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Ambient noise exposure induces 
long‑term adaptations in adult 
brainstem neurons
Ida Siveke1,2*, Mike H. Myoga1, Benedikt Grothe1 & Felix Felmy1,3*

To counterbalance long-term environmental changes, neuronal circuits adapt the processing 
of sensory information. In the auditory system, ongoing background noise drives long-lasting 
adaptive mechanism in binaural coincidence detector neurons in the superior olive. However, the 
compensatory cellular mechanisms of the binaural neurons in the medial superior olive (MSO) to 
long-term background changes are unexplored. Here we investigated the cellular properties of MSO 
neurons during long-lasting adaptations induced by moderate omnidirectional noise exposure. After 
noise exposure, the input resistance of MSO neurons of mature Mongolian gerbils was reduced, likely 
due to an upregulation of hyperpolarisation-activated cation and low voltage-activated potassium 
currents. Functionally, the long-lasting adaptations increased the action potential current threshold 
and facilitated high frequency output generation. Noise exposure accelerated the occurrence 
of spontaneous postsynaptic currents. Together, our data suggest that cellular adaptations in 
coincidence detector neurons of the MSO to continuous noise exposure likely increase the sensitivity 
to differences in sound pressure levels.

Abbreviations
mEPSC	� Miniature excitatory post-synaptic current
mIPSC	� Miniature inhibitory post-synaptic current
MSO	� Medial superior olive
DTX	� Dendrotoxin

Neuronal adaptation adjusts the processing of sounds to changes in acoustic environment1–4. In the auditory 
system different mechanism including molecular5, structural6–9 and functional adaptation10–15 contribute to this 
adjustment. Thus, various cellular mechanisms modulate auditory processing over a large time range covering 
milliseconds to days.

Here we investigated long-term adaptive changes in neurons of the medial superior olive (MSO). MSO neu-
rons are the major site of coincidence detection of binaural inputs and process binaural temporal information 
known to be important to localize low frequency sound sources in the azimuth16,17. On the cellular level, MSO 
neurons process inputs by an ultrafast integration mechanism based on fast excitation18 and inhibition19–22 and 
voltage-gated postsynaptic conductances23–28. Moreover, action potential generation of MSO neurons is facili-
tated by membrane resonance29,30, a phenomenon largely determined by the overall membrane conductance29.

Concurrent or masking signals, like ongoing background noise have a substantial effect on binaural process-
ing in the auditory brainstem14,31,32. Binaural neurons in the brainstem rapidly adapt to short-term stimulation 
history within milliseconds10,11,15. After long-lasting exposure to moderate omnidirectional noise, that masks 
sound sources localization cues, long-term reversible adaptations occur for the processing of binaural cues14. 
Thus, noise exposure induces long-term adaptations in the binaural system. The cellular mechanisms behind 
this adaptation, however, are unknown.

We investigated the biophysical properties of coincidence detector neurons of the MSO that undergo long-
term adaptation during omnidirectional noise exposure. Noise exposure leads to a drop in input resistance, an 
increase in action potential current threshold and a modulation of synaptic inputs. These cellular changes are 
indicative of an increased sensitivity to differences in sound pressure levels after noise exposure.

OPEN

1Division of Neurobiology, Department Biology II, Ludwig-Maximilians-University Munich, 82152 Planegg‑Martinsried, 
Germany. 2Institute of Zoology and Neurobiology, Ruhr-University Bochum, Universitätsstrasse 150, 44780 Bochum, 
Germany. 3Institute of Zoology, University of Veterinary Medicine Hannover, Foundation, Bünteweg 17, 
30599 Hannover, Germany. *email: ida.siveke@rub.de; felix.felmy@tiho-hannover.de

http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-021-84230-9&domain=pdf


2

Vol:.(1234567890)

Scientific Reports |         (2021) 11:5139  | https://doi.org/10.1038/s41598-021-84230-9

www.nature.com/scientificreports/

Results
Effects of noise exposure on biophysical membrane properties.  To investigate the long-term 
adaptations after omnidirectional white noise exposure, we performed whole-cell recordings from MSO neu-
rons in acute brain slices from control (c) and noise experienced (NE) animals (Fig. 1A). We recorded from 
visually identified neurons in the central band of the MSO. This location was controlled and verified online and 
by post-hoc visualization (Fig. 1A, right). The biophysical properties were determined with step current-clamp 
protocols (Fig. 1). As described before18,26,33,34, MSO neurons showed a single onset action potential and a large, 
rapid sag potential (Fig. 1B). The sub-threshold voltage response at the onset and in steady state was analyzed 
(Fig. 1C). From the voltage-current relationship, the membrane input resistance (Rinput) was estimated by deter-
mining the slope between -0.5 and -2.1 nA stimulation current. From the average the estimated Rinput at hyper-
polarized membrane potentials was reduced after the sound exposure at the onset (on) and the steady state (ss) 
(Fig. 1C; control n = 26; NE n = 54). The decrease of the Rinput was confirmed (Fig. 1D,E) using the average voltage 
response to a -100 pA hyperpolarizing current repeated 30 times (control n = 26; NE n = 54; p = 0.0002, two-sided 
Wilcoxon rank sum test). However, the membrane potential of the neurons was unchanged after noise exposure 
(Fig. 1F; control n = 26; NE n = 54; p = 0.501, two-sided Wilcoxon rank sum test).

