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Although a wide variety of genetic tools has been developed to study learning and mem-
ory, the molecular basis of memory encoding remains incompletely understood. Here,
we undertook an unbiased approach to identify novel genes critical for memory encod-
ing. From a large-scale, in vivo mutagenesis screen using contextual fear conditioning,
we isolated in mice a mutant, named Clueless, with spatial learning deficits. A causative
missense mutation (G434V) was found in the voltage-gated potassium channel, sub-
family C member 3 (Kcnc3) gene in a region that encodes a transmembrane voltage sen-
sor. Generation of a Kenc3“*%Y CRISPR mutant mouse confirmed this mutation as
the cause of the learning defects. While G434V had no effect on transcription, transla-
tion, or trafficking of the channel, electrophysiological analysis of the G434V mutant
channel revealed a complete loss of voltage-gated conductance, a broadening of the
action potential, and decreased neuronal firing. Together, our findings have revealed a
role for Kcnc3 in learning and memory.

learning and memory | potassium channels | behavioral screen | ENU mutagenesis | hippocampus

Learning is the physiological process of acquiring knowledge about the world, and mem-
ory is the storage of this knowledge over time (1, 2). These are complex processes that
involve many genes, cell types, and brain circuits (1, 3-9). The development of optogenetic
and chemogenetic approaches has greatly expanded our knowledge of the circuitry underly-
ing memory processes (7, 10-14), and transcriptomics has also revealed molecular changes
that correlate with learning and memory storage (15-19). Despite this body of work, our
understanding of the molecular basis of learning and memory remains incomplete.

In mammals, reverse genetics (from gene to phenotype) has been widely used to test
candidate genes for their roles in synaptic transmission, synaptic plasticity, and signal trans-
duction (6, 20-25). In contrast, forward genetic approaches (from phenotype to gene) for
unbiased gene discovery have rarely been attempted in the learning and memory field
(26-28), although this strategy has been successfully used for studying fear behaviors in
mice (29), as well as learning and memory in Drosophila (30-33). Here, we report the
findings of an unbiased forward genetic screen to identify regulators of learning and mem-
ory in mice. We identify and validate a missense mutation in the voltage-gated potassium
channel, subfamily C member 3 Kenc3 gene that is associated with learning deficits and
show that it alters the firing properties of hippocampal neurons and the expression of
genes in the hippocampus after fear conditioning.

Results

A Forward Genetics Behavioral Screen Reveals Mice with Learning Deficits. Male
C57BL/6] (B6]) mice (GO) were treated with three doses of N-ethyl-N-nitrosourea
(ENU) (once per week) and were mated with wild-type (WT) B6] females to generate
progeny (G1) that carry random point mutations in the genome. We then bred indi-
vidual G1 males with WT B6J females to produce female progeny (G2) that were sub-
sequently backcrossed to their G1 fathers to produce G3 mice for behavioral screening
(breeding scheme in Fig. 14) (34). More than 20,000 G3 mice were screened using a
contextual fear-conditioning testing (FCT) protocol (Fig. 1B) (35). Our screening
strategy utilized context-dependent and cued fear conditioning, which are robust
behaviors that can be acquired in a single training session. Comparison of contextual
and cued FCT responses can then be used to bias the screen toward either hippocam-
pal- or amygdala-associated components.

Data from a cohort of 4,691 screened G3 mice are shown in Fig. 1C. Pedigrees that
showed either abnormally high or low freezing behavior 24 h after training (>1 SD
from the mean of all mice tested) were selected for further analyses. Among these, one
pedigree had five mice with extremely low freezing scores. These mice also showed
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Significance

Using an unbiased genetic screen,
we uncovered a novel missense
mutation in the voltage-gated
potassium channel, subfamily C
member 3 gene (Kcnc3) that
decreases the activity of
hippocampal neurons and causes
defects in learning and memory in
a fear-conditioning task. These
findings provide evidence that
Kcnc3 is important for
hippocampal encoding of
memories and contribute
significantly to our understanding
of potassium currents in the
hippocampus and their role in
learning.
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Fig. 1. Forward genetic screening using contextual fear conditioning reveals a low freezing mutant. (A) Breeding schematic for behavioral screening. See
details in Materials and Methods. (B) Design of the fear-conditioning screening protocol. Each block represents 30 s. (C) Phenotypic distribution of freezing
scores of G3 (n = 4,691; blue bars) and Clueless (n = 5; magenta bars) mice. (D) Percent freezing time in Clueless and WT B6) mice during training (males, n = 12
for both groups). Data are reported as mean + SEM. ****P < 0.0001, ***P < 0.001, **P < 0.01, *P < 0.05. Two-way repeated measures ANOVA results for the fol-
lowing: genotype x time interaction, F3q1341 = 5.556, P < 0.001; genotype effect, Fy 11 = 41.34, P < 0.0001; time effect, F31341 = 5.556, P < 0.001, adjusted with
Sidak’s post hoc test. (F) Percent freezing time in mice of different genotypes. Clueless mutants showed decreased freezing behavior when maintained on either
C57BL/6J or a mixed B10B6 background. WTB6, n = 178; Clueless, n = 74; WTB10, n = 128; WTB10B6F1, n = 174; WTB10B6F2, n = 264; ClueB10B6F1, n = 131; and
ClueB10B6F2, n = 259. Data are reported as mean + SD. ****P < 0.0001, Kolmogorov-Smirnov test. (F) QTL analysis of Clueless. The significance thresholds were cal-
culated with 10,000 permutation tests. (G) The LOD score of the significant QTL on chromosome (Chr) 7 peaks near rs13479233. (H) Genotype effect plot of
rs13479233. Data are reported as mean + SEM. (/) Genotypes of Clueless mutants from Sanger sequencing. (J) Percent freezing time in Kcnc3*'* (n = 61), Kcnc39ue/+
(n = 136), and Kcnc3“ee (n = 62) mice. Data are reported as mean + SD. F;556 = 17.33. ****P < 0.0001, one-way ANOVA, adjusted with Tukey’s post hoc test.
Clue, Clueless.
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reduced freezing behavior during training, suggesting a defect in
learning (Fig. 1D). We therefore named the mutant mice Clueless.
The Clueless line was maintained by intercrossing littermates with
the lowest freezing behavior. Learning and memory deficits per-
sisted in all subsequent generations (Fig. 1£).

