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ABSTRACT

GABAg receptors are the G-protein-coupled receptors
for y-aminobutyric acid (GABA). KCTD8, 12, 12b, and
16 were recently identified as auxiliary GABAg receptor
subunits and distinctly influence biophysical and phar-
macological properties of the receptor response. Here
we examined the expression patterns of the KCTDs in
the mouse brain. Using in situ hybridization analysis,
we found that most neurons express KCTD transcripts,
supporting biochemical data showing that most GABAg
receptors in the brain incorporate KCTD proteins. In the
adult brain, KCTD12 and 16 have a widespread and
KCTD8 and 12b a restricted expression pattern. Individ-
ual neurons can coexpress multiple KCTDs, as shown
for granule cells and CA1/CA3 pyramidal cells in the
hippocampus that coexpress KCTD12 and 16. In con-
trast, granule, Purkinje, and Golgi cells in the cerebel-

lum selectively express one KCTD at a time. The
expression levels of individual KCTD transcripts vary
during postnatal brain development. Immunohistochem-
istry reveals that individual KCTD proteins can exhibit
distinct axonal or dendritic localizations in neuronal
populations. KCTDs are also detectable in nonneuronal
tissues not expected to express GABAg receptors, sug-
gesting that the role of KCTD proteins extends beyond
GABAg receptors. In summary, our findings support that
most brain GABAg receptors associate with KCTD pro-
teins, but that the repertoire and abundance of KCTDs
varies during development, among brain areas, neuronal
populations, and at subcellular sites. We propose that
the distinct spatial and temporal KCTD distribution pat-
terns underlie functional differences in native GABAg
responses. J. Comp. Neurol. 519:1435-1454, 2011.
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GABAg receptors are expressed throughout the brain
and considered attractive drug targets because they are
implicated in the etiology of neurological and psychiatric
disorders (Bettler et al., 2004). They influence synaptic
transmission by regulating the activity of voltage-
activated Ca®" (Cav), inward-rectifier K™ (Kir) channels,
and by decreasing local cAMP levels. The kinetic and
pharmacological properties of GABAg responses vary
among neurons and between effectors, which suggests
the existence of a variety of molecularly distinct receptor
subtypes (Bonanno and Raiteri, 1993; Cunningham and
Enna, 1996; Deisz et al., 1997; Cruz et al., 2004). How-
ever, for a long time the heterogeneity of native GABAg
responses contrasted with the molecular identification of
only two receptors with equivalent properties in trans-
fected cells (Ulrich and Bettler, 2007). The two receptors
are based on the subunit isoforms GABAg, and GABAg 1},
that combine with a GABAg, subunit to form heteromeric
GABAg(14,2) and GABAg(1p,2) receptors. Possibly resolving
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the puzzling discrepancy between recombinant and
neuronal studies, we recently identified the four K™ chan-
nel tetramerization domain (KCTD)-containing proteins
KCTD8, 12, 12b, and 16 as auxiliary GABAg receptor
subunits (Schwenk et al., 2010). While little information on
KCTD proteins is available, a single-nucleotide polymorphism
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in the vicinity of the KCTD12 gene is associated with bipolar
| disorder (Lee et al., 2010). Coexpression of KCTD proteins
with the core receptors GABAg1,,2) and GABAg 1,2 in cul-
tured cells replicates kinetic and pharmacological properties
of native GABAg responses. KCTD proteins assemble as a
tetramer with the GABAg, subunit. It is currently unclear
whether distinct KCTD proteins can simultaneously bind to
GABAg, and whether this fine-tunes the receptor response.
Clearly, understanding the native role of the KCTD proteins
relies on a comprehensive analysis of their expression pat-
terns at the cellular and subcellular level. Moreover, since
the core receptor subunits GABAg, and GABAg, are differ-
entially expressed during postnatal development (Malitschek
et al, 1998; Fritschy et al., 1999, 2004; Lopez-Bendito
et al, 2002, 2004; Lujan and Shigemoto, 2006), it is
important to study the developmental KCTD expression pat-
tern. In this study we used northern blots, in situ hybridiza-
tion, and immunohistochemistry to provide a first account of
the spatial and temporal expression patterns of KCTD8, 12,
12b, and 16 in the brain. We discuss the implications of our
findings for GABAg receptor physiology.

MATERIALS AND METHODS

Animals and brain sections

Brain sections of adult and postnatal day 5 (P5) BALB/c
mice were used for in situ hybridization and immunohis-
tochemistry. Mice were anesthetized with isoflurane
(Baxter, Deerfield, IL), decapitated, the brains removed,
embedded in O.C.T. compound (Sakura Finetek, Zoeter-
woude, Netherlands), and snap-frozen in liquid nitrogen.
Heads of P5 mice were embedded as a whole. Ten-um
sections were cut with a Microm HM 560 cryomicrotome
(Microm, Walldorf, Germany). Animal experiments were
conducted in accordance with Swiss guidelines and
approved by the veterinary office of Basel-Stadt.

Generation of KCTD cDNA probes

Mouse cDNA inserts for generating random primed
cDNA probes and riboprobes were amplified from non-
coding regions with lowest homology and subcloned into
pGEM-T easy (Promega, Madison, WI). Two independent
probes for KCTD8 and 16 and four probes for KCTD12b
were generated to control for specificity: KCTD8
(AY615967, bp 1-216, 1-1088), KCTD12 (NM_177715,
bp 2709-4998), KCTD12b (NM_17542, bp 1-298,
1137-1637, 1879-2325, 3233-3708), and KCTD16
(XM_909931, bp 2423-4735, 4736-6465).

Northern blots

Northern blots containing 20 pg total RNA of various
adult mouse tissues were purchased from Zyagen Labora-
tories (San Diego, CA). Total RNA from cerebral cortex
and cerebellum was isolated from adult mouse brain, sep-
arated on a formaldehyde agarose gel, and transferred to

a nylon membrane as described previously (Lai and
Lemke, 1991). Hybridization was done with PerfectHyb
Plus buffer (Sigma, St. Louis, MO) at 68°C with 3*P-la-
beled random primed cDNA probes.

In situ hybridization

Antisense and sense (control) digoxigenin-labeled
riboprobes were generated using T3 and T7 RNA polymer-
ase (Roche Diagnostics, Mannheim, Germany), respec-
tively. Riboprobes against neuron-specific enolase (NSE)
were generated as described before (Schaeren-Wiemers
et al., 1997). Digoxigenin-labeled riboprobes were alka-
line hydrolyzed to an average length of 200-400 bases
and used for hybridization as described previously
(Schaeren-Wiemers and Gerfin-Moser, 1993). The alka-
line phosphatase color reaction was stopped at different
timepoints between 1 and 4 days to grade transcript
expression levels. In situ hybridization with NSE cRNA
probes on adjacent sections was consistently used to
establish cellular identities.

Semiquantitative analysis of transcript levels

KCTD transcript expression levels were graded relative
to the NSE hybridization signal (Schaeren-Wiemers et al.,
1997). KCTD transcript expression levels in cells were
classified as follows: very strong (+++-), strong
(+++), moderate (++), weak (+), and no detectable
signal (—). A punctuated staining reflecting expression in
isolated cells was indicated with (o) (Tables 2, 3).

