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Ky1.1 regulation of adult hippocampal neurogenesis
Yuan-Hung Lin King

Abstract

Bioelectric signaling is evolutionarily conserved and maintained in all living cells through the
selective expression of ion channels. In excitable cells like neurons, ion channels play an essential
and well characterized role in defining the properties of action potentials. Less is known about
their role in non-excitable cells such as neural stem cells and neural progenitor cells. Recent studies
in mice have found that the loss of a voltage-gated potassium channel, Ky1.1, leads to a dramatic
increase in hippocampal neurons. The hippocampus is critical for learning and memory, and it
harbors one of two well-established neurogenic niches in the adult mouse brain. Here, we
investigated the role of Ky1.1 in early postnatal and adult hippocampal neurogenesis. In Chapter
2, we first examined the role of Ky1.1 in early postnatal neurogenesis. We found that loss of Ky1.1
depolarizes the membrane potential of neural progenitor cells and increases the proliferation of
neural progenitor cells through the TrkB signaling pathway. Next, we assessed the role of Ky1.1
in adult hippocampal neurogenesis in Chapter 3. We observed that conditional deletion of Ky1.1
in adult neural stem cells causes an initial increase in proliferation that eventually depletes the
neural stem cell pool. Furthermore, neurons produced from adult neural stem cells lacking K,1.1
had impaired maturation and positioning. These mice also displayed hippocampal-dependent
learning and memory deficits. Together, these findings support an important role for this voltage-
gated ion channel in adult neurogenesis. As aberrant neurogenesis has been implicated in cognitive
decline associated with aging and neurological diseases, understanding the role of Ky1.1 in adult
neurogenesis provides a framework for identifying new therapeutic targets to promote healthy

neurogenesis and cognition.
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Chapter 1

Introduction



1.1 Introduction

In 1952, Hodgkin and Huxley determined that potassium ions regulate the neuronal membrane
potential and action potential dynamics [1, 2]. Potassium ions pass through the hydrophobic cell
membrane down their electrochemical gradient through dedicated potassium channels, which
selectively allow these positively charged ions to cross the otherwise impermeable membrane. Our
lab cloned the first voltage-gated potassium channel, Shaker, from Drosophila in 1987 [3], and its
mammalian homolog, Ky1.1, in 1988 [4]. Since then, more than 200 potassium channels have been
characterized—such channels can be found in virtually all mammalian cell types and in all living

organisms [35, 6].

Although potassium channels have diverse channel properties, they share similar characteristics
[7]. They are highly selective and efficient—in general, they are hundreds of times more permeable
to potassium ions than other cations, such as sodium ions, and can pass ~10® potassium ions per
second, close to the free diffusion limit [§]. A potassium channel is usually composed of four alpha
subunits that form the selectivity filter and pore, and four accessory beta subunits that regulate
channel gating and trafficking [9]. Potassium channels are divided into four types by their gating
mechanism—voltage-gated, calcium activated, inwardly rectifying, and tandem pore domain [10,

11].

Within the voltage-gated potassium channel family, there are 12 subfamilies of alpha subunits
(Ky1-Ky12)—together they comprise the largest family within the voltage-gated ion channel
superfamily [10, 11]. Voltage-gated potassium channels serve a diversity of critical physiological

functions, including well-described roles in modulating the membrane potential; action potential



frequency and duration in excitable cells; and regulating dynamics of cell growth, proliferation,
and migration in non-excitable cells [12, 13]. The Shaker-related K1 subfamily contains eight
genes which encode voltage-sensing alpha subunits (Ky1.1-K,1.8) with distinct expression,
trafficking, and biophysical properties. Kyl subunits can form functional homotetramers or
heterotetramers with other Ky1s. Different subunit compositions produce biophysically distinct
channels, which presumably support fine-tuning of functional roles in vivo [13]. Ki1 channels
require relatively low levels of depolarization for activation, thus enabling them to regulate action
potential threshold and duration [14-16] and contribute to the maintenance of the resting membrane

potential [17, 18].

A spontaneous loss-of-function, truncation mutation in K,1.1, encoded by the Kcnal gene, arose
in the Jackson Laboratory in 1983 [19, 20]. The mutation causes a frame shift and introduces a
premature stop codon, resulting in the expression of only the N-terminus and the first
transmembrane segment of Ky1.1 [21]. Although the truncated protein can co-assemble with other
K1 subunits, it cannot form functional channels [21]. Because these mice had abnormally large
brains, they were named megencephaly (mceph) mice [19, 20]. The enlargement stems from an
increase in both glia and neuron production in the hippocampus and ventral cortex [22, 23]. In
addition, mceph mice develop seizures around 3 weeks of age [20], approximately when Kcnal
expression begins to peak [24]. These phenotypes are also recapitulated when K, 1.1 is completely

removed in the Ky1.1-null mice [16, 25].

Although voltage-gated potassium channels are known to regulate cellular proliferation in

lymphocytes and cancer cells [26], little is known about the role of Ky1.1 in neurogenesis. Because



neuronal hyperexcitability can trigger both glial and neuronal production [27, 28], our lab set out
to determine if loss of Ky1.1 promotes glial and/or neuronal production in a cell autonomous
manner. To study the function of K,1.1 in mice without seizures or other pathologies, we used
mosaic analysis with double markers (MADM) of mice heterozygous for the mceph allele [29] to
create a mosaic mouse with K, 1.1 functionally knocked out of a subpopulation of neurons. In these
mice, somatic recombination driven by Nestin-Cre yields subsets of neural stem cells with zero
(Kcnal™meerl/meerh) — one (Kcnal™P*), or two (Kcnal'") functional allele(s) of Kcnal.
Homozygous Kcnal”?"m<erh progeny cells are marked by tdTomato; wildtype Kcnal™* progeny
cells are marked by GFP; and heterozygous Kcnal™""* are either yellow or colorless. We found
that loss of Ky1.1 function in neural progenitors increases the number of neurons but not glia in
the hippocampus, revealing that K1.1 expression in neural stem cells (NSCs) regulates neuronal

production [29].

The hippocampus is one of two regions in the adult mouse brain with a well-characterized
neurogenic niche. In the subgranular zone, there are different types of well-characterized NSCs
and neural progenitor cells (NPCs) in the neurogenesis lineage. Radial glia-like neural stem cells
(RGLs / Type 1) divide to either self-renew or differentiate into highly proliferative intermediate
progenitor cells with a more glial-like phenotypes (Type 2a). Type 2a cells further differentiate
into intermediate progenitor cells with limited proliferative potential and more neuronal-like
features (Type 2b). Afterwards, Type 2b cells generate neuroblasts (Type 3) that produce post-

mitotic immature neurons [30-32].



In Chapter 2, we investigated the role of Ky1.1 in early postnatal hippocampal neurogenesis in
Ky1.1 null mice, before seizure onset. We found that neonatal NSCs and NPCs have distinct
membrane potentials as they progress through the stages of neurogenesis, which is regulated by
the expression of Kyl.1. In Ky1.1 null mice, NPCs are more depolarized and proliferative
compared to those in Ky1.1 wildtype mice. Because increased BDNF mRNA expression was
observed in Ky1.1 null mice [23], we hypothesized that depolarization of NPCs increased their
proliferation through TrkB signaling. Indeed, when TrkB signaling was blocked either
pharmacologically or through genetic deletion, proliferation was suppressed in the Ky1.1 null mice
[33]. Our study showed that Ky1.1 regulates neuron production during neonatal hippocampal

development.

However, the dynamics of postnatal hippocampal neurogenesis are age-dependent. During the first
postnatal week of hippocampal development, NSCs and NPCs in the subgranular zone undergo
extensive proliferation to generate dentate granule cells that survive long-term—only beginning
apoptosis 2 months after birth [34, 35]. This process peaks around postnatal day 7 [36-38].
Afterwards, adult neurogenesis continues at a lower level, decreasing until 4 months of age before
dropping again at 7 months of age [39]. Neurons born during adulthood go through two critical
periods for survival within 4-6 weeks post-mitosis, and indeed such adult-born neurons have been

found to be important for memory encoding and retrieval [30-32, 40, 41].

Therefore, we sought to determine whether Ky1.1 acts similarly to restrain proliferation during
adult hippocampal neurogenesis in Chapter 3. We created Ky 1.1 conditional knockout (Ky1.1 cKO)

mice to specifically delete Ky1.1 in adult NSCs. Using this mouse model, we found that Ky1.1



regulates early steps of adult hippocampal neurogenesis by maintaining the balance between RGL
activation and quiescence to prevent RGL depletion. In later stages of neurogenesis, loss of K,1.1
in NSCs produces newborn neurons with impaired maturation and positioning, resulting in
decreased adult neurogenesis in Ky1.1 cKO mice. Consistent with these findings, we also observed
that Ky1.1 ¢cKO mice have deficits in hippocampal-dependent learning and memory. Together,
these results show that K,1.1 expression in adult NSCs enables healthy adult neurogenesis.
Because neurogenesis is dysregulated in aging and disease, determining the role of Ky1.1 in adult
neurogenesis may represent an important first step towards identifying new therapeutic targets that

can be leveraged to promote healthy neurogenesis and cognition throughout life.
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2.1 Introduction

In mammals, the majority of neurons in the central nervous system are generated during embryonic
development, and postnatal neurogenesis is limited to only a few brain regions, such as the
subgranular zone (SGZ) of the dentate gyrus and the subventricular zone (SVZ) of the lateral
ventricles [1]. Neural progenitor cells in the SGZ are categorized into different developmental
stages based on distinct cellular functions, and cells of each stage can be identified by the
expression of specific cell-fate markers. For example, type 1 radial glia-like neural stem cells have
the potential for self-renewal and mostly stay quiescent; these cells are positive for Brain Lipid
Binding Protein (BLBP), Glial Fibrillary Acidic Protein (GFAP), and nestin. Another widely used
neural stem cell marker is Sox2, a transcription factor that is essential for maintaining stem cell
pluripotency. Type 1 cells undergo asymmetric cell division to generate highly proliferative type
2a neural progenitor cells, which are double-positive for Sox2 and Tbr2, transcription factors that
control cell proliferation and differentiation. Type 2a cells then generate proliferative but lineage-
restricted type 2b neural progenitor cells, which express Tbr2 and doublecortin (DCX) [2-4]. Type
2b cells exhibit limited mitotic potential [2], and after two to five rounds of mitosis, these
progenitor cells differentiate into immature neurons [5]. In the adult SGZ, the newly generated
granule cells contribute to memory formation, likely by facilitating the ability to distinguish similar
patterns, a learning process referred to as pattern separation [6]. Importantly, postnatal
neurogenesis is tightly regulated by the balance between self-renewal and differentiation [3].
While the regulation of these processes by intrinsic transcription factors has been studied
extensively [7], the impacts of membrane potential and ion channels on postnatal neurogenesis are
much less clear

8, 9].
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Ion channels are expressed in almost all cell types, including highly proliferative stem cells and
cancers; however, many ion channel-expressing cell types are considered to be electrically non-
excitable [8, 10, 11]. The type 1 stem cells in the SGZ display an immense passive conductance
comprised of connexin-based gap junctions [12, 13] as well as Ki4.1- and K;;5.1-mediated glial-
type inwardly rectifying potassium channels [14]. This passive conductance renders neural stem
cells unable to fire action potentials [8, 9]. In addition to the passive conductance, neural stem cells
and progenitor cells also exhibit various features of active conductance, such as voltage-gated
potassium channels [10, 11], and to a lesser extent, calcium channels [15, 16]. One such voltage-
gated potassium channel expressed in the embryonic brain and postnatal neural stem cells is Ky1.1
[11, 17]. This channel is found mainly in mature neurons [18], and it is predominantly localized in
axons due to microtubule End-Binding 1 (EB1)-directed targeting [17, 19]. Functionally, K,1.1 is
best-known for its role in tuning action potential firing patterns by regulating the duration of the
repolarization phase [20-22]. Mutations of the Ky 1.1 channel cause various neurological disorders,
such as epilepsy and episodic ataxia, in humans and mouse models [23-26]. Moreover, since K,1.1
can be activated at a relatively low voltage (near the resting potential), it has been suggested that
this potassium channel could modulate membrane electrical properties such as the membrane

potential in various cell types, including non-excitable neural progenitor cells [20, 22, 27].

