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Although high doses of sodium salicylate impair cochlear function, it paradoxically enhances
sound-evoked activity in the auditory cortex (AC) and augments acoustic startle reflex responses,
neural and behavioral metrics associated with hyperexcitability and hyperacusis. To explore the
neural mechanisms underlying salicylate-induced hyperexcitability and “increased central gain”,
we examined the effects of γ-aminobutyric acid (GABA) receptor agonists and antagonists on
salicylate-induced hyperexcitability in the AC and startle reflex responses. Consistent with our
previous findings, local or systemic application of salicylate significantly increased the amplitude
of sound-evoked AC neural activity, but generally reduced spontaneous activity in the AC.
Systemic injection of salicylate also significantly increased the acoustic startle reflex. S-baclofen
or R-baclofen, GABA-B agonists, which suppressed sound-evoked AC neural firing rate and local
field potentials, also suppressed the salicylate-induced enhancement of the AC field potential and
the acoustic startle reflex. Local application of vigabatrin, which enhances GABA concentration in
the brain, suppressed the salicylate-induced enhancement of AC firing rate. Systemic injection of
vigabatrin also reduced the salicylate-induced enhancement of acoustic startle reflex. Collectively,
these results suggest that the sound-evoked behavioral and neural hyperactivity induced by
salicylate may arise from a salicylate-induced suppression GABAergic inhibition in the AC.
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Introduction
Sodium salicylate, the active ingredient of aspirin, is the most widely used antiinflammatory drug for treating chronic pain and fever. High doses of salicylate are toxic and
can cause temporary hearing loss and tinnitus and even death (Proudfoot, 1983, Wood et al.,
2005, Minns et al., 2010). Moreover, high doses and prolonged use of salicylate can cause

© 2011 IBRO. Published by Elsevier Ltd. All rights reserved.
Address correspondence to: Wei Sun, Center for Hearing & Deafness, 137 Cary Hall, State University of New York at Buffalo,
Buffalo, NY 14214, Phone: 716 829 5307, Fax: 716 829 2980; weisun@buffalo.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Lu et al.

Page 2

NIH-PA Author Manuscript

permanent hearing impairment and spiral ganglion degeneration (Zheng and Gao, 1996,
Chen et al., 2010, Wei et al., 2010a). Approximately 45% of patients who regularly took
salicylate to treat rheumatoid arthritis developed tinnitus or sensorineural hearing loss;
~25% had blood salicylate concentrations lower than 1.4 mM (Halla and Hardin, 1988).
Elderly patients taking salicylate were more likely to develop tinnitus than younger peers
(Grigor et al., 1987). Since sodium salicylate reliably induces tinnitus in humans, it is has
become a standard pharmacological tool for inducing transient tinnitus in animal models
(Jastreboff et al., 1988, Lobarinas et al., 2004, Yang et al., 2007).
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Accumulating evidence indicates that high doses of salicylate affect both the peripheral and
central auditory systems. Very high doses of salicylate reversibly block the electromotility
of outer hair cells which in turn may contribute to salicylate-induced transient sensorineural
hearing loss (Kakehata and Santos-Sacchi, 1996, Ermilov et al., 2005). The effects of high
doses of salicylate on auditory activity have been mixed. Some reports indicate that
salicylate increases auditory nerve fiber spontaneous rates while other reports suggest that it
has no effect or reduces spontaneous discharge rates (Evans et al., 1981, Stypulkowski,
1990, Muller et al., 2003). Salicylate enhances glutamate-induced N-Methyl-D-aspartic acid
(NMDA) receptor currents in spiral ganglion neurons presumably by increasing the level of
arachidonic acid (Peng et al., 2003, Ruel et al., 2008). Salicylate also exerts effects on the
central auditory system; some of these effects appear to originate in the central auditory
pathway while others are relayed centrally from the cochlea or more peripheral loci
(Eggermont and Kenmochi, 1998, Wang et al., 2006, Wang et al., 2008, Sun et al., 2009).
Physiological studies indicate that systemic injection of salicylate elevates the discharge
rates of neurons in the inferior colliculus (IC) and the auditory cortex (AC); however, the
mechanisms leading to these increases are poorly understood (Jastreboff and Sasaki, 1986,
Chen and Jastreboff, 1995, Ochi and Eggermont, 1996). There is growing evidence that
salicylate affects γ-aminobutyric acid (GABA) inhibition in the central auditory system
(Gong et al., 2008). Salicylate reduces the miniature inhibitory postsynaptic currents in the
IC to about 60% (Wang et al., 2006). Vigabatrin, an anti-seizure drug that increases GABA
concentration, suppresses noise-induced tinnitus suggesting that diminished GABA
inhibition contributes to tinnitus (Brozoski et al., 2007).
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In a previous study we showed that 250 mg/kg of salicylate, a dose that reliably induces
tinnitus in rats, decreased the sound-evoked compound action potential from the cochlea.
Paradoxically, salicylate increased the amplitude of the sound-evoked field potential from
the AC of awake-rats and increased the amplitude of acoustic startle reflex (Sun et al.,
2009), (Newman et al., 1994, Henry et al., 2005). Isoflurane, which enhances GABAmedicated inhibition, blocked the salicylate-induced increase in AC response amplitude
presumably by suppressing GABA-mediated inhibition. To evaluate the role of GABA
mediated inhibition in salicylate-induced AC hyperactivity, we applied salicylate directly on
the AC in the presence of a GABA receptor agonist. To determine if the salicylate-induced
enhancement of the acoustic startle amplitude was due to the loss of GABA mediated
inhibition we measured the startle amplitude before and after the administration of salicylate
with or without GABA receptor agonists.

