 2010). Excitatory boutons
with multiple synaptic components have also been described for the cat LSO at the EM level (Cant, 1984). In the case of
inhibition, powerful inputs with large numbers of active zones have been described for themouse LSO (Gjoni et al., 2018a).
In either case, it is not known if the larger and smaller inputs are from different neuron populations. What we can say is that
single fiber amplitudes in the LSO can have awide range, but we did not observe differences between LSOPN types either
including or excluding very large events.
While many studies have described the amplitude of synaptic inputs in LSO, methodological differences complicate

direct comparison with our current study. These differences result in substantial variability and stem from the choice of
recording mode (voltage-clamp vs current-clamp), developmental age, stimulation intensity, stimulation location, record-
ing temperature, species/strain, ionic composition of external and internal solutions, synaptic blockers for isolation, and
the holding potential used. Excellent recent reviews are available on the subject (Friauf et al., 2019; Yin et al., 2019) so we
do not attempt to untangle this literature. One study using similar methods (Garcia-Pino et al., 2017) found that P33–35
mice exhibited glutamatergic minimal stimulation amplitudes (∼50–200 pA) that are comparable with the range of most
of our eEPSCs. Likewise, another recent study (Müller et al., 2022) found minimal eIPSCs amplitudes (∼150–1,200 pA)
that were similar to our observations, suggesting at least broad agreement with previous reports.
The number of independent inputs to LSO PNs is an important variable for understanding how these cells integrate

synaptic drive to extract sound location-related information. Our analysis of wide stimulus range evoked amplitudes sug-
gests that inhibitory and excitatory LSO PN types receive similar numbers of input fibers (Figs. 3C, 6C). This type of elec-
trical stimulation assay is somewhat flawed since it is impossible to say that all fibers were stimulated/differentiated since
some number may have been damaged or simply not routed through the stimulation location. Thus, the number of inputs
found should be considered a lower bound used to compare between LSO PN types. We also estimated the number of
inputs ratiometrically using the maximal amplitude divided by the minimal amplitude for individual neurons. These esti-
mates were also not different between LSO PN types; however, they were larger than our step-counting estimates.
This may reflect the occurrence of “multiple fiber steps” despite our small stimulation amplitude step size, thus ratiometric
estimates are likely closer to the true number of inputs.
Input fiber count estimates may be affected by multiple methodological parameters such as stimulation or calculation

method and there is substantial variability in prior reports. One study found the number for inhibitory inputs to LSO PNs to
be ∼4 at ages P31–49 using a K-means clustering method for analyzing stairstep responses (Müller et al., 2019). Another
prior report using ratiometric analysis of eEPSCs estimated the number of excitatory inputs to be ∼9 (Garcia-Pino et al.,
2017). Ratiometric estimates using optogenetic stimulation suggested that there may be as many as 40 excitatory inputs
and eight inhibitory inputs to LSOPNs (Gjoni et al., 2018b). At younger ages near hearing onset, ratiometricmeasurements
obtained using electrical stimulation estimated ∼5 excitatory (Felix and Magnusson, 2016) and ∼10 inhibitory inputs (Hirtz
et al. 2012, Clause et al. 2014).
The IPSCs onto inhibitory LSO PNs had slower decay kinetics (Figs. 4, 5). In absolute terms, the differences were small

(0.26 ms wider for sIPSCs or 0.66 ms for eIPSCs), but in percent differences more substantial (24 and 35%). These kinetic
differences may reflect variation in glycine receptor subunit expression and are the subject of future studies. In most neu-
rons, if inhibitory synapses were located more distally, we would expect both the rise and decay to be affected which we
did not observe. In medial superior olive neurons, there are ion channel-based mechanisms that help maintain the kinetics
of propagated synaptic events (Mathews et al., 2010; Winters et al., 2017); however, whether such mechanisms are pre-
sent in the LSO is unknown. Regardless, it is not known whether these width differences would substantially affect sum-
mation or integration of excitatory synaptic events, and it is a future direction to pursue computationally and
experimentally.
Short-term synaptic plasticity can alter the impact of repetitive stimuli and thus could influence sound localization func-