The Rinput of MSO neurons depends mainly on IH and KLT currents, which are activated at resting potentials35. 
The quantification of the resting membrane potential (control -54.3 ± 0.56 mV; NE − 55.7 ± 0.75 mV) however 
indicated no significant (p = 0.501) change due to noise exposure. Thus, as both IH and KLT currents contribute to 
Rinput at resting potentials, noise exposure might upregulate both currents simultaneously. To indicate long-term 
changes in IH currents the sag decay evoked by a − 2.4 and − 2.1 nA current injection was fitted by a double-expo-
nential function (Fig. 1G). Noise exposure did not change the fast (Fig. 1H; control 11.6 ms, n = 26; NE 10.7 ms 
n = 54; p = 0.14, two-sided Wilcoxon rank sum test), but significantly accelerated the slow decay component 
(Fig. 1I; control 98 ms; NE 44 ms; p = 0.002, two-sided Wilcoxon rank sum test). The acceleration of the decay 
may indicate that more IH current might be present after moderate, long-lasting omnidirectional noise exposure.

Effects of noise exposure on action potential generation.  Functionally, the lowered Rinput in MSO 
neurons might change the action potential threshold recorded in the soma36. To probe for changes in action 
potential threshold, action potentials were initially evoked by a 500 ms long + 2.4 nA current injection (Fig. 2A). 
With this current intensity action potentials were induced in 65% (17 of 26 tested) of the neurons of the control 
group but only in 41% (22 of 54 tested) of the NE group. Thus, MSO neurons from NE animals appeared less 
excitable (Fisher’s exact test; p = 0.034). The size of the evoked action potential determined from baseline and the 
speed of the depolarization (Fig. 2A, bottom, dV/dt) were only slightly smaller but did not significantly differ 
between control and NE neurons (Fig. 2B, control 35.7, n = 17; NE 30.9, n = 21, p = 0.069, without outlier (n = 22) 
p = 0.040, two-sided Wilcoxon rank sum test; Fig. 2C, control 116.5 V/s n = 17; NE 93.6 V/s n = 22, p = 0.087, 
two-sided Wilcoxon rank sum test). To detect differences in action potential current threshold between control 
and NE neurons in more detail, a short 1 ms current injection was delivered to the soma and increased in 0.1 nA 
steps up to 7 nA (Fig. 2D). The current injected to drive the first supra-threshold event was significantly larger in 
NE animals (control 4.2 nA n = 12; NE 4.7 nA n = 19; p = 0.03, two-sided Wilcoxon rank sum test; Fig. 2E). Thus, 
in accord with a lower somatic Rinput the current threshold of action potentials increased after noise exposure.

A change in Rinput may also alter the likelihood of neurons to generate action potentials during repetitive 
stimulations. The resting conductance of MSO neurons favors rates of resonance driven output between 300 and 
500 Hz29. Increased conductance increases the resonance frequency and thus might support higher frequencies 
of ongoing output generation29. To examine whether the increased membrane conductance by noise exposure 
alters the behavior of repetitive action potential generation, 10 short 0.5 ms long currents were injected 0.5 nA 
above threshold with frequencies of 330 to 800 Hz. Almost all neurons (control n = 19; NE n = 35) faithfully 
generated action potentials to each stimulation pulse in the train of up to 500 Hz (Fig. 3A). To investigate the 
action potential generation the dV/dt values were extracted (Fig. 3A, blue and green traces). Normalizing the 
dV/dt values to the first event revealed no change of the speed of action potential depolarisation during the 
330 Hz train stimulation (Fig. 3B). At higher stimulation frequencies (660 and 800 Hz) a depression of the action 
potential speed from the second stimulation pulse onwards was observed for both groups. However, at 500 Hz 
stimulation frequency a small facilitation of the action potential speed was observed, that was significantly larger 
in NE cells (Fig. 3C, p = 0.03, two-sided Wilcoxon rank sum test). To indicate whether the conductance of the KLT 
channels could be involved in this facilitation, the same train of current injections was repeated in the presence 
of 100 nM DTX (n = 7; Fig. 3D) a KLT antagonist in MSO neurons24,26,28. Indeed, increasing Rinput by blocking KLT 
led to a decrease of the first derivative during 500 Hz stimulations in control animals (Fig. 3E, p = 0,016, two-
sided Wilcoxon’s signed rank test). Thus, consistent with the input resistance dependent membrane resonance 
properties of MSO neurons29, the decreased Rinput after noise experience allows these neurons to follow with 
higher fidelity high stimulation rates.

