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Abstract
Presbycusis can be considered a slow age-related peripheral and central deterioration of auditory
function which manifests itself as deficits in speech comprehension, especially in noisy
environments. The present study examined neural correlates of a simple broadband noise stimulus
in primary auditory cortex (A1) of young and aged Fisher-Brown Norway (FBN) rats. Age-related
changes in unit responses to broadband noise-bursts and spontaneous activity were simultaneously
recorded across A1 layers using a single shank, 16-channel electrode. Noise bursts were presented
contralateral to the left A1 at 80 dB SPL. Aged A1 units displayed increased spontaneous (29%),
peak (24%), and steady state response rates (38%) than did young A1 units. This was true across all
A1 layers, although age-related differences were significantly greater for layers I–III (43% vs 18%)
than lower layers. There was a significant age-related difference in the depth and duration of post-
onset suppression between young and aged upper layer A1 units. The present functional differences
across layers were consistent with studies showing greatest losses of gamma-aminobutyric acid
(GABA) markers in superficial layers of A1 and with anatomic studies showing highest levels of
inhibitory neurons located in superficial cortical layers. The present findings were also consistent
with aging studies suggesting loss of functional inhibition in other cortical sensory systems.
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Introduction
Presbycusis is associated with both peripheral and central deficits that make speech difficult
to process in noisy or complex environments (Willott, 1991). This inability to clearly
comprehend speech is one possible reason that a number of elderly individuals withdraw from
society (Jones et al., 1984; Lutman, 1990; Mulrow et al., 1990). Although hearing aids can be
of assistance, they do not compensate for the central nervous system components of presbycusis
(Frisina and Frisina, 1997; Gordon-Salant and Fitzgibbons, 1993; Hayes and Jerger, 1979;
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Mulrow et al., 1990; Thomas and Herbst, 1980; Weinstein and Ventry, 1982). An age-related
loss in the ability to accurately process stimulus onset in a complex acoustic environment may,
in part, underpin age-related loss of accurate speech processing in humans (see Frisina and
Frisina, 1997). Functional and neurochemical age-related changes at the level of primary
auditory cortex (A1) are suggestive of a significant loss of synaptic inhibition and include
increased amplitude of auditory cortical evoked potentials in animals and man, as well as a
significant decrease in markers of GABAergic inhibition in animal models of aging (for review
see Caspary et al., 2008; Tremblay et al., 2002). Subcortical auditory aging neurochemical
studies show age-related loss of inhibition throughout the auditory neuraxis (Caspary et al.,
2008 for review).

The major ascending and descending projections, basic laminar organization, neuronal
organization and morphology of rat A1 is consistent with the organization seen in other species
and in other sensory cortices (Games and Winer, 1988; Roger and Arnault, 1989; Sally and
Kelly, 1988; Webster, 1995; Winer and Larue, 1989; Zilles, 1985). Rat auditory cortex is
organized into belt and core regions based, in part, on segregation of inputs from the medial
geniculate body (MGB). Major descending projections originate from layer V and terminate
in the dorsal and external nuclei of the inferior colliculus (IC) (Coleman and Clerici, 1987;
Faye-Lund, 1985; Herbert et al., 1991). Descending projections from IC, project to most major
brainstem auditory nuclei (Saldaña et al., 1996; Weedman and Ryugo, 1996). Descending
projections that originate from layer VI are considered reciprocal to ascending ventral MGB
projections (Barbour and Callaway, 2008; LeDoux et al., 1985; Roger and Arnault, 1989;
Winer and Larue, 1989). Cells located in cortical layers II–III primarily give rise to contralateral
commissural connections but have some descending projections as well (Prieto et al., 1994).
The major ascending auditory input into rat A1 is from the ventral MGB terminating primarily
in layer IV (for review see Webster, 1995).

The present study examined the neural correlates of stimulus onset and sustained activity across
A1 layers in young and aged FBN rats.

