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Fragile X syndrome (FXS) is characterized by hypersensitivity to sensory stimuli, including environmental sounds. We compared the
auditory brainstem response (ABR) recorded in vivo in mice lacking the gene (Fmr1�/y) for fragile X mental retardation protein (FMRP)
with that in wild-type animals. We found that ABR wave I, which represents input from the auditory nerve, is reduced in Fmr1�/y animals,
but only at high sound levels. In contrast, wave IV, which represents the activity of auditory brainstem nuclei is enhanced at all sound
levels, suggesting that loss of FMRP alters the central processing of auditory signals. Current-clamp recordings of neurons in the medial
nucleus of the trapezoid body in the auditory brainstem revealed that, in contrast to neurons from wild-type animals, sustained depo-
larization triggers repetitive firing rather than a single action potential. In voltage-clamp recordings, K � currents that activate at positive
potentials (“high-threshold” K � currents), which are required for high-frequency firing and are carried primarily by Kv3.1 channels, are
elevated in Fmr1�/y mice, while K � currents that activate near the resting potential and inhibit repetitive firing are reduced. We therefore
tested the effects of AUT2 [((4-({5-[(4R)-4-ethyl-2,5-dioxo-1-imidazolidinyl]-2-pyridinyl}oxy)-2-(1-methylethyl) benzonitrile], a com-
pound that modulates Kv3.1 channels. AUT2 reduced the high-threshold K � current and increased the low-threshold K � currents in
neurons from Fmr1�/y animals by shifting the activation of the high-threshold current to more negative potentials. This reduced the firing
rate and, in vivo, restored wave IV of the ABR. Our results from animals of both sexes suggest that the modulation of the Kv3.1 channel
may have potential for the treatment of sensory hypersensitivity in patients with FXS.
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Introduction
Fragile X syndrome (FXS) is a genetic disease caused by a silenc-
ing mutation of the FMR1 gene. In the majority of cases, this is

caused by an expansion of the CGG repeats in the promoter
region of the FMR1 gene, which leads to a lack of fragile X mental
retardation protein (FMRP; Oberlé et al., 1991; Verkerk et al.,
1991). FMRP is a mRNA binding protein that controls the func-
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Significance Statement

mRNA encoding the Kv3.1 potassium channel was one of the first described targets of the fragile X mental retardation protein
(FMRP). Fragile X syndrome is caused by loss of FMRP and, in humans and mice, causes hypersensitivity to auditory stimuli. We
found that components of the auditory brain response (ABR) corresponding to auditory brainstem activity are enhanced in mice
lacking FMRP. This is accompanied by hyperexcitability and altered potassium currents in auditory brainstem neurons. Treat-
ment with a drug that alters the voltage dependence of Kv3.1 channels normalizes the imbalance of potassium currents, as well as
ABR responses in vivo, suggesting that such compounds may be effective in treating some symptoms of fragile X syndrome.
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tion and expression level of a variety of proteins including several
ion channels (Darnell et al., 2011). Patients with FXS experience
multiple symptoms such as hypersensitivity to sensory stimuli,
hyperactivity, susceptibility to seizures, intellectual disability,
anxiety, and social and memory impairment (Garber et al., 2008;
Chonchaiya et al., 2009). Some of these symptoms have been
replicated in fragile X mice in which the gene for FMRP has been
deleted (Fmr1�/y mice; Michalon et al., 2012; Curia et al., 2013;
Rotschafer and Razak, 2014; Myrick et al., 2015; Bostrom et al.,
2016; Aloisi et al., 2017; Pyronneau et al., 2017; Sinclair et al.,
2017). In humans, early intervention, such as drug treatment,
speech therapy, schooling, and social integration, are believed to
improve cognition in patients with FXS (Lozano et al., 2016).
This offers hope that further effective treatments for fragile X
symptoms will emerge if the appropriate targets for therapeutic
agents can be identified.

One symptom that is relevant to this study is the hypersensi-
tivity of patients with FXS to auditory stimuli (Arinami et al.,
1988; Roberts et al., 2005). Physiological levels of sound evoke
abnormal elevation of the cortical auditory response in patients
with FXS (St Clair et al., 1987; Rojas et al., 2001; Castrén et al.,
2003; Van der Molen et al., 2012), and ordinary environmental
sounds can become unbearable for patients with FXS. In addition
to this hypersensitivity to auditory stimuli, patients with fragile X
syndrome have difficulties in discriminating the timing of audi-
tory stimuli, which renders them unable to localize sounds in
space (Hall et al., 2009; Rotschafer and Razak, 2014). Both the
elevated cortical responses to sound stimuli and the deficits in
temporal processing are likely to be influenced by alterations in
subcortical networks such as those in the auditory brainstem that
compute sound localization. These include the anteroventral co-
chlear nucleus (AVCN) and the medial nucleus of the trapezoid
body (MNTB), as well as the medial and lateral superior olivary
nuclei to which the AVCN and MNTB project. This conclusion is
supported by the finding that the auditory brainstem response
(ABR) recorded in vivo is altered in adult Fmr1�/y mice, and this
may result, in part, from an alteration in the balance of excitation
and inhibition (Rotschafer et al., 2015; Garcia-Pino et al., 2017;
McCullagh et al., 2017).

The intrinsic excitability of neurons is determined by the ion
channels they express. The mRNAs for several ion channels bind
FMRP (Darnell et al., 2011), and in several cases the loss of FMRP
has been demonstrated to alter levels of ion channel proteins in
neurons (Brager and Johnston, 2014; Frick et al., 2017). More-
over, a subset of these ion channel proteins bind FMRP directly,
altering the amplitude, gating, or trafficking of the channels
(Brown et al., 2010; Zhang et al., 2012; Deng et al., 2013, 2019;
Ferron et al., 2014; Myrick et al., 2015; Yang et al., 2018). Previous
studies have demonstrated that currents corresponding to some
of these ion channels are altered in the auditory brainstem MNTB
neurons of Fmr1�/y mice (Brown et al., 2010; Strumbos et al.,
2010b). We have now analyzed the effects of the loss of FMRP on
the intrinsic excitability of auditory brainstem MNTB neurons in
vitro and compared this to alterations in auditory brainstem re-
sponses in vivo, in Fmr1�/y and wild-type (WT) mice. We have
also characterized the actions of a small molecule, AUT2 [((4-
({5-[(4R)-4-ethyl-2,5-dioxo-1-imidazolidinyl]-2-pyridinyl}oxy)-
2-(1-methylethyl) benzonitrile; Brown et al., 2016], which
modulates Kv3.1 potassium channels, and found that this com-
pound was able to normalize both the firing patterns of MNTB neu-
rons and the ABR of Fmr1�/y mice.

