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Abstract

It has previously been hypothesized that hyperactivity of central auditory neurons following 

exposure to intense noise is a consequence of synaptic alterations. Recent studies suggest the 

involvement of NMDA receptors in the induction of this hyperactive state. NMDA receptors can 

mediate long term changes in the excitability of neurons through their involvement in excitotoxic 

injury and long term potentiation and depression. In this study, we examined the effect of 

administering an NMDA receptor blocker on the induction of hyperactivity in the dorsal cochlear 

nucleus (DCN) following intense sound exposure. Our prediction was that if hyperactivity induced 

by intense sound exposure is dependent on NMDA receptors, then blocking these receptors by 

administering an NMDA receptor antagonist just before animals are exposed to intense sound 

should reduce the degree of hyperactivity that subsequently emerges. We compared the levels of 

hyperactivity that develop in the DCN after intense sound exposure to activity recorded in control 

animals that were not sound exposed. One group of animals to be sound exposed received 

intraperitoneal injection of MK-801 twenty minutes preceding the sound exposure, while the other 

group received injection of saline. Recordings performed in the DCN 26–28 days post-exposure 

revealed increased response thresholds and widespread increases in spontaneous activity in the 

saline-treated animals that had been sound exposed, consistent with earlier studies. The animals 

treated with MK-801 preceding sound exposure showed similarly elevated thresholds but an 

attenuation of hyperactivity in the DCN; the attenuation was most robust in the high frequency 

half of the DCN, but lower levels of hyperactivity were also found in the low frequency half. 

These findings suggest that NMDA receptors are an important component of the hyperactivity-

inducing mechanism following intense sound exposure. They further suggest that blockade of 

NMDA receptors may offer a useful therapeutic approach to preventing induction of noise-induced 

hyperactivity-related hearing disorders, such as tinnitus and hyperacusis.
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Introduction

Exposure to intense sound causes neurons in the central auditory system to become 

hyperactive, whereby their levels of spontaneous neural activity are elevated. There is an 

abundance of evidence that increased spontaneous activity is an important neural correlate of 

tinnitus (see reviews of Roberts et al., 2010; Kaltenbach, 2011; Kalappa et al., 2014; 

Eggermont, 2015; Shore et al., 2016). Thus, an understanding of the mechanism underlying 

the induction of hyperactivity has considerable clinical relevance. Two general categories of 

mechanisms are under investigation to understand the emergence of hyperactivity following 

intense sound exposure. One category involves a shift in the balance of the relative strengths 

of excitatory and inhibitory synapses, such that the balance swings toward the side of 

increasing excitation (Willott and Lu, 1982; Salvi et al., 1990; Kaltenbach and McCaslin, 

1996; Morest et al., 1997; Shore et al., 2008; Wang et al., 2009; Middleton et al., 2011). This 

category of changes could occur either pre- or post-synaptically and manifest as 

perturbations in the relative numbers and/or functional properties of excitatory and 

inhibitory synapses. The second category of mechanism that could underlie the hyperactive 

state includes alterations in ion conductance channels, the so-called intrinsic membrane 

properties of neurons (Holt et al., 2006; Finlayson and Kaltenbach, 2009; Li et al., 2013, 

2015). This category could involve alterations in the relative strengths of channels that 

increase (Ca++ and Na+ conductances) or decrease (K+ and Cl− conductances) excitability.

Some receptors, most notably the ionotropic receptors, have both receptive and ion 

conductance functions. Among these, the N-methyl-D-aspartate receptors (NMDARs) figure 

prominently in the control of neural activity levels in the dorsal cochlear nucleus (DCN) by 

their role in the induction of spike-timing-dependent plasticity (Stefanescu and Shore, 2015; 

Shore et al., 2016). Long term potentiation (LTP) and long term depression (LTD) are two 

manifestations of spike-timing-dependent plasticity in which the synaptic connections 

between neurons are strengthened or weakened, respectively, by certain patterns of 

presynaptic stimulation, such as high frequency pulses, especially when combined with 

depolarization of the postsynaptic membrane. In the case of LTP, the result is a long lasting 

increase in the strength of synaptic transmission, which is observed as a sustained increase 

in post-synaptic excitatory currents. This can manifest as an enhanced level of resting 

activity and/or stimulus-evoked responsiveness. The mechanism of LTP has been reviewed 

and summarized recently (Henley and Wilkinson, 2016). It is initiated when NMDA 

receptors are activated by excess release of glutamate from presynaptic terminals. Unlike 

LTP, LTD is usually induced following low frequency pulses in the presence of postsynaptic 

membrane depolarization (Sweatt, 2016).

