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M Channel KCNQ2 Subunits Are Localized to Key Sites for
Control of Neuronal Network Oscillations and Synchronization in
Mouse Brain
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Mutations in the potassium channel subunit KCNQ2 lead to
benign familial neonatal convulsions, a dominantly inherited
form of generalized epilepsy. In heterologous cells, KCNQ2
expression yields voltage-gated potassium channels that activate slowly (, ⬃0.1 sec) at subthreshold membrane potentials.
KCNQ2 associates with KCNQ3, a homolog, to form heteromeric channels responsible for the M current (IM ) in superior
cervical ganglion (SCG) neurons. Muscarinic acetylcholine and
peptidergic receptors inhibit SCG IM , causing slow EPSPs and
enhancing excitability. Here, we use KCNQ2N antibodies, directed against a conserved N-terminal portion of the KCNQ2
polypeptide, to localize KCNQ2-containing channels throughout mouse brain. We show that KCNQ2N immunoreactivity,
although widespread, is particularly concentrated at key sites
for control of rhythmic neuronal activity and synchronization. In
the basal ganglia, we find KCNQ2N immunoreactivity on somata of dopaminergic and parvalbumin (PV)-positive (pre-

sumed GABAergic) cells of the substantia nigra, cholinergic
large aspiny neurons of the striatum, and GABAergic and cholinergic neurons of the globus pallidus. In the septum, GABAergic, purinergic, and cholinergic neurons that contribute to the
septohippocampal and septohabenular pathways exhibit somatic KCNQ2 labeling. In the thalamus, GABAergic nucleus
reticularis neurons that regulate thalamocortical oscillations
show strong labeling. In the hippocampus, many PV-positive
and additional PV-negative interneurons exhibit strong somatic
staining, but labeling of pyramidal and dentate granule somata
is weak. There is strong neuropil staining in many regions. In
some instances, notably the hippocampal mossy fibers, evidence indicates this neuropil staining is presynaptic.

Genetic studies have revealed a new family of potassium channels
called KCNQ channels that play key roles in heart, brain, and
other tissues. Mutations in KCNQ1 cause hereditary long-QT
syndrome, a cardiovascular disorder associated with syncope and
sudden death (Wang et al., 1996). Although KCNQ1 has not been
found in brain, investigators subsequently identified four homologous neuronal KCNQ genes (KCNQ2–5). KCNQ2 and KCNQ3
mutations cause benign familial neonatal convulsions (BFNC), a
dominantly inherited epileptic syndrome characterized by seizures during infancy and in later life (Biervert et al., 1998; Singh
et al., 1998). KCNQ4 mutations result in a form of dominantly
inherited deafness (Kubisch et al., 1999). KCNQ5 is widely
expressed in brain, heart, and skeletal muscle (Schroeder et al.,
2000a).
Interactions between KCNQ subunits are important for channel properties but are incompletely understood. KCNQ1 interacts

with the small accessory subunit KCNE1, forming heteromeric
voltage-gated channels that activate much more slowly than those
consisting of KCNQ1 alone (Sanguinetti et al., 1996). KCNQ1/
KCNE1 heteromers underlie a cardiac current, IK S, that helps
repolarize Ca 2⫹ action potentials. In contrast, association of
KCNQ1 with another accessory protein, KCNE3, results in
“leak” channels that are open at all physiological membrane
potentials. Such channels are expressed in gastrointestinal epithelia, where they help regulate secretion (Schroeder et al., 2000b).
KCNQ2 and KCNQ3 subunits associate in SCG neurons to
underlie a slow, voltage-gated potassium current, IM (Brown and
Adams, 1980; Wang et al., 1998). BFNC may be attributable to
impaired activity of central KCNQ2/KCNQ3 heteromers, because disease mutations in either subunit reduce current density
(Schroeder et al., 1998), and the two subunits can be reciprocally
coimmunoprecipitated from human brain (Cooper et al., 2000).
Although KCNQ2/KCNQ3 heteromers are likely expressed by
both central and sympathetic neurons, understanding of the subunit composition and properties of neuronal KCNQ channels is
limited. KCNQ2, KCNQ3, and KCNQ5 mRNAs exhibit wide,
mostly overlapping distribution, whereas KCNQ4 mRNA and
protein appear concentrated in the cochlea and a few brainstem
nuclei (Kharkovets et al., 2000). Unlike KCNQ2, KCNQ3 can
form functional heteromers with KCNQ4 or KCNQ5 in heterologous cells (Kubisch et al., 1999; Schroeder et al., 2000a). It is not
known whether these combinations are found in vivo. Whether
the properties of neuronal KCNQ channels are modified by
accessory subunits is also unknown. Many alternatively spliced
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KCNQ2 mRNA isoforms have been isolated from brain and
sympathetic ganglia (Nakamura et al., 1998). When expressed
heterologously, the products of these mRNAs differ in their
ability to form functional channels alone, interactions with
KCNQ3, and kinetics (Pan et al., 2001; Smith et al., 2001).
The association of epilepsy with KCNQ2 mutations that cause
only small reductions in channel activity (Schroeder et al., 1998)
prompted us to attempt to identify the central neurons and
circuits that appear so exquisitely sensitive to KCNQ channel
levels. We mapped KCNQ2 immunoreactivity in brain sections
using an antibody directed against a region of KCNQ2 conserved
among known splice variants. We found that KCNQ2 immunoreactivity, although widespread, is concentrated at key locations for
control of brain rhythmic activity and neuronal synchronization.