Long‑term regulation of spontaneous synaptic transmission.  Turning from a comparison of 
biophysical membrane properties to synaptic inputs we next quantified spontaneous mEPSCs and mIPSCs in 
control and NE animals. Spontaneous mPSCs were regarded as miniature PSC as TTX does not alter their 
amplitude18. Both mEPSCs and mIPSCs were recorded in the same neurons with different holding potentials 
(Fig.  4A). Detected events at -70  mV holding potential, corresponding to the reversal of chloride currents 
were regarded as mEPSCs and events at + 10 mV holding potential, the reversal of glutamatergic current, were 
regarded as mIPSCs. For each cell, all detected mEPSCs (Nmean = 677 ± 225) were averaged. mEPSCs appeared 
accelerated in NE animals (Fig. 4B), due to a decrease in decay time (control: 0.36 ms; NE: 0.25 m; p = 0.0014, 
two-sided Wilcoxon rank sum test). Similarly, the mIPSC decay time constant was reduced in NE animals (con-
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Figure 1.   Intrinsic properties of MSO principal neurons from adult animals with and without noise exposure: neurons are getting leaky 
and faster after noise exposure. (A) Schematic drawing of the experimental design and three typical principal MSO neurons filled with 
Alexa Fluor 568 during recording (right picture). (B) Response to different 500 ms current pulses (− 2.5 to 4.3 nA; 0.4 nA steps) using 
current clamp recordings while blocking synaptic transmission (SR—GABA antagonist, D-AP5-NMDA antagonist, TTX – Na1). (C), 
On-current (on; triangle, see (B) for example) and the steady-state-current (ss; circle, see (B)) V–I plots generated from the average 
voltage responses of ≥ 3 repetitions. The average Rinput was estimated from the slope of the V–I plots between − 2.1 and − 0.5 nA current 
application. (D) Response to a small current injection (− 0.1 nA, grey lines) were used to estimate the steady state (grey dot) Rinput of 
each cell to the average response (black line; ≥ 20 repetitions). (E) The Rinput of the control neurons (median = 5.2 MΩ) is significant 
higher (p = 0.0002) as the resistance of neurons of animals exposed to noise (median = 3.7 MΩ). (F) The membrane potentials (MP) do 
not differ between the two groups. (G) Example average response (≥ 3 repetitions) to high negative currents (− 2.5 and − 2.1 nA) were 
used to estimate the membrane potential and the time constants of the depolarizing sag (defined by a double exponential fit, red lines) 
during negative current injections. (H) The fast time constants of the depolarizing sag potential were not changed during noise exposure 
(c = 11.6 ms; NE = 10.7 ms). (I) The slow time constants were significant smaller (p = 0.002) in neurons of noise exposed animals 
(c = 0.098 s; NE = 0.044 s). Bars represent the median values, significance was assessed using two-sided Wilcoxon rank sum test.
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Figure 2.   Action potential characteristics and generation in MSO neurons from adult animals with and without 
noise exposure: Action potentials are getting smaller and faster, and the threshold to generate action potential is 
higher after noise exposure. (A) Example action potentials of a principal MSO neuron induced by high currents 
(see Fig. 1B). The maximal current of 2.4 nA induced action potential in 65% (nc = 17 of 26 tested) of the 
neurons of the control group but only in 41% (nNE 22 of 54 tested) neurons of the NE group. The upper graph 
shows an exemplary recording in mV, the lower graph the first derivative (dV/dt). (B) Amplitudes of the action 
potentials (AP) (c = 35.7 mV; NE = 30.9 mV, p = 0.040, without outlier/grey dot p = 0.069) and slope of the action 
potentials (C) (expressed in dV/dt) (c = 116.5 V/s; NE = 93.6 V/s, p = 0.087, without outlier grey dot p = 0.14) of 
the two groups. (D) Example action potentials evoked by a family of short increasing 1 ms currents (0.1 to 7 nA, 
0.1nA steps). This stimulus was used in a subset of MSO neurons to precisely investigate the action potential 
threshold. (E) Neurons that elicited an action potential by a maximal current of 7 nA, showed a significantly 
higher action potential threshold (c = 4.2 nA; NE = 4.7 nA, p = 0.03) in NE neurons. Bars represent the median 
values, significance was assessed using two-sided Wilcoxon rank sum test.



5

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5139  | https://doi.org/10.1038/s41598-021-84230-9

www.nature.com/scientificreports/

trol: 2.17 ms, n = 9 NE: 1.6 ms, n = 12; p = 0.0003, two-sided Wilcoxon rank sum test; Fig. 4B). Finally, the fre-
quency of mPSCs was determined in the same cells. mEPSCs appeared more frequent in NE animals (control: 
2.08 Hz, n = 9; NE: 5.52 Hz, n = 12; p = 0.00095, two-sided Wilcoxon rank sum test; Fig. 4C, left), an increase also 
observed for mIPSCs (control 1.17 Hz, n = 9; NE 2.97 Hz; n = 12, p = 0.0302, two-sided Wilcoxon rank sum test; 
Fig. 4C, right). The mutual increase of mEPSC and mIPSC frequency leads to the maintenance of the mEPSC/
mIPSC frequency ratio (control 1.78, n = 9; NE 2.72 Hz; n = 12, p = 0.41, two-sided Wilcoxon rank sum test; 
Fig. 4D). Together, these data indicate that an increase sensory input induced by continuous omnidirectional 
noise exposure leads to a simultaneous increase of the frequency of the accelerated excitatory and inhibitory 
mPSC possibly keeping the balance of these inputs constant.

Discussion
Concurrent noise exposure has a strong impact on the processing of binaural information in the first stages of 
the auditory pathway14,32,37–39. Also, psychophysical studies showed, that sound source localization is modulated 
by the physical features of the concurrent noise40–42. Direct evidence from binaural neurons in the auditory 
brainstem demonstrated their adaptation of neuronal responses during long-lasting exposure of concurrent 
noise14. Here we describe the physiological cellular adaptations of neurons of the MSO to the same long-lasting, 

Figure 3.   Action potential generation is facilitated at higher frequencies after noise exposure. (A) Exemplary 
raw traces (three repetition) and the first derivative (dV/dt) of the response to a train of 10 stimuli (indicated 
below). The upper panel shows the data of the control group the lower panel the data of the NE group. (B) Mean 
response of action potential (AP) depolarisation speed (dV/dt) (± SEM normalized to the first action potential 
of the 10-stimuli train shown for four different frequencies (the control group: upper panel, NE group: bottom 
panel). (C) The rise of the second amplitude is significantly increased at the 500 Hz-train after noise exposure 
(p = 0.0348). (D) Mean action potential depolarisation speed (dV/dt) (± SEM) after blocking the Kv1 channel 
with DTX (Dendrotoxin 100 nM) for the 10 pulse 500 Hz-stimulus train. (E) Action potential depolarisation 
speed decreases significantly (p = 0.0006) in neurons after DTX application. Bars represent the median values, 
significance was assessed using two-sided Wilcoxon’s signed rank (E) and two-sided Wilcoxon rank sum test 
(C).
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moderate, omnidirectional noise. We show that biophysical changes include a decrease in input resistance, an 
increase in action potential current threshold, and a change in firing performance to train stimulations. Further-
more, the synaptic inputs to MSO neurons also appear to undergo activity dependent adaptation. Together, we 
hypothesize that the increased sensitivity may result from homeostatic mechanisms crucial to maintain firing 
rates in a working range and may guarantee the extraction of spatial information out of the environmental noise.

