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Abstract
Electrophysiological recordings in the dorsal cochlear nucleus (DCN) were conducted to determine
the nature of changes in single unit activity following intense sound exposure and how they relate to
changes in multiunit activity. Single and multiunit spontaneous discharge rates and auditory response
properties were recorded from the left DCN of tone exposed and control hamsters. The exposure
condition consisted of a 10 kHz tone presented in the free-field at a level of 115 dB for 4 hrs.
Recordings conducted at 5–6 days postexposure revealed several important changes. Increases in
multiunit spontaneous neural activity were observed at surface and subsurface levels of the DCN of
exposed animals, reaching a peak at intermediate depths corresponding to the fusiform cell layer and
upper level of the deep layer. Extracellular spikes from single units in the DCN of both control and
exposed animals characteristically displayed either M- or W-shaped waveforms, although the
proportion of units with M-shaped spikes was higher in exposed animals than in controls. W-shaped
spikes showed significant increases in the duration of their major peaks after exposure, suggestive
of changes in the intrinsic membrane properties of neurons. Spike amplitudes were not found to be
significantly increased in exposed animals. Spontaneous discharge rates of single units increased
significantly from 8.7 spikes/s in controls to 15.9 spikes/s after exposure. Units with the highest
activity in exposed animals displayed type III electrophysiological responses patterns, properties
usually attributed to fusiform cells. Increases in spontaneous discharge rate were significantly larger
when the comparison was limited to a subset of units having type III frequency response patterns.
There was an increase in the incidence of simple spiking activity as well as in the incidence of
spontaneous bursting activity, although the incidence of spikes occurring in bursts was low in both
animal groups (i.e., <30%). Despite this low incidence, approximately half of the increase in
spontaneous activity in exposed animals was accounted for by an increase in bursting activity. Finally,
we found no evidence of an increase in the mean number of spontaneously active units in electrode
penetrations of exposed animals compared to those in controls. Overall our results indicate that the
increase in multiunit activity observed at the DCN surface reflects primarily an increase in the
spontaneous discharge rates of single units below the DCN surface, of which approximately half was
contributed by spikes in bursts. The highest level of hyperactivity was observed among units having
the response properties most commonly attributed to fusiform cells.
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INTRODUCTION
Increased spontaneous neural activity is a major consequence of intense sound exposure that
has been observed at several levels of the mammalian auditory system, including the cochlear
nucleus, inferior colliculus and auditory cortex (Kaltenbach and Afman, 2000; Kaltenbach et
al., 1998, 2000; Zhang and Kaltenbach, 1998; Ma et al., 2006; Dong et al., 2009; Brozoski et
al., 2002; Komiya and Eggermont, 2000; Seki and Eggermont, 2003; Norena and Eggermont,
2003; Wallhauser-Frank et al., 2003). This alteration has been implicated as a possible factor
contributing to the induction of tinnitus (Kaltenbach et al., 2004, 2005; Brozoski et al., 2002;
Shore et al., 2008; Imig and Durham, 2005; Eggermont and Roberts, 2004; Ma et al., 2006;
Wallhauser-Franke et al., 2003) and could play an important role in other auditory deficits. For
example, excessive levels of activity may induce plastic changes in or cause excitotoxic injury
to post-synaptic neurons (Kim et al., 1997). Such changes are potentially disruptive to normal
signal detection and information processing in neurons further downstream from hyperactive
cell populations. Excitotoxic damage to postsynaptic neurons could result in loss of inhibitory
interneurons, which could enhance responses to suprathreshold stimuli, leading to recruitment,
hyper-responsiveness and hyperacusis. Knowledge of the mechanisms underlying the
induction of hyperactivity would thus seem likely to have important implications for the
understanding and treatment of tinnitus and other related hearing disorders.

Much work in our laboratory has focused on hyperactivity in the dorsal cochlear nucleus (DCN)
as a possible factor contributing to tinnitus (Kaltenbach and McCaslin, 1996; Kaltenbach et
al., 1998; Zhang and Kaltenbach, 1998; Kaltenbach et al., 2000). These studies have been
performed primarily at the multiunit level in order to provide details concerning the distribution
pattern of hyperactivity in the different layers of the DCN (Kaltenbach and Falzarano, 2002),
the profile of this activity along the tonotopic axis (Kaltenbach and Afman, 2000; Zhang and
Kaltenbach, 1998), the relationship of activity changes to the type and distribution of hair cell
injury along the cochlear partition (Kaltenbach et al., 2002), and the time course of its
progression (Kaltenbach et al., 2000). However, the multiunit data is limited in what it can
reveal about the nature of the changes in neuronal activity leading to hyperactivity. Increases
in multiunit activity might be assumed to reflect increases in single cell spontaneous discharge
rates, but in fact, other factors such as increases in the number of active neurons, average spike
amplitude, or the incidence of bursting discharges, could also play important roles. Which of
these changes occurs after intense sound exposure is critical for an understanding of underlying
mechanisms. For example, increases in the discharge rates of individual neurons or in the
density of spontaneously active units could indicate perturbations in neuronal transmission or
network connections due to loss/weakening of inhibition or a net gain of excitation. In contrast,
increases in spike amplitude or duration could signify changes in excitability due to changes
in intrinsic membrane properties or loss of the intercellular insulation (e.g., demyelination).
Finally, increases in bursting activity could point to changes in the spike generation mechanism.

The present study was conducted to determine which of the above changes contribute to the
large increases in activity observed at the multiunit level. We performed multiunit and single
unit recordings in the DCNs of animals previously exposed to intense sound as well as
unexposed control animals. Multiunit activity was first mapped in a region of the tonotopic
range where hyperactivity has previously been shown to be robust. Single unit recordings were
then conducted at various depths within this same region. In these areas, we recorded the
activity of well-isolated single units in the DCN. From these recordings we analyzed the mean
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discharge rates, mean spike amplitudes, the incidence of bursting activity and the numbers of
units/penetration. Finally, we recorded the frequency-dependent and temporal responses of
neurons in an effort to obtain clues concerning the categories of cells displaying abnormal
activity.

MATERIALS and METHODS
Animal Preparation and sound exposures

The Wayne State University Animal Investigation Committee approved the care and use of all
animals in this study. Syrian golden hamsters (male) ranging in age from 2 to 3 months, were
divided into 2 groups. One group was exposed to an intense sound, while the other served as
unexposed controls.

