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Abstract

A key feature of age-related hearing loss is a reduction in the expression of inhibitory
neurotransmitters in the central auditory system. This loss is partially responsible for changes in
central auditory processing, as inhibitory receptive fields play a critical role in shaping neural
responses to sound stimuli. Vigabatrin (VGB), an antiepileptic agent that irreversibly inhibits -y-
amino butyric acid (GABA) transaminase, leads to increased availability of GABA throughout the
brain. This study used multi-channel electrophysiology measurements to assess the excitatory
frequency response areas in old CBA mice to which VGB had been administered. We found a
significant post-VGB reduction in the proportion of V-type shapes, and an increase in primary-like
excitatory frequency response areas. There was also a significant increase in the mean maximum
driven spike rates across the tonotopic frequency range of all treated animals, consistent with
observations that GABA buildup within the central auditory system increases spike counts of
neural receptive fields. This increased spiking is also seen in the rate-level functions and seems to
explain the improved low-frequency thresholds.
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1. Introduction

There are at least 2 underlying etiologies that accompany age-related hearing loss (ARHL),
impaired peripheral sensitivity and deficits in central auditory processing. While peripheral
hearing loss can alter a listener’s speech recognition abilities, increasing evidence indicates
that aged animals and humans with normal peripheral hearing can show impaired auditory
perception (Barsz et al., 2002; Frisina and Frisina, 1997; Grose and Mamo, 2010; Walton et
al., 2008). There is also strong evidence that changes in neurotransmitter levels are at least
partly responsible for these age-related changes in central auditory processing and underlie
many of the physiological changes seen in neural responses from the central auditory system
(Arivazhagan and Panneerselvam, 2002; Caspary et al., 1995; Gleich and Strutz, 2011;
Helfert et al., 2002, 2003; Shaddock Palombi et al., 2001; Turner et al., 2013). In the
auditory midbrain, inhibitory receptive fields are formed primarily by y-aminobutyric acid
(GABA), receptors, which are mediated by the convergence of the neuronal projections
from nuclei in the auditory brainstem (Palombi and Caspary, 1996). These projections play a
critical role in shaping the robust and specific neuronal responses to sound stimuli by
sharpening the neural filters, consequently removing noise from the processed signal
(Caspary et al., 2002; Mossop et al., 2000; Rees and Moller, 1983, 1987). A number of
studies have shown that the reductions in inhibitory neurotransmitter expression and changes
in central auditory system processing associated with aging may contribute to the diminished
ability to process complex sound stimuli (Caspary et al., 1995, 2008; Helfert et al., 2003;
Leong et al., 2011; Turner et al., 2005a; Willott et al.,1991).

Vigabatrin (VGB) is typically used as an antiepileptic agent (Ben-Menachem and Sander,
2011) and irreversibly inhibits GABA transaminase by preventing its catabolism through
selective interactions with the enzymes that metabolize GABA (Ben-Menachem and Sander,
2011; Brozoski et al., 2007; Caspary et al., 1995; Faingold et al., 1989, 1991; Gleich et al.,
2003; Gram et al., 1989). Without this catabolic recycling, excess GABA naturally
accumulates in the postsynaptic space, which is why treatment with VGB increases the
concentration levels of GABA throughout nerve terminals, rendering more available for
synaptic transmission (Mattson et al., 1995). Functional changes in GABAergic circuitry in
the auditory cortex (AC) have also been shown with aging, though the specific mechanisms
that link the 2 are still unknown (Llano et al., 2012; Turner et al., 2013). These findings of
GABAergic changes are congruent with multiple studies which have found that the age-
dependent decline in auditory temporal processing cannot be attributed solely to peripheral
hearing loss (Barsz et al., 2002; Grose and Mamo, 2010; Ohlemiller and Frisina, 2008;
Parthasarathy and Bartlett, 2011; Walton et al., 2008). The present study was in part
motivated by a report from Gleich and et al. which demonstrated that aged gerbils with
deficits in behavioral gap detection (i.e., higher gap detection thresholds) showed significant
improvements in minimal gap thresholds following treatment with VGB (Gleich and Strutz,
2011; Gleich et al., 2003). The VGB-induced improvement was greatest in groups with
impaired temporal processing (typically older animals), whereas in animals that exhibited
good temporal resolution before treatment no effect of treatment was found. Overall, they
found that treatment with VGB improved the behavioral gap detection thresholds of older
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gerbils, so that they were similar to those of the young controls (Gleich and Strutz, 2011;
Gleich et al., 2003).

The inferior colliculus (IC) is the main auditory relay center located within the midbrain,
and receives complex afferent input from both contralateral and ipsilateral nuclei. As a
result, virtually all acoustic information passes through the I1C, making it a key nucleus for
all ascending information (Aitkin, 1986; Frisina and Walton, 2001b). Projections from lower
nuclei terminate at specific locations along the isofrequency laminae of the IC and form
complex parallel processing networks (Stiebler and Ehret, 1985; Willott et al., 1985, 1991).
The interplay of excitation and inhibition is one mechanism which modulates these neural
networks with the main inhibitory neurotransmitter being GABA (Faingold, 2002; Faingold
et al., 2000). GABA agonist and antagonist have been shown to alter both spectral and
temporal neural processing in the IC (Covey and Casseday, 1999; Faingold, 2002; Herrmann
et al., 2015; Parthasarathy et al., 2010; Pedemonte et al., 1997).

The majority of auditory midbrain excitatory frequency response areas (eFRAS) are V-
shaped, and a lower number of these are seen in the responses of aged mice in comparison to
young and middle-aged animals (Leong et al., 2011). Similarly, eFRAs within the AC
exhibit age-related changes comparable to those seen in the IC. Turner et al. found a
decrease in the occurrence of V- and U-shaped eFRAs (Turner et al., 2005a,b). This is
concurrent with an increase in the number of complex eFRAS in aged rats. They also
reported an increase in discharge rate in response to extracellular current pulses, though
eFRAs for aged animals were less consistent across multiple repetitions (Turner et al.,
2005a,b). However, there was a reduction in the presence of inhibitory side bands for
responses from IC neurons in older mice (Brimijoin and Walton, 2008). This occurred with
post-excitatory suppression being closely tied to the excitation strength and an overall
reduction in frequency specificity (Brimijoin and Walton, 2008). There is still a debate over
whether there is a clearly defined set of eFRA types, or if some neurons exhibit responses
that are intermediate classifications or contain characteristics of several of these based on
their inhibitory and excitatory projections (Palmer et al., 2013). For this study, we settled on
a set of classification types similar to those described in a study by Willott et al., without
categorizing every possible continuum (Willott et al., 1984).

