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1 Auditory temporal acuity improves with age in the male mouse 
2 auditory thalamus: a role for perineuronal nets?

3 Abstract

4 The ability to perceive and interpret environmental sound accurately is conserved across many 
5 species and is fundamental for understanding communication via vocalisations.  Auditory acuity and 
6 temporally-controlled neuronal firing underpin this ability.  Deterioration in neuronal firing precision 
7 likely contributes to poorer hearing performance, yet the role of neural processing by key nuclei in 
8 the central auditory pathways is not fully understood.  Here, we record from the auditory thalamus 
9 (medial geniculate body, (MGB)) of young and middle-aged, normally-hearing male CBA\Ca mice.  

10 We report changes in temporal processing of auditory stimuli, with neurons recorded from ventral 
11 and medial MGB subdivisions of older animals more likely to synchronise to rapid temporally varying 
12 stimuli.  MGB subdivisions also showed increased probability of neuronal firing and shorter response 
13 latencies to clicks in older animals.  Histological investigation of neuronal extracellular 
14 specialisations, perineuronal nets (PNNs) and axonal coats, in the MGB identified greater 
15 organisation of PNNs around MGB neurons and the presence of axonal coats within older animals.  
16 This supports the observation that neural responses recorded from ventral and medial MGB of older 
17 mice were more likely to synchronise to temporally-varying stimuli presented at faster repetition 
18 rates than those recorded from young adult animals.  These changes are observed in animals with 
19 normal hearing thresholds, confirming that neural-processing differs between the MGB sub-divisions 
20 and such processing is associated with age-related changes to PNNs.  Understanding these age-
21 related changes and how they occur has important implications for the design of effective 
22 therapeutic interventions to improve speech intelligibility into later life.

23 Significance Statement 

24 Difficulty discerning speech in older age is partly attributed to changes in neuronal firing patterns 
25 throughout the auditory pathways.  The contribution of auditory thalamic (MGB) sub-divisions to 
26 these age-related changes is poorly understood and, along with interrogation of other central 
27 pathways, is often confounded by altered peripheral function.  Contrary to expectations, older 
28 animals with normal peripheral thresholds showed improved probability of neuronal firing in the 
29 MGB.  Increased precision throughout the medial MGB is associated with expression of perineuronal 
30 nets around discrete neurons, suggesting the aged brain retains significant capacity for anatomical 
31 and electrophysiological plasticity to maximise efficiency into older age.

32 Introduction

33 Temporally-varying auditory signals are fundamental components of music and communication 
34 sounds, from human speech to animal vocalisations.  Normally-hearing humans and animals rely on 
35 auditory acuity, associated with precisely controlled neuronal firing.  This allows the information 
36 contained in temporally varying sounds to be perceived across a wide range of time-scales down to a 
37 resolution of a few milliseconds.  However, this ability is reported to deteriorate in older age, a 
38 change that manifests in poorer hearing performance.  Here, we record from the auditory thalamus 
39 of young and older adult, normally-hearing mice.  We report age-related changes in temporal 

Page 2 of 41

Journal of Neuroscience Research

Journal of Neuroscience Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Age-related increases in MGB auditory acuity and PNN

3

1 processing and organisation of extracellular specialisations (perineuronal nets, (PNNs) and axonal 
2 coats), associated with age, not advanced hearing loss.

3 Behavioural studies have suggested that deficits in auditory temporal processing, which are most 
4 prevalent for brief stimuli presented at fast repetition rates, underlie age-related problems with 
5 speech perception (Fitzgibbons and Gordon-Salant, 1996; Frisina and Frisina, 1997; Gordon-Salant et 
6 al., 2011; Martin and Jerger, 2005).  Such suggestions are supported by electrophysiological data, 
7 associating communication problems with temporal processing deficits within the auditory 
8 brainstem (Caspary et al., 2006, 2005), midbrain (Parthasarathy and Bartlett, 2011; Presacco et al., 
9 2016a, 2016b; Walton et al., 1998) or cortex (Mendelson and Ricketts, 2001; Presacco et al., 2016a, 

10 2016b).  These age-related deficits in auditory processing throughout the central auditory pathways 
11 have been variously linked to alterations in; inhibitory signalling (Caspary et al., 2008), GABAergic 
12 transmission (Burianova et al., 2009; Cisneros-Franco et al., 2018; Pal et al., 2019), cholinergic 
13 dysfunction (Sottile et al., 2017), parvalbumin positive (PV+) neurons (Cisneros-Franco et al., 2018; 
14 Gray et al., 2014; Pal et al., 2019) and glial cells (Tremblay et al., 2012).  However, many studies 
15 investigating ageing use old animals or animal-models of accelerated ageing to investigate age-
16 related changes within the auditory system, for example CBA\CaJ mice beyond 80 weeks of age, 
17 C57\Bl6 mice (Sergeyenko et al., 2013) or Fisher Brown Norway rats (Cai et al., 2018).  Such models 
18 are confounded by associated issues arising from concomitant peripheral hearing loss, deficits which 
19 likely play an important role in altering the final representation of the auditory scene (Sergeyenko et 
20 al., 2013).  For example, hearing loss has been shown to alter local inhibitory control across the 
21 central auditory pathways (Mossop et al., 2000; Scholl and Wehr, 2008; Wang et al., 2011 [review]).  
22 It can also lead to sensory cortical remapping and changes in resource allocation (Merabet and 
23 Pascual-Leone, 2010 [review]), while decreased audibility has been shown to be detrimental to 
24 listeners’ auditory temporal processing (Anderson et al., 2013; Humes and Christopherson, 1991; 
25 Humes and Roberts, 1990).  

26 When investigations have controlled for peripheral hearing loss, ageing has been shown to have a 
27 differential effect on separate regions of the central auditory pathway.  Throughout the central 
28 auditory pathways, temporal information within an acoustic signal is directly represented in either i) 
29 the temporal firing pattern, where the neural activity is phase-locked to the stimulus or ii) the rate of 
30 neural activity, where faster temporal rates are represented by monotonic increases in neural firing 
31 rate.  Recent ageing studies by Presacco et al. (2019, 2016a, 2016b) investigating midbrain and 
32 cortical activity within the same subject have shown that while ageing is associated with a decline in 
33 phase-locked activity within the inferior colliculus, cortical responses are augmented in older, 
34 normally-hearing adults when compared to their younger, normally-hearing counterparts.  These 
35 results have been supported by recent animal studies which showed a deleterious effect of ageing at 
36 the level of the brainstem but enhanced responses to temporally varying stimuli at the level of the 
37 primary auditory cortex (Occelli et al., 2019).  Different central mechanisms have been proposed to 
38 contribute to these potentially paradoxical observations, including changes in central gain as 
39 compensation for degraded auditory input (Chambers et al., 2016b, 2016a), changes in cortical 
40 connectivity (Peelle et al., 2010), or altered excitatory and inhibitory balance within the aged cortex 
41 (Cisneros-Franco et al., 2018; Hughes et al., 2010; Recanzone, 2018; Stebbings et al., 2016).  
42 However, the effect of age-related changes on the medial geniculate body (MGB, the principal 
43 region of the auditory thalamus), which is directly connected to both the inferior colliculus and the 
44 auditory cortex (see Figure 1), has not been considered.  The MGB has previously been proposed to 
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1 be integral in the transformation of temporally varying stimuli from a temporal code (commonly 
2 observed in the midbrain and below) to a rate code (commonly observed in the auditory cortex) 
3 (Bartlett and Wang, 2007), suggesting that it has an important role in central auditory processing of 
4 temporally varying stimuli.  Here, we will establish how ageing affects temporal processing across 
5 the MGB and propose three potential outcomes: i) if the MGB is unaffected by ageing then we 
6 would expect to see no change between young and older adults, ii) if the MGB is merely acting as a 
7 relay or information conduit we would expect that temporal processing within MGB to be degraded 
8 in a similar manner to that reported in the inferior colliculus, or iii) that age-related changes in 
9 cortical responses, such as increased central gain, have been inherited from thalamocortical inputs.  

10 The MGB is not a homogeneous entity but is subdivided into three principal regions (ventral, MGV; 
11 medial, MGM; dorsal, MGD; Figure 1) which have quite different response properties, reflecting the 
12 varied inputs to each subdivision.  As such, the MGB subdivisions have been proposed to act as 
13 conduits for three separate ascending streams of information (the lemniscal/tonotopic, polysensory 
14 and non-lemniscal/non-tonotopic pathways) (Anderson and Linden, 2011; Calford and Aitkin, 1983; 
15 Rouiller, 1997; Rouiller and de Ribaupierre, 1985).  One particular feature of the MGB is the 
16 difference in response latencies and ability to synchronise to temporally varying stimuli across the 
17 subdivisions.  Responses from medial MGB are typically shorter latency and able to follow faster 
18 repetition rates of a temporally varying stimulus compared to ventral or dorsal MGB (Anderson and 
19 Linden, 2011; Bartlett and Wang, 2011, 2007; Rouiller et al., 1981).  Some medial neurons phase-lock 
20 at repetition rates comparable with IC neurons (Anderson et al., 2005; Rouiller et al., 1981) which 
21 likely reflects the inputs from the brainstem as well as the midbrain (Anderson et al., 2009, 2006; 
22 Schofield et al., 2014).  Recording from the auditory thalamus therefore not only provides an insight 
23 at an intermediary point between the midbrain and cortex, but sampling responses from each of the 
24 three main MGB subdivisions allows us to gain an oversight into the effects of ageing on each of the 
25 three major ascending auditory pathways, as shown in Figure 1.