Sound exposure
Acoustic exposures were performed inside a sound attenuation booth (Industrial Acoustics
Corporation). A cage was placed on a table inside the booth, and a loudspeaker (JBL 2404H)
was suspended above the cage and used to deliver a continuous 10 kHz tone. Before placing
the animals in the cage, the sound output was adjusted so that the level of the tone at the center
of the cage was 115 dB SPL and usually varied by no more than ± 6 dB at other locations inside
the cage. Acoustic measures were performed with an Etymotic ER-7C probe tube microphone.
The sound was then switched off, and the animals were placed awake and freely moving inside
the cage in groups of 2–3. The sound was switched back on at a level of 80 dB then turned up
5 dB every 2–3 minutes until the desired exposure level of 115 dB SPL was reached. Using
this method, the animals readily accommodated to the loud sound without displaying any
behavioral signs of acoustic stress. The sound was maintained at this level for 4 hours. At the
end of the exposure period, the sound was turned off, and the animals returned to the animal
holding facility where they were allowed a postexposure recovery period of 5–6 days before
commencement of electrophysiological studies. This recovery period was chosen to maximize
the area over which hyperactivity is induced, as a previous study showed multiunit activity
increases over a broader area of the DCN between 5 and 14 days than at later time points
(Kaltenbach, et al., 2000). Control animals were similarly placed in a cage inside an acoustic
booth but were not exposed to sound. Researchers were blinded to the group to which each
animal belonged. This was accomplished by sub-cutaneously injecting a tracking chip
(Microchip I.D., Avid) in each animal, after documenting the exposure history. The tracking
chip was removed and read at the end of each electrophysiological recording session, but the
animal’s identity with respect to group was not determined until all experiments were
completed.

Surgical procedures
Following the post-exposure recovery period, each animal was prepared surgically for
electrophysiological studies in a sound attenuation booth. Animals were anesthetized by i.m.
injection of ketamine (85 mg/kg) and xylazine (15 mg/kg). Areflexia was maintained with
supplementary injections of anesthetic. Core body temperature was maintained at 37°C using
a rectal probe and heating pad. The animal’s head was held firmly in a brace, and the left DCN
exposed by a parieto-occipital craniotomy followed by aspiration of the overlying portion of
the cerebellum.

Recordings of multiunit activity
Multiunit activity at the DCN surface was recorded with 0.4 MΩ electrodes filled with 0.3 M
NaCl. Contact of the electrode with the surface of the DCN was indicated by a sudden increase
in the loudness of the signal from the audio monitor and the emergence of neural signals which
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appeared as continuous trains of multiunit potentials. Electrode positions on the DCN surface
were digitally captured with Image-Pro Plus software (MediaCybernetics) using a CCD camera
mounted on a Nikon stereomicroscope. The level discriminator was adjusted to trigger on
amplified (1000X) neural potentials at a threshold voltage of −100 mV, as described previously
(Kaltenbach and Afman, 2000). The output from the level discriminator was fed to a universal
counter. Spontaneous activity was then measured at each of the recording sites by counting the
number of output events from the level discriminator over a period of 90 s. Upon completion
of each count, the electrode was moved to another site, where a new measure of spontaneous
activity was performed. Such measures were repeated at various locations on the DCN surface
until recordings of spontaneous activity were completed in a grid consisting of 3 rows of 7
sites (21 sites total) spaced 100 μm apart from 0.5 to 1.1 mm from the lateral edge of the DCN.
This range corresponds to the region in which multiunit activity has previously been found to
be very high in exposed animals at 5 days after exposure (Kaltenbach et al., 2000). In each
animal, measures of multiunit activity were first averaged across the 3 rows and were used to
obtain an activity profile for each animal, as described previously (Kaltenbach et al., 2000).
The mean activity profiles were then averaged across animals within each group. After all
experiments were completed, the average multiunit activity profiles in exposed and control
animal groups were compared to establish whether the sound exposure had induced
hyperactivity in the DCN.

In a separate experiment, multiunit recordings were performed at each of a series of depths
spaced at 20 micron intervals, based on readings from the micrometer scale on the
micromanipulator. At each depth, activity was measured for 90 seconds, as in the surface
recordings, then the electrode was moved to the next deepest location. This procedure was
followed until recordings were performed from up to 19 depths in each penetration. The mean
activity was then plotted vs. depth to yield an activity profile spanning the radial axis of the
DCN.

Recordings of single unit activity
Immediately upon completion of multiunit recordings, single unit activity was recorded with
electrodes filled with 0.3 M NaCl and having tip impedances of 13 to 24 MΩ. Electrode signals
were preamplified and bandpass filtered (200 Hz to 4 kHz) (WPI DAM-80). Single units were
recorded in penetrations that were perpendicular to the DCN surface over the same topographic
range where multiunit activity was recorded. Electrodes were advanced remotely using a
Narashige XYZ micromanipulator. The depth of each recording was measured by taking the
difference between readings on the micrometer scale of the micromanipulator at the surface
and at the recording site. The number of cells recorded in each penetration was determined and
used to compute the average number of cells/penetration in each animal group.

Single unit spikes were recorded during periods of spontaneous activity (SA) and detected
using a level discriminator. The spontaneous discharge rate (spikes/s) of each unit was
quantified by counting the number of spikes measured over periods of 90 s. Oscilloscopic traces
of activity were digitized at a 20 kHz sampling rate (Apple Quadra 650, Hardware: National
Instruments NB-MIO-16 ADC; software: A/Dvance, McKellar design).

Acoustic response properties
Frequency response areas were obtained by testing the responses of units to pure-tones (50 ms
including 5 ms rise-fall ramps) over a range of frequencies and intensities. Pure tones were
generated by a computer controlled HP 3325A function generator. The level was controlled
by computer using a Coulbourn programmable attenuator. Stimuli were presented monaurally
at a rate of 10/s to the left ear through a Beyer Dynamic DT-48 headphone coupled to the
external auditory meatus using a plastic conical insert. Stimulus frequencies were increased in
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50 logarithmic increments from 3 to 32 kHz, and the intensities were increased in 6 dB steps
from 6 to 96 dB SPL, yielding a total of 800 frequency/intensity combinations. Frequency
response areas, based on presentations of each tone only once, were displayed on-line by
plotting response bars whose heights were proportioned to the number of spikes collected
during each stimulus.