Previous reports have shown that systemic administration of VGB can reduce tinnitus and
improve temporal processing, identified using behavioral measures in rodents (Brozoski et
al., 2007; Gleich and Strutz, 2011; Gleich et al., 2003, 2014). This suggests that alterations
in GABAergic neurotransmission have therapeutic potential. Our goal was to test the
hypothesis that systemic treatment with VGB in old CBA mice would sharpen the receptive
fields of auditory midbrain neurons. Such a finding would suggest that modulation of
GABAergic effects in the IC leads to changes in frequency-specific processing, in addition
to the known suppression of tinnitus and improvement of gap detection. This would mean
that modulation of GABAergic circuitry could potentially improve spectral resolution as
well as other complex listening tasks, such as speech in noise perception.
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2. Materials and methods

2.1. Subjects

Multi-channel recordings were taken from 38 old (>24 months) mixed gender CBA/CaJ
mice (15 VGB and 23 control). CBA/Cal mice were chosen because the loss of peripheral
function is similar to humans, making them a good model for the study for ARHL (Frisina
and Walton, 2001a,b; Ohlemiller and Frisina, 2008; Ohlemiller et al., 2010). The CBA/Cal
mouse strain is commonly used in animal models of ARHL, and several studies have shown
that this strain of laboratory mouse shows relatively little age-related hearing loss and hair
cell loss until very late in their life span (Henry and Chole, 1980; Li and Borg, 1991; Spongr
et al., 1997). This strain loses hearing sensitivity very slowly, at a rate comparable to the
slowest progression rates of human ARHL, normalizing for lifespan (Ohlemiller and Frisina,
2008). Moreover, for the most part the hearing loss is relatively flat or slightly greater for the
high frequencies, equivalent to “golden ears” in human age-related hearing loss (Allen and
Eddins, 2010). Founder breeding pairs were obtained from The Jackson Laboratory (Bar
Harbor, ME, USA) and were bred within the facilities of the university vivarium and housed
3-4 per cage with litter-mates in rodent micro-isolator cages (36.9 x15.6 x 13.2 cm) kept
near 25 °C, on a 12/12 hours light/dark cycle with ad lib water and food pellets. Cages were
changed weekly, and the mice were monitored for signs of distress several times throughout
the day. Only nulliparous mice were used for experiments. All procedures were preapproved
by the University of Rochester Committee on Animal Resources and are consistent with US
Federal and NIH guidelines under IACUC protocol #220-D.

2.2. Surgical preparation

The mice were initially anesthetized with an intraperitoneal (i.p.) injection of ketamine and
xylazine (100 mg/kg and 10 mg/kg). After the anesthesia was induced, the top of the
animal’s head and neck was then shaved of fur to prevent contamination of the incision site.
The skin was cleaned with germicidal scrub, rinsed with 70% alcohol, and prepped with
iodine. The skull was then exposed, 2% lidocaine was applied to the site of incision, and a
small brass tube was secured to the skull surface along the sagittal suture at bregma with vet
bond and adhered with dental cement. Mice were given a recovery period of 24-48 hours
before beginning the experimental sessions.

2.3. Drug administration

VGB was prepared from commercially available sachets (Aventis Pharma Kent, UK, 500 mg
pure VGB powder) and administered to old CBA mice (n = 15) via an i.p. injection at a dose
of 50 mg/kg, a dosage similar to several studies implicated by Gleich et al. (2014). Fresh
solutions were made before each experiment. In the age-matched control mice (n = 23), a
saline injection was administered. Previous studies in mice have shown that peak serum
levels of VGB are reached within 1-2 hours following i.p. injection (Johannessen and
Tomson, 2006; Rey et al., 1992).
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2.4. Recording procedures

The right IC was stereotaxically located (Paxinos and Franklin, 2001) and exposed via a
small (<1.0 mm) craniotomy. Before recording, chlorprothixene (Taractin, 5-12 mL/g i.m.)
was administered to prevent involuntary movement via inhibition of para-sympathetic nerve
impulses. The animal was then secured in a custom stereotaxic frame (Newport-Klinger) in a
heated (34 °C) chamber lined with sound-absorbing foam (Sonex). Multi-unit extracellular
activity was recorded using vertically oriented single shank silicon acute penetrating 16-
channel electrodes with an impedance ranging from 1.2 to 2.1 MQ (Type-A, 3 mm x100
um; NeuroNexus Technologies). The electrode was positioned stereotaxically over the IC
after reference to the lambda landmark on the skull and was advanced dorsoventrally into
the 1C by a micro positioner (Newport-Klinger PMC 100). The output from the electrode
was attached to a low noise (5-6 uV noise floor) preamplifier (RA16), having an operating
range of £7 mV. Neural events were acquired and visualized in real-time using the OpenEx
software platform (TDT, Inc) and a custom designed MATLAB (The MathWorks, Inc,
Matick, MA, USA) graphical interface. Neural recordings from each channel were then
filtered (300-3000 Hz), amplified, and sampled at 25 kHz in a 1.25-ms time window
subsequent to the event crossing a voltage discriminator. A spike triggering threshold of 4:1
signal-to-noise ratio was automatically set for all channels. The search signal used to
estimate the spike triggering thresholds was a 50-ms broadband noise stimulus presented at
60 dB SPL at a rate of 5/s. Each penetration typically yielded 8-12 active channels.
Recording sessions lasted an average of 6-8 hours, and if at any time a mouse showed signs
of discomfort, like excessive movement, it was removed from the apparatus and testing was
halted.

2.5. Stimulus generation and presentation

Noise and tone bursts were generated digitally (Real-time Processor Visual Design Studio,
TDT) using a System 3 processor and D/A converter (TDT RX6) with 200 kHz sampling
rate. The signals were routed to an electrostatic speaker (TDT ES1) with a flat frequency
response from 4 to 110 kHz. This speaker was placed at 60° azimuth contralateral to the
recording site. Harmonic distortions were measured with a Dynamic Signal Analyzer (HP
35665A) and were at least 60 dB below the primary signal. The distance between the
speaker and the pinna was fixed at 22.5 cm and calibrated using a B&K 2610 amplifier and a
¥.” microphone placed at the location of the pinna. eFRAs from all active channels were
acquired simultaneously using 25 ms (5 ms rise/fall) tone burst stimuli presented from 0 to
80 dB SPL in 5 dB steps and from 2 to 64 kHz for a total of 2125 frequency and intensity
combinations that were presented pseudo-randomly 5 times at a rate of 10/s.

