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The Shaw-like potassium channel Kv3.1, a delayed rectifier
with a high threshold of activation, is expressed in the time
coding nuclei of the bird auditory brainstem. In both barn owls
and chickens, Kv3.1 mRNA was expressed in the cochlear
nucleus magnocellularis (NM) and the nucleus laminaris (NL).
Western blot analysis showed that an antibody raised against
the synthetic peptide sequence of rat Kv3.1 (rKv3.1) specifically
recognized the same 92 kDa protein bands in both rat and
chicken synaptosomal preparations. Immunohistochemical
analyses using this anti-rKv3.1 antibody revealed a prominent
gradient in Kv3.1 immunoreactivity along the tonotopic axis of
the barn owl NM and NL and a less prominent gradient in the
chicken. The precise localization of the Kv3.1 immunoproduct

was resolved by electron microscopy. In both the owl and the
chicken, Kv3.1 was targeted postsynaptically in NM and NL.
The major difference in localization of Kv3.1 protein between
the two birds was the expression of Kv3.1 in the NM axons and
terminals in the region of the barn owl NL. This location of Kv3.1
channels supports its postulated function in reducing the width
of action potentials as they invade the presynaptic terminal. The
presynaptic localization may be a specialization for enabling
neurons in owl NM to transmit high-frequency temporal infor-
mation with little jitter.
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We have compared the distribution of a high-threshold potassium
channel in the auditory system of the chicken and the barn owl.
Chickens are auditory generalists, with range similar to most
other birds (up to ;4 kHz; Gray and Rubel 1985), whereas barn
owls are auditory specialists with an extended frequency range
(up to 12 kHz; Konishi, 1973). The barn owl’s ability to localize
sounds is also far superior to birds like the quail and the pigeon
(Klump, 2000). We have used comparisons between barn owls
and chickens to find organizational differences that might under-
lie the owl’s superior sound localization ability.

Cues for azimuthal sound localization are derived from the
analysis of interaural time differences (ITDs). ITDs are detected
in a circuit composed of the auditory nerve, the cochlear nucleus
magnocellularis (NM), and the nucleus laminaris (NL) (Parks
and Rubel 1975; Overholt et al., 1992; Carr and Konishi, 1990).
The projection from NM to NL resembles the Jeffress model
circuit for the detection of time differences in that the NM axons
act as delay lines, and NL neurons as coincidence detectors (Jef-
fress, 1948; Carr and Konishi, 1990; Overholt et al., 1992). Phase-
locked spikes encode the timing of the acoustic stimulus and form
the basis for the neural computation of ITDs in both birds and
mammals (Rose et al., 1967; Sullivan and Konishi, 1984).

Several specializations have been identified that allow preser-
vation of temporal information in the ITD circuit (for review, see
Oertel, 1999; Trussell, 1999). The end bulbs of Held provide a

morphological substrate for secure synapses between the auditory
nerve and the neurons of NM (Jhaveri and Morest 1982; Carr and
Boudreau, 1991). Second, AMPA receptors containing the
GluR4flop subunit contribute to the rapid response of the postsyn-
aptic cell by virtue of their rapid desensitization kinetics (Raman
and Trussell, 1992; Raman et al., 1994; Ravindranathan et al., 1996,
1997; Levin et al., 1997). Last, a low-threshold potassium conduc-
tance, whose pharmacological and physiological properties approx-
imately correspond to clones of the Kv1 subfamily, decreases the
effective time constant of the membrane and prevents temporal
summation (Oertel, 1983; Manis and Marx, 1991; Reyes et al.,
1994; Brew and Forsythe, 1995; Rathouz and Trussell, 1998).

Time-coding neurons also display a high-threshold potassium
conductance that may be mediated by members of the Kv3 sub-
family of voltage-gated potassium channels (Manis and Marx,
1991; Brew and Forsythe, 1995; Wang et al., 1998a; Rathouz and
Trussell, 1998). The mammalian Kv3 subfamily consists of four
members (Kv3.1, 3.2, 3.3, and 3.4), each generating multiple gene
products by alternative splicing. All channels formed by Kv3
subunits activate rapidly at potentials positive to 210 mV (for
review, see Rudy et al., 1999). In fast-spiking neurons, the current
associated with Kv3.1 allows the rapid repolarization necessary
for high-frequency firing (Massengill et al., 1997; Martina et al.,
1998; Wang et al., 1998a; Erisir et al., 1999; Hernández-Pineda et
al., 1999). Computer simulations have suggested that the Kv3.1
conductance also improves postsynaptic temporal coding preci-
sion (Perney and Kaczmarek, 1997; Wang et al., 1998a). In an
attempt to define the molecular substrates for the exemplary
phase-locking capability of auditory neurons in the owl, we have
compared the anatomical distribution of Kv3.1 in the time-coding
nuclei of owls and chickens.
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MATERIALS AND METHODS
All methods were approved by the University of Maryland animal care
and use committee and conform to National Institutes of Health
guidelines.
In situ hybridization. Three owls and three chickens were anesthetized
with 50 mg/kg sodium pentobarbital and then decapitated. The brains
were immediately removed and frozen in powdered dry ice. Twenty-five
micrometer sections were cut on a cryostat, thaw-mounted onto salinized
slides (Sigma, St. Louis, MO), and dried at room temperature for 6–8 hr.
The slides were then stored desiccated at 220°C until use. Digoxigenin
(Dig)-labeled RNA probes were synthesized by in vitro transcription
using the Dig RNA labeling kit (Roche Molecular Biochemicals, India-
napolis, IA) following manufacturer’s protocol. Template for the Kv3.1
probes was prepared by subcloning the whole coding region of the rat
Kv3.1b cDNA (Luneau et al., 1991) into Bluescript SK plasmid (Strat-
agene, La Jolla, CA) at the EcoRI and HindIII restriction sites and then
linearizing this plasmid with PvuII or NaeI for antisense and sense
probes, respectively. Linearized fragments separated on agarose gels
were purified using glass milk (Gene Clean kit; Bio101, Vista, CA). The
synthesized Dig-labeled RNA was precipitated with 0.1 M Na acetate, pH
5.2, and resuspended in RNase-free water. Probe concentration was
determined by comparing labeled probe to a known standard, as de-
scribed in the Roche protocol.

