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Asymmetric Inhibition of Ulk2 Causes Left–Right
Differences in Habenular Neuropil Formation
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Studies of the zebrafish epithalamus have provided recent insights into the development of left–right brain asymmetry, which is crucial
to normal human brain function. The habenular nuclei of zebrafish are robustly asymmetric, with dense elaboration of neuropil only in
the left lateral subnucleus. Because this feature is tightly correlated with asymmetric expression of K � channel tetramerization domain-
containing proteins 12.1 and 12.2 (Kctd12.1/12.2), we screened for Kctd12.1-interacting proteins to identify molecular mechanisms
leading to neuropil asymmetry, and uncovered a novel interaction between Kctd12.1 and Unc-51-like kinase 2 (Ulk2). We show here that
knockdown of Ulk2 or overexpression of Kctd12 proteins reduces asymmetric neuropil elaboration. Conversely, overexpression of Ulk2
or mutation of kctd12 genes causes excess neuropil elaboration. We conclude that Ulk2 activity promotes neuropil elaboration while
Kctd12 proteins limit Ulk2 activity asymmetrically. This work describes a regulatory mechanism for neuronal process extension that may
be conserved in other developmental contexts in addition to the epithalamus.

Introduction
Left–right (L–R) asymmetry in brain function is a feature ob-
served throughout the vertebrate lineage (Concha and Wilson,
2001). Analysis of the behavior of many species suggests that
functional asymmetries stem from an anciently derived special-
ization of the right side for environmentally motivated behaviors
and/or pattern recognition, and the left side for self-motivated
behaviors and/or detail recognition. Such specialization is thought
to increase the efficiency of mental processing, and the consistent
direction of asymmetry in social organisms may promote behav-
ior that is predictable to the other members of a group (Mac-
Neilage et al., 2009).

The zebrafish has been an important tool for understanding
the molecular basis of asymmetric brain development. In partic-
ular, attention has focused on the epithalamus, which consists of
the pineal organ, the parapineal organ, and the left and right
habenular brain nuclei (Hb). The left-sided parapineal causes the
left Hb to develop a large lateral and small medial subnucleus
(Concha et al., 2000; Gamse et al., 2003, 2005; Aizawa et al.,

2005), in a process that involves Notch (Aizawa et al., 2007) and
Wnt signaling (Carl et al., 2007).

Hb subnuclei are asymmetric not only in size but also in anat-
omy and gene expression. The left lateral subnucleus exhibits a
large core of dense neuropil, which consists of afferent axons
from the forebrain and the Hb dendrites they contact. By con-
trast, the right lateral subnucleus has only a small core of neuropil
(Concha et al., 2000). This neuroanatomical asymmetry corre-
lates with the expression of the potassium channel tetrameriza-
tion domain (KCTD) protein Kctd12.1 (Leftover) (Gamse et al.,
2005). Kctd12.1 expression begins at 38 h postfertilization (hpf),
�10 h before the appearance of neuropil, and is restricted to
lateral Hb subnuclei; therefore, many more cells in the left Hb
express Kctd12.1 than the right (Gamse et al., 2003). The medial
subnucleus expresses a closely related protein, Kctd12.2, but elab-
orates little neuropil, similar to the right lateral subnucleus. The
function of Kctd proteins in developing neurons has not been
fully elucidated, but they are involved in processes as diverse as
ubiquitin ligase adaption (Bayón et al., 2008) and GABAB recep-
tor modulation (Schwenk et al., 2010).

Based on the correlation of Kctd12.1 expression with asymmetric
Hb morphology, we investigated the role of Kctd12 proteins in the
elaboration of asymmetric neuropil. Using cross-species two-
hybrid screening, Kctd12.1 was found to physically interact
with Unc-51-like 2 (Ulk2), a kinase that promotes neuronal
process extension (Zhou et al., 2007). We find that antisense
knockdown of zebrafish Ulk2 function causes a reduction of
Hb neuropil. Overexpression of Kctd12.1 or Kctd12.2 in the
Hb also results in reduced neuropil, while neuropil volume is
expanded in kctd12.1 and kctd12.2 mutants. These data suggest
that Kctd12 proteins are negative regulators of Ulk2, a hypoth-
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esis that is supported by our genetic interaction experiments.
We conclude that Kctd12.1 and Kctd12.2 may generate asym-
metry in the neuropil of the Hb nuclei through differential
modulation of Ulk2 activity.

Materials and Methods
Zebrafish. Zebrafish embryos were obtained by natural spawning of wild-
type AB (Walker, 1999), Tg[cfos:gal4vp16] s1019t (referred to here as Hb:
Gal) (Scott et al., 2007), Tg[UAS:kctd12.1:mt] vu260/264, Tg[UAS:kctd12.1:
pA] vu302, Tg[UAS:kctd12.2:mt] vu431, kctd12.1 vu442, and kctd12.2 fh312

lines, by mating single male and female adult zebrafish. Embryos were
raised at 28.5°C on a 14:10 light/dark cycle using standard procedures
(Westerfield and Zebrafish Information Network, 2000), and staged ac-
cording to hours or days postfertilization. For imaging purposes, 0.003%
phenylthiourea was added to embryo media to prevent the formation of
pigment.

