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Abstract

Neurochemical changes in the expression of various proteins within the central auditory system

have been associated with natural aging. These changes may compensate in part for the loss of

auditory sensitivity arising from two phenomena of the aging auditory system: cochlear

histopathologies and increased excitability of central auditory neurons. Recent studies in the

macaque monkey have revealed age-related changes in the density of nicotinamide adenine

dinucleotide phosphate (NADPH)-diaphorase (NADPHd) and parvalbumin (PV)-positive cells

within the inferior colliculus and superior olivary complex. The cochlear nucleus (CN), which is

the first central auditory nucleus, remains unstudied. Since the CN participates in the generation of

the auditory brainstem response (ABR) and receives direct innervation from the cochlea, it serves

as an ideal nucleus to compare the relationship between these neurochemical changes and the

physiological and peripheral changes of the aging auditory system. We used stereological

sampling to calculate the densities of NADPHd and PV reactive neurons within the three

subdivisions of the CN in middle-aged and aged rhesus macaques. Regression analyses of these

values with ABR properties and cochlear histopathologies revealed relationships between these

cell types and the changing characteristics of the aging auditory system. Our results indicate that

NADPHd expression does change with age in a specific subdivision of the CN, but PV does not.

Conversely, PV expression correlated with ABR amplitudes and outer hair cell loss in the cochlea,

but NADPHd did not. These results indicate that NADPHd and PV may take part in distinct

compensatory efforts of the aging auditory system.
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INDEXING TERMS
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The mammalian central auditory system is segregated into chemically distinct parallel

processing pathways originating at the level of the cochlear nucleus (CN), and terminating

in the primary auditory cortex (Jones, 2003; Loftus et al., 2008). Two chemical markers

common to these processing streams are the nitric oxide synthase nicotinamide adenine

dinucleotide phosphate (NADPH)-diaphorase (NADPHd) and the calcium-binding protein

parvalbumin (PV). The relative densities of neurons expressing these proteins change with

natural aging in the auditory structures of rodents, carnivores, and nonhuman primates

(Zettel et al., 1997; Reuss et al., 2000; Ouda et al., 2003, 2008; Sanchez-Zuriaga et al., 2007;

Huh et al., 2008; Gray et al., 2013a), and consequently these changes are thought to relate to

age-related structural and physiological changes of the aging auditory system. The primary

processing deficits characteristic of age-related hearing loss manifest as a consequence of

either structural insults in the periphery (Hawkins et al., 1986; Fetoni et al., 2011; Engle et

al., 2012), age-related decreases in central inhibition leading to more excitable auditory

neurons (Caspary et al., 1995, 1999, 2008), or both. Therefore, the age-related changes in

the expression of NADPHd+ and PV+ neurons may help compensate for the decreased

output of the auditory periphery and/or the changes in neural excitability. If the age-related

increases of these two neural markers are in fact compensatory, they may act upon different

pathologies since their physiological actions differ substantially within the central nervous

system (Esplugues, 2002; Rudy et al., 2010).

PV acts as one of several calcium-binding proteins in the central nervous system. Several

processes such as neurotransmitter release, maintenance of cytoarchitecture, plasticity, and

memory formation are at least in part calcium-dependent (Disterhoft et al., 1995; Toescu and

Vreugdenhil, 2010; Tang et al., 2011), and show age-related changes. Hence, understanding

changes in calcium-dependent processes has proven important in understanding the aging

nervous system. Staining for proteins such as PV gives indirect insight into some of these

calcium dependent processes and allows for simple quantifications of age-related changes.

The auditory system has been extensively studied in this manner, and changes in the density

of neurons expressing these calcium-binding proteins has been repeatedly shown in the

auditory system of aged animals (Zettel et al., 1997; Ouda et al., 2008, Gray et al., 2013a).

The actions of many enzymes are calcium-dependent, and therefore also show age-related

changes. For example, the nitric oxide synthase NADPHd relies on the high calcium

environment surrounding N-methyl-D-aspartate (NMDA) receptors to produce nitric oxide

(NO; Bredt and Snyder 1990; Brenman et al., 1996; Fessenden and Schacht, 1998). NO

diffuses from the cell and acts primarily as a signaling molecule and neuromodulator.

NADPHd is found throughout the nervous system (reviewed by Esplugues, 2002; Hopper,

2004) and extensively throughout the auditory system; however, its primary role in audition

remains unclear. Nevertheless age-related changes in NADPHd density have been shown

several times in both rodents and primates (Reuss et al., 2000; Ouda et al., 2003; Sanchez-
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Zuriaga et al., 2007; Huh et al., 2008; Gray et al., 2013a), and thus likely plays a role in the

aging process.

In the macaque, age-related processing declines and histopathologies have been noted, and

in most cases high-frequency hearing ability appears to be most affected. For example, aged

macaques experience increases in their audiometric thresholds measured both

psychophysically and with the auditory brainstem response (ABR), with an exaggeration in

high-frequency hearing loss (Bennet et al., 1983; Torre and Fowler, 2000; Navarro et al.,

2008; Engle et al., 2012). Distortion product OAEs decrease with age at all frequencies, and

this change is also exaggerated for high-frequency stimuli (Torre and Fowler, 2000).