Materials and Methods
AUT compound. AUT2 (Autifony Therapeutics) is a small molecule
modulator of human and rodent Kv3.1 and Kv3.2 channels. Some of the
electrophysiological actions of AUT2 have been described previously
(Brown et al., 2016). AUT2 is a cell-permeant small molecule, which
modulates human recombinant Kv3.1 channels by shifting the voltage
dependence of activation and inactivation to negative potentials (EC50,
0.9 �M; Brown et al., 2016). AUT2 (10 mM stock solution) was dissolved
in DMSO (0.1%), and the final concentration used in the recording
chamber was 10 �M for in vitro recordings. A 10 �M concentration of
AUT2 has previously been shown to strongly modulate the recombinant
Kv3.1 channel, causing a 28 mV leftward shift in the V1/2 of activation
(Brown et al., 2016). For testing the effects of AUT2 on auditory brains-
tem response in vivo, we prepared a vehicle containing 12.5% of Captisol,
mixed with 0.5% HPMC (hydroxypropylmethylcellulose) K15M and
0.5% Tween 80 in sterile water. The AUT2 drug suspension was then
prepared by dissolving AUT2 compound in the vehicle solution, which
was used at a final concentration of 30 mg/kg and dosed by the intraperi-
toneal route 20 min before testing. While formal pharmacokinetic stud-
ies have not been conducted with this compound in the mouse, a dose of
30 mg/kg AUT2 administered orally to rats gave brain concentrations of
�3500 ng/ml 2 h after dosing (Autifony Therapeutics, unpublished
data). Taking into account brain tissue binding, this is expected to be
equivalent to a free brain concentration of �0.5 �M. The brain concen-
tration of AUT2, 20 min after 30 mg/kg, i.p., administration, might be
expected to be in the range of 0.5–1 �M.

Electrophysiological recordings from MNTB brain slices. Both male and
female WT (FVB.129P2-Pde6b �Tyrc-ch/Ant) and Fmr1 � /y (FVB.129P2-
Fmr1 tm1Cgr/J) mice were purchased from The Jackson Laboratory. All
data represent the mean � SE. The number of neurons or animals is
represented by “n” or “N” respectively.

All procedures described followed National Institutes of Health guide-
lines outlined in Preparation and Maintenance of Higher Animals during
Neuroscience Experiments (publication 91–3207). Procedures were ap-
proved by the Institutional Animal Care and Use Committee at the Yale
University School of Medicine. The auditory brainstem including the
MNTB was extracted from 15-d-old wild-type (Fvbn129) and Fmr1�/y

mice of either sex. Acute transverse slices of the auditory brainstem were
cut to a thickness of 250 �m using procedures described previously
(Yang and Wang, 2006). Recordings were performed in a chamber con-
tinuously perfused (1–2 ml/min) with oxygenated and warmed (31–
33°C) artificial CSF containing the following (in mM): 124 NaCl, 2.5 KCl,
25 NaHCO3, 1.25 NaH2PO4, 2 MgCl2, 2 CaCl2, and 10 glucose. Whole-
cell patch-clamp recordings were made from visualized MNTB neurons
using an upright Zeiss Axioskop 2 FS microscope with differential inter-
ference contrast optics. Patch pipettes (3–5 M�) were pulled from boro-
silicate glass tubing (outer diameter, 2.0 mm; wall thickness, 0.5 mm) and
filled with the following intracellular solution (in mM): 32.5 KCl, 97.5
K-gluconate, 5 EGTA, 10 HEPES, and 1 MgCl2, pH 7.2 (Macica et al.,
2003). Voltage-clamp recordings were made using EPC-7 (HEKA Elek-
tronik) or Multiclamp 700B (Molecular Devices) amplifiers. Tetrodo-
toxin (1�M) and CdCl2 (20�M) were used to suppress Na �- and Ca 2�-
activated K � channels, respectively. Current-clamp recordings were
made in bridge mode using an SEC 05L amplifier (npi electronic). Neu-
rons with resting potentials more positive than �50 mV were discarded,
regardless of treatment. The junction potential was not corrected. Un-
compensated series resistances were on average 13.12 � 0.31 M� (n � 77
cells, N � 52 cells). Series resistance was compensated at 50 –70%. Access
resistance and holding current were continuously monitored for stabil-
ity; �20% variation led to a rejection of the cell.

Data acquisition and analysis were performed using software that was
either custom written in the IGOR Pro programming environment
(WaveMetrics) or using pCLAMP version 9.2 (Molecular Devices). Con-
ductance values were obtained by dividing the current by the electro-
chemical driving force, as follows: IK/(Vm � EK), where IK is the K �

current, Vm is the membrane potential and EK is the reversal potential for
K � ions. For voltage dependence of activation experiments, normalized
conductance–voltage plots were obtained by normalizing conductance
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(G) to that measured at �60 mV (G�60) for each recording and fit using
the sigmoidal function: y � A2 � 	A1 � A2
/	1 � e	 x�x0
/k
, where A1

and A2 represent the initial and final values of the y abscise, respectively;
k is the slope factor; and x0 is the half-maximal value. For the voltage
dependence of inactivation, normalized conductance–voltage plots were
fitted by normalizing currents to the maximum obtained by stepping
from �100 mV and fitted using the same function. These fits were not
used to calculate V1/2 values, which were instead determined for each cell
by direct determination of the potential at which conductance was 0.5 of
the maximal value at �60 mV. In current-clamp recordings, input resis-
tance was calculated by applying a train of three hyperpolarizing current
pulses (250 pA, 300 ms duration, at 0.3 Hz), and comparing the mean
maximal voltage deflection during these pulses to the baseline membrane
potential 20 ms before current injections.

ABR. Animals (15 d old) were anesthetized with 480 mg/kg, i.p., chlo-
ral hydrate, and all recordings were conducted in a sound-attenuating
chamber (Industrial Acoustics). A customized TDT3 system (Tucker-
Davis Technologies) was used for ABR recordings. Subdermal needle
electrodes (Rochester Electro-Medical) were positioned at the vertex (ac-
tive, noninverting), the infra-auricular mastoid region (reference, invert-
ing), and the neck region (ground). Differentially recorded scalp
potentials were bandpass filtered between 0.05 and 3 kHz over a 15 ms
epoch. A total of 400 trials was averaged for each waveform for each
stimulus condition.

Symmetrically shaped tone bursts were 3 ms long (1 ms raised cosine
on/off ramps and 1 ms plateau). All acoustic stimuli were delivered free
field via a speaker (Part FF1 2021, Tucker-Davis Technologies) posi-
tioned 10 cm from the vertex. Stimulus levels were calibrated using a 0.5
inch condenser microphone (model 4016, ACO Pacific) positioned at the
approximate location of the animal’s head during recording sessions and
are reported in decibels of sound pressure level (SPL; referenced to 20
�Pa). Stimuli of alternating polarity were delivered at a rate of �20/s.
Tone burst responses were collected in half-octave steps ranging from 32
to 2.0 kHz. The effects of level were determined by decreasing stimulus
intensity in 5 or 10 dB steps. A maximum stimulus level of 90 dB SPL was
used first to avoid overstimulation. The ABR threshold was defined as the
lowest intensity of sound level capable of evoking a reproducible, visually
detectable response (Song et al., 2006). Latencies and amplitudes of the
initial four ABR peaks were measured from sound stimuli delivered at a
rate of 20/s and at a frequency of 11.3 kHz, one of the most sensitive
frequency ranges of hearing in mice. The analysis was performed off-line
in BioSig (BioSig Technologies) on traces with visible peaks by setting
cursors at the maxima and minima of the peaks. Latency was defined as
the time from the onset of the stimulus to the peak, while amplitude was
measured by taking the mean of the �V of the positive and negative
deflections of the ABR wave (Tan et al., 2017).