2.6. Spike sorting

Spike waveforms were processed in MATLAB using the TDT OpenDeveloper ActiveX
controls and passed to AutoClass C v3.3.4, an unsupervised Bayesian classification system
that seeks a maximum posterior probability classification, developed at the NASA Ames
Research Center (Cheeseman and Stutz, 1996; Stutz and Cheeseman, 1996). AutoClass
scans the data set of voltage-time waveforms according to custom specified spike parameters
to produce the best fit classifications of the data, which may include distinct single- and
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multi-unit events, as well as noise. To discriminate the signal from noise in the present study,
the variance of the background noise was estimated as the quartile range of the first 5
digitization points of the spike waveform, at these are recorded before the threshold-crossing
event. To avoid overloading AutoClass with excessive noise, which leads to over-
classification, this noise measure is used to screen the event waveform data, such that only
voltage points with absolute values greater than this noise floor were presented for use in the
classification. Once the classes had been determined in each channel of data, they were
visualized within a custom MATLAB program and assigned to multi-unit, single-unit, or
noise classes. Event classes which were categorized as noise were subsequently discarded,
and units with distinct biphasic waveforms and good signal-to-noise ratio were classified as
single units. As most channels recorded information elicited from the spiking of 2 or more
neurons, all recordings units in this paper were considered to be multi-unit activity (Kirby
and Middlebrooks, 2012). Nonetheless, there was no observation of any consistent
differences in the eFRAs between single units and multi-unit clusters.

Data analyses

eFRAs were analyzed using a custom MATLAB program. We classified eFRA tuning using
a method similar to that used to classify neurons in the primary AC (Sutter, 2000). The
eFRAs were sorted into V-shaped, multi-peak, primary-like, and closed/complex by judges
blind to the groups. V-shaped eFRAs become broader at higher intensities, multi-peak
eFRAs have more than one distinct excitatory region separated by frequencies with little or
no excitation, primary-like eFRAs have a low-frequency tail that is shallower than the high-
frequency tail, and closed-complex eFRAs have an enclosed excitatory area or multiple
excitatory areas that do not fit into the patterns of the first 3 types. The frequency at which
driven activity is responsive at the lowest intensity (threshold) is classified as the
characteristic frequency (CF) and the point in the receptive field which elicits the maximal
driven activity is categorized as the best frequency (BF). A custom MATLAB program was
used to calculate the edges of each channel’s eFRA, and this was verified via visual
inspection to ensure no nondriven activity was included in the calculation. The edges of the
eFRA were defined as the activity levels that were equal to or greater than the background
rate and at least 15% of the maximum rate. Each eFRA was categorized into low-BF (<15
kHz), mid-BF (15-30 kHz), and high-BF (>30 kHz) groups based on the topographical
representation proposed by Willott (Willott et al., 1984). These frequency cutoffs divide the
mouse IC topographic map into 3 equal dorso-ventral sections (Stiebler, 1986; Stiebler and
Ehret, 1985). The bandwidth was measured based on the quality factor (Q), a measure of
frequency tuning sharpness (Hernandez et al., 2005). Q10 through Q40 values were
calculated using the following formula:

CF
xdB ™ high frequency cutoff — low frequency cutof f

0

Q values could not be calculated for eFRAs classified as the closed-complex type, or if the
high-frequency edge boundary extended above 64 kHz at 40 dB above threshold. Q40 was
also not calculated if the threshold was above 40 dB SPL. The steepness of the eFRA low-
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frequency and high-frequency slopes were calculated as the number of octaves between the
cutoff frequencies at 10 and 40 dB above threshold.

The asymmetry index (Al) of eFRAs was calculated at 40 dB above threshold in which the
distance from the high frequency (HF) edge to the CF was subtracted from the distance
between the low frequency (LF) edge and the CF and then this was divided by the total
bandwidth between edges (Yan et al., 2005):

(CF —LF)— (HF — CF)
(HF = LF)

asymmetry index =

The calculated Al varies between £1.0, with negative values indicating a tilt in the eFRA
toward the HF side and positive numbers indicating a tilt toward the LF side. Values which
are approximately 0 indicate eFRA symmetry with reference to the CF (Leong et al., 2011).

The change in the driven response due to treatment was further examined when collecting
tone-induced rate-level functions (RLFs) derived from each eFRA at the CF. This was done
by calculating the total number of events in response to a 25-ms CF tone presented from 0 to
80 dB SPL, in 5 dB steps, and examining the summed spikes per presentation at each
intensity. From each of these eFRA presentations a tone RLF was calculated at the unit’s CF
from 0 to 80 dB SPL. Several parameters were derived from each unit’s RLF, including the
maximum rate, the driven rate at 10%, 50%, and 90% of the maximum rate, and the
corresponding intensity level of the stimuli which elicited those rates. Coefficients were
measured as an index of tone monotonicity and were calculated by dividing the count at the
highest intensity by the maximum count. Values <0.80 indicated nonmonotonic RLFs (Barsz
et al., 2007). Finally, first spike latencies were calculated as the time in which the first spike
(Engineer et al., 2004) was recorded following the onset of a 70 dB broadband noise burst.

Statistical analysis and graphs were generated using GraphPad Prism version 6.01 for
Windows (GraphPad Software, La Jolla, CA, USA). The majority of the results are
presented using box plots which allows for mean, median, and the distribution of the data to
be denoted. A 1-way ANOVA test and Tukey’s repeated measures analysis procedure were
used to evaluate the effects of VGB on the eFRA properties of MT, mean driven rates, and Q
values. A 2-way ANOVA and Bonferroni’s repeated measures test were used to evaluate
divergent effects of VGB on the RLFs at increasing decibel levels, whereas a x 2 test was
performed to evaluate whether the frequencies of the eFRA types differed from the
proportion of frequencies that would be expected by chance. Alpha was set at 0.05 for all
statistical tests.

3. Results

eFRAs were recorded from 986 multi-unit responses (VGB = 494, control = 492) from a
total of 38 mice. The eFRAs from each group were divided into 3 CF ranges: low (<15
kHz), mid (15-30 kHz), and high (>30 kHz) based on the topographical analysis of Willott
(Willott et al., 1984) which divided the IC into 3 equal tonotopic ranges. Table 1 shows that
CFs obtained from eFRAS recorded from VVGB-treated mice were evenly distributed among
low-, middle- and high-frequency ranges, whereas units from nontreated mice showed a
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significantly greater number of high-CF units (+9.7%) and fewer low-CF units (—9.6%)
compared with treated animals [X2 (2, N =13.73) p=0.0010]. The percentile of mid-CF
units remained unchanged between the control and treatment groups (<0.1%). The overall
distribution of individual unit BFs versus minimum threshold (MT) is shown in Fig. 1. In
VGB-treated mice, mean neuronal thresholds tended to be lower (discussed in detail below)
and ranged from 5 to 79 dB, as compared with units from nontreated mice. The range of CFs
was similar and varied from 4 to 64 kHz, for treated as compared with 4-72 kHz for
nontreated. This similarity in the CFs indicates that the sampling across the tonotopic axis of
the IC in both treated and control mice was comparable.