Defects in Learning and Memory in Clueless Mutants Map to
a Mutation in Kcne3. To map the location of Clueless in the
genome, we mated Clueless males (in B6] background) with
WT C57BL/10] (B10]) females to produce F2 mapping mice
(ClueB10B6F2) (Fig. 1E and SI Appendix, Fig. S1) for quanti-
tative trait locus (QTL) analysis (36) using a single nucleotide
polymorphism (SNP) panel between B6] and B10]J (SI Appendix,
Fig. S1 and Dataset S1). A genome scan revealed one significant
QTL on chromosome 7 (log of odds [LOD] = 6.4) (Fig. 1F)
that contributed to 10.8% of the total observed phenotypic vari-
ance (genetic, environment, and error) and 95.8% of the genetic
variance (S/ Appendix, Fig. S1). The LOD support interval was
estimated to be ~16 cM, between rs31221380 and rs32060039,
with rs13479233 being the closest SNP to the peak of the QTL
(Fig. 1G). Furthermore, the effect plot of rs13479233 showed
that mice with a B6] genotype had low freezing behavior, whereas
those with a B10] genotype had high freezing behavior (Fig. 1H).
Although WT B10] mice had higher freezing scores compared
with WT B6J mice, a genome scan failed to reveal any significant
QTLs in this control cross for genetic background (S7 Appendix,
Fig. S2), suggesting that there were no background QTLs from
B10] masking the Clueless trait.

To identify the causative mutation, we conducted whole-
exome sequencing and found a single nonsynonymous-coding
SNP within the LOD support interval. The SNP (G > T,
chr7:44,595,588, mm10) was located in the second exon of
Kene3, resulting in a missense mutation from glycine to valine
(KCNC3 G434V) (Dataset S2). The G > T transition was fur-
ther confirmed by Sanger sequencing (Fig. 1/). We then used
allele-specific PCR to genotype all ClueB10B6F2 mice and
found that homozygous Clueless mutants of both sexes showed
46% less freezing behavior (1 SD) compared with their WT lit-
termates (Fig. 1/ and SI Appendix, Fig. S3). Together, these
data suggested that the G > T transition was likely the causa-
tive mutation in Clueless mice.

Clueless Mutants Have Defects Specifically in Spatial Learning
Tasks. To further analyze the learning deficit in Clueless
mutants, we used an extended FCT protocol (Fig. 24) to exam-
ine contextual and cued memory acquisition or learning (5 min
after training), short-term memory (1 h after training), as well
as long-term memory (24 h after training). As expected, Clueless
mutants showed reduced freezing behavior during training
(Fig. 2 Band () as well as defects in both short-term memory
(Fig. 2D) and long-term memory (Fig. 2E). The learning deficit
was also present in female mice as well as in older male mice
(SI Appendix, Fig. S4).

Since the expression of fear conditioning behavior depends
on the integration of multiple sensory systems, we measured
sensory parameters, such as foot-shock sensitivity, odor habitua-
tion, and hearing, but found no differences between genotypes
(ST Appendix, Fig. S5 A-C). As emotional status can impact
behavior in learning tasks (37), we also verified that Clueless
mice did not have increased anxiety-like behaviors in open field
tests (SI Appendix, Fig. S5 D—H). However, when compared with
WT littermates, homozygous Clueless mice weighed slightly less,
showed less locomotor habituation, and had an increase in total

distance traveled in the open field (SI Appendix, Fig. S5 I-M).
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Clueless mice also exhibited mild tremor, although we did not
observe any evidence of gross motor defects.

To overcome the potential influence of these phenotypes on
the scoring of freezing, we performed two additional learning
and memory tests. In the Barnes circular maze, a test for spatial
memory, Clueless mutants learned significantly slower than their
littermate controls (S Appendix, Fig. S5N), but both genotypes
eventually located the escape hole, and memory retention was
comparable between genotypes 7 d after training (S Appendix,
Fig. S50). Since both fear conditioning and Barnes maze tests
rely on the use of negative reinforcers, we also employed a novel
position test that is driven by the innate curiosity of the mouse
(38). We found that WT and Clueless mice spent similar
amounts of time exploring two identical objects during the train-
ing session. However, 1 h after training, only WT mice showed
a preference for the object placed at a new location (Fig. 2F).
Along with our fear-conditioning results, these findings indicate
that Clueless mice have a primary defect in spatial learning.

