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Kv1.1, a Shaker-like voltage-gated potassium channel, is
strongly expressed in a variety of neurons in adult rodents, in
which it appears to be involved in regulating neuronal excitabil-
ity. Here we show that Kv1.1 is also expressed during embry-
onic development in the mouse, exhibiting two transient peaks
of expression around embryonic day 9.5 (E9.5) and E14.5.
Using both in situ hybridization and immunocytochemistry, we
have identified several cell types and tissues that express Kv1.1
RNA and protein. At E9.5, Kv1.1 RNA and protein are detected
transiently in non-neuronal cells in several regions of the early
CNS, including rhombomeres 3 and 5 and ventricular zones in
the mesencephalon and diencephalon. At E14.5, several cell
types in both the CNS and peripheral nervous system express

Kv1.1, including neuronal cells (sensory ganglia and outer as-
pect of cerebral hemispheres) and glial cells (radial glia, satellite
cells, and Schwann cell precursors). These data show that
Kv1.1 is expressed transiently in a variety of neuronal and
non-neuronal cells during restricted periods of embryonic de-
velopment. Although the functional roles of Kv1.1 in develop-
ment are not understood, the cell-specific localization and
timing of expression suggest this channel may play a role in
several developmental processes, including proliferation, mi-
gration, or cell–cell adhesion.
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Voltage-gated potassium (Kv) channels are a diverse group of
ion-selective channels found in the membranes of excitable cells.
Their physiological functions in mature neurons include determi-
nation of resting membrane potentials, shaping of action poten-
tials, regulation of neuronal firing patterns, and modulation of
neurotransmitter release. In addition to these roles in neurons, Kv
channels play a transport role in epithelial and glial cells (for
review, see Hille, 1992). In contrast to their relatively well studied
roles in mature organisms, the cellular expression patterns and
functional roles played by Kv channels in embryogenesis are less
well defined.

Several potassium (K1) currents are developmentally regu-
lated in nonmammalian species, including those identified in
oocytes (Hagiwara et al., 1975; Moody, 1985), during early cleav-
ages (deLatt and Bluemink, 1974), around the time of gastrula-
tion (Simoncini et al., 1988), and during muscle differentiation
(Ribera and Spitzer, 1991; Spruce and Moody, 1992). One of the
most extensively studied K1 currents in nonmammalian embryos
is a delayed rectifier K1 current (IKv) that is first detected during
neurogenesis in amphibians. Differentiation of this current is
essential for normal neuronal development; the appearance of IKv

is crucial for the transition from early, long-duration action po-
tentials to mature, brief spikes (Barish, 1986; O’Dowd et al., 1988;
Lockery and Spitzer, 1992). Several lines of evidence suggest that
the expression of Xenopus Kv1.1 (xKv1.1) may play an important
part in the development of IKv and thus in neuronal development.
First, developing Xenopus spinal neurons express xKv1.1 and
xKv2.2, which are homologous in sequence and expressed cur-
rents to previously identified mammalian Kv channels, Kv1.1 and
Kv2.2, respectively (Ribera and Nguyen, 1993; Burger and
Ribera, 1996). The spinal neurons are homogenous with respect
to development of IKv (O’Dowd et al., 1988; Desarmenien et al.,
1993), but different Kv channels underlie IKv in different neurons.
Overexpression of a dominant-negative Kv1 subunit suggests that
20% of spinal neurons express only Kv1 potassium currents
(Ribera, 1996). Second, early overexpression of xKv1.1 in cul-
tured spinal neurons results in the premature appearance of IKv

and a reduction in the number of morphologically differentiated
neurons (Jones and Ribera, 1994). Third, both xKv1.1 and xKv2.2
transcripts are temporally regulated in developing spinal neurons
during the period of IKv development (Gurantz et al., 1996).

The development of IKv has been less well studied in mammals,
although limited data suggest this current is essential for mam-
malian neuronal development as well. Delayed rectifier currents
have been identified in several types of rodent embryonic cul-
tured neurons, including rat cortical (Zona et al., 1990; Rizzo and
Nonner, 1992) and neostriatal (Surmeier et al., 1991) neurons,
mouse hippocampal neurons (Wu and Barish, 1994), and rat and
mouse spinal cord and dorsal root ganglia (DRG) neurons (Naciff
et al., 1996); however, the molecular identity of the channel
subunit types that contribute to these currents is unknown. More-
over, it is not known what other cells express delayed rectifier
channels during murine development or whether their expression
is temporally regulated. We show here that Kv1.1 is expressed in
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a complex temporal and tissue-specific pattern during murine
development. Implications for possible developmental functions
of Kv channels are discussed.

MATERIALS AND METHODS
Animals. C3HeB/FeJ mice obtained from Jackson Laboratories were
maintained in our colony on a 12 hr light /dark cycle. Breeding pairs were
established, and females were examined each morning for the presence
of a vaginal plug. We designated 12:00 P.M. (noon) on the day a plug was
detected embryonic day 0.5 (E0.5), and dissections were begun at ap-
proximately noon at indicated ages. Embryos were quickly dissected in
PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 , and 1.75 mM
KH2PO4 ) and were homogenized in guanidinium buffer (4 M guani-
dinium thiocyanate, 24 mM sodium citrate, 17 mM N-lauroylsarcosine,
and 7% b-mercaptoethanol) for RNA isolation, quickly frozen on dry ice
for in situ hybridization, or fixed for 2 hr in 4% paraformaldehyde in PBS
for immunocytochemistry. Whole brains from postnatal mice were
quickly dissected in PBS and homogenized in guanidinium for RNA
isolation.