26 Processing rapidly changing temporal stimuli requires a delicate balance of excitatory and inhibitory 
27 inputs.  Indeed, changes in the excitatory/inhibitory balance with age are one of the most commonly 
28 cited suggestions for age-related changes in temporal processing occurring within the central 
29 auditory pathways.  Recent studies have proposed a role for PNNs; highly specialised extracellular 
30 matrix components which, among other functions, may contribute to the regulation of this 
31 inhibitory/excitatory balance (Bozzelli et al., 2018 [review]; Brewton et al., 2016; van ’t Spijker and 
32 Kwok, 2017 [review]).  PNNs are primarily associated with fast-spiking, GABAergic, PV+ interneurons 
33 (reviewed in (van ’t Spijker and Kwok, 2017)), but are also associated with excitatory neurons in the 
34 cortex, amygdala and hippocampus (Matthews et al., 2002; Morikawa et al., 2017; Wegner et al., 
35 2003).  Chondroitin-sulphate proteoglycans (CSPGs) are a major component of PNNs.  The 
36 glycosaminoglycan chains of CSPGs in PNNs can be labelled with the lectin Wisteria floribunda 
37 agglutinin (WFA).  Only 2% of the CSPGs present in the mammalian central nervous system are 
38 found within PNNs.  The remaining 98% are present in the diffuse central nervous system 
39 extracellular matrix, including the presynaptic matrix and structures such as axonal coats.  Axonal 
40 coats are independent of somatic or proximal dendritic compartments of PNNs and typically occur in 
41 groups of 3 to 8 on some presynaptic terminals (Gáti et al., 2010).  PNNs have been extensively 
42 reported throughout the central auditory pathways in young adults of several species, particularly in 
43 brainstem nuclei where they are associated with fast synaptic transmission, high-fidelity and 
44 binaural processing of sound signals (Sonntag et al., 2015; Weinrich et al., 2018).  Given the ability of 
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1 some neurons within the MGB to synchronise to temporally varying stimuli presented at high 
2 repetition rates, it might be expected that PNNs would be associated with MGB neurons, particularly 
3 those in the medial MGB.  However, very few studies have assessed PNN expression in the MGB, and 
4 those that have, report that PNN expression is largely absent from the MGB (Beebe and Schofield, 
5 2018; Fader et al., 2016; Friauf, 2000; Gáti et al., 2010).  Within the auditory system, genetic and 
6 pharmacological degradation of PNNs leads to a reduction in sound-evoked firing rates and 
7 increased neuronal response thresholds in the brainstem (Balmer, 2016; Blosa et al., 2015).  At the 
8 level of the auditory cortex, PNN/PV deterioration has also been shown to occur within the ageing 
9 auditory cortex (Brewton et al., 2016) and in rodent models of presbycusis (Brewton et al., 2016 

10 [C57\Bl6 mouse]; Ouda et al., 2015 [Fisher F344 rat]) which likely leads to reduced excitability and 
11 gain (Balmer, 2016), while degradation of the extracellular matrix and PNNs with hyaluronidase in 
12 the auditory cortex of adult Mongolian gerbils enhances reversal learning and discrimination 
13 performance, without interfering with established- learned responses (Happel et al., 2014).

14 Here, we recorded neural responses to temporally varying stimuli from all subdivisions of the MGB 
15 from young adult (~3 month old, referred to as “young” throughout) or middle-aged (~ 18 month 
16 old, referred to as “older” throughout) CBA\Ca mice prior to determining levels of PNNs/axonal 
17 coats throughout the MGB.  The CBA mouse strain is commonly used in auditory research due to its 
18 robust hearing into old age.  The age-range of the mice was selected on the basis that the animals 
19 would have matured, but would not have developed age-associated peripheral hearing deficits 
20 (Hunter and Willott, 1987; Sergeyenko et al., 2013; Spongr et al., 1997; Willott, 1986).  Our objective 
21 was to establish whether ageing affected the ability of neurons in the different subdivisions of the 
22 MGB to synchronise to temporally varying stimuli, and whether any electrophysiological changes 
23 would be reflected in changes in expression of PNNs/axonal coats across the MGB.  Our data identify 
24 that ageing may reduce the number of neurons able to synchronise to temporally varying stimuli 
25 across a wide range of repetition rates.  Within the ventral and medial MGB, synchronisation at 
26 lower repetition rates is reduced, whilst the remaining “synchronised” neurons are able to phase-
27 lock to higher repetition rates (shorter inter-click intervals) than their younger counterparts.  Limits 
28 of synchronisation in the dorsal MGB were not significantly different from younger animals.  This 
29 age-related, subdivision-dependent change in temporal processing was reflected in the expression of 
30 PNNs.  While there were no significant age-related global changes in levels of WFA-labelled 
31 extracellular matrix across the MGB, there was a change in the organisation of the WFA labelled 
32 structures.  In older animals, WFA expression was associated with a condensed, lattice-like 
33 organisation, typical of PNNs as well as axonal coats, particularly in the medial MGB.  Such 
34 alterations suggest that temporal processing at the level of the auditory thalamus may be modified 
35 through age-related changes to PNN structure and localisation.  Such restructuring of the 
36 extracellular matrix may allow the auditory thalamus to alter central gain, maintain appropriate 
37 levels of inhibition and enhance synchronisation with age.

38 Materials and Methods

39 Subjects.  All procedures were approved under the United Kingdom Animals (Scientific Procedures) 
40 Act of 1986.  Experiments were conducted in 28 male mice of the CBA\Ca strain (Envigo) terminally 
41 anaesthetised with ketamine and medetomidine; 13 young-adult (age range 2.3-3.8 months, average 
42 3.0 months) and 15 aged-adult (age range 16.4-18.3 months, average 17.7 months).  Male CBA mice 
43 have been reported to show age-related threshold shifts faster than female CBA mice (Guimaraes et 
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1 al., 2004; Henry, 2004), although changes in the endocochlear potential and age-related cochlear 
2 pathologies have been described as being more pronounced in female CBA\Ca mice (Ohlemiller et 
3 al., 2010).  Male CBA\Ca mice were used in the present study to decrease inter-subject variability 
4 due to oestrus related changes, avoid comparisons between pre- and post-menopausal states 
5 (Guimaraes et al., 2004) and to enable direct comparisons with previously published data-sets.  Mice 
6 were housed in pairs or small groups within a noise-controlled environment with free access to food, 
7 water and environmental enrichment.  Animals were examined daily for signs of stress, fighting with 
8 cage-mates or age-related illness.  All animals were used for both thalamic and auditory brainstem 
9 response (ABR) recordings.  Tissue was collected from all animals for post-hoc localisation of 

10 auditory thalamic recording sites and alternate sections were processed for PNN 
11 immunohistochemistry.  All physiological and histological data was collected and analysed blind to 
12 the age of the animal.

13 Surgical procedures and acoustic calibration.  Surgical procedures were similar to those described 
14 previously (Anderson and Linden, 2011).  All auditory stimuli were presented free-field to the left ear 
15 (contralateral to the thalamic recording site), using a speaker (FF1, Tucker-Davis Technologies) 
16 positioned at -45° in azimuth relative to the animal and at the same elevation as the left auditory 
17 canal.  A sound-attenuating ear plug was placed in the right ear.  Before the start of each 
18 experiment, acoustic stimuli were calibrated near the opening of the animal’s left auditory canal; 
19 after correction, the sound system frequency response was flat to within ±2 dB from 2 to 90 kHz.

20 Auditory thalamic recordings.  Recording procedures and auditory stimuli were identical to those 
21 described previously (Anderson and Linden, 2016).  A craniotomy, approximately 2.5 mm in 
22 diameter, centred 2 mm lateral to midline and 3 mm caudal to Bregma, was performed on the right-
23 hand side, enabling vertical access to the right MGB.  Extracellular single-unit and multiunit 
24 recordings were obtained from all major subdivisions of the right MGB.  Linear multichannel 
25 electrode arrays comprised of up to 16 parylene-coated tungsten microelectrodes (impedance 1–2 
26 MΩ at 1 kHz, WPI, TM33A20) were custom-made to enable simultaneous recording from multiple 
27 MGB subdivisions.  Electrode arrays were positioned stereotaxically, with a typical starting position 
28 of 1.4 mm lateral to midline and 3 mm caudal to Bregma.  Electrode arrays were advanced using a 
29 hydraulic probe drive (FHC 50-12-1C) controlled from outside the sound-attenuated booth (FHC 
30 Neurocraft MCM/MCU).  To ensure consistency in depth measurements across penetrations, the 
31 motor controller was zeroed as the tip of the microelectrode touched the cortical surface (as 
32 confirmed by visual inspection under a microscope and by an acoustic change in the electrode 
33 signal).  In all penetrations, the electrode was advanced to 2200 µm below the cortical surface, then 
34 left to stabilize for ~10 minutes.  Neurons were located using 50 µs clicks presented at variable 
35 intensities.  Trigger levels were set manually so that action potentials had to exceed a threshold of at 
36 least 2x S.D. of the background noise and pass both the positive and negative threshold within 700 
37 µs of the first threshold crossing.  Single units were isolated off-line by manually clustering spike 
38 waveforms in up to three dimensions (e.g., peak amplitude, trough amplitude, peak width) using 
39 spike-sorting software (Jan Schnupp’s Brainware, Tucker-Davis Technologies).  All results reported 
40 for analysis of pooled multiunit and single-unit data were also confirmed to be valid for single-unit 
41 data alone.  Once auditory responses were established, recordings were collected during 100 
42 repetitions of a 50 µs click presented at 60 dB SPL with at least 500 ms inter-stimulus interval.  
43 Further recordings were collected during presentations of click trains, and tone-pips of varying 
44 frequency and intensity.  Click trains were 500 ms in duration and composed of 60 dB SPL clicks with 
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1 interclick intervals (ICIs) of 1, 2, 4, 6, 8 10, 20 50, 100 and 250 ms; responses to 20 repetitions of 
2 each train were recorded.  To estimate each neuron’s characteristic frequency, three repetitions of 
3 tone-pips at variable frequencies and intensities were presented in a sequential manner (2-64 kHz, 
4 10-80 dB SPL, tones were presented every 1/6 octave in 5 dB steps; tones had a 5 ms rise/fall time, 
5 100ms duration and were presented with an inter-stimulus interval of 500 ms).  Spontaneous 
6 activity was measured by recording 100 epochs of 500 ms duration while the speaker was 
7 unplugged.  