Materials and Methods
Subjects

Fifteen young (4–6 mos.) and thirteen aged (30–32 mos.) Fischer-Brown Norway rats were
obtained from Harlan Sprague-Dawley, Inc. under a contract with the Office of Biological
Resources of the National Institute on Aging (NIA). Prior to the recording of
electrophysiological data, all animals underwent auditory brainstem response (ABR)
assessment for thresholds at 8, 12, 16, 20, 24, & 32 kHz. Thresholds for animals included in
the study were consistent with the recent published values of Wang et al. (2009). Animals were
used in accordance with a protocol approved by the SIU School of Medicine Laboratory Animal
Care and Use Committee.

Surgery
Young rats were anesthetized with a 3:1 mixture of Ketamine (100mg/ml): Xylazine (20 mg/
ml) (1.4 ml/kg IM) and maintained for the remainder of the experiment, typically 10–12 hours,
with i.p. injections of urethane (500 mg/kg body weight). Aged animals were given 80% of
the young dosage to account for altered metabolism (see Palombi and Caspary, 1996 a,b,c;
Turner et al., 2005 a,b). Urethane was selected for this study based on prior experience in single
unit studies from primary auditory cortex (Turner et al., 2005a,b). Primary auditory cortex
neurons recorded from urethane-anesthetized animals were more responsive to acoustic stimuli
than cells under ketamine/ xylazine or barbiturate (Turner, Hughes, and Caspary, unpublished
observations). Urethane was also reported to have relatively minor affects on the GABAergic
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systems (Hara and Harris 2002; Maggi and Meli 1986). Rats were placed in a stereotaxic
apparatus within an IAC sound-attenuating booth. Dental acrylic was used to secure the skull
to a post held by the stereotaxic frame. A craniotomy (3mm ovoid) centered 5mm caudal and
4mm ventral to Bregma was made (Figure 1), exposing the majority of the left A1 (Turner et
al., 2005 a,b). Overlying dura was removed and a 16 channel single shank multichannel
(Michigan) probe (100 micron node separation) was advanced perpendicular to the pial surface,
while a 50 msec broadband search stimulus was presented to the contralateral ear. The electrode
was advanced until responses disappeared from the bottom two channels and no responses
appeared on the top four channels. This allowed the electrode to span all 6 layers of A1 making
placement of the electrode channels as consistent as possible across the layers of A1 (Figure
2).

Stimulus
The stimulus consisted of a 500 msec broadband noise burst with a rise/fall of 0.5 msec
presented to the right ear at 80 dB SPL. Data were collected for 150 repetitions with an ISI
(onset to onset) of 2 sec.

Spike Sorting
No more than three penetrations per animal were attempted. 1) Cross-channel artifacts
(appeared on 80% or more of the channels) were eliminated using tools in Offline Sorter
(Plexon Inc.). 2) Units were aligned on global minimums while ignoring waveform
assignments. 3) Maximum alignment shift was set at 50 clock ticks (25 µsec) and Principal
Components Analyses were recalculated. 4) Obvious “invalid” waveforms were eliminated
prior to sorting. 5) Spikes were clustered, using Valley-Seeking and T-Distribution algorithms.
6) Spike templates, that were established using the automated clustering algorithms, were used
as guides to further sort waveforms with the template sort function. 7) Manual sort template
tolerances were set to 200 (medium); occasionally, tolerances were set at higher levels to
optimize sorting outcomes. 8) Invalid waveforms were again eliminated. 9) Remaining
unsorted waveforms were examined for timestamp regularity before being eliminated. More
than 1.5 million spikes from 1100 units remained, and were included in the analysis.

Temporal Segmentation of response
Peri-stimulus time-histograms (PSTH) were constructed for each sorted neuron on each
recording channel, of each penetration for each animal. PSTHs had a bin width of 1 msec and
were 500 msec long and consisted of the data from 150 stimulus repetitions. Visually, an onset
burst of activity (onset), followed by a period of suppressed activity (suppression), was
followed by steady activity period (steady state), was apparent in the PSTHs. Virtually all of
the responses were of the phasic type and exhibited this form of the PSTH. For quantitative
data analysis, bins 1–50 were designated as onset, 51–248 as suppression, and 251–448 as
steady state. Recording channels were grouped into homogeneous subgroups by selecting
channels which produced an absence of a recording channel by time interaction (relatively
homogeneous pattern of firing across the 500 msec). This resulted in two distinct clusters;
channels in cortical layers I–III (Upper layers) dominated by cortical commissural pathways,
and channels located in cortical layers IV–VI (Lower layers) dominated by extracortical
ascending or descending connections.

