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Abstract
Traf2 and NcK interacting Kinase (TNiK) contains serine-threonine kinase and scaffold domains
and has been implicated in cell proliferation and glutamate receptor regulation in vitro. Here we
report its role in vivo using mice carrying a knockout mutation. TNiK binds protein complexes in
the synapse linking it to the NMDA receptor (NMDAR) via AKAP9. NMDAR and metabotropic
receptors bidirectionally regulate TNiK phosphorylation and TNiK was required for AMPA
expression and synaptic function. TNiK also organises nuclear complexes and in the absence of
TNiK, there was a marked elevation in GSK3β and phosphorylation levels of its cognate
phosphorylation sites on NeuroD1 with alterations in Wnt pathway signalling. We observed
impairments in dentate gyrus neurogenesis in TNiK knockout mice and cognitive testing using the
touchscreen apparatus revealed impairments in pattern separation on a test of spatial
discrimination. Object-location paired associates learning, which is dependent on glutamatergic
signalling was also impaired. Additionally, TNiK knockout mice displayed hyperlocomotor
behavior that could be rapidly reversed by GSK3β inhibitors, indicating the potential for
pharmacological rescue of a behavioral phenotype. These data establish TNiK as a critical
regulator of cognitive functions and suggest it may play a regulatory role in diseases impacting on
its interacting proteins and complexes.

INTRODUCTION
Central to understanding the molecular basis of cognitive functions are the signalling
mechanisms connecting neurotransmitter receptors to intracellular pathways regulating
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transcription, translation and changes in electrical properties of neurons. It has become
apparent that many of the proteins that participate in these pathways are physically
organised within the cytoplasm into multiprotein complexes that act as molecular machines
exploiting their different protein components to perform regulatory functions (Husi et al.,
2000; Scott and Pawson, 2009). Within many signalling complexes are protein kinases that
phosphorylate the nearby proteins and thereby orchestrate a variety of cellular functions
(Scott and Pawson, 2009). How neuronal signalling complexes function is poorly
understood and there are very few examples of studies where the dysfunction of signalling
complexes has been studied following a mutation in the intact animal.

Toward these issues, we were intrigued by Traf2 and NcK interacting Kinase (TNiK), a
protein with both scaffolding and kinase domains that had been implicated in postsynaptic
signalling as well as in regulation of cell proliferation (Mahmoudi et al., 2009; Shitashige et
al., 2010). TNiK is expressed in the nervous system but its role in vivo is currently unknown.
A recent study showed that activation of N-methyl-D-aspartate receptors (NMDARs)
regulates phosphorylation of TNiK (Coba et al., 2009). Moreover, knockdown of TNiK in
primary cultured neurons decreases surface GluA1 levels (Hussain et al., 2010) and alters
the synchrony of network activity (MacLaren et al., 2011), suggestive of a postsynaptic
signalling function at excitatory synapses. TNiK has also been implicated in controlling
dendritic outgrowth mediated by a ternary complex involving the E3 ubiquitin ligase
Nedd4-1, Rap2A and TNiK (Kawabe et al., 2010). In non-neuronal cells TNiK modulates
cell proliferation by regulating activation of Wnt signalling cascade through its ability to
interact with β-catenin and phosphorylate the transcription factor Tcf7l2 (Mahmoudi et al.,
2009; Shitashige et al., 2010). It is unknown if TNiK plays any role in neurogenesis or brain
development. Finally, a link between TNiK and schizophrenia has also been suggested
based on the observation that TNiK binds DISC1 (Disrupted in Schizophrenia 1) in vitro
resulting in decreased TNiK levels and kinase activity (Wang et al., 2010). Human genetic
studies have not identified mutations in TNiK, although several association studies have
suggested TNiK to be involved in schizophrenia, ADHD and general cognitive function
(Potkin et al., 2009; Shi et al., 2009; Elia et al., 2012).

Here we address the in vivo role of TNiK by examining mice carrying a knockout mutation
in TNiK and show the mutations leads to dysregulation of key synaptic and nuclear
signalling mechanisms. We identify complexes of proteins associated with TNiK in the
postsynaptic density and the nucleus and show that the TNiK mutation has a dramatic
impact on the regulation of GSK3β and phosphorylation of proteins within the complexes.
We assessed the requirement of TNiK in synaptic plasticity, neuronal development and
specific aspects of higher order cognitive processing using a computerised touchscreen
apparatus (Bussey et al., 2011) and find evidence that TNiK plays a role in multiple
cognitive functions through both synaptic and nuclear signalling pathways.

MATERIALS AND METHODS
Generation of TNiK mutant mice

The targeting vector was constructed using the AB2.2 genomic DNA BAC clone. The vector
containing 6.9kb and 2.9kb of 5′ and 3′ homology arms respectively, replaced 2.6kb of
TNiK genomic DNA (X28438374 to X28440972; Ensemble Build 55) containing part of
exon 6 and 7 that encoded the kinase domain with IRES-lacZ-neo reporter cassette. The
targeting construct was electroporated into E14TG2a ES cells. G418 (neo)-resistant clones
and screened for homologous recombination by long range PCR using Expand Long
Template PCR system (Roche Cat 11681842001) with PCR primer X (5′-
GAGCTATTCCAGAAGTAGTGAG-3′) and primer Y (5′-
CAGAGGTCTTGTCTATTCTTC -3′) that correspond to sequence in the IRES-lac-Z neo
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cassette and sequence outside the 2.9kb flanking region respectively. The correctly targeted
ES cells were injected into C57/BL6 blastocysts to create chimeric mice, which were bred
with 129S5 mice to generate heterozygous (+/−) TNiK mutant mice. Those F1 heterozygous
mice had been backcrossed with 129S5 mice for 1–2 times before being used for
intercrossing. Genotyping PCR consisted of a 540bp product amplified from the wild-type
(wt) allele using a forward primer A (CAACTGTCTTCTCATTAGTGG) in the wt sequence
deleted by targeted mutation and a reverse primer B (GACCTGAGAGTTGTGAGCTG)
downstream of the cassette. A 700bp product was amplified from the targeted allele using
primer B with forward primer X, within the selection cassette. After enzymatic amplification
for 35 cycles (45 seconds at 94 °C, 45 seconds at 55 °C, and 1 minute at 72 °C), the PCR
products were size-fractionated on a 2% agarose gel in 1x Tris borate-EDTA buffer.
Animals were treated in accordance with the UK Animal Scientific Procedures Act (1986).