Immunohistochemistry

Cryostat sections of adult mouse brains were fixed for 1
hour in 10% phosphate-buffered saline (PBS) buffered for-
malin solution, washed 3 times in PBS (pH 7.4), and incu-
bated overnight at room temperature in 70% ethanol.
Unspecific binding sites were blocked by incubation with
2.5% normal goat serum, 0.1% fish skin gelatin, 0.15% Tri-
ton X-100 in PBS for 45 minutes at room temperature.
Incubation with primary antibodies (anti-KCTD8, anti-
KCTD12, anti-KCTD 16 [Schwenk et al., 2010]; anti-neurofi-
lament 200 (Sigma); anti-NeuN [Chemicon, Temecula, CAJ;
anti-GABAg, [Chemicon]) was done overnight at 4°C in
blocking solution. Primary antibodies were detected with
fluorophore-conjugated secondary antibodies (Alexa Fluor
488/647, Invitrogen, Carlsbad, CA) and sections mounted
with Fluorosafe (Calbiochem, San Diego, CA). Alternatively,
primary antibodies were detected using the Vector Elite
ABC-Kit (Vector Laboratories, Burlingame, CA). Endoge-
nous peroxidase activity was blocked by incubation with
0.6% H,0, / 80% methanol in H,O for 20 minutes at room
temperature. The peroxidase substrate AEC (3-amino-9-
ethylcarbazole, 0.027% w/v; H,0, 0.03% v/v) in 0.1 M
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TABLE 1.
Primary Antibodies Used

Antibody Immunogen Manufacturer Dilution used
KCTD8 Synthetic peptide, aa 374-391 of mouse KCTD8 Pineda (Berlin, Germany), rabbit polyclonal 1:1,000
KCTD12 Synthetic peptide, aa 145-167 of mouse KCTD12 Pineda (Berlin, Germany), rabbit polyclonal 1:1,000
KCTD16 Synthetic peptide, aa 7-23 of mouse KCTD16 Pineda (Berlin, Germany), rabbit polyclonal 1:1,000
GABAg, Synthetic peptide from the C-terminus of GABAg,, Chemicon (Temecula, CA), 1:1,000

aa 921-940 of rat or 922-941 of human guinea pig polyclonal, AB5394
NeuN Purified cell nuclei from mouse brain Chemicon (Temecula, CA), 1:500
mouse monoclonal, MAB377
Neurofilament 200 Neurofilaments purified from pig spinal cord Sigma (St. Louis, MO), mouse 1:1,000

monoclonal, N5389, clone NE14

sodium acetate buffer pH 5.2 was used for the 10-minute
color reaction at room temperature in the dark. Duplicate
sections were weakly counterstained with Mayer’s Haema-
laun (Merck, Darmstadt, Germany) for 1 minute. Sections
were embedded in Kaiser’s glycerin gelatin (Merck).

Antibody characterization

Please see Table 1 for a list of all primary antibodies
used. The KCDT8 antibody recognized a single band of 52
kD molecular weight on western blots of wildtype but not
of KCTD8 knockout brain homogenates (Supplementary
Fig. 1), and produces an immunostaining pattern consist-
ent with the KCTD8 in situ hybridization analysis. The
KCDT12 antibody recognized a single band of 36 kD
molecular weight on western blots of wildtype but not of
KCTD12 knockout brain homogenates (Supplementary Fig.
1). In addition, KCTD 12 immunoreactivity was not detected
on cryosections of KCTD12 knockout brains. The KCDT16
antibody recognized a single band of 47 kD molecular
weight on western blots of wildtype but not of KCTD16
knockout brain homogenates (Supplementary Fig. 1). In
addition, KCTD16 immunoreactivity was not detected on
cryosections of KCTD16 knockout brains. The GABAg,
antiserum recognized a single band of ~110 kD molecular
weight on western blots of wildtype but not of GABAg,
knockout brain homogenates (Gassmann et al., 2004). The
pattern of GABAg, immunoreactivity with this antiserum in
the mouse brain is identical to the pattern described
previously (Fritschy et al,, 2004). The NeuN antibody
stained only nuclei, and in a neuronal pattern consistent
with previous findings in the mouse brain (Mullen et al.,
1992). The Neurofilament 200 antibody specifically recog-
nizes the neurofilaments of molecular weight 200 kD and
does not crossreact with other intermediate filament
proteins (manufacturer’s technical information). It stained
axonal projections from the medial habenula along the
fasciculus retroflexus (Fig. 9)

Image acquisition and processing
Images were captured with a Leica DMRE microscope
(Leica, Wetzlar, Germany) equipped with a high-resolution

digital camera, using ColorView lllu for brightfield, F-View
for fluorescence microscopy, and AnalySIS software (SIS,
Minster, Germany). Images were adjusted for bright-
ness/contrast and assembled using Adobe PhotoShop
CS4 (v. 11.0) / Adobe lllustrator CS4 (v. 14.0.0; Adobe
Systems, San Jose, CA). Brain structures are labeled
according to Franklin and Paxinos (2001).

RESULTS

KCTD transcripts are predominantly but not
exclusively expressed in the nervous system

Northern blot analysis of various adult mouse tissues
revealed that KCTD8, 12, and 16 transcripts are predomi-
nantly expressed in the brain (Fig. 1A). For KCTD8 a single
3.5 kb transcript was detected in the brain but not in other
tissues analyzed. For KCTD12 a 6 kb transcript was
detected at high levels in the brain and at low levels in the
intestine, colon, kidney, heart, testis, and bone marrow.
For KCDT16 a 9 kb transcript was detected in the brain
and spinal cord. In addition, a larger KCTD 16 transcript of
~15 kb was detected in a number of nonneuronal tissues,
in particular in the intestine, suggesting that this subtype
is differentially spliced. KCTD12b transcripts were below
the detection level in the brain and spinal cord. However, a
5-kb KCTD12b transcript was observed in the kidney,
heart, ovary, and adipose tissue at varying expression lev-
els. Northern blot analysis of adult cortex and cerebellum
revealed a differential expression pattern of KCTDS,
KCDT12, and KCTD16 (Fig. 1B). While KCTD12 is highly
expressed in both areas, KCTD8 shows a higher expression
in the cerebellum, whereas KCTD16 is more prominent in
the cerebral cortex, suggesting that the KCTD subtypes
are differentially expressed within the brain.

General features of KCTD expression
in the brain

A comprehensive in situ hybridization analysis was per-
formed in adult and P5 mouse brain. Results of the semi-
quantitative analysis of KCTD8, 12, and 16 transcript
expression levels of the analyzed brain areas are provided
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Distribution of KCTD Transcripts in the Adult Mouse Brain

TABLE 2.

KCTD8 KCTD12 KCTD16

KCTD8 KCTD12 KCTD16

Olfactory bulb Ventral medial — ++ +++
Olfactory nerve layer — ++++ - Ventral posteromedial - ++ +++
Glomerular layer ++ + + Ventral posterolateral — + +++
External plexiform layer - + — Subparafascicular nucleus - + +++
Mitral layer ++ ++/0 ++ Posterior group - + +++
Granular layer + + + Rhomboid nucleus — +-+ +++
Anterior olfactory nucleus - ++ ++ Reunions nucleus — + ++
Olfactory tubercle — + ++ Reticular thalamic nucleus — - ++
Islands of Calleja — — +-+ Geniculate group
Piriform area, layer Il - ++ +++ Medial geniculate nuclei - + ++

Basal ganglia Lateral geniculate nuclei, dorsal — +++
Caudate putamen + + +44 Lateral geniculate nuclei, ventral - - +
Globus pallidus - + — Epithalamus
Nucleus accumbens + ++ + Medial habenula ++++ + —
Ventral pallidum . + + Lateral habenula + + +
Claustrum — + +++ Hypothalamus
Endopiriform nucleus — - +++ Medial preoptic area - +++ -

Septum Lateral preoptic area — +++ —
Medial septum - +++ — Nucleus of the diagonal band — ++ -
Lateral septum, caudal - ++ + Magnocellular preoptic nucleus — +++ +
Lateral septum, rostral - ++++ +++ Dorsomedial hypothalamic + + ++

Cortex Lateral hypothalamic area — ++ +
Frontal Posterior hypothalamic nucleus — ++ +

Layer IHlI + +/0  +++ Mammillary bodies — — ++++

Layer V + + — Zona incerta + + +++

Layer VI - +/0 ++ Cerebellum

Layer VIb, isocortex — +/0 ++ Molecular layer — — —
Parietal Granular layer

Layer MI + + /0 444+ Granule cells ++ — —

Layer I + +/0 44+ Golgi cells - — +++

Layer IV - + /0 +++ Purkinje cells - ++++ -

Layer V + + /0 + Deep cerebellar nuclei + + ++

Layer VI - + /0 +++  Brainstem

Layer VIb, isocortex — + /0 +++ Midbrain

Amygdala Olivary pretectal nucleus — — ++

Basolateral nuclei Anterior pretectal nucleus — + ++
Anterior - + ++ Substantia nigra, Pars compacta — + +
Posterior — +++ +++ Substantia nigra, Pars reticulata — + +