When possible, peri-stimulus time histograms (PSTH) were also collected. These were
calculated from spike time occurrences in relation to tone onset with a time resolution of 0.1
ms. The PSTH was determined from responses to 250 presentations of 50 ms best frequency
tones at 20 dB above threshold, presented at 4/s.

Data analysis
Levels of spontaneous activity can be influenced by a number of external factors beyond those
caused by our controlled noise exposure, such as quality of surgical preparation, depth of
anesthesia, tissue dehydration, etc. Due to these other factors, animals occasionally yielded
spontaneous rates far outside their normal ranges. Although such occurrences were rare, when
they were encountered, their inclusion in the analysis greatly biased the mean spontaneous rate
values of their respective animal groups. To avoid the biasing effects of these outliers, we
rejected data from animals yielding mean multiunit spontaneous rates greater than or less than
1.5 standard deviations of the mean values obtained in a previous study (Kaltenbach and
Afman, 2000).

For each unit, we obtained digitized records of spontaneous activity for periods of up to 90
seconds. From these records, a series of 10 traces, each trace representing 100–200 ms of
activity, were subjected to a detailed analysis to obtain clear measures of spike amplitude and
waveform, and the incidence of bursting activity. Note, however, that the measures of spike
amplitude and waveform were performed only on simple spikes and excluded spikes occurring
in bursts, which comprised less than 30% of all spikes in both animal groups. Because this
analysis required a high degree of consistency across the population of spikes from each unit,
records displaying signs of instability in the recording were not included in the analysis.

The analysis of spike trains was conducted in several steps. The unit was first classified as
having either a W-shaped or M-shaped waveform, based on the polarity and configuration of
the first three major peaks in the spike. W-shaped spikes displayed waveforms characterized
by an upward peak before and after large downward peaks, while M-shaped spikes exhibited
a downward peak before and after upward peaks. The criteria for this classification are
described in more detail in Finlayson and Kaltenbach (2006). Mean spike amplitude was then
calculated from a sample of at least 8 successive spikes recorded from each unit by measuring
the peak-to-peak voltage. Spike waveforms were averaged primarily to ensure that for
comparisons of spikes, accurate representative waveforms from each unit were used. Spikes
were carefully aligned (manually) so that all peaks were in register before averaging. This is
possible, but very cumbersome with hundreds of spikes. The averages of 8 spikes were good
representations of individual spikes (based on comparisons of average waveforms to individual
spikes (Finlayson and Kaltenbach, 2006). The increase in the signal-to-noise ratio was an added
benefit of averaging. Consistency in the spike waveform and amplitude confirmed that a given
spike train represented only one neuron. The mean peak-to-peak voltage of the entire
population of neurons within each treatment group (exposed and control) was then computed.
In a similar manner, using the same traces used to measure spike amplitude, the mean duration
of each of the three major peaks in the spike waveform were measured for each unit. The
measures were made at the zero crossings for each peak. The mean duration of each peak was
then calculated for all units in each of the treatment groups. Lastly, the incidence of burst events
over the entire period spanned by the 10 traces was determined by counting the number of
clusters of two or more spikes in which the interspike intervals were separated by intervals of
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10 ms or less. From these counts, the number of bursts/s for each unit was determined and the
mean number of bursts for all units within each of the treatment groups was calculated.

All summary data are presented as means ± standard error (S.E.). Multiunit activity in control
and exposed animals was compared using a 2-way ANOVA for averaged activity as a function
of the distance along the medial-lateral axis of the DCN. Comparisons of spike amplitudes,
duration of spike waveform peaks, spontaneous discharge rates of all cells and those with type
III frequency responses, percentage of units firing in bursts and thresholds at the characteristic
frequency (CF) based on frequency responses between control and exposed animals were made
with the Student t-test and Bartlett’s test for unequal variances. The t-test was also used to
compare waveform shapes and bursting activity between control and exposed animals. The
level of significance was set at 0.05.

RESULTS
Multiunit recordings, sufficient to map spontaneous activity in 3 rows along the medial-lateral
(tonotopic) axis of the DCN (activity profiles), were successfully obtained from 25 animals,
including 15 exposed and 10 controls. Of these, 23 animals yielded data that met the criteria
for inclusion in the final data analysis. The two animals that were excluded (one exposed and
one control) displayed very abnormal multiunit activity levels that fell outside 1.5 standard
deviations of the mean values that are typical of exposed and control animals, as published
previously (see methods). Inclusion of these animals in the analysis resulted in an unacceptably
high level of skewness in the data distributions, which increased variances and greatly reduced
the statistical differences between levels of activity in exposed and control animals. Excluding
these outliers, we were able to obtain a sample of 91 well isolated single units on which to
compare spontaneous discharge rates in control (36 units) and exposed (55 units) animals.
Acoustic response properties (PST histogram and/or frequency response patterns) were
obtained in 39 units in exposed animals and 18 units in controls.

Multiunit recordings
An increase in multiunit spontaneous activity in exposed animals is shown in Fig. 1A and Table
I, comparing mean rates (averaged across the 3 rows of recording sites) vs. distance at loci
between 0.5 to 1.1 mm from the lateral edge of the DCN. Mean activity in exposed animals
was higher than that measured in control animals at all locations between 0.6 and 1.1 mm.
Whereas control rates in this range consistently averaged less than 27 events/s, the mean rates
measured in exposed animals over this range were consistently above 35 events/s. When data
from all sites along the medial-lateral axis were pooled, activity over the full range of loci
averaged 17.4 events/s in control animals and 40.9 events/s in exposed animals. This difference
represents an increase of activity of 134 % and was highly significant (p < 0.0001).

Multiunit spontaneous activity is examined as a function of depth in Fig. 1B–D. As can be
seen, mean activity is increased at all depths, but especially in the intermediate range between
100 and 250 μm below the DCN surface (Fig. 1C–D). In this range, the increase in activity in
exposed animals was much stronger than at shallower and deeper levels. Post-hoc analysis of
the data revealed that the intermediate depth was focused on the fusiform cell layer and shallow
level of the deep layer (Fig. 1B).