The noise induced alteration in the sag potential and the decreased in Rinput indicate an enhanced IH current. 
Moreover, the decrease in Rinput together with the increase in action potential current threshold, the change in 
output performance indicate an enhanced KLT current. The increase in action potential current threshold is 
consistent with an influence of the DTX sensitive current in action potential generation34 corroborating the 
interpretation that higher current thresholds are mediated by larger DTX-sensitive KLT currents. Both IH and 
KLT are known to set the input resistance of MSO neurons35. As the resting membrane potential is unaffected 
by the long lasting moderate noise exposure we suggest that both the IH and the KLT currents are enhanced in a 
balanced way. Such a balanced upregulation might be important to maintain the appropriate interactions of KLT 
and IH during ongoing activity43. The facilitated generation of higher output frequencies after noise induced leak 
increase agrees with the finding that leakier cells support higher output rates by resonance29. An increase in KLT 

Figure 4.   Characterization of miniature EPSCs and IPSCs in MSO neurons from adult animals with and 
without noise exposure: While the amplitude of the miniature events stays constant, the events are faster and 
their frequency is increased. (A) Recording of mEPSCs (left) and mIPSCs (right) in the same neuron using 
different holding potentials (− 60 mV for mEPCSs and + 10 mV for mIPSCs). The middle graph shows a single 
enlarged mEPSC or mIPSC from the recording (upper graph, red box) and the bottom graph the average 
mEPCS or mIPSC. (B) Decay time constants (tau decay) of the average mEPSCs (p = 0.0014) and mIPSCs 
(p = 0.0003). (C) Frequency of mEPSCs (left; p = 0.00095) and mIPSCs (right; p = 0.0302) significantly increases 
in neurons after noise exposure. (D) The relative frequency (left; p = 0.414) of mEPSCs/mIPSCs does not change 
after noise exposure.
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might be crucial towards this adaptation process, as it has been described to enhance the signal-to-noise ratio 
in MSO neurons34. Thus, the decreased Rinput, likely based on KLT and IH appears as a cellular strategy to increase 
the signal-to-noise ratio to maintain the extraction of relevant binaural cues with the requested accuracy and 
thereby counterbalancing masking effects of concurrent noise.

A change in mPSC frequency can be attributed to a variety of underlying mechanisms, including a change 
in release probability, a change in number or the redistribution of synapses. After two weeks in moderate, 
omnidirectional white noise the frequency of both mIPSC and mEPSC were increased, maintaining the same 
E/I ratio. The mechanism for the apparently maintained E/I ratio after sound exposure remains elusive. Thus, 
the balance between excitation and inhibition appears unchanged despite the overall synaptic drive might be 
enhanced. We can only speculate about the functional impact of the changes in mPSC, as the effect of long-lasting 
omnidirectional noise exposure on evoked synaptic responses remains elusive. The increased mPSC frequency 
might indicate also an increased evoked response either in amplitude or width. Such an increase might be cru-
cial to overcome the increased action potential current threshold in the adapted state without jeopardizing the 
coincidence detection mechanism based on excitation and inhibition19–22. The cellular mechanism that leads to 
this compensatory increase in synaptic drive remains unknown. Generally, moderate noise induced changes of 
synaptic parameters include the number of release sites and release probability12. The molecular targets of the 
underlying noise induced modification in the auditory brainstem are unclear, but proteinergic changes induced 
by altered activity levels are manifold in the central auditory pathways5. This increase in precision driven by 
long-lasting noise exposure differs from the short-term mechanisms driven by short adapter sound stimuli that 
activate the presynaptic GABAB signaling cascade15. During these rapidly driven adaptive processes, the time 
course of mPSCs remained unchanged. Therefore, the alterations in mPSC kinetics are more likely to involve a 
homeostatic regulation of the postsynaptic mechanism.

Our data and experimental design precludes us from identifying unambiguously the stimulus feature respon-
sible for the observed adaptive changes. One effect of the omnidirectional noise exposure is most likely an 
increase in neuronal activity. The second effect of this stimulation paradigm is the suppression of the binaural 
information of low frequency sound sources by masking. Thus, the adaptive changes might be induced by an 
activity increase or a loss of spatial cue. At least during development both cues appear crucial for the functional 
maturation of the MSO circuit. The loss of spatial cues hampers the development of inhibition6,9,44 while activity 
likely drives the excitatory development and homeostatic development45. Therefore, both cues might be relevant 
to induced long-term adaptive changes to improve signal detection to counterbalance sound exposure in adult 
gerbils.

Material and methods
Animals and noisebox.  All experiments and experimental protocols were in accordance with the relevant 
guidelines and regulations of German law on the protection of animals and licensed by the local authority the 
Regierung von Oberbayern after being evaluated, questioned and approved by their ethics committee (Tier-
schutzgesetz; AZ 2112531-40/01, AZ 55.2-1-54-2531-57-05, and AZ 55.2-1-54.2531-105-10). We investigated 
two groups of adult (3–4 months old) Mongolian gerbils (Meriones unguiculatus) of either sex. All animals were 
raised in a normal acoustic environment (38–40 dBA). The control group was not exposed to noise (N = 15). A 
second group, called the NE group was exposed to omnidirectional white noise for 14 days (for details see Siveke, 
et al.14) and tested within the following 7 days (N = 22). Overall, this work complied with the ARRIVE guidelines 
(https​://arriv​eguid​eline​s.org/).