Basomedial nuclei - + + Ventral tegmental area + +

Central nucleus + +++ + Interpeduncular nucleus + + ++

Medial nucleus Mesencephalic reticular nucleus — — —
Anteroventral — — + Superior colliculi
Posterodorsal + ++ ++ Superficial gray layer + + ++

Lateral nucleus - + +++ Optical layer + + +++

Cortical amygdalar area - +-+ ++++ Periaqueductal grey — + +

Piriform amygdalar area, layer Il - ++ ++++ Inferior colliculus + + +++

Bed nucleus stria terminalis — +++ + Raphe nucleus dorsalis/central + + +4

Hippocampal formation Parabigeminal nucleus + +++ —
Pyramidal layer CA1 + +++ ++++ Nucleus of the optic tract + + +
Pyramidal layer CA2 — ++++  +++ Pons
Pyramidal layer CA3 - +++ +++ Locus coeruleus — + +
Dentate gyrus, granular layer - ++++  ++++ Pontine reticular nuclei + ++ +
Hilar cells/polymorphic layer + +++ +++ Parabrachial nucleus + + +
Subiculum ++ + ++ Nucleus of the lateral lemniscus - + ++
Entorhinal cortex, layer Il - +++ +++ Superior olivary complex — + +
Induseum griseum — +++ +++ Nucleus of the trapezoid body — ++ —
Taenia tecta - ++ ++ Medulla oblongata

Thalamus Spinal nucleus of trigeminal ++ ++ +
Anterior group Facial motor nucleus + + +

Anterodorsal — + - Vestibular nuclei + + +

Laterodorsal - — +++ Nucleus prepositus + + +

Anteroventral — — +++ Dorsal cochlear nucleus ++ +++ +
1438 The Journal of Comparative Neurology | Research in Systems Neuroscience
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KCTD8 KCTD12 KCTD16

KCTD8 KCTD12 KCTD16

Medial group

Mediodorsal + ++ b+

Paraventricular — + _
Ventral group

Ventral anterior-lateral — + ++4
complex

Ventral cochlear nucleus ++ + +
Dorsal motor nucleus of the vagus nerve + + +
Hypoglossal nucleus ++ ++ +
Inferior olivary complex — ++ —
External cuneate nucleus + ++ -

Intensities of in situ hybridization signal: ++++, very strong; +++, strong; ++, moderate; +, weak; o, expression in isolated cells; -, no detecta-

ble signal.

in Table 2 (adult) and Table 3 (P5). The combined data
from horizontal (Schwenk et al., 2010) and coronal
(Fig. 2) sections reveal distinct but partly overlapping
KCTD expression patterns. In general, KCTD12 and
16 transcripts are expressed throughout the brain
(Fig. 2C,D). KCTD12 shows highest expression levels in
the septum, the hippocampal formation, and the cerebel-
lum. High KCTD16 transcript levels were primarily
observed in the cortex, the hippocampal formation, and
the thalamus. These brain areas are known for high
GABAg receptor expression levels (Bischoff et al., 1999;
Margeta-Mitrovic et al., 1999). KCTD8 transcripts are re-
stricted to a few brain areas, such as the medial habenula
(MH, Fig. 2B), certain brainstem nuclei, and the granule
cell layer of the cerebellum (Table 2). KCTD12b tran-
scripts are only detectable in the medial habenula (see
Fig. 9), consistent with KCTD 12b expression being below
detection level in whole-brain RNA extract (Fig. 1A).

Select neuronal populations express distinct subsets
of KCTD transcripts. For example, pyramidal and dentate
granule cells of the hippocampus express high levels of
KCTD12 and 16 transcripts, while neurons in the medial
habenula express KCTD8, 12, and 12b transcripts. In con-
trast, different cell types in the cerebellum mostly
express one KCTD transcript at the time. Here we provide
a detailed description of the transcript expression pattern
of each KCTD protein in the mouse brain. To investigate
the subcellular localization of the KCTD proteins we
performed immunofluorescence microscopy and immu-
nohistochemistry in select brain areas.

Olfactory system

Highest KCTD transcript expression levels are
observed in the olfactory nerve layer containing the axons
of olfactory receptor neurons entering the olfactory bulb
(ONL, Fig. 3). KCTD12 transcripts are expressed through-
out the olfactory nerve layer in cells lacking NSE expres-
sion (open arrow, Fig. 3C). Most likely, these cells repre-
sent olfactory ensheathing cells, which constitute the
major glial component of the olfactory nerve (Franklin
and Barnett, 2000). The presence of KCTD12 protein in
the olfactory nerve layer was confirmed by immunofluo-
rescence microscopy (ONL, Fig. 3C, inset).

KCTD transcripts are also found in neurons of the main
olfactory bulb. KCTD8, 12, and 16 transcripts are
observed in some periglomerular neurons in the glomeru-
lar layer (arrows, Fig. 3B-D), as well as in subsets of
neurons in the mitral cell layer (arrowheads, Fig. 3B-D).
Neurons in both layers express high levels of GABAg
receptors (Panzanelli et al., 2004).

Expression of KCTD12 transcripts in the olfactory
ensheathing cells is already detectable at P5 in the ol-
factory nerve layer (open arrow, Fig. 3E) and in the
lamina propria of the olfactory mucosa (LP, open
arrow, Fig. 3G). At this developmental stage olfactory
receptor neurons in the olfactory epithelium express
KCTD16 transcripts (OE, open arrowheads; Fig. 3H).
This suggests that mainly GABAg receptors assembled
with KCTD16 are the GABAg receptors present in ol-
factory receptor neurons (Panzanelli et al., 2004). In
the adult, high levels of KCTD12 and 16 transcripts
are also found in the target areas of projection fibers
of the main olfactory bulb, including the anterior olfac-
tory nucleus, olfactory tubercle, taenia tecta, piriform,
and entorhinal cortices (Table 2).

Basal ganglia

Several KCTD transcripts are expressed in the dorsal
part of the basal ganglia (Table 2). The caudate putamen
reveals high levels of KCTD16 (CP, Fig. 2D), while KCTD8
and 12 are much less abundant (Fig. 2B,C). In the globus
pallidus only KCTD12 could be detected (Table 2). In the
ventral part of the basal ganglia the nucleus accumbens
expresses moderate levels of KCTD12 and low levels of
KCTD8 and 16, while the ventral pallidum expresses low
levels of KCTD12 and 16 (Table 2). Remarkably, very high
levels of KCTD16 are observed in the claustrum (CLA,
Fig. 4D), where other KCTD transcripts are mostly absent
(Fig. 4B,C). The claustrum is a telencephalic subcortical
structure that projects to and receives input from a num-
ber of cortical areas (Crick and Koch, 2005). Notably, the
claustral complex is involved in propagation of epilepti-
form activity from the amygdala and the severity of seiz-
ures is related to GABAergic activity (Sheerin et al., 2004;
Zhang et al., 2001).
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TABLE 3.
Distribution of KCTD Transcripts at Postnatal Day 5

