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Abstract

The purpose of the present study was to investigate the immediate effects of acute exposure to
intense sound on spontaneous and stimulus-driven activity in the dorsal cochlear nucleus (DCN).
We examined the levels of multi- and single-unit spontaneous activity before and immediately
following brief exposure (2 minutes) to tones at levels of either 109 or 85 dB SPL. Exposure
frequency was selected to either correspond to the units’ best frequency (BF) or fall within the
borders of its inhibitory side band. The results demonstrate that these exposure conditions caused
significant alterations in spontaneous activity and responses to BF tones. The induced changes
have a fast onset (minutes) and are persistent for durations of at least 20 minutes. The directions of
the change were found to depend on the frequency of exposure relative to BF. Transient decreases
followed by more sustained increases in spontaneous activity were induced when the exposure
frequency was at or near the units’ BF, while sustained decreases of activity resulted when the
exposure frequency fell inside the inhibitory side band. Follow-up studies at the single unit level
revealed that the observed activity changes were found on unit types having properties which have
previously been found to represent fusiform cells. The changes in spontaneous activity occurred
despite only minor changes in response thresholds. Noteworthy changes also occurred in the
strength of responses to BF tones, although these changes tended to be in the direction opposite
those of the spontaneous rate changes. We discuss the possible role of activity-dependent plasticity
as a mechanism underlying the rapid emergence of increased spontaneous activity after tone
exposure and suggest that these changes may represent a neural correlate of acute noise-induced
tinnitus.
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INTRODUCTION

The DCN, one of the first central processing stations in the ascending auditory pathway,
receives acoustic input from auditory nerve fibers and multimodal inputs from diverse brain
areas through a population of granule cells and their parallel fiber axons. Both auditory
nerve and parallel fibers have excitatory synapses onto the principal output neurons of the
DCN, the fusiform cells. These cells have been shown to become hyperactive following
intense noise exposure (Brozoski et al., 2002; Finlayson and Kaltenbach, 2009; Shore et al.,
2008; Dehmel et al., 2012), which is manifest as an increase in spontaneous activity that
develops gradually following induction of hearing loss and persists for up to at least 6
months (Kaltenbach et al., 1998; Kaltenbach et al., 2000). The induced hyperactivity is
relayed to higher levels of the auditory system, and there is evidence suggesting that it may
be an important factor contributing to tinnitus in noise-exposed animals (Brozoski et al.,
2002; Kaltenbach et al., 2004; Ma et al., 2006; Shore et al., 2008).

Noise-induced hyperactivity is widely thought to result from a shift in the balance of
excitation and inhibition in the central auditory system (see reviews of Roberts et al., 2010).
There is evidence that noise exposure and related manipulations that impair peripheral
function, cause decreases of inhibitory and increases in excitatory synaptic transmission in
the DCN (Asako et al., 2005; Cransac et al., 1998; Muly et al., 2004; Potashner et al., 2000;
Shore, 2011; Suneja et al., 1998; Wang et al., 2009; Zeng et al., 2009). Although little is
known about the mechanism that triggers such a shift, one hypothesis is that the observed
changes in synaptic connectivity are triggered by the loss of normal primary afferent input to
neurons in the cochlear nucleus. Loss of hair cell integrity leads to degeneration or
weakening of primary afferents, and the deafferented neurons may undergo transneuronal
degeneration and/or various forms of plastic alterations, including sprouting of new synapses
(Bilak et al., 1997, Kim et al., 1997; 2004; Morest et al., 1997), and/or up- and down-
regulations of receptors on existing synapses (Wang et al., 2009; Milbrandt et al., 2000;
Dong et al., 2010a; Zeng et al., 2009; Kaltenbach and Zhang, 2006). These changes are
widely believed to underlie the chronic form of tinnitus, but they appear to emerge too
slowly to underlie all forms of noise-induced tinnitus. The acute form of tinnitus, which is
observed following moderate sound exposure conditions that are not permanently damaging
to the auditory periphery, develops within seconds or minutes following exposure (Atherley
et al., 1968; Loeb and Smith, 1967). This suggests a fast acting mechanism that is
independent of deafferentation.

One mechanism that could underlie the acute form of tinnitus and could also set in motion
changes that lead to the chronic form of tinnitus is activity-dependent plasticity
(Tzounopoulos, 2008). Two forms of activity-dependent plasticity, long term potentiation
(LTP) and long term depression (LTD), have been found in DCN fusiform and cartwheel
cells in brain slice preparations (Fujino and Oertel, 2003, Tzounopoulos et al., 2004).
Intrinsic membrane properties can also be regulated in an activity dependent manner
(Turrigiano et al., 1994; Aizenman and Linden, 1999; Desai et al., 1999; Egorov et al., 2002;
Smith and Otis, 2003), leading to modulation of neuronal spontaneous rate. Thus far, studies
demonstrating induction of hyperactivity in the DCN have not been comparable to those
inducing LTP or LTD, since they have employed long exposure conditions (1-4 hours) that
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cause injury to cochlear receptors and/or auditory nerve fibers, and changes in spontaneous
activity have generally been observed in the range of days to months after exposure. In
contrast, neither LTP nor LTD are dependent on injury to cochlear receptors, and both are
observed within minutes following co-activation of their postsynaptic membranes and
inputting parallel fibers (Fujino and Oertel, 2003; Tzounopoulos et al., 2004). The effect of
intense tone exposure on spontaneous activity on the time scale of minutes and using
conditions that do not damage the peripheral receptor epithelium has not been systematically
tested and described.