Statistical Analyses
Data files generated during the experiments were imported to Excel spreadsheets and assessed
for integrity and distributional characteristics. The raw data for analysis consisted of spike
counts/bin (1 msec width) for a duration of 500 bins summed across the 150 repetitions. These
data were gathered for each sorted neuron on each of the 10 channels for each of the penetrations
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for all of the animals in each of the age groups. A mixed-effects, repeated measures Analysis
of variance (ANOVA) was used to assess changes in response characteristics as a function of
age and cortical layers (Upper vs Lower). Statistical procedures were implemented with SPSS
17.0.

Results
Spontaneous activity

Spontaneous activity recorded during the 2 minute period prior to the presentation of the noise
burst (see Table 1) revealed a significant increase in firing rates for aged neurons relative to
young (p=.001). Both young and aged neurons showed higher firing rates in the upper layers
compared to the lower layers (p<.001). However, the age-related increase in spontaneous
activity was larger in the Upper layers than in the Lower layers (age × layer interaction p=.
029). Analysis of the simple effect of age indicated a significant age effect for the Upper layers
(43.6% increment: p=.003), but age effect failed to achieve significance in the Lower layers
(14.3% increment).

General Effects
Aged A1 units also displayed increased stimulus driven discharge rates compared to the young
A1 units (p<.001). This was true in both Upper (I–III) and Lower layers (IV–VI), although the
difference was significantly greater in the upper layers (age × layer interaction p<.05). Both
spontaneous and driven rates were higher in the Upper layers than in the Lower layers (p<.
001). This was observed for both the Young and Aged A1, although these differences were
larger in Aged A1 (p<.05).

Segmental Effects
(onset, suppression, steady state)

Onset
Onset responses (Figure 3, panel A) were layer and age dependent (age × layer interaction, p=.
002). In A1 Upper layers, Aged A1 units displayed increased (30.9%) peak onset response
rates compared to Young A1 units (p<.001) while in Lower layers the increment in peak A1
unit onset response rates (17.8%) failed to reach significance. In the lower portions of layer V
and the upper portions of layer VI the onset peak firing rate was slightly greater for Young A1
units although the peak width was not significantly different between age groups. Onset peaks
were significantly broader for Aged A1 units in both the Upper and Lower layers, showing
less post-onset damping (age × time interactions p<.001). Analysis of peak onset latencies
(latencies of peak firing rate during the onset burst) revealed shorter mean latencies for the
Young A1 units (Upper = 16.8, Lower = 13.9) than the Aged A1 units (Upper = 19.2, Lower
= 15.4) in both the Upper and Lower layers (p<.001). Shorter latencies were found in the Lower
layers than the Upper layers for both Young and Aged A1 units (p<.001). Age-related
differences were larger in the Upper layers (age × layer interaction (p=.05). Figure 4 shows
age-related changes in the latency histograms for the variance. The mean Aged peak latencies
were longer than those for the Young in the Upper layers (p<.003) and in the Lower layers (p<.
001). A comparison of peak firing rates relative to the average steady state level revealed an
age-related increase in the onset peak relative to Steady State responses in the Upper Layers
(p=.049), but not in the Lower layers. Thus, even when taking into account the overall firing
rate differences between age groups, Aged A1 units showed higher onset peak firing rates in
the Upper Layers than Young A1 units.
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Suppression
Units in A1 displayed a distinct period of suppression following the onset peak (Figure 3, panel
B). This segment of the response displayed age and layer dependent differences (age × layer
interaction, p=.002). Upper layer A1 units in Aged animals showed a period of suppression
that was biphasic (suppression followed by overshoot). This was supported by a trend analysis
revealing a significant 4th order component (p<.001) accounting for 21% of the variance as
measured by partial eta squared. Young A1 units displayed a significant 3rd order component
(p<.001) also accounting for 21% of the variance. Thus Aged A1 units showed a firing rate by
time function that had 3 maximum/minimum points while Young A1 units showed 2 maximum/
minimum points indicating significant overshoot for the Aged A1 units but not for the Young
A1 units. Young A1 units showed a longer period of suppression than the Aged (age × time
interaction for the initial phase of suppression, p<.001).

