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Fragile X mental retardation protein (FMRP) is an RNA-binding protein that regulates synaptic plasticity by repressing translation of
specific mRNAs. We found that FMRP binds mRNA encoding the voltage-gated potassium channel Kv3.1b in brainstem synaptosomes.
To explore the regulation of Kv3.1b by FMRP, we investigated Kv3.1b immunoreactivity and potassium currents in the auditory brain-
stem sound localization circuit of male mice. The unique features of this circuit allowed us to control neuronal activity in vivo by exposing
animals to high-frequency, amplitude-modulated stimuli, which elicit predictable and stereotyped patterns of input to the anterior
ventral cochlear nucleus (AVCN) and medial nucleus of the trapezoid body (MNTB). In wild-type (WT) animals, Kv3.1b is expressed
along a tonotopic gradient in the MNTB, with highest levels in neurons at the medial, high-frequency end. At baseline, Fmr1 �/� mice,
which lack FMRP, displayed dramatically flattened tonotopicity in Kv3.1b immunoreactivity and K � currents relative to WT controls.
Moreover, after 30 min of acoustic stimulation, levels of Kv3.1b immunoreactivity were significantly elevated in both the MNTB and
AVCN of WT, but not Fmr1 �/�, mice. These results suggest that FMRP is necessary for maintenance of the gradient in Kv3.1b protein
levels across the tonotopic axis of the MNTB, and are consistent with a role for FMRP as a repressor of protein translation. Using
numerical simulations, we demonstrate that Kv3.1b tonotopicity may be required for accurate encoding of stimulus features such as
modulation rate, and that disruption of this gradient, as occurs in Fmr1 �/� animals, degrades processing of this information.

Introduction
Fragile X syndrome (FXS) is a sex-linked genetic disorder char-
acterized by mild-to-severe intellectual disability, attention defi-
cit, extreme sensitivity to sensory stimuli, and seizures. The
disorder is typically caused by a trinucleotide repeat expansion
that silences transcription of the X-linked gene Fmr1, which en-
codes the RNA-binding fragile X mental retardation protein
(FMRP). FMRP acts as a negative regulator of protein synthesis in
neurons by binding to target mRNAs and suppressing their trans-
lation in an activity-dependent fashion (Bassell and Warren,
2008). One of the first mRNAs to be identified as a candidate
binding partner for FMRP encodes Kv3.1, a voltage-gated potas-
sium channel subunit expressed in fast-spiking neurons through-
out the brain (Darnell et al., 2001). Kv3.1 channels produce a fast
delayed rectifier current that permits neurons to fire prolonged
trains of action potentials at very high frequencies with little ad-
aptation (Gan and Kaczmarek, 1998; Rudy and McBain, 2001).
Native neurons expressing large amounts of the channel subunit
are capable of sustaining high-frequency firing at rates exceeding

300 Hz, whereas removal of the Kv3.1 current via genetic ablation
or pharmacological blockade results in action potential failure in
response to the same pattern of stimulation (Wang et al., 1998b;
Macica et al., 2003). Conversely, introduction of the Kv3.1 gene
into neurons that lack native Kv3.1 expression has been shown to
confer a fast-spiking phenotype on cells that normally fire only at
low frequencies (Whim and Kaczmarek, 1998). Therefore, al-
tered regulation of Kv3.1 protein translation in the absence of
FMRP would be expected to interfere significantly with patterns
of neuronal activity in regions where the subunit is expressed.

One region in which the maintenance of appropriate levels of
Kv3.1 current is of critical importance is the mammalian binaural
sound localization circuit, which relies upon the detection of
minute interaural differences in the timing and intensity of sound
(Kaczmarek et al., 2005). The globular bushy cells of the anterior
ventral cochlear nucleus (AVCN) and their synaptic targets, the
principal neurons of the medial nucleus of the trapezoid body
(MNTB), participate in this circuit by phase-locking their action
potentials to temporal modulations in the acoustic wave-
form (Joris and Yin, 1998; Kadner and Berrebi, 2008; Kopp-
Scheinpflug et al., 2008). In both the AVCN and MNTB, Kv3.1b
(the adult splice isoform of Kv3.1) is highly concentrated in pre-
synaptic terminals and in spine-like structures immediately adja-
cent to postsynaptic membranes, where it permits the faithful
transmission of high-frequency synaptic input at rates exceed-
ing 600 Hz (Wang and Kaczmarek, 1998; Wang et al., 1998a;
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Taschenberger and von Gersdorff, 2000;
Elezgarai et al., 2003; Ishikawa et al., 2003;
Kaczmarek et al., 2005).

Recently, we have shown that the dis-
tribution of Kv3.1b across the tonotopic
axis of the MNTB can become rapidly and
specifically modulated after brief periods
of acoustic stimulation (Strumbos et al.,
2010). Here, we report that both the base-
line Kv3.1b tonotopic distribution and its
modification by brief sound stimulation
are disrupted in Fmr1�/� mice, indicating
that FMRP is required for rapid experience-
dependent regulation of Kv3.1b levels. We
present a model of MNTB function demon-
strating that FMRP-dependent channel
gradients may be required for accurate en-
coding of sound by neuronal ensembles.