Biochemical assays
PSD and nuclear fractions from mouse hippocampus were prepared using a three- step
protocol as previously described (Coba et al., 2009). In brief, tissue was homogenized in ice
cold buffer (10 mM Tris-HCl, pH 7.4/320 mM sucrose, 20mM β-glycerol phosphate, 1mM
sodium orthovanadate, 50mM sodium fluoride) and protease inhibitors (Roche-Complete
protease inhibitor cocktail). The homogenates were centrifuged at 800 × g for 10 min at 4°C
and pellet resuspended in 50 mM Hepes, pH 7.4, 40 mM β-glycerol phosphate, 1mM sodium
orthovanadate, 50mM sodium fluoride) and protease inhibitors (Roche-Complete protease
inhibitor cocktail). The homogenates were centrifuged at 16,000 × g for 15 min at 4°C and
supernatants used for nuclear extract assays. Data presented as mean ± SEM and statistical
significance determined using unpaired Student’s t-tests.

Hippocampal slice electrophysiology
Synaptic physiology was assessed using a multi-electrode array system and whole-cell
voltage-clamp techniques as described previously (Kopanitsa et al., 2006; Carlisle et al.,
2008). Eight MEA1060-BC set-ups were run in parallel and monopolar stimulation of
Schäffer collateral/commissural fibres through array electrodes was performed by STG2008
stimulus generator (Multi Channel Systems, Reutlingen, FRG). For LTP experiments, a
single principal recording electrode was picked in proximal part of CA1 stratum radiatum.
To stimulate control and test pathways, two stimulation electrodes were assigned on the
subicular side and on the CA3 side of stratum radiatum respectively. The distance from the
recording electrode to the test stimulation electrode was 400–510 μm and to the control
stimulation electrode 280–510 μm. To evoke orthodromic fEPSPs, test and control pathways
were activated in succession at a frequency of 0.02 Hz. Baseline stimulation strength was
adjusted to evoke a response that corresponded to 40% of the maximal attainable fEPSP at
the recording electrode located in proximal stratum radiatum. Amplitude of the negative
part of fEPSPs was used as a measure of the synaptic strength. To induce LTP, 10 bursts of
baseline strength stimuli were administered at 5 Hz to test pathway with 4 pulses given at
100 Hz per burst (total 40 stimuli). LTP plots were scaled to the average of the first five
baseline points. Normalisation of LTP values was performed by dividing the fEPSP
amplitude in the tetanised pathway by the amplitude of the control fEPSP at corresponding
time points. Normalised LTP values averaged across the period of 61–65 min after theta-
burst stimulation were used for statistical comparison.

Paired stimulation with an interpulse interval of 50 ms was used to observe paired-pulse
facilitation (PPF) in baseline conditions in the test pathway before LTP induction. PPF was
calculated by dividing the negative amplitude of fEPSP obtained in response to the second
pulse by the amplitude of fEPSP amplitude evoked by the preceding pulse. To assess
changes in basal synaptic transmission, input-output relationships were initially compared
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by mixed model repeated-measures ANOVA and Bonferroni post hoc test implemented in
Prism 5 (GraphPad Software, Inc., San Diego, CA) using invidual slice data as independent
observations. Since several slices were routinely recorded from every mouse, fEPSPmax,
PPF and LTP values between wt and mutant mice were then compared using two-way
nested ANOVA design with genotype (group) and mice (sub-group) as fixed effects.
Fisher’s F-statistic was calculated as Mean of SquaresGenotype/Mean of SquaresResidual and
genotype effect was considered significant if corresponding probability for the group F
statistic was below 0.05.

Conventional extracellular recording techniques were used to examine the induction of LTD
by 900 pulse trains of 1 Hz presynaptic fiber stimulation (Carlisle et al., 2008). For whole-
cell voltage-clamp techniques, slices were bathed in an oxygenated (95% O2 - 5% CO2)
artificial cerebrospinal fluid containing 124 mM NaCl, 2.4 mM KCl, 25 mM NaHCO3, 1
mM NaH2PO4, 4.0 mM CaCl2, 4 mM MgSO4, 0.1 mM picrotoxin, and 10 mM glucose.
EPSCs were recorded using electrodes were filled with a solution containing 102 mM
caesium gluconate, 17.5 CsCl, 10 mM TEA-Cl, 5 mM QX314, 4.0 mM Mg-ATP, 0.3 mM
Na-GTP, and 20 mM Hepes (pH = 7.2). TTX (1 μM) was added to the external solution and
cells were voltage-clamped at −80 mV to record miniature EPSCs (mEPSCs). Spontaneous
and miniature IPSCs (mIPSCs) were recorded using electrodes containing 140 mM CsCl, 4
mM NaCl, 1 mM MgCl2, 0,1 mM EGTA, 4 mM Mg-ATP, 0.3 mM Na-GTP, 5 mM QX314,
and 10 mM HEPES (pH = 7.2). AMPA and NMDAR-mediated synaptic currents were
blocked with 3.0 mM kynurenate and 1.0 μM TTX was added to the extracellular solution in
experiments recording miniature IPSCs (mIPSCs). Unpaired Student’s t-tests were used to
determine statistical significance of differences between whole cell voltage clamp
measurements in mutant and wt neurons.

Microarray analysis
Hippocampi (TNiK−/− n=11; wt n=33) from male and female mice aged 98–174 days were
dissected and snap frozen in liquid nitrogen. RNA was extracted using a Qiagen miRNeasy
kit. RNA integrity was verified using the Agilent 2100 Bioanalyzer and all samples had RIN
values above 7. Unpooled samples were prepared for array analysis using the Illumina
TotalPrep-96 RNA Amplification Kit and hybridized to Illumina Mouse WG-6 v2.0
Beadchips. The data was read into Bioconductor using Lumi (Du et al., 2008) and re-
annotated using a previously described dataset (Barbosa-Morais et al., 2009). A Variance
Stabilizing Transformation was applied followed by Quantile Normalization. Differential
expression between wt and TNiK−/− mice was determined using the empirical Bayes linear
model approach implemented in the Limma package (Smyth et al., 2005). Multiple
hypothesis testing was corrected for using the Bonferroni-Hochberg procedure. Gene set
enrichment analysis was undertaken using DAVID (Huang da et al., 2009) on those genes
with adjusted p<0.05. The dataset has been uploaded to ArrayExpress with accession E-
MTAB-1202.

Histology
For X-gal staining, free-floating sections were stained overnight in 5-bromo-4-
chloro-3indolyl-β-galactoside (X-gal, Malford), mounted on pretreated slides, dehydrated
and mounted with DPX mountant. For immunohistochemistry, free-floating sections were
incubated in either anti-doublecortin (1:250, Cell Signalling 4604), anti-NeuroD1 (1:500,
Abcam ab60704) or anti-Ki67 (1:300, Abcam ab15580). Sections were incubated with either
biotinylated anti-mouse or anti-rabbit secondary antibody (1:200, DAKO) for peroxidase
staining or with anti-mouse Alexa Fluor 633 or anti-rabbit Alexa Fluor 568 (1:1000) for
immunofluorescence. For peroxidase staining, signal was amplified using an avidin-biotin
system (Vector Laboratories) before staining in 3,3-diaminobenzidine (Dab, Sigma). For
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quantitation of cell numbers, a minimum of 2 sagittal brain sections per animal was analysed
from 4 pairs of TNiK−/− mice and wt littermates. Total numbers of immunopositive cells in
the hippocampus were counted by an experimenter blinded to genotype and statistical
significance determined using unpaired Student’s t-tests.

