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ABSTRACT

The sodium-activated potassium channels Slick (Slo2.1,
KCNT2) and Slack (Slo2.2, KCNT1) are high-conductance
potassium channels of the Slo family. In neurons, Slick
and Slack channels are involved in the generation of
slow afterhyperpolarization, in the regulation of firing pat-
terns, and in setting and stabilizing the resting mem-
brane potential. The distribution and subcellular
localization of Slick and Slack channels in the mouse
brain have not yet been established in detail. The pres-
ent study addresses this issue through in situ hybridiza-
tion and immunohistochemistry. Both channels were
widely distributed and exhibited distinct distribution pat-
terns. However, in some brain regions, their expression
overlapped. Intense Slick channel immunoreactivity was
observed in processes, varicosities, and neuronal cell

bodies of the olfactory bulb, granular zones of cortical
regions, hippocampus, amygdala, lateral septal nuclei,
certain hypothalamic and midbrain nuclei, and several
regions of the brainstem. The Slack channel showed pri-
marily a diffuse immunostaining pattern, and labeling of
cell somata and processes was observed only occasion-
ally. The highest Slack channel expression was detected
in the olfactory bulb, lateral septal nuclei, basal ganglia,
and distinct areas of the midbrain, brainstem, and cere-
bellar cortex. In addition, comparing our data obtained
from mouse brain with a previously published study on
rat brain revealed some differences in the expression
and distribution of Slick and Slack channels in these
species. J. Comp. Neurol. 524:2093-2116, 2016.
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More than 30 years ago, the existence of native
sodium-activated potassium currents was demonstrated
through electrophysiological experiments in guinea pig
cardiomyocytes (Kameyama et al., 1984). Since then,
the presence of native sodium-activated potassium
channels has been reported in diverse myocytes (Kim
et al., 2007; Re et al., 1990), pancreatic duct epithelial
cells (Hayashi and Novak, 2013), thick ascending limb
of Henle’s loop in the kidney (Paulais et al., 2006), vari-
ous mammalian neurons (Egan et al.,, 1992a,b; Kacz-
marek, 2013), and Xenopus oocytes (Egan et al,
1992a). At present, two distinct ion channels giving rise
to an outward rectifying potassium current activated
upon rises in internal sodium ions have been described
(Bhattacharjee and Kaczmarek, 2005; Salkoff et al.,
2006; Yuan et al.,, 2003). The sodium-activated potas-
sium channels Slick (sequence like an intermediate
potassium channel, Slo2.1) and Slack (sequence like a
calcium-activated potassium channel, Slo2.2) belong to
the structurally related high-conductance potassium
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channels of the Slo family. Slick and Slack channels are
composed of pore-forming alpha subunits probably
assembling into tetrameric channels (Bhattacharjee and
Kaczmarek, 2005; Salkoff et al., 2006). Recent studies
suggest that the alpha subunits of Slick and Slack
channels are forming heteromeric channels with distinct
biophysical properties in vitro. Moreover, immunopreci-
pitation studies performed on rat olfactory bulb and
brainstem provided the first evidence that Slick and
Slack channels might assemble into protein complexes
in vivo (Chen et al., 2009). Channel diversity may be
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further increased by the presence of different isoforms.
Although for the Slick channel no splice isoforms have
been described, five different Slack channel isoforms
differing in their N-terminal region have been identified
so far (Brown et al., 2008).

Native sodium-dependent potassium currents have been
reported to vary in their unitary conductance, subconduc-
tance states, channel open probabilities, sensitivity to
sodium ions and rundown in excised patches (Bhattachar-
jee and Kaczmarek, 2005; Dryer, 1994; Egan et al., 19923;
Kaczmarek, 2013). Native sodium-activated potassium

channels may be activated upon sodium-influx possibly
mediated by a variety of sodium-gating ion channels, such
as voltage-gated sodium channels and ionotropic ligand-
gated receptors (AMPA and NMDA glutamate receptors),
as well as nonselective voltage-gated cation channels
(Kaczmarek, 2013). In contrast to previous ideas that
sodium-activated potassium channels are activated only
under sustained intracellular sodium accumulation, recent
studies suggest that a single action potential and, more-
over, a persistent, noninactivating inward sodium current
are sufficient to activate sodium-dependent potassium
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currents (Budelli et al., 2009; Gao et al., 2008; Hage and
Salkoff, 2012; Liu and Stan Leung, 2004; Wallen et al,,
2007). For neurons, sodium-activated potassium channels
were shown to be involved in adapting the firing pattern of
neurons, in the generation of the slow afterhyperpolariza-
tion (sAHP) and depolarizing afterpotential (DAP), and in
stabilization and setting of the resting membrane potential
(Franceschetti et al., 2003; Gao et al., 2008; Liu and Stan
Leung, 2004; Sanchez-Vives et al., 2000; Yang et al., 2007;
Zhang et al., 2010). Mutations in the Slack gene have been
associated with diverse types of seizures in humans (Barcia
et al.,, 2012; Heron et al., 2012; Ishii et al., 2013; Martin
etal, 2014).

Several electrophysiological experiments (Berg et al.,
2007; Budelli et al., 2009; Egan et al., 1992a; France-
schetti et al, 2003; Kim and McCormick, 1998;
Sanchez-Vives et al., 2000; Schwindt et al., 1989; Yang
et al., 2007; Zamalloa et al., 2009; Zhang et al., 2010)
as well as studies establishing the distribution pattern of
Slick and Slack channels in the rat brain (Bhattacharjee
et al,, 2002, 2005) suggest a widespread expression of
the channels in mammalian brain. Currently, no specific
activators or inhibitors for the Slick and Slack channels
are available, hampering discrimination between native
Slick and Slack channels in electrophysiological record-
ings. Consequently, detailed knowledge of the distinct
distribution patterns of Slick and Slack channels is of
particular interest. However, the expression pattern of
Slick and Slack channels in mouse brain is still widely
unexplored, even though the mouse is one of the most
commonly used species in biomedical research.

The present study investigates the distribution of
Slick and Slack channels in mouse brain. To address
this issue, we performed in situ hybridization and immu-
nohistochemistry. Our data suggest widespread but dis-
tinct distributions of both channels in the mouse brain.
In addition, we compared our data with previously pub-
lished data obtained from rat brain and observed some
differences in the expression and distribution of Slick
and Slack channels in mouse vs. rat brain.

MATERIALS AND METHODS

Animals

C57BL/6) mice were housed and handled in accord-
ance with the guidelines of Austrian law, which are in
line with the directive of the European Union (2010/
63/EU) for the use of laboratory animals. All proce-
dures involving animals were approved by the Austrian
Animal Experimentation Ethics Board in compliance
with the European Convention for the Protection of Ver-
tebrate Animals Used for Experimental and Other Scien-
tific Purposes. Every effort was taken to minimize the

Distribution of the sodium-activated potassium channels

number and suffering of animals used. Mice were kept
in type IIL single ventilated cages, in groups of up to
four mice of the same sex. Mice had free access to
food and water and were kept under controlled condi-
tions (temperature 23°C, relative humidity ~45%) with
lights on (50-60 lux) at 6:30 AM and lights off at 6:30
PM. The cages were bedded with wooden chips and
had a plastic tube as a hiding place.

Transfection of HEK cells

HEK tsA-201 (human embryonic kidney) cells were
grown in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM; Sigma-Aldrich) supplemented with 10%
(v/v) fetal bovine serum (Gibco, Invitrogen) and 10 U/ml
penicillin/streptomycin (PAA) and maintained at 37°C and
5% CO,. Cells were transfected with either pcDNA3-
Slo2.1 (Slick alpha subunit) plasmid (a kind gift of
Heather McClafferty) or pcDNA3-Slo2.2 (Slack alpha sub-
unit) plasmid (a kind gift of Larry Salkoff, addgene plas-
mid 16214) using Metafectene Pro (Biontex), following
the manufacturer’s guidelines. Transfected cells were har-
vested and lysed in a buffer containing 10 mM Tris-HCI, 1
mM EDTA, 1 mM phenylmethylsulfonylfluoride (PMSF;
Sigma-Aldrich) supplemented with protease inhibitor cock-
tail (Complete tablets, Roche). After trituration and low-
speed centrifugation steps, lysed cells were centrifuged
at 150,000g for 30 minutes and resuspended in 20 mM
Tris-HCI, pH 7.4. Yielded cell membranes were snap-
frozen in liquid nitrogen and stored at -80°C until use.

Preparation of crude plasma membranes (P2
pellet)

For the preparation of crude plasma membranes (P2
pellet), two adult (3-4 months old) C57BL/6J) mice were
killed by cervical dislocation, and brains were quickly
removed. Mouse brains were dissected, and tissues
were placed into ice-cold homogenization buffer (320
mM sucrose, 10 mM Tris-HCI, pH 7.4, 1 mM EDTA, 0.5
mM PMSF supplemented with protease inhibitors [Com-
plete tablets]). Homogenized brain tissue was centri-
fuged at 1,080g for 10 minutes at 4°C. Supernatant
was collected and spun at 200,000g for 30 minutes at
4°C. The pellet was subsequently resuspended in 20
mM Tris-HCI, pH 7.4, and the previous centrifugation
step was repeated (washing step). The pellet was resus-
pended in 20 mM Tris-HCI, pH 7.4, snap-frozen in liquid
nitrogen, and stored at -80°C.

Western blots

Western blots were performed as described elsewhere
(Sailer et al., 2004). In brief, 10 ug of either untransfected
or HEK cell lysates transfected with either pcDNA3-Slo2.1
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TABLE 1.
Antibodies Used

Antigen

Description of immunogen

Concentration
used (ng/pl)

Source, host species, catalog
No., clone No., RRID

Anti-KCNT1/Sl02.2 /Slack
sodium-activated potassium
channel Slo2.2

Anti-KCNT2/Sl02.1/Slick sodium-
and chloride-activated ATPsensitive
potassium channel Slo2.1

Fusion protein amino acids 1168-1237
(cytoplasmic C-terminus) of rat

Fusion protein amino acids 564-624
(cytoplasmic C-terminus) of mouse

UCDavis/NIH NeuroMab Facility, WB: 0.3
mouse monoclonal IgG1, clone IHC: 2.5
N3/26, 75-051, AB_2131855

UCDavis/NIH NeuroMab Facility, WB: 0.1
mouse monoclonal I1gG1, clone IHC: 0.2

N11/33, 75-055, AB_2296599

or pcDNA3-SI02.2 or 20 pg of purified synaptic plasma
membrane vesicles was separated by 4-15% precast TGX
gel (Bio-Rad, Hercules, CA) for SDS-PAGE and transferred
onto PVDF membranes (Millipore, Bedford, MA). After
blocking in PBS containing 0.05% Tween-20 (Roth) and 3%
bovine serum albumin (Roth) for 1 hour, membranes were
incubated with monoclonal mouse anti-Slick (1:1,000,
clone N11/33; NeuroMab) or anti-Slack (1:3,000, clone
N3/26; NeuroMab) antibody for 2.5 hours at room tem-
perature. Membranes were incubated with HRP-labeled
goat anti-mouse 1gG1 (1:150,000, A10551; Life Technolo-
gies) for 40 minutes. Western blots were developed with
chemiluminescent HRP substrate (Millipore), and PVDF
membranes were exposed to Amersham hyperfilm.