8 ABR measurements.  Subdermal electrodes were placed at the vertex of the skull (+), over the 
9 ipsilateral bulla (-), and over the contralateral bulla (ground).  Signals were amplified 20x with a 

10 Tucker-Davis Technologies low-impedance headstage (RA4LI), digitized with a 16-bit sigma-delta 
11 analog-to-digital converter (Tucker-Davis Technologies RA16SD, hardware bandpass filtering 2.2 Hz 
12 to 7.5 kHz), recorded at a 24.414 kHz sampling rate, and then bandpass filtered in software between 
13 100 and 3000 Hz (fifth-order Butterworth filter).  Stimuli, presented at a rate of 20/s, were either 
14 tone-pips (5 ms total duration with 1.5 ms rise/fall time; frequencies 6, 9, 12, 18, 24 and 30 kHz, 500 
15 repeats per stimulus) or clicks (50 µs in duration, 1000 repeats per stimulus).  Stimulus intensities 
16 were presented in 5 dB steps from 5 to 80 dB SPL.  As per recent work from our laboratory (e.g. 
17 Anderson and Linden, 2016; Bakay et al., 2018), ABR thresholds were defined as the lowest sound 
18 level at which at least two of the deflections in the ABR waveform exceeded 2xS.D. of the 
19 background signal.  Measurements of wave amplitudes were performed using custom Matlab 
20 software: a time window containing the wave of interest was selected by the user, and the software 
21 then detected maxima and minima of the ABR traces within that window.

22 Data analysis.  All data analyses were conducted blind to the age of the animal.  Results of 
23 electrophysiological statistical tests are described as “significant” if p<0.01, and as “trends” where 
24 p>0.01 but<0.05.  All statistical tests were nonparametric and two-tailed unless otherwise specified.  
25 Non-parametric statistics were used as default to avoid the need to make assumptions regarding the 
26 distribution of our data.  Recordings of neuronal responses to 100 presentations of a single click 
27 presented with an inter-click interval (ICI) of at least 500 ms were used to determine click-evoked 
28 firing rates, first-spike latency, and peak latency.  Neurons were considered to be responsive to 
29 auditory stimuli if a post-stimulus time histogram (PSTH) compiled from 100 click repetitions using 
30 0.5 ms time bins showed a peak in firing that exceeded 2x S.D. of the neuron’s spontaneous rate.  All 
31 neurons which showed a significant response to this single click stimulus were included in this study.  
32 The first-spike latency to the click was defined as the median of the times at which the first spikes 
33 were elicited in response to the click, across 100 click presentations.  Latencies were calculated from 
34 the PSTH using 0.5 ms bins; similar results were obtained with 0.1 or 0.2 ms bin-widths.  Trains of 
35 clicks with different ICIs were used to assess the neuron’s ability to follow temporally varying stimuli.  
36 The “minimum ICI for synchronisation” was determined to be the minimum ICI for which the vector 
37 strength of the entire click train response was significant as determined using the Rayleigh test of 
38 uniformity (Rayleigh values >13.8, p <0.001).  For the fastest ICIs (1-2 ms), the first 6 ms of the 
39 response was excluded from vector-strength calculations to ensure that the onset response was not 
40 artificially contributing to synchronisation.  Spontaneous firing rate was determined by calculating 
41 the average firing rate over the 100 epochs of silence (speaker unplugged).  

42 Histological identification of thalamic recording sites.  As in Anderson and Linden (2011), discrete 
43 electrolytic lesions (5 µA for 5–7 s) were created a fixed distance apart (as controlled by a hydraulic 
44 microdrive) prior to moving the electrode to a new track to indicate the region of recording within 
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1 the MGB.  Histological reconstruction of all recording sites could then be accomplished using the 
2 recorded stereotaxic coordinates and estimated corrections for variations due to histological 
3 processing.  Procedures for histological processing were as described by Anderson and Linden 
4 (2011).  Briefly, following an overdose of sodium pentobarbital (Euthatal, i.p.), mice were 
5 transcardially perfused with 4% PFA (chilled).  Brains were postfixed in 4% PFA for 12 h.  Coronal 
6 sections through the auditory thalamus were cut using a vibratome.  Sections were 40 µm thick and 
7 mounted on glass slides in two series of alternating sections. 

8 Visualisation of recording sites.  To clearly visualize MGB subdivisions and electrolytic lesions, one 
9 series was stained for the metabolic marker cytochrome oxidase by incubating sections for 3–5 h at 

10 37°C in a solution containing 20 mg of diaminobenzidine hydrochloride in 10 ml of distilled water 
11 and 30 mg of cytochrome c with 3 g of sucrose in 30 ml of 0.1 M phosphate buffer titrated to pH 7.4.

12 Immunohistochemistry for assessment of perineuronal nets, axonal coats and parvalbumin (PV) 
13 expression.  To visualise histological changes in extracellular matrix structures in the MGB, one series 
14 of alternating sections mounted onto glass slides were washed 3 times in PBS-0.05% tween (5 mins) 
15 and subjected to antigen retrieval for 30 mins at 80°C in citrate buffer (0.01M, pH6).  Slides were 
16 cooled to room temperature (RT), washed 3 times in PBS-0.05% tween (5 mins), followed by 
17 permeabilisation in 2% TX-triton for 1 hr at RT.  Slides were blocked in 5% BSA/5% NGS/0.2% TX-
18 triton/PBS for 1 hr at RT.  The blocking solution was replaced with biotinylated wisteria floribunda 
19 agglutinin (WFA-DAKO; 1:500), and anti-parvalbumin antibody (rabbit polyclonal DAKO; 1:1000) in 
20 5% BSA/1% NGS/0.1% TX-triton/PBS, overnight at RT.  Slides were washed 3 times in PBS-0.05% 
21 tween (5mins) and incubated in Streptavidin-488 and Alexa-Goat anti-Rabbit 555 secondary 
22 antibodies (1:1000 in PBS).  Slides were washed 3 times in PBS-0.05% tween (5 mins) before 
23 incubating in 0.25% Sudan black (70% ethanol-filtered) for 90 mins.  Sudan black was used to quench 
24 autofluorescence from lipofuscin, a fluorescent pigment which accumulates with age in the 
25 cytoplasm of cells in the central nervous system (Kajimura et al., 2016; Schnell et al., 1999).  After 
26 optimisation, 0.25% Sudan Black was applied to sections to control for autofluorescence in the 
27 tissue.  Slides were washed 3 times in PBS, twice in dH2O, coverslipped with glycerol and sealed with 
28 nail varnish.  Fluorescent images of WFA and PV immunostaining were obtained using a 10x and 20x 
29 air objectives on a Zeiss Axioplan 2 microscope.  All images were taken using the same parameters 
30 and exposure times.  Image analysis was conducted using ImageJ (NIH, United states).  All images 
31 were background subtracted using a rolling ball radius: 50 pixels.  Regions of interest (ROI) were 
32 drawn around MGB subdivisions and integrated density values measured.  The ROI defined regions 
33 were confirmed using alternating sections stained with cytochrome oxidase.  Statistical analysis of 
34 immunohistochemistry was performed in GraphPad Prism 7.0.  Data are presented as means ± 
35 S.E.M. and were analysed with the unpaired Student’s t-test.  A p-value of < 0.01 was considered 
36 statistically significant.

37 Results

38 Neurons were considered to be responsive to acoustic stimuli if the response to 100 repetitions of a 
39 single click stimulus elicited an increase in firing rate that exceeded two-times the standard 
40 deviation of the neuron’s spontaneous firing rate.  Using this measure, 481 ventral MGB (179 young 
41 adult, 302 older adult), 220 medial MGB (93 young, 127 older) and 65 dorsal MGB (31 young, 34 
42 older) single neurons and multineuronal clusters were considered to be responsive to acoustic 
43 stimuli.  
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1 Neural response patterns to temporally varying stimuli alter with age 

2 Neural responses to trains of clicks with different inter-click intervals (ICI) were classified as one of 
3 three main types: synchronised, non-synchronised or mixed.  All three types were found throughout 
4 the MGB of both young and older adult mice although the proportions varied as shown in Figure 2d.  
5 Across MGB subdivisions and age groups “Synchronised responses” were the primary response type.  
6 This response type consisted of neural firing which was well-entrained to the click train over longer 
7 ICIs, but after a particular limiting ICI (which varied for each neuron) further reduction of the ICI led 
8 to low, or absent firing rates following the onset, which were no-longer synchronised with the 
9 stimulus as determined using the Rayleigh test of uniformity (Rayleigh values >13.8, p <0.001).  An 

10 example of a synchronised response is shown in Figure 2a; this medial MGB neuron produced highly-
11 synchronised discharges in response to the click train for ICIs from 4-250 ms as determined by 
12 significant measures of vector strength (shown as filled data points in Figure 2ai).  Shorter ICIs 
13 resulted in a response to the onset which in some cases (as in this example) was accompanied by a 
14 low, brief, unsynchronised burst of firing, resulting in a monotonic vector strength response function 
15 (Figure 2ai) while firing rate recorded over the duration of the stimulus showed a non-monotonic 
16 response as ICIs decreased (Figure 2aii).  This non-monotonic relationship between ICI and firing rate 
17 was typical of synchronised medial MGB neurons recorded from older adult animals, however 
18 synchronised neurons recorded from ventral and dorsal MGB, and young medial MGB showed no 
19 relationship between ICI and firing rate (see Figure 4 for more detailed analysis).  Not all neurons 
20 which showed neural entrainment to the click train responded in a synchronised manner to all ICIs 
21 below their limiting ICI.  Neurons showing a combination of response patterns were termed “Mixed 
22 responses”.  These neurons responded preferentially to particular shorter ICI(s) than to longer ICIs, 
23 as determined by measures of vector strength.  An example of a mixed response from medial MGB is 
24 shown in Figure 2b; neural firing to a selected range of ICIs (4-50 ms) was both increased (Figure 
25 2bii) and highly synchronised, but responses to the longest ICIs showed no synchronisation giving 
26 rise to a non-monotonic vector strength response function (Figure 2bi, filled data-points show 
27 significant synchronisation).  Note, this example also shows a non-monotonic association between 
28 ICI and firing rate which was the typical response type across all MGB subdivisions for both young 
29 and older adult animals however, monotonic associations between ICI and firing rate did also occur.  
30 The ICIs eliciting peak firing rates from the mixed response type showed no association with the ICIs 
31 eliciting peak vector strengths (data not shown).  Neurons which did not show any sustained 
32 synchrony for any of the ICIs tested (i.e. Rayleigh values <13.8) were termed “Non-synchronised 
33 responses”.  Such neurons showed driven bursts of activity in response to the acoustic stimuli which 
34 were independent of ICI as shown by the example from medial MGB in Figure 2c.