Materials and Methods
Detection of mRNA in FMRP complexes. All experimental protocols in-
volving animals were approved by the Yale University Animal Use and
Care Committee. The mice, including the wild-type (WT) (FVB.129P2-
Pde6b�Tyrc-ch/Ant) and Fmr1 �/� (FVB.129P2-Fmr1 tm1Cgr/J) mice,
were purchased from Jackson Laboratories. Synaptosomes were isolated
and solubilized as previously described (Brown et al., 2006) from pooled
brainstem and olfactory bulb brain regions from 2-month-old WT or
Fmr1 �/� male mice. All protein concentrations were determined using
the Quant-it Protein Assay Kit (Invitrogen), and portions of each sample
were reserved at this stage and labeled as input samples. For FMRP im-
munoprecipitations, mouse synaptosome samples were precleared and
incubated overnight at 4°C with 10 �g of mouse anti-FMRP 7G1-1 or 10
�g of anti-mouse IgG antibodies. The monoclonal antibody 7G1-1 de-
veloped by Stephen T. Warren (Emory University, Atlanta, GA) was
obtained from the Developmental Studies Hybridoma Bank (University
of Iowa, Iowa City, IA). Prepared protein A/G beads (Thermo Fisher
Scientific) were added to samples and rotated for 2 h at 4°C. The beads
were washed stringently six times in a wash buffer containing 450 mM

NaCl, 5 mM MgCl2, 10 mM HEPES-KOH, pH 7.4, 0.5 mM DTT, 40 U/ml
protector RNase inhibitor (Hoffmann-La Roche) and 1� complete
EDTA-free protease inhibitor mixture tablet followed by centrifugation
(Stefani et al., 2004; Iacoangeli et al., 2008). The agarose beads containing
protein–RNA complexes were incubated in 120 �g of Proteinase K
(Hoffmann-La Roche) at 37°C for 15 min. RNA was extracted using the
RNeasy Mini Kit (Qiagen). RNA was used to prepare cDNA using ran-
dom primers and the High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems). Five microliters of first-strand cDNA was used
with Platinum HiFi Taq (Invitrogen) in a total volume of 50 �l. The PCR
was conducted as follows: 38 cycles at 94°C for 30 s; 60°C for 30 s; 68°C for
1 min; followed by 1 cycle at 72°C for 5 min. Primers were designed to
amplify a 464 bp product targeting the 5� coding region of the Kv3.1 gene:
Kv3.1 forward primer GTGCCGACGAGTTCTTCTTC and reverse
primer TGTGATGGAGACCAGGATGA. Map1b, a known mRNA target
of FMRP, primers were used as a positive control in a separate PCR designed
to amplify a 450 bp product: Map1b forward primer GGCAAGATGGGG-
TATAGAGA; Map1b reverse primer CCCACCTGCTTTGGTCTTTG. PCR
products were run out on a 2% agarose gel and imaged using an Epi Chemi
II (UVP Laboratory Products).

Western blotting. Brainstem-enriched homogenate samples were sep-
arated by SDS-PAGE followed by electrophoretically transferring the
polypeptides to membranes. Membranes were incubated at room tem-
perature for 1 h in either 20% BlokHenII (Aves Labs) or 5% nonfat milk
in 50 mM Tris-saline containing 0.05% Tween-20 at pH 7.5 (TTBS). The
blots were incubated overnight in either mouse anti-Kv3.1b (Neu-
roMab) or mouse anti-GAPDH (Santa Cruz Biotechnology). After over-
night incubation in primary antibody, membranes, were washed in TTBS

and incubated in secondary antibody for 1 h in HRP-conjugated goat
anti-mouse IgG. The blots were rinsed thoroughly, developed using
Pierce SuperSignal West Pico chemiluminescent substrate, exposed to
Kodak T-MAX film, and developed using the Konica Medical Film
Processor.

Acoustic stimulation. Thirteen WT and 12 Fmr1 �/� awake adult male
mice (4 –5 months old) were exposed to amplitude-modulated (AM)
stimuli for a 30 min period at a 65 dB sound pressure level in a small
sound-attenuating chamber. Stimuli consisted of 32 kHz pure tones
modulated at either intermediate rates (57– 63 Hz) or high rates (380 –
420 Hz). Control mice from both genotypes (5 WT mice and 4 Fmr1 �/�

mice) were placed in the sound-attenuating chamber for 30 min before
being killed but did not receive stimulation. Sound-stimulated WT and
Fmr1 �/� mice were randomly separated into the following two groups:
group 1 received intermediate-rate AM stimulation (n � 8); and group 2
received high-rate AM stimulation (n � 8). After densitometric analyses
of Kv3.1b immunoreactivity in the MNTB and AVCN, no significant
differences were observed between mice receiving the two different
sound-stimulation protocols, and groups were subsequently combined
for statistical comparisons. At the final minute of acoustic exposure, mice
were anesthetized by open-drop inhalation of 30% isoflurane/propylene
glycol mixture (Medical Developments International) and quickly and
silently killed with a lethal dose of pentobarbital sodium followed by
transcardial perfusion with 0.1 M PBS followed by fixative (4% parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.4). After fixation for 24 h at
4°C, brainstem sections were transferred to 0.1 M PBS for storage.

