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Abstract

Age-related hearing loss (ARHL), clinically referred to as presbycusis, is one of the three most 

prevalent chronic medical conditions of our elderly, with the majority of persons over the age of 60 

suffering from some degree of ARHL. The progressive loss of auditory sensitivity and perceptual 

capability results in significant declines in workplace productivity, quality of life, cognition and 

abilities to communicate effectively. Aldosterone is a mineralocorticoid hormone produced in the 

adrenal glands and plays a role in the maintenance of key ion pumps, including the Na-K+-Cl co-

transporter 1 or NKCC1, which is involved in homeostatic maintenance of the endocochlear 

potential. Previously we reported that aldosterone (1 μM) increases NKCC1 protein expression in 
vitro and that this up-regulation of NKCC1 was not dose-dependent (dosing range from 1 nM to 

100 μM). In the current study we measured behavioral and electrophysiological hearing function 

in middle-aged mice following long-term systemic treatment with aldosterone. We also confirmed 

that blood pressure remained stable during treatment and that NKCC1 protein expression was 

upregulated. Pre-pulse inhibition of the acoustic startle response was used as a functional measure 

of hearing, and the auditory brainstem response was used as an objective measure of peripheral 

sensitivity. Long-term treatment with aldosterone improved both behavioral and physiological 

measures of hearing (ABR thresholds). These results are the first to demonstrate a protective effect 

of aldosterone on age-related hearing loss and pave the way for translational drug development, 

using aldosterone as a key component to prevent or slow down the progression of ARHL.
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Age-related hearing loss (ARHL), or presbycusis, is one of the top three, major chronic 

medical conditions in elderly people, along with cardiovascular disease and arthritis. The 

ARHL loss of auditory sensitivity and speech perceptual capability has an extremely high 

prevalence, with the majority of persons over the age of 60 suffering from ARHL, so 

hundreds of millions of people worldwide. The psychological sequelae accompanying 

ARHL are associated with depression, anxiety, social isolation, loneliness and can even be 

life threatening (Dalton, et al. 2003; Kramer et al. 2002; Strawbridge et al. 2000; Viljanen et 

al., 2009). Furthermore, presbycusis has been associated with more rapid cognitive decline 

in the elderly (Lin et al. 2011; Lindenberger et al. 2009; Van et al. 2007). The perceptual 

difficulties in suprathreshold hearing faced by older listeners likely develop not only from 

impaired cochlear function, but also from age-related physiological changes in the parts of 

the brain used for hearing – central auditory system (Frisina and Frisina, 1997; Takeda et al. 

1992; Syka, 2002; Willott, 1991 & 1996). Virtually all components of the nervous system 

suffer from numerous age-related declines such as a loss of neurons and atrophy of their 

processes (e.g., axons, dendrites, and synapses) that degrade auditory processing in neural 

circuits. Age-linked systemic changes in hormonal, cardiovascular, and metabolic functions 

provide additional challenges (Aspinall, 2003; Frisina et al. 2006; Guimaraes et al., 2006; 

Tadros et al. 2005; Willott & Turner, 1999). The auditory system is, of course, no exception 

in its susceptibility to these and other biological changes with age.

A key player in ARHL is the decline in function of cochlear stria vascularis (SV) cells 

located in the lateral wall of the inner ear. Within the SV there are specific ion channels and 

pumps, which control the concentrations of Na+ and K+ for the endolymph of scala media. 

Two of these important ion channels are Na+-K+-2Cl− co-transporter (NKCC1) and Na+/K+-

ATPase, which are found in many physiological systems (Anderson, and Cala, 2006; Ding et 

al. 2014; Herbert et al. 2004, Garg et al 2007; Dowd and Forbush, 2003; Wall et al, 2006). 

NKCC1 is a co-transporter protein that moves Na+, K+, and Cl− into and out of cells 

(Pedersen et al. 2006). NKCC1 levels and the flow of the ions regulated by it functionally 

decline with age. In the auditory system, the cochlea depends heavily on the presence of 

NKCC1 transporters, specifically in the basolateral plasma membrane of marginal cells of 

the SV where endolymph is produced (Weaver et al. 2004). So, NKCC1 is critical for 

maintaining the endocochlear potential (EP), which powers auditory sensory transduction. 