Furthermore, the basal (high frequency) region of the aged cochlea experiences the greatest

loss of outer hair cells and spiral ganglion cells (Engle et al., 2012). Some of these

physiological and anatomical metrics correlate along the ascending auditory system of

primates. For example, across age groups ABR amplitudes to clicks and high-frequency

tones significantly correlate with NADPHd- and PV-immunoreactive cell densities within

specific subdivisions of the superior olivary complex (SOC; Gray et al., 2013a) and inferior

colliculus (unpubl. obs.), suggesting involvement of these cell types in age-related changes

of central auditory processing.

The chemical changes in these brainstem and midbrain auditory structures suggests that the

macaque’s central auditory system alters the expression of these cell classes beginning at

least at the level of the SOC. Furthermore, the correlations between these changes and ABR

amplitudes in both the SOC and IC suggest that these cell types are related to physiological

responses in some capacity along the ascending auditory system. What remains unclear is

whether these age-related changes are initiated in the SOC or in a lower region that provides

input to the SOC, the cochlear nucleus.

The CN is the first major nucleus of the central auditory system, yet to our knowledge is

unstudied with regard to age-related neurochemical changes in the macaque. Two distinct

bifurcations of the auditory nerve create the three subdivisions of the CN, the dorsal

cochlear nucleus (DCN) and the anterior (AVCN) and posterior (PVCN) divisions of the

ventral cochlear nucleus. Hence, the histopathological changes in the cochlea directly affect

the CN, since spiral ganglion cells innervate this nucleus.

The AVCN and PVCN provide the majority of input to the SOC, and the DCN projects

directly to the central nucleus of the IC. Both the SOC and IC have shown age-related

histopathologies that correlate with physiological responses of the auditory brainstem.

Therefore, the CN likely does as well, and furthermore it is an ideal nucleus to compare how

age-related neurochemical changes relate to structural insults in the periphery and the

physiological changes characteristic of the aging auditory system, and specifically which

proteins relate most to which pathology. Therefore, age-related changes in NADPHd and PV

neuronal densities and the relationship of these densities with ABRs and cochlear

histopathologies were investigated in all three subdivisions of the macaque CN.
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MATERIALS AND METHODS

The CN from eight rhesus macaques ranging from middle to old age (12 to 35 years of age,

corresponding roughly to 36 to 105 human years; Davis and Leathers, 1985) were examined

and quantified for NADPHd and PV reactivity using unbiased stereological sampling

techniques. Detailed methods can be found in Gray et al. (2013a).

Animals

The demographic information for all monkeys used in this study is shown in Table 1. These

animals were the same as those used in characterizations of the SOC (Gray et al., 2013a)

with the exception that one young animal (184 months) from that study was replaced by

another young animal (245 months) in the present study. Furthermore, the cochleae from

five of these animals were used in a study characterizing various age-related

histopathologies of the aged cochlea (Engle et al., 2012), and these data were used in the

analysis described below. The inclusion criteria for the animals were: 1) no history of

ototoxic drug treatment; 2) no history of loud noise exposure or ear trauma; and 3) no outer

ear occlusions or otitis media. The animals were maintained on ad libitum food and had free

access to water. All procedures adhered to the National Institutes of Health guidelines for

animal use and were approved by the UC Davis Institutional Animal Care and Use

Committee.

ABR procedure

ABRs were recorded from all monkeys except for the 12-year-old. The animals were

anesthetized with ketamine (10 mg/kg, IM) and medatomidine (.3 ml/10 kg, IM) with

supplemental doses of ketamine administered as needed throughout the procedure to

maintain an appropriate level of chemical restraint. The animals were placed in the prone

position with their heads slightly elevated within an electrically and acoustically quiet room

or a double-walled acoustic chamber (depending on the housing location of the animals).

There was no difference in recording quality noted between conditions. The skin was

cleaned with alcohol and sterile 0.22G stainless steel skin electrodes were placed

subcutaneously behind both ears, on the forehead, and on the back of the neck (Allen and

Starr, 1978; Torre and Fowler, 2000; Torre et al., 2004; Fowler et al., 2010). ABRs were

collected using an Intelligent Hearing System (Smart EP Win USB, v. 3.97) controlled by a

laptop PC (Dell). Auditory stimuli consisted of clicks and 10 ms (2 ms trapezoidal rise/fall)

tone bursts (0.5, 1, 2, 4, 8, 12, and 16 kHz) presented via ear buds at a rate of 10 stimuli/sec.

Each stimulus was repeated a minimum of 1,000 times to obtain reliable average ABR

recordings. The stimuli were first presented at 80 dB SPL, and then decreased by 10 dB

increments until a clearly responsive ABR peak II and peak IV was absent. The intensity

was then increased by 5 dB to determine whether the waveform would return. Therefore, the

values that did and did not evoke an ABR waveform were always separated by 5 dB, and

threshold was determined to be the arithmetic mean of these two values.

Two independent observers analyzed and scored the amplitudes and latencies of ABR

waveforms with an interobserver agreement of 95% or greater. In accordance with previous

studies (Laughlin et al., 1999; Navarro et al., 2008), amplitude was defined as the evoked
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potential from the summit of the peak to the lowest point of the ensuing trough, and latency

was defined as the time from stimulus presentation to the summit of the peak. In our hands,

wave II was the most reliable waveform to which the CN is thought to contribute (Møller

and Burgess, 1986); therefore, we only used this wave in subsequent analyses.