Materials and Methods
Animals
Adult male Sprague Dawley rats (3-5 months, 200-400 g) were used in the acute and chronic
electrophysiological experiments and behavioral tests. All protocols were approved by the
Institutional Animal Care and Use Committee (IACUC) at the University at Buffalo and
were consistent with the guidelines issued by the National Institutes of Health.
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Rats were anesthetized with ketamine (50 mg/kg) and acepromazine (0.5 mg/kg). The head
was fixed in a stereotaxic frame (World Precision Instrument, Sarasota, FL) and the skin and
muscle on the right temporal bone were carefully removed to expose the right AC. The
anatomical landmarks on the skull and the blood vessels on the surface of the cortex were
used to identify the AC as noted previously (Horikawa et al., 1988, Sally and Kelly, 1988,
Polley et al., 2007). The dura mater was excised and a 16 channel electrode array
(NeuroNexus, A4x4-3mm-100-177, Ann Arbor, Michigan) mounted on a hydraulic
manipulator was advanced into the AC. A stainless steel electrode was inserted into the
muscle adjacent to the opening and used as a ground electrode. Body temperature was
measured and maintained at 37 °C using a thermally regulated heating pad system
(Homeothermic Blanket Control Unit, Harvard Apparatus, MA). The AC responses were
recorded before and after local delivery of salicylate alone or in conjunction with a GABA
receptor agonist applied on the surface of the AC (100 μl).
AC electrode implantation for chronic recording
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Rats were anesthetized with ketamine (50 mg/kg) and acepromazine (0.5 mg/kg). Then the
head was fixed in a stereotaxic frame (WPI) and the surface of the parietal bone and part of
the frontal bone was exposed. A 1-2 mm diameter hole was opened in the skull over the AC
(5-6 mm posterior to bregma on the internal side of the suture between the parietal and the
temporal bones (Polley et al., 2007). A high impedance, Teflon coated electrode (~5-6 MΩ,
75 μm diameter, FHC, ME) mounted on the manipulator of the stereotaxic frame was gently
advanced through the opening in the skull using a hydraulic manipulator. A sweep tone was
presented as the electrode was advanced into the AC. The AC response was amplified using
Tucker Davis Technologies (TDT, Alachua, FL, USA) System-3 hardware and software and
the response was monitored on a computer screen and a monitor speaker. Once a
synchronized AC response was evoked by sound, the electrode was fixed to the skull using
dental cement. Six small stainless steel screws (Small Parts Inc.) were inserted into the skull
to provide additional anchoring for the dental cement. A custom threaded rod (1/2” long
with ¼” diameter) was attached to the skull with dental cement. The rod was later used to
maintain the rat’s head in a relatively stable position during the recording. A stainless steel
ground electrode was implanted under the dura and fixed on the surface of the parietal bone
using dental cement. The wound was sutured around the electrode connector and the animal
was allowed to recover for 3-5 days before recording.
Stimuli and recordings
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Stimuli were generated with TDT System-3 hardware and software (SigGen, TDT) and
presented through a high frequency speaker (Fostex FT28D, Madisound Speaker
Components Inc., Middleton, WI). Tone-bursts (50 ms duration, 1 ms rise/fall time) at the
characteristic frequency of the AC neuron were used to elicit responses; sound intensity was
varied from 10 to 100 dB SPL. The sound driven spike rate was calculated by using the
average firing rate in a 50 ms window when the sound stimulus was presented minus the
average baseline spike rate measured in a 50 ms window prior to stimulus onset. The
spontaneous rate was the averaged spike rate calculated in a separate 5 minute interval either
before or after drug treatment. Stimuli were calibrated using a sound level meter (824,
Larson Davis, Depew, NY) and ½”condenser microphone (Larson Davis).
The output of the AC response was connected to a 16 channel preamplifier (RA16PA, TDT)
using a flexible, low noise cable. The output of the preamplifier was delivered to a digital
signal processing module (RX5-2, Pentusa Base Station, TDT) connected to a computer.
Peri-stimulus time histograms (PSTH) were constructed from spike discharges (100-3000
Hz) using Brainware software (TDT).
Neuroscience. Author manuscript; available in PMC 2012 August 25.
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Our startle reflex procedures have been described previously (Yang et al., 2007, Sun et al.,
2009). Each animal was placed in an acoustically transparent, wire mesh cage (7 × 5.5 ×18
cm) mounted on a Plexiglass base which rested on a sensitive piezoelectric transducer
(Radio Shack). The output of the piezo transducer was connected to an A/D converter on an
RP2 Real-time Processor (TDT). The startle reflex was low-pass filtered (1000 Hz,
LPF-300, World Precision Instruments, Sarasota, FL) and the root mean square (rms) of the
response (100 ms window) was measured using custom software. Sound stimuli were
presented using a high frequency speaker (Fostex FT28D) located approximately 28 cm
above the rat’s head. Sound signals were generated by an RP2 Real-time Processor (TDT)
controlled by custom software. The startle eliciting stimulus consisted of a broadband noise
burst presented at intensities from 50 to 100 dB SPL (10 dB step). The stimulus was
presented 10 times at each intensity in a pseudo-random order. The inter-trial interval was
randomly varied from 18 to 22 seconds. The amplitude of the acoustic startle response (rms
voltage) was measured in a 100 ms window after the onset of the startle stimulus.
Chemicals
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R-baclofen (R-Bac; also D-baclofen or (+) baclofen) and S-baclofen (S-Bac; also Lbaclofen, (-)-baclofen) were purchased from Douglas Pharmaceuticals (Auckland, New
Zealand). R-Bac and S-Bac are enantiomers of baclofen, a GABA-b receptor agonist. R-Bac
is more potent as a muscle relaxant than S-Bac. Vigabatrin (Sabril) was purchased from
Global Drugs (Surrey, BC Canada). Sodium salicylate (S2679) was purchased from Sigma.
For local application, all drugs were dissolved in artificial cerebral spinal fluid (ACSF)
containing 142 mM NaCl, 5 mM KCl, 10 mM glucose, 10 mM HEPES, 3.1 mM Ca2+ and
1.3 mM Mg2+. The pH was adjusted to 7.4 using HCl or NaOH. For systemic injections,
drugs were dissolved in saline.
Statistic Data Analysis
Graphs and statistic analyses were generated using GraphPad Prism (Version 5, GraphPad
Software, San Diego, CA, USA). Results are presented as mean ± standard error of the
mean.