Tissue preparation

Three- to four-month-old C57BL/6) mice were deeply
anesthetized with thiopental (150 mg/kg; Sandoz) and per-
fused via the left cardiac ventricle with phosphate-buffered
saline (PBS), pH 7.4, for 2 minutes, followed by 4% ice-cold
paraformaldehyde (PFA; Merck) in PBS for 10 minutes.
Finally, mice were perfused with PBS for 2 minutes to
remove remaining PFA. Brains were quickly removed and
transferred into 20% sucrose (Roth) in PBS containing
0.05% (w/v) sodium azide (Merck-Millipore) as preservative.
Brains were snap-frozen in -50°C 2-methylbutan (Roth) and
sliced with a cryostat. Alternatively, after perfusion, brains
were transferred into 8% sucrose in PBS containing 0.05%
(w/v) sodium azide and sliced with a vibratome (Leica).
Forty-micrometer free-floating coronal brain sections were
used for immunohistochemistry.

Immunohistochemistry

Brain sections were blocked in blocking buffer (50 mM
Tris-HCI, 150 mM NaCl, 0.2% Triton X-100 [Roth], 10% nor-
mal goat serum [PAA], 0.1% sodium azide) for 1.5 hours at
room temperature. Thereafter, brain slices were incubated
overnight at room temperature in blocking buffer contain-
ing the primary antibody: anti-Slick antibody 1:500 (clone
N11/33, IgG1 subtype; NeuroMab) or anti-Slack antibody
1:400 (clone N3/26, 1gG1 subtype; NeuroMab). After
being washed three times for 10 minutes each in washing

buffer (50 mM Tris-HCI, 150 mM NaCl, 0.2% Triton X-100),
brain slices were incubated in washing buffer containing
HRP-labeled goat anti-mouse 1gG1 (1:500, A10551; Life
Technologies) secondary antibody. Slices were washed in
washing buffer, and immunoreaction products were visual-
ized by incubation in 3,3’-diaminobenzidine (0.5 mg/ml;
Sigma-Aldrich) and hydrogen peroxide (0.05%; Roth) for
2.5-10 minutes. Immunohistochemical experiments with
nonimmune 1gG1 antibody (MABCO002; Chemicon, Milli-
pore) or experiments in which the primary antibody was
omitted served as negative controls. Images were taken
with a Zeiss Axioplan 2 microscope, and image acquisition
was performed in AxioVision rel 4.8.

Characterization of antibodies

Slick and Slack channels share 74% amino acid
sequence identity, with most divergence within their N-
terminal regions. Although for the Slick channel no iso-
forms have been described, five different Slack channel
isoforms have been identified so far. The Slack channel
isoforms differ only in their N-terminal region (Brown
et al., 2008). Commercially available mouse monoclonal
C-terminal anti-Slick and anti-Slack (pan-Slack) channel
antibodies were used for immunohistochemical experi-
ments. Specificity of the antibodies was assessed by
Western blot analysis. Western blots were performed
with HEK-293 cell lysates transfected with plasmids
encoding the cDNA sequences of Slick and Slack chan-
nels; untransfected HEK-293 cells served as negative
control. Staining with the anti-Slick antibody resulted in
a distinct band of a molecular weight of approximately
130 kDa whereas the anti-Slack antibody labeled a sin-
gle band at a molecular weight of approximately 138
kDa (Fig. 1A). Because the sodium-activated Slick and
Slack channels are structurally highly related, we also
tested for cross-reactivity on transfected HEK-293 cell
lysates. As shown in Figure 1A, the anti-Slick channel
antibody did not show any cross-reactivity to the Slack
channel protein and vice versa. In addition, we per-
formed Western blot analysis with crude mouse brain
membranes (P2 pellet). Both antibodies showed distinct
bands of the predicted molecular weight (Fig. 1B).
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Figure 1. Characterization of Slick and Slack channel antibodies in Western blot analysis. Western blots were conducted using either
transfected HEK-293 cell lysates (A) or crude plasma membranes (P2 pellet) derived from WT mouse brains (B). Untransfected cells were
used as negative control (n. ctrl.). Proteins were separated by 4-15% SDS-PAGE and transferred onto PVDF membranes. Incubation with
mouse monoclonal antibodies directed against C-termini of Slick and Slack channels labeled single bands for Slick and Slack protein (pre-
dicted molecular weight for Slick 130 kDa and for Slack 138 kDa) in Western blots. Note that the Slick channel-specific antibody does

not show any cross-reactivity to the Slack channel and vice versa.

Immunohistochemical experiments with a nonimmune
IgG of the same subtype or experiments in which the
primary antibody was omitted were run in parallel
(shown in Fig. 3F,H, respectively). Our control experi-
ments resulted in very faint background staining, indi-
cating that both antibodies used are specifically
recognizing Slick and Slack channel protein.

In situ hybridization

Three- to four-month-old C57BL/6) mice were killed
by cervical dislocation, and brains were quickly
removed. Brains were snap-frozen in -50°C 2-
methylbutane and subsequently sliced into 20-um sec-
tions with a cryostat. We performed in situ hybridization
as described in detail elsewhere (Wittmann et al., 2009).
In brief, four different **S-labeled single-stranded 45mer
antisense DNA-oligonucleotides complementary to the
Slick channel mRNA (5-AACGACAAAGAGCTTGGAGGAC-
CATGTTTCAGGAGTGACATCCCC-3' starting from position
736, 5-ATCTGTAGTACTCTCCGAACTTGCACATCCATCTCC
GTGGGACAC-3' starting from position 1005, 5-TAAC
ATACTGATGCTGAACACTCTTCCCGCAGCAAAAGGCAGTC
G-3' starting from position 2635, 5-TTCATAGAAC
AAAGAAACCCCGATCCTGGTATGGTGTCCAGTCCC-3' start-
ing from position 2742) or Slack channel mRNA (5-CTG
CAAGGCCCCGTCTCTTCTGCTTCTCCTCCTGTTTGAAGATG-3
starting from position 1868 of splice variant 1, also con-
tained in splice variants 2 and 3) were used. Sense
probes of Slick and Slack channel mRNA were used as

specificity controls. Coronal 20-um mouse brain sections
were incubated with radiolabeled oligonucleotides for
approximately 18 hours at 52°C. Brain slices were
washed for 4 X 15 minutes in 1X SSC at 62°C, dried,
and exposed to MR film (Kodak Biomax) for 8-14 days.
Sections were dipped into radiation-sensitive emulsion
(Kodak NTB; Integra Biosciences) and exposed for 3-4
weeks. Dipped sections were faintly Nissl counterstained
(Franklin and Paxinos, 1997).

Data analysis

Labeled sections were analyzed with a Zeiss Axioplan
2 microscope. Intensity of immunoreactivity and in situ
hybridization labeling were evaluated with a qualitative
scale of -, absent/background levels; +, weak; ++,
moderate; +++, strong; ++++, very strong. Anatom-
ical terminology and neuroanatomical definitions of
brain areas were based on the Franklin and Paxinos
mouse brain atlas (Franklin and Paxinos, 1997).

RESULTS

General distribution of Slick and Slack
channels in the mouse brain

Slick and Slack channels were widely distributed in
the mouse brain (an overview is given in Figs. 2-5;
Tables 2 and 3 provide a summary of the findings). In
general, in situ hybridization with the Slack channel-
specific probe resulted in a higher signal-to-noise ratio
than probes targeting the Slick channel. Using four
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Figure 2. Overview of Slick and Slack channel mRNA and protein labeling in mouse brain (Bregma -0.5 mm). A,B: Representative autoradi-
ographs of Slick and Slack channel in situ hybridization. C,D: Corresponding areas of Slick and Slack channel immunolabeling. A-D: Partic-
ularly strong in situ hybridization and immunohistochemical signals for Slick and Slack channel expression were detected in the
subfornical organ. D: Slack channel immunostaining was also evident in the lateral globus pallidus. Scale bar = 1,000 um.

different in situ hybridization probes for the Slick chan-
nel, we consistently observed comparably low levels of
Slick channel mRNA signal in most brain regions exam-
ined. However, both ion channel mRNAs exhibited dis-
tinct distribution patterns, with overlapping expression
in certain brain regions.

Slick channel immunoreactivity was strongest in
olfactory bulb, granular zones of isocortical regions, hip-
pocampus, amygdala, lateral septal nuclei, distinct
hypothalamic and midbrain nuclei, and regions of the
brainstem. Slick channel immunohistochemistry showed
widespread expression of the channel in different cell
compartments. In addition to a diffuse staining, we
detected pronounced staining of processes and varicos-
ities as well as somatic staining. Intensity of Slack
channel immunostaining was highest in olfactory bulb,
lateral septal nuclei, basal ganglia, and distinct areas of
the midbrain, brainstem, and cerebellar cortex. Immuno-

histochemical experiments with the Slack channel-
specific antibody revealed a primarily diffuse staining
pattern of the channel. Immunolabeling of cell somata
and processes was observed only occasionally.