Histological processing and antibody characterization

Histological procedures were identical to those previously described (Gray et al., 2013a).

Briefly, the animals were euthanized with a lethal dose of sodium pentobarbital (60 mg/kg,

IV) and transcardially perfused with saline, a mixture of 4% paraformaldehyde and 0.1%

glutaraldehyde in 0.1% phosphate buffer (pH 7.4), and a mixture of 4% paraformaldehyde

and 10% sucrose. The brains were extracted and cryoprotected in a mixture of 4%

paraformaldehyde and 30% sucrose. All eight brains were cut perpendicular to the lateral

sulcus at thicknesses ranging from 25–50 µm. The tissue was washed and stored in 0.1%

phosphate buffer prior to further processing (Hackett et al., 2001; de la Mothe et al.,

2006a,b; Padberg et al., 2009).

Alternate sections were stained for Nissl, PV immunohistochemistry (1:4,000 Sigma-

Aldrich, St. Louis, MO), and NADPH-diaphorase histochemistry (Sherer-Singler et al.,

1983). PV immunohistochemical reactions followed the protocol of the ABC method (ABC

kit, Vector Laboratories, Burlingame, CA), and visualized with DAB or the Vector SG kit.

Briefly, sections were blocked overnight in normal horse serum and incubated with the

primary PV antibody (anti-PV in mouse, 1:4,000 Sigma-Aldrich) followed by a secondary

mouse IgG (biotinylated antimouse IgG, 1:250; Vector Labs). NADPHd histochemistry uses

the ability of this molecule to reduce the dye nitro blue tetrazoluim into an insoluble

formazan (Fessenden and Schacht, 1998), which is visible with microscopy. Sections were

incubated for 1 hour in a solution of 1 mg/ml nitroblue tetrazolium (Sigma Aldrich,

N-6876), 0.5 mg/ml NADPH (Sigma-Aldrich, N-1630), and 0.1% Triton X-100 dissolved in

0.1 M phosphate buffer.

To determine the isotype specificity of the anti-PV antibody, the Sigma immunoType Kit

(Product Code ISO-1) was used along with a double diffusion immunoassay using Mouse

Monoclonal Antibody Isotyping Reagents (Product Code ISO-2). These procedures revealed

isotype specificity as frog leg PV. Furthermore, in a study using monkey tissue

immunoblotting of this antibody showed no crossreactivity, as suggested by a single band

corresponding to 12 kD (Kultas-Ilinsky et al., 2011). Negative controls in which either the

primary antibody (PV immunohistochemistry) or nitroblue tetrazolium (NADPHd

histochemistry) were omitted revealed no positive signal, confirming that the secondary

antibody and visualization reactions did not produce significant extraneous label. All

antibodies, immunogen specificity, and chemicals used in these procedures are summarized

in Table 2.

Data analysis

Standard light microscopy (Nikon D8000 microscope) techniques were used by two separate

observers blind to the age of the animal to estimate the age-related changes in NADPHd+

and PV+ cell density of the CN. Counts were performed by digitally overlaying a 0.5 mm2
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grid on a 20× image of the CN. Sections where the grid could not be placed entirely within

the boundaries of the CN were not counted to eliminate biases due to differences in counting

area. The volume sampled by the counting grid was estimated by multiplying the known

area of the grid (0.5 mm2) by the tissue thickness (Table 1):

where T represents the tissue thickness and nref is the number of sections counted.

Differences in tissue thickness can result in overestimations of cell number due to the

observer’s inability to differentiate cell fragments at the planes in which the sections were

cut (i.e., half cells look like whole cells), and thinner sections yield a greater proportion of

fragmented cells. To avoid this bias an optical disector with a guard space of ¼ of a cell

height was used (Mounton, 2002) so that estimated cell numbers (En) were calculated as:

where

where Nv represents the points counted in the volume, Vref is the volume calculated by the

Cavalieri principle, Q is the number of cells counted, ndis is the number of disectors

(sections counted), and Vdis is the volume of each disector. Since Nv and Vref refer to a

common volume, the total number of objects is estimated while controlling for volume

changes (Mounton, 2002).

The density of the sample was defined as the cell count (En) divided by Vref. Dorsal and

ventral regions of each CN section were sampled and compared. These regions were located

and sampled by randomly placing the counting grid at least twice within a single cochlear

nucleus, once on the dorsal border and once on the ventral border of each region. In no

animal was there a difference in positively stained cell density between the dorsal or ventral

region of a section (paired t-test, P > 0.1), therefore densities were combined for analysis.

Two independent observers blind to the identity of the animals sampled the CN. To ensure

consistency the two observers counted the same noncochlear nucleus samples (SOC and IC)

until they reached a 95% agreement or better for 20 consecutive samples. The CN was then

sampled and counted independently by the two observers. A paired t-test showed that there

was no difference in density calculations from the two observers (t-test; P > 0.25), and the

densities were defined as the averages of the two observers counts.

