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Summary

Amyloid precursor protein (APP) is associated with both familial and sporadic forms of
Alzheimer’s disease. Despite its importance, the role of APP family in neuronal function and
survival remains unclear due to perinatal lethality exhibited by knockout mice lacking all three
APP family members. Here we report that selective inactivation of APP family members in
excitatory neurons of the postnatal forebrain results in neither cortical neurodegeneration nor
increases in apoptosis and gliosis up to ~2 years of age. However, hippocampal synaptic plasticity,
learning and memory are impaired in these mutant mice. Furthermore, hippocampal neurons
lacking APP family exhibit hyperexcitability, as evidenced by increased neuronal spiking in
response to depolarizing current injections, whereas blockade of Kv7 channels mimics and largely
occludes the effects of APP family inactivation. These findings demonstrate that APP family is not
required for neuronal survival, and suggest that APP family may regulate neuronal excitability
through Kv7 channels.
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eTOC Blurb

Despite the importance of the amyloid precursor protein in Alzheimer’s disease, it remains unclear
whether it supports neuronal survival in the cerebral cortex during aging. Lee et al. show that the
amyloid precursor protein family is dispensable for neuronal survival but is required for regulating
neuronal excitability and synaptic plasticity.
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Introduction

The amyloid precursor protein (APP) was the first protein associated with sporadic
Alzheimer’s disease (AD) through isolation of amyloid fibrils from postmortem AD brains
and identification of its partial amino acid sequence (Glenner and Wong, 1984).
Subsequently, mutations in APP were reported in hereditary cerebral hemorrhage with
amyloidosis (Levy et al., 1990; Van Broeckhoven et al., 1990) and familial AD (FAD)
(Goate et al., 1991). To date, more than 30 mutations have been reported in APP, all
surrounding the a-, - or y-secretase cleavage sites (alzforum.org/mutations/app). The
genetic link of APP mutations to FAD and the presence of amyloid peptides, which result
from the p- and y-secretase cleavages of APP, in sporadic AD brains highlight the
importance of APP in AD pathogenesis.

APP is a type | transmembrane protein evolutionarily conserved throughout the animal
kingdom, and it has the highly conserved E1 and E2 domains in the extracellular region and
the YENPTY motif near the C-terminus (Zheng and Koo, 2006). In mammals APP has two
homologues, amyloid precursor-like proteins 1 and 2 (APLP1 and APLP2), which were
identified based on their sequence homology (Wasco et al., 1992; Wasco et al., 1993).
Genetic analysis of single, double and triple germline knockout (KO) mice provided
experimental support for functional redundancy among APP family members (Heber et al.,
2000; Herms et al., 2004; Muller et al., 1994; von Koch et al., 1997; Zheng et al., 1995). The
phenotypes of APP KO mice were quite subtle (Dawson et al., 1999; Muller et al., 1994;
Phinney et al., 1999; Seabrook et al., 1999; Zheng et al., 1995), whereas APP/APLPZ2 double
KO mice displayed highly penetrant early postnatal lethality and APP/APLPI/APLPZtriple
KO (TKO) mice exhibited perinatal lethality (Heber et al., 2000; Herms et al., 2004; von
Koch et al., 1997). The genetic redundancy and the perinatal lethality of germline TKO mice
precluded the study of the function of APP family in the adult and the aging brain. Thus,
despite the importance of APP in AD pathogenesis, it was unclear whether APP family is
required for neuronal survival in the cerebral cortex during aging.

To address this question, we circumvented the requirement of APP family in embryonic
development and generated APP/APLPI/APLPZ conditional TKO (cTKO) mice, in which
all APP family members are selectively inactivated in excitatory neurons postnatally in the
forebrain. In contrast to the perinatal lethality of germline TKO mice, cTKO mice are
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grossly normal. To our surprise, inactivation of all three members of the APP family in
excitatory neurons of the cerebral cortex did not result in neurodegeneration up to ~2 years
of age. However, hippocampal spatial learning and memory are impaired in cTKO mice at 3
months of age, and long-term potentiation (LTP) and NMDA receptor-mediated responses
are also reduced in the hippocampal Schaffer collateral (SC) - CA1 pathway. While basal
synaptic transmission is unaffected, paired-pulse facilitation (PPF) and synaptic facilitation
are enhanced in cTKO mice. Moreover, hippocampal CA1 pyramidal neurons from cTKO
mice exhibit depolarized resting membrane potential, lower action potential threshold, and
higher spike firing frequency, indicating enhanced neuronal excitability. Furthermore,
pharmacological inhibition of Kv7 channels, the M-current mediating voltage-gated
potassium channel, in hippocampal slices mimics and largely occludes the neuronal
excitability phenotypes observed in CA1 neurons from cTKO mice. Together, these findings
demonstrate that APP family is not required for cortical neuronal survival during aging, and
suggest that APP family may regulate neuronal excitability at least in part through Kv7
channels.

Generation and Molecular Characterization of cTKO Mice

APP, APLP1 and APLP2 share high levels of sequence homology and several conserved
motifs (Figure 1A). To circumvent the requirement of APP family in embryonic
development, we generated cTKO mice, in which all three APP family members are
inactivated selectively in excitatory neurons of the cerebral cortex. To introduce two /oxP
sites into the APP, APLPI or APLP2genomic locus flanking the promoter and exon 1 (AFPP,
APLP2) or exons 1 and 2 (APLPI), we first generated the targeting vector for each gene and
then transfected it into embryonic stem (ES) cells (Figures 1B, S1A, S1C, S1E). The ES cell
clones carrying the proper homologous recombination events were identified by Southern
analysis using the 3’ (APP) or the 5’ (APLPI and APLP2) external probes (Figure S1B,
S1D, S1F), and further validated by sequencing following genomic PCR. Correctly targeted
ES cell clones were then used to produce heterozygous APP, APLPI, or APLP2 mutant
mice carrying the targeted allele, which were crossed with the Actin-FLP mouse (Rodriguez
et al., 2000) to remove the PGK-NEO selection cassette flanked by the two FRT sites to
generate the floxed alleles (Figure S1A, S1C, S1E). The resulting heterozygous and
homozygous floxed APP, APLPI, and APLP2mice were confirmed by Southern analysis
using both the 5’ and the 3’ external probes (Figures SIA-F). Northern and Western
analyses showed normal levels and sizes of APP, APLPI, and APLP2mRNAs (data not
shown) and proteins (Figure S1G-I) in the cerebral cortex of homozygous floxed mice,
indicating that introduction of the /oxP sequences does not affect transcription, splicing and
translation.

We then bred floxed APP, APLPI, and APLP2mice together to generate triple floxed mice,
which were further crossed with CamkZa-Cre transgenic mice to generate cTKO mice
(FTAPPITAPP, FAPLPIIFAPLPI, TAPLP2IFAPLPZ; CamkZa-Creé). We previously used the
same CamkZa-Cretransgene to delete Presenilin-1 in excitatory neurons of the cerebral
cortex beginning at postnatal day 18 (Yu et al., 2001). Cre-mediated deletions of the floxed
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promoter region and the first exon(s) (APP2.1kb, APLP1 2.8kb, APLP21.5kb) are similar
to those in germline APPKO (Zheng et al., 1995), APLPI KO (Heber et al., 2000) and
APLP2ZKO (von Koch et al., 1997) mice (Figures 1B, S1A, S1C, S1E). Indeed, Northern
analysis showed dramatic reduction of APP, APLPIand APLP2mRNAs in the cortex of the
respective single cKO mice at 2-3 months of age (Figure 1C). Western blotting confirmed
selective decreases of APP, APLP1 and APLP2 in the neocortex but not in the cerebellum of
cTKO mice at 3 months of age (Figure 1D). Immunohistochemical analysis revealed co-
localization of APP and NeuN immunoreactivity in the neocortex and hippocampus of
control mice, whereas APP immunoreactivity is largely eliminated in cTKO brains (Figure
1E-H”). APP is also expressed in GAD67-immunoreactive interneurons, and the co-
localization seems unaffected in cTKO brains (Figure 11-J”). These data demonstrate
selective inactivation of APP family in the cerebral cortex of cTKO mice by 3 months of
age.

Lack of Neurodegeneration in cTKO Mice

In contrast to the perinatal lethality of germline TKO mice (Herms et al., 2004), cTKO mice
appear normal with normal body weight (e.g. at 22 months, Control: 43.1+2.6 g; cTKO:
42.6+2.7 g; n=15-17 per genotype, p=0.88, Student’s #test). To evaluate the consequence of
APP family inactivation in the cerebral cortex, we performed histological analysis of cTKO
and littermate controls at 3 months of age, and quantified the volume and neuron number in
the cerebral cortex using stereological methods. Nissl staining revealed no gross abnormality
in cTKO brains, and the volume of the neocortex (NCX) and the hippocampus (HP) is
similar between cTKO mice and littermate controls (Figure 2A, 2C; NCX: p=0.17, HP:
p=0.68, Student’s #test). The number of NeuN+ neurons is also unchanged in the neocortex
of cTKO mice (Figure 2B, 2D; p=0.72, Student’s #test). Western analysis showed similar
levels of dendritic marker MAP2, and synaptic markers, synaptophysin (SYP), synaptosomal
nerve-associated protein 25 (SNAP25) and postsynaptic density protein 95 (PSD95) in
cortical lysates from cTKO and control mice at the age of 3 months (Figure 2E).

Another gene family linked to FAD, the Presenilin (PS) genes, is essential for cortical
neuronal survival, as indicated by increases of apoptosis at 2 months of age followed by age-
dependent, striking neuronal loss in AS conditional double KO mice using the same
CamkZa-Cre transgene (Saura et al., 2004; Wines-Samuelson et al., 2010). To determine
whether the APP family is similarly required for neuronal survival in the aging brain, we
performed histological analysis of cTKO mice and littermate controls at the ages of 12 and
22 months. Stereological quantification revealed normal volume of the neocortex and
hippocampus in cTKO mice (Figure 2C; NCX: Fj 3=1.27, p=0.22; HP: F, 33=0.06,
p=0.73, two-way ANOVA). Quantification of NeuN+ neurons showed normal neuron
number in the neocortex of cTKO mice (Figure 2D; F, 33=0.55, p=0.67, two-way ANOVA).
Moreover, the number of NeuN+ neurons in hippocampal area CA1 is also unchanged in
cTKO mice (Figure 2D; p=0.26, Student’s #test). These data demonstrate that cTKO mice
do not develop neurodegeneration in the cerebral cortex.

To examine whether apoptosis is increased in the cerebral cortex of aged cTKO mice, we
performed immunostaining using an antibody specific for the active form of caspase-3, a
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marker for apoptotic cells. Using stereological quantification methods, we found that the
number of active caspase-3-positive cells is similar in the neocortex between cTKO and
control mice at 22 months of age (Figure 2F; p=0.45, Student’s #test;). The TUNEL assay
further confirmed similar numbers of apoptotic cells in the neocortex of cTKO mice (Figure
S2A). In addition, levels of dendritic and synaptic markers are also unchanged in the
neocortex of cTKO mice at 22 months of age (Figure S2B). These data show that cortical
neurons lacking APP family survive normally in the aging brain.