Olfactory system

Both ion channels were highly expressed in the olfac-
tory system (Fig. 6). Slick and Slack channel immunore-
activity was present in most layers of the main
olfactory bulb. Strongest signals for Slick and Slack
channel mRNAs were detected in periglomerular cells
of the glomerular layer in the main and the accessory
olfactory bulb. Strong immunoreactivity was also
observed in the glomerular layer for both channels. In
addition, strong Slack channel immunoreactivity was
seen in the anterior olfactory area. Diffuse Slack chan-
nel immunostaining and strong in situ hybridization
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Figure 3. Slick and Slack channel mRNA expression and immunoreactivity in the mouse brain (Bregma approximately -1.7 mm). A: Strong
mRNA signal for the Slick channel was detected through in situ hybridization in pyramidal layer of hippocampus and in granule cell layer of the
dentate gyrus. E: Slick channel immunolabeling revealed only very weak signal in these areas. In contrast, intense Slick channel immunolabel-
ing was observed in the strata oriens, radiatum, and lucidum as well as in the molecular layer of the dentate gyrus. Slick channel immunoreac-
tivity was particularly strong in ventromedial hypothalamic nucleus. Moderate to strong immunolabeling for the Slick channel was detected in
amygdaloid nuclei. C: Moderate to strong Slack channel mRNA signal in in situ hybridization in the amygdala and in hippocampus. G: Slack
channel immunoreactivity was comparably low in these areas. B,D: Representative autoradiographs of in situ hybridization experiments with
sense probes of Slick and Slack channel mRNA, respectively. F: Experiments using a nonimmune IgG of the same subtype (IgG1). H: Experi-
ments in which the primary antibody was omitted served as controls for immunohistochemical experiments. Scale bar = 1,000 pm.

signals were detected in almost every region of the
olfactory system, except for the lateral olfactory tract,
vomeronasal nerve, and anterior commissure, which
were devoid of Slack channel protein and mRNA sig-
nals. Despite strong immunoreactivity, the external
plexiform layer did not label for Slack channel mRNA.
Slick  channel  immunohistochemical  experiments
revealed strong expression in plexiform layer and in
anterior olfactory nuclei. For the granule cell layer, we
observed Slick channel labeling in somata and proc-
esses (Fig. 6C). The processes of granule cells extend
into the mitral cell layer, where the granule cells form
dendrodendritic synapses via dendritic spines with
mitral /tufted cells (Mori and Yoshihara, 1995). We

detected deeply stained varicosities in the mitral cell
layer, possibly representing the aforementioned synap-
ses. The mitral cell layer showed strong signals in in
situ hybridization and immunohistochemical experi-
ments for both channels.

Basal ganglia and related structures
Immunohistochemical experiments revealed a more
prominent and intense staining of the Slack channel in
basal ganglia compared to the Slick channel (Figs.
2C,D, 4C,D, 7). The Slack channel showed a diffuse,
moderate immunostaining in almost every region of the
basal ganglia; however, the strongest labeling for Slack
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Figure 4. Overview of Slick and Slack channel distribution in the mouse brain (Bregma approximately -3.3 mm). A,B: Strong mRNA label-
ing was detected in in situ hybridization in the interpeduncular nucleus for Slick and Slack channels, respectively. B: Slack channel mRNA
signal was moderate to strong in the superficial gray and in periaqueductal gray. C,D: The interpeduncular nucleus exhibited high immuno-
reactivity for both channels. D: Slack channel immunoreactivity was high in the substantia nigra pars reticulata, C whereas Slick channel
immunostaining was only weak. Scale bar = 1,000 um.

channels was observed in lateral and medial globus pal-
lidus as well as the substantia nigra (Figs. 4D, 7). We
detected diffuse staining of the Slack channel in sub-
stantia nigra pars reticulata, and we also observed
immunopositive cell bodies in the pars compacta. Par-
ticularly intense Slack channel immunoreactivity was
present in the nigrostriatal bundle (Fig. 7H). In contrast,
the substantia nigra pars reticulata exhibited only weak
Slick channel immunoreactivity (shown in Fig. 7E). How-
ever, strong overall labeling, immunoreactive cell
somata, and pronounced staining of processes and vari-
cosities were observed in substantia nigra pars com-
pacta (Fig. 7E). Moderate overall immunolabeling of
both ion channels was detected in the ventral tegmen-
tal area. Although the Slack channel showed mainly a
diffuse labeling (Fig. 7G), the Slick channel exhibited
particularly intense staining of numerous processes and

varicosities (Fig. 7E). Both channels showed moderate
immunoreactivity in the corpus striatum. Slick channel
immunostaining was seen in neuronal cell bodies, proc-
esses, and varicosities (Fig. 7A,B,D). In dorsolateral
parts of the caudate-putamen, large neurons were Slick
channel immunopositive (Fig. 7D). In ventromedial
parts, intense staining of processes and varicosities
was observed, and neuronal cell bodies stained for the
Slick channel were smaller (Fig. 7B). The islands of Call-
eja, a region that receives input from the substantia
nigra and the ventral tegmental area, showed heavily
stained cell somata, processes, and varicosities for the
Slick channel (Fig. 7C) but only light immunoreactivity
for the Slack channel. Despite very strong in situ hybrid-
ization signal in the olfactory tubercle for the Slack chan-
nel, both ion channels exhibited only moderate signals in
this region in immunohistochemical experiments.
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Figure 5. Slick and Slack channel mRNA expression and immunoreactivity in the mouse brain (Bregma approximately -6.2 mm). A,C: In
the cerebellar cortex, Slick channel showed only low signals in in situ hybridization and immunohistochemical experiments. B: In contrast,
we detected particularly strong signals for Slack channel mRNA in granule cells and in the Purkinje cell layer. C: Slick channel immunohis-
tochemistry demonstrated only weak staining in cerebellar cortex. D: Slack channel immunostaining was moderate in the granule cell layer
and only very weak staining of Purkinje cell bodies. However, strong immunolabeling was detected in the molecular layer of the cerebellar

cortex. Scale bar = 1,000 um.

Extended amygdala

Slick channel immunolabeling was widely distributed
in the extended amygdala, with the greatest immunore-
activity in the central, lateral, and basolateral amygdala
(Figs. 3E, 8B). In addition, we observed somatic staining
in lateral, basolateral, and basomedial amygdaloid nuclei,
substantia innominata, and all divisions of the bed
nucleus of stria terminalis (Fig. 8C,F). Deeply stained
processes with varicosities were evident in almost every
part of the extended amygdala, with the highest fiber
density in the central and basomedial amygdala and in
the bed nucleus of stria terminalis. Despite strong in situ
hybridization signal in the bed nucleus of stria terminalis,
immunohistochemical experiments revealed only light

overall staining for the Slack channel in regions of the
extended amygdala (Figs. 3G, 8E). However, Slack chan-
nel immunopositive cell bodies were detected in the lat-
eral and basolateral amygdaloid nuclei.

Hippocampal formation

We detected strong in situ hybridization signals for
both Slick and Slack channels in pyramidal and granule
cells (Fig. 3A,C). Intense Slick channel immunoreactivity
was detected in strata oriens, radiatum, and lucidum of
the cornu ammonis. In the dentate gyrus, Slick channel
signal was strong in the molecular and polymorph layer
(Figs. 3E, 8A). In contrast, immunohistochemical experi-
ments showed only weak to moderate immunoreactivity
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TABLE 2.

Slick and Slack Channel Distribution in Various Areas of the Mouse Brain'

Slick (Slo2.1) Slack (Slo2.2)
Brain region IHC ISH IHC ISH
Olfactory system
Main olfactory bulb
Glomerular layer +++ (d) +++ ++++ (d) ++++
External plexiform layer +++ (d) -/+ +++ (d) -
Mitral cell layer ++ (d,p,v) +/++ ++ (d) +++
Internal plexiform layer + (d,p) +/++ +/++ (d) +++
Granule cell layer ++/+++ (d,s,p) +/++ ++ (d) +++
Accessory olfactory bulb ++/+++ (d,p) + +++ (d) ++
Anterior olfactory area +++ (d,p) +/++ +++ (d) ++++
Anterior commissure N - - -
Lateral olfactory tract - - - -
Vomeronasal nerve - - - -
Basal ganglia and related structures
Nucleus accumbens ++/+++ (d,s,p,v) n.d. ++ (d) ++/+++
Lateral globus pallidus -/+ (d) n.d. +++ (d,s) +
Medial globus pallidus -/+ (d) n.d. +++ (d) +
Ventral pallidum -/+ (d) n.d. +/++ (d,s) +/++
Claustrum ++ (d,s,v) ++ + (d) ++
Caudate putamen ++ (d,s,p,v) n.d. ++ (d) ++/+++
Subthalamic nucleus -/+ (d) n.d. ++ (d,s) +/++
Substantia nigra pars reticulata + (d,s) n.d. ++++ (d) +
Substantia nigra pars compacta +++ (d,s,p,v) n.d. ++++ (d,s) ++
Nigrostriatal bundle n.d. n.d. +++ (d) n.d.
Ventral tegmental area ++ (d,p,v) n.d. ++ (d) +
Islands of Calleja ++++ (s,p,v) +++ -/+ (d) +++
Olfactory tubercle ++ (d,s,p) + ++ (d) ++++
Extended amygdala
Central amygdaloid nucleus +++ (d,p,v) ++ +/++ (d) ++
Medial amygdaloid nuclei ++ (d,p,v) + -/+ (d) ++/+++
Lateral amygdaloid nucleus +++ (d,s,p,v) ++ +/++ (d,s) ++
Basolateral amygdaloid nucleus +++ (d,s,p,v) ++ +/++ (d,s) ++
Basomedial amygdaloid nucleus ++ (d,s,p,v) ++ -/+ (d) ++
Intercalated amygdaloid nuclei -/+ (d) n.d. - n.d.
Cortical amygdaloid nuclei ++ ++ -/+ ++
Substantia innominata ++/+++ (d,s,p,v) n.d. + (d) -/+
Bed nucleus stria terminalis (BST) ++ (d,p,v) ++ + +++
Medial division BST ++ (d,p,v) n.d. +/++ (d) ++
Intra-amygdaloid BST ++/+++ (d,s,p,v) ++ + (d) ++
Stria terminalis + (p) - + (p) -
Hippocampal formation
Subiculum ++ (d,s,p) -/+ + (d) +++
Parasubiculum + (d) -/+ + (d) +++
Presubiculum + (d,p) -/+ + (d) +++
Fimbria hippocampi +++ (p) - +++ (p) -
CA1
Stratum oriens +++ (d,p) - + (d,p) -
Stratum pyramidale -/+ (d) +++ - +++
Stratum radiatum +++ (d) - +(d) -
Stratum lacunosum moleculare + (d) - ++ (d) -
CA2
Stratum oriens +++ (d,p) - + (d,p) -
Stratum pyramidale -/+ (d) +++ - +++
Stratum radiatum ++ (d) - + (d) -
CA3
Stratum oriens +++ (d,p) - ++ (d,p) -
Stratum pyramidale -/+ (d) ++++ - +++
Stratum lucidum +++ (d) - + (d) -
Stratum radiatum +++ (d) - + (d) -
Dentate gyrus
Molecular layer +++ (d) - ++ (d) -
Granule cell layer -/+ (d) ++++ - +4++/++++
Polymorph layer +++ (d) - + (d) -
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TABLE 2. Continued