Results
Salicylate Effect on AC Response in Awake Rats
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The effects of salicylate (250 mg/kg, i.p.) on the AC neural responses were first tested in
awake-rats using a chronically implanted electrode in the AC. In order to reduce noise
generated by animal movements, rats were placed in the testing cage for 1-2 h per day
(acoustic stimuli were presented) for at least three days prior to data collection to allow the
animals to habituate (Sun et al., 2009). After the rats acclimated to the testing apparatus and
sound stimuli, sound driven and spontaneous activity were recorded from the AC at least
two times on different days until a stable response was collected. The rats were then injected
with 250 mg/kg salicylate (intraperitoneal injection, i.p.) and the AC neural responses were
recorded 1 h, 1 day and 2 days post-treatment. The typical PSTH of AC responses to tone
bursts (50 ms duration, 1 ms rise/fall time, at the characteristic frequency, CF) are shown in
Figure 1A-B. Most (~75%) AC neurons (17 units from 15 rats) showed a robust onset
response followed by a relative small offset response (Figure 1A) while a small proportion
showed a sustained response (Figure 1B, ~25%). The mean (n=8) sound driven rateintensity functions are shown in Figure 1C before and 1 h after salicylate treatment. There
was no obvious threshold change of the AC spikes and the suprathreshold firing rates 1 h
post-salicylate were substantially higher than pre-treatment firing rates. The sound driven
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firing rates between 70 and 100 dB SPL increased by approximately 100% 1 h after
salicylate treatment; these changes were statistically significant (Figure 1C, Two-way
ANOVA, F(1, 50) = 51.37, p<0.0001). Recordings were obtained from the chronically
implanted electrodes on the 2nd and 3rd day after salicylate treatment (Figure 1D). The
average sound driven firing rates obtained at 90 dB SPL are shown in Figure 1D. The
average firing rate increased by approximately 100% 1 h after salicylate treatment and was
essentially back to normal on the second and the third day (Figure 1D, One-way ANOVA, p
< 0.05, n = 8). The spontaneous firing rate (averaged rate, 5 min recording window) of most
AC neurons showed only slight increases or decreases 1 h after salicylate application as
illustrated by the pre-post scatter plot in Figure 1E. The average spontaneous firing rate of
the sample was 15.7 ± 2 Hz before salicylate injection and 14.5 ± 2 Hz 1 h after salicylate
injection (Figure 1F, paired Student’s t-test, p > 0.05, n = 17).
Salicylate effects on AC response in anesthetized rats
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Recordings were also obtained from the AC of anesthetized (ketamine) rats using a 16
channel electrode array. Measurements were obtained before and after applying salicylate (2
mM, 100 μl) on the AC. Local application of salicylate enhanced the amplitude of the AC
local field potential (Figure 2A-B) consistent with our previous results (Figure 1) (Sun et al.,
2009). Typical PSTH (tone burst at CF, 90 dB SPL) recorded from the AC before and after
salicylate are shown in Figure 2C-D. The PSTH showed a sharp onset response to tone
bursts presented at CF. The firing rates increased within 1 min after local application of
salicylate and both the peak and width of the PSTH increased.
Figure 3A shows an example of a spike rate-intensity function of a typical multiunit cluster
in the AC before and 1 min after salicylate application. There was no change in the threshold
after salicylate was applied to the AC since local AC application has no adverse effects on
the cochlea. However, the suprathreshold spike rate increased by two to three fold in this
case. Sound driven rate-intensity functions were recorded pre and post-SS from six multiunit
clusters. The mean rate-intensity functions (data not shown) increased significantly after SS
application (Two-way ANOVA, F (1, 50) = 51.37, p<0.0001, n = 6, CF was from 8 to 32
kHz). The average sound driven spike rate at 50 dB SPL increased by approximately 120%
shortly after salicylate application (paired t-test, p < 0.001, n = 6, Figure 3B). Despite the
increase in sound evoked spike rate, the spontaneous firing rates of most AC neurons
decreased after salicylate treatment. Figure 3C is a scatter-plot showing the spontaneous rate
before and shortly after salicylate application (21 units from 9 rats). The spontaneous rate (5
min recording window) of all but one AC neurons decreased after salicylate application. The
average spontaneous rates decreased from 21 ± 9.4 Hz to 15 ± 7.7 Hz (paired t-test, p =
0001, n = 21, Figure 3D).
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Effects of Baclofen on AC response
Baclofen is a potent GABA-B receptor agonist that can suppress sound evoked neural
activity (Szczepaniak and Moller, 1995, 1996). We evaluated the local effects of S-baclofen
on spontaneous and sound driven firing rate in the AC. A small drop (100 μl) of ACSF
(control condition), salicylate (2 mM, 37 °C), S-baclofen (1 mg/ml) or the combination of
