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Kcnt1 encoded sodium-activated potassium channels (Slack channels) are highly expressed throughout the brain where they

modulate the firing patterns and general excitability of many types of neurons. Increasing evidence suggests that Slack chan-

nels may be important for higher brain functions such as cognition and normal intellectual development. In particular,

recent findings have shown that human Slack mutations produce very severe intellectual disability and that Slack channels

interact directly with the Fragile X mental retardation protein (FMRP), a protein that when missing or mutated results in

Fragile X syndrome (FXS), the most common form of inherited intellectual disability and autism in humans. We have now

analyzed a recently developed Kcnt1 null mouse model in several behavioral tasks to assess which aspects of memory and

learning are dependent on Slack. We demonstrate that Slack deficiency results in mildly altered general locomotor activity,

but normal working memory, reference memory, as well as cerebellar control of motor functions. In contrast, we find that

Slack channels are required for cognitive flexibility, including reversal learning processes and the ability to adapt quickly to

unfamiliar situations and environments. Our data reveal that hippocampal-dependent spatial learning capabilities require

the proper function of Slack channels.

[Supplemental material is available for this article.]

Sodium-activated potassium (KNa) channels are predominantly
expressed in neuronal tissue (Bhattacharjee et al. 2002, 2003,
2005; Yuan et al. 2003; Brown et al. 2008) where they are involved
in neuronal excitability, burst firing, adaptation of firing rate and,
at least in some cell types, Slack contributes to the resting mem-
brane potential (Bhattacharjee and Kaczmarek 2005; Kaczmarek
2013). Although several recent studies provide increasing evi-
dence that KNa channels are active under physiological conditions
(Budelli et al. 2009; Hage and Salkoff 2012), their precise func-
tions in vivo are still speculative. Particularly, the high values
for half-maximal activation of KNa channels by intracellular
sodium (EC50) (Bhattacharjee et al. 2003; Yuan et al. 2003) have
questioned the roles of Slack channels in a physiological setting.
So far, two highly related genes encoding sodium-activated potas-
sium channels have been identified: Slack is the product of the
Kcnt1 gene (Slo2.2) (Yuan et al. 2003) and Kcnt2 encodes Slick
channels (Slo2.1) (Bhattacharjee et al. 2003). Evidence for at least
five Slack isoforms that differ in kinetic of activation, frequency of
subconductance states, and in their capability to form Slack/Slick
heteromers (Brown et al. 2008) may at least in part explain the
diversity of native KNa channels (Dryer 1994; Bhattacharjee and
Kaczmarek 2005). Slack activity is regulated by a variety of signal-
ing pathways, involving protein kinase C or A as well as endoge-
nous modulators such as NAD+, estradiol, and PIP2 (Kaczmarek
2013). In addition, recent studies have demonstrated a direct in-
teraction between Slack channels and the Fragile X mental retar-

dation protein (FMRP) (Brown et al. 2010; Zhang et al. 2012).
FMRP is an RNA-binding protein that mediates the transport
of specific target mRNAs to synapses where it regulates local
stimulus-dependent translation (Bakker and Oostra 2003; Bear
et al. 2004). Binding of FMRP to the C-terminus of Slack increases
the open probability of the channel, and suppresses the occur-
rence of subconductance states (Brown et al. 2010). Silencing of
FMR1, the human gene encoding FMRP, leads to the Fragile X syn-
drome (FXS), the most common inherited form of mental retarda-
tion and autism (Pfeiffer and Huber 2009). Accordingly, Fmr1
knockout mice, a model for human FXS, exhibit several behavio-
ral abnormalities including habituation deficits in the open field,
increased locomotor activity and mild learning deficits (The
Dutch-Belgian Fragile X Consortium et al. 1994; D’Hooge et al.
1997; Van Dam et al. 2000; Bakker and Oostra 2003; Kooy 2003;
Udagawa et al. 2013). It is unclear, however, whether loss of
FMRP modulation of Slack activity (Brown et al. 2010) is, at least
in part, responsible for the phenotype of Fmr1 knockout mice
and related FXS symptoms. Besides the interplay between FMRP
and Slack, FMRP seems to affect the expression and activity of a va-
riety of other potassium channels including Kv3.1, Kv4.2, HCN1,
and BK (Gross et al. 2011; Lee et al. 2011; Brager et al. 2012; Deng
et al. 2013) and increasing evidence suggests that some aspects of
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the FXS in humans are also linked to alterations in ion channel
functions (Lee and Jan 2012; Zhang et al. 2014; Guglielmi et al.
2015). Interestingly, the potassium channels related to FMRP
seem to be important factors for learning processes, for example,
Kv4.2 and HCN1 deficient mice exhibit spatial learning (Lock-
ridge and Yuan 2011) and working memory deficits (Thuault
et al. 2013), respectively. Along the same lines, the role of Ca2+-
and voltage-activated potassium channels of big-conductance
(BKs), which are highly related to Slack, have been well estab-
lished in hippocampal-dependent learning tasks and memory
(Matthews et al. 2008; Typlt et al. 2013). The relevance of neuro-
nal Slack channels in behavioral functions, motor skills, or learn-
ing and memory processes in vivo is unclear, but recent studies on
a series of gain-of-function mutations in the human Slack channel
gene all revealed severe intellectual disability and developmental
delay coupled to different early-onset epileptic syndromes in af-
fected patients, suggesting that Slack may indeed play an impor-
tant role in cognition and intellectual development (Aminkeng
2012; Barcia et al. 2012; Heron et al. 2012; Kaczmarek 2013; Kim
and Kaczmarek 2014; Kim et al. 2014; Martin et al. 2014).

To test whether expression of Slack channels is required for
spatial memory or motor performance, we have now studied re-
cently generated Kcnt1 null mice (Slack KOs) (Lu et al. 2015),
and compared their behavior with that of age-matched wild-type
(WT) mice. Our data suggest that complex learning processes,
including reversal learning in the Morris water maze (MWM)
task, locomotor activity, and coping with unfamiliar environ-
ments and situations require endogenous Slack channels.

Results

Slack channels are expressed in the cerebellum

and hippocampal formation
Information about the distribution of Slack channels in different
brain regions is not consistent among
different reports because in situ hybridi-
zation or immunocytochemistry with
antibodies directed against different
parts of the Slack protein were performed
(Joiner et al. 1998; Bhattacharjee et al.
2002; Brown et al. 2008). Our qRT-PCR-
based comparison of WT and Slack
KO tissue samples confirmed that Slack
transcripts are not evenly distributed in
mouse brain. High Slack mRNA levels
were detected in the cerebellum, whereas
the amount of Slack transcripts in the
hippocampal formation was about 25-
fold lower (Fig. 1A). We included Slick
specific primers in this analysis to ex-
clude possible up-regulation of Kcnt2-
derived mRNA on the Slack null back-
ground. Importantly, these mRNA analy-
ses correlated well with presence of total
Slack protein in the respective brain re-
gions of WT mice (Fig. 1B). To get further
insights into the cellular expression pat-
terns of Slack in the cerebellum (Fig.
1C,D) and the hippocampus (Fig. 1E,F),
we used the previously described Slack-
B-antibody on WT and Slack KO brain
cryosections (Bhattacharjee et al. 2002).
We found high Slack-B immunoreacti-
vity in the granular layer (gr) of the cere-
bellum, lower immunoreactivity in the

cerebellar molecular layer (ml) that contains the axons and den-
drites of granular cells and Purkinje neurons, respectively, and
no Slack-B expression was found in the Purkinje cell somata
(Fig. 1C). In the hippocampus, Slack-B was expressed in the stra-
tum lacunosum moleculare (slm) of the CA regions and in the mo-
lecular (mo) as well as the polymorph layer (po) of the dentate
gyrus, whereas almost no Slack-B expression was observed in the
granular layer of the dentate gyrus (gl) and the pyramidal layers
(pl) of CA1 and CA3 (Fig. 1E). We also found high Slack-B expres-
sion in the subiculum, the relay station of the hippocampal for-
mation (data not shown). The immunohistochemical analyses
were reproduced using an in-house generated Slack antibody
that detects all Slack isoforms (Supplemental Fig. 1), showing no
specific staining in cerebellum or hippocampus sections obtained
from Slack KO mice.