3.1. Changes in eFRA type due to treatment

There were significant variations in the eFRA classification types between control and
treatment groups. For each recorded unit, a full eFRA was collected and further classified
according to its characteristic shape. Fig. 2 shows eFRAs which are representative of the 5
different types observed within all IC penetrations with the boundaries of the excitatory
region marked by the solid white line. Fig. 2A shows a V-shaped unit which has similar
slopes on both the low- and high-frequency (LF, HF) sides of the eFRA. This was the most
prevalent type of eFRA encountered in both VGB-treated mice and control mice and
accounted for 72.7% of control units. A significant reduction in the percentage of V-shaped
eFRAS was seen in VGB-treated mice, where they accounted for 52.5% of the eFRAS [X2
(2, N = 13.65) p=0.0011]. The second most frequent eFRA was U-shaped (Fig. 2C),
accounting for 15.6% and 23.9% for the control and treated units, respectively. These were
followed in frequency by primary-like eFRAs (Fig. 2B), which are characterized by shallow
sloping LF edge and steep HF edge. These response areas accounted for 5.2% of the total
control unit samples, with a significant increase to 16.9% for the treated units. The multi-
peak type eFRAs have multiple excitatory areas that are separated by a nonresponsive area,
as shown in Fig. 2D. These were similar in occurrence to the primary-like type, at 4.5% for
control units, and only slightly reduced in the treated units at 2.8%. The final type, the
closed/complex group, accounted for 1.9% of the control samples and had a slightly elevated
occurrence of 3.8% in treated units. This group includes aspects from more than one of the
above types and often contains an enclosed excitatory area. The overall distribution of
eFRAs for both control and treated units are shown in Fig. 3 and described in Table 1.
Results indicated an overall treatment effect in VGB-treated mice [X2 (2, N=13.65), p=
0.0011] with post hoc testing indicating that there was a significant increase in U-shaped and
primary-like type eFRAs and a substantial decrease in the proportion of V-shaped eFRA.

3.2. VGB alters minimum threshold

The effect of VGB on MT was dependent on the tonotopic region (CF frequency), as shown
in Fig. 4. A significant main effect of treatment is evident from the differences in minimum
thresholds between VGB treated and control units [F (5, 980) = 5.789, p < 0.0001], with
VGB units exhibiting an average lower MT. However, this significant interaction was not the
same across the tonotopic axis. For control mice, the mean threshold for low-CF units was
41 dB, as compared with units from VGB-treated mice which had a significantly lower
threshold of 33 dB (p= 0.002), an 8 dB improvement. In high-frequency units, treatment
resulted in significantly higher mean MTs increasing from 34 dB in control animals to 39 dB
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in treated animals (p 0.05). Mid-CF control units showed no significant changes, with mean
thresholds of 37 and 35 dB for control and treated mice, respectively.

3.3. Shifts in rate-level functions due to treatment

Tone-evoked RLFs derived from the eFRAs were used to examine treatment-related changes
in tone intensity coding within the IC. To investigate these alterations, the 10%, 50%, and
90% points of the maximum rate on the RLF were calculated, these are shown in Fig. 5. The
treatment had a recognizable impact on these quantities [F (23, 2894) = 86.12, p < 0.0001],
with post hoc testing indicating significant differences in intensity coding for units acquired
from treated old mice. The 50% maximum rate point was significantly increased from 1.6 to
2.6 spikes/stimulus following VGB treatment. There were also significant differences for the
90% point of maximum rate, with units from treated mice showing increased rates post-
VGB from 2.9 to 4.6 spikes/stimulus. The change in rate for both the 50% and 90% points
were similar to the significant differences in the overall maximum rate, where treatment
increased the rate from 3 to 5 spikes/stimulus.

The shift in the RLFs following VGB administration is shown in Fig. 6. The results are
again divided into low-, mid-, and high-CF groups, illustrating the intensity levels at which
driven responses became significantly different. There was a significant divergence above 25
dB for frequencies <15 kHz [F (1, 285) = 40.80, (v < 0.0001)], above 30 dB for mid-CF
units [F (1, 309) = 28.21, (0 < 0.0001)], and above 50 dB for frequencies greater than 30
kHz [F (1, 387) = 5.815, (p=0.0001)].

3.4. VGB decreases the first spike latency

FSL is known to vary both across the tonotopic axis of the IC and with age, and has also
being linked to possible changes in GABAergic circuitry (Casseday et al., 2000; Walton et
al., 1998). To determine if VGB altered FSL, we compared mean FSL differences between
units from mice treated with VGB to control mice to 70 dB SPL noise bursts. Fig. 7 shows
that mean FSL was significantly decreased from 14.4 ms (SEM = 0.2) in control units to
10.4 ms (SEM = 0.4) in units from VGB-treated animals [t(1310) = 9.6, p < 0.0001].

3.5. VGB and eFRA sharpness

Due to their prevalence, treatment-related changes within the V-shaped eFRA classification
were examined further by dividing the 987 different control and treated units by the
sharpness of their eFRAs based on their Q values. The Q values calculated at 10, 20, 30, 40,
and 50 dB above MT are shown in Fig. 8. Note that Q40 and Q50 were not calculated when
a unit threshold exceeded 40 dB SPL, which occurred in 321 (32.5%) of all recorded units.
Using the Q40 percentile ranks as the base measurement for each CF, a Q of 2.0 (Leong et
al., 2011) was identified as a breakpoint for distinguishing eFRA sharpness, as it divides the
responses of the different CF categorizes above the median value. In control mice, 67.5% of
the V-shaped eFRAS had broadly defined eFRAs based on the Q = 2.0 criteria, this was not
significantly different from the 64.7% of broad eFRAs found in the treated mice. Q values
were also analyzed to determine if there was an effect of VGB within restricted tonotopic
regions. The low-CF units tended to have Q values greater than 2.0 following VGB
treatment, and there was a significant increase in the percent of sharp classified units, 21%
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for Q30 values [F (5, 1777) = 12.13, p=0.0188]. All of the high-CF units, both control and
treatment, tended toward a broader subtype shape, and VGB treatment resulted in a decrease
of 13% for the Q50 values [F (5, 970) = 3.139, p=0.0236]. Mid-CF units showed no
statistical differences between treatment and control groups.