Single Unit recordings
Spike waveforms—Since deafferentation of sensory systems has been shown to trigger
plasticity in voltage-gated channels (Devor, 2006), it was of interest to examine how the
proportions of units with different waveforms might be affected in exposed animals. We
focused first on the properties of simple spikes in single unit recordings, since a previous study
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indicated that simple spikes in the hamster DCN fall into two distinct categories. As detailed
in the methods section of this paper, these include M-shaped and W-shaped spikes based on
the configuration of the first three peaks in their waveforms (Finlayson and Kaltenbach,
2006). This differentiation is important because W-shaped waveforms were found in a previous
study to be distributed almost exclusively in the fusiform cell layer (Finlayson and Kaltenbach,
2006). We also examined the incidences of units that exhibited complex spikes, characterized
by bursts of spikes occurring close together. These will be described in a separate section (see
section titled ‘Bursting activity’ below).

Simple spikes in both groups of animals displayed either M- or W-shaped waveforms (see
methods). No units were observed with mixtures of both waveforms, and waveforms were
found to be constant with changes in electrode position, despite the fact that changes in the
peak-to-peak amplitude of the waveforms were usually apparent as the electrode was moved
to deeper levels. In control animals there was a slightly higher occurrence of M-shaped spikes
(51.4%) than W-shaped spikes (48.6%). Exposed animals showed a much higher percentage
of M-shaped (72.7%) than W-shaped (27.3%) spikes. This change was statistically significant
(Fisher’s exact test, 2-tailed, p=0.0058).

We also compared the microstructures of each of the two waveform types in the two animal
groups. The average waveforms of units with M-shaped spikes were almost indistinguishable
in control and exposed animals (Fig. 2A), and the durations of each peak at zero crossings were
not statistically longer in units from exposed animals compared to those in controls (Fig. 2B,
C). A larger difference was observed in the average waveform of units with W-shaped spikes
in exposed animals compared to those in controls (Fig. 3A). This difference was apparent as
a prolongation of the second (main) and last (third) peaks in the spike waveform. Specifically,
the average duration of the second peak increased from 0.51 ± 0.01 ms in controls to 0.57 ±
0.02 ms in exposed animals (Fig. 3B), and the last peak increased from 0.73 ± 0.02 ms in control
animals to 0.92 ± 0.03 ms in exposed animals (Fig. 3C). These increases were statistically
significant (p=0.003; p< 0.0001, respectively) and suggest that intense sound exposure may
have caused changes in the biophysical properties of neurons in the DCN fusiform cell layer.

Spike amplitudes—Amplitudes of spikes in single unit recordings were examined to
determine if an increase in spike amplitude from cells in exposed animals could account for
all or part of the increased rates from exposed animals observed in multiunit recordings. The
average spike amplitude from exposed animals was 422 ± 46 μV, which was larger than 330
± 29 μV for cells in control animals. However, this increase was not statistically significant
(p=0.12; Table I). Recording electrodes had similar properties in both groups, with a mean
impedance of 21 MΩ in each group.

Spontaneous discharge rates—The elevated level of multiunit activity in exposed
animals was paralleled by elevated spontaneous activity of single units. The mean single unit
spontaneous rate in control animals was 8.7 ± 1.6 spikes/s, while that in exposed animals was
15.9 ± 2.5 spikes/s (Fig. 4A, B, Table I). Thus, previous sound exposure raised the mean
spontaneous rate by 83% above control levels, and this increase was statistically significant (p
= 0.038).

In order to determine whether this hyperactivity in exposed animals reflected a general increase
in activity among neurons spanning the full range of spontaneous rates, or instead, resulted
from an increase in the proportion of cells having only high rates of activity, we plotted the
proportion of cells from exposed and control animals grouped in different rate categories as
shown in Fig. 4C. As can be seen, following sound exposure, more cells had firing rates greater
than 20 spikes/s and fewer had rates between 0 and 10 spikes/s. Thus, the increase in mean
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discharge rates for single units in exposed animals was associated with an increase in the
proportion of units with high rates and a decrease in the proportion of units with low rates.

Bursting activity—Bursting activity refers to the firing of a single unit in groups of 2 or
more spikes in close temporal proximity. We define close proximity as interspike intervals of
10 ms or less. Examples of non-bursting and bursting activity are shown in Fig. 5. In our
analysis, we differentiated three categories of spikes, including simple spikes (Fig. 5A), which
occurred singly, and two forms of bursting activity, including spike couplets (Fig. 5B),
consisting of spikes occurring in pairs, and spike runs (Fig. 5C), consisting of close successions
of three or more spikes. Note that no units displayed exclusively bursting activity; spikes
occurring in bursts always alternated with simple spikes. Cells with W-shaped spikes were
more likely to exhibit bursting activity (75% of) than M-shaped units (43% of) and this was
significant (chi-square =9.73, DF=2, p = 0.0077). However, exposed and control animals did
not differ in the proportions of units with W and M shaped spikes showing bursting activity.

We found several lines of evidence for an increase in bursting activity in tone-exposed animals.
First, exposed animals showed an increase in the proportion of units displaying spike bursts.
In exposed animals 56% (31/55) of units displayed bursting activity, compared with 47%
(17/36) in controls (Fig. 6A). This reflected increases in both couplets and bursts. The
proportion of units with couplets increased from 38% in controls to 53% in exposed animals,
while those with runs increased from 25% to 37%. Second, the percent of spikes occurring in
bursts of activity increased. That is, 28.2% of spikes occurred in the form of couplets or runs
in exposed animals, compared to only 20.3% in controls (Fig. 6B). And third, there was an
increase in the rate of bursts in exposed animals (Fig. 6C–D). Most of this increase was due to
an increase in the incidence of spike couplets, which averaged 0.57 couplets/s in controls and
1.32 couplets/s in exposed animals (Fig. 6C). This increase was statistically significant (p =
0.04). Spike runs also increased slightly, from 0.20 runs/s in controls to 1.54 runs/s in exposed
animals (Fig. 6D), although this difference was not statistically significant. This difference was
due to units that had rates of over 2 runs/s, which were only observed in exposed animals.