KCTD8 KCTD12 KCTD16 KCTD8 KCTD12 KCTD16
Olfactory bulb - ++ - Subparafascicular nucleus - + +++
Olfactory nerve layer (ensheating glia) - ++++ - Posterior group - + +++
Anterior olfactory nucleus - ++ +++  Geniculate group
Granule cell layer - ++ - Medial geniculate nuclei - +++ ++
Basal ganglia Lateral geniculate nuclei - ++++ ++
Caudate putamen ++ +++ +++  Hypothalamus
Globus pallidus - +++ - Mammillary bodies - - ++++
Claustrum - — +++  Cerebellum
Septum + +++ ++ Purkinje cell layer — +++ +
Cortex Deep cerebellar nuclei - + +++
1 - +++ +++ External granule cell layer +++ + -
111 . - + Internal granule cell layer - +++ +
[\ — + ++4-+  Midbrain/ Pans/ Medulla
\ - + - Superior collicullus + ++ +
VI - +++ + Inferior colliculus + ++++ ++
Vib - - - Parabigeminal nucleus - +++ -
Amygdala Dorsal cochlear nucleus ++ +++ +
Lateral ++ ++/0 +++ Ventral cochlear nucleus ++ + +
Basolateral - + +++ Nucleus of the lateral lemniscus - + ++
Central — ++ — Superior olivary complex +++ + ++
Hippocampal formation Spinal nucleus of trigeminal ++ ++ +
Pyramidal layer CA1 + + /0 +++  Peripheral tissues
Pyramidal layer CA2 — +++ +++ Retina
Pyramidal layer CA3 - +++ + Ganglion cell layer — ++++
Dentate gyms, granular layer - +++ + Inner nuclear layer ++++ - ++
Hilar cells/polymorphic layer - + + Olfactory mucosa
Subiculum ++ ++ + Olfactory epithelium — — ++++
Thalamus Lamina propria (ensheating glia) - ++4++ -
Anterior group of the dorsal thalamus Cochlea, Spiral ganglion ++ ++++ +
Anterodorsal — + — Trigeminal ganglion ++ +/0 ++++
Laterodorsal — - +++ Inferior glossopharyngal ganglion - ++++ ++
Anteroventral - — +++ Whisker — +++ -
Medial group Dental pulp — +++ —
Mediodorsal nucleus + + +++ Bone marrow - ++++ —
Ventral group
Ventral posteromedial - + +4++
Ventral posterolateral - + +++

Intensities of in situ hybridization signal: ++-++, very strong; +-+, strong; -+, moderate; -+, weak; o, expression in isolated cells; -, no detecta-

ble signal.

Septum

The lateral septum, a major recipient of hippocam-
pal output, shows high expression levels of KCTD12
and 16 transcripts (Fig. 4G,H), which correlates with
high expression levels of GABAg; transcripts and
GABAg antagonist binding sites in this area (Bischoff
et al,, 1999). Highest levels of KCTD12 transcripts are
observed in the neurons of the rostral part of the lat-
eral septum (LSr, Fig. 4G), which project to the hypo-
thalamic medial zone nuclei, in particular the anterior
hypothalamic nucleus, which is known for prominent
expression of GABAg receptors (Margeta-Mitrovic
et al, 1999). The medial septal nucleus, containing
mainly GABAergic and cholinergic neurons projecting
to the hippocampus, selectively expresses KCTD12
(Table 2). No KCTD8 transcripts are detected in the
septum (Fig. 4F, Table 2). Expression patterns at P5
resemble those observed in adult mice (Table 3). In

summary, the data imply that mainly KCTD12 and 16
participate in septal GABAg receptor complexes.

Cerebral cortex

We examined the frontal and parietal cortex for KCTD
transcripts. The frontal cortex is an agranular isocortical
area, representative of the primary motor cortex. In
contrast, the parietal cortex has a clearly visible inner
granular layer (layer V) and is representative of the soma-
tosensory cortex (Zilles, 1990). In both cortices KCTD
transcripts exhibit very distinct expression patterns
(Table 2). KCTD16 is uniformly expressed throughout the
cortical layers with the exception of layer V, where it is
only expressed by a small number of neurons (Fig. 5D).
KCTD12 is weakly expressed throughout layers Il, 1ll, and
layer V (Fig. 5C). In addition, strong expression of
KCTD12 is observed in a number of large neurons, most
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Figure 1. Expression analysis of KCTD transcripts in mouse tissues. Northern blot analysis of total RNA from various adult tissues (A) and
adult cerebral cortex and cerebellum (B). The molecular weights of prominent KCTD transcripts are indicated on the left. In (B) the size of

the 18S and 28S ribosomal RNA bands are indicated on the right.

likely interneurons, scattered throughout all layers
(arrowheads, insets; Fig. 5C). KCTD12 expression in
these neurons was confirmed by immunohistochemistry,
which reveals high amounts of KCTD 12 protein in the cell
bodies and neuropil (Fig. 5J-L). On the basis of their size
and their stellate-like morphology, these cells may be
large basket cell interneurons. KCTD8 is detectable at
very low expression levels in layers I, lll, and layer V
(Fig. 5B). The KCTD expression patterns in the P5 cere-
bral cortex differ markedly from those in the adult. At P5,
KCTD8 is not detectable in the entire cortex (Fig. 5G).
KCTD12 is strongly expressed in a large number of cells
in the inner layers of the cortex, predominantly layer VI,
and in dispersed cells in the outer layers (Fig. 5H). Con-
versely, KCTD 16 is predominantly expressed in the outer
cortical layers (Fig. 51). Notably, no GABAg{, expression
in the cortex is detectable at P5 (Bischoff et al., 1999;
Fritschy et al., 2004), suggesting that at P5 KCTD12 and
16 mostly combine with the GABAg1,, ) core receptor.

Amygdala

The amygdala is part of the limbic system and impli-
cated in psychiatric conditions (LeDoux, 2000). GABAg
receptors inhibit glutamatergic inputs to the lateral amyg-
dala and control synaptic plasticity processes in the
amygdala (Shaban et al., 2006). The amygdala is com-
posed of several nuclei (Swanson and Petrovich, 1998;
LeDoux, 2007), with distinct KCTD transcript distribution
patterns (Fig. 6). KCTD16 is highly abundant in principal
cells of the lateral amygdala nucleus (LA, Fig. 6D,H) and
the basolateral nucleus (BLA, Fig. 6D,H). KCTD12 is pri-
marily detected in a subpopulation of principal cells in the

BLA (open arrowheads, Fig. 6C,G), in the central amyg-
dala (CEA, Fig. 6C), and in the posterodorsal part of the
medial nucleus (Table 2). Sparsely scattered cells
expressing KCD12 in the basolateral nucleus most likely
represent local interneurons. The central amygdala is one
of the few amygdala nuclei that, in addition to KCTD12
and 16 transcripts, also express low levels of KCTD8
transcripts (Fig. 6B-D). Very high levels of KCTD16 and
moderate levels of KCTD12 transcripts are expressed in
cortical amygdala areas (Table 2). Finally, high and low
levels of KCTD12 and 16 transcripts, respectively, are
detected in the bed nucleus of the stria terminalis, which
belongs to the extended amygdala (Table 2).

Hippocampal formation

Because of the well-described localization and func-
tions of GABAg receptors in the hippocampal formation
(Kulik et al., 2003; Lopez-Bendito et al., 2004; Vigot et al.,
2006; Guetg et al., 2009), the KCTD transcript distribu-
tion in this structure is of particular interest. High levels
of KCTD12 and 16 transcripts are present in the granular
layer (g) of the dentate gyrus and in the pyramidal cell
layer (p) of the CA regions (Fig. 7B,C). Within the CA
regions KCTD 12 expression levels are highest in CA2 and
CA3 (Fig. 7B), whereas KCTD16 expression levels are
highest in CA1 (Fig. 7C). KCTD12 and 16 are also highly
expressed in a subset of putative dentate pyramidal bas-
ket cells located at the border between the granule cell
layer and the hilus of the dentate gyrus (arrowheads,
Fig. 7B,C insets). In addition, high KCTD12 and 16 expres-
sion levels are observed in a variety of nonpyramidal cells
throughout the hippocampus (arrows, Fig. 7B,C), most
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Figure 2. Overview of KCTD transcript distribution in adult mouse brain. Brightfield images showing the localization of neuron-specific eno-
lase (NSE, A) and KCTD8, 12, and 16 transcripts (B-D) in one representative coronal brain section. Caudate putamen (CP), cerebral cortex
(CTX), hippocampus (HP), hypothalamus (HTM), medial habenula (MH), and thalamus (TH). Scale bar = 2 mm.

likely GABAergic local circuit interneurons (Franklin and
Paxinos, 1997). Many of these KCTD expressing
interneurons are located in the stratum radiatum (r) and
stratum lacunosum-moleculare (Im) and may therefore
correspond to interneuronal populations that preferentially
innervate the distal dendritic regions targeted by excita-
tory afferent pathways (Sloviter et al.,, 1999). Neurons in
the subiculum contain low levels of KCTD12 and high
levels of KCTD8 and KCTD16 (Table 2). The subiculum
sustains afferent and efferent connections to the entorhi-
nal cortex. High KCTD12 and 16 transcript levels are pre-
dominant in layer Il of the entorhinal cortex (Table 2),
which contains mainly stellate cells that are the principal
source of fibers for the perforant path projection to the
dentate gyrus and the CA3. At P5, KCTD12 is strongly
expressed in hippocampal CA2 and CAS3 regions, in the
dentate gyrus, and in many cells scattered throughout
the stratum oriens, stratum radiatum, and the stratum
lacunosum-moleculare (Fig. 7E), similar to the adult.