Cognitive testing in the rodent touchscreen operant system
Testing was conducted in a touchscreen-based automated operant system that consisted of
an operant chamber (21.6 × 17.8 × 12.7 cm) made of clear Perspex walls and a stainless
steel grid floor, housed within a sound- and light-attenuating box (40 × 34 × 42 cm) (Med
Associates, St Albans, VT). A pellet dispenser delivering 14 mg dustless pellets (BioServ,
Frenchtown, NJ) into a magazine, a house light, and a tone generator was located at one end
of the chamber. At the opposite end of the chamber was a flat-screen monitor equipped with
an infrared touchscreen (16 × 21.2 cm) (Craft Data Limited, Chesham, UK). The
touchscreen was covered by a black Perspex ‘mask’ that either had 6 windows (for two-
choice spatial discrimination) or 3 windows (for Object-location Associative Learning)
positioned in front of the touchscreen allowing the presentation of stimuli to be spatially
localized and prevented the mouse from accidentally triggering the touchscreen. Stimuli
presented on the screen were controlled by custom software (“MouseCat,” L.M. Saksida)
and responses made via nose-pokes at the stimuli were detected by the touchscreen and
recorded by the software. Prior to testing, body weight of mice was slowly reduced and then
maintained at or above 85% of free-feeding body weight. Animals were pre-trained through
several stages, to learn to touch stimuli on the screen in order to obtain a reward as described
previously (Brigman et al., 2008).

Two-choice spatial discrimination pattern separation
Adult mice (wt n=8, TniK−/− n=12) were initially trained to touch one of two illuminated
stimuli (squares). Responses at one location (correct) resulted in a reward; responses at the
other location (incorrect) resulted in a 5-s timeout (signaled by extinction of the house light).
During training, the location of the two illuminated stimuli was separated by an intermediate
degree of separation (2 empty/dark locations, Creer et al., 2009). Animals were required to
complete 7/8 consecutive correct touches (acquisition) following which the reward
contingences were reversed so that the previous incorrect location now became correct, and
animals had to complete 7/8 consecutive correct touches in the other location (reversal). The
correct starting location was counterbalanced between animals in each genotype and in
addition, the reversal component of the task decreased the likelihood of animals developing
a side bias or the use of non-spatial strategies. Mice were given a maximum of 60 trials/
session/day until they reached a training criterion of completing a minimum of one
acquisition and one reversal on 3 out of 4 consecutive days.

Following training, pattern separation was assessed by varying the distance between the
choice locations, either situated by a high degree of separation (ie., 4 empty/dark locations
between the two illuminated locations) or a low degree of separation (ie., no empty/dark
location between the two illuminated locations). Mice were given unlimited trials/session/
day in a 60min period and were allowed a maximum of 1 reversal. Spatial separations were
held constant during each testing session per day but were varied across testing days. Mice
were tested for 4 sessions on each separation, and the order of separation tested was
counterbalanced between animals in each genotype across days.

Average number of trials taken to reach criterion of 7/8 consecutive correct touches for
acquisition and reversal for each separation was calculated. Group differences were
analyzed using either an independent samples t-test or a mixed between-within subjects
analysis of variance (ANOVA) with genotype as the between-subjects factor and separation
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as the within-subjects factor. A paired samples t-test was used for post hoc analysis to assess
significant between x within-subjects interaction effect. All values reported represent mean
± standard error of the mean.

Object-Location Paired Associates Learning
Mice (wt n=8, Tnik−/− n=12) were tested for the ability to associate between objects
(shapes) and locations on the touchscreen (Talpos et al., 2009). There were three objects
(flower, plane, and spider) and three correct spatial locations (left, middle, and right,
respectively). For each trial, only 2 objects were presented; one object in its correct location
(S+) and the other object in one of two incorrect locations (S−). There were six possible trial
types (Talpos et al., 2009), so that the flower was rewarded only when presented in the left
location, the plane was rewarded only when presented in the middle location, and the spider
was rewarded only when presented in the right location. A nose-poke to the correct S+
resulted in delivery of a reward and incorrect responses resulted in a 5-s time-out period,
followed by correction procedure whereby the trial was repeated until the mouse made a
correct choice. Nose-pokes to response windows in which no stimulus was presented were
ignored. Mice were given 36 trials per session/day for 50 sessions. Group differences were
analyzed using a mixed between-within subjects ANOVA with genotype as the between-
subjects factor and session block as the within-subjects factor. All values reported represent
mean ± standard error of the mean.

RESULTS
TNiK in glutamate receptor function in vivo

The TNiK gene was replaced with a LacZ reporter using homologous recombination in
mouse embryonic stem cells (Fig. 1A, B), producing viable homozygous (TNiK−/−) mice
that showed no detectable TNiK protein on immunoblots of brain extracts (Fig. 1C). We
observed normal Mendelian transmission in TNiK+/− intercrosses (χ2 p=0.23) and no
detectable abnormalities in body size or gross brain morphology (Fig. 1E). In wild type (wt)
mice, TNiK is widely expressed in brain, including the cortex and hippocampus, where
strongest staining was observed in dentate gyrus granule cells (Fig. 1D). As previously
reported, TNiK protein was expressed in the PSD (Kawabe et al., 2010; Wang et al., 2010)
and the nucleus (Fig. 2A)(Mahmoudi et al., 2009).

As a starting point for understanding the biochemical role of TNiK and the impact of a
knockout mutation, we characterised the protein interactions and complexes formed by
TNiK. Since TNiK binds DISC1 (Camargo et al., 2007; Wang et al., 2010), which binds
GSK3β (Mao et al., 2009), expression of all three proteins was identified in the nucleus and
in the PSD (Fig. 2A). Using immunoprecipitations (IP) from PSD extracts, these three
proteins were co-isolated in NMDAR complexes (Fig. 2B) together with CRMP2 (Fig. 2C),
a GSK3β substrate (Edgar et al., 2000; Nakata et al., 2003). These findings are consistent
with previous reports showing that CRMP2 binds DISC1 (Camargo et al., 2007) and
NMDAR GluN2B subunits (Al-Hallaq et al., 2007). How TNiK is recruited into complexes
with the NMDA receptor is unknown: a direct interaction between TNiK and NMDAR
subunits has not been reported in numerous yeast two-hybrid screens using NMDAR GluN1
and GluN2 subunits as bait, thus it seems likely that TNiK interacts with NMDARs via an
intermediate protein. A-Kinase Anchoring protein 9 (AKAP9)(Lin et al., 1998) is a
candidate since it binds TNiK (Camargo et al., 2007) and the cytoplasmic domain of GluN1.
To test this, AKAP9 mutant mice were generated and characterised, and as shown in Figure
2D, TNiK’s association with GluN1 was reduced to 52% (p<0.05) and the reverse IP
confirmed this result with a 63% decrease (p<0.05, Fig. 2D). Since the total levels of GluN1
and TNiK remained unchanged in extracts from AKAP9 mutants (Fig. 2D) and the
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interaction between TNiK and PSD-95 or GluN2B was not altered in AKAP9 mutants (Fig.
2E), these results support the view that AKAP9 links TNiK to GluN1 in vivo.