Immunohistochemistry. All 25 brains used in this study were embedded
into a single gelatin block to permit simultaneous sectioning and immu-
nohistochemical staining (MultiBrain technology, NSALabs). The gela-
tin block containing 25 brains was frozen, and serial coronal sections (35
�m thick) were collected from bregma �4.6 to �6.4. Every third section,
at 105 �m intervals, was DAB immunolabeled for Kv3.1b using a rabbit
polyclonal antibody directed at the cytoplasmic C terminus of the chan-
nel (Alomone Labs).

Densitometry. Quantification of the tonotopic gradient was performed
using a variation of methods described previously (Li et al., 2001a; von
Hehn et al., 2004). Briefly, images were converted to 8 bit images and
digitally thresholded for cell identification. Cells were outlined using the
ImageJ particle analysis algorithm (minimum area, 200 pixels), and re-
gions above the threshold were carefully examined to exclude artifacts.
After cell identification, images were divided into five equal zones, and
cells were sorted according to their location along the azimuth. In some
cases, contiguous regions of immunoreactivity represented more than
one cell. To control for differences in the size and density of Kv3.1b-
labeled cells between zones, the integrated optical density (total sum of
gray values for all pixels) in each zone was divided by the total pixels-
above-threshold in that zone. No distinction was made between internal
and plasma membrane immunoreactivity, nor was it possible to distin-
guish between presynaptic and postsynaptic immunoreactivity. Three-

Figure 1. FMRP binds Kv3.1b mRNA in brainstem-enriched synaptosomes. a, FMRP was immunoprecipitated from synapto-
somes prepared from either WT or Fmr1 �/� mice followed by isolation of RNA and RT-PCR with primers designed to either detect
the 5� region of Kv3.1b mRNA (lanes 1– 4) or Map1b mRNA (lanes 5– 8), a known mRNA target of FMRP. We detected both Kv3.1b
mRNA and Map1b mRNA bound to FMRP in WT mouse brain synaptosomal samples (lanes 3, 7). As negative controls, no Kv3.1b or
Map1b mRNA was detected in FMRP immunoprecipitates from synaptosomes prepared from Fmr1 �/� mice (lanes 4, 8). b, Total
levels of Kv3.1b protein in brainstem-enriched homogenates were not significantly different in WT versus Fmr1 �/� mice, sug-
gesting that FMRP-dependent regulation of Kv3.1b translation is restricted to specific pools of Kv3.1b mRNA that may account for
only a small proportion of total brainstem Kv3.1b. For statistical comparisons, GAPDH was used as a loading control and OD
measurements for Kv3.1b bands were normalized to the GAPDH bands (WT, 1.09 � 0.13; Fmr1 �/�, 1.13 � 0.11; n � 5, p �
0.78, unpaired t test). IP, Immunoprecipitated.
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dimensional plots representing relative Kv3.1b immunoreactivity across
both the coronal and sagittal planes were constructed by dividing five
consecutive sections into five equal zones across the mediolateral axis,
yielding a total of 25 zones per animal. Three-dimensional curve-fits
were obtained using the thin-plate spline algorithm (smoothing factor �
1.0, 5 � 5 grid, OriginPro 8).

Electrophysiological recordings. Brainstem slices from postnatal WT or
Fmr1 �/� male mice aged 9 –14 d [postnatal day (P) 9 –P14] were pre-
pared as described previously (Barnes-Davies and Forsythe, 1995).
Briefly, mice were decapitated, and the brainstem was removed into iced
low-Na �, high-sucrose artificial CSF (ACSF) containing the following
(in mM): 250 sucrose, 2.5 KCl, 26 NaHC03, 1.25 NaH2PO4, 2 sodium
pyruvate, 3 myo-inositol, 10 glucose, 0.5 CaCl2, and 3.5 MgCl2; saturated
with 95% O2-5% CO2, giving a pH of 7.4. The brainstem was glued to a
Vibratome stage (Lancer Series 1000, Technical Products International),
and the area containing MNTB nuclei was cut into four to six transverse
slices. Slices (250 �m thick) were incubated for 1 h at 37°C in normal
ACSF containing the following (in mM): 125 NaCl, 2.5 KCl, 26 NaHCO3,
10 glucose, 1.25 NaH2PO4, 2 CaCl2, 1 MgCl2, 3 myo-inositol, 2 sodium
pyruvate; and bubbled with 95% O2-5% CO2, pH 7 4. Whole-cell record-
ings were made from visually identified MNTB principal neurons using
an EPC-7 amplifier (HEKA Elektronik). All recordings were performed

at room temperature (21–22°C). Electrodes for whole-cell recordings
had a resistance of 3–5 M� when filled with an intracellular solution
containing the following (in mM): 117.5 potassium gluconate, 12.5 KCl, 5
EGTA, 10 HEPES, 1 MgCl2, and 20 NaCl, pH 7.2. The series resistance for
whole-cell recordings from MNTB neurons was �12 M� and compen-
sated at least 85%. No corrections were made for liquid-junction poten-
tials. Data were filtered at 5 kHz and sampled at 10 kHz.