ARHL, which can be caused by age-related degeneration of the SV, is linked to age-related 

reduction in the EP or “cochlear transduction battery” (Schmiedt et al. 2002; Lang et al. 

2010).

The mineralocorticoid steroid hormone aldosterone is released from the adrenal cortex and 

can control NKCC1 and Na+/K+-ATPase via changes in mRNA/protein synthesis in the 

inner ear (Pitovski et al. 1993a; Pitovski et al. 1993b) and brain (Grillo et al. 1997). Further 

evidence for aldosterone as being beneficial for auditory processing comes from the 

pioneering studies of Trune and colleagues. They demonstrated that oral administration of 
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aldosterone can reverse hearing loss in autoimmune mice, while administration of 

spironolactone (an aldosterone antagonist) blocked this effect (Trune and Kempton 2001; 

Trune et al. 2006; Trune et al. 2000).

Serum aldosterone levels decrease with age in humans (Brudiex et al. 1995; Kau et al. 1999; 

Hegstad et al., 1983; Bauer, 1993) and other mammals, including mice (Brudiex et al., 1995; 

Kau et al., 1999; Magdich, 1980; Wang et al., 2004). Although a direct clinical effect of 

aldosterone on age-related hearing loss has yet to be demonstrated in a prospective study, a 

correlation does exist between low serum aldosterone and severity of presbycusis in 

otherwise healthy elderly human subjects (Tadros et al., 2005). In addition, in vitro 
application of aldosterone to a human cell line (HT-29) revealed that aldosterone regulates 

NKCC1 activity and protein expression levels, quite sensitively and rapidly (Ding et al., 

2014).

A biotherapeutic that can modulate NKCC1 protein expression opens the door for 

therapeutic interventions for diseases involving the dysregulation or depletion of NKCC1 or 

Na+/K+-ATPase. A prime example would be the age-related down-regulation of these ion 

channels observed in the cochlear lateral wall. Along with declines in serum levels of 

aldosterone in aging CBA mice (Zhu et al., 2011), we have discovered that NKCC1 and Na
+/K+-ATPase expression levels decline with age in the CBA mouse cochlea, including the 

stria vascularis of the lateral wall (Zhu et al., 2012; 2013; 2014; Ding et al., 2012; 2013). 

These age changes suggest that aldosterone could be used as a therapeutic intervention for 

ARHL.

The acoustic startle reflex (ASR), a sensory-motor response that serves as a quantifiable 

measurement of arousal, was utilized in the present investigation to assess the effects of 

long-term aldosterone treatment on hearing function. In addition, we measured peripheral 

hearing sensitivity using auditory brainstem response audiometry. The ASR is an efficient 

behavioral measure to assess hearing in animal models and has been used extensively to 

examine the effects of various genetic mutations on hearing (e.g., Allen et al., 2008). The 

ASR manifests behaviorally as a rapid contraction of skeletal muscles in rodents (Hoffman 

and Ison, 1980). Rodents are typically placed on a platform where sensors transduce the 

motion generated by the reflex. Pre-pulse inhibition (PPI) is a reduction in the startle 

response observed when a stimulus placed prior to the startle elicitor is perceived by the 

animal, regardless of the sensory modality. The ASR can be inhibited by a pre-pulse 

stimulus presented before (~50–100 ms) the startle elicitor, for example a tone burst or silent 

gap in an ongoing noise can serve as a startle-eliciting stimulus (Ison and Hammond, 1971; 

Ison, 1982).