Here, we investigated the immediate effect of acute sound exposure on spontaneous and
stimulus-driven activity in the DCN of anesthetized hamsters. The level and duration of
exposure were selected so as to constitute a condition of acoustic overexposure without
inducing significant injury to the primary afferents. This allowed us to test the effects of
over-activation of primary afferents without the confounding effects of deafferentation and
hearing loss. The exposures were also designed to activate inputs to fusiform cells from
auditory nerve fibers and parallel fibers and to resemble stimuli that have previously been
shown to induce acute tinnitus in human subjects (80-109 dB) (Loeb and Smith, 1967;
Atherley et al., 1968). We also examined the effects of these exposure conditions on
stimulus-driven activity over a wide range of sound levels. We report that limited exposure
to moderate level tones induces an immediate change of spontaneous activity and evoked
responses in neurons with the properties of fusiform cells.

MATERIALS AND METHODS

Animal subjects

The animals used in all experiments were adult male Syrian golden hamsters (LVG strain)
obtained from Charles River Laboratories. Animals were housed in the animal vivarium of
the Cleveland Clinic and were cared for in accordance with NIH Guidelines for the care and
use of animals in research. Animals were between 2 and 3 months of age at the time
experiments were conducted.

Surgical preparations

Animals were anesthetized by i.m. injections of ketamine (117 mg/kg) and xylazine (18mg/
kg). Areflexia was maintained with supplementary injections of anesthetic. Core body
temperature was maintained at 37°C using a rectal probe and heating pad. A tracheotomy
was performed to maintain normal breathing during anesthesia. The animal’s head was held
firmly in a brace, and the left DCN was exposed by parieto-occipital craniotomy followed by
aspiration of the overlying portion of the cerebellum.

Electrophysiological recordings

Electrodes were micropipettes filled with 0.3 M NaCl and had tip impedances of either 0.4—
0.5 MQ for multiunit recordings or 2-10 MQ for single unit recordings. The output of the
microelectrode was fed through an amplifier (L000X) and bandpass-filtered (0.3-10 kHz).
The electrode was lowered until contact was made with the DCN surface as signaled by the
disappearance of 60 cycle noise and the emergence of neural activity. Recordings were
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conducted before, during and after presentation of an exposure tone (see below). For the
multiunit recordings, only a single attempt at tone-induced plasticity was made in each
animal to avoid the potential for contamination from previously induced plasticity. For
single unit recordings, due to the lower abundance and long term stability of units, two
attempts of exposure-induced plasticity were made in each animal with a recovery period of
at least 60 minutes between exposures. At the beginning of the pre-exposure period,
frequency tuning properties were tested with pure tones (50 ms including 5 ms rise-fall
ramps) over a range of frequencies (3—32 kHz) and intensities (6-96 dB SPL). Generally,
frequency tuning curves from multiunit clusters were similar to those of single units, except
that the multiunit tuning was sometimes slightly broader. However, we found no evidence to
suggest that the BFs based on multiunit recordings differed from those of single units taken
from the same recording sites. Spontaneous rates were quantified and monitored over an
extended duration spanning the periods before and following the exposure tone. The time
axis was divided into 5 second time bins (epochs). For multiunits recordings, spontaneous
rates were measured by counting in each epoch the number of voltage events exceeding
(more negative than) =100 mV. These counts were converted to rates, expressed in events/s,
by dividing the counts by 5 (the duration of each epoch). Single unit spontaneous rates were
quantified and monitored over a similar time frame, but in each 5 second epoch, rates were
measured by counting the number of spikes of similar amplitude and waveform in each bin
and dividing by 5. Both multi- and single-unit spontaneous rates and tuning properties were
acquired using customized Matlab software. Thresholds and tuning properties were based on
frequency-intensity response maps as described previously (Finlayson and Kaltenbach,
2009). These properties were determined for both single- and multi-unit recordings after a
pre-exposure baseline was established just before the exposure tone, then again after a 25-30
minute post-exposure recording of spontaneous activity was completed. Any recordings that
showed large shifts of tuning curve tip thresholds (=18 dB) after tone exposure were
discarded. PST histograms (PSTHSs) with bin resolutions of 1 ms were obtained from
responses to 100 presentations of 40 ms tones set at the units’ best frequency (BF) at 70 dB
SPL presented at 1/s using Datawave (Sciworks) software. For both tuning curves and PST
histograms, sound 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 (Finlayson and Kaltenbach, 2009).