Slice preparation, in vitro electrophysiology and data analysis.  Brain slices were prepared from 
gerbils of postnatal day (P) > 60. Animals were anesthetized with isoflurane and decapitated. Brains were removed 
in dissection solution containing (in mM) 50 sucrose, 25 NaCl, 25 NaHCO3, 2.5 KCl, 1.25 NaH2PO4, 3 MgCl2, 
0.1 CaCl2, 25 glucose, 0.4 ascorbic acid, 3 myo-inositol and 2 Na-pyruvate (pH 7.4 when bubbled with 95% O2 
and 5% CO2). Subsequent to brain removal, 90–110 µm horizontal slices were taken with a VT1200S vibratome 
(Leica). Slices were incubated in recording solution (same as slice solution but with 125 mM NaCl, no sucrose 
and 2 mM CaCl2 and 1 mM MgCl2 at 36 °C for 15–45 min, bubbled with 5% CO2 and 95% O2). After incubation, 
slices were transferred to a recording chamber attached to a microscope (BX50WI; Olympus) equipped with 
gradient contrast illumination and continuously perfused with recording solution. Cells were visualized with a 
TILL Photonics system composed of a VGA CCD camera, a monochromator and its control unit. Whole-cell 
recordings were performed using an EPC10/2 amplifier (HEKA Elektronik) at 34–36 °C. Data were acquired at 
50 kHz and for mPSCs at 100 kHz and always low-pass filtered at 3 kHz. For voltage clamp recordings, the access 
resistances were compensated to a residual of 3 MOhm. For current clamp recordings, the bridge balance was set 
to 100% after estimating the access resistance in voltage clamp. Clamp conditions were monitored throughout 
the experiment. For current clamp recordings, the internal solution contained (in mM): 145 K-gluconate, 5 KCl, 
2 Mg-ATP, 2 K-ATP, 0.3 Mg-GTP, 10 Na-phosphocreatine, 10 HEPES, 5 EGTA (osmolarity of 300 and ph of 7.25 
adjusted with KOH). For voltage clamp recordings, the internal solution contained (in mM): 135 Cs-gluconate, 
10 TEACl, 2 Mg-ATP, 2 K-ATP, 0.3 Na2-GTP, 10 Na2-phosphocreatine, 10 HEPES, 5 Cs-EGTA, 0.01 ZD7288, 5 
Qx-314-Br (osmolarity of 300 and ph of 7.1 adjusted with CsOH). No liquid junction potential correction was 
made. Miniature excitatory and inhibitory post-synaptic currents (mEPSCs and mIPSCs) were recorded either 
at the reversal potential of the excitatory (+ 10 mV) or inhibitory current (− 70 mV) respectively. To visualize 
the recorded cells during and after the recordings, all internal solutions included 50 µM Alexa 594 (molecular 
probes, USA). After fixation of the slices in 4% paraformaldehyde solution for 10–20 h the filled neuron’s loca-
tion and bipolar shape46 was histologically verified using standard fluorescent microscopy. Data was analyzed 
offline using custom written functions in IgorPro (Wavemetrics, OR, USA). Peak and steady-state I-V plots were 
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generated from voltage response to 1000 ms current steps (− 2.5 to 4.3 nA, 0.4 pA steps, 3 repetitions) measured 
at the beginning (8–13 ms) and during the last 40 ms of the step pulse, respectively (see Fig. 1B). The membrane 
resting potential was quantified at the beginning of the first 5 ms of the recordings and averaged over all 18 
current steps and the 3 repetitions. The input resistance (Rinput) was obtained from the slope of the mean I–V 
plot between 5 and 20 mV below rest (see Fig. 1C). In addition, for each cell separately the Rinput (steady-state) 
was obtained from the average voltage response elicited by a 50-ms hyperpolarizing step pulse (− 0.1 nA, 30 
repetitions, see Fig. 1D). The fastest slope of the generated action potential was measured as the peak of the dif-
ferentiated voltage trace (dV/dt, see Fig. 2A). Both, peak amplitude and the dV/dt value of the action potential 
were obtained from the 1000 ms current step (4.3 nA, see Fig. 2A–C). The cell specific action potential current 
thresholds were more accurately determinate using a short 1-ms depolarizing steps rising from 2 to 7 nA (0.2 nA 
steps, 3 repetitions, see Fig. 2D). Spontaneous, miniature mPSCs were extracted based on the template-matching 
algorithm of Clements and Bekkers47 implemented by Taschenberger48 in an IGOR routine. The template for 
mEPSC was 4 ms long and consisted of a 100 µs rise time and a 100 µs fast and 100 µs fast and slow decay time 
constant generating a mono-exponential decay. For mIPSC matching the template was 10 ms long and consisted 
of a 100 µs rise time and a 1 ms fast and 1 ms slow decay time constant. The detection threshold was adjusted 
to the noise level of each recording and thus allowed the extraction of false positive to ensure that all detectable 
mPSCs were captured. Post-hoc mPSC sorting to remove false positive events and mPSC analysis was facilitated 
by implemented Igor routines18. Statistical significance was assessed by two-sided Wilcoxon signed rank test for 
paired samples and the two-sided Wilcoxon rank sum test for independent samples and by the Fisher`s exact 
test of the null hypothesis (Matlab).

Data availability
The data that support the findings to this study are available from the corresponding authors upon request.

Received: 14 September 2020; Accepted: 12 February 2021

References:
	 1.	 Keating, P. & King, A. J. Sound localization in a changing world. Curr. Opin. Neurobiol. 35, 35–43. https​://doi.org/10.1016/j.

conb.2015.06.005 (2015).
	 2.	 Keuroghlian, A. S. & Knudsen, E. I. Adaptive auditory plasticity in developing and adult animals. Prog. Neurobiol. 82, 109–121. 

https​://doi.org/10.1016/j.pneur​obio.2007.03.005 (2007).
	 3.	 Rabinowitz, N. C., Willmore, B. D., King, A. J. & Schnupp, J. W. Constructing noise-invariant representations of sound in the 

auditory pathway. PLoS Biol. 11, e1001710. https​://doi.org/10.1371/journ​al.pbio.10017​10 (2013).
	 4.	 Wark, B., Lundstrom, B. N. & Fairhall, A. Sensory adaptation. Curr. Opin. Neurobiol. 17, 423–429. https​://doi.org/10.1016/j.

