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Abstract

Positive immunoreactivity to the calcium-binding protein parvalbumin (PV) and nitric oxide

synthase NADPH-diaphorase (NADPHd) is well documented within neurons of the central

auditory system of both rodents and primates. These proteins are thought to play roles in the

regulation of auditory processing. Studies examining the age-related changes in expression of

these proteins have been conducted primarily in rodents but are sparse in primate models. In the

brainstem, the superior olivary complex (SOC) is crucial for the computation of sound source

localization in azimuth, and one hallmark of age-related hearing deficits is a reduced ability to

localize sounds. To investigate how these histochemical markers change as a function of age and

hearing loss, we studied eight rhesus macaques ranging in age from 12 to 35 years. Auditory

brainstem responses (ABRs) were obtained in anesthetized animals for click and tone stimuli. The

brainstems of these same animals were then stained for PV and NADPHd reactivity. Reactive

neurons in the three nuclei of the SOC were counted, and the densities of each cell type were

calculated. We found that PV and NADPHd expression increased with both age and ABR

thresholds in the medial superior olive but not in either the medial nucleus of the trapezoid body or

the lateral superior olive. Together these results suggest that the changes in protein expression

employed by the SOC may compensate for the loss of efficacy of auditory sensitivity in the aged

primate.
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Age-related hearing loss is characterized by peripheral changes in the cochlea, and/or

changes in central auditory processing (Schulte and Schmiedt, 1992; Spicer and Schulte,

2002; Engle et al., 2012). For example, the efficacy of GABAergic and glycinergic

inhibitory mechanisms declines with age throughout the central auditory system (Caspary et

al., 1995, 1999, 2005, 2006, 2008), and physiological studies in aged animals reveal varying

degrees of degradation in the sound-processing abilities of aged neurons (Mendelson and

Rickets, 2001; Palombi et al., 2001; Lee et al., 2002). Interestingly, the expression of

calcium-binding proteins and nitric oxide synthases has also repeatedly been shown to

change within the aging auditory system (O'Neill et al., 1997; Zettel et al., 1997; Ouda et al.,

2003, 2008; Sanchez-Zuriaga et al., 2007; Huh et al., 2008). The vast majority of this work

has been done in nonprimate models; however, physiological studies in primate auditory

cortex suggest an analogous age-related release from inhibition and a broadening in the

spatial tuning of neurons (Juarez-Salinas et al., 2010; Engle and Recanzone, 2012). Whether

the underlying age-related chemical changes seen in the auditory system of rodents also

exist in the macaque is unknown.

Parvalbumin (PV), like other calcium-binding proteins, serves primarily as a calcium buffer,

regulating the levels of intracellular calcium. As with most neurotransmitters, γ-

aminobutyric acid (GABA) release is calcium dependent (Tang et al., 2011), and distinct

classes of interneurons in the cerebral cortex are described by their neurochemical signatures

to calcium-binding proteins such as PV and calbindin, among others (Carder et al., 1996).

Moreover, rodent cortical and hippocampal PV-expressing cells release GABA (Klausberger

and Somogyi, 2008; Rudy et al., 2011; Bartos and Elgueta, 2012), so these cells are

considered a major inhibitory interneuron class in these brain regions. The physiological

activity and neurotransmission of subcortical PV-expressing neurons is less well understood,

although PV is consistently found in the brainstem and midbrain. Along with

neurotransmitter release, free calcium regulates numerous cellular processes, many of which

are affected by aging. Examples of such processes include gene transcription, maintenance

of cytoarchitecture, activation/deactivation of enzymatic activity, and various plastic

changes associated with learning and memory (Disterhoft et al., 1995; Toescu and

Vreugdenhil, 2010). Labeling of calcium buffers such as PV is therefore used to detect

potential changes in calcium-dependent activity related to the aging processes.

NADPH-diaphorase (NADPHd) is a nitric oxide (NO) synthase (Bredt et al., 1991; Dawson

et al., 1991a), and produces NO by deaminating the amino acid arginine. NO is found

throughout the central nervous system as a signaling molecule and neuromodulator (for

review see Esplugues, 2002). Along with these primary roles NO has been shown to help

induce long-term depression in the cerebellum (Shibuki and Okada, 1991) and long-term

potentiation in the hippocampus (Bon and Garthwaite, 2001, 2003). NADPHd+ cells are

consistently found throughout the auditory system; however, NO's role in audition beyond

signaling and modulation remains unclear. NADPHd+ cells potentially regulate and resist

glutamate excitotoxicity (Dawson et al., 1991b). This resistance helps maintain a healthy

intracellular environment and may prevent oversaturation of neural responses. Furthermore,

the action of NADPHd is calcium dependent. These NADPHd proteins colocalize in cells

with calcium-binding proteins and are physically coupled to N-methly-D-Aspartate

(NMDA) receptors via the linker protein PSD-95, where NADPHd utilizes the high-calcium
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environment surrounding these channels to produce NO (Bredt and Snyder 1990; Brenman

et al., 1996; Fessenden and Schacht, 1998). NO also provides regulatory feedback to the

NMDA receptor, along with its numerous signaling and modulatory actions (Hopper et al.,

2004). Regardless of the exact purpose of NO in the auditory system, its relative expression

consistently changes with age in rodents (Reuss et al., 2000; Ouda et al., 2003; Sanchez-

Zuriaga et al., 2007; Huh et al., 2008), and, as with PV, primate studies exploring these

changes are sparse (Udell et al., 2008).

We have recently begun investigating changes in primate NADPHd and PV expression of

young and aged macaque monkeys. We have evidence of increases in PV+ cell density in the

central nucleus peripheral cortex of the inferior colliculus (IC) of aged monkeys compared

with younger ones (unpublished observations). Interestingly, unlike the case in the rodent

IC, NADPHd expression remained constant. These differences in age-related changes of

NADPHd and PV expression within the IC raise the question of where along the ascending

auditory pathway these changes originate or whether there is a simultaneous change in

histochemistry across all ascending auditory nuclei.