Slack-deficient mice show normal motor functions
High Slack expression in the cerebellum may point to a previously
underestimated role of Slack channels in motor coordination. As
behavioral testing requires mice with normal motor function,
we tested our Slack mutants for potential motor coordination def-
icits. First, we analyzed the foot print patterns of Slack KO and WT
mice in a narrow corridor (Fig. 2A–C). Neither stride width, over-
lap precision of the paws nor stride length were different between
the two genotypes, allowing us to test the motor performance of
Slack mutants in more complicated tasks. We therefore evaluated
the abilities of Slack KOs to balance on squared and round beams
of decreasing diameter (Fig. 2D). Again, these tasks revealed no
differences between both genotypes, indicating that fine motor
coordination and balance capabilities do not require functional
Slack channels (Fig. 2E–G). However, Slack KOs needed more
time to cross the squared 20 mm beam (Fig. 2G), whereas with in-
creasing difficulty this difference disappeared. As this difference in
performance originated from a higher number of rests and was not

Figure 1. Slack expression in cerebellum and hippocampus. (A) Quantitative RT-PCR showed high
Slack mRNA levels in the cerebellum (n ¼ 6) and lower levels in the hippocampus (n ¼ 3) of WT
mice, whereas Slack transcripts were not detectable in the respective brain regions derived from
Slack null mutants (n ¼ 2–3) and Slack deficiency did not alter Slick mRNA abundance (n ¼ 2–6).
HPRT mRNA levels were used as a reference to normalize the data. All data are means + SEM. (B)
Western blot analyses of membrane enriched protein lysates confirmed absence of the Slack channel
proteins in different Slack KO brain regions. (C) Immunohistochemical stainings (blue) confirmed
high Slack-B expression in the cerebellar granular (gr) and molecular layer (ml) of WT animals,
whereas (D) Slack-B is not detectable in cerebellar sections of Slack KOs. (E) In the hippocampus of
WT mice high Slack-B immunoreactivity was found in the stratum-lacunosum moleculare (slm) of the
CA subfields and the molecular layer (mo) as well as the polymorph layer (po) of the dentate gyrus.
(F) No specific Slack-B staining was found in the hippocampal formation of Slack KO mice ((gl) granular
layer of the dentate gyrus, (pl) pyramidal layer of CA1). Scale bars, 200 mm.

KCNT1 is required for cognitive flexibility

www.learnmem.org 324 Learning & Memory



due to a reduced speed of Slack KOs running over the beam, we
conclude that motor functions of Slack-deficient mice are normal
but rather motivation or the ability to adapt quickly to new situ-
ations or environments may be altered. The absence of any motor
coordination deficits is in line with our previous study showing
that lack of Slack does not affect the performance on an accelerat-
ing rotarod (Lu et al. 2015).

Slack KO mice exhibit lower overall locomotor activity,

altered explorative behavior and an atypical initial

response in an open field
Slack KO and WT mice were subjected to an open field to test their
explorative motivation and spontaneous locomotor activity.
When placed in the middle of the circular open field, Slack-defi-
cient mice hold their starting position for a longer period of
time as compared with age- and litter-matched WT mice. In con-
sequence, latency of Slack KOs to enter the border area for the first
time was significantly increased (Fig. 3A) and Slack KOs spent sig-
nificantly less time in the border zone of the open field during the
first 5 min (Fig. 3B). These differences between the genotypes were
only apparent during the initial phase of the test. After the first 5
min, however, animals of both genotypes spent �90% of their to-
tal time in the border area (Fig. 3B). This difference in the initial
response to the novel environment is also reflected by a decreased
explorative behavior of Slack KOs during the first 5 min. WT ani-
mals intensively explored the new environment by rearing up at

the wall of the open field, whereas this
typical explorative behavior was nearly
absent in Slack mutants (Fig. 3C).
Moreover, we observed a statistically sig-
nificant difference between the two ge-
notypes in the total distance traveled
during the whole 25 min of the open
field test (Fig. 3D), which was largely
due to an increase in resting time periods
(Supplemental Fig. 2A) and to lower
mean velocities of the Slack mutants
(Supplemental Fig. 2B), and not due to
defecation differences, since the num-
bers of feces boli was similar between
both genotypes (WT: 6.7+2.63; KO:
5.2+0.57; P ¼ 0.155). Because the initial
period of reluctance in the Slack KO
group (Supplemental Fig. 2A) may bias
the results of the whole 25 min analyses,
we excluded the first 5 min from the
analyses of total distance traveled, rest-
ing time, and mean speed. Even after ex-
cluding the first 5 min there is a great
tendency for decreased total distances
(Fig. 3D) and increased resting times in
the Slack KOs, but no difference in
mean speed between genotypes (Supple-
mental Fig. 2A,B).

Lack of Slack affects dark–light

transition
A key finding of the open field test was
the increase in time spent by the Slack
KOs in the center during the first 5 min
(Fig. 3A). Because the behavior of mice
during the first 5–10 min of the open
field test is an important indicator of

anxiety levels (Choleris et al. 2001; Prut and Belzung 2003;
Blizard et al. 2007; Gould et al. 2009), we reasoned that Slack
may play a role in setting the threshold level of baseline anxiety-
like behaviors. To further test this hypothesis, we performed a
dark–light-box test as a more direct measure of mouse anxiety.
In the dark–light-box test Slack KOs showed a tendency for a pref-
erence for the lit compartment (Fig. 3E) and a significant increase
in latency to enter the dark compartment for the first time (Fig.
3F), whereas WT animals, as expected, spent .50% of the test pe-
riod in the dark compartment (Fig. 3E). Together, the decrease in
anxiety-like behavior in Slack KOs in the dark–light box was well
in line with the increase in center time of the mutants during the
early phase of the open field test (Fig. 3A,B).

Decreased and nonsystematic explorative behavior

of Slack-deficient mice in an elevated-plus-maze
To investigate the anxiety phenotype of Slack KOs in more detail,
we subjected Slack KO and WT mice to the elevated-plus-maze
test. This test is based on the conflict between the innate prefer-
ence of mice to stay in protected areas and their explorative drive
that encourages them to enter and explore the unprotected arms
of the maze despite their intrinsic tendency to avoid all open and/

or elevated places. Slack-deficient mice on average spent more
time on the open arms of the elevated-plus-maze than their WT
counterparts (Supplemental Fig. 3A), but this clear tendency
missed reaching the significance level (WT: 5.9%+1.6; KO:
27.2% + 11.0; P ¼ 0.08) because of a considerable variability

Figure 2. Motor coordination is normal in Slack KOs but Slack-deficient mice show an altered moti-
vation phenotype in an elevated-beam walk test. Foot print analyses revealed no differences in (A) stride
width, (B) overlap of the front paw and the ipsilateral hind paw, and (C) stride length between WT (n ¼
5) and Slack-deficient mice (n ¼ 5). (D) Schematic view of the beam walk apparatus. (E) Number of falls
and (F) foot slips with the hind limbs did not differ between WT (n ¼ 10) and Slack KOs (n ¼ 9). (G)
Mean latency to cross the squared beam with 20 mm diameter was significantly increased in Slack
KOs, but this difference in performance disappeared as the task was getting more difficult, i.e., when
the mice crossed a beam with smaller or round diameter. All data are presented as mean + SEM. (∗)
P , 0.05 indicating significant difference between genotypes.
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within the Slack KO group. Interestingly, Slack-deficient mice and
WT animals entered the open arms with the same frequency (Sup-
plemental Fig. 3B), whereas closed arms entries were significantly
reduced in the Slack KOs. Closed arm entries are often considered
as a measure of general activity and in this respect Slack KOs also
traveled less distance (Supplemental Fig. 3C) and exhibited an in-
crease in their resting behavior (Supplemental Fig. 3D) during the
test period. Our subsequent analysis of the trajectories for individ-
ual mice uncovered considerable differences in the explorative
behavior between the two genotypes. As shown in representative
tracks (Supplemental Fig. 3I, upper part) most of the WT mice
used a more or less systematic and uniform strategy to explore
the maze, thereby entering each of the four arms at least once
(Supplemental Fig. 3E), but with a clear preference for the protect-
ed arms (Supplemental Fig. 3A). Trajectories of Slack-deficient
mice, however, appeared rather different (Supplemental Fig. 3I,
lower part) because a systematic approach to explore the maze
does not become apparent in the mutants and their choice of
the preferred arm also seems to occur more or less by chance.
For example, 3 (out of 13) Slack-deficient mice spent all of their
time on the open arms and did not at all enter any of the closed
arms during the whole test period (Supplemental Fig. 3I, lower
part), whereas with only one exception all WT animals visited
all arms (Supplemental Fig. 3E,F). Accordingly, we find that the
number of animals actually visiting all four arms was significantly
reduced in the Slack KO group (Supplemental Fig. 3E,F).