Transgenesis. All transgenic animals generated for this study were cre-
ated using the Tol2kit (Kwan et al., 2007) and built using the Multisite
Gateway (Invitrogen) cloning system in the pDestTol2CG2 transgenesis
vector. For stable germline transgenics (Tg[UAS:kctd12.1:mt] vu260/264,
Tg[UAS:kctd12.1:pA] vu302, and Tg[UAS:kctd12.2:mt] vu431), AB embryos
were injected at late one-cell stage, screened for cardiac GFP at 3 d post-
fertilization (dpf), raised to adulthood, and outcrossed to AB animals.
For transient scatter labeling of Hb neurons, Tg[cfos:gal4vp16] s1019t (Hb:
Gal) embryos were injected with a Tol2 construct containing an up-
stream activating sequence (UAS) upstream of either green fluorescent
protein fused to Ulk2 ( gfp:ulk2) or a CaaX motif fused to GFP
(memGFP) at two- to eight-cell stages with the following transmission
rates: GFP:Ulk2, 1–2%; memGFP, 30 –50%. Larvae with small clones of
labeled Hb neurons were selected for imaging and analysis.

Mutagenesis. The kctd12.1 vu442 mutant was generated by viral in-
sertion that interrupts the kctd12.1 coding sequence within the
N-terminal oligomerization domain. Homozygous kctd12.1 vu442 mu-
tants are negative for both mRNA by in situ hybridization and protein
by immunofluorescence.

The kctd12.2 fh312 mutant was generated by N-ethyl-N-nitrosourea
(ENU) treatment and isolated by TILLING (Draper et al., 2004). This
line carries the mutation L74*. Homozygous kctd12.2 fh312 mutants are
negative for protein by immunofluorescence.

Immunofluorescence. Samples for whole-mount immunohistochemis-
try were fixed at 96 hpf overnight at room temperature in Prefer fixative
(Anatech) and processed as previously described (Snelson et al., 2008)
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Figure 1. Asymmetry in the 96 hpf zebrafish habenular nuclei. A, The paired Hb receive input via the stria medullaris (sm) and send efferents to the midbrain target, the interpeduncular nucleus
(IPN). The asymmetric parapineal organ innervates the left lateral subnucleus (green arrow) and is instrumental in establishing Hb laterality. Each subnucleus is asymmetrically subdivided into
medial (blue) and lateral (red) subnuclei, with the lateral subnucleus much larger on the left and the medial subnucleus larger on the right. The nomenclature distinguishing the medial from lateral
subnuclei is based on their position in the adult brain, which is the opposite of their position in the 96 hpf larvae shown here. B, An optical slice through a ToPro3 (nuclear marker)-stained larvae
demonstrates asymmetrical subnucleus organization. C, The soma-free regions inside each Hb subnucleus are filled with neuronal processes [acetylated tubulin (AcTub) immunofluorescence]
including afferent axons and Hb dendrites. The greatest volume of neuropil is found in the large left lateral subnucleus (arrow). D, Volumetric quantification of neuropil volume in each Hb subnuclei.
The left lateral subnucleus contains much more neuropil volume than the right, so the total neuropil volume is greater in the left Hb. E, Kctd12.1 protein (green) is primarily expressed in lateral Hb
subnuclei. F, G, Kctd12.2 (red) is expressed in most neurons of the medial Hb subnuclei (white dashed line indicates signal from dendritic processes, not Kctd12.2-positive soma) (F ) in a largely
complementary pattern to Kctd12.1 (G). Scale bars, 50 �m.
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Figure 2. Kctd12.1 interacts with Ulk2. A, Kctd12.1 and Ulk2 interact in a yeast two-hybrid
assay. Kctd12.1 is composed of two domains: an N-terminal domain that promotes oligomer-
ization, and a C-terminal domain of undefined function. Ulk2 is composed of three domains: an
N-terminal serine-threonine kinase domain (K), an internal proline-serine-rich region (PS rich),
and a CTD involved in protein–protein interactions. Neither N- nor C-terminal deletions of
Kctd12.1 are able to interact with full-length Ulk2. B, The interaction between Ulk2 and
Kctd12.1 is confirmed by in vitro coimmunoprecipitation. After incubation of fusion proteins to
allow binding, MYC:Ulk2 could be detected via Western blotting in samples immunoprecipi-
tated with antibodies against HA (white arrow), and likewise, HA:Kctd12.1 was detected upon
immunoprecipitation with antibodies against MYC (yellow arrow).
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but without proteinase K permeabilization. Primary antibodies were in-
cubated at the following concentrations: rabbit anti-Kctd12.1 (1:500)
(Gamse et al., 2005), mouse anti-acetylated tubulin (Sigma-Aldrich) (1:
500), mouse anti-Myc (Calbiochem) (1:500), rabbit anti-Myc (Sigma-
Aldrich) (1:500), and mouse anti-GFP (Invitrogen) (1:500). Primary
antibodies were detected using goat anti-mouse or goat anti-rabbit sec-
ondary antibodies conjugated to either Alexa 488 or Alexa 568 fluoro-
phores (Invitrogen) (1:300). To visualize cell nuclei, samples were
incubated with ToPro 3 (Invitrogen; 1:1000). Samples were then cleared
in glycerol and imaged with an LSM510 META (Zeiss) confocal micro-
scope with a 40�/1.30 Plan NEOFLUAR oil-immersion objective.
Z-stacks of the Hb were taken at 1 �m intervals and extended from the
dorsal surface of the larva to the point at which afferents within the stria
medullaris enter the Hb, a distance of 60 –75 �m. All images were pro-
cessed using Volocity (Improvision).

Volumetric quantification. To accurately measure neuropil volume in
each Hb subnucleus, confocal projections from the dorsal surface of the
embryo to the base of the dorsal habenulae in whole-mount larvae
stained with antibodies against acetylated tubulin were processed using
Volocity (Improvision) software. Each Hb subnucleus (left and right,
medial and lateral) was individually cropped along morphologically de-
fined borders. Neuropil volumes were selected using the Intensity
Threshold tool in the Volocity measurement software. This tool returns
measurements for all individual noncontinuous objects, but only the
largest continuous volume visually confirmed to correspond to Hb neu-
ropil was selected for further measurement.