RNA and RNase protection. The guanidinium thiocyanate method
(Chomczynski and Sacchi, 1987) was used to isolate total RNA from
whole brains and whole embryos at E13.5–E16.5 or from pooled embryos
at E8.5–E12.5. RNA concentration was determined by spectrophotomet-
ric measurement, and 0.5–1 mg of total RNA was electrophoresed on a
1% agarose/18% formaldehyde gel to verify that the RNA was intact.

A region of Kv1.1 that spans the translational start site was used as a
template to generate a 310 base pair (bp) 59-antisense riboprobe that
yields a 252 bp (42 bp 59-untranslated region and 210 bp open-reading
frame) protected fragment (Bosma et al., 1993) when digested with
RNases A and T1 (Ausubel, 1992). We mixed 20–25 mg of total RNA
with 10 5 cpm of probe, and before hybridization, aliquots of samples
were diluted 10 25 and hybridized to a 423 bp probe that protects a 350
bp fragment of 18 S ribosomal RNA to monitor the amount of total RNA
in samples. Gels were apposed to Hyperfilm MP (Amersham, Arlington
Heights, IL) for 4–5 d at 280°C to generate autoradiographs and then
were subjected to PhosphorImager (Molecular Dynamics, Sunnyvale,
CA) analysis, and the density of protected fragments was quantitated at
the Fred Hutchinson Cancer Research Center.

In situ hybridization. Frozen embryos were cut into 20 mm sagittal
sections on a cryostat, mounted on 3-aminopropyltriethoxysilane-treated
slides, processed, hybridized to 33P-labeled sense and antisense 59-probes
(see above), and washed as previously described (Wang et al., 1994).
Experiments were also performed using a 39-probe that spans the C
terminal (41 bp of open-reading frame and 207 bp of 39-untranslated
region).

Slides were apposed to Hyperfilm b-max (Amersham) for 5–6 d to
generate autoradiographs and then were coated with Kodak NBT-2
emulsion, stored at 4°C for 10–12 d, developed, and counterstained with
hematoxylin.

Autoradiographic film images were enlarged and digitized using a
Dage CCD 72 camera, a Macintosh IIci computer, and the public domain
program National Institutes of Health Image. Final images were gener-
ated using a Power Macintosh 8500 and Deneba Canvas software. Dark-
field images of emulsion-coated slides were collected using National
Institutes of Health Image, a Nikon Optiphot microscope, and a Sony
CCD-IRIS video camera, and final images were generated using Adobe
Photoshop and Deneba Canvas software. Digital images were printed
using the Tektronix Phaser II SD dye sublimation system.

Immunocytochemistry. Fixed embryos were cryoprotected in sucrose,
frozen in embedding medium, cut in 10–20 mm sagittal sections on a
cryostat, and affixed to chrome alum-treated slides. Immunocytochemis-
try (ICC) was performed according to Wang (Wang et al., 1993), and
sections were incubated with the following primary antibodies for 3 d at
4°C: polyclonal anti-Kv1.1 at 1:25 (Wang et al., 1993); monoclonal TuJ1
antibody against neuron-specific class III b-tubulin at 1:500 (Moody et
al., 1989; Easter et al., 1993); monoclonal 40E-C antibody against vimen-
tin at 1:25 (Alvarez-Buylla et al., 1987); monoclonal RC-2 antibody
specific for radial glia at 1:1 (Misson et al., 1988); polyclonal anti-Krox-20
at 1:50 (Goddard et al., 1996) (Berkeley Antibody Co.); and monoclonal
anti-GAP-43 at 1:2000 (Goslin et al., 1990). Double staining with anti-
Kv1.1 in combination with monoclonal antibodies (TuJ1, 40E-C, RC-2,
and GAP-43) was performed by coincubation with both primary anti-
bodies. Double staining with anti-Kv1.1 and anti-Krox-20 (both poly-
clonal) antibodies was performed using sequential incubations, separated

by a blocking step using goat anti-rabbit IgG F(ab9)2 fragments (Jackson
ImmunoResearch, West Grove, PA) at 6 ng/ml. Incubation with fluores-
cent secondary antibodies was simultaneous or sequential as described
above and used fluorescein- or Texas Red-conjugated goat anti-rabbit
IgG for polyclonal primary antibodies or goat anti-mouse IgG and IgM
for monoclonal primary antibodies (Jackson ImmunoResearch) at
7.5 ng/ml.

Images were collected on a Bio-Rad MRC 1024 scanning laser confo-
cal microscope (V. M. Bloedel Center), processed using Adobe Photo-
shop and Deneba Canvas software, and printed using the Tektronix
Phaser II SD dye sublimation system.

RESULTS
Kv1.1 transcript levels are temporally regulated during
murine development
To determine whether Kv1.1 is expressed during murine embry-
onic development and whether its expression is developmentally
regulated in mice, we performed RNase protection assays, com-
paring Kv1.1 RNA levels in whole embryos from E9.5 to E16.5.
Three separate experiments were performed, using indepen-
dently isolated tissue samples to generate three different RNA
preparations at each embryonic day. The level of Kv1.1 RNA
relative to that of 18 S ribosomal RNA in each sample was
calculated by PhosphorImager quantitation of protected frag-
ments. Kv1.1 transcript levels were relatively high at E9.5 and
E14.5, with lower expression at interim stages (Fig. 1A,B). Kv1.1
RNA levels were only slightly lower at E8.5 than at E9.5 (n 5 3;
data not shown).