Ky1.1 channel, the product of the gene Kcnal, is thought to regulate postnatal neurogenesis since
megencephaly mice (mceph) lacking functional Ky1.1 channels have enhanced adult neurogenesis
that leads to enlargement of the hippocampi [28]. However, the mechanism of this action is largely

unknown. Many ion channels are widely expressed in the central nervous system, and their
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mutations may either directly influence both neural progenitor cells and their progeny neurons
(cell-autonomous) or indirectly affect neural progenitor cells by modulating the excitability of
mature neurons (non-cell-autonomous) [29, 30]. Whereas seizures resulting from the loss of K, 1.1
function may impact postnatal neurogenesis [31, 32], our previous study using mosaic analysis
with double markers (MADM) [33, 34] on heterozygous mceph mice without seizures revealed
that Ky1.1 regulates postnatal neurogenesis via a cell-autonomous mechanism [35]. To avoid the
potentially confounding effects of seizures, which start by 3—4 weeks of age in Ky1.1-null (Kcnal
") mice, we focused on early postnatal neurogenesis in the current study. We first showed that
Kv1.1 affects early postnatal neurogenesis without having a detectable impact on embryonic
neurogenesis. Then, we searched for the molecular and physiological mechanisms that mediate the
Kv1.1-dependent postnatal neurogenesis in mouse hippocampus. Our results indicated that Ky1.1
cell-autonomously modulates the membrane excitability of type 2b neural progenitor cells and
TrkB signaling, which accounts for increased proliferating neural progenitor cells in Ky1.1 KO

mice.
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2.2 Results

K, 1.1 regulates postnatal neuron generation in a cell-autonomous  manner

The Ky1.1 channel is widely expressed throughout the entire central nervous system [17], and the
loss of Ky1.1 function in mice homozygous for either the megencephaly mutation or the Ky1.1-
null mutation (Ky1.1 KO) causes seizures, starting 3 weeks after birth [25, 36]. Our previous study
in 3-month-old Kcnal™*"* mice carrying the MADM-6 b cassettes (Rosa267%ST) showed that
Ky1.1 acts cell-autonomously to regulate the number of neuronal progeny [35]. We further carried
out the MADM study in Kcnal™ mice, which did not show signs of seizures before reaching
adulthood (Figure 2.1). We first generated Nestin-cre; Kcnal; MADM-6 quadruple transgenic
mice that carried Nestin-cre, Kcnal -, Rosa26™C, and Rosa26C". Nestin-Cre mediated somatic
recombination in a subset of neural progenitor cells that carried the MADM-6 cassettes, and the
daughter cells bearing the Kcnal” alleles were labeled with green fluorescent protein (GFP)
(green), while the wild-type sibling daughter cells were labeled with tdTomato (red) (Figure 2.1A-
D). Comparable numbers of green Ky1.1 KO neurons and red wild-type neurons were observed in
1-month-old Nestin-cre; Kcnal'-; MADM-6 mice; however, a significantly larger number of
green Ky 1.1 KO neurons was found in 2- to 3-month-old Nestin-cre; Kcnal*-; MADM-6 mice
compared to wild-type controls (Figure 2.1E). As expected for granule cells born postnatally, the
newly generated green Ky1.1 KO neurons were located farther from the SGZ in the granule cell
layer (Figure 2.1F). Unlike adult-born neurons, which gradually decrease in number over the
course of a month owing to apoptosis, developmentally-born neurons generated during late
embryogenesis and early postnatal stages typically survive for more than 2 months before the onset
of cell death; generation and maturation of these neurons take about 1 month, with those generated

early in life located farther from the SGZ [37-40]. Thus, the MADM experiments revealed an
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overproduction of developmentally born neurons from Ky1.1 KO neural progenitor cells in early

postnatal stages.

To test whether K, 1.1 function is essential for neurogenesis during embryogenesis, we examined
embryos with or without Ky1.1 and found no significant difference in the numbers of hippocampal
progenitors or neurons at E16.5 (Supplementary figure 2.1). We also analyzed interneurons
expressing parvalbumin (PV) or somatostatin (SST) in the dentate gyrus and found no significant
difference between mice with or without Ky1.1 at P10 (Supplementary figure 2.2). Taken together,
our experiments indicate that Ky1.1 functions in postnatal neural progenitors of the SGZ to
regulate the production of neuronal progeny during the first 3 months of life, raising the question

regarding the mechanisms underlying this process.

Functional expression of K,1.1 in SGZ neural progenitor cells

Kv1.1 is highly expressed throughout the entire central nervous system [18]. Given that neural
progenitor cells only account for a small fraction of total cells in the brain, we decided to utilize
Fezf2-GFP reporter mice to specifically examine neural stem cells and progenitor cells in the SGZ
[41]. The majority of the Fezf2-GFP-positive cells in the SGZ co-expressed BLBP and GFAP, two
well-established neural stem cell markers [42]. We also found that K,1.1 mRNA was expressed in
the granule cell layer of the dentate gyrus (red dots, Figure 2.2A); a portion of the Ky1.1 mRNA
signal was in close proximity to the GFP mRNA (green dots), which indicates Fezf2-GFP neural
progenitor cells in the SGZ (Figure 2.2A, B). To further corroborate this finding, we performed
immunostaining to determine the distribution pattern of the Ky1.1 protein in the mouse dentate

gyrus. We found that Ky1.1 protein was highly expressed in mature granule cells and interneurons
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as reported previously [18, 43]. A closer look further revealed the presence of Ky1.1 in DCX+ cells
but not in Sox2+ cells, thereby confirming the expression of Ky1.1 in late-stage neural progenitor

cells (Figure 2.2C).

Next, we wanted to determine whether Ky1.1 protein could form functional potassium channels in
the Fezf2-GFP-positive cells. As Ky1.1-mediated potassium currents can be inactivated by holding
at relatively high voltages (> -50 mV) [22] and are sensitive to dendrotoxin-K (DTX-K) [44], a
potent blocker of Ky1 family channels, we performed whole-cell patch-clamp recording in wild-
type (Figure 2.2D-F) and Ky1.1 KO (Figure 2.2F, G, 1) Fezf2-GFP-positive cells. We could detect
DTX-K-sensitive and low-voltage inactivated potassium currents in wild-type but not Ky1.1 KO
(Figure 2.2J) Fezf2-GFP+ cells. These findings reveal that Ky1.1 forms functional channels in

Fezf2-GFP neural progenitor cells.

Loss of K, 1.1 depolarizes a subset of the neural progenitor cells in SGZ

Next, we looked into the impact of removing Kyl.1 from Fezf2-GFP cells at different
developmental stages (Figure 2.3A). This experiment was performed within the first postnatal
month to avoid complications from seizures that begin later in life. We sought to evaluate quiescent
Sox2+ type 1 radial glia-like stem cells, highly proliferative Sox2+Tbr2+ type 2a neural progenitor
cells, and type 2b neural progenitor cells that only express Tbr2. Based on the expression of cell-
type markers, we first calculated the proportions of these three cell types among Fezf2-GFP cells.
We found a high proportion of Tbr2+-only type 2b neural progenitor cells in Ky1.1 KO SGZ
compared to wild type (Figure 2.3B, C, arrowheads). These results suggested that the presence of

Ky1.1 limits the number of late-stage neural progenitor cells.
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Voltage-gated potassium channels are known to be involved in regulating action potential
waveforms and firing frequencies, but this type of channel plays only minor roles in tuning passive
properties such as the resting membrane potential [45]. For example, neurons lacking functional
Kv1.1 display normal resting potentials but elevated action potential firing rates [26, 46]. To test
whether the loss of Ky1.1 affects the membrane potential of neural progenitor cells, we recorded
from Fezf2-GFP cells and POMC-GFP immature neurons, as the Pomc-GFP transgenic line
faithfully labels immature neurons in the dentate gyrus [47]. In addition, a previous study has
shown that the radial glia-like cells are coupled by gap junctions that are essential for adult
neurogenesis in the SGZ [12]. In order to label the recorded neural progenitor cells in brain slices,
we included a gap-junction-permeable tracer neurobiotin in the pipette solution (Figure 2.4, A3-
F3, and Figure 2.5A). After whole-cell patch-clamp recording to characterize the membrane
properties, the brain slices were fixed with 4% paraformaldehyde (PFA). The cell-type identity of
the recorded cell was characterized by examining the expression of cell-fate markers (Figure
2.3A). The membrane potentials of these cells were hyperpolarized and electrically silent; notably,
the current injection could cause depolarization of POMC-GFP immature neurons but not firing
of action potentials, while such depolarization of mature granule neurons could lead to action
potential firing (data not shown). Remarkably, the Tbr2+/Fezf2+ type 2b neural progenitor cells
lacking Ky1.1 displayed more depolarized resting membrane potentials than their wild-type
counterparts (Figure 2.4G). Moreover, we found that type 2a progenitor cells were coupled via gap

junctions (Figure 2.4B, E), a property that has not been reported previously.

19



Although we have obtained convincing results showing that the type 2b neural progenitor cells
lacking Ky1.1 channels were more depolarized, the invasive nature of the patch-clamp technique
caused more than 70% of the recorded cells to be either damaged or lost during the subsequent
immunostaining procedure, and therefore, their developmental stages were not determined. We
tried to classify those Fezf2-GFP-positive cells based on their resting membrane potential, input
resistance, and membrane capacitance, the three basic biophysical characteristics obtained from
patch-clamp recording (Figure 2.5). First, we used the biophysical characteristics of cells with
unequivocal cell-type identification determined by post-hoc immunostaining as a training dataset
(Figure 2.4G) to construct separate multinomial logistic regression models for wild-type and K, 1.1
KO cells [48]. The probability of each cell belonging to a given cell type was calculated by fitting
biophysical characteristics to the models: resting membrane potentials (Figure 2.5D), input
resistance (Figure 2.5E), and membrane capacitance (Figure 2.5F). We found that more than 80%
of the Fezf2-GFP-positive cells with known cell types could be accurately predicted using this
regression model. Interestingly, judging from the gap-junction-permeable neurobiotin labeling, we
noticed that cells from the same subtypes clustered closely together (Figure 2.5B, C). Of note, type
1 neural stem cells tended to have a more hyperpolarized resting membrane potential, lower input
resistance, and larger membrane capacitance, while type 2b neural progenitor cells tended to have
more depolarized resting membrane potentials, higher input resistance, and smaller membrane
capacitance. The cell type was then assigned based on the highest probability. Consistent with the
results shown in Figure 2.4G, we found that the assigned type 2b neural progenitor cells lacking
Kv1.1 channel were also significantly more depolarized than their wild-type counterparts.
Nevertheless, both the input resistance (Figure 2.5E) and membrane capacitance (Figure 2.5F)

were comparable between wild-type and K1.1 KO cells. To validate the progenitor classification
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and reveal the cell membrane properties, we plotted /-J curves for the three subgroups, as
classified by the multinomial logistic regression model. Similar to the results of a previous study
using progenitor cell recording [49], type 1 neural stem cells characteristically displayed passive,
non-inactivating currents with a linear current—voltage relationship (Figure 2.5J, M), similar to the
properties of astrocytes. In contrast, type 2b neural progenitor cells expressed small outwardly
rectifying currents (Figure 2.5L, M). Of note, in 9 out of 25 type 2b neural progenitor cells, we
observed transient inward currents induced by depolarizations more positive than -30 mV,
followed by outwardly rectifying currents; these observations are indicative of sodium currents,
hence consistent with neuronal differentiation (Figure 2.5P). The delayed outward rectifying
currents in type 2b neural progenitor cells were more apparent when characterized by means of
leak subtraction (Figure 2.5P, O). Moreover, the electrophysiological features of type 2a neural
progenitor cells were suggestive of a transition phase between type 1 neural stem cells and type 2b
neural progenitor cells, since type 2a neural progenitor cells displayed outwardly rectifying

currents but no detectable sodium currents (Figure 2.5K, M).

K, 1.1 regulates neural progenitor cell number via the TrkB signaling pathway

A previous work has shown that suppressing TrkB signaling by removing brain-derived
neurotrophic factor (BDNF) from neural progenitor cells drastically reduces the thickness of the
dentate gyrus granule cell layer [50], while enhancing TrkB signaling by overexpressing BDNF in
neural progenitor cells augments neurogenesis [51]. Notably, increased BDNF expression has been
found in the Ky1.1 KO mouse brains [52]. Carbamazepine, an anti-epileptic drug, could antagonize
this increase of BDNF levels and also suppress the excessive neurogenesis in SGZ in adult K,1.1

KO mice [53]. We hypothesized that the excessive depolarization of type 2b neural progenitor
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cells lacking Ky1.1 (Figure 2.4G and Figure 2.5G) might stimulate neural progenitor cell
proliferation by elevating the level of TrkB signaling. Restrained with the antibody incompatibility
for double labeling, we stained the neural progenitor cells in SGZ with antibodies against phospho-
TrkB (Tyr816), together with either Sox2 or Tbr2. We found most of the phospho-TrkB-positive
cells within the SGZ region (Figure 2.6, Supplementary figure 2.3, and Supplementary figure 2.4),
and a greater number of phospho-TrkB-positive cells in the dentate gyrus of Ky1.1 KO mice as
compared to the wild-type mice (Figure 2.6). Moreover, phospho-TrkB was found primarily in
Tbr2+ or DCX+ cells (Figure 2.6B and Supplementary figure 2.3) but rarely in Sox2+ cells (Figure
2.6A and Supplementary figure 2.3), despite the fact that the expression levels of TrkB receptor
are higher in type 1 neural progenitor cells [54]. Not only did the loss of Ky1.1 cause an increase
of Tbr2+ cells with phospho-TrkB signals, but also the phospho-TrkB signals in the Tbr2+ cells
were much more intense in the Ky1.1 KO mice, suggesting that the TrkB signaling pathway was

activated in the Tbr2-expressing type 2b cells in Ky1.1 KO mice (Figure 2.3).