To estimate the average dendrite volume per Hb neuron, confocal
images of transient scatter-labeled Hb:Gal�memGFP were processed
using Volocity (Improvision) software. Regions containing GFP � clones
were cropped and the Intensity Threshold tool was used to determine the
continuous volume of GFP signal. These measurements (Vtotal) represent
the volume of all dendrites and the soma of labeled cells, but because Hb
neurons are unipolar (Bianco et al., 2008), signal from Hb axons is not
included. Estimates for average soma volume (Vsom avg � 268.9 � 7.29
�m 3/soma; N � 26) were made by carefully outlining isolated soma
labeled with memGFP and measuring their volume with the Intensity
Threshold tool. With these measurements in hand, the dendrite volume
per cell (Vden) was estimated as follows: Vden � [Vtotal � (Vsom avg*N )]/
N, where N is the number of neurons in the labeled clone.

Statistical analysis consisted of two-tailed Student’s t tests using Excel
(Microsoft).

In situ hybridization. Samples for whole-
mount in situ hybridization were fixed overnight
at 4°C in 4% paraformaldehyde and then dehy-
drated in methanol at �20°C. Samples were pro-
cessed as previously described (Thisse and Thisse,
2008). For colorimetric precipitate, samples were
developed in a solution of NBT (4-nitroblue
tetrazolium) and BCIP (5-bromo-4-chloro-3-
indolyl-phosphate). Bright-field images of glyc-
erol-cleared samples were captured with a Leica
6000M compound microscope. When combin-
ing fluorescent precipitate with immunofluores-
cent labeling, samples were developed using Fast
Red TR/Naphthol (Sigma-Aldrich) and subse-
quently processed for immunofluorescence.

Yeast two-hybrid. Potential Kctd12.1 interac-
tors were screened using a commercially available
human fetal brain cDNA library (Clontech) fused
to the Gal4 activation domain pretransformed
into Y187 �-type yeast. A plasmid containing hu-
man Kctd12 fused to the Gal4 DNA binding do-
main was transformed into AH109 �-type yeast.
Mating of yeast strains and isolation of interac-
tion-positive colonies were performed according
to manufacturer’s instructions. Subsequent yeast
two-hybrid assays were performed by cotransfor-
mation of DNA binding and activation domain
fusion plasmids and plated on interaction-selec-
tive media (�ADE, �HIS). The zebrafish ho-

molog of Ulk2 was cloned from cDNA using the following primers: forward
(F), 5�-ATGGAGACGGTGGGAGATTT-3�, and reverse (R), 5�-TTCGTA-
CAGGGTGACGGTG-3�, and tested in subsequent yeast two-hybrid assays
for interaction with zebrafish Kctd12.1.

Coimmunoprecipitation. MYC:Ulk2 and HA:Kctd12.1 fusion proteins
were generated in vitro by coupled transcription and translation using the
TNT quick coupled transcription translation kit (Promega) according to
manufacturer’s instructions. Fusion proteins were then incubated to al-
low binding without further purification. Fusion protein mixtures were
then incubated with antibodies against either Myc or HA epitope tags
and subsequently bound to protein A-coated Sepharose beads (Pierce).
After extensive washing, complexes were released from beads by incuba-
tion at 90°C in SDS buffer. Samples were then detected using standard
Western blotting on a 4 –20% gradient polyacrylamide gel.

Morpholino knockdown of Ulk2. Morpholino antisense oligonucleotides
(Gene Tools) were designed to hinder Ulk2 translation by binding to the
start site (ulk2 MOATG, 5�-ATTCAAAATCTCCCACCGTCTCCAT) or to a
splice acceptor site at the beginning of exon 7 (ulk2 MOspl, 5�-TCGGCTGT-
TAAACAAAGAGAGCGCC) resulting in deletion of exon 7 and a frame-
shift-induced stop codon in exon 8. Morpholinos were resuspended in
distilled, deionized water and stored at room temperature. Morpholinos
were pressure injected into the yolk of one-cell stage embryos.

Semiquantitative RT-PCR. RT-PCRs were performed on total RNA iso-
lated from 72 hpf embryos with Trizol (Invitrogen). Reverse transcription
was performed with random hexameric primers, followed by PCR amplifi-
cation using primers to amplify sequence from �-actin (F, 5�-CCATG-
GATGGGAAAATCGCTGC-3�; R, 5�-GTCACACCATCACCAGAGTCC-3�),
ulk2 (F, 5�-CCTTAACAGCAAGGGGATCA-3�; R, 5�-ATGCTCCACAG-
GTCAGCTTT-3�), or kctd12.1 (F, 5=-CGAACTTAACGTGGGAGGAC-3=;
R, 5=-CGTTCAATGTGTCTCCAAACACCTC-3=). Band intensity quantifi-
cation was performed with Quantity One (Bio-Rad) software.

Overexpression of Ulk2. ulk2 mRNA was transcribed in vitro using the
mMessage mMachine transcription kit (Ambion) and pressure injected
into one-cell stage embryos.

