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Abnormal sensory processing is core to neuropsychiatric and neurodevelopmental disorders, such as 
schizophrenia and autism spectrum disorders. Developing efficient therapies requires understanding 
the basic sensory pathways and identifying circuit abnormalities during early development. Auditory 
brainstem responses (ABRs) are well-established biomarkers for auditory processing on the brainstem 
level. Beyond their advantage of being easily applicable in clinics (given their non-invasive nature), 
ABRs have high reproducibility in rodents and translate well to humans (e.g. wave identity), 
despite species differences (e.g. wave features). We hypothesized that ABRs would reveal sensory 
abnormalities in neurodevelopmental models with construct validity, such as Neurexin1α knockout 
(Nrxn1α KO) rats during their development. In a previous study, adult Nrxn1α KO rats showed altered 
cortical auditory-evoked potentials and impaired prediction error to auditory stimuli (Janz in Transl 
Psychiat, 12:455, 2022 ). This study used ABR measurements to assess brainstem physiology during 
auditory processing in Nrxn1α KO rats and their wild-type littermates. Therefore, we followed the 
development trajectories of ABRs from the age of 3 weeks to 12 weeks longitudinally. We found 
that juvenile Nrxn1α KO rats (3 weeks of age) show altered ABRs, which normalized during further 
development. This alteration was confined to increased latency in waves II, III, and IV of the ABRs, 
suggesting impaired auditory processing on the level of the superior olivary complex and inferior 
colliculus. In conclusion, our results suggest that early but transient deficits in the processing 
of auditory information on the level of the brainstem are present in Nrxn1α KO rats, which may 
contribute to later cortical auditory processing deficits observed in adulthood. Our study emphasizes 
the value of ABRs as a functional readout of auditory brainstem circuit function with potential value as 
a translational biomarker.
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Neurodevelopmental disorders are a class of brain disorders that start as early as brain prenatal stages1. In the 
current DSM-5, the section “Neurodevelopmental disorders” describes abnormal sensory processing as one of 
the symptoms of autism spectrum disorders (ASDs)2. Auditory brainstem responses (ABRs), also known as 
brainstem auditory evoked potentials, are a non-invasive electrophysiological measurement of neuronal signal 
transmission along the auditory pathway. In the last 30 years, a large amount of literature has been published 
on the link between impaired auditory brainstem functions and sensory abnormalities in ASD patients3,4, and 
ABR measurements have been considered a promising translational biomarker to predict ASDs3,4. In humans 
and rodents, ABR measurements result in a characteristic waveform, with specific response waves (ABR waves), 
that speak to the activation of specific neuronal populations along the auditory pathway5–7. ABRs measure the 
evoked potentials from the auditory nerve to the mesencephalon, following acoustic stimulation in the first 
10 ms time window. In ABR measurements, we can differentiate between four to five positive response waves5–7. 
These waves represent synchronized neural activity and signal transmission from the auditory nerve, through 
the brainstem, the thalamus, and lastly to the auditory cortex8–10. Wave I is generated due to activation of the 
distal part of the auditory nerve (AN). Wave II is considered to be generated due to the activation of cochlear 
nucleus (CN) neurons. Wave III is generated by the superior olivary complex (SOC), wave IV by the lateral 
lemniscus and inferior colliculus (IC), and wave V represents the signal transmission to higher thalamic and 
cortical circuitry8–10. Depending on methodological and experimental conditions, rat ABRs may vary in shape 
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and amplitude, with either wave I11, wave II12 or wave IV13,14 identified as the most prominent wave. Studies 
in ASD individuals showed impaired ABR signals, such as delay in the wave I responses15,16, or at wave V17,18 
compared to healthy controls. Two meta-analyses confirm differences in ABR wave latencies, between ASD 
individuals and typically developed controls17,19. Mutations in the neurexins (NRXN) gene family lead to an 
increase in the risk of schizophrenia and are strongly associated with other neurodevelopmental disorders, 
including ASD20–22. Nrxn1α is part of the neurexins presynaptic cell adhesion proteins, which play essential 
roles in shaping synapse physiological properties, maturation, and organization 20,21.