Experimental design and statistical analysis. All data were collected
from different littermates and used both males and females. Data analysis
was performed using Igor, Clampfit, and BioSig software. For whole-cell
voltage-clamp experiments, evoked currents were quantified by measur-
ing the mean current between 50 ms after the onset of a test pulse and 50
ms before the end of the pulse. The interval between each pulse protocol
ranged from 3 to 5 min in control conditions. When waiting for drugs to
take effect, cells were held at resting membrane potentials for 10 –15 min.
The analyses used either a paired two-tailed t test (for comparison be-
tween Fmr1�/y mice before and after AUT2 treatment) or unpaired two-
tailed t test for comparison between wild-type and Fmr1�/y mice (with
Welch’s correction). In some cases, for example, when a comparison of
ABR amplitude and/or latency with genotype (or with AUT2 treatment)
across sound level intensity was performed, we used a two-way ANOVA
that considered a full set of variances. Similarly, for data comparing the
number of action potentials between genotypes across stimulus frequen-
cies or the magnitude of potassium current between genotypes across
membrane voltages, we performed a two-way ANOVA followed by a post
hoc multiple comparison using Bonferroni–Dunn or Holm–Sidak
method. A value of p � 0.05 was considered significant for all tests.
Statistical analysis was conducted using GraphPad Prism 8 and Origin
software.

Results
Loss of FMRP alters central processing of
auditory information
To investigate how loss of FMRP impacts the processing of audi-
tory information early in development, we compared the in vivo
ABR of 15-d-old wild-type and Fmr1�/y mice, corresponding to
3–5 d after the onset of hearing. The ABR is characterized by a
series of electrical waves, labeled as waves I to V (Jewett and
Williston, 1971; Song et al., 2006), representing the progressive
transfer of the auditory signal from the periphery to the CNS.
Wave I represents the summated response from the spiral gan-
glion and auditory nerve, while waves II to V represent responses
from the ascending auditory pathway (Akil et al., 2016).

We first determined that the threshold for detecting an elec-
trophysiological response (ABR threshold) was not altered in
Fmr1�/y mice at all sound frequencies tested from 2 to 32 kHz
(Fig. 1A). ABRs were then recorded in response to an 11.3 kHz
stimulus lasting 3 ms at intensities up to 90 dB (Fig. 1B). A two-
way ANOVA with mean comparison using Bonferroni’s test was
performed to compare the effects of genotype (WT or Fmr1�/y

mice) and of sound levels (from 40 to 90 dB) on the amplitude of
the ABR response. We found that the amplitude of wave I was
significantly reduced in Fmr1�/y mice compared with WT mice
(F(1,353) � 15.44, p � 0.0002). We also found a significant inter-
action effect between the genotype and sound level on the ampli-
tude of wave I (F(10,353) � 2.4; p � 0.01). When this analysis was
followed by a simple test effect that corrected for multiple com-
parisons using Bonferroni–Dunn method, we found that the am-
plitude of wave I was significantly smaller in Fmr1�/y animals at
higher intensities of sound levels (Fig. 1C: 85 dB, *p � 0.002; *90
dB, p � 0.0009).

In contrast, the amplitude of wave IV, which reflects the syn-
chronous activity of the auditory brainstem nuclei including the
MNTB, was significantly enhanced in Fmr1�/y mice (F(1,301) �
30.33, p � 0.0001). The intensity of sound level had a significant
effect on the amplitude of wave IV (F(10,301) � 10.20, p � 0.0001),
and the interaction of both genotype and sound levels also had an
effect on the amplitude of wave IV (F(10,301) � 2.23, p � 0.01; Fig.
1C). We thus performed a simple effects test and found that the
amplitude of wave IV was significantly higher at 75, 80, 85, and 90
dB (p � 0.0001, Bonferroni–Dunn method)

We then analyzed the latency of each wave to investigate any
potential changes in the rate of propagation through the nervous
system. Although the latency of waves I appeared slightly pro-
longed in Fmr1�/y mice compared with wild-type mice, this dif-
ference was not statistically significant (F(1,340) � 2.213, p �
0.13). In addition, the latency of wave IV was not significantly
different between WT and Fmr1�/y mice (F(10,285) � 0.3 p �
0.98).

Firing patterns of MNTB neurons are disrupted in
Fmr1�/y mice
To determine whether the loss of FMRP alters the firing patterns
of MNTB neurons, we performed in vitro recordings from prin-
cipal neurons of the MNTB in brainstem slices from 15-d-old
mice. We first used a whole-cell current-clamp configuration to
record the response of cells to a series of sustained hyperpolariz-
ing and depolarizing current pulses (200 ms square current
pulses, �250 to �350 pA). As has been found in previous studies
(Wang et al., 1998a), we found that in response to a 250 or 350 pA
depolarizing current injection, MNTB neurons from wild-type
mice fire only at the onset of the depolarization, and never fire
more than one or two action potentials (Fig. 2A). In contrast,
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MNTB neurons from Fmr1�/y mice fire repetitively throughout
the sustained depolarizations (Fig. 2A,B). Overall, the number of
action potentials evoked by the 200 ms, 250 pA depolarizing cur-
rent pulse was significantly greater in neurons from Fmr1�/y mice
(5.82 � 1.48, n � 27 cells, N � 9 animals; Fig. 2A,B) than in those
from wild-type animals (0.33 � 0.11, n � 18 cells, N � 7 animals;
p � 0.002, Student’s unpaired t test with Welch’s correction; t �
1.713, df � 3.041).

The input resistances and resting membrane potentials of
MNTB neurons from Fmr1�/y mice (88.70 � 5.42 M� and
�60.76 � 1.44 mV, n � 18, N � 11) were not different from
those of wild-type mice [90.65 � 9.67 M� and �59.92 � 0.39
mV, n � 18, N � 15; p � 0.23 for the input resistance comparison
(Student’s unpaired t test with Welch’s correction, t � 1.239,
df � 22.76); and p � 0.87 for the resting membrane potential
comparison (Student’s unpaired t test with Welch’s correction

Figure 1. Loss of FMRP alters the central processing of auditory signals. A, Plots of the ABR thresholds for wild-type mice (N � 17 animals) and Fmr1�/y mice (N � 28 animals). B, ABR wave
recordings from WT and Fmr1�/y mice stimulated at 11.3 kHz at different sound levels (35–90 dB). Arrows indicate wave IV of the ABR response. C, D, Plots of the amplitudes (C) and latencies (D)
of ABR waves I and IV as a function of sound levels (40 –90 dB). The magnitude of wave I is decreased for high sound levels ( p � 0.0002) only, and there is a significant increase in wave IV amplitude
in Fmr1�/y mice at most sound levels tested ( p � 0.0001) without significant change in the ABR latencies. Error bars indicate the mean � SEM. In C, asterisks indicate statistical significance
(two-way ANOVA followed by Bonferroni–Dunn post-test).
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(t � 0.1649, df � 12.7)]. We found, however, a significant
difference in the spike threshold between the two groups of
mice [wild-type mice: �37.3 � 1.35 mV, n � 18, N � 15; vs
Fmr1�/y mice: �44.2 � 1.37 mV, n � 18, N � 11; p � 0.001,
Student’s unpaired t test with Welch’s correction (t � 3.59,
df � 31.92)]. This is consistent with a significant decrease of

the rheobase from 450 � 49.25 pA in wild-type mice to 255 �
20.56 pA in Fmr1�/y mice (Table 1; p � 0.001, Student’s un-
paired t test, with Welch’s correction; t � 3.643, df � 21.45).
We found, however, no statistical difference in action poten-
tial height between the wild-type mice (43.51 � 3.73 mV, n �
18, N � 15) and the Fmr1�/y mice (42.11 � 2.57 mV, n � 18,

Figure 2. MNTB neurons from Fmr1�/y mice are hyperexcitable. A, Current-clamp recordings of action potentials in response to a series of sustained hyperpolarizing and depolarizing current
pulses (200 ms square current pulses,�250 to�350 pA). Note the repetitive firing and the shorter latency firing of MNTB neurons from Fmr1�/y mice compared with the WT mice, which never fired
more than one or two action potentials. B, Group data showing a significant increase in number of action potentials evoked in neurons from Fmr1�/y mice in response to currents of increasing
amplitude (Asterisks indicate statistical significance. p � 0.002, Student’s unpaired t test with Welch’s correction).