The goal of the present study was to determine if long-term, systemic, treatment with 

aldosterone can improve hearing function in a mouse model of ARHL. We hypothesized that 

chronic slow-release aldosterone treatment will improve hearing sensitivity thereby 

increasing the salience of pre-pulse stimuli without modifying the startle input-output 

function for the middle-aged CBA/CaJ mouse model of ARHL. ABR assessments were used 

to confirm the efficacy of the aldosterone treatment on peripheral auditory function.
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Methods

Subjects

A total of 18 CBA/CaJ inbred mice were used, and were the same group utilized in our 

companion study (Frisina et al. Submitted). Animals were bred at the University of South 

Florida Vivarium with breeders obtained from Jackson Labs (Bar Harbor, ME). All mice 

were between 15–18 months of age at the time of baseline testing. Mice were randomly 

assigned to 2 groups, either control (n = 10) or treatment (n = 8). The treatment group was 

systemically administered 1.67 μg per day of D-aldosterone, via extended release pellets 

(Innovative Research of America, Sarasota, FL) implanted subcutaneously via syringe 

injection in a pocket of skin behind the shoulders while the mouse was under ketamine/

xylazine (100/10 mg/kg) anesthesia. This dose and route of administration was chosen based 

on data showing that this dose reversed the reduction of serum aldosterone levels in older 

mice (Zhu et al., 2011). Control animals received a placebo pellet, inserted using the same 

technique as the treatment group. Baseline tests were followed by tests at 4 and 6 weeks. A 

second pellet was inserted at 8 weeks, and tests were done at 12 and 14 weeks post-hormone 

pellet treatment (Figure 1).

Blood Pressure Measurements

In order to measure cardiovascular health mice were placed in a restraining tube for 15 min 

for 3 consecutive days to acclimate them to having their blood pressure (BP) measured using 

the Kent Scientific CODA™ tail-cuff blood pressure system. The animal was either placed in 

the holder by picking up the tail, or the animal entered freely. The rear hatch to the holder 

was carefully secured, and care taken to avoid pinching the tail or any other body parts while 

securing the rear hatch. The mouse was allowed to rest at least 5-minutes to acclimate to the 

holder.

Startle Apparatus

Custom 3-D printed platforms housing piezoelectric transducers, located inside one of four 

identical sound attenuated chambers (40.6 × 40.6 × 40.6cm), lined with sound dampening 

foam were used to collect startle reflex data. Each wire mesh cage (9.53 × 3.81 × 4.13cm) 

was cleaned with Clidox (concentration ratio 1:18:1), rinsed with tap water, and dried after 

use, and fresh cages were used for each individual animal to avoid any odor contamination. 

Acoustic stimuli were generated by Tucker-Davis Technologies (Alachua, FL) System III 

RP2 processors and SA1 amplifiers. Tone and noise stimuli were presented through Fostex 

model FT17H speakers mounted 25cm from the base of the wire mesh cage. All acoustic 

signals were calibrated using a ½″ free-field ACO Pacific (Belmont, CA) microphone 

(model 7047, frequency response ±2 dB from 2 Hz to 100 kHz) connected to a Quest 

Electronics (Oconomowoc, WI) sound-level meter (model 1800). Spectral analysis was 

performed with a ¼″ free-field Larson Davis (Depew, NY) microphone (model 2520, 

frequency response ±2 dB from 10 Hz to 100 kHz) and preamp (model 2221) sent to a 

Hewlett Packard 35665A Spectrum Analyzer (Palo Alto, CA). All calibrations were 

performed to approximate the position and conditions of the animals’ ears in any given 

behavioral testing chamber. Startle response signals were acquired using a TDT RX8 

processor. Startle stimulus and reflex measurement were controlled using custom 
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programing in MATLAB software (version 2012b) on a Dell Optiplex 790 PC running 

Windows 7. All experimental trials were presented in variable intervals in order to avoid 

habituation of the ASR.

General Procedure for ASR and PPI Testing

Mice were transported in their home cages to the adjoining behavior testing room 

approximately 30 min before testing. Each animal was handled for at least 1 min before 

being placed inside the wire mesh cage (9.53 × 3.81 × 4.13 cm), which allows free 

movement during testing while maintaining the animal over the center of the transducer. 