Slick (Slo2.1) Slack (Slo2.2)
Brain region IHC ISH IHC ISH
Septum
Lateral septal nucleus, dorsal ++ (d,s,p,v) + ++ (d) ++
Lateral septal nucleus, intermediate ++++ (d,s,p,v) n.d. +++ (d) +
Lateral septal nucleus, ventral +++/++++ (d,s,p,v) +++ ++ (d) +++
Septohippocampal nucleus ++ (d,v) n.d. +/++ (d) +
Septofimbrial nucleus ++ (d,s,p) - ++ (d) -
Medial septal nucleus -/+ (p,Vv) n.d. ++ (d) +
Diagonal band of Broca -/+ (d,p,v) n.d. -/+ (d) +
Thalamus
Anterodorsal thalamic nucleus ++ (d) n.d. ++ (d) +++
Anteromedial thalamic nucleus ++ (d) n.d. ++ (d) +/++
Anteroventral thalamic nucleus ++ (d,p,v) n.d. ++ (d) +++
Ventromedial thalamic nucleus ++ (d,p,v) n.d. - +
Ventral thalamic nuclei ++ (d) n.d. ++ (d) +
Mediodorsal thalamic nucleus +/++ (d) n.d. + (d) ++
Laterodorsal thalamic nucleus + (d,p) n.d. ++ (d) +/++
Interanterior thalamic nuclei ++ (d,s,p,v) n.d. - +
Intermediodorsal nucleus +++ (d,p) +/++ + (d) ++
Central lateral nucleus ++/+++ (s) ++ -/+ (d) ++
Paracentral thalamic nucleus ++/+++ (s) ++ -/+ (d) ++
Central lateral thalamic nucleus +4+/+++ (s) ++ -/+ (d) ++
Lateral posterior thalamic nucleus +/++ n.d. + +
Posteromedian nucleus +++ (d,p) n.d. + (d) n.d
Posterior thalamic group +/++ (d) n.d. +/++ (d) +
Parafascicular thalamic nucleus ++ (d,p,v) n.d. ++ (d) ++
Dorsal lateral geniculate nucleus ++ (d) n.d. ++/+++ (d) +
Ventrolateral geniculate nucleus magnocellular part ++ (d) n.d. +++ (d) ++/+++
Ventrolateral geniculate nucleus parvocellular part ++ (d) n.d. + (d) -/+
Subthalamic nucleus -/+ (d) n.d. ++ (d,s) ++
Parataenial nucleus ++4/+++ (d,p) n.d. ++ (d) ++
Paraventricular thalamic nucleus ++ (d,p) n.d. ++ (d) ++/+++
Reuniens thalamic nucleus + (d) n.d. - ++
Rhomboid nucleus + (d) n.d. - n.d.
Zona incerta +/++ (d) n.d. +/++ (d) ++
Nucleus fields of Forel ++ (d,s) n.d. ++ (d,s) ++
Submedius nucleus ++ (d) n.d. + (d) -/+
Reticular thalamic nucleus ++ (d) n.d. ++ (d) ++/+++
Ethmoid thalamic nucleus + (d) n.d. + (d) n.d.
Prerubral field + (d) n.d. + (d) ++
Pretectal nuclei + (d) n.d. + (d) ++
Intramedullary thalamic area +/++ (d) n.d. + (d) n.d.
Rostral interstitial nucleus of mlf + (d) n.d. ++ (d) n.d.
Medial habenular nucleus + (d,s,p) n.d. +/++ (d) ++
Lateral habenular nucleus +/++ (d,p) n.d. ++ (d) ++
Fasciculus retroflexus - - - -
Hypothalamus
Anterior hypothalamic nucleus ++/+++ (d,s,p,v) n.d. +/++ (d) ++/+++
Ventromedial hypothalamic nucleus ++++ (p,v) + +/++ (d) +++
Dorsomedial hypothalamic nucleus ++ (d,p,v) n.d. +/++ (d) +/++
Lateroanterior hypothalamic nucleus ++ (d,p) n.d. +/++ (d) +/++
Arcuate nucleus ++++ (p,v) n.d. ++ (d) +++
Anterior hypothalamic area ++/+++ (d,s,p,v) n.d. +/++ (d) +/++
Lateral hypothalamic area ++ (d,s,p) n.d. + (d) +/++
Posterior hypothalamic area ++ (d,p,v) n.d. ++ (d) +++
Parastriatal nucleus ++ (d,p,v) n.d. - n.d.
Periventricular nucleus +++ (d,s,p,v) n.d. ++ (d) ++/+++
Paraventricular nucleus ++/+++ (p) n.d. +/++ (d) +++
Medial preoptic area + (d) n.d. + (d) ++/+++
Ventromedial preoptic area +++ (d,p,v) n.d. n.d. n.d.
Lateral preoptic area + (d,p,v) n.d. -/+ (d) ++/+++
Anterodorsal preoptic nucleus + (d,p,v) n.d. - ++/+++
Median preoptic nucleus -/+ (d) n.d. +/++ (d) ++/+++
Medial preoptic nuclei ++/+++ (p,v) n.d. +/++ (d) ++/+++
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TABLE 2. Continued

Slick (Slo2.1) Slack (Slo2.2)

Brain region IHC ISH IHC ISH
Ventrolateral preoptic nucleus ++ (d,p) n.d. - ++/+++
Mammillary nuclei - +++ ++ (d) ++/+++
Supramammillary nuclei ++ (d,p,v) +++ - ++/+++
Stria medullaris - - - -
Medial forebrain bundle -/+ n.d. -/+ -
Subfornical organ +++ (s) n.d. +4+++ (s) ++++
Fornix -/+ (p) - -/+ (p) -

Midbrain
Superior colliculus

Superficial gray +/++ (d) n.d. +++ (d) ++/+++
Optic nerve layer + (d) n.d. - ++
Intermediate gray layer +/++ (d,p) n.d. - ++
Intermediate white layer + (d) n.d. - -
Deep gray layer +/++ (d,p) n.d. - ++
Deep white layer + (d) n.d. - -
Inferior colliculus -/+ (d) n.d. ++ (d) ++
Deep mesencephalic nucleus + (d,p) n.d. ++ (d) +
Periaqueductal gray ++ (d,p,v) n.d. ++ (d) ++
Mesencephalic trigeminal nucleus - n.d. +++ (s) n.d.
Oculomotor nucleus ++/+++ (d,s) n.d.
Red nucleus, magnocellular ++/+++ (d,s,p) n.d. ++/+++ (d,s,p) ++/+++
Edinger-Westphal nucleus ++ (d,p,v) n.d. ++/+++ (d) n.d.
Retrorubral field ++/+++ (d,p,v) n.d. ++ (d,s) n.d.
Anterior tegmental nucleus ++ (d,p,v) n.d. ++/+++ (d) n.d.
Paranigral nucleus +/++ (d,p) n.d. ++ (d) n.d.
Interpeduncular nucleus ++++ (d,s,p,v) ++ +++ (d) ++/+++
Rhabdoid nucleus ++++ (s,p) n.d. ++ (d) n.d.
Cerebellum
Cerebellar cortex
Molecular layer +/++ (d) n.d. +++ (d) -
Purkinje cell layer ++ (s) n.d. - ++++
Granule cell layer + (s) + +++ (s) ++++
White matter - n.d. - -
Deep cerebellar nuclei
Nucleus interpositus +/++ (d,s,p) n.d. ++ (d,s) ++
Medial (fastigial) nucleus ++ (d,s,p) n.d. ++ (d,s) ++
Lateral (dentate) nucleus +/++ (d,s,p) n.d. ++ (d,s) ++

Pons and medulla oblongata
Pontine nuclei ++ (d,s,p,v) ++ +++ (d,s,p) ++++
Dorsomedial pontine nucleus ++ (d,s) n.d. +++ (d) ++++
Pontine reticular nucleus, oral ++ (d,p,v) n.d. +/++ (d,s) ++
Pontine reticular nucleus, ventral ++ (p,v) n.d. ++ (d) n.d.
Pontine reticular nucleus, caudal + (d,s,p) n.d. ++ (d,s,p) +/++
Nucleus of the trapezoid body ++/+++ (s,v) n.d. +++/++++ (s,p) +++
Inferior olivary complex ++/+++ (d) n.d. ++++ (d) ++
Lateral superior olive +/++ (d,v) n.d. ++/+++ (d) +/++
Superior paraolivary nucleus +/++ (d,s) n.d. ++/+++ (d,s,p) +/++
Rostral periolivary region +/4++ (d,s,v) n.d. ++/+++ (d,9) ++
Dorsal periolivary region +/++ (d,s,p,v) n.d. ++ (d,s) +/++
Periolivary nuclei + (d,p,v) n.d. ++ (d) +/++
Nucleus paralemniscus + (p) n.d. +/++ (d,s) n.d.
Lateral lemniscus nucleus ++ (d,s,p,v) n.d. ++ (d,s) -
Dorsal raphe nucleus ++/+++ (d,p,v) n.d. ++ (d) ++
Dorsal raphe nucleus, caudal ++ (d,p) n.d. + (d) +/++
Dorsal raphe nucleus, inferior ++++ (p,v) n.d. ++ (d,s) +/++
Median raphe nucleus ++ (d,s,p) n.d. +++ (d) +/++
Paramedian raphe nucleus ++ (d,s,p) n.d. ++ (d) +/++
Rostral linear raphe nucleus ++ (d,p,v) n.d. ++/+++ (d) +/++
Caudal linear raphe nucleus ++/+++ (d,p,v) n.d. ++ (d) ++
Nucleus raphe magnus +++ (d,p) n.d. ++/+++ (d) +/++
Ventrolateral tegmental area ++ (d,s,p) n.d. ++ (d,s) ++
Dorsal tegmental nucleus ++ (d) n.d. ++/+++ (d) ++
Subcoeruleus ++ (d,p,v) n.d. ++ (d) -
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TABLE 2. Continued

Slick (Slo2.1) Slack (Slo2.2)

Brain region IHC ISH IHC ISH
Locus coeruleus ++/+++ (d,s,p,v) n.d. + (d) ++
Vestibular nuclei +-+ (d,s) n.d. ++ (d,s) ++
Ambiguus nucleus +++ (d,p,v) n.d. n.d. n.d.
Nucleus of the solitary tract +-++ (d,p,v) n.d. ++/+++ (d,s,p) ++
Lateral parabrachial nuclei +-++ (d,p,v) n.d. +/++ (d) ++
Medial parabrachial nuclei ++ (d,p,v) n.d. +/++ (d) +/++
Reticulotegmental nuclei pons ++/+++ (d,s,p,v) n.d. +++/++++ (d,s,p) ++++
Gigantocellular nucleus + (s,p) n.d. ++ (d,s) ++
Dorsal paragigantocellular nucleus + (d,s,p,v) n.d. ++ (d) +

'Overall intensity of immunoreactivity and in situ hybridization labeling was evaluated using a qualitative scale of -, absent/background levels; +,
weak; ++, moderate; +++, strong; ++++, very strong. Immunohistochemical staining was detected in cell bodies, processes, and varicosities
or resulted in a diffuse staining pattern (dense punctae without visible underlying structure). d, diffuse; p, processes; IHC, immunohistochemistry;
ISH, in situ hybridization; n.d., not determined; s, somatic; v, varicosities.

of the Slack channel in the hippocampus proper and

histochemical

staining,

Slick channel

immunopositive

the dentate gyrus (Figs. 3G, 8D). Fimbria hippocampi
were devoid of Slick and Slack channel mRNA signal
(Fig. 3A,C); however, both showed particularly intense
staining of processes in this region.