To date, only a limited number of studies have focused on investigating auditory brainstem processing 
deficits in ASD rodent’ models13,23. In a previous study, we showed that the Neurexin1α knockout (Nrxn1α KO) 
rat exhibited altered auditory cortical evoked potential in their adult life phase1. In this study, we used ABR 
measurements to study the subcortical auditory processing during different time points of development. We 
hypothesized that if auditory brainstem function is compromised in Nrxn1α KO rats, this should be reflected 
in ABR abnormalities compared to wild-type littermates at a certain point during development and this finding 
could be linked to disruptions in auditory signal processing in neurodevelopmental and neuropsychiatric 
disorder, such as schizophrenia or ASDs.

Materials and methods
Animals
Experiments were conducted on Nrxn1α KO rats and wild-type littermates (strain: Sprague Dawley-
Nrxn1 < tm1sage > bred by Charles River, France)1,24,25. Rats were housed in groups of two, in a temperature-
controlled room on a 12 h light/dark cycle with ad libitum food and water. Only male rats were used, given that 
behavioral abnormalities are most pronounced in Nrxn1α KO males24,26. In this study, one cohort of animals WT 
(N = 15), and KO (N = 15) was recorded at different time points at 3, 4, and 6 weeks of age. For the recordings 
at weeks 8 and 12, we used WT (N = 15), and KO (N = 14). All procedures were approved by the Federal Food 
Safety and Veterinary Office of Switzerland (Basel-Nr.2857) and conducted in adherence to the Swiss federal 
ordinance on animal protection and welfare, as well as according to the rules of the Association for Assessment 
and Accreditation of Laboratory Animal Care International and the ARRIVE guidelines27.

Electrophysiological recording and acoustic stimulation
We applied click sound ABR measurement protocols, that we previously published1,25. In short, 512 click sound 
responses, generated at a 200  kHz sampling rate, were applied in a sound-attenuating and electrostatically 
grounded chamber. Each click sound is a broadband mono-phasic square wave signal. Click sounds were 
presented at a rate of 21 clicks/s, at different sound levels (90, 80, 70, 60, 50, 40, 30, 20, and 10 dB SPL), starting 
with the highest stimulus intensities. The clicks were generated via a multi-field speaker (MF1, Tucker-Davis 
Technologies, FL, USA), which was positioned 10 cm from the animal’s right ear. The ABR signals were recorded 
with 13 mm subdermal needle electrodes (Cat. no.: NS-s83018-r9-10, Rochester, Coral Springs, FL, USA). The 
signal electrode was placed on the vertex, the reference electrode under the right ear, and the ground electrode 
under the left ear. During the measurement, animals were under isoflurane-based anesthesia; induction at 5%, 
and maintenance at 2.5% (MiniHUB-V3, TemSega, FR). Body temperature was maintained at 37 °C using a 
thermic heating pad (Kent Scientific Corporation, CN, USA).

Euthanasia
At the end of the experiments, animals received terminal anesthesia; 150 mg/kg pentobarbital (Eskonarkon, 
Switzerland), i.p.,1:20 dilution with NaCl, followed by decapitation, after confirming a lack of reflexes by paw 
pinching.

Data processing and analysis
Data analysis was performed as previously described1,25. In brief, in a pre-processing step, ABR data were 
normalized to its pre-stimulus baseline. The resulting ABR waveforms were statistically tested for differences 
between genotypes (see Statistical testing). Individual wave amplitudes and latencies were detected manually 
from each ABRs signal post 90 dB click sound stimulations. Quantitative assessment of hearing thresholds was 
performed according to Bogaerts et al.28, considering 10 dB as a baseline signal and quantifying the signal-to-
noise ratios (SNR). SNRs higher than 4 were considered a hearing response. In addition, qualitative assessments 
of hearing thresholds were also performed by a blinded expert evaluator, who identified the SPL at which a 
stimulus-related deflection was evident for each animal.