The superior olivary complex (SOC) is a major input to the IC and is the first region to

integrate information from each of the two cochlear nuclei (Webster, 1995; Oliver, 2000;

Reuss, 2000; Tollin, 2003). The SOC processes binaural input critical for localization of

sounds in azimuth. The medial superior olive (MSO) computes interaural time and phase

differences (ITD and IPD, respectively), whereas the lateral superior olive (LSO) computes

interaural level differences (ILD; Jeffress, 1948; Galambos et al., 1959; Boudreau and

Tsuchitani, 1968; Guinan et al., 1972). The medial nucleus of the trapezoid body (MNTB)

participates in sound localization processing by converting excitatory input from the

contralateral CN into inhibitory glycernigic signals, then relaying them to the MSO and LSO

(Yin and Chan, 1990; Brand et al., 2002; Tollin, 2003; Kulesza et al., 2007).

Several studies using auditory brainstem responses (ABR) note age-related hearing loss in

the macaque (Torre and Fowler, 2000; Torre et al., 2004; Navarro et al., 2008; Fowler et al.,

2010). The ABR is a useful diagnostic tool for peripheral hearing ability, because it is an

estimation of auditory detection ability. However, it takes far fewer action potentials to

detect a sound than it does to produce an ABR waveform. Evidence for this discrepancy lays

in the observation that ABR thresholds are consistently 10–15 dB SPL higher than

psychophysical hearing thresholds (for review see Stapells, 2000; Navarro et al., 2008),

although audiograms generated by both methods retain the same overall shape. Interestingly,

morphological features in the cochlea and IC correlate with changes in ABR thresholds of

the macaque (Engle et al., 2013; unpublished observations).

Given the importance of calcium in the aging process and the repeated observation of age-

related changes in PV and NADPHd in rodents, we investigated the age-related changes in

the expression of these proteins in the SOC and their relationship to changes in the ABR of

nonhuman primates. We obtained click and low-, middle-, and high-frequency ABRs and

characterized the SOC for PV immunoreactivity and NADPHd histochemical reactions in

monkeys varying in age between 12 years and 35 years. The MNTB, MSO, and LSO were

examined separately to parse out changes in specific localization processes of the SOC and
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were also combined to determine whether the changes of the nucleus as a whole are

correlated with age and with ABR thresholds.

Materials and Methods

Stereological techniques were used to quantify the density of NADPHd-positive

(NADPHd+) and PV+ cells in the SOC of young and aged rhesus macaques.

Animals

Table 1 gives the demographic information on the eight monkeys used in the study. The

animals were included based on the following criteria: 1) no history of receiving ototoxic

drugs; 2) no history of loud noise exposure or trauma to the ear; and 3) no outer ear

occlusions or otitis media detected via otoscopic examination. Animals ranged in age from

12 to 35 years, which roughly corresponds in age to 37 to 107 human years (Davis and

Leathers, 1985). The animals were maintained on ad libitum food and had free access to

water. All procedures conformed to the National Institutes of Health guidelines for animal

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

ABR recording

ABRs were collected from all animals except for the 12 year old. To maintain chemical

restraint during these non-noxious procedures, animals were given an initial dose of

ketamine (10 mg/kg, i.m.) and medatomidine (0.3 ml/10 kg, i.m.) with supplemental doses

of ketamine administered as needed throughout the procedure to maintain the appropriate

level of chemical restraint. The animals were placed in the prone position with their heads

slightly elevated inside either a double-walled acoustic chamber or in an electrically and

acoustically quiet room. Two separate locations were used for the collection of ABRs

because the animals were housed in different locations on the UC Davis campus. No

differences were noted in recording quality between conditions. The ear canals were

inspected, followed by an assessment of the state of the tympanic membrane. Otitis media

was absent in all animals. The skin was cleaned with alcohol, and sterile stainless-steel wires

(22 gauge) 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). ABR waveforms were collected using an Intelligent Hearing System (Smart EP Win

USB, version 3.97) controlled by a portable computer. The stimuli consisted of clicks and

10-msec (2-msec trapezoidal rise/fall) tone bursts (0.5, 1, 2, 4, 8, 12, 16 kHz) presented at a

rate of 10 stimuli/second. Each stimulus was repeated a minimum of 1,000 times to obtain a

reliable average ABR recording. All stimuli were first presented at 80 dB SPL and decreased

by 10 dB increments until a clearly responsive ABR peak II and IV was no longer apparent.

The intensity was then raised by 5 dB. The ABR threshold for a stimulus was interpolated

between the two values that did and did not evoke a clear response at the given peak, i.e.,

within approximately 2.5 dB.

In accordance with previous studies, two independent observers, blind to the identity of the

animals, analyzed and scored the amplitudes and latencies of the ABR peak waveforms

(Laughlin et al., 1999). Amplitude was defined as the measure of the evoked potential from
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the summit of the peak to the lowest point of the ensuing trough (Navarro et al., 2008).

Latency was defined as the time from stimulus presentation to the summit of the peak.

Observers scored peak II and IV latencies with an interobserver agreement greater than

95%.

Histological processing and antibody characterization

Animals were killed with a lethal dose of sodium pentobarbital (60 mg/kg, i.v.) and

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

glutaraldahyde in 0.1% phosphate buffer, and a mixture of 4% paraformaldehyde and 10%

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

and 30% sucrose. Seven of the eight brains were cut perpendicular to the lateral sulcus at

thicknesses ranging from 25 to 50 μm. In the final case, the thalamus, midbrain, and

brainstem were separated from the neocortex and sliced in a rostral to caudal orientation at

50 μm. The tissue was washed and stored in 0.1% phosphate buffer (pH 7.4) prior to tissue

processing (Hackett et al., 2001; de la Mothe et al., 2006a,b; Padberg et al., 2009). Alternate

sections were stained for Nissl, PV immunohistochemistry, and NADPHd histochemistry

(Scherer-Singler et al., 1983).

Immunohistochemical reactions followed a modified protocol of the ABC method (ABC kit;

Vector, Burlingame, CA) and visualized with diaminobenzidine (DAB) or the Vector SG

kit. Sections were blocked overnight in 3% normal horse serum (12 hours), then incubated

in primary antibody (anti-PV in mouse, 1:4,000; Sigma-Aldrich, St. Louis, MO) for 4 hours,

followed by a 1-hour incubation in the secondary antibody (biotinylated anti-mouse IgG,

1:250; Vector). Following several 5-minute rinses in 0.1 M PB, sections were incubated in a

peroxidase substrate solution for visualization. NADPHd histochemistry utilizes the ability

of this protein to reduce the dye nitroblue tetrazoluim into an insoluble formazan, visible via

microscopy (Fessenden and Schacht, 1998). Sections were incubated for 1 hour in a solution

of 1 mg/ml nitroblue tetrazoluim (Sigma Aldrich; N-6876), 0.5 mg/ml β-nicotinamide

adenine dinucleotide phosphate (NADPH; Sigma-Aldrich; N-1630), and 0.1% Triton X-100

dissolved in 0.1 M phosphate buffer.