Numerical simulations. Responses for model MNTB neurons with
varying levels of Kv3.1 current were computed exactly as described pre-
viously, using the same numerical parameters (Song et al., 2005). The
phase vector strength that relates the timing of action potentials to that of
stimulus pulses was also calculated for individual neurons as described
previously (Song et al., 2005; Yang et al., 2007). To assess the accuracy of
timing of the output of multiple neurons in a linear ensemble of neurons
in which Kv3.1 current levels were progressively increased along a gradi-
ent, we calculated an adjusted phase vector strength. We first combined
the spike outputs of 2–30 neighboring neurons along the gradient. The
timing of response to each pulse was then fixed to be the timing of the
earliest latency spike in group output, and the phase vector strength was
then calculated for this combined output exactly as for a single neuron.
This vector strength was then multiplied by the fraction of stimulus
pulses that evoked at least one action potential to generate the final

Figure 2. Kv3.1b tonotopicity is flattened in Fmr1 �/� mice. a, Representative MNTB sections from a single WT and Fmr1 �/� mouse demonstrating the flattened pattern of Kv3.1b immuno-
reactivity across the rostrocaudal and mediolateral axes of the MNTB. Scale bar, 20 �m. b, Representative three-dimensional plots of average Kv3.1b immunoreactivity (OD) in each of 25 stereotaxic
zones. Plots correspond to the sections shown on left. Insets, Plots of relative OD across the mediolateral axis for each control animal used in the study (n � 9). Data points represent the average and
SE of 5 sections for each animal. To facilitate comparisons across animals, the OD in each section was normalized to the darkest cell in the section. A linear regression for the WT plots was statistically
significant ( p � 0.01, R 2 � 0.86; dotted line), whereas a linear regression for the gradient in Fmr1 �/� mice was not statistically significant ( p � 0.08, R 2 � 0.83). Lat, Lateral; Med, medial; Post,
posterior; Ant, anterior; freq, frequency.
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adjusted phase vector strength. This adjusted vector strength has the
property that, in an ensemble of neurons, even if every evoked action
potential has exactly the same latency with respect to the stimulus pulses,
a vector strength of 1.0 can only be achieved if every stimulus evokes an
action potential in at least one neuron of the ensemble.

Results
FMRP binds Kv3.1b mRNA in brainstem-enriched
synaptosomes
Kv3.1b mRNA contains the canonical G-quartet sequence pre-
dicted to specify binding of a target mRNA to FMRP (Darnell et
al., 2001). To confirm the in vivo interaction of FMRP and
Kv3.1b, we performed RT-PCR experiments on FMRP immuno-
precipitates from brainstem-enriched synaptosomes isolated
from WT and Fmr1�/� mice (see Materials and Methods). After
isolation of RNA and RT-PCR with primers designed to detect
the 5� region of Kv3.1b mRNA, we detected Kv3.1b mRNA in
FMRP immunoprecipitates from WT mice (Fig. 1a, lane 3). As a
positive control, we also used a set of primers to detect Map1b, a
known FMRP target mRNA, in FMRP immunoprecipitates from
WT mice (Fig. 1a, lane 7). As negative controls, no Kv3.1b or
Map1b mRNA was detected in FMRP immunoprecipitates from
synaptosomes prepared from Fmr1�/� mice (Fig. 1a, lanes 4, 8).
Total levels of Kv3.1b protein in brainstem-enriched homoge-
nates were not significantly different in WT versus Fmr1�/�

mice, suggesting that FMRP-dependent regulation of Kv3.1b
translation is restricted to specific pools of Kv3.1b mRNA that
may only account for a small proportion of total brainstem
Kv3.1b (Fig. 1b) (n � 5, p � 0.78).

Kv3.1b tonotopicity is flattened in Fmr1 �/� mice
The principal cells of the MNTB are organized tonotopically,
such that lateral cells respond preferentially to low carrier fre-
quencies and medial cells respond best to high carrier frequencies
(Guinan et al., 1972; Sommer et al., 1993; Ehret and Romand,
1997). In WT animals, Kv3.1b protein levels and current ampli-
tudes vary systematically across the tonotopic axis of the MNTB,
with the highest levels of the channel in the medial, high-
frequency end (Li et al., 2001a; Brew and Forsythe, 2005). In deaf
mice, this orderly topographic distribution of Kv3.1b becomes
abolished, indicating that sensory-dependent patterns of afferent
synaptic input are required for maintenance of the gradient (von
Hehn et al., 2004; Leao et al., 2006).