KCTD 16, however, is generally weakly expressed in the
developing hippocampus and barely detectable in the
dentate gyrus (Fig. 7F). KCTD8 expression could only be
detected in the subiculum (S, Fig. 7D), similar to the adult
(Table 3). Immunofluorescence microscopy in the dentate
gyrus of adult mice revealed a differential localization of
the KCTD proteins (Fig. 7G-J). KCTD12 immunoreactivity
is prominent in the outer molecular layer (m, asterisk,
Fig. 7G), most likely reflecting KCTD12 protein in distal
dendrites of granule cells. KCTD16 immunoreactivity,
however, is observed at the soma and neuropil of granule
cells (Fig. 71, inset). In agreement with prominent GABAg,
expression throughout the molecular layer of the dentate
gyrus (Kulik et al., 2003; Fritschy et al., 2004; Lopez-
Bendito et al.,, 2004), we observed a colocalization of
GABAg, and KCTD12 in the outer molecular layer (aster-
isk, Fig. 7H) and of GABAg, and KCTD 16 in a narrow band
along the granule cell layer (asterisk, Fig. 7J). In addition,
a colocalization of KCTD16 and GABAg, was also
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Figure 3. KCTD expression in the mouse olfactory system. The expression pattern of NSE transcripts is shown for comparison (A). KCTD8
(B), 12 (C), and 16 (D) transcripts are expressed in a small subset of neurons in the glomerular (GL) and mitral cell layer (MCL). Nonneuro-
nal olfactory ensheathing cells (OEC) in the olfactory nerve layer (ONL) show very high KCTD12 transcript levels (open arrow, C,E).
KCTD 12 protein expression in the OECs is demonstrated by immunofluorescence microscopy of the adult olfactory bulb (C, inset; KCTD 12
in red; neurofilament [NF] in green). At P5 KCTD8 is not detectable in the olfactory mucosa (F), whereas KCTD12 is expressed in OECs
(open arrow, G) and KCTD16 in the olfactory epithelium (open arrowheads, H). EPL, external plexiform layer; GCL, granule cell layer of the
olfactory bulb, GL, glomerular layer; LP, lamina propria; MCL, mitral cell layer; MOB, main olfactory bulb; OE, olfactory epithelium; OM, ol-
factory mucosa; ONL, olfactory nerve layer. A magenta-green copy of this figure is available as Supplementary Fig. 2. Scales bar = 200

um, inset 50 pm.

observed in the neuropil of the dentate hilus (h, Fig. 7]
inset), a region containing the axons of the granule cells.
Strong KCTD12 immunoreactivity was also observed in
putative dentate pyramidal basket cells located at the
granule cell-hilus border (arrowheads, Fig. 7G,H), in
agreement with the in situ hybridization data (arrow-
heads, Fig. 7B inset).

Thalamus

The thalamus is important for the processing of
somatosensory, visual, and auditory input to the cortex.
The thalamus is one of the areas in the brain showing
highest GABAg receptor levels (Kaupmann et al., 1998;
Princivalle et al., 2000; Lopez-Bendito et al., 2003).
KCTD16 is expressed in almost all nuclei of the thala-
mus, generally at moderate to high levels (Fig. 8D,H,
Table 2). KCTD12 expression is moderate in few nuclei
but generally low (Fig. 8C,G). KCTD8 expression is not
detectable in most thalamic nuclei (Fig. 8B,F). Remark-
ably, individual nuclei in the anterior thalamus express
only one KCTD subtype at the time. KCTD12 is weakly

expressed in the anterodorsal nucleus (AD, Fig. 8C),
while KCTD 16 is expressed in the laterodorsal (LD) and
the anteroventral (AV) nucleus (Fig. 8D). The mediodor-
sal nucleus (MD) of the medial group is one of the few
thalamic nuclei coexpressing KCTD8, 12, and 16 (Table
2). Apart from the mediodorsal nucleus, KCTD12 is
expressed moderately in the ventral medial (VM) and
the ventral posteromedial (VPM) nucleus (Fig. 8C,G).
Finally, moderate to high levels of KCTD16 transcripts
are observed in the posterior group of the thalamus
(PO, Fig. 8H), in the geniculate nucleus (Table 2, Fig.
8H), and the subparafascicular nucleus (Table 2). In
summary, our data suggest that in the adult thalamus
GABAg receptors predominantly incorporate KCTD16.
At P5, the KCTD expression pattern in the thalamus is
reminiscent of the adult expression pattern (Table 3).
KCTD16 is expressed at high levels throughout the
thalamus, while KCTD12 is only expressed at low levels
in the anterodorsal nucleus of the anterior group and
in the medial and ventral group of the dorsal thalamus.
At P5, KCTD12 is highly expressed in the geniculate
nuclei, in contrast to the adult.
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Figure 4. KCTD transcript distribution in claustrum and septum of adult mouse brain. NSE is shown for comparison (A,E). In the claustrum
KCTD8 (B) is not detectable. KCTD12 (C) is expressed in a small subset of neurons. KCTD16 is expressed at very high levels (D). In the
septum KCTD8 is not detectable (F). KCTD12 is expressed at very high (G) and KCTD16 at high (H) levels in the rostral part of the lateral
septum. CLA, claustrum; CTX, cortex; ec, external capsule; LSc, lateral septum: caudal part; LSr, lateral septum: rostral part. Scale bars =

200 pm.

Epithalamus

The medial habenula is a cholinergic nucleus projecting
through the fasciculus retroflexus to the interpeduncular
nucleus (habenulo-interpeduncular tract). The function of
the habenulo-interpeduncular connection is poorly under-
stood. Evidence from rodents supports that this connec-
tion controls avoidance, reward, and feeding behaviors
(Sutherland, 1982). The medial habenula is among the
brain areas expressing highest levels of GABAg receptors
(Bischoff et al., 1999; Fritschy et al., 2004). We found
that this brain area expresses high levels of KCTD8 and
12 transcripts (MH, Fig. 9A,B). Of particular interest, the
medial habenula is the only brain region where KCTD12b
transcripts are detectable (MH, Fig. 9C). Moderate levels
of KCTD16 transcripts are found in the lateral habenula
(LH), in contrast to the complete absence of KCTD16 in
the medial habenula (Fig. 9D). Immunofluorescence
microscopy reveals abundant KCTD8 expression in neu-
rons of the medial habenula and their axonal projections
along the fasciculus retroflexus (FR, arrow, Fig. 9E,F).
In agreement with the previously described intense
immunolabeling for GABAg receptors (Fritschy et al.,
2004), KCTD8 and GABAg, prominently colocalize in the
fasciculus retroflexus (FR, arrow, Fig. 9G).