MATERIALS AND METHODS
Materials. Plasmids encoding human KC NQ2 and KC NQ3 were gifts
from Drs. T. Jentsch and B. Schroeder (Z entrum f ur Moleculare Neurobiologie, Hamburg, Germany); rabbit anti-vesicular acetylcholine
transporter (VAchT) antibodies were a gift from Dr. Robert Edwards
(University of C alifornia, San Francisco, CA). Donkey anti-rabbit HRPconjugated antibodies (Amersham Pharmacia Biotech, Arlington
Heights, IL) were used for Western blots. Dr. Christoph T urck (Howard
Hughes Medical Institute, University of C alifornia, San Francisco) synthesized the KC NQ2N peptide.
Generation of anti-KCNQ2N antibodies. A peptide sequence derived
from the N-terminal region of KC NQ2N (GEK K L K VGFVGLDPGAPDSTRDC) was selected after analysis using MacVector software indicated high immunogenicity, and BL AST database searches showed that
the sequence was unique to KC NQ2 and conserved among all known
KC NQ2 clones. The peptide was conjugated to keyhole limpet hemocyanin via a cysteine residue added at the C terminus of the peptide during
synthesis. T wo rabbits were immunized, and sera were collected (Animal
Pharm Services, Healdsburg, CA). After screening experiments identified immunopositive sera, anti-KC NQ2N antibodies were purified
against the peptide immunogen immobilized on 1 ml columns prepared
using SulfoLink (Pierce, Rockford, IL).
Cell culture. Human embryonic kidney (H EK) cells were grown in
DM EM / F-12 media supplemented with 10% fetal bovine serum, penicillin, and streptomycin. C ells were transfected with KC NQ2 or KC NQ3
cDNA, or both, in pcDNA3 expression vectors using FuGene 6 (Roche
Molecular Biochemicals, Indianapolis, I N).
Western blot. Mouse brains were homogenized in 0.32 M ice-cold
sucrose supplemented with Complete protease inhibitors (Roche Molecular Biochemicals). Crude membranes were prepared by differential
centrif ugation, resuspended at a concentration of 100 mg of wet
tissue/ml in Tris-buffered saline (TBS; 50 mM Tris and 100 mM NaC l)
with protease inhibitors, and stored at ⫺80°C until use. Solubilized
proteins from transfected cells were prepared by lysis for 30 min with
ice-cold TBS containing 1% Triton X-100 and protease inhibitors,
followed by centrif ugation for 30 min at 20,000 ⫻ g. Supernatants were
snap frozen in liquid N2 and stored at ⫺80°C until use. SDS-PAGE,
electrotransfer, and Western blotting were performed as described
previously (Cooper et al., 2000). To estimate the molecular weights of
KC NQ2N-immunoreactive bands on Western blots, lanes were
scanned using densitometry software (AlphaInnotech), and positions
were compared with molecular weight standards (Precision protein
standards; Bio-Rad, Hercules, CA).
Immunohistochemistr y. All procedures using animals were in conformity with National Institutes of Health guidelines for the use of laboratory animals and approved by the University of C alifornia, San Francisco
Committee on Animal Research. Ten adult male C57B6 mice were
deeply anesthetized with sodium pentobarbital and perf used via the
ascending aorta with 5 ml of PBS followed by 50 ml of cold 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M sodium phosphate buffer.
Brains were removed, post-fixed overnight, and then stored in PBS before
sectioning. Floating sections were cut at 20 –30 mm using a vibrating
microtome (Leica, Nussloch, Germany).
Immunoperoxidase staining procedures were performed on sections
floating in TBS, with additions as noted. Sections were treated with 1%
peroxide to eliminate endogenous peroxidase activity, permeabilized
using 0.4% Triton X-100, blocked using 5% normal goat serum, 0.1%
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bovine serum albumin, and 0.2% Triton X-100, and then incubated with
affinity-purified anti-KC NQ2N antibodies (0.5 g /ml) for 18 –36 hr at
4°C. After washing (60 min, five changes), sections were incubated in
block solution with biotinylated goat anti-rabbit antibodies (1:200; Vector
Laboratories, Burlingame, CA) for 2 hr at room temperature. After
washing, sections were incubated with ABC solution (Elite kit; Vector
Laboratories) for 2 hr at room temperature. Sections were washed in
0.2% Triton X-100 and TBS for 1 hr and then in 0.1 M Tris. Development
of the peroxidase reaction product was performed using 0.5 mg /ml
diaminobenzamine (Sigma, St. L ouis, MO) and 0.005% peroxide. Control experiments using sections processed with omission of the primary
antibody, replacement of affinity-purified anti-KC NQ2N antibodies with
preimmune sera (1:1000), or preincubating the antibodies with 1 g /ml
synthetic peptide resulted in loss of immunostaining. Reactions using
rabbit anti-VAchT antiserum (1:1000; Roghani et al., 1998) were performed as described above.
For immunofluorescence colocalization experiments, monoclonal antibodies against parvalbumin (1:2000; Sigma) and choline acetyltransferase (1:100; Chemicon, Temecula, CA) were used. Goat anti-rabbit
IgG C y2 and Goat anti-mouse IgG C y3 antibodies (Jackson ImmunoResearch, West Grove, PA) were used at 1:500 dilutions. Control experiments showed lack of interaction between the secondary antibodies,
species specificity of secondary antibodies, and absence of background
staining by secondary antibodies.
Image acquisition and anal ysis. Light and epifluorescence microscopy
were performed using a Nikon (Melville, N Y) E800 instrument equipped
with a SPOT RT slider digital camera (Diagnostic Instruments). Confocal microscopy was performed using a Bio-Rad MRC 1024 confocal