To test whether antagonizing TrkB activity could reduce the hyperplastic effect of Ky1.1 on adult
neurogenesis, we performed daily intraperitoneal injections of GNF-5837 (20 mg/kg), a brain-
permeable Trk inhibitor [55], into mice for 3 weeks starting at the first postnatal week. This 3-
week GNF-5837 treatment was sufficient to suppress TrkB signaling, as the phospho-TrkB levels
were drastically reduced in the hippocampus (Supplementary figure 2.4). Both Fezf2-GFP-
positive cells and Ki67-positive cells in Ky1.1 KO and control mice were comparable in number
after this GNF-5837 treatment (Figure 2.7B-D). By contrast, age-matched Kyl1.1 KO mice
receiving vehicle-only injection had significantly more Fezf2-GFP- and Ki67-positive cells in the

SGZ than those in control mice (Figure 2.7A-C), in agreement with a previous report [56]. Thus,
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pharmacological inhibition of Trk receptors prevented the increase of neural progenitor cells in the

SGZ of Ky1.1 KO mice.

If Ky1.1 channels limit neural progenitor cell proliferation, Ky1.1 KO neural progenitor cells
should generate larger clones than controls. To estimate the clone size, we generated GIi[°ERT2/*;
Ntrk2Mo¥iox: Rosa26™™* and Gli1 R, Nirk291°Y*"; Rosa26™™* mice in the background of
either wild-type or Ky1.1 KO. These quadruple transgenic mouse lines carried a tamoxifen-
inducible Cre- recombinase Gli1°tRT? that can sparsely delete the floxed-Nirk2 gene that encodes
the TrkB receptor in the neural stem cells and progenitor cells of the SGZ in the presence of
tamoxifen. The Cre- dependent TdTomato reporter (Rosa26™™) was used to label tamoxifen-
activated CreER recombinase cells and their progeny [57, 58]. We intraperitoneally injected 3-
week-old mice with a single dose of tamoxifen (0.5 mg/kg) to delete the floxed-Ntrk2 in the SGZ,
and the clone sizes were estimated at 8 weeks of age. A single clone was defined as encompassing
all the cells within a 100-mm radius of the clone center [58]. Indeed, TrkB deletion abolished the
hyperplastic phenotype in Ky1.1 KO mice, as Kcnal”~; Gli1 R, Ntrk29°%*; Rosa26- T™* mice
had larger clone sizes than GLIERT2*; Ngk20%* Rosa26™™*  Kcenal™; GIil®<ERT2;
Nitrk2Moviox: Rosa26™™*  and Glil*FRT>*; Ngrk2fo¥lox. Rosa26™™* mice (Figure 2.7E and
Supplementary figure 2.5). The cumulative clone-size plots further confirmed a rightward
skewness distribution rather than just an outlier bias (red trace) in Kcnal™”~; Gli1ERT2*; Npk20ox/+
Rosa26™™* mice, and this shift was not observed for the neural progenitor cells lacking TrkB

receptors (green trace) (Figure 2.7F).
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2.3 Discussion

In this study, we have shown that K,1.1, a voltage-gated potassium channel, functions as a brake
to fine-tune the rate of neurogenesis in mouse dentate gyrus within the first 2 months of postnatal
life. Removing the Ky1.1 channel depolarized the late-stage neural progenitor cells that exhibit
high input resistance and small capacitance (Figure 2.5), presumably the transit-amplifying type
2b neural progenitor cells (Figure 2.4D). Depolarization of type 2b neural progenitor cells causes
cell-autonomous over-activation of the TrkB signaling pathway that promotes neural progenitor
cell proliferation. Consequently, mice lacking functional Ky1.1 develop a megencephalic
phenotype at early postnatal stages, as the neural progenitor cells without K1.1 over-proliferate

due to elevated TrkB signaling (Figure 2.8).

In the central nervous system, mature neurons are capable of generating action potentials, while
neural progenitor cells and immature neurons are considered electrically non-excitable and do not
fire action potentials [8, 59]. In this study, our electrophysiological characterization of postnatal
neural progenitors raised the possibility that alterations in membrane potential could impact
postnatal neurogenesis. Although neural progenitor cells are not electrically excitable, these cells
do express a variety of ion channels [11, 60]. The radial glia-like type 1 neural stem cells express
high levels of glial inwardly rectifying potassium channels, mostly Ki4.1 and Ki:5.1 [14]. In
addition to the inwardly rectifying potassium channels, type 1 neural stem cells in the SGZ are
electrically coupled via gap junctions formed by connexins (Figure 2.4) [12, 13] Both inwardly
rectifying potassium channels and gap junctions contribute to the extremely low input resistance
in type 1 cells (Figure 2.5E, H) and keep these neural stem cells hyperpolarized (Figure 2.4D and

2.5D, G). Once a type 1 cell commits to the neural progenitor cell fate, it will leave the extensive
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network of type 1 radial glia-like neural stem cells that are electrically coupled via gap junctions,
as evidenced by the reduced capacitance and increased input resistance. Eventually, type 2b neural
progenitor cells lose all gap junction connections and exist as single cells. Our multinomial logistic
regression models faithfully depicted this process; when cells transited from the hyperpolarized
network of quiescent type 1 neural stem toward individual highly proliferative type 2b neural
progenitor cells, the input resistance was gradually increased, and the membrane capacitance was
decreased due to the loss of gap junction coupling (Figure 2.5E, F, H, I). Moreover, our regression
model provides a simple method for studying neural progenitor cell physiology. We showed that
the identity of the neural progenitor cells within the SGZ could be accurately predicted based on
the membrane potential, input resistance, and membrane capacitance obtained from patch-clamp
recording, and there was no further need for post-hoc immunostaining of cell-type markers, a time-

consuming procedure with a low success rate.

Among all voltage-gated potassium channels, the K1 family is crucial for regulating the resting
membrane potential, as Ky1 channels can be activated at subthreshold membrane potentials [44,
61]. Although Ky1.1 is expressed in most cells in the dentate gyrus, especially the inhibitory
interneurons (yellow arrows, Figure 2.2C) [62], we only observed significant depolarization of
type 2b neural progenitor cells lacking Ky1.1 (Figure 2.4G and 2.5D, G). One plausible explanation
for this specificity of effect is that the type 1 stem cells and type 2a neural progenitor cells remain
hyperpolarized by the immense inwardly rectifying potassium currents and are further stabilized
by the extensive electrical coupling through gap junctions. As stipulated by the Goldman-Hodgkin-
Katz equation [63], conditions of low input resistance and large capacitance (Figure 2.5E, F, H, I)

will diminish the effect of voltage-gated channels, such as Ky1.1, on the membrane potential to
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negligible levels. By contrast, a small potassium conductance could be sufficient to keep cells with

higher input resistance and smaller capacitance at relatively hyperpolarized membrane potentials.

Despite decades of extensive studies on postnatal neurogenesis, how ion channels and membrane
potentials affect neurogenesis remains an intriguing open question. Ion channels have been shown
to regulate postnatal and adult neurogenesis via both environmental (non-cell-autonomous) and
intrinsic (cell-autonomous) mechanisms. Several studies have found that neural circuits may
regulate the neural stem cell fate via non-cell-autonomous synaptic mechanisms. For example,
increased gamma aminobutyric acid (GABA) tone of hippocampal parvalbumin-expressing
interneurons facilitates the transition of radial glia-like cells into a quiescent state via g2-containing
GABAA receptors expressed in SGZ neural stem cells [64]. Furthermore, moderate activation of
indirect glutamatergic mossy cells increases the radial glia-like stem cell quiescence [65]. On the
other hand, several voltage-gated ion channels regulate neurogenesis in a cell-autonomous manner.
Deleting Paralytic, the only voltage-gated sodium channel in Drosophila, shrinks the brain lobes
due to reduced proliferation and enhanced apoptosis in type I and type II neuroblasts [29].
Moreover, in addition to regulating progenitor cell proliferation, hyperpolarization of progenitor
cells in the cortex by inwardly rectifying potassium channels shifts neurogenesis from direct
corticogenesis to indirect corticogenesis via suppression of WNT (Wingless-related integration
site) activity [66]. In our study, the affected type 2b neural progenitor cells had already lost gap
junctions and displayed high input resistance, so the minuscule Ky1.1 window current may be
sufficient to keep wild-type but not Ky1.1 KO type 2b neural progenitor cells hyperpolarized
(Figure 2.4G and 2.5) [67]. This finding further raises the possibility that the plasticity of

neurogenesis can be affected by bioelectric membrane properties [68].
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One intriguing question concerns how membrane depolarization might activate the TrkB receptor
in a cell-autonomous manner. The canonical ligands that activate the TrkB receptor are BDNF,
released via the regulated secretory pathway, and neurotrophin 4/5 (NT4/5), released via the
constitutive secretory pathway [69]. BDNF is a plausible candidate for the endogenous
neurotrophin that mediates the Ky1.1-dependent postnatal neurogenesis in mouse hippocampus,
because BDNF is the only neurotrophin that has been detected in the SGZ in the mouse brain, and
genetic deletion of NT4/5 did not impair adult neurogenesis [54]. BDNF plays a multifaceted role
in the central nervous system, including promoting synaptogenesis, axonal guidance, dendrite
outgrowth, and postnatal neurogenesis [70-72]. Depolarizing the neural progenitor cells may
elevate the intracellu lar calcium level through the voltage-gated calcium channels, which could
trigger BDNF release via activating the SNARE complex [16, 73, 74]. Furthermore, the unique
biochemical properties of BDNF may allow such a diffusible signaling molecule to act cell-
autonomously in regulating neurogenesis in mouse hippocampus. BDNF is a sticky peptide with
multiple positively charged residues, and therefore, BDNF has a limited range of diffusion upon
release [75]. In brain slices, BDNF only acts within 4.5 mm of its release site, which is less than
the diameter of a single neural progenitor cell [76]. Hence, depolarization of the neural progenitor
cells could release BDNF to activate TrkB signaling in a cell-autonomous manner due to its short
effective range. Interestingly, GABA, another diffusible factor, has also been shown to cell-
autonomously regulate neurogenesis in adult hippocampus. GABA activates the inhibitory
GABAA receptors on the same neural progenitor cells by involving the GABA transporter VGAT.
Removal of this inhibitory GABA signaling promotes neural progenitor cell proliferation by

shortening the cell cycle via activation of S-phase checkpoint kinases and the histone variant
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H2AX [77]. Moreover, deleting a subset of GABAAa receptors in neural progenitor cells not only
stimulates neurogenesis, but also alters the positioning of newborn neurons in adult hippocampus,
reminiscent of our finding that Ky1.1 KO neurons are positioned farther away from the SGZ
(Figure 2.1F) [78]. Consistent with our results, over-activation of BDNF modulates the positioning
in the SGZ of granule cells generated during early postnatal stages [39, 79]. Nevertheless, we
cannot exclude the possible involvement of other signaling pathways, such as GSK3b and DISCI,
since disrupting these signaling pathways causes failures of guidance for newborn neuron

migration and positioning [80, 81].

Given that previous studies have shown that TrkB receptors can be activated by mechanisms other
than the neurotrophins, the elevated TrkB signaling we observed in Ky1.1 KO mice could be
BDNF-independent. For example, membrane depolarization itself could activate TrkB via
elevating the intracellular cAMP levels, which has been demonstrated in cultured neurons
previously [82]. Under certain circumstances, TrkB receptors can also be auto-activated in the
absence of neurotrophins by increasing the receptor abundance [83]. The immature form of TrkB
receptor that lacks N-glycosylation on the extracellular domain is constitutively active, even if it
is located intracellularly; the membrane potential could indirectly regulate TrkB activity by tuning
the cellular glycosylation process [83, 84]. Moreover, TrkB receptors can also be transactivated
via crosstalk with certain G-protein-coupled receptors, such as EGF [85] and adenosine A2a
receptors [86]. Lastly, TrkB signaling can be elevated by increasing Ntrk2 gene expression [87].
It will be of interest to pursue experiments to investigate whether these mechanisms are involved

in Ky1.1- dependent postnatal neurogenesis in mouse hippocampus.
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One important limitation of our study is the age of animals we used. To avoid the confounding
effects of seizures that begin in 3- to 4-week-old Ky1.1 KO mice, we focused our study on early
postnatal neurogenesis. A recent work using virally labeled neural progenitor cells in the SGZ has
revealed a massive burst of postnatal neurogenesis within the first week, as evidenced by viral
labeling of neural progenitor cells at P6; these neurons persist for about 2 months before
undergoing apoptosis, a time course distinct from adult-born neurons produced later in life [88].
Our study of young mice describes the involvement of Ky 1.1 in the generation of neurons by neural
progenitor cells beginning in the first postnatal week. How the loss of K,1.1 function affects

neurogenesis later in life will require further study.