Finally, to confirm that the G434V variant was the causative
allele, we also generated a Kene3°P*? mouse with CRISPR/
Cas9 genome editing. Using the same extended FCT protocol
shown in Fig. 24, we found that Kene3°P?Y mice derived
from two independent founder lines (L50 and L53) exhibited
similar deficits in fear conditioning and novel position tests as
Clueless (Fig. 2 G—J and SI Appendix, Fig. S6), confirming that
the G > T (chr7:44,595,588) transition is the causative muta-
tion in Clueless mice.

Clueless Mutants Have Altered Gene Expression in Response
to Fear Conditioning. In order to investigate the molecular
basis for the altered fear-conditioning response, a separate
cohort of mice (both WT and Clueless) underwent contextual
FCT, and the dorsal and ventral parts of the dentate gyrus
(DG) and cornu ammonis (CA) of the hippocampus were dis-
sected for stranded messenger RNA sequencing (mRNA-seq).
Genome-wide gene expression analysis showed clear expression
differences across the four parts of the hippocampus of WT
mice, with and without fear conditioning (SI Appendix, Fig.
S7A). Interestingly, Kcnc3 expression varied across the hippo-
campal region. Kcne3 was more highly expressed in the dorsal
hippocampus than the ventral hippocampus (SI Appendix, Fig.
S7B) and in the DG than the CA of WT mice. Importantly,
neither Kene3 expression nor the expression of other K* channels
differed between WT and Clueless hippocampi (Dataset S3).

In response to fear conditioning, there were fewer immediate
early genes that were differentially expressed in Clueless mice as
compared with WT mice (S Appendix, Fig. S7C). This was
particularly apparent in the dorsal DG, where Kcne3 expression
was the highest. DG granule cells play an essential role in spa-
tial learning and memory (12, 39), thus altered KCNC3 func-
tion in this region could impact the molecular response to fear
conditioning. Npas4 is a neuronal, activity-dependent, immedi-
ate early gene and induces the expression of learning- and
memory-regulated genes in the hippocampus (40). Npas4 knock-
down has also been shown to inhibit fear memory (41). Interest-
ingly, there were also fewer Npas4 target genes in Clueless mice
that changed expression after FCT training as compared with
WT mice (SI Appendix, Fig. S70), suggesting that the Kcne3
mutation causes learning deficits, at least in part by reducing the
activity of Npas4 in response to fear conditioning.

The Clueless Mutation, Kcnc3#3#V, Impairs Potassium Conductance
In Vitro. Quantitative real-time PCR analysis confirmed mRNA for
Kene3 in multiple brain regions of WT mice, including the
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Fig. 2. Spatial-learning deficits in Clueless (Clue) mice are specific and due to the G434V mutation. (A) Schematic of the fear-conditioning test. (B) Percent
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head, MFs) of both (C) WT and (D) Clueless mutants. Blue, nuclei staining by TOPRO3. Scale bars, 50 pm. (E) Schematic of a subunit of KCNC3 protein domains
in lipid bilayers (G434; shown in red). (F) Alignment of partial KCNC3 protein sequences containing corresponding G434 (red) in multiple species. (G) Repre-
sentative current traces of whole-cell voltage clamp recording of CHO cells transfected with either Kcnc3"7, Kenc3°4*#Y, Kenc3('#%*, or empty vectors. Cells
were held at —70 mV and depolarized from —120 mV to 70 mV with 10-mV increments. (H) Current-voltage relationship plot of Kcnc3" (blue; n = 17),
Kene343% (red; n = 13), Kcne3'4%9) (orange; n = 19), empty vector (green; n = 17) transfected CHO and untransfected CHO cells (purple; n = 9). (/) Current
densities: Kcne3, 90.90 + 18.60 pA/pF; Kcnc344Y, 5.41 + 1.54 pA/pF; Kcnc34%9), 7.62 + 1.22 pA/pF; empty vector, 4.59 + 0.46 pA/pF; untransfected CHO,
4.58 + 0.55 pA/pF. Unpaired t test. ***P = 0.0001. (/) Side view of Kv1/2 hybrid tetramer cartoon model (four a subunits were shown in green, pink, blue,
and yellow). (Right) Enlargement shows glycine is surrounded by hydrophobic amino acids from cis S6 and trans S5 domains. The X-ray crystallographic coor-
dinates and structure factor data were obtained from the Protein Data Bank (accession no. 2R9R).

hippocampus (Fig. 34). Moreover, Western blots using an antibody
against the C terminus of KCNC3 (KCNC3 691-708) found sim-
ilar levels of KCNC3 protein in the hippocampus of both WT

and Clueless mice but not in offspring of another independent,
gene-edited founder mouse (Kene3'%%)  that produced a
C-terminal truncated protein (Fig. 3B and ST Appendix, Fig. S8).
PNAS 2022 Vol. 119 No. 31
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These findings were supported by a protein stability assay show-
ing that both KCNC3 and KCNC3 (G434V) have similar half-
lives (T,,) in transfected Chinese hamster ovary (CHO) cells
(Kene3 Ty = 1.9 by Kenc3°%* T,y = 2.3 h) (ST Appendix,
Fig. S8), suggesting that the Clueless mutation does not alter the
expression or the stability of KCNC3 protein. Finally, immuno-
histochemical analysis revealed that KCNC3 and KCNC3
(G434V) are highly enriched in hippocampal mossy fibers
(MFs) in both WT and Clueless mice (Fig. 3 Cand D).