Figure 1. Characterization of anti-KCNQ2N antisera and affinitypurified antibodies. A, Western blots using preimmune and immune sera
against KCNQ2 expressed in HEK cells. Immunoreactivity against the
expressed ⬃85 kDa KCNQ2 band is absent in preimmune sera and
increases progressively during the immunization. B, Immune sera detects
the HEK-expressed KCNQ2 protein but not KCNQ3 (⬃90 kDa; data not
shown). After affinity purification (AP), an ⬃70 kDa band background
band is eliminated, and recognition of transfected KCNQ2 is abolished by
the KCNQ2N peptide but not by a peptide from the KCNQ3 N terminus.
C, KCNQ2N antibodies detect two bands of ⬃85 and ⬃90 kDa in mouse
brain membranes. D, Immunoperoxidase staining by KCNQ2N antibodies is abolished by preincubation of the antibodies with the immunogenic
peptide. Scale bar, 1 mm.
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Figure 2. Distribution of KCNQ2N immunoreactivity in the mouse brain. A, Regions shown are the piriform cortex (Pir), caudoputamen (CPu), ventral
pallidum (VPal ), island of Calleja major (IcjM ), and medial septum (MS) and diagonal band of Broca (dbB). B, Section through the globus pallidus (GP),
reticular (Rt), laterodorsal (LD), and ventrolateral (VL) thalamus, hippocampal mossy fibers (MF ), and lateral hypothalamus (LH ). C, Heavy staining
of the mossy fibers and habenula (Hb); staining in the fimbria ( fi), ventroposterior thalamus (VP), amygdala (Am), and lateral hypothalamus (LH ) is
lighter or moderate. D, Staining in the subiculum (Sb), mammillary body (MB), zona incerta (Zi), and anterior pretectal (APt), lateral geniculate (LG),
and rostral interstitial (RI ) nuclei. The amygdala and medial geniculate (MG) regions show light staining. E, The anteroventral cochlear nucleus (AVCo),
sensory division of the trigeminal nucleus (5s), superior olive (SO), trapezoid body (tz), dorsal tegmentum (Dtg), Purkinje cell layer (PC), and inferior
colliculus (IC) show moderate to heavy cell body staining. White matter tracts, including the middle cerebellar peduncle (mcp) and facial (7n) and
vestibulocochlear (8n) nerves are unlabeled. F, The vestibular (Ve), dorsal cochlear (DCo), and dentate, interposed, and medial cerebellar (DCb, Icb,
MCb) nuclei all show heavy staining, but the facial nucleus ( 7) is unstained. Numbers below the panel letters indicate rostrocaudal positions of the sections
according to the atlas of Franklin and Paxinos (1997). Scale bars, 1 mm.
microscope. Figures were prepared using Photoshop (Adobe Systems,
Mountain View, CA) and labeled using Adobe I llustrator software, using
the stereotactic mouse brain atlas of Franklin and Paxinos (1997) as a
guide.

RESULTS
Characterization of KCNQ2N antibodies
We raised antibodies against a synthetic peptide corresponding to
amino acids 16 –37 within the cytoplasmic N-terminal region of
KCNQ2. The chosen sequence is unique to KCNQ2, absolutely
conserved in rat, mouse, and human KCNQ2 clones, and is
derived from the first exon of the KCNQ2 gene, which is not
known to be subject to alternative splicing. We tested immune

sera using HEK cells transiently transfected with cDNA encoding
an 844-amino acid isoform of human KCNQ2 (Biervert et al.,
1998) (Fig. 1 A,B). Immune (but not preimmune) sera recognized
a single predominant band of appropriate size (⬃85 kDa) in
KCNQ2 transfected cells but not in untransfected cells (data not
shown) or KCNQ3-transfected cells (Fig. 1 B, second lane). Purification of antibodies using the immobilized peptide antigen enhanced the specific detection of the KCNQ2 polypeptide. Preincubation with the KCNQ2N peptide completely and specifically
abolished the ability of the affinity-purified antibodies to detect
the KCNQ2 band (Fig. 1 B, third through fifth lanes). Western
blots of adult mouse brain membranes using the affinity-purified
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KCNQ2N antibodies revealed two strong bands of ⬃85 and 90
kDa (Fig. 1C), possibly representing known 844- and 872-amino
acid “long” forms of KCNQ2 (Biervert et al., 1998; Singh et al.,
1998). Lower molecular weight KCNQ2N-immunoreactive bands
between ⬃40 and ⬃75 kDa were sometimes detected weakly in
Western blots of brain homogenates (data not shown). These
lower molecular weight immunoreactive bands, which were completely eliminated when antibodies were preadsorbed with the
peptide immunogen, may represent “short” isoforms of
KCNQ2N produced by alternative splicing (Nakamura et al.,
1998; Pan et al., 2001; Smith et al., 2001). However, they were
never prominent, and we have not yet investigated them systematically. The steady-state protein levels of short isoforms of
KCNQ2 in adult mouse brain thus appear low compared with
those of long forms.
Immunoperoxidase staining of mouse brain tissue sections revealed widespread somatic staining of neurons and more diffuse
neuropil staining (discussed below). Staining of neuronal profiles
and neuropil was completely abolished by preincubation of the
antibodies with the immunogenic peptide (Fig. 1D).

Distribution of KCNQ2N immunoreactivity in
mouse brain
We found extensive KCNQ2N immunoreactivity throughout the
mouse brain (Fig. 2). The structures most heavily labeled were
neuronal somata in many regions. Neuropil was strongly labeled
in cortex, the cerebellar molecular layer, and many subcortical
structures. White matter tracts exhibited weak or absent staining.

Olfactory bulb and associated structures
The olfactory bulb receives input from nasal primary olfactory
sensory neurons, processes this input, and relays it to the olfactory cortex (Shepherd and Greer, 1990). The principal neurons,
the mitral cells, have their somata in the narrow mitral cell layer
and long apical dendrites ending in the glomerular layer, where
they receive synaptic inputs from the nasal sensory cells. Several
types of local interneurons in these and adjoining external plexiform and internal plexiform layers regulate the responsiveness of
mitral cells to their excitatory inputs from the periphery (Shepherd and Greer, 1990). Central modulatory inputs to the bulb
include cholinergic and monoaminergic fibers from the diagonal
band of Broca, locus ceruleus, and raphe nuclei and a diversity of
neuropeptides. KCNQ2N immunostaining in the main olfactory
bulb was strongest in the mitral cell and glomerular layers (Fig.
3A). Somata of the mitral and periglomerular cells, as well as the
periglomerular neuropil, were intensively stained. Other layers
were lightly stained, except for cell bodies of a few scattered
interneurons in the external plexiform layer. The tightly packed
somata of the olfactory piriform cortex exhibited moderate staining intensity (Fig. 2 A,B).