Hypothalamus
KCTD12 transcripts are more abundant in the hypo-
thalamus than in the thalamus (Fig. 2C). The highest lev-

els of KCTD12 transcripts are observed in the anterior
part of the hypothalamus, including the medial and the
lateral preoptic area, the nucleus of the diagonal band,
and the magnocellular preoptic nucleus (Table 2). Moder-
ate levels of KCTD12 transcripts are also detected in the
lateral hypothalamic area and the posterior hypothalamic
nucleus. The anterior nuclei receive input from the lateral
septum and control body temperature. Notably, mice
with a genetic lack of GABAg receptors exhibit hypother-
mia (Kaupmann et al., 2003). This is likely caused by the
loss of GABAg receptors in the hypothalamus, which are
important for the control of body temperature (Pierau
et al,, 1997). KCTD12 transcripts are less abundant in
other areas of the hypothalamus, where KCTD16 tran-
scripts are more highly expressed (Table 2). In particular,
very high levels of KCTD 16 transcripts are detected in the
mammillary bodies and high levels in the zona incerta.
KCTD 16 expression in the mammillary bodies is already
detectable at P5 (Table 3). KCTD8 expression in adult
mice is only seen in a few hypothalamic nuclei (Table 2).

Brainstem (midbrain/pons/medulla)

GABAg receptors are expressed in several regions of
the brainstem (Durkin et al., 1999; Margeta-Mitrovic
et al., 1999). Generally low to moderate expression levels
of KCTD transcripts are observed in brainstem. KCTD8
and 16 transcripts are most prominent in certain nuclei of
the medulla oblongata and the midbrain, respectively
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Figure 5. KCTD expression in layers of the mouse primary sensory cortex. NSE expression is shown for comparison (A,F). In the adult
KCTD8 transcripts are weakly expressed in layer I, Ill and V (B). KCTD12 transcripts are highly enriched in a number of large neurons scat-
tered throughout all cortical layers (arrowheads and insets layer | and V, C); a comparable expression pattern is observed with immunoper-
oxidase staining for KCTD12 protein (J-L). KCTD 16 transcripts are highly abundant in all cortical layers, except layer V (D). Haemalaun (HA)
staining is shown on an adjacent section (E). At P5, KCTD8 is not detectable (G). KCTD12 and 16 transcripts levels are high in the inner (H)
and in the outer cortical layers (1), respectively. IHC, immunohistochemistry. Scale bars = 200 pm; 100 um in L; 50 um in C (insets, K).

(Table 2). KCTD 16 is moderately expressed in the anterior
pretectal nucleus, as well as in the olivary pretectal
nucleus and in the superior colliculus (Table 2), which are
target areas of retinal inputs. KCTD8 and 12 expression is
low and high, respectively, in the parabigeminal nucleus
(PBG, Fig. 10B,C), a subcortical visual center rich in
GABAg receptors (Margeta-Mitrovic et al., 1999).

KCTD12 and 16 are present in the main brain areas
and nuclei involved in auditory processing (Table 2).
These include the inferior colliculus expressing high levels
of KCTD 16, the nucleus of the lateral lemniscus consist-
ing of GABA- and glycinergic neurons expressing KCTD 12
and 16, the superior olivary complex, and the nucleus of
the trapezoid body expressing KCTD12 (Table 2). Addi-
tionally, we found that the dorsal cochlea nucleus in
which auditory nerve fibers from the cochlea form their
first synapses display high levels of KCTD8 and 12, and
low levels of KCTD 16 transcripts (DCN, Fig. 10F-H). The
superior and inferior colliculi abundantly express GABAg
receptors (Margeta-Mitrovic et al., 1999). Interestingly,
both colliculi express high levels of KCTD 12 transcripts at
P5 but low levels in the adult. This contrasts with KCTD 16

transcripts that are expressed at low levels at P5 but at
very high levels in the adult (Tables 2, 3). KCTD12 is
expressed at moderate levels in other brainstem nuclei,
including the pontine reticular nuclei, the inferior olivary
complex, and the external cuneate nucleus (Table 2).

Cerebellum

In the cerebellum KCTD transcripts show very distinct
expression patterns (Fig. 11). KCTD8 transcripts are
observed in the granule cell layer (GCL, Fig. 11B,F).
KCTD12 shows very high transcript expression levels in
Purkinje cells (arrows, Fig. 11C,G), which display the high-
est density of GABAg receptors in the cerebellum (Bis-
choff et al., 1999). Purkinje cells exhibit alternating
stretches of labeled and nonlabeled cells (arrows,
Fig. 11M) reminiscent of the Zebrin Il zonation pattern
(Brochu et al., 1990), which is more prominent in the an-
terior than in the posterior cerebellum. Immunohisto-
chemistry and immunofluorescence microscopy with
anti-KCTD12 antibodies confirm that the zebrin-like
pattern is preserved in Purkinje cell dendrites of the
molecular layer (ML, Fig. 11N-P). Strikingly, the striped
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Figure 6. KCTD transcript distribution in the anterior and posterior nuclei of the adult mouse amygdala. NSE expression is shown for com-
parison (A,E). The central amygdala nucleus expresses KCTD8 (B), KCTD12 (C) and KCTD16 (D) transcripts. KCTD8 is not detectable in
other amygdala nuclei (B,F). A population of cells in the basolateral amygdala strongly expresses KCTD12 transcripts (open arrowheads,
C,G). KCTD16 is predominant in the lateral amygdala (D,H). amc, amygdala capsule; BLA, basolateral amygdala; CEA, central amygdala;

ec, external capsule; LA, lateral amygdala. Scale bar = 200 um.

pattern of KCTD 12 immunoreactivity matches the pattern
of GABAg, immunoreactivity in the molecular layer
(Fig. 11Q), supporting that KCTD12 is part of GABAg
receptors in Purkinje cell dendrites. The zebrin-like
expression pattern for the GABAg receptor core subunits
in the cerebellum was noted previously (Margeta-Mitrovic
et al.,, 1999; Fritschy et al., 1999; Lujan and Shigemoto,
2006). KCTD16 mRNA is observed exclusively in large
scattered cells in the cerebellar granular layer; putatively
GABAergic Golgi cells (arrowheads, Fig. 11D,H). Finally,
the deep cerebellar nuclei contain low levels of KCTD8,
12, and 16 (Table 2).

The cerebellum is one of the brain areas maturing dur-
ing late embryonic and early postnatal development.
From P7 onwards intense GABAg; immunoreactivity was
reported in Purkinje cells, and moderate staining in the in-
ternal granular layer and migrating granule cells (Lujan
and Shigemoto, 2006). At P5, KCTD12 is specifically
expressed in differentiating Purkinje cells (open arrow,
Fig. 11K) and in the internal granular layer (igl, Fig. 11K).

At P5 the zebrin-like expression is not yet evident, as
described for the GABAg receptor core subunits (Lujan
and Shigemoto, 2006). At P5 KCTD8 is expressed in the
external granular layer (egl, Fig. 11J), while KCTD 16 tran-
scripts are predominantly expressed in the deep cerebel-
lar nuclei (Table 3).

Sensory systems

GABAg receptors are expressed in primary sensory
neurons, the spinal cord, and the relay nuclei of several
sensory pathways (Durkin et al., 1999). We analyzed
KCTD expression levels at P5 and observed high KCTD
expression levels in sensory systems.