In summary, our study has uncovered a unique role of Ky1.1 in regulating neurogenesis within the
postnatal dentate gyrus during the first 2 months of life. Alterations in adult neurogenesis in the
dentate gyrus have been reported for patients with psychiatric and neurological diseases [2, 89],
and recent studies have suggested that neural progenitor cells might be potential targets for treating
neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s disease [90]. Thus, our
findings regarding Ky1.1 modulation of early postnatal neurogenesis may help lay the groundwork
for future identification of novel therapeutic targets for neurodegenerative and psychiatric diseases

[91].
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2.4 Methods

Animals

This study was carried out in strict accordance with the recommendations found in the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health. The experimental
protocols were approved by the Institutional Animal Care and Use Committee of Academia Sinica
(protocol #: 15-01-813) and the University of California, San Francisco. Mice (3—5 per cage) were
housed in the animal facility and fed with a regular chow diet on a standard 12 hr light/12 hr dark
cycle. At least three animals were used for every experimental group. The Kcnal mice were
obtained from Dr. Bruce Tempel’s lab at the University of Washington, USA. Rosa26°T
(GH(ROSA)2650m6(ACTB-EGFP*.-  tdTomato))  and  Rosa26™0  (GH(ROSA)265MmTACTBEGEP) — yy0
transgenic mouse lines for producing MADM-6 mice, were obtained from Dr. Liqun Luo’s lab at
Stanford University, USA. The Ntrk2%°* mice were obtained from Dr. Louis Reichardt’s lab at the
University of California, San Francisco, USA. POMC-GFP (Tg(Pomc-EGFP)1) mice were
obtained from Dr. Jeffery Friedman’s lab at Rockef- eller University, USA. Fezf2-GFP (Tg(Fezf2-
EGFP)CO61Gsat) mice were obtained from Dr. Su Guo’s lab at the University of California, San
Francisco, USA. Nestin-cre (Tg(Nes-cre)1Kln), GLIERT2 (G[i['™3CeERT2) and Rosa26™o™
(Gt(ROSA)2650rtmI4CAG-tdTomato)) mjce were obtained from Jackson Laboratory (Bar Harbor, Maine,
USA). All mice were maintained on an ICR (Institute of Cancer Research) background. GNF-5837
(Tocris, UK) was dissolved in dimethyl sulfoxide (DMSO) (Sigma, USA), and then diluted in a
solvent composed of 65% PEG400 (Sigma, USA) and 35% Cremophor EL (Sigma, USA) for

intraperitoneal injection.
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Electrophysiology

Brain slices (250 mm thickness) containing the hippocampus were prepared as described
previously [92]. Mice were first anesthetized with isoflurane and then decapitated. The brain was
swiftly removed and placed in cutting solution: 110 mM choline chloride, 25 mM NaHCOs3, 11
mM glucose, 2.5 mM KCI, 1.25 mM NaH;PO4, 11.6 mM sodium ascorbate, 3.1 mM sodium
pyruvate, 7 mM MgCl,, and 0.5 mM CaCl,, equilibrated with 95% 02/5% CO,. Brain slices were
obtained from tissue immersed in the cutting solution using a compresstome (Precisionary
Instruments, USA). Slices were then incubated in artificial cerebrospinal fluid (aCSF): 126 mM
NaCl, 21.4 mM NaHCO3, 10 mM glucose, 2.5 mM KCI, 1.25 mM NaH;POs, 1.2 mM MgCl,, and
2 mM CaCla, equilibrated with 95% 02/5% COz. An Axon700B amplifier (Molecular Devices
Corp, USA) was used to measure mem- brane currents and membrane capacitance in the standard
whole-cell patch-clamp configuration. Data were acquired at 5 kHz with Clampex10 software
(Molecular Devices Corp, USA). The intracellular solution contained 135 mM potassium
gluconate, 15 mM KCI, 10 mM HEPES, 5 mM MgATP, 1 mM Naz;GTP, 10 mM sodium
phosphocreatine, and 0.05 mM EGTA; pH was adjusted to 7.2 with KOH. Dendrotoxin-k
(Alomone Labs, Israel) was used to specifically block the Ky1.1 channel. Pipettes were pulled from
1.5 mm borosilicate glass capillaries (Sutter Inc, USA) and had a resistance of 3—5 MW when
filled with the intracellular solution; data were excluded from further analyses if the series
resistance was higher than 20 MW and the holding current at -70 mV was lower than -100 pA. All

experiments were performed at room temperature.
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Immunostaining

Mice were fed ad libitum and were anesthetized with intraperitoneal Zoletil/Xylazine injection
before transcardial perfusion with saline followed by 4% PFA. Brains were removed and post-
fixed over- night in 4% PFA. Brains were then cryoprotected overnight in saline containing 30%
sucrose at 4°C until they sank. For antigen retrieval, the brain sections (16 mm) were boiled in
sodium citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0) between 95 and 100°C for
20 min. After the buffer was cooled to room temperature, the samples were further processed. The
brain sections were washed in a blocking medium containing 0.1% Triton X-100% and 5% donkey
serum (Jackson Immunoresearch Laboratories), and incubated overnight (4°C) with primary
antibodies against GFP (chicken, 1:400; Aves, USA), Sox2 (mouse IgG2b, 1:400; Millipore,
USA), Ctip2 (rabbit, 1:500; Abcam, USA), Tbr2 (rabbit, 1:400; Abcam, USA.), Tbr2 (chicken,
1:400; Millipore, USA), Doublecortin (rabbit, 1:400; Cell Signaling, USA), Ky1.1 (1:200;
Antibodies Inc, USA), phospho-TrkB (rabbit, 1:200; Millipore, USA), or Ki67 (rabbit, 1:500;
Invitrogen, USA), followed by Alexa dye-tagged secondary antibodies (donkey 1:100; Invitrogen,
USA). For immunostaining of samples after electrophysiology recording, the brain slices were
fixed in 4% PFA at 4°C for 2 hr. The internal solution contained Neurobiotin (0.3%, MW: 367 Da;
Vector Laboratories, USA) and Lucifer yellow-conjugated dextrans (0.2%, MW: 10 kDa;
Invitrogen, USA) to respectively label gap junction-coupled cells and recorded cells. The slices
were washed three times at room temperature for 40 min in 0.3% Triton X-100 and 3% Bovine
Serum Albumin (BSA) (Sigma Aldrich, USA) for blocking and permeabilization, followed by
incubation overnight at 4°C with Neutravidin (0.25%; Thermo Fisher Scientific, USA) and primary
antibodies against GFP (chicken, 1:400; Aves, USA), Sox2 (mouse IgG2b, 1:400; Millipore, USA)

or Tbr2 (rabbit, 1:400; Abcam, USA). Secondary antibodies conjugated with goat anti-rabbit IgG
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Alexa 405, goat anti-chicken IgG Alexa 488, and goat anti-mouse IgG2b Alexa 633 were
purchased from Invitrogen. The slides were mounted using Fluoromount G mounting medium
containing 4’,6-diamidino-2-phenylindole (DAPI) (Southern Biotech, USA), and images were

acquired using a confocal microscope (Zeiss, Germany).

In situ hybridization

The mouse brains were frozen and sectioned, as previously described [93]. Sections were fixed
with chilled 4% PFA for 15 min and then washed with 0.1 M phosphate buffered saline (PBS)
twice. Sections were then dehydrated with 50% ethanol, 70% ethanol, and 100% ethanol
sequentially. Slides were treated with protease and then incubated with a customized probe for 2
hr. Signal was detected using Probe-Mm-GFP and Probe-Mm-Kcna and further amplified by
RNAscope Fluorescent Multiplex Kit (Advanced Cell Diagnostics, USA). Images were acquired

using a confocal microscope (Zeiss, Germany).

Clonal analysis

The clonal analysis was performed as described previously [58]. Briefly, for sparsely labeling the
progenitor cells, 3-week-old mice carrying Glil1°*RT2; Rosa26™°™ with wild-type or Kcnal”- and
Ntrk2ovilox or Nrk219%* were injected with a single dose of 0.5 mg/kg of tamoxifen (Sigma, USA)
dissolved in corn oil (Sigma, USA). At 8 weeks of age, mice were killed by an intraperitoneal
injection of 150 mg/kg Zoletil + 20 mg/kg xylazine. Both hippocampi were dissected out and fixed
overnight in a PBS solution containing 4% PFA. The hippocampi were rendered transparent in
scale 0 for 2 days at 37°C, and then transferred to scale 4 for 1 day at 4°C (Hama et al., 2015). The

whole-mount hippocampus was imaged in 3D using a Zeiss LSM700 confocal microscope system
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(Zeiss, Germany). Imaris9.7 (Oxford Instruments, Switzerland) was used to identify TdTomato-
positive neural progenitor cells. The clonal clusters were defined as the TdTomato-positive cells

within 100-mm radius of the clone center, as illustrated in Supplementary figure 2.4 [58].

Multinomial logistic regression classification of cell types
To classify cells and make associations between cell type and resting membrane potentials, input
resistance and membrane capacitance, we applied the multinomial logistic regression model as

follows:

P(C=c|X=x)
P(C=0|X=x)

= eXP(:Bc,o + X1Bcq + x2Bc2 + x3ﬁc,3) ,c=1,2,

where C =0, 1, 2 represents type 1, 2a, and 2b cells, respectively, and X = (X1,X»,X3) represents

the centralized and standardized (log Cm,log Rm,Vm). By using a standard maximum likelihood
estimation, the estimated coefficients are

(,31,0,,31,1,31,2, P13 P20, P21, P22, ,82,3)=(-0.343, -1.067, -1.317, 1.681, -3.074, -2.746, 0.782, 1.359)
for wildtype cells and

(,31,0,,31,1,31,2, P13 P20, P21, P22, ,82,3)=(0.567, -1.373, -0.051, 0.302, -5.353, -6.935, -1.626, 5.549)
for Ky1.1 KO cells.

Each cell was then assigned to the class with the highest probability P(C=c|X=x), ¢=0,1,2. Based

on the estimated coefficients, it appeared that smaller values of Cm and larger values of Vm were

associated with a higher probability of being type 2b neural progenitor cells than being type 1

neural stem cells.
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Statistical analyses

For immunostaining experiments, cell counts were performed on two to three images per
mouse, and n-values indicate numbers of different mice, except for the assessment of clonal
analysis, where n-values correspond to numbers of different clonal pools from four to six mice per
genotype. For electrophysiological experiments, n-values correspond to numbers of different cells
from each individual brain slice. Statistical analyses were performed with Prism software
(Graphpad, USA) or R Project for Statistical Computing (The R Foundation, USA). Two-way
ANOVA with Sidak’s multiplecomparisons post-hoc test, one-way ANOVA with Tukey’s test,
Mann-Whitney U-test, or Student’s ¢-test for pair-wise comparisons were used as appropriate.

p<0.05 was considered statistically significant.
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Figure 2.1: Ky1.1 channels control dentate gyrus neuron number in a cell-autonomous
manner. Mosaic analysis with double markers (MADM) of the dentate gyrus in wild-type or
Kcnal™ mice. Ky1.1 KO and wild-type neurons can be respectively identified as green (GFP) (A)
and red (TdTomato) (B) neurons. (C) DAPI counterstain. (D) Overlay of signals in (A) and (B),
scale bar = 100 pm. (E) Statistical analysis of the red wild-type and green Ky1.1 KO neurons in
the dentate gyrus. The numbers of red wild-type and green K,1.1 KO neurons were comparable in
the dentate gyrus of 1-month-old mice; however, compared to the numbers of red wild-type
neurons, the numbers of green K1.1 KO neurons were much higher in the dentate gyrus of 2- to
3-month-old mice (two-way ANOVA followed by Sidak's multiple comparisons test, p = 0.0008,
for 2- to 3-month-old mice). n = 9-12 for each group. (F) Compared to the red wild-type neurons,
green Ky1.1 KO neurons were more often positioned farther away from the SGZ in 2- to 3-month-
old mice, indicating that the green K,1.1 KO neurons were born in the postnatal period. (p =
0.0002, Mann-Whitney U-test). n = 100 for each group.

47



A Fezf2-GFP 174y ... WSy Fezf2-GFP;Kcna1”

St. Gran. g St. Gran.