Results
Quantitative description of Hb neuropil asymmetry
Although asymmetric neurite development has been described
qualitatively in several reports (Concha et al., 2000, 2003; Bianco
et al., 2008), we developed metrics to quantitatively measure Hb
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Figure 3. Ulk2 is expressed in the Hb and colocalizes with Kctd12.1. A–C, ulk2 transcript is detected by in situ hybridization in
many neurons of the CNS, but is enriched in the paired Hb (white outlines) at 48, 72, and 96 h post fertilization. D–F, A combination
of fluorescent in situ for ulk2 transcript and Kctd12.1 immunofluorescence reveals coexpression in the left lateral Hb. G, H, Trans-
genic expression of GFP:Ulk2 fusion protein in a single neuron of the left lateral Hb shows localization of GFP:Ulk2 to puncta in Hb
dendrites (arrows). I–I�, GFP:Ulk2 colocalizes with Kctd12.1. The image in I is an optical section through the left Hb in G and H with
medial to the right and dorsal to the top; dashed lines in I indicate the relative orientation of optical sections shown in I� and I�.
Scale bars: A, D, 50 �m; G–I, 15 �m.
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asymmetry. In the zebrafish epithalamus
(schematized in Fig. 1A), the L–R asym-
metric size ratio of medial and lateral ha-
benular subnuclei can be distinguished
based on soma distribution (Fig. 1B).
During late development, the lateral Hb
subnuclei shift dorsal and lateral to the
medial subnuclei. Thus, the designation
of “medial” and “lateral” Hb subnuclei re-
fers to their relative positions in the adult
brain, which is the opposite of their posi-
tions in the 96 hpf larva. Antibodies
against acetylated tubulin mark all axons
and dendrites, collectively referred to as
neuropil (Fig. 1C). Distribution of neuro-
pil volume is robustly asymmetric in the
zebrafish habenulae, with the greatest
volume of neuropil contained in a large
soma-free region at the core of the left lat-
eral subnucleus (Fig. 1C, arrow). To
quantitatively describe Hb neurite devel-
opment, we used image analysis software
(Volocity) to precisely determine the neu-
ropil volume in each individual subnu-
cleus. The left Hb contains significantly
more neuropil than the right (p �
1.34E-7; n � 12), owing largely to the con-
tribution of the left lateral subnucleus.

Asymmetry in subnucleus and neuropil
organization is tightly correlated with
asymmetric expression of Kctd12 pro-
teins. Kctd12.1 (Fig. 1E) expression is re-
stricted to neurons of the lateral subnuclei,
while Kctd12.2 (Fig. 1F) is expressed pri-
marily in medial Hb neurons in a pattern
largely complementary to Kctd12.1 (Fig.
1G). The correlation between asymmet-
ric morphological organization of the Hb
and asymmetric expression of Kctd12
proteins lead us to investigate their role in
Hb development.

Identification and confirmation of Ulk2
as Kctd12.1 interactor
To assess the function of Kctd12.1 protein
in Hb neurons, we used the yeast two-
hybrid assay to screen a brain cDNA
library to identify protein–protein inter-
actions with Kctd12. Because a high-
quality zebrafish brain cDNA library is
not available, we used the single human
homolog of Kctd12.1 and Kctd12.2, Hh-
KCTD12, as bait (fused to the Gal4 DNA
binding domain) and screened a commer-Figure 4. Antisense knockdown of Ulk2 inhibits the formation of Hb neuropil. A, B, Injection of 2 ng of ulk2MO spl at the one-cell

stage produces a mild decrease in head size and body length at 4 dpf. The general organization of the central (top insets) and
peripheral (bottom insets) nervous system as revealed by acetylated tubulin immunofluorescence is intact in morphant larvae (D,
diencephalon; T, telencephalon; MN, motor neurons), but Hb neuropil development (white boxes) is disrupted. C, Injection of
prespliced Ulk2 mRNA at the one-cell stage rescues all the phenotypes of Ulk2 morpholino treatment. D, The ulk2 transcript is
depleted by morpholino injection. RT-PCR with ulk2 primers (top panel) shows reduction of ulk2 mRNA relative to �-actin (bottom
panel). E, Quantification of band intensity in RT-PCR replicates (0 ng�1�0.07 A.U., 2 ng�0.5�0.05 A.U., 4 ng�0.43�0.02
A.U., N � 3). F–H, Morphant larvae can be assigned to one of three categories based on the degree of Hb neuropil elaboration. I,
When injected with either 2 ng of ulk2MO spl or 5 ng of ulk2MO ATG, the formation of neuropil in the Hb is inhibited in most larvae
(white bars), a phenotype not observed in injections of half-maximal dosage (1 and 2.5 ng, respectively). Hb neuropil inhibition
was also observed when half-maximal doses of each MO were combined, indicating that both morpholinos target the same

4

transcript. Injection of 150 pg of in vitro-transcribed ulk2
mRNA was able to rescue Hb neurite formation when coin-
jected with 2 ng of ulk2MO spl. J, K, Mosaic scatter labeling of
Hb neurons with memGFP, followed by average dendrite vol-
ume quantification highlights changes in average dendrite
volume between uninjected (J) and ulk2MO-treated (K) lar-
vae. Scale bars: A, 100 �m; F, J, 50 �m.
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cially available human fetal brain cDNA library (Clontech). We
isolated 66 interaction-positive clones after screening through
�2.3 � 10 6 library clones. Interacting clones included AKIP1
(A-kinase-interacting protein 1), UBE2NL (ubiquitin-
conjugating enzyme E2N-like), and several Golgins. Sequence
corresponding to Ulk2 was isolated from three independent
clones.