To determine whether Kv1.1 expression is also regulated dur-
ing postnatal development, we performed similar RNase protec-
tion assays comparing transcript levels in whole brain at regular
intervals from E17.5 to postnatal day 21 (P21). Three indepen-
dent experiments detected the lowest Kv1.1 expression at approx-
imately the time of birth, with gradually increasing levels over ;2
weeks and a dramatic upregulation of expression at ;2 weeks of
age (Fig. 1C, D).

These results demonstrate that Kv1.1 RNA is expressed during
murine embryonic development and that RNA levels are regu-
lated in a complex temporal pattern. There are two major peaks
of expression during embryonic development, followed by an
abrupt increase during the second postnatal week that is sus-
tained throughout adult life.

Kv1.1 RNA decreases from E9.5 to E10.5
To examine the tissue-specific changes in Kv1.1 transcript levels
between E9.5 and E10.5, we performed in situ hybridization
studies using sagittally sectioned embryos. Two separate experi-
ments using 5–10 embryos at each age were performed. At E9.5,
the Kv1.1 signal was strong in regions of the diencephalon (thal-
amus and hypothalamus), in the tectum of the mesencephalon
(and tegmentum) (data not shown), and in two broad dorsal
stripes in the region of the rhombomeres (Fig. 2A,B). By E10.5,
we no longer detected Kv1.1 signal in the rhombencephalon, and
signal density was significantly lower in the mesencephalon (Fig.
2C, D). Similar results were obtained with both 59- and 39-
riboprobes. These data indicate that Kv1.1 expression at E9.5 is
transient, confirming the dramatic decrease in Kv1.1 transcript
levels from E9.5 to E10.5 that was detected by RNase protection.

Cellular localization of Kv1.1 at E9.5 and E10.5
Fluorescent ICC experiments using polyclonal antibodies specific
to Kv1.1 confirmed the expression pattern observed by in situ
hybridization. A minimum of two experiments using 5–10 em-
bryos at each age were performed. Strong Kv1.1 immunoreactiv-
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ity was detected in two rhombomeres (Fig. 3A) as well as in the
mesencephalon (Fig. 3F,G). By E10.5, no Kv1.1 immunoreactiv-
ity was detected in the rhombomeres (Fig. 3B), and staining was
substantially lower in regions of the diencephalon and mesen-
cephalon that exhibited staining at E9.5 (data not shown).

To identify the cell types expressing Kv1.1 at E9.5 and through-
out embryonic development, we performed double-label ICC for
Kv1.1 and specific cellular markers. Although the expression of
markers used throughout this study is developmentally regulated,
each was used at a period in development when its expression has
been characterized previously and shown to be localized to the
specific cell types identified in this study. Thus, to identify the
specific rhombomeres expressing Kv1.1, sections were double
labeled with anti-Kv1.1 and antibodies to Krox-20, a zinc-finger
transcription factor that localizes to rhombomeres 3 and 5 at E9.5
(Wilkinson et al., 1989). Colabeling identified the two regions of
Kv1.1 expression in the hindbrain as rhombomeres 3 and 5 (Fig.
3C). The subcellular localizations of Kv1.1 and Krox-20 within
the rhombomeres were not identical (Fig. 3D), as would be
expected because Krox-20 is a transcription factor and thus might
reasonably be found in the nucleus, whereas Kv1.1 appears cyto-
plasmic or associated with the plasma membrane.

To address the question of whether Kv1.1 staining at E9.5 is in
neurons, sections were double stained with antibodies to Kv1.1
and TuJ1, a neuron-specific class III b-tubulin, as a marker of
early neuronal development (Moody et al., 1989; Easter et al.,
1993). In the hindbrain, the two proteins were found in alternat-
ing compartments, and only cells positive for TuJ1 had distinct
neuronal morphologies (Fig. 3E). Kv1.1 and TuJ1 proteins also
failed to colocalize in the E9.5 mesencephalon (Fig. 3F), where
Kv1.1 staining was strongest in the ventricular, or proliferating
zone, whereas TuJ1 immunoreactivity was observed mainly in the
differentiating field. In the ventricular zone, Kv1.1 staining was
robust in large branched cells with endfeet at the edge of the
ventricle (Fig. 3F). Double labeling with anti-Kv1.1 and -RC-2, a
marker specific for radial glia (Misson et al., 1988), detected both
proteins in these branched cells in the ventricular zone (Fig. 3G).
Location, morphology, and RC-2 immunoreactivity indicate
these cells are radial glia. Collectively, these data indicate that at
E9.5, Kv1.1 is not found in cells that are differentiated neurons
but is found in a population of early glial cells.