LTP and LTD have been observed in the DCN at the parallel fiber-fusiform cell synapse and 

the parallel fiber-cartwheel cell synapse when high frequency or low frequency stimuli are 

paired with depolarization of the postsynaptic membrane (Fujino and Oertel, 2003; 
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Tzounopoulos, 2008). NMDA receptors are present on DCN fusiform and cartwheel cells 

(Petralia et al., 1994; Watanabe et al., 1994; Sato et al., 1998; Rubio et al., 2014) and are 

important for the induction of LTP in fusiform cells and LTD in cartwheel cells of the DCN 

(Manis and Molitor, 1996; Fujino and Oertel., 2003), as both processes can be blocked by 

NMDA receptor antagonists (Tzounopoulos et al., 2004, 2007; Fujino and Oertel, 2003). 

LTP has been hypothesized as a possible mechanism underlying induction of hyperactivity 

associated with tinnitus (Tzounopoulos, 2008; Mazurek et al., 2010), and recent evidence 

supports this hypothesis (Gao et al., 2011; Cakir et al., 2013). As mediators of LTP in 

fusiform cells and LTD in cartwheel cells, which are inhibitory to fusiform cells, NMDARs 

could serve as potential substrates for induction of tinnitus-related hyperactivity following 

excessive sound exposure, and thus NMDARs could make good therapeutic targets for its 

prevention (Brozoski et al., 2002; Shore et al., 2008; Finlayson and Kaltenbach, 2009; 

Manzoor et al, 2012).

Here, we compared the levels of hyperactivity that develop in intense sound exposed animals 

pretreated with either the NMDAR antagonist MK-801 or with saline. Our hypothesis was 

that if NMDARs are involved in the induction of hyperactivity through LTP or LTD type 

mechanisms, then pretreatment with MK-801 should reduce the induction of hyperactivity.

Results

Our results were obtained from the surface of the DCN of 24 animals (10 exposed-MK-801-

treated, 10 exposed-saline-treated, and 4 control (unexposed)-saline-treated animals. 

Complete sets of spontaneous activity recordings were obtained from 150 sites in 10 

exposed MK-801-treated animals, 150 sites in 10 exposed saline-treated animals, and 60 

sites in 4 control saline treated animals. Frequency response areas were obtained from 9 of 

the exposed MK-801-treated animals, 9 of the exposed saline-treated animals, and all 4 of 

the control animals. Both sets of recordings were performed only at one time point at the end 

of the 26–28 day post-exposure recovery period (see Methods).

Fig. 2 compares neural response thresholds of the exposed-MK-801treated, exposed-saline-

treated, and control groups. The data show that neural response thresholds were similarly 

elevated well above control levels in the two groups of exposed animals as a function of CF. 

Both exposed groups showed threshold elevations of between 25 and 45 dB above control 

levels. However, despite the finding that the difference between thresholds in control 

(unexposed) animals and both groups of exposed animals varied with CF, the thresholds in 

both groups of exposed animals were almost identical, indicating that MK-801 did not have 

any protective effect against the decrease in auditory sensitivity following the intense sound 

exposure.

Figure 3A shows the spontaneous activity profiles for the three animal groups. Control 

animals (i.e., those not exposed to intense sound but treated with saline) showed activity of 

less than 20 events/s at all sites in the lateral 0.6 mm of the DCN. There was a trend toward 

higher values from the lateral to the medial direction, which continued into the medial half 

of the DCN. Except for the three most medial loci, activity remained at or below 35 events/s. 

The profile of activity in the exposed saline-treated animals was elevated well above that of 
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controls. The activity profile reached a peak in the lateral half of the DCN, and is broader 

than that which has been observed in previous studies that used higher sound levels during 

exposure (125–130 dB SPL) (Kaltenbach et al., 2000). When the data were pooled across 

sites and across animals, this increase was found to be highly significant (p = 0.000001) 

(Fig. 3B).