salicylate plus S-baclofen was applied to the surface of the AC. Figure 4A shows an
example of a spike rate-intensity function of a multiunit cluster from the AC before and after
salicylate treatment with and without S-baclofen. Salicylate alone increased suprathreshold
firing rates relative to the pre-treatment baseline obtained with ACSF. In contrast, the firing
rates with salicylate plus S-baclofen were lower than pre-treatment firing rates and slightly
higher than S-baclofen alone. Figure 4B shows the effect of salicylate, S-baclofen and
salicylate plus S-baclofen on the average (n = 6) firing rates at 50 dB SPL. Salicylate
increased the mean firing rate from it pre-treatment baseline of 33 ± 4 Hz to 73 ± 9 Hz (~
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120% increase) whereas S-baclofen mixed with salicylate decreased the firing rate to 25 ± 4
Hz (~25% below the baseline firing rate). The average firing rate with S-baclofen alone was
27 ± 7 Hz. The effect of treatment was statistically significant (One-way ANOVA, F =
15.14, p < 0.0001, n = 6). A Tukey’s post-hoc test showed that salicylate caused a
significant increase in firing rate relative to pre-treatment baseline (p < 0.001). The firing
rates with S-baclofen plus salicylate or S-baclofen alone were significantly lower than
salicylate alone (p < 0.001). There was no difference in firing rate between pre-treatment
baseline and S-baclofen plus salicylate treatment. Thus, S-baclofen (1 mg/ml) blocked the
salicylate-induced enhancement of sound-evoked firing rate. The effect of S-baclofen (1 mg/
ml) on the spontaneous activity of AC neurons is shown in Figure 4C-D. S-baclofen caused
an increase in spontaneous rate in 4 cases and a decrease in 2 cases; the mean spontaneous
rate after S-baclofen treatment did not differ significantly from the pre-treatment rate
(Figure 4C-D). When salicylate (2 mM) was applied alone, there was a reduction in mean
firing rate (Figure 4D). When salicylate and S-baclofen (1 mg/ml) were applied together, the
mean firing rate was not significantly different from salicylate alone (Figure 4D, One-way
ANOVA, P>0.05).
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The effects of salicylate (2 mM), R-baclofen (1 mg/ml), and R-baclofen plus salicylate on
the mean (n=6) spike-rate intensity functions are shown in Figure 5A. R-baclofen (1 mg/ml)
strongly suppressed the firing rate at all intensities compared to baseline (ACSF). In
contrast, SS increased the firing rate at suprathreshold levels, but decreased the rate at low
intensities. When R-baclofen was administered with salicylate (2 mM), the combination
strongly suppressed the firing rate and produced effects similar to those seen with Rbaclofen alone. A statistical analysis showed a significant interaction effect of treatment and
intensity (Two-way ANOVA, F(27, 210) = 5.52, p<0.0001, n = 8). The effects of salicylate
alone and R-baclofen alone were also statistically significant (F(3, 210) = 67.17, p <0.0001).
Bonferroni post-tests showed that R-baclofen and R-baclofen plus salicylate caused a
significant decrease in firing rates from 30 to 90 dB SPL compared to the pre-test baseline
(p < 0.001). In this particular case, salicylate alone increased the firing rates at high
intensities (90-100 dB SPL, p < 0.05), but decreased the firing rates at low intensities (30-70
dB, p < 0.05) compared to pre-treatment baseline. Figure 5B shows the average firing rate at
90 dB SPL (n = 6) before and after R-baclofen alone, SS alone and SS plus R-baclofen
(One-way ANOVA, F(3, 31) = 11.6, p = 0.0001, n = 8). The AC firing rate increased from
96 ± 12 Hz to 146 ± 27 Hz after salicylate application (~50% increase, p < 0.05, Tukey’s
test). The firing rate decreased to 35 ± 14 Hz after R-baclofen application (~70% reduction,
p < 0.05, Tukey’s test). The firing rate remained significantly depressed at 51 ± 17 Hz (n =
4) after the combined treatment of salicylate (2 mM) plus R-baclofen. Thus, R-baclofen
greatly reduced AC firing rates and blocked the salicylate-induced increase in AC firing.
Figure 5C is a scatter-plot comparing the spontaneous rate before and after R-baclofen (1
mg/ml). R-baclofen significantly decreased the spontaneous firing rate of all AC neurons (n
= 8, Figure 5C). Figure 5D shows the mean (n = 8) spontaneous spike rate before and after
salicylate, R-baclofen and salicylate plus R-baclofen. All three treatments caused a
significant decrease in spontaneous activity (One-way ANOVA, F = 56.9, p<0.0001). The
averaged spontaneous firing rate (n = 8) dropped from approximately 21 Hz pre-treatment to
1.4 Hz after R-baclofen, to 1.3 Hz after R-baclofen plus salicylate treatment and to 1.3 Hz
after salicylate alone (One-way ANOVA, F = 56.9, p<0.0001).
Effect of Vigabatrin on AC response
Vigabatrin is an irreversible inhibitor of gamma-aminobutyric acid transaminase which can
block the catabolism of GABA and increase GABA levels in the brain. We tested the effects
of local application of vigabatrin on sound evoked and spontaneous firing rates in the AC.
Mean (±SEM, n = 15) rate-intensity functions obtained before and after treatment with