Statistical testing
Statistical testing of ABR waveforms between genotypes was performed with an unpaired cluster-based 
permutation test (CBPT), using custom Python scripts1,25. In summary, the CBPT starts with individual t-tests 
for each data point, employing a two-tailed approach (significance level set to p < 0.05). After this, the resultant 
clusters undergo a significance assessment by comparing the aggregated t-values of the original clusters and 
those derived from clusters obtained via permutation. This comparison is conducted over a considerable number 
of iterations (N = 1000 permutations), with a significance threshold maintained at p < 0.05. We visualized both 
cluster types (with permutation testing: full-colored bars above graphs; w/o permutation: brighter bars of the 
same color). Normal distribution of data was assumed, but not tested. The Area-under-the-curve and ABR waves 
analysis were tested with Prism 8 software (GraphPad, CA, USA), performing two-tailed unpaired Student’s 
t-test or repeated-measures (RM) two-way ANOVA with Tukey’s or Sidak’s post-test (significance level set to 
p < 0.05).
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Results
Altered auditory brainstem processing during the early life stage of Nrxn1α KO rats
To study auditory brainstem processing during the development of Nrxn1α KO rats, we compared ABRs of 
Nrxn1α KO rats to their wild-type littermates at distinct time-points: after weaning (3 weeks old), their early 
juvenile phase (4 and 6 weeks old), and during adolescence/early adulthood (8 and 12 weeks old). We conducted 
the ABR measurements at different sound levels from 90 to 10 dB, in 10 dB decrements, for all measured time 
points. As in already established click ABR protocols1,13,25, higher stimulus intensities (90 dB) resulted in larger 
physiological responses. Importantly, the lowest identifiable ABR responses were evident at 40  dB for both 
Nrxn1α KO and wildtype littermates. This observation suggests similar hearing sensitivity between genotypes. 
More subtle differences in amplitude and/or latency at distinct ABR waves may reflect functional differences in 
specific nodes of the auditory brainstem circuitry. Therefore, we compared ABRs at different sound pressure 
levels and time points between genotypes directly using CBPT, Fig. 1 shows ABR waveforms only depicted for 
90, 70, and 50 dB for easier visualization; analysis for all sound pressure levels can be found in Supplementary 
Figs. 1, 2. Starting with week 3 of age, Nrxn1α KO rats display a delay in parts of the ABRs in comparison to their 
wild-type littermates, these differences were qualitatively evident for ABRs elicited at 90 dB (between 3.1 and 
5.3 ms), but not statistically significant (Fig. 1A). However, CBPT showed significant differences between the 
genotypes at week 4 of age (Fig. 1B); at 90 dB stimulus intensity (between 5.1 and 6.8 ms, d = − 1.05, p < 0.01), 
at 70 dB (between 7.3 and 8.3 ms, d = 1.24, p < 0.05), and at 50 dB (between 7.3 and 9.6 ms, d = 0.97, p < 0.01). 
Intriguingly, the identified genotypic differences at 3 and 4  weeks of age seem to normalize during further 
development, with no apparent differences already at the age of 6 weeks and onwards, indicating a transient 
impairment of auditory processing in the early life stage of Nrxn1α KO rats.

Fig. 1.  Comparison of ABR waveforms between Nrxn1α KO and wild-type littermate rats during development. 
ABR waveforms across the stimulus intensities 90, 70, and 50 dB from each tested time point; starting with 
week 3 (A), week 4 (B), week 6 (C), (WT: N = 15, KO: N = 15), week 8 (D), and week 12 (E); (WT: N = 15, 
KO: N = 14). Recordings from the WT are in blue and Nrxn1α KO in red. Unpaired CBPT revealed significant 
differences between clusters following 1000 permutations (p < 0.05) and displayed in Black bars above the 
graphs. The Gray bars indicate clusters that have not reached a significant threshold post-permutation. Data 
displayed as mean ± SEM.
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Hearing sensitivity is similar between Nrxn1α KO and WT rats
To assess hearing sensitivity, we calculated the area under the curve for the first positive wave of the ABRs 
(P1 AUC) across all stimulus intensities (90, 80, 70, 60, 50, 40, 30, 20, 10 dB) and at each age in our study (see 
Fig. 2). As expected, the increase of the P1 AUC was following the increase in the applied stimulus intensities. 
Interestingly, this positive relationship between stimulus intensities and response magnitudes seems to be 
preserved across the different developmental time points (see Fig. 2). For example, the average P1 AUC at 90 dB 
stimulus intensity; for week 3; (WT: 1.865  uV*ms, KO: 2.083 uV*ms), for week 6 (WT: 1.551  uV*ms, KO: 
1.849 uV*ms), for week 08; (WT: 1.692 uV*ms, KO: 1.838 uV*ms), and for week 12 (WT: 1.633 uV*ms, KO: 
1.614 uV*ms). In addition, hearing threshold analysis for the earliest time point of the ABR recordings (week 
3 of age), suggests similar hearing sensitivity of Nrxn1α KO and WT rats (Supplementary Fig. 3). Nonetheless, 
the two-tailed ANOVA test with Sidak’s correction showed a significant difference between the Nrxn1α KO and 
their wild-type littermates, confined to the P1 AUC at 70 dB ABRs stimulus intensity and during a late phase of 
the young life of the animals (8 weeks old) (see Fig. 2E).