As in the saline-treated exposed animals, the activity profile in the exposed animals pre-

treated with MK-801 was also significantly increased above control levels (p = 0.016), 

although the significant increases were only in the lateral half of the DCN (0.1–0.7 mm loci) 

(p = 0.00002) (Fig. 3C); mean activity in the medial half (0.8–1.5 loci) was not significantly 

elevated (p = 0.90). Despite the presence of hyperactivity, the average degree of 

hyperactivity in the MK-801-treated exposed animals was lower than that observed in the 

saline-treated exposed animals at almost all locations along the medial-lateral axis; when the 

data from all 15 locations were pooled together across sites and across animals, the decrease 

in the level of hyperactivity in the MK-801-treated exposed group below that of the saline-

treated exposed group was statistically significant (p = 0.0017) (Fig. 3B). The decrease in 

hyperactivity in the MK-801-treated group below that of the saline-treated group was more 

pronounced in the high frequency region (0.8–1.5 mm loci), where the decrease was highly 

significant (p = 0.0045), whereas activity in the low frequency region (0.1–0.7 mm loci) (the 

region representing frequencies below 10 kHz, the exposure frequency) in the MK-801 

group was not as strongly reduced below levels observed in the saline-treated exposed 

animals (p = 0.10). Thus, although some protection was observed over much of the DCN 

with MK-801, the focus of this protective effect was in the high frequency region (the region 

above 10 kHz).

Discussion

Although MK-801 did not protect thresholds against the trauma of sound exposure, the drug 

did show a partial protective effect on spontaneous activity. The degree of hyperactivity that 

developed in the DCN following the exposure was significantly lower in the MK-801-treated 

exposed animals than in the saline-treated exposed animals. The amount by which the 

activity profile was downshifted in the MK-801-treated-animals was more or less uniform, 

ranging from 18–20 events/sec below the levels of activity in saline-treated exposed animals 

at 9/13 sites. However, because the curve for controls trended upward toward the medial 

direction, the downshifted curve in the MK-801-treated animals was enough to eliminate the 

differences from the points in the control curve in the medial half of the DCN, 

corresponding approximately to frequencies above the 10 kHz exposure frequency, 

normalizing activity in that region. In the lateral half of the DCN, corresponding to 

frequencies below 10 kHz, the averaged hyperactivity in the MK-801-treated exposed 

animals was also consistently reduced below that of the exposed animals treated with saline. 

However, the reduction in this region was not statistically significant, and the curve for the 

MK-801-treated exposed animals remained significantly higher than the control curve (Fig. 

3C). Thus, MK-801 provided only partial protection against the hyperactivity-inducing 

effects of intense sound exposure.
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One explanation for the lower levels of spontaneous activity in exposed animals treated with 

MK-801 might be that the sound exposure caused less cochlear damage in the MK-801-

treated group than in the exposed animals treated with saline. Previous studies have reported 

excitotoxic injury induced by intense sound exposure in the cochlear hair cells (Puel et al., 

1995, 1998; Wang et al., 2002) that can be prevented by injecting NMDAR antagonists, such 

as ifenprodil intracochlearly (Guitton and Dudai, 2007) or AM-101 intra-tympanically (Bing 

et al., 2015). Another study found that MK-801 did not prevent increases in auditory 

brainstem response thresholds after high level noise exposure in guinea pigs, even though it 

greatly decreased damage to peripheral processes of type I auditory nerve fibers (Jäger et al., 

2000). Thus, the finding of similar threshold elevations in the MK-801-treated exposed 

animals as in the saline-treated exposed animals cannot rule out the possibility that our 

findings reflect an effect of MK-801 at the cochlear level.

Another explanation for the partial protective effect of MK-801 is that, by blocking NMDA 

receptors, it prevented induction of LTP in fusiform cells and/or LTD in cartwheel cells. 

Reducing LTD in cartwheel cells would strengthen their inhibitory effects on fusiform cells. 