35 As shown in Figure 2d, in young adult mice (blue bars) the distribution of neural response patterns to 
36 click trains followed the same trend across all three MGB subdivisions with synchronised responses 
37 being the primary response type (MGV 70%, MGM 72%, MGD 74%) while mixed responses made up 
38 the smallest category for each subdivision (MGV 7%, MGM 13%, MGD 3%).  With age (red bars), the 
39 proportion of response types altered across the MGB, an alteration which was trending towards 
40 significance in the ventral and medial MGB (MGV: Χ2 (2, N=481) = 6.79, p=0.034; MGM: Χ2 (2, N=220) 
41 = 6.52, p= 0.038).  While mixed responses increased in all three subdivisions, the category (Sync. or 
42 NonSync.) which showed a corresponding decrease in proportion varied.  In the ventral MGB 
43 (lemniscal) subdivision the proportion of both synchronised and non-synchronised response types 
44 decreased, whereas the medial MGB (polysensory) subdivision showed a decrease in the number of 
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1 synchronised responses and the dorsal MGB (nonlemniscal) subdivision showed a decrease in the 
2 number of non-synchronised responses.  

3 Ageing improves the precision of neural firing

4 To determine whether the move towards more mixed-type responses reflected a decrease in 
5 temporal acuity we examined the limit of synchronisation for each neuron or cluster of neurons 
6 showing a synchronised response type.  We defined the minimum ICI for significant synchronisation 
7 to be the smallest ICI at which locking to the click repetition period was observed (i.e. the smallest 
8 ICI for which the response showed statistically significant vector strength; see Methods).

9 Minimum ICIs for synchronisation were significantly shorter in older, compared to young, mice in the 
10 ventral and medial MGB subdivisions (Figure 3a left and middle; Wilcoxon rank-sum test for 
11 difference in medians, MGV p= 3.16x10-4, MGM p= 7.05x10-11), although this was not the case for the 
12 neurons in the dorsal MGB (Figure 3a right, MGD p=0.19).  Similar results were obtained in all cases 
13 from Kolmogorov-Smirnov tests for differences in distributions (MGV p=0.0076, MGM p=1.49x10-9, 
14 MGD p=0.77).  Not only were the limits of minimum synchronisation improved with age in ventral 
15 and medial MGB, but the vector strengths recorded from the synchronised neurons across the 
16 ventral and medial MGB in older adult animals were increased compared to those recorded from the 
17 same subdivisions in the younger group (Figure 3b, a repeated measures analysis of variance 
18 (ANOVA) showed a significant effect of group for MGV p=0.0013 and MGM p=2.15x10-6).  This was 
19 not the case for neurons recorded from the dorsal MGB (MGD, p=0.056).

20 When plotted against ICI, measures of vector strength recorded from neurons with a mixed 
21 response typically showed a band-pass function.  To establish whether ageing altered the 
22 synchronisation of neural firing of mixed neurons, measures of peak or “preferred” synchronisation 
23 were recorded from each neuron with a mixed firing pattern (as indicated by the asterisk in Figure 
24 2bi).  Neurons in the medial MGB of older adult animals shifted their preferred ICI for 
25 synchronisation to significantly shorter ICIs than their younger counterparts (Figure 3c middle), no 
26 differences were observed for ventral or dorsal MGB (Figure 3c left and right; Wilcoxon rank-sum 
27 test: MGM p=0.0030, MGV p=0.84, MGD p=0.50).

28 Ageing alters auditory thalamic responses indicating improvement in acuity

29 We next asked the question: is the improvement in neural temporal precision a reflection of 
30 improved auditory responses across the auditory thalamus? Measures of firing rate over the 
31 duration of the click train as well as response latency and probability of firing to a single click 
32 presented with ICI of at least 500 ms were used to determine basic auditory responses across the 
33 auditory thalamus.  

34 Interestingly, average firing rates to clicks presented at low repetition rates (ICIs of 250 & 500 ms) 
35 showed no age-related differences, regardless of subdivision (Figure 4, Wilcoxon rank sum, p>0.1 in 
36 all cases).  However, age-related changes in firing rate were observed with decreasing ICI, 
37 particularly in the medial MGB (middle column of Figure 4, repeated measures ANOVA showed a 
38 significant interaction between age and ICI for MGM p=0.0026, but not MGV p=0.57 or MGD 
39 p=0.04).  To ascertain whether the age-related changes in firing rate might impact upon the 
40 improved limits of synchronisation, the mean firing rates were examined depending on the neural 
41 response pattern of the neuron (Figure 4b-d).  Neurons in ventral MGB showed consistent firing 
42 across all ICIs, regardless of age or neural response type.  However, in the medial MGB it became 
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1 apparent that the age-related increase in firing rate with ICI was primarily driven by changes to the 
2 average firing rate of the synchronised neural response type (Figure 4b middle), with ICIs between 4-
3 20 ms eliciting an increase of between 19.4-21.2 spikes/sec from older adults.  Conversely, neural 
4 recordings with a mixed neural response type recorded from the medial MGB of older adults had 
5 lower firing rates than the younger medial MGB neurons in this group; although some variation with 
6 ICI was observed, this variation was not significant (Wilcoxon rank sum test between largest 
7 difference [ICI 1 ms] p=0.13, Figure 4b, middle).  No consistent ICI related changes in firing rate were 
8 observed in the dorsal MGB; the older animals with a synchronised response type did show lower 
9 firing rates to ICIs < 250 ms than younger animals (Figure 4a-d right) however this difference was 

10 only significant at ICI of 2ms (Wilcoxon rank sum, p=0.0065). 

11 Differences in distribution of response latency and probability of firing to a single click were 
12 observed in both ventral and medial MGB, with a greater proportion of short-latency (Figure 5a) and 
13 highly reliable neural responses (Figure 5b) being recorded from both subdivisions in older animals 
14 (Table 1).  To confirm whether differences in response latency arose due to age-related differences 
15 in frequency tuning, the characteristic frequency (CF, the frequency which evoked spikes at the 
16 lowest threshold) was ascertained for all neurons showing a significant response to pure-tone 
17 stimuli.  There was no difference in CF distribution between young and older adult animals for any 
18 subdivision (Figure 5c, and Table 1).  In addition to evoked responses, measures of spontaneous rate 
19 were made across the MGB subdivisions (Figure 5d).  The only age-related difference in response 
20 observed in the dorsal MGB was a significant decrease in spontaneous firing rate (SR) compared to 
21 younger animals (Table 1), there was no difference in spontaneous firing in the ventral or medial 
22 MGB of young and older adult animals.

23 Changes to the central auditory system occur independent of peripheral changes

24 To determine whether the age-related changes in auditory thalamic responses simply arose from 
25 altered input due to changes at the level of the cochlea or auditory nerve, basic evoked-potential 
26 measures of auditory nerve and brainstem responses (auditory brainstem responses, ABR) were 
27 recorded in response to clicks and pure-tones.  The ABR waveform comprises a series of peaks and 
28 troughs occurring within the first 10 ms after stimulus onset.  The first of these waves (Wave I) is 
29 considered to represent summed activity of the auditory nerve and therefore enables us to 
30 determine the extent to which the function of the peripheral auditory system has been affected by 
31 age.  There were no statistically significant differences between young adult and older adult animals 
32 in ABR thresholds to either click or tonal stimulation Figure 6a, ABR thresholds to click, 6, 9, 12, 18, 
33 24, 30 kHz, student’s t-test p = 0.17, 0.35, 0.17, 0.67, 0.65, 0.37, 0.97 respectively).  Click-evoked 
34 Wave I growth functions do show supra-threshold differences between young and older adult 
35 animals (Figure 6b), with older adult animals showing shallower growth of Wave I amplitude with 
36 sound intensity compared to young adults, suggesting mild age-related deterioration in cochlear-
37 neural function.  However, comparison of click-evoked Wave I amplitudes at each individual animal’s 
38 threshold showed no difference between young and older adult animals (Figure 6c).  Collectively, 
39 these results suggest that there was no difference in auditory sensitivity between the young and 
40 older adult groups.  Potentially click-trains presented at 60 dB SPL may have elicited a weaker 
41 peripheral activation in the older adult group, however, this was not borne out by the finding that 
42 click-evoked neural firing rates averaged across the auditory thalamic subdivisions were not 
43 significantly different between young and older adult animals (mean ± SEM: young MGB 21.5±1.24 
44 spikes/sec, older MGB 22.6±1.25 spikes/sec; Wilcoxon rank sum test p=0.24). 
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1 Age-related changes in extracellular matrix organisation and perineuronal net localisation within 
2 MGB sub-divisions reflect changes in temporal acuity and synchronisation in the central auditory 
3 system.

4 To determine if the improved temporal acuity and synchronisation observed in older animals 
5 occurred alongside histological changes within the MGB, we assessed expression and localisation of 
6 PNNs and axonal coats using the lectin WFA, a marker routinely used to identify PNNs.  MGB 
7 subdivisions were confirmed in adjacent sections stained for cytochrome oxidase, allowing 
8 PNN/axonal coat expression to be assessed in histologically-defined MGB subdivisions.  WFA-
9 labelling of the extracellular matrix confirmed the presence of PNN positive (PNN+) neurons and 

10 axonal coats in the MGB (Figure 7), with labelling predominantly localised to the medial MGB (Figure 
11 7a&d).  WFA-labelled extracellular matrix in young animals displayed a diffuse, predominantly 
12 unorganised, structure throughout the MGB, representative of the general extracellular matrix 
13 throughout the central nervous system (Figure 7a).  WFA labelling in older animals was condensed 
14 and tightly structured around somatodendritic neuronal compartments, typical of PNNs (Figure 7di).  
15 The change in structural organisation of the extracellular matrix into greater numbers of PNNs and 
16 axonal coats in older animals was not reflected in an increase in the fluorescent intensity associated 
17 with WFA immunolabelling in the MGB subdivisions (Figure 7g-i).  The medial MGB showed the most 
18 robust PNN staining compared to the ventral and dorsal MGB subdivisions (Figure 7a-f).  The number 
19 and intensity of PNN+ neurons showed the greatest increase in the medial MGB of older animals.  
20 WFA-positive PNNs were not observed in young adult animals in the ventral or dorsal MGB.  In older 
21 animals, PNNs were observed in the ventral MGB (Figure 7j), however, this was still limited in 
22 comparison to the medial MGB.  The presence of PNNs in the dorsal MGB was negligible in both 
23 young and older animals (Figure 7l).  PNNs are known to preferentially, but not exclusively, surround 
24 fast-firing GABAergic, PV+ interneurons.  Consistent with observations in other auditory nuclei and 
25 cortical regions (Sonntag et al., 2015), PNN+ neurons that were also PV+ (Figure 7e.iii) as well as 
26 PNN+ neurons that were PV- were observed in the MGB (Figure 7biii).  Axonal coats, specialised 
27 extracellular matrix structures consisting of an aggrecan-based perisynaptic matrix (Cicanic et al., 
28 2018), were observed in young and older adult animals in all subdivisions of the MGB.  However, the 
29 medial MGB showed the most robust and consistent labelling of axonal coats in young animals, 
30 which increased greatly in older animals, (Figure 7k).  A small increase in axonal coats was also 
31 observed in the ventral MGB (Figure 7k).  