First, we wanted to confirm the interaction by testing the ze-
brafish homologs of Kctd12.1 and Ulk2. After cloning zebrafish
Ulk2, we found that it is able to activate interaction-selection
cassettes when cotransformed along with Kctd12.1 (Fig. 2A). To
gain an initial understanding of structure–function relationships,
we tested deletions of the two primary domains of Kctd12.1 for
their ability to interact with full-length Ulk2. The N-terminal
domain is thought to promote oligomerization of Kctd mono-
mers (Dementieva et al., 2009), and the C-terminal domain has
no described function. We found that deletion of either the
N-terminal or C-terminal domain of Kctd12.1 abolishes all inter-
action with full-length Ulk2.

To independently verify this interaction, we generated HA:
Kctd12.1 and MYC:Ulk2 fusion proteins by in vitro coupled tran-
scription and translation (Fig. 2B). In coimmunoprecipitation
experiments, we found that MYC:Ulk2 can be pulled down with
HA:Kctd12.1 and that HA:Kctd12.1 can likewise be pulled down
along with MYC:Ulk2.

Kctd12.1 and Ulk2 colocalize in Hb processes
Kctd12 proteins and Ulk2 must be coexpressed in Hb neurons to
be considered relevant to Hb neuropil development. By in situ

hybridization (Fig. 3A–C), we detect ulk2
mRNA in most neurons of the CNS, con-
sistent with previous reports of broad
brain expression patterns in other organ-
isms (Yan et al., 1999). Importantly, we
find ulk2 mRNA bilaterally enriched in
Hb neurons as early as 48 hpf, and this
expression continues until at least 96 hpf.
A combination of fluorescent in situ hy-
bridization for ulk2 and immunofluores-
cence for Kctd12.1 protein confirms that,
at the level of tissue organization, ulk2 and
Kctd12.1 are coexpressed in neurons of
the lateral subnucleus of the left Hb (Fig.
3D–F). We also analyzed the expression
pattern of the related genes ulk1a and
ulk1b. These two genes are expressed
broadly in neurons of the brain, but un-
like ulk2, ulk1a and ulk1b are not enriched
in the Hb between 48 and 96 hpf (data not
shown).

We next wanted to determine the lo-
calization of Kctd12.1 and Ulk2 proteins
at the subcellular level in Hb neurons.
Ulk2 has previously been reported to lo-
calize to cytoplasmic puncta in neuronal
processes (Zhou et al., 2007). Because no
suitable antibody against zebrafish Ulk2 is
available, we expressed a GFP:Ulk2 fusion
protein in small numbers of Hb neurons
by Gal4:UAS-based scatter labeling (Fig.
3G) in the Hb�Gal background. Consis-
tent with previous reports, this fusion
protein is present in a punctate pattern in

dendritic (Fig. 3H, arrows) and axonal (data not shown) pro-
cesses of Hb neurons. Counterstaining with antibodies against
Kctd12.1 shows that GFP:Ulk2 and Kctd12.1 colocalize at the
subcellular level (Fig. 3I) (N � 7). According to these findings,
Ulk2 and Kctd12.1 are present together at a relevant developmen-
tal time to affect Hb process development.

Morpholino knockdown of Ulk2 inhibits elaboration of
Hb neuropil
Based on previous reports of Ulk protein abrogation in develop-
ing neurons, we hypothesized that knockdown of Ulk2 in ze-
brafish would lead to inhibition of neurite elaboration in the
developing habenulae. To test the role of Ulk2 in Hb neuron
development, we adopted a knockdown strategy using antisense
morpholino oligonucleotide (MO) injection. Although Ulk2
morphants have slightly reduced head size and body length (Fig.
4A,B), general neurogenesis is not perturbed, as both brain or-
ganization and axonal extension by motor neurons indicate no
overall defects in the development of the CNS (Fig. 4A,B, insets).
The slight morphological defects associated with morpholino in-
jection can be rescued by coinjection of 150 pg of ulk2 mRNA
(Fig. 4C).

To assay the effectiveness of morpholino injection at depleting
ulk2 mRNA, we performed RT-PCR using primers within either
the ulk2 or �-actin coding region on groups of larvae injected
with either 0, 2, or 4 ng of ulk2MO SPL and collected at 3 dpf (Fig.
4D). We found that 2 ng of ulk2MO SPL is sufficient to knock
down ulk2 mRNA to �50% of the levels found in WT larvae (2 ng
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injection, 50.4 � 0.05% of WT level; N �
3), probably through the process of
nonsense-mediated decay.

To gauge habenular defects in popula-
tions of morphant larvae, we separated
larvae into three groups based on the
morphology of Hb neuropil: WT (Fig.
4F), reduced (Fig. 4G), and absent (Fig.
4H) for population frequency analysis.
Samples were categorized without knowl-
edge of treatment group.

Following treatment with either of two
morpholinos complementary to different
regions of the ulk2 mRNA (5 ng of
ulk2MO ATG or 2 ng of ulk2MO SPL), Hb
neuropil is absent (Fig. 4 I, white bars) in
many larvae (Spl: 65%, N � 40; ATG:
66.67%, N � 21). This effect was not elic-
ited by injection of half-maximal doses of
either morpholino (2.5 ng of ulk2MO ATG

or 1 ng of ulk2MO SPL, respectively), but
coinjection of a mixture of suboptimal
morpholino concentrations (2.5 ng of
ulk2MO ATG plus 1 ng of ulk2MO SPL) was
able to effectively inhibit development of
Hb neuropil in most larvae (60%; N �
20), suggesting that both morpholinos
target the same transcript.

To confirm that targeting of the ulk2
transcript is responsible for the Hb neuro-
pil phenotype, we injected prespliced ulk2
mRNA along with 2 ng of ulk2MO SPL. We
found that injection of 150 pg of ulk2
mRNA is able to rescue neuropil develop-
ment in many 2 ng ulk2MO SPL larvae.