Sound exposure

The exposure sound was a moderately intense tone presented during the recording session to
the left ear using the same headphone used to test tuning properties and PSTHs. With the
earphone coupled to the concha, a tone was delivered to the left ear at levels of 85 or 109 dB
SPL and at frequencies selected to match either the BF or the center of the high frequency
inhibitory side band of the recorded unit. For each exposure condition, the tone was turned
on for 2 minutes.

Data analysis

For the multiunit recordings, the effect induced by each type of exposure condition on
spontaneous activity was calculated by the ratio of activity 20 minutes after exposure to
baseline activity during the 3 minute period immediately preceding the exposure. Thresholds
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and frequency response patterns were used to derive BF, BF thresholds and rate-intensity
functions. The RIF curves were generated using Lowess fitting, Prism 3.0. The effect of
sound exposure on single unit spontaneous activity was determined by calculating the ratio
of activity (spikes/s) 10 minutes after exposure (average of spontaneous discharge rate from
8 to 11 minutes postexposure) to the baseline rate (average discharge rate over a 3 minute
period before the exposure). Baseline activity was considered to be sufficiently stable if the
spontaneous rates, in events/s for multiunit recordings or in spikes/s for single unit
recordings, did not vary by more than 15%, and data from units not showing such stability
were excluded from further analysis (Gao and Strowbridge, 2009). The significance of the
change of spontaneous activity induced by each test condition was tested using the Mann-
Whitney U-test, unless noted otherwise. Differences were considered significant if p < 0.05.
All statistical calculations were performed using Origin.

We started with multiunit recordings on the DCN surface (Fig. 1a), where activity could be
examined without excluding specific cell classes. Multiunit recordings represent the activity
of all nearby neurons, including fusiform cells, giant cells, cartwheel cells, granule cells,
stellate cells and vertical cells; however, such recordings are probably dominated by
spontaneously active cell types near the DCN surface, which include the fusiform and
cartwheel cells (Davis and Young, 1997; Ding and Voigt, 1997; Godfrey et al., 1975;
Golding and Oertel, 1997; Hancock and Voigt, 2002; Portfors and Roberts, 2007). Other
nearby cell types are either not spontaneously active (vertical and stellate cells) or are too
small (granule cells), too distant or too few in number (giant cells) to be recorded with our
microelectrodes (Golding and Oertel, 1997; Balakrishnan and Trussell, 2008; Smith et al.,
2005).

Multiunit data

Baseline activity—Multiunit activity typically showed enough stability to allow us to
compare activity after a brief sound exposure period with pre-exposure baselines. In the
example of Fig. 1b, wherein no sound was delivered during the time window to be reserved
for acoustic exposure in future recordings, the ratios of activity 10 and 20 minutes after this
window to pre-window baseline activity were 1.1 and 0.91, respectively. Neither of these
changes was statistically significant (o= 0.067 for 10 minutes, p = 0.095 for 20 minutes).

Activity changes in the mid-frequency region following exposure to a mid-frequency tone.
We first tested the effect of a 2 minute exposure to a 10 kHz tone at a level of 109 dB SPL in
the mid-frequency region of the DCN (Fig. 1a). The acoustic response in the mid-frequency
(68-12 kHz) region of the DCN (Fig. 1c) and the spontaneous activity (Fig. 1d—e) were
recorded before and after sound exposure. The post-exposure tuning curve was recorded 25
minutes after exposure to evaluate the level of hearing loss. The BF of the unit cluster at this
location was 10 kHz, while the BF threshold was 18 dB SPL before exposure and 30 dB
SPL after exposure. Multiunit spontaneous activity was significantly increased after sound
exposure following a transient depression of activity (Fig. 1d). Indeed, all five animals
showed a statistically significant enhancement of spontaneous activity 20 minutes after
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sound exposure when they were analyzed individually. The mean ratio of post-exposure to
pre-exposure activity was 0.68 at 2 minutes (p < 0.0006), 2.23 at 10 minutes (7=5, p<
0.00001) and 2.74 at 20 minutes after sound exposure (n=5, p< 0.0001). The average
upward-shift of thresholds in all five animals for Fig. 1e was 3.6 dB (Fig. 1f). The data in
Figure 1 thus demonstrate that a long-lasting increase of DCN multiunit spontaneous activity
can be induced by intense sound, /7 vivo, with only minimal impairment of tuning curve
thresholds.