conb.2007.07.001 (2007).
	 5.	 Illing, R. B. Activity-dependent plasticity in the adult auditory brainstem. Audiol. Neurootol. 6, 319–345. https​://doi.

org/10.1159/00004​6844 (2001).
	 6.	 Kapfer, C., Seidl, A. H., Schweizer, H. & Grothe, B. Experience-dependent refinement of inhibitory inputs to auditory coincidence-

detector neurons. Nat. Neurosci. 5, 247–253. https​://doi.org/10.1038/nn810​ (2002).
	 7.	 Sanes, D. H. & Takacs, C. Activity-dependent refinement of inhibitory connections. Eur. J. Neurosci. 5, 570–574. https​://doi.

org/10.1111/j.1460-9568.1993.tb005​22.x (1993).
	 8.	 Smith, Z. D., Gray, L. & Rubel, E. W. Afferent influences on brainstem auditory nuclei of the chicken: n. laminaris dendritic length 

following monaural conductive hearing loss. J. Comp. Neurol. 220, 199–205. https​://doi.org/10.1002/cne.90220​0207 (1983).
	 9.	 Werthat, F., Alexandrova, O., Grothe, B. & Koch, U. Experience-dependent refinement of the inhibitory axons projecting to the 

medial superior olive. Dev. Neurobiol. 68, 1454–1462. https​://doi.org/10.1002/dneu.20660​ (2008).
	10.	 Dean, I., Harper, N. S. & McAlpine, D. Neural population coding of sound level adapts to stimulus statistics. Nat. Neurosci. 8, 

1684–1689. https​://doi.org/10.1038/nn154​1 (2005).
	11.	 Gleiss, H. et al. Cooperative population coding facilitates efficient sound-source separability by adaptation to input statistics. PLoS 

Biol. 17, e3000150. https​://doi.org/10.1371/journ​al.pbio.30001​50 (2019).
	12.	 Ngodup, T. et al. Activity-dependent, homeostatic regulation of neurotransmitter release from auditory nerve fibers. Proc. Natl. 

Acad. Sci. U.S.A. 112, 6479–6484. https​://doi.org/10.1073/pnas.14208​85112​ (2015).
	13.	 Pilati, N. et al. Acoustic trauma slows AMPA receptor-mediated EPSCs in the auditory brainstem, reducing GluA4 subunit expres-

sion as a mechanism to rescue binaural function. J. Physiol. 594, 3683–3703. https​://doi.org/10.1113/JP271​929 (2016).
	14.	 Siveke, I., Leibold, C., Schiller, E. & Grothe, B. Adaptation of binaural processing in the adult brainstem induced by ambient noise. 

J. Neurosci. 32, 462–473. https​://doi.org/10.1523/JNEUR​OSCI.2094-11.2012 (2012).
	15.	 Stange, A. et al. Adaptation in sound localization: from GABA(B) receptor-mediated synaptic modulation to perception. Nat. 

Neurosci. 16, 1840–1847. https​://doi.org/10.1038/nn.3548 (2013).
	16.	 Goldberg, J. M. & Brown, P. B. Response of binaural neurons of dog superior olivary complex to dichotic tonal stimuli: some 

physiological mechanisms of sound localization. J. Neurophysiol. 32, 613–636. https​://doi.org/10.1152/jn.1969.32.4.613 (1969).
	17.	 Yin, T. C. & Chan, J. C. Interaural time sensitivity in medial superior olive of cat. J. Neurophysiol. 64, 465–488. https​://doi.

org/10.1152/jn.1990.64.2.465 (1990).
	18.	 Couchman, K., Grothe, B. & Felmy, F. Medial superior olivary neurons receive surprisingly few excitatory and inhibitory inputs 

with balanced strength and short-term dynamics. J. Neurosci. 30, 17111–17121. https​://doi.org/10.1523/JNEUR​OSCI.1760-10.2010 
(2010).

	19.	 Brand, A., Behrend, O., Marquardt, T., McAlpine, D. & Grothe, B. Precise inhibition is essential for microsecond interaural time 
difference coding. Nature 417, 543–547. https​://doi.org/10.1038/41754​3a (2002).

	20.	 Goldwyn, J. H., McLaughlin, M., Verschooten, E., Joris, P. X. & Rinzel, J. Signatures of somatic inhibition and dendritic excitation 
in auditory brainstem field potentials. J. Neurosci. 37, 10451–10467. https​://doi.org/10.1523/JNEUR​OSCI.0600-17.2017 (2017).

	21.	 Myoga, M. H., Lehnert, S., Leibold, C., Felmy, F. & Grothe, B. Glycinergic inhibition tunes coincidence detection in the auditory 
brainstem. Nat. Commun. 5, 3790. https​://doi.org/10.1038/ncomm​s4790​ (2014).

	22.	 Pecka, M., Brand, A., Behrend, O. & Grothe, B. Interaural time difference processing in the mammalian medial superior olive: the 
role of glycinergic inhibition. J. Neurosci. 28, 6914–6925. https​://doi.org/10.1523/JNEUR​OSCI.1660-08.2008 (2008).