Once secured inside the wire mesh cages, prior to the presentation of the acoustic stimuli, 

animals were given 5 min to acclimate to the testing environment. As shown in Figure 1 

animals were tested at four time points over the course of 4 months at 4, 6, 12, and 14 

weeks. One test point was comprised of 3 sessions, over 6 days. ASR, noise PPI, and gap-

prepulse inhibition of the acoustic startle reflex (GPIAS) were performed at all test points, 

each separated by 10 minutes.

Data Acquisition

All startle reflex data consisted of voltage output (mV) from the transducers. The maximum 

voltage amplitude was automatically detected for each individual trial, and the first peak 

(local maxima found through differential analysis) within 25% of this amplitude was 

identified. The analysis window was then set to this point and included voltage excursions 

for an additional 70 ms. If no peak was identified within 25% of the max, the time (and start 

of analysis) was set to the point at which the maximum peak occurred. The analysis 

algorithm ensured that the beginning of this analysis time frame was never less than 0 ms 

relative to the startle stimulus. If the maximum peak amplitude was less than 2 mV for the 

startle-eliciting stimulus, that single trial was removed, as it indicates the animal was not 

engaged in the test (Longnecker & Galazyuk, 2012).

ASR

A standard startle elicitor was used, consisting of broadband noise bursts, 20 ms in duration 

and presented with no carrier noise, at various inter-trial intervals (ITI) of 10 to 20 seconds 

(Ison, et al., 1998). Startle elicitors ranged from 55 to 115 dB SPL in 10 dB increments, and 

10 trials were run at each intensity (70 trials total). The ASR was measured using standard 

methods and stimuli were presented through speakers located 30 cm directly above the 

transducer platform, upon which the subject stood.

PPI

In the noise PPI paradigm, each trial consisted of a low to moderate level pre-pulse and a 

110 dB SPL startle elicitor, with an ISI of 30 ms. The ITI varied from 15 to 30 seconds 

throughout the paradigm. Pre-pulse stimuli were broadband noise bursts (20 ms duration; 1 

ms rise-fall time) presented at 0, 20, 40, 55, and 75 dB SPL. Twenty trials were run at each 

pre-pulse intensity.

In the GPIAS paradigm, each trial consisted of a silent gap in carrier noise and a 110 dB 

SPL startle elicitor, with an ISI of 30 ms. The ITI varied from 10 to 20 seconds. The silent 
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gaps were embedded in was broadband noise presented at 70 dB SPL. Silent gaps were 0, 1, 

2, 4, 6, 8, 12, 15, and 30 ms in duration. Ten trials were run at each gap length. All 

broadband stimuli had filter cutoffs of 1,000 and 50,000 Hz, and trials were randomized 

throughout each paradigm.

Data Reduction

The ASR data were quantified by taking the arithmetical means derived from the electrical 

waveform output of all included trials for each animal collected in a 300 ms time window 

around the startle stimulus. The maximum startle amplitude after the startle stimulus was the 

primary measure used. Group means were then calculated from these data. PPI was based on 

percent reduction of ASR max peak amplitude when the pre-pulse was present, calculated 

with the formula, (1- (ASR with pre-pulse/ASR without pre-pulse)) X 100; therefore a larger 

value indicated greater inhibition of the ASR. Each behavioral data point was comprised of 

the average response across 3 sessions of testing that occurred every other day for each 

subject.

Auditory Brainstem Response Audiometry

Mice were divided into two groups: treatment (n=5) and control (n=5), and had clearly 

visualized, healthy tympanic membranes. Prior to recording the auditory brainstem response 

(ABR) mice were anesthetized with a mixture of ketamine/xylazine (120 and 10 mg/kg body 

weight, respectively, IP injection). The ABR testing procedures were similar to our previous 

reports (Lowe and Walton, 2015; Zhu et al., 2007, Frisina et al. 2007). Briefly, ABR sessions 

were carried out in a soundproof acoustic chamber, with body temperature maintained at 