Neuroscience. Author manuscript; available in PMC 2012 August 25.

Lu et al.

Page 7

NIH-PA Author Manuscript

salicylate (2 mM), vigabatrin (1 mg/ml, 100 μl) or the combination of vigabatrin plus
salicylate are shown in Figure 6. Local application of salicylate (2 mM) increased the
suprathreshold firing rates of AC neurons (Figure 6A). In contrast, vigabatrin caused a slight
decrease in AC firing rate; this effect was most pronounced at high intensities. When
vigabatrin was applied with salicylate, it suppressed the salicylate-induced enhancement of
AC firing rate. There was a significant effect of treatment (Two-way ANOVA, F (3, 420) =
76.53, p < 0.001). Mean (±SEM, n = 15) spike rates measured at 90 dB SPL before and after
treatment with salicylate (2 mM), vigabatrin (1 mg/ml), or vigabatrin plus salicylate are
shown in Figure 6B. The average spike rate increased from 48 ± 6 Hz (n = 15) pre-treatment
to 81 ± 11 Hz (n = 15) after salicylate application and then dropped to 28 ± 4 Hz and 28 ± 4
Hz (n = 15) after vigabatrin or vigabatrin plus salicylate treatment. The effect of treatment
was statistically significant (One-way ANOVA, F (3, 59) = 12.81, Figure 6B). A Tukey’s
post-hoc analysis showed that the sound-evoked spike rate during salicylate was
significantly higher (p < 0.001) than pre-treatment. In addition, firing rate during salicylate
treatment was significantly higher than with vigabatrin (p < 0.001) or vigabatrin plus
salicylate (p < 0.001).
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Vigabatrin and salicylate also induced a significant change in spontaneous firing rate (Figure
6C, One-way ANOVA, F (3, 59) = 7.82, P<0.0001). A Tukey’s post-hoc analysis showed
there was a significant decrease in spike rate between pre-treatment versus salicylate or
vigabatrin plus salicylate (p<0.01 and p<0.001 respectively). Although the average spike
rate dropped from 19.9 ± 8.7 Hz before vigabatrin treatment to 15.5 ± 8.2 Hz after vigabatrin
treatment, this decrease was not significant (P > 0.05) (Figure 6C). Thus, vigabatrin
diminished the salicylate-induced enhancement of sound driven firing rates, but did not
completely block the salicylate-induced decrease in spontaneous activity.
Effect of Baclofen and Vigabatrin on Startle Reflex Amplitude
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In addition to increasing the amplitude of the AC response, sodium salicylate also increased
the amplitude of the acoustically evoked startle reflex (Sun et al., 2009). To determine if
baclofen would suppress the salicylate-induced enhancement of the startle reflex, we
measured the startle reflex input/output function before and after treatment with salicylate,
saline, baclofen and baclofen plus salicylate. Testing was conducted on separate days with a
2-3 day washout period between tests. During baseline testing, the mean (n = 9) startle
amplitude gradually increased from 70 to 95 dB SPL with a plateau at 100 to 115 dB SPL
(Figure 7). Mean startle amplitudes measured 1-2 h after salicylate treatment (250 mg/kg,
i.p.) were substantially larger than baseline. For example, after salicylate treatment (i.p., 250
mg/kg) the startle amplitude at 115 dB SPL was nearly 40% greater than baseline. Mean
startle amplitude after treatment with S-baclofen (10 mg/kg, i.p.) was smaller than normal at
intermediate intensities, but at higher intensities the maximum amplitude was comparable to
baseline. When S-baclofen was co-administered with salicylate, the startle amplitude input/
output function was nearly identical to baseline. Mean startle response amplitudes from each
intensity was compared across the four treatments (One-way repeated measure ANOVA,
F(3, 27) = 53.8, p< 0.0001). Mean startle amplitude with salicylate alone was significantly
greater than during baseline or during salicylate plus S-baclofen treatment whereas mean
startle amplitude during S-baclofen was significantly smaller than baseline. Importantly,
mean startle amplitude during S-baclofen plus salicylate was not different from baseline
suggesting that S-baclofen blocks salicylate-induced startle enhancement. R-baclofen, a
more potent muscle relaxant than S-baclofen, showed a strong suppression of the acoustic
startle reflex even in a very low dose (1 mg/kg, i.p., data not show). Therefore we did not
test its effect on salicylate.
To determine if vigabatrin would also suppress the salicylate-induce startle enhancement, a
separate group of rats (n=4) were treated rats with vigabatrin, salicylate, or vigabatrin plus
Neuroscience. Author manuscript; available in PMC 2012 August 25.
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salicylate. Each drug treatment was separated by a 4-5 days washout period. Prior to drug
treatment, a baseline acoustic startle reflex input/output function was obtained from each
animal. Approximately 4 h later, subjects were treated with salicylate, vigabatrin or the
combination of salicylate plus vigabatrin. As expected, salicylate (250 mg/kg, i.p.) alone
increased the amplitude of the startle reflex (Figure 8A); the mean (±SEM) increase was on
the order of 34 ± 24% between 80 and 110 dB SPL (Figure 8D). In contrast, vigabatrin alone
(250 mg/kg, i.p.) significantly reduced the amplitude of the startle response (Figure 8B, n =
4, two-way ANOVA, F(1, 36) = 8.9, p < 0.01); the mean (±SEM) amplitude reduction was
28 ± 5% between 80 and 110 dB SPL (Figure 8D). When salicylate (250 mg/kg, i.p.) was
co-administrated with vigabatrin (250 mg/kg), the startle amplitude showed a significant
decrease (Figure 8C, two-way ANOVA, F(1, 18) = 7.36, p < 0.05); the mean (±SEM)
amplitude decrease was 19 ± 17% (Figure 8D).