Kv1.1 RNA peaks transiently around E14.5
In situ hybridization experiments using sectioned embryos were
performed to examine the tissue-specific expression of Kv1.1
between E14.5 and E17.5. At E14.5, Kv1.1 transcripts were wide-

4

digestion produced a 252 bp protected fragment. Bottom, Samples were
diluted and hybridized to a 423 bp 32P-labeled 18 S ribosomal subunit
riboprobe (350 bp protected fragment) to control for the amount of RNA
in each sample. Fragment sizes are indicated in base pairs. B, Phospho-
rImager (PI) analysis of three RPA gels using three different sets of RNA
preparations. Kv1.1 band intensity is expressed as a percentage of the
corresponding 18 S band intensity and is plotted on the y-axis versus
embryonic age on the x-axis. Relatively high expression of Kv1.1 is
detected at E9.5 and E14.5, separated by a period of lower expression.
Error bars indicate SE. C, Autoradiograph of an RPA gel demonstrating
changing Kv1.1 RNA levels in the CNS from E17.5 to P21. Total RNA
from whole brains was hybridized to the same probes described in A. D,
PI analysis of three RPA gels demonstrating that Kv1.1 RNA levels in
whole brain are lowest at approximately the time of birth and are dra-
matically upregulated at ;2 weeks of age. Error bars indicate SE.

Figure 1. Temporal regulation of Kv1.1 expression. A, Autoradiograph
of an RNase protection assay (RPA) gel demonstrating changing Kv1.1
transcript levels from E9.5 to E16.5. Top, Total RNA from adult tissue
(liver and brain) or from whole embryos was hybridized to a 310 bp
32P-labeled 59-Kv1.1 antisense riboprobe. After hybridization, RNase
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spread in both the developing CNS and peripheral nervous sys-
tems (PNS), with particularly strong expression in sensory struc-
tures (Fig. 4A,B, Table 1). By E17.5, Kv1.1 signal was significantly
lower in the CNS but still relatively high in sensory ganglia (Fig.
4C, D, Table 1). These experiments confirm the decrease in Kv1.1
expression from E14.5 to E17.5 that was detected by RNase
protection and demonstrate that, in some CNS structures, there is
a second period of transient Kv1.1 expression during mouse
development. Interestingly, Kv1.1 RNA was detected along the
pathways of several peripheral nerves at both E14.5 and E17.5,
suggesting its presence in either glia or axons.

Cellular localization of Kv1.1 at E14.5 and E15.5
Because Kv1.1 expression is so widespread at E14.5, we have
focused our tissue-specific examination of expression on three
regions of the nervous system: (1) cortex and hippocampus, (2)
DRG and peripheral nerves, and (3) trigeminal ganglion and
nerve. Each of these regions gives rise to both neurons and glia,
but each has a different embryonic origin; the cortex and hip-
pocampus are derived primarily from neural ectoderm, the DRG
is from primarily neural crest cells, and the trigeminal ganglion is
from both neural crest and placodal cells (for review, see Jacob-
son, 1991). Despite having different embryonic origins, the results
for each region are similar, namely, that Kv1.1 appears in a subset
of neurons as well as in a subset of non-neuronal cells. In most
cases, these non-neuronal cells were identified as glia, based on
location, morphology, and staining with antibodies to either vi-
mentin, RC-2, or Krox-20.

Cortex and hippocampus
At E14.5, Kv1.1 RNA hybridization signal was strong in the
cortex and hippocampus, appearing predominantly in the outer
aspects or differentiating fields (Fig. 5A). Kv1.1 protein was also
detected in the cortical and hippocampal differentiating fields,
and immunostaining was very robust in large individual cells
within the subventricular zone (Fig. 5B,C). Double-staining ICC
experiments demonstrated some overlap in Kv1.1 and TuJ1 im-
munoreactivities in the differentiating fields (Fig. 5D), whereas
the cells in the subventricular zone exhibited either Kv1.1 or TuJ1
staining but not both (Fig. 5E). In some instances, TuJ1-positive
cells were located immediately adjacent to cells with Kv1.1 im-
munoreactivity, suggesting that the Kv1.1-positive cells in the
subventricular zone were radial glia. ICC experiments were per-
formed using two glial markers: vimentin, which is expressed in
radial glia and glial precursors (Alvarez-Buylla et al., 1987), and
RC-2, a marker specific for radial glia (Misson et al., 1988). Both
vimentin (Fig. 5F) and RC-2 (Fig. 5G) immunoreactivities were
found in cells with Kv1.1 protein, indicating that Kv1.1 is ex-
pressed in radial glia and possibly glial precursors. Interestingly,
Kv1.1 was found only in a subset of cells positive for RC-2. These
data indicate that in the E14.5 cortex and hippocampus, Kv1.1 is
expressed in a subset of both neurons and glia.

DRG and peripheral nerves
At E14.5, Kv1.1 RNA expression was robust in a subset of cells in
the DRG (Fig. 6A) and was also detected along the pathways of
peripheral nerves (Fig. 4A). ICC experiments confirmed the
expression of Kv1.1 protein in only a subset of ganglion neuron
somata and also revealed a population of small, rounded cells
adjacent to sensory ganglia and along peripheral nerves with very
robust Kv1.1 immunoreactivity (Fig. 6B). Colabeling studies us-
ing anti-Kv1.1 and either of two early neuronal markers, TuJ1
(Moody et al., 1989; Easter et al., 1993) or GAP-43 (Goslin et al.,
1990), showed that Kv1.1 is expressed in neurons with at least two
sizes of cell bodies and that the adjacent Kv1.1-expressing cells
are not neuronal somata or axons (Fig. 6C, D). Because sensory
ganglion neurons are sometimes classified based on differences in
somata size (for review, see Kai, 1989; Carr and Nagy, 1993), the
presence of Kv1.1 protein in multiple sizes of neurons suggests
this channel may be expressed in multiple neuronal populations
within the ganglia.