Characterization of cochlear histopathologies

Detailed methods describing the histology and quantifications for the cochlear

histopathologies used in this analysis can be found in Engle et al. (2012). Briefly, animals

were anesthetized and euthanized using the same protocol described above. The temporal

bone was chipped free, and the middle ear was exposed to puncture the round and oval
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windows. The cochleae were decalcified using 0.35% EDTA until an acceptable level of

decalcification was accomplished. The cochleae were cut semithinly (1 µm), mounted, and

stained for toluidine blue and basic fuscin for brightfield microscopy. The densities of spiral

ganglion cells and hair cells were calculated using standard light microscopy and unbiased

stereological sampling techniques.

Statistical analysis

Statistical Analysis was done in two steps using SPSS v. 19 (Chicago, IL). First, the animals

were categorized as middle-aged or old using 21.5 years (corresponding to ~65 human

years) as the cutoff. There were four animals per group and their density values were

compared using an unpaired t-test with a significance criterion of P < 0.05. Second, ABR-

density relationships and cochlear histopathology-density relationships were analyzed by

finding the Pearson product moment correlation along with a Monte Carlo analysis. This

analysis was performed by randomly reassigning all values to new density values and

finding the r-value of this random relationship. After 1,000 reassignments, the P-value was

computed as the percentage of times that a random relationship gave an r-value greater than

or equal to the observed r value. Therefore, the Monte Carlo provides the probability that the

observed correlation is due to chance. To further ensure validity, these relationships were

only considered significant if the P < 0.05 by the Monte Carlo (i.e., a regression coefficient

was greater than 950/1,000 coefficients generated by chance), and if the r-squared value of

the correlation exceeded 0.35.

RESULTS

The density of NADPHd and PV-positive neurons was determined in the CN of eight rhesus

macaques (Mac-acca mulatta) ranging in age from 12 years and 3 months to 35 years and 7

months, roughly corresponding to 36 and 107 human years (see Table 1). We identified and

characterized the CN into three principle subdivisions using the conventions of Ehret and

Romand (1997) that are based on rostral-caudal and dorsal-ventral bifurcations of the

auditory nerve. The rostral aspect of the rostral-caudal bifurcation creates the largest

subdivision, the AVCN, and the posterior aspect of this bifurcation creates both the PVCN

and DCN. A separate dorsal-ventral bifurcation differentiates the PVCN from the DCN.

Figure 1 shows a PV-stained DCN (Fig. 1A), and an NADPHd-stained AVCN and PVCN

(Fig. 1B,C, respectively). All three subnuclei stained positively for both stains in all animals,

with the exception of a young animal (243 months), which inexplicably did not stain for

NADPHd in any brain structure.

The first objective of this study was to characterize the NADPHd+ and PV+ cell densities in

the different subdivisions of the CN as a function of natural aging. Visual inspection of this

histological tissue subjectively revealed age-related changes in the density of NADPHd and

PV, although to different extents in the three subdivisions. Qualitatively, the DCN and

AVCN kept their expression of NADPHd relatively constant, while the PVCN appeared to

increase its expression of these cell types, as shown in the high-magnification

photomicrographs of the 15- and 35-year-old monkeys (Fig. 2). PV expression remained
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more constant; however, a modest increase in density was observed in the DCN from these

same animals (Fig. 3).

A major concern in any stereological analysis is the ability of an observer to differentiate

positively labeled soma from the background neuropilar staining. A previous study from our

laboratory using the same primate tissue demonstrated that observers can reliably make this

distinction (Gray et al., 2013a). In that study, these same observers were able to reliably

differentiate the positively stained cells in the lateral and medial superior olives, which had

much higher background staining than what is seen in any of the subdivisions in the CN

(compare Figs. 2 and 3 with Gray et al., 2013a, figs. 2 and 3). We are therefore confident

that the observers reliably differentiated positively labeled neurons from background

staining in this analysis.

We next quantified these qualitative impressions by sampling positively labeled cells within

the AVCN, PVCN, and DCN of each animal and calculating the densities of reactive

neurons to both markers (see Materials and Methods). Comparisons were made between

animals that were classified as middle-aged (12.3–20.4 years; roughly 37 to 61 human years)

or old (22.3–35.6; roughly 66 to 107 human years). The results showed that NADPHd+ cell

density was not statistically different between age groups in either the AVCN or DCN

(unpaired t-test; P > 0.05; Fig. 4A), but significantly increased in the aged PVCN (unpaired

t-test P < 0.05; Fig. 4A). In contrast, the densities of PV-positive neurons did not change in

any subdivision of the CN with age (all P > 0.05; Fig. 4B).

The classification of monkeys into middle age vs. aged allows one to perform relatively

simple statistical analysis, although it is somewhat arbitrary. Additionally, many previous

studies have shown a great deal of individual variability across a broad range of metrics of

age-related hearing loss (reviewed by Davis et al., 2003). To determine whether the

differences as a function of age, or the lack thereof, could be due to this normal variability,

we performed regression analysis to further test for age-related effects. Figure 4C shows the

changes of NADPHd cell density in the PVCN as a function of age (r = 0.89, P < 0.01). The

high correlation coefficient of this statistically significant relationship suggests that the age-

related increases in NADPHd+ neurons are not due to natural variability, but rather

systematic increases. Regression analyses between age and NADPHd densities of the

AVCN and DCN revealed insignificant relationships with lower correlation coefficients (r

values 0.60 and 0.54 in the AVCN and DCN, respectively; all P > 0.05), and similarly, PV

density and age did not significantly correlate in any subdivision (r values of 0.40, 0.53, and

0.81 in PVCN, AVCN, and DCN, respectively; all P > 0.05), although the DCN showed a

strong increasing trend.