C Sox2/Kv1.1 | DCX/Kv1.1

WT

Kv1.1KO

-
e

<
L g

Control DTX-K DTX-K sensitive o DTX-K sensitive I,
- ey °
S 2 55l & Ko
<
Q.
= 15+
€ 10- {
G Control H o™« | DTXKsensitive S {
a i
@] z 95
= ¢
= € ol $3s
- 3 *3
< SJ80 40 0 a0

Membrane potential (mV
50 ms P (my)

Figure 2.2: Functional expression of Ky1.1 channel in SGZ neural progenitor cells expressing
Fezf2-GFP at postnatal 2 weeks. (A) In situ hybridization results showed that Kcnal mRNA is
expressed in Fezf2-GFP-positive neural progenitor cells. Inset is displayed at higher magnification.
(B) Kcnal mRNA was not detected in the Ky1.1 KO mouse, which served as a negative control.
(C) Ky1.1 protein was expressed in the doublecortin (DCX)-expressing late-stage neural progenitor
cells (arrows) but not Sox2-positive early-stage neural progenitor cells. Ky1.1 protein was highly
expressed in the inhibitory interneurons (yellow arrows). (D-J) Pharmacological isolation of K1
currents in Fezf2-GFP-positive cells. Ky1.1 currents were elicited by trains of voltage steps from
-80 mV to +40 mV in 10 mV increments from the holding potential of -80 mV in the absence (D
and G) or presence of the K,1-specific blocker dendrotoxin-k (DTX-K; 100 nM) (E and H). The
DTX-K sensitive currents were considered K,1-mediated potassium current (F, I and J), which
were much reduced in the Ky1.1 KO mice. n = 4 cells from each phenotype. Scale bar =20 um in
(C). Data are presented as mean + SEM.
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Figure 2.3: Loss of Ky1.1 channels depolarizes type 2b neural progenitor cells in SGZ at
postnatal 2 weeks. (A) Based on the expression of the cell-fate markers, the neural progenitor
cells in sub-granular zone (SGZ) can be categorized into several developmental stages (see Figure
2.4 for detailed images). (B) Among all the Fezf2-GFP-positive cells in the SGZ, radial glia-like
type 1 neural progenitor cells expressed predominantly Sox2, type 2a neural progenitor cells
expressed both Sox2 and Tbr2 (white arrows), and type 2b progenitor cells expressed Tbr2. Post-
mitotic immature neurons express doublecortin (DCX) and can also be identified as POMC-GFP-
positive cells. (C) Among these cell types, type 2b cells were significantly increased in adult K,1.1
KO dentate gyrus compared to wild type (WT), according to the numbers of Tbr2-positive Fezf2-
GFP-positive cells (n = 9 for each group; two-way ANOVA followed by Sidak's multiple
comparisons test, p = 0.0009, for type 2b cells). Scale bar = 20 pm.
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Figure 2.4: Classification of the Fezf2-GFP progenitor cells in SGZ. Based on the expression
of the cell-fate markers, neural progenitor cells in the subgranular zone (SGZ) can be categorized
into several developmental stages. Among all the Fezf2-GFP-positive cells (A-F), Sox2-positive
type 1 cells (A1-F1) are radial glia-like cells (A-A4; C-C4) and can give rise to Sox2+/Tbr2+ type
2a transit-amplifying progenitor cells (B-B4; D-D4). Type 2a cells further differentiate into type
2b neuroblasts that are positive for Tbr2 only (C-C4; F-F4). Type 1 (A3 and D3) and type 2a (B3
and E3) cells formed extensive syncytial connections with other cells from the same developmental
stage, as indicated by the gap-junction permeable avidin-neurobiotin (A-B) staining. Scale bar =
20 pm. (G) Typel and type 2a Fezf2-GFP-positive neural progenitor cells were hyperpolarized;
by contrast, type 2b cells lacking Ky1.1 channels were significantly more depolarized than the
wild-type (WT) cells (n = 14, 14, 9, 10, 9 (WT) and 28, 14, 10, 11, 8 (K,1.1 KO) for typel cells
(Fezf2-GFP+/Sox2+), type 2a cells (Fezf2-GFP+/Sox2+/Tbr2+), type 2b cells (Fezf2-
GFP+/Tbr2+), immature neurons (POMC-GFP+), and label-free mature neurons; (two-way
ANOVA followed by Sidak's multiple comparisons test, p = 0.02, for type 2b cells).
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Figure 2.5: Multinomial logistic regression for cell type prediction. (A) Acute brain slice
recording from the DG of a Fezf2-GFP mouse. (B and C) A multinomial logistic regression model
was constructed using the biophysical characteristics of cells that were identified previously (same
cohort of cells from Figure 2.3 D) as the training dataset. Two individual regression models were
generated for wild-type (B) and K,1.1 KO (C) cells. The cell types of unknown cells were later
classified according to the resting membrane potential, input resistance, and membrane
capacitance. Heatmaps show the estimated probabilities for each cell type against membrane
potential (D), input resistance (E), and membrane capacitance (D). The cell types were determined
based on maximum likelihood. (G) Resting membrane potentials of wild-type and Ky1.1 KO
progenitor cells. The predicted type 2b cells lacking Ky1.1 channels were significantly more
depolarized (two-way ANOVA, followed by Sidak's multiple comparisons test, p < 0.0001 for
type 2b cells). Comparable input resistances (H) and membrane capacitances (I) were observed
between wild-type and Ky1.1 KO cells. n = 144, 25 and 22 for type 1, 2a and 2b cells, respectively,
in the wild-type group; n= 71, 70 and 22 for type 1, 2a and 2b cells, respectively, in the Ky1.1 KO
group. (J-L) Voltage responses from type 1 (J), type 2a (K), type 2b (L) to series voltage from -
120 mV to +40 mV or -80 mV to +40 mV, with a holding potential at -80 mV. (M) Current-voltage
curves in J-L (the circles indicate the positions of measurements; type 1(7 cells), type 2a (7 cells),
type 2b (10 cells). (N, O) Voltage response from -80 mV to +40 mV, with a holding potential of -
80 mV and leak subtraction, shown for type 2b (N); current-voltage curve of type 2b (n = 17 cells)
with leak subtraction (O). (P) A representative transient inward current (sodium current) was
observed in 9 out of 25 type 2b cells. Data are presented as mean + SD in (G), (H), (I); mean +
SEM in (M), (O).
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Figure 2.6: TrkB is mostly active in Tbr2 positive neural progenitor cells. Phospho-TrkB
(Tyr816) signal represents a surrogate measure for the TrkB activity. Phospho-TrkB positive cells
rarely colocalized with the Sox2 positive, presumably type 1 and type 2b neural progenitor cells
(A); by contrast, phospho-TrkB positive cells colocalized with the majority of Tbr2 positive,
presumably type 2b cells (B) More Tbr2+/phospho-TrkB+ neural progenitor cells can be found in
the subgranular zone (SGZ) of the Ky1.1 KO mice. Scale bar = 100 um (A) and 50 pum (B). (C)
Quantification analysis of the phospho-TrkB levels in Sox2+ or Tbr2+ cells. The phospho-TrkB
fluorescent intensity (F1) of each Sox2+ or Tbr2+ cells was measured and normalized to the Sox2+
or Tbr2+ fluorescent intensity and the total measured cell area (F2 X nm?). n = 246, 243, 69 and
92 for Sox2+/WT, Sox2+/K,1.1 KO, Tbr2+/WT, Tbr2+/K,1.1 KO cells, respectively. ****
indicates p<0.0001.)
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Figure 2.7: Ky1.1 channels regulate neural progenitor cell numbers via the TrkB signaling
pathway. (A, C and D) K,1.1 KO mice have more Fezf2-GFP- (C) and Ki67-positive cells (D)
than wild-type mice, with vehicle treatment. p = 0.0014, one-way ANOVA followed by Tukey's
test in (C); p < 0.0001, one-way ANOVA followed by Tukey's test in (D). (B, C and D)
Suppression of K,1.1-dependent neurogenesis by GNF-5837, a potent Trk inhibitor. Mice
receiving daily GNF5837 (20mg/kg) administration had comparable numbers of Fezf2-GFP (C)
and Ki67-positive cells (D) between wild-type and Ky1.1 KO mice; n = 6-8 mice from each
genotype with vehicle-only or GNF5837 treatment. (E) Clonal analysis of adult neurogenesis.
Tamoxifen (0.5 mg) was administered at postnatal 3 weeks to sparsely delete Ntrk2 (a gene that
encodes the TrkB receptor) in a subset of neural progenitor cells. In cells lacking only one allele
of TrkB, Ky1.1 KO had larger clone sizes than wild-type cells; by contrast, the Ky1.1-dependent
proliferation advantage was abrogated in clones lacking both TrkB alleles. p = 0.0389, comparing
wild-type and Ky1.1 KO on the Ntrk2%°¥* background; two-way ANOVA followed by Sidak's
multiple comparisons test; n = 39-157 for each group. Scale bar = 100 um. Data are presented as
mean + SEM. *p <0.05, **p <0.01; ***p <0.001; ****p <0.0001; n.s., no significant difference.
(F) Kolmogorov-Smirnov plots show a rightward shift of clone sizes in Kcnal”; GIil®ERT>,
Ntrk2%°¥*; - Rosa26™™" mice (red trace) comparing to wild-type GIlileERT?*;  Nipk2flox*
Rosa26™™* mice (black trace) (p=0.0029, t-test), but this effect was absent in mice lacking TrkB
receptor (p>0.05 between wild-type GIlilERT2" Nipk21o%*: Rosa26T™* (black trace) and
GLi[eTeERT2 . Nppje2flowflox = 2, 5a26T°™  (blue  trace); Kcenal”-; GILiIERTY;  Nppg2fox/flox,
Rosa26™™* (green trace).
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Figure 2.8: Summary of the role of Ky1.1 channels in regulating early postnatal neurogenesis
in SGZ. The membrane potentials of type 1 radial glia-like neural stem cells and type 2a transit-
amplifying progenitor cells indicate relative hyperpolarization. In type 2b neural progenitors, cells
lacking the K,1.1 channel become more depolarized than wild types, further stimulating the
proliferation of type 2b cells via activating the TrkB signaling pathway. The mature granule cells
become hyperpolarized again.
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2.8 Supplementary Figures
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Supplementary figure 2.1: K,1.1 channels do not affect embryonic hippocampal
neurogenesis. Immunostaining indicated that there was no difference in dentate gyrus (DG)
between wild-type and Ky1.1 KO mice, in terms of Sox2+ progenitors (A, D) (p = 0.4807, ¢-test),
Ctip2+ postmitotic marker (B, E) (p = 0.5365, t-test) or NeuN+ neurons (C, F) (p = 0.4606, t-test)

at E16.5. n = 5-6 for each genotype. Scale bar =100 pm. Data are presented as mean + SEM. n.s.,
no significant difference.
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Supplementary figure 2.2: No detectable difference in interneurons of Ky1.1 KO mice at P10.
(A) Immunostaining and quantification show no significant difference in hippocampus between
wild-type and Ky1.1 KO mice, in terms of PV+ interneurons (B) (p = 0.1363, #-test,) or SST+
interneurons (C) (p = 0.6372, t-test). n = 5-6 for each genotype. Scale bar = 250 pm. Data are
presented as mean = SEM. n.s., no significant difference.
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Supplementary figure 2.3: The TrkB signaling is active in DCX+ late-stage progenitor cells
but not Sox2+ early-stage progenitor cells. Phospho-TrkB positive cells rarely colocalized with
the Sox2 positive, presumably type 1 and type 2b neural progenitor cells bit mostly colocalized
with the DCX+ late-stage progenitor cells. Scale bar =50 pm.
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Supplementary figure 2.4: Intraperitoneal injection of GNF-5837 remarkably inhibits the
TrkB signaling in SGZ. Immunostaining of the dentate gyrus from mice treated with daily
intraperitoneal vehicle-only (A) or GNF-5837 (20mg/kg) (B) injection for 3 weeks. phospho-TrkB
signal (green) can be detected in the SGZ region in control (A) but not GNF-5837 (B). Scale bar
=100 pm.
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Supplementary figure 2.5: Clonal analysis of postnatal born neurons in the SGZ. Single low-
dose tamoxifen (0.5 mg/kg) was injected into a 3 week old GliI°FRT*:Rosa26™™* mouse and
later sacrificed at 8 weeks old. The clonal clusters were defined as the TdTomato+ cells contained
within a 100-um radius of the clone center. (A) An overview of a whole-mount 3D hippocampus
(red) from a GLiIERTY*; Nppk2fo¥/fox: Rosa26T°™" mouse. The neural progenitor cells were
identified automatically by the software, and the clone sizes were labeled as the number above the
green circles. (B) Higher magnification of two single-cell clones that were separated by more than
150 pum. (C) A group of cells that are clustered within the radius of 45 um are considered as a
single clone with 10 cells. Both (B) and (C) were obtained from the hippocampus of a Kcnal™;
Gli[eERT2 Nty 21108 Rosa26T°™+ mouse.
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Chapter 3
Ky1.1 preserves the neural stem cell pool and facilitates neuron maturation during adult

hippocampal neurogenesis
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3.1 Introduction

The subgranular zone of the hippocampus is one of two well-characterized neurogenic niches in
the adult mouse brain. Integration of adult-born granule cells (abGCs) into the dentate gyrus is
important for learning and memory, and impaired adult neurogenesis has been implicated in
neurodegenerative and neuropsychiatric diseases [1, 3-7]. Adult hippocampal neurogenesis is
divided into several developmental stages. Initially, quiescent neural stem cells (NSCs) with radial
glia-like morphology—known as radial glia-like NSCs (RGLs / Type 1 cells)—activate and
proliferate, either self-renewing or differentiating into intermediate neural progenitor cells (NPCs)
with a glial-like phenotype (Type 2a). As these cells differentiate, they lose their stem cell
properties and display more neuronal-like features (Type 2b). Then, they develop into neuroblasts
(Type 3) within a few days. Over the course of the next 2-4 weeks, Type 3 cells become immature
abGCs that extend an apical dendrite into the dentate granule cell layer and grow secondary and
tertiary dendrites. Simultaneously, they migrate from the subgranular zone into the dentate granule
cell layer. Finally, abGCs mature into highly excitable neurons and integrate into the dentate gyrus

circuitry [1, 3-9].