Activity changes in the high and low frequency regions following exposure to a mia-
frequency tone. The tonotopic organization of the DCN in hamsters is characterized by a
mediolateral gradient in which higher BFs are located medially and lower BFs laterally
(Kaltenbach and Lazor, 1991). Therefore, fusiform cells in the low (< 7 kHz) or high
frequency (> 15 kHz) regions (Fig. 2a) should only be weakly activated by primary auditory
nerve fibers when a mid-frequency (10 kHz) tone is presented; however, the activation of
cartwheel cells and their inhibitory input to fusiform cells are less likely to show a similar
location dependence because cartwheel cells are driven by excitatory inputs from parallel
fibers, which extend across isofrequency bands (Blackstad et al., 1984) (Fig. 2a). We then
asked the question how the same sound exposure protocol that significantly increased DCN
spontaneous activity in the middle frequency region, affects spontaneous activity at low and
high frequency loci. The same exposure condition that increased spontaneous activity in the
mid-frequency region (Fig. 1) also caused a statistically significant decrease of spontaneous
activity in the low and high frequency regions of the DCN (Fig. 2b—c). The ratio of post-
exposure to pre-exposure activity at the 16 kHz locus was 0.20 at 2 minutes (p < 0.00001),
0.57 at 10 minutes (p < 0.00001) and 0.25 at 20 minutes after sound exposure (p < 0.00001)
(Fig. 2b). A decrease of spontaneous activity induced by the same sound exposure was also
observed at the low frequency locus with a BF around 5 kHz (Fig. 2c). In this region, the
mean ratio was 0.79 at 2 minutes (p < 0.0004), 0.83 at 10 minutes (7= 4, p< 0.00001) and
0.88 at 20 minutes after exposure (1= 4, p< 0.005). Two of four animals showed a
statistically significant decrease, one showed a significant increase, and one had no
significant change at 20 minutes after exposure when they were analyzed individually. The
thresholds of tuning curves measured in these four animals were shifted only negligibly (Fig.
2f). Based on the data reported in Figs. 1 and 2, we conclude that a long lasting change in
spontaneous activity is inducible across the tonotopic range, but the polarity of the change
varies, depending on the relationship between the BF of the unit cluster and the frequency of
the exposure tone (Fig. 2e): Increases occur when the exposure frequency is centered on the
BF of the unit cluster, and decreases occur when there is significant gap between the
exposure frequency and the cluster’s BF.

Effect of decreasing exposure tone intensity—The next question we asked was
whether the high intensity of the sound was critical to the induction of a long-lasting
enhancement of DCN activity, or whether a similar increase might be inducible using a
lower level of sound. To address this question, we decreased the intensity of exposure from
109 dB to 85 dB SPL. The level of spontaneous activity was still significantly elevated
following the 2 minute sound exposure (Fig. 3a). However, this enhancement was weaker
than that induced by the 109 dB SPL exposure tone. The ratio of post-exposure to pre-
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exposure activity was 0.70 at 2 minutes (p < 0.00008), 1.52 at 10 minutes (p < 0.00001) and
1.23 at 20 minutes after sound exposure (/7= 3, p< 0.0003). All three animals showed a
significant increase when they were analyzed individually. This result indicates that the
intensity of sound exposure was a critical factor in determining the degree to which DCN
activity increased (Fig. 3b).

Single unit data

Identification of unit type—To determine the identity of neurons showing the
aforementioned activity changes, we next performed single unit recordings in the fusiform
cell layer of the DCN, which lies between 100 and 300 pm below its surface (Finlayson and
Kaltenbach, 2009). We tested the effect of sound exposure on cells with properties that are
cell-type specific. Units were selected for study if they showed the properties of fusiform
cells: simple spike waveforms, the presence of moderate levels of spontaneous activity,
frequency response maps characterized by vigorous responses to tones and having low
threshold excitatory regions flanked by inhibitory side bands (type 111) (Fig. 4al) and non-
monotonic responses to BF tone bursts (Young and Brownell, 1976; Ding et al., 1999;
Parsons et al., 2001). Further characterization of units was obtained by collecting PST
histograms (Fig. 4a2). We excluded a subtype of fusiform cells with low spontaneous firing
rates (SFR) (< 2.5 spikes/s, n = 2) (Hancock and Voigt, 2002), both of which interestingly
did not show a persistent enhancement of SFR following an exposure to BF tone (p > 0.05,
data not shown).

Activity change when exposure frequency matched unit BF. After a cell with the properties
of a fusiform cell was identified, the acute effect of a 2 minute exposure to a BF tone set at a
level of 109 dB SPL was tested. Units with these properties showed a strong transient post-
stimulus suppression of spontaneous activity immediately after the exposure stimulus was
turned off, but following this initial suppression, activity recovered and eventually increased
above the pre-exposure baseline (Fig. 4a3). When analyzed individually, all eight units
tested showed a statistically significant increase of SFR following exposure to a tone that
matched their BFs (p < 0.001). The mean time course of activity for the 8 units is shown in
Fig. 4b. The mean ratio of post-exposure activity to pre-exposure baseline activity was 1.39
at 10 minutes after exposure (/7= 8, p=0.0078) (Fig. 4c). This ratio is considerably lower
than that measured by multiunit recordings; however, it is only slightly lower than that
observed /in vitro by others following induction of LTP of fusiform cells (Fig. 4c)(Fujino and
Oertel, 2003; Tzounopoulos et al., 2004; Kim et al., 2004).

Activity change when exposure frequency fell inside the inhibitory side band. \We continued
to test, using single unit recordings, the effect of acute sound exposure but this time, with the
recording electrode in the lower frequency region. The eight units tested in this way had BFs
between 4 and 7 kHz, and the exposure frequency fell well within the borders of the
inhibitory side bands which are shown in Fig. 5a. Exposing animals to a 10 kHz tone at 109
dB SPL for 2 minutes resulted in a long-lasting reduction of spontaneous activity (Fig. 5b).
The mean ratio of activity at 10 minutes post-exposure to pre-exposure baseline was 0.77 (n
=8, p=0.0078). The decreases in spontaneous activity for six of the eight units tested were
statistically significant. The results of Figs. 4 and 5 indicate that fusiform cells are major
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generators of hyperactivity following acute BF tone exposure but become hypoactive
following exposure tones that activate the inhibitory side band.