Changes seen were specific to the CN

The preceding analysis shows that cells in the CN increased their expression of NADPHd in

the PVCN as a function of age. This raises the question of whether the neurochemical

changes noticed were a result of aging processes specific to the CN, or simply the effects of

aging on neural tissue at this level of the brainstem. Previous age-related neurochemical

studies in the macaque SOC show more pronounced age-related increases of these two

neurochemical markers within specific auditory structures compared to the surrounding
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tissue (Gray et al., 2013a). It is also the case that some subdivisions do not show the same

degree of age-related effects as others (e.g., the PVCN compared to the AVCN). These

results indicate that the changes in the CN are not a result of general changes in the nervous

system, vascularization, fixation of the tissue, or other nonspecific histological processes,

but rather inherent to the aging CN.

Changes in ABR peak II amplitudes correlate with PV density

A previous study in the macaque SOC demonstrated a relationship between cell density and

ABR peak IV amplitudes (the peak to which the SOC is thought to contribute most to). To

investigate the relationship between NADPHd and PV density changes with the ABR, we

performed regression analysis between these densities and peak II, as the CN contributes

predominantly to this peak (Møller and Burgess, 1986). ABR wave II amplitudes and

latencies were quantified in seven of these animals (see Table 1). The stimuli used in this

analysis consisted of clicks, low, middle, and high-frequency tones presented at 70 dB SPL

and ABR threshold (see Materials and Methods). The 70 dB stimulus was suprathreshold for

all animals except for the oldest with some stimuli. At the first level of analysis we

correlated the NADPHd1 and PV1 cell densities from each subdivision with wave II

amplitudes and latencies, and found no significant relationships. Given that all three

subnuclei presumably contribute to the formation of wave II, we also combined the density

values of the three subdivisions and correlated these values with wave II amplitudes and

latencies. This analysis revealed that the peak II latencies for any stimulus were not

correlated with cell density, which is consistent with what was reported previously for the

SOC (Gray et al., 2013a). Similarly, peak II amplitudes evoked by low and middle

frequency (0.5–8 kHz) stimuli at any intensity also did not correlate with the densities of

either cell type (all P > 0.3). In contrast, the PV1 cells were significantly correlated with

high-frequency (12–16 kHz) ABR amplitudes at both 70 dB SPL (r = −0.774, P < 0.05; Fig.

5A, black lines and points) and at ABR threshold (r = 20.703; P < 0.05; 5C), and trended

with click amplitudes at threshold (r = 20.646, P = 0.09; Fig. 5D). The inverse correlation

indicates that PV densities decreased as ABR amplitudes increased. NADPHd+ cells had

little tendency to correlate with any ABR property, and only showed statistical significance

by our criteria with 70 dB click amplitudes (r = −0.899, P < 0.05; Fig. 5B; gray points and

lines). These results suggest that at the level of the CN, PV+ cells relate more to changing

properties of the ABR than do NADPHd+ cells, and these relationships are seen with high-

frequency processing.

Cochlear histopathologies correlate with cell densities

The basal turn of the cochlea is the primary high-frequency transduction region, and shows

the greatest age-related declines in hair cell and spiral ganglion cell density. Since these

histopathologies occur in cells that synapse on cells of the CN or are only one synapse

upstream, we analyzed the relationship of these histopathologies with the age-related density

changes of the CN described above. With this analysis we hoped to reveal which protein, PV

or NADPHd, relates most to these changes, and compare those results to PV and NADPHd

relationships with the ABRs described above (Fig. 5).
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Five monkeys from the current study had been previously used to quantify age-related

cochlear histopathologies (Engle et al., 2012), which demonstrated the loss of inner hair

cells (IHC), outer hair cells (OHC), and spiral ganglion cells (SGC). One of these animals

was the young monkey that showed no staining for NADPHd in any neural structures (see

Materials and Methods), so the sample size was further restricted to four monkeys. Several

interesting results were noted in this analysis despite the small sample size. First, PV+

neuron density in the AVCN and DCN were the only cell densities to show significant

relationships with OHC loss (r = −0.93, P < 0.05; r = −0.89, P < 0.05 for AVCN and DCN,

respectively; Fig. 6A). Second, while similar analysis with the density of NADPHd+

neurons did not reach statistical significance, there were good correlation coefficients (r =

0.90; P = 0.19; 0.94, P = 0.15 for AVCN and DCN, respectively; Fig. 6B). This is likely due

to the small sample size (see above). Third, there were no statistically significant

correlations, or trends for either stain in any of the three CN subdivisions tested for inner

hair cell loss or spiral ganglion cell loss (all P > 0.05). Together, these results imply that PV

density, and perhaps NADPHd density, relates only to OHC loss, which suggests an

interaction between the two processes.