Discussion
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Our results show for the first time that local application of salicylate on to the AC enhances
the amplitude of sound-evoked AC field potentials and suprathreshold firing rates of AC
neurons (Figures 2-6), but reduces the spontaneous activity of most AC neurons (Figure 2).
Thus, salicylate has a direct effect on the functional properties of the AC. Importantly, local
application of baclofen, a GABA-B agonist, suppressed the salicylate-induced increase in
sound evoked AC activity; these suppressive effects were substantially greater for Rbaclofen than for S-baclofen (Figures 3-4). Additionally, local application of vigabatrin,
which increases GABA levels, also suppressed the salicylate-induced enhancement of AC
activity. In terms of its behavioral effects, salicylate enhanced the amplitude of the startle
reflex. The salicylate-induced enhancement of the startle reflex was suppressed by Sbaclofen.
Central Effects of Salicylate

NIH-PA Author Manuscript

Converging evidence from several different species and labs indicates that systemic and
local administration of salicylate enhances sound evoked activity in the AC (Lobarinas et al.,
2006, Yang et al., 2007, Sun et al., 2009, Norena et al., 2010, Zhang et al., 2011). The
mechanisms that lead to enhanced AC activity are poorly understood and somewhat
paradoxical. On the one hand, systemic high-dose salicylate treatment suppresses the neural
output of the cochlea (Stypulkowski, 1990, Cazals, 2000, Ruel et al., 2008, Yu et al., 2008,
Ralli et al., 2010), but enhances sound evoked activity from AC (Sun et al., 2009). However,
when salicylate is applied directly to the cochlea, it suppresses sound evoked activity in the
inner ear as well as in the IC and the AC (Sun et al., 2009). These results suggest that the
hyperactivity observed in the AC following systemic drug administration originates
centrally in the auditory pathway. Our results support this interpretation, since application of
salicylate to the AC enhanced the amplitude of sound-evoked field potentials and
suprathreshold firing rates of AC neurons (Figure 2).
Salicylate and GABA
GABA is the major inhibitory neurotransmitter in the central nervous system (Cox et al.,
1992). In the AC, GABA release sharpens the frequency-response receptive fields and
improves temporal processing (Jones, 1993, Schulze and Langner, 1999, Wang et al., 2000,
Liu et al., 2007). Application of GABA-A or GABA-B receptor antagonists on the AC can
decrease sound-evoked thresholds and enhance the onset response (Foeller et al., 2001,
Wang et al., 2002, Kurt et al., 2006). Previous in vitro studies indicate that salicylate
suppresses GABA mediated inhibition in the AC as well as other regions of the central
nervous system (Wang et al., 2006, Gong et al., 2008, Wang et al., 2008). Salicylate can also
block the serotonin-induced enhancement of GABAergic activity in the IC leading to
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increased excitation (Wang et al., 2008). Consistent with these in vitro results, we found that
the salicylate-induced hyperactivity in the AC was suppressed by local administration of
baclofen (Figure 4-5), a GABA-B receptor agonist, as well as by vigabatrin (Figure 6),
which enhances GABA. Collectively, these results suggest that the salicylate-induced
hyperactivity in the AC arises from a reduction in GABA mediated inhibition (Wang et al.,
2006). Several additional lines of evidence support this interpretation. First, isoflurane
anesthesia which enhances GABA mediated inhibition blocks the salicylate-induced
enhancement of AC activity (Sun et al., 2009). Second, in AC brain slice preparations,
salicylate suppresses the firing rate of fast spiking, GABAergic interneurons (Su et al.,
2009); reducing the activity of these inhibitory interneurons would presumably enhance the
sound evoked activity of the AC. Based on these results, we propose that salicylate-induced
hyperactivity in the AC arises from a loss of GABA-medicated inhibition.
Salicylate and Spontaneous Activity
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Although systemic salicylate administration consistently enhanced sound evoked activity in
the AC, it decreased spontaneous activity in most AC neurons. These results are consistent
with previous reports showing that systemic salicylate treatment decreases spontaneous
activity in the primary AC (Eggermont and Kenmochi, 1998, Yang et al., 2007, Zhang et al.,
2011). Our new results show that local application of salicylate also suppresses spontaneous
activity in most AC neurons (Figure 3). The salicylate-induced suppression of AC
spontaneous activity is similar to the suppression we observed in vitro in fusiform cells from
the dorsal cochlear nucleus after salicylate treatment (Wei et al., 2010b). It seems unlikely
that the salicylate-induced suppression of spontaneous activity is due to an increase in
inhibitory postsynaptic currents because baclofen and vigabatrin did not reverse the
spontaneous hypoactivity induced by salicylate (Figure 4-6). Previous in vitro studies also
have shown that salicylate decreased the frequency and amplitude of the spontaneous
inhibitory postsynaptic currents in AC pyramidal neurons (Wang et al., 2006). One