To discount the possibility that reduc-
tion in Hb neuropil in Ulk2 morphants is
caused by a loss of Hb neurons, we counted Kctd12.1-positive
neurons in larvae treated with 2 ng of ulk2MO SPL. Morphants
and uninjected larvae do not have significantly different numbers
of Kctd12.1-positive neurons (uninjected, 260 � 7.76; 2 ng of
ulk2MO SPL, 234 � 8.53; p � 0.12; n � 12), indicating that loss of
Hb neurons is not responsible for the morphant phenotype (data
not shown).

Because measurements of neuropil volume unavoidably in-
clude signal from the axons of Hb afferents, we verified that Hb
dendrites were specifically affected by Ulk2 knockdown. Using
membrane-localized GFP (memGFP) to label small clones of
cells in control and ulk2MO SPL-injected embryos, we measured
average dendrite volume per Hb neuron (Fig. 4 J,K) (see Materi-
als and Methods). Average dendritic volume was significantly
reduced in ulk2 morphants (uninjected: 173.7 � 15.6 �m 3, N �
16; 2 ng of ulk2MO SPL: 131.8 � 11.4 �m 3, N � 16; p � 0.028).

Overexpression of Kctd12 proteins inhibits Hb
neuropil development
To investigate the impact of Kctd12.1 expression on developing
Hb neurons, we used the Gal4/UAS expression system to overex-
press Kctd12.1 in the Hb of larvae. Hb:Gal drives expression of
Gal4 transcription factor bilaterally in almost all Hb neurons by 4
dpf (Scott et al., 2007). We generated response lines with trans-
genes containing a UAS element upstream of a Kctd12.1:Myc
tag (MT) fusion protein (Tg[UAS:kctd12.1-mt]). In Hb:Gal�

Kctd12.1-MT larvae, we detected bilateral kctd12.1 mRNA (data
not shown) and overlapping Myc and Kctd12.1 immunofluores-
cence (Fig. 5B). Semiquantitative RT-PCR revealed a doubling in
the level of kctd12.1 mRNA present in double-transgenic samples
(WT, 1.0 � 0.11 A.U.; Hb:Gal�Kctd12.1-MT, 2.11 � 0.17 A.U.;
N � 3). At 4 dpf, fusion protein was present in almost all Hb
neurons. The pattern of Hb neuropil extension in Kctd12.1 over-
expression larvae was then assessed by acetylated tubulin
immunofluorescence.

When Kctd12.1 is overexpressed in all Hb neurons, the large
region of dense neuropil in the left Hb is dramatically reduced
(Fig. 5C,D). Larvae with normal levels of Kctd12.1 expression
have nearly twice the process volume in the left Hb compared
with the right, but in Hb:Gal�Kctd12.1:MT larvae, only a low
volume of neuropil is detected in both habenulae (Fig. 5D, ar-
rows). Quantification of neuropil volumes in each subnucleus
revealed a significant decrease in neuronal processes in the left
lateral (p � 0.0013; n � 16) and both left (p � 0.043; n � 16) and
right (p � 0.046; n � 16) medial subnuclei.

Hb neuropil defects are not due to an effect of the Myc epitope
tag, as overexpression of untagged Kctd12.1 produces an identi-
cal phenotype (data not shown). This phenotype is also not due
to parapineal asymmetry defects, as parapineal placement and
morphology are unaffected (data not shown).

We also tested the effect of overexpression of Kctd12.2 (Fig.
6). Based on the high level of conservation between Kctd12.1 and
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Kctd12.2, we hypothesized that Kctd12.2-MT fusion protein
would similarly inhibit the extension of Hb neuropil when over-
expressed. Indeed, neuropil volume is dramatically reduced in
larvae that overexpress Kctd12.2-MT (Fig. 6D, arrows). Volu-
metric quantification of neuropil in Hb:Gal�Kctd12.2-MT re-
veals significant reductions in neuropil volume in all subnuclei
when compared with WT larvae (left medial: p � 1.25E-5, n � 16;
left lateral: p � 8.21E-8, n � 16; right lateral: p � 1.8E-4, n � 16;
right medial: p � 1.8E-6, n � 16).

Mutation of Kctd12 gene leads to excess Hb neuropil
Based on the dramatic neuropil reduction when Hb neurons
overexpress Kctd12 proteins, we hypothesized that loss of Kctd12
expression through mutation may lead to an excess of Hb neuro-
pil. To test this hypothesis, we made use of a Kctd12.1-null mu-
tant allele, kctd12.1 vu442, which carries a large viral insertion
interrupting the kctd12.1 locus, and a Kctd12.2 mutant allele,
kctd12.2 fh312, which carries an ENU-induced stop codon (L74*).
Both mutations are null, with no protein detected by immuno-
fluorescence staining in homozygous mutants (Fig. 7A–D, in-
sets), and are homozygous viable. We analyzed neuropil volume in

single- and double-homozygous mutant
larvae to uncover any subtle differences in
neurite volume extension in the absence of
Kctd12 proteins. In kctd12.1vu442 homozy-
gotes, we detected a significant increase in
neuropil volume in both the left (p �
0.0054; N � 16) and right (p � 0.0039; N �
16) lateral Hb subnuclei, compared with
wild type (Fig. 7E). The affected subnuclei
are those that express Kctd12.1 in wild-type
larvae (Fig. 1E–G). Similarly, in homozy-
gous kctd12.2 fh312 mutants, quantification
reveals excess Hb neuropil in the left medial,
right lateral, and right medial subnuclei
(p � 0.0023, n � 16; p � 0.000051, n � 16;
p � 0.048, n � 16, respectively) (Fig. 7E).
Indeed, the only subnucleus unaffected by
loss of Kctd12.2 is the left lateral subnucleus,
from which Kctd12.2 is normally ex-
cluded. Comparison of neuropil be-
tween kctd12.1vu442 and kctd12.2 fh312 single
mutants reveals a significantly greater in-
crease in neuropil in kctd12.2 fh312 mutants
(p � 0.00912; N � 16).