In conclusion, results from the open field, the light–dark-
box and the elevated-plus-maze tests point to altered anxiety-like

behaviors resulting from Slack ablation.
High Slack expression in the amygdala
(Supplemental Fig. 3G,H), a brain region
that is an important part of neuronal cir-
cuits regulating anxiety and fear-related
behaviors (Adhikari 2014) further sup-
ports our hypothesis of a role for Slack
channels in setting a basal level of anxi-
ety. However, all tests performed herein
also depend on a normal explorative ac-
tivity and we find an extremely altered
explorative behavior as well as a dimin-
ished general activity in our Slack
mutants.

Normal spatial working memory

in Slack-deficient mice
Our analysis of Slack expression in the
brain revealed the presence of this chan-
nel in layers of the hippocampus impor-
tant for spatial learning and memory.
Moreover, recent studies have found di-
rect protein–protein interactions be-
tween Slack and FMRP, a protein that,
when missing or mutated, causes intel-
lectual disabilities in humans and behav-
ioral phenotypes in mice (Brown et al.
2010; Zhang et al. 2012). We therefore
tested whether Slack deficiency per se af-
fects learning capabilities. Because Slack-
deficient and WT mice performed equal-
ly in a visible platform task (Supplemen-
tal Fig. 4D), we used the hidden platform
test in the Morris water maze (MWM) to
address different aspects of spatial learn-
ing processes (Vorhees and Williams
2006). First, we subjected Slack KO and

WT animals to a matching-to-sample version of the MWM. The
matching-to-sample test serves as a working memory test because
the platform position as well as the starting position is changed
every day. Therefore, the animals are not able to transfer learned
information about the platform position from one day to another.
On each test day, they have to find the platform by chance in the
first trial (matching trial). During the second trial (sample trial),
they can rely on the previously memorized platform position
stored in the short-term memory. Slack KO and WT mice showed
decreased escape latencies during the second trial (matching
trial) compared with the first trial (sample trial), indicating nor-
mal working memory capabilities of Slack mutants (Fig. 4A,B).
Furthermore, time savings between trials were measured by sub-
tracting latencies of the first and the second trial, but no signifi-
cant difference between genotypes throughout the whole test
phase could be observed (Fig. 4C). Since the matching-to-sample
task is not easy to learn for mice, obtained latency values vary con-
siderably especially during the first trial when the mice have to
find the platform by accident. Therefore, data from three consec-
utive days were averaged as described earlier (Williams et al. 2003).
Notably, when escape latencies and time savings were averaged
over the whole test period, there was a tendency for increased es-
cape latencies of the Slack KOs during the first trial that reached
significance at the second trial in comparison to WT animals;
however, time savings of Slack KOs and WT were identical (Fig.
4D). Given that identical time savings between first and second
trial in the matching-to-sample test are indicative of normal work-
ing memory, these findings imply that Slack is not critical for

Figure 3. Slack ablation leads to an altered explorative behavior, decreased locomotor activity, an
atypic initial response in an open field test and affects dark–light transition. (A) Latency to enter the
virtual border zone during the open field test was significantly increased for Slack KOs, hence (B) initially
Slack KOs spent less time in the border zone. (C) Number of rearing events during the first 5 min of the
open field test was decreased in Slack KO mice. (D) Slack KOs moved less during the 25 min open field
test. The behavior of the animals was tracked for 25 min and data were integrated in 5 min periods as
well as for the whole 25 min of the test. (E) Time spent in the dark and light compartments during
the dark–light-box test. (F) Latency to enter the dark compartment is significantly increased in
Slack-deficient mice. All data are shown as mean+SEM. (∗) P , 0.05, indicating significant difference
between WT and Slack KO mice (open field test: n ¼ 10; dark–light-box test: n ¼ 12–13).
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normal working memory processes. The fact that Slack KOs did
not reach the escape latencies of WT mice either during the first
or during the second trial may be attributed to enhanced floating
behaviors of the Slack KOs (data not shown) and may thus under-
score our earlier assumption of a motivation phenotype (Figs. 2G,
3A) associated with Slack ablation in mice.

Spatial acquisition learning in the Morris water maze

is mildly impaired by Slack ablation
Since Slack KOs showed normal working memory, we next
performed a hidden platform test addressing spatial reference
memory. During a spatial acquisition phase, mice were trained
on five consecutive days with a set of four trials a day to find a hid-
den platform located in the middle of the southwest (SW) quad-
rant of the pool. During the acquisition phase, Slack KO and WT
animals showed similar escape latencies (Fig. 5A). In the probe tri-
al, Slack KOs and WT reached the former platform position with
similar latencies (WT: 10.90 sec+2.00; KO: 13.21 sec+2.31;
P ¼ 0.452) (Fig. 5A) and although both genotypes showed a pref-
erence for the former platform quadrant (SW) (Fig. 5C) Slack KO
mice crossed the original platform position less frequently than
WT mice (1.85+0.27 and 3.23+0.45, respectively; P ¼ 0.015)
(Fig. 5B). These findings implicate that Slack KO mice remember
the approximate former location of the platform, but they are un-
able to locate the position precisely. Importantly, mean speed,
resting time, zone transition numbers, and mean directionalities
were identical between genotypes during the whole acquisition
phase (data not shown) and probe trial 1 (Fig. 5D). Additionally,
path lengths to reach the platform correlate well with latencies
across the whole test and are shown in Supplemental Figure 4C.

Slack-deficient mice show impaired

spatial reversal learning in the

Morris water maze
After the acquisition phase of the MWM
a spatial reversal phase was performed
with the platform located in the opposite
quadrant of the pool (NE). As expected,
during the first trial of spatial reversal,
animals of both genotypes needed longer
to locate the new platform position as
compared with the last trial of the acqui-
sition phase (Supplemental Fig. 4A), con-
firming usage of spatial orientation
strategies to locate the platform. Interest-
ingly, we observed a clear learning effect
in the WT group across the first reversal
day, whereas Slack KOs did not improve
their performances over the first four
reversal learning trials (Supplemental
Fig. 4A,B). Differences between groups
reached statistical significance on Day 1
for trial 3 (WT: 14.63 sec+3.79; KO:
33.79 sec+6.44; P ¼ 0.019) and 4 (WT:
13.96 sec+4.96; KO: 31.08 sec+6.51;
P ¼ 0.049). This was consistent with
higher average escape latencies during
the first reversal day in Slack KOs (WT:
18.43 sec+2.51; KO: 32.15 sec+2.42;
P ¼ 0.013) (Fig. 5A). Escape latencies
of Slack KOs started to decrease only at
the second day of reversal learning, at
the time that WT animals had almost
reached their maximal performance level

(Supplemental Fig. 4A,B). During the next days of spatial reversal
training the initial differences between groups disappeared and
both genotypes performed equally during probe trial 2 (Fig. 5B–
D). During the reversal learning, especially during early phases
of spatial reversal, already learned facts such as the former plat-
form position, become useless and have to be substituted by
new information. Hence, the results from the reversal learning
in the MWM may point to an important role for hippocampal
Slack channels in cognitive flexibility.

Slack KO mice use unconventional search strategies

in the modified Barnes maze
Swimming is not a typical behavior of mice. During the MWM
test, water acts as an aversive stimulus that reinforces the mice
to enter the platform, hence MWM tasks are stressful for mice
(Harrison et al. 2009) and stress has been shown to affect learning
and memory performance (Francis et al. 1995; Roozendaal et al.
2009; Yu et al. 2012). To evaluate escape and search strategies
(Harrison et al. 2006) in the absence of an aversive stimulus we
used a circular Barnes maze, which was modified to test for spatial
learning capabilities in mice (Koopmans et al. 2003). Taking into
account our results from the open field test (Supplemental Fig. 2),
we compared the total distances the animals traveled until they
found the target, because this parameter is independent of
mean velocity and overall resting time.