Septum

Within the septum, the strongest immunoreactivity for
Slick and Slack channels was detected in the lateral sep-
tal nuclei (Fig. 9A,D). Immunolabeling of both channels
was observed in all parts of the lateral septal nucleus,
most intensely in ventral and intermediate parts.
Although the Slack channel exhibited a diffuse immuno-

processes and varicosities were seen in all parts of the
lateral septal nuclei. The most pronounced Slick channel
immunoreactivity in cell bodies was seen in the interme-
diate (Fig. 9B) and ventral lateral septal nucleus.

Thalamus

In thalamic regions, Slick and Slack channels showed
divergent distribution patterns. Strong Slick channel
immunoreactivity was observed in the intermediodorsal
and the posteromedian nuclei. In addition to a diffuse
staining, we detected deeply stained processes. Slick
immunopositive cell bodies were present in the central

TABLE 3.
Slick Channel Distribution in Selected Areas of the Isocortex and the Olfactory Cortex'
Area Layer | Layers Il /1l Layer IV Layer V Layer VI
Somatosensory cortex
Forelimb, hindlimb, and ISH ++ ++ +++/++++ ++/+++ ++
trunk region IHC +/++ (d) -/+ (d,s) ++ (d) +/++ (d) +/4++ (d)
Barrel field ISH ++ ++ +++/++++ ++/+++ ++
IHC ++ (d) ++/+++ (ds,p) ++++ (d) ++/+++(d)  +/++(d)
Secondary somatosensory ISH ++ ++ +++/++++ ++/+++ ++
cortex IHC +/++ (d) ++ (d,s) ++++ (d) ++ (d) +/++ (d)
Motor cortex
Primary and secondary ISH ++ ++ * ++ ++
motor cortex IHC ++ (d) +/++ (d,s,p) * +/++ (d) + (d)
Retrosplenial cortex
Retrosplenial cortex, granular ISH + ++ + + +
IHC +4+/++4+ (d) -/+ (s,p) +/++ (d) ++ (d,s) + (d)
Retrosplenial cortex, agranular ISH + ++ * + +
IHC +++ (d,s) +++ (d,s,p) * ++ (d,s) + (d)
Prefrontal cortex ISH ++/+++ ++/+++ ++/+++ ++/+++ ++/+++
IHC + (d) ++ (d) +++ (d) ++ (d) ++ (d)
Piriform cortex ISH - ++++ -
HC (d) + (s,p) +/++ (d,s,p)
Endopiriform nucleus ISH n.d.
IHC + (d)

'While the distribution pattern of the Slack channel is similar throughout isocortical areas, Slick channel expression varies among different isocortical
areas. Highest immunoreactivity was found in layer IV of primary and secondary somatosensory cortex. Immunohistochemical staining was detected in
cell bodies and processes or resulted in a diffuse staining pattern (dense punctae without visible underlying structure). Note that some cortical areas
are agranular regions (asterisk). d, diffuse; p. processes; IHC, immunohistochemistry; ISH, in situ hybridization; n.d., not determined; s, somatic.
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Figure 6. Slick and Slack channel immunoreactivity in the olfactory system. A,D: Slick and Slack channel immunolabeling in the main
olfactory bulb, respectively (Bregma approximately 3.6 mm). B,E: Representative photographs of immunohistochemical experiments at the
level of the accessory olfactory bulb, respectively (Bregma approximately 3.1 mm). C: Granule cell bodies and their dendrites were immu-
noreactive for Slick channels. Scale bars = 200 pum in A,B,D,E; 50 pm in C.

medial, paracentral, and centrolateral thalamic nuclei
(Figs. 3E, 91). A moderate diffuse staining of both chan-
nels was evident in the reticular nucleus and in the ven-
tral posterior thalamic nuclei (Figs. 3E,G, 91,)). Diffuse
Slack channel immunolabeling was detected in the
geniculate nuclei, in particular in the ventrolateral divi-
sion (Fig. 9K).

Hypothalamus

Most intense immunohistochemical staining for Slick
channels was seen in the ventromedial hypothalamic
nucleus and the arcuate nucleus (Figs. 3E, 9F). We
observed marked staining of a notably high number of
processes and varicosities in these nuclei. Strong Slick
channel immunoreactivity in an intermediate number of
processes and varicosities was also detected in ventrome-
dial preoptic nucleus and periventricular nucleus. In addi-
tion, we noted very strong somatic staining in the
periventricular nucleus, which was more prominent in
more ventral parts of the nucleus (Fig. 9H). Highest in situ
hybridization ~signal levels for Slick channels were
detected in the mammillary and supramammillary nucleus.
However, immunohistochemical stainings revealed only
background levels in mammillary nucleus and only a mod-
erate overall expression in supramammillary nucleus for
the Slick channel. Densely packed neuronal cell bodies of
the subfornical organ were heavily immunopositive for
both, Slick and Slack channels (Figs. 2A-D, 9C,E). Despite
strong in situ hybridization signal for the Slack channel in
ventromedial hypothalamic nucleus, arcuate nucleus, and
posterior hypothalamic area, immunohistochemical experi-

ments revealed only weak to moderate staining for the
channel in most hypothalamic areas.

Midbrain

Slick and Slack channel immunoreactivity was
observed in various areas of the midbrain. The interpe-
duncular nucleus was highly immunoreactive for the
Slick channel (Figs. 4C, 10A). The Slick channel exhib-
ited a distinct distribution pattern in the different sub-
nuclei, with the strongest signal in the rostral
subnucleus, where densely packed somata, processes,
and varicosities were deeply stained (Fig. 10A). In con-
trast, Slack channel immunohistochemistry showed a
strong diffuse staining in all subnuclei of the interpe-
duncular nucleus (Figs. 4D, 10D). Somata of mesence-
phalic trigeminal nucleus were immunopositive for the
Slack channel but not for the Slick channel. Immunore-
activity of both channels was evident at moderate to
strong levels in cell bodies of the red and oculomotor
nuclei. A diffuse staining of both channels was evident
in Edinger-Westphal nucleus (Fig. 10B,E). Densely
packed neuronal cell bodies of the rhabdoid nucleus
were highly immunoreactive for Slick channels (Fig.
10C). Slack channel immunoreactivity was only moder-
ate in this area (Fig. 10C,F).

Isocortex and olfactory cortex

Slick channel expression pattern varied between dif-
ferent isocortical areas (for a summary see Table 3): In
the granular retrosplenial cortex, in situ hybridization
data showed weak mRNA expression in layers I, V, and
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Figure 7. Slick and Slack channel distribution in basal ganglia and related structures. Representative photographs of Slick (A-E) and Slack
(F-H) channel immunostainings of different structures of basal ganglia are shown. A-D: Intense Slick channel immunoreactivity was
observed in the islands of Calleja and in cell bodies of the nucleus accumbens and the striatum (Bregma approximately 1.5 mm). B: In
ventromedial parts of the striatum, small neurons with varicose processes were Slick channel immunopositive. D: In dorsolateral parts
large neurons without varicosities were immunostained for the Slick channel. E: Although Slick channel immunostaining was only light in
the substantia nigra pars reticulata, we observed strong staining of processes in the pars compacta. Processes in the ventral tegmental
area were also deeply stained (Bregma approximately -3.5 mm). G: Slack channel immunoreactivity was strong in both parts of the sub-
stantia nigra, and moderate overall expression was detected in the ventral tegmental area (Bregma approximately -3.5 mm). F: Particularly
strong Slack channel immunoreactivity was observed in the medial and lateral globus pallidus and in the nigrostriatal bundle (shown at
higher magnification in H; Bregma approximately -1.3 mm). Scale bars = 500 pm in A,E,F,G; 25 um in B-D; 100 um in H.

VI. Moderate mRNA signal was detected in layers I/l
(Fig. 3A). Layer | of the granular segment of the retro-
splenial cortex exhibited moderate to strong diffuse
immunoreactivity (Figs. 3E, 11A). Neuronal cell bodies

and their proximal processes of layers Il/1ll were immu-
nopositive. Layers IV, V, and VI showed a mainly diffuse
and weak to moderate staining. Somatic staining was
evident in layer V. For the agranular retrosplenial
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Figure 8. Slick and Slack channel immunolabeling in the hippocampus and extended amygdala. Although the hippocampus showed intense
Slick channel immunolabeling (A), the Slack channel displayed comparably low immunoreactivity in this area (D; Bregma approximately -1.7
mm). B: Slick channel immunoreactivity was present in diverse nuclei of the amygdala. E: The Slack channel showed only moderate overall
expression (Bregma approximately -1.7 mm). C: Overall Slick channel immunolabeling was moderate in the bed nuclei of stria terminalis
(Bregma approximately 0.2 mm). F: At higher magnification Slick channel immunopositive neuronal cell bodies, processes, and varicosities
were observed. Similar labeling was evident in all subdivisions of the bed nucleus of stria terminalis. Scale bars = 500 um in A-E; 100 um in F.

cortex, we detected strong overall staining in layers |
and lI/1ll. In addition, in layers I1/lll, staining of somata
and processes was observed. Layers V and VI exhibited
the same staining pattern as in the granular retrosple-
nial cortex (Fig. 11A).

Moderate levels of Slick channel mRNA expression
were detected in all layers of the primary and second-
ary motor cortex (Fig. 11B). Slick channel immunostain-
ing showed a weak to moderate diffuse signal of the
channel in all layers (Fig. 11B). For layers II/Ill, we
observed immunostaining of distinct neuronal cell
bodies and their proximal processes.

In the primary somatosensory cortex, both primary and
secondary somatosensory cortical regions showed the
highest in situ hybridization and immunohistochemical sig-
nals of the Slick channel in layer IV (Figs. 2C, 3E, 11C,D).
A diffuse immunostaining was present in all layers, but for
layers 1l/1ll we detected additional immunostaining in cell
bodies and processes. In the barrel field, the typical
“cloudy” structure of the thick, condensed granular cell
layer was clearly distinguishable (Fig. 11C).

The outer molecular layer (layer 1) and the pyramidal
cell layer (layer 1ll) of the endopiriform cortex were
devoid of Slick channel in situ hybridization signals,
whereas the outer polymorphic layer (layer Il) showed a
particularly strong signal. Immunohistochemical experi-
ments showed only weak to moderate immunolabeling

in all layers of the piriform cortex. Immunopositive cell
somata and processes were observed in layers Il and
Ill. The endopiriform nucleus showed only light diffuse
immunostaining (Fig. 11E).