32 The strength of expression and number of structures labelled by WFA, defining PNNs (cell 
33 body/proximal dendrite) and axonal coats (2-5µM, round/oval) (Gáti et al., 2010) were assessed.  
34 The number of both PNNs and axonal coats increased across the MGB in older animals compared to 
35 their younger counterparts.  The medial MGB showed the greatest increase in PNNs and axonal 
36 coats in older adult animals, while the ventral MGB showed a modest increase in PNNs in older 
37 animals.  The changes in the dorsal MGB were negligible, with no robust PNN and axonal coats 
38 present.  This implies subdivision specific roles for PNNs in auditory information processing in the 
39 MGB, which arise with age.

40 Discussion

41 This study was motivated by the desire to establish whether neurophysiological correlates of age-
42 related temporal processing deficits as described in elderly human listeners could be demonstrated 
43 to be independent of accelerated peripheral hearing loss.  In particular, recent studies have 
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1 observed age-related decline of auditory brainstem (Bidelman et al., 2014) or midbrain (Presacco et 
2 al., 2019, 2016a, 2016b) responses to temporally or spectrally varying stimuli, while responses to the 
3 same stimuli in auditory cortex were increased and exaggerated (Bidelman et al., 2014; Occelli et al., 
4 2019; Presacco et al., 2019).  These potentially paradoxical results could arise from age-related 
5 decreases in the level of inhibition in the cochlear nuclei and/or midbrain (Burianova et al., 2009; 
6 Caspary et al., 2008, 2006), leading to the increased jitter in spike timings and degraded temporal 
7 processing ability.  Changes in cortical gain (Bidelman et al., 2014; Chambers et al., 2016a; Kotak et 
8 al., 2005), intracortical excitatory/inhibitory balance (Cisneros-Franco et al., 2018; Hughes et al., 
9 2010) or connectivity (Peelle et al., 2010) could act to compensate for the degraded ascending input.  

10 However, the input from the brainstem and midbrain must first pass through an intermediate 
11 processing step – the auditory thalamus – prior to reaching the auditory cortices, yet the degree of 
12 degradation or augmentation with age at the level of the auditory thalamus remained unknown.  

13 The aged auditory thalamus actively transforms temporally varying information

14 Here, we recorded from all three major subdivisions of the primary auditory region of the auditory 
15 thalamus; the ventral, medial and dorsal subdivision of the medial geniculate body (MGB) in 
16 response to basic and temporally varying stimuli.  Recordings were made from young adult (mean 
17 3.0 months) and older adult (mean 17.7 months) CBA\Ca mice.  We demonstrated that 
18 “synchronised” neurons recorded from the medial and ventral MGB of older adult animals were 
19 significantly more likely to be able to phase-lock to the individual components (clicks) of the 
20 temporally varying stimuli and were able to follow faster repetition rates compared to younger 
21 animals.  This change was most pronounced in the medial MGB where the median limiting ICI 
22 decreased from 37 ms in young adults to 9 ms in older adult animals.  Even the dorsal MGB, a 
23 subdivision typically regarded as being less able to follow temporally varying stimuli presented at 
24 faster rates, showed no degradation in synchronisation ability with age.  

25 The age-related, subdivision specific changes in physiological responses (and distribution of PNNs, 
26 see below) reported here and in previous studies (Richardson et al., 2013) underlines the 
27 importance of acknowledging the presence of subdivisions within this brain area.  It also likely 
28 reflects both age-related changes occurring within the subdivisions and across the different 
29 ascending auditory pathways which encompass the MGB subdivisions.  The observed improvements 
30 in temporal processing with age are generally at odds with the commonly reported age-related 
31 deficits in temporal processing (e.g. Caspary et al., 2006, 2005; Mendelson and Ricketts, 2001; 
32 Presacco et al., 2016a, 2016b; Walton et al., 1998).  Increased synchronisation with age at low 
33 modulation rates has been reported in the dorsal cochlear nucleus (Schatteman et al., 2008) and 
34 central nucleus of the inferior colliculus (Herrmann et al., 2017).  However in both cases, the 
35 improved synchronisation is diminished in older animals (compared to younger controls) at higher 
36 modulation rates.  Such a reduction was not observed in the present study.  Here, increased 
37 temporal acuity at lower click rates was apparent in synchronised neurons recorded from the older 
38 adult ventral and medial MGB, however, these neurons also synchronised to much shorter ICIs than 
39 equivalent neurons recorded from younger animals.  

40 With age, firing in the medial MGB not only increased in temporal acuity but also increased in firing 
41 rate over comparable ICIs.  This increased evoked firing is unlikely to be the result of increased input 
42 at the level of the auditory nerve since ABR Wave I amplitudes to a 60 dB SPL click were decreased in 
43 older animals.  At the level of the MGB, aged animals show a small but significant decrease in 
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1 GAD67, the rate limiting metabolic enzyme essential for the production of the inhibitory 
2 neurotransmitter GABA, and a loss in tonic inhibition (Richardson et al., 2013).  These alterations 
3 could result in an increased excitability of neurons, manifesting in the increased firing rates observed 
4 in synchronised medial MGB neurons.  However, since increased excitability usually leads to 
5 decreased timing fidelity, which was not the case in the older medial MGB neurons, it is possible the 
6 alterations in temporal acuity and firing rate could arise due to an interaction between general 
7 decreases in tonic inhibition and changes in the extracellular matrix at the level of the auditory 
8 thalamus (see section below).  Alternatively, such changes could arise as a result of alterations in the 
9 corticothalamic feedback loops as suggested by the observation that MGB firing rates to degraded 

10 stimuli increase over repeated presentations (Kommajosyula et al., 2019).  The age-related changes 
11 in the medial MGB are of particular interest as the medial MGB is thought to act as a polysensory, 
12 integrative centre, combining information across auditory and non-auditory areas (see Rouiller et al. 
13 (1997) and Winer (1992) for review).  Thalamic afferents from medial MGB terminate throughout 
14 the auditory cortical layers, with large diameter axons terminating primarily in layer I of both core 
15 and belt auditory cortical fields (Huang and Winer, 2000).  This has led to suggestions that 
16 projections from the medial MGB could be responsible for synchronising remote activity, or provide 
17 a common input to functionally separate cortical areas (Huang and Winer, 2000).  It is therefore 
18 tempting to speculate that with ageing these fast and temporally precise neural projections may be 
19 preferentially preserved, or even enhanced, to facilitate auditory cortical processing and 
20 synchronisation despite a potentially degraded auditory signal.

21 It has previously been suggested that the MGB may function to transform temporal coding patterns 
22 into neural rate coding patterns (Bartlett and Wang, 2011, 2007), therefore age-related changes in 
23 the firing rate may be particularly important in this region.  Here, a clear transition between 
24 temporal and rate coding was not observed in either young or older animals, however, the 
25 transformation from previously reported age-related decreases in synchronisation at the level of the 
26 brainstem and midbrain, to the improved synchronisation observed in the current study, implies that 
27 the MGB does not act as a simple relay station.  Instead the MGB actively transforms the auditory 
28 signal and these transformations likely continue into old age.

29 The difference in our observations compared to previous studies possibly arises both from 
30 differences in our stimulation protocol and our definition of the term “older adult”.  Here, we used 
31 trains of transient clicks as a measure of temporal processing, rather than amplitude modulated 
32 stimuli.  This enabled us to avoid changes in the envelope shape (which would naturally co-vary with 
33 modulation frequency), preventing potential confounds in establishing differences in age-related 
34 temporal processing verses envelope shape information (Heil, 2001; Zheng and Escabí, 2013).  
35 Neurons throughout the auditory pathway can encode the shape of transient sounds with 
36 remarkable fidelity; therefore, it is possible that this feature is better preserved with age.  A second, 
37 and key, difference between this and previous studies is the age of our older group.  Here we were 
38 deliberately targeting animals prior to advanced age-related changes arising in the peripheral 
39 auditory system (see section below).    

40 Perineuronal nets are associated with auditory thalamic neurons

41 PNNs are condensed extracellular matrix structures that surround neuronal cell bodies and proximal 
42 dendrites.  In addition to PNNs, some synaptic terminals (pre- and post-) are surrounded by an 
43 aggrecan-based matrix termed axonal coats.  Our results demonstrate PNN-positive (PNN+) neurons 
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1 and axonal coats in the auditory thalamus and their preferential localisation in the medial MGB 
2 compared to the other MGB subdivisions.  Consistent with our observations in this study, Gáti at al. 
3 (2010) identified ambiguous expression of axonal coats and an absence of PNNs in the dorsal MGB 
4 and low PNN and low/medium axonal coat expression in the ventral MGB of young rats (5 months) 
5 (Gáti et al., 2010; the medial MGB was not assessed).  Axonal coats have also been shown to 
6 increase in the thalamic ventral posteromedial nucleus (VPM) in aged (14-20 months), wild-type 
7 mice (Cicanic et al., 2018). 