Nrxn1α KO rats show a delay in ABRs during the early stage of life
Finally, we studied the individual features of ABR waveforms at 90  dB, given that clusters of significant 
differences were identified, without differentiating whether this difference is due to changes in amplitudes or 
latencies or a combination of both. The first series of the analysis focused on ABR-wave latencies, which relates 
to the speed of signal transmission along the auditory brainstem (Fig. 3). Absolute latencies of wave II, III, and 
IV were significantly increased for Nrxn1α KO rats compared to their wild-type littermates at the age of 3 weeks 
(p < 0.05), see Fig. 3A. The average wave latency was for wave II (WT: 2.253 ms, KO: 2.309 ms), for wave III (WT: 
3.205 ms, KO: 3.318 ms), and for wave IV (WT: 4.382 ms, KO: 4.553 ms). Additionally, interpeak latencies were 
inferred by subtracting the latency between two respective waves, see Fig. 3C. Here, the two-tailed ANOVA test 
with Sidak’s correction showed a significant difference between the Nrxn1α KO and their wild-type littermates, 
confined to the wave IV–I (mean diff. = − 0.1420, p = 0.0331) and wave III-I (mean diff. = − 0.08320, p = 0.0464), 
but not wave II-I (mean diff. = − 0.02653, p > 0.05). Following the absolute and interpeak latencies (Fig. 3B,D) 
over time showed that the initial genotypic differences at three weeks of age are normalized during further 
development. Statistical testing only revealed significant differences between the Nrxn1α KO and their wild-
type littermates at 3 weeks of age. We also compared the amplitudes of individual ABR waves for all time points 
(see Supplementary Fig. 4). Statistical tests did not show significant differences in ABR amplitudes between the 
Nrxn1α KO and their wild-type littermates (Supplementary Fig. 4A and B). This supports the notion that the 
significant differences in ABRs between Nrxn1α KO rats and their wild-type littermates are linked to slower 
signal propagation within the auditory brainstem circuitry and not due to differences in hearing thresholds.

Fig. 2.  Hearing sensitivity is similar between Nrxn1α KO and wild-type littermate rats during the 
development. (A) Schematic illustrating the area-under-the-curve AUC of wave I (P1 AUC) used to assess 
hearing sensitivity. (B, C) Quantitative analysis of P1 AUC across stimulus intensities for Nrxn1α KO (in red) 
and wild-type (in blue) rats; at 3 weeks (B), at 4 weeks (C), at 6 weeks (D) (WT: N = 15, KO: N = 15), at 8 weeks 
(E), and 12 weeks of age (F) (WT: N = 15, KO: N = 14). Data displayed as mean ± SEM. Two-way mixed 
ANOVA, with Sidak’s post-test, *p < 0.05.

 

Scientific Reports |        (2024) 14:22614 4| https://doi.org/10.1038/s41598-024-73920-9