To understand the functional coupling of NMDAR and other glutamate receptors to TNiK,
we examined the phosphorylation of S735, a proposed autophosphorylation site indicative of
TNiK activity (Shitashige et al., 2010; Wang et al., 2010). In PSD extracts from
hippocampal slices treated with NMDA, S735 was robustly dephosphorylated (42%,
p<0.01). In contrast, mGluRI agonist increased S735 phosphorylation (241%, p<0.01) and
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA) activation had no
effect (p>0.05) (Fig. 2F–I). In PSD extracts of TNiK−/− mice, a decrease in AMPA receptor
GluA1 levels (35% p<0.05, Fig. 2J) was observed, consistent with a recent report in primary
cultures with TNiK knockdown (Wang et al., 2010). Since these data show biochemical
interactions between TNiK and glutamate receptors, we examined excitatory and inhibitory
synaptic transmission and synaptic plasticity in the hippocampus of TNiK−/− mice.

NMDAR- and AMPAR-mediated synaptic currents, long-term plasticity (LTP and LTD),
and spontaneous and miniature inhibitory postsynaptic currents were normal in the
hippocampal CA1 region of TNiK−/− mice (Fig. 3A–F). We noted however that evoked
fEPSPs were slightly but significantly enhanced at stronger stimulation intensities compared
to wild type littermates (Fig. 3B, F(9,522) = 6.48, P < 0.0001). We also observed a significant
increase in paired-pulse facilitation (188 ± 3% in wt compared to 196 ± 3% in TNiK−/−

mice, F1,40 = 5.36, p=0.026) and a significant decrease in the frequency of AMPA receptor-
mediated mEPSCs in TNiK−/− cells (TNiK−/− mice: 4.1 ± 0.5 Hz, wt: 5.3 ± 3 Hz, p<0.05)
indicating the probability of neurotransmitter release from presynaptic terminals of
excitatory synapses may be reduced in TNiK−/− mice (Fig. 3G).

Postsynaptic signalling complexes not only regulate glutamate receptor function and
synaptic plasticity, but also transcriptional and other signalling pathways. Thus in the
absence of a major requirement for TNiK in synaptic transmission and plasticity, and
because of the previous data suggesting TNiK can regulate Wnt pathway in non-neuronal
cells, we examined the requirement for TNiK in gene expression. mRNA was isolated from
the hippocampus of wt and TNiK−/− mice and the transcriptome profile analysed. A total of
372 annotated genes were found to be differentially expressed with adjusted p-values <0.05
(see ArrayExpress database (http://www.ebi.ac.uk/arrayexpress) under accession number E-
MTAB-1202) with many mRNAs involved in neurogenesis identified. Gene set enrichment
analysis of TNiK dependent genes revealed the 3 most significantly overrepresented Gene
Ontology terms related to Neurogenesis (‘regulation of neuron differentiation’ p=0.00153;
‘regulation of neurogenesis’ p=0.002; ‘regulation of nervous system development’
p=0.0038).

GSK3β plays a key role in regulating Wnt pathway and is physically associated with TNiK
(Fig. 2C) and we asked if GSK3β was altered in TNiK−/− mice. There was a dramatic
increase in GSK3β levels (143% p<0.05, Fig. 4A) in the PSD and nucleus, which was
associated with an increase in phosphorylation of postsynaptic (CRMP2 threonine 514
increased 183% p<0.01; PSD-95 serine 418 and threonine 19 increased 157% p<0.01 and
141% p<0.01 respectively; Tau serine 396 increased 211% p<0.01, Fig. 4B) and nuclear
substrates (NeuroD1 S274 increased 390% p<0.05, Fig. 4C). No changes were observed in
the levels of GluN1, PSD-95, CRMP2, Tau, or NeuroD1 in TNiK−/− mice (p>0.05, Fig. 4A)
and the hyperphosphorylation of the GSK3β sites on these proteins was reversed within
minutes of applying a pharmacological inhibitor of GSK3β incubated on hippocampus slices
(data not shown).
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GSK3β antagonist reversal of locomotor hyperactivity
Spontaneous locomotor hyperactivity has been reported in mice overexpressing GSK3β
(Mohn et al., 1999; Prickaerts et al., 2006; Shen et al., 2008) and we therefore tested
locomotor activity in four test environments (open field, novel object exploration, elevated
plus maze, locomotor activity chamber). A robust increase in locomotor activity was
observed in TNiK−/− mice in all tests (Fig. 5A). Next, the ability of this effect to be rapidly
reversed with a GSK3β inhibitor was tested. TNiK−/− and wt mice were placed in an activity
chamber for an initial period of 30 min to assess baseline spontaneous locomotor activity
where as expected, TNiK−/− mice showed significantly elevated locomotor behavior
compared to wt (Fig. 5B, p<0.001). Within 30 minutes following administration of the
GSK3β inhibitor SB216763, the locomotor activity of TNiK−/− mice was significantly
reduced (p<0.05) to the same levels as wt mice. Furthermore, there was no significant
difference between wt mice treated with vehicle or SB216763, indicating a unique
sensitivity to GSK3β inhibition (p<0.05, Fig. 5C) was conferred by the TNiK mutation.
These results suggest the mechanism underlying the locomotor phenotype in TNiK−/− mice
is the result of aberrant GSK3β signalling.