Consistent with the hypothesis that
Kctd12.1 and Kctd12.2 proteins nega-
tively regulate neuropil formation in dif-
ferent subnuclei, we found neuropil
volumes in kctd12.1 vu442; kctd12.2 fh312

double mutants to be additively greater
than either single mutant alone, and this
increase in neuropil volume affects all Hb
subnuclei (Fig. 7E).

Overexpression of both Kctd12.1 and
Ulk2 can restore normal habenular
development
If Kctd12 proteins and Ulk2 operate in the
same pathway, as their interaction sug-
gests, we reasoned that overexpression of
Ulk2 should be able to rescue Hb neuropil
defects in Hb:Gal�Kctd12.1:MT larvae

by restoration of correct relative levels of both proteins in Hb
neurons. To test this hypothesis, we overexpressed Ulk2 by exog-
enous mRNA injection in the background of Kctd12.1 overex-
pression (Fig. 8). As in previous experiments, overexpression of
Kctd12.1-MT leads to dramatic loss of Hb neuropil volume com-
pared with controls (Fig. 8A,B). Conversely, we find that injec-
tion of 500 pg of ulk2 mRNA is able to increase Hb neuropil
volumes, particularly in medial subnuclei (Fig. 8C), which sup-
ports the idea that Ulk2 acts to promote the extension of neurites.

When exogenous ulk2 mRNA is administered to Hb:Gal�
Kctd12.1:MT embryos, we find that total Hb neuropil volume is
restored to levels statistically indistinguishable from WT (p �
0.072; n � 8) (Fig. 8D). In these experiments, overexpression of
Kctd12.1 inhibits endogenous Ulk2 activity to an inappropriate
degree, but providing high levels of exogenous Ulk2 can over-
come this inhibition and reestablish normal Ulk2-dependent
dendrite outgrowth.

Ulk2 depletion is epistatic to Kctd12.1 mutation
Based on reported roles of Ulk2 as a positive regulator of neurite
outgrowth and the excessive neurites in kctd12 mutations, we
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hypothesized that Kctd12 proteins nega-
tively regulate the activity of Ulk2 kinase,
which positively regulates neuropil for-
mation. To test this hypothesis, we exam-
ined the phenotype of kctd12.1 vu442

treated with an Ulk2 morpholino (Fig. 9).
If Kctd12 activity is upstream of Ulk2, we
expect the Hb neuropil of mutant/mor-
phant larvae to resemble that of Ulk2
knockdown alone. Mutation of Kctd12.1
in the context of Ulk2 morpholino
treatment (2 ng of ulk2 MO spl) results in
severely reduced neuropil elaboration
relative to WT or mutation of Kctd12.1
alone (Fig. 9A–E).

Discussion
The results of the present study indicate
that Ulk2 and Kctd12 proteins coordi-
nately regulate the development of Hb
neuronal processes, specifically that Ulk2
promotes neuropil outgrowth and that
Kctd12.1 is a negative regulator of Ulk2
activity. We have shown that (1) Kctd12.1
physically interacts with Ulk2, (2) Ulk2
knockdown and Kctd12 overexpression
can both inhibit neuropil formation, (3)
loss of Kctd12 expression and overexpres-
sion of Ulk2 lead to enhanced elaboration
of Hb neuropil, (4) Ulk2 and Kctd12 pro-
teins are in the same pathway, and (5)
Ulk2 depletion is epistatic to Kctd12 mu-
tation. These novel findings reveal a pre-
viously uncharacterized interaction and
may open a new line of inquiry into the
fine control of neurite extension in the
developing vertebrate nervous system.

The Ulk2–Kctd12 interaction may
define a novel Ulk regulatory system
The interaction between Kctd12.1 and Ulk2 is previously unre-
ported. We find that it is conserved between humans and ze-
brafish; as fruit flies and nematodes also have Kctd12 and Ulk2
orthologs, it will be interesting to see whether this mechanism for
regulating dendritogenesis is conserved in invertebrates.

The structure of Kctd proteins is still poorly understood. Our
finding that Kctd12.1–Ulk2 interaction is abolished by deletion
of either Kctd12.1 domain raises the possibility that either the
Ulk2 binding site spans both domains, or that one domain is
required for the correct coordination of the binding site in the
other domain.

Ulk2 is thought to promote process extension through stim-
ulation of early endosome trafficking at growing neurite tips.
Ulk2 has been shown to increase early endosome formation by
activation of the small GTPase Rab5 (Tomoda et al., 2004). In
axons, early endosomes that contain activated growth factor re-
ceptors (e.g., TrkA bound to NGF) move in a retrograde fashion
to the cell body, and this is thought to bring them close enough to
the nucleus to allow intracellular signaling to affect transcription
and axon extension (Delcroix et al., 2003). A similar process is
thought to occur in dendrites, although the receptors and ligands
involved remain to be identified (Satoh et al., 2008). We speculate
that Kctd12 proteins could regulate this process at a number of

steps, but the most likely scenarios involve either a regulation of
Ulk2 activity by preventing autophosphorylation or a sequestra-
tion model in which Kctd12 proteins inhibit localization of Ulk2
proteins to early endosome signaling centers.