The isotype specificity of the anti-PV antibody was determined using the Sigma

ImmunoType Kit (product code ISO-1), and by a double-diffusion immunoassay using

mouse monoclonal antibody isotyping reagents (product code ISO-2). Negative controls in

which either the primary antibody (PV immunohistochemistry) or the nitroblue tetrazolium

(NADPHd histochemistry) was omitted revealed no positive signal. All antibodies,

immunogen specificities, and chemicals used in these procedures are summarized in Table

2.

Data analysis

Standard light microscopy in combination with unbiased stereological techniques was used

to estimate the age-related changes in NADPHd+ and PV+ cells of the SOC. With a

projection microscope, anatomical borders were identified as regions of interest (ROI) and

drawn on a grid. The area and volume of each section were then estimated by using the

Cavalieri principle (Howard and Reed, 2005) such that:
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and

where A/P is the area between adjacent points on the grid, ΣP is the sum of all points within

the ROI, and T is the tissue thickness. ROIs were drawn by one observer, but the cell counts

were performed by two separate observers. All observers were blind to age.

To account for variations in tissue thickness from histological processing, an optical

fractionation approach was used to estimate the number of positively labeled neurons

(Mounton, 2002). This procedure eliminates bias produced by changes in the reference

space. By using an optical disector, estimated cell numbers (En) were calculated as follows:

where

and 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, n is the number of disectors

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

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

changes. Previous studies have shown that calculations are most accurate when one-fourth to

one-fifth of the average cell height is used as a guard space on either side of the z-plane of

the disector (Mounton, 2002). One-fourth of a cell height was used in the present study, and

the average cell heights used were 14.35 μm in the MNTB, 13.35 lm in the MSO, and 17.17

lm in the LSO (Bazwinsky et al., 2005).

Because the SOC is small, every positively stained neuron was counted within each ROI by

the two observers. A cell had to contain label and have a punctate, cellular-like morphology

to be counted. The corrected counts were then divided by the estimated volume to get the

estimated cell density per ROI. Interobserver agreement was over 95%, and a paired t-test

revealed no differences between counters (P > 0.3). The density values used for analysis are

the averages of both observers' estimates.

To investigate any topographic (corresponding to the tonotopic organization of the SOC)

differences in the measured cell densities, we partitioned the MNTB and LSO into medial,

central, and lateral segments and the MSO into dorsal, central, and ventral segments

corresponding to the low-, middle-, and high-frequency representations of each nuclei
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(Guinan et al., 1972; Casseday et al., 1988; Kelly et al., 1998; Kandler et al., 2009). This

volume partition was accomplished by grouping one-third of each ROI's counted points into

the medial, central, and lateral sections or the dorsal, central, and ventral section. Cells in

each one-third were then counted with the same criteria as in the total nucleus density

estimation; however, cells touching the drawn borders between these regions were excluded

from density calculations to limit counting biases between regions.

To ensure the observer's ability to differentiate positively labeled soma from the background

staining of the neuropil reliably, a subset of sections from each of the three nuclei was

further analyzed. A sample was randomly chosen, and cells were counted according to the

methods and criteria described above. Images were then taken at several planes (three to five

images per sample) of each section, spanning the height of the disector. The images were

converted to black and white, thresholded, and binarized in Adobe Photoshop CS5 such that

values of 1 (black) consisted of the lowest intensity value corresponding to a counted cell

(measured and set by one observer), and the rest of the image was given a value of 0 (white).

Another observer counted the black points with the size and shape of the soma counted in

the real tissue (for which counters were over 95% in agreement). The result of this analysis

showed that the observers reliably differentiated labeled cells from background staining in

the neuropil (see Results).

Statistical analysis

Statistical analysis was performed in three steps using SPSS version 19 (SPSS, Chicago, IL).

First, the animals were categorized as middle aged or old, with 22 (roughly 65 human years)

as the cutoff age. There were four animals per group, and their density values were

compared by using an unpaired t-test with a significance criterion of P < 0.01. Second,

ABR–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 of the ABR amplitudes to new density values and finding the R value of this

random relationship. This procedure was repeated 1,000 times, and the P value obtained is

the percentage of times that the 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 ensure validity further, given the relatively small sample,

ABR–density relationships were considered significant only 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 the R2 value exceeded 0.35.

Results

Distribution of the NOS NADPHd and the calcium-binding protein PV in the SOC

We examined the SOC in histological sections collected from eight rhesus macaques

ranging in age from 12 to 35 years. In all monkeys, the MSO and the MNTB had positive

reactivity for both the NO synthase NADPHd and the calcium-binding protein PV. In one

animal, there was no NADPHd staining in the LSO on either side of the midline, although

good staining was seen in the other seven monkeys. Figure 1 shows an example of a

transverse section through the SOC stained for NADPHd obtained from a 15-year-old
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animal. The three primary subdivisions were defined following the conventions of

Strominger and Hurwitz (1976) and Irving and Harrison (1967). The MSO was

characterized by a slender, vertically oriented cell-rich region in the caudal pontine

tegmentum surrounded by a clear zone of neuropil. A globular cell-rich region located

lateral and slightly dorsal to the MSO characterized the LSO, and the MNTB was identified

as a cell-rich region with large perikarya lying medial and ventral to the MSO. Figure 1

shows the SOC with the three principle subdivisions labeled for clarity and is representative

of our sample in that the density of NADPHd+ cells varied among the three subdivisions.

Similar results were seen for PV+ sections.