TNiK is required for dentate gyrus neurogenesis
Because the S274 phosphorylation on NeuroD1 is known to inhibit its transcriptional
activity (Chae et al., 2004) and NeuroD1 is required for dentate gyrus neurogenesis through
Wnt signalling (Miyata et al., 1999; Kuwabara et al., 2009), and both Wnt/β-catenin defects
results in loss of the dentate gyrus (Miyata et al., 1999; Liu et al., 2000), this raises the
possibility that TNiK−/− mice could have dentate gyrus abnormalities. Moreover, inhibition
of Wnt (Wexler et al., 2008; Clelland et al., 2009), NeuroD1 (Miyata et al., 1999) or DISC1
(Mao et al., 2009) and upregulation of GSK3β (Mao et al., 2009; Sirerol-Piquer et al., 2010)
all result in impairments in dentate gyrus neurogenesis. We therefore examined neuronal cell
numbers and markers of neurogenesis in the hippocampus of developing and mature mice.
In young adult (6–8 week old) TNiK−/− mice there was a reduction in the numbers of
dentate gyrus granule cells (29%, p<0.001, Fig. 6A) but no difference was observed in CA3
and CA1 pyramidal neurons (cell counts CA3 wt = 101.0±4.2, TNiK−/− = 99.6±3.9, p=0.82;
CA1 wt = 141.5±4.4, TNiK−/− = 144.3±4.5, p=0.66). Examining cells expressing
doublecortin (DCX), a widely used marker of adult neurogenesis and newly born neurons,
and NeuroD1 (a neuronal precursor marker expressed in differentiating neurons, (von
Bohlen Und Halbach, 2007), we observed significant reductions of both (DCX, 55%,
p<0.001; NeuroD1, 41%, p<0.001, Fig. 6A, B). The cell proliferation marker Ki67 (Kee et
al., 2002) was also reduced (70%, p<0.01, Fig. 6B). The decrease in dentate neurons in
TNiK−/− mice was also observed by postnatal day 7 (43%, p<0.001) (NeuN staining, Fig.
6C) as was the reduction in cells expressing NeuroD1 (37%, p<0.01, Fig. 6D) and DCX
(77%, p<0.001, Fig. 6E). Commensurate with a requirement for TNiK during these
developmental stages we examined the postnatal expression profile of TNiK and found
strong expression in principal excitatory neurons in all hippocampus subfields from P7 (Fig.
7).

TNiK mutants show cognitive deficits in touchscreen tests
The role of TNiK in behavior is unknown and the abnormalities in the dentate gyrus pointed
to the possibility that there could be a role for TNiK in pattern separation. Pattern separation
is a specific cognitive function where the ability to form distinct representations from similar
inputs closely presented in space and/or time is necessary for decreasing the interference
between memories. Impairments in dentate gyrus neurogenesis induced either by X-
irradiation or Wnt inhibition, lead to impairments in pattern separation (Clelland et al.,
2009) and conversely, enhanced pattern separation performance correlates with increased
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neurogenesis (Creer et al., 2010; Sahay et al., 2011). We therefore asked if TNiK was
required for pattern separation using the same two-choice spatial discrimination task in the
touch-screen apparatus that was used to show the role of Wnt (Clelland et al., 2009). Mice
were initially trained to discriminate the correct spatial location between two illuminated
squares (located in two out of six possible locations) and then pattern separation was tested
by varying the distance between the choice locations, either situated far apart (high degree of
separation) or close together (low degree of separation, Fig. 6F). TNiK−/− mice showed no
significant difference to wt mice during initial training (trials to training criterion: wt =
458.1±45.8, TNiK−/− = 576.3±74.2, p=0.248) and when tested with stimuli separated by a
high degree of separation (p>0.05, Fig. 6F). However TNiK−/− mice showed a significant
impairment in discrimination when the locations were in close proximity (genotype x
separation interaction p<0.01; low separation p<0.05).

Previous studies have shown a reduction in dentate gyrus neurogenesis impairs pattern
separation without impacting on object-location paired associates learning, which can also
be measured in the touchscreen apparatus (Clelland et al., 2009). Moreover, intra-
hippocampal infusions with NMDA or AMPA antagonists impair performance in this task
(Talpos et al., 2009). Since TNiK is involved in NMDAR and AMPA function, it was of
interest to assess object-location paired associates learning in TNiK mutants. The task
measures the ability to associate three objects (flower, plane, and spider) with their correct
spatial locations on the screen (left (L1), middle (L2), and right (L3), respectively (Fig. 6G).
We find that TNiK−/− mice were significantly impaired in learning the association of an
object and its location (effect of genotype p=0.016, Fig. 6G).

DISCUSSION
Our data provides the first direct evidence showing TNiK in the nervous system plays key
roles at the synapse and nucleus, and is essential for cognition. We found that TNiK was
required for two different forms of learning – pattern separation and object-location paired
associates learning - that both rely on processing visual and spatial information. Pattern
separation is important for keeping similar memories separate and is known to require the
function of the dentate gyrus (Gilbert et al., 2001; Leutgeb et al., 2007; Bakker et al., 2008;
Hunsaker and Kesner, 2008). Deletion of the essential NR1 subunit of the NMDAR
specifically in dentate granule cells (McHugh et al., 2007) or disruption of neurogenesis
through interference with Wnt signalling or irradiation (Clelland et al., 2009) all result in
impaired pattern separation. Conversely, increased neurogenesis has been reported to
correlate with enhanced pattern separation ability (Creer et al., 2010; Sahay et al., 2011).
Although we observe that TNiK−/− mice show a marked impairment in neurogenesis of
dentate gyrus granule cells and exhibit deficits in pattern separation, we cannot exclude the
possibility that some other signalling deficit or neuroanatomical change within the granule
cells might also contribute to this specific cognitive impairment. In addition to pattern
separation, TNiK was required for learning object-location paired associates, which is not
dependent on dentate gyrus neurogenesis (Clelland et al., 2009), but performance of this task
is dependent on NMDAR and AMPAR function (Talpos et al., 2009). These findings
suggest that loss of TNiK leads to additional dysfunction outside of the dentate gyrus and
thus has wider cognitive impacts.

The molecular functions of TNiK are summarised in Fig. 8, highlighting a role for TNiK at
both nuclear and postsynaptic complexes. Several lines of evidence indicate that TNiK
mediates its role in neurogenesis through nuclear signalling complexes involving Wnt and
GSK3β substrates. In the dentate gyrus subgranular zone, Wnt proteins (Grove et al., 1998;
Lee et al., 2000) and β-catenin (Gao et al., 2007) are essential for neurogenesis. One of the
major effectors of Wnt/β-catenin pathways is the activation of the basic helix-loop helix
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(bHLH) transcription factor NeuroD1 (Kuwabara et al., 2009), and similar to Wnt/β-catenin
defects, the absence of NeuroD1 during hippocampus development results in loss of the
dentate gyrus (Miyata et al., 1999; Liu et al., 2000). Furthermore, in adult stages, the
conditional deletion of NeuroD1 shows it is indispensable for survival and maturation of
adult-born neurons (Gao et al., 2009) and defines NeuroD1 as a critical regulator of adult
neurogenesis. The transcription factor activity of NeuroD1 has also been shown to be
modulated by heterodimerization with the schizophrenia susceptibility gene TCF4 (Brzozka
et al., 2010) and by phosphorylation of S274 by GSK3β (Chae et al., 2004), which inhibits
NeuroD1 transcription activity. We found that deletion of TNiK resulted in enhanced
phosphorylation of NeuroD1 S274, which would be expected to contribute to the observed
reduction in neurogenesis and number of dentate gyrus neurons. Moreover, we found that
NeuroD1 positive cells were decreased in the dentate gyrus of TNiK−/− mice and this
decrease in precursor/progenitor cells was paralleled with a decrease in the number of newly
born neurons and total number of dentate gyrus granule cells.