8 The presence of PNN+ neurons and axonal coats in the MGB, particularly within the medial and 
9 ventral MGB of older adult animals, supports the changes in increased synchronisation to faster 

10 repetition rates.  PNNs are associated with brain areas capable of following fast afferent stimulation 
11 with precision (Balmer, 2016; Blosa et al., 2015; Favuzzi et al., 2017).  Very few studies have assessed 
12 PNN expression in the MGB (Beebe and Schofield, 2018; Fader et al., 2016; Friauf, 2000), with only 
13 one study, excluding our own, reporting expression of PNNs in the medial parts of the MGB (Beebe 
14 and Schofield, 2018).  WFA labelling is the commonest method to detect PNNs, however, WFA 
15 staining does not detect all forms/compositions of PNN, and therefore, we may have inadvertently 
16 excluded expression of some PNNs/axonal coats in this study.  This identifies the need for additional 
17 markers and experimental approaches to be considered in order to fully explore PNN distribution 
18 (Weinrich et al., 2018).  Despite this potential under-representation, we observed differences in the 
19 organisation and localisation of WFA+ PNNs within the MGB subdivisions.  In young adult animals, 
20 the WFA-stained PNNs were less organised around the somatodendritic compartment of neurons, 
21 while in older animals the staining was more organised, forming condensed net-like structures, 
22 typical of PNNs, around many neurons, particularly in the medial MGB.  Axonal coats were also more 
23 clearly organized (shape and size) and intensely stained in older animals, particularly in the medial 
24 MGB.  Although the presence of PNNs and axonal coats increased in older animals, this was not 
25 associated with an overall increase in WFA-stained extracellular matrix.  Such a transition of the 
26 WFA-positive extracellular matrix, to a more organised and condensed PNN and AC formation in 
27 specific subdivisions of the MGB may arise as a compensatory measure, enabling the MGB to alter 
28 the gain and fine-tune the amount of GABAergic neurotransmission, network activity and output to 
29 the auditory cortex.  This may compensate for the decreased activity and synchronisation of inputs 
30 arising from the midbrain and brainstem (Chambers et al., 2016b).  The age-related changes in PNNs, 
31 particularly in the medial MGB and also the ventral MGB, support our interpretation of the 
32 functional data that the MGB does not act as a simple relay between the IC and cortex.  
33 Interestingly, although age-related reduction in PNN+ neurons have previously been reported in the 
34 auditory cortex of old (14-24 months) CBA/CaJ mice (Brewton et al., 2016), this observation does not 
35 hold true for all cortical areas or layers (Ueno et al., 2019).  This suggests PNNs are important for 
36 region and subdivision-specific plasticity.  Indeed, regional differences in PNN distribution and 
37 function are also reported within the hippocampus (Carstens and Dudek, 2019).  Disruption of PNNs 
38 in different brain regions leads to distinct effects.  In the perirhinal and visual cortex, removal of 
39 PNNs with the extracellular matrix degrading enzyme chondroitinase enhanced long-term 
40 depression (Romberg et al., 2013), but impaired long-term potentiation and depression in the 
41 hippocampus (Bukalo et al., 2001). 

42 In subsequent studies it will be important to understand the implications of the age-related changes 
43 we observed at the level of the MGB, and how they may alter/maintain cortical function or activity 
44 in the same animals.  Transgenic mice deficient in PNNs, specifically mice lacking link proteins 
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1 (Cicanic et al., 2018; Edamatsu et al., 2018), tenascin-R (Bukalo et al., 2007), or aggrecan (Rowlands 
2 et al., 2018) could be assessed.  These animals have attenuated PNNs but no change in the overall 
3 content of CSPG.  Additionally, extracellular matrix degrading enzymes, such as ChABC, should be 
4 considered for future studies with the caveat that ChABC digestion removes the CS-GAG chains of 
5 CSPGs both within PNNs and in the diffuse, general extracellular matrix, both of which have differing 
6 effects (Bukalo et al., 2001; Edamatsu et al., 2018; Hirono et al., 2018).  Only 2% of CSPGs are found 
7 in PNNs, thus ChABC treatment may not be sufficient to elucidate a specific role of PNNs.  Therefore 
8 both genetic and enzymatic manipulations would be required to understand which component of 
9 the extracellular matrix contributes to the age-related changes in the MGB.  Understanding the 

10 particular trigger(s) which cause the PNN to change expression and organisation with age may be 
11 key to preserving auditory temporal processing throughout the life-course.  PNN formation is known 
12 to occur during critical periods of activity-dependent neuronal plasticity (Myers et al., 2012) and 
13 coincides with the development of the fast-spiking properties of the neurons they surround.  
14 However, the role lifestyle factors play in the continued (re)organisation of PNN within the auditory 
15 pathway is currently unknown.  Modulation of PNN expression by sensory manipulations and 
16 conditioning has been shown to be important for acquisition of auditory fear memory (learning and 
17 consolidation) in response to pure tones in the adult auditory cortex (Banerjee et al., 2017).  The 
18 auditory pathway may prove to be an ideal space in which to investigate the factors and 
19 consequences of remodelling the PNN, leading to greater understanding of the role of PNNs within 
20 the various auditory nuclei and suggesting potential targets for future therapeutic intervention.

21 Age-related changes occur independently of advanced peripheral hearing-loss

22 It is important to note that much of the previous literature uses aged subjects or models of hearing-
23 loss to focus on the changes in the central auditory system that occur concomitantly with changes 
24 arising within the peripheral auditory system (Cai et al., 2018; Sergeyenko et al., 2013).  By using 
25 young adult (11-15 weeks) and older adult CBA\Ca mice between the ages of 66-73 weeks we aimed 
26 to investigate the effects of maturity and ageing on the central auditory system, prior to the 
27 accelerated degradation of input arising from age-related changes to the peripheral auditory system.  
28 CBA\Ca mice within this age-range have been shown to have minimal (<20%) loss of spiral ganglion 
29 cells, inner-hair cells and outer hair cells.  However, beyond 80 weeks of age, outer-hair cell loss and 
30 auditory threshold deterioration accelerates (Sergeyenko et al., 2013) along with changes in the 
31 endocochlear potential, and a loss of strial marginal cells (Ohlemiller et al., 2010).  Audiograms 
32 plotted from ABR thresholds showed no significant changes with age, although there was an age-
33 related decrease in amplitude of the ABR Wave I at supra-threshold levels which can reflect a 
34 degeneration of primary cochlear afferents.  Firing rates averaged across the auditory thalamus of 
35 older adult animals to clicks presented at the same ICI as for the click ABR were no different to those 
36 recorded in younger animals, even within individuals with particularly shallow Wave I growth 
37 functions.  Therefore, our data may reflect central auditory processing in a fully mature murine 
38 system.  The age-related changes observed indicate that with ageing the brain retains significant 
39 capacity for anatomical and electrophysiological plasticity, with PNN localising with MGB neurons to 
40 maximise their efficiency, despite a potential degradation of signal to the central auditory system.  
41 One of the limitations of the current study is that it is performed in rodents, however, age-related 
42 improvements in auditory processing at the higher levels of the auditory pathway appear to be 
43 conserved across the mammalian species.  This is supported by evidence from Presacco et al. (2019, 
44 2016a, 2016b) in humans, where older adults showed substantial degradation of the midbrain 
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1 response and an exaggeration of the cortical response in both quiet and noise, when compared to 
2 younger listeners.  Comparisons between normally-hearing and hearing-impaired older adults did 
3 not show significant differences in either their midbrain or cortical responses, suggesting that age-
4 related temporal deficits exist independently of those predicted by peripheral hearing loss (Presacco 
5 et al., 2019).  

6 Even in the absence of hearing and cognitive impairment, processing temporally varying stimuli such 
7 as human speech can be a formidable challenge for elderly individuals.  Recent evidence is 
8 challenging the traditional view that speech intelligibility decreases simply due to impoverished 
9 sensory input and highlights the important contribution of ageing and other lifestyle factors on 

10 auditory temporal processing.  Understanding how such factors interact has important implications 
11 for the design of effective therapeutic interventions to improve speech intelligibility into later life.
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14

15 Table legend

16 Table 1:  Table showing mean ± S.E.M first spike latency, probability of firing, characteristic 
17 frequency and spontaneous firing rate across ventral, medial and dorsal MGB of young (~3m) and 
18 older (~18m) adult mice.  P-values calculated using Wilcoxon rank sum test and considered 
19 significant at p<0.01.

20

21 Figure legends

22 Figure 1: Three ascending pathways run through the auditory thalamus (MGB) to the auditory 
23 cortex.  A section through the MGB stained for cytochrome oxidase reveals the borders of the three 
24 main subdivisions; the ventral (MGV), medial (MGM) and dorsal (MGD).  Schematic shows main 
25 connections to/from the different MGB subdivisions in the mammalian system which form three 
26 main ascending information streams from the midbrain to the auditory cortices: lemniscal (blue), 
27 non-lemniscal (red), and polysensory (green) (Anderson et al., 2006; Anderson and Linden, 2011; 
28 Rouiller, 1997; Rouiller and de Ribaupierre, 1985).  Scale bar on histology image = 1mm.  
29 Abbreviations: cochlear nuclei, CN; superior olivary complex, SOC; central, dorsal or external nucleus 
30 of the inferior colliculus, ICc, ICd, ICx respectively; primary auditory cortex, AI; secondary auditory 
31 cortex, AII; anterior auditory field, AAF; dorso-medial cortex, DM; dorso-anterior cortex, DA; dorso-
32 posterior cortex, DP.

33 Figure 2: Ageing alters the temporal response patterns to temporally varying stimuli.  A-c, raster 
34 plots with overlaid peri-stimulus time histogram (PSTH) from example MGM neurons showing a 
35 synchronised (a), mixed (b) or non-synchronised (c) response to click-trains of different inter-click 
36 intervals (ICI).  Ai-ci, plots of vector strength against ICI for the neurons in a-c.  Synchronisation of 
37 firing to each click train was quantified with the Rayleigh score of vector strength, significant 
38 synchronisation is indicated by filled data points.  Asterisk in Bi indicates the peak or “preferred” ICI 
39 for this mixed response type neuron.  Aii-cii, plots of firing rate recorded over the duration of the 
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1 stimulus against ICI for the neurons in a-c.  D, Bar charts showing percentage distribution of each of 
2 the response types across the ventral, medial and dorsal subdivisions of the auditory thalamus in 
3 young adult (~3m, blue bars) and older adult (~18m, red bars) animals.