Only a single example was tested in the high frequency region (16 kHz), but it was
consistent with the multiunit results from the same location and with results from the low
frequency region in showing a decrease of spontaneous activity following the 10 kHz
exposure tone (data not shown).

Effect on stimulus-driven activity—The last question we asked was whether the acute
tone exposure that caused enhancement of spontaneous activity also caused increases in the
strength of tone-elicited responses. To answer this question, we generated rate-intensity
functions (RIFs) at BF from the previously derived tuning curves for each unit that was
tested with a 2 minute, 109 dB SPL tone exposure (Fig. 6). First, we examined the change of
RIFs at BF in the fusiform cells after an exposure to a BF tone. The data in Fig. 6 suggests
that a brief exposure not only changed SFR in DCN fusiform cells, but also shifted the level
of peak activity in the RIFs. Three out of four units that were exposed to a BF tone showed a
decrease in peak activity in the RIF in response to a subsequent BF tone (Fig. 6c¢); six out of
seven cells that were exposed to a non-BF tone (tone frequency that activated the inhibitory
side band), showed enhanced RIFs at BF (Fig. 6f). Thus, the plasticity observed in
recordings of spontaneous activity was associated with plasticity of stimulus-driven activity,
although the polarity of these changes was in the direction opposite to that observed in the
changes in spontaneous activity.

DISCUSSION

The results demonstrate that multi- and single-unit spontaneous activity can be altered by
acute tone exposure (85 dB SPL and 109 dB SPL), despite negligible changes in neural
response thresholds. The changes in spontaneous activity are associated with significant
changes in responses to moderate to high level BF tones, although the direction of these
latter changes were in the direction opposite those of the spontaneous rate changes. \We now
discuss these results in light of previous studies and consider some underlying mechanisms
of the observed changes and some of their implications.

Tonotopic difference in SFR changes

An intriguing aspect of our results were the differences in the changes in spontaneous
activity observed when the recordings were performed in different tonotopic regions relative
to the exposure tone. When the recordings were performed in tonotopic locations (9-10
kHz) that corresponded closely to the frequency of the exposure tone (10 kHz, 109 dB SPL),
the effect was a transient decrease in activity that lasted from 3—-7 minutes and which was
followed by a gradual and longer lasting increase of spontaneous activity that did not return
to normal baseline over the 20 minute period of observation; a similar bimodality in
response polarity was observed when the exposure tone was presented at a level of 85 dB
SPL, although the increase in spontaneous activity was correspondingly weaker. The early
decrement of activity that preceded the longer lasting increase in spontaneous activity most
likely resulted from synaptic fatique or short term depression and was of secondary interest
in this study. In contrast, when recordings were performed on units with BFs substantially
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below the 10 kHz exposure frequency (BF < 7 kHz), such that the exposure frequency fell
well within the boundaries of the high frequency inhibitory side band of the unit, the initial
suppression of spontaneous activity immediately after exposure tone offset was followed by
a long lasting decrement in spontaneous activity. Although not as intensively studied, both
multiunit and single unit data suggested that a similar decrement of spontaneous activity
occurred when BF was substantially higher (16 kHz) than the 10 kHz exposure frequency.
These results suggest that the balance of excitation/inhibition shifted towards the side of
increased excitation when the exposure frequency matched BF, but favored an increase in
inhibition when the exposure frequency substantially differed from BF.

These results differ substantially from those reported for the auditory nerve by Lonsbury-
Martin and Meikle (1978), which showed no changes in resting ‘spontaneous’ activity after
a 1 minute exposure to a moderate level tone either at CF or ¥ octave below CF (85-90 dB
SPL). In the auditory nerve, spontaneous discharge rates recorded during periods of silence
alternating with periods of tone burst stimulation following the exposure sound remained
normal and stable from 1 minute after exposure and beyond. Assuming that this result
extends to other species, such as the hamster, this would seem to rule out a peripheral origin
of the increased spontaneous activity observed in the present study of the DCN. Our results
also differ from those observed in the ventral cochlear nucleus (VCN) by Lonsbury-Martin
and Martin (1981). They examined the effects of moderate tone exposure (100 dB SPL, 1
minute) on ventral cochlear nucleus neurons of unanesthetized Rhesus monkeys. As in our
study, response thresholds had recovered to normal or near normal levels within 20 minutes
following exposure (Lonsbury-Martin and Martin, 1981). One third of their units showed no
changes in spontaneous activity immediately following exposure, but the other two thirds
showed either transient increases or transient decreases of spontaneous activity which
recovered to pre-exposure baseline levels within 3—4 minutes. No evidence of a persistent
change in spontaneous activity beyond this 3—4 minute period was observed. Our results
therefore may indicate that the mechanisms controlling the balance of excitation and
inhibition in the DCN are more complex and operate over more extended time frames than
those present in the VCN. The possibility that such differences might also be related to the
small differences in exposure duration or even differences in species and/or anesthetic state
cannot be ruled out.