KCNCS3 is an A-type, rapidly inactivating potassium channel
that regulates action potential (AP) repolarization and is respon-
sible for high-frequency firing in many neuron types (42-44).
Each subunit of the KCNC3 tetramer consists of six transmem-
brane domains, of which S1 to S4 make up the voltage sensor
domain and S5 and S6 form the pore. The G434 residue is
located within a phylogenetically conserved region in S4 that is
conserved across multiple species (Fig. 3 £ and £). To investigate
whether G434V alters membrane properties in vitro, we cotrans-
fected CHO cells with full-length [(mﬁWT, mutant Kenc3©24,
or truncated Kenc3' % constructs along with a green fluorescent
protein (GFP) vector. Immunostaining showed that both
KCNC3 and KCNC3 (G434V) were targeted to the cell surface
of transfected cells (SI Appendix, Fig. S8).

Furthermore, voltage-clamp recordings of GFP-expressing
cells showed an outwardly rectifying current in cells transfected

with a Kene3"7 construct (Fig. 3 G and H). Consistent with
previous reports, recordings from 50% of cells transfected with
the WT channel displayed inactivation currents (44). However,
cells transfected with either Kenc3°?Y or Kenc3'** con-
structs manifested minimal outward currents (Fig. 3 G and H)
with a significant reduction in current density (Fig. 3/). These
findings are further supported by a structural model for voltage-
gated potassium channels (45, 46). Based on the model, the cor-
responding glycine (G434) is surrounded by hydrophobic amino
acids from both cis S6 and trans S5 domains. Replacing the
glycine with a more hydrophobic valine could impair channel
opening by increasing subunit interactions and the rigidity of
this interface. This, in turn, could impair either channel gating
or channel opening (Fig. 3/ and S/ Appendix, Fig. S8). Taken
together, these results suggest that the Kene3°P?Y mutation
impairs potassium conductance without altering KCNC3 pro-
tein expression.

The Clueless Mutation Alters Firing Dynamics of Hippocampal
Granule Cells. Given the high expression of KCNC3 protein in
MFs and Kenc3 mRNA expression in the DG (Fig. 3 Cand D
and S/ Appendix, Fig. S7) and the role for DG granule cells in
spatial learning and memory (12, 39), we conducted whole-cell
recording of DG granule cells in mouse brain slices. We found
that DG granule cells from Clueless mice exhibited decreased
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Fig. 4. Characterization of intrinsic excitability of Clueless mutants in ex vivo adult hippocampal slices. (A) Granule cells from Clueless exhibit reduced AP
firing. Two-way repeated measures ANOVA results for the following: genotype x input interaction, Fg 174 =13.61, ****P < 0.0001; genotype effect, Fy 9 =17.82,
***%p = 0.0002. (B, Left) Superimposed sample traces from WT and Clueless dentate granule cells. (B, Right) Enlargements of sample traces at 80, 120, and 160 pA
from WT and Clueless mice. (C) Superimposed sample traces of AP in granule cells in the hippocampal slices of 5- to 6-wk-old WT and Clueless mice. Granule cells
from Clueless showed no change in (D) AP threshold but had () larger AP amplitude, (F) increased width, (G) larger AP-positive area, (H) longer decay time, and (/)
smaller fAHP amplitude. WT (n = 18), Clueless (n = 13) from three mice per genotype. Unpaired Student’s t test. ****P < 0.0001; ***P < 0.001, **P < 0.01). Data

are reported as mean + SEM.
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neuronal firing compared with from WT mice (Fig. 4 A and B),
in agreement with the reported role of KCNC3 in AP firing fre-
quency (47, 48). Analysis of the AP waveform (Fig. 4C)
revealed no significant differences in AP threshold (Fig. 4D) or
rise time (WT, 0.26 + 0.01 ms; Clueless, 0.26 + 0.01 ms);
however, DG granule cells from Clueless mice had a larger AP
amplitude and width (Fig. 4 £ and F), a larger AP-positive area
(Fig. 4G) as a result of a longer AP decay (Fig. 4H), and a
smaller fast after-hyperpolarization (fAHP) (Fig. 4/). The mea-
sured fAHP is consistent with the function of fast-inactivating
potassium channels in hippocampal MFs (49). Furthermore,
we observed an increased paired-pulse facilitation in the Clueless
MF-CA3 synapses (SI Appendix, Fig. S9), suggesting a lower
probability of neurotransmitter release from presynaptic granule
cells (50). This may be due, at least in part, to the regulatory
role that KCNC3 plays in mediating vesicle endocytosis in
hippocampal neurons (51). Together with our in vitro results,
these data show that Clueless reduces the KCNC3 voltage-
dependent potassium current leading to prolonged spike repo-
larization and reduced AP firing in hippocampal granule cells,
likely reducing the probability of neurotransmitter release at the
MF synapses of Clueless mice and leading to their spatial-
learning deficits (48, 49).