Table 1. Electrical parameters of MNTB neurons from wild type and Fmr1�/y animals

Condition
Input resistance
(M�)

Resting membrane
potential (mV)

Rheobase
(pA)

First action potential
latency (ms)

Spike
threshold (mV)

Wild type 90.65 � 9.67 (18) �59.92 � 0.39 (18) 450 � 49.25(18)** 3.67 � 0.24 (18) �37.28 � 1.35(18)**
Fmr1�/y 88.70 � 5.42 (18) �60.76 � 1.44 (18) 255.55 � 20.56(18)** 3.48 � 0.32 (18) �44.21 � 1.37(18)**

**p � 0.001.
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N � 11, p � 0.8; Student’s unpaired t test, with Welch’s cor-
rection, t � 0.3085, df � 15.63).

In response to high rates of stimulation, MNTB neurons are
capable of locking their action potentials to stimuli at rates of up
to several hundred hertz (Macica et al., 2003; Song et al., 2005;
Kopp-Scheinpflug et al., 2011). We therefore compared the abil-
ity of MNTB neurons from wild-type and Fmr1�/y mice to follow
repetitive stimuli of brief and subthreshold current pulses (1 nA,
0.3 ms, 20 stimuli) applied at rates from 50 to 600 Hz. Consistent
with their enhanced excitability in response to sustained depolar-
ization, we found that MNTB neurons from Fmr1�/y mice fired
more action potentials compared with WT mice. For example, at
200 Hz, the number of spikes elicited by a train of 20 stimuli was
14.38 � 1.43 (n � 10, N � 9 animals) in Fmr1�/y mice compared
with 8.66 � 1.92 (n � 13, N � 10 animals) in wild-type mice (p �
0.04, Student’s unpaired t test with Welch’s correction; t � 2.381,
df � 10.71). A two-way ANOVA was further performed to exam-
ine changes in the number of spikes in relation to both variables:
the genotype of animals (WT or Fmr1�/y mice) and the frequency
of stimulation. We found that the genotype had a stronger impact
on the number of spikes (F(1,75) � 16.88, p � 0.0001; Fig. 3A,B).
The stimulus frequency also had an effect on the number of
evoked spikes (F(3,75) � 2.81, p � 0.04), but no significant inter-
action effect was found between the genotype and the stimulus
frequency on the number of action potentials (F(3,75) � 2.81, p �
0.3). Post hoc tests that corrected for multiple comparisons
showed that this increase in spike number in Fmr1�/y mice was
significant for 50, 200, and 400 Hz (p � 0.0005, p � 0.04, p �
0.04) but not for 600 Hz (p � 0.5, Holm–Sidak method; Fig. 3B,
asterisk).

Multiple potassium currents are altered in MNTB neurons of
Fmr1�/y mice.
Several different types of voltage-dependent K� currents have
been described in MNTB neurons. Some of these activate only at
positive potentials and contribute primarily to the rapid repolar-
ization of action potentials. These include currents attributed to
the Kv3.1 and Kv2.2 channels (Macica et al., 2003; Steinert et al.,
2011). Several other components of K� current activate near the
resting potential and are required to maintain accurate temporal
locking of action potentials to incoming stimuli. These include
subunits of the Kv1, Kv11, and KNa subfamilies (Brew and For-
sythe, 1995; Grigg et al., 2000; Dodson et al., 2002; Yang et al.,
2007; Hardman and Forsythe, 2009; Mathews et al., 2010). To
evaluate the effect of loss of FMRP on intrinsic excitability, we
performed voltage-clamp experiments using protocols that dif-
ferentiate between these two components of current in postnatal
day 15 wild-type and Fmr1�/y mice. Because several K� subunits
have a tonotopic distribution in the MNTB (Li et al., 2001; Bhat-
tacharjee et al., 2002, 2005; Brew and Forsythe, 2005; Strumbos et
al., 2010a), we confined our recordings to cells in the lateral re-
gion of the MNTB.

We first recorded K� currents that activate at positive poten-
tials by holding the membrane potential at �40 mV for 2 min
before applying test pulses between �30 and �60 mV in 10 mV
increments (Fig. 4A). This holding potential causes the inactiva-
tion of most components of K� current that activate at more
negative potentials, and 80 –90% of the current evoked under
these conditions represents the Kv3.1 current (Wang et al., 1998a;
Macica et al., 2003). The amplitude of these currents at �60 mV,
which we will term “high-threshold” K� currents, was signifi-
cantly higher in MNTB neurons from Fmr1�/y mice than in wild-
type mice (Figs. 4A, 5.90 � 0.40 vs 3.99 � 0.66 nA, respectively,

p � 0.02; Student’s unpaired t test with Welch’s correction: t �
2.493, df � 14.87). A two-way ANOVA test revealed that both the
genotype (F(1,150) � 22.02, p � 0.0001) and the membrane volt-
age (F(9,150) � 45.54, p � 0.0001) had a significant impact on the
magnitude of high-threshold K� currents. Using a post hoc test
that corrected for multiple comparisons, we found that the high-
threshold K� currents were significantly increased in neurons
from Fmr1�/y mice at 40 mV (p � 0.01), 50 mV (p � 0.003), and
60 mV (p � 0.0007; Fig. 4A).

When the normalized conductance was plotted as a function
of membrane voltage (Fig. 4A, right), we found no significant
change in the conductance between WT and Fmr1�/y groups of
mice. The half-activation potential (V1/2 max) for the WT group
was �1.05 � 3.8 (n � 9, N � 7) compared with 6.25 � 2.2 mV in
the Fmr1�/y group (p � 0.16, n � 7, N � 7; Student’s unpaired t
test with Welch’s correction: t � 1.47, df � 12.94).

For the second protocol, the membrane potential was held at
�80 mV, and currents were evoked by potentials between �70 to
�60 mV in 10 mV increments. This evokes currents that activate
near the resting potential and action potential threshold (�60 to
�20 mV, low-threshold currents) as well as the high-threshold
K� currents (Fig. 4B). Under these conditions, the currents re-
corded at �60 mV were significantly lower in MNTB neurons
from Fmr1�/y mice: 7.71 � 0.31 nA (n � 7, N � 7 animals) than
in those from wild-type mice vs 9.51 � 0.47 nA (n � 9, N � 7
animals, p � 0.007, Student’s unpaired t test with Welch’s cor-
rection: t � 3.535, df � 8.506). Additional two-way ANOVA
revealed a significant main effect of the genotype on the ampli-
tude of low-threshold K� current (F(2,139) � 56.30, p � 0.0001).
Using a post hoc test that corrected for multiple comparisons, we
found that the low-threshold K� currents were significantly de-
creased in Fmr1�/y mice at membrane voltages from �10 to �60
mV (�10 mV, p � 0.006; 0 mV: p � 0.0005; 10 mV: p � 0.00002;
20 –50 mV: p � 0.0001; 60 mV: p � 0.0001; Fig. 4B).