To determine the relative weight of the contributions of increased bursting vs. non bursting
activity to the overall increase in spontaneous discharge rate in exposed animals reported above
(see previous section ‘Spontaneous discharge rates’) we computed the proportion of the
increase in mean discharge rate that could be accounted for by the increase in the mean
discharge rates of spikes occurring in couplets and runs, based on the analysis of spike trains
in the digitized traces. This proportion was obtained using the following ratio:

where βe and βc are the mean number of spikes in bursts per second in exposed and control
animals, respectively, and σe and σc are the mean spontaneous discharge rates of all spikes
combined (those in bursts and those not in bursts) in exposed and control animals, respectively.
Based on this ratio, it was determined that 51.3% of the increase in mean spontaneous discharge
rate in exposed animals was accounted for by an increase in the discharge rates of spikes present
in bursts. The remainder of the increase (48.7%) occurred as simple spikes. Thus, spikes in
bursts and simple spikes contributed approximately equally to the overall increase in mean
discharge rate. Note, however, that 20.3% of spikes in control animals occurred in bursts, while
in exposed animals 28.2% of spikes occurred in bursts. Thus, although spikes in bursts were
a relatively minor share of the total spike population in exposed animals, their contribution to
the overall increase in mean discharge rate was about equal to that of simple spikes.
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Number of units/penetration—In an effort to determine whether intense sound exposure
may have caused an increase in the numbers of spontaneously active neurons, we compared
the mean numbers of spontaneously active units per electrode penetration through the DCN in
the two animal groups. This comparison was only marginally supportive of a change in the
numbers of spontaneously active neurons. The average number of cells recorded per
penetration was 1.03 ± 0.12 in controls and 1.21 ± 0.12 in exposed. This difference, however,
was not significant (p=0.26). The mean number of recorded units/animal was 9 in the control
group and 8.3 in the exposed group.

Frequency responses, thresholds and PSTH response patterns—Unit thresholds
and frequency response patterns were obtained from 18 units in control animals and 39 units
in exposed animals. Frequency responses of single units recorded from control animals were
predominantly (12/18) type III (Fig. 7A), one gave a type V response, and 5 showed poor or
no determinate responses. Although many units (17/39) recorded in exposed animals exhibited
type III frequency responses, one unit had a type V response, and a larger proportion (21/39)
of units exhibited poor or no responses to tones. An example of a unit with a type III response
is shown in Fig. 7B.

Thresholds measured from type III frequency responses were elevated in the exposed animals
relative to controls. The average characteristic frequency (CF) threshold was 14 dB greater in
exposed animals than in control animals (p=0.03; Fig. 7C). However, this is very likely an
underestimate of the threshold changes, as measures of thresholds could not be obtained from
units whose responses to tones were very weak or absent.

Examination of the data in Fig. 7D revealed an increase in mean rates of units with type III
response patterns in exposed animals (Fig. 7D). The average rate for this unit type increased
from 6.8 ± 1.7 spikes/s (n=12) in controls to 18.8 ± 3.2 spikes/s (n=17) in exposed animals.
No type III cells in controls had spontaneous discharge rates greater than 20 spikes/s, whereas,
after exposure, over half of type III cells exhibited spontaneous rates greater than 20 spikes/s
(Fig. 7E), and were the majority of units (9/17) with these higher rates. Bursting activity was
observed in many units with type III frequency responses (Control, 6/12; Exposed 11/17; Fig.
8). These findings suggest that type III units were major contributors to the increases in mean
firing rate observed across the general population of units in exposed animals.

Peristimulus time histograms (PSTH) were collected from 11 type III units from control
animals and 14 type III units from exposed animals. Units displayed similar temporal response
patterns, typically “Pauser-buildup” (controls: 6/11; exposed: 6/14) and “Wide
Chopper” (control: 4/11; exposed: 6/14), and in similar proportions in control and exposed
animals (Fig. 7F). Figure 8 shows two examples of units with type III response patterns (Fig.
8A, B) along with their associated temporal response patterns. One of these units, which was
obtained from a control animal, yielded a chopper PSTH pattern (Fig. 8C), while the other,
which was obtained from an exposed animal, yielded a buildup pattern (Fig. 8D). Both units
showed simple spiking activity (W-shaped waveforms) alternating with bursts consisting of
spike couplets.

DISCUSSION
These results demonstrate that increased multiunit activity induced by intense sound exposure
reflects increases in spontaneous discharge rate of single units. Included in this general increase
in activity was an increase in non-bursting as well as bursting activity. Both types of increases
in activity have been reported to occur in the inferior colliculus and auditory cortex following
noise exposure (Norena and Eggermont, 2003; Bauer et al., 2008) and/or salicylate treatment
(Chen and Jastreboff, 1995). In the present study, although we found no change in the interspike
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intervals in bursts, approximately half of the increase in discharge rate was accounted for by
spikes present in bursts. This is all the more remarkable, given that spikes in bursts were a
relatively small percentage of the total number of spikes in both exposed (28%) and control
(20%) animals. Chen and Jastreboff (1995) found increases in spontaneous rate of rat inferior
colliculus neurons after salicylate treatment. Later data from their group suggested that
behavioral evidence for tinnitus correlated better with bursting activity than with the general
increase in spontaneous activity (Kwon et al., 1999). Bauer et al. (2008) reported that the 1000
Hz tinnitus in chinchillas following sound exposure correlated with the firing rate of spikes in
bursts. Although we have previously reported that behavioral evidence for tinnitus correlates
moderately well with increases in spontaneous activity (Kaltenbach et al., 2004), it is possible
that an even stronger correlation would be found if the relationship between tinnitus and the
increase in activity were limited to spikes in bursts. Confirmation of this prediction awaits
further study.

Interestingly, the magnitude of the increase in single unit discharge rate (83%) was smaller
than the magnitude of the increase in multiunit activity observed in the present study (134%).
This indicates that one or more other factors must contribute to the increase in multiunit activity.
One possible other factor that would not be mirrored in single unit firing rates is an increase
in the number of spontaneously active units by recruitment of activity from units that are
normally silent. Although there was a slight increase in the number of units/penetration in
exposed animals, the difference was not statistically significant. Thus, the data seem only
marginally supportive of an increase in the size of the spontaneously active neural population.
Another possibility is that the higher multiunit activity after exposure reflects not only an
increase in mean discharge rate of neurons but also an increase in the amplitude of single unit
spikes. There was little evidence to support this explanation, as mean single unit spike
amplitudes were only slightly higher in exposed animals than in controls, but again, the
difference was not statistically significant.