For in situ hybridization, sections were post-fixed in 4% paraformal-
dehyde for 5 min, pretreated with acetic anhydride and triethanolamine,
defatted in grades of alcohol and chloroform, and then prehybridized in
53 SSC, 50% deionized formamide, 53 Denhardt’s solution, and 250
mg/ml yeast tRNA at 47°C. The sections were then incubated in a humid
chamber with probe reconstituted in prehybridization solution to a
concentration of 6 mg/ml at 47°C overnight. Brain sections from rats were
treated similarly and acted as positive controls. After hybridization,
nondigested probe was degraded by a 30 min incubation in 100 mg/ml
RNase A solution. Sections were then extensively washed with SSC
solution with increasing stringency at 42°C. Hybridized probes were
detected using the Dig nucleic acid detection kit (Roche Molecular
Biochemicals) following manufacturer’s instructions.

Antibodies and immunoblot analysis. Antibodies to Kv3.1b used in
these studies were characterized and purified as described elsewhere
(Perney and Kaczmarek, 1997). The antibodies against the synaptic
vesicle protein SV2 were a gift from Kathleen Buckley (Buckley and
Kelly, 1985). For immunoblot analysis, synaptosomes were prepared
from rat and chicken brain as follows. Briefly, 1.5 gm of brain tissue was
homogenized with 10 strokes of a Dounce homogenizer in 15 ml of buffer
containing 0.3 M sucrose, 10 mM sodium phosphate, pH 7.4, 0.5 M EDTA,
and a cocktail of protease inhibitors (in mg/ml: 20 phenylmethylsulfonyl
fluoride, 1 leupeptin, 1 aprotinin, and 1 pepstatin A). Homogenates were
centrifuged at 2000 3 g for 10 min to remove nuclei and debris. The
supernatant was collected and centrifuged at 45,000 3 g for 45 min, and
the resultant pellet was resuspended in 15 ml of low sucrose buffer (25
mM Tris, pH 7.4, 1 mM EDTA and added protease inhibitors) by several
passages through a 23 gauge needle. The resuspended pellet was centri-
fuged at 8000 3 g to remove mitochondria, and then the collected
supernatant was centrifuged at 45,000 3 g for 45 min. The pellet was
resuspended in 3 ml of low sucrose buffer, and the protein concentration
was determined using the BCA method (Pierce, Rockford, IL).

For immunoblots, 50 mg of membrane protein was added to reducing
sample buffer, boiled for 20 min, and electrophoresed on 9% SDS-PAGE
gels. Protein was transferred to nitrocellulose membranes in Tris-glycine
buffer with 0.1% SDS by rapid transfer (100 V) for 1 hr at 4°C. Transfer
of proteins was confirmed by Ponceau S (Sigma) staining. The blots were
blocked with 4% nonfat dry milk in TBST (0.1 M Tris-buffered saline and
0.05% Tween 20) for 2 hr and then incubated with affinity-purified
antibodies (1–2 mg/ml) for 2 hr at room temperature. In some cases, the
antisera was preabsorbed with 50 mM of synthetic peptide for 30 min.
Blots were then washed in 4% milk–TBST and incubated with 1:5000
dilution of HRP-conjugated goat anti-rabbit IgG (Jackson Laboratories,
West Grove, PA) in TBST for 2 hr. After washing, bound antibody was
detected by enhanced chemiluminescence reaction (Super Signal kit;
Pierce) following manufacturer’s instructions.