Either change or a combination of both changes would reduce the amplitudes of excitatory 

postsynaptic currents in fusiform cells, thus limiting the degree to which fusiform cell 

spontaneous activity would be increased. This explanation would depend on activation of 

parallel fiber-fusiform cell synapses and/or parallel fiber-cartwheel cell synapses by the 

intense sound exposure. Since parallel fibers are the axons of granule cells, the intense sound 

exposure would have to activate inputs to granule cells either directly or indirectly. Most 

inputs to granule cells are non-auditory (Godfrey et al., 1997), coming from sources such as 

the cuneate nucleus, trigeminal ganglion and trigeminal nucleus (Shore et al., 2000; Zhou 

and Shore, 2004; Wright and Ryugo, 1996), the dorsal raphe nucleus and locus coeruleus 

(Klepper and Herbert, 1991, Thompson et al., 1995; Kromer and Moore, 1980), vestibular 

nerve and nucleus (Zhao et al., 1990; Barker et al., 2012) and dorsal root ganglion (Zhan et 

al., 2006). A small percentage of auditory nerve fibers, specifically the type II primary 

afferents, which originate from outer hair cells (Morgan et al., 1994; Brown and Ledwith, 

1990; Berglund et al., 1994; Benson and Brown, 2004), as well as branches of the medial 

olivocochlear bundle (MOCB) (Brown et al., 1988; Benson and Brown, 1990; Benson et al., 

1996) and descending projections from the auditory cortex (Weedman and Ryugo, 1996; 

Meltzer and Ryugo, 2006), also terminate in the granule cell domain. It is not yet known if 

high level sound exposure activates corticofugal pathways. In vitro studies of type II primary 

afferents suggest general insensitivity to low- to moderate-level sound, but likely responses 

to high intensity sound, although discharge rates of individual fibers are likely to be low 

(Weisz et al., 2009, 2014). MOCB fibers are more responsive to sound, although their 

maximal discharge rates in response to tones reach only about 60 spikes/s (Liberman and 

Brown, 1986; Brown et al., 1998). Summation of converging inputs from these many 

sources may produce the high frequency stimulus rate in the population of granule cells 

needed to induce LTP in fusiform cells. On the other hand, only low frequency stimulus 

rates, such as 1 Hz, are needed to induce LTD in cartwheel cells (Fujino and Oertel, 2003; 

Tzounopoulos et al., 2004).

A third possible explanation of MK-801’s effects is that it protected against excitotoxic 

injury that could have resulted from excessive release of glutamate from auditory nerve 
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fibers and/or parallel fibers during the intense sound exposure. Besides excitotoxic injury 

induced by intense sound exposure in the cochlea, excess glutamate can also be toxic to 

neurons in the cochlear nucleus (Schweitzer et al., 1991). Intense sound exposure would 

have increased glutamatergic transmission throughout the auditory system, including the 

parallel fibers, since activation may also have been increased in the descending inputs to 

granule cells. The resultant increase in glutamate release from parallel fibers could have 

been sufficient to cause injury to cartwheel and fusiform cells. However, cartwheel cells 

might be more susceptible to such injury given their small size and the longer duration of 

their activation in response to parallel fiber stimulation (Waller et al., 1996; Davis et al., 

1996). The induced injury to cartwheel cells could have disinhibited fusiform cells, to 

produce hyperactivity in exposed-saline-treated animals. Blocking NMDA receptors with 

MK-801 might have had a protective effect on cartwheel cells, thus reducing the degree of 

hyperactivity in fusiform cells.

While our results point to an NMDAR-mediated process in the induction of hyperactivity, 

they do not indicate that NMDA-receptor mediated processes are the only such mechanism. 

The fact that the blockade of NMDA receptors did not completely abolish the development 

of hyperactivity after intense sound exposure suggests that other mechanisms are also 

involved. This is reinforced by previous work in which exposures of animals while under 

anesthesia with an anesthetic that included another NMDAR antagonist, ketamine, did not 

prevent induction of hyperactivity (Kaltenbach and McCaslin, 1996; Kaltenbach and Afman, 

2000; Kaltenbach et al., 1998, 2000). Lastly, in interpreting the effects of MK-801, it is 

important to consider its other effects that could influence neural activity as well as other 

roles of NMDAR activation. Other effects of MK-801 include antagonism of nicotinic 

acetylcholine receptors (Amador and Dani, 1991; Briggs and McKenna, 1991) and 

inhibition of serotonin and dopamine transporters (Iravani et al., 1999; Clarke and Reuben, 

1995). All of these receptor types, as well as others, may occur in the circuitry of the DCN 

that is linked to fusiform cells (Godfrey et al., 1997). Thus, any of these ancillary effects of 

MK-801 could, either directly or indirectly affect synaptic inputs to fusiform cells and 

thereby sway the balance of their excitatory and inhibitory inputs toward the side that would 

favor less hyperactivity.