It was previously reported that APP KO mice develop astrogliosis as shown by increased
GFAP immunoreactivity in the cerebral cortex at 14 weeks of age, though astrogliosis was
only detected in 4 out of 6 APPKO mice (Zheng et al., 1995). To determine whether
inactivation of APP family leads to increases of astrogliosis, we performed Western and
immunohistochemical analyses. Consistent with earlier findings in APP KO mice (Zheng et
al., 1995), GFAP levels vary among individual mice of either control or cTKO mice (Figure
3). Interestingly, Western analysis showed significant age-dependent increases of GFAP
levels (e.g. from 3 to 12 or 22 months in the neocortex) in both control and cTKO groups
(Figure 3A, 3B). Immunohistochemical analysis further indicated age-dependent increases
of GFAP immunoreactivity (e.g. from 3 to 22 months in the neocortex) in both control and
cTKO groups (Figure 3C). While there is generally no significant difference in GFAP levels
between cTKO and control mice assessed by Western or quantitative immunohistochemical
analysis (Figure 3A-D), GFAP-immunoreactive areas are significantly higher in the
hippocampus of cTKO mice at the age of 3 months (Figure 3D). Overall, inactivation of
APP family does not have a major impact on astrogliosis during aging.

Learning and Memory Deficits in cTKO Mice

We further examined cTKO mice and littermate controls at the age of 3 months in various
behavioral paradigms for abnormalities in motor coordination, and learning and memory.
Involuntary movement and motor coordination assessed by the accelerated rotarod test were
similar between cTKO mice and controls (Figure 4A). Moreover, the open field test showed
that cTKO and control mice exhibited similar horizontal and vertical movements, and spent
similar amount of time in the margin or the center of the open field arena (Figure 4B). To
determine the impact of APP/APLPI/APLPZinactivation on spatial learning and memory,
we assessed cTKO and control mice in the hidden platform version of the Morris water maze
task. We found that the escape latency of both cTKO and control mice improved during the
13-day training course (Figure 4C; p<0.0001, two-way ANOVA Tukey’s post-hoc
comparisons). However, cTKO mice exhibited significantly longer latencies during the 13-
day training period (Figure 4C; Fq g=4.39, p=0.045, two-way ANOVA). While both
genotypic groups showed a preference for the target quadrant, relative to each of the other
three quadrants, in the post-training probe trials at days 7 and 13, cTKO mice displayed
significantly lower target quadrant occupancy in the probe test at day 13, relative to control
mice (Figure 4E; p=0.02, Student’s £test). Both cTKO and control mice showed similar
escape latencies in the visible platform task (Figure 4D; p=0.39, Student’s £test), suggesting
that the learning and memory impairment observed in cTKO mice is unlikely due to vision
defects. These data indicate that inactivation of APP family results in impaired spatial
learning and memory.
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Impaired Long-term and Short-term Synaptic Plasticity

The hippocampal learning and memory deficits observed in cTKO mice prompted us to
examine whether inactivation of APP family affects hippocampal synaptic transmission and
plasticity. We performed electrophysiological recordings of neurotransmission at SC-CA1
synapses using acute hippocampal slices of cTKO and littermate control mice at 3 months of
age. We found that the input-output curves of the evoked field excitatory postsynaptic
potentials (fEPSPSs) are similar between control and cTKO mice (Figure 5A). We further
measured miniature excitatory postsynaptic currents (mEPSCs) by performing whole-cell
recording from CA1 neurons, and found that both the frequency and the amplitude of
mMEPSCs are similar between cTKO and control neurons (Figure 5B). These results indicate
that basal synaptic transmission is normal in the absence of APP family.

To evaluate the effect of APP family inactivation on synaptic plasticity, we first induced LTP
by delivering five trains of theta burst stimulation (TBS) through the stimulation electrode
positioned in the stratum radiatum. The initial slope of fEPSPs is reduced in hippocampal
slices from cTKO mice, and the magnitude of LTP, measured during the last 10 min post-
induction, is smaller in cTKO mice compared to controls (Figure 5C; p<0.0001, unpaired #
test). Given the importance of NMDA receptors (NMDARS) for the induction of SC-CA1
LTP (Bliss and Collingridge, 1993), we assessed the ratio of NMDAR-mediated EPSCs to
AMPAR-mediated EPSCs recorded under whole-cell voltage clamp conditions in CA1
neurons. We found that the NMDAR/AMPAR ratio for the EPSCs at SC-CA1 synapses is
reduced in cTKO mice (Figure 5D; p=0.0017, unpaired £test). Since the efficacy of AMPA
receptor-mediated synaptic transmission is unaffected in cTKO mice, the observed decrease
in the NMDAR/AMPAR EPSC amplitude ratio indicates that the function of NMDA
receptors is impaired in the absence of APP family, possibly contributing to the observed
LTP deficits in these mice.

We next examined whether short-term synaptic plasticity, which could affect the functional
efficiency of neurotransmission, is also affected in cTKO mice. We evaluated two forms of
short-term synaptic plasticity, PPF and frequency facilitation at the SC-CA1 synapse. PPF
induced by two paired stimuli delivered at inter-pulse intervals ranging from 20 to 2000 ms
is higher in cTKO hippocampal slices, indicating increased short-term synaptic plasticity
(Figure 5E; F1, 27=10.37, p=0.003, two-way ANOVA). Consistent with these results,
frequency facilitation, induced by short trains of presynaptic stimulation (10 pulses), which
were delivered at frequencies ranging from 1 to 20 Hz, is also more prominent in cTKO
mice (Figure 5F). Furthermore, the frequency of spontaneous EPSCs (SEPSCs), recorded in
CAL neurons from cTKO mice under voltage-clamp conditions in the presence of the
GABA receptor blocker, is increased (p=0.04, unpaired #test), whereas the SEPSC
amplitude remains unchanged (Figure 5G; p=0.59, unpaired #test).

The increases in PPF, frequency facilitation, and SEPSC frequency suggest a possibility of
enhanced neural activity in cTKO mice. To test whether the observed functional changes at
the level of synaptic function are associated with abnormal GABAergic signaling, we
measured GABA receptor-mediated synaptic responses in CA1 neurons. We found that
both the frequency and the amplitude of spontaneous inhibitory postsynaptic currents
(SIPSCs) are similar between cTKO and control neurons (Figure S3A). Input/output
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relations for evoked GABA receptor-mediated IPSCs (Figure S3B) and paired-pulse
depressions (PPD) at inter-pulse intervals ranging from 20 to 1000 ms (Figure S3C) are also
unchanged in cTKO neurons. These results indicate that GABA receptor-mediated
inhibition is normal in the absence of APP family.

Enhanced Excitability of cTKO Hippocampal Neurons

We next assessed intrinsic membrane properties of CA1 neurons in hippocampal slices from
control and cTKO mice at 3 months of age by performing whole-cell recording in current-
clamp mode to measure resting membrane potential (RMP), threshold current for the action
potential (AP) generation, onset time of the AP and input resistance (Rj,). We found that
RMP is significantly more depolarized in CA1 neurons of cTKO mice (Figure 6A, 6B;
p=0.0005, unpaired #test). AP threshold current (p=0.0006, unpaired #test) and AP onset
time (p=0.0036, unpaired #test) are markedly lower in cTKO neurons (Figure 6B, 6C). In
agreement with these findings, the number of APs in response to depolarizing current
injections is higher in CA1 neurons of cTKO mice (Figure 6D). The relationship of AP
frequency and injected currents showed an upward shift in cTKO neurons (F1 26=6.05,
p=0.02, two-way ANOVA), indicating increased neuronal excitability (Figure 6D). The input
resistance is also higher in cTKO neurons (p=0.0002, unpaired £test), which could explain
the observed increase in AP firing triggered by postsynaptic depolarization (Figure 6E).
Together, these results indicate that CA1 neurons lacking APP family are hyperexcitable.

Reduced Kv7 Channel Function in cTKO Hippocampal Neurons

The hyperexcitability associated with membrane depolarization and enhanced input
resistance in cTKO neurons led us to test whether M-currents are altered in the absence of
APP family. M channels are composed of subunits of the Kv7 (KCNQ) family, and play a
critical role in determining the subthreshold membrane excitability (Delmas and Brown,
2005; Madison and Nicoll, 1984; Wang et al., 1998). We found that application of XE991, a
specific Kv7 channel blocker (Wang et al., 1998; Zaczek et al., 1998), to hippocampal slices
from control mice enhanced AP frequency of CA1 neurons (Figure 7A, 7B; F1 2,=13.03,
p=0.002, two-way ANOVA). XE991 treatment of slices from cTKO mice, however, failed to
enhance the frequency of APs triggered by injected currents, indicating that the effects of
Kv7 channel blockade on excitability are occluded in cTKO mice (Figure 7B; Fq 21=1.54,
p=0.23, two-way ANOVA). Furthermore, AP frequency in cTKO neurons is similar to that
in control neurons following XE991 treatment, suggesting that Kv7 channel inhibition
mimics the effect of APP family inactivation (Figure 7B; F1 2,=0.20, p=0.66, two-way
ANOVA).

While XE991 depolarizes RMPs in CA1 neurons from control and cTKO mice (Figure S4A,
p < 0.0001, paired £test), XE991-induced depolarization (ARMP) is substantially less in
cTKO neurons (Figure 7C; p=0.0006, unpaired #test). Moreover, XE991 increases Ry in
both control and cTKO neurons (Figure S4B), but the effect (AR;y) in control neurons is
much greater, compared to cTKO neurons (Figure 7D; p=0.008, unpaired £test).
Furthermore, AP threshold currents after XE991 treatment in CA1 neurons are markedly
reduced (Figure S4C), and the reduction following XE991 application is much greater in
control neurons than in cTKO neurons (Figure 7E; p<0.0001; paired #test). Consistent with
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these results, XE991 dramatically shortens AP onset time in control neurons (p=0.0007,
paired #test) but not in cTKO neurons (p=0.13, paired #test; Figures 7F, S4D), and the
reduction in XE991-induced AP onset time is substantially smaller in cTKO neurons (Figure
7G; p=0.0029, unpaired #test). These results further showed that inactivation of APP family
mimics the effects of blockade of Kv7 channels, suggesting that Kv channel function is
impaired in cTKO neurons.

To determine whether the function of sodium channels may be affected in cTKO mice and
whether the XE991 treatment could affect sodium current-mediated components of the
action potential, we examined the AP rise time, AP rise slope and AP half-width from the
single AP before and after XE991 treatment in control and cTKO mice (Figure S5A). We
found no difference between genotypic groups or before and after XE991 treatment in any of
the measured parameters (Figure S5B). Thus, the enhanced excitability of CA1 neurons in
cTKO mice is likely to be regulated through diminished Kv7 channel function.