Other explanations of the higher level of multiunit activity compared to the increase in single
unit discharge rates include an increase in glial activation and/or and increase in neural
synchrony. Although we cannot yet comment on the role of glial activity in our measures of
multiunit activity, increases in neural synchrony have been reported to occur in the auditory
cortex following noise exposure (Norena and Eggermont, 2006; Seki and Eggermont, 2003).
Elevations in neural discharge rates and in the incidence of spike bursts would be expected to
increase the number of component spikes contributing to a multiunit waveform and the number
of spikes from different neurons falling into the same time bin, increasing coincidence of spike
events. Constructive interference among coincident spikes produces an enhancement of the
summated multiunit waveform amplitudes. Because the summations of spikes from different
units occur more or less in random phase, the summated waveforms are likely to be more
complex and to display higher amplitudes than are characteristic of the spikes of the
contributing units. The resulting higher amplitudes of the multiunit waveform may therefore
have a multiplicative effect on rate, increasing the number of multiunit potentials reaching the
threshold voltage of our measurements.

Comparison with other studies
A few previous studies in other laboratories have examined the effects of intense noise exposure
on single unit spontaneous activity in the DCN. Brozoski et al. (2002) compared the mean
spontaneous discharge rates of DCN neurons in exposed and control chinchillas. The animals
had been exposed to a 4 kHz monaural tone for 1 hour at 80 dB SPL. While ABR thresholds
were within normal limits 5 months after exposure, mean spontaneous rates in the ipsilateral
DCN were found to be 35% higher than control levels. Shore et al. (2008) compared
spontaneous rates of single units in the DCN of control and noise-exposed (broadband noise
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at 120 dB SPL for 4 hrs) guinea pigs. Neural response threshold shifts in the DCN were between
30 and 40 dB in exposed animals. A 35% increase in single unit spontaneous activity was
observed in the DCN one week after exposure. Overall, there seems to be a reasonable degree
of correspondence between the results obtained in these studies and those reported here, except
that the 35% increases observed in the chinchilla and guinea pig are considerably lower than
the 83% increase observed in the present study. Variations in morphology or physiology in the
DCN among these species or in effects of sound exposure may be important factors in this
difference.

Two other studies which have demonstrated increases in spontaneous activity in the DCN have
involved the use of non-electrophysiological measures. Imig and Durham (2005) obtained
evidence using the 2-deoxyglucose method for an increase in metabolic activity of the DCN
and inferior colliculus (IC) of Long-Evans rats exposed monaurally to intense (114–116 dB
SPL) narrow band (15–20 kHz) noise for a period of one hour. The increase was apparent one
week after exposure as an elevation of optical density in the low frequency region of the
ipsilateral DCN and contralateral IC. The high frequency region showed a decrease of optical
density. The increase in the low frequency region was augmented by decortication, suggesting
that corticofugal pathways have a suppressive effect on hyperactivity. A study by Wallhauser-
Franke et al. (2003) found an increase in c-fos expression in the DCN and in other auditory
nuclei (IC and auditory cortex) after intense impulse noise (136–142 dB SPL). The increase
was observed 1 and 7 hours after exposure. Unfortunately, comparison with the present study
is difficult as data for later postexposure times were not reported. However,
electrophysiologically demonstrated increases in spontaneous activity have been observed in
the DCN within hours following moderate levels of sound exposure (Kaltenbach et al.,
2005). The onset of hyperactivity following more intense exposures requires several days
(Kaltenbach et al., 2000). Thus the onset of hyperactivity may be affected by the type of
cochlear injury, which would likely be different for impulse noise than for continuous tone
exposure.

One other study, published by Ma and Young (2006), compared in vivo spontaneous activity
in cats binaurally exposed to an intense narrow band of noise centered at 10 kHz at a level of
105–120 dB SPL for 4 hrs. Single unit spontaneous activity was recorded in the ipsilateral
DCN beginning at 28 days after exposure. Although spontaneous activity was higher among
units with high CFs than in those with low CFs, the difference was not significant in any of
several unit types in the DCN of exposed animals relative to controls. It is not clear why this
study yielded such different results from those reported here and by the other investigators
referred to above. Ma and Young acknowledged that species differences or differences in
methodology may play a role. It is perhaps worthy of note that the study by Ma and Young
was conducted in decerebrate animals, whereas all other electrophysiological studies cited
above were conducted in anesthetized animals. The DCN in decerebrate animals may adjust
to loss of normal peripheral input in a different manner from that of anesthetized animals, in
which the inputs to the DCN from higher order auditory and non-auditory structures remain
intact (Weedman and Ryugo, 1996; Shore et al., 2000; Itoh et al., 1987; Weinberg and Rustioni,
1987).

Identity of the hyperactive cells
Identification of the cell populations giving rise to hyperactivity is a critical step towards
unraveling the mechanisms by which tinnitus-related hyperactivity is induced. This is a
difficult task, as our results indicate that the increase in mean rate only partially reflects the
emergence of high rate units. Much of the increase is due to a shift in rate distribution within
the normal range, with high rate units becoming more common and low rate units becoming a
smaller proportion of the rate distribution after tone exposure. Although units with spontaneous
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rates that lie outside the range of rates observed in control animals were present in our sample
of units from exposed animals, their numbers were very limited when the sample as a whole
was examined (Fig. 4A). The limited number of high rate units is a challenge to any effort to
identify hyperactive neurons by intracellular and juxtacellular labeling methods since the latter
methods inherently yield small numbers of successfully labeled cells. For this reason, we
sought to obtain clues concerning the identity of hyperactive cell populations by inspection of
unit response properties and by examining the laminar distribution of hyperactivity as a
function of depth below the DCN surface.