Immunohistochemistry. Three adult owls and three chickens (15–17 d
after hatching) were used. The birds were deeply anesthetized with
sodium pentobarbital (50 mg/kg, i.m.) and perfused through the heart
with 25–100 ml of 0.1 M PBS, pH 7.2, followed by 100–200 ml 4% electron
microscopy (EM) grade paraformaldehyde (Electron Microscopy Sci-
ences, Fort Washington, PA) in PBS. The brains were dissected out,

post-fixed for 1 hr in 4% paraformaldehyde, and then sunk overnight in
15% sucrose–PBS. Fifty micrometer sections were cut on a freezing
microtome and collected into PBS. Endogenous peroxidase activity was
quenched by incubating sections for 10 min in 1% hydrogen peroxide and
50% methanol. After washing with PBS, sections were blocked for 1 hr in
staining medium (DMEM, 10% fetal bovine serum, 1% Triton X-100,
and 0.02% Na azide; Life Technologies, Gaithersburg, MD;) and then
incubated overnight at room temperature with antibody (;2 mg/ml Kv3.1
or 1:1000 of SV2). After washing in PBS, the sections were incubated in
a 1:400 dilution of HRP-conjugated goat anti-rabbit IgG (Vector Labo-
ratories, Burlingame, CA) in PBS for 4 hr and then washed again.
Reaction product was visualized with diaminobenzidine (0.03%) and
hydrogen peroxide (0.003%), intensified with NiSO4 (0.2%).

Preembedding immunoelectron microscopy. Three 5 d posthatch chicks
and two adult owls were perfused transcardially with PBS followed by
fixative as described above. The fixative was cold 4% EM grade parafor-
maldehyde in 0.1 M phosphate buffer, pH 7.2–7.3, with 0.05% glutaral-
dehyde. Brains were removed, post-fixed for 1 hr, and sectioned with a
vibratome at 50 mm. The sections were infiltrated with 15% sucrose in
5% glycerol–PBS and then subjected to three rounds of freezing with
liquid nitrogen and thawing in a room temperature water bath. Sections
were washed in PBS, then blocked for 1 hr in 10% fetal bovine serum in
DMEM followed by addition of primary antibody (0.5 mg/ml), overnight
at room temperature. After washing, staining was visualized using avi-
din–biotin–peroxidase (Vectastain Elite kit; Vector Laboratories) and
3,3-diaminobenzidine tetrahydrochloride following the manufacturers’
protocol. Sections used for EM were fixed in 1% osmium tetroxide,
washed with 0.05 M maleate buffer, pH 5.2, dehydrated, and embedded in
Epon araldite 502 (Electron Microscopy Sciences). Thin sections were
cut on an ultramicrotome (Reichert Jung) and examined after staining
with uranyl acetate in a Zeiss transmission electron microscope.

Data analysis. Immunopositive neurons were characterized by brown
reaction product while the in situ hybridization reaction product was
purple. We described the Kv3.1 staining patterns on an arbitrary scale of
intensity where intense . dark . moderate . light. The gradients in
Kv3.1 immunoreactivity were quantified using NIH image (Scion version
1.62) in combination with the Scion LG3 frame grabber and an Olympus
video camera (OLY 750). The relative optical density (OD) of cells was
measured in selected sections. For chicken and barn owl NM, the outline
of each cell body was traced in NIH Image, and the relative OD of each
stained cell in the selected area was measured. Because staining in
chicken NL was not homogeneous, we measured OD values from the
proximal region of the dorsal dendritic tufts. For the barn owl, we
measured OD within each transverse section along the tonotopic axis,
from medial to lateral. NL was divided into 0.5-mm-long regions (see Fig.
6 B, insert). In both chicken and barn owl, 10 nonoverlapping areas (80 3
80 mm) were sampled within each region.

RESULTS
We used both in situ hybridization and immunocytochemistry to
examine Kv3.1 expression in the avian auditory system. We have
described our results with reference to existing physiological and
anatomical studies. In both owl and chick, NM neurons receive
endbulb terminals from the auditory nerve and project bilaterally
to NL (Fig. 1; Rubel and Parks, 1988; Carr and Konishi, 1990).
The cells in NM and NL are arranged tonotopically (Rubel and
Parks, 1975; Takahashi and Konishi, 1988). High best frequencies
(BFs) are represented rostromedially, whereas low BFs are rep-
resented caudolaterally. Intermediate frequencies are mapped
across the mediolateral extent of the nucleus.

The Kv3.1 antibody recognizes a 92 kDa epitope
in chicken
Alternative splicing of the Kv3.1 gene gives rise to two isoforms
that differ only at their C termini. The longer splice variant,
Kv3.1b, is the predominant isoform expressed in the adult brain
(Perney et al., 1992). The antibody used in our studies was raised
against a peptide corresponding to the C terminus of rat Kv3.1b
(Perney et al., 1992). Immunoblot analysis of rat and chicken
brain membranes revealed that this antibody also recognized the
chicken Kv3.1 protein. A single band migrating at an estimated
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molecular weight of 92 kDa was seen in both cases (Fig. 2).
Another band detected at the interface between the stacking and
resolving gels probably corresponded to multimers of Kv3.1 mi-

grating at a slow rate. A similar high molecular weight band has
been observed in Western blots published by other laboratories
(Hernández-Pineda et al., 1999). No bands were detected when
the antisera were preincubated with 50 mM of the antigenic
peptide (data not shown). These results demonstrate that the
antibody used specifically recognizes the avian Kv3.1 protein and
that positive immunoreactivity in tissues could be directly corre-
lated with its expression.