As previously observed in the open field test (Fig. 3A,B), at the
beginning of the Barnes maze test the latency of first entrance to
the border zone was significantly increased in Slack KO in compar-
ison to WT animals (WT: 6.8 sec+7.79; KO: 24.6 sec+7.79; P ¼
0.046) (data not shown). Importantly, in the first trial only one
out of seven Slack KOs successfully entered the escape hole while

Figure 4. Slack deficiency does not affect working memory capabilities in a matching-to-sample
version of the Morris water maze. Nine WT mice (A) and eight Slack KOs (B) were subjected to a
matching-to-sample version of the Morris Water maze. Both genotypes reached the hidden platform
earlier during the second trial (matching trial) as compared with the first trial (sample trial). Each data
point represents average latencies of a 3 d block with one sample and one matching trial per day and
a daily changing platform position. (∗) P , 0.05, comparison first trial with second trial. (C) Time
savings of WT and Slack KO mice were identical across the whole test duration. (D) Mean latencies to
reach the platform during the first and second trial and time savings averaged over thewhole testduration
(21 d). Mean latencies to target during the first trial and the second trial were increased for Slack KOs while
time savings are not different compared with WT mice. (∗) P , 0.05, comparison as indicated. All data are
shown as mean+SEM. For illustrative purposes, the data were grouped in 3-d blocks.
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only three out of eight WT mice failed to reach the target.
Throughout the 4 d of spatial acquisition, the path length of
both Slack KO and WT mice improved, with a tendency for WT
mice to travel greater distances until target hole entry, a difference
that reached statistical significance only on the third day of the
test (Fig. 6A). Both genotypes showed no clear preference for the
target quadrant in comparison with the nontarget quadrants
throughout the acquisition phase (Fig. 6C left). Additionally, nei-
ther the number of total errors (Fig. 6B) nor primary errors differed
between the genotypes (data not shown) although the total num-
ber decreased from trial 2–4 in both genotypes (Fig. 6B). During
the first probe trial after the acquisition training phase both
Slack KO and WT mice exhibited a tendency for a target quadrant
preference that was not different between genotypes (Fig. 6C
right); however, the number of total errors was greatly increased
in the Slack mutants (WT: 11.6+2.46; KO: 24.3+4.31; P ¼
0.020) (Fig. 6B). Finally, in the reversal learning probe trial a ten-
dency for an increased number of total errors in Slack KOs became
apparent, but this did not reach statistical significance (Fig. 6B).

Most errors made by the WT animals during probe trial 1
were indeed primary errors because, in nearly all cases, they
stopped visiting any additional holes after having encountered
the previous target hole. In contrast, Slack KOs kept on exploring
the maze after they had visited the former target hole. The day af-
ter the probe trial, we started a spatial reversal test with the escape
hole moved to another location of the maze. Throughout the re-
versal training phase, we observed a clear tendency for WT mice
to travel greater total distances as compared with Slack KOs (Fig.

6A). As expected, during the first reversal
day of the reversal test, path lengths of
WT animals were significantly increased
in comparison to the last acquisition
training day (Fig. 6A) and this is in
good agreement with an allocentric spa-
tial orientation strategy, which usually
causes a lower performance if the escape
hole position is changed (Koopmans
et al. 2003). Slack KOs, however, did not
perform worse during the first reversal
training day as compared with the last ac-
quisition day. Furthermore, only WT an-
imals improved their performances with
respect to path length (Fig. 6A) and num-
ber of total errors across the reversal
training phase (Fig. 6B), indicating that
Slack KOs do not primarily use a spatial
strategy to locate the target hole. This is
further supported by a significant target
quadrant preference during (i) the rever-
sal training phase (Fig. 6D left) and (ii)
probe trial 2 after the spatial reversal
training phase in WT but not Slack-defi-
cient mice (Fig. 6D right) (target quad-
rant preference for WT and Slack KOs
were 58.2%+10.21 and 26.1%+6.18,
respectively (P ¼ 0.022)). Furthermore,
analysis of trajectories of individual ani-
mals during probe trial 2 revealed that
most of the WTanimals used a spatial ori-
entation strategy to escape from the
maze while most Slack KOs used a serial
escape strategy (Fig. 6E; Supplemental
Fig. 5). Again, differences between the
two genotypes were most prominent
during the spatial reversal phase of the
test, underscoring the assumption that

Slack channels are implicated in the cellular signaling processes
that promote reversal of memory.

Discussion

In this study, we analyzed a recently generated mouse model with
a genetic ablation of the sodium-activated potassium channel
Slack to examine whether endogenous Slack channels play a
role in behavioral processes such as cognition, locomotion, and
initial adaptation to novel situations. We found that
Slack-deficient mice exhibit several behavioral phenotypes, in-
cluding decreased overall locomotor activity in an open field
(Fig. 3), atypic initial responses to novelty, and initial defects dur-
ing reversal learning tasks (Fig. 5, 6). Interestingly, lack of Slack did
not affect working memory or general reference memory as well as
motor coordination on an elevated beam.

Studies of excised inside-out patches from Slack-transfected
cells have found relatively high sodium concentrations required
for a half-maximal activation of these channels (Bhattacharjee
et al. 2003; Yuan et al. 2003). High EC50 values could point to a
selective role for Slack channels in pathophysiological conditions,
such as ischemia (Yuan et al. 2003; Ruffin et al. 2008) or epilepsy
(Aminkeng 2012; Igelström 2012), when sodium homeostasis
of the cells is disturbed. Nevertheless, it is apparent from cell-
attached patch recordings of both native neurons and cells ex-
pressing Slack heterologously that these channels are already
open at resting levels of internal sodium (Haimann et al. 1992;
Yang et al. 2007; Kim et al. 2014). Rundown of sensitivity to

Figure 5. Slack-deficient mice show normal reference memory but delayed reversal learning in the
Morris water maze. (A) Mean latencies to reach the hidden platform or original platform position
during the training phases and probe trials, respectively. During the first reversal training day Slack
KOs reached the platform with an increased latency as compared with WT mice. Each individual data
point represents the averaged latency of four daily trials. (∗) P , 0.05, indicating significant difference
between WT and Slack KO mice. (B) Mean number of crossings over the previous platform position
during the acquisition probe trial (1) and the reversal probe trial (2), conducted on Day 6 and 12, re-
spectively. Slack KOs crossed the original platform position less frequently during probe trial 1. This dif-
ference was not apparent during probe trial 2. (∗) P , 0.05, indicating significant difference between
WT and Slack KOs. (C) Both, WT and Slack-deficient mice showed a clear platform quadrant preference
during both probe trials. Note, during the acquisition training phase the platform was located in the SW
quadrant of the maze and during the reversal training phase in the opposite quadrant (NE). (#) P ,

0.05, comparison target quadrant with nontarget quadrant. (D) Both genotypes moved with a
similar velocity during the probe trials. n ¼ 20–22 WT and Slack KO were subjected to the acquisition
phase of the test, n ¼ 11 animals per genotype conducted the additional reversal learning phase. All
data are presented as mean+SEM.
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sodium following excision of patches is likely to be due to loss of
cytoplasmic factors such as NAD+ (Tamsett et al. 2009). Our pre-
sent studies at the whole animal level show for the first time in
a physiological setting that Slack-channel activity is required for
complex neuronal processes that underlie higher brain functions.

Expression patterns of Slack in the brain have been investi-
gated in several previous studies (Bhattacharjee et al. 2002; Santi
et al. 2006; Brown et al. 2008, 2010). Differences in neuronal
Slack expression patterns found using different techniques such
as in situ hybridization or immunocytochemistry with different
antibodies may result from the presence of different Slack iso-
forms, which may vary in their cellular distribution and among
species (Brown et al. 2008) and none of the previous studies in-
cluded a Slack null control to ensure specificity of the anti-Slack
antibodies used. To eliminate these uncertainties we used a previ-
ously established anti-Slack-B antibody (Bhattacharjee et al. 2002)
and a novel C-terminal anti-Slack antibody that detects all known
Slack isoforms. The specificity of both antibodies was demon-
strated by absence of specific staining in the Slack knockout tissue
(Fig. 1D,F; Supplemental Fig. 1B,D). In contrast to previous data
(Brown et al. 2008), we found similar staining patterns for both
antibodies, suggesting that most Slack channels expressed in the
hippocampus and cerebellum are either Slack-B homomeric chan-
nels or Slack-B/Slick heteromers. Consistent with other studies
(Bhattacharjee et al. 2002), we detected neither Slack-B nor total
Slack protein in the cerebellar Purkinje cell layer but found high
Slack-B abundance in the cerebellar granular layer (Fig. 1C). This
was corroborated by our results with the C-terminal antibody,

i.e., the same regions were stained, and
with this antibody additional immuno-
reactivity in the cerebellar molecular lay-
er containing the parallel fibers and
Purkinje cell dendrites was observed
(Supplemental Fig. 1A), suggesting that
Slack-A is the major isoform in this brain
region.