In rodents, cats, and echolocating bats, the MNTB, MSO, and LSO are tonotopically

organized from medial to lateral (MNTB and LSO) or from dorsal to ventral (MSO; Guinan

et al., 1972; Casseday et al., 1988; Kelly et al., 1998; Kandler et al., 2009). Although to our

knowledge a similar organization has not been demonstrated there, the primate brain is

likely to have a similar organization. Therefore, at the first level of analysis, we investigated

whether location (frequency)-specific changes in immunoreactive cell densities existed as a

function of age. We compared the relative density of both cell types in each subdivision

after dividing the volume into one-thirds, corresponding to the low-, middle-, and high-

frequency representations. The MNTB and LSO were partitioned into medial, central, and

lateral segments, whereas the MSO was partitioned into dorsal, central, and ventral sections

(see Materials and Methods). This analysis revealed no differences between partitions within

the same animal (paired t-test, P > 0.05), particularly between the two extremes (i.e., medial

vs. lateral and dorsal vs. ventral). Additionally, changes between animals were constant

throughout the nuclei; i.e., no partition in any subdivision of the SOC changed to a greater

extent than any other with age. Therefore, positively stained cells were uniformly distributed

throughout the different subdivisions of the SOC regardless of age or presumed frequency

representation. We therefore combined these three partitions for all subsequent analysis.

Age-related changes in the expression of NADPHd+ and PV+ cells

The primary objective of this study was to determine whether there are any age-related

changes in the density of NADPHd+ and PV+ cells within the primate SOC. Figure 2 shows

representative examples of the three subdivisions stained for NADPHd from a young

monkey (15 years; Fig. 2A,C,E) and our oldest animal (35 years; Fig. 2B,D,F). It is apparent

from these examples that the older animal had a greater density of NADPHd+ neurons

compared with the younger animal in the MSO (compare Fig. 2C and D). This difference is

not as apparent from these examples for the MNTB or LSO (compare Fig. 2A with B and E

with F). Figure 3 shows the adjacent sections from the same animals stained for PV

immunohistochemistry. Again, these sections show an increase in PV+ neurons in the MSO

(compare Fig. 3C and D) that is not as apparent in the MNTB or LSO (compare Fig. 3A

with B and E with F). This general finding was consistent throughout the different sections

of the SOC analyzed from the eight monkeys.

Dense neuropilar staining was noted in the MSO and LSO but to a much lesser extent in the

MNTB (Figs. 1-3). To ensure that our observers could reliably distinguish labeled cells from

the background staining, we performed a threshold analysis on digitized images of the three
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subdivisions (see Materials and Methods; Fig. 4A). The MNTB served as a control in these

comparisons because of its noticeably reduced background staining compared with the MSO

and LSO (Figs. 1–3). Figure 4A shows a sample at two planes of section from the LSO in its

original form (top) and the same images after digitization and thresholding (bottom). This

particular example has relatively high background staining compared with the rest of our

data set. Note that, as the plane moved, the observer could reliably count cells that were

unclear at other planes of the disector. Each sample was sectioned in three to five planes

(depending on the tissue thickness) for this analysis. The observer's density calculations and

the density calculations from the threshold images were significantly correlated in the

MNTB and in the MSO/LSO for NADPHd (r = 0.984, P < 0.001; r = 0.932, P < 0.001, for

the MNTB and MSO/LSO, respectively; Fig. 4B) and PV (r = 0.959, P < 0.001; r = 0.900, P

< 0.001, for the MNTB and MSO/LSO, respectively; Fig. 4C). Furthermore, the 95%

confidence interval for all sets of data encompassed the unity line (slope 1, intercept 0) in all

cases for NADPHd- and PV-stained sections. Taken together, these results confirm that the

observers' reliably differentiated positively labeled cells from background staining in the

MSO and LSO.

Our qualitative impressions (Figs. 2, 3) were then tested quantitatively. All positively

labeled cells were counted within the MNTB, MSO, and LSO of each animal, and the

densities were calculated (see Materials and Methods). Animals were classified as middle-

aged (12, 15, 15, and 20 years; roughly 37–61 human years) or old (22, 23, 27, and 35;

roughly 67–107 human years) and compared. This analysis revealed that age-related

changes within the MNTB, MSO, and LSO were similar for NADPHd+ and PV+ cell

expression. NADPHd+ cell density showed no changes with age in the MNTB or LSO

(unpaired t-test P > 0.05; Fig. 5A) but significant increases in the aged MSO (unpaired t-test

P < 0.01; Fig. 5A). Age-related changes of PV expression followed the same pattern, in

which the MNTB and LSO showed no changes in density with age (unpaired t-test P > 0.05;

Fig. 5B), but the MSO significantly increased its expression of PV+ cells (unpaired t-test P <

0.01; Fig. 5B). Moreover, there was a significant correlation between the densities of the

two cell types and age in the MSO, accounting for approximately 50% of the variance in this

measure (r = 0.77, P < 0.05). These results demonstrate that changes in NADPHd+ or PV+

cell expression within the SOC are not the result of general differences of the aging nervous

system (for example, differences in vascularization, permeability of the individual cells to

the histochemical processes, or differences in immunoreactivity as a function of age).

Rather, the changes are specific to the MSO, because no significant correlations were seen

in the MNTB or LSO.

Macaque ABRs change with age

ABR recordings were collected from all monkeys with the exception of the youngest animal

(147 months; see Materials and Methods and Table 1). Stimuli consisted of clicks, low-

frequency tones (0.5, 1.0, and 2.0 kHz), middle-frequency tones (4.0 and 8.0 kHz), and high-

frequency tones (12.0 and 16.0 kHz).

Figure 6A shows reconstructed ABR waveforms to clicks from a 15-year-old animal at

different stimulus intensities. Peaks II and IV are labeled when present and were the most
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salient early waveforms across all animals. For this animal, clear peaks II and IV were seen

at the highest intensity presented, and these peaks decreased in amplitude and increased in

latency as the stimulus intensity decreased. Note that stimuli 30 dB SPL and quieter did not

evoke either a peak II or a peak IV. All animals showed similar decreases in amplitude and

increases in latency as a function of decreasing stimulus intensity, with all stimulus types

presented.

ABR amplitudes and immunopositive cell densities correlate in the MSO

When considering the ascending auditory pathway, anatomically the SOC is presumed to lie

after the origin point of peak II and before the origin point of peak IV of the macaque ABR

and likely contributes to both waveforms (Møller and Burgess, 1986). Our motivation was to

determine whether hearing ability was correlated with NADPHd+ and PV+ cell densities

independent of chronological age. Previous studies have shown that there are positive

correlations between age and ABR thresholds in macaques (Navarro et al., 2008; Fowler et

al., 2010); however, there was considerable variability across individuals in those studies.