Methods

Animal subjects

Syrian golden hamsters (ages 2–3 months) were divided randomly into three groups, two of 

10 each to be exposed in a soundproof room to intense sound and one group of 4 to be 

presented in a soundproof room with silence. One of the two groups to be exposed was 

treated with 4 mg/kg MK-801 in 0.9% (isotonic) saline, while the other was treated with 

0.9% saline alone and served to control for any effects that might have been caused by fluid 

injection but not by MK-801. These treatments were administered intraperitoneally 30 

minutes prior to exposure. The MK-801 dose was determined empirically to be the highest 

the animals could tolerate without showing signs of dyskinesia or anesthesia. These two 

groups of animals were subsequently exposed to an intense 10 kHz tone at a level of 115 dB 

SPL for a period of 4 hours. This level has previously been shown to be sufficient for the 
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induction of a robust state of hyperactivity in the DCN (Finlayson and Kaltenbach, 2009; 

Manzoor et al., 2012; Salloum et al., 2014). Animals in a third group, which were subjected 

to the 4 hour exposure condition but without the sound turned on, were also pre-treated with 

isotonic saline and served to control for any effects of the exposure procedure that might not 

have been caused by the intense sound. All procedures used in these experiments were 

approved by the Institutional Animal Care and Use Committee of Wayne State University 

School of Medicine.

Sound exposure

The hamsters were exposed in groups of 3 or 4 inside a polycarbonate shoebox cage. Sound 

was delivered to the cage from a JBL2404H loudspeaker driven by a Harman Kardon 3370 

amplifier whose input signal came from an HP3325A function generator. Before the animals 

were exposed, the sound level was calibrated using an Etymotic ER7C probe tube 

microphone placed inside the cage at the same height above the floor as the animals’ ears. 

The sound was turned on, and the amplifier output was adjusted until the level across the 

different locations within the cage was 115 (+ 6) dB SPL. The microphone was then 

removed, and the animals were placed back inside the cage. The sound was then turned on, 

initially at a moderate level (85 dB), then gradually increased in intensity every 2 minutes 

until the desired exposure level was reached. The tone was maintained continuously for the 4 

hour period without interruption. Animals were monitored throughout the exposure period 

and showed no signs of distress. Control animals were similarly placed in a cage under 

identical conditions except that no sound was presented from the speaker during the 4 hour 

period. Following the exposure or control treatment, the animals were returned to the 

vivarium and retained for a post-exposure recovery period of 26–28 days.

Electrophysiology

After the recovery period, the animals were anesthetized with ketamine/xylazine [85/15 

mg/kg] and surgically prepared for electrophysiological studies of neural activity in the 

DCN. The DCN was exposed by occipital craniotomy followed by removal of a small 

portion of the posterior cerebellum, medial and caudal to the left paraflocculus. To ensure 

that the DCN was not mechanically displaced during surgery, the cerebellar peduncle 

bordering the rostral margin of the DCN was kept completely undisturbed, and aspiration 

was performed only on cerebellar tissue that had been dissected into loose pieces with sharp 

forceps. The DCN thus exposed was judged to be healthy and fully functional if its surface 

had a smooth, shiny enamel-like appearance, with no sign of dilated blood vessels, and no 

sign that the aspirator contacted or caused drying of the DCN.

Two sets of measures were obtained in each animal: frequency response areas followed by 

recordings of spontaneous activity. These were collected from the DCN surface in each 

animal using a single micropipette electrode with an impedance of 0.4 Megohms. For the 

response areas, recordings were performed at 7 different sites, 200 μm apart along the 

medial-lateral axis, to sample and define the tonotopic coordinates needed for mapping 

spontaneous activity. For each locus, we tested the strength of the response to each of 800 

frequency-intensity combinations (50 frequencies and 16 intensities) that fill the spectral and 

intensity stimulus space of DCN neurons. Frequency tuning of neural clusters at each site 
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was apparent as the places within the stimulus space in which vertical tics were elevated 

above the general background representing spontaneous activity. From the tuning curves, we 

determined the frequency (characteristic frequency, CF) and threshold of the tip of the 

response area for each recording site.