Krox-20, which is not specific for glial cells but is found in

Figure 2. Tissue-specific expression of Kv1.1 RNA between E9.5 and
E10.5. Note that embryos nearly double in size during this 24 hr period;
thus only a fraction of an E10.5 embryo is visible in the same size field
that shows an entire embryo at E9.5. A, B, Dark-field images generated by
in situ hybridization of adjacent E9.5 sagittal sections with 33P-labeled
59-Kv1.1 antisense, or hybridizing (A), and sense, or control (B), ribo-
probes. Strong Kv1.1 expression is found in the diencephalon [thalamus
(Th) and hypothalamus (H )], in the mesencephalon [tectum (Tec)], and
in two broad dorsal stripes in the hindbrain (arrows). C, D, Dark-field
images of E10.5 sagittal sections hybridized with the same antisense (C)
and sense ( D) probes described above. The tissue edge is marked with a
dashed line. Signal density is significantly diminished in the mesenceph-
alon [Tec and tegmentum (Teg)], and no Kv1.1 RNA is detected in the
hindbrain (arrows).
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sensory ganglia at E14.5 and glial precursors at E15.5 (Topilko et
al., 1994), was used as a marker for glial cells. At both E14.5 and
E15.5, we found the Krox-20 staining pattern to be as previously
reported and found Kv1.1 and Krox-20 staining patterns over-
lapped in the small cells adjacent to sensory ganglia (Fig. 6E) and
peripheral nerves (Fig. 6F–I). Based on their location, morphol-
ogy, and Krox-20 immunoreactivity, we identify the non-neuronal
cells expressing Kv1.1 that are adjacent to sensory ganglia as their
glial components (called satellite or boundary cap cells) and those

along the pathway of peripheral nerves as Schwann cell
precursors.

Trigeminal ganglion and nerve
At E14.5, the trigeminal ganglion displayed very robust Kv1.1
hybridization signal, with Kv1.1 RNA being detected along the
pathways of all three branches of the trigeminal nerve (Fig. 7A).
Kv1.1 immunoreactivity was also strong in the trigeminal gan-
glion and along the trigeminal nerves (Fig. 7B). There was a

Figure 3. Cellular localization of
Kv1.1 protein at E9.5 and E10.5 using
sagittal sections. The orientations are
the same for A–E, with dorsal (D) to
the lef t and ventral (V ) to the right as
shown in A. A, Fluorescent ICC at E9.5
using polyclonal antibodies specific for
Kv1.1 and Texas Red-conjugated sec-
ondary antibodies detects strong Kv1.1
immunostaining in two regions of the
hindbrain. B, A similar experiment at
E10.5 does not detect any Kv1.1 pro-
tein in the hindbrain. C, Double stain-
ing ICC at E9.5 with anti-Kv1.1 (red,
shown alone in upper right box) and
anti-Krox-20 (green, shown alone in
lower box) demonstrates colocalization
of both proteins in rhombomeres 3 (r3)
and r5. The tissue in C and D was
exposed to detergent twice as long as
tissue in other panels (two sequential
polyclonal antibodies), resulting in de-
creased membrane integrity and a
more diffuse staining pattern with
higher background. D, Approximately
sixfold magnification of the boxed area
on the lower lef t in C shows Krox-20
immunoreactivity ( green, shown alone
in lower right box) surrounded by Kv1.1
staining (red, shown alone in upper right
box). E, Colabeling with anti-Kv1.1
(red) and the early neuronal marker
TuJ1 ( green) demonstrates that the
two proteins are found in alternating
rhombomeres, with Kv1.1 in odd-
numbered (3 and 5) and TuJ1 in even-
numbered rhombomeres. Because em-
bryos were staged by vaginal plug date
and not somite number, the animals
used in A and E are probably at slightly
different developmental ages, and the
difference in Kv1.1 staining may repre-
sent a rostral–caudal gradient that is
often observed for molecules with
rhombomere-restricted expression. F,
Double ICC at E9.5 shows nonoverlap-
ping Kv1.1 (red) and TuJ1 ( green) im-
munoreactivities in the thalamus.
Kv1.1 immunoreactivity is robust in
large cells with endfeet at the edge of
the ventricle (arrows). The ventricle
(V ) is to the lef t. G, Colabeling with
anti-Kv1.1 ( green) and -RC-2 (red)
demonstrates colocalization of both
proteins in branched cells with endfeet
at the ventricular edge (arrows).
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substantial overlap in Kv1.1 and TuJ1 staining in the ganglia and
nerve fibers as they exit the ganglia (Fig. 7C–E), but some cells
adjacent to the ganglia and those along the pathway of peripheral
nerves expressed only Kv1.1 (data not shown; see similar results
in DRG). Within the trigeminal ganglion, Kv1.1 was found in
neuronal cell bodies of three distinct sizes (Fig. 7F), again sug-
gesting that Kv1.1 might be localized to multiple neuronal pop-
ulations in the ganglia. These data indicate that Kv1.1 is present
in both the somata and axons of most trigeminal neurons and also
in glial cells associated with the axons or ganglia.

Collectively, these data demonstrate that Kv1.1 is expressed in
cells with both neuronal and non-neuronal phenotypes at E14.5
and that the non-neuronal cells include multiple populations of
glial cells.