Discussion

APP has been the focus of intense research interest (>45,000 publications in the PubMed)
since its partial sequence identification (Glenner and Wong, 1984) and its subsequent
linkage to FAD (Goate et al., 1991; Rovelet-Lecrux et al., 2006; Sleegers et al., 2006).
However, its normal physiological role in mature neurons of the adult brain remained
unclear because of the existence of APP functional homologues and the perinatal lethality of
germline KO mice, which precluded the study of APP family function postnatally (Herms et
al., 2004; Miller et al., 2017; Zheng and Koo, 2006). In this study, we address this question
through the creation of conditional triple KO mice, in which APP, APLP1 and APLP2 are
selectively inactivated in excitatory pyramidal neurons of the cerebral cortex (Figures 1 and
S1). Surprisingly, inactivation of APP family in excitatory cortical neurons, which are most
vulnerable in AD, does not result in neurodegeneration, as evidenced by the lack of
reduction in cortical volume or cortical neuron number and the lack of increases in apoptosis
or astrogliosis in the cerebral cortex of cTKO mice up to ~2 years of age (Figures 2, 3, S2).
Consistent with abundant expression of APP, APLP1 and APLP2 in excitatory neurons of
the cerebral cortex, APP family plays an important role in the regulation of neuronal
function. Specifically, cTKO mice at 3 months of age exhibit hippocampal learning and
memory deficits (Figure 4) and decreases in LTP and NMDAR-mediated responses at
hippocampal SC-CAL1 synapses (Figure 5). Consistent with enhanced PPF and synaptic
facilitation as well as frequency of SEPSCs (Figure 5), cTKO neurons exhibit depolarization
of the resting membrane potential, decreased action potential threshold and onset time, and
increased action potential firing in response to depolarizing current injections (Figure 6).
Furthermore, the enhanced excitability observed in CA1 neurons of cTKO mice is
phenocopied by inhibition of Kv7 channels (Figure 7). Thus, APP family is not required for
neuronal survival in the aging brain but plays a critical role in the regulation of neuronal
excitability and synaptic plasticity in the adult brain.
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APP Family in the Regulation of Neuronal Excitability and Synaptic Plasticity

APP and APLP2 are ubiquitously expressed, whereas APLP1 expression is more restricted
to the nervous system (Lorent et al., 1995; Miiller et al., 2017; Zheng and Koo, 2011). Our
Northern and Western analyses showed that selective deletion of APP and APLP2 in
excitatory neurons of the postnatal forebrain results in ~80% reduction of APP and APLP2
mRNAs and proteins in the cerebral cortex at 3 months of age (Figure 1), demonstrating that
APP and APLP2 are normally expressed predominantly in excitatory neurons of the adult
cerebral cortex with the remaining 20% distributed among other cell types including
interneurons and glia. Furthermore, selective deletion of APLP1 in excitatory neurons leads
to a smaller reduction (~60%) in the APLP1 mRNA and protein in the cerebral cortex
(Figure 1), suggesting that relative to APP and APLP2 more APLP1 are expressed in
inhibitory neurons and/or glia.

Consistent with their abundant expression, our study showed that APP family plays a critical
role in excitatory neurons of the cerebral cortex (Figures 4-7). Learning and memory are
impaired in cTKO mice at the age of 3 months, as evidenced by increased escape latencies
and decreased target quadrant occupancy in the Morris water maze task (Figure 4). LTP
induced by TBS as well as NMDAR-mediated responses are also reduced at hippocampal
SC-CAZ1 synapses of cTKO mice at this age (Figure 5). These findings demonstrate a critical
role played by the APP family in the regulation of hippocampal memory and long-term
synaptic plasticity. Previous reports indicated that only aged APP KO mice exhibited spatial
learning and memory impairment and reduced LTP in the Schaffer collateral pathway
(Dawson et al., 1999; Ring et al., 2007; Tyan et al., 2012). Compared to our cTKO mice,
NEX-Credriven APP conditional KO mice in the APLP2-null background displayed more
severe LTP and memory impairments, indicating that the more severe phenotypes observed
in these mice are likely due to developmental effects caused by the earlier ablation of APP
and APLP2 beginning at embryonic day 12 (Goebbels et al., 2006; Hick et al., 2015).
Indeed, a number of morphological changes, such as reduction in dendritic branching, spine
density and spine head size, were reported, suggesting that these morphological changes
likely contribute to the severe LTP and memory impairment observed in NEX-Cre driven
APP/APLPZ conditional mutant mice (Hick et al., 2015).

We also discovered that selective inactivation of APP family in excitatory neurons leads to
alterations in short-term synaptic plasticity and neuronal excitability. PPF, synaptic
facilitation, and frequency of spontaneous EPSCs are all enhanced in cTKO mice (Figure 5).
Previous analysis of APPKO and APLP2 KO mice from 2 to 24 months of age showed
normal PPF at SC-CAL synapses (Seabrook et al., 1999; Tyan et al., 2012), whereas a more
recent study reported increased PPF and synaptic facilitation in APP/APLPZ double KO
mice at 2-3 weeks of age (Fanutza et al., 2015), suggesting genetic redundancy of APP and
APLP2 in the regulation of presynaptic short-term plasticity. However, these earlier studies
all used germline KO mice, and APP KO mice were reported to exhibit developmental
phenotypes such as altered spine density (Lee et al., 2010; Tyan et al., 2012). By creating a
cell type-specific cTKO mouse circumventing developmental requirement of APP family in
neural development, our study unequivocally showed a cell-autonomous role of APP family
in the regulation of synaptic plasticity and neuronal excitability in mature excitatory neurons
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of the cerebral cortex. Indeed, whole-cell recordings revealed depolarized RMP and
enhanced AP firing in hippocampal CA1 neurons from cTKO mice, supporting enhanced
local network excitability in the absence of APP family, whereas GABAR-mediated
inhibitory responses are unaffected (Figures 6, S3). Further analysis also showed that there is
no gender difference in excitability of CAL neurons from male and female mice within the
control or cTKO group (Figure S6).

APP Family and Kv7 Channels

The M current mediated by KCNQ2/KCNQ3 potassium channels plays a critical role in
regulating neuronal membrane excitability (Brown and Adams, 1980; Delmas and Brown,
2005; Madison and Nicoll, 1984; Wang et al., 1998). Previous reports showed that blockade
of Kv7 channel activity, either by a specific inhibitor such as XE991 or by expression of a
dominant-negative Kv7.2 mutant, results in depolarized membrane potentials and enhanced
spike frequency in hippocampal CA1 neurons (Peters et al., 2005; Shah et al., 2008),
whereas activation of Kv7 channels leads to membrane hyperpolarization and suppression of
AP generation (Main et al., 2000; Tatulian et al., 2001; Wickenden et al., 2000). We also
found that inhibition of Kv7 channels in hippocampal slices from control mice depolarized
RMP and increased spike frequency (Figures 7, S4). Moreover, loss of APP family mimics
the effects of Kv7 channel inhibition, including depolarized membrane potential and
increased AP frequency, whereas inhibition of Kv7 channels in CA1 neurons from cTKO
mice largely occludes the effects of APP family inactivation on intrinsic membrane
properties and AP spike firing (Figures 7, S4). These results suggest that reduced Kv7
channel function may underlie hyperexcitability in cTKO mice.

Dominantly inherited loss-of-function mutations in the KCNQZ2 and KCNQ3 genes
encoding Kv7.2 and Kv7.3, respectively, are associated with infantile and juvenile epilepsy
(Biervert et al., 1998; Charlier et al., 1998; Jentsch, 2000; Singh et al., 1998). Heterozygous
KCNQ@2-null mice also showed hypersensitivity to induction of seizure (Watanabe et al.,
2000). Interestingly, APP-null mice displayed hypersensitivity to induced seizures
(Steinbach et al., 1998), and APPtransgenic mice overexpressing mutant human APP also
exhibited spontaneous seizure activity (Palop et al., 2007; Verret et al., 2012), suggesting
that neural network activity may be sensitive to alteration of APP dosage. How APP family
interacts with Kv7 channels to regulate neuronal excitability is worthy of further
investigation. It has been reported that Kv7.2 and Kv7.3 as well as APP are enriched at the
axonal terminal in the hippocampal area CA1, and the ankyrin-G binding motif of Kv7.2
and Kv7.3 is required for their localization near the axonal spike initiation site where they
influence the AP threshold and spike frequency (Otto et al., 2006; Pan et al., 2006; Peters et
al., 2005; Rasmussen et al., 2007; Saura et al., 2005; Shah et al., 2008). It will be interesting
to determine whether APP family is required for the axonal localization of these Kv7
subunits, and whether APP family members interact directly with Kv7 subunits.

APP Family Not Required for Neuronal Survival

Genetically, APPand PSEN are the only two gene families that have been linked to FAD
with the first FAD mutation (APP VV7171) discovered nearly 30 years ago (Goate et al.,
1991), followed by the identification of mutations in PSENI and PSENZin 1995 (Levy-
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Lahad et al., 1995; Rogaev et al., 1995; Sherrington et al., 1995). In addition to their genetic
linkage to FAD, APP and Presenilin are biochemically linked with Presenilin being the
catalytic subunit of y-secretase and APP a physiological substrate. The divergence of their
role in cortical neuronal survival, however, suggests distinct pathogenic mechanisms
underlying APPand PSEN mutations, which is consistent with the broad distribution of
PSEN mutations and the clustering of APP mutations surrounding the secretase cleavage
sites (alzforum.org/mutations). Using the same CamkZa-Cre transgene, inactivation of the
Presenilin genes results in a 8-fold increase of apoptosis in the cerebral cortex beginning at 2
months of age, followed by age-dependent loss (e.g. 9% at 4 months, 50% at 18 months) of
cortical neurons (Saura et al., 2004; Wines-Samuelson et al., 2010). Furthermore, partial
inactivation of Presenilin also leads to age-dependent neurodegeneration in the mouse and
Drosophila brain (Kang et al., 2017; Watanabe et al., 2014).

It was reported previously that APP-null mice develop astrogliosis in the cerebral cortex in
the absence of neuronal loss (Phinney et al., 1999; Seabrook et al., 1999; Zheng et al., 1995).
Our analysis did not show increases of astrogliosis in aged APP/APLP1/APLP2cTKO mice,
relative to littermate controls, even though there are age-dependent increases of astrogliosis
in the cerebral cortex of both genotypic groups (Figure 3). The difference between APP-null
and APP/APLPI1/APLP2cTKO mice in astrogliosis raised the question as to whether APP is
expressed in astrocytes and whether astrogliosis seen in APP-null mice is due to loss of APP
in astrocytes.

Implications for AD Pathogenesis

The dispensable role of APP family in neuronal survival during aging argues against a loss-
of-function mechanism underlying APP mutations. The location of APP mutations, all
clustering around the a-, - or y-secretase cleavage sites, suggests that altered proteolysis of
APP may lead to neurodegeneration in AD pathogenesis. Our study, however, does not rule
out the possibility that APP family may be protective of cortical neurons under pathological
conditions. For example, it was reported that LTP and memory impairment caused by AB
and tau oligomers is APP-dependent (Puzzo et al., 2017). The fact that neuronal
hyperexcitability observed in cTKO mice at 3 months of age does not result in loss of
neurons or increases of apoptosis at 22 months of age argues against the notion that neuronal
hyperexcitability per se leads to eventual neuronal loss at old ages.