3.6. Changes in symmetry following VGB treatment

The symmetry of the eFRAs was quantified at 40 dB above threshold and divided into the
frequency regions described earlier, shown in Fig. 9. Units from untreated mice displayed
comparable mean symmetry data to previously reported results (Leong et al., 2011). Overall,
the treatment had a significant effect on symmetry [F (5, 597) = 4.893, p< 0.001]. There
were no significant changes following VGB treatment for the low-CF units, though there
was a significant decrease in the tilt toward the HF side for the mid-range frequencies and a
similar significant increase in the expansion of the LF edge for high-frequency units,
resulting in an increase in overall symmetry. For the low-frequency regions, the control and
treated units had mean Al values of —0.095 and —0.090, respectively, indicating that both
had a minor tilt toward the HF edge of the eFRA region, with the treated units having less
deviation from asymmetry. For mid-frequency units, there was a low-frequency tilt toward
the LF edge. However, VGB treatment induced a significant decrease (p = 0.0254) in this
tilt, trending toward complete symmetry with mean LF edge leaning toward values of 0.15
for controls and a more central and symmetric 0.05 value for treated units. Additional
significant differences (p = 0.0116) were seen for high-frequency units, with mean values of
0.3 in the control group, indicating a tilt toward the low frequencies, and an increase in the
HF edge of the treatment group to 0.19, indicating increased symmetry.

3.7. VGB alters spontaneous rate in a frequency-dependent manner

Spontaneous activity from control animals was significantly higher than those from mice
treated with VGB. The data were further differentiated along the same CF groups described
previously. Overall, significant treatment-induced reductions in spontaneous rate differences
were found [F (5, 779) = 7.625 (p = 0.0001)]. However, the VGB-induced decreases in
spontaneous activity (0.54-0.2 spikes/25 ms) from the low-CF units, shown in Fig. 10A,
were not significant in post hoc analysis when compared with untreated units. Post hoc
comparisons showed that spontaneous activity in treated mid-CF units (0.095 spikes/25 ms)
were significantly lower than control units (0.83 spikes/25 ms). Post hoc comparisons also
showed significant decreases in the high-CF group, with the control mean rate averaging
0.99spikes/25 ms and decreasing to 0.1 spikes/25 ms following treatment. No significant
differences were seen between the different frequency regions within treated or untreated
mice.

3.8. VGB increases the maximum driven activity rate

VGB treatment significantly increased the maximum driven rate to tonal stimulation in old
animals across all 3 frequency groups [F (5, 980) = 32.88, (p= 0.0001)]. The maximum rate
was taken from the best frequency of each eFRA and divided into CF groups. As shown in
Fig. 10B, for low-CF units, the mean response for the control group was 4 spikes/25 ms as
compared with 6.3 spikes/25 ms in units from age-matched VGB-treated animals (o <
0.0001). There was also a significant increase in driven activity following treatment of the
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mid-CF rate, from 4.1 to 5.9 spikes/25 ms (o < 0.001) and high-CF rate, from 3.5t0 5.1
spikes/25 ms (p < 0.001).

4. Discussion

Systemic administration of VGB in our mouse model of ARHL resulted in 4 main findings.
The first is that the minimum thresholds were improved in low-frequency neurons from old
mice treated with VGB (Fig. 4). The second is that there was a significant increase in the
sound-evoked driven rate across all tonotopic regions (Fig. 5). Third, VGB improved
symmetry in eFRAs from units in mid- and high-frequency tonotopic areas (Fig. 9). Finally,
VGB treatment affected CF-dependent decreases in spontaneous rates (Fig. 10A). Previous
research suggests that these effects should be attributable to VGB alone, as studies of long-
term treatment with VGB demonstrated that there are no significant changes to alternative
neuromodulatory systems (Ben-Menachem, 2011; Pitkanen et al., 1987; Sivenius et al.,
1987). There have been reported increases in serotonin following VGB administration (Ben-
Menachem et al., 1988), though this does not appear to be related to our results because it
has been shown that direct administration of serotonin to IC neurons induced significant
tone-evoked inhibition in 60%-80% of recorded neurons (Hurley and Pollak, 1999, 2001).
This is in direct contrast to our results, which showed increases in driven rates to all tone-
evoked frequencies.

Many studies have shown that GABA regulates inhibitory neurotransmission within the
auditory system, we hypothesized that increasing available GABA within the synaptic cleft
by irreversible inhibition of GABA transaminase would alter sound-evoked activity. A
reduction in the levels of GABA within the auditory midbrain has been proposed as the
underlying cause for the decrease in the percentage of units with nonmonotonic RIFs within
the IC (Caspary et al., 1995; Willott et al., 1988a,b). This follows the same pattern of central
gain control seen in maladaptive plasticity disorders such as tinnitus, where activity is
increased in central auditory structures following reduced input from the cochlea and
auditory nerve (Formby et al., 2007; Norena and Farley, 2013). In parallel, data from Leong
et al. has shown that eFRAs had a higher asymmetry index and were broader in shape as
animals aged (Leong et al., 2011). We found that treatment with VGB altered the shape of
the eFRAS’ in a positive manner, by increasing the symmetric structure of eFRAs found in
middle-aged and young mice. In addition, VGB significantly increased tone-evoked RLFs,
especially for moderate to intense stimuli, which could result in increased excitatory drive
and improved salience of acoustic events.

Systemic administration of VGB in aged mice resulted in improved MTs for low-frequency
units (dorsal), and conversely, poorer MTs in high CF units (ventral). This suggests that
inhibition has divergent effects on near-threshold excitation, which may relate to the
topographic differences in neurotransmitter expression. A similar finding was reported in a
study of rats, which showed high variations in the number of GABA-positive neurons
throughout the auditory midbrain and upper brainstem (Peruzzi et al., 1997). Although the
decreases in GABA neurotransmission in the aged IC may be presumed to be the underlying
cause of the increase in driven activity and MT improvements, the significant decreases in
spontaneous activity across all frequency regions in our study indicate more complex
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interactions exist. Previous studies of salicylate and pentobarbital, drugs known to modify
GABA and alter both driven and spontaneous rates in rodents, demonstrated similar results
of decreasing spontaneous rates in low-frequency IC units (Torterolo et al., 2002). Whole-
cell recordings have also shown decreases in spontaneous activity, which was linked to
increases in burst activity and hyperpolarization (Tan et al., 2007). However, compounds that
increase available GABA can also alter spontaneous activity. When tiagabine, a GABA re-
uptake inhibitor, was applied to hippocampal slices, spontaneous activity decreased over the
course of 10 minutes (Leniger et al., 2000). This compound also acts more broadly on the
GABAergic system than VGB, which is GABA, specific (Angehagen et al., 2003). We
observed a significant increase in driven rates at moderate to high intensities (Figs. 5 and 9)
for which repetitive bursting may have contributed. Repetitive firing or bursting at the onset
of stimulation has been linked with low voltage-activated T-type CaZ* channels (Cain and
Snutch, 2013; Diana et al., 2007; Li et al., 2014; Oliver, 2005; Womack et al., 2004). Adding
a T-type Ca?* conductance to a model IC neuron also produced a rebound-sustained type of
response (Rabang et al., 2012); however, this type of temporal response pattern was not
common either before or after VGB administration.