Visual system

KCTD8, 12, and 16 transcripts are present in a sub-
set of neurons of the retina (Fig. 12A-C) expressing
GABAg receptors (Koulen et al., 1998). Our analysis
detected KCTD12 mainly in retinal ganglion cells
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Figure 7. KCTD expression in the mouse hippocampus. In the adult, low levels of KCTD8 transcripts are expressed in hilar cells of the
dentate gyrus (A, inset). KCTD12 and 16 transcripts exhibit strong expression in the pyramidal cell layer of the CA regions and the granu-
lar layer of the dentate gyrus (B,C). Both transcripts are also detected in nonpyramidal neurons (arrows) and a subset of interneurons in
the dentate gyrus (arrowheads, B,C, insets). At P5, KCTD8 transcripts are present in the subiculum (D). Highest KCTD12 transcript levels
are observed in pyramidal cells of the CA2 region and the dentate gyrus (E). Highest KCTD16 expression levels are observed in the CA1
region (F). Immunofluorescence microscopy in the dentate gyrus (G-J) reveals a differential protein localization for KCTD12 and 16 (in
red). KCTD12 immunoreactivity is present in the outer molecular layer (G, asterisk) and in a subset of putative dentate pyramidal basket
cells located at the border between the granule cell layer and the hilus of the dentate gyrus (arrowheads, G). In the outer molecular layer
colocalization of KCTD12 and GABAg, is observed (H, asterisk), most likely reflecting GABAg receptor complexes in distal dendrites of
granule cells. In contrast, GABAg, protein was not detectable in the KCTD12 expressing cells at the granule cell layer-hilus border (arrow-
head, H, inset). KCTD16 is present in the soma and neuropil of granule cells (I). Colocalization of KCTD16 and GABAg, is observed in a
narrow band along the granule cell layer (J, asterisk) and in the hilus (J, inset). CA1, CA2, CA3, fields of hippocampus; DG, dentate gyrus;
S, subiculum; o, stratum oriens; p, stratum pyramidale; r, stratum radiatum; I-m, stratum lacunosum-moleculare; m, stratum moleculare; g,
stratum granulosum; h, hilus; IF, immunofluorescence. A magenta-green copy of this figure is available as Supplementary Fig. 3. Scale
bars = 1,000 pm in A-C; 50 um in insets A-C,H-J; 200 pum in D-F; 100 pum in G-J.

(arrowheads, Fig. 12B), whereas KCTD8 is present in (arrowheads, Fig. 12C) and cells of in the inner nu-
cells of the inner nuclear layer containing amacrine clear layer (INL, Fig. 12C). As described above, KCTDs
and bipolar cells (INL, Fig. 12A). KCTD16 expression, exhibit prominent expression in other brain areas that
however, can be detected both in ganglion cells belong to the visual system (Table 2).
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Figure 8. KCTD transcript distribution in the anterior and posterior thalamic nuclei of the adult mouse. NSE expression is shown for com-
parison (A,E). KCTD8 transcript expression is not observed in the anterior and posterior thalamus (B,F). KCTD 12 transcripts are only found
in some thalamic nuclei at low to moderate levels (C,G). KCTD16 shows high expression levels throughout the thalamus (D,H) with the
exception of the anterodorsal nucleus of the thalamus (AD). AD, anterodorsal nucleus; AV, anteroventral nucleus; CP, caudate putamen;
GP, globus pallidus; LD, laterodorsal nucleus; LG, lateral geniculate nucleus; MD, mediodorsal nucleus; PVT, paraventricular nucleus; PO,
posterior group; RT, reticular thalamic nucleus; VAL, ventral anterior-lateral complex; VM, ventral medial nucleus; VPM, ventral posterome-

dial nucleus. Scale bars = 1,000 pum.

Auditory system

KCTD12 was first cloned from a human fetal cochlea
library, which suggested that KCTD12 plays a role in the
auditory system (Resendes et al., 2004). Consistent with
this earlier report, we found KCTD12 to be highly
expressed in the cochlea (Fig. 12E). Particularly, we found
KCTD8, 12, and 16 expressed in spiral ganglia neurons
(SG, Fig. 12D-F), which express functional GABAg recep-
tors (Lin et al., 2000). Ganglion neurons receive GABAer-
gic innervations from the lateral olivocochlear efferent
system, originating from neurons located around the
lateral superior olivary nucleus. GABAg receptors are
present only in type | and type Il ganglion cells, their den-
drites within the cochlea, and their afferent terminals
contacting inner and outer hair cells (Maison et al,
2009). Apart from the cochlea, KCTD12 and KCTD 16 are
present in many brain areas that are significantly involved
in auditory processing (Table 2).

Sensory motor system
We observed KCTD8, 12, and 16 transcripts in
structures of the whisker sensory motor system.

KCTD8 and 16 are strongly expressed in the gan-
glion neurons of the trigeminal nerve (5Gn, Fig.
12G,l). In line with KCTD expression, GABAg recep-
tors are present in ganglion neurons (Margeta-
Mitrovic et al.,, 1999). A modulatory role for GABAg
receptors was proposed in the processing of infor-
mation at nociceptive primary afferents, which are
the terminals of glutamatergic dorsal root and tri-
geminal ganglion cells (Reis and Duarte, 2006).
Selectively, KCTD12 is expressed in whisker follicles
(arrows, Fig. 12J). As described previously, KCTD12
and 16 are expressed in the ventral posterior medial
and the posterior nuclei of the thalamus, which are
part of the topographic somatosensory projection to
the barrel field of the somatosensory cortex (Table
2). High levels of KCTD12 are also found in hair fol-
licles (arrowheads, Fig. 12K). Finally, a striking obser-
vation was the unique and very high expression of
KCTD12 in the odontoblast layer of the dental pulp
of P5 mice (open arrows, Fig. 12L). It was reported
that the odontoblast layer exhibits GABA staining
(Todd et al., 1997).
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Figure 9. KCTD expression in the habenula of the adult mouse. KCTD8 (A), 12 (B), and 12b (C) are highly expressed in the medial habe-
nula. KCTD16 transcripts (D) are only detectable in the lateral habenula. Immunofluorescence microscopy reveals high expression of
KCTD8 protein (in red) in the neurons of the medial habenula and their axonal projections along the fasciculus retroflexus (arrow, E,F).
Prominent colocalization of KCTD8 and GABAg, is observed in these axonal projections from the medial habenula (arrows, G and inset).
IF, immunofluorescence; LH, lateral habenula; MH, medial habenula; FR, fasciculus retroflexus. A magenta-green copy of this figure is avail-
able as Supplementary Fig. 4. Scale bars = 200 pum in A-E; 100 um in F,G.
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Figure 10. KCTD transcript distribution in the parabigeminal and the cochlear nucleus of the adult mouse. NSE expression is shown for
comparison (AE, asterisk in A indicates artifact of air inclusion). Neurons in the parabigeminal nucleus (PBG) express KCTD8 (B) and very
high levels of KCTD12 mRNA (C). Similarly, KCTD8 and high levels of KCTD12 were found in the dorsal cochlea nucleus (DCN, F,G, respec-
tively). KCTD 16 is not detectable in the PBG (D) and shows very low expression levels in the cochlea nucleus (H). DCN, dorsal cochlea nu-
cleus; PBG, parabigeminal nucleus; VCN, ventral cochlea nucleus. Scale bar = 100 um for A-D; 200 um for E-H.
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Figure 11. KCTD distribution in the mouse cerebellum. NSE expression is shown for comparison (A,E,). Granule cells express KCTD8
(B,F), Purkinje cells KCTD12 (arrows, C,G), and putative Golgi cells KCTD16 transcripts (arrowheads, D,H). Hybridization of P5 brain sec-
tions reveals that KCTD8 transcripts are predominant in the external granular layer (egl, J) and KCTD12 transcripts in the internal granular
layer and in migrating Purkinje cells (igl, open arrow, K). KCTD16 transcripts show very weak expression in the internal granular layer (igl,
L). In the adult KCTD 12 transcripts exhibit a zebrin-like expression pattern in Purkinje cells (arrows, M). Similarly, KCTD12 protein (in red)
shows the zebrin-like expression in immunoperoxidase (N,0) and immunofluorescence (P) stainings. Note KCTD12 expressing (arrow) and
nonexpressing (open arrow) Purkinje cells in panel O. The striped pattern of KCTD12 immunoreactivity in the molecular layer matches the
pattern of GABAg, immunoreactivity (Q). egl, external granular layer; GCL, granule cell layer; igl; internal granular layer; ML, molecular
layer; PCL, Purkinje cell layer of the cerebellum; HA, Haemalaun; IF, immunofluorescence; IHC, immunohistochemistry. A magenta-green
copy of this figure is available as Supplementary Fig. 5. Scale bars = 200 um in A-D,N,P; 100 pum in E-L; 1,000 pm in M; 50 pm in O,Q.