Given our relatively small sample, we found a modest and nonsignificant regression

coefficient of 0.36 (Fig. 6B) between age and ABR thresholds from all stimulus types. To

investigate the degree of correlation between NADPHd+ and PV+ cell density with both

peaks of the ABR, regression analyses were conducted between cell density and the

amplitude and the latency of each peak. This analysis used two different stimulus intensities

for the clicks, low-, middle-, and high-frequency tones. The first intensity tested was 70 dB

SPL, which was a suprathreshold stimulus eliciting identifiable peaks II and IV in all

animals with the exception of the 35-year-old animal for some stimuli. The second intensity

tested was the ABR threshold, which we defined as the last intensity evoking both peaks II

and IV of the ABR.

The results of this analysis showed that the latencies of peak II or peak IV did not correlate

with cell densities of either stain in any subdivision of the SOC at either 70 dB or threshold

intensities. Furthermore, regression analyses revealed no significant correlations between

either NADPHd+ or PV+ densities in any SOC subdivision and wave II or wave IV

amplitudes when low-frequency stimuli of any intensity were used. Similarly, amplitudes

from middle- and high-frequency tones at 70 dB or threshold showed no significant

correlations with MNTB or the LSO densities (all P > 0.05). However, MSO densities

showed significant correlations with ABR peaks in some but not all comparisons (Figs. 7,

8), as described below.

In the MSO, when 70 dB SPL stimuli were used, there was a significant correlation between

peak II amplitudes from high-frequency tones and NADPHd+ densities (r = −20.609, P <

0.05; Fig. 7B) but not with PV+ densities (Fig. 7E,F). Furthermore, peak IV amplitudes from

middle frequencies were significantly correlated with both NADPHd+ and PV+ cells (r =

−20.871, P < 0.05 [Fig. 7C] and r = −20.817, P < 0.05 [Fig. 7G], respectively). High-

frequency peak IV amplitudes were also negatively correlated with NADPHd+ densities (r =

−20.599, P < 0.05; Fig. 7D), but this correlation did not reach significance with PV+

densities by our criteria of a stringent R2 value (r = −20.522, P < 0.05, r2 < 0.35; Fig. 7H).
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Threshold stimuli produced effects in the MSO similar to those seen at 70 dB (Fig. 8).

Similar to the findings with the higher intensity stimuli, peak II evoked by high-frequency

tones was significantly correlated with NADPHd+ densities (r = −20.642, P < 0.05; Fig. 8B),

and PV+ densities showed a nonsignificant trend (r = −20.506, P < 0.05, r2 < 0.35; Fig. 8F).

Peak IV amplitudes to middle-frequency tones did not establish significant trends with cell

density (Fig. 8C,G), but with high-frequency tones there were significant negative

correlations between peak IV and both NADPHd+ (r = −20.726, P < 0.05; Fig. 8D) and PV+

(r = −20.644, P < 0.05; Fig. 8H).

To summarize, consistent with the analysis of cell density as a function of age, only the

MSO cell densities were correlated with the ABR amplitudes of peaks II and IV. These

comparisons revealed negative correlations between cell densities and ABR amplitudes that

reached significance only with high- and middle-frequency tones. Taken together, these

results demonstrate that age-related changes in the properties of ABRs correlated with

NADPHd+ and PV+ cell density, but only within specific subdivisions. Interestingly, the

MSO is tuned to lower frequencies, but its cell densities correlate with ABR amplitudes only

at the higher end of the frequency spectrum.

Click stimuli and tone stimuli show opposite trends

To investigate how NADPHd+ and PV+ densities correlate with ABR responses to click

stimuli, we combined the cell densities of the MNTB, MSO, and LSO (see Materials and

Methods), reasoning that all three subdivisions participate in the generation of the ABR

response to this broad-spectrum stimulus. In addition, many nonsignificant trends emerged

in our analysis separating each nucleus; therefore, combining all subdivisions of the SOC

could reveal statistically significant correlations. We also reanalyzed the low-, middle-, and

high-frequency tone data after combining the positively labeled cell densities across the

three subdivisions in the same manner. This analysis revealed no significant correlations

between cell densities and peak II amplitudes at any intensity, or peak II or peak IV

amplitudes, using 70 dB SPL stimuli (all P > 0.05; data not shown). For threshold stimuli,

however, peak IV amplitudes to click stimuli positively and significantly correlated with

both NADPHd+ (r = 0.838, P < 0.01) and PV+ (r = 0.729, P < 0.05) cell densities (Fig. 9).

The results for the tone stimuli showed very different trends, however. There was a negative

correlation between wave IV amplitudes from high-frequency stimuli presented at threshold

with cell densities using both stains (Fig. 9B), although with more modest correlation

coefficients than were seen with click stimuli (r = −20.552, P < 0.05; r = −20.599, P < 0.05,

for NADPHd+ and PV+, respectively; Fig. 9B). The correlations between the low- and

middle-frequency tones with either stain did not reach statistical significance (Fig. 9C,D),

suggesting that the trends seen with tones are driven by the changes in cell density of the

MSO described earlier (Fig. 8).

These results led us to investigate the differences between click responses and tone

responses near threshold. Upon visual inspection of the ABRs, we noticed that click

amplitudes sharply decreased in magnitude at intensity levels leading down to threshold,

whereas tone amplitudes remained fairly constant around these intensities (i.e., there

appeared to be a faster drop in ABR amplitudes to click stimuli), especially in aged animals.
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To quantify these observations, we compared the difference in the magnitude of the evoked

potentials between the peak IV amplitude 10 dB SPL above threshold and that at threshold

for both tone and click stimuli. Larger values indicate that the amplitude difference between

these two intensities was greater, so they indicate a steeper drop. Results indicate that clicks

produced the greatest (and the only significant) amplitude differences between these two

intensity levels. Furthermore, this amplitude difference was observed only in old monkeys

(Fig. 10A), indicating a steeper drop in the response to clicks with age. There were no age-

related differences seen for any tone value. These amplitude differences to click stimuli

showed weak, yet insignificant, correlations with the cell densities of the MNTB (r = 0.187,

P = 0.07; r = 0.210, P = 0.09, for NADPHd and PV, respectively), MSO (r = 0.296, P =

0.06; r = 0.276, P = 0.075, for NADPHd and PV, respectively), and LSO (r = 0.114, P =

0.12; r = 0.178, P = 0.10, for NADPHd and PV, respectively). However, these values

reached significance when correlated with cell densities of the combined SOC (r = 0.685, P

< 0.05; r = 0.670, P < 0.05, for NADPHd and PV, respectively; Fig. 10B). Although

correlative, these observations suggest that the cell density changes seen in older monkeys

play a role in the different response properties of the brainstem to clicks and tones.