Our findings that APP family is required for the maintenance of Kv7 channel function is
intriguing, raising the question as to whether and how APP mutations may affect Kv7
channels. Interestingly, Kv7 channels are inhibited by stimulation of muscarinic
acetylcholine receptors (Madison and Nicoll, 1984; Selyanko et al., 2000; Shapiro et al.,
2000), whereas the first FDA approved AD drug, donepezil, is a reversible inhibitor of
acetylcholinesterase, leading to increased acetylcholine and activation of muscarinic
acetylcholine receptors at the synapse. The molecular pathway by which APP family
regulates Kv7 channel activity and neuronal excitability remains to be elucidated, and may
be further explored as novel therapeutic targets of AD.

In summary, our current study demonstrates unequivocally that APP family is not required
for cortical neuronal survival in the aging brain under physiological conditions. The
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dispensable role of the APP family in neuronal survival is in direct contrast with an essential
role of the Presenilin family in neuronal survival during aging, suggesting distinct
pathogenic mechanisms underlying APP and Presenilin FAD mutations. Despite the lack of
requirement for neuronal survival, APP family plays an important role in the regulation of
neuronal excitability as well as synaptic plasticity, consistent with their abundant expression
in the postnatal excitatory neurons. Future studies will be necessary to elucidate the
molecular mechanism by which APP family controls neuronal excitability and synaptic
plasticity.

STAR Methods
RESOURCE AVAILABILITY

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the Lead Contact, Jie Shen (jshen@bwh.harvard.edu).

Materials Availability—The new mutant mouse lines, floxed APP, APLP1, APLP2 mice,
generated in this study are available upon request.

Data and Code Availability

. This study did not generate/analyze datasets/code.

. Original data for the figures in the paper are available in Mendeley Data [http://
dx.doi.org/10.17632/vs48zct2xp.1]

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice—All animal use was approved by the IACUC committee of Harvard Medical School
and Brigham and Women’s Hospital in accordance with the USDA Animal Welfare Act and
PHS Policy on Humane Care and Use of Laboratory Animals. Mice were maintained on a

12 hr light/dark cycle, and were provided with standard rodent chow and water. Mice of
either sex were used and mice were randomly allocated to experimental groups. Mice at
multiple ages from 2 months to 22 months were used. Floxed APP (FAPR TAPP), APLP1
(FAPLPIITAPLPI) and APLP2 (FAPLPZIFAPLP2) mice were generated in this study, and
CamkZa-Cre transgenic mice were previously described in Yu et al., 2001. The APP/APLP1/
APLP2cTKO and littermate control mice were maintained on the C57BL/6J and 129 hybrid
genetic background, and were obtained from breeding FAPPI FAPP; fAPLPII fAPLPI,
FTAPLPZITAPLP2; CamkZa-Cre or FAPPI+; FAPLPIITAPLPI; FAPLP2ZIFAPLPZ; CamkZa-Cre
with FAPPIFAPP,; FAPLPIIFAPLPI; FAPLPZIfAPLP2 mice.

METHOD DETAILS

Generation of APP/APLP1/APLP2 cTKO Mice—The diagrams describing the
generation of the targeting vectors and the sequences of the floxed alleles are included (Data
S1). To generate the APPtargeting vector, we first used C57BL/6 genomic DNA and PCR
primers (AH0801 and AH0802) to amplify the left homologous region (5.6 kb) containing
the promoter region and exon 1. All PCR primer sequences can be found in Table S1. The
PCR product digested by Sacll (introduced by AH0801 along with Sall) and Nof
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(endogenous in APPintron 1) was subcloned into the Sacll and Nod sites of pBSK(-). The
loxP (34 bp) and EcoRI sequences were then introduced into the endogenous M/ul site
upstream of APPexon 1 by two complementary oligos (AH0803 and AH0804). The right
homologous region (4.9 kb) containing APPintron 1 was generated by PCR using C57BL/6
genomic DNA and primers (AH0805 and AH0806), and the NoA/Kpnl (both sites
endogenous in APPintron 1) digested PCR product was subcloned into the Ao (in intron 1)
and Kpnl (pBSK) sites of the modified pBSK containing the left arm and the /oxP-EcoRlI
sequences. The FRT-IloxP-PGK-NEO-FRT-loxP fragment was released by AMod digestion
from the PGKneolox2DTA plasmid (gift of P. Soriano), and cloned into the Aod site (in
intron 1) of the modified pBSK containing the left arm, the JoxP-EcoRl sites, and the right
arm. Thus, upon Cre-mediated recombination, the endogenous APP genomic sequences
from Miul (upstream of APPexon 1) to Aod (intron 1) will be deleted. To enhance the ratio
of ES cells carrying homologous recombination events instead of random insertion of the
targeting vector (Yu et al., 2000), the negative selection PGK-DT cassette, which encodes
diphtheria toxin, was introduced into the Kpnl site following the right homologous
sequences to complete the generation of the APPtargeting vector.

The APPtargeting vector was linearized by Sall digestion, and then electroporated into
MKV6.5 embryonic stem (ES) cells (gift of R. Jaenisch), which were derived from B6/129
F1 mice. G418 was applied to the culture at 150 pg/ml 24 h later, and after 6 days of G418
selection the surviving ES clones should carry the PGK-NEO positive selection cassette
either by homologous recombination or by random integration. 384 ES cell clones were
picked and screened by Southern analysis using £coRV digestion of genomic DNA followed
by hybridization with the 3’ external probe. Nine of the ES cell clones were tested positive
for proper homologous recombination at the 3” arm region, giving rise to the 12.3 kb and the
6.9 kb bands, which represent the wild-type and the targeted alleles, respectively. We then
expanded these 9 ES clones and verified further whether proper recombination occurred in
the 5° arm upstream of the /oxPsite by PCR and sequencing to confirm the presence of the
loxP-EcoR| sequences. Six of the 9 ES clones were confirmed to carry the correct
homologous recombination event in the 5’ arm.

To generate the APLPI targeting vector, we used C57BL/6 genomic DNA and PCR primers
(AH0821 and AH0822) to amplify the left homologous region (6.2 kb) containing the
promoter region and exons 1 and 2. The PCR product following digestions with EcoRV
(endogenous, upstream of APLPI exon 1) and Spel (from AH0822) was subcloned into the
EcoRV and Spel sites of pBSK(-). Subsequently, the /oxPand Spel sequences were
introduced into the endogenous A/si site upstream of APLPI exon 1 by complementary
oligos (AH0823 and AH0824). The right homologous region containing APLPI intron 2
was generated from two cloning steps using two PCR generated fragments. The shorter PCR
product (1.1 kb), amplified using AH0825 and AH0826 (introducing BsBI and Sacll), was
digested with Sacll, and the Sacll (endogenous, intron 2) - Sacll (from AH0826) fragment
was then subcloned into the Sacll site (from pBSK) of the modified pBSK containing the
left arm and the /oxP-Spel sites. The longer PCR product (3.5 kb), amplified using AH0827
and AHO0828 (introducing BsAWI and BsBl), was digested with M/ul and BsBl and then
subcloned into the M/ul (endogenous, APLPI intron 2) and BsmBl sites of the modified
pBSK to extend the right arm (4.6 kb). The FRT-loxP-PGK-NEC-FRT-loxP fragment was
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released by Nod digestion from the PGKneoloxZDTA plasmid, and cloned into the NoA site
(from pBSK) of the modified pBSK containing the left arm, the /oxP-Spel sites, and the
right arm. The negative selection PGK-DT cassette was introduced into the BsAVI site
following the right homologous region of the modified pBSK to complete the generation of
the APLPI targeting vector.

The APLPI targeting vector was linearized with Safl restriction digestion. After
electroporation of the targeting vector into the ES cells and 6 days of G418 selection, we
picked 384 ES cell clones, and then screened for those carrying the proper recombination
events using Southern analysis. Genomic DNA was digested with Spel and hybridized with
the 5° external probe. The resulting 14.7 kb and 5.6 kb bands represent the wild-type and the
targeted alleles, respectively. Among the 14 ES clones that tested positive for the proper
homologous recombination in the 5° arm, only 7 were confirmed to carry the correct
homologous recombination event in the 3* arm region by Southern, followed by sequencing
confirmation of the presence of the /oxP-Spel site. The lower confirmation rate (7/14) is
likely due to homologous recombination occurring in the middle region between the /oxP-
Spel site and the floxed PGK-NEO cassette (Yu et al., 2000).

To generate the APLP2targeting vector, we used C57BL/6 genomic DNA and PCR primers
(AHO0811 and AH0812) to amplify the left homologous region (5.0 kb) containing the
promoter region and exon 1. AH0811 introduced the BarmHI and Ml sites to the PCR
product, whereas AH0812 introduced the BsBl and Sadl sites. The BamH| and Sacl
digested PCR product was subcloned into the BamHI and Sacl sites of pBSK(-). The /oxP
and Sphl sequences (40 bp) were introduced into the endogenous Acal site upstream of
APLPZexon 1 by two complementary oligos (AH0813 and AH0814). The right homologous
region (5.1 kb) containing APLPZintron 1 was generated by PCR using C57BL/6 genomic
DNA and PCR primers AH0815 and AH0816, which introduced BsAVI and Sadl sites. The
Sacl (endogenous, in intron 1) - Sad (from AH0816) fragment was subcloned into the Sacl
site of the modified pBSK containing the left arm and the /oxP-Sphl sites. The FRT-loxP-
PGK-NEC-FRT-loxP fragment was released by C/al digestion from the PGKneolox2DTA
plasmid, and cloned into the BsBl site of the modified pBSK containing the left arm, the
loxP-SpHhl sites, and the right arm. The negative selection PGK-DT cassette was introduced
into the BsAWI site on the right homologous region of the modified pBSK to complete the
generation of the APLPZ2targeting vector.

The APLPZtargeting vector was linearized by M/ul digestion upstream of the 5’
homologous region. After electroporation of the APLPZ2targeting vector into the ES cells
followed by 6 days of G418 selection, we screened 384 ES cell clones for those carrying the
proper recombination events using Southern analysis. Genomic DNA was digested with
Sphl and hybridized with the 5° external probe, and the resulting 13.8kb and 5.1kb bands
represent the wild-type and the targeted alleles. Among 25 ES cell clones that tested positive
for proper homologous recombination in the 5’ arm region, only 8 were confirmed to carry
the proper homologous recombination event at the 3’ arm. This low confirmation rate (8/25)
is likely due to homologous recombination occurring in the middle homologous region
containing exon 1 between the /oxP-Sphl site and the floxed PGK-NEO cassette.
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The positive ES clones were expanded and further confirmed by PCR/sequencing and
Southern blotting with the external probes and the VEO probe to ensure proper
recombination events in 5” and 3° homologous regions. Two ES clones for each targeting
vector were microinjected into C57BL/6 mouse blastocysts to generate chimera mice, which
were bred with B6/129 F1 mice to produce heterozygous APP, APLPI, and APLP2mice
carrying the targeted allele. The germline transmission of the targeted FAPP, FAPLPI or
FAPLPZallele was confirmed by Southern analysis using the 5” and 3’ external probes. To
remove the PGK-NEQ selection cassette, we crossed heterozygous targeted APP, APLPI
and APLPZmice with FLPdeleter mice, ACTB::FLPe (Rodriguez et al., 2000) to generate
heterozygous floxed APP (fAPPI+), APLPI (FAPLPI/+) and APLPZ (FAPLP2Z+) mice,
respectively. Heterozygous fAPPI+, FAPLPI/+ and FAPLPZI+ mice were crossed with each
other to obtain homozygous single floxed mice (FAPPITAPP, FAPLPIITAPLPI and FAPLPZ
FAPLP2) and triple floxed mice (FAPRITAPP, FAPLPIIFAPLPI, TAPLPITAPLP2).