possibility is that the salicylate-induced decrease in spontaneous activity is mediated by
other neurotransmitter receptors in the AC such as acetylcholine, serotonin or dopamine
(Campbell et al., 1987, Stark and Scheich, 1997). Salicylate could have an effect on the
intrinsic membrane properties of AC neurons; however, no changes of this type were
observed in recent brain slice studies of the AC (Wang et al., 2006, Su et al., 2009).
While a number of clear trends were evident in the results, some variability was seen in
sound evoked spiking rate and spontaneous activity. The source of this variability may be
due to the relatively small sample of neurons recorded at different CFs. Another factor may
be that the various subtypes of neurons in the AC are likely to responds differently to
salicylate, baclofen and vigabatrin properties (Wang et al., 2006, Su et al., 2009).
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Salicylate Enhanced Startle Reflex
We previously reported that high doses of salicylate significantly enhanced the acoustic
startle reflex (Sun et al., 2009). The exaggerated acoustic startle response may be linked to
the enhanced auditory evoked potentials seen with cochlear hearing loss (Salvi et al., 2000,
Ison et al., 2007). As suggested previously, the exaggerated startle responses could
conceivably represent a behavioral correlate of collapsed sound tolerance or hyperacusis
(Ison et al., 2007, Turner and Parrish, 2008, Sun et al., 2009). Hyperacusis, which is
characterized by an abnormally strong reaction to loud sounds (Anari et al., 1999), is
commonly seen in individuals with sensorineural hearing loss and tinnitus (Jansen et al.,
2009)(Dauman and Bouscau-Faure, 2005, Schmuziger et al., 2006). The mechanisms that
give rise to this exaggerated startle response are poorly understood. In addition, it would be
useful to determine if the exaggerated startle responses are seen in humans with clinical
manifestations of hyperacusis (Kumari et al, 1996). It has been suggested that the
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exaggerated response results from a loss of descending inhibition on the brainstem sensorymotor circuits that directly mediate the acoustic startle response (Swerdlow et al., 2001, Ison
et al., 2007). Consistent with this view, bilateral lesions of the AC temporarily increase the
amplitude of the startle reflex response evoked by high intensity sounds providing evidence
that the AC can modulate brainstem circuits mediating the startle response (Hunter and
Willott, 1993). To determine if the salicylate-induced increase in startle amplitude was due
to a loss of GABA mediated inhibition, we administered S-baclofen or vigabatrin to rats that
had been treated with a high doses of salicylate. Systemic administration of S-baclofen or
vigabatrin blocked the salicylate-induced enhancement of the acoustic startle reflex.
Acoustic startle reflex amplitudes are also enhanced in patients with spinal cord injury
(Kumru et al., 2009). Importantly, intrathecal administration of baclofen reversed these
effects and brought reflex amplitudes back into the normal range. Taken together, the
physiological and behavioral results suggest that exaggerated acoustic startle reflexes may
result from a salicylate-induced loss of GABA mediated inhibition.
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ABR

auditory brainstem response

AC

auditory cortex

ACSF

artificial cerebral spinal fluid

CF

characteristic frequency

GABA

γ-Aminobutyric acid

IC

inferior colliculus

i.p.

intraperitoneal injection

mM

millimole

NMDA

N-Methyl-D-aspartic acid

PSTH

Peri-stimulus time histograms

R-Bac

R-baclofen

rms

the root mean square

S-Bac

S-baclofen

SPL

sound pressure level

SS

salicylate
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•

Salicylate increases the amplitude of sound-evoked auditory cortex neural
activity

•

Baclofen suppresses sound-evoked auditory cortex neural firing rate and local
field potentials

•

Baclofen suppresses salicylate-induced enhancement of the auditory cortex
response

•

Vigabatrin suppresses the salicylate-induced enhancement of auditory cortex
firing rate
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Figure 1.
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Effect of systemic salicylate (SS, 250 mg/kg, i.p.) on AC responses recorded from awake
rats. (A) Typical peri-stimulus time histograms (PSTH) of an AC multiunit cluster to tone
burst stimuli (70 dB SPL, tone duration indicated by the horizontal line). (B) PSTH of an
AC multiunit cluster with a sustained neural response (40 dB SPL). (C) Mean (n = 8, SEM)
sound driven rate-intensity function before and 1 h after salicylate treatment (250 mg/kg);
note large increase in suprathreshold firing rate (Two-way ANOVA, F(1, 50) = 51.37,
p<0.0001). (D) Mean (SEM) AC firing rate at 90 dB SPL showed a significant enhancement
1 h after salicylate application and totally recovered 1-2 days salicylate washout (One-way
ANOVA, p < 0.05, n = 8). (E) Salicylate-induced both increases and decreases in
spontaneous firing rates of AC neurons (n = 17). (F) The average (n = 17, SEM)
spontaneous rate showed a slight decline 1h after salicylate treatment that was not
significant.
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Figure 2.