Relationship between noise-induced changes in spontaneous and stimulus-driven activity

Our results also showed that acute tone exposure caused changes in the responses of
fusiform cells to BF tone bursts. The direction of this change did not correspond to the
direction of changes in their levels of spontaneous activity. Exposure to a tone with the
frequency equal to the unit’s BF resulted in an increased SFR but a decrease in maximal
firing rate in response to BF tones. Conversely, when the frequency of the exposure tone fell
within the borders of the inhibitory side band, SFR was decreased, but the maximal
discharge rate in response to a BF tone was increased. The fact that the responses to sound
were shifted in directions opposite those for spontaneous activity indicates that the
mechanisms controlling the levels of spontaneous activity are separate from and independent
of those controlling responses to sound. This conclusion is also supported by our previous
findings that the emergence of increased spontaneous activity after intense tone exposure
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follows a different time course from that of response threshold shift (Kaltenbach et al.,
1998). Additional work showing that drugs affecting spontaneous activity may have little or
no effect on response thresholds (Caspary et al., 1987) is also consistent with this inference.

Possible mechanisms underlying the observed changes in spontaneous activity

The fact that increases in spontaneous activity were induced by exposure conditions that
caused little or no changes in response thresholds suggests that the underlying inducing
mechanism is an activity-dependent process, rather than one that requires degeneration or
damage to cochlear receptors. This mechanism is therefore different from that which has
been invoked previously to explain most cases of noise-induced hyperactivity such as
homeostatic scaling (Schaette and Kempter, 2006), adjustments in anatomical connectivity
(synaptic sprouting) (Bilak et al., 1997, Kim et al., 1997; 2004; Morest et al., 1997; Illing et
al., 2005; Meidinger et al., 2006), changes in functional connectivity (reorganization)
(Robertson and Irvine, 1989; Norena and Eggermont, 2006) and changes in receptor
expression (Wang et al., 2009; Milbrandt et al., 1997; Whiting et al., 2009; Abbott et al.,
1999; Dong et al., 2010a, 2010b; Rubio, 2006; Caspary et al., 1995; Jin and Godfrey, 2006;
Jin et al., 2005, 2006; Caspary et al., 1999, 2008; Asako et al., 2005), all of which are
phenomena triggered by hearing loss and/or degeneration or injury to peripheral receptors.

One type of activity-dependent processes that has been suggested as a basis of hyperactivity
in the DCN is long term potentiation (LTP) (Tzounopoulos, 2008). This enhancement of
synaptic efficacy often results when there is co-activation of pre- and post-synaptic
membranes (Hebbian LTP). In the DCN, LTP can be induced in fusiform cells when
activation of presynaptic inputs from parallel fiber coincides with depolarization of the post-
synaptic membrane (Fujino and Oertel, 2003, Tzounopoulos et al., 2004). Cartwheel cells of
the DCN also show LTP inducibility, although whether these cells become potentiated by
stimulus conditions identical to (Fujino and Oertel, 2003) or different from (Tzounopoulos
et al., 2004, Tzounopoulos, 2008) those that cause fusiform cells to become potentiated is
not yet clear. An objective of future studies should be to determine whether the tone
exposure conditions used here result in co-activation of parallel fibers and fusiform cells.
Recent studies demonstrating that stimuli formerly shown to activate fusiform cells can also
activate granule cells (Yang et al., 2005; Carretta et al., 1999), the parent cell type of parallel
fiber inputs to fusiform cells, open up the possibility that an intense sound exposure, such as
that used here, might increase the probability of pre- and post-synaptic activation of fusiform
cells needed for LTP induction. One concern that might raise question about the role of LTP
in the present results is that it normally involves activation of NMDA receptors (Zhao and
Tzounopoulos, 2011), which would have been blocked by the use of ketamine anesthesia.
On the other hand, ketamine may not have completely blocked NMDA receptors in the
present study because it was used in combination with xylazine, which enhances ketamine’s
anesthesia-inducing effects (Naccarato and Hunter, 1979). Perhaps the enhancing effect of
xylazine might have allowed induction of anesthesia with ketamine without completely
saturating the NMDA receptors. Thus, NMDA receptors could have been at least partially
available for LTP induction. Even if NMDA receptors were completely blocked, LTP could
have still been induced through non-NMDA receptor dependent mechanisms that have yet to
be characterized in the DCN.
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An alternative activity-dependent mechanism might be alterations in the intrinsic membrane
properties of neurons which have been implicated as a basis of neural plasticity in a number
of neurological diseases (Devor, 2006; Beck and Yaari, 2008). At the cellular level, the
change of intrinsic excitability is usually due to an active modulation of ion channel
conductance by constitutive phosphorylation. One possible modulating pathway is through
the nitric oxide-cGMP signaling cascade, which is known to be responsible for the persistent
change of cerebellar Purkinje cells’ SFR in an activity-dependent manner (Smith and Otis,
2003). Given the presence of nitric oxide synthase in DCN neurons (Rodrigo et al., 1994;
Zheng et al., 2006) and the similarity in structure between cerebellum and DCN, the
possibility that nitric oxide synthase expression in DCN is enhanced after acoustic trauma
must also be considered. Activation of protein kinases through other signal pathways may
also occur in DCN neurons, as that found in hippocampal neurons, dorsal root ganglion and
vestibular nucleus neurons (Smith et al., 2002, Gerevich et al., 2004, Misonou et al., 2004).
A thoughtful study of active modulation of ion channel conductance in fusiform and
cartwheel cells following noise exposure will extend our understanding of mechanisms
underlying this noise-induced change of fusiform cells SFR.