To generate postnatal forebrain-restricted, excitatory neuron-specific single APFR, APLPI,
APLP2cKO, and APPIAPLPIIAPLP2cTKO mice, we used CamkZa-Cretransgenic mice,
which we previously used successfully to restrict inactivation of Presenilin-1, Nicastrin,
CBP, Notchl and NotchZ2 in excitatory neurons of the postnatal forebrain beginning at ~day
18 (Chen et al., 2010; Saura et al., 2004; Tabuchi et al., 2009; Yu et al., 2001; Zhang et al.,
2009; Zheng et al., 2012). We crossed single or triple floxed mice to CamkZa-Cre (hereafter,
Cre) mice to generate single APPcKO (FAPPIFAPP, Cre), APLP1 cKO (FAPLPIITAPLFI,
Cre) and APLP2cKO (FAPLPZIFALP2ZP, Cre) mice as well as cTKO mice (FAPPI FAPP,
FTAPLPIITAPLPI; FAPLPITAPLPZ, Cre). APP/APLPI/APLP2cTKO and littermate control
mice used in phenotypic analysis were obtained by crossing FAPPI fAPP,; FAPLPIITAPLPI,;
FAPLPITAPLP2; CamkZa-Creor fAPP +; FAPLPIIFAPLPI; TAPLPZITAPLPZ; CamkZa-Cre
with triple floxed mice (FAPPIFAPP, TAPLP1ITAPLPI; FAPLPITAPLP2). We used female
mice carrying the CamkZ2a-Cretransgene for breeding to minimize the number of offspring
bearing germline deletions, which may confound interpretation of observed phenotypes.
Unfortunately, the FAPP, FAPLPI and FAPLPZ alleles are particularly sensitive to Cre-
mediated germline deletions. For example, from cTKO crossing with triple floxed mice, we
obtained much fewer cTKO mice bearing all 6 floxed alleles (9.5% instead of the anticipated
50%). Heterozygous fAPPI +, FAPLPIITAPLPI; FAPLPZIFAPLPZ, Cre mice bred with triple
floxed mice resulted in 7.5% cTKO mice bearing all 6 floxed alleles instead of the
anticipated 25%. We only used cTKO and control mice that carry all floxed alleles for all
phenotypic analysis.

Southern Analysis

ES cells: For the identification of the APPtarget allele, genomic DNA from ES cells was
digested with EcoRV followed by hybridization with the 3’ external probe. A genomic DNA
fragment of 4.7 kb in APPintron 1, downstream of the 3° homologous region, was generated
by PCR using C57BL/6 genomic DNA and PCR primers AH0809 and AH0810, and was
subcloned into the Kpnl and Nod sites of pBSK(=). The 3’ external probe (859 bp), located
~550 bp downstream of the 3° homologous region, was generated by restriction digestion of
the plasmid using Sacl and Cl/al (both are endogenous sites in APPintron 1). For the
identification of the APLPI targeted allele, genomic DNA was digested with Spel followed
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by hybridization with the 5° external probe. We first PCR amplified a genomic DNA
fragment of 2.5 kb, upstream of the 5’ homologous region of APLPI, using primers AH0829
and AHO0830, and then subcloned it into the Spel and EcoRV sites of pBSK(-). The 5’
external probe (409 bp), located ~250 bp upstream of the 5’ homologous region, was
generated by restriction digestion of the plasmid using Psfl and BarmH| (both are
endogenous sites upstream of the 5° homologous region). For the identification of the
APLP2targeted allele, genomic DNA was digested with Sp/l followed by hybridization
with the 5° external probe. We first PCR amplified a genomic DNA fragment of 1.8 kb,
upstream of the 5° homologous region of APLPZ2, using primers AH0817 and AH0818, and
then subcloned it into the Kpnl and Xbal sites of pBSK(-). The 5’ external probe (452 bp),
located ~900 bp upstream of the 5 homologous region, was generated by restriction
digestion of the plasmid using BgA (an endogenous site upstream of the 5 homologous
region).

Mice: For floxed APPmice, genomic DNA was digested with £coRI (5’ probe) or £EcoRV
(3’ probe). The 5° external probe (493bp, ~60bp upstream of the 5 homologous region) was
PCR amplified using primers 5’-TAGTAGACATTAGCTCTGATAAC and 5’-
TCACAAGCTAAGTCCCATAAATGG, whereas the external 3’ probe was the same as the
one used for ES cells. Southern analysis of tail genomic DNA confirmed the presence of the
wild-type allele (8.9 kb for the 5’ external probe, 12.3 kb for the 3’ external probe) and/or
the floxed APPallele (5.5 kb for the 5” external probe, 6.9 kb for the 3’ external probe).

For floxed APLPI mice, genomic DNA was digested with Spel. The 5’ external probe was
the same as the one used for ES cells, whereas the 3’ probe (499bp, ~1.3kb downstream of
the 3’ homologous region) was amplified using the primers, 5’-
TCCAAGCCTTGAACCCCTCGTC and 5’-ACCAATCCAGACCAGACAGAGG. Southern
analysis of tail genomic DNA confirmed the presence of the wild-type allele (14.7 kb for
both the 5” and 3’ external probes) and/or the floxed APLPI allele (5.6 kb for the 5’ external
probe, 6.2 kb for the 3’ external probe).

For floxed APLP2mice, genomic DNA was digested with Sp/l. The 5’ external probe
(428bp, ~1.2kb upstream of the 5 homologous region) was amplified using the primers, 5’-
TGTTCTGGCCGTGTTATCTCTG and 5’-TGACAGGATCACAGCCAATGAG, whereas
the 3’ probe (397bp, ~20bp downstream of the 3" homologous region) was amplified using
the primers, 5’-CACAACCGTAACCTATTGTTTG and 5’-
AATGCAATCCTTGATCACATGC. Southern analysis of cortical genomic DNA confirmed
the presence of the wild-type allele (13.8 kb for both the 5” and 3’ external probes) and/or
the floxed APLPZallele (5.1 kb for the 5° external probe, 8.7 kb for the 3’ external probe).

PCR Genotyping—Genomic PCR was performed to determine the presence of the
deleted, the floxed, and/or the wild-type alleles. For APP, the following primers were used:
5’-GGCCTTCTAGGTTGCTTTCTATTGC (RB1101, forward primer at ~1500nt upstream
of exon 1), 5’-AAGCAGTTTCTGCCACTGCCCAGTT (RB1102, reverse primer at ~1300nt
upstream of exon 1), and 5’-AAGAGTCCTGGACGTCCAGGTTGA (RB1105, reverse
primer at ~800nt downstream of exon 1). The PCR products from RB1101 and RB1102 are
180 bp and 222 bp, which represent the wild-type and the floxed APPalleles, respectively,
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whereas the PCR products from RB1101 and RB1105 is 377 bp, which represents the
deleted APPallele.

For APLPI, the following primers were used: 5’-GCCACATGAGTCATGGACCTTGAAT
(RB1110, forward primer at ~1500nt upstream of exon 1), 5’-
AGGACTTAGGACATCATCGCTACTG (RB1111, reverse primer at ~1300nt upstream of
exon 1), and 5’-TCTCATTGGGCTCCATCACTTACTG (RB1112, reverse primer at ~400nt
downstream of exon 2). The PCR products from RB1110 and RB1111 are 167 bp and 203
bp, which represent the wild-type and the floxed APLPI alleles, respectively, whereas the
PCR product from RB1110 and RB1112 is 461 bp, which represents the deleted APLPI
allele.

For APLPZ, the following primers were used: 5’-ATTCTAGGGCCTCTGGATTGA
(AHO08166, forward primer at ~1500nt upstream of exon 1), 5’-
TAGTGGGCAGAGTGGGACAGTAAG (AHO08164, reverse primer at ~1100nt upstream of
exon 1), and 5’-GGAGACGCAGATCGGGAGCT (AH09209, reverse primer at ~40nt
downstream of exon 1). The PCR products from AH08166 and AH08164 are 385 bp and
425 bp, which represent the wild-type and the floxed APLPZalleles, respectively, whereas
the PCR from AH08166 and AH09209 is 188 bp, which represents the deleted APLP2
allele.

Northern Analysis—Total RNA was isolated from brains using TRI reagent (Millipore-
Sigma) according to manufacturer’s instruction. ~5 pg of total RNA were separated in
formaldehyde agarose gels, and transferred into nylon membrane (Amersham). Probes were
synthesized using Prime-It Il random labeling Kit (Stratagene) and then used for membrane
hybridization at 50 °C overnight. The PCR primer sequences used to amplify cDNA probes
are as followed: 5’-TTTCCTCGGCGGCGGGAG and 5’-
TAGGCAACGGTAAGGAATCACG for the probe specific for APPexons 1-3 (498 bp), 5°-
GGCTCAAGTGGCTGGACTAT and 5’-GATGCCTCCTGGTTGAACTC for the probe
specific for APLPI exons 2—-4 (356 365bp), 5’-CAGCTTGTGGAAACCCATCT and 5’-
TTTCATCTGGGCGGCCTTTT for the probe specific APLP2exons 10-11 (228 bp), and
5’-ACCACAGTCCATGCCATCAC and 5’-TCCACCACCCTGTTGCTGTA for the probe
specific for GAPDH exons 5-7 (452 bp). Hybridization was performed using a—32P-dCTP-
labeled probes specific for each gene. Specific signals were detected by autoradiography
with Hyperfilm (Amersham). NIH Image J software was used to quantify the level of
transcripts by comparing the intensities of the bands after subtracting the background.