We also noted that the wave IV amplitudes were generally greater at threshold to click

stimuli compared with tone stimuli. To test this observation, we performed regression

analyses on the differences between the wave IV amplitudes to click and tone stimuli and

cell densities. Larger values indicate a greater response amplitude to clicks than for tones at

threshold (we did not see a similar effect at 70 dB SPL). These correlations were significant

in the MNTB (r = 0.714, P < 0.05; r = 0.844, P < 0.05, for NADPHd and PV, respectively),

MSO (r = 0.622, P < 0.05; r = 0.907, P < 0.05, for NADPHd and PV, respectively), and

LSO (r = 0.820, P < 0.05; r = 0.741, P < 0.05, for NADPHd and PV, respectively), and the

results after combining densities across the SOC subdivisions are shown in Figure 11A.

These findings show that the differences between the response to clicks and tones are

correlated with increases in cell density. Finally, we tested whether these differences

between click and high-frequency tone amplitudes correlate better with age or with cell

densities, and the results of this analysis are shown in Figure 11B. We found a strong

correlation between age and the amplitude of peak IV evoked by click stimuli (r = 0.707, P

< 0.05; Fig. 11B), but this correlation was not as strong as that seen between these

amplitudes and the cell densities of the SOC (compare Fig. 11A and B).

Discussion

Functional consequences of age-related changes in the primate SOC

The major purpose of this study was to characterize the age-related neurochemical changes

in NADPHd and PV reactivity in the macaque auditory brainstem. Despite several studies of

this type in rodent models, there have been far fewer studies in macaques. We have seen that

the macaque IC increases its PV expression while keeping NADPHd constant (unpublished

observations), conflicting with rodent studies. The results for the SOC described here both

agree and disagree with the rodent literature. In agreement is that NADPHd+ cells increased

in the SOC (Reuss et al., 2000). Our results differ from the rodent in that we observed an

increase in PV+ cells with age, in contrast to the decreases in several calcium-binding
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proteins seen in rodent SOCs (Zettel et al., 1997). The rodent MNTB shows more

anatomical changes than any of the other subdivisions of the SOC (Casey, 1990), which

contradicts the current data, in which the MNTB showed the least change with age. Overall,

there is considerable variability between different rodent studies, and our results for the

macaque suggest that the age-related changes are different between primates and rodents,

which together make generalizations between these two animal models troublesome.

NADPHd+ and PV+ cells are both active in neural signaling within the nervous system, but

through distinctly different mechanisms. NADPHd produces NO, which diffuses from the

cell, acting upon local cells containing the enzyme soluble guanylate cyclase (sGC), which

is considered the primary physiological target of neuronal NO (Esplugues, 2009). sGC in

turn increases the concentration of cyclic GMP (cGMP), facilitating several cellular

processes by targeting phosphodiesterases (PDEs), kinases, and ion channels (Derbyshire

and Marletta, 2012). As a signaling molecule, NO's initiation of this sGC-dependent

biochemical cascade is considered its primary role in the nervous system, with no exception

in the auditory system. Another compelling theory is that NO acts as a feedback inhibitor of

glutamatergic N-methyl-D-aspartate (NMDA) receptors (glut-NMDArs). Support for this

exists in the physical linkage of neural NO synthase proteins with glut-NMDArs and in NO's

inhibition of the receptor's activity (Manzoni and Bockaert, 1993). This negative feedback

could prevent saturation of neural responses during periods of high physiological activity.

The ability of neurons to phase lock precisely to auditory signals is critical for coincidence

detection and ITD tuning (Batra et al., 1997; Fitzpatrick et al., 2000). Few studies have

tested phase locking of neurons in aged brains, although those that have indicate that aged

neurons show deficits in following fast temporal stimuli (see, e.g., Schatteman et al., 2008).

Once the neural response is beyond single action potentials for each stimulus cycle, the

phase-locking ability of neurons can be little affected by the overall firing rate of the

neurons. In this case, inhibitory input with the appropriate timing could help to refine and

tune the response, giving rise to higher firing rates to the peak of the response compared

with the trough. One possibility is that, because NO inhibits glut-NMDArs, it may have a

role in preserving phase locking of neurons in addition to initiating cGMP-dependent

biochemical signaling and modulatory pathways. NADPHd changes were noted in the high-

frequency-biased LSO (although not significantly) with age and within the MSO when

correlated with higher frequency ABRs, especially at threshold. These results are consistent

with either a role in high-frequency processing for NO in aged macaques or alternatively in

maintaining constancy of low-frequency processing with age (discussed below).

PV+ neurons have been well characterized in the cerebral cortex, but in the brainstem the

role of these neurons is not nearly as well understood. In the neocortex, PV+ cells are one of

the three major interneuron types and account for roughly 40% of all cortical interneurons

(Rudy et al., 2011). These GABA-releasing neurons have fast spiking physiological

response properties that produce high-frequency trains of brief action potentials with little

spike frequency adaptation (Kawaguchi et al., 1987; Cauli et al., 1997; Kawaguchi and

Kubota, 1997; Gibson et al., 1999; Ascoli et al., 2008; Xu and Call-away, 2009). At

subcortical levels, however, there is evidence indicating that both inhibitory and excitatory

cells can be PV positive. Colocalization studies show that at various levels of the rodent
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auditory brainstem, including the SOC, PV does not colocalize with GABA or glycine but

rather colocalizes with glutamate (Fredrich and Reisch, 2009). This observation suggests

that PV's role in the SOC is not analogous to its role in cortex, and further studies

investigating the physiology and chemistry of PV+ cells at this level of the nervous system

are necessary to understand the role of subcortical PV+ neurons. Nevertheless, whether

excitatory or inhibitory, PV+ cells likely play a modulatory role in the SOC necessary for the

preservation of some function, because age-related changes have now been noted in multiple

species

MSO shows significant age-related increases of both NADPHd and PV

MNTB, MSO, and LSO all participate in sound source localization and are located within

tens of micrometers from each other, yet only the MSO showed significant age-related

changes in NADPHd and PV expression. There are at least three possibilities to explain the

differences between these three subdivisions. First, a larger proportion of cells in the MSO is

tuned to lower frequencies compared with the high-frequency-biased MNTB and LSO. The

monkey audiogram shows the highest sensitivity to lower frequencies compared with higher

frequencies, indicating that these frequencies likely carry more importance to the macaque

(Recanzone, 2008). Thus, the neurochemical changes seen in the MSO could reflect a

compensatory mechanism to preserve the low-frequency processing that degrades with age.