When the normalized conductance was plotted as a function
of membrane voltage (Fig. 4B), there was a significant decrease in
the conductance in the Fmr1�/y group of mice. The V1/2 max for
the WT group was �34.15 � 1.4 mV compared with �20.12 �
1.23 mV in the Fmr1�/y group (p � 0.01, Student’s unpaired t test
with Welch’s correction; t � 5.88, df � 6.99).

These findings indicate that the high-threshold and low-
threshold K� currents are altered in opposite directions by loss of
FMRP. Both of these changes are consistent with the increased
excitability of MNTB neurons in Fmr1�/y mice. Increased Kv3.1-
like high-threshold currents increase the ability of neurons to fire
at high rates, while reduced low-threshold K� currents, which
dominate total current in steps from �80 mV, lower the thresh-
old for action potentials and promote repetitive firing (Gan and
Kaczmarek, 1998; Rudy and McBain, 2001; Zhang et al., 2012).

Actions of the Kv3.1 channel modulator AUT2 on K �

currents in MNTB neurons from Fmr1�/y mice
AUT2 is an imidazolidinedione derivative that modulates Kv3.1
channels (Brown et al., 2016; Fig. 5A). In mammalian cells trans-
fected with human Kv3.1 channels, AUT2 shifts the voltage de-
pendence of activation toward more negative potentials. This
may cause Kv3.1 channels to activate at potentials that normally
only activate low-threshold K� channels. In addition, AUT2 also
shifts the voltage dependence of steady-state inactivation to more
negative potentials, reducing the amount of current that can be
activated by depolarization to positive potentials. We investi-
gated the effects of AUT2 on the high- and low-threshold com-
ponents of current in MNTB neurons of Fmr1�/y mice.
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Figure 3. MNTB neurons from Fmr1�/y mice fire more action potentials in response to repetitive stimulation. A, Current-clamp recordings of action potentials in response to repetitive stimulation
with brief current pulses (1 nA, 0.3 ms, 20 stimuli) applied at rates from 50 to 600 Hz. B, Group data showing that MNTB neurons from Fmr1�/y mice fire more action potentials at all stimulus
frequencies up to 400 Hz. Asterisks indicate significant differences (two-way ANOVA followed by Holm–Sidak post-test).
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Application of AUT2 reduced the amplitude of the high-
threshold component of currents that could be evoked from a
holding potential of �40 mV to a test potential of �60 mV in
MNTB neurons from Fmr1�/y mice. At 60 mV, the amplitude of
the high-threshold potassium currents decreased from 4.82 �
0.54 to 2.24 � 0.22 nA (n � 4, N � 4 animals, p � 0.0006,
Student’s paired t test; Fig. 5A). Using a two-way ANOVA with
post hoc correction for multiple comparisons, we found that
AUT2 had a main effect on high-threshold current (F(1,130) �
54.66, p � 0.0001). Because we found a significant interaction
between AUT2 treatment and membrane voltage on the ampli-
tude of high-threshold potassium currents (F(9,130) � 3.20, p �
0.001), we then performed a simple effects test and found that the
high-threshold K� currents recorded in Fmr1�/y mice were sig-
nificantly decreased by AUT2 treatment at membrane voltages
from 20 to 60 mV (20 mV: p � 0.01; 30 mV: p � 0.002; 40 mV:
p � 0.0001; 50 and 60 mV; p � 0.0001; Fig. 5A).

When the normalized conductance was plotted as a function
of membrane voltage (Fig. 5A), we found no significant change in
voltage dependence after the addition of AUT2. The V1/2 max for
the Fmr1�/y group of mice was 0.67 � 3.59 mV compared with
�2.53 � 5.72 mV with AUT2 treatment (p � 0.84, n � 4, N � 4
animals; Student’s paired t test, t � 0.2, df � 6).

When the holding potential was maintained at �80 mV, al-
lowing for evaluation of combined low-threshold and high-
threshold components of evoked K� currents, AUT2 produced a

significant increase in current. For example, the current at �60
mV was increased from 6.64 � 0.57 nA in MNTB neurons from
Fmr1�/y mice to 8.43 � 0.4 nA (p � 0.031, n � 4, N � 4 animals
Student’s paired t test; Fig. 5B). Using a two-way ANOVA with
post hoc correction for multiple comparisons, we found that
AUT2 had a main effect on low-threshold current (F(2,209) �
61.65, p � 0.0001). Because we found a significant interaction
between the drug treatment and membrane voltage (F(26,209) �
2.14, p � 0.001), we performed a simple effects test and found
that that the increase of low-threshold potassium current by
AUT2 was significant at membrane voltages from �20 to �60
mV (�20 mV: p � 0.01; �10 mV: p � 0.002; 0 mV: p � 0.0004;
10 – 60 mV: p � 0.0001; Fig. 5B).

The voltage dependence of the low-threshold currents was
also altered by AUT2. When the normalized conductance was
plotted as a function of membrane voltage (Fig. 5B), we found a
significant shift of the V1/2 max toward hyperpolarized potentials
after AUT2 treatment. Values of V1/2 max shifted from 8.42 � 3.33
mV before AUT2 to �3.82 � 0.65 mV after AUT2 application
(p � 0.004, n � 4, N � 4 animals; Student’s paired t test, t � 5;
df � 5).

We have previously described that application of AUT2 alters
also the voltage dependence of inactivation of Kv3.1 channels
when expressed in mammalian cells (Brown et al., 2016). To test
further whether the same concentration of AUT2 used previously
(10 �M) can also change the inactivation curve of the high-

Figure 4. High- and low-threshold potassium currents are altered in MNTB neurons of Fmr1�/y mice. A, Representative whole-cell patch-clamp recordings of high-threshold potassium current
evoked by holding the membrane potential at �40 mV for 2 min before stepping to test potentials between �30 and �60 mV in 10 mV increments. Middle, Plot shows that the amplitude of
high-potassium current was significantly higher in MNTB neurons from Fmr1�/y mice compared with wild-type mice (two-way ANOVA, p � 0.0001). Right, Plot shows the corresponding
normalized conductance that was not significantly ( p � 0.16) different between WT and Fmr1�/y mice. B, Representative whole-cell patch-clamp recordings of low-threshold potassium current
by holding the membrane potential at �80 mV before stepping to test potentials from �70 to �60 mV in 10 mV increments. Middle, Plots show that the peak amplitude of low-potassium current
was significantly reduced in Fmr1�/y mice compared with WT mice ( p � 0.0001, two-way ANOVA). Plot on the right shows a significant shift in voltage dependence of the low-threshold K �

conductance in Fmr1�/y mice ( p � 0.01, Student’s unpaired t test with Welch’s correction). In the I–V plots, asterisks indicate statistical significance in post-test results for multiple comparisons
(Holm–Sidak method).
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Figure 5. AUT2 decreases high-threshold potassium current and increases low-threshold potassium current of MNTB neurons from Fmr1�/y mice. A, Representative traces of high-threshold
potassium current evoked by holding the membrane potential at �40 mV and stepping to test potentials from �30 and �60 mV in 10 mV increments before and after the addition of 10 �M AUT2.
The chemical structure of AUT2 is shown above the right-hand current traces. Middle, Group data for the effects of AUT2 on current amplitude at different voltages. Right, group data for
conductance-voltage relations normalized to maximal value at �60 mV (G/G�60), indicating that AUT2 did not produce a significant change of the voltage-dependent activation of high-threshold
potassium currents. B, Representative whole-cell patch-clamp recordings of low-threshold potassium current evoked by holding the membrane potential at �80 mV and applying test potentials
from �70 to �60 mV in 10 mV increments before and after addition of AUT2 (10 �M). Panels at center and right show group data for current amplitudes and conductance–voltage relations,
demonstrating that AUT2 significantly increased the low-threshold potassium currents in Fmr1�/y mice. Asterisks in A and B indicate statistical significance in post-test results of the simple effect
test for multiple comparison (Holm–Sidak method).