We found that the degree of multiunit hyperactivity in the DCN of exposed animals was greater
at intermediate depths than at deeper and shallower levels (Fig. 1C, D). This observation points
to neurons in the fusiform cell layer and/or shallow levels of the deep layer as sources of
hyperactivity. Among units with the highest rates of spontaneous activity in exposed animals,
when a response area was collected, it was of the type III pattern, characterized by an excitatory
peak flanked by side bands of inhibition (Fig. 7C and Fig. 8). Also, as shown in Fig. 7C (middle
panel), the proportion of units with elevated rates of spontaneous activity was larger when a
subpopulation of units having type III response areas was examined. All type III units in control
animals had rates below 20 spikes/s, while in exposed animals most had rates above 20 spikes/
s. This suggests that type III units may be a major source of hyperactivity in the DCN. The
available evidence suggests that type III response patterns are derived mainly from fusiform
cells, although the possibility that type III patterns could arise from cell types in exposed
animals that normally have other response properties cannot be ruled out. The inference that
fusiform cells are a major source of DCN hyperactivity after noise exposure is also supported
by two other works. The studies of Shore et al. (2008) in guinea pigs and by Brozoski et al.
(2002) in chinchillas, showed that units displaying increased spontaneous discharge rates after
intense noise exposure, exhibited pauser/buildup PST histogram patterns and/or non-
monotonic rate/level functions. These characteristics are generally considered to be typical of
fusiform cells (Godfrey et al., 1975a, b; Rhode & Smith, 1986; Stabler et al., 1996; Young,
1980).

The increase in bursting activity in our exposed animal group might be regarded as evidence
for a non-fusiform cell origin of hyperactivity. Indeed, 47% of our units in controls and 55%
of units in exposed animals, including units with elevated spontaneous activity, displayed
bursting activity. Some in vitro studies have suggested an association of bursting activity in
the DCN with cartwheel cells rather than fusiform cells, which tend to exhibit more regular
firing (Manis, 1990; Oertel and Wu, 1989; Manis et al., 1993; Zhang and Oertel, 1993). This
is consistent with the results of Chang et al. (2002) based on their in vitro recordings of rat
DCN following intense noise exposure. However, the association of bursting activity with
cartwheel cells based on in vivo recordings, is less well established. While some have asserted
that cartwheel cells may fire in bursts in vivo, bursting activity has also been observed
occasionally in cells at depths outside the range in which cartwheel cells are normally
distributed in the DCN (Parham and Kim, 1995). Bursting activity has also been observed
occasionally on cells that have the physiological characteristics of fusiform cells (Ding et al.,
1999; Pal et al., 2003; Rhode and Smith, 1986). In our sample, bursting activity was often
observed in units displaying type III frequency response areas (Fig. 8), a property that is not
known to be generated by cartwheel cells (Portfors and Roberts, 2007; Parham and Kim,
1995; Parham et al., 2000). Finally, in a preliminary study using juxtacellular labeling, we
observed bursting activity originating from a neuron that was found to have the morphological
characteristics of a fusiform cell (Finlayson and Kaltenbach, 2005). Based on these
considerations, it seems likely that the increase in bursting activity may be indicative of an
increase in bursting of fusiform cells. However, the possibility that cartwheel cells might also
contribute to the increases in activity on week after exposure cannot be ruled out.
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Mechanisms underlying induction of hyperactivity
Previously, discussions of mechanisms of tinnitus-related hyperactivity in the DCN have
focused on the synaptic elements underlying the perturbations in the balance of excitatory and
inhibitory inputs. A loss of inhibition in the DCN has been observed following unilateral
cochlear ablation (Potashner et al., 2000; Suneja et al., 1998; Asako et al., 2005). There is
evidence for a down-regulation of the inhibitory neurotransmitter, glycine, in the DCN after
cochlear ablation (Suneja et al., 1998; Potashner et al., 2000) and a decrease in glycine receptor
expression in the DCN after noise exposure (Asako et al., 2005). At the same time, complex
time-dependent up-regulation of aspartate release has been observed in the DCN after intense
sound exposure (Muly, et al., 2004), suggestive of an increase in excitation. Certain other
excitatory neurotransmitters (acetylcholine and serotonin) or their receptors (glutamate), have
also been shown to be up-regulated following noise exposure (Cransac, et al., 1998; Chang et
al., 2002; Kaltenbach and Zhang, 2007) or cochlear ablation (Jin, et al., 2006; Suneja et al.,
2000; Illing et al., 2005). Overall, the changes suggest that there may be a net increase in
synaptic excitation compared to inhibition in the DCN after noise exposure and other related
damage to the auditory periphery (see review by Kaltenbach, 2007).