Kv3.1 mRNA is expressed in both NM and NL
We first used in situ hybridization to determine whether NM and
NL neurons express Kv3.1 mRNA. The antisense Dig-labeled
RNA probe was complementary to the last 363 bases of the C
terminus of the rat Kv3.1b sequence (Luneau et al., 1991). In
chickens, both NM and NL neurons expressed high levels of
Kv3.1 mRNA (Fig. 3A,B). Kv3.1 mRNA was also abundantly
expressed in owl NM and NL (Fig. 4A). Hybridization signal was
detected in all neurons, with the intensity of signal appearing
uniform along the entire extent of both nuclei. No signal was
detected when sections were hybridized with sense probes (data
not shown).

Gradient of Kv3.1 immunoreactivity in the cochlear
nucleus magnocellularis
In the chicken NM, the intensity of Kv3.1 immunoreactivity
appeared relatively uniform throughout most of the nucleus (Fig.
3C). Individually stained neurons were readily discerned above a
background of a lightly stained neuropil. The stained cell bodies
were characterized by membrane-associated immunoreactivity,
although staining of the cytosol was also apparent (Fig. 3E).
Sometimes, stained processes were seen emanating from these
neurons. Although there was not a prominent gradient of Kv3.1
immunoreactivity in chicken NM, cells in the caudalmost low BF
region of NM displayed diminished levels of Kv3.1 immunoreac-
tivity (Fig. 5B). Staining with a synaptic vesicle marker, SV2,
delineated the full extent of chicken NM (Fig. 5A). A comparison
of SV2 staining with Kv3.1 in this low BF region revealed exten-
sive SV2-labeled neuropil and only lightly stained to unstained
Kv3.1-positive neuropil and somata.

In the barn owl NM, Kv3.1 immunostaining diminished grad-
ually along the tonotopic axis with greater intensity of label in
high BF regions (Fig. 4B,C). Figure 4, D and E, compare levels of
Kv3.1 staining in a high BF region and a low BF region of barn
owl NM, respectively. Whereas the high BF region was charac-
terized by intense staining of the somata, immunoreactivity of
neurons in the low BF region was light. Kv3.1 immunostaining
was largely confined to somata with little neuropil staining. At
higher magnification, the Kv3.1 immunoproduct appeared most
intense at the membrane, often seen surrounding a clear soma
(Fig. 4F). Proximal processes were also labeled (Fig. 4D, arrows).
We were unable to determine if these processes were axons or
dendrites. Low levels of Kv3.1 immunoreactivity also character-
ized the low BF region of NM in the barn owl (Fig. 4E). This was
not because of a decreased cell density in this region, because
comparison of the staining patterns seen with SV2 and Kv3.1
antibodies (Fig. 5C,D) revealed that SV2-labeled terminals were
extensive.

OD measurements were used to quantify the distribution of
Kv3.1 immunoreactivity along the tonotopic gradient in both owl
and chicken NM. The relative OD of individual stained neurons
was measured at three levels, rostral (medial to NL), central
(level of auditory nerve entry), and caudal (caudal to eighth nerve

Figure 1. Schematic of a coronal section through the brainstem of
chicken (A) and owl (B). The medial branch of the VIIIth nerve inner-
vates NM. NL receives bilateral projections from NM. A, Modified from
Rubel and Parks (1988).

Figure 2. Western blot using the rat Kv3.1 antibody. The 92 kDa bands
correspond to the Kv3.1 protein in rat and chicken synaptosomal mem-
brane preparations. The horizontal bars indicate the apparent molecular
weights of prestained protein standard.
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root). NM at each level was divided into three approximately
equal regions to follow the tonotopic axis, mediodorsal, central,
and lateroventral (Fig. 6, inserts). Because Kv3.1 immunostaining
was largely confined to somata with very little neuropil staining,
the relative OD was measured from individual neurons. In
chicken, we found that relative OD values significantly decreased
from rostral high BF regions to caudal low BF regions (Fig. 6A;
Kruskal–Wallis test, p , 0.001). In the two more rostral sections,
although there was a trend toward reduced OD levels in lower BF
regions, pairwise comparisons between subdivisions did not
reach significance. In the caudalmost section, significant differ-
ences in OD values between subdivisions was observed (Mann–
Whitney U test, p , 0.01). In the owl, the mean relative OD
decreased systematically and significantly from mediodorsal to
lateroventral regions in each section (Fig. 6B; Mann–Whitney U
test, p , 0.0001). The magnitude of change in OD levels across
frequency was much greater in the barn owl than that seen in the
chicken.

Patterns of Kv3.1 immunoreactivity in NL differed
between barn owl and chicken
NL neurons in the chicken are bitufted with dorsal and ventral
dendrites receiving inputs from the ipsilateral and contralateral
inputs, respectively (Rubel and Parks, 1975; Jhaveri and Morest,
1982; Young and Rubel, 1983). By contrast, the barn owl NL
dendrites are not polarized (except cells in the 1–2 kHz regions of
the nucleus), and NM inputs are perisomatic (Carr and Boud-
reau, 1993; Köppl and Carr, 1997).