Septum and diagonal band
Neurons in the medial septal nucleus (MS) and diagonal band of
Broca (dbB) exhibited intense somatic labeling (Figs. 2 A, 3B,
4C, E). This region contains GABAergic interneurons, GABAergic
projection neurons whose axons innervate the hippocampal formation (see Discussion), as well as cholinergic neurons. Double
immunofluorescence staining with parvalbumin (PV) and
KCNQ2N indicated that all PV-positive profiles in the MS were
also strongly KCNQ2N-immunoreactive (Fig. 4 C). Additional
PV-negative, KCNQ2N-positive cells were also noted. Staining
with choline acetyltransferase (ChAT) revealed that some of
these PV-negative, KCNQ2N immunoreactive somata were cho-

Figure 3. Distribution of KCNQ2N immunoreactivity in the olfactory
bulb, ventral forebrain, and hippocampus. A, In olfactory bulb, strong
neuropil staining is detected in the glomerular layer. Periglomerular cells in
the glomerular layer (Gl ) and mitral cells (Mit) exhibit strong somatic
staining. Staining is lighter in the external plexiform (ePl ), internal plexiform (iPl ),and granule cell (GC) layers. B, In the basal forebrain, strong
neuropil and somatic staining is apparent in the medial septum (MS),
diagonal band of Broca (dbB), ventral pallidum (VPal ), and island of
Calleja major (IcjM ). The anterior commissure (AC) and caudoputamen
(CPu) are indicated. C, In the hippocampal formation, neuropil staining is
intense along the mossy fiber pathway in the hilus ( h) of the dentate gyrus
(DG) and stratum lucidum (inset, sl ) of CA3. Moderate neuropil staining is
present in the stratum oriens (so), stratum radiatum (sr), and stratum
lacunosum-moleculare (sl ) of the hippocampus and the dentate molecular
layer ( m). In the stratum pyramidale (sp) and stratum granulosum ( g),
staining is light, except for a few cell bodies (e.g., CA3 inset). Similar profiles
are seen in the stratum pyramidale of CA1 and in the dentate granule cell
layer (Fig. 4). Scale bars: A–C, 250 m; inset, 125 m.

linergic neurons (Fig. 4D); however, many of the large, multipolar
ChAT-positive neurons in the MS exhibited low or undetectable
KCNQ2N staining (data not shown). Thus, subpopulations of
both cholinergic and GABAergic neurons of the MS and dbB
were strongly KCNQ2N-immunoreactive.
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Figure 4. KC NQ2N immunolocalization in the hippocampus and basal forebrain. A–C, E–G, Immunofluorescence of sections double-labeled with
KC NQ2N (red) and PV ( green). A, In CA3, KC NQ2N intensely labels mossy fiber (MF ) bundles in the stratum lucidum (sl ) and, less strongly,
neuropil of the stratum radiatum (sr) and stratum oriens (so). Interneurons in the stratum pyramidale (sp) and oriens are double-labeled by PV
and KC NQ2N (white arrows). Additional interneurons in the stratum oriens and radiatum (e.g., red arrow) are KC NQ2N-positive but PV-negative.
B, In the dentate gyrus, KC NQ2N stains hilar mossy fiber and PV-positive interneurons in the granule cell layer (sg). The stratum lacunosummoleculare (slm), stratum moleculare (sm), and hilus (hi) are indicated. C, Detail of E. The medial septum contains numerous PV-positive (white
arrows) and PV-negative cells labeled with KC NQ2N. D, Colabeling in the medial septum by ChAT ( green) and KC NQ2N (red); the red arrow
indicates a colabeled cell; the white arrow indicates a KC NQ2N-immunoreactive, ChAT-nonreactive profile. E, L ow-power view of septal region
(as in Fig. 3B). The anterior commissure (AC) lacks KC NQ2N immunostaining, but the medial septum (MS), island of C alleja major (IcjM ), dbB,
and ventral pallidum (V Pal ) show strong somatic and neuropil staining. Boxes indicate regions shown at higher magnification in C, G, and H. F,
In CA1, PV-positive (white arrows) and PV-negative (red arrows) interneurons in the stratum oriens, pyramidale, and radiatum show moderate
labeling for KC NQ2N. G, H, PV and KC NQ2N double staining of the ventral pallidum. In G, only PV staining is shown; in H, KC NQ2N (red)
and PV ( green) staining are superimposed. Red arrows indicate position of two of the numerous PV-negative, KC NQ2N-positive cell bodies; white
arrows show colabeled cells. Scale bars: E, 250 m; F (applies to A, B), C, D, G, H, 50 m.

In the lateral septal nucleus, moderate neuropil staining was
detected, but neurons were unstained (Fig. 5 A). The small, densely
packed cells of the triangular septal nucleus, responsible for the
strong purinergic input to the habenular region (Sperlágh et al.,
1998), exhibited strong staining for KCNQ2N (Fig. 5 A, inset).

Basal ganglia
The basal ganglia include nigrostriatal circuitry that is important
for motor control and mesolimbic and ventral pallidal components involved in emotion and reward (Wilson, 1990). Approximately 95% of rodent caudoputaminal neurons are GABAergic,
PV-negative principal cells, the spiny neurons, which project to
the globus pallidus and substantia nigra reticulata. The remaining
5% of caudoputaminal cells are interneurons and include cholinergic neurons and PV- and calbindin-expressing subpopulations
of GABAergic cells (Wilson, 1990). Immunoperoxidase staining
of the caudoputamen for KCNQ2N revealed light to moderate
neuropil staining and conspicuous somatodendritic labeling of a
small number of neurons (Fig. 6A). Double staining with
KCNQ2N and PV revealed three populations of neurons: those
labeled by KCNQ2N alone, PV alone, and both markers (Fig.
6B–D). The somata of neurons labeled by KCNQ2N but not PV
appeared larger than those labeled by both KCNQ2N and PV or
by PV alone. Because the cholinergic interneurons of the striatum
are larger and less numerous than the GABAergic principal cells
and interneurons, we suspected that the KCNQ2N-only-labeled