While adult hippocampal neurogenesis is regulated by various environmental and endogenous
factors, recent studies have also begun to explore the role of bioelectric signaling in this process.
In non-excitable cells such as NSCs and NPCs, changes in the membrane potential can orchestrate
proliferation, differentiation, migration, and survival during development [10]. The membrane
potential is controlled by ion channels, and ion channel dysfunction often result in
neurodevelopmental disorders [11, 12]. Interestingly, ion channels not only modulate NSC and

NPC membrane potential and cell dynamics during prenatal development [11, 13-15] but also
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during postnatal neurogenesis [2, 16-21]. Adult RGLs express gap junctions and inward rectifying
potassium channels to maintain their membrane potential [17, 20, 22]. RGL division is also
regulated by GABAergic and glutamatergic signaling, where these neurotransmitters activate their
corresponding ligand-gated ion channels to alter the membrane potential [16, 18, 21]. Additionally,
local circuit activity is critical for young abGCs, which receive, in order: depolarizing GABAergic
inputs, excitatory glutamatergic inputs, and finally inhibitory GABAergic inputs to advance

through stages of maturation and survival [23-26].

In this study, we examined the role of the voltage-gated potassium channel Ky1.1 in adult
neurogenesis. Ky1.1 is encoded by the Kcnal gene in mice, and its expression begins to increase
at ~2 weeks after birth and stabilizes in adulthood [27]. K 1.1 is well known for its role in
regulating neuronal excitability and seizure activity [28, 29]. Mice without functional K,1.1—
Ky 1.1 null mutant mice and megencephaly (mceph) mice—not only develop seizures but also have
increased number of neurons in the dentate gyrus [2, 30-35]. Using mosaic analysis with double
markers (MADM) [36-38] on heterozygous mceph mice, we showed that K,1.1 regulates
neurogenesis in a cell-autonomous manner [35]. We also found that loss of K, 1.1 function in K,1.1
null mice depolarizes neonatal NPCs and increases proliferation through enhanced TrkB signaling
in neonatal hippocampal neurogenesis [2], which is more similar to embryonic neurogenesis than
adult neurogenesis [39-41]. Because Ky1.1 null mice exhibit seizures beginning a few weeks after
birth [30, 32-34] and seizure activity can affect neurogenesis [42, 43], it has not been feasible to

assess the function of K, 1.1 in adult neurogenesis.

67



To address this issue and clarify the role of Ky1.1 in adult neurogenesis, we created inducible Ky1.1
conditional knockout (Ky1.1 ¢cKO) mice, which allowed us to specifically delete Ky1.1 from adult
NSCs via tamoxifen (TAM) injection without the confounding effect of seizure. Using this mouse
model, we first deleted Ky1.1 in neonatal NSCs to validate our previous results with increased
temporal resolution. Indeed, we recapitulated our previous observations showing that loss of K, 1.1
in neonatal NSCs increases proliferation and neuron production. Interestingly, the role of Ky1.1 in
adult NSCs is more complex. We discovered that Ky1.1 prevents over-proliferation and depletion
of RGLs and enables proper abGC maturation and positioning during adult neurogenesis. We
further corroborated our findings of an age-dependent role of Ky1.1 using mosaic analysis with
double markers (MADM) of heterozygous Ky1.1 (Kcnal ") mice [36-38]. Finally, we determined
that decreased adult neurogenesis in Kyl.1 cKO mice causes deficits in contextual fear
conditioning and discrimination. These results demonstrate that K1.1 expression in adult NSCs is
integral for preserving hippocampal neurogenesis and hippocampal-dependent learning and

memory.
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3.2 Results

Time-controlled deletion of K,1.1 from neural stem cells

To investigate the function of K,1.1 in NSCs at various postnatal stages, we generated Ky1.1 cKO
mice. We bred mice expressing a TAM-inducible Cre recombinase (Cre) in NSCs (Nestin-CrefR1?)
[44-46] with Kcnal floxed mice (Kcnal?) [47] and a Cre-reporter (PC::G5-tdT) [48] to achieve
temporal and cell type-specific control of Ky1.1 deletion. Upon TAM injection, Cre begins
expression in NSCs, resulting in the deletion of Kcnal and expression of tdTomato and GCaMP5G
in the NSCs and their progeny. As the Cre-expressing NSCs are a small subset of all cell types in
the dentate gyrus, we expressed tdTomato and GCaMP5G in these cells to identify them for lineage
tracing. We amplified GCaMP5G signal with an anti-GFP antibody, because the anti-GFP
antibody was compatible with our histology techniques using multiple cell markers. In this way,
we successfully read-out Cre expression in NSCs. To control for the possible effects of TAM, Cre,
and reporter expression on NSC dynamics, we bred mice with Kcnal wildtype (Kcnal™*) with
Nestin-Cref®? and PC::G5-tdT mice (Ky1.1 WT) for our control cohort (Supplementary figure

3.1A).

To validate Ky1.1 knock-out after TAM-injection, we injected 8-week-old Ky1.1 cKO and Ky1.1
WT mice with TAM for 3 consecutive days and used fluorescence-activated cell sorting to isolate
Cre-expressing tdTomato+ cells from the dentate gyrus at 2 weeks post-TAM (Supplementary
figure 3.1B-E). We found that Kcnal mRNA expression was decreased by ~90% in tdTomato+
cells in the dentate gyrus of Ky1.1 cKO mice compared to those of Ky1.1 WT mice (P = 0.0001)
(Supplementary figure 3.1F). We also recorded the resting membrane potential of acutely

dissociated dentate gyrus cells expressing tdTomato at 2 weeks post-TAM to determine whether
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Kv1.1 has been functionally deleted (Supplementary figure 3.2A). To assess the effect of acute
Kv1.1 inhibition on resting membrane potential, we applied the selective Ky1.1 blocker,
Dendrotoxin-K (DTx-K) to tdTomato+ K,1.1 WT cells and observed a depolarized resting
membrane potential (-70.01 £2.563 mV) (P = 0.0002) (Supplementary figure 3.2B, C). Consistent
with our findings using DTx-K for acute Kv.1.1 inhibition, we found that resting membrane
potential of tdTomato+ Ky1.1 cKO cells were similarly depolarized (-67.94 + 0.9525 mV)
compared to Ky1.1 WT cells (-86.73 £ 0.5791 mV) (P = 0.0002). Together, these results show that
Kv1.1 is functionally knocked out of the Cre-expressing tdTomato+ NSC lineage of Ky1.1 cKO

mice by 2 weeks post-TAM, which results in depolarized cells.

Conditional knockout of K,I1.1 in neonatal neural stem cells increases early postnatal
hippocampal neurogenesis

Both K,1.1 null mice and mceph mutant mice display increased neonatal neurogenesis before
seizure onset around one month after birth [2, 30-35]. As Ky1.1 cKO mice allowed us to examine
the role of Ky1.1 in early postnatal neurogenesis with more precise temporal resolution, we focused
on the role of Ky1.1 during peak hippocampal neurogenesis at postnatal day 7 (P7), just before the
second postnatal week when hippocampal neurogenesis begins transitioning from a more

embryonic phenotype to adult phenotype [40, 41].

We injected TAM at postnatal day 0 (P0O) to knock out K,1.1 and conducted lineage tracing by
injecting Bromodeoxyuridine (BrdU), which is incorporated into the DNA of actively dividing
cells [49-52], at P7. We then quantified the number of progeny cells in the dentate gyrus of Ky1.1

cKO mice and Ky1.1 WT mice at postnatal day 14 (P14) (Figure 3.1A). To determine which cell

70



types were altered in the Cre-expressing GFP+ NSC lineage, we co-stained the sections with
established NSC and NPC marker, Sox2, and the neuronal marker, NeuN. We found that NSC and
NPC progenies from cells dividing at P7 (GFP+, BrdU+, Sox2+) in K,1.1 ¢cKO subgranular zone
were increased by ~60% (P = 0.0360) (Figure 3.1B-C). Within the dentate granule cell layer,
neurons produced from cells dividing at P7 (GFP+, BrdU+, NeuN+) were increased by ~55% (P
=0.0007) (Figure 3.1D-E). The enhanced neonatal neurogenesis that we observed in Ky1.1 cKO
mice is similar to our previous findings in Ky1.1 null mice [2], providing further evidence that
Ky1.1 acts as a brake on early postnatal neurogenesis before the subgranular zone develops its

adult phenotype.

Deletion of K, 1.1 in adult neural stem cells leads to a transient activation followed by a depletion
of radial glial-like cells

Next, we investigated the role of Ky1.1 in adult hippocampal neurogenesis. To specifically ablate
Kv1.1 in the adult NSC lineage, we injected 8-week-old adult mice with TAM for 3 consecutive
days. Unlike the Ky 1.1 null and mceph mutant mice, adult K,1.1 cKO mice injected with TAM did
not display seizure phenotypes, which enabled us to examine the role of K,l1.1 in adult
neurogenesis without the confounding effects of seizures. We first examined mice 4 weeks after
TAM injection to assess the early effects of Ky1.1 deletion on adult NSC dynamics. We started by
investigating the role of Ky1.1 in Cre-expressing GFP+ quiescent RGLs, which are labeled by
Sox2 and the glial marker, GFAP. As they become activated, RGLs begin expressing the mitotic
marker, MCM2 (Figure 3.2A) [53]. At 4 weeks post-TAM, the quiescent (GFP+, GFAP+, Sox2+,
MCM2-) and activated (GFP+, GFAP+, Sox2+, MCM2+) RGLs were increased by ~100% (P =

0.0481) and ~80% (P = 0.0461), respectively, in Ky1.1 ¢cKO mice as compared to Ky1.1 WT mice
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(Figure 3.2B-E). This suggests that loss of K,1.1 initially promotes both RGL division and self-
renewal. RGLs can also divide and differentiate into Type 2a cells, losing their GFAP expression
(Supplementary figure 3.3A). We quantified the amount of Type 2a cells (GFP+, GFAP-, Sox2+,
MCM2+) and found a trend towards statistical significance that Type 2a cells in Ky1.1 cKO mice
are increased by ~70% at 4 weeks post-TAM (P = 0.0680) (Supplementary figure 3.3B, D). It is
possible that the enhanced RGL proliferation pushed RGLs to both self-renewal and differentiation
and/or both RGLs and Type 2a cells have increased proliferation in Ky1.1 cKO mice. Interestingly,
the increase in RGLs and Type 2a cells does not lead to additional Type 2b and proliferating Type
3 cells (GFP+, GFAP-, Sox2-, MCM2+) (P = 0.8418) (Supplementary figure 3.3C-D). K,1.1

expression seems to discourage RGLs from dividing to self-renew and differentiate.

To determine the long-term effects of Ky1.1 deletion, we investigated changes in the NSC lineage
at 8 weeks after TAM-injection. Surprisingly, both quiescent (GFP+, GFAP+, Sox2+, MCM2-)
and activated (GFP+, GFAP+, Sox2+, MCM2+) RGLs were reduced by ~40% (P = 0.0391) and
~65% (P =0.0158), respectively, in Ky1.1 cKO mice as compared to Ky1.1 WT mice (Figure 3.2F-
I), suggesting that the initial increase in RGL proliferation eventually exhausted their ability to
self-renew and depleted the RGL pool. We also examined the role of Ky1.1 in Type 2a and
proliferating Type 2b/3 cells and found that the amount of both Type 2a (GFP+, GFAP-, Sox2+,
MCM2+) (P = 0.1391) and Type 2b/3 cells (GFP+, GFAP-, Sox2-, MCM2+) (P = 0.2686) were
similar between Ky1.1 cKO mice and Ky1.1 WT mice at 8 weeks post-TAM (Supplementary figure
3.3E-G). These results indicate that Ky1.1 acts as a break on over-proliferation to prevent early

depletion of the neurogenic stem cell pool.
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Loss of K, 1.1 impairs adult-born granule cell maturation and positioning

To investigate the role of Ky1.1 in later stages of hippocampal abGC production, we stained for
doublecortin (DCX) at 8 weeks post-TAM. DCX begins to express in a subset of Type 2b cells
and ceases to express as they become NeuN+ mature neurons [54-56]. Interestingly, there was a
~55% decrease in GFP+, DCX+ cells (Figure 3.3A, D) in Ky1.1 ¢cKO mice although the amount
of proliferating Type 2b/3 cells was not altered (Supplementary figure 3.3F). This raises the
question whether the observed decrease in GFP+, DCX+ cells was due to the altered development
of young abGCs. We relied on the distinct morphology of DCX+ cells at different stages of
maturation to identify more developed DCX+ abGCs as those with tertiary dendrites [54-56].
Interestingly, in the Ky1.1 cKO lineage, there was a ~75% decrease in the number of GFP+, DCX+
cells with tertiary dendrites (P = 0.0117) as well as a ~45% decrease in the proportion of more
developed GFP+, DCX+ cells with tertiary dendrites amongst all GFP+, DCX+ cells (P = 0.0165)
(Figure 3.3B-D). Taken together, these results indicate that loss of Ky1.1 hinders young abGC

maturation.