DISCUSSION

The present study attempts to further elucidate the age-related chemical changes of the

macaque ascending auditory system. Although these studies are relatively sparse in the

macaque, both the SOC (Gray et al., 2013a) and IC (unpubl. obs.) show increases in

NADPHd+ and PV+ cell densities with increasing age. In these two auditory nuclei the age-

related density changes were only seen in specific subdivisions, for example, only in the

medial superior olive but not the lateral superior olive or medial nucleus of the trapezoid

body (Gray et al., 2013a). Our current results are consistent in that the cell density in the

PVCN was the only subdivision with a statistically significant increase, and only for

NADPHd, not PV. Thus, like the IC and SOC, age does not affect the anatomically and

functionally defined regions of the CN equivalently. These results, combined with those of

the other two macaque studies, provide strong evidence against these results being the

product of nonspecific effects of natural aging on the tissue. Rather, it seems that a specific

auditory subpathway expresses these changes, and why this is the case remains unclear.

Anatomical changes in the ascending auditory system has previously been demonstrated in

the SOC (Gray et al., 2013a), and now in the major input to the SOC, the CN. These CN

results suggest that these chemical changes do occur at the lowest level of the central

auditory system, although not for all chemical markers. Unlike in higher auditory structures,

PV+ cell densities remained constant with age in the CN. Whether other calcium-binding

proteins change their expressions in the macaque CN remains to be seen. NADPHd

colocalizes with several calcium-binding proteins throughout the brain (Yan et al., 1996;

Soares-Mota et al., 2001), therefore the age-related increase in the PVCN suggests that non-

PV calcium-binding proteins may increase as well. This would be consistent with the

calbindin and calretinin increases seen in the aged cochlear nucleus of mice, although

increases in PV are also seen in this animal model (Idrizbegovic, 2003, 2004, 2006).
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The age-related changes that we noted were confined to the PVCN. This observation is also

consistent with the rodent CN, where only specific subdivisions change with age

(Idrizbegovic, 2003, 2004, 2006). Furthermore, in other auditory nuclei, only specific

subdivision show these changes as well (Zettel et al., 1997; Reuss et al., 2000; Ouda et al.,

2003, 2008; Sanchez-Zuriaga et al., 2007; Huh et al., 2008; Gray et al., 2013a). Therefore,

the PVCN seems to be part the auditory subpathway (discussed above) that experiences

neurochemical changes with age. Again, why only specific subdivisions change as a

function of age is an open question. The auditory system is comprised of parallel processing

streams that are chemically defined, and somewhat independent from each other (Jones,

2003). Therefore, it is likely that these age-related effects are found within one of these

streams, but not the others. In the CN, this hypothesis is difficult to understand since these

processing streams overlap extensively here compared to higher auditory structures where

they become more segregated.

Previous studies in rodents have shown a great variability in the direction and magnitude of

similar chemical changes between species, strain, and auditory structure (Zettel et al., 1997;

Reuss et al., 2000; Ouda et al., 2003, 2008; Sanchez-Zuriaga et al., 2007; Huh et al., 2008).

In contrast to both increases and decreases of these chemical markers with age in rodents,

our macaque data have only shown density increases, when changes do occur (current study;

Gray et al., 2013a). These differences between animal models suggest that different age-

related changes can occur, and should not be generalized across species; although it must be

kept in mind that all reports in the macaque are from the same set of histological tissue and

thus the variability is unknown.

These studies did not attempt to define changes in morphological classes of neurons, but

rather their immunoreactivities to PV and NADPHd. Although in the CN morphological

classes of neurons are well defined (reviewed by Oertel et al., 2011), these analyses are rarer

in higher auditory structures. Also, it is unclear whether all neurons within a morphological

class express PV or NADPHd. Therefore, studies investigating age-related neurochemical

changes generally do not attempt to define morphological cell classes in their analysis. To be

consistent with previous reports and to avoid introducing further variables, the present study

did not attempt to define morphology. It is possible, however, that specific cell types

expressing either NADPHd or PV are responsible for the changes seen with age.

NO and PV functions in the brainstem

It has become increasingly clear that with increased age and hearing thresholds NADPHd+

and PV+ cells change their expressions within the ascending auditory pathway of mammals.

The role of these cell types in audition, however, remains unclear. While there is a general

consensus that these cell types play important roles in the auditory system, the precise

mechanisms by which these cells work, and even whether they are physiologically

excitatory or inhibitory at different nuclei, remains speculative.

NO is the product of NADPHd’s action, and has been associated with numerous activities

throughout the nervous system (Esplugues, 2002), yet its primary role is likely as a signaling

molecule used for both neuro-transmission and neuromodulation. The consistent age-related

changes in expression of NADPHd suggests that NO may also play a compensatory role in
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the aging process. Previous chemical and physiological studies have shown that the

excitability of neurons in the auditory system increases with age (Caspary et al., 2005, 2006;

Juarez-Salinas et al., 2010; Engle and Recanzone, 2012) in spite of a decrease in hair cells

and spiral ganglion cells in the cochlea (e.g., see Engle et al., 2012). NO has been shown to

depress glut-NMDA receptors, suggesting it may play a role in preventing glutamate

excitotoxicity (Manzoni and Bockaert, 1993). In the case of natural aging, it may act to

compensate for the increased excitability of central auditory neurons. Our finding that the

density of NADPHd+ neurons and cochlear histopathologies were not correlated support this

view because it indicates that NADPHd does not relate to peripheral hearing loss. However,

given the small sample size this interpretation merits caution.