In the lower A1 layers (IV–VI), age-related changes in suppression were qualitatively similar
to what was seen in the Upper layers (I–III). The depths of the post-onset suppressive effects
were shallower in Lower layers than Upper layers (p<.001), but proportional, given the overall
lower firing rates in the Lower layers. Trend analysis results for the suppression were the same
as in the Upper layers except that the effect size was reduced to 7% for each age group. Again,
the suppression was prolonged for Young A1 units, more gradual recovery from maximum
suppression, than for Aged A1 units (p<.001).

Steady state
There was an age-related increase in steady state driven activity (Figure 3, panel C) recorded
during the last 200 msec of the stimulus (p<.001). Aged A1 units displayed higher firing rates
than the Young A1 units. Both Young and Aged A1 units showed higher firing rates in the
Upper layers compared to the Lower layers (p<.001). However, the age effect was larger
(54.3% vs 22.4%) in the Upper layers than in the Lower layers (age × layer interaction p<.
001). Additionally, during the last 200 msec there was a gradual decrease in unit firing rate to
approximate the spontaneous level. This was significant for the Aged A1 units in both the
Upper and Lower layers (p’s<.001). The gradual decline was significant for the Young units
in the Upper A1 Layers (p<.001), but failed to reach significance in the Lower A1 layers (p=.
077).

Discussion
The present in vivo study examined functional age-related changes in the ability of sorted single
units recorded simultaneously across the layers of rat primary auditory cortex (A1) in response
to noise burst stimuli. Findings of an age-related increase in discharge rate and reduced
damping are consistent with previous studies suggestive of an age-related loss of inhibition in
the central auditory system. Although it is likely that inhibitory changes observed in the present
study may, in part, reflect age-related inhibitory down-regulation throughout the brain stem,
both A1 layer differences in discharge rates and damping suggest a de novo differential age-
related loss of inhibitory function in A1. Ling et al., (2005) described differential layer specific
age-related changes in glutamic acid decarboxylase (GAD) levels, in rat primary auditory
cortex. Significant age-related decreases in GAD message levels for GAD isoforms showed
the greatest changes (GAD65: −26.6% and GAD67: −40.1%) in layer II. Electrophysiologic A1
findings in the present study of a layer dependency for the age-related changes are consistent
with the GAD changes seen in A1 (Ling et al., 2005). The increased peak firing rate and duration
of the onset burst, the less intense post-onset burst suppression, and the subsequent higher
steady state firing rates for the Aged A1 units are suggestive of losses in both phasic and tonic
inhibition. Recent single unit aging and iontophoretic studies in primate and feline visual cortex
also show age-related changes in the response properties of visual cortical neurons consistent
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with a selective down-regulation of gamma-aminobutyric acid (GABA) inhibition (Hua et al.,
2006; Leventhal et al., 2003; Schmolesky et al., 2000). Similar age-related central visual
changes have also been observed in humans (Betts et al., 2007).