This is consistent with finding that only high- and middle-frequency ABR amplitudes

correlate with changes in NADPHd+ density. Although it is tempting to think that ABR

amplitudes directly correlate with the strength of the auditory signal, this does not

necessarily have to be the case. The ABR sums the neural activity at any given time, so

differences in ABR amplitudes may reflect greater or less temporal cohesion of neural

information ascending the auditory system, not changes in the absolute spiking activity. The

upregulation of NADPHd and PV may therefore help to maintain the proper temporal

fidelity of the responses to low-frequency stimuli. The result of this maintenance would be

reflected by consistent ABR amplitudes to these low-frequency stimuli across age groups.

As noted above, lower frequencies are more behaviorally and physiologically important to

the macaque, and aged macaques have a greater need for lower frequency processing

compared with high-frequency processing. Thus, changes in NADPHd and PV density could

function to keep the neural response properties to low frequencies as constant as possible

with age, at the expense of high-frequency processing.

The alternative to this view is that these proteins reflect neural dysfunction, indicating that

the MSO deteriorates to a greater extent with age compared with other SOC subdivisions,

with the higher frequencies showing the greatest deterioration. This possibility predicts that

aged primates would show sound localization deficits that are selective for middle-frequency

stimuli at the high-frequency end of the effectiveness of ITD and IPD binaural cues. This is

consistent with the observation that human subjects show localization deficits at the high-

frequency end of the effective ITD/IPD range (1,250–1,575 kHz) that do not occur at the

lower end (Dobreva et al., 2011). Furthermore, the upper frequency limit for processing of

temporal cues also declines with age (Grose and Mamo, 2010). Our data suggest that, within

the MSO, some of these processing deficits seem to be accompanied by neurochemical

changes. Whether these neurochemical changes protect low-frequency responses or are
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partially responsible for the declines observed at the higher frequency end of the effective

range cannot be determined from these data.

A third alternative is that the high-frequency tones elicit a smaller overall response in older

animals (with or without changes in the temporal fidelity). This is consistent with age-

related changes in the macaque cochlea, in which histopathologies are seen to the greatest

extent in the basal turn (high-frequency zone) of the inner ear (Engle and Recanzone, 2012).

Specifically, hair cell and spiral ganglion cell loss is most prominent in this region of the

cochlea. Thus, with fewer transducing cells dedicated to high-frequency processing, the

signal in the central auditory system would likely be reduced. If this is the case, then the

chemical changes described for the MSO may be unrelated to ABR amplitudes, and the

correlations that were seen instead may reflect some noncausal mechanisms.

The MNTB did not change its expression of any cell type

The MSO showed significant age-related changes in NADPHd+ and PV+ cell density, and

the LSO showed nonsignificant trends, but the MNTB did not alter its expression of either

cell type as a function of age or ABR. The large principle cells of the MNTB show many

fundamental chemical differences from the smaller excitatory cells of the MSO and LSO.

Glycine is especially prominent in the MNTB compared with the MSO and LSO (Smith et

al., 1998). However, the functional implications of these chemical differences are unclear,

but they do suggest that the subregions of the SOC should not be viewed as chemically

analogous. Our results could reflect age-related differences in NADPHd and PV expression

characteristic of different chemically defined cell classes in the SOC. Regardless of the

reason behind the observed lack of change in the MNTB, this constancy served as a

powerful control to the changes seen in the MSO, because both subdivisions were observed

in the same sections.

Click ABRs and tone ABRs behave oppositely at wave IV with age

We found that wave IV showed an age-related decrease in amplitude in response to tones

but also a surprising increase in amplitude in response to clicks. This finding suggests a shift

in the way in which these stimuli are processed in older macaques. Given that these changes

were also correlated with both NADPHd+ and PV+ cell density, these cells could contribute

to this observation. Our regression analyses indicated that the cell density is a better

predictor than age in explaining the differences in the response amplitudes to clicks over

tones. However, other age-related changes of the auditory system certainly play a role in

these observations. For example, changes in the net input, spike timing, and GABAergic and

glycinergic local inhibition would all change the way in which these stimuli are processed.

These changes are reflected only broadly in the ABR, and the underlying mechanisms

cannot be teased apart with the current data.

The temporal fidelity of the neural response (as discussed above) produced by each stimulus

might also explain the difference between the responses to clicks over tones in the ABR. If

clicks elicit a discharge of action potentials arriving at the SOC with more cohesion

compared with tone-elicited spikes, then the ABR amplitudes would appear larger even if

the same total numbers of action potentials were fired. Depending on the physiology of PV+
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and NADPHd+ cells in the SOC, higher (or lower) cell densities could exaggerate this

difference in the ABR. Unfortunately, as noted above, the physiology of these cell types

remains unclear. When considering ABR thresholds, it is also important to keep in mind that

there are sex differences in the ABR in that female primates tend to show shorter latencies

than males (Patterson et al., 1981), suggesting slight differences in auditory processing. The

animals used in the current study were both male and female, with females making up a

greater proportion of the aged group (see Table 1).

Summary

The results of this study indicate that NADPHd and PV expression increases in the SOC of

normally aging nonhuman primates. Correlations between these changes in density and

changes in ABRs demonstrated that amplitudes increase as NADPHd density decreases.