Those Ky1.1 ¢cKO neurons that successfully matured were also more likely to be inappropriately
positioned. As young abGCs mature, they migrate from the subgranular zone into the dentate
granule cell layer such that a majority are positioned within the inner two-thirds of the dentate
granule cell layer (Figure 3.3E) [23, 57]. Interestingly, the percentage of mature GFP+ abGCs
(GFP+, NeuN+) found in the outer third of the dentate granule cell layer at 8 weeks post-TAM in
Ky1.1 cKO mice was ~215% higher than that of Ky1.1 WT mice (P = 0.0330) (Figure 3.3F, H),
indicating that loss of Ky1.1 impairs abGC positioning. These findings point towards a critical role

of K,1.1 in facilitating successful abGC development, as aberrant migration and positioning of
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abGCs has been found in mouse models of traumatic brain injury and schizophrenia [58, 59]. These
findings may also explain why we observed a ~50% reduction in mature GFP+ abGCs (GFP+,
NeuN+) in Kv1.1 cKO mice by 8 weeks post-TAM (P = 0.0204) (Figure 3.3G-H). As young
abGCs from NSCs lacking Kv1.1 cannot properly mature and position themselves, they are likely
unable to successfully integrate into the dentate gyrus circuitry. Taken together, our observations
indicate that K1.1 is integral for abGCs to develop proper morphology and positioning, which
would allow them to incorporate synaptic inputs, integrate into the hippocampal circuitry and fulfil

their critical functions in learning and memory.

MADM analyses reveal a transient increase of neural stem cell lineage lacking Ky1.1

In our previous studies, we performed mosaic analysis with double markers (MADM) [36-38] with
heterozygous Ky1.1 (Kcnal™") mice, in which sparse somatic recombination driven by
constitutively active Nestin-Cre generates a subpopulation of NSCs that lack Ky1.1 (Nestin-Cre;
Kcnal'; MADM-6) (Figure 3.4A) [2]. Homozygous Ky1.1-null NSC lineages are marked with
GFP and homozygous K, 1.1-wildtype NSC lineages are marked with tdTomato. Using this model,
we observed a three-fold increase in progeny neurons from Ky1.1-null NSCs in the dentate granule
cell layer of 2 to 3-month-old Nestin-Cre; Kcnal*"; MADM-6 mice (P < 0.0001) (Figure 3.4B-C;
data from 1-month-old and 2 to 3-month-old cohorts originally published in Figure 1 of Chou et
al., 2021). This is consistent with our findings from Kv1.1-null and cKO mice that loss of Ky1.1
in neonatal NSCs promotes neonatal RGL proliferation and neuronal production (Figure 3.1) [2].
In 2 to 3-month-old Nestin-Cre; Kcnal™-; MADM-6 mice, presumably a large population of
neonatal-born neurons remains, as neonatal-born neurons just begin apoptosis ~2 months after

birth [60-62]. However, once the mice have aged 6 to 13 months, neonatal-born Ky1.1-null
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progeny neurons would have begun apoptosis and therefore appear as a smaller portion of the
GFP+ population. Indeed, we found no increase in Ky1.1-null progeny neurons in the dentate
granule cell layer of 6 to 13-month-old mice (Figure 3.4B-C). As the loss of K,1.1 negatively
impacts adult neurogenesis (Figure 3.3), adult-born Ky1.1-null progeny neurons are unable to
adequately replenish the GFP+ population. Thus, the transient increase of Ky1.1-null progeny
neurons in the MADM mice with heterozygous Ky1.1 supports the hypothesis that Ky1.1 plays an

age-dependent role in adult neurogenesis.

Eliminating Ky1.1 from adult neural stem cells results in learning and memory deficits

Since decreased adult neurogenesis is detrimental to hippocampal-dependent learning and memory
[1, 3-7] and the deletion of K\1.1 in adult NSCs reduces adult hippocampal neurogenesis, we
hypothesized that Kv1.1 cKO mice have learning deficits. Adult neurogenesis is important for two
aspects of hippocampal-dependent learning and memory—contextual fear conditioning, where the
mice learn to associate an environment with fear [63-66], and pattern separation, where they learn
to discriminate between two similar contexts [44, 46, 67, 68]. We decided to conduct behavioral
tests of Ky1.1cKO mice starting at ~4 months of age, because adult neurogenesis is less variable
for 4-month-old mice compared to 2-month-old mice [69]. We injected ~4-month-old Kv1.1 cKO
mice with TAM for 5 consecutive days to induce Cre expression and Ky1.1 deletion in more cells
(Figure 3.5A). In control behavioral experiments, we did not find statistically significant
differences between K,1.1 cKO and Ky1.1 WT mice in open field (total distance traveled (P =
0.2652), percent time on open arm (P = 0.1079), percent time on closed arm (P = 0.3838), open
arm entries (P =0.1826), and closed arm entries (P = 0.4879)), elevated plus maze (total movement

(P = 0.8644), total movement over time between genotype (P = 0.8606), ambulatory movement
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(P =0.8704), fine movement (P = 0.8435)), center/total movement (P = 0.3979), and rearing (P =
0.7873)), and hotplate test (P = 0.3763). These results indicate that the mobility, anxiety, and pain
perception of K,1.1cKO mice are similar to those of Ky1.1 WT mice (Supplementary figure 3.5A-

J).

To test for the effects of Ky1.1 cKO on hippocampal-dependent learning and memory, we used the
contextual fear conditioning and discrimination test. During the first part of the test, mice
underwent three days of contextual fear conditioning where they learned to associate the fear
context with a foot shock (Figure 3.5B). We found that Ky1.1 ¢cKO mice displayed a deficit in their
ability to acquire the fear memory, which manifested as a ~25% and ~20% reduction in freezing
time prior to foot shock as compared to Ky1.1 WT on Day 2 and Day 3 (Day 1 (P = 0.3719), Day
2 (P =0.0339), Day 3 (P = 0.0035)) (Figure 3.5C). This observation is consistent with previous
studies reporting diminished adult neurogenesis resulting in deficient contextual fear conditioning

[63-66].

Second, we assessed their ability to recall the fear context and to generalize their learned fear to a
similar novel neutral context by measuring their freezing in both contexts without shock applied
(Figure 3.5D). For this portion of the test, we examined each genotype for their ability to generalize
by performing similarly in the two contexts. On Day 4, both K,1.1 WT (P < 0.0001) and K,1.1
cKO (P = 0.0003) froze more in the fear context than the neutral context (Figure 3.5E). As the
mice were not shocked in either context on Day 4, they experienced an extinction of the freezing
response in the fear context and generalized their freezing responses to the neutral context,

resulting in a similar percent freezing in both contexts within genotype on Day 5 (Ky1.1 WT (P =
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0.2849), K\1.1 cKO (P = 0.4097)) (Figure 3.5F). Once their ability to generalize was established,
we continued to the third step of our experiment to assess their ability to discriminate between the

two contexts.

Third, we examined their performance on the pattern separation task. On Days 6-19, the
mice were placed in the two contexts daily and the shock was again administered in the fear
context. Percent freezing was measured and averaged for a two-day block to lower variability
(Figure 3.5G). As the mice began to discriminate between the fear context and the neutral context,
they began freezing more in the fear context than the neutral context. We observed a mild
impairment in discrimination of Ky1.1 cKO mice compared to Kyl1.1 WT mice. Whereas Ky1.1
WT mice froze significantly less in the neutral context compared to the fear context by Block 3
(Kyl.1 WT Block 1 (P = 0.2049), Block 2 (P = 0.2112), Block 3 (P = 0.0283), Block 4 (P =
0.0036), Block 5 (P = 0.0028), Block 6 (P < 0.0001), and Block 7 (P < 0.0001)) (Figure 3.5H),
Kv1.1 ¢KO mice did not consistently freeze significantly less in the neutral context compared to
the fear context until Block 6 (Ky1.1 cKO Block 1 (P =0.6384), Block 2 (P =0.5937), Block 3 (P
= 0.0696), Block 4 (P = 0.0232), Block 5 (P = 0.0614), Block 6 (P = 0.0106), and Block 7 (P =
0.0055)) (Figure 3.51). This mild behavioral phenotype is consistent with the slight ~20% decrease
in neurogenesis in the Ky1.1 cKO behavioral cohort as compared to Ky1.1 WT behavioral cohort
(P = 0.0431) (Figure 3.5J). Past studies using x-ray irradiation to reduce adult neurogenesis by
more than 90% have revealed a similar impairment in contextual fear discrimination [46, 67].
These observations indicate that deletion of Ky1.1 impaired adult neurogenesis, resulting in deficits

in contextual fear conditioning and mild impairments in contextual discrimination.
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3.3 Discussion

Adult hippocampal neurogenesis is critical for learning and memory and altered adult neurogenesis
has been implicated in aging and neurological disorders [1, 3-7]. Although voltage-gated ion
channels have been shown to modulate NSC and NPC membrane potential and cell dynamics
during vertebrate and invertebrate neurodevelopment [10, 12-15], the role of bioelectric signaling
in adult hippocampal neurogenesis has only been recently explored. In our previous study, we
found that genetic ablation of Ky1.1 depolarizes neonatal NPCs and increases proliferation through
enhanced TrkB signaling in neonatal hippocampal development [2]. As Ky1.1 null mice develop
seizures that could impact adult neurogenesis [30, 32-34, 42, 43] and confound possible impact of
Ky1.1 deletion on adult neurogenesis, we developed a strategy for inducible conditional knockout
of Ky1.1 from NSCs of adult mice (Supplementary figure 3.1A). These Ky1.1 ¢cKO mice allowed
us to examine the role of Ky1.1 at different stages of adult neurogenesis and better elucidate the

role of Ky1.1 during neonatal and adult development.

During early steps of adult hippocampal neurogenesis, Ky1.1 is important for preventing RGL
over-proliferation to preserve the RGL pool (Figure 3.6A), which is maintained by a delicate
balance between RGL quiescence and activation [70]. Initially, RGLs without Ky1.1 rapidly divide
to (1) self-renew, generating more quiescent RGLs (Figure 3.2B), and (2) differentiate, producing
more Type 2a cells (Supplementary figure 3.3B). However, RGLs have varying self-renewal
capacity. Over time, the increased proliferation may become unsustainable and might exhaust the
RGLs with limited proliferative potential as they undergo terminal differentiation and are
eliminated from the progenitor pool [71, 72]. Interestingly, the switch between RGL quiescence

and activation can be regulated by network activity of glutamatergic mossy cells and long-range
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GABAergic neurons. Ablation of both cell types can produce a similar initial activation followed
by depletion of RGLs [16, 18, 21]. In addition to regulation via synaptic inputs, RGLs may rely
on Ky1.1 channel activity to prevent their subsequent activation and depletion (Supplementary
figure 3.2 and Figure 3.2). Perhaps, as we previously observed in neonatal neurogenesis [2],
depolarization of NSCs and NPCs also increases TrkB signaling and promotes proliferation in

adult neurogenesis.

Our studies further reveal that loss of Ky1.1 in the NSC lineage impedes abGC development in
later stages of adult neurogenesis. In Ky1.1 cKO mice, there was a reduction of DCX-expressing
cells as well as impairment of abGC maturation and positioning (Figure 3.3A-F). Notably, aberrant
positioning of abGCs is displayed by mouse models of traumatic brain injury and schizophrenia
[58, 59] which suggests that proper positioning of abGCs is important for normal brain function.
Failing to properly mature and position themselves, young abGCs produced from NSCs lacking
Kv1.1 likely struggle to integrate into the dentate gyrus circuit, resulting in decreased survival of
new abGCs and reduction of mature abGCs (NeuN+) in Ky1.1 ¢cKO mice (Figure 3.3G-H). Failures
in adult neurogenesis often leads to impairments in hippocampal-dependent learning and memory
[44, 46, 63-68]. Indeed, K1.1 cKO mice have diminished fear learning and mild deficit in pattern
separation (Figure 3.5). Together, these results underscore the critical function of Kyl.1 in
maintaining abGC maturation and positioning for proper integration into the dentate gyrus circuit

and preserving hippocampal-dependent learning and memory (Figure 3.6B).