37°C with a heating pad. Prior to recording, the stimulus probe was placed near the 

tympanic membrane with the aid of an operating microscope. Needle electrodes were 

inserted at the vertex (non-inverted) and in the muscle posterior to the left pinna (inverted), 

with a ground inserted under the contralateral pinna. ABR waveforms were evoked with 5 

ms tone pips (0.5-ms rise-fall times) with a cos2 envelope, delivered at a rate of 21/sec 

though electrostatic speakers (TDT EC1) connected by 4 cm tubes to the opening of the 

external ear canal. The response was amplified (10,000 X), filtered (0.1–3 kHz), and 

averaged using the BioSig (TDT, Gainesville, FL) data-acquisition system. A total of 200 

responses were averaged (with stimulus polarity alternated), using an ‘artifact reject’ 

algorithm, whereby response waveforms were discarded when peak-to-peak amplitude 

exceeded 7 μV, to prevent contamination by muscle activity. Intensity was varied in 5 dB 

steps starting at 80 dB and decreasing to at least 20 dB below threshold for a specific test 

frequency. Each intensity was replicated and threshold was defined as the lowest intensity at 

which a response was replicated, as determined by two experimenters blind to the 

experimental condition. The recording sessions occurred every 2 months after the initial 

evaluation (baseline) for a period of 4 months.

NKCC1 Protein Expression

NKCC1 protein expression was measured using western blot assay similar to the method 

described in our previous report (Ding et al., 2013). A subset of three young adult, middle-

aged control and ALD-treated CBA/CaJ mice were sacrificed by decapitation. The cochleae 

were quickly dissected from the temporal bone, and transferred into ice-cold DPBS 
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(HyClone Lab Inc., Logan, UT) on ice to dissect the lateral wall using a Zeiss 

stereomicroscope, then tissue lysates were prepared in RIPA buffer (Pierce 89901; Thermo 

Scientific, Waltham, MA) with protease inhibitor cocktail (78430; Thermo Scientific). The 

samples were homogenized in buffer, followed by centrifugation at 2,000 rpm for 10 min at 

4°C. Supernatants were subjected to Western blot analysis by loading 200 μg of protein per 

lane, after the protein concentrations were determined by Bradford protein assay. Proteins 

were fractionated by SDS-PAGE gel electrophoresis and transferred to a PVDF blotting 

membrane (Whatman, Piscataway, NJ). The blot was incubated with primary antibodies 

against β-actin and Na-K-2Cl cotransport protein (Cell Signaling, Danvers, MA); primary 

antibodies were utilized in a diluted concentration (1:1,000). The secondary antibody was 

horseradish peroxidase-conjugated goat anti-rabbit IgG (1:2,000; Cell Signaling).

Statistical Analysis

ASR data were obtained from the raw maximum output of the transducers (mV), consisting 

of the arithmetical means of each trial, for each animal in each session. PPI data were 

calculated likewise, using the averages at each pre-pulse intensity, relative to the no-pre-

pulse trials. The analysis was performed using SPSS (IBM Corporation, Somers, NY) using 

a repeated measures ANOVA. Each stimulus intensity represented a measure, the testing 

session represented the within-subjects variable, and treatment was the between subjects 

variable. Post-hoc testing using Fischer’s least significant differences test, with α = 0.05 

used to detect between-subject effects at various stimulus intensity levels.

Results

Systemic aldosterone treatment improves hearing function

ASR—Significant differences in mean startle amplitudes were found in the ASR at each 

testing point (Figure 3), with the 95 dB SPL startle amplitude being lower than both the 105 

and 115 dB SPL stimuli; baseline, F(2,18) = 52.62, p<0.01, 4 weeks F(2,18) = 27.97, 

p<0.01, 6 weeks F(2,18) = 10.19, p<0.01, after first-pellet insertion, and four weeks, F(2,18) 

= 13.32, p<0.01, and 6 weeks after second pellet insertion, F(2,18) = 20.79, p<0.01. There 

was no significant difference between treatment and control for ASR at any intensity, or any 

test point, or for interactions at any of the testing points.