Figure 6. Addition of AUT2 produces a left shift in the voltage dependence of inactivation of high-threshold potassium currents in wild-type and Fmr1�/y mice. A, Standard voltage-clamp
protocol to assess the inactivation of K � currents. Cells were held at potentials between �100 and �10 mV for 30 s before a test pulse to �40 mV. B, Representative traces of the outward current
recorded in neurons from Fmr1�/y mice at a test potential of �40 mV before and after AUT2 (10 �M). C, D, Plots of steady-state inactivation as a function of a 30 s prepulse to potentials between
�100 and �10 mV in Fmr1� /y (C) and WT (D) mice.

El-Hassar et al. • Modulator of Kv3 Potassium Channels in Fragile X J. Neurosci., June 12, 2019 • 39(24):4797– 4813 • 4805



threshold of K� currents in MNTB neurons, we used a standard
protocol to assess the inactivation of K� currents. Neurons were
held at potentials between �100 and �10 mV for 30 s before a
test pulse to �40 mV, before and after the application of AUT2 to
MNTB neurons from brain slices of either WT or Fmr1�/y mice
(Fig. 6A). Consistent with our previous results, we found that
AUT2 compound produced a significant shift of the half-
inactivation potential toward hyperpolarization potentials in
both genotypes. In Fmr1�/y mice, AUT2 shifted V1/2 max from
�10.17 � 3.82 to �35.21 � 3.42 mV (p � 0.041, t(5) � 2.72,
two-tailed paired Student’s t test; n � 5, N � 5 animals; Fig.

6B,C). In WT mice, AUT2 shifted V1/2 max from �30.51 � 0.37 to
�44.36 � 1.86 mV (p � 0.043, t(4) � 2.85; n � 5, N � 5 animals
two-tailed paired Student’s t test; Fig. 6D).

To exclude the possibility that AUT2 may have affected other
type of channels in MNTB neurons, we repeated the experiments
described in Figure 5 in the presence of a low concentration of
tetraethylammonium (TEA; 1 mM), which selectively eliminates
the component of current carried by Kv3 channels in these cells
(Wang et al., 1998a). We found that, in the presence of TEA,
AUT2 did not change the magnitude or the voltage dependence
of either low- or high-threshold K� currents when tested in both

Figure 7. AUT2 fails to alter high- and low-threshold K � currents in the presence of the Kv3 channel blocker TEA. A–D, Voltage-clamp recordings of the high-threshold (A, C) and low-threshold
(B, D) potassium currents in wild-type and in Fmr1� /y mice. Panels on the right show the current–voltage and the conductance–voltage (normalized to maximal value at �60 mV; G/G�60) curves
for high- and low-threshold K � currents before and after AUT2, in the presence of the Kv3 channels blocker TEA (1 mM). AUT2 failed to alter the magnitude and the conductance of both high- and
low-threshold potassium currents in these conditions.
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WT and Fmr1�/y mice. Using a two-way ANOVA (with Bonfer-
roni’s post hoc) to analyze the effect of AUT2 on the amplitude of
both high- and low-threshold potassium currents, we found no
significant effect in WT mice (high Kv: F(1,60) � 2.32, p � 0.13;
low Kv: F(1,102) � 4.07, p � 0.35; Figure 7A,B, middle panels).
AUT2 also failed to change the amplitude of potassium currents
in Fmr1�/y mice (high Kv: F(1,26) � 0.99, p � 0.32; low Kv: F(1,102)

� 1.77, p � 0.18; Figure 7C,D, middle panels). When the nor-
malized conductance of the high-threshold currents in WT mice
was plotted as a function of membrane voltage, there was no
significant shift of the V1/2 after AUT2 treatment (10 �M): V1/2

was 10.11 � 6.30 mV and changed to 5.2 � 5.4 after AUT2
application (p � 0.42, n � 3, N � 3 animals, Student’s paired t
test; Fig. 7A, right). Similarly, AUT2 failed to change the voltage
dependence of activation of low-threshold K� currents in the
presence of TEA (V1/2 max for WT mice before AUT2 was 8.52 �
0.8 mV and 5.40 � 1.07 mV after AUT2 application; p � 0.09,
n � 3, N � 3 animals, paired t test; Fig. 7B, right).

The conductance of both high- and low-threshold potassium
currents in Fmr1�/y mice, in the presence of TEA, was also unaf-
fected by AUT2 [V1/2 max for high-threshold currents: 9.42 � 0.40
mV before AUT2; 4.82 � 0.63 mV after AUT2; p � 0.12, n � 4,
N � 4 animals, Student’s paired t test (Fig. 7C, right); V1/2 max for
low-threshold currents: 10.00 � 1.72 mV before AUT2; 5.16 �
0.35 mV after AUT2; p � 0.36, n � 4, N � 4 animals, Student’s
paired t test (Fig. 7D, right)].

These changes in amplitude and voltage dependence of the
high- and low-threshold currents in normal conditions and the
absence of these changes in the presence of the selective inhibitor
of Kv3 channels (TEA) are entirely consistent with that expected
from the effects of AUT2 observed on recombinant human Kv3.1
currents in transfected cells (Brown et al., 2016). A shift in steady-
state inactivation to more negative potentials would be expected
to reduce maximal currents evoked by the high-threshold voltage
protocol. With the more negative holding potential, however,
the shift in activation of Kv3.1 to more negative potentials
would be expected to increase evoked currents, particularly at
those negative test potentials where Kv3.1 channels are not
normally activated.

AUT2 reduces the hyperexcitability of MNTB neurons in
Fmr1�/y mice
The effects of AUT2 on high- and low-threshold components of
K� currents are directly opposite to those produced by loss of
FMRP (Fig. 4). In particular, the increase in current that activates
close to the resting potential would be expected to limit the gen-
eration of action potentials by increasing spike threshold. We
therefore performed current-clamp recordings of MNTB neu-
rons from Fmr1�/y mice to determine the effects of AUT2 on
their firing patterns evoked by repetitive stimulation with brief
current pulses (1 nA, 0.3 ms, 20 stimuli) applied at rates from 50
to 300 Hz (Fig. 8). We found that AUT2 (10 �M) decreased the
number of action potentials of MNTB neurons at all frequencies
tested. Using two-way ANOVA and the Holm-Sidak method for
post hoc correction, we found that the effect of AUT2 treatment
was significant (F(1,14) � 29.32, p � 0.0001) and that AUT2 de-
creased the number of spikes at all stimulus frequencies tested (50
Hz: p � 0.002; 200 Hz: p � 0.02; and 300 Hz: p � 0.0006, Holm-
Sidak method; Fig. 8A,B).