Despite high Slack expression levels
in the cerebellum, Slack deficiency does
not affect general motor performance as
assessed by foot print analysis and an
elevated-beam walk test (Fig. 2). Because
normal motor functions are basic re-
quirements for experimental protocols
that test learning abilities in mice, the
lack of defects in motor coordination
in Slack-deficient mice is an important
prerequisite for the correct execution
and interpretation of subsequent behav-
ioral experiments performed within this
study.

A typical behavior that we observed
in Slack-deficient mice was an initial
hesitation when the animals were ex-
posed to unfamiliar tasks or environ-
ments. This is reflected by a delay in
time Slack KOs needed to cross the first
elevated beam on the test day (Fig. 2G)
and increased latencies to enter the bor-
der area during the open field (Fig. 3A) or
the modified Barnes maze test on the
first training trial and to enter the dark
compartment during the dark–light-
box test (Fig. 3F). This abnormal behav-
ior was apparent in response to a new
experimental setup and usually disap-
peared as the animals were allowed to fa-

miliarize to the situation. In consequence, Slack KOs spent
significantly more time in the center than their WT counterparts
during the first 5 min interval of the open field test. These find-
ings imply that Slack channels may also play a role in setting
the threshold of baseline anxiety levels. Time spent in the center
of the arena, especially during the initial phase of the test, is,
however, a negatively related measure of anxiety (Choleris
et al. 2001; Carola et al. 2002), on the other hand, anxious adult
mice usually move less during the first 5 min of the test as did the
Slack KO mice (Fig. 3D). Notably, both anxiety-related measures
(center time and ambulation) provide controversial results, im-
plying decreased and increased basal anxiety levels of Slack
KOs, respectively. Furthermore, other measures negatively related
to emotionality, such as the defecation frequency in the open
field i.e., the total number of fecal boli, were not different be-
tween the genotypes. To further clarify the role of Slack in anxi-
ety-related behaviors, we conducted two additional tests, the
dark–light-box and the elevated-plus-maze tests (Fig. 3E,F;
Supplemental Fig. 3). While the results of the dark–light-box
test further support the idea of decreased anxiety levels in Slack
KOs as they showed an increased latency to enter the dark com-
partment, the most striking outcome of the elevated-plus-maze
test was an altered explorative behavior of Slack KOs that may
superimpose the anxiety phenotype. Since most of the tests
studying unconditioned anxiety largely depend on normal
explorative behavior and locomotion, it is presently difficult for
us to estimate the impact of endogenous Slack channels in regu-
lating anxiety by studying our global Slack mutant mouse model.

Figure 6. Slack KO and WT mice use different search/escape strategies during the reversal phase in a
modified Barnes maze task. (A) Mean distances traveled by WT and Slack KO mice until entering the
target hole during the acquisition and reversal training phases of the test. On repositioning of the
target hole location at Day 6 only the WT group performed worse as expected. Moreover, WT mice
but not Slack KOs improved across the 4 d of reversal training. Arrows indicate the time points of the
1st and 2nd probe trials. (B) Mean numbers of total errors during the different phases of the test.
Arrows indicate time points of the 1st and 2nd probe trials. (C) Percentage of time spent in the
target quadrant versus the averaged nontarget quadrants during the acquisition training phase
(average of all four training days) and during probe trial 1. (D) Percentage of time spent in the target
quadrant versus the averaged nontarget quadrants during the reversal training phase (average of all
four training days) and during probe trial 2. (E) During probe trial 2 (conducted at Day 10), the
search strategy of each individual mouse was categorized either as serial (red), spatial (blue), or
mixed (gray). Data represent the percentage of animals that used the different search strategies. (∗)
P , 0.05 and n.s. (P ≥ 0.05) indicate significant or nonsignificant differences between WT (n ¼ 8)
and Slack KO (n ¼ 7) mice, respectively, or as indicated. All data are presented as mean+SEM.
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Future studies on tissue-specific Slack KOs that show a normal ex-
plorative behavior but selectively lack Slack channels in brain re-
gions involved in anxiety-related neuronal circuits (e.g., the
amygdala or the prefrontal cortex) will be required to adequately
address this issue (Lu et al. 2015).

While the first part of an open field test is a suitable test to as-
sess emotional reactivity, the later phase is a good measure for ge-
neral activity of mice (Gould et al. 2009). Locomotor activity of
Slack-deficient mice remained lower across the whole test period
because Slack mutants traveled shorter overall distances (Fig.
3D), spent more time resting and moved with a lower mean speed
than their WT counterparts (Supplemental Fig. 2). These findings
could be reproduced in the elevated-plus-maze, where Slack KOs
also moved less and showed increased resting periods (Supple-
mental Fig. 3). We therefore chose the actual distance traveled un-
til the mice reached the target hole as the primary measure of
interest in the modified Barnes maze test (Fig. 6A) because this pa-
rameter is independent of resting times and differences in mean
velocity of the animals. In the open field test, activity of the pro-
bands is driven by spontaneous explorative behavior of the
animals, which is also affected by instinctive fear of the novel un-
protected environment they are presented with (Gould et al.
2009). In the Barnes maze test, the animals require additional
mental capacities because they have to solve a particular problem,
namely finding the target hole with their home cage that provides
an escape from the arena of the Barnes maze apparatus. Interest-
ingly, in contrast to the findings with the open field test, mean
speed between Slack KO and WT animals in the Barnes maze
and Morris water maze task (Fig. 5D) was not different, although
we observed increased floating behavior of Slack-deficient mice
during the 21 d of the matching-to-sample test (Fig. 4D) and a ten-
dency for an increased resting throughout the whole Barnes maze
test (data not shown). Overall, the increase in resting/floating
behavior of Slack KOs seems to be independent of different moti-
vations, whereas the difference in mean speed between Slack KOs
and WT animals only became obvious during spontaneous activ-
ity of the animals in a more or less “stress-free” setting. Addition-
ally, the differences in explorative behaviors between Slack KO
and WT mice observed in the elevated-plus-maze test did not
negatively impact the results of the Barnes maze test since perfor-
mances of the Slack KOs were not impaired during the acquisition
phase that would be most likely affected by a decreased explor-
ative drive.

A key finding of this study is that Slack ablation at the
whole animal level causes distinct learning deficits. While work-
ing memory and acquisition reference memory were not affected
by the channel ablation (Figs. 4, 5), a learning defect emerged
during the reversal learning phases of both experimental para-
digms (water and circular maze). The cellular mechanisms affect-
ed by the lack of Slack during reversal learning and cognitive
flexibility are far from understood. In general, impaired reversal
learning has been found in mice with defective long-term
depression (LTD) (Nicholls et al. 2008; Kim et al. 2011; Mills
et al. 2014), whereas other studies point to an predominant
role of depotentiation of previously strengthened synapses (after
long-term potentiation (LTP) induction) for normal spatial rever-
sal learning and memory extinction (Serrano et al. 2008; Zhang
et al. 2011; Zhang and Wang 2013). Moreover, there is also some
evidence that the balance between LTP and synaptic depotentia-
tion is essential for behavioral flexibility (Errico et al. 2008;
Zhang and Wang 2013). How Slack channels are implicated in
these molecular processes and whether Slack deficiency leads
to defects in bidirectional synaptic plasticity needs to be estab-
lished by further studies. Slack channels have previously been
found to play an important role in regulating the accuracy of
timing of action potential generation in response to incoming

synaptic stimuli in the medial nucleus of the trapezoid body
(Yang et al. 2007). Based on these previous findings, we speculate
that Slack may be an important factor within the complex neu-
ronal circuits of the hippocampus regulating correct processing
of incoming information. Absence of Slack could lead to errors
of timing that result in the mild learning deficits of Slack-defi-
cient mice observed in this study. Moreover, Slack channels
contain a PDZ binding motif and interact with PSD95 (Uchino
et al. 2003), which is implicated in clustering of ion channels,
ionotropic receptors and other scaffolding proteins in synaptic
regions (Harris and Lim 2001). These properties point to a post-
synaptic localization of Slack channels and it has been shown
that Slack interacts physically and functionally with AMPA
receptors in the spinal cord where it modulates synaptic trans-
mission by providing a negative feedback affecting excitatory
postsynaptic currents following AMPA receptor activation
(Nanou and El Manira 2007; Nanou et al. 2008). Because the im-
portance of AMPA receptors for synaptic plasticity in the hippo-
campus is well established (Banke et al. 2000; Collingridge et al.
2004; Malenka and Bear 2004), a putative AMPA/Slack interac-
tions in the postsynapse may affect potentiation and thereby
spatial learning and memory processes.