In non-neuronal cells, TNiK has been described as a critical component of transcriptional
regulatory mechanisms, mediated by Wnt signalling, through binding and phosphorylation
of the HMG box transcription factor Tcf7l2. TNiK forms a ternary complex with Tcf7l2 and
β-catenin, modulating the transcriptional activation of Wnt target genes (Mahmoudi et al.,
2009). In agreement with this, our results show that the deletion of TNiK results in a
dysregulation of mRNAs involved in Wnt pathways. For example, CCND1 is a
characteristic Wnt/β-catenin modulated gene (Mahmoudi et al., 2009) and was down
regulated in the TNiK−/− mice. CCND1 was also reported to decrease as a result of DISC1
knockdown in vivo (Mao et al., 2009) and DISC1 and β-catenin, both TNiK interacting
proteins, regulate Wnt signalling and neuronal progenitor proliferation (Kuwabara et al.,
2009; Mao et al., 2009). Moreover, DISC1 induces a premature cell cycle exit and neuronal
differentiation through GSK3β activity (Mao et al., 2009) and deletion of TNiK leads to an
impairment in cell proliferation as demonstrated by the decrease in the total numbers of
Ki67+ cells. These data indicate that TNiK is a key regulator of neurogenesis and cell
proliferation through a combination of mechanisms, including modulation of transcription
factor phosphorylation, activation of Wnt pathway and nuclear protein complexes.

The finding that TNiK was critical for constraining GSK3β was unexpected. In the absence
of this constraint, there was increased phosphorylation of both nuclear substrates controlling
cellular proliferation and synaptic substrates in the signal transduction complexes formed
with scaffold proteins and glutamate receptors. GSK3β controls both neurogenesis and rapid
synaptic signalling events (Jope and Roh, 2006; Beaulieu et al., 2009; Mao et al., 2009; Hur
and Zhou, 2010; Sirerol-Piquer et al., 2010). Aberrant GSK3β signalling has also been
implicated in and been a prominent therapeutic target (Jope and Roh, 2006; Beaulieu et al.,
2009) for a variety of cognitive disorders including neuropsychiatric, neurodegenerative and
more recently, neurodevelopmental disorders such as Fragile X. Interestingly, Fmr1
knockout mice show elevated GSK3β levels, aberrant neurogenesis and impairments in
spatial discrimination similar to that observed in TNiK−/− mice (Min et al., 2009; Luo et al.,
2010; Guo et al., 2011). This is noteworthy as Fmr1 is expressed widely in hippocampal
subfields and additionally shows a phenotype where the dentate gyrus is particularly
impacted, similar to that of TNiK−/− mice. Our findings support the view that TNiK acts in
concert with GSK3β and DISC1 to regulate formation of neural circuits. DISC1 has been
linked to Wnt signalling and neuronal progenitor proliferation (Pantelis et al., 1999;
Kuwabara et al., 2009; Mao et al., 2009; Ishizuka et al., 2011) and in agreement with our
biochemical data, TNiK directly binds DISC1 and β-catenin (Mahmoudi et al., 2009; Wang
et al., 2010) forming complexes with GSK3β. DISC1 knockdown induces a premature cell
cycle exit and neuronal differentiation through GSK3β activity (Mao et al., 2009) and TNiK
knockout leads to an impairment in cell proliferation as demonstrated by the decrease in the
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total numbers of Ki67+ cells. It will be important in future work, using conditional and
domain specific mutations in both TNiK and GSK3β, to dissect the multifunctional roles of
these interacting kinases. These genetic approaches combined with pharmacological tools
will allow the developmental and cell-type specific functions to be elucidated.

We observed several relevant electrophysiological deficits in CA3-CA1 synapses of
TNiK−/− mice showing a requirement for TNiK in normal excitatory synaptic function. The
frequency of mEPSCs recorded in CA1 pyramidal cells of TNiK−/− mice was significantly
lower than that seen in wild type cells. Decreases in mEPSC frequency can arise from a
reduction in the number of excitatory synapses and/or a decrease in the probability of
transmitter release from the presynaptic terminal. We found that paired-pulse facilitation in
the hippocampal CA1 region was significantly enhanced in slices from TNiK−/− mice
suggesting that TNiK may influence presynaptic processes involved in glutamatergic
synaptic transmission. At the biochemical level, we found that TNiK was required for
GluA1 expression, which is consistent with recent studies using siRNA-mediated TNiK
knockdown in primary neuronal cultures (Hussain et al., 2010; Wang et al., 2010). The
change in GluA1 did not appear to have a major impact on synaptic transmission as we did
not observe reductions in mEPSC amplitudes or evoked AMPAR-mediated synaptic
responses in hippocampal slices from TNiK−/− mice. It is not surprising that the 35%
decrease in GluA1 levels in TNiK−/− mice is not associated with changes in basal synaptic
transmission in the hippocampal CA1 region. For example, previous studies have found that
both field excitatory postsynaptic potentials and miniature excitatory postsynaptic currents
are normal in GluA1 knockout mice (Zamanillo et al., 1999; however see Andrasfalvy et al.,
2003). This is most likely due to the fact that functional AMPA receptors can be made from
hetero and homomeric combinations of other subunits (GluA2-4). In addition,
approximately 95% of the extrasynaptic pool of AMPARs normally contain GluA1 subunits
(Lu et al., 2009). Thus there is likely a considerable reserve pool of other AMPAR subunits
that could compensate for the modest decrease in total GluA1 levels in TNiK mutants.

TNiK was physically linked to the NMDA receptor complex and its autophosphorylation
site was regulated by both NMDAR and mGluR receptors (in opposing directions).
Moreover, in the absence of TNiK there was an elevation of GSK3β phosphorylation on
postsynaptic substrates. We tested several LTP and LTD protocols, which are transcription
and translation-independent, and these were normal in TNiK−/− mice. We cannot rule out a
potentially important role for TNiK in other forms of LTP such as transcription-dependent
or translation-dependent forms of late-phase LTP, which may be relevant to the potential
link with FMRP noted above.