Curiously, amplitudes to click stimuli behaved in the opposite pattern compared with those

evoked by tone stimuli as a function of age, implying a shift in the way aged primates

process the two stimuli. Our regression model indicated that cell density was a better

predictor than age for all amplitude changes. We interpret these results to mean that PV+ and

NADPHd+ cells contribute significantly to age-related changes in the macaque ABR in

particular and in auditory processing in general.
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Figure 1.
Transverse NADPHd-stained section through the superior olivary complex (SOC). Labeled

are the three subdivisions of the SOC: the medial nucleus of the trapezoid body (MNTB),

medial superior olive (MSO), and lateral superior olive (LSO). The left side of this 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 NADPHd cell density of the superior olivary complex between a 15- and a

35-year-old animal. Comparison of micrographs from a 15-year-old medial nucleus of the

trapezoid body (MNTB; A) and a 35-year-old MNTB (B) reveals no apparent age-related

changes in density. However, when comparing a 15-year-old medial superior olive (MSO;

C) with a 35-year-old MSO (D), age-related density changes become apparent. Similar to

the MNTB, the lateral superior olive (LSO) showed no clear age-related changes between
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the 15-year-old (E) and the 35-year-old (F) animal. Dorsal is upward and medial toward the

left. Scale bar = 100 μm.
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Figure 3.
Comparison of parvalbumin-positive cell density of the SOC between a 15- and a 35-year-

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

MNTB (B) reveals no apparent age-related changes in density. However, when comparing a

15-year-old MSO (C) with a 35-year-old MSO (D), age-related density changes become

apparent. Similar to the MNTB, the LSO showed no clear age-related changes between the

15-year-old (E) and the 35-year-old (F) animals. Conventions as in Figure 2. Scale bar =

100 μm.
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Figure 4.
Examples of the threshold analysis on histological sections to assess the observer's ability to

differentiate positively labeled cells from background staining. A: Example of an analyzed

section and its corresponding thresholded and binarized image at two different planes of the

optical disector. In the left panel, arrows mark positively stained neurons counted at that

plane, and the stars demarcate neurons that were counted when the optical plane moved

(right panel). This sample is from the LSO, which along with the MSO showed strong

background staining compared with the MNTB. Comparing NADPHd (B)- and parvalbumin

(C)-positive cell counts and the counts from their thresholded pictures in the MNTB

(lozenges) and the MSO/LSO (circles) revealed strong correlations, suggesting that the

observers reliably differentiated labeled cells from the background. The MNTB served as a

control in these comparisons because of its noticeably reduced background staining. Scale

bar = 250 μm.

Gray et al. Page 25

J Comp Neurol. Author manuscript; available in PMC 2014 September 19.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 5.
Estimated cell densities from the three subdivisions of the SOC. Age-related comparisons of

NADPHd (A)-positive and parvalbumin (PV; A)-positive cell densities in the medial

nucleus of the trapezoid body (MNTB), medial superior olive (MSO), and lateral superior

olive (LSO). Solid bars represent middle-aged density averages, and open bars represent

density averages from aged animals. Significant increases of both NADPHd and PV were

noted only within the MSO nucleus. *P < 0.01.
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Figure 6.
Schematic auditory brainstem responses (ABRs). A: Reconstructed ABR from the left ear of

a 15-year-old macaque with peaks II and IV labeled when present. B: ABR thresholds from

the seven monkeys in which ABRs were collected for all stimuli (clicks and low-, middle-,

and high-frequency tones). Threshold was defined as the last stimulus intensity in which

wave II and wave IV were observable.
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Figure 7.
Relationship between suprathreshold stimulus auditory brainstem response (ABR)

amplitudes and cell density in the medial superior olive (MSO) at 70 dB SPL. Cell density

of NADPHd (A–D)-positive cells and parvalbumin (E–H)-positive cells in the MSO as a

function of peak II or IV ABR amplitudes using middle- and high-frequency tone stimuli

(labeled accordingly) at 70 dB SPL. Few significant correlations were noted (B,D,H),

suggesting that ABR responses to suprathreshold stimuli remain fairly constant regardless of

the underlying chemical changes.
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Figure 8.
Relationship between threshold stimulus auditory brainstem response (ABR) amplitudes and

cell density in the medial superior olive (MSO) at the ABR threshold. Cell density of

NADPHd (A–D)-positive cells and parvalbumin (E–H)-positive cells in the MSO following

the conventions of Figure 7. Significant correlations were seen for some comparisons at this

intensity (B–D,G). These correlations suggest that the ABR response to threshold tones

differs as a function of cell density.
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Figure 9.
Correlations between cell densities and threshold ABR amplitudes differ by stimulus type.

The cell density of NADPHd-positive (gray) and parvalbumin (PV)-positive (black) cells

combined from the principle nuclei of the superior olivary complex (SOC) as a function of

peak IV amplitudes using click stimuli (A) or B) or high-frequency (B), middle-frequency

(C), and low-frequency (D) tone stimuli. All stimuli were presented at threshold intensities.

Note the inverse relationship between tones and cell density and the opposite trend with

click stimuli. This observation suggests that tones and clicks are processed differently and

that these differences correlate with chemical changes in the SOC.
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Figure 10.
ABR amplitude differences as a function of stimulus types and cell densities. A: The

difference in auditory brainstem response amplitudes at 10 dB above threshold and at

threshold using click and 0.5-, 1-, 2-, 4-, 8-, 12-, and 16-kHz tone stimuli in middle-aged

(solid bars) and old (open bars) monkeys. The larger value observed with click stimuli

suggests a steeper amplitude decrease for click stimuli leading down to threshold. This

further suggests that clicks and tones are processed distinctly and can indirectly be noted

through the ABR. B: Difference in auditory brainstem response amplitudes to clicks at 10

dB SPL above threshold and at threshold as a function of cell density. Correlations were

significant for both stains. *P < 0.05.
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Figure 11.
Amplitude differences as a function of cell density and age. The difference between

threshold amplitudes of clicks and high-frequency tone auditory brainstem responses as a

function of cell density (A) and age (B). Higher values indicate greater prominence of click

amplitudes over tones amplitudes at threshold. Again, this suggests that clicks and tones are

processed differently and that the magnitude of this difference correlates with both cell

density and age. Note that the x-axis is identical in both panels for direct comparison.
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Table 2
Information on the Antibodies and Chemicals Used for Immunohistochemical and
Histochemical Reactions

Antigen/chemical Immunogen Manufacturer/log No./other information

Parvalbumin immunohistochemistry Mouse monoclonal
antiparvalbuminclone
PARV-19

Frog muscle parvalbumin Sigma-Aldrich, P-3088

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

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

Parvalbumin immunohistochemistry SG substrate Kit N/A Vector, SK-4700

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

NADPH-diaphorase histochemistry NADPH N/A Sigma-Aldrich, N-1630
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