In the chicken NL, the neuropil on either side of the monolayer
of cell bodies was intensely immunoreactive (Fig. 3C,D, except

low BF regions, see below). This neuropil includes the dorsal and
ventral dendrites of NL neurons as well as the terminal arbors of
NM axons. It was not clear if the cell bodies in this high BF region
were immunonegative or if low levels of expression were masked
by the intense immunoreactivity in the surrounding neuropil. In
low BF regions, however, somata were clearly outlined by Kv3.1
immunolabel (Fig. 3F).

Kv3.1 immunoreactivity in owl NL was characterized by dense
staining of the whole nucleus (Fig. 4B). Intensely immunolabeled
somata were seen against a background of neuropil staining. At
higher magnifications, the stained somata were characterized by a
faint immunoreactive center surrounded by patchy perisomatic
profiles (Fig. 4G). Under Nomarski optics these appeared to be
stained puncta (Fig. 4H). The staining pattern was not uniform
across the nucleus, but rather varied along the tonotopic axis.
Labeling of both somata and neuropil was strongest in high BF
regions and diminished in the very low BF lateral region of NL
(Fig. 4B).

OD measurements were used to quantify the distribution of
Kv3.1 immunoreactivity along the tonotopic gradient in both
chicken and barn owl. Because there was prominent Kv3.1 immu-
noreactivity in both neuropil and cell bodies of NL, we did not
measure the relative OD of individual neurons. In chicken, we
measured OD of the dorsal neuropil to avoid the unstained cell
body layer. In the barn owl, we measured the OD of regions that
encompassed both neuropil and cell bodies. For both species,
relative OD was measured along the tonotopic axis, from medial
to lateral, within each transverse section. For chicken, no differ-
ences in OD were observed across the extent of the NL except for

Figure 3. Kv3.1 expression in the brainstem
auditory nuclei of the chicken. A, Dig-labeled
Kv3.1 mRNA hybridization in NM. B, All
NL neurons express the mRNA signal for
Kv3.1. C, Kv3.1 immunoreactivity in NM and
NL. The white box shows the region of NL
magnified in D. D, Intensely immunoreactive
neuropil in the high BF region of NL sand-
wiches a monolayer of apparently unstained
cell bodies. E, Levels of Kv3.1 expression are
relatively uniform in NM neurons. F, Neurons
in the low BF region of NL are moderately
immunopositive. Scale bars: A, B, 100 mm; C,
250 mm; D, 66 mm; E, 20 mm; F, 10 mm.
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the very low BF regions where OD measures were significantly
lower (Fig. 6C; Mann–Whitney U test, p , 0.001). In the barn owl,
relative OD was high across the entire rostral NL, although the
most medial (high BF) portion showed a significant increase in
OD over the other more lateral regions (Fig. 6D). For caudal
regions of the owl NL (low BF), there was a significant decrease
in relative OD along the tonotopic axis (Fig. 6D; Mann–Whitney
U test, p , 0.0001).

NM cell bodies but not endbulbs
are Kv3.1-immunopositive
Because it was difficult to determine whether Kv3.1 staining was
presynaptic and/or postsynaptic, we used ultrastructural tech-
niques to define the subcellular localization of the Kv3.1 protein.
In the chicken, Kv3.1 immunoproduct was found in NM somata
but not their endbulb inputs (Fig. 7A). Somatic label was concen-
trated beneath the membrane (arrow) and also found distributed
in the cytoplasm, mostly associated with the endoplasmic reticu-
lum. Membrane labeling was heterogeneous, but without three-
dimensional reconstruction and postembedding EM, it is not
possible to determine whether the observed patches of Kv3.1-
immunoreactive material were associated with any particular
postsynaptic specialization. Similarly, Kv3.1 immunoproduct was
confined to NM somata in the barn owl. Figure 7B shows a
stained somatic spine (long arrow) indenting an unstained end-

bulb. Like in the chicken NM, extrasynaptic staining was also
seen beneath the membrane (Fig. 7B, short arrow).

Kv3.1 is differentially distributed in NL of owl
and chicken
In the chicken NL, Kv3.1 immunoproduct was typically found
outlining the somata (Fig. 8A) and proximal dendrites, even in
high BF regions, where labeled cell bodies could not be seen at
the level of the light microscope (Fig. 2D). Surprisingly, we did
not find evidence for localization of Kv3.1 product in the presyn-
aptic terminals on chicken NL neurons. In the barn owl, however,
the majority of Kv3.1 immunoproduct was concentrated in the
NM axons within NL. Label was seen under the myelin, but was
most heavy at the nodes and preterminal segments (Fig. 8C). Owl
NL somata were also labeled, although this label was not as
intense as that of the NM preterminal axons and did not appear
to extend out to include the distal dendrites (Fig. 8B).