tions. We measured paired-pulse ratios at minimal stimulation intensities in an attempt to examine the interaction of suc-
cessive stimulations on the same synapses and avoid the influence of recruitment/failure of subsets of fibers. Our results
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suggest that LSO PNs do not generally have paired-pulse interactions for IPIs as low as 5 ms. A few cells exhibited inter-
actions in individual paired-pulse trials, but these cells did not consistently show interactions at the IPI tested. This was the
case for both excitation and inhibition. A recent report, which also used minimal stimulation of inhibitory inputs to LSO
PNs, showed that paired-pulse ratios in P31–49 mice were 0.88–0.92 at IPIs of 10 and 1,000 ms, suggesting little inter-
action (Müller et al., 2019). For younger mice at P12–22, another study found little paired-pulse interaction of minimally
stimulated excitatory inputs to LSO PNs of ∼0.9; however, intervals longer than 20 ms were used (Felix and
Magnusson, 2016). What low levels of short-term plasticity means for auditory processing is not known, but the world
is rarely completely quiet, and these circuits are thought to be highly active at high rates. Being stable in the face of activity
may provide benefits for information extraction. On the other hand, slices are quiet, so we do not know if in vivo short-term
dynamics are different from what we observed.
We also found that the whole-cell capacitance was smaller in inhibitory LSO PNs which may contribute to their greater

intrinsic membrane excitability compared with excitatory LSO PNs. These data also suggest that inhibitory LSO PNs are
smaller than excitatory ones. Haragopal andWinters (2023) used z-stacks of fluorescence images tomeasure soma volumes
and did not find differences between LSO PN transmitter types. However, there was a trend for inhibitory LSO PNs to have
smaller somas. Additionally, capacitive measurements may encompass portions of the dendritic arbor and Haragopal and
Winters did find that inhibitory LSO PNs had smaller/less complicated dendritic arbors. The capacitivemeasures we present
here are also potentially more quantitative than the volumetric measurements because the fluorescence signal of very bright
filled cell bodies tends to smear out in the z-axis due to the limitations of the point spread function.
Our results suggest that the greater intrinsic membrane excitability of inhibitory LSO PNs is not offset by differences in

strength of synaptic drive. It is not known how havingmore easily excited inhibitory LSOPNsmight play out in sound local-
ization networks. Differences in activation threshold, along with transmitter type and projection laterality, may provide an
additional means to segregate LSO information in higher processing centers such as the IC. It is possible that lower acti-
vation threshold would result in inhibition from LSO preceding excitation in time due to activation at smaller relative level
differences. This effect could also occur from inhibitory LSO PNs having shorter spike latencies due to being driven further
above their activation threshold than their excitatory counterparts. In any case, this may present a means by which inhib-
itory LSO PNs provide a source for “early inhibition” with shorter latency than excitation that is observed in IC neurons in
vivo (Carney and Yin, 1989; Peterson et al., 2008; Voytenko and Galazyuk, 2008). The inhibitory pathway from LSO to IC is
largely or entirely segregated to the ipsilateral side (Helfert et al., 1989; Saint Marie et al., 1989; Saint Marie and Baker,
1990; Glendenning et al., 1992; Henkel and Brunso-Bechtold, 1993; Ito et al., 2011; Yavuzoglu et al., 2011; Mellott
et al., 2021; Haragopal et al., 2023; however, see Williams and Ryugo, 2024). Preceding either in time or relative level
domain, ipsilateral inhibition may serve to sharpen the representation of auditory objects in the contralateral IC
(Semple and Kitzes, 1985; Delgutte et al., 1999).
Greater understanding of the LSO→IC circuit is limited by not knowing what cell types in the IC receive inputs from LSO

PN types and is an important future direction. There is however some evidence that inhibitory and excitatory LSO PNs
participate in different subcircuits within the IC since ipsilateral and contralateral projections from LSO to IC target different
bands or territories in cats (Shneiderman and Henkel, 1987; Loftus et al., 2004).
Although traditionally proposed to extract ILDs, LSO PNs are increasingly implicated in extraction of ITDs (for review,

see Joris and Trussell, 2018; Joris and van der Heijden, 2019; Yin et al., 2019). Inhibitory LSO PNs have several intrinsic
membrane properties that could provide advantages for time-coding functions. These include beingmore likely to present
with an onset firing pattern (76%), having higher phasic spiking limit, lower maximum number of spikes, and more stable
interspike intervals (Haragopal and Winters, 2023). Thus, inhibitory outputs to the ipsilateral IC from LSO may contain a
preponderance of time-coding relevant information that is activated at lower sound threshold or higher sensitivity.
There is also some evidence that different types of ITD processing are segregated in the IC. ITD processing for amplitude

modulations, which may be more likely to be encoded by the LSO, and fine structure ITDs which are more likely to be
encoded by the medial superior olive, take place in different IC regions in gerbils (Graña et al., 2017) although it is unclear
how different LSO PN cell types might be involved.
Together the work presented here suggests that inhibitory and excitatory LSO PNs have more similar synaptic inputs

(with the exception of inhibitory input kinetics) than intrinsic membrane properties. Future studies will focus on specific
ion channel systems involved in their intrinsic membrane differences and how differential expression may tune input/out-
put responses for different binaural functions.
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