To investigate the role of FMRP in regulating Kv3.1b transla-
tion, we analyzed the distribution of Kv3.1b immunoreactivity in
the MNTB of WT and Fmr1�/� mice using densitometry (n � 9).
Serial sections (35 �m thick) were collected and immunolabeled
using a rabbit polyclonal anti-Kv3.1b antibody directed at the
cytoplasmic C terminus of the channel. We quantified the pattern
of Kv3.1b immunoreactivity throughout the entire MNTB by
analyzing every third coronal section across the entire rostro-
caudal extent of the nucleus. To facilitate comparisons, three-
dimensional (3D) optical density (OD) plots were constructed
by dividing five consecutive sections into five equal zones
across the mediolateral axis, yielding a total of 25 zones per
animal (Fig. 2a,b) (n � 9). Relative to WT mice, the tonotopic
gradient of Kv3.1b protein was substantially flattened in
Fmr1 �/� animals, such that Kv3.1b levels were more uniform
throughout the MNTB. Whereas the mediolateral gradient in
Kv3.1b immunoreactivity was significantly linear in WT mice
(Fig. 2b) ( p � 0.01, R 2 � 0.86), a linear regression for the
gradient in Fmr1 �/� mice was not statistically significant (Fig.
2b) ( p � 0.08, R 2 � 0.83).

During a short developmental window after the onset of hear-
ing in mice (P9 –P14), MNTB principal cells are accessible to
patch-clamp recording from acutely prepared slices (Wang et al.,
1998b). To test the physiological impact of reduced Kv3.1b tono-
topicity, we performed patch-clamp recordings from visually
identified MNTB principal cells in juvenile (P9 –P14) WT and
Fmr1�/� mice (Fig. 3). The Kv3.1-like current was isolated by
holding cells at a potential of �40 mV for 2 min to ensure inac-
tivation of low-threshold currents and then measuring the com-
ponent of current that was eliminated by a low concentration (1
mM) of tetraethylammonium (TEA), which selectively blocks
Kv3.1b in these cells (Kanemasa et al., 1995; Wang et al., 1998b).
Previous work has shown that this current is likely carried by

Figure 3. Kv3.1-like currents do not vary between lateral and medial MNTB neurons in
Fmr1 �/� mice. a, Representative traces demonstrating the technique for isolating the Kv3.1-
like current in MNTB neurons, which mainly represents the activity of Kv3.1b homomers (Wang
et al., 1998b; Macica et al., 2003). Control traces are recorded in the presence of TTX (1 �M) and
ZD-7288 (20 �M) to block Na � and h-currents, respectively. Cells were held at a resting poten-
tial of �40 mV for at least 2 min before all recordings to ensure complete inactivation of
low-threshold, voltage-activated K � currents (left). Application of 1 mM TEA selectively blocks
the high-threshold Kv3.1-like current (center). The TEA-sensitive current is shown in gray
(right). A schematic of the pulse protocol is shown below traces. b, c, Consistent with our
densitometric analysis, the proportion of K � current that was blocked by 1 mM TEA when
neurons were stepped from �40 to �60 mV varied significantly (**) between medially and
laterally located neurons in WT mice (b, right; n � 8, p � 0.009, unpaired t test), but not in
Fmr1 �/� mice (c, right; n � 8, p � 0.84, unpaired t test). The amplitude of total K � current
at �60 mV also differed significantly (*) across the tonotopic axis in WT mice (b, left; n � 8,
p � 0.03, unpaired t test), but not in Fmr1 �/� mice (c, left; n � 8, p � 0.56, unpaired t test).
Lat, Lateral; Med, medial.
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homomeric Kv3.1b channels and that it is missing in Kv3.1�/�

animals (Macica et al., 2003). Consistent with our densitometric
analysis, the proportion of total K� current that was blocked by 1
mM TEA when neurons were stepped from �40 to �60 mV
varied significantly between medially and laterally located neu-
rons in WT mice, but not in Fmr1�/� mice (Fig. 3b,c) (WT mice:
0.55 � 0.08 vs 0.24 � 0.03, respectively; n � 8; p � 0.009;
Fmr1�/� mice: 0.50 � 0.04 vs 0.52 � 0.08, respectively; n � 8;
p � 0.84, unpaired t test). The amplitude of total K� current at
�60 mV also differed significantly across the tonotopic axis in
WT mice, but not in Fmr1�/� mice (Fig. 3b,c) (WT mice: 9.45 �
2.22 vs 3.80 � 0.86 nA, respectively; n � 8; p � 0.03; Fmr1�/�

mice: 6.49 � 1.02 vs 7.93 � 1.67 nA, respectively; n � 8; p � 0.56,
unpaired t test).