Might changes in GABA receptors be associated with an overall change in the size of the
IC? In a quantitative analysis of the aged IC in gerbils, Gleich et al. found that there was a
small but significant decline in area of approximately 0.48 mm?2, which was unexpectedly
accompanied by an increase in GABAergic cell levels (Gleich et al., 2014). In a contrasting
study of an aging rat model, it was found that there were no significant differences in the
total IC area, but an increase in the GABA -y1 subunits and a decrease in the y, subunits in
the central IC (Caspary et al., 2008; Milbrandt et al., 1997) and AC (Caspary et al., 2013).
Other studies have found varying proportions of GABA expression in the different tonotopic
subdivisions of the IC, with larger proportions of GABA and glutamate decarboxylase seen
in the dorsal (low frequency) region (Adams and Wenthold, 1979; Merchan et al., 2005).
This distribution variance that occurs across different regions and species may explain the
frequency-specific changes in asymmetry along with the changes in MTs, driven rates, and
spontaneous rates mentioned previously. Whole-cell in vivo IC recordings have shown that
the infusion of GABA antagonists significantly affects the discharge pattern and intensity of
stimulus onset evoked spiking (Casseday et al., 2000). Other experimental results have
revealed that characteristic excitability response differences exist between the somatic and
dendritic regions of single neuronal cells following GABA manipulation (Breton and Stuart,
2012). Most of the studies which found an improvement in thresholds indicated that the loss
of GABA allowed for the expansion of eFRA side bands via increases in driven spikes at
increasing stimulus intensities in both the AC and IC (Calford et al., 1993; Caspary et al.,
1995; Wang et al., 2000), these results may be modulated by GABA distribution through the
different tonotopic regions of these auditory nuclei. However, our data indicate little
variation in the type and sharpness (Q-values) of response properties (Fig. 8) with the
increased availability of GABA, which may be attributed to a species specific or aging
effect, as neither model has been thoroughly studied within the auditory midbrain of the
mouse.

Previous studies have shown that age-related hearing loss often results in increases in both
the thresholds and spontaneous activity within the dorsal nucleus of the lateral lemniscus
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(NLL), IC, and AC. These changes are consistent with the observed decreases in salience
following the induction of tinnitus (Kotak et al., 2005). The elevated thresholds of VGB-
treated high-frequency units resemble shifts seen following noise and salicylate-induced
tinnitus (Norena et al., 2010; Salvi et al., 2000). Such changes have been shown to increase
the affinity of GABA receptor binding sites (Milbrandt et al., 2000). In particular, they
accompany layer-dependent changes in spontaneous firing rates within multiple auditory
nuclei (Stolzberg et al., 2012). Treatment with VGB has been shown to eliminate the
electrophysiological and behavioral markers associated with tinnitus following both acute
treatment of sodium salicylate induced (Ma et al., 2006) and chronic treatment of noise-
induced tinnitus (Chen and Jastreboff, 1995; Eggermont and Kenmochi, 1998; Ma et al.,
2006; Muller et al., 2003; Stolzberg et al., 2012). Our study has shown that following
systemic administration of VGB, there are both decreases in spontaneous activity and
increases in the tone-evoked driven rates, which have the beneficial effects of increasing the
signal-to-noise ratio. This may be the observed mechanism for the elimination of tinnitus
discussed above.

Studies of the rat AC following treatment with salicylate from Stolzberg et al. found that
results were often dependent on the location and CF and may be attributed to the salicylate
acting directly in the central nervous system and not an effect of changes in GABAergic
inhibition, as seen within this and other IC studies (Pollak and Park, 1993; Wang et al.,
2000). Increases in sound-evoked spike, discharge rates have been observed following the
blockage of local GABAergic circuits with bicuculline in the IC and AC (Pollak and Park,
1993; Wang et al., 2000). Our results showed amplified driven rates following GABA
increases via the addition of VGB, which is somewhat paradoxical considering that it has
been previously found that the addition of GABA to the IC decreased driven rates (Pollak
and Park, 1993). However, the increases in driven rates we observed are similar to results
seen in another lab when using the GABA agonist bicuculline (Backoff et al., 1999), which
could indicate that GABAergic inhibition can work in different ways, as discussed above.
We also found VGB-mediated increases in GABA significantly decreased spontaneous rates
regardless of tonotopic area (Fig. 10A), similar to VGB-induced tinnitus treatment results
seen behaviorally and within Al of the rat (Yang et al., 2011).

The VGB-induced reduction in the number of units with V-type receptive fields and the
increase in the prevalence of primary-like eFRAs (Fig. 3) can be attributed to a weakening of
inhibitory side bands which increased the overall area of the receptive field. Previous studies
involving neurotransmitter expression and regulation of eFRAs were examined for
equivalent comparisons in regard to modulation of the shape of the RF. These studies
showed that modulation of the inhibitory receptive field is correlated to the location of
GABA expression within the IC, with the strongest expression found in the dorsal-low
frequency region (Adams and Wenthold, 1979; Oliver et al., 1994; Peruzzi et al., 1997). Our
results showed increased driven rates within the eFRAs of aged animals following VGB-
induced increases in GABA availability, whereas other labs found that blocking GABA
receptor sites to increase available GABA in young healthy animals also increased driven
rates, whereas the direct addition of more GABA depressed excitation (Mayko et al., 2012;
Palombi and Caspary, 1996; Pollak and Park, 1993). Following the blockage of inhibitory
sites, thresholds typically decreased, whereas the side bands of response areas increased
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(Caspary et al., 2002; Palombi and Caspary, 1996), similar to our results in aged mice.
Previously, the effects of modulating GABA were not well studied in aged animals, which
are known to have depressed GABA expression. We have shown here that increasing the
availability of GABA via the irreversible inhibition of GABA aminotransferase acts to both
increase the driven firing rates within the RFs and decrease the spontaneous activity.