cells might include such neurons. Indeed, double immunofluorescence staining for ChAT and KCNQ2N revealed that the larger,
most strongly KCNQ2N-immunoreactive cells in the caudoputamen were cholinergic large aspiny neurons with the typical dendritic morphology of these cells (Fig. 6D).
In the globus pallidus, the main target of output from the
caudoputamen, both neuropil and neuronal somata exhibited
strong KCNQ2N staining (Figs. 2 B, 7). The pallidum is reported
to consist almost entirely of PV-positive GABAergic neurons
(Parent et al., 1996). Unexpectedly, double labeling with PV
revealed two populations of KCNQ2N-immunoreactive cells in
the globus pallidus: those that expressed both markers (which
were far more numerous) and those that expressed KCNQ2N but
not PV (which were preferentially located near the periphery of
the globus pallidus) (Fig. 7 B,G ). In the rodent, cholinergic neurons functionally similar to those of the more ventrally located
basal forebrain cholinergic nucleus are found within and at the
borders of the globus pallidus and within the internal capsule
(Arvidsson et al., 1997). We visualized these “ectopic” cholinergic neurons by immunostaining using a rabbit antibody against
VAchT (Fig. 7 C). Double labeling with KCNQ2N and ChAT
revealed, as expected, that most of the KCNQ2N-labeled cells
within the globus pallidus were ChAT-negative. However, a few
neurons, preferentially located at the edge of the globus pallidus,
were immunoreactive for both KCNQ2N and ChAT (Fig. 7F).
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Figure 5. KCNQ2N immunostaining
of the triangular septal nucleus (TS) and
habenula. A, KCNQ2N strongly stained
somata of tightly packed granular neurons in the triangular nucleus (inset
shows higher magnification) and lightly
stained the neuropil in the lateral dorsal
septal nucleus (LSD). The fibers of the
hippocampal commissure (HC) are unstained. LV, Lateral ventricle; Cg, cingulate gyms. B, Immunoperoxidase
staining of habenula, showing intensely
reactive somata in the medial (MH ) and
lateral (LH ) regions. C, Colabeling for
KCNQ2N (red) and ChAT ( green) is
exhibited by the cholinergic neurons of
the medial habenula but not the neurons of the lateral habenula. The fasciculus retroflexus (FR) the projection
pathway of the medial habenula to the
interpeduncular nucleus, is strongly
ChAT-immunoreactive. D, Colabeling
with KCNQ2 (red) and PV ( green)
showing that cholinergic KCNQ2positive medial habenula neurons are
PV-negative, as expected. PV staining
of the lateral habenula neuropil is intense, and some lateral habenula somata appear to contain both KCNQ2N
and PV immunoreactivity. Scale bars:
A, 250 m; inset, B–D, 50 m.

The ventral pallidum and islands of Calleja are important
targets of dopaminergic afferents from the ventral tegmental area
and are components of mesolimbic circuitry implicated for reward, addiction, emotions, and thought disorders (Missale et al.,
1998). These regions exhibited strong neuropil and somatic staining for KCNQ2N (Figs. 3B, 4E,G,H). Double labeling revealed
that some of the KCNQ2N immunoreactive neurons in these
regions also expressed PV (Fig. 4G,H).

Amygdala
Very light neuropil staining was detected throughout the amygdala, and somatic staining was not conspicuous in the region (Fig.
2C,D).

Hippocampal formation
The hippocampal formation includes the dentate gyrus, hippocampus (CA1, CA2, and CA3), and the subicular complex
(Amaral and Witter, 1995). The dentate granule cells receive
excitatory inputs on their apical dendrites in the molecular layer;
their axons, the mossy fibers, project to form synapses on the
apical dendrites of the CA3 pyramidal cells. The CA3 pyramidal
cells project in turn to CA1, where they synapse with CA1
pyramidal cells. In addition to this so-called trisynaptic circuit of
glutamatergic principal cells, numerous interneurons play critical
roles regulating the excitability of the principal cells and helping
synchronize pyramidal cell output (Cobb et al., 1995; Freund and
Gulyás, 1997). Additional extrinsic cholinergic, monoaminergic,
and GABAergic inputs, as well as numerous neuropeptides, modulate the activity of this circuitry (Amaral and Witter, 1995). The
most striking feature of the KCNQ2N immunoperoxidase stain-

ing pattern in the hippocampal formation was the intense staining
of the mossy fiber pathway in the dentate hilus and the stratum
lucidum of CA3 (Figs. 3C, 4 A). KCNQ2N also stained the neuropil in the dentate molecular layer and stratum oriens, radiatum,
and lacunosum-moleculare (Fig. 3C). Scattered throughout all
layers in the dentate, hippocampus, and subiculum were neuronal
somata stained with moderate intensity (Fig. 3C, inset). Aside
from these occasional neuronal profiles, the granule cell and
pyramidal cell layers exhibited the lowest intensity of KCNQ2N
immunoreactivity in the region. PV marks an important subpopulation of hippocampal interneurons, primarily located within and
near the principal cell layers, whose axons arborize widely within
the pyramidal layer to form axosomatic synapses with principal
cells (Freund and Gulyás, 1997). Double-label immunolabeling
revealed that nearly all the KCNQ2N-stained neuronal profiles in
the dentate granule cell layer (Fig. 4 B) or pyramidal cell layers of
CA3 or CA1 (Fig. 4 A,F) or the subiculum (data not shown) were
PV-positive interneurons. In stratum oriens or radiatum, however, most of the scattered KCNQ2N-immunoreactive profiles
were not stained for PV.

Habenula and interpeduncular nucleus
As discussed above, purinergic neurons in the triangular septal
nucleus send a massive projection to innervate the medial habenular neurons (Sperlágh et al., 1998), which, in turn, send a
cholinergic projection via the myelinated fibers of the fasciculus
retroflexus to the interpeduncular nucleus.
The neurons of both the medial and lateral habenula exhibited
intense staining for KCNQ2N (Figs. 2 B,C, 5 B–D). The neurons
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KCNQ2N-labeled neurons of the lateral habenula were unstained
by both PV and ChAT but received intense innervation by PVstained fibers (Fig. 5 D). The intermediate, lateral, and rostral
divisions of the interpeduncular nucleus, targets of cholinergic
innervation from the medial habenula via the fasciculus retroflexus,
exhibited strong staining of neuronal cell bodies (Fig. 8A).