Acoustic environment regulates Kv3.1b
levels and tonotopicity in WT, but not
Fmr1 �/�, mice
In vivo single-unit studies have demon-
strated that AVCN bushy cells and MNTB
principal neurons synchronize their ac-
tion potentials to the phase of AM sound
stimuli (Joris and Yin, 1998; Kadner and
Berrebi, 2008; Kopp-Scheinpflug et al.,
2008), making it possible to precisely con-
trol their activity patterns in vivo by ex-
posing animals to high-frequency AM
sounds. We took advantage of this circuit
to test the hypothesis that FMRP regu-
lates Kv3.1b translation in an activity-
dependent fashion. WT and Fmr1�/� mice
were passively exposed to high-frequency
(32 kHz) AM acoustic stimuli for a 30 min
period (n � 16). Control WT and
Fmr1�/� mice spent 30 min in the same
sound-attenuating chamber but did not
receive acoustic stimulation (n � 9). After
30 min of sound stimulation, the tono-
topic distribution of Kv3.1b in the MNTB
of WT mice was altered. Although the me-

diolateral gradient was still significantly fit by a linear regression
( p � 0.01, R 2 � 0.88) the distribution of immunoreactivity was
more evenly distributed across the tonotopic axis (Fig. 4). To
more accurately quantify the strength (curvature) of the gradient,
we analyzed the ratio of immunoreactivity in the most medial
neurons (zone 5) to the average immunoreactivity in the rest of
the MNTB (zones 1– 4). Using this metric, we observed a signif-
icant effect of sound stimulation on the strength of the gradient in
WT mice, indicating that Kv3.1b levels became more uniform
across the tonotopic axis (Fig. 5a) ( p � 0.02, unpaired t test; n �
13). Consistent with this observation, total levels of Kv3.1b im-
munoreactivity in both the MNTB (Fig. 5b) and AVCN (Fig. 6c)
were significantly elevated in sound-stimulated WT mice relative

Figure 4. Representative sections and 3D tonotopic curve-fits. All sections shown were immunolabeled simultaneously on the same slide (above). The WT and Fmr1 �/� control sections are from
the same animals shown in Figure 2. Representative three-dimensional curve-fits (below) are shown to highlight the flattening of the tonotopic gradient after 30 min high-frequency acoustic
stimulation in WT, but not Fmr1 �/�, mice. Curves were constructed from raw data (e.g., those shown in Fig. 2) using a thin-plate spline algorithm. Lat, Lateral; Med, medial; Post, posterior; Ant,
anterior.

Figure 5. Rapid effects of acoustic stimulation on Kv3.1b tonotopicity and total levels of Kv3.1b immunoreactivity in the
MNTB. a, Gradient strength (curvature) was quantified for each animal (n � 25) by calculating the ratio of immunoreac-
tivity in zone 5 to the average immunoreactivity in the zones 1– 4 (Z5 ratio). Box plot shows the full range of Z5 ratios from
each treatment group. Maximum and minimum (error bars), 99 and 1% (box), mean (circle), and median (horizontal line)
values are shown for each group. We observed a significant difference (*) in the Z5 ratios between WT control mice and WT
mice receiving acoustic stimulation (n � 13, p � 0.02, unpaired t test). In Fmr1 �/� mice, we observed no significant
effect of stimulation on the Z5 ratio (n � 12, p � 0.33, unpaired t test). b, Total levels of MNTB Kv3.1b immunoreactivity
in each group were determined by measuring the mean OD of each section (N � 365 sections). Kv3.1b levels were
significantly elevated (*) in sound-stimulated WT mice relative to WT controls (N � 162 sections, p � 0.02, unpaired t
test). By contrast, sound stimulation did not significantly influence total Kv3.1b levels in Fmr1 �/� mice (N � 203 sections,
p � 0.17, unpaired t test). Ctrl, Control; Stim, stimulated.
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to WT controls (unpaired t test, p � 0.02,
N � 162 sections and p � 0.02, N � 81,
respectively). By contrast, we observed no
significant effect of sound stimulation on
the strength of the MNTB tonotopic gra-
dient in Fmr1�/� mice (Fig. 5a) ( p �
0.33, unpaired t test; n � 12), nor on total
levels of Kv3.1b immunoreactivity in either
the MNTB or AVCN (Figs. 5b, 6c) ( p �
0.29, N � 203 sections and p � 0.68, N � 68
sections, respectively). In the AVCN, both
control and sound-stimulated Fmr1�/�

mice displayed elevated Kv3.1b levels
relative to WT controls (Fig. 6c) (control,
p � 0.04; stimulated, p � 0.04, ANOVA fol-
lowed by Tukey test). As a negative control
for the effects of sound stimulation, we an-
alyzed Kv3.1b immunoreactivity in the mo-
lecular layer of the cerebellum, where dense
staining is observed in the granule cell axons
of the parallel fiber system (Weiser et al.,
1995). In the cerebellum, sound stimulation
had no effect on Kv3.1b immunoreactivity
in either WT or Fmr1�/� mice (Fig. 7b)
( p � 0.56, N � 65 sections and p � 0.16,
N � 60 sections, respectively). Together,
these results are consistent with a role for
FMRP in regulating Kv3.1b protein levels in
response to afferent synaptic input.