Discussion

Our studies have uncovered a critical role for Kenc3 in spatial
learning, as a missense mutation in this gene alters potassium
currents through KCNC3 (K,3.3) channels. This leads to impair-
ments in action-potential firing and the inhibition of Npas4 tar-
get gene expression, ultimately reducing hippocampal-dependent
learning and memory. Although the mutation (G434V) was ini-
tially discovered in an unbiased screen, the associated phenotypes
were recapitulated in a genetically engineered Kene3“**" mutant,
strongly suggesting that this specific mutation causes the learning
and memory deficits.

Previous studies on Kcze3 null mice noted only very mild
gait phenotypes (52, 53). KCNC3 forms heterotetrametric com-
plexes with other KCNC subunits to assemble into channels,
and all four mammalian KCNC subunits are expressed in hippo-
campus (42, 54, 55). Therefore, knockout models may have
been uninformative about the role of the KCNC3 channel in
learning and memory, due to developmental compensation or
functional redundancy. To address issues with redundancy,
Kenell Kene3 double-null mice have been generated (52). While
these mice have severe cerebellar motor defects and sleep abnor-
malities, they have no learning defects in an active avoidance
task (52, 53, 56-58). However, it is possible that the type of
learning phenotype that we describe could have been missed
with the focus on cerebellar defects in the double-knockout
mice. Taken together, it is clear that disruption of potassium
channels can have pleiotropic effects, making full phenotypic
characterization of null mutants a complex undertaking (59).

Similarly, transcriptomics approaches to find molecular markers
for learning and memory have not indicated a specific role for
Kene3 (17, 19), even though Kene3 gene expression increases in
DG granule neurons after pentylenetetrazol activation (18). Kene3
gene expression was also found to be altered in mice lacking
another gene, Adar3, which is involved in RNA editing (60).
Interestingly, although they also have other anxiety phenotypes,
mice lacking functional Adar3 have impaired responses in a fear-
conditioning task (60), similar to our behavioral findings.

Our in vitro and electrophysiological data indicate that the
KCNC3 (G434V) mutation reduces potassium currents

PNAS 2022 Vol. 119 No.31 2204901119

generated by KCNC channels and influences neuronal excit-
ability, thereby providing a cellular basis for the spatial-learning
defects. Voltage-gated potassium channels play key roles in the
electrical properties of neurons, and many of them are expressed
in the hippocampus. However, only Kv4.2 (KCND2) and
Kv12.2 (KCNH3) have been previously implicated in learning
and memory (61-68).

In humans, mutations in KCNC3 have been associated with
spinocerebellar ataxia as well as hearing loss (69-71), including
an early-onset form of spinocerebellar ataxia with severe intel-
lectual disability (72). While our mouse mutants displayed a
mild tremor, they had no gross motor or hearing deficits, sug-
gesting that the G434V mutation did not alter these functions
of the Kv3.3 channel. Nonetheless, it is unclear whether the
learning phenotype in our mouse model is due to altered brain
development or whether the mice would develop additional
cerebellar phenotypes with age. It is also important to note that
many of the human mutations tend to alter trafficking of the
protein or increase potassium conductance (57), whereas the
G434V mutation had no effect on protein expression.

In summary, our studies support the idea that forward genet-
ics can serve as a powerful means to study complex behaviors
such as learning and memory in mice. Mutations arising from
forward genetic methods provide a complimentary strategy to
reverse genetics, as they allow for the discovery of silencing
mutations and hypomorphic alleles (73). Moreover, studies of
Clueless and other ENU mutants have the potential to reveal
novel regulators of learning and memory and new therapeutic
targets for impairments of learning and memory.

Materials and Methods

Mutagenesis and Breeding Scheme to Produce Mutants. WT C57BL/6J
mice (stock no. 000664) were purchased from the Jackson Laboratory (Bar
Harbor, ME). To induce mutations, 8- to 10-wk-old male C57BL/6J mice were
intraperitoneally injected with 100 mg/kg ENU (Sigma N3385) once per week
for three consecutive weeks (Fig. 14) (34). Six weeks after injection, ENU-treated
mice were mated with WT C57BL/6J females to produce G1 offspring. G1 males
were bred with WT C57BL/6J females to produce G2 offspring. G2 females were
backcrossed with their G1 sire to produce G3 progeny for both dominant and
recessive phenotypic screening (34). Pedigrees that showed abnormal amount
of freezing time in the contextual fear-conditioning test were maintained by
intercrossing of offspring with extreme phenotypes. All ENU-mutagenized mice
were generated at Northwestern University, following guidelines for animal care
and use, and later were maintained at University of Texas (UT) Southwestern
(UTSW) Medical Center in accordance with Institutional Animal Care and Use
Committee (IACUC) guidelines. Mice were supplied with food and water ad
libitum under a 12-h light:12-h dark cycle with controlled temperature and
humidity. All experimental procedures were approved by the UTSW Medical
Center IACUC.