The present age-related changes, for driven and spontaneous activity, were differential with
respect to A1 layers whose laminar structure has been elegantly described by Winer and his
colleagues (Games and Winer, 1988; Prieto et al., 1994; Winer, 1992; Winer and Larue,
1989). Unit responses were simultaneously recorded from all layers of A1, with results parsed
into two major divisions; cortical layers I–III (Upper layers) dominated by cortical commissural
pathways and interneurons, and cortical layers IV–VI (Lower layers) dominated by midbrain
and thalamic ascending or descending connections. Prieto et al., (1994) found a three-tiered
numerical distribution of puncta, that were immunoreactive for GABA or its synthesizing
enzyme, GAD, with the highest density in layer Ia, and intermediate numbers in layers Ib–IVb.
The lowest concentrations of markers for GABA were found in layers V and VI, respectively
(Prieto et al., 1994). Briefly, Winer and colleagues found Layer I to be largely acellular
containing some small GAD-positive horizontal cells while Layer II contains relatively small
polymorphic cells with small or medium-sized GAD-positive cells (Games and Winer, 1988;
Prieto et al., 1994; Winer and Larue, 1989). Layer III, was found to contain pyramidal and non-
pyramidal neurons with larger neurons typically located in the deeper portion of the layer.
Layer IV receives the major input projection from ventral MGB and is characterized by small
cells which give it its granular appearance while Layer V is characterized by large pyramidal
cells which are the origin of major output projections to auditory midbrain and contralateral
A1 (Games and Winer, 1988). Layer VI, the thickest layer in rat A1, contains pyramidal and
non-pyramidal neurons (Games and Winer, 1988).

The present results support a role for GABA inhibition in shaping A1 response to a simple
broadband noise burst, particularly the magnitude and duration of the onset burst and the post-
onset recovery. The greater variability seen in the latencies of the Aged peak firing rate for A1
neurons during the onset burst is consistent with the interpretation of increased temporal
uncertainty that is age dependent and may also be a function of the loss of inhibition with aging.
Elegant studies which directly and indirectly assess synaptic responses properties in vivo
indicate that the interaction of synaptic excitation and inhibition shapes temporal and spectral
responses of A1 neurons (Atencio and Schreiner, 2008; Tan et al., 2004). Turner et al., (2005
a,b) found age-related increases in the discharge rates of layer V neurons showing complex
spectral properties. These same in vivo recordings found that complex layer V A1 neurons,
which are thought to receive significant inhibition in young adults, were more readily driven
by current pulses delivered to the soma in aged A1 neurons (Turner et al., 2005 a,b). A
significant role for GABA inhibition in shaping A1 response properties to complex stimuli has
been described from in vitro and in vivo studies (Foeller et al., 2001; Hefti and Smith, 2000;
Pernberg et al., 1998; Shevelev et al., 1998; Wang et al., 2000). Muscimol, a GABAA receptor
agonist, was found to disrupt coding of certain complex signals in bat A1 (Riquimaroux et al.,
1992). GABAA receptor blockade alters A1 neuronal responses across A1 layers, lowering
thresholds and reducing the complexity of frequency response maps (Chen and Jen, 2000;
Foeller et al., 2001; Horikawa et al., 1996; Wang et al., 2000). GABAA receptor blockade
altered Sinusoidal Amplitude Modulation (AM) coding in gerbil A1 neurons (Schulze and
Langner; 1997 a,b). Directional selectivity of A1 neurons to Frequency Modulation (FM)
stimuli and selective responses to low AM modulation frequencies are indicative of de novo
inhibitory processing in A1 (Eggermont, 1998; Giraud et al., 2000; Kilgard and Merzenich,
1999; Mendelson et al., 1993; Mendelson and Ricketts, 2001; Schulze and Langner ,
1997a,b).

Findings in the present study from rat A1 units in response to a noise burst stimuli found
increased mean on-set latency across all A1 layers. Aging IC studies show conflicting results.
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Studies in CBA mouse IC found age-related decreases/shortening of first spike latency in
response to simple and modulated tonal stimuli over a range of stimulus intensity (Simon et
al., 2004). In rat IC, Palombi and Caspary (1996a) found no significant age-related changes in
first spike latency in response to superthreshold (30dB SL) BF tone bursts. The same study
using 80dB SPL stimuli for both young and aged F344 rat IC units, found significant age-
related increases in first spike latency in the central nucleus of the inferior colliculus (CIC).
Consistent with the present findings, Mendleson and Rickets (2001) working in rat auditory
cortex, found small age-related increases in first spike latency.