Noise PPI—In contrast to the startle amplitude data, repeated measures ANOVA revealed 

significant effects of pre-pulse intensity on ASR inhibition. The 55 dB pre-pulse condition 

showed increased salience for treated mice as compared to untreated mice, F(4,28) = 3.03, p 

= 0.03, and no other intensities were found to have significant effects. Significant 

interactions between pre-pulse intensity and treatment were found for the 20 dB pre-pulse 

intensity, F(4,28) = 2.77, p<0.05. Post hoc analysis revealed a 25% increase in inhibition 

with treatment beginning at 6 weeks post first-pellet, and 4 and 6 weeks post-second pellet. 

A significant interaction was also found between 40 dB and treatment, F(4,28) = 4.10, p = 

0.01. Post hoc analysis here also revealed a 25% increase in inhibition with treatment 

starting at 4 weeks post first-pellet and continuing through each testing point. Although there 

were no interactions between 55 dB and 75 dB and treatment, post hoc analysis at 55 dB 

showed a significant 20% increase in inhibition in the treatment group at 6 weeks post first-
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pellet treatment and 4 and 6 weeks post second-pellet. Aldosterone treated animals were 

found to have greater PPI as compared to the control group at 55 dB (* designates p<0.05 in 

the top row of Figure 3), indicating greater salience to the acoustic signal.

PPI to Gap Stimuli—Analysis of gap ASR inhibition showed significant effects of gap 

duration at baseline, F(7,42) = 3.77, p<0.01 and 4 weeks F(7,42) = 2.98, p = 0.01, but no 

effect of treatment on gap perception. These effects indicated that longer gap durations 

resulted in increased inhibition as gap duration increased and there was also no significant 

effect of treatment or group-by-gap duration interaction effects (Figure 3).

ABRs—ABR thresholds to wideband noise stimuli having similar spectral composition as 

the noise PPI stimulus, were measured prior to the initiation of aldosterone treatment 

(baseline) and at 2 and 4 months during treatment (Figure 6A). Mice treated with 

aldosterone showed stable noise thresholds (± 1 dB) over the course of treatment while 

thresholds for untreated mice systematically increased from 39 dB to 49 dB, F(1,12)= 4.46, 

p=.05. In order to assess the peripheral excitatory drive to the central auditory system we 

measured the peak amplitude of P1 and P4 of the ABR elicited by the 80 dB SPL WBN. 

Figure 6B shows the P1 amplitude shift between baseline and the 2 and 4 month treatment 

time points. Initial baseline P1 amplitudes were comparable across groups, 2.66 μV for 

control versus 2.63 μV for treated. Results of the ANOVA showed no significant effects. 

However, aldosterone treatment effects were significant, F(1,12)= 4.74, p =0.05; and post-

treatment time effects showed a trend, F(1,12)=3.40, p =0.09, indicating that the auditory 

processing between baseline and 4 months was systematically improved, i.e., larger 

amplitudes for treated mice, as compared to control mice. To assess the effects of treatment 

on central auditory function we measured P4 amplitude (Fig 6C). Significant beneficial 

effects of aldosterone treatment, F(1,12)=10.10, p=0.008, were found. Similar to P1 there 

was no significant difference in baseline P4 amplitudes, but after treatment at both the 2 and 

4 month test points, a positive shift was recorded compared to an overall negative shift in 

control mice of the P4 amplitude.

Aldosterone Treatment Up-Regulates NKCC1

NKCC1 Protein Expression—Strong NKCC1 protein expression was observed from the 

cochlear lateral wall from young mice and there was over a two-fold decrease in NKCC1 

protein expression observed in middle-aged mice. The data are based on representative of 

the triplicates for each subject group. A one-way ANOVA indicated a significant main effect 

of ALD treatment by group, [F(2,6)=9.16, p=0.015] and Bonferroni multiple comparison 

post-hoc tests showed a significant decrease in expression in samples from young adult (Y) 

as compared to middle-aged (M), t=3.81, df=2), p<0.05. Following long-term aldosterone 

treatment NKCC1 expression in middle-aged mice NKCC1 was up-regulated and the age-

related decline seen in the lateral wall was prevented. Furthermore, the level of protein 

expression found in the stria approximated that observed in young adult mice.
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Discussion

Various targets exist for the prevention of age-related hearing loss and for the first time we 

report that long-term aldosterone treatment improves behavioral and electrophysiological 

measures of hearing and results in increased excitatory drive. We hypothesized that this 

would be the case as previous research demonstrated aldosterone serum levels in human 

subjects correlate significantly with pure-tone hearing thresholds (Tadros et al., 2005). 