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Discussion
The present study represents the first longitudinal investigation of auditory brainstem function in Nrxn1α KO 
rats. Here, we sought to determine developmental changes of ABRs in Nrxn1α KO rats, and their wild-type 
littermates. ABRs have been widely used to assess auditory brainstem processing impairments among different 
rodent models29–31. In a previous study, we showed that adult Nrxn1α KO rats have altered cortical auditory-
evoked potentials and impaired auditory prediction error1. However, it is unknown if auditory processing 
deficits are present at the brainstem level during the development of Nrxn1α KO rats. Therefore, we assessed the 
ABR of Nrxn1α KO rats at different ages compared to age-matched wild-type littermates. Our study reveals that 
juvenile Nrxn1α KO rats at three weeks of age have increased latencies of waves II, III, and IV, while amplitudes 
were unaltered. These differences were, however, not evident anymore after three weeks of age, suggesting 
normalization for the early auditory deficit. This phenotype was found despite a similar hearing threshold for 
both, Nrxn1α KO and wild-type littermate rats. Our study is in line with previous findings on altered auditory 
brainstem processing in other rat models linked to neurodevelopmental disorders13. Similar to Nrxn1α KO rats, 
rats lacking Cntnap2 (another member of the neurexin gene family) showed increased latencies in waves II, III, 
and IV without changed hearing thresholds compared to wild-type littermates13. This phenotypic convergence 
suggests an important role of neurexin genes in auditory brainstem circuit function and its association with 
neurodevelopmental disorders. Indeed, both Nrxn1α and Cntnap2 are expressed in many auditory brainstem 

Fig. 3.  Nrxn1α KO rats show a delay in ABR latency during the early juvenile phase. (A) Absolute latencies 
for individual ABR waves in 3 week old rats. Nrxn1α KO (in red) and wild-type (in blue) rats. (B) Absolute 
latencies for individual ABR waves across all measured time points (Week 3–6 WT: N = 15, KO: N = 15)) 
(Week 8–12 (WT: N = 15, KO: N = 14)), each data point represents the averaged ABR wave latency. (C) 
Interpeak latencies for individual ABR waves in 3 week old rats. (D) Interpeak latencies for individual ABR 
waves across all measured time points (week 3–6 WT: N = 15, KO: N = 15)) (week 8–12 (WT: N = 15, KO: 
N = 14)), each data point represents the averaged relative ABR wave latency. Two-way mixed ANOVA, with 
Tukey’s post-test, revealed statistically significant differences between the Nrxn1α KO and WT rats. *p < 0.05.
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nuclei, such as the ventral CN, SOC, and IC13,32,33. A recent functional study has shown that neurexins, which 
are highly expressed in the medial nucleus of the trapezoid body (MNTB), control the strength and kinetics 
of glycinergic neurotransmission from the MNTB to the lateral superior olive34. Moreover, neurexins were 
shown to regulate GABABR-mediated neurotransmission at the calyx of Held within the MNTB35. While the 
previous studies did not focus specifically on Nrxn1α, but they used KO mouse lines for all three neurexin 
isoforms, our data obtained in rats lacking only Nrxn1α demonstrate the importance of Nrxn1α in early-life 
synaptic transmission within the ascending auditory pathway. Considering that both Nrxn1α and Cntnap2 
KO rodents show impaired ultrasonic vocalization26,36, in which the auditory brainstem plays an important 
role37, our data expands the mechanistic understanding of how deficiencies in neurexins may impair early social 
communication. Such developmentally early deficits may manifest as altered social behavior in later life, as 
reported for Nrxn1α KO24,26,38 and Cntnap2 KO39 resembling a key feature in various neuropsychiatric and 
neurodevelopmental disorders2.

While our ABRs display all the features of typical ABRs (Waveforms I-IV), one has to note that the direct 
comparison to previously published data is complicated by the use of different experimental settings across 
studies. Nonetheless, a limitation of the current study is the use of click sounds only, for acoustic stimulation. 
Further studies may explore whether tones at different frequencies (most importantly between 8 and 32 kHz) 
would provide a more granular characterization of auditory differences. Moreover, other methodologies to assess 
the function of the auditory systems, such as Distortion Product Otoacoustic Emissions measurements could 
enrich the characterization of Nrxn1α KO-related auditory abnormalities. Also, expanding the age range to 
pre-weaning timepoints in future studies could reveal more extensive developmental deficits of auditory circuit 
formation. Considering that our study focused on male rats, future studies may investigate sex differences in 
ABRs of Nrxn1α KO rats. Taken together, the identified ABR phenotype in Nrxn1α KO rats suggests an early 
impairment of auditory brainstem function, which is compensated during further development. These results 
expand the current knowledge of auditory processing deficits associated with Nrxn1α deficiency, which is an 
important genetic risk factor for ASDs and other neurodevelopmental or neuropsychiatric disorders.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author upon reasonable request.
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