	23.	 Khurana, S. et al. An essential role for modulation of hyperpolarization-activated current in the development of binaural temporal 
precision. J. Neurosci. 32, 2814–2823. https​://doi.org/10.1523/JNEUR​OSCI.3882-11.2012 (2012).

https://doi.org/10.1016/j.conb.2015.06.005
https://doi.org/10.1016/j.conb.2015.06.005
https://doi.org/10.1016/j.pneurobio.2007.03.005
https://doi.org/10.1371/journal.pbio.1001710
https://doi.org/10.1016/j.conb.2007.07.001
https://doi.org/10.1016/j.conb.2007.07.001
https://doi.org/10.1159/000046844
https://doi.org/10.1159/000046844
https://doi.org/10.1038/nn810
https://doi.org/10.1111/j.1460-9568.1993.tb00522.x
https://doi.org/10.1111/j.1460-9568.1993.tb00522.x
https://doi.org/10.1002/cne.902200207
https://doi.org/10.1002/dneu.20660
https://doi.org/10.1038/nn1541
https://doi.org/10.1371/journal.pbio.3000150
https://doi.org/10.1073/pnas.1420885112
https://doi.org/10.1113/JP271929
https://doi.org/10.1523/JNEUROSCI.2094-11.2012
https://doi.org/10.1038/nn.3548
https://doi.org/10.1152/jn.1969.32.4.613
https://doi.org/10.1152/jn.1990.64.2.465
https://doi.org/10.1152/jn.1990.64.2.465
https://doi.org/10.1523/JNEUROSCI.1760-10.2010
https://doi.org/10.1038/417543a
https://doi.org/10.1523/JNEUROSCI.0600-17.2017
https://doi.org/10.1038/ncomms4790
https://doi.org/10.1523/JNEUROSCI.1660-08.2008
https://doi.org/10.1523/JNEUROSCI.3882-11.2012


9

Vol.:(0123456789)

Scientific Reports |         (2021) 11:5139  | https://doi.org/10.1038/s41598-021-84230-9

www.nature.com/scientificreports/

	24.	 Mathews, P. J., Jercog, P. E., Rinzel, J., Scott, L. L. & Golding, N. L. Control of submillisecond synaptic timing in binaural coincidence 
detectors by K(v)1 channels. Nat. Neurosci. 13, 601–609. https​://doi.org/10.1038/nn.2530 (2010).

	25.	 Nabel, A. L. et al. Distinct distribution patterns of potassium channel sub-units in somato-dendritic compartments of neurons of 
the medial superior olive. Front. Cell Neurosci. 13, 38. https​://doi.org/10.3389/fncel​.2019.00038​ (2019).

	26.	 Scott, L. L., Mathews, P. J. & Golding, N. L. Posthearing developmental refinement of temporal processing in principal neurons of 
the medial superior olive. J. Neurosci. 25, 7887–7895. https​://doi.org/10.1523/JNEUR​OSCI.1016-05.2005 (2005).

	27.	 Scott, L. L., Mathews, P. J. & Golding, N. L. Perisomatic voltage-gated sodium channels actively maintain linear synaptic integration 
in principal neurons of the medial superior olive. J. Neurosci. 30, 2039–2050. https​://doi.org/10.1523/JNEUR​OSCI.2385-09.2010 
(2010).

	28.	 Svirskis, G., Kotak, V., Sanes, D. H. & Rinzel, J. Sodium along with low-threshold potassium currents enhance coincidence detec-
tion of subthreshold noisy signals in MSO neurons. J. Neurophysiol. 91, 2465–2473. https​://doi.org/10.1152/jn.00717​.2003 (2004).

	29.	 Fischer, L., Leibold, C. & Felmy, F. Resonance properties in auditory brainstem neurons. Front. Cell Neurosci. 12, 8. https​://doi.
org/10.3389/fncel​.2018.00008​ (2018).

	30.	 Remme, M. W. et al. Subthreshold resonance properties contribute to the efficient coding of auditory spatial cues. Proc. Natl. Acad. 
Sci. U.S.A. 111, E2339-2348. https​://doi.org/10.1073/pnas.13162​16111​ (2014).

	31.	 Clinard, C. G., Hodgson, S. L. & Scherer, M. E. Neural correlates of the binaural masking level difference in human frequency-
following responses. J. Assoc. Res. Otolaryngol. 18, 355–369. https​://doi.org/10.1007/s1016​2-016-0603-7 (2017).

	32.	 Langford, T. L. Responses elicited from medial superior olivary neurons by stimuli associated with binaural masking and unmask-
ing. Hear. Res. 15, 39–50. https​://doi.org/10.1016/0378-5955(84)90223​-5 (1984).

	33.	 Chirila, F. V., Rowland, K. C., Thompson, J. M. & Spirou, G. A. Development of gerbil medial superior olive: integration of tem-
porally delayed excitation and inhibition at physiological temperature. J. Physiol. 584, 167–190. https​://doi.org/10.1113/jphys​
iol.2007.13797​6 (2007).

	34.	 Svirskis, G., Kotak, V., Sanes, D. H. & Rinzel, J. Enhancement of signal-to-noise ratio and phase locking for small inputs by a low-
threshold outward current in auditory neurons. J. Neurosci. 22, 11019–11025 (2002).

	35.	 Golding, N. L. & Oertel, D. Synaptic integration in dendrites: exceptional need for speed. J. Physiol. 590, 5563–5569. https​://doi.
org/10.1113/jphys​iol.2012.22932​8 (2012).

	36.	 Lehnert, S. et al. Action potential generation in an anatomically constrained model of medial superior olive axons. J. Neurosci. 34, 
5370–5384. https​://doi.org/10.1523/JNEUR​OSCI.4038-13.2014 (2014).

	37.	 Caird, D. M., Palmer, A. R. & Rees, A. Binaural masking level difference effects in single units of the guinea pig inferior colliculus. 
Hear. Res. 57, 91–106. https​://doi.org/10.1016/0378-5955(91)90078​-n (1991).

	38.	 Lane, C. C. & Delgutte, B. Neural correlates and mechanisms of spatial release from masking: single-unit and population responses 
in the inferior colliculus. J. Neurophysiol. 94, 1180–1198. https​://doi.org/10.1152/jn.01112​.2004 (2005).