Furthermore, aldosterone treatment significantly improves cochlear function as measured by 

the ABR in autoimmune deficient mice, and spironolactone (an aldosterone antagonist) 

blocks the therapeutic effect (Trune et al., 2006). Frisina et al. (2016, Submitted) provide 

further evidence of the therapeutic effects of aldosterone showing increased spiral ganglion 

survival, upregulation of mineralocorticoid receptors, and blockage of apoptotic pathways. 

One potential limitation and possible adverse side effect of long-term ALD treatment is 

hypertension, therefore we measured blood pressure of the mice at the midway point of the 

treatments and just before the serum ALD level was assayed at the endpoint of the study. 

Mean systolic (~120 mm Hg) and diastolic (~85 mm Hg) pressures remained stable relative 

to the baseline, and over the treatment periods of 60 and 120 days in both the control and 

treated groups. These results indicate that long-term ALD treatment does not induce 

hypertension, a potential negative side effect, using the therapeutic dosing regimen of the 

present experiment.

Our results are the first to demonstrate a positive behavioral effect of aldosterone on hearing 

as measured by the salience of noise pre-pulses and modification of the ASR in mice. The 

increase in PPI indicates increased salience for low-level noise signals and supports the 

hypothesis that aldosterone improves peripheral hearing function. The importance of this 

behavioral assay ties together our previous in vitro work showing the upregulation of a key 

Na+-K+ ion channel, NKCC1, in the cochlear lateral wall; and the improvement reported 

here in peripheral hearing thresholds and stable ABR peak 1 and 4 amplitudes following 

long term aldosterone treatment as a possible mechanism to slow down the progression of 

age-related hearing loss, a result also supported by Zhu et al. (2014). Specifically, ABR peak 

amplitudes decreased at both time points in untreated mice, whereas P1 and P4 amplitudes 

remained stable in mice treated with aldosterone. Finally, we show that in mice treated with 

ALD, NKCC1 is up-regulated, consistent with the idea that increased NKCC1 channel 

expression is a possible cochlear mechanism for the beneficial effects of ALD treatment on 

hearing thresholds and spiral ganglion neuron survival. The beneficial effects might also 

impact ribbon synapse function, and subsequent neuronal survival, leading to stronger 

excitatory drive (Kujawa and Liberman, 2009). More importantly, in a subsequent study by 

Yevgeniya et al. (2013), the authors report a correlation between synaptic losses and aging 

that can be predicted by P1 amplitudes in CBA mice. The increase in P4, which is generated 

in the auditory midbrain, may be direct reflection of the increased P1-auditory nerve output, 

consistent with the increased excitatory drive.

One issue to be addressed is whether the startle elicitor, against which PPI is measured, 

might be altered by aldosterone treatment; as such an interaction might confound PPI 

measurements. The ASR obtained from the aldosterone-treated and control CBA mice 

illustrated in the bottom row of Figure 3 shows that chronic aldosterone treatment does not 
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affect basic noise-burst elicited ASR, for any of the stimulus intensities. Thus, we believe 

that pre-pulse inhibition is a valid method to evaluate aldosterone treatment effects without 

concerns about the ASR probe responses.

In summary, aldosterone treatment in aged animals rescues certain aspects of presbycusis 

and the therapeutic result is possibly due to the cellular stabilization of NKCC1 protein 

structures in cochlear lateral wall cells, such as marginal cells of the stria vascularis. This 

study opens the door to potential therapeutic applications of aldosterone for people 

developing age-related hearing loss and furthers our understanding of the cellular 

mechanisms of sound processing in the aging auditory system.
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Highlights

• We systemically treated mice with the hormone aldosterone for up to 4 

months

• Hearing was assessed via the acoustic startle response and auditory brainstem 

response audiometry

• Improvement in auditory sensitivity as well as excitatory drive was observed 

for mice treated with aldosterone but not for untreated
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Figure 1. 
General schematic of the study showing baseline testing, aldosterone administration, ABR 

assessment, blood pressure assessment, and all behavioral testing. Baseline testing was 

completed 2 weeks prior to the initiation of treatment via slow release, subcutaneous pellets. 