Thalamus
Thalamic nuclei represent the final relay point for sensory information of all modalities and also receive reciprocal excitatory
inputs from the region of the cerebral cortex to which they
project. The activity of thalamic relay neurons and the thalamocortical circuit is strongly influenced by the GABAergic interneurons of the thalamic reticular nucleus. The reticular nucleus is an
important target of ascending monoaminergic, cholinergic, and
tachykinin inputs that control transitions between sleep and
wakefulness (McCormick and Bal, 1997). All of the neurons of
the reticular thalamic nucleus were very heavily labeled by
KCNQ2N (Figs. 2 B,C, 7 A,B,D,E). As expected, PV also stained
these same neurons strongly. In higher-magnification images,
KCNQ2N immunoreactivity had a strong punctate component
that appeared in part to be intracellularly localized (Fig. 7 E).
Although light neuropil staining was present throughout the remaining portions of the thalamus, immunoreactivity of thalamic
relay neurons was in general very slight or not apparent. Exceptions to this were the ventral zona incerta (Figs. 2 D, 8B), the
dorsal division of the anterior pretectal nucleus (Fig. 2 D), and the
rostral interstitial nucleus (Fig. 2 D) of the medial longitudinal
fasciculus, where many neuronal somata exhibited moderate to
heavy KCNQ2N immunoreactivity.

Cerebral cortex
Neuropil staining for KCNQ2N was present throughout the cerebral cortex, and many neurons exhibited moderate somatic
staining (Fig. 2). Examination of sections double-labeled with PV
and KCNQ2N and counterstained with 4⬘,6-diamidino-2phenylindole revealed that the intensity of staining of cortical
neurons by KCNQ2N was very heterogeneous, ranging from
inconspicuous to moderate or heavy (data not shown). Highly
KCNQ2N-immunoreactive cortical neuronal somata included
both PV-positive and -negative cells.

Hypothalamus

Figure 6. KCNQ2N immunolocalization in the caudoputamen (CPu). A,
Immunoperoxidase stain showing moderate neuropil staining and moderate to heavy staining of somata and proximal dendrites in the CPu, but
little staining in the corpus callosum (CCal). B, C, Double immunolabeling for PV (PARV, green) and KCNQ2N (red) in the lateral caudoputamen. Many cells are labeled strongly by PV and weakly by KCNQ2N (e.g.,
those indicated by wide white arrows). A few, typically larger, cells are
labeled by KCNQ2N but not by PV (red arrows) or PV but not KCNQ2N
(thin white arrow). D, Double immunolabeling for choline acetyltransferase (green) and KCNQ2N (red) in the caudo putamen. Many cells
exhibit staining by both antibodies, but some are stained weakly for
KCNQ2 only. Cell nuclei are counterstained with DAPI (blue). Scale
bars, 100 m.

of the medial habenula and its output pathway, the fasciculus
retroflexus, were strongly labeled by ChAT but not by PV.
KCNQ2N colabeled the cholinergic neurons in the medial habenula but not the fibers of the fasciculus retroflexus (Fig. 6C). The

Neurons in the lateral hypothalamic nucleus were stained with
moderate intensity (Fig. 2C). In the mammillary body, neurons
and neuropil showed light to moderate staining (Fig. 2 D).
KCNQ2N staining was absent or light in median, posterior,
arcuate, dorsomedian, and ventromedian nuclei.

Midbrain
KCNQ2N immunoreactivity was strong in the neurons of the
medial accessory oculomotor nucleus and magnocellular red nucleus (Fig. 8A). Strong staining was also seen in the neurons of the
substantia nigra reticulata and compacta and the ventral tegmental areas (Fig. 8B,D). A recent immunohistochemical study of
KCNQ4 showed strong labeling of the substantia nigra compacta
and the ventral tegmental area (Kharkovets et al., 2000). This is
intriguing, because KCNQ2 and KCNQ4 are unable to form
heteromers when coexpressed in experimental cells (Kubisch et
al., 1999), and suggests that two distinct KCNQ channels may be
expressed by the same neurons.
In the caudal midbrain, neurons of the central and external
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Figure 7. KCNQ2N immunolocalization in the globus pallidus (GP) and nucleus reticularis thalami (Rt). A, Immunoperoxidase stain using KCNQ2N
antibodies shows strong staining of neuronal profiles in the CPu, GP externa and interna (Gpe, Gpi), and Rt, but not in neighboring thalamic relay nuclei,
ventroposterior lateral (VPl) and ventroposterior medial (VPm), or the internal capsule (IC). B, Double immunolabeling of a similar section to A, using
KCNQ2N and PV antibodies. Double-labeled neurons (orange to yellow) are numerous in the nRT and Gpe. In addition, a few neurons (red arrows) in
the IC show labeling for KCNQ2N but not PV. C, Immunoperoxidase staining with VAchT antibodies reveals the distribution of cholinergic neurons
in and near the Gpe. VAchT labels neuropil strongly in the CPu and moderately in the Gpe and Rt. Intensely labeled neurons are preferentially located
at periphery of and ventral to the Gpe. D, Higher magnification view of Rt, showing that all PV-labeled neurons are also KCNQ2N labeled. E, Detail
of D, showing punctate appearance of KCNQ2N staining. F, Higher magnification view of region near border of IC and ventral border of Gpe (location
indicated by box in C), after double immunolabeling with KCNQ2N (red) and ChAT (green). Neuropil and neurons of Gpe are labeled by KCNQ2N only,
but a few neurons (arrows) at border are stained by both antibodies. G, Higher magnification views of Gpe double-labeled with PV (green) and KCNQ2N
(red). Most cells appear yellow or orange because of colabeling with both markers, but a few preferentially located near periphery of Gpe are labeled by
KCNQ2 only (arrows). Scale bars: A, 250 m; B, C, 100 m; D, 25 m; E, 10 m; F, G, 50 m.

nucleus of the inferior colliculus were moderately stained, as were
neurons of the dorsal tegmental nucleus (Fig. 2 E).