It has recently been suggested that Slack could act as an ac-
tivity sensor that provides a link between neuronal activity and
activity-dependent protein synthesis, possibly via retrograde in-
teraction of Slack and FMRP (Zhang et al. 2012). Activity-depen-
dent protein synthesis is important for synaptic plasticity and
cognition (Krug et al. 1984; Katz and Shatz 1996; Sakata et al.
2013). Furthermore, changes in gene expression appear to be es-
sential for memory extinction, as inhibition of gene transcription
and protein synthesis interfere with memory extinction in an
conditioned avoidance paradigm (Vianna et al. 2003). Thus loss
of Slack channels could lead to defective activity-dependent pro-
tein synthesis, affecting molecular processes that are crucial for
memory extinction and relearning.

The question of whether diminished Slack activity is respon-
sible for some aspects of the phenotype of FXS patients and Fmr1
knockout mice (Fmr1 KOs) cannot fully be answered by this study.
However, our study provides some evidence that Slack channel ac-
tivity may be important in FXS. Brown et al. (2010) have already
reported decreased Slack channel activity in Fmr1-deficient mice
and we have demonstrated that Slack ablation leads to several
behavioral deficits that are in part consistent with the defects of
Fmr1 KOs. A detailed comparison of the phenotype of our
Slack-deficient mice with the published phenotype of Fmr1 KO
mice reveals overlapping phenotypes as well as some discrepan-
cies. There exist, however, some similar discrepancies in different
studies of the behavioral phenotype of Fmr1 knockout mice
(Paradee et al. 1999; Yan et al. 2004). For example, in one study ge-
neral motor coordination of Fmr1-deficient mice has been found
to be normal in regard to footprint patterns and performance in
an elevated-beam assay (Roy et al. 2011), whereas another study
reported impaired motor skill learning (Padmashri et al. 2013).
Our study revealed normal motor functions on an elevated
beam and normal gait of Slack-deficient mice but we did not
test motor skill learning abilities in this study. In contrast to the
hyperactivity of Fmr1 KO mice reported in several publications
(The Dutch-Belgian Fragile X Consortium et al. 1994; Peier et al.
2000; Moy et al. 2009; Pietropaolo et al. 2011), Slack KOs exhibit
lower spontaneous locomotor activity in the open field test.
Nevertheless, hyperactivity of Fmr1 KO mice has not been report-
ed consistently and appears to be strongly influenced by differenc-
es in genetic backgrounds. Most studies that used Fmr1-deficient
mice on a C57BL/6 background did not report altered locomotor
activity (Nielsen et al. 2002; Yan et al. 2004; Moy et al. 2009; Baker
et al. 2010; Pietropaolo et al. 2011; Udagawa et al. 2013) and our
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Slack mutants were also backcrossed to the C57BL/6 background.
Moreover, several studies have reported that Fmr1 KOs show an in-
creased center time in the open field test (Peier et al. 2000; Yan
et al. 2004; Baker et al. 2010; Udagawa et al. 2013), which is again
in line with our findings in the Slack mutant mouse line. Others,
however, have not readily reproduced such differences between
Fmr1 KO and WT mice (Roy et al. 2011).

The greatest similarities between the behavioral phenotype of
Slack KOs and Fmr1 KOs are found in the learning and memory
phenotype of both mutant mice strains. Many (The Dutch-
Belgian Fragile X Consortium et al. 1994; D’Hooge et al. 1997;
Dobkin et al. 2000; Van Dam et al. 2000; Baker et al. 2010) but
not all (Paradee et al. 1999; Peier et al. 2000; Yan et al. 2004) studies
describe mildly impaired strain dependent learning abilities for
Fmr1 KOs in the Morris water maze. We have shown that Slack
KO and WT mice perform similarly during the acquisition training
phase of the Morris water maze test (Fig. 5A). After changing the
platform position, Slack KOs exhibit initial difficulties in locating
the hidden platform, but with adequate training reached the per-
formance level of WT mice. Notably, such initial deficits during re-
versal learning have also been reported in several studies of the
learning abilities of Fmr1-deficient mice (The Dutch-Belgian
Fragile X Consortium et al. 1994; D’Hooge et al. 1997; Van Dam
et al. 2000). In addition, we found striking differences between
Slack KO and WT animals during the reversal learning phase of a
modulated Barnes maze test, where Slack-deficient mice used dif-
ferent escape strategies from those of their WT counterparts (Fig.
6E; Supplemental Fig. 5) and did not at all exhibit a target quadrant
preference (Fig. 6D). A very similar result has been found for
Fmr1-deficient mice (Yan et al. 2004). Target quadrant preference
was absent during a Barnes maze probe trial at the end of the rever-
sal training phase, and the authors noted a difference in search
strategies between Fmr1 mutants and WT mice (Yan et al. 2004).

In conclusion, we have provided evidence for a role for en-
dogenous Slack channels in higher brain functions, i.e., learning
and memory, cognitive flexibility, locomotoric and the ability
to initially respond to novel situations and environments.
Because some of the behavioral phenotypes of Fmr1-deficient
mice were reproduced in the Slack mutant mouse line, our find-
ings also further support the recent view of a common FMRP/

Slack pathway that underlies distinct cognitive capabilities in
mice and that is perturbed in human FXS patients.

Materials and Methods

Animals and animal care
Slack-deficient mice were generated by a targeted ablation of Kcnt1
in murine embryonic stem cells in combination with a common
Cre/loxP-system as described previously (Lu et al. 2015). Experi-
mental mice were back crossed for at least six generations to a
C57BL/6N background before they were used for expression anal-
ysis or behavioral experiments. Behavioral experiments were per-
formed in 2- to 6-mo old age-matched male mice obtained by
mating heterozygous (Slack+/2) parental animals. Most of the an-
imals used were littermates. Animals were maintained on a 12/12
h light–dark cycle with access to food and water ad libitum. All ex-
periments were conducted during the light phase between 8:00
a.m. and 6:00 p.m. Mice were allowed to acclimatize to the exper-
imental room for 1–2 d after being transferred from breeding
colony. All experimental procedures were conducted in accor-
dance with the animal protection laws in Germany and were
approved by the local Ethics Committee for Animal Research
(Regierungspräsidium Tübingen). For all experiments that includ-
ed nonlitter-matched animals separate subgroup analyses were
performed. These analyses revealed the same results for the
littermate-subgroups and the total group of mice, which includes
the nonlittermates.

Production and purification of rabbit anti-Slack antiserum

and antibody
A recombinant fusion protein comprising of a N-terminal poly-
histidine tag and amino acids (1012–1238) of the murine slo2.2
isoform 1 (Slack-B) (Accession No. NP_780671 XP_622105) (repre-
senting the last 227 amino acids of the Slack C-terminus) was ex-
pressed in E. coli BL21(DE3)pLysS (Invitrogen). After cells were
harvested and lysed, inclusion bodies containing the recombi-
nant protein were washed subsequently in solutions with increas-
ing concentrations of Triton-X-100 and guanidine–HCl before
solubilization in buffer containing 6 M guanidine–HCl as de-
scribed earlier (Sausbier et al. 2006). The crude protein extract
was further purified under denaturing conditions using Ni–NTA
superflow (Qiagen) according to manufacturer’s instructions.
Subsequently, the pure fusion protein was concentrated using a
Vivaspin-20 concentrator (Sartorius). The polyclonal anti-Slack
antiserum was generated in rabbits. For immunhistochemical
approaches the obtained antiserum was purified at PVDF mem-
branes (4˚C overnight incubation) spotted with the recombinant
fusion protein as described earlier (Sausbier et al. 2006). The PVDF
membranes were washed twice with 10 mM K3 PO4 (pH 6.8) before
elution of the antibody with 0.1 M glycine (pH 2.5). The pH of the
eluates was adjusted to pH 7.4 with 1 M K3PO4 (pH 8.0), and elu-
ates were dialyzed at 4˚C overnight against storage buffer (0.5 M
NaCl, 0.1 M K3PO4, 2 mM EDTA, 2 mM benzamidine-HCl; pH
7.0) and concentrated using a Vivaspin-20 concentrator.