The firing rates of the vast majority of A1 neurons are modulated only at the onset and/or offset
of long duration steady stimuli, and quickly habituate to their spontaneous levels (Brugge et
al., 1969; Chimoto et al. 2002; Eggermont, 1991; Phillips and Hall, 1987, 1990; Phillips and
Sark 1991). While this statement is based primarily on results from anesthetized preparations,
it has also been reported in the results of awake/behaving animals (Pfingst and O’Connor,
1981; Schulze and Langner, 1997a,b; Suga, 1977). Given the use of a long duration stimulus
with a relatively sharp rise time, 150 repetitions of the same stimulus within a 5 minute interval,
and an anesthetized preparation, nearly all of the responses in our study were of the phasic
type. Therefore the findings of this study are limited to the population of phasic neurons.

It is likely that peripheral, age-related changes result in a partial deafferentation of the central
auditory processor. This, in turn, results in a series of plastic/pathologic compensatory changes
including a down regulation of inhibitory function (Caspary et. al., 1990; Caspary et al.,
2008; Eggermont and Roberts, 2004; Sörös et al., 2009). The change in inhibitory function, at
the level of A1, has a negative impact on the processing of simple and complex stimuli in the
elderly.

Abbreviations

A1 primary auditory cortex

ABR auditory brainstem response

ANOVA analysis of variance

AM amplitude modulation

BF best frequency

CIC central nucleus of the inferior colliculus

FBN Fisher-Brown Norway

FM frequency modulation

GABA gamma-aminobutyric acid

GAD glutamic acid decarboxylase

IAC industrial acoustics company

IC inferior colliculus

MGB medial geniculate body

PSTH peri-stimulus time-histograms

SL sensation level

SPL sound pressure level
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Figure 1.
Diagram of the lateral view of rat neocortex showing the location of recordings in relation to
commonly used boundaries of A1. The center of the recording field was usually 4 mm ventral
and 5 mm caudal to bregma.
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Figure 2.
GAD immunolabeled primary auditory cortex from a young FBN rat, rotated such that the
normally laterally located superficial layer I, is at the top of the figure. A scaled cartoon of the
16 channel Neuronexus probe placed over A1 used in the present study with 10 nodes/channels
within the six layers of rat A1 (see methods). Examples of off-line sorted spikes placed next
to their appropriate nodes from a single penetration in an aged rat A1 (see methods for spike
sorting).
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Figure 3.
Unit responses to broadband noise bursts at 80dB SPL parsed into Onset (1–50msec) (A),
Suppression (51–248msec) (B), and Steady-state (251–448msec) (C) segments. The impact of
aging vs layers in FBN rats are compared between young (red) and aged (blue) and upper
(layers I–III) and lower (layers IV–VI). Each trace contains data from at least 215 sorted
A1units. There was a significant age-related increase in the amplitude and duration of the onset
peak in upper cortical layers (I–III) but not in the lower cortical layers (IV–VI) (A). Dotted
line represents spontaneous activity for young (red) and aged (blue) units. Note that the increase
in onset activity cannot be accounted for by a simple shift in baseline (see text). Temporal
dynamics of unit responses to the suppressive period following the onset response to the noise
burst were significantly altered in upper A1 layers of aged units but less so in the lower A1
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layers (B). There was a significant age-related decrease in depth and duration of the post-onset
suppression across A1 (B). There was a significant age-related increase in steady-state
responses to broadband noise burst stimuli in upper A1 layers but not in lower layers (C). Error
bars represent the standard error. The dashed line represents the level of spontaneous activity.
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Figure 4.
Frequency distribution of response latency of sorted units to the noise burst stimulation in
young (red) and aged (blue) A1 located in upper and lower layers. As expected, young and
aged sorted units showed significantly shorter onset latencies for lower (IV–VI) than upper (I–
III) A1 layers. There was a significant age-related rightward shift of onset latencies throughout
A1 with the largest shift seen in the upper A1 layers. The age-related increase in latency is
suggestive of an age-related increase in temporal uncertainty. Bin widths are 1 msec.
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Table 1

Spontaneous Activity for a 2 minute Period

Layers Mean SD N

Aged Lower 7.50 10.21 321

Upper 14.06 18.41 216

Young Lower 6.57 10.68 358

Upper 9.78 12.74 268
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