A number of circumstantial lines of evidence suggest TNiK is involved in neuropsychiatric
diseases. In addition to its interaction with DISC1, there are links between TNiK and other
genes implicated in schizophrenia. NeuroD1 heterodimerizes with the schizophrenia
susceptibility protein TCF4 (Brzozka et al., 2010) and TNiK forms a ternary complex with
Tcf7l2 (another schizophrenia susceptibility protein, Hansen et al., 2011) and β-catenin,
modulating the transcriptional activation of Wnt target genes. We find that TNiK binds and
regulates glutamate receptor complexes, which are involved in a range of different cognitive
disorders including schizophrenia, autism and forms of mental retardation (Fernandez et al.,
2009; Bayes et al., 2011). A recent large-scale study of de novo copy number variation in
schizophrenia found a highly significant enrichment in mutations affecting the MAGUK
associated signalling complexes that include PSD-95, TNiK and proteins dependent on
TNiK function (Kirov et al., 2011). We observed that loss of TNiK impairs object-location
paired associates learning, which has been evaluated in humans using computer-automated
tests such as the object-place paired-associate-learning (PAL) test from the Cambridge
Neuropsychological Test Automated Battery (CANTAB) that is widely used in clinical
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settings (Barnett et al., 2010). Moreover, schizophrenic patients show robust impairments on
PAL and performance on this test correlates with symptom severity (Barnett et al., 2005;
Barnett et al., 2010). Aberrant neurogenesis is also emerging as a neuropathological change
in schizophrenia (Reif et al., 2006; Reif et al., 2007; Toro and Deakin, 2007; DeCarolis and
Eisch, 2010) and while no study has yet explicitly examined pattern separation in
schizophrenic patients, its importance as a cognitive function of potential relevance to
schizophrenia has been argued (Tamminga et al., 2010). It is now emerging that human
cognitive disorders arise from mutation or disruption in many postsynaptic signalling
proteins, including those interacting with TNiK, and future studies may determine if TNiK
plays a role in modulating these disease phenotypes.
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Figure 1. TNiK knockout mice
1A. Targeting vector for the generation of TNiK knockout mice. Linear structure of TNiK
protein showing kinase, intermediate and citron homology (CNH) domain. Arrow indicates
N-terminal point of targeted deletion and middle panel shows gene targeting vector
containing the IRES-lacZ-neo reporter cassette and lower panel the genomic locus (exons;
vertical bars). Vector sequences include: T3, triple termination sequence; IRES, internal
ribosome entry sequence; LacZpA, β-galactosidase reporter with polyA sequence; triangles
flanking PGKEM7neoSV40pA (selection cassette) are loxP recombination sites. PCR
genotyping primer sites, A,B,X.
1B. Genotyping heterozygous and homozygous mice. A 540bp product was amplified from
the wild-type (wt) allele using primers A and B and a 700bp product amplified from the
targeted allele using primers B and X.

Coba et al. Page 17

J Neurosci. Author manuscript; available in PMC 2014 April 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



1C. Immunoblot with TNiK antibodies of total hippocampal lysates shows absence of TNiK
protein in TNiK−/− mice.
1D. Brain expression of TNiK. Coronal and sagittal brain section stained with X-gal in
TNiK−/− mice. C, cortex; H, hippocampus; arrow to dentate gyrus.
Scale bar: 1.4mm
1E. Coronal and sagittal brain sections stained with Nissl from adult wt and TNiK−/− mice.
Scale bar: 1.4mm
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Figure 2. Postsynaptic TNiK complexes and increased GSK3β signalling in TNiK−/− mice
2A. Immunoblot showing TNiK, DISC1, β-catenin, and GSK3β in total hippocampal
lysates, PSD and nucleus fraction. The transcription factor NeuroD1 was found only in the
nuclear fraction and absent from the PSD.
2B. TNiK, NMDAR and DISC1 complexes. PSD lysates (input) were immunoprecipitated
with antibodies to GluN1, GLuN2B, TNiK, DISC1 and control IgG (labels above the blots)
and immunoblotted with antibodies to TNiK and GluN1 (labels to left of blots).
2C. TNiK, CRMP2 and GSK3β complexes. PSD lysates were immunoprecipitated with
antibodies to TNiK, GSK3β and control IgG and immunoblotted with antibodies to CRMP2
and GSK3β. Labelled as in 2B.
2D. Immunoprecipitation with GluN1 antibodies and control IgG, and western blot against
TNiK in wt and AKAP9−/− mice (left panel) showed a 52% reduction (p<0.05) (right panel).
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Reciprocal immunoprecipitation with TNiK and GluN1 antibodies and western blot against
GluN1 in wt and AKAP9 mutant mice (left panel) observed a 63% reduction (p<0.05)(right
panel). The total levels of TNiK and GluN1 were not altered in AKAP9−/− mice (lane 1 and
6).
2E. Unaltered GluN1, GluN2B, PSD95 complexes in AKAP9−/− mice. Wt and AKAP9
mutant input extracts are indicated and immunoprecipitating antibody is shown above the
blot.
2F–I. Glutamate receptors modulate bidirectional phosphorylation of TNiK.
2F. TNiK S735 phosphorylation measured by immunoblot of PSD lysates from
hippocampus slices stimulated with NMDA.
2G. TNiK S735 phosphorylation measured by immunoblot of PSD lysates from
hippocampus slices stimulated with the metabotropic agonist DHPG.
2H. TNiK S735 phosphorylation measured by immunoblot of PSD lysates from
hippocampus slices stimulated with AMPA.
2I. NMDAR activation in hippocampal slices decreases TNiK S735 phosphorylation,
activation of metabotropic glutamate receptors type I (mGluRI) with DHPG produced an
increase in S735 phosphorylation, while AMPA activation had no effect.
2J. PSD lysates were immunoblotted with antibody to GluA1. Histogram shows 35%
decrease (p<0.05).
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Figure 3. Synaptic physiology in TNiK−/− mice
3A. NMDA receptor-mediated EPSCs are normal in TNiK−/− mice. Traces (top) show
EPSCs recorded at −80 and +40 mV in pyramidal cells from a wt (left) and TNiK−/− mouse
(right). Calibration bars are 100 pA and 25 msec. The ratios of NMDA receptor-mediated
EPSCs to AMPA receptor-mediated EPSCs measured at −80 and +40 mV (bottom) are not
significant different in TNiK−/− mice (n = 17; N = 3) compared to wt littermates (n = 17; N =
3).
3B. Baseline synaptic transmission was slightly but significantly enhanced in TNiK−/− mice.
Input-output relationships illustrate averaged fEPSP amplitudes in slices from TNiK−/− (n =
28; N = 10) and wt mice (n = 32; N = 10) in response to stimulation of Schäffer collaterals
by biphasic voltage pulses of 0.1 – 4.2 V (*p < 0.05, #p < 0.01). Amplitudes of fEPSPs
evoked by maximum 4.2V stimulation were significantly increased in TNiK mice
(F(1,40)=9.18; P = 0.004, two-way nested ANOVA, main genotype effect). Representative
families of fEPSP traces are shown at right. Calibration bars are 1 mV and 2 msec.
3C. Spontaneously occurring IPSCs were recorded in cells voltage-clamped at −70 and all-
points histograms were generated from 10 sec long segments of data. Points corresponding
to baseline noise were estimated from the Gaussian curve centered on 0 pA. The difference
between this area and the remaining area under the histogram corresponds to the currents
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generated by the IPSCs (shaded area) and was used to calculate total charge transfer. Traces
show mIPSCs recorded before and after bath application of picrotoxin (100 μM).
3D. Comparison of spontaneous and miniature IPSC charge transfer in wt (open bars) and
TNiK−/− cells (filled bars). Spontaneous IPSCs (recorded in the absence of TTX) in cells
from TNiK−/− mice (n = 10 cells from 4 mice) are not significantly different from that seen
in wt cells (n = 10 cells from 4 mice, p = 0.41). Total charge transfer due to mIPSCs is also
similar in TNiK−/− (n = 13 cells from 4 mice) and wt mice (n = 15 cells from 3 mice, p =
0.39). Traces show sIPSCs recorded from CA1 pyramidal cells in slices from wt and
TNiK−/− mice.
3E. Theta-burst stimulation elicited pathway-specific long-term potentiation of synaptic
transmission in hippocampus CA1 area. Normalised magnitude of this potentiation 60–65
min after LTP induction was identical in mutant mice (189 ± 5%; n = 28; N = 10; P = 0.94)
and their wt littermates (189 ± 4%; n = 32; N = 10). Traces show examples of test pathway
fEPSPs evoked immediately before and 1 h after theta-burst stimulation.
3F. Hippocampal long-term depression induced by 1 Hz stimulation (900 pulses) is normal
in TNiK−/− mice. 45 minutes post-1 Hz stimulation fEPSPs were reduced to 65 ± 4% of
baseline in slices from TNiK−/− mice (n = 11; N = 5) compared to 60 ± 9% of baseline in
slices from wt mice (n = 5; N = 3).
3G. Frequency of spontaneous mEPSCs is significantly reduced in TNiK−/− mice. Traces
(left) show consecutive sweeps of mEPSCs recorded in a wt cell (top, n = 14; N = 3) and a
TNiK−/− cell (bottom, n = 14; N = 3). Calibration bars are 100 ms and 15 pA. Histograms
(right) show the amplitude, and frequency of mEPSPs as well as paired-pulse facilitation
(PPF) of fEPSPs (50 msec inter-pulse interval) in TNiK−/− mice compared to wt mice (*p <
0.05).
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Figure 4. Elevated GSK3β levels in TNiK−/− mice
4A. Immunoblots of GSK3β, GluN1, PSD-95, CRMP2, and Tau in PSD lysates from wt and
TNiK−/− mice. Histograms shows proteins level in TNiK−/− mice PSD normalised to wt
levels.
4B. PSD lysates were immunoblotted with phosphospecific antibodies showing increased
phosphorylation of CRMP2 threonine 514, PSD-95 serine 418 and threonine 19, and tau
serine 396 in TNiK−/− mice.
4C. Hippocampal lysates were immunoblotted with phosphospecific antibodies to serine 294
on NeuroD1 (upper panel) and total NeuroD1 (lower panel) and levels in TNiK−/− mice
quantified relative to wt in histograms.
Images shows representative western blot assays from at least triplicate experiments.
Asterisk indicates significant difference to wt (p<0.05).
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Figure 5. Inhibition of GSK3β reverses hyperactivity in TNiK−/− mice
5A–C. Locomotor activity was assessed in an open field chamber and total distance moved
measured (5A). Representative tracks of wt (5A-left) and TNiK−/− (5A-right) mice in the
open field. GSK3β inhibition on locomotor activity (5B) was assessed by placing TNiK−/−