AUT2 rescues the ABR of Fmr1�/y mice
Because AUT2 reversed some of the effects of loss of FMRP on
K� currents and firing patterns of MNTB neurons in brainstem

slices, we tested the effects of AUT2 on auditory function in
Fmr1�/y mice in vivo. As shown in Figure 1, the magnitude of
wave IV of the ABR of 15-d-old mice was significantly enhanced
in Fmr1�/y animals compared with wild-type mice of the same
age, which is consistent with the increased excitability of MNTB
neurons. We found that intraperitoneal administration of AUT2
(30 mg/kg, 20 min before testing) significantly reduced the mag-
nitude of wave IV in five of five mice without changing the mag-
nitude of wave I (Fig. 9A,B). For sounds delivered at 80 dB, the
amplitude of wave IV decreased from 1.24 � 0.10 to 0.9 � 0.07
�V after AUT2 treatment (p � 0.001, two-way ANOVA; N � 5
Fmr1�/y mice) without changing the ABR threshold. The two-
way ANOVA revealed no significant interaction between wave IV
amplitudes before and after AUT2 treatment with the intensity of
sound level (F(5,59) � 0.478, p � 0.8). We found, however, a
significant difference in the effect of sound level on wave IV am-
plitude before and after AUT2 (F(1,59) � 11.26, p � 0.001).

AUT2 failed to change the magnitude of wave I (p � 0.3,
two-way ANOVA). Although AUT2 slightly increased the latency
of wave I at 80 and 90 dB, this effect was not statistically signifi-
cant (p � 0.1, two-way ANOVA with multiple comparisons us-
ing the Holm–Sidak method; Fig. 9B). When the vehicle was
administered alone (without AUT2) in another group of mice,
the magnitudes of wave I and IV were unchanged. For example, at
a sound level of 85 dB, the amplitude of wave IV was 1.78 � 0.57
�V in Fmr1�/y mice before the administration of the vehicle
compared with 1.52 � 0.64 �V 20 min after the vehicle admin-
istration (N � 4 animals; p � 0.99, two-way ANOVA; Fig. 10A).
At the same sound level, the administration of the vehicle to
Fmr1�/y mice did not change the amplitude of wave I (before
vehicle: 2.00 � 0.49 �V; vs after vehicle: 1.90 � 0.45 �V; N � 4
animals; p � 0.99, two-way ANOVA; Fig. 10A). Similarly, the
latencies of waves I and IV were also unchanged by the adminis-
tration of the vehicle. At a sound level of 85 dB, the latency of
wave I was 2.42 � 0.28 ms before and 2.55 � 0.23 ms after vehicle
administration and the latency of wave IV was 6.47 � 0.30 ms
before and 6.072 � 0.238 ms after the administration of vehicle
(N � 4 animals; p � 0.98 and p � 0.90, respectively, two-way
ANOVA; Fig. 10A).

We also tested the effect of AUT2 on wild-type mice and
found no significant changes in the amplitude of waves I or IV,
perhaps because levels of Kv3.1 are lower in wild-type mice (Fig.
10B,C). Together, these data suggest that AUT2 rescues the au-
ditory function of Fmr1�/y mice by changing the voltage depen-
dence of Kv3-like, high-threshold K� channels, thereby reducing
excitability and restoring brainstem responses in vivo to those of
wild-type animals.

Discussion
Our findings suggest that one mechanism by which the loss of
FMRP alters the processing of auditory information is by altering
the expression and activity of K� channels. Our results with
Fmr1�/y mice are consistent with the clinical observation that
patients with fragile X syndrome experience a hypersensitivity to
sound and impairment of auditory processing (St Clair et al.,
1987; Arinami et al., 1988; Ferri, 1989; Wisniewski et al., 1991;
Rojas et al., 2001; Castrén et al., 2003; Van der Molen et al., 2012;
Garcia-Pino et al., 2017). Most of these studies show a prolonged
latency of the ABR response in humans, particularly for waves III
and V and for interpeak intervals III–V and I–V, suggesting a
central, as opposed to a peripheral, dysfunction of auditory path-
ways (Arinami et al., 1988). Consistent with these findings, the
marked increase in the magnitude of wave IV in Fmr1�/y mice in
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the present study also suggests that changes in the excitability of
brainstem nuclei are more pronounced than those in auditory
afferents as there is little or no change in wave I amplitude com-
pared with that of wave IV.

We have demonstrated that in neurons of the MNTB in
Fmr1�/y mice, low-threshold K� currents, which activate near
the resting potential, are significantly decreased. The K� chan-
nels that contribute to these currents in the MNTB of mice have
been identified, and include Kv1.1, Kv1.2, Kv1.6, Kv11.1, Kv11.3,
KNa1.1, and KNa1.2 channel subunits (Dodson et al., 2002; Brew
et al., 2003; Kopp-Scheinpflug et al., 2003; Yang et al., 2007;

Hardman and Forsythe, 2009; Brown et al., 2010). In the neurons
of wild-type mice, these channels, particularly Kv1.1. and Kv1.2,
serve to limit the response to sustained depolarization to a single
action potential at the onset of the depolarization. A reduction in
the low-threshold K� current is therefore consistent with the
repetitive firing of MNTB neurons of Fmr1�/y mice evoked by
depolarization. The mRNA for three of the low-threshold K�

subunits are targets of FMRP (Darnell et al., 2011). Moreover,
two of these subunits, KNa1.1 (Slack) and Kv1.2, directly bind
FMRP itself (Brown et al., 2010; Zhang et al., 2012; Yang et al.,
2018). In MNTB neurons, the Slack-FMRP interaction stimulates

Figure 8. AUT2 reduces the firing rate of MNTB neurons of Fmr1�/y mice. A, Current-clamp recordings of action potentials evoked by 20 consecutive stimuli of intracellular current pulses (2 nA,
0.3 ms) in MNTB neurons applied at 50, 200, or 300 Hz before and after application of AUT2 (10 �M). B, Plots of the numbers of action potentials evoked by repetitive stimulation at 50, 200, and 300
Hz in different experiments before and after AUT2 application. AUT2 decreased the number of evoked action potentials in MNTB neurons at all frequencies tested (n � 3, N � 3 animals; p � 0.0001,
two-way ANOVA followed by Holm–Sidak post-test).
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Figure 9. AUT2 rescues the auditory function of Fmr1�/y mice. A, Representative ABR traces recorded from Fmr1�/y mice before and 20 min after intraperitoneal injection of AUT2 (30 mg/kg).
Arrows indicate wave IV of the ABR response. B, Plots of the amplitudes and latencies of ABR waves I and IV as a function of sound level before and after injection of AUT2. The group data show a
significant decrease in the amplitude of ABR wave IV after AUT2 injection ( p � 0.001) with no change in the amplitude of wave I ( p � 0.3). In B, asterisks indicate statistical significance (two-way
ANOVA followed by Holm–Sidak post-test).
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channel activity, and the Na�-dependent
K� current is reduced in these neurons in
Fmr1�/y mice (Brown et al., 2010). Such a
reduction in KNa current is expected to
reduce the temporal accuracy of firing
(Yang et al., 2007).