We detected uniform Slick channel mRNA signals in
different areas of the prefrontal cortex in all layers.
Moderate to strong signals in in situ hybridization
experiments were detected in all layers, and diffuse
immunolabeling was evident in all layers, with the
strongest staining in layer IV.

Moderate Slack channel immunoreactivity was present
in all layers of the isocortex, except in layer IV, where
immunostaining was weak (Figs. 3G, 11F). The immuno-
staining pattern was mainly diffuse, but through all layers
we observed distinct neuronal immunopositive cell bodies.
The overall immunoreactivity in the prefrontal cortex was
higher than in the neocortex. /n situ hybridization revealed
that layers | and IV were devoid of Slack channel-specific
signal, but we detected moderate to strong Slack channel
mRNA signal in other layers of the isocortex. Compared to
layers V and VI, consistently slightly higher levels of Slack
channel mRNA signal in layers I1/1ll were detected in all
cortical areas examined (Fig. 11F).

Cerebellum
Moderate diffuse and somatic immunoreactivity of
both ion channels was seen in all deep cerebellar nuclei
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Figure 9. Slick and Slack channel immunoreactivity in septal nuclei, thalamus, and hypothalamic areas. A,B: Intense Slick channel immu-
nolabeling of cell bodies was observed in the intermediate part of lateral septal nucleus (Bregma approximately 0.0 mm). D: Slack chan-
nels showed a diffuse moderate to strong immunostaining in all parts of lateral septal nuclei (Bregma approximately 0.0 mm). Slick (C)
and Slack (E) channel immunolabeling showed high signals in cell bodies of the subfornical organ (Bregma approximately -4.5 mm). F-H:
Slick channel immunoreactivity in hypothalamic areas. F: Prominent labeling of numerous processes and varicosities was found in the ven-
tromedial hypothalamic and in the arcuate nucleus. In the dorsomedial hypothalamic nucleus, overall Slick channel immunoreactivity was
only moderate; nevertheless, intense staining of processes and varicosities could be observed, as shown in G (Bregma approximately -1.6
mm). H: For the periventricular nucleus, we observed intense Slick channel staining of processes and varicosities. Strong staining of cell
bodies and their proximal processes was observed throughout the periventricular nucleus but was most striking in ventral parts (Bregma
approximately —-1.6 mm). I: Slick channel immunoreactivity was observed in cell bodies of the centromedial, paracentral, and centrolateral
thalamic nuclei. The reticular and ventral posterior thalamic nuclei showed a diffuse staining for the Slick channel (Bregma approximately
-1.7 mm). J: Lateral habenula, reticular thalamic nucleus, and ventral posterior thalamic nuclei were immunoreactive for the Slack channel
(Bregma approximately -1.7 mm). K: Most intense Slack channel immunoreactivity within the thalamus was observed in the magnocellular
part of the ventrolateral geniculate nucleus. Moderate staining was also detected in dorsal lateral geniculate and in anterior pretectal
nuclei (Bregma approximately -2.8 mm). Scale bars = 500 pm in A,C-F,I-K; 50 pm in B; 20 pm in G,H.
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Figure 10. Slick and Slack channel distribution in midbrain areas. A: Intense Slick channel labeling was observed in neuronal cell bodies of
the rostral part of the interpeduncular nucleus. Other subnuclei showed moderate to strong diffuse immunostaining. In the ventral tegmental
area, mainly processes and varicosities were Slick channel immunoreactive (Bregma approximately -3.8 mm). B: Slick channel immunostain-
ing was observed in cell bodies of the oculomotor and red nucleus, whereas labeling in the Edinger-Westphal nucleus was mainly diffuse. C:
Pronounced Slick channel immunoreactivity was evident in densely packed cell bodies of the rhabdoid nucleus (Bregma approximately -4.5
mm). D: Strong Slack channel staining was observed in all subnuclei of the interpeduncular nucleus (Bregma approximately -3.8 mm). Moder-
ate to strong diffuse immunostaining was evident in the ventral tegmental area and the pontine nuclei. E: Slack channel staining coincided
with Slick channel immunoreactivity in the oculomotor, magnocellular part of the red, and Edinger-Westphal nuclei. F: The rhabdoid and ante-
rior tegmental nuclei were moderately stained for the Slack channel (Bregma approximately -4.5 mm). Scale bars = 200 pum.

(Figs. 5C,D, 12A,C,D,F). In the cerebellar cortex, Slack
channel mRNA exhibited notably high signals in the
granule and Purkinje cell layers, whereas the molecular
layer did not show detectable in situ hybridization signal
(Fig. 5B). Strong Slack channel immunostaining was
observed in the molecular and granule cell layers. In
the latter, mainly the cell somata were immunopositive.
However, cell bodies of Purkinje cells were devoid of
Slack channel immunoreactivity (Fig. 12D,E). In con-
trast, Slick channel mRNA expression in the cerebellar
cortex was comparably weak. Moreover, we detected
only weak to moderate immunostaining in all layers,
with strongest immunoreactivity in the cell bodies of
Purkinje cells (Fig. 12A,B).

Pons and medulla oblongata

Both, Slick and Slack channels were widely distrib-
uted in pons and medulla oblongata (Fig. 13). Slick
channel immunoreactivity was detected throughout the
raphe nuclei, and the highest expression levels were
detected in the nucleus raphe magnus and the inferior
dorsal raphe nucleus. The latter showed numerous
heavily stained processes and varicosities. Strongly

Slick channel immunopositive processes and varicos-
ities were also detected in the nucleus ambiguus, the
lateral parabrachial nucleus, and the nucleus of the soli-
tary tract (Fig. 13C). For the latter, we also detected
Slack channel immunoreactivity. Slick channel immuno-
staining intensity differs along the rostrocaudal axis:
more caudal parts were more intensely stained. In addi-
tion to diffuse staining, we observed staining in cell
somata and processes. Strongest Slack channel immuno-
reactivity within the pons and medulla oblongata was
detected in the inferior olivary complex, the trapezoid
body, and the reticulotegmental nuclei pons (Fig.
13E,F,H,I). Although in the trapezoid body immunostain-
ing seemed to be restricted to cell bodies and their prox-
imal processes (Fig. 13F), the reticulotegmental nucleus
showed a diffuse staining (Fig. 13H). Strong Slack chan-
nel immunostaining was detected in the pontine nuclei
(Fig. 10D), dorsomedial pontine nucleus, median raphe
nucleus, and parvicellular trigeminal nucleus. In these
areas, immunohistochemical signals were mainly diffuse,
but we also detected staining of cell bodies and proc-
esses in the pontine nuclei and the reticulotegmental
nucleus of pons. Widespread expression of the Slack
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Figure 11. Slick and Slack channel immunostaining in cerebral cortex. A-E: Slick channel immunohistochemical experiments showed dis-
tinct staining patterns among different regions of the cerebral cortex. A: Particular intense immunoreactivity was observed in layers Il /Il of
the agranular zone of the retrosplenial cortex and in layer IV of the primary and secondary somatosensory cortex (C,D). C: Note that in the
barrel field of the primary somatosensory cortex the typical “cloudy” structure in layer IV is visible. In motor cortex (B) and piriform cortex
(E), Slick channel immunoreactivity was comparably weak. F: Representative Slack channel immunostaining in the barrel field of the cerebral
cortex. Slack channel immunoreactivity was not different among cortical regions. Bregma approximately -1.5 mm. Scale bar = 200 pm.

Figure 12. Slick and Slack channel immunoreactivity in the cerebellum. Overview of cerebellar cortex and deep cerebellar nuclei immuno-
stained for Slick (A) and Slack (D) channels (same level in all photomicrographs, Bregma approximately -6.1 mm). Immunohistochemical
staining with the Slack channel-specific antibody showed more intense staining in the cerebellar cortex compared with the Slick channel
immunostaining. B: Within the cerebellar cortex, the strongest Slick channel immunoreactivity was seen in the Purkinje cell layer. E: Intense
Slack channel immunolabeling was observed in the molecular and granule cell layers of the cerebellar cortex, whereas the cell bodies of Pur-
kinje cells were devoid of detectable signal. Slick (C) and Slack (F) channel immunoreactivity in the deep cerebellar nuclei. Neuronal cell
bodies of deep cerebellar nuclei showed moderate staining for both ion channels. Scale bars = 500 um in A,D; 200 pm in B,C,E,F.
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Figure 13. Slick and Slack channel localization in pons and medulla oblongata. Immunohistochemical experiments suggested widespread
distribution of Slick (A-D) and Slack (E-I) channels in pons and medulla oblongata. Overview of Slick (A) and Slack (E) channel immunore-
activity in the brainstem (Bregma approximately -5.2 mm). Pronounced staining of cell bodies and their proximal processes was observed
in the trapezoid body for Slick (B) and Slack (F) channels. C: Strong Slick channel immunoreactivity was detected in the nucleus of the
solitary tract and the nucleus ambiguus (Bregma approximately -6.6 mm). We detected intense diffuse staining in the inferior olive for
Slick (D) and Slack (I) channels (Bregma approximately -7.1 mm). Slack channel immunoreactivity was also intense in lateral superior olive
(G) and reticulotegmental nucleus pons (H). For both nuclei, we observed diffuse and somatic immunostaining (Bregma approximately -

5.2 mm). Scale bars = 500 um in A,C,E; 100 um in B,D,F-I.

channel was detected in medulla oblongata, especially in
more caudal parts. In line with /in situ hybridization sig-
nals, moderately immunostained cell bodies were seen
in various nuclei.

Summary: distribution pattern of Slick and
Slack channels in mouse brain

Our results indicate that Slick and Slack channels
exhibit distinct distribution patterns; however, in some
brain regions, their expression overlapped. In summary,
a substantial overlap in their expression was observed
in the olfactory bulb, subfornical organ, substantia nigra
pars compacta, oculomotor and red nuclei, interpedun-
cular and rhabdoid nuclei, nucleus of the trapezoid
body, reticulotegmental nucleus of pons, and the infe-
rior olivary complex. We also identified several brain
structures in which Slick and Slack channel expression
did not overlap. Slick channel immunoreactivity was
seen in islands of Calleja, nuclei of the extended amyg-
dala, hippocampal formation, and ventromedial hypo-
thalamic and arcuate nuclei. In contrast, pronounced
Slack channel immunolabeling was present in globus
pallidus, substantia nigra pars reticulata and nigrostria-
tal bundle, and mesencephalic and parvicellular trigemi-
nal nuclei and in parts of the cerebellar cortex.