There are at least 2 possible mechanisms that could have the modulatory effects observed on
neural activity after a systemic dose of VGB: (1) the observed effects could be inherited
from the convergence of inhibitory inputs from caudal brainstem nuclei or (2) VGB-
mediated intrinsic mechanisms may occur from interactions within the IC itself. While all
subdivisions of the IC receive GABAergic inputs that come from a variety of sources, one of
the largest GABAergic projections comes from the NLL (Kelly et al., 1998, 2009; Nakamoto
etal., 2014). The NLL is a major source of GABAergic input to the IC from both binaural
dorsal NLL (DNLL) and monaural ventral NLL pathways (Li and Kelly, 1992). If systemic
VGB reduced the effective drive of DNLL neurons, this could release IC neurons from
inhibition and result in an increase in driven activity. This possibility is supported by the
findings of Kelly et al. where reducing the output of the DNLL via focal lesions increased
driven activity recorded from the IC (Kelly et al., 1998; Li and Kelly, 1992). We also found
that FSL was reduced following systemic VGB administration. Using whole-cell patch-
clamp recordings from IC neurons in the bat, Covey et al. found that one-third of 1C neurons
received inhibitory postsynaptic currents at a much shorter latency then excitatory currents,
which lengthen the response latency (Covey et al., 1996). Blocking GABAergic circuits has
typically been shown to decrease FSL, indicating that the initial onset of the excitatory
response may be reduced (Casseday et al., 2000; Pollak and Park, 1993). Again, a reduction
in DNLL inhibitory drive could explain the underlying mechanism which resulted in the
significantly reduced FSL seen in this study (Fig. 7).

Intrinsic mechanisms, via intra-lamina connections may also contribute, as GABAergic
circuits in the IC are interconnected. Slice work in the mouse has shown that while a high
percentage of recorded neurons received inputs from the NLL, they were also able to reduce
GABAergic intra-neural responses via GABAp and glutamic neuromodulation. This resulted
in complete abolishment of inhibitory postsynaptic potentials, while concurrently increasing
excitatory postsynaptic potentials (Wagner, 1996). Research has also shown that adjacent
neurons can receive very different inhibitory responses, with neighboring neurons
responding contrarily to high- and low-frequency stimuli (Geis et al., 2011). This study
found that while some units have highly correlated inputs, others showed similarity in the
individual frequency response tuning curves or had overlapping eFRAs (Geis et al., 2011). It
is possible that with multi-unit responses, we could be sampling data from 2 to 3 different
neurons, which would include a significant number of inputs for both ipsi- and contra-lateral
nuclei along with the intra-neuronal inhibitory events, which can converge on a neuronal
cluster.

Before its inclusion in auditory research, VGB was primarily used as a treatment for
epileptic seizures. Treatment was shown to elevate levels of GABA within hours of
administration and offered partial protection from seizures, whereas plasma concentrations
remained elevated between 1 week and 1 month (Petroff et al., 1999). However, one side-
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effect of VGB treatment was visual field deficits in children due to irreversible atrophy of
nerve fibers in the retina (Ben-Menachem, 2011; Frisen and Malmgren, 2003). VGB has
been used to examine other aspects of auditory function, including the auditory-evoked
potentials of dogs (Arezzo et al., 1989), where it created both inconsistent changes to the
auditory brainstem response, and a significant increase in the latency of somatosensory-
evoked potentials. VGB was also tested as a treatment for tinnitus, a disorder which makes
localization difficult for patients with impaired temporal processing abilities (Zion Golumbic
etal., 2012, 2013). One study found that VGB eliminated the behavioral evidence of noise-
induced tinnitus in rats (Yang et al., 2011). Bauer et al. also found that VGB treatment
reduced behavioral and electrophysiological evidence of noise-induced tinnitus, which
subsequently returned after a washout period. They determined this was likely due to either
decreases in GABA receptor binding sites or an increase in the afferent activity from the
cochlea (Bauer et al., 2000). This study has shown VGB treatment in aged mice results in
larger concentrations of GABA and has long lasting effects on neural responses recorded
within the auditory midbrain, significantly increasing driven spike rates, improving
minimum thresholds, and decreasing spontaneous activity in 1C neurons.

In summary, this study found complex interactions in spectral processing following the
increase of available GABA. While there have been various methods of increasing tone-
evoked response rates, these improvements usually coincide with the loss of frequency-
specific selectivity. Our results demonstrated that increasing GABA within the aged mouse
IC via VGB administration decreased spontaneous activity and improved minimum
thresholds, while maintaining frequency selectivity. Temporal processing is dependent on
the auditory system’s ability to prevent frequency masking of relevant auditory stimuli via
inhibition of these errant stimuli. The increases in evoked firing, shifts in eFRAs, and
decreased FSL are consistent with reductions in inhibition from caudal inputs; whereas
declines in the rate of spontaneous activity are likely due to amplifications of laminar
inhibition within the IC, which would thus act to modulate baseline excitation. Thus, the
upregulation of GABA expression within the 1C may contribute to preventing or minimizing
the loss of hearing in noisy environments. This is due to the key role the IC plays in the
coding and processing of sounds, which is highly dependent on inhibitory inputs. This study
provides new understanding of the inhibitory neurotransmitter GABA and how it may
contribute to overall auditory perception. These GABA-related improvements in neuronal
frequency specificity through better MTs, increased driven rates, decreased spontaneous
activity, and enhanced symmetry of eFRAS point to a potential mechanism for treating the
speech recognition deficits that often occur with ARHL.
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Fig. 1.
Best frequency versus minimum threshold. Overall distribution of all recorded units (492

control and 495 VGB treated) from 43 old CBA/CaJ mice. Mean minimum thresholds
(MTs) were significantly lower for VGB-treated units from the low-tonotopic region and
were higher in units from the high-frequency region. No significant differences were seen
for mid-range units. Abbreviation: VGB, vigabatrin.
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Fig. 2.
Various types of eFRASs that were recorded in both the treated and control mice.

Representative examples of eFRAs are shown with sound intensity plotted as a function of
frequency, and the number of spikes represented by the color map. Regions of low sound—
evoked neural activity are represented as blue, and high spiking activity as red. (A) The V-
type eFRA which is the most prominent type observed within the mouse IC and has steep
low and high-frequency slopes on either side of the best frequency. (B) Primary-like eFRA,
which consists of a sharp HF edge and shallow LF edge, with the addition of an LF tail. (C)
The U-type eFRA, which has similar characteristics to the V-type, but responds to a broader
range of frequencies near threshold. (D) The multi-peaked eFRA type, which has 2 tuned
excitatory areas separated by a nonresponsive region. (E) A closed-complex eFRA, which is
comprised of a diffuse area of responsiveness and frequently has an enclosed excitatory
region and high spontaneous activity. Abbreviations: eFRA, excitatory frequency response
areas; HF, high frequency; IC, colliculus; LF, low frequency. (For interpretation of the
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references to color in this figure legend, the reader is referred to the Web version of this
article.)
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Fig. 3.