Possible mechanisms underlying the observed changes in stimulus-driven activity

Previous work has shown that the amplitude of the suprathreshold response, which
determines the peak amplitude of the rate-intensity function, is highly controlled by
inhibitory side bands, which are thought to be derived from glycinergic inputs from nearby
vertical (tuberculoventral) cells (Voigt and Young, 1990; Davis and Young, 2000). For
example, in cat DCN, responses of fusiform cells to suprathreshold levels of stimulation can
be increased by iontophoretic application of strychnine, suggesting a glycinergic, inhibitory
source (Davis and Young, 2000). Cross correlation studies have shown that DCN fusiform
cells receive direct inhibitory input from vertical (tuberculoventral) cells (Moigt and Young,
1980), and a number of studies suggest that vertical cells help shape the slope and maximal
firing rate in fusiform cell rate/intensity functions in response to BF tones (Davis and Young,
2000; Voigt and Young, 1980; Nelken and Young, 1994, Anderson and Young, 2004). In the
present study, when the exposure tone over-activated the inhibitory side band of the recorded
unit, the inhibition from vertical cells may have been weakened by the exposure, causing the
fusiform cell response to a BF tone burst to be augmented at high levels without changing
the BF thresholds. But when the exposure frequency matched the unit’s BF, the inhibitory
input from vertical cells was less affected, but the cells excitatory input at high levels might
have been slightly weakened, causing a reduction in the strength of the suprathreshold
response to BF tone bursts. These findings parallel those found in the VCN (Boettcher and
Salvi, 1993).

Implications

One implication of these results is that, if LTP is involved in the induction of hyperactivity,
the co-presence of fusiform and cartwheel cell LTP may help to balance one another to
maintain a stable response gain (stable sound response threshold as seen in Fig. 1): fusiform
cell LTP leads to an increased EPSP which broadens the integration window; while
cartwheel cell LTP leads to an increased IPSP which narrows the integration window
(Doiron et al., 2011). Overstimulation from noise exposure may upset this balance and
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thereby disrupt the modulation of response gain. If this is true, an upward shift of thresholds
could occur allowing for increased susceptibility to injury to cartwheel cells.

A second implication of our results concerns its clinical relevance to tinnitus. Thus far, the
DCN’s role in tinnitus has been discussed in the literature only in terms of its relationship
with chronic noise-induced tinnitus. These studies differ from our study in that they have
employed high sound exposure levels that are damaging to the cochlea (Zhang and
Kaltenbach, 1998; Kaltenbach and Afman, 2000; Brozoski et al., 2002), and assessments of
activity changes were obtained days to months after exposure. Although previous studies
have demonstrated induction of spike-timing dependent plasticity in DCN fusiform cells in
vivo, the induction of this plasticity was achieved using bimodal stimuli (Koehler and Shore,
2013a, 2013b; Stefanescue and Shore, 2015). Thus, our results are the first reporting
evidence for induction of activity-dependent plasticity in fusiform cells by noise exposure
alone and by conditions of exposure that are similar to those known to cause acute tinnitus in
humans (Atherley et al. 1968; Loeb and Smith, 1967).

The acute form of noise-induced tinnitus has been described in several previous reports
based on studies in human subjects (Loeb and Smith, 1967; Atherley et al., 1968; George
and Kemp, 1989; Chermak and Dengerink., 1987). Some of its key features are its rapid
onset (seconds to minutes) and its temporary duration (minutes to hours). The fact that acute
tinnitus is temporary suggests that it may involve different mechanisms from those
underlying chronic tinnitus. Chronic noise-induced tinnitus usually involves injury to hair
cells, which triggers slow changes centrally, presumed to result from gradual shifts in the
balance of excitation and inhibition. The increase in activity we observed immediately after
intense tone exposure offers a starting point for studying the mechanism of acute noise-
induced tinnitus. Knowledge of this mechanism is likely to provide insight into how changes
in the balance of excitation and inhibition leading to tinnitus on the time scale of minutes
may eventually become permanent.
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. Brief sound exposure induces long lasting increases in spontaneous

. The increase occurs when the exposure frequency is close to the units’
best frequency.
. The increased activity likely involves induction of long term