Western Analysis—The neocortex, hippocampus and cerebellum were dissected from the
brain. Fresh tissues were homogenized in an ice-cold stringent RIPA buffer (50 mM Tris-Cl
(pH 7.6), 150 mM NacCl, 0.5 mM EDTA, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS,
1mM PMSF supplement with protease inhibitor cocktail and phosphatase inhibitor cocktail
(Sigma)), followed by sonication. Homogenates were centrifuged at 14,000xg for 20 min at
4°C to separate supernatants (RIPA buffer-soluble fraction). Equal amount (10-40 ug per
lane) of total proteins from each preparation were loaded and separated on NuPAGE gels
(Invitrogen), and transferred to nitrocellulose membranes. The membranes were blocked in
5% skim milk/TBS for 1 hour, and incubated at 4°C overnight with specific primary
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antibodies. Primary antibodies used were rabbit anti-APP (Sigma-Aldrich, A8717, RRID:
AB_258409), rabbit anti-APP-Y188 (Abcam, ah32136, RRID: AB_2289606), rabbit anti-
APLP1 (Millipore, #171615, RRID: AB_565288), rabbit anti-APLP1 (CT11, gift of D.
Walsh), rabbit anti-APLP2 (Millipore, #171616, RRID: AB_211446), rabbit anti-APLP2
(D2-11, gift of D. Walsh), rabbit anti-MAP2 (Cell Signaling, #4542, RRID: AB_776174),
rabbit anti-SYP (Cell Signaling, #5431, RRID: AB_10698743), rabbit anti-SNAP25 (abcam,
ab108990, RRID: AB_10888111), rabbit anti-PSD95 (Cell Signaling, #2507, RRID:
AB_1264242), anti-GFAP (Sigma-Aldrich, G6171, RRID: AB_1840893), mouse anti-p-
actin (Sigma-Aldrich, A1978, RRID: AB_476692), mouse anti-p-actin (Cell Signaling,
#3700, RRID: AB_2242334), and rabbit anti-p-actin (Cell Signaling, #4967, RRID:
AB_330288). Membranes were then incubated with dye-coupled secondary antibodies, goat
anti-rabbit IRdye680 (LI-COR Biosciences, #926-69071, RRID: AB_10956166), goat anti-
mouse IRdye680 (LI-COR Biosciences, #925-68070, RRID: AB_2651128), goat anti-rabbit
IRdye800 (LI-COR Biosciences, #925-32211, RRID: AB_2651127), or goat anti-mouse
IRdye800 from (LI-COR Biosciences, #925-32210, RRID: AB_2687825). Signals were
quantified using the Odyssey Infrared Imaging System (LI-COR Biosciences).

Histological Analysis—The experimenter of all subsequent phenotypic analysis was
blind to the genotype of the mice. Mice were anesthetized and then transcardially perfused
with phosphate-buffered saline solution (PBS, pH7.4) containing 0.25 g/L heparin (Sigma)
and 5 g/L procaine (Sigma). Brains were post-fixed in 4% formaldehyde in PBS (pH 7.4)
(Electron Microscopy Sciences) at 4°C overnight and then processed for paraffin embedding
following standard procedures. Serial sagittal sections (10 pm) were obtained using Leica
RM2235. For Nissl staining, paraffin sagittal sections were deparaffinized, dehydrated, and
stained with 0.5% cresyl violet (Sigma-Aldrich). Immunohistochemical analysis was
performed as previously described (Yamaguchi and Shen, 2013). Briefly, paraffin sagittal
sections were deparaffinized, alcohol-dehydrated, then subjected to permeabilization with a
solution containing 0.1% Triton X-100, 0.1% sodium citrate in PBS, except those for
cleaved-caspase3 immunostaining, which were performed antigen retrieval by microwaving
for 10 min in 10 mM sodium citrate buffer, pH 6.0. Endogenous peroxidase activity was
quenched by incubating in 0.3% H,05 in methanol. Sections were then blocked with a
solution containing 5% normal goat serum for 1 hour at room temperature (\Vector
Laboratories). After blocking, sections were incubated with primary antibodies overnight at
4°C. The primary antibodies used were rabbit mouse anti-NeuN (1:400, Millipore,
MAB377, RRID: AB_2298772), mouse anti-GFAP (1:500, Sigma-Aldrich, G6171, RRID:
AB_1840893), or rabbit anti-cleaved caspases-3 (1:150, Cell Signaling, #9661, RRID:
AB_2341188) followed by 1h incubation with biotinylated secondary antibodies at room
temperature and 1h incubation with Vectastain Elite ABC reagent and then developed using
chromogenic DAB substrate (Vector Laboratories).

For the TUNEL assay, deparaffinized and rehydrated brain sections were subjected to
permeabilization with a solution containing 0.1% Triton X-100, 0.1% sodium citrate in PBS
for 8 min. Sections were then blocked with a solution containing 5% normal goat serum
(\Vector Laboratories) for 1hr at room temperature followed by the protocol of the
manufacturer of the /n Situ Cell Death Detection kit (Roche). The slides were then washed
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using PBS three times. Images were captured and analyzed using an Olympus 1X51
fluorescent microscope.

For frozen sections, post-fixed brains were immersed on a sucrose series solution (15 and
30% sucrose in PBS) at 4°C overnight for cryoprotection. Serial frozen sagittal sections (10
um) were obtained using Leica CM1860. Frozen brain sections were washed with PBS to
rinse out OCT, and then blocked with a solution containing 5% normal goat serum for 1
hour at room temperature (Mector Laboratories). After blocking, sections were incubated
with primary antibodies overnight at 4°C. The primary antibodies used were rabbit anti-
APP-Y188 (1:250, Abcam, ab32136, RRID: AB_2289606), mouse anti-NeuN (1:400,
Millipore, MAB377, RRID: AB_2298772), and mouse anti-GAD67 (1:500, Millipore,
MAB5406, RRID: AB_2278725) followed by 1h incubation with fluorophore conjugated
secondary antibodies, Alexa Fluor 488 goat anti-rabbit 1gG (1:250, A-11034, Thermo Fisher
Scientific) and Alexa Fluor 555 goat anti-mouse 1gG (1:250, A-11034, Thermo Fisher
Scientific) at room temperature. Fluorescence images were taken and analyzed by FV1000
confocal microscope system (Olympus).

Stereological Quantification—The Nissl or NeuN-stained sections were analyzed using
an unbiased fractionator and optical dissector method, and the images were analyzed using
the BioQuant image analysis software that was connected to the Olympus BX51 microscope
with a CCD camera. Approximately forty optical dissectors of the 100 x 100 um sampling
box were used for the quantification in the neocortical area, and twenty optical dissectors of
the 50 x 50 um sampling box were used for CA1 hippocampal area. The volume of the
neocortex and the hippocampus was quantified using Nissl-stained series sections (every
40 sagittal sections, spaced 0.4 mm apart; total 6 sections per hemisphere) and the
BioQuant image analysis software, and the volume was calculated to reflect both
hemispheres. The number of neurons can be counted with an indicator of NeuN positive
cells through the 40X objective lens from all the picked slides. Finally, average number of
neurons was calculated per genotype (n=7 mice per genotype per age group). The coefficient
of error from the counting technique was <0.10.

The number of active caspase-3 immunoreactivity cells or TUNEL+ cells in the neocortical
area was determined from using series sections (every 30 sagittal sections, spaced 0.3 mm
apart; total 8 sections per hemisphere), and the number of positive cells from each section
was counted. The total number of active caspase-3- or TUNEL-positive cells in the
neocortex of the hemisphere was calculated by multiplying 30 with the total number of
positive cells in the neocortex of one hemisphere in all 8 sections. GFAP-stained sections
(every 40 sagittal sections, spaced 0.4 mm apart; 6 sections per hemisphere) were analyzed
using Olympus BX51 microscope with a CCD camera. The GFAP-immunoreactive area and
the total area of the neocortex and hippocampus were measured under 4X objective lens
using the BioQuant image analysis software. The GFAP-immunoreactive area was
calculated as GFAP+ area/total area. Statistical outliers were identified using the ROUT test
with Q=1%. The experimenter was blind to the genotype of the mice. Values are reported as
mean + SEM.
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Behavior Analysis—APP/APLPI/APLP2 cTKO mice (n=15, 5 male and 10 female) and
littermate controls (n=15, 8 male and 7 female) at 3 months of age were used for the
analysis, and they were individually handled daily for 5 days before testing.

Rotarod test: For the rotarod test, 4 mice were placed at a time on an Economex
accelerating rotarod (Columbus Instruments) equipped with individual timers for each
mouse. Mice were initially trained to stay on the rod at a constant rotation speed of 5 rpm.
After a 2-min rest, mice that would fall were repeatedly placed back on the rotarod until they
were able to stay on the rotating rod for at least 2 min. Following training, mice were
subsequently tested by placing them on the rod at a rotation speed of 5 rpm, as the rod
accelerated by 0.2 rpm/sec, the latency to fall was measured. Mice were tested for a total of
3 trials. After each trial, animals were returned to their home cage.

Open field test: For the open field test, individual mice were placed in 42 x 42 cm acrylic
animal cages for 60 min during which their horizontal and vertical movements were
monitored by three arrays of 16 infrared light beam sensors (AccuScan Instruments)
connected to a computer that recorded their position every millisecond. AccuScan VersaMax
software was then used to calculate, in both the horizontal plane and along the vertical axis,
the total number of movements, the distance traveled, the time spent moving, and the total
number of infrared beam breaks for each mouse.

Hidden platform water maze task: The Morris water maze is a circular pool 160 cm in
diameter. The release point for each training trail was varied among all four quadrants in a
pseudorandom manner. Four distal visual cues were placed on the walls during training and
full-cue probe tests, whereas three of the cures were removed for the partial-cue probe test.
The escape platform (10 cm in diameter) was submerged ~1cm beneath the water surface
and maintained in a constant position. Mice received four training trails daily with a
maximum duration of 90 sec. and an inter-trial interval of 15 min. Mice that did not located
the platform during a training trial were guided to the platform and allowed to remain on it
for 15 sec. Location of mice in the pool was continuously monitored using an automated
tracking system (HSV Image).

After 6 days and 12 days training, probe tests were performed in the morning of day 7 and
day 13 prior to administering new training trails. Probe tests were conducted by removing
the hidden platform, releasing mice form the opposite quadrant, and allowing them to search
for the platform location for 90 sec. Upon completion of the probe tests, the platform was re-
installed in the same position and four new training trails were administered. After
completion of the hidden platform water maze task, the visible-cue version of the task was
performed to verify visual and swimming ability by administering four trails with the
platform position marked by a yellow object.

Electrophysiological Analysis—Both male and female APP/APLPI/APLP2cTKO
mice and littermate controls at 3 months of age were used for the analysis. Mice were
decapitated after being anesthetized with ketamine (100 mg/kg) + xylazine (10 mg/kg) +
acepromazine (3 mg/kg). The brain was removed and placed in ice-cold (4°C) oxygenated
(95% O,/5% CO5) high sucrose and magnesium solution containing (in mM) the following:
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200 Sucrose, 25 NaHCO3, 10 Glucose, 3 KCI, 1.25 NaH,POy, 1.2 Na-pyruvate and 0.4 Na-
ascorbate, 7 MgCly, and 0.5 CaCl,. Horizontal hippocampal slices (400 um thick) were
prepared using a vibratome (VT1200S, Leica, Germany), and transferred to an incubation
chamber having oxygenated artificial cerebrospinal fluid (ACSF) containing (in mM) the
following: 125 NaCl, 3 KCl, 1.25 NaH,POy4, 1 MgCls,, 2 CaCl,, 25 NaHCO3, 10 Glucose,
1.2 Na-pyruvate and 0.4 Na-ascorbate, adjusted to 310 + 5 mOsm (pH 7.4). The slices were
allowed to recover at 34°C for 60 min and then placed in a recording chamber constantly
perfused with heated ACSF (32 £+ 1 °C) and gassed continuously with 95% O, and 5% CO».
The flow rate of bathing solution and the volume of the recording chamber for slices were
2.2 ml/min and 1.2 ml, respectively. Hippocampal slices were visualized using an upright
microscope equipped with differential interference contrast (DIC) optics (BX51WI,
Olympus, Japan). The DIC optics was used for visualization of neurons in the course of
whole-cell recordings.