and wt mice in an activity chamber for an initial period of 30 min, then mice were injected
(indicated by arrow) with either vehicle or a GSK3β inhibitor (SB 216763, 10 mg/kg of
body weight i.p.) and monitored for a further period of 30 min starting 10 min after
injection. Sensitivity to GSK3β (5C) was calculated as a ratio of change in locomotor
activity between administration of vehicle and GSK3β inhibitor. *p<0.05; **p<0.01;
***p<0.005; a = TNiK−/− vehicle vs. wt vehicle, b = TNiK−/− vehicle vs. TNiK−/− GSK3β
inhibitor.
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Figure 6. Impaired dentate gyrus neurogenesis and cognition in TNiK−/− mice
6A,B. Histograms comparing dentate gyrus granule cell number and cells stained with
markers relevant to neurogenesis (see text) in wt and TNiK−/− mice brain sections.
Representative images of dentate gyrus cells in wt and TNiK−/− brain sections stained with
markers for DCX (6A), NeuroD1 and Ki67 (6B). Scale bars:200μm; 60μm.
6C–E. Hippocampus development in TNiK−/−mice. Number of NeuN positive neurons at P7
(left histogram, upper two panels of immunohistochemistry) and P14 (right histogram, lower
two panels of immunohistochemistry) in wt and TNiK−/− mice (6C). Number of NeuroD1
positive neurons at P7 (left histogram, upper two panels of immunohistochemistry) and P14
(right histogram, lower two panels of immunohistochemistry) in wt and TNiK−/− mice (6D).
Number of DCX positive neurons at P7 (left histogram, upper two panels of
immunohistochemistry) and P14 (right histogram, lower two panels of
immunohistochemistry) in wt and TNiK−/− mice (6E). Scale bars: 100μm.
6F. Pattern separation was assessed using a two-choice spatial discrimination task in the
touchscreen-based operant system. Mice were trained to discriminate the correct spatial
location between two illuminated squares, located in two out of six possible locations.
Pattern separation was tested by varying the distance between the choice locations, either
situated far apart (high degree of separation)(upper panel) or close together (low degree of
separation) (lower panel). TNiK−/−mice performed as well as wt mice when stimuli were
separated by a high degree of separation, however, showed a significant impairment
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(p<0.05) in discrimination when the locations were in close proximity. As a control
measure, analysis of response reaction times showed no significant differences between
groups at either separation (High separation, wt = 5.0 ± 1.1 s, TNiK−/− = 5.2 ± 0.8s; Low
separation, wt = 4.9 ± 0.7s, TNiK−/− =5.0 ± 0.9s).
6G. TNiK−/− mice show a deficit in object-location associative learning (significant effect of
genotype, p<0.05) where mice were tested for the ability to associate between three objects
(flower, plane, and spider) with their correct spatial locations on the screen (left (L1), middle
(L2), and right (L3), respectively).
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Figure 7. Postnatal expression profile of TNiK
7A. Saggital sections showing expression pattern of TNiK using X-Gal staining in TNiK−/−

mice at postnatal day 7, 14 and 20. Scale bar: 100μm
7B. Detailed expression pattern of TNiK using X-Gal staining of hippocampal area. Scale
bar: 200μm. Dentate gyrus (DG), granule cell layer (GCL), molecular layer (ML), pyramidal
cell layer (PCL).

Coba et al. Page 27

J Neurosci. Author manuscript; available in PMC 2014 April 08.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8. Molecular functions of TNiK
The molecular functions of TNiK in the postsynaptic density and nucleus are shown.
Proteins are shown as colored shapes and grouped into their synaptic and nuclear locations.
Black lines connecting proteins show known protein-protein interactions; arrows show
regulatory interactions: red, phosphorylation (phosphorylated amino acid residue indicated
with number and letter); blue, dephosphorylation; green, regulates protein level.
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