4 Figure 3: Ageing improves the minimum ICI of synchronised neurons in ventral and medial MGB.  A, 
5 minimum ICI for significant synchronisation is significantly lower in MGV (left plot) and MGM (middle 
6 plot) of older adult animals.  No difference in minimum ICI was observed between young and older 
7 adult animals in MGD (right column).  Results of Wilcoxon rank-sum tests for medians are shown on 
8 each plot.  Solid red and blue lines with error bars indicate mean ± S.E.M. for older and young adult 
9 animals respectively; dotted grey lines indicate median values.  B, mean vector strength of the 

10 synchronised response type, recorded across the MGV (left plot) and MGM (middle plot), was higher 
11 in older adult animals.  C, ICI which elicits the highest vector strength from neurons showing mixed 
12 response type to click trains significantly decreases in older MGM (middle) but not MGV (left) or 
13 MGD (right).  Median values indicated by the central mark and 25-75% percentiles indicated by edge 
14 of box, whiskers extend to most extreme data points not considered to be outliers.  Points are drawn 
15 as outliers if they are smaller than Q1-1.5*(Q3-Q1) or larger than Q3+1.5*(Q3-Q1), where Q1 and Q3 
16 are the 25th and 75th percentiles respectively.  Young adult animals shown in blue, older adult 
17 animals shown in red.  N = total number of either synchronised (a, value in a also applies to b) or 
18 mixed (c) response type recorded across animals.

19 Figure 4.  Ageing has a differential effect on firing rate which is dependent upon subdivision and 
20 response type.  MGV neurons showed no age-related difference in firing rate regardless of the 
21 neural response pattern to click trains (a-d, left column), however, ageing leads to a click-rate 
22 dependent increase in mean firing rate of neurons recorded from MGM (a, middle column).  This 
23 increase is only observed in synchronised MGM neurons (b, middle column) and for a limited range 
24 of ICIs.  Older MGM neurons showing the mixed (c, middle column) or non-synchronised response 
25 type (d, middle column) do not show a significant difference in firing rate).  Firing rates across all 
26 MGD were not significantly different between young and older adults, for any of the click rates 
27 tested (a, right column). 

28 Figure 5.  Ageing decreases first-spike latency and increases probability of firing in ventral and 
29 medial MGB (a&b, left and middle plots respectively), while responses in dorsal MGB remain 
30 unchanged (a&b, right).  Ageing has no effect on characteristic frequency distribution across the 
31 MGB subdivisions (c), but spontaneous rates are observed to decrease in dorsal MGB (d, right).  
32 Young adult data shown in blue, older adult in red.  Boxplot conventions as in Figure 3  

33 Figure 6.  No difference in tone or click-evoked ABR thresholds for young and older adult CBA\Ca 
34 mice.  A, audiogram shows no significant difference between young (blue) and older (red) adult 
35 CBA\Ca mice for click (clk) or tone stimuli at any of the frequencies tested.  B, click-evoked growth 
36 functions of Wave I show no differences around threshold, but do show age-related decrease in 
37 amplitude of response with increasing sound intensity.  Symbols and error-bars in a&b indicate 
38 mean ± S.E.M. across animals, dashed lines in b show individual Wave I growth functions, grey line at 
39 60 dB SPL highlights the sound level used to record thalamic responses to click trains.  C, amplitude 
40 at threshold was not significantly different between young and older adult CBA\Ca mice.  Boxplot 
41 conventions as per Figure 3.

42 Figure 7: MGB sub-division specific expression of PNNs and axonal coats.  In young (a) and older (d) 
43 animals, WFA-fluorescence labelling of extracellular matrix components (green) was preferentially 
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1 localised to MGM in comparison to MGV or MGD.  Diffuse extracellular matrix staining was observed 
2 in the MGB of young animals (a) with a modest number of condensed PNN structures surrounding 
3 neuronal cell bodies in MGM (a-c).  In older animals, many PNN positive neurons labelled with WFA 
4 were observed in the MGM (d-f).  WFA positive PNNs (asterisk) were also observed in the older MGV 
5 (j).  PV expression (red) co-localised to some PNN+ neurons (asterisk) (e-f).  However, PV-, PNN+ 
6 neurons (asterisks) were also observed (b-c).  The fluorescent intensity of WFA in the MGB 
7 subdivisions did not show a statistically significant difference between young (blue: n=4) and older 
8 (red: n=7) animals (g-i).  Each data point represents the average fluorescence intensity quantification 
9 from up to 2 slices per animal.  Axonal coats (arrows) were present predominantly in MGM (b, e & 

10 k), with some WFA positive axonal coats (arrows) in MGV (j & k).  PNN and axonal coats increased in 
11 the older animals compared to young in the MGB, as assessed by strength of expression and number 
12 of structures labelled by WFA (l).  PNNs were defined by WFA immunostaining of the neuronal cell 
13 body/proximal dendrites, and axonal coats by size (2-5µM) and shape (round/oval).  The MGM 
14 showed the greatest increase in PNNs and axonal coats in older animals (l).  Mean ± S.E.M., t-test 
15 MGV p = 0.82, MGM p = 0.71, MGD p= 0.69.  Scale bars a & d: 100μM, b.iii, e.iii & j: 50μM, k: 10 μM. 

16
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Figure 1: Three ascending pathways run through the auditory thalamus (MGB) to the auditory cortex.  A 
section through the MGB stained for cytochrome oxidase reveals the borders of the three main subdivisions; 

the ventral (MGV), medial (MGM) and dorsal (MGD).  Schematic shows main connections to/from the 
different MGB subdivisions in the mammalian system which form three main ascending information streams 
from the midbrain to the auditory cortices: lemniscal (blue), non-lemniscal (red), and polysensory (green) 
(Anderson et al., 2006; Anderson and Linden, 2011; Rouiller, 1997; Rouiller and de Ribaupierre, 1985). 

 Scale bar on histology image = 1mm.  Abbreviations: cochlear nuclei, CN; superior olivary complex, SOC; 
central, dorsal or external nucleus of the inferior colliculus, ICc, ICd, ICx respectively; primary auditory 
cortex, AI; secondary auditory cortex, AII; anterior auditory field, AAF; dorso-medial cortex, DM; dorso-

anterior cortex, DA; dorso-posterior cortex, DP. 
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Figure 2: Ageing alters the temporal response patterns to temporally varying stimuli.  A-c, raster plots with 
overlaid peri-stimulus time histogram (PSTH) from example MGM neurons showing a synchronised (a), 

mixed (b) or non-synchronised (c) response to click-trains of different inter-click intervals (ICI).  Ai-ci, plots 
of vector strength against ICI for the neurons in a-c.  Synchronisation of firing to each click train was 

quantified with the Rayleigh score of vector strength, significant synchronisation is indicated by filled data 
points.  Asterisk in Bi indicates the peak or “preferred” ICI for this mixed response type neuron.  Aii-cii, plots 

of firing rate recorded over the duration of the stimulus against ICI for the neurons in a-c.  D, Bar charts 
showing percentage distribution of each of the response types across the ventral, medial and dorsal 

subdivisions of the auditory thalamus in young adult (~3m, blue bars) and older adult (~18m, red bars) 
animals. 
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Figure 3: Ageing improves the minimum ICI of synchronised neurons in ventral and medial MGB.  A, 
minimum ICI for significant synchronisation is significantly lower in MGV (left plot) and MGM (middle plot) of 
older adult animals.  No difference in minimum ICI was observed between young and older adult animals in 
MGD (right column).  Results of Wilcoxon rank-sum tests for medians are shown on each plot.  Solid red and 

blue lines with error bars indicate mean ± S.E.M. for older and young adult animals respectively; dotted 
grey lines indicate median values.  B, mean vector strength of the synchronised response type, recorded 

across the MGV (left plot) and MGM (middle plot), was higher in older adult animals.  C, ICI which elicits the 
highest vector strength from neurons showing mixed response type to click trains significantly decreases in 

older MGM (middle) but not MGV (left) or MGD (right).  Median values indicated by the central mark and 25-
75% percentiles indicated by edge of box, whiskers extend to most extreme data points not considered to 

be outliers.  Points are drawn as outliers if they are smaller than Q1-1.5*(Q3-Q1) or larger than 
Q3+1.5*(Q3-Q1), where Q1 and Q3 are the 25th and 75th percentiles respectively.  Young adult animals 

shown in blue, older adult animals shown in red.  N = total number of either synchronised (a, value in a also 
applies to b) or mixed (c) response type recorded across animals. 

165x149mm (300 x 300 DPI) 

Page 30 of 41

Journal of Neuroscience Research

Journal of Neuroscience Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

 

Figure 4.  Ageing has a differential effect on firing rate which is dependent upon subdivision and response 
type.  MGV neurons showed no age-related difference in firing rate regardless of the neural response pattern 

to click trains (a-d, left column), however, ageing leads to a click-rate dependent increase in mean firing 
rate of neurons recorded from MGM (a, middle column).  This increase is only observed in synchronised 

MGM neurons (b, middle column) and for a limited range of ICIs.  Older MGM neurons showing the mixed (c, 
middle column) or non-synchronised response type (d, middle column) do not show a significant difference 
in firing rate).  Firing rates across all MGD were not significantly different between young and older adults, 

for any of the click rates tested (a, right column). 
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Figure 5.  Ageing decreases first-spike latency and increases probability of firing in ventral and medial MGB 
(a&b, left and middle plots respectively), while responses in dorsal MGB remain unchanged (a&b, right). 