For extracellular field recordings, stimulation pulses were delivered with a stimulus isolation
unit (World Precision Instruments, A365) using unipolar metal microelectrodes. Field
excitatory postsynaptic potentials (FEPSPs) were recorded in current-clamp mode with
ACSF-filled patch pipettes (1.5-2 MQ). All fEPSPs were recorded with a stimulation
strength that yielded 50% of the maximal response. Data were collected with a MultiClamp
700B amplifier (Molecular Devices) and digitized at 10 kHz using the A/D converter
DIGIDATA 1322A (Molecular Devices). In a subset of experiments, the following drugs
were used at the following concentrations via bath application or adding intracellular
recording solutions: Picrotoxin (100 M, Tocris #1128), APV (50 uM, Tocris #0106),
Tetrodotoxin (TTX: 1 uM, Tocris #1069), NBQX (10 uM, Tocris #1044) and XE991
dihydrochloride (3 uM, Tocris #2000).

For AMPA receptor-mediated input/output (1/0) measurements, 1/O relationships obtained
by plotting the amplitude of fiber volley (FV) versus the fEPSP slope in the presence of
blockers of NMDA (50 uM APV) and GABA receptors (100 uM Picrotoxin). 10 traces
were averaged for each stimulation intensity, and the amplitude of the FV was measured
relative to the slope of the fEPSP. The stimulation rate was 0.2 Hz. The average linear fit
slope was calculated as the slope of the linear 1/O relationship for each slice. In LTP
recordings, after baseline responses were collected every 15 sec for 15 min, LTP was
induced by five episodes of TBS delivered at 0.1 Hz. Each episode contained ten stimulus
trains (5 pulses at 100 Hz) delivered at 5 Hz. To generate summary graphs (mean + SEM),
individual experiments were normalized to the baseline, and four consecutive responses
were averaged to generate 1 min bins. These were then averaged together to generate the
final summary graphs. Paired-pulse facilitation (PPF) was measured as the ratio of the
second fEPSP slope relative to the first fEPSP slope, evoked by two identical presynaptic
stimuli. Synaptic facilitation was measured as the percentage of the fEPSP slope versus the
first fEPSP slope at a given stimulus train in individual slices.

For whole-cell patch clamp experiments, recording pipettes (3-5 MQ) were filled with a
solution containing (in mM) the following: 120 K-gluconate, 10 KCI, 20 HEPES, 4 MgATP,
0.3 NaGTP, 10 phosphocreatine, and 0.1 EGTA with the pH adjusted to 7.30 with KOH
(295-300 mOsm). Spontaneous or miniature excitatory postsynaptic currents (SEPSCs or
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mMEPSCs) were recorded from CA1 pyramidal neurons in voltage-clamp mode at a holding
potential of =70 mV in the presence of 100 uM picrotoxin for the blockade of GABAA
receptor without or with 1 pM TTX, respectively. The F-I curve, AP frequency (F) against
the magnitude of injected currents (1), was induced by depolarizing current injections
(ranging from —-100 pA to 400 pA, 300 ms-long, with 50 pA increment), in CA1 neurons in
current clamp mode. Spontaneous inhibitory postsynaptic currents (SIPSCs) were recorded
from CA1 pyramidal neurons in voltage-clamp mode at a holding potential of =70 mV in the
presence of blockers of AMPA (10 uM NBQX) and NMDA (50 uM APV) receptors. Input/
output relations for evoked GABAAR IPSCs and paired-pulse depressions (PPD) at inter-
pulse intervals ranging from 20 to 1000 ms were elicited by the stimulation electrode placed
~300 um away from the recording electrode in the CAL stratum pyramidale and recorded at
a holding potential of =70 mV in the presence of blockers of AMPA (10 uM NBQX) and
NMDA (50 uM APV) receptors. The recording pipettes (3-5 MQ) were filled with a solution
containing (in mM) the following: 130 KCI, 10 phosphocreatine, 20 HEPES, 4 MgATP, and
0.3 NaGTP, , and 0.1 EGTA with the pH adjusted to 7.30 with KOH (295-300 mOsm). The
series resistance (Rs) after establishing whole-cell configuration was between 15 and 25
MQ. EPSC recordings with >20% series resistance changes were excluded from data
analysis.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data acquisition and quantification was performed in a genotype blind manner with the
exception of the molecular analysis (Southern, Northern, and Western). All statistical
analyses were performed using Prism 8 (GraphPad Software), Excel (Microsoft), Igor Pro
(Version 6.37; Wave-Metrics) or Clampfit (Version 10.3; Molecular device). All data are
presented as the mean + SEM. The exact sample size (e.g. the number of mice, brains,
slices, or neurons) of each experiment is indicated in the figure.

Statistical analysis were conducted using Student’s t test (Figures 1C, 2D, 2E, 2F, 3D, 4B,
4D, 4E, 5B, 5C, 5D, 5G, 6B, 6C, 6E, 7C, 7D, 7E, 7G, S2A, S2B, S3A, S4A, S4B, SAC,
S4D, S5B, S6A, S6B), one-way ANOVA followed up by Tukey’s multiple comparisons tests
(Figures 1D, 4E), one-way ANOVA followed up by Dunnett’s multiple comparisons test
(Figure S1), two-way ANOVA followed up by Bonferroni multiple comparisons test
(Figures 2C, 2D, 3, 4A, 4C, 5E, 5F, 6D, 7B, S3B, S3C, S6C) and linear regression fit
(Figure 5A). All statistical comparisons were performed on data from > 3 biologically
independent samples. Significance is shown as *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001, or NS (not significant).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
APP family is not required for survival of cortical neurons during aging
APP family is important for hippocampal learning and memory
APP family regulates hippocampal synaptic plasticity

APP family controls neuronal excitability through Kv7 channels
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Figure 1. Selective Inactivation of APP, APLP1 and APLP2 in cTKO Mice
(A) Schematic illustrations of APP, APLP1, and APLP2 showing conserved protein structure

and domains. APPggs is the abundant isoform derived from exons 1-6, 9-18; APLP1gs4 is
derived from exons 1-17; APLP275; is derived from exons 1-13, 15-18 (based on Ensembl
Genome Database: APP, ENSMUSG00000022892; APLP1, ENSMUSG00000006651;
APLP2, ENSMUSG00000031996); SP: signaling peptide; E1: the extracellular domain
containing the heparin-binding motif, the growth factor-like domain, and the cooper- and
zinc-binding motif; Ac: an acidic domain; KPI: the Kunitz-type protease inhibitor domain;
E2: the extracellular domain containing the heparin-binding motif and the random coiled
region; ApB: the amyloid beta peptide; Y: the YENPTY motif. (B) Schematic illustrations of
the gene structures of APP, APLP1, and APLPZ. The blue (APP), green (APLPI), and
orange (APLP2) boxes represent exons encoding the protein sequences. The gray boxes
represent the 5" and 3’ UTRs. The exons are not drawn to scale, and exon 1 contains the start
codon ATG. The promoter and the first exon (for APPand APLP2) or the first two exons
(for APLPI) are flanked by two /oxPsites (red arrowheads). (C) Reduced levels of the APP,
APLPI, or APLPZmRNA in the cortex of cKO mice at 2-3 months of ages, relative to
controls. The remaining mRNA detected in the cortex of cKO mice is likely due to APP,
APLPI, or APLPZexpression in interneurons and glia, where the CamkZa-Cre transgene is
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not expressed. (D) Dramatic decreases of APP, APLP1 and APLP2 proteins in the neocortex
(NCX) of cTKO mice at the age of 3 months. (E-J”) Immunohistochemical analysis shows
abundant APP immunoreactivity (green), which co-localizes with NeuN immunoreactivity
(red), in the NCX and hippocampal area CA1 (CA1) of control mice, whereas APP
immunoreactivity is largely eliminated in the NCX (F) and hippocampal area CA1 (H) of
cTKO mice. Most GAD67-immunoreactive (red) interneurons in the NCX of control mice
appear to co-express APP (1), and the few APP-immunoreactive cells in the NCX of cTKO
mice appear to be co-labeled with GAD67 immunoreactivity (J”). Scale bar: 100 pm.

All data represent mean = SEM (**p<0.01, ***p<0.001, ****p<0.0001). The value in the
column indicates the number of mice used in each experiment.

See also Figure S1
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Figure 2. Absence of Neurodegeneration in cTKO Mice
(A) Top: Nissl staining of comparable sagittal sections of cTKO mice and littermate controls
at the ages of 3, 12, and 22 months shows normal gross morphology in the cTKO brain.
Bottom: Higher power views of the boxed areas show no overt alteration in the neocortex
and hippocampus of cTKO mice. Scale bar: 100 um. (B) 70p: NeuN immunostaining of
comparable sagittal sections of cTKO and control brains at the ages of 3, 12, and 22 months.
Bottorm. Higher power views of the boxed areas in the neocortex of cTKO and control mice.
Scale bar: 100 um. (C) Stereological quantification shows similar volume of the neocortex
and the hippocampus between cTKO and control mice at 3, 12, and 22 months of age (NCX:
F 38=1.27, p=0.22; 3M: p=0.44, 12M: p=0.58, 22M: p>0.99; HP: F 35=0.06, p=0.73; 3,
12, 22M: p>0.99, two-way ANOVA with Bonferroni’s post-hoc comparisons). (D)
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Stereological quantification shows unchanged neuron number in the neocortex and
hippocampal area CA1 of cTKO mice (NCX: Fj 35=0.55, p=0.67; 3, 12, 22M: p>0.99, two-
way ANOVA with Bonferroni’s post-hoc comparisons; CA1: p=0.26, Student’s £test). (E)
Western analysis shows unchanged levels of dendritic and synaptic markers in the neocortex
of cTKO mice at 3 months of age (MAP2: p=0.43, SYP: p=0.62, SNAP25: p=0.77, PSD95:
p=0.25, Student’s #test). All values are normalized to p-Actin. (F) Left. Representative
images of active caspase-3-immunoreactive cells in the neocortex cTKO mice and controls
at 22 months of age. Right. Stereological quantification of apoptotic cells in the neocortex
shows no significant difference between cTKO mice and controls (p=0.45, Student’s #test).
Scale bar: 50 um.

All data represent mean = SEM. The value in the column indicates the number of mice used
in each experiment.