Behavioral testing commenced at 4 weeks and continued throughout study, while 

electrophysiological assessment was completed at baseline and 2 weeks after the last 

behavioral test.
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Figure 2. 
Mean diastolic and systolic blood pressure measurements taken at baseline (middle-aged), at 

2 months (ALD 60 day), and at 4 months (ALD 120 day) following aldosterone pellet 

implantation. No significant effect on blood pressure was found on diastolic or systolic 

blood pressure.
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Figure 3. 
Mean startle input/output functions and comparison of maximum startle amplitudes for 

treated (1st and 2nd pellet) and untreated (baseline) mice. Panel A shows mean (SEM) startle 

amplitudes from the aldosterone treated group across the two test time points (2 and 4 

months). Pane B and C show that no significant differences in startle amplitude to 

suprathreshold stimuli were found at any test time point between treated and control 

animals..
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Figure 4. 
Noise burst pre-pulse inhibition at various pre-pulse intensities for treated (open squares) 

and untreated or control (filled squares) mice across the 4-month period. Panel A shows 

inhibition levels for a 20 dB pre-pulse, the 40 dB pre-pulse (Panel B) and 55 dB pre-pulse 

(Panel C). Significant increases in inhibition emerged in the treated group at the 6-week 

testing point, and continued throughout testing. A similar pattern was seen for the 55 dB pre-

pulse shown in Panel C, with expected overall inhibition increases due to the increasing pre-

pulse intensity. Significant difference in mean % PPI is indicated by the (*).
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Figure 5. 
Example of PPI at 4 weeks of treatment for a pre-pulse having silent gap embedded 60 ms 

before the SES and gap durations which varied from 1 to 30 ms for treated (open squares) 

and untreated or control (filled squares) mice. Increases in gap duration results in a 

systematic increase in PPI. No significant effects of treatment were found for any gap 

duration at any test point.
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Figure 6. 
The therapeutic effects of aldosterone treatment on auditory brainstem response metrics at 2 

and 4 months following the initiation of treatment. (A) Wideband noise mean thresholds 

measured before treatment and at 2 and 4 months following treatment. Aldosterone treated 

mice showed stable thresholds, whereas control mice continued to display threshold 

increases characteristic of age-related hearing loss. (B) P1 amplitude shifts following 2 and 4 

months of treatment show declines in the control group relative to the aldosterone-treated 

animals. (C) P4 amplitude shift following 2 and 4 months aldosterone treatment reveal 

Halonen et al. Page 20

Hear Res. Author manuscript; available in PMC 2020 August 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



significant preservation of amplitudes in the aldosterone-treated mice. Positive voltage shifts 

in B and C indicate greater ABR peak amplitudes. Error bars represent S.E.M., ANOVA 

results: *p<0.05; **p<0.01; ****p<0.001.
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Figure 7. 
ALD inhibits age-related NKCC1 down regulation in the cochlear lateral wall. Lateral walls 

of cochlea from young adult (Y: 3–4 month), middle age (M: 22–24 month) and middle age 

following 4 months of ALD treatment (M- ALD). NKCC1 protein expressions were 

detected using western blots and the expressed levels are relative to β-actin expression, an 

equal loading control. The expression was determined quantitatively using densitometry 

(NIH Image J) as shown in the bar graph. The data are representative of the triplicates for 

each subject group. Results are means ±SD. One Way ANOVA indicated a significant main 

effect of treatment: F(2,6)=9.16, p=0.015; Bonferroni multiple comparison post-hoc test: 

young adult (Y) vs. middle age (M), t=3.81, df=2), p<0.05; middle age(M) vs. middle age 

ALD treatment (M, ALD), t=3.59, df=2, p<0.05 (*).
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