 Ageing has no effect on characteristic frequency distribution across the MGB subdivisions (c), but 
spontaneous rates are observed to decrease in dorsal MGB (d, right).  Young adult data shown in blue, older 

adult in red.  Boxplot conventions as in Figure 3. 
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Figure 6.  No difference in tone or click-evoked ABR thresholds for young and older adult CBA\Ca mice.  A, 
audiogram shows no significant difference between young (blue) and older (red) adult CBA\Ca mice for click 
(clk) or tone stimuli at any of the frequencies tested.  B, click-evoked growth functions of Wave I show no 
differences around threshold, but do show age-related decrease in amplitude of response with increasing 
sound intensity.  Symbols and error-bars in a&b indicate mean ± S.E.M. across animals, dashed lines in b 
show individual Wave I growth functions, grey line at 60 dB SPL highlights the sound level used to record 
thalamic responses to click trains.  C, amplitude at threshold was not significantly different between young 

and older adult CBA\Ca mice.  Boxplot conventions as per Figure 3. 
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Figure 7: MGB sub-division specific expression of PNNs and axonal coats.  In young (a) and older (d) 
animals, WFA-fluorescence labelling of extracellular matrix components (green) was preferentially localised 
to MGM in comparison to MGV or MGD.  Diffuse extracellular matrix staining was observed in the MGB of 

young animals (a) with a modest number of condensed PNN structures surrounding neuronal cell bodies in 
MGM (a-c).  In older animals, many PNN positive neurons labelled with WFA were observed in the MGM (d-
f).  WFA positive PNNs (asterisk) were also observed in the older MGV (j).  PV expression (red) co-localised 
to some PNN+ neurons (asterisk) (e-f).  However, PV-, PNN+ neurons (asterisks) were also observed (b-c). 
 The fluorescent intensity of WFA in the MGB subdivisions did not show a statistically significant difference 
between young (blue: n=4) and older (red: n=7) animals (g-i).  Each data point represents the average 
fluorescence intensity quantification from up to 2 slices per animal.  Axonal coats (arrows) were present 

predominantly in MGM (b, e & k), with some WFA positive axonal coats (arrows) in MGV (j & k).  PNN and 
axonal coats increased in the older animals compared to young in the MGB, as assessed by strength of 

expression and number of structures labelled by WFA (l).  PNNs were defined by WFA immunostaining of the 
neuronal cell body/proximal dendrites, and axonal coats by size (2-5µM) and shape (round/oval).  The MGM 
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showed the greatest increase in PNNs and axonal coats in older animals (l).  Mean ± S.E.M., t-test MGV p = 
0.82, MGM p = 0.71, MGD p= 0.69.  Scale bars a & d: 100μM, b.iii, e.iii & j: 50μM, k: 10 μM. 

164x298mm (150 x 150 DPI) 

Page 35 of 41

Journal of Neuroscience Research

Journal of Neuroscience Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

Ventral MGB Medial MGB Dorsal MGB

Young 
adult

Older 
adult

Rank 
sum 

p-value

Young 
adult

Older 
adult

Rank 
sum 
p-

value

Young 
adult

Older 
adult

Rank 
sum 

p-value

First spike 
latency (ms)

15.7 ± 
0.55

13.7 ± 
0.43

3.05
x10-4

16.5 ± 
0.77

10.1 ± 
0.65

9.51
x10-13

15.5 ± 
1.18

18.6 ± 
1.45 0.18

Probability of 
firing

0.75 ± 
0.02

0.80 ± 
0.02 0.0034 0.74 ± 

0.024
0.85 ± 
0.019

4.51
x10-4

0.78 ± 
0.045

0.84 ± 
0.034 0.24

Characteristic 
freq. (kHz)

17.3 ± 
0.85

16.1 ± 
0.44 0.13 16.7 ± 

1.14
16.3 ± 
1.02 0.55 19.6 ± 

2.36
15.5 ± 
1.54 0.33

Spontaneous 
rate (spks/s)

9.25 ± 
0.91

8.79 ± 
0.56 0.22 11.8 ± 

0.96
11.0 ± 
1.11 0.16 12.0 ± 

1.84
5.2 ± 
0.82 0.0078

Table 1:  Table showing mean ± S.E.M first spike latency, probability of firing, characteristic frequency and 
spontaneous firing rate across ventral, medial and dorsal MGB of young (~3m) and older (~18m) adult mice.  P-
values calculated using Wilcoxon rank sum test and considered significant at p<0.01.
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Recordings made from ventral (v) and medial (m) MGB of middle-aged, normally-hearing, CBA\Ca 
male mice showed improved synchronisation to rapidly varying stimuli.  Increased precision was 
associated with localised expression of perineuronal net and axonal coats.  This suggests the MGB 
retains significant capacity for anatomical and electrophysiological plasticity, maximising efficiency 
into older age.
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Recordings made from ventral (v) and medial (m) MGB of middle-aged, normally-hearing, CBA\Ca male 
mice showed improved synchronisation to rapidly varying stimuli.  Increased precision was associated with 

localised expression of perineuronal net and axonal coats.  This suggests the MGB retains significant 
capacity for anatomical and electrophysiological plasticity, maximising efficiency into older age. 
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Rigorous study design and transparent reporting of results are the cornerstones of science. By maximizing the information provided in a 
manuscript, factors that may contribute to irreproducibility will be mitigated. The Journal of Neuroscience Research promotes transparency 
in research by strongly encouraging authors to include all relevant information about their studies. To expedite reviewer monitoring of 
these factors, authors submitting original research articles must complete this questionnaire.  

If the manuscript is accepted and all items within the checklist are present, we will include a declaration of transparency at the end of the 
manuscript. This declaration reads as follows:

The authors, reviewers and editors affirm that in accordance to the policies set by the Journal of Neuroscience 
Research, this manuscript presents an accurate and transparent account of the study being reported and that all critical 
details describing the methods and results are present. 

To complete the checklist, fill in the right-hand column with the page and paragraph number (e.g., ‘Page 3, Paragraph 2’) corresponding to 
the checklist item. If a checklist item is not applicable to the study being reported or the authors are unable to provide that item, a reason 
must be supplied. Additional comments can be added at the end of the document. Upload the completed document as supplementary 
information for review. 

Experimental and Study Design
1. Clearly state the primary and any secondary objective or hypothesis of the study

Page5, Para2 
(also Pg3 Para2)

Pg5, Para3 (#animals)

Pg5, Para3
From Pg5, Para3

2. For each experiment, the study design must include:
a. Number of experimental and control groups

b. Randomization and blinding procedures and/or steps to minimize subjective bias when allocating 
subjects to experimental groups 

c. Precise details of all procedures, including housing and husbandry are carried out in the experiment
d. Is sex considered as a biological variable? See Editorial for details about proper reporting 

Study used male mice as 
stated throughout

Experimental Subjects 
Pg5, Para3 (#animals)
Pg8, Para5 (#neurons)
N= shown on figures

Pg6, Para 3 onwards 

3. Specify the total number of subjects in each experiment, including the number of animals, sex and age 
in each group

a. Explain how the number of animals were arrived at and provide details of any sample size 
calculation, including power analysis

b. Indicate the number of independent replications of each experiment, when applicable

Data Handling

Pg7, Para3

No discrepancy

N/A

4. Indicate data collection start and stop rules:
a. Define the criteria for data/subject inclusion and exclusion. If any outcome or condition measure 

used was not reported in the results section, authors must address this omission
b. Specify reasons for any discrepancy between the number of animals at the beginning and end of the 

study
c. Define and explain how outliers are handled and report if data are removed prior to analysis

Statistical Analysis and Depiction of Continuous Data

Pg7&8, Para3

Pg7, Para3

Pgs9,10 11, 
N/A

Figs3-7

5. Provide details of the statistical methods used for each analysis
a. State, define and justify the statistical analysis used and specify the unit of analysis for each dataset
b. Describe and report methods used to assess whether data met the assumptions of the statistical 

approach and any adjustments for multiple comparisons 
c. Fully report statistics (including exact value of N, degrees of freedom, test value and exact P-value 

when >0.001) and we encourage the use of effect sizes and confidence intervals 
d. Disaggregated data are presented for males and females
e. Data distribution is depicted with univariate scatterplots boxplots, violin plots, or kernel density plots 

when presenting continuous data (see Editorial on Transparent Reporting for Reproducible Science)

Discussion 
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Pg14 para2, pg 15

6. Comment on study limitations including any potential source of bias, limitations to the animal model, 
imprecisions associated with the results, and the inability for any reason to study possible sex influences 
where they may exist.

7. Comment on possible translational implications and future research directions Pg15, 16, first and last 
para

Page 40 of 41

Journal of Neuroscience Research

Journal of Neuroscience Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review
 13th September 2019

Re: Submission of research article - Auditory temporal acuity improves with age in the male mouse auditory
thalamus: a role for perineuronal nets? – to Journal of Neuroscience Research.

Dear Dr Nolan,

We thank you and the reviewers for their time and further consideration of our manuscript.  

We have addressed Reviewer 2’s remaining suggestion regarding the axis labels and have changed all instances of 
“spks/s” to “spikes/s” (alterations made to figures 2, 4 and 5).

Regarding Reviewer 3’s remaining comments:
1) We agree with the editors that figure 5 adds to the manuscript and provides a quick overview of the data 

which is especially relevant given the intended breadth of readership of the article.

2) We have added the following section to the discussion section of the manuscript (Page 14, Lines 14-22).
“The age-related changes in the medial MGB are of particular interest as the medial MGB is thought to 
act as a polysensory, integrative centre, combining information across auditory and non-auditory areas 
(see Rouiller et al. (1997) and Winer (1992) for review).  Thalamic afferents from medial MGB terminate 
throughout the auditory cortical layers, with large diameter axons terminating primarily in layer I of both 
core and belt auditory cortical fields (Huang and Winer, 2000).  This has led to suggestions that 
projections from the medial MGB could be responsible for synchronising remote activity, or provide a 
common input to functionally separate cortical areas (Huang and Winer, 2000).  It is therefore tempting 
to speculate that with ageing these fast and temporally precise neural projections may be preferentially 
preserved, or even enhanced, to facilitate auditory cortical processing and synchronisation despite a 
potentially degraded auditory signal.”

3) As we commented in our response to reviewers, we did not see a difference in the overall staining 
intensity of WFA.  Due to the low numbers of PNNs/axonal coats present in the auditory thalamus (results 
which are in line with previous literature) we were unable to quantify and compare each individual 
PNN/axonal coat, therefore we used a similar qualitative method to Gati et al.2019, and have shown 
images of the stained sections in figure 7.  If we were to repeat the experiments in IC or AC, areas which 
have greater density of PNN/axonal coats then we would carry out additional intensity analysis, but for 
the low levels observed in the MGB it would not have been statistically valid.

Please find the most recent version of the manuscript and figures uploaded.  

Yours sincerely,

Lucy Anderson

LONDON’S GLOBAL UNIVERSITY
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Senior Research Fellow, 
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Shmma Quraishe
Research Fellow, 
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Tracey Newman,
Associate Professor,
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