Pons and cerebellum
Neurons of the supratrigeminal nucleus and sensory division of
the trigeminal nucleus exhibited moderate KCNQ2N immunoreactivity, but the magnocellular (motor) division of the trigeminal
nucleus showed no somatic staining (Fig. 2 E). In the nucleus of
the trapezoid body and the superior olive, relay points of the
central auditory pathway, somatic staining was strong. Somatic
staining was particularly strong in the anteroventral and dorsal
divisions of the cochlear nucleus and was moderate in the subnuclei of the vestibular nucleus. Of note, KCNQ4 immunoreactivity is also found in the anteroventral (but not dorsal) cochlear
nucleus, superior olive, and inferior colliculus (Kharkovets et al.,
2000).
In the cerebellar cortex, the neuropil was moderately stained in
the molecular layer and lightly stained in the granule cell layer (Fig.
2 E,F ). Examination of the cerebellar sections at higher magnification revealed that Purkinje cell somata exhibited strong
KCNQ2N immunoreactivity, but, regardless of the orientation of
the tissue section, the large proximal dendrites of these cells were

not visualized (Fig. 9). This suggested that the neuropil staining in
the molecular layer was predominantly attributable to channels
located on small distal dendrites or, alternatively, was located on
presynaptic fibers or termini (e.g., climbing and parallel fibers).
Notable in the granule cell layer was the absence of immunoreactivity associated with the granule cells themselves. However, scattered throughout the thickness of the granular layer were a population of large neurons, stained with moderate intensity on their
somata with KCNQ2N. Many of these cells exhibited staining on a
single large process oriented toward the Purkinje cell layer (Fig.
9 B). These neurons are likely Golgi cells, on the basis of their
morphology and absence of PV immunoreactivity (Fig. 9C; Watanabe et al., 1998). The Golgi and Purkinje neurons both have
extensive dendritic arborizations in the cerebellar molecular layer.
Trafficking of KCNQ2-containing channels to distal parts of these
dendrites could contribute to the strong molecular layer neuropil
staining for KCNQ2N. Neurons of the deep cerebellar nuclei also
exhibited strong KCNQ2N immunoreactivity (Fig. 2 F).

DISCUSSION
KCNQ2N immunoreactivity is widely distributed in the mouse
brain but is concentrated in particular subsets of neurons in brain
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Figure 8. Regions of high KCNQ2N immunoreactivity in thalamus and brainstem. A, Ventral midbrain. Staining is detected in the substantia nigra reticulata (SNr) and red (Rd),
interpeduncular (IP), and oculomotor ( 3) nuclei. The medial lemniscus (ml ) and oculomotor nerve (3n) are unstained. B, Heavy staining
is shown in the zona incerta and substantia
nigra reticulata, but the cerebral peduncles and
medial longitudinal fasciculus (Cped, MLF ) are
not stained. C, The anteroventral cochlear nucleus (AVCo) shows somatic staining, but the
nearby cochlear nerve and spinal tract of the
trigeminal nucleus (8n, 5n) are unstained. D,
Substantia nigra compacta (SNc), substantia
nigra reticulata, and ventral tegmental nuclei
(VTA) showing somatic staining. Scale bars: A,
500 m; B–D, 250 m.

circuits. KCNQ2 is highly expressed in cholinergic and dopaminergic neurons that exert wide-ranging modulatory influences, as
well as GABAergic interneurons within several brain regions.
Moreover, KCNQ2 appears to be strategically localized in several
circuits that control oscillatory neuronal activities. This study
provides a road map for additional studies of central KCNQ
channels. It highlights the possibility that central KCNQ2containing channels may be important effectors for diverse neurotransmitters (including but not limited to acetylcholine) that
modulate the activity of neurons and circuits in which these
subunits are expressed.

M current in native neurons
IM is one of several currents in rodent superior sympathetic
ganglion neurons that are active at rest or are activated between
resting and threshold membrane potentials to control excitability
and spike frequency (Brown and Adams, 1980; Adams et al.,
1986; Jones, 1989). When IM is inhibited by one of several
metabotropic receptors, including M1 muscarinic receptors, B2
bradykinin receptors, substance P, and luteinizing hormonereleasing hormone receptors, depolarization is favored, and spike
frequency adaptation is reduced. Because peptidergic neurotransmitters in the ganglion have long durations of action and diffuse
to cells at a distance from their release sites (Jan and Jan, 1982),
IM also serves as a mechanism of sustained, heterosynaptic modulation (Adams and Brown, 1982).
The generalized epileptic phenotype resulting from partial
loss-of-f unction mutations in KC NQ2 or KC NQ3 (Schroeder
et al., 1998) is consistent with the hypothesis that these channels f unction similarly to control excitability in the brain and
suggests an additional role in regulation of neuronal synchronization. Thus far, studies of central IM have focused primarily
on intrinsic properties of hippocampal CA1 pyramidal cells
(Halliwell and Adams, 1982; Malenka et al., 1986; Storm, 1989;
Charpak et al., 1990; Charpak and Gähwiler, 1991; Schweitzer
et al., 1993; Aiken et al., 1995; Lampe et al., 1997; Madamba et
al., 1999; Schweitzer, 2000), and investigations of IM in only a
few other central neuronal types have been reported (McCormick and Prince, 1986; Constanti and Sim, 1987). Isolation of

IM requires an unusual voltage protocol and until recently has
been hampered by lack of pharmacological tools. Thus, although many of the neurons that exhibit strong KC NQ2N
immunolabeling in our study have received scrutiny by electrophysiologists, it may remain an open question whether IM is
a prominent somatic current in these cells. This issue may be
addressed by targeted electrophysiological studies of
KC NQ2N-immunoreactive neurons, aided by newly developed,
selective KC NQ channel blockers and openers (Wang et al.,
1998; Rundfeldt, 2000). In some neurons, somatically localized
KC NQ2 may be primarily associated with intracellular membranes. These intracellular channels might be destined for
trafficking to axonal, dendritic, or perisynaptic sites, or their
surface deployment near the soma could be regulated by
activity or other factors. Finally, the observation that KC NQ1
forms leak channels when associated with KC N E3 (Schroeder
et al., 2000b), highlights the possibility that central channels
containing KC NQ2 may exhibit properties different from those
of IM.