Genetic Mapping. To control for the genetic background in mapping crosses,
both WT and Clueless mutant F2 crosses were performed. For the WT control
cross, WT C57BL/6J males were mated to C57BL/10J females (Jackson Labora-
tory, stock n0.000665) to produce F1 (WTB10B6F1) mice, and F1 mice were fur-
ther intercrossed to produce control WT F2 mapping mice (WTB10B6F2). A total
of 264 WTB10B6F2 mice were involved in QTL mapping. To map mutants, Clue-
less males were mated to C57BL/10J females to produce F1 mice. F1 mice with
low freezing scores were intercrossed to create F2 mice. Six F2 families (259
mice in total) with significant low freezing scores were used in genetic mapping.
Genomic DNA from tails was prepared by phenol/chloroform/isoamyl alcohol
extraction. Tagman probes for SNPs were designed by ABI (ThermoFisher, Foster
City, CA) and tested on the BioMark HD Real-Time PCR System (Fluidigm, South
Francisco, CA). All genotypes were performed on 96 x 96 genotyping plates,
and SNP results were analyzed with Fluidigm SNP genotyping analysis software.
The QTL analysis was performed with the R/QTL package (74). Interval mapping
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was performed using the scanone function with multiple imputation method
(n = 1,000 imputations). The thresholds for LOD scores were determined with
an empirical P value from 10,000 permutations.

Exome Sequencing. Sequencing was performed by the UTSW McDermott
Center Next-Generation Sequencing Core, and data were analyzed by staff of the
UTSW Bioinformatics Core Facility. In brief, exomes were captured with SureSe-
lect Mouse All Exon Kit (Agilent, Santa Clara, CA), sequenced with ~100x cover-
age, and variants were called with the Genome Analysis Toolkit (GATK) (75).

Behavior Testing. All behavioral experiments were completed during the light
phase and mice were acclimated for 1 h before tests. Except for the G3 screen-
ing, at least two different cohorts of animals were tested for each behavior exper-
iment. Behavioral scoring was performed without knowledge of genotypes.
Method details for specific behavioral tests can be found in S/ Appendix.

Production of Kcnc3°***V mice by CRISPR/Cas9. Guide RNA was designed
and synthesized by Sigma (5’-ACGCAGCCCCACGAAGTGACGG-3'). Donor oligonu-
cleotide (200-nucleotide single-strand DNA) was designed by Sigma and synthe-
sized by Integrated DNA Technologies. The donor DNA contains the G > T
transition to create the Clueless mutation, C > T transition at 14 nt upstream of
the Clueless mutation to block the PAM site and to create a Hinfl restriction site.
The donor DNA contains a 92-nt homology arm at the 5" end and a 93-nt homol-
ogy arm at the 3’ end. C57BL/6J embryos were injected by staff at the UTSW
Transgenic Core Facility, and founder mice were screened with Hinf1 (New
England Biolabs, Ipswich, MA) di%estion and Sanger sequencing with the pri-
mers described in the Kcnc3%**Y mutation genotyping information. Positive
founders were crossed with C57BL/6J mice to produce F1 offspring. Heterozy-
gous F1 identified by Sanger sequencing were intercrossed to produce males for
behavior tests. Two independent positive lines were kept (Kcnc3_L50 and
Kcne3_L53). Another founder line that is missing one nucleotide around the
Clueless mutation and leads to a stop codon nearby was also identified. This line
produces a truncated KCNC3 protein (KCNC 1-465) which does not contain the
intracellular Cterminal sequence.

stranded mRNA-Seq Library Preparation and Sequencing. One hour after
standard contextual fear-conditioning training, mice were euthanized by cevical
dislocation and hippocampi were dissected on ice. Under the microscope, the
dorsal and ventral parts of DG and CA were dissected in ice-cold RNAlater and
then snap frozen in liquid nitrogen. The samples were stored at —80 °C. For
each condition (i.e., WT with and without FCT; Clueless with and without FCT)
there were four replicates. mRNAs were isolated using a Dynabead mRNA
DIRECT Micro kit (Ambion) according to the manufacturer's instructions. All
mRNA samples were examined for quantity and quality by NanoDrop and Bio-
analyzer 2100 (Agilent). Libraries were constructed following TruSeq Stranded
mRNA Sample preparation guide (/llumina), and single-end 76mer sequencing
was performed on a HiSEg. 2500 platform (lllumina) at the McDermott Sequenc-
ing Core at UTSW.

Gene Set Enrichment. Gene set enrichment analysis was performed using
logistic regression accounting for gene length as a covariate (76). Heat maps
were prepared showing odds ratio and false-discovery rate corrected P values for
enrichment, if significant. For the gene set enrichment study, we curated a list of
immediate early genes from the literature, as well as a list of putative NPAS4 tar-
get genes (40). As the background gene list of the gene set enrichment study,
we used the 16,009 expressed genes in the hippocampus. Ensembl gene identi-
fiers were converted to mouse genome informatics symbols using the biomaRt
R package (77). The complete gene list used for the gene set enrichment is in
Dataset S6. Additional details on data processing and differential gene expres-
sion analysis are provided in S/ Appendix.