To our knowledge, this is the first reported whole-
organism knockdown of Ulk2 in a vertebrate model system.
Ulk2 is a highly conserved protein from yeast (Atg1) to hu-
mans and acts in autophagy as well as early endosome forma-
tion. Given the multiple roles of this protein, why do Ulk2
morphants have a relatively mild dendritic outgrowth pheno-
type in the Hb? First, it is likely that we are only reducing, not
eliminating, Ulk2 function in our morpholino-treated em-
bryos, as evidenced by RT-PCR quantification. Second, there
is likely some redundancy with the closely related Ulk1a/1b
proteins. The selective appearance of an Hb phenotype may be
due to an elevated requirement for Ulk2 in Hb neurons, a
conclusion supported by the relatively high levels of ulk2 tran-
scripts found in these cells.

We have attempted to order the Kctd12/Ulk2 pathway via
genetic epistasis. The phenotype of double mutant/morphants is
similar to Ulk2 single morphants, and therefore the most parsi-
monious explanation is that Ulk2 is downstream of Kctd12.1.
However, double mutant/morphants do exhibit some increased
neuropil relative to Ulk2 morphants, likely because Ulk2 mor-
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pholino treatment cannot completely eliminate Ulk2 protein. As
higher levels of morpholino are toxic to embryos (R. W. Taylor,
unpublished observation), we cannot exclude the possibility that
Kctd12.1 is downstream of Ulk2 until an ulk2-null mutation is
isolated.

Additionally, although this study finds that Kctd12 pro-
teins regulate Ulk2, it is yet unclear how this regulation is
accomplished on a molecular scale. Kctd12 proteins are un-
likely to regulate Ulk2 at the transcription or translation level,
as Kctds are not considered transcription factors, nor are they
known to be involved in ribosomal regulation. We think it
most likely that by binding to Ulk2, Kctd12 proteins either
inhibit the kinase activity of Ulk2 or alter the subcellular lo-
calization of Ulk2 such as to prevent their association with
early endosomes.

Relative potency of Kctd12s as
Ulk2 regulators may underlie
habenular asymmetry
It initially appears counterintuitive that
Hb neurons should express negative reg-
ulators of neuropil extension (Kctd12
proteins) given their elaborate dendritic
processes. We propose that differential
neurite extension among Hb neurons
may be controlled by different potencies
of Kctd12.1 and Kctd12.2 in the down-
regulation of Ulk2 activity. The bilateral
expression of ulk2 mRNA suggests that an
Ulk2-dependent process is active in all Hb
neurons. Asymmetric Kctd12 expression
overlaid on symmetric expression of the
proneurite factor Ulk2 could explain how
differential process extension occurs. This
model predicts that Kctd12.2 more ef-
fectively downregulates Ulk2-dependent
neuropil outgrowth than Kctd12.1, re-
sulting in the characteristic asymmetric
neuropil observed in the zebrafish habe-
nulae (Fig. 9F). Our data support this
model, as overexpression of Kctd12.2 but
not Kctd12.1 is able to reduce neuropil
volume in all subnuclei, and mutation of
Kctd12.2 results in a greater neuropil
overelaboration phenotype than muta-
tion of Kctd12.1.

Since Kctd12.1 and 12.2 are closely re-
lated proteins, with �80% similarity at
the amino acid level (Gamse et al., 2005),
differential ability to affect neuropil for-
mation in the habenular nuclei was unex-
pected. However, closer inspection of the
protein sequences reveals 5 aa differ-
ences between Kctd12.1 and 12.2 in the
C-terminal domain (CTD). As the CTD is
essential for Kctd12.1 interaction with
Ulk2, these differences may affect the
strength of the interaction. Determina-
tion of CTD structure at high resolution is
underway to identify the residues that
contact Ulk2 and reveal the significance of
amino acid differences between Kctd12.1
and 12.2.

Kctd12.1–Ulk2 interaction may intersect with GABAB

receptor complexes
Kctd12 (the single mammalian homolog of zebrafish Kctd12.1/
12.2) was recently shown to interact with the metabotropic
GABAB G-protein-coupled receptor. This interaction affects li-
gand sensitivity, desensitization, and kinetics of this important
regulator of synaptic transmission and signal propagation (Sch-
wenk et al., 2010). This result can be interpreted in two possible
ways. First, Kctd12 may have distinct roles during the life of a
neuron. During embryonic development, Kctd12 may modulate
Ulk2-dependent mechanisms of neurite outgrowth, and then
regulate electrical activity in mature neurons by an independent
interaction with GABAB receptors. Second, and more intrigu-
ingly, we can speculate that the ability of Kctd12 proteins to in-
teract with both Ulk2 and GABAB receptors may reflect a role in
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GABA-mediated neurite outgrowth. During embryonic develop-
ment, GABA is known to regulate axon and dendrite formation
before synapse formation, by activation of GABA receptors, in-
cluding GABAB receptors (Sernagor et al., 2010). By analogy with
NGF/TrkA, internalization of GABA/GABAB receptor complexes
into endosomes may affect their signaling properties. Indeed,
GABAB receptors in cultured neurons are internalized and recy-
cled via an endosomal pathway, which appears to be dendrite
specific (González-Maeso et al., 2003; Grampp et al., 2008; Var-
gas et al., 2008). The presence of GABAB receptor-associated
Kctd12 could prevent Ulk2-stimulated endocytosis of the recep-
tor, or affect the recycling of GABAB receptor-containing endo-
somes to the cell surface versus targeting to the proteasome.
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