DISCUSSION
We find that the expression of Kv1.1 undergoes a multiphasic,
tissue-specific pattern of regulation during murine development.
The same changes in expression were detected using three sepa-
rate methods: RNase protection, in situ hybridization, and immu-
nocytochemistry. In the embryo, there are two transient peaks of
Kv1.1 expression, at E9.5 and E14.5. The first and most tightly
regulated expression of Kv1.1 at E9.5 appears to occur primarily
in non-neuronal cells. Expression of Kv1.1 does not appear in
neuronal cells until the second phase of Kv1.1 expression, which
peaks at E14.5. The pattern of murine Kv1.1 expression at E14.5
is strikingly similar to the xKv1.1 pattern detected in stage 42
Xenopus embryos (Ribera and Nguyen, 1993). In both mice and
amphibians, Kv1.1 message is found in both the CNS and PNS,
where it localizes to areas with significant contributions from
neural crest cells, including the trigeminal ganglion, spinal gan-
glia, and glial cells. Thus, the peak of Kv1.1 expression at E14.5 in
mouse may reflect similar developmental events related to neural
crest development that are conserved in amphibians and
mammals.

The (E14.5) embryonic versus the adult distributions of Kv1.1
can be related in only a subset of the tissues examined here. In
peripheral nerves, Kv1.1 is strongly expressed at E14.5, and
strong expression continues throughout adult life; however, the
punctate pattern of staining seen in the adult (Wang et al., 1993)
is not apparent at E14.5. Within the CNS, neurons occupying
similar regions express Kv1.1 in both embryos and adults, but
because the expression at E14.5 is transient, it is uncertain
whether the adult expression occurs in the same cells as in the
embryo. In glial cells, Kv1.1 expression is quite different in 14.5 d
embryos and adults. We have demonstrated robust Kv1.1 expres-
sion in several embryonic glial populations, whereas in the adult,
Kv1.1 is only weakly detected in mature astrocytes (Smart et al.,
1997) and mature Schwann cells (Mi et al., 1995). Also, the
subcellular localization of Kv1.1 appears to differ in embryonic

Figure 4. Tissue-specific changes in Kv1.1 expression between E14.5 and
E17.5. A, B, Autoradiographs of adjacent E14.5 sagittal sections hybrid-
ized to 33P-labeled 59-Kv1.1 antisense (A) and sense ( B) riboprobes to
detect Kv1.1-specific signal and background, respectively. Strong Kv1.1
signal is found in both the CNS and PNS, including the cerebral cortex
(C), hippocampus (H ), trigeminal ganglion (TG), and dorsal root ganglia
(DRG), in sensory nuclei of the medulla (large arrows), and along the
pathways of peripheral nerves (small, long arrows). C, D, E17.5 sagittal
sections hybridized to the same 59-antisense (C) and -sense (D) probes as
above, demonstrating much lower Kv1.1 signal density in the cortex (C)
and hippocampus ( H ). The hybridization signal is still strong in sensory
ganglia (TG and DRG) and along the pathways of peripheral nerves
(arrows).

Table 1. Summary of Kv1.1 expression in E14.5 and E17.5
mouse embryos

E14.5 E17.5

Cerebral cortex 111 1

Hippocampus 111 1

Pineal 111 1

Radial glia 111 11

Superior colliculus 11 1

Inferior colliculus 11 1

Epithalamus 11 2

Pituitary 1 2

Cranial ganglia (trigeminal, facial, spiral) 111 111

Dorsal root ganglia 111 11

Thalamus 11 2/1
Hypothalamus 11 2

Chief sensory and spinal trigeminal nuclei 11 1

Medial vestibular nucleus 11 1

Satellite cells 111 111

Schwann cells/precursors 111 111

Olfactory epithelium 11 2

Epithelium of the tongue 11 2

Enteric nervous system 11 ??
Thymus 1 2
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Figure 5. Top. Cellular localization of Kv1.1 in the CNS at E14.5. A, Dark-field image showing strong Kv1.1 hybridization signal in the outer aspects
of the cortex (Ctx) and hippocampus (Hip). B, Moderate Kv1.1 immunostaining found in the outer aspect of the Ctx and very robust staining in large
cells found in the subventricular zone (arrows). The ventricle (V ) is to the right, and the ventricular edge is marked with a dashed line. C, Magnification
of a single large cell positive for Kv1.1 in the subventricular zone of the cortex. D, Colabeling ICC in the hippocampus demonstrating some overlap in
Kv1.1 (red) and TuJ1 ( green) localization in the differentiating field. E, Double-staining ICC in the cortex (cortical plate toward the bottom lef t and
ventricle toward the top right) showing that Kv1.1 (red, small arrow) and TuJ1 ( green) proteins are not localized in the same cells in the subventricular
zone. A single TuJ1-positive cell (large arrowhead) is seen immediately adjacent to a cell with Kv1.1 staining. F, Colabeling ICC with anti-Kv1.1 (red)
and anti-vimentin ( green) demonstrating colocalization in large cells in the subventricular zone of the pons. G, Double immunostaining showing that
Kv1.1 immunoreactivity ( green) overlaps with that of RC-2 (red) in some cells in the subventricular zone of the cortex (small arrow). Some cells are
positive for RC-2 only (large arrowhead). The ventricle is toward the lower right.
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and in mature Schwann cells, with strong, diffuse expression in
the embryo versus an exclusively perinuclear localization in ma-
ture Schwann cells. Thus, although the cellular patterns of Kv1.1
expression can be correlated between embryo and adult, the level
of expression and subcellular localization usually differ.