Physiological consequences of flattened
Kv3.1b tonotopicity in Fmr1 �/� mice
To determine the physiological impact of
flattened Kv3.1b tonotopicity in the
MNTB, we used a previously developed
computer model of MNTB principal cells
that incorporates Kv3.1 currents with
sodium and low-threshold currents
measured experimentally (Wang and
Kaczmarek, 1998; Song et al., 2005; Yang et
al., 2007). The timing fidelity of action po-
tentials evoked in a single MNTB neuron can be evaluated for dif-
ferent levels of Kv3.1 conductance by calculating a phase vector
strength, which relates the timing of stimuli to their evoked action
potentials. For stimulus frequencies at which all evoked action po-
tentials have exactly the same latency, the phase vector strength is
maximal (1.0), whereas action potentials that have random timing
with respect to the stimuli result in a vector strength of zero. At
frequencies for which an action potential cannot be generated to
every stimulus, MNTB neurons maintain phase-locking by firing
precisely on every second or third stimulus (Oertel, 1997; Trussell,
1999; Kopp-Scheinpflug et al., 2003). We have previously demon-
strated that increasing the level of Kv3.1 conductance, while main-
taining all other ionic conductances constant, permits MNTB
neurons to follow higher stimulus rates, albeit with lower temporal
accuracy (Macica et al., 2003; Song et al., 2005). We have also shown
that, for a given level of Kv3.1 conductance, an MNTB neuron that
cannot respond to every stimulus pulse will achieve maximal phase-
locking at only a discrete range of stimulation frequencies up to its
maximum following frequency (Song et al., 2005).

To assess the function(s) of a gradient in Kv3.1 conductance
within a neuronal ensemble, we computed the strength of an

adjusted phase vector that integrates the combined input from
multiple MNTB neurons (Fig. 8a) (see Materials and Meth-
ods). Figure 8b illustrates the inherent advantage for sensory
processing when a range of Kv3.1 conductances are present
across the tonotopic axis. Two sets of 30 neurons are shown,
representing either uniform levels of Kv3.1 (left) or a gradient
in Kv3.1 levels across the tonotopic axis (right). In the left
panels, the level of Kv3.1 conductance is fixed at 0.2 �S. In the
right panels, the neurons vary systematically in their Kv3.1
conductance from 0.02 �S to 0.6 �S. Whereas the 400 and 700
Hz stimulus each produce an identical pattern of firing in the
group of neurons with fixed levels of Kv3.1 conductance, these
two stimuli produce very different patterns of activity across
the tonotopic axis when a gradient is present. In the presence
of a gradient, the integrated phase vector improves as the
number of cells contributing to encoding increases, whereas
with uniform Kv3.1 levels it remains fixed. Therefore, we con-
clude that the presence of a gradient in the Kv3.1 conductance
(or other channel conductances) may contribute to accurate
temporal processing of acoustic stimuli by expanding the
range of frequencies that can be encoded.

Figure 6. Rapid effects of acoustic stimulation on total levels of Kv3.1b immunoreactivity in the AVCN. a, Low-
magnification image of a representative WT section showing the auditory brainstem circuit in relation to the cerebellum.
Scale bar, 200 �m. b, c, Total levels of AVCN Kv3.1b immunoreactivity in each group were determined by measuring the
mean OD of cells in each section (N � 149 sections). Representative sections from each group are shown (b; scale bar, 40
�m). Kv3.1b levels were significantly elevated (*) in sound-stimulated WT mice relative to WT controls (N � 81 sections,
p � 0.02, unpaired t test). By contrast, sound stimulation did not significantly influence total Kv3.1b levels in Fmr1 �/�

mice (N � 68 sections, p � 0.68, unpaired t test). Both groups of Fmr1 �/� mice displayed significantly elevated (*)
Kv3.1b levels relative to WT controls [control (Ctrl), p � 0.04; stimulated (Stim), p � 0.04, ANOVA followed by Tukey test].
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Discussion
Although FMRP has been estimated to interact with as many as
4% of total brain mRNAs (Ashley et al., 1993; Brown et al., 2006),
only a small subset (	12) of these mRNAs have been validated
experimentally (Bassell and Warren, 2008). Even among FMRP
target mRNAs that have been validated, the functional conse-
quences of translational dysregulation are often unclear. In this
study, we have validated Kv3.1 as a target mRNA for FMRP in vivo
and implicated a specific role for this interaction in sensory pro-
cessing. Although it is known that FMRP can suppress mRNA
translation in vitro (Laggerbauer et al., 2001; Li et al., 2001b) and
that loss of FMRP results in excess protein synthesis of specific
mRNA targets (Zalfa et al., 2003; Lu et al., 2004; Muddashetty et
al., 2007), to the best of our knowledge, this is the first study to
describe a form of FMRP-dependent sensory plasticity in vivo.