Quantitative real-time (qRT-) PCR
Brains were rapidly dissected, cerebellum and hippocampi were
isolated and either snap frozen in liquid nitrogen and stored at
280˚C until further processed or homogenized in PeqGOLD
RNApure (Peqlab) without prior freezing. Total RNA was extracted
under RNase-free conditions according to the manufacturer’s in-
structions. In order to minimize genomic DNA extracted RNA
samples were DNAse treated for 30 min and quantified with a
NanoPhotometer Pearl (Implen). Five hundred nanograms RNA
were used for first strand cDNA synthesis according to manufac-
turer’s instruction using iScript cDNA Synthesis Kit (Bio-Rad
Laboratories). Real-time RT-PCR was performed on a CFD-3200
DNA Engine Opticon Real-Time PCR Cycler (MJ Research) with
iQ SYBR Green Supermix (Bio-Rad Laboratories) according to
the manufacturer’s instructions. PCR reactions were performed
in triplicate by incubating at 98˚C for 1 min, followed by 40 cycles
of 5 sec at 98˚C and 15 sec at 58˚C. Water controls and (2)RT sam-
ples (where reverse transcriptase was omitted during the first
strand synthesis) were included to ensure specificity of the primer
pairs. Relative expression of target gene levels was determined us-
ing the comparative 22DDCt method, with Ct indicating the cycle
number at which the signal of the PCR product crosses an arbi-
trary threshold set within the exponential phase of the PCR.
Expression levels were normalized to HPRT. Primers specific to tar-
get RNAs were selected using Primer3 software. Primer sequences
were: Slack forward 5′-CTGCTGTGCCTGGTCTTCA-3′, Slack re-
verse 5′-AAGGAGGTCAGCAGGTTCAA-3′; Slick forward 5′-CG
CTGCGAAGTGGATAGAAC-3′, Slick reverse 5′-TGGGGCAAAA
TCTTTCACAG-3′ HPRT forward 5′-CATTATGCCGAGGATTTG
GA-3′, HPRT reverse 5′-CCTTCATGACATCTCGAGCA-3′.

Western blots
Brains were rapidly dissected, cerebellum and hippocampi were
isolated and homogenized in buffer containing 100 mM Tris–
HCl and 1 mM MgCl2, pH 8.0, supplemented with a protease
inhibitor mixture (Mini Tablets; Roche). Following freezing
at 280˚C for 30 min, samples were homogenized with a glass
Teflon potter. After adding a fivefold volume of sucrose buffer
(250 mM sucrose, 10 mM Tris–HCl, pH 7.4, combined with prote-
ase inhibitor mixture), the samples were mixed and centrifuged at
1000g for 20 min. The supernatant was collected and centrifuged
at 20,000g for 20 min, and the resulting pellets were suspended in
sucrose buffer. Extracted proteins were separated by SDS-PAGE and
blotted onto a PVDF membrane. After blocking of nonspecific
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binding sites with 5% low-fat milk in TBST (Tris-buffered saline
containing Tween 20), membranes were incubated overnight at
4˚C with rabbit anti-Slack serum or mouse anti-a-tubulin
(1:1000; Cell Signaling Technology) dissolved in TBST containing
5% bovine serum albumin (BSA). After incubation with Cy3 or Cy5
labeled secondary antibodies (GE Healthcare) for 1 h at room tem-
perature, proteins were detected using an Ettan DIGE system (GE
Healthcare). Pre-adsorption of the crude anti-Slack Serum at
Slack KO brain homogenate increases specifity as shown in
Supplemental Figure 1F. The Slack KO brain is rapidly dissected,
washed in ice-cold PBS, and homogenized in 1 mL PBS containing
0.4% Triton X and protease inhibitor mixture. Fifty microliters of
the anti-Slack serum is added to the homogenate and incubated
for 2 h on an overhead laboratory shaker at 4˚C. To harvest the pre-
adsorbed serum the homogenate is centrifuged at 18,000g for 15
min and the supernatant is again centrifuged at 100,000g for 60
min. The supernatant is supplemented with sodium azide to a fi-
nal concentration of 0.05% and used for immunoblot detection.

Immunohistochemistry
Mice were killed by CO2 and immediately perfused intracardially
with 1% or 2% paraformaldehyde in PBS, pH 7.4. Brains were dis-
sected, post-fixed for 2 h and cryoprotected in 30% sucrose for at
least 24 h at 4˚C. Tissues were frozen in tissue freezing medium
(Thermo Fisher Scientific), cryostat sectioned coronally at a thick-
ness of 10 mm, and stored at 220˚C. For alkaline phosphatase-
based immunohistochemistry (IHC), sections were incubated in
1% H2O2 in PBS for 10 min, blocked and permeabilized for 1 h
in blocking solution (5% normal goat serum, 5% normal donkey
serum, 1% BSA, 0.2% Glycine, 0.2% Lysine, and 0.3% TritonX-100
in PBS), and incubated with primary antibodies diluted in block-
ing solution overnight at 4˚C. The in-house generated rabbit
anti-Slack (1:2000) antibody and a previously published Slack-B
specific antibody (chicken anti-Slack-B (1:3000)) were used for
IHC (Bhattacharjee et al. 2002). Sections were then washed in
PBS and incubated with biotinylated secondary antibodies anti-
rabbit IgG (Vector Laboratories) or anti-chicken IgY (Jackson
Immuno) diluted 1:1000 in blocking solution. The VECTASTAIN
ABC-AP Kit and Vector Blue AP Substrate Kit (Vector Laboratories)
supplemented with levamisole solution to block endogenous al-
kaline phosphatase activity were used according to the manufac-
turer’s instructions for visualization of target proteins. Images
were taken using an Axiovert 200M microscope (Carl Zeiss)
equipped with a color camera Axiocam MRc Rev.3. Controls
were performed by omitting the primary antibodies and by paral-
lel staining of tissues obtained from Slack KO mice.

Footprint analysis
Footprint analysis was performed as described earlier (Sausbier
et al. 2004). In brief, hindpaws and forepaws of five litter-matched
WT and Slack KOs were dipped in red and blue water color, respec-
tively, before walking on a white paper covering the floor of an
narrow corridor. Mice were trained on three consecutive days
with three trials per day before testing. Foot print patterns were
analyzed for stride width, stride length, and overlap.

Beam walk test
The ability of 10 age- and litter-matched WTand Slack KOs to trav-
erse squared and round shaped beams of various diameters was as-
sessed (Carter et al. 2001). Beams were elevated 50 cm above the
floor and had a length of 100 cm. Before testing, the mice were
trained for 3 d with four trials per day on a squared beam with
12 mm diameter. On the test day, the animals were tested on three
different squared beams with decreasing diameters (28 mm, 12
mm, 5 mm) and three different round beams (28 mm, 17 mm,
11 mm) with two trials on each beam. Test trials were recorded
with a video recorder and data were analyzed offline by an observ-
er unaware of the genotype of the animals. Measures of interest
were the latency to cross each beam, number of hind limb foot
slips, and number of falls.

Open field test
Ten mice (litter- and age-matched) of each genotype were placed
in the middle of a circular open field arena (112 cm diameter) and
left undisturbed for 25 min while their behavior was video record-
ed. Latency of first entrance to a virtual border zone (a 15 cm broad
ring beside the wall), total distance traveled, the percentage of
time spent in the border zone, resting time, and mean speed
was analyzed in 5 min intervals using the Smart3.0 tracking soft-
ware (Panlab). Additionally, the number of rearing movements
was counted during the first 5 min in the open field test by an ob-
server unaware of the genotype of the animals.

Dark–light-box test
The test-apparatus consisted of a box 45 × 20 × 20 cm (l × b × h).
The light compartment compromised two thirds of the apparatus,
was made of clear Plexiglas, and it was lit with 450 lx. The other
part of the apparatus was nontransparent and dark. An opening
(4 × 5 cm) allows the transition between the two compartments.
The mice were placed in the lit compartment facing the wall and
were allowed to explore the apparatus for 10 min. Measures for
anxiety levels are the time spent in each compartment and laten-
cy to enter the dark compartment for the first time.