. This condition may represent a neural correlate of the acute form of
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Figure 1.
Effect of an acute 10 kHz tone exposure on multiunit surface activity in the middle

frequency region of the DCN. (a) Transverse view of the DCN showing the location of the
recording electrode in the m.f. (mid-frequency: 8-12 kHz) region of the DCN. L.f., low
frequency. h.f., high frequency. (b) Spontaneous activity recorded from the 9 kHz locus
during an extended period of silence. Dashed line indicates baseline activity. (c—d) Tuning
curves and spontaneous activity recorded from the 9 kHz locus of a single animal before and
after a 2 minute exposure to a 10 kHz (109 db SPL) tone. (e) Mean spontaneous activity of 5
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animals recorded in region m.f. before and after a two minute exposure to a 10 kHz tone at
109 dB SPL. (f) Averaged mean threshold shifts at BF in the five animals that were included

in (e).
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Figure 2.
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Effect of an acute 10 kHz tone exposure on multiunit surface activity in the low (3-8 kHz)

and high (12-30 kHz) frequency regions of the DCN. (a) Transverse view of the DCN

showing the locations of the three frequency regions (I.f., m.f., h.f.) and the differences in
their underlying circuit connections with the cochlea. (b—c) Spontaneous activity recorded at
the 16 kHz and 5 kHz loci, respectively. Inset in (c), comparison between DCN surface
activity recorded at I.f. and m.f. in the same animal. (d) Normalized mean spontaneous
activity of 4 animals recorded at I.f. before and after exposure to a 10 kHz tone (109 dB
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SPL). (e) Comparison of changes in mean multiunit spontaneous activity in the mid- and
low-frequency regions of the DCN. Exposure tone was the same as that used for Fig. 1 data
(10 kHz, 109 dB SPL, 2 minutes). (f) Tuning curves measured in the same 4 animals
represented in (d) before (upper row) and after exposure (lower row). CC, cartwheel cell;
FC, fusiform cell; GC, granule cell; Gi, giant cell; VC, vertical cell.
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Figure 3.

Intensity dependence of the long-lasting enhancement of multiunit spontaneous activity
recorded in the m.f. region of the DCN following a 2 minute exposure to a 10 kHz tone. (a)
Time course of activity changes recorded before and following tone exposure at a level of 85
dB SPL. Dashed line indicates baseline activity before sound exposure. (b) Comparison of
the ratios of post-exposure to pre-exposure activity obtained following exposure to a tone at
109 and 85 dB SPL. Asterisks indicate p < 0.05, Mann-Whitney U test.
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Effect of tone exposure on single unit spontaneous activity when the frequency of the
exposure tone (10 kHz) was at or near the unit’s BF (9 kHz). (a) Demonstration of a
persistent increase of SFR in a neuron with the properties of fusiform cells. The unit
displayed a typical type 111 frequency response map (al) and a chopper PST histogram
pattern (a2). In panel a3, it can be seen that spontaneous activity in the same cell represented
in al and a2 increased after a 2 minute exposure to the BF tone (109 dB SPL). (b)
Normalized mean spontaneous activity recorded in 8 type Il units, showing the persistent
increase of SFR following exposure to a two minute BF tone (109 dB SPL). Black dots
represent the normalized mean spontaneous activity from 8 units and grey dots represent
points where data was available for only 3 of the 8 units. (c) Comparison of long-term
activity changes observed in multiunit and single unit recordings. Dashed line in a3 and b

indicates baseline activity before sound exposure.
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Figure 5.
Effect of tone exposure on single unit spontaneous activity when the frequency of the

exposure tone (10 kHz) fell within the unit’s inhibitory side band. (a) Response maps for
each of 8 type Il units, showing the tuned excitatory areas and their flanking inhibitory side
bands (areas in which spontaneous activity was absent). (b) Normalized time course of mean
spontaneous activity change averaged across the 8 type Il1 units shown in panel a. Tone
exposure duration and intensity were two minutes and 109 dB SPL, respectively. c)
Differences of the long-term activity changes following the tone exposure to different

Hear Res. Author manuscript; available in PMC 2017 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gao etal.

frequencies. Dashed lines in b and c indicate baseline activity before and after sound
exposure.
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Figure 6.
Effect of tone exposure on stimulus-elicited responses of type Il units based on

comparisons of RIFs collected at BF before and after tone exposure. (a) Tuning curves
measured from a unit (#1) before and after exposure to a BF tone (8 kHz, 109 dB SPL, 2
minutes). (b) PSTH collected in the same unit as that in (a). (c) RIFs at BF in 4 type Il1 units
(#1-4). The post-exposure RIF curves showed lower maxima than the pre-exposure curves
except that collected in unit #4. (d) Response maps from a unit with a type 111 response (#6)
before and after exposure to an 11 kHz tone (109 dB SPL, 2 minute), which fell into the
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unit’s inhibitory side band (BF = 7 kHz). (e) PST histogram collected from the same unit as
in (d). (f) RIFs collected at BF from 7 units with type Il response maps (#5-11). The post-
exposure RIF curve showed higher maxima than the pre-exposure curve except that
collected from unit #8.
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