Within a few minutes of completing the measures of frequency tuning, we recorded 

spontaneous activity from the same row of recording sites from which tuning curves were 

obtained, except that the recordings were performed in a row of 15 sites spaced 100 μm 

apart and spanning the tonotopic axis (instead of 7 sites spaced 200 μm apart); spontaneous 

rates were also recorded in two additional rows, one 100 μm rostral and one 100 μm caudal 

to the first row (Fig. 1). At each recording site, we counted the total number of voltage 

events in the multiunit trace that dropped below −100 mV over a 90 second period. The 

counts summed over the 90 second period were converted to an activity rate, expressed in 

events/s. Based on previous findings, the tuning curve measurements should not affect the 

spontaneous activity measurements, since post-stimulus effects in the DCN are generally 

limited to the first few hundred milliseconds following tone offset (Kaltenbach et al., 1993)

Data analysis

Response areas from the various recording sites were used to generate plots of CF threshold 

vs distance along the medial-lateral axis of the DCN. Both the exact locations of the 

recordings and the precise spacing between adjacent recording sites for collecting response 

areas varied somewhat from animal to animal, and as a result, it was necessary to pool points 

of approximately similar locations together. To accomplish this, we divided the medial-

lateral length of the DCN into 7 bins of approximately equal width. These bins were used to 

pool response area measures in order to calculate a mean CF threshold for each of the 7 

locations.

Spontaneous activity rates were averaged across the three loci recorded at each of the 15 

medial-lateral sites (rostral, caudal, and middle) in each animal (Fig. 1). The average rates 

were then plotted as activity profiles, showing mean spontaneous rate as a function of 

lateral-to-medial distance along the tonotopic axis of the DCN for each animal. The mean 

activity profiles were then averaged across animals within each exposure/treatment group. 

Differences between the curves for each of the three animal groups (exposed MK-801-

treated, exposed saline-treated, and unexposed saline-treated controls) were tested 

statistically using ANOVA followed by post hoc 2-tailed t-tests. Differences were considered 

significant if p < 0.05.
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Neuronal hyperactivity develops in central auditory nuclei after noise exposure 

and is thought to contribute to the symptoms of tinnitus.

It has been hypothesized that the development of hyperactivity may involve 

NMDA receptors

This hypothesis was tested by pretreating animals with the NMDA receptor 

antagonist, MK-801

MK-801 reduced the level of hyperactivity that emerged in the dorsal cochlear 

nucleus after noise exposure.

This finding suggests that NMDA participate in the induction of hyperactivity 

after noise exposure.
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Fig. 1. 
Image of the left DCN of one of the animals in the control group, viewed from a dorsal 

perspective, showing the locations of the different recording sites used to map spontaneous 

activity. Points are spaced 100 μm apart both horizontally and vertically. Locations at which 

recordings of spontaneous activity were preceded by recordings of frequency tuning are 

shown by points surrounded by circles. The outline of the DCN is demarcated by the dark 

line. The oval highlights 3 points that were averaged to contribute to the point in Fig. 3A for 

the mean activity at 1.2 mm. Scale bar = 200 μm.
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Fig. 2. 
Comparison of neural response thresholds in control and the two groups of tone-exposed 

animals (MK-801-treated and saline-treated). Each point represents the mean CF threshold + 

SEM for all tuning curves that were recorded in a bin whose center is indicated on the 

abscissa. Tuning curve sample sizes ranged from 3–5 for control saline-treated animals 

(except for locus 0.55, which was based on a sample of 2 tuning curves), 5–8 for exposed 

saline treated (except for locus 1.4, which was based on a single tuning curve), and 7–12 for 

exposed MK-801 treated animals (except for loci 0.85 and 1.05, which were based on 4 and 

3 tuning curves, respectively). Distance is relative to the lateral edge of the DCN. CF is 

defined as the frequency at which the response occurred at the lowest intensity.
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Fig. 3. 
A. Comparison of spontaneous activity profiles in control and intense-tone-exposed animals. 

B. Mean spontaneous rates in the three animal groups based on data pooled across all 15 

medial-lateral locations and across all animals in each group. C,D. Similar comparisons as in 

B but for lateral (0.1–0.7 mm, representing frequencies below 10 kHz) and medial (0.8–1.5 

mm, representing frequencies above about 10 kHz) halves of the DCN, respectively. Error 

bars show SEM in each case. Frequency equivalents of the topographic locations are 

indicated by the bottom scale. Statistical significances of differences are indicated by * p < 

0.05, ** p <0.005, *** p < 0.0005, **** p < 0.00005.
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