Elevated-Plus-Maze test
The plus-shaped maze was made of white plastic and consisted of
four arms (two open without walls and two enclosed by 15 cm
high walls) each 30 cm long and 5 cm wide. The maze is elevated
40 cm above the floor. The mice were placed in the center area fac-
ing one of the open arms and were allowed to explore the maze
for 5 min without disturbance. Test sessions were video recorded
and analyzed offline using Smart3.0 tracking software (Panlab).
Additionally, an observer unaware of the genotype of the animals
measured the time spent in each of the four arms, counted entries
in the different arms and analyzed the trajectories with regard to
arm entries.

Morris water maze
The Morris water maze apparatus consisted of a circular pool filled
with water, 112 cm in diameter (Stoelting). Water temperature
was maintained at 21+1˚C. For the hidden platform tests the wa-
ter level was 30 cm, and a cylindrical escape platform, 12 cm in
diameter and made of clear plastic, was submerged 0.5 cm be-
neath the water surface. Water was made opaque by addition of
powdered milk. The maze was virtually divided by two axes (N–
S and W–E) into four quadrants (NE, SE, SW, NW). For the visible
platform test the water level was adjusted to place the platform 1
cm above the water surface. Additionally, the platform was tagged
with a brown cylinder and a white flag to make sure that the mice
were able to localize it. The platform was positioned in the middle
of each quadrant as indicated. The pool was located in a room sur-
rounded by distinct extra-maze (distal) cues. Large, black, geomet-
ric shapes were placed on two walls near the tank, a triangle in the
N and a circle in the E. A dark curtain on the W side was used to
shield any other cues available in the room. The experimenter al-
ways stood upright in the S quadrant and was wearing a white
laboratory coat; hence, she/he served as an additional point of ori-
entation for the mice. A camera, located above the water tank, was
attached to a computer so that the performance of each mouse
could be recorded and subsequently analyzed offline by an observ-
er unaware of the genotype of each mouse.

Visible platform test
The visible platform test was performed with ten mice per geno-
type over three consecutive days with four trials a day. The
start position of the mice as well as the platform position was
changed in between each trial in a pseudo-randomized manner.
The inter-trial-interval (ITI) was 60 sec with 15 sec on the plat-
form and 45 sec in the home cage. Latencies to reach the visible
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platform were measured and data of the four daily trials was
averaged.

Matching-to-sample version of the MWM
One day before the matching-to-sample experiment the mice (11
Slack KO and WT mice) received a pretraining session to allow the
mice to acclimatize to the requirements of the Morris water maze
task. The pretraining experiment consisted of four 60 sec trials for
each mouse with 30 sec ITI. The start position of the mice as well
as the platform position was changed in between each trial.
Animals that showed thigmotaxis or extensive floating behavior
during this session were excluded from the actual experiment.
The working memory matching-to-sample experiment was con-
ducted with nine WT mice and eight Slack KOs. During 21 consec-
utive days of the matching-to-sample version of the Morris water
maze (Williams et al. 2003), the animals were given two trials each
day. Both, the start and goal positions varied every day following a
pseudo-randomized order but stayed the same for the two daily
trials. The first trial represents a sample trial designed to allow
the animal to search and memorize the platform position, the sec-
ond trial served as matching trial where the animals could retrieve
the previously memorized platform position. Each trial lasted a
maximum of 60 sec and the mice were gently directed to the plat-
form if they did not reach the platform within this 60 sec period.
In between the trials, animals were allowed to sit on the platform
for 30 sec. Latencies to reach the platform were measured and time
savings as a measure of working memory abilities were calculated
by subtracting latencies of the first and the second trial. For illus-
trative purposes data were presented in 3-d blocks or as average of
the whole 21 d.

Spatial acquisition and reversal (MWM)
Spatial acquisition in the MWM was performed with 22 WT and
20 Slack KO mice, a subpopulation of 11 mice of each genotype
was further tested for their reversal learning abilities. The spatial
acquisition version was designed to address place or spatial learn-
ing. During five consecutive days of acquisition, mice, starting
from different, pseudo-random locations around the perimeter
of the tank (N, O, SO, NW) (Vorhees and Williams 2006), had to
navigate directly to the hidden platform located in the SW quad-
rant by the use of the distal cues. Mice received four trials a day
and the ITI was 15 sec. If an animal did not find the platform with-
in 60 sec, it was gently picked up and placed on the platform for 15
sec. The day after the last acquisition training day a probe trial was
performed. During the probe trial the platform was removed. Mice
starting from an unknown platform position (NE) were allowed to
swim in the maze for 30 sec. Subsequent to the probe trial of the
spatial acquisition version, mice were tested in the spatial reversal
version of the Morris water maze. The platform was relocated to
the opposite quadrant of the former position (NE) and mice
were given another set of four trials per day for five consecutive
days. The animals were released pseudo-randomly from four dif-
ferent start positions (S, W, NW, SE). At the end of the reversal
phase a reversal probe trial was administered 24 h after the last re-
versal training trial. Swim trajectories of the mice were analyzed
using Smart3.0 tracking software (Panlab). During acquisition
and reversal training we measured latencies to reach the hidden
platform as well as mean speed and path length. During the probe
trials we analyzed latencies and path lengths to reach the original
platform position, number of crossings over the original platform
position, mean velocities of the animals and percentage of time
spent in each of the four pool quadrants as a measure of reference
memory.

Modified Barnes maze task
We used a circular maze originally described by Koopmans et al.
(2003) to assess reference and reversal learning of eight WT and
seven Slack KO mice in a less stressful setup. The maze consisted
of a circular arena with a diameter of 95 cm surrounded by a rim
(25 cm high). Twelve equally spaced holes (5 cm in diameter,

0.5 cm above the floor) connected to horizontal, L-shaped, exit
tunnels were embedded in the rim. The open end of the exit tun-
nels faced downside with a 45˚ angle. One exit tunnel was at-
tached to a tunnel extension (17.5 cm × 5 cm) that gave access
to the home cage of the mouse. A camera placed above the
maze registered the movements of the mice. The same distal
cues as in the Morris water maze were used. The performance of
each mouse was analyzed using Smart3.0 tracking software
(Panlab).

During the acquisition phase of the test, mice had to accom-
plish a set of four trials per day for four consecutive days with a
fixed target hole position. One trial lasted a maximum of 4 min.
Once the animal entered the escape hole, the hole was closed at
the side of the entrance to avoid reentering of the mouse to the
maze. ITI was 20 min. Mice that failed to reach the escape hole
within the 4 min were gently guided to it. The maze was cleaned
with 80% ethanol between the single trials and turned by �90˚ to
avoid the animals relying on old olfactory cues to locate the target
hole. A probe trial (probe 1) was conducted 24 h after the last ac-
quisition trial after the removal of the home cage with escape tun-
nel and lasted 4 min.

Subsequently, the escape hole position was switched to an-
other side of the maze to assess the spatial reversal learning abili-
ties. Mice again were trained for 4 d receiving four trials per day.
One day after the last reversal training trial a second probe trial
(probe 2) was conducted.

During the training phases we measured the distance trav-
eled until the mice entered the target hole as well as numbers of
head deflections into the different holes (errors). Data of the
four daily trials were averaged. The time spent in the target quad-
rant (target hole and adjacent holes to the left and the right) and
averaged nontarget quadrants were averaged over the whole train-
ing phase. During the two probe trials, we measured numbers of
primary errors (head deflections into incorrect holes before first
visit to the target hole) and total errors, time spent in the target
quadrant versus the averaged nontarget quadrants. Furthermore,
trajectories of each mouse obtained during probe trial 2 were an-
alyzed by an observer unaware of the genotype of the mice and the
search strategy categorized as either serial, spatial, or mixed ac-
cording to Harrison et al. (2006).

Statistics
Data of WT and Slack KOs were averaged and analyzed for signifi-
cant differences between groups using Student’s-t-tests after test-
ing for normal distribution and equal standard deviation. Welch
correction was applied when standard deviations differed signifi-
cantly. To test for improvement or worsening of the performance
within the WT or Slack KO group, respectively, we used paired
Student’s t-tests. A probability value of P , 0.05 was considered
as statistically significant. All data are presented as mean+ stan-
dard error of the mean (SEM).
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