Immunohistochemistry and Immunocytochemistry. Eight-week-0|d male
mice were anesthetized with 10 L of Euthasol. When no reflex was observed,
the mice were transcardially perfused with 0.1 M phosphate saline buffer (PBS;
pH 7.4) and then 4% paraformaldehyde (PFA) in 0.1 M PBS (pH 7.4). The brains
were postfixed in 4% PFA at 4 °C overnight and then cryoprotected in 30%
sucrose in PBS. The brains were sectioned at 40 pm on a cryostat and processed
with routine immunohistochemistry. In brief, the free-floating slices were rinsed
with PBS twice and incubated with blocking buffer (10% donkey serum [Jackson
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ImmuneResearch], 0.3% Triton X-100 in PBS) for 1 h at room temperature to
reduce nonspecific antibody binding and increase antibody penetration. The sec-
tions were then incubated with primary antibody (rabbit anti-KCNC3, 1:200;
APC-102, Alomone Laboratories) in blocking buffer at 4 °C for overnight. The
next day, the brain sections were washed with PBS three times and incubated
with secondary antibody (donkey anti-rabbit Alexa 488, 1:1,000; ThermoFisher)
in 10% donkey serum and PBS for 1 h. After three PBS washes, the sections
were incubated with TO-PRO-3 lodide (642/661) (1:100; ThermoFisher) in PBS
for 1 h at room temperature. The sections were then rinsed with PBS and
mounted with Prolong Gold Anti-Fade Reagent with DAPI on fluorescence-free
glass slides (ThermoFisher). For immunocytochemistry, cells were fixed with 4%
PFA in PBS for 10 min at room temperature and permeablized with 0.1% Triton
X-100 in PBS for 10 min. Cells were then blocked with blocking buffer for 1 h
and followed with the same procedure as immunohistochemistry.

Western Blot. Adult mouse brain tissues were homogenized using the
FastPrep-24 beads system (MP Biomedicals) in 4 °C sucrose buffer (320 mM
sucrose, 50 mM Tris-HCI, pH 7.4) with protease inhibitors (Sigma). After homog-
enization, 10x radioimmunoprecipitation assay buffer (RIPA) buffer (final con-
centration: 50 mM Tris-HCl, 150 mM NaCl, 5 mM ethylenediaminetetraacetic
acid, 1% Triton, 1% sodium deoxycholate, 0.2% sodium dodecyl sulfate, pH 7.4)
was added and the solution was rocked at 4 °C for 1 h. Then the samples were
centrifuged at 12,000 x g for 10 min at 4 °C, and the supermatant was mixed
with 6x sample buffer and incubated at 37 °C for 30 min. The proteins were
separated on 7.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis
gel and transferred to polyvinylidene difluoride (PVDF) membrane. Westem
blotting was performed according to standard protocols. In brief, the PVDF mem-
brane was blocked with 5% nonfat dry milk in 0.1% triton in 0.1% triton in
Tris-buffered saline (TBST) and then incubated with primary antibodies at 4 °C
overnight (rabbit anti-KCNC3, 1:1,000, APC-102, Alomone Laboratories; p-actin
mouse monoclonal antibody, 1:10,000, LI-COR, 926-42212). After wash with
TBST, the PVDF membrane was incubated with secondary antibodies (goat anti-
rabbit IRDye 680LT and goat anti-mouse IRDye 800CW, 1:20,000; LI-COR,
926-68021, 926-32210). Following washes, the membrane was scanned with
the Odyssey imaging system (LI-COR). Rabbit anti-KCNC3 (APC-102) from
Alomone Laboratories recognizes the intracellular C terminus of KCNC3, which is
lost in KCNC3 (1-465). Tissues from Kcne3 ™ mice were used as negative
controls for APC-102.

Cell Culture, Transfection, and Protein Stability Assay. CHO-K1 cells
(Sigma, 85051005) were grown in Ham's F-12 medium (ThermoFisher,
31765-092) supplemented with 10% fetal bovine serum (FBS) and penicillin-
streptomycin (100 U/mL; ThermoFisher). At 80 to 90% confluency, the cells were
cotransfected with 6 pg of pcDNA3 plasmids containing WT Kenc3, Kenc34%,
and 1.2 ug of eGFP plasmids per 10-cm? dish with Lipofectamine LTX (Thermo-
Fisher, 15338030) following manufacturer's instructions. Details on the vectors
are provided in S/ Appendix. The transfection was stopped 6 h later by medium
change. At 24 h after transfection, cells were replated in 35-mm wells in tripli-
cate. At 24 h after replating, cells were treated with 20 pg/mL cycloheximide
(Sigma, C4859) for 0, 1,2, 3, 4, and 5 h. At the indicated time, cells were lysed
with RIPA buffer, and total protein was subjected to Western blot. The blots were
scanned, and signals were measured with ImageStudioLite (LI-COR). The KCNC3
signal of each sample was adjusted with the actin signal, and the relative inten-
sity compared with time O was calculated in all replicates to obtain the decay
curve. The protein half-life was measured by the one phase exponential decay
method in Prism 7 (GraphPad).