Our findings also indicate that, in con-
trast to the low-threshold currents, high-
threshold K� currents are enhanced in
the MNTB of Fmr1�/y mice relative to
those in wild-type animals. The dominant
channel responsible for the high-
threshold current in MNTB neurons is
Kv3.1b, and this current is reduced by
�80% in Kv3.1�/� mice (Wang et al.,
1998a; Macica et al., 2003). Our present
recordings are also consistent with this
identification in that Kv3.1 currents can
have a phase of rapid partial inactivation
that was also seen in many of the present
recordings of high-threshold current.
This transient component can be detected
in some but not all Kv3.1-expressing
transfected cells and in native neurons
(Critz et al., 1993; Kanemasa et al., 1995;
Wang et al., 1998b; McCrossan et al.,
2003). The transient component, which is
regulated by auxiliary subunits, can be at-
tributed, at least in part, to the rapid accu-
mulation of external K� ions (Critz et al.,
1993; Wang et al., 1998b; McCrossan et
al., 2003). Nevertheless, although Kv3.1
appears to be the dominant channel con-
tributing to high-threshold currents,
Kv2.2 can be become the dominant sub-
unit responsible for action potential repo-
larization with stimulation at low rates
(Steinert et al., 2008, 2011).

Numerous studies have demonstrated
that Kv3.1 channels promote the ability of
neurons to fire at high rates (Rudy and
McBain, 2001; Gu et al., 2012; Kaczmarek
and Zhang, 2017). mRNA for Kv3.1 was
one of the first mRNAs to be recognized as
a target of FMRP (Darnell et al., 2001;
Strumbos et al., 2010b; Darnell et al.,
2011), and our present findings are con-
sistent with those of previous studies
demonstrating that Kv3.1 currents are en-
hanced in Fmr1�/y mice (Strumbos et al.,
2010b). Another possibility is that Kv3.4
channels, which are located both presyn-
aptically and postsynaptically in the
brainstem region (Brooke et al., 2004)
may contribute to the hyperexcitability of
MNTB neurons in Fmr1�/y mice either by

Figure 10. Administration of vehicle does not alter ABR waves in Fmr1�/y mice, and AUT2 does not alter auditory function in
wild-type mice. A, Plots of the amplitudes and latencies of ABR waves I and IV as a function of sound level before and after the
administration of vehicle to Fmr1�/y mice. No statistical differences in the magnitude of wave I and IV ( p � 0.99 for both) or in the
latencies of wave I and IV ( p � 0.98 and p � 0.90, respectively) were found after vehicle injection (two-way ANOVA followed by
Holm–Sidak post-test). B, Representative ABR traces recorded from WT mice before and 20 min after intraperitoneal injection of
AUT2 (30 mg/kg). Traces represent responses to sounds delivered at 80, 85, and 90 dB. C, Plots of the amplitudes and latencies of
ABR waves I and IV as a function of sound level before and after injection of AUT2. The group data show no significant changes in

4

the amplitude of ABR waves I and IV (p � 0.92, p � 0.3 re-
spectively) after AUT2 injection. Similarly, AUT2 did not
change the latencies of waves I and IV (p � 0.8 and p � 0.46,
respectively, two-way ANOVA by Holm–Sidak post-test).
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speeding the repolarization rate of action potentials or by en-
hancing glutamatergic synaptic transmission (Muqeem et al.,
2018).

Our studies were performed using 15-d old mice. This allows
a direct comparison of ABR responses in vivo with recordings of
K� currents in MNTB neurons from brainstem slices before the
onset of myelination, which hampers patch-clamp recordings at
later stages. We found no change in the ABR threshold in the
Fmr1�/y mice but did find an increase in the magnitude of wave
IV, a finding consistent with the increase in the intrinsic excit-
ability of different types of brainstem and midbrain nuclei, par-
ticularly the MNTB. ABR recordings reflect the passage of
auditory information along diverse anatomical pathways, and the
high- and low-threshold potassium channels studied here are
widely expressed in cells of the auditory system. Thus, it is possi-
ble that changes in the amplitude of wave IV captured in this
study may result from increased excitability or synchrony in
other nuclei such as the inferior colliculus, and the medial and/or
lateral superior olive.

We also found that, in Fmr1�/y mice, the magnitude of wave I
was decreased at higher sound levels (85–90 dB), further rein-
forcing the concept that auditory hyperexcitability in fragile X
syndrome results from changes in central rather than peripheral
pathways. Another study of Fmr1�/y mice, which used adult an-
imals, found an imbalance of glutamatergic and GABAergic in-
puts within the MNTB (Rotschafer et al., 2015; McCullagh et al.,
2017). This study, however, also found a different pattern of
changes in the ABR, specifically that while the amplitudes of the
early waves I and III were reduced, the later waves IV and V were
unchanged. This apparent discrepancy may reflect adaptive
changes that occur during early life. Both the ABR waveform
threshold and latency are subject to changes during development
(Song et al., 2006). Moreover, it has been established that, at least
for Kv3.1 channels, the maintenance of channel expression is very
markedly altered by ongoing auditory activity (von Hehn et al.,
2004; Leão et al., 2010; Strumbos et al., 2010a,b). Thus, our pres-
ent findings are most likely to be relevant to the effects of the loss
of FMRP early in development.

We found that the imbalance of low- to high-threshold K�

currents in MNTB neurons of Fmr1�/y mice could, in large part,
be corrected by treatment with AUT2, a modulator of Kv3 family
channels. AUT2 is one of a number of agents that have been
found to shift the voltage dependence of activation of Kv3.1 and
Kv3.2 channels to more negative potentials, increasing the
amount of K� current activated by depolarization to voltages
closer to the resting potential (Rosato-Siri et al., 2015; Taskin et
al., 2015; Brown et al., 2016; Boddum et al., 2017). AUT2 also
produces a negative shift in the voltage dependence of steady-
state inactivation, reducing the amount of current activated by
depolarizations to more positive membrane potential (e.g., �30
mV). A consequence of this is to reduce high-voltage activated
K� current. These changes also reduce the firing rate of MNTB
neurons in wild-type mice (Brown et al., 2016). Thus, AUT2
appears to reduce the intrinsic excitability of MNTB neurons by
increasing the low-threshold component and reducing the high-
threshold component of K� currents. The finding that AUT2
normalizes ABR responses in Fmr1�/y mice in vivo is therefore
consistent with the suggestion that the enhancement of wave IV
in Fmr1�/y animals reflects increased intrinsic excitability of au-
ditory brainstem neurons. It is possible, however, that AUT2 has
additional biophysical effects that have not been captured in the
present analyses.

Increased neuronal excitability is detected in a variety of brain
regions in Fmr1�/y mice, including the auditory cortex and the
lateral superior olive (Kim et al., 2013; Rotschafer and Razak,
2014; Garcia-Pino et al., 2017), as well as the barrel and prefrontal
cortex (Zhang et al., 2012, 2014; Gonçalves et al., 2013; Hébert et
al., 2014; Kalmbach et al., 2015; Deng and Klyachko, 2016a,b). In
some of these areas, alterations in K� channels such as Kv1.2,
Kv4.2, and KCa1.1 (BK) have been implicated in the hyperexcit-
ability of fragile X mice (Zhang et al., 2014; Kalmbach et al.,
2015). The function and/or the expression of these channels is
regulated by FMRP either through mRNA binding or through
protein–protein interactions with the channels themselves.
(Frick et al., 2017). Given the large number of FMRP targets that
control multiple aspects of neuronal function, including synaptic
transmission, signal transduction, and neuronal development, it
is likely that multiple therapeutic strategies will be required to
reduce the broad range of symptoms of patients with fragile X
syndrome. However, our results suggest that the hypersensitivity
to sound observed in a large proportion of patients with FXS may
be ameliorated by drugs that modulate Kv3.1 channels.
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