Postnatally, expression of Kv1.1 in the CNS is low at birth (P0)
and rises dramatically at the end of the second postnatal week
(P12–P15). This postnatal upregulation immediately precedes the
onset of a seizure phenotype in Kv1.1-null mice (Smart et al.,
1998), suggesting that the seizure phenotype in Kv1.1-null mu-
tants is attributable at least in part to functional deficiencies in
mature neurons.

Our results show that dramatic changes in Kv1.1 RNA and
protein levels can occur over 24 hr, suggesting that both Kv1.1
message and protein are labile and turnover is tightly regulated.
In addition, we found that the tissues with the highest Kv1.1
transcript levels also exhibit the strongest Kv1.1 immunoreactiv-
ity. This is consistent with the findings of others that the devel-
opment of IKv in Xenopus neurons requires a period of new RNA
synthesis (Ribera and Spitzer, 1989) and coincides with increas-
ing xKv1.1 transcript levels (Gurantz et al., 1996).

Potential functions of Kv1.1 during development
In mature neurons, the functions of voltage-gated K1 currents
have been studied extensively. Delayed rectifier currents (to
which Kv1.1 is thought to contribute) repolarize axons after
action potentials and in this way are thought to regulate neuronal
excitability (Hille, 1992). Although our studies do not directly
assess the developmental roles of Kv1.1, several factors suggest
this channel may serve different functions in embryos than it does
in mature neurons. First, Kv1.1 is expressed at very early stages of
nervous system development, before the extension of neurites or
the establishment of synaptic connections in many cells express-
ing Kv1.1. Second, Kv1.1 is strongly expressed in non-neuronal
(including glial) cells in the embryo. Finally, the tightly regulated,
transient expression of Kv1.1 in embryos suggests this channel is
involved in developmental processes that occur only at specific
times in embryogenesis.

By what mechanism(s) might a Kv channel influence cellular
processes involved in development? The simplest explanation is
that, by influencing resting membrane potential or repolarization
rates, Kv1.1 regulates calcium influx, thereby affecting calcium-
sensitive processes such as protein phosphorylation, changes in

gene expression, and release of intercellular signaling molecules.
Several developmental processes are known to be influenced by
the amount or rate of calcium influx into cells, including neuronal
cell migration (Rakic and Komuro, 1995; Goldman, 1996;
Komuro and Rakic, 1996), growth cone migration (Cohan et al.,
1987; Neely and Gesemann, 1994; Williams and Cohan, 1995),
Schwann cell migration (Letourneau et al., 1991; Anton et al.,
1995), cell–cell adhesion (for review, see Damsky et al., 1993;
Marrs and Nelson, 1996), and neuronal differentiation (for re-
view, see Moody et al., 1991; Emerit et al., 1992; Finkbeiner and
Greenberg, 1996). Although calcium-dependent mechanisms are
well established, it is possible that Kv1.1 expression may affect
transduction of other developmental signals or may be involved in
direct cell–cell recognition.

Possible cellular processes regulated by Kv1.1
When one considers the tissue- or cell-specific localization of
Kv1.1, the timing of its expression, and our current knowledge of
the cellular processes taking place in tissues or cells expressing
Kv1.1 during development, there is evidence to support roles for
Kv1.1 in at least three distinct cellular processes: cell–cell adhe-
sion, migration, and proliferation.

Kv1.1 might play a role in cell–cell adhesion in the rhom-
bomeres, which are periodic bulges in developing vertebrate hind-
brains that underlie the segmental patterning of the hindbrain
and delineate molecular compartments of restricted gene expres-
sion (for review, see Nieto et al., 1992). Pairs of rhombomeres
give rise to associated sensory ganglia, brachiomotor nerves, and
other neural crest derivatives such as glia, bone, cartilage, and
pigment epithelium (for review, see Lumsden and Keynes, 1989).
For example, rhombomeres 2 and 3 give rise to the trigeminal
ganglion, motor roots of the trigeminal nerve, and associated glial
components, whereas rhombomeres 4 and 5 give rise to the
facial /vestibular ganglion, its motor roots, and glia. In chick
embryos, clonal analysis indicates that only a minor degree of
cellular mixing occurs between rhombomeres (Fraser et al.,
1990), and rhombomeres also exhibit differential adhesiveness
that is cadherin-mediated (Guthrie et al., 1993; Wizenmann and
Lumsden, 1997), suggesting there may be differential expression
or regulation of cell adhesion molecules in alternating rhom-
bomeres. Cadherins are a large family of calcium-dependent
adhesions molecules that mediate homophilic interactions be-
tween cells (for review, see Grunwald, 1993), and their adhesive

4

Figure 6. Middle. Cellular localization of Kv1.1 in dorsal root ganglia and peripheral nerves at E14.5 and E15.5. A–D are from E14.5 embryos, and E–I
are from E15.5 embryos. A, Dark-field image showing a strong Kv1.1 hybridization signal in a subset of cells in the dorsal root ganglia (large arrowhead).
Kv1.1 signal is also detected in nearby bone and cartilage (small arrow), but it is unlikely this signal is specific for Kv1.1, because it did not develop in
all experiments and a strong background signal developed in bone using the control probe in a portion of experiments. B, ICC detecting strong Kv1.1
staining in some cells of the dorsal root ganglia and very robust immunoreactivity in cells along the emerging nerve fibers (arrow). C, Colabeling ICC
with anti-Kv1.1 (red) and TuJ1 ( green) showing localization of both proteins in two sizes of neurons [small (S) and large ( L)] in the ganglia (large
arrowheads), with only Kv1.1 immunoreactivity seen in the small cells adjacent to the ganglion (small arrow). D, Double immunolabeling with anti-Kv1.1
( green) and anti-GAP-43 (red), an axonal marker, showing both proteins in peripheral axons and only Kv1.1 staining in small cells adjacent to the axons
(arrows). E, Double immunostaining with Kv1.1 (red) and Krox-20 ( green) demonstrating localization of both proteins in the small, rounded cells
adjacent to sensory ganglia. F–I, Colabeling ICC with anti-Kv1.1 (red) and anti-Krox-20 ( green) at E15.5 demonstrating colocalization of both proteins
in small cells adjacent to a peripheral nerve. F is a low-magnification image showing a large section of nerve. G is an approximately fivefold magnification
of the boxed area in F.