	39.	 Palmer, A. R., Jiang, D. & McAlpine, D. Desynchronizing responses to correlated noise: a mechanism for binaural masking level 
differences at the inferior colliculus. J. Neurophysiol. 81, 722–734. https​://doi.org/10.1152/jn.1999.81.2.722 (1999).

	40.	 Cohen, M. F. Inter-Aural Time Discrimination in Noise. J. Acoust. Soc. Am. 70, 1289–1293. https​://doi.org/10.1121/1.38714​2 
(1981).

	41.	 Good, M. D. & Gilkey, R. H. Sound localization in noise: the effect of signal-to-noise ratio. J. Acoust. Soc. Am. 99, 1108–1117. https​
://doi.org/10.1121/1.41523​3 (1996).

	42.	 Stern, R. M., Slocum, J. E. & Phillips, M. S. Interaural time and amplitude discrimination in noise. J. Acoust. Soc. Am. 73, 1714–1722. 
https​://doi.org/10.1121/1.38939​5 (1983).

	43.	 Khurana, S., Remme, M. W., Rinzel, J. & Golding, N. L. Dynamic interaction of Ih and IK-LVA during trains of synaptic potentials 
in principal neurons of the medial superior olive. J. Neurosci. 31, 8936–8947. https​://doi.org/10.1523/JNEUR​OSCI.1079-11.2011 
(2011).

	44.	 Magnusson, A. K., Kapfer, C., Grothe, B. & Koch, U. Maturation of glycinergic inhibition in the gerbil medial superior olive after 
hearing onset. J. Physiol. 568, 497–512. https​://doi.org/10.1113/jphys​iol.2005.09476​3 (2005).

	45.	 Franzen, D. L., Gleiss, S. A., Kellner, C. J., Kladisios, N. & Felmy, F. Activity-dependent calcium signaling in neurons of the medial 
superior olive during late postnatal development. J. Neurosci. https​://doi.org/10.1523/JNEUR​OSCI.1545-19.2020 (2020).

	46.	 Rautenberg, P. L., Grothe, B. & Felmy, F. Quantification of the three-dimensional morphology of coincidence detector neurons 
in the medial superior olive of gerbils during late postnatal development. J. Comp. Neurol. 517, 385–396. https​://doi.org/10.1002/
cne.22166​ (2009).

	47.	 Clements, J. D. & Bekkers, J. M. Detection of spontaneous synaptic events with an optimally scaled template. Biophys. J. 73, 220–229. 
https​://doi.org/10.1016/S0006​-3495(97)78062​-7 (1997).

	48.	 Taschenberger, H., Leao, R. M., Rowland, K. C., Spirou, G. A. & von Gersdorff, H. Optimizing synaptic architecture and efficiency 
for high-frequency transmission. Neuron 36, 1127–1143. https​://doi.org/10.1016/s0896​-6273(02)01137​-6 (2002).

Acknowledgements
We thank Prof. Christian Leibold, Dr. Michael Pecka and Prof. Dr. Peter Heil for critical discussions and com-
ments during data interpretation and on the manuscript.

Author contributions
Conceptualization: I.S., B.G., F.F.; design, acquisition, analysis and interpretation of the specific experiments: 
I.S., M.H.M., F.F.; writing – original draft: I.S., F.F.; writing – review and editing: I.S., B.G., F.F.

Funding
Open Access funding enabled and organized by Projekt DEAL. This work is supported by Deutsche Forschun-
gsgemeinschaft FE789/8–1 and CRC870 (TPB01 and TPB02) and Deutsches Schwindel- und Gleichgewichtsze-
ntrum TRFII-3.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to I.S. or F.F.

Reprints and permissions information is available at www.nature.com/reprints.

https://doi.org/10.1038/nn.2530
https://doi.org/10.3389/fncel.2019.00038
https://doi.org/10.1523/JNEUROSCI.1016-05.2005
https://doi.org/10.1523/JNEUROSCI.2385-09.2010
https://doi.org/10.1152/jn.00717.2003
https://doi.org/10.3389/fncel.2018.00008
https://doi.org/10.3389/fncel.2018.00008
https://doi.org/10.1073/pnas.1316216111
https://doi.org/10.1007/s10162-016-0603-7
https://doi.org/10.1016/0378-5955(84)90223-5
https://doi.org/10.1113/jphysiol.2007.137976
https://doi.org/10.1113/jphysiol.2007.137976
https://doi.org/10.1113/jphysiol.2012.229328
https://doi.org/10.1113/jphysiol.2012.229328
https://doi.org/10.1523/JNEUROSCI.4038-13.2014
https://doi.org/10.1016/0378-5955(91)90078-n
https://doi.org/10.1152/jn.01112.2004
https://doi.org/10.1152/jn.1999.81.2.722
https://doi.org/10.1121/1.387142
https://doi.org/10.1121/1.415233
https://doi.org/10.1121/1.415233
https://doi.org/10.1121/1.389395
https://doi.org/10.1523/JNEUROSCI.1079-11.2011
https://doi.org/10.1113/jphysiol.2005.094763
https://doi.org/10.1523/JNEUROSCI.1545-19.2020
https://doi.org/10.1002/cne.22166
https://doi.org/10.1002/cne.22166
https://doi.org/10.1016/S0006-3495(97)78062-7
https://doi.org/10.1016/s0896-6273(02)01137-6
www.nature.com/reprints


10

Vol:.(1234567890)

Scientific Reports |         (2021) 11:5139  | https://doi.org/10.1038/s41598-021-84230-9

www.nature.com/scientificreports/

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Ambient noise exposure induces long-term adaptations in adult brainstem neurons
	Results
	Effects of noise exposure on biophysical membrane properties. 
	Effects of noise exposure on action potential generation. 
	Long-term regulation of spontaneous synaptic transmission. 

	Discussion
	Material and methods
	Animals and noisebox. 
	Slice preparation, in vitro electrophysiology and data analysis. 

	References
	Acknowledgements