In the rat, the tonotopic distribution of Kv3.1b in the MNTB is
influenced by 30 min of acoustic stimulation with either low-
frequency or high-frequency AM sounds (Strumbos et al., 2010).
We have now demonstrated that rapid sensory-dependent mod-
ification of the Kv3.1b gradient is absent in Fmr1�/� mice, sug-
gesting that FMRP-dependent protein synthesis in the auditory
brainstem plays a role in maintaining appropriate levels of intrin-
sic neuronal excitability in different acoustic environments. The
study of auditory temporal processing is of particular relevance to
human FXS, as the disease is characterized by both hyper-
reactivity to acoustic stimuli (Miller et al., 1999) and a fluctuating
pattern of speech (Hanson et al., 1986). Relative to healthy con-
trol subjects, FXS patients show significantly greater activation in
several brain regions, including the brainstem, during auditory
temporal discrimination tasks (Hall et al., 2009). Indeed, it is
likely that the attention and learning impairments observed in
FXS patients are at least partly the result of aberrant auditory
function, which would be expected to interfere significantly with
language development and social interactions.

In both the AVCN and MNTB, Kv3.1b is primarily localized to
presynaptic terminals and in spine-like structures immediately ad-

jacent to postsynaptic membranes (Wang et
al., 1998a; Elezgarai et al., 2003). Therefore,
our findings raise the exciting possibility
that FMRP mediates local protein transla-
tion of Kv3.1b specifically at points of syn-
aptic contact. Intriguingly, the mRNA for
the hyperpolarization-activated K� chan-
nel HCN2, which is highly expressed in both
the MNTB and AVCN, has also been iden-
tified as a likely binding partner for FMRP
(Brown et al., 2001; Koch et al., 2004).
Mouse MNTB neurons exhibit hyperpolar-
ization-activated (h-) currents, which vary
systematically across the tonotopic axis in a
pattern similar to the Kv3.1b current, with
highest levels in medial neurons (Leao et al.,
2006). Also in common with the gradient in
Kv3.1b current, this tonotopic gradient in
h-current is absent in congenitally deaf
mice, suggesting that its maintenance re-
quires stimulus-driven synaptic input. Fu-
ture studies will be required to determine
whether the regulation of HCN channel
tonotopicity by sensory experience requires
FMRP. The very large size of the calyx of
Held, which permits patch-clamp studies of
presynaptic function (Forsythe, 1994;

Wang and Kaczmarek, 1998; Ishikawa et al., 2003), provides a
unique opportunity for future investigations of FMRP-dependent
local protein synthesis at both presynaptic and postsynaptic element
of synaptic terminals.

In addition to the auditory brainstem, Kv3.1b is a key deter-
minant of the activity patterns in a range of cell types including
fast-spiking GABAergic interneurons throughout the cortex,
thalamus, and hippocampus; pacemaker neurons in the supra-
chiasmatic nucleus; and Purkinje and granule cells in the cerebel-
lum (Perney et al., 1992; Weiser et al., 1995; Rudy and McBain,
2001; Ozaita et al., 2002; Baranauskas et al., 2003; Itri et al., 2005;
Sacco et al., 2006). Therefore, the finding that FMRP interacts
with Kv3.1 mRNA in synaptosomes raises the possibility that
dysregulated Kv3.1b translation in a variety of brain regions is a
common etiology for many of the symptoms of human FXS.
Indeed, there is a striking correspondence between the unique
constellation of symptoms observed in FXS and the functions of
the cell types that require Kv3.1b for high-frequency firing. For
instance, dysregulation of Kv3.1b in fast-spiking GABAergic in-
terneurons, where the subunit is nearly ubiquitous (Perney et al.,
1992; Weiser et al., 1995), would be predicted to result in an
imbalance between inhibition and excitation in thalamocortical
networks, which is a major cause of seizures (McCormick and
Contreras, 2001). FXS humans show increased susceptibility to
epileptic seizures, with an incidence of 
20% in human FXS
children (Musumeci et al., 1999). Similarly, Fmr1�/� mice expe-
rience often-fatal audiogenic seizures in response to 60 s of expo-
sure to very loud (115 dB) auditory stimuli (Chen and Toth,
2001). As a second example, recent studies have shown that the
daily fluctuation in Kv3.1b protein levels over the 24 h light/dark
cycle is required for circadian neural activity in the pacemaker
cells of the suprachiasmatic nucleus (Itri et al., 2005). Dysregula-
tion of Kv3.1b protein synthesis would thus be expected to result
in circadian arrhythmicity. Consistent with this observation,
double knock-out mice lacking both Fmr1 and its homolog Fxr2
are completely arrhythmic when maintained in normal light/

Figure 7. Acoustic stimulation has no effect on total levels of Kv3.1b immunoreactivity in the molecular layer of the cerebellum.
a, As a negative control for the effects of sound stimulation, we measured Kv3.1b levels in the molecular layer of the cerebellum,
where Kv3.1b is highly expressed in the parallel fibers of cerebellar granule cells (Weiser et al., 1995). Scale bar, 40 �m. b, We
observed no effect of sound stimulation on Kv3.1b levels in WT mice (N � 65 sections, p � 0.56, unpaired t test) or Fmr1 �/� mice
(N � 60 sections, p � 0.16, unpaired t test). Ctrl, Control; Stim, stimulated.
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dark cycles (Zhang et al., 2008). Future
studies will be required to determine
whether these, and other, known pheno-
types of Fmr1�/� mice can be attributed
to FMRP-dependent regulation of Kv3.1b
translation.
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