One or more ion channel pathologies may also be involved in the emergence of DCN
hyperactivity. Numerous studies in other sensory systems have shown that peripheral injury
causes changes in ion conductances of first and second order neurons (Waxman, 1999; Abdulla
and Smith, 2001a, 2001b; Liu et al., 2000; Kim et al., 2002; Hains et al., 2003; Chaplan et al.,
2003). Francis and Manis (2000) invoked alterations in ion conductances in cochlear nucleus
neurons to explain changes in input resistance and spike waveforms of ventral cochlear nucleus
neurons after cochlear ablation. In the present study, the increase in the proportion of cells with
M-shaped spike waveforms, and the increase in the duration of W-shaped spike waveforms in
exposed animals are consistent with changes in ionic channels. Increases in spike duration have
been shown to result when potassium channels are blocked (Zhang, et al., 2004). Down-
regulation of the A-type potassium (IA) conductance, a prominent conductance in fusiform
cells (Manis, 1990; Serodio and Rudy, 1998; Kanold and Manis, 1999; Pal, et al, 2003) is
associated with hypersensitivity in pain (Hu et al., 2006) and increased bursting in pyramidal
neurons in the electrosensory lateral line lobe (Ellis, et al., 2007), which are likely homologous
to DCN fusiform cells (Mugnaini and Maler, 1993). Persistent sodium channels (INaP) are
exhibited by DCN fusiform cells (Manis et al., 2003) and cause subthreshold membrane
potential oscillations that could increase generation of burst firing. Fusiform cells also exhibit
hyperpolarization-activated mixed cationic conductances (Ih; Mouse: Pal et al., 2003; Guinea
Pig: Manis, 1990). An up-regulation of either Ih or INaP would increase excitability and
spontaneous activity. DCN cells also exhibit many other ion channels whose regulation could
increase excitability (Kim and Trussel, 2007; Molitor and Manis, 1999; Manis and Molitor,
2003; Ruszsnak et al., 2000). Although, we do not exactly know how excitatory and inhibitory
transmission affects the pattern of spiking activity in postsynaptic neurons following noise
exposure, it is possible that some of the alterations in synaptic release discussed above, coupled
with changes in ionic conductances, could underlie the observed increases in spontaneous
activity in the DCN after intense sound exposure.
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Figure 1.
Comparison of multiunit spontaneous activity profiles in exposed and control animals. A.
Activity profile for the DCN surface. Each point represents the group mean (±S.E.) of rates
measured in the three rows of recordings sites. Rates in exposed animals were significantly
higher than control values. Distances specified on the abscissa are relative to the lateral edge
of the DCN. The activity profile along a vertical penetration through the DCN (B) demonstrates
that multiunit spontaneous activity was highest at depths corresponding to the fusiform cell
layer (FCL), as shown in panel C. When the data were plotted as a difference, relative to
controls, (D), it can be seen that the largest increase in spontaneous activity was also observed
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at these depths. The exposure sound was a 10 kHz tone at a level of 115 dB SPL for 4 hrs.
Spontaneous activity was measured 5–6 days following the exposure.
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Figure 2.
Comparison of M-shaped spike waveforms in the DCNs of exposed and control animals. The
mean spike waveform (± S.E.), normalized by dividing all amplitude values by the absolute
values of the maximum peaks, of M-shaped spikes in exposed animals were not found to be
significantly different from those in controls. Although there was a small increase in the average
amplitude of the last peak following sound exposure (A), this increase was not statistically
significant. The durations of individual peaks in the M-shaped spike waveforms were also not
statistically different in control and exposed animals (B, C).
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Figure 3.
Examination of W-shaped spike waveforms in exposed and control animals. Panel A compares
the mean waveforms from the two groups, normalized as in Fig. 2. Note that the durations of
the main and last major peaks in the waveform (B, C) were significantly increased in units
from exposed animals compared to those from controls.
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Figure 4.
Effects of intense tone exposure on single unit spontaneous discharge rate. A. Mean
spontaneous rates were significantly higher in exposed animals relative to those in controls.
The scatter plot in panel A and the bar graph in panel B show the distributions of units with
different rates and the difference in mean rates in the two animal groups, respectively. C.
Change in percent of the total number of units as a function of discharge rate. The data show
an increase in the proportion of units with high discharge rates (≥ 20 spikes/s) and a reduction
in the percentage of units with low discharge rates (≤ 12 spikes/s) in exposed animals.
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Figure 5.
Examples of spike trains of DCN neurons from exposed animals. A. Simple spikes (non-
bursting activity). These occurred in regular (upper trace) and irregular (lower trace) discharge
patterns. B. Spike bursts in the form of couplets, characterized by spike pairs. Each couplet is
marked by a horizontal bar above the trace. C. Spike bursts in the form of runs. Most runs
consisted of clusters of 3–5 spikes, but in some animals barrages of more than 10 spikes were
sometimes observed (bottom trace). Interspike intervals in couplets and runs were ≤ 10 ms.
Horizontal scale bars = 10 ms; vertical scale bar = 100 μV in A, and 50 μV in B and C.
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Figure 6.
Intense tone exposure-induced changes in bursting activity of DCN units. The figure compares
the percentage of units with couplets and runs (A), percent of spikes in bursts B), couplet rate
(C) and run rate (D) in exposed and control animals. Note that the increase in units with high
rate activity and the burst rate observed in exposed animals was paralleled by increases in the
rates of couplets and runs, although only the increase in couplet rate was statistically significant.
Overall, the results are indicative of an increase in bursting activity in the DCN of exposed
animals.
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Figure 7.
Comparison of response properties and spontaneous rates in control and tone-exposed animals.
A. Proportions of unit populations in control and exposed animals with different frequency
response patterns. The predominant frequency pattern was type III in both control and exposed
animals. A decrease in the percentage of units showing type III frequency responses in exposed
animals was accounted for by an increase in the percentage of units in which the frequency
response type was indeterminate, due to weak or absent responses. B. An example of a type
III frequency (spectral) response area from an exposed animal. This response type is
characterized by a sharply tuned excitatory area flanked by side band (lateral) inhibition. C.
Type III units in exposed animals displayed higher thresholds than those in controls. Mean
thresholds were 14 dB higher in exposed animals than in controls, although the true magnitude
of the threshold difference is underestimated due to the increased number of units in which
thresholds were indeterminate. D. Mean spontaneous discharge rates of type III units were
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distinctly elevated in exposed animals relative to controls. E. This increase was due to an
elevation in the number of type III units with high activity (rates above 20 spikes/s). F.
Proportions of unit populations in control and exposed animals yielding different PST
histogram patterns. Similar proportions of DCN cells exhibited chopper and buildup temporal
firing patterns to sound (PSTH response type) in control and exposed animals.
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Figure 8.
Examples of units with type III spectral response patterns and their associated temporal
response patterns. (A. Unit from a control animal; B, Unit from an exposed animal). The
response areas both show a V-shaped excitatory area with a lateral inhibitory side band in
which spontaneous activity was inhibited. One unit exhibited a chopper response pattern (C)
and W-shaped spikes (E), while the other unit exhibited a buildup pattern (D) and W-shaped
spikes. Both PST patterns were obtained in response to a CF tone burst 20 –30 dB above
threshold. (Y-axis represents Instantaneous rate; black bars under PSTHs indicate tonal
stimulus period). These response patterns are typical of DCN fusiform cells. Both units
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exhibited couplet (pairs of spikes with interspike intervals of less than 10 ms) firing activity
during recordings of spontaneous activity (E, F, calibration bars are 10 ms, and 50 μV).
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Table I

Changes in the properties of single and multiunit recordings in the DCN following intense sound exposure

Spike Amplitude MU Events/s All SU Spikes/s
Type III SU Spikes/

s

Control 331 ± 29 (54) 17.4 8.9 ± 1.6 (36) 6.8 ± 1.7 (12)
Exposed 422 ± 46 (71) 40.9 15.9 ± 2.5 (55) 18.8 ± 3.2 (17)
% increase Exposed/Control 28% 134% 83% 176%
Statistics t-test; ns, p = 0.12 p< 0.0001 t-test; **, p = 0.038 t-test; **, p = 0.007

MU: mean multiunit spontaneous activity; SU: Single unit spontaneous discharge rates. All SU refers to the entire sample of single units. Type III SUs
refers to units displaying type III response patterns.
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