PV’s role in the brainstem is also unclear. In the neo-cortex, PV+ interneurons are a major

class of GABAergic inhibitory neurons (Rudy and Fishell, 2010), where their role is thought

to be well understood. However, colocalization studies of PV with markers for GABA,

glutamate, and glycine neurotransmission in the CN, SOC, and IC of rodents and nonhuman

primates show very different results. PV-positive cells in the CN and SOC primarily

colocalize with glutamate, whereas in the IC these cells primarily colocalize with GABA

(Fredrich et al., 2009; Gray et al., 2013b). Additionally, this coloc-alization is not complete,

as is seen in the cerebral cortex, so PV+ cells in these structures could have a fundamentally

different physiological role and/or comprise a number of different types of neurons.

Nonetheless, one plausible reason that PV increases in brainstem auditory areas could also

be due to the increased excitability of these neurons with increasing age. As PV acts as a

calcium buffer, it may act to reduce the toxic effects of calcium influx in neurons with high

activity, similar to the role of NADPHd noted above. In the CN and SOC, the significant

correlations seen between PV+ neuron densities and various physiological tests support this

hypothesis (current study; Gray et al., 2013a). As with NADPHd+ neurons, further studies

describing PV+ cells in the brainstem are necessary to understand PV’s subcortical role, and

consequently the impact of the age-related changes in the expression of these proteins.

PV density correlates with ABR peak II amplitude and cochlear histopathologies

In the CN, PV+ cell densities increased as the ABR peak II amplitudes decreased. Similar

inverse relationships were noted between cell densities of the SOC and peak IV amplitudes

(Gray et al., 2013a). The ABR is a broad-spectrum signal arising from the summation of

synaptic potentials, so this correlation is counterintuitive, as PV+ cells seem to be excitatory

in the brainstem (Fredrich et al., 2009; unpubl. obs.), and increased densities should result in

increased peak II amplitudes. However, ABR amplitudes largely reflect the temporal

precision of the neural signal, not the absolute number of action potentials. This indicates

that increases in PV could be associated with age-related decreases in the temporal precision

of activity as early as the cochlear nucleus.

The correlations between density and peak II amplitude were only present when high-

frequency and click stimuli were used, but not with low- or middle-frequency stimuli.

Similar results were shown in the SOC of the macaque, where NADPHd and PV densities

correlated only when high-frequency and click stimuli were used. ABR thresholds to low-

and middle-frequency tones are not strongly affected by age (Navarro et al., 2008),
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indicating that the neural responses to lower-frequency stimuli are either unaffected by the

aging process, or that compensatory mechanisms ensure their constancy with age. The latter

view suggests that PV+ cells may be involved in the maintenance of neural responses, and

fails to achieve this constancy in the response to high-frequency tones.

Alternatively, the correlations seen with high-frequency tones may simply reflect less high-

frequency processing in the CN due to less transduction of these frequencies at the inner ear.

In the macaque, the basal turn of the cochlea, which corresponds to the high-frequency

transduction region, loses SGCs, IHCs, and OHCs to the greatest extent with age (Engle et

al., 2012). The cochlear nucleus is thought to be tonotopically organized, thus one could

expect age-related changes to be most prominent at certain frequency representation as seen

in the cochlea. Although this question was not tested systematically, counting grids were

placed at various locations of each subdivision, and statistical analysis suggests that there

were no differences in the age-related changes as a function of the frequency representation

of the area. This agrees with Gray et al. (2013a), where age-related neurochemical changes

were systematically studied as a function of tonotopy in the SOC. This study reports age-

related changes in the medial superior olive that are independent the frequency

representation of the neurons. Therefore, frequency specific neurochemical changes do not

seem to be present in the auditory brainstem.

An interesting result of this study is that PV related significantly with ABRs as discussed

above and with cochlear histopathologies, but not with age. NADPHd, however, only

showed a significant relationship with age, but not with the ABR or cochlear

histopathologies. This dissociation begins to suggest that if PV and NADPHd do in fact play

compensatory roles in the aging auditory system, they likely take part in distinct efforts.

Although SGC, IHC, and OHC all decrease in number with age, only the decrease in OHC

number was significantly correlated with PV density within the AVCN and DCN. Outer hair

cells do not transduce sounds directly, but rather are the recipients of descending projections

that drive these cells to function as cochlear amplifiers, presumably improving the quality of

the sound signal (Mellado Lagarde et al., 2008). The IHCs and SGCs, however, both

transduce sound and deliver this neural signal to the CN, and are thus both considered the

beginning of an ascending pathway. Therefore, PV changes in the CN may be part of a

descending pathway affected by the aging process. In this view, PV’s relationship to the

changing ABR reflects physiological differences due to changes in amplification at the

cochlea rather than sound transduction. NADPHd may not to be associated with this

potential pathway since its density does not significantly correlate with any cochlear

histopathology, and also because its age-related changes in expression were found in a

different subdivision (PVCN) than where the PV-OHC relationships were noted (AVCN and

DCN). Whether NADPHd is or is not a part of this descending pathway is difficult to

determine with this small sample size; however, statistically it does not. Regardless, the

AVCN and DCN correlate only with OHC densities and not age, unlike the PVCN, which

only correlates with age. These results suggest that these three subdivisions correspond to

different age-related processes, and their neurochemical changes may reflect this

dissociation with NADPHd.
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In these views, age-related PV changes relate to and may be a part of changing descending

auditory projections, while NADPHd may not be associated with either ascending or

descending pathways, but possibly directly to a subset of aged neurons. As discussed above,