See also Figure S2
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Figure 3. Largely Normal Astrogliosis in the Cerebral Cortex of cTKO Mice
(A) Western analysis shows age-dependent increases of GFAP in control and cTKO mice

from 3 to 12 months (Control: p=0.0003; cTKO: p=0.0015, one-way ANOVA with
Dunnett’s post-hoc comparisons) and from 3 to 22 months (Control: p=0.0013; cTKO:
p=0.0032, one-way ANOVA with Dunnett’s post-hoc comparisons). However, there is no
genotypic difference between cTKO and controls (F,, 33=0.02, p=0.98, two-way ANOVA).
All values are normalized to p-Actin. (B) Western analysis shows significant increases of
GFAP in control mice from 3 to 22 months (p=0.0472, one-way ANOVA with Dunnett’s
post-hoc comparisons). There is no significant difference between cTKO and controls

(F2, 38=0.19, p=0.83, two-way ANOVA). All values are normalized to p-Actin. (C)
Stereological quantification of GFAP-immunoreactive areas shows significant increases
from 3 to 22 months in control and cTKO mice (Control: p=0.0005; cTKO: p=0.0015, one-
way ANOVA with Dunnett’s post-hoc comparisons). There is no genotypic difference
between cTKO and control mice (F», 33=0.11, p=0.89, two-way ANOVA). Scale bar: 100
um. (D) Stereological quantification of GFAP-immunoreactive areas shows age-dependent
increases in control mice (3M vs. 12M, p=0.0363; 3M vs. 22M, p=0.0014, one-way ANOVA
with Dunnett’s post-hoc comparisons) and genotypic increases in cTKO mice at 3 months
(p=0.03, Student’s #test). There is no age-dependent genotypic difference between cTKO
and control groups (F2, 3p=0.14, p=0.87, two-way ANOVA). Scale bar: 100 pm.

All data represent mean + SEM (*p<0.05, **p<0.01, ***p<0.001). The value in the column
indicates the number of mice used in each experiment.
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Figure 4. Impaired Hippocampal Learning and Memory in cTKO Mice
(A) During the rotarod test, cTKO mice and littermate controls show similar latencies to fall

off an accelerating rod (F1, 14=0.03, p=0.86, two-way ANOVA). The average time before
falling off the rod is shown for each of the three consecutive trials. (B) During the open field
test, cTKO and control mice display similar horizontal (p=0.93) and vertical (p=0.79)
spontaneous movements as well as the time spent on the margin or the center (p=0.44,
Student’s #test). (C) During the 13-day training period of the water maze task, cTKO and
littermate control mice improved their performance (F1p, 364=35.97, p<0.0001, two-way
ANOVA,; day 1 vs. 13 Tukey’s post-hoc comparisons, p<0.0001). The escape latency of
cTKO mice is significantly longer than that of controls (F1 2g=4.39, p=0.045, two-way
ANOVA). (D) In the visible platform task, the escape latency is similar between cTKO mice
and controls (p=0.39, Student’s #test). (E) During the post-training probe trials, cTKO and
control mice showed significantly higher target quadrant occupancy, compared to each of the
other three quadrants at days 7 and 13 (e.g. T vs. AL: p<0.0001 for both control and cTKO
groups, one-way ANOVA with Tukey’s post-hoc comparisons). The target quadrant
occupancy of cTKO mice is significantly lower than that of control mice at day 13 (p=0.02,
Student’s #test). For platform crossing, control mice showed higher number of crossings
relative to the corresponding platform location of the other three quadrants at days 7 and 13
(e.9. T vs. AL: p<0.0001, one-way ANOVA with Tukey’s post-hoc comparisons), whereas
¢TKO mice showed higher number of crossings relative to the corresponding platform
location of the other three quadrants only at day 13 (e.g. T vs. AL: p=0.0001, one-way
ANOVA with Tukey’s post-hoc comparisons). However, there is no significant difference on
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platform crossings between cTKO mice and controls (p=0.14, Student’s #test). T: target
guadrant; AL: adjacent left quadrant; AR: adjacent right quadrant; OP: opposite quadrant.
All data represent mean + SEM (*p<0.05). The value in the column indicates the number of
mice used in each experiment.
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Figure 5. Impaired Hippocampal Synaptic Plasticity in cTKO mice
(A) Normal AMPAR-mediated input/output curves in cTKO mice. The amplitude of the

fiber volley (FV) is plotted against the initial slope of the evoked fEPSPs for cTKO and
control mice. The lines represent the best linear regression fit. The input/output slopes are
similar between control (y=2.91x, R2=0.99) and cTKO (y=2.53x, R?=0.98) mice (p=0.14;
linear regression). Insets are representative fEPSP traces evoked by stimuli of increasing
intensity from control and cTKO mice. (B) Representative traces of mEPSCs in CA1
neurons from control and cTKO mice. Statistical analysis indicates normal mEPSC
frequency and amplitude in cTKO neurons (frequency: p=0.88; amplitude: p=0.08; unpaired
ttest). The mEPSCs were recorded under whole-cell voltage clamp conditions in the
presence of TTX and picrotoxin. (C) LTP induced by 5 trains of TBS is diminished in cTKO
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mice. Superimposed traces are averages of four consecutive responses 1 min before (1), 7
min (2) and 60 min (3) after TBS induction. Summary graph shows the magnitude of LTP
measured during the last 10 min post-induction (51-60 min) in control and cTKO
hippocampal slices (Control: 158.9+0.9%, cTKO: 144.7+0.6%, p<0.0001, unpaired #test).
(D) Reduction of evoked NMDAR-mediate EPSCs in cTKO mice. The sample traces of
evoked AMPAR- and NMDAR-mediated EPSCs recorded in whole-cell voltage clamp mode
in the same cell at =70 mV (lower traces) and +40 mV (upper traces), respectively, are
shown. The NMDAR-mediated component of the EPSC was measured 60 ms after the peak
of the AMPAR EPSCs. Summary graph shows that the NMDAR/AMPAR ratio is reduced in
cTKO neurons (Control: 0.54+0.04, cTKO: 0.31+0.05, p=0.0017, unpaired #test). (E)
Enhanced PPF in cTKO mice. Averaged PPF values are plotted as a function of the inter-
stimulus intervals (20-2000 ms). PPF is higher in cTKO mice relative to littermate controls
(F1, 27=10.37; p=0.003; two-way ANOVA). Insets are representative fEPSP traces evoked by
two consecutive stimuli with a 60 ms inter-pulse interval. (F) 7op: Superimposed fEPSP
traces of frequency facilitation elicited by 5 and 20 Hz stimulus trains show greater
enhancement in cTKO mice relative to controls. Bottorm. Summary graphs show that
synaptic facilitation elicited by stimulus trains is enhanced in a frequency-dependent
manner, and that the enhancement is greater in cTKO relative to controls (1 Hz: F1 ,7=6.47,
p=0.017; 5 Hz: F; »7=15.83, p=0.0005; 10 Hz: F; »7=37.26, p<0.0001; 20 Hz: Fy 27=29.93,
p<0.0001; two-way ANOVA). The slopes of shown fEPSP are normalized to the slope of the
first fEPSP of the stimulus train. (G) Representative traces of SEPSCs recorded in CAl
neurons from control and cTKO mice. Statistical analysis indicates that cTKO neurons
exhibit significantly enhanced sEPSC frequency (Control: 0.36+0.05 Hz, cTKO: 0.51+0.05
Hz; p=0.04, unpaired #test) but unchanged amplitude (Control: 47.8+6.4 pA, cTKO:
43.74£3.4 pA,; p=0.59, unpaired £test). The SEPSCs were recorded from CA1 pyramidal
neurons under whole-cell voltage clamp mode in the presence of picrotoxin.

All data represent mean + SEM (*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). The
number of neurons/mice used in each experiment is shown in parentheses.

See also Figure S3
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Figure 6. Enhanced Excitability of cTKO Hippocampal Neurons
(A) Representative traces of APs evoked by depolarizing current injections (currents ranging

from 0 to 200 pA with 20 pA increment and 300 ms duration). (B) Summary bar graphs
show the mean values of RMP (Control: —68.6+0.7 mV, cTKO: —64.3+0.8 mV, p=0.0005,
unpaired #test) and AP threshold current (Control: 102.8+9.9 pA, cTKO: 51.6£8.9 pA,
p=0.0006, unpaired #test) in CA1 pyramidal neurons in slices from control and cTKO mice.
(C) Top: Expanded traces of 15t APs triggered by 300 pA current injections in CA1 neurons
from control (black traces) and cTKO (red traces) mice. Botfon. Summary bar graphs show
faster 15t AP onset time in cTKO neurons (9.0+1.1 ms), relative to controls (20.4+3.6 ms;
p=0.0036, unpaired #test). (D) 7op: Representative traces of APs induced by depolarizing
current injections (ranging from —100 pA to 400 pA with 50 pA increment and 300 ms
duration) in CA1 neurons recorded in current clamp mode. Botton. The F-I curve, AP
frequency (F) plotted against the magnitude of injected currents (1), is upward shifted in
cTKO neurons relative to controls (F1 26=6.05; p=0.02; two-way ANOVA). The inset shows
superimposed traces of APs recorded in current-clamp mode in control (black) and cTKO
(red) CAL neurons triggered by 300 pA depolarizing current injections. Scale bar: 100 ms,
20 mV. (E) Summary bar graph shows increased input resistance (R;,) in cTKO neurons
(206.6+14.9 MQ) compared to controls (133.8+6.5 MQ; p=0.0002, unpaired #test).

All data represent mean + SEM (*p<0.05, **p<0.01, ***p<0.001). The number of neurons/
mice used in each experiment is shown in parentheses.
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Figure 7. Diminished Kv7 Channel Function in cTKO Hippocampal Neurons
(A) Representative traces of APs in CA1 neurons from control and cTKO mice recorded in

current clamp mode. APs were induced by depolarizing current injections (ranging from
—100 pA to 400 pA, 300 ms-long, with 50 pA increment) before and after addition of the
Kv7 channel blocker, XE991 (3 uM). (B) AP frequency is plotted as a function of the
injected current magnitude. The XE991 treatment of slices from control mice results in
enhanced AP frequency of CA1 neurons (F1, 2,=13.03, p=0.002, two-way ANOVA),
whereas XE991 treatment of slices from cTKO mice fails to enhance the frequency of APs
triggered by injected currents (F1, 1=1.54, p=0.23, two-way ANOVA). (C) Bar graphs show
that XE991-induced depolarization (ARMP) is substantially less in neurons from cTKO
mice (3.26+0.52 mV), compared to neurons from control mice (7.14+0.79 mV; p=0.0006,
unpaired #test). (D) Bar graphs show that XE991-induced increases in Rj, (ARj,) are much
smaller in cTKO neurons (20.91£3.93 MQ), relative to controls (70.74+15.52 MQ; p=0.008,
unpaired #test). (E) Bar graphs show that XE991-induced reduction in AP threshold
currents is much smaller in cTKO neurons (19.67+4.86 pA), compared to controls
(76.25+9.22 pA; p<0.0001, unpaired test). (F) Expanded traces of 15t APs in CA1 neurons
triggered by 300 pA-current injections in control or cTKO neurons before and after XE991
application. (G) Bar graphs show that XE991-induced reduction in 15t AP onset time is
dramatically lower in cTKO neurons (2.93+1.71 ms), relative to controls (15.11+3.22 ms;
p=0.0029, unpaired #test).

All data represent mean + SEM (**p<0.01, ***p<0.001, ****p<0.0001; NS: not
significant). The number of neurons/mice used in each experiment is shown in parentheses.
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See also Figure S4, S5, S6
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