KCNQ2 is highly expressed in modulatory cholinergic
and dopaminergic neurons
Somatic labeling for KCNQ2N was detected in several cell types
within the basal ganglia, including PV-colabeled neurons in the
striatum, globus pallidus, and substantia nigra reticulata, dopaminergic neurons of the substantia nigra compacta and ventral
tegmental area, and cholinergic neurons in the striatum and near
the globus pallidus (Figs. 6 – 8). The KCNQ2N-immunoreactive
cholinergic neurons of the neostriatum, so-called large aspiny
neurons, represent only 1–2% of the striatal neurons but possess
dense cholinergic axonal projections throughout the striatum and
nucleus accumbens. These projections represent the main cholinergic synapses in the striatum and are thought important in
movement disorders and psychiatric disturbances (Wilson,
1990). The dopaminergic neurons of the substantia nigra compacta and ventral tegmental area (Fig. 8D) provide essential
modulatory inputs to their striatal and limbic targets (Haber
and Fudge, 1997).
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Figure 10. Distribution of KCNQ2N immunoreactivity in septohippocampal and thalamocortical neuronal networks. A, In the medial septum, KCNQ2N-immunoreactive (Q2⫹) GABAergic projection neurons
receive excitatory inputs from nearby Q2⫹ cholinergic neurons. Both sets
of septal neurons project to the hippocampus. Septal cholinergic fibers
innervate all cell types in the hippocampus, but septal GABAergic fibers
selectively innervate hippocampal interneurons (some Q2⫹) that arborize broadly to control activity and synchronization of hippocampal
principal cells. B, In the thalamocortical network, glutamatergic thalamic
relay neurons receive excitatory sensory inputs, and project to pyramidal
cells (PC) in the sensory cortex, with collateral output to the Q2⫹
GABAergic reticular thalamic neurons. Thalamic reticular neurons
project back to the relay nuclei, thereby helping synchronize prominent
rhythmic firing associated with drowsiness and sleep. Ach, Acetylcholine.

Figure 9. Distribution of KCNQ2N immunoreactivity in the cerebellum.
A, Immunoperoxidase stain showing strong staining of Purkinje cell ( pc)
somata and molecular level neuropil ( m), with light staining of the
granule cell layer ( gc) and absent staining of deep cerebellar white matter
(wm). Scattered cells in the granule cell layer exhibit moderate somatic
staining. B, Higher-magnification view showing that immunopositive
granule cell layer neurons are stained on their somata and apical dendrites. Staining of dendrites of Purkinje cells is not apparent. C, Double
immunofluorescence image (red, KCNQ2N; green, PV), showing that
both markers label Purkinje cells, but KCNQ2N-positive granule cell
layer neurons are PV-negative, as expected for Golgi cells. Purkinje cell
somata are surrounded by PV-positive axons and termini derived from
inhibitory basket and stellate cells whose somata are located in the
molecular layer. Scale bars: A, 250 m; B, 100 m; C, 50 m.

KCNQ2 is strategically localized to septal and
hippocampal neurons that regulate hippocampal
excitability and synchronization
We found strong KCNQ2N immunoreactivity on cholinergic and
GABAergic neurons in the medial septal region, and on PVpositive and negative interneurons throughout the hippocampal
formation (Figs. 3C, 4). These septal and hippocampal neurons
are components of a neuronal network regulating the excitability
and synchronization of hippocampal pyramidal cells (Cobb et al.,
1995; Freund and Gulyás, 1997) (Fig. 10A). Septal cholinergic
neurons innervate both cholinergic and GABAergic neurons in
the septum and both pyramidal cells and GABAergic interneurons in the hippocampus. Septal GABAergic neurons projecting
to the hippocampus selectively innervate hippocampal interneurons (Freund and Antal, 1988). Recent evidence suggests that
acetylcholine exerts its most important influence on hippocampal
pyramidal neurons via an indirect pathway, by exciting septal
GABAergic projection neurons that inhibit hippocampal inter-

neurons (Tóth et al., 1997; Wu et al., 2000). Because single
hippocampal interneurons exert control over many pyramidal
cells (Cobb et al., 1995), this network represents a highly amplified mechanism for cholinergic regulation of hippocampal excitability and synchronization (Freund and Gulyás, 1997).
In vivo studies have demonstrated the importance of this septohippocampal network for cognitive function during learning
and memory tasks and for hypersynchronization associated with
the generation of epileptic seizures. Lesions of the fimbria-fornix,
which conveys the axons of the cholinergic and parvalbuminexpressing GABAergic projection neurons from the medial septum to the hippocampus, interfere with learning and memory
tasks and with the generation of the theta rhythm in rats. These
deficits can be partially reversed by the grafting of cholinergic
cells in the hippocampus (Dunnett et al., 1982; Dickinson-Anson
et al., 1998). Pharmacological studies argue that the septohippocampal network is a critical site for the effects of muscarinic
drugs on learning and memory. Administration of the muscarinic
receptor antagonists scopolamine and atropine produces an amnestic syndrome in rodents, primates, and humans (Deutsch and
Rocklin, 1967; Rusted, 1988; Rusted and Warburton, 1988;
Rupniak et al., 1989). In contrast, muscarinic agonists infused
into the medial septum elicit continuous hippocampal theta and
facilitate learning and memory in both young and aged rats
(Givens and Olton, 1990; Monmaur and Breton, 1991; Lawson
and Bland, 1993; Markowska et al., 1995). In rodents, localized
septal infusion of the muscarinic agonist carbachol has been
shown to reverse the amnesia produced by systemic administration of scopolamine (Givens and Olton, 1995). In contrast, administration of high doses of pilocarpine, another muscarinic
agonist, produces status epilepticus in rodents and a chronic,
epileptic phenotype that serves as a leading experimental model
of human temporal lobe epilepsy (Cavalheiro et al., 1996).
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KCNQ2 expression in reticular neurons that regulate
thalamocortical oscillations
Distinct patterns of rhythmic activity in thalamocortical circuits
are correlated with levels of sleep and arousal (Steriade and
Llinás, 1988). Abnormal rhythmic activity in this circuit is likely
important in many forms of generalized epilepsy (McCormick
and Contreras, 2001). GABAergic neurons in the thalamic reticular nucleus regulate thalamocortical oscillations and help synchronize the firing of thalamic relay neurons (McCormick and
Bal, 1997) (Fig. 10B). Reticular neurons exhibited strong
KCNQ2N immunoreactivity (Fig. 7). Activation of serotonergic,
adrenergic, metabotropic glutamate, or tachykinin receptors on
reticular nucleus neurons causes slow membrane depolarization
as the result of inhibition of a linear leak-type potassium current
(McCormick and Wang, 1991; Cox et al., 1995), bringing about a
transition from bursting to relay-type firing patterns (McCormick
and Bal, 1997). Although purely speculative, it would be interesting to test whether this potassium current arises from KCNQ2
and auxiliary subunits in a manner analogous to the interactions
of KCNQ1 and KCNE3.
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