Figure 7. Bottom. Cellular localization of Kv1.1 in the trigeminal ganglion and nerve at E14.5. A, Dark-field image exhibiting strong Kv1.1 hybridization
signal in cell bodies of the trigeminal ganglion (TG) and along the pathways of all three branches of the trigeminal nerve or the ophthalmic (Opt),
maxillary (Max), and mandibular (Mand) nerves. Signal was also detected in nearby bone and cartilage (small arrows) but is probably not a specific signal
(see Fig. 6A). B, Robust Kv1.1 immunostaining in the trigeminal ganglion and along emerging nerve fibers. C–E, Double-immunofluorescent staining
with anti-Kv1.1 (red) and the early neuronal marker TuJ1 ( green) demonstrating substantial, but not complete, colocalization of both proteins in cell
bodies in the trigeminal ganglion and in emerging axons. F, Kv1.1 immunoreactivity in three different sizes of neuronal cell bodies in the trigeminal
ganglion [intermediate (M ), large (L), and small (S)].
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function appears to be regulated by reversible phosphorylation of
cadherin-associated molecules that may involve protein kinase C
(for review, see Nagafuchi et al., 1993). At least one member of
this family, cadherin 6, has been found to be expressed in a
rhombomere-restricted pattern at E9.5 (Inoue et al., 1997). Our
finding that Kv1.1 is broadly expressed in rhombomeres 3 and 5 at
E9.5 suggests that Kv1.1 might influence cell–cell adhesion
within these rhombomeres, perhaps by regulating the calcium-
sensitive phosphorylation of cytoplasmic molecules that interact
with cadherins.

Several lines of evidence suggest Kv1.1 might play a role in
migration. First, Kv1.1 is expressed in several cell types that are
migratory or involved in migration. At both E9.5 and E14.5, Kv1.1
is strongly expressed in radial glia, which provide the scaffolding
for migration of proliferating progenitors and newly differentiated
neurons in the developing CNS (for review, see Jacobson, 1991).
At E14.5, Kv1.1 is found in the axons of peripheral nerves and in
Schwann cell precursors, which migrate into the periphery along
these axons (for review, see Jacobson, 1991). Second, migrations
of neurons, glia, and growth cones have all been shown to be
regulated by calcium influx, which we have suggested could be
regulated by Kv channel expression. Interestingly, the cadherin
family of adhesion molecules has also been shown to be involved
in the migration of growth cones (Letourneau et al., 1990) and
Schwann cells (Letourneau et al., 1991) to their peripheral tar-
gets, suggesting Kv1.1 might influence migration by regulating the
calcium-sensitive phosphorylation of molecules that interact with
these cell adhesion molecules. Finally, weaver mutant mice, which
have a deficit in the movement of a subset of cerebellar neurons
to their adult locations (Hatten et al., 1986; Maricich et al., 1997),
have a mutation in another K1 channel, the G-protein-coupled
inward rectifier GIRK2 (Patil et al., 1995). Although the mecha-
nism responsible for the migratory deficit is not understood, these
findings indicate the GIRK2 is required for the normal migration
of these neurons and are consistent with the idea that other K1

channels might also be involved in neuronal migration.
There is substantial evidence suggesting Kv1.1 plays a role in

Schwann cell proliferation. First, cultured postnatal Schwann cells
express a delayed rectifier current, increases in current density
parallel proliferation in the Schwann cells, and blockade of IKv

inhibits their proliferation (Wilson and Chiu, 1993). Second,
Kv1.1 is expressed in proliferating cultured Schwann cells, and its
expression and IKv current density are downregulated as cells stop
proliferating and begin differentiating (Chiu and Wilson, 1989;
Chiu et al., 1994). Third, in the dysmyelinating mouse mutant
shiverer, there is an approximately twofold increase in the number
of CNS glia, as well as an approximately fourfold increase in
Kv1.1 expression in individual glial cells (Wang et al., 1995).
Fourth, C6 glioma cells, a cultured cell line that is often used to
study glial differentiation, express Kv1.1 (Wang et al., 1992).
Strong Kv1.1 expression seems to be the major determinant of the
resting membrane potential in undifferentiated C6 glioma cells,
and pharmacological treatments that inhibit proliferation also
induce a decrease in Kv1.1 RNA levels (Allen et al., 1998). Our
finding that Kv1.1 is strongly expressed in glia and glial precursors
during development is consistent with a potential role for this
channel in glial proliferation in vivo.

Thus, there are multiple developmental processes in which
Kv1.1 might be involved. Our results suggest that the expression
of Kv1.1 in multiple populations of embryonic cells may provide
a means for differential regulation of these processes in different
populations within the developing mammalian nervous system.
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