DISCUSSION
Kv3.1 channels are delayed rectifiers that open after depolariza-
tion to potentials more than 210 mV and deactivate rapidly after
repolarization (Grissmer et al., 1994; Vega-Saenz de Miera et al.,
1994; Kanemasa et al., 1995; Hernández-Pineda et al., 1999).
Computer simulations and physiological studies suggest that
Kv3.1 expression reduces the width of the AP and allows cells to

Figure 4. Kv3.1 in the auditory brain-
stem nuclei of the owl. A, In situ hybrid-
ization with Dig-labeled Kv3.1 mRNA in
the NM and NL of the owl. B, Expression
of Kv3.1 protein in NM and NL. Both
nuclei display a gradient in levels of Kv3.1
immunoreactivity. C, Gradient of Kv3.1
expression along the tonotopic axis in
NM. High BF neurons are intensely la-
beled, whereas low BF neurons are
fainter. D, High BF NM neurons, arrows
point to stained processes that may be
dendrites or axons. Neuropil labeling is
faint. E, Extremely low levels of Kv3.1
protein in cells encoding low BF. F, A
single NM neuron viewed under Nomar-
ski optics. The region of the endbulb is
intensely immunopositive. G, Periso-
matic label in NL neurons with moder-
ately labeled surrounding neuropil. H,
Single NL neuron viewed under Nomar-
ski optics. The cell is surrounded by im-
munoreactive puncta. Scale bars: A, 1
mm; B, 0.5 mm; C, 250 mm; D, E, G, 20
mm; F, H, 10 mm.
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respond to high rates of stimulation (Perney and Kaczmarek,
1997; Erisir et al., 1999). We propose that differences in Kv3.1
expression between barn owls and chickens reflect specializations
for phase-locking to high frequencies in the barn owl.

There were two major differences in the pattern of Kv3.1
expression between the chicken and the barn owl. First, in the
owl, a prominent gradient of Kv3.1 staining was observed in NM
and NL, with highest levels in rostral high BF regions and low to
negligible levels in caudal low BF regions. In contrast, the chicken
NM displayed only a mild gradient in Kv3.1 protein levels,
whereas levels of Kv3.1 in chicken NL were uniformly high except
in the low BF region. Tonotopic gradients may be more obvious
in the barn owl because its frequency range has been extended by
about an octave as compared to the chicken (Konishi, 1973; Gray
and Rubel, 1985). We did not observe noticeable differences in
Kv3.1 mRNA levels across the tonotopic axis in either chickens or
barn owls, despite the clear gradient in Kv3.1 protein expression.
Because we did not use quantitative methods to assess Kv3.1
mRNA levels, however, differences in expression may not have
been detectable. The lack of a mRNA gradient might also have
been attributable to differences in mRNA transport, stability, or
translational regulation across the tonotopic map.

The second major difference in the expression pattern of Kv3.1
between the chicken and the owl was the presence of Kv3.1 in the
presynaptic elements in the owl NL. In the chicken NL, NM
preterminal segments showed minimal staining, whereas the NL
neurons were immunoreactive. This pattern of expression was
reversed in the owl in which the NM axons and preterminal
segments were intensely immunoreactive, and the NL neurons
had lower levels of immunoproduct. Although the NL neurons of
the owl expressed Kv3.1 mRNA, the immunoreactivity in NL
appeared to be largely derived from perisomatic Kv3.1-positive
NM elements, raising the possibility that the protein may be
differentially targeted depending on the neuronal population
(Weiser et al., 1995). The observed gradient in Kv3.1 expression

in owl NL presumably derives from a gradient in expression in
NM axons and their preterminal segments.

Physiology and modeling suggest that Kv3.1 shortens
AP duration and mediates high rates of activity
Principal cells in the avian NM and the mammalian medial
nucleus of the trapezoid body (MNTB) exhibit a similar reper-
toire of outward currents. These mainly consist of low-threshold
currents (LTCs) and high-threshold currents (HTCs) (Reyes et
al., 1994; Brew and Forsythe, 1995; Wang et al., 1998a; Rathouz
and Trussell, 1998). The HTC activates relatively quickly (t , 5
msec) and also deactivates rapidly. In chicken NM neurons the
HTC is the dominant outward current at positive voltages, com-
prising 80% of the total current (Rathouz and Trussell, 1998).
The predominance of the HTC at positive potentials suggests that
it would play a key role in repolarization of APs. Indeed, appli-
cation of blockers of the HTC resulted in spike broadening and
reduction of the afterhyperpolarization in NM and MNTB
(Reyes et al., 1994; Rathouz and Trussell, 1998; Wang et al.,
1998a).

The defining features of the HTC closely resemble the Kv3.1
conductance in heterologous expression systems (Grissmer et al.,
1994; Vega-Saenz de Miera et al., 1994; Kanemasa et al., 1995;
Hernández-Pineda et al., 1999). Nevertheless, because functional
potassium channels are often heterotetramers composed of sim-
ilar subfamily members (Christie et al., 1990; Isacoff et al., 1990;
Ruppersberg et al., 1990; Weiser et al., 1994), we cannot rule out
the possibility that Kv3.1 heteromers, rather than Kv3.1 ho-
momers, underlie the HTC in auditory neurons. Indeed, Kv3.1 is
often seen coexpressed with other Kv3 subfamily members in
mammalian neurons (W. Li, L. K. Kaczmarek, and T. M. Perney,
unpublished observations) (Hernández-Pineda et al., 1999; Grigg
et al., 2000). The expression patterns of other Kv3 subfamily
members are unknown in avians.