Local application of salicylate (2 mM) on the surface of AC increased the local AC field
potential and firing rate in anesthetized rats. (A-B) Local field potential to tone burst (200
ms, 90 dB SPL) almost doubled 1 minute after local salicylate application. (C-D) Peristimulus time histograms (PSTH) of AC multi-unit cluster showed that the peak and width
of the PSTH increased after local salicylate application.
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Figure 3.
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Effects of local AC application of salicylate (SS, 2 mM) on AC sound driven activity and
spontaneous activity. (A) Salicylate significantly enhanced AC firing rate. (B) The averaged
firing rate at 50 dB SPL showed a significant enhancement 1 min after salicylate application.
(paired t-test, p < 0.001, n = 6). (C) Scatter-plot showing the spontaneous rates of AC
neurons before and after local salicylate treatment; spontaneous rates decreased in most
neurons. (D) Mean (+SEM) spontaneous rate pre and post-salicylate. Spontaneous rate
decreased significantly (paired t-test, p = 0001, n = 21).
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Figure 4.
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(A) Spike rate-intensity function of multiunit cluster. Local application of salicylate (SS, 2
mM) enhanced sound-driven firing rate. Local application of S-baclofen (S-Bac, 1 mg/ml)
plus salicylate and S-Bac alone reduced sound driven firing rate relative to pre-treatment.
(B) Mean (+ SEM, n=6) sound evoked firing rate at 50 dB SPL before (Pre) and after local
salicylate (SS, 2mM), SS+S-Bac and S-Bac alone (1 mg/ml). Average (SEM) firing rate
increased significantly by salicylate (2 mM); firing rate with SS+S-Bac and S-Bac alone
significantly less than SS alone (One-way ANOVA, F = 16.14, p = 0.0007, n = 6). (C)
Scatter-plot showing spontaneous rates post S-Bac versus pre S-Bac. (D) Mean (+SEM,
n=6) spontaneous rates (+SEM) pre-treatment and after local treatment with SS (2 mM), SBac (1 mg/ml) or SS+S-Bac.
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Figure 5.

(A) Mean (SEM, n=6) spike rate-intensity function measured before and after local
salicylate (SS, 2 mM) and during local treatment with R-baclofen (R-Bac, 1 mg/ml) or
salicylate plus R-Bac. Firing rates with R-Bac or R-Bac plus salicylate caused a large
reduction of sound driven firing rate. (B) The averaged firing rate decreased significantly
after application of R-baclofen mixed with or without salicylate (One-way ANOVA, F =
16.14, p = 0.0007, n = 6). (C) R-balcofen significantly decreased the spontaneous firing rate
of AC neurons. (D) R-Bac, salicylate and R-Bac plus salicylate caused a significant decrease
in mean (SEM) spontaneous activity (one-way ANOVA, F = 56.9, p<0.0001, n = 8).
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Figure 6.
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(A) Mean (SEM, n =15) rate-intensity function from multiunit clusters in the AC obtained
pre-treatment and after local application of salicylate (2 mM), vigabatrin (Vig, 1 mg/ml) and
vigabatrin plus salicylate (SS). (B) Mean (SEM, n = 15) firing rate at 90 dB SPL measured
pre-treatment and after local treatment with salicylate (2 mM), vigabatrin (1 mg/ml) and
vigabatrin plus salicylate. Firing rates during salicylate significantly higher (p < 0.001) than
pre-treatment or during treatment with salicylate plus vigabatrin or vigabatrin alone (oneway ANOVA). (C) Mean (SEM, n = 15) spontaneous spike rate measured pre-treatment and
during treatment with salicylate (2 mM), vigabatrin (1 mg/ml) and salicylate plus vigabatrin.
Spontaneous rates during salicylate or vigabatrin plus salicylate were significantly less than
pre-treatment (One-way ANOVA, F (3, 59) = 7.82, P<0.0001). Tukey’s test showed there
was a significant difference between pre-treatment with salicylate alone and vigabatrin plus
salicylate application (p<0.01 and p<0.001 respectively) (** p<0.01, *** p<0.001).
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Figure 7.

Mean (SEM, n=9) startle reflex amplitude (arbitrary voltage units) versus stimulus intensity.
Salicylate (SS, i.p., 250 mg/kg) consistently increased the startle amplitude. S-baclofen (SBac, 10 mg/kg, i.p.) alone reduced the startle amplitude at intermediate intensities, but did
not suppress the maximum startle amplitude at high intensities. The startle amplitudeintensity function obtained with S-Bac (10 mg/kg) plus salicylate was nearly identical to
baseline.
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Figure 8.

The amplitude of acoustic startle reflex was affected by vigabatrin and salicylate. (A)
Salicylate (SS, i.p., 250 mg/kg) increased the startle amplitude. (B) Vigabatrin (Vig, 250
mg/kg, i.p.) reduced the startle amplitude by 28 ± 5%. (C) Vigabatrin plus salicylate (Vig
+SS) reduced the startle amplitude by 19 ± 17%. (D) The average change in startle
amplitude (80-110 dB SPL) caused by salicylate, vigabatrin and salicylate plus vigabatrin (*
p<0.05, ** p<0.01).
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