DISCUSSION

The present study seeks to provide a detailed
description of the distribution of Slick and Slack chan-

nels in the mouse brain. This was achieved through in
situ hybridization and immunohistochemistry. Because
of current lack of Slick and Slack channel knockout ani-
mals, we used sense probes as specificity controls for
Slick and Slack channel probes in in situ hybridization
(Fig. 3B,D). Specificity of antibodies was assessed
through Western blot analysis with HEK cells trans-
fected with Slick or Slack channel encoding plasmid as
well as crude plasma membranes (P2 pellet) derived
from WT mouse brain. Because the paralogous Slick
and Slack channels are structurally highly related (Kacz-
marek, 2013), we also investigated potential cross-
reactivity of the antibodies in Western blots using trans-
fected HEK cell lysates. Our data clearly demonstrate
that the Slick channel-specific antibody does not detect
Slack channel protein and vice versa, indicating that
both antibodies used are specifically recognizing their
target protein (Fig. 1). In Western blots with mouse
brain membranes, both antibodies labeled single bands
with an apparent molecular weight that corresponds
well to the predicted molecular weight (Brown et al.,
2008). Experiments with a nonimmune IgG antibody of
an identical subtype and experiments in which the pri-
mary antibodies were omitted served as control experi-
ments  in  immunohistochemistry  (Fig.  3F,H).
Immunhistochemical and in situ hybridization control
experiments resulted only in faint background staining.
Notable is the fact that our data obtained from immu-
nohistochemical experiments are strongly supported by
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our in situ hybridization data. For example, for brain
areas clearly showing immunopositive cell bodies, we
also detected signals in in situ hybridization, such as the
central and paracentral thalamic nucleus, interpeduncu-
lar nucleus, subfornical organ, and red and oculomotor
nuclei. For the cerebellar cortex, we detected signals for
Slack channel mRNA in granule cells and in the Purkinje
cell layer. Immunohistochemical experiments showed
moderate somatic staining of granule cells and only very
weak staining of Purkinje cell bodies. However, strong
immunolabeling was detected in the molecular layer of
the cerebellar cortex, suggesting that Slack channel pro-
tein may be present in processes of granule and/or Pur-
kinje cells that are extending into the molecular layer of
the cerebellar cortex. Both, Slick and Slack channel
mRNAs were detected in principal cells of the hippocam-
pus. Immunohistochemistry revealed only very faint stain-
ing of cell bodies for both channels. Again,
immunolabeling was evident in the molecular layer of the
dentate gyrus for both channels as well as in the hippo-
campal stratum oriens, radiatum, and stratum lucidum.
In general, when nonsomatic immunoreactivity was
observed, labeling for mRNA was detected in at least
one type of cell having processes in this area. This label-
ing discrepancy in in situ hybridization and immunohisto-
chemistry might possibly reflect Slick and Slack
channels being transported from cytoplasm to neuronal
processes, as has been shown for the BK (big conduct-
ance calcium-activated potassium channel) channel, a
potassium channel of the same family the as Slick and
Slack channels (Kaczmarek, 2013; Knaus et al., 1996;
Sausbier et al., 2006). However, we did not specifically
address this issue. Since some brain regions are heavily
innervated by several neuronal groups, in-depth analysis
of such areas need be addressed in focused studies.
Nevertheless, our data demonstrate that the in situ
hybridization probes as well as the antibodies used in
this study are valid tools for establishing the distribution
pattern of Slick and Slack channels in the mouse brain.
In summary, our results indicate that Slick and Slack
channels exhibit distinct distribution patterns; however,
in some brain regions, their expression overlaps (see
results section, Summary: distribution pattern of Slick
and Slack channels in mouse brain). The data pre-
sented here are in line with several electrophysiological
studies performed in different vertebrates. The exis-
tence of native sodium-activated potassium currents
has been proved by electrophysiological means in
mitral /tufted and granule cells of the rat main olfactory
bulb (Budelli et al., 2009; Egan et al., 1992a,b). The
presence of native sodium-dependent currents was also
shown in septum (Egan et al., 1992a), medium spiny
neurons (Budelli et al., 2009), and cholinergic interneur-

Distribution of the sodium-activated potassium channels

ons of the striatum in rats (Berg et al., 2007). More-
over, neurons of the rat thalamic paraventricular
nucleus (Zhang et al., 2010), pons (Egan et al., 1992a),
locus coeruleus (Zamalloa et al., 2009), and cerebellum
(Egan et al.,, 1992a); the ferret reticular nucleus (Kim
and McCormick, 1998); the trapezoid body of the
mouse (Yang et al., 2007); and layers II/1ll, 1V, and V of
different cortical areas of cat, ferret, and rat (Budelli
et al., 2009; Franceschetti et al., 2003; Sanchez-Vives
et al., 2000; Schwindt et al., 1989) expressed sodium-
activated potassium currents.

Our findings are in line with the suggested expres-
sion, but a much broader distribution of Slick and Slack
channels in mouse brain has to be considered. More-
over, Slick and Slack channel immunoreactivity sug-
gested the presence of both channels in different cell
compartments. In addition to staining of punctae with-
out clearly distinguishable underlying structure (presum-
ably synapses), we detected pronounced staining of cell
bodies, processes, and varicosities. However, our data
do not distinguish between active channels positioned
in the cell membrane and internalized or inactive
channels.

A previous publication provided the first evidence
that Slick and Slack channels are capable of forming
heterotetrameric channels with unique biophysical prop-
erties in vitro (Chen et al., 2009). Moreover, immuno-
precipitation studies with a Slack channel-specific
antibody resulted in copurification of Slick channel pro-
tein on purified membranes derived from olfactory bulb
and brainstem of the rat. From their findings, the
authors suggested that formation of heteromeric Slick/
Slack channels occurs in these brain areas (Chen et al.,
2009). We observed overlapping expression of Slick
and Slack channels in these areas of the mouse brain.
Moreover, we detected substantial overlap in their dis-
tribution and expression in the same cell types in sev-
eral other regions, e.g., in cells of the main and
accessory olfactory bulb and in the subfornical organ.
Nevertheless, the presence of both channels in the
same cell types does not allow conclusions on their
colocalization or interaction. This should be investigated
in detail for each region in future experiments.

In contrast, several brain structures expressed either
Slick or Slack channels, suggesting that the channels
most probably exist as homomeres in these areas. Our
data suggest possible formation of homomeric Slick
channels, for example, in the islands of Calleja and in
the extended amygdala. Homomeric Slack channels
might be present, for instance, in the globus pallidus
and substantia nigra pars reticulata.

The distribution of Slick and Slack channels in the
mouse brain appears partially different from that of the
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rat brain (Bhattacharjee et al., 2002, 2005; Joiner et al.,
1998). One of the most striking discrepancies we
observed in the globus pallidus. Although the Slack
channel protein was not detected in rat globus pallidus
(Bhattacharjee et al., 2002), we observed particular
high immunoreactivity of this channel in mouse brain.
Moreover, in the cerebellum, strongest Slick and Slack
channel immunoreactivity was detected in the deep cer-
ebellar nuclei of rat. In contrast, we observed the high-
est Slack channel immunoreactivity in the molecular
and granule cell layers of the cerebellar cortex and only
moderate levels in cell bodies of the deep cerebellar
nuclei. Slick channel immunoreactivity appeared to be
comparably weak within the cerebellum, and moderate
immunoreactivity was found in the cell bodies of the
Purkinje cells. Furthermore, in the neocortex, prominent
Slick channel immunopositive cell bodies were detected
in layers II, lll, and V of the rat brain (Bhattacharjee
et al, 2005). In mouse brain we observed somatic
staining only in layers IlI/lll and most pronounced
expression in layer IV of the somatosensory cortex.
These discrepancies might be explained, at least in
part, by the use of different antibodies. While we were
using an antibody recognizing all Slack channel iso-
forms described so far (pan-Slack channel antibody),
the aforementioned rat study employed an antibody
exclusively recognizing the Slack-B isoform (Bhattachar-
jee et al., 2002). On the other hand, Slick channel iso-
forms have not been identified so far. Other possible
explanations for the observed discrepancies might be
the use of different fixation and staining protocols
(Bhattacharjee et al., 2002, 2005). These discrepancies
might also reflect a species-specific distribution pattern
of Slick and Slack channels.

The functional roles of Slick and Slack channels in
diverse brain circuits are currently not well understood.
The distribution pattern presented herein could provide
the neurochemical basis for additional hypothesis-
driven studies on possible functional roles. Their distri-
bution patterns suggest possible functional roles of
Slick and Slack channels in specific regulatory net-
works. Strong expression of Slick and Slack channels
was detected in various cells types of the olfactory sys-
tem, including the main and accessory olfactory bulb
and the olfactory cortex and connected areas such as
the hippocampus, suggesting a possible functional role
of these channels in olfaction (Lledo et al., 2005). Slick
channel staining was particularly strong in areas
involved in goal-directed behavior, e.g., in the ventrome-
dial hypothalamic nucleus. This nucleus plays important
roles in feeding behavior (Watson et al.,, 2012). Both,
Slick and Slack channels were also highly expressed in
the subfornical organ. This brain area is involved in the

control of sodium appetite regulation and drinking
behavior (Watson et al., 2012). The presence of both
channels in these areas raises the possibility that they
might have important functions in drinking and feeding
behavior in mice. Moreover, based on the Slack channel
distribution pattern, one might hypothetize that this
channel plays a major role in motor function; e.g., Slack
channel immunoreactivity was detected in substantia
nigra, globus pallidus, and cerebellar cortex. Limbic
structures involved in fear and anxiety such as amyg-
dala, bed nucleus of stria terminalis, hippocampus, and
the functionally associated prefrontal cortex (Catani
et al,, 2013) showed significantly high immunolabling
for the Slick channel. These findings possibly indicate a
functional involvement of Slick channels in emotional
control.  Nevertheless, these issues should be
addressed in detail in separate studies. However, spec-
ulations based on neuroanatomical distribution patterns
of Slick and Slack channels might stimulate both elec-
trophysiological and behavioral studies. Because both
channels are widely distributed in the CNS, the use of
regional or cell-specific adult-onset knockout animals
could be of particular interest.

ACKNOWLEDGMENTS
We thank Inge Kapeller and Maria Trieb for excellent
technical assistance.

CONFLICT OF INTEREST STATEMENT

The authors declare no conflicts of interest.

ROLE OF AUTHORS

All authors had full access to all the data in the study
and take responsibility for the integrity of the data and the
accuracy of the data analysis. Study concept and design:
SR, CS, HGK. Acquisition of data: SR. Analysis and inter-
pretation of data: SR, CS. Drafting of the manuscript: SR.
Critical revision of the manuscript: SR, CS, HGK. Obtained
funding: HGK. Administrative, technical, and material sup-
port: CS, HGK. Study supervision: CS, HGK.