Figure 5. Kv3.1 in the low BF region of NM in
the chicken and owl. Cells in the caudalmost
region of NM are delineated by staining with the
synaptic vesicle marker (SV2). A, Chicken; C,
owl. Levels of Kv3.1 immunoreactivity are very
low in the same region. B, Chicken, D, owl. Scale
bars, 100 mm.
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Significance of Kv3.1 in the auditory system
Localization of sounds is made possible by the fact that neurons
in NL are sensitive to the phase difference of sound waves at each
ear (for review, see Joris et al., 1998). Phase information is
encoded by action potentials that occur at a particular phase of
the stimulus cycle with minimal jitter (phase-locking; Sullivan and
Konishi, 1984; Carr and Konishi, 1990; Warchol and Dallos,
1990; Köppl, 1997). The ability of the auditory system to use ITD
cues to localize sounds requires adaptations that enhance the
ability of auditory neurons to preserve temporal information at
frequencies up to 10 kHz in the barn owl (Sullivan and Konishi,
1984; Köppl, 1997).

Temporal coding in auditory neurons is associated with a
number of specializations, including endbulb synapses, AMPA
receptors and the LTC (see introductory remarks) (for review,
see Oertel, 1999; Trussell, 1999). The increased levels of HTC
associated with Kv3.1 expression could also contribute to precise
temporal coding by restricting the width of the AP invading the
NM terminals in NL. NM neurons are also notable for brief
spikes (Carr and Konishi, 1990; Reyes et al., 1994), and a small

Figure 6. Quantification of Kv3.1 gradients in NM and NL. A, Normal-
ized relative OD values measured from rostral, central, and caudal re-
gions of chick NM. Inserts show the outline of each NM section with the
mediodorsal, central, and ventrolateral subdivisions from which measure-
ments were made. Kruskal–Wallis tests on each region did not show a
significant difference in OD between subdivisions in both the rostral and
central regions, but the OD values from subdivisions in the caudal region
were significantly different. Pairwise analyses showed that OD values were
significant when mean OD of a subdivision in one region was individually
compared with the mean OD of subdivisions at the other locations
(Mann–Whitney U test, p , 0.0001). OD measurements were made from
15 cells within each subdivision. B, Normalized relative OD values
measured from rostral, central, and caudal regions of owl NM. Inserts
show the outline of each NM section with the mediodorsal, central, and
ventrolateral subdivisions from which measurements were made.
Kruskal–Wallis tests on each section showed a significant difference in
OD between subdivisions. Pairwise analysis showed that OD value of
each subdivision was significantly different (Mann–Whitney U test, p ,
0.0001). Numbers of cells within each subdivision are as follows: rostral 1,
n 5 22; rostral 2, n 5 33; rostral 3, n 5 25; medial 1, n 5 56; medial 2, n 5
46; medial 3, n 5 41; caudal 1, n 5 61; caudal 2, n 5 76; caudal 3, n 5 90.
C, Normalized relative OD values measured from medial (lef t) and caudal
(right) regions of chick NL. Inserts show the outline of each NL section
divided into three subdivisions from which measurements were made.
The tonotopic axis proceeds from high (1) to low (3) in all sections.
Optical density measurements were made along the proximal region of
the dorsal dendritic tufts. Kruskal–Wallis tests on each section showed a
significant difference in OD within each section. Pairwise analysis of OD
values for the caudal NL sections showed that OD values from each
subdivision were significantly different only between medial 1 and 3,
medial 2 and 3, caudal 1 and 3, and caudal 2 and 3 (Mann–Whitney U test,
p , 0.0001). Fifteen regions within each subdivision were sampled (n 5
15). D, Normalized relative OD values measured from rostral (lef t) and
caudal (right) regions of barn owl NL. Inserts show the outline of each NL
section divided into 0.5-mm-long subdivisions from which measurements
were made. The tonotopic axis proceeds from high (1) to low (5) in each
section. Kruskal–Wallis tests on each section showed a significant differ-
ence in OD between subdivisions. Pairwise analysis of OD values for the
caudal NL sections showed that OD values from each subdivision were
significantly different, except between subdivisions 4 and 5 (Mann–Whit-
ney U test, p , 0.0001). Pairwise analysis of OD values for the rostral NL
sections showed that OD values from each subdivision were not signifi-
cantly different, except for subdivisions 1 which was different from divi-
sions 2, 3, 4, and 5 (Mann–Whitney U test, p , 0.0001).