Di%tribution of the proportion of eFRA types found in control (blue) and VGB-treated (red)
animals. The abcissa indicates the 5 types of the eFRAs shown in Fig. 2: V-shaped (V), U-
shaped (U), primary-like (PL), multi-peak (MP), and closed-complex (CC). There was an
overall effect of treatment, with v-type, u-type, and primary-like units showing significant
differences following post hoc testing (*"p < 0.01). The distribution of multi-peaked and
closed-complex eFRAs types were similar between the 2 groups. Abbreviation: VGB,
vigabatrin. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 4.

M?nimum thresholds of control and treated units plotted as a function of tonotopic regions.
In the LF (<15 kHz) region, the mean minimum threshold was significantly lower in units
from treated mice (" p = 0.002). No significant differences in MTs following VGB were
observed for units with mid-range CFs (15-30 kHz). However, in the HF (>30 kHz)
tonotopic region, MTs were higher in the VGB units (*p < 0.05). These results demonstrate
that the greatest effect on threshold following VGB treatment was found in the dorsal, low-
frequency region of the IC. Abbreviations: CFs, characteristic frequencies; IC, colliculus;

LF, low frequency; MTs, minimum thresholds; VGB, vigabatrin.
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Fig. 5.

Mean spike counts of control and VGB-treated units taken from RLFs derived from the BF
of the eFRA and shown for the 10%, 50%, 90%, and maximum driven rate taken from
eFRAs. Spike counts were derived from the 10%, 50%, 90%, and maximum driven rates
points from tone RLFs measured in a 25 ms window and subdivided into low-, mid-, and
high-frequency regions. There was an overall effect of treatment and tonotopic region, with
several post hoc significant differences (" p < 0.0001, *p < 0.05). The mean spike counts
at 10% for the control and VGB-driven units (A) during eFRAs demonstrated no significant
effects of treatment. There was a significant increase in mean spike counts for VGB-treated
units at the 50% point (B) on the RLF, which was observed for all tonotopic regions. This
increase in sound-evoked activity in the eFRA was also observed for the mean spike counts
at 90% (C) across all tonotopic subdivisions. Maximum spike counts (D) were also
significantly higher in units from mice treated with VGB as compared with control mice
across all frequency regions. Abbreviations: BF, best frequency; eFRA, excitatory frequency
response areas; RLF, rate-level function; VGB, vigabatrin.
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Fig. 6.

A\?erage RLF population functions were altered by VGB treatment in all 3 tonotopic regions
in an intensity-dependent manner. There was a significant divergence in the population RLFs
depending on the tonotopic subregion, this occurred in responses to stimuli above 25 dB for
units with CFs <15 kHz, above 30 dB for mid-frequency CFs, and above 50 dB for units
with CFs >30 kHz ("™ p < 0.0001). In addition, units from all 3 frequency regions from
VGB-treated mice exhibited steeper slopes. In parallel with the threshold results seen in Fig.
4, there was a reduction in responses to lower intensity sounds for the high-frequency region
and an enhancement within the low-frequency region. Abbreviations: CFs, characteristic
frequencies; eFRA, excitatory frequency response areas; RLF, rate-level function; VGB,
vigabatrin.
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Fig. 7.

S)?stemic administration of VGB shortens the first spike latency of onset neurons. FSL was
measured from post-stimulus time spike latencies elicited by a 70 dB SPL broadband noise
burst. (A) A representative PSTH from an on-sustained unit from a control mouse is seen to
have a longer latency when compared with an on-sustained unit from a VGB-treated mouse
(B). (C) The FSLs from treated units (n = 495) showed a significant decrease of 4.0 ms,
from 14.4 ms for control units (n = 492) to a mean FSL of 10.4 ms in treated units (™" p <
0.0001). Abbreviations: FSLs, first spike latencies; VGB, vigabatrin.

Neurobiol Aging. Author manuscript; available in PMC 2019 January 25.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 30

7 357
A B 370
6 ; T
.5 6 229 297 g 31
8 5
S 4 € 5
= = v
o3 e
= +
2 . O 3| +
: ] ] 2 T J_
Jd L
T Q10 Q20 Q30 Q40 Q50 0
= <15kHz B33 15-30 kHz 23 >30 kHz
C D 304 381
6 h —x .
334 296 397
5 466 e
- 26 355 20 446 T 3
g 4 g
@ 2 +
w 3 £ B2 &
S g +
0 2 + + o
T 1 L 1
T ol 1
E ) F \ X
258 74 146
245 o7 2 253
150 40 T 223
3 156 257
s T 52
g E? 3 +
<2 : . Sl
o i T c 1 _L —|—
1 )
1
1
T ® S ® S TS S S
O @ & & & & & © & @ & @
(P& < C»°& < CP& < C°& < Cz°& = (P& =
Fig. 8.

The filter bandwidth of the eFRAs calculated at 10, 20, 30, 40, and 50 dB above minimum
threshold were not affected by VGB. (A) Overall Q-values combined for all frequency
regions show a systematic decrease in Q with increases in intensity. These Q values were
then divided by frequency region and showed minimal treatment effects, indicating that
sharpness of observed eFRAs was not affected by VGB. Panels (B-F) show these frequency
divided Q-values for levels above MT at 10 dB intervals. Significant differences were
observed in only 2 regions of 2 different Q-values (*p < 0.05), the low-frequency units at
Q30, shown in panel (D), and the high frequencies at Q50 values, shown in panel (F).
Abbreviations: eFRA, excitatory frequency response areas; MT, minimum threshold; VGB,
vigabatrin.
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Fig. 9.

Aéqymmetry index of the excitatory receptive field is altered with VGB. The mean
asymmetry index, measured from each eFRA, is plotted as a function of tonotopic region
and shows that VGB-treated units were significantly different from controls. Calculated
values range from —1 (tilted toward high frequencies) to +1 (tilted toward low frequencies),
with 0 indicating a symmetrical eFRA. In general, the control units were significantly more
asymmetrical than the other 2 groups across all tonotopic regions. Low-CF eFRAS in the
treated mice trended toward being more symmetric, whereas the eFRAs of control animals
were tilted toward high frequencies, with mean values of —0.090 and 0.095, respectively.
The mid- and high-CF eFRAs of control animals were tilted more toward the low-
frequencies (mean values 0.15 and 0.30) compared with the more symmetric receptive fields
found in units from treated mice with observed mean values of 0.05 and 0.19 (*p < 0.05).
Abbreviations: CFs, characteristic frequencies; eFRA, excitatory frequency response areas;
VGB, vigabatrin.
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Fig. 10.

VGB treatment significantly decreased spontaneous activity while increasing driven rates.
For the mid- and high-frequency tonotopic regions, spontaneous activity (A) was
significantly decreased (" p < 0.0001, *p < 0.05) following VGB treatment. The maximum
tone-evoked spike rates (B) showed significant increases for all frequencies following
treatment (""" p < 0.0001). Abbreviation: VGB, vigabatrin.
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