LITERATURE CITED

Barcia G, Fleming MR, Deligniere A, Gazula VR, Brown MR,
Langouet M, Chen H, Kronengold J, Abhyankar A, Cilio R,
Nitschke P, Kaminska A, Boddaert N, Casanova JL,
Desguerre |, Munnich A, Dulac O, Kaczmarek LK,
Colleaux L, Nabbout R. 2012. De novo gain-of-function
KCNT1 channel mutations cause malignant migrating
partial seizures of infancy. Nat Genet 44:1255-1259.

Berg AP, Sen N, Bayliss DA. 2007. TrpC3/C7 and Slo2.1 are
molecular targets for metabotropic glutamate receptor
signaling in rat striatal cholinergic interneurons.
) Neurosci 27:8845-8856.

Bhattacharjee A, Kaczmarek LK. 2005. For K* channels, Na*t
is the new Ca®™. Trends Neurosci 28:422-428.

2114 The Journal of Comparative Neurology | Research in Systems Neuroscience



Bhattacharjee A, Gan L, Kaczmarek LK. 2002. Localization of
the Slack potassium channel in the rat central nervous
system. ] Comp Neurol 454:241-254.

Bhattacharjee A, von Hehn CA, Mei X, Kaczmarek LK. 2005.
Localization of the Na*-activated K™ channel Slick in the
rat central nervous system. ] Comp Neurol 484:80-92.

Brown MR, Kronengold J, Gazula VR, Spilianakis CG, Flavell
RA, von Hehn CA, Bhattacharjee A, Kaczmarek LK. 2008.
Amino-termini isoforms of the Slack K* channel, regu-
lated by alternative promoters, differentially modulate
rhythmic firing and adaptation. J Physiol 586:5161-5179.

Budelli G, Hage TA, Wei A, Rojas P, Jong Y], O'Malley K,
Salkoff L. 2009. Na'-activated K*-channels express a
large delayed outward current in neurons during normal
physiology. Nat Neurosci 12:745-750.

Catani M, Dell’Acqua F, de Schotten MT. 2013. A revised lim-
bic system model for memory, emotion and behaviour.
Neurosci Biobehav Rev 37:1724-1737.

Chen H, Kronengold J, Yan Y, Gazula VR, Brown MR, Ma L,
Ferreira G, Yang Y, Bhattacharjee A, Sigworth FJ, Salkoff
L, Kaczmarek LK. 2009. The N-terminal domain of Slack
determines the formation and trafficking of Slick/Slack
heteromeric  sodium-activated potassium  channels.
J Neurosci 29:5654-5665.

Dryer SE. 1994. Na*-activated K channels: a new family of
large-conductance ion channels. Trends Neurosci 17:
155-160.

Egan TM, Dagan D, Kupper J, Levitan IB. 1992a. Na*-acti-
vated K channels are widely distributed in rat CNS and
Xenopus oocytes. Brain Res 584:319-321.

Egan TM, Dagan D, Kupper J, Levitan IB. 1992b. Properties
and rundown of sodium-activated potassium channels in
rat olfactory bulb neurons. J Neurosci 12:1964-1976.

Franceschetti S, Lavazza T, Curia G, Aracri P, Panzica F,
Sancini G, Avanzini G, Magistretti J. 2003. Na"-activated
K* current contributes to postexcitatory hyperpolariza-
tion in neocortical intrinsically bursting neurons.
J Neurophysiol 89:2101-2111.

Franklin KBJ, Paxinos G. 1997. The mouse brain in stereotaxic
coordinates. New York: Academic Press.

Gao SB, Wu Y, Lu CX, Guo ZH, Li CH, Ding JP. 2008. Slack
and Slick KNa channels are required for the depolarizing
afterpotential of acutely isolated, medium diameter rat
dorsal root ganglion neurons. Acta Pharmacol Sin 29:
899-905.

Hage TA, Salkoff L. 2012. Sodium-activated potassium chan-
nels are functionally coupled to persistent sodium cur-
rents. J Neurosci 32:2714-2721.

Hayashi M, Novak |. 2013. Molecular basis of potassium channels
in pancreatic duct epithelial cells. Channels 7:432-441.
Heron SE, Smith KR, Bahlo M, Nobili L, Kahana E, Licchetta L,
Oliver KL, Mazarib A, Afawi Z, Korczyn A, Plazzi G, Petrou
S, Berkovic SF, Scheffer IE, Dibbens LM. 2012. Missense
mutations in the sodium-gated potassium channel gene
KCNT1 cause severe autosomal dominant nocturnal fron-

tal lobe epilepsy. Nat Genet 44:1188-1190.

Ishii A, Shioda M, Okumura A, Kidokoro H, Sakauchi M,
Shimada S, Shimizu T, Osawa M, Hirose S, Yamamoto T.
2013. A recurrent KCNT1 mutation in two sporadic
cases with malignant migrating partial seizures in
infancy. Gene 531:467-471.

Joiner WJ, Tang MD, Wang LY, Dworetzky SI, Boissard CG,
Gan L, Gribkoff VK, Kaczmarek LK. 1998. Formation of
intermediate conductance calcium activated potassium
channels by interaction of Slack and Slo subunits. Nat
Neurosci 1:462-469.

Kaczmarek LK. 2013. Slack, Slick and sodium-activated potas-
sium channels. ISRN Neurosci 2013:1-15.

Distribution of the sodium-activated potassium channels

Kameyama M, Kakei M, Sato R, Shibasaki T, Matsuda H.
1984. Intracellular Na* activates a K™ channel in mam-
malian cardiac cells. Nature 309:354-356.

Kim U, McCormick DA. 1998. Functional and ionic properties
of a slow afterhyperpolarization in ferret perigeniculate
neurons in vitro. ] Neurophysiol 80:1222-1235.

Kim YC, Sim JH, Kang TM, Suzuki H, Kim SR, Kwon SC, Xu
WX, Lee SJ, Kim KW. 2007. Sodium-activated potassium
current in guinea pig gastric myocytes. ] Korean Med Sci
22:57-62.

Knaus HG, Schwarzer C, Koch R, Eberhart A, Kaczorowski GJ,
Glossmann H, Wunder F, Pongs O, Garcia ML, Sperk G.
1996. Distribution of high-conductance Ca®*-activated
K™ channels in rat brain: targeting to axons and nerve
terminals. ] Neurosci 16:955-963.

Liu X, Stan Leung L. 2004. Sodium-activated potassium con-
ductance participates in the depolarizing afterpotential
following a single action potential in rat hippocampal
CA1 pyramidal cells. Brain Res 1023:185-192.

Lledo PM, Gheusi G, Vincent JD. 2005. Information processing in
the mammalian olfactory system. Physiol Rev 85:281-317.

Martin HC, Kim GE, Pagnamenta AT, Murakami Y, Carvill GL,
Meyer E, Copley RR, Rimmer A, Barcia G, Fleming MR,
Kronengold J, Brown MR, Hudspith KA, Broxholme J,
Kanapin A, Cazier JB, Kinoshita T, Nabbout R,
Consortium WGS, Bentley D, McVean G, Heavin S,
Zaiwalla Z, McShane T, Mefford HC, Shears D, Stewart
H, Kurian MA, Scheffer IE, Blair E, Donnelly P,
Kaczmarek LK, Taylor JC. 2014. Clinical whole-genome
sequencing in severe early-onset epilepsy reveals new
genes and improves molecular diagnosis. Hum Mol
Genet 23:3200-3211.

Mori K, Yoshihara Y. 1995. Molecular recognition and olfac-
tory processing in the mammalian olfactory system. Prog
Neurobiol 46:585-619.

Paulais M, Lachheb S, Teulon J. 2006. A Na'- and CI-
activated K* channel in the thick ascending limb of
moue kidney. J Gen Physiol 127:205-215.

Re L, Moretti V, Rossini L, Giusti P. 1990. Sodium-activated
potassium current in mouse diaphragm. FEBS Lett 270:
195-197.

Sailer CA, Kaufmann WA, Marksteiner J, Knaus HG. 2004.
Comparative immunohistochemical distribution of three
small-conductance Ca®*-activated potassium channel
subunits, SK1, SK2, and SK3 in mouse brain. Mol Cell
Neurosci 26:458-469.

Salkoff L, Butler A, Ferreira G, Santi C, Wei A. 2006. High-
conductance potassium channels of the SLO family. Nat
Rev Neurosci 7:921-931.

Sanchez-Vives MV, Nowak LG, McCormick DA. 2000. Cellular
mechanisms of long-lasting adaptation in visual cortical
neurons in vitro. ] Neurosci 20:4286-4299.

Sausbier U, Sausbier M, Saliler CA, Arntz C, Knaus HG,
Neuhuber W, Ruth P. 2006. Ca®*-activated K* channels
of the BK-type in the mouse brain. Histochem Cell Biol
125:725-741.

Schwindt PC, Spain WJ, Crill WE. 1989. Long-lasting reduction
of excitability by a sodium-dependent potassium current
in cat neocortical neurons. ] Neurophysiol 61:233-244.

Wallen P, Robertson B, Cangiano L, Low P, Bhattacharjee A,
Kaczmarek LK, Grillner S. 2007. Sodium-dependent
potassium channels of a Slack-like subtype contribute to
the slow afterhyperpolarization in lamprey spinal neu-
rons. J Physiol 585:75-90.

Watson CR, Paxinos G, Puelles L. 2012. The mouse nervous
system. New York: Academic Press.

Wittmann W, Schunk E, Rosskothen I, Gaburro S, Singewald
N, Herzog H, Schwarzer C. 2009. Prodynorphin-derived

The Journal of Comparative Neurology | Research in Systems Neuroscience 2115



S. Rizzi et al.

peptides are critical modulators of anxiety and regulate
neurochemistry and corticosterone. Neuropsychopharma-
cology 34:775-785.

Yang B, Desai R, Kaczmarek LK. 2007. Slack and Slick K(Na)
channels regulate the accuracy of timing of auditory neu-
rons. J Neurosci 27:2617-2627.

Yuan A, Santi C, Wei A, Wang LY, Pollak K, Nonet M,
Kaczmarek LK, Crowder CM, Salkoff L. 2003. The
sodium activated potassium channel is encoded by a
member of the Slo gene family. Neuron 37:765-773.

Zamalloa T, Bailey CP, Pineda J. 2009. Glutamate-induced
post-activation inhibition of locus coeruleus neurons is
mediated by AMPA/kainate receptors and sodium-
dependent potassium currents. Br J Pharmacol 156:
649-661.

Zhang L, Kolaj M, Renaud LP. 2010. CaH-dependent and
Na*-dependent K* conductances contribute to a slow
AHP in thalamic paraventricular nucleus neurons: a novel
target for orexin receptors. J Neurophysiol 104:2052-
2062.

2116 The Journal of Comparative Neurology | Research in Systems Neuroscience