NO potentially plays a role in combating excitotoxicity, and being that the auditory system

is an active system whose excitability increases with age (Caspary 1995, 1998, 2008), this

likely is a problem the aged auditory system must face. Most important, however, these

observations suggest that aging and age-related hearing deficits are separable processes, and

the roles of PV and NADPHd may be distinguishable in this regard.
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Figure 1.
Anatomical subdivisions of the macaque cochlear nucleus. Transverse parvalbumin stained

sections through the (A) dorsal cochlear nucleus (DCN), and transverse NADPH-diaphorase

stained sections through the (B) the anterior ventral cochlear nucleus (AVCN), and the (C)
posterior ventral cochlear nucleus (PVCN). The right side of each image corresponds to the

medial aspect, and the top to the dorsal aspect of the section. Scale bar = 500 µm.
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Figure 2.
Comparison of NADPH-diaphorase (NADPHd) cell density of the cochlear nucleus between

a 15- and 35-year-old animal. Comparison of micrographs from a (A) 15-year-old dorsal

cochlear nucleus (DCN) and (B) 35-year-old DCN reveals no apparent age related changes

in density. Similarly, when comparing a (C) 15-year-old anterior ventral cochlear nucleus

(AVCN) with a (D) 35-year-old AVCN, no age-related density changes become apparent.

However, posterior ventral cochlear nucleus (PVCN) showed clear age-related increases in
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NADPHd between the (E) 15-year-old and (F) 35-year-old animals. Dorsal is up and medial

toward the left. Scale bar = 150 µm.
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Figure 3.
Comparison of parvalbumin (PV)-positive cell density of the SOC between a 15- and 35-

year-old animal. Comparison of micrographs from a (A) 15-year-old dorsal cochlear nucleus

(DCN) and (B) 35-year-old DCN reveals modest age-related changes in PV density.

However, when comparing a (C) 15-year-old anterior ventral cochlear nucleus (AVCN) with

a (D) 35-year-old AVCN, no age-related density changes become apparent. Similarly, the

posterior ventral cochlear nucleus (PVCN) of the (E) 15-year-old or (F) 35-year-old animals

did not differ. Conventions as in Fig. 2. Scale bar = 200 µm.
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Figure 4.
Estimated cell densities from the three subdivisions of the cochlear nucleus. An age-related

comparison of (A) NADPH-diaphorase (NADPHd)-positive and (B) parvalbumin (PV)-

positive cell densities in the dorsal cochlear nucleus (DCN), anterior ventral cochlear

nucleus (AVCN), and posterior ventral cochlear nucleus (PVCN). Solid bars represent

middle-aged density averages, and white bars represent density averages from aged animals.

Significant increases of NADPHd were noted only within the PVCN. C: NADPHd+ cell

densities of the PVCN as a function of age.
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Figure 5.
The relationship between wave II auditory brainstem response (ABR) amplitudes and

NADPH-diaphorase (NADPHd) and parvalbumin (PV) cell densities combined from all

subdivisions of the cochlear nucleus. A: 70 dB high-frequency tones evoked amplitudes that

significantly correlated with PV densities, but not NADPHd densities, whereas (B) 70 dB

clicks evoked amplitudes that correlated with NADPHd but not PV. Amplitudes to threshold

stimuli significantly correlated with PV densities for both (C) high-frequency tones and (D)
clicks, whereas NADPHd densities did not correlate with either.
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Figure 6.
The relationship between outer hair cell loss and the density of NADPHd+ and PV+

neurons. Both panels show data from the AVCN (black) and DCN (gray) symbols. Data

from the PVCN showed no statistically significant trends and is not shown. A: Density of

PV+ neurons as a function of OHC loss did reveal a statistically significant relationship in

both the AVCN and the DCN. B: Density of NADPHd+ neurons as a function of outer hair

cell loss revealed no significant correlations, although there was a relatively high regression

coefficient (r = 0.90; P = 0.19; 0.94, P = 0.15 for AVCN and DCN, respectively). No other
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cochlear histopathology correlated with either NADPHd or PV densities in any of the three

CN subdivisions. All data were normalized to the greatest value from the dataset in each

study.
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TABLE 2

Information on the Antibodies and Chemicals Used for Immunohistochemical and Histochemical Reactions

Antibody/Chemical
Immunogen

Structure
Manufacturer/ Log #/
Other Information

Parvalbumin immunohistochemistry Monoclonal anti-parvalbumin clone
PARV-19

PARV-19 hybridoma Sigma-Aldrich, P-3088; monoclonal;
raised in mouse

Parvalbumin immunohistochemistry Biotinylated anti-mouse IgG Mouse IgG Vector Labs, BA-2000; made in horse

Parvalbumin immunohistochemistry Normal horse serum N/A Vector Labs, S-2000

Parvalbumin immunohistochemistry SG- substrate kit N/A Vector Labs SK-4700

NADPH-diaphorase histochemistry Nitroblue tetrazolium N/A Sigma-Aldrich, N-6876

NADPH-diaphorase histochemistry β- nicotinamide adenine dinucleotide
phosphate(NADPH)

N/A Sigma-Aldrich, N-1630
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