Figure 7. EM immunolocalization of Kv3.1b in NM. A, Unlabeled au-
ditory nerve terminal (eb) forms a synapse on a labeled chicken NM
neuron (cf. Parks, 1981). In this section, three presynaptic dense projec-
tions may be seen at the active zone (*) of a synapse on a cytoplasmic
spine that indents into the endbulb. The postsynaptic density is thick and
can be differentiated from the dense Kv3.1 immunoreactivity distributed
under the membrane of the NM cell body (arrow). The presynaptic
membrane also contains membranous cisterns and coated vesicles. B,
Unlabeled auditory nerve terminal (eb) synapses on a labeled owl cell
body (NM ). The large arrow marks immunoreactivity associated with a
postsynaptic density opposed to a synapse (*), and a short arrow marks
Kv3.1 label distributed under the cell body membrane. Scale bar, 0.25 mm
(applies to both A and B).
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modification in the shape of the presynaptic spike could dramat-
ically change the amount of calcium entering the neuron and
subsequent transmitter release (for review, see Kaczmarek and
Levitan, 1987; Sabatini and Regehr, 1999). Modeling of coinci-
dence detector neurons suggest that an increase in the width of
the input EPSC could impair ITD coding (Simon et al., 1999).
Thus, the selective increase of Kv3.1-like currents in the NM
delay line axons may contribute to the temporal synchrony nec-
essary for accurate phase locking.

The time coding neurons of NM and NL are not only accurate,
but they also fire at very high rates in both chicken and barn owl
(Sullivan and Konishi, 1984; Carr and Konishi, 1990; Warchol
and Dallos, 1990). NM has both a high spontaneous rate (Köppl,
1997) and a high driven rate (Sullivan and Konishi, 1984; War-
chol and Dallos, 1990), whereas NL neurons have high driven
rates (Carr and Konishi, 1990). No differences, however, in either
spontaneous or driven rates has been observed across the tono-
topic axis. Thus, whereas expression of Kv3.1 might allow NM
and NL neurons fire at high rates, the observed gradient also
suggests that Kv3.1 expression enhances temporal precision.

Gradients in expression level of gene products are not uncom-
mon in the auditory system. Frequency selectivity in nonmam-
malian hair cells is enhanced by the systematic variation in hair
cell membrane properties along the tonotopic axis (for review,
see Fettiplace and Fuchs, 1999). This difference is most likely
attributable to the differential expression of the splice variants for
Ca21-activated K1 channels (Bk channels) and their b subunits
(Navaratnam et al., 1997; Ramanathan et al., 1999, 2000). A
differential distribution of Kv3.1 and Bk channels was also ob-
served across the tonotopic gradient in the spiral ganglion of
mouse (Adamson et al., 1999). In the inferior colliculus of mam-
mals, gradients of expression of GABAA receptors, GABA, gly-
cine receptors, and perhaps Kv1.1 (Glendenning and Baker, 1988;
Edgar and Schwartz, 1990; Fubara et al., 1996; Grigg et al., 2000)
have been observed.

Comparisons with Kv3.1 expression in mammals
The mammalian auditory system has two populations of neurons,
bushy cells in the cochlear nucleus (CN) and neurons of the
medial nucleus of the trapezoid body (MNTB), which receive
secure endbulb synapses and are specialized for preserving tem-
poral information. Like NM neurons, both these neuronal cell
types express high levels of Kv3.1 mRNA (Perney et al., 1992;
Weiser et al., 1994; Grigg et al., 2000). Prominent membrane-
associated Kv3.1 immunoreactivity was also observed in the so-
mata and proximal dendrites of these neurons (Perney and Kac-
zmarek, 1997) (Li, Kaczmarek, and Perney, unpublished
observations). In addition, Kv3.1 immunoreactivity also appears
to be present at or near axonal terminals of bushy cells and
MNTB neurons in the lateral superior olive (Wang et al., 1998b,
their Fig. 1C; Perney et al., 1993).

In mammals, the neurons of the medial superior olivary nucleus
(MSO) act as coincidence detectors to encode ITD (Yin and
Chan 1990; Joris et al., 1998). Remarkably, MSO neurons do not
express either Kv3.1 mRNA or Kv3.1 protein (Grigg et al., 2000)
(Li, Kaczmarek, and Perney, unpublished observations). Al-
though MSO neurons do not express Kv3.1, they do express high
levels of Kv3.3 message (Grigg et al., 2000) (Li, Kaczmarek, and
Perney, unpublished observations). Thus, differences in Kv3.1
expression between NL and MSO structures may reflect species
differences in the expression of Kv3 subfamily members.

Figure 8. EM immunolocalization of Kv3.1b in NL. A, Labeled chicken
NL neuron showing a portion of a proximal dendrite. Synapse (*) be-
tween a presumed NM terminal (Ax) and the NL dendrite. Patches of
postsynaptic label marked with arrows (for a detailed description of this
synapse type, see Parks et al., 1983). B, Non-NM terminal with pleomor-
phic vesicles (1) and with small presynaptic densities makes a symmetric
synapse (*) on labeled (arrows) NL neuron (for a detailed description of
this synapse type, see Carr and Boudreau, 1993). C, Two labeled preter-
minal elements (NM Ax) and a postsynaptic profile (NL) in owl NL. At
bottom right, one NM axon loses its myelin (M ) and exhibits a patchy
deposition of Kv3.1-immunoreactive product (arrow) under the pretermi-
nal membrane. Another NM terminal (top, NM Ax) forms a synapse (*)
on a labeled NL profile. Attachment plaques also link this NM terminal
to the postsynaptic profile (small *). Scale bar: A, 0.25 mm; B, C, 0.5 mm.
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