DISCUSSION

We recently reported that brain GABAg receptors, in
addition to the core subunits GABAg,, GABAg,, and
GABAg,, incorporate the auxiliary subunits KCTD8, 12,
12b, and 16 (Schwenk et al., 2010). These KCTD proteins
associate as tetramers with the C-terminus of the GABAg,
subunit, which distinctly influences pharmacological and
biophysical properties of the receptor response. KCTD 12
was also found to be associated with GABAg, in an inde-
pendent report (Bartoi et al., 2010). It is expected that
KCTD proteins contribute to overt differences in GABAg

responses between neurons and effectors (Cunningham
and Enna, 1996; Bonanno et al., 1997; Cruz et al., 2004).
Detailed information about KCTD expression patterns in
the brain and in neuronal compartments is currently lack-
ing. In order to rationalize the contribution of KCTD pro-
teins to native GABAg responses we carried out a com-
prehensive analysis of KCTD8, 12, 12b, and 16
expression in the mouse brain.

KCTD transcript distribution
The core subunits GABAg 1., GABAg1,, and GABAg, are
expressed throughout the brain, with the hippocampus,
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KCTD8 KCTD12 KCTD16

retina

cochlea

trigeminal ganglion

KCTD12

Figure 12. KCTD transcript distribution at P5 in sensory systems of the mouse. In the retina KCTD8 and 16 are expressed in the inner nu-
clear layer (A,C), KCTD12 and 16 in the ganglion cell layer (arrowheads, B,C). All KCTD transcripts are detectable in the spiral ganglia of
the cochlea (D-F), with KCTD12 exhibiting very high expression levels (E). KCTD8 (G) and 16 (I) are highly, KCTD12 only marginally
(H) expressed in the ganglion neurons of the trigeminus nerve. KCTD12 is strongly expressed in whisker follicles (arrows, J), hair
follicles (open arrowheads, K), and in the odontoblast layer of the dental pulp (open arrows, L). GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer of the retina; SG, spiral ganglia of the cochlea; 5Gn, trigeminus nerve. Scale bars = 100 um in A-I; 200

pm in J-L.

cerebellum, thalamus, and cerebral cortex demonstrating
highest expression levels (Bischoff et al., 1999; Durkin
et al.,, 1999; Fritschy et al., 2004). Likewise, we found
that all major neuronal populations in the brain express
transcripts for at least one KCTD subtype. This supports

that all GABAg receptors in the brain incorporate KCTD
proteins, in line with previous biochemical experiments
(Schwenk et al., 2010). KCTDs have overlapping but dis-
tinct spatial and temporal distribution patterns, demon-
strating that the repertoire of auxiliary GABAg subunits
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varies among neuronal populations and during develop-
ment. In general, KCTD12 and 16 transcripts are most
ubiquitous and abundant. Pyramidal neurons and granule
cells in the hippocampus coexpress transcripts for
KCTD12 and 16, showing that KCTDs with very distinct
influences on GABAg function (Schwenk et al., 2010) can
reside in the same cells. Overall, KCTD16 transcripts
exhibit a broad expression in the cortex, thalamus, and
amygdala. KCTD 12 transcripts are most abundant in spe-
cific nuclei or subsets of neurons. KCTD8 transcripts are
enriched in a small subset of neurons, including neurons
in the medial habenula, in several brain stem nuclei, and
in cerebellar granule cells. KCTD12b is only present in
the medial habenula. Some brain areas, such as the
nuclei of the anterior dorsal thalamus, the globus pallidus,
the claustrum, the medial septum, the hypothalamic
preoptic area, or the mammillary bodies appear to
express exclusively transcripts for one KCTD subtype
(see Table 2). In contrast, several brain areas express
transcripts for more than one KCTD, mostly in specific
neuronal populations. In the cerebellum, for example,
granule cells express KCTD8, Golgi cells KCTD16, and
Purkinje cells KCTD12. Intriguingly, KCTD12 transcripts
and protein in Purkinje cells exhibit the zebrin-like expres-
sion pattern that was already observed with GABAg; and
GABAg, protein (Fritschy et al., 1999; Lujan and Shige-
moto, 2006; Chung et al., 2008). In the cortex, pyramidal
neurons in layer IV, VI, and the isocortex express
KCTD 16, whereas interneurons mostly express KCTD12.
In summary, some GABAg receptor complexes in the
brain appear to incorporate one particular KCTD subtype,
while others potentially incorporate two or more distinct
KCTD proteins. It is currently unknown whether distinct
KCTD proteins can assemble into the same GABAg recep-
tor complex and whether this imparts distinct properties
to the receptor.

Subcellular distribution of KCTD proteins
Pyramidal neurons and dentate granule cells in the hip-
pocampus express transcripts for both KCTD12 and 16.
Previous ultrastructural analysis demonstrated that either
of the proteins localizes to pre- and postsynaptic sites
(Schwenk et al., 2010). Our immunohistochemical local-
ization extends these findings and reveals that the two
proteins are unequally distributed within granule cells.
KCTD16 immunoreactivity is found in the soma and
neuropil of dentate granule cells. In contrast, KCTD12
immunoreactivity is most prominent in the outer mole-
cular layer, likely reflecting expression in distal dendrites.
In this area dendritic spines of granule cells form synap-
ses with entorhinal afferents of the perforant pathway
(Nafstad, 1967). Strong KCTD12 immunoreactivity was

also observed in the molecular layer of the cerebellum.
Since specifically KCTD12 transcripts are expressed in
Purkinje cells, KCTD12 protein must be mostly present on
the dendritic arborization of Purkinje cells. This is in line
with immunohistochemical studies demonstrating abun-
dant postsynaptic GABAg receptors at parallel fiber-Pur-
kinje cell synapses (Bischoff et al, 1999; Lujan
and Shigemoto, 2006). The GABAgi, subunit mostly
localizes to postsynaptic sites (Perez-Garci et al., 2006;
Guetg et al., 2009) and is much more abundant than
GABAg, in Purkinje cells (Bischoff et al., 1999; Durkin
et al., 1999; Margeta-Mitrovic et al., 1999). Dendritic
GABAg receptors in Purkinje cells, therefore, mostly
assemble from the GABAg1;, 2) core receptor and KCTD12
subunits. In contrast, axonal GABAg receptors in the fasci-
culus retroflexus projecting from the medial habenula to
the interpeduncular nucleus (Bischoff et al., 1999; Frit-
schy et al., 2004) are presumably assembled with KCTD8.
Thus, in some neurons KCTD8 and 12 proteins exhibit an
axonal and dendritic polarization, respectively.

KCTD expression in glial cells and in
peripheral tissues

Glial cells appear to marginally express KCTD proteins,
which is consistent with generally low GABAg receptor
expression levels in nonneuronal brain cells (Bischoff
et al., 1999; Fritschy et al., 2004). Intriguingly, we found
that KCTD 12 transcripts and protein are highly abundant
in olfactory ensheathing cells in the olfactory nerve layer.
Olfactory ensheathing cells are the principal glial cells of
the olfactory bulb and ensheath the axons of the olfactory
nerve (Franklin and Barnett, 2000). Previous localization
studies indicated that GABAg receptors are strongly
expressed in olfactory receptor neurons but not in olfac-
tory ensheathing cells (Bonino et al., 1999). It is therefore
possible that KCTD12 in olfactory ensheathing cells
assumes functions other than the modulation of GABAg
receptors. Likewise, expression of KCTD8, 12, 12b, and
16 transcripts is observed in various mouse tissues not
expected to express GABAg receptors. For example,
Northern blot analysis detects KCTD 12 expression in the
intestine, kidney, heart, testis, adipose tissue, and bone
marrow. KCTD 12 protein was also reported to be a prog-
nostic marker for gastrointestinal stromal tumors, showing
an inverse relation to tumor metastasis (Suehara et al,,
2008; Kikuta et al., 2010). Overall, this suggests that the
role of KCTD 12 extends beyond GABAg receptors.
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