Our understanding of the role of Ky1.1 in adult neurogenesis also helps to clarify the role of Ky1.1

in neonatal neurogenesis. Given that we observed an initial increase in RGL proliferation when
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Kv1.1 is removed from adult Ky1.1 cKO mice, the increase in neonatal neurogenesis observed in
both Ky1.1 null mice [2] and Ky1.1 ¢cKO mice (Figure 3.1) is likely to have arisen from neonatal
RGL over-proliferation. Unlike adult NSCs and NPCs, neonatal NSCs and NPCs have extensive
proliferative potential [40, 41] and produce neurons with delayed cell death [60-62]. These
properties of neonatal neurogenesis allow the neuronal progenies to last for a longer period, which
would account for the initial increase in Kyl.1-null progeny of 2 to 3-month-old Nestin-Cre;
Kcnal*; MADM-6 mice (Figure 3.4) before neuron death starting at 2 months post-mitosis. As
the MADM mice age, neonatal-born Ky1.1-null neurons begin cell death and the RGLs lacking
Kv1.1 become depleted as in the case of adult Ky1.1 cKO mice. Together, these factors contribute
to the transient increase of Ky1.1-null progeny neurons in 2 to 3-month-old but not 6 to 13-month-
old Nestin-Cre; Kcnal*-; MADM-6 mice (Figure 3.4). These results support our model that Ky1.1

functions to maintain hippocampal neurogenesis at multiple developmental timepoints.

In summary, we demonstrate that Ky1.1 is important for adult hippocampal neurogenesis and
hippocampal-dependent learning and memory. Ky1.1 likely regulates the neurogenic niche by
preventing the over-proliferation and depletion of RGLs. As young abGCs develop, loss of Ky1.1
impedes their dendritic maturation and positioning, likely hampering their integration into the
circuit. These developmental failures in Ky1.1 cKO mice contribute to decreased abGCs and
deficits in context encoding and discrimination (Figure 3.6). These findings provide the basis for
future studies of the impact of K,1.1 regulation on adult neurogenesis under normal and

pathophysiological conditions.

80



3.4 Methods

Animals.

All experiments were approved by the Institutional Animal Care and Use Committees of the
University of California, San Francisco and Academia Sinica. Two to five mice per cage were
maintained in a temperature-controlled environment on a 12 hr light/dark cycle with ad libitum

access to food and water.

Kcnal! mice [47] were obtained from Dr. Edward Glasscock’s lab at Southern Methodist
University. Nestin-Cre®®"? mice [44-46] were obtained from Dr. Mazen Kheirbek’s lab at
University of California, San Francisco. PC::G5-tdT mice [48] were obtained from the Jackson
Laboratory. We utilized the PC::G5-tdT reporter line because its Cre-reporter alleles are located
on a different chromosome (Chr 11) from Kcnal (Chr 6). These 3 lines were bred together to create
Ky1.1 ¢cKO mice (Kcnal™"; Nestin-CrefR7?*; PC::G5-tdT*") and maintained on a C57BL/6

background.

To create the Nestin-Cre; Kcnal-; MADM-6 mice, the lines bred together were: Kcnal”- mice
[34], obtained from Dr. Bruce Tempel’s lab at the University of Washington; Nestin-Cre (Tg(Nes-
cre)1KlIn) [73], obtained from Jackson Laboratory; and MADM-6 mice with Rosa266T
(Gt(ROSA)2650rm6(ACTB-EGFP* «dTomato))  and  Rosa26™0  (GH(ROSA)2650mIACTB-EGEP)  [74]
obtained from Dr. Liqun Luo's lab at Stanford University. All these mice were maintained on an

ICR background. MADM experiments were performed as previously described [2].
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Drug Administration

For neonatal tamoxifen (TAM) (MilliporeSigma) administration, TAM was dissolved in 100%
corn oil (MilliporeSigma) at 10 mg TAM/mL. At postnatal day 0, pups were injected once
subcutaneously with 30 pL of 10 mg TAM/mL. For adult tamoxifen administration, TAM was
dissolved in a solution of 10% ethanol (200 proof, VWR) in corn oil at 20 mg TAM/mL. Adult 8-
week-old mice were intraperitoneally injected with 100 mg TAM/kg body weight once per day for
3 consecutive days. For behavior experiments, a cohort of ~4-month-old mice were
intraperitoneally injected with 100 mg TAM/kg body weight once per day for 5 consecutive days.
Behavioral experiments were then carried out 5 weeks after the last TAM injection.
Bromodeoxyuridine (BrdU) (MilliporeSigma) was dissolved in sterile normal (0.9%) saline at 5
mg BrdU/mL. One dose of 50 mg BrdU/kg body weight was injected subcutaneously at postnatal

day 7. Lineage tracing experiments were then carried out at postnatal day 14.

Single-cell suspension

Adult 8-week-old mice were injected with TAM for 3 consecutive days. At 2 weeks post-TAM,
mice were euthanized and their brains were transferred into ice-cold 1x HBSS (Hanks’ Balanced
Salt solution). Under a dissecting microscope, dentate gyri were isolated and pooled from 4 mice
of the same genotype. The Neural Tissue Dissociation (P) Kit (Miltenyi Biotec) was used to
dissociate tissue into single cells. After a final HBSS wash, the cell pellet was resuspended in 800

uL of Hibernate A Low Fluorescence medium (BrainBits).
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Cell sorting and qPCR.

The single-cell suspension was incubated with LIVE/DEAD™ stain 633nm (1:2000, Invitrogen)
for 30 min at 4°C to identify dead cells. Cells were then filtered using a 40 um strainer and sorted
on the FACS Aria™ III Cell Sorter (BD Bioscience). Based on forward and side scatter, cells were
gated to exclude debris and doublets. The cell population was selected based on the intensity of

tdTomato fluorescence and LIVE/DEADT™ stain 633nm.

Pooled tdTomato+ live cell mRNA was extracted using RNAqueous-Micro Total RNA Isolation
Kit (Invitrogen). The qPCR reactions were run using PowerUp™ SYBR™ Green master mix
(Applied Biosystems) along with 100 nM primers (IDT). Relative mRNA levels were determined
using the 2°PP¢r method [75]. Kvl1.1 WT and Ky1.1 ¢cKO mice Kcnal mRNA levels were
normalized by the mRNA levels of the house keeping gene glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). The primer sequences used to amplify the target genes were: GAPDH-
F:5’- TCACCACCATGGAGAAGGC; GAPDH-R:5’- GCTAAGCAGTTGGTGGTGCA;

KCNAI-F:5’- AGATCGTGGGCTCCTTGTGT; KCNA1-R:5’- ACGGGCAGGGCAATTGT.

Electrophysiology

Dissociated cells were plated onto coverslips coated with 0.01% poly-L-Lysine (poly-L, MW 70-
150,000, MilliporeSigma) and mouse laminin (10 pg/ml). Then, they were allowed to adhere for
at least 30 min at room temperature. To record from Ky1.1 WT and Ky1.1 cKO cells, capillary
glass pipettes were created from filamented borosilicate glass (O.D x I.D, 1.10 x 0.86 mm, Sutter
Instruments) and fire-polished to 6-10 m[J resistance. These pipettes were backfilled with solution

containing (in mM) 120 K-Gluconate, 15 KCl, 1.4 MgCl, 0.1 EDTA, 10 HEPES, 4 Mg-ATP, 0.3
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Na3-GTP, 7 Phosphocreatine, at pH 7.4 with KOH and 290-300 mOsm/kg. As indicated, this
solution was supplemented with 10 nM Dendrotoxin K (Alomone Labs), which is a selective
inhibitor of Ky1.1 at this concentration [76]. Then, the cell-coated coverslips were transferred into
an artificial cerebrospinal fluid recording buffer that contained (in mM) 127 NaCl, 1.8 KCl, 10
HEPES, 1.3 MgCl,, 2.4 CaCl,, 15 Glucose, at pH 7.4 with HCI and 300-310 mOsm/kg. Cells that
had undergone Cre-mediated recombination expressed tdTomato and were identified by red
epifluorescence. Cell-attached patch-clamp electrophysiological recordings were then carried out
at room temperature under laminar flow of artificial cerebrospinal fluid using a pressure-driven
micro-perfusion system (SmartSquirt, Automate Scientific). An Axopatch 200B amplifier (Axon
Instruments) was employed to collect the data, which was digitized via a Digidata 1550B (Axon
Instruments). Voltage stimulus protocols were applied, and their evoked currents were measured
on-line with pClamp10 (Molecular Devices), sampling data at 20 kHz and filtering it at 2 kHz. To
measure cells’ resting membrane potential, K* currents were evoked by applying a 50 msec.
Voltage ramp from -100 to 100 mV. Current-voltage (I-V) relationships were analyzed off-line in
pClamp and Prism (GraphPad). Because we set the pipette [K'] approximately equal to the
intracellular [K*], the equilibrium potential for K* across the patch was approximately zero.
Therefore, K" currents reversed direction when the pipette potential was equal to the membrane

potential, allowing us to measure resting membrane potential [77, 78].

Immunostaining
Mice were anesthetized with isoflurane (Henry Schein Animal Health) before transcardial
perfusion with cold PBS followed by cold 4% paraformaldehyde in PBS (4% PFA) (Electron

Microscopy Services). Brains were removed, post-fixed overnight in 4% PFA for ~24 hrs at 4°C,
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washed in PBS, and immersed in 30% sucrose in PBS for a minimum of 48 hrs at 4°C for
cryoprotection. Then, the brains were frozen in OCT (Fisher Scientific). Free-floating 30 pm
sections were collected into PBS using a cryostat (Lecia CM3050 S, Leica Microsystems).
Afterwards, the sections were transferred into cryoprotectant (30% ethylene glycol, 30% glycerol,
40% PBS) and stored at -20°C. Sagittal sections were collected from the lineage tracing cohort
while coronal sections were collected from the behavior cohort. For immunohistochemistry,
sections were removed from the cryoprotectant, washed 3 x 10 min in PBS, treated with 15 min of
.5% triton in PBS, and transferred into blocking buffer (5% NDS, 1% BSA, 0.05% triton in PBS)
for 1 hr at room temperature. Then, they were incubated in primary antibodies overnight at 4°C.
The next day, they were washed 3 x 10 min with 0.05% triton in PBS and incubated in secondary
antibodies for 1 hr at room temperature. After 3 x 10 min PBS washes, they were mounted using
Fluoromount G mounting media with DAPI (Southern Biotech) on Superfrost Plus microscope

slides (Fisher Scientific).

If additional treatments were required, they were performed before the blocking step described
above. For MCM2 staining, which requires antigen retrieval, sections were placed in sodium
citrate buffer (10 mM sodium citrate, 0.05% tween 20, pH 6.0) for 3 hrs at 70°C in a convection
drying oven (Yamato), then allowed to cool for 15 min on ice. For BrdU visualization, DNA
denaturation with 2N HCI was required. Sections were placed in 2N HCI for 30 min at 37°C. After

3 x 10 min PBS washes, sections were moved into blocking buffer.

Primary antibodies were diluted in blocking buffer as listed: chicken GFP antibody (GFP-1020,

Aves Labs) at 1:1000, mouse MCM2 antibody (610701, BD Biosciences) at 1:500, rabbit Sox2
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antibody (ab97959, Abcam) at 1:500, goat GFAP antibody (ab53554, Abcam) at 1:1000, rabbit
NeuN antibody (12943, Cell Signaling Technology) at 1:1000, guinea pig DCX antibody
(AB2253, MilliporeSigma) at 1:1000, and mouse BrdU antibody (B35128, ThermoFisher) at

1:500.

Secondary antibodies were diluted in blocking buffer at 1:1000 as listed: donkey anti-mouse Alexa
Fluor 488 (A21202, ThermoFisher Scientific), donkey anti-chicken Cy3 (703-165-155, Jackson
ImmunoResearch Laboratories, Inc.), donkey anti-rabbit Alexa Fluor-594 (711-585-152, Jackson
ImmunoResearch Laboratories, Inc.), donkey anti-rabbit Alexa Fluor-647 (A31573, ThermoFisher
Scientific), donkey anti-goat Alexa Fluor Plus 647 (A32849, ThermoFisher Scientific), and
donkey anti-guinea pig Alex Flour-647 (706-605-148, Jackson ImmunoResearch Laboratories,

Inc.).

Microscopy and sampling

One of every 10 sections in a series spanning the entire dentate gyrus was imaged on a confocal
microscope (Leica Sp8) using a 40x or 63x HC PL Apo oil CS2 objective. For lineage analysis, a
z-stack of five 3-um z-steps were collected per dentate gyrus section. The dorsal dentate gyrus was

quantified, given that Cre-expression was variable in the ventral dentate gyrus [79].

The upper third of the dentate granule cell layer was defined as being within two dentate granule
cell layers from the molecular layer. For behavioral analysis, the medial sections of both
hemispheres were