Electrophysiology in CHO Cells. CHO-K1 cells (Sigma, 85051005) were
grown in Ham's F-12 medium (ThermoFisher, 31765-092) supplemented with
10% FBS and penicillin-streptomycin (100 U/mL; ThermoFisher). At 80 to 90%
confluency, the cells were cotransfected with 1 pg of pcDNA3 plasmids contain-
ing WT Kene3, Kenc354%, truncated Kenc3™4% and 0.25 pg of eGFP plasmid
per 35 mm? well with Lipofectamine LTX (ThermoFisher, 15338030) following
manufacturer's instructions. At 24 h after transfection, the cells were replated at
low density in 24-well plates containing poly--lysine hydrobromide-coated glass
coverslips (10 mg/mL; Sigma, P6407). Whole-cell currents in the transfected and
untransfected CHO cells were recorded using a system including a Multiclamp
700B amplifier (Molecular Devices), Axon Digidata 1550 (Molecular Devices),
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and manipulator (MP-285, Sutter Instrument). The bath solution contained (in
mM) 145 NaCl, 3 KCl, 10 HEPES, 3 CaCl,, 8 glucose, and 2 MgCl, (pH was
adjusted to 7.2 to 7.4 by NaOH, osmotic concentration = 290 to 300 Osmol/L).
The internal solution contained (in mM): 125 potassium gluconate, 15 KCI, 10
HEPES, 4 MgATP, 0.3 Na-guanosine 5-triphosphate (GTP), 10
Na-phosphocreatine, and 0.2 ethylene glycol tetraacetic acid (EGTA; pH 7.2 to
7.4; 290 to 300 mosM). The recording glass pipettes were made from borosili-
cate glass capillary (Sutter Instrument) by a micropipette puller P-97 (Sutter
Instrument) and had resistances of 3 to 5 MQ. All recordings were performed at
room temperature. Cells were held at —70 mV and depolarized from —120 mV
to 70 mV with 10-mV increments. Current density was calculated from peak
potassium current (mean value, 20 ms window from the peak) divided by the
capacitance of the cells we recorded. The data acquisition and analysis were per-
formed with pClamp 10.4 software (Molecular Devices).

Electrophysiology in Acutely Isolated Brain Slices. Transverse hippocam-
pal slices (350 um) from 5- to 6-wk-old WT mice and Clueless mutant mice were
obtained by cutting tangentially to the longitudinal axis of the hippocampus.
The brain was sliced at 0 to 2 °C in artificial cerebrospinal fluid (ACSF) saturated
with 95% 0,/5% CO, and containing (in mM): 119 NaCl, 2.5 KCI, 1.0 NaH,PO,,
4 MgSO0,, 4 CaCl,, 26.2 NaHCO;, and 11 glucose. Slices recovered in a holding
chamber for at least 1 h before use. During recordings, picrotoxin (100 pM) was
added to block GABA, receptor-mediated inhibitory postsynaptic cur-
rents (IPSCs).

CA3 pyramidal neurons. Whole-cell voltage-clamp recordings were performed
as previously described (78). During recordings, slices were superfused with
ACSF saturated with 95% 0,/5% CO, (at 23°C) and containing (in mM): 119
NaCl, 2.5 KCl, 1.0 NaH,PQy4, 4 MgSO,, 4 CaCl,, 26.2 NaHCO3, and 11 glucose.
High Ca®* and Mg2+ concentrations (4 mM) for extracellular solutions were
used to reduce cellular excitability and thus to inhibit the epileptiform activity to
which the CA3 region is especially prone (as performed by authors of refs.
79-81). It also allows better isolation of the MF-CA3 excitatory postsynaptic cur-
rents (EPSCs) from recurrent associational/commissural (i.e., polysynaptic) EPSCs.
Pyramidal cells in the CA3 field were visualized using infrared-differential inter-
ference contrast optics. Synaptically evoked EPSCs were measured using a Multi-
clamp 700B amplifier (Molecular Devices, Foster City, CA). Recording electrodes
(3to 5 MQ) contained (in mM): 120 Cs-gluconate, 20 KCl, 10 HEPES, 0.2 EGTA,
2 MgCl,, 4 MgATP, and 0.3 NaGTP. Afferents were stimulated at 0.1 Hz by a
glass monopolar microelectrode filled with ACSF that was always positioned in
the granular cell layer of the DG or in the DG hilus. For most of the experiments,
LY-354740 1 pM, a highly selective and potent agonist of group Il mGlu (metab-
otropic glutamate) receptors, was also applied at the end of the experiments to
verify that evoked EPSCs were mediated by glutamate release from MF. Data
were filtered at 2 kHz, digitized at 10 kHz, and collected and analyzed using
Clampex 10.3 software (Clampex 10.3.0.2, Molecular Devices). Membrane
potentials of CA3 neurons ranged between —75 and —65 mV. Series resistan-
ces ranged from 10 to 20 MQY, and input resistances were monitored online
with a 40 pA/150 ms current injection given before every stimulus. Only cells
with a stable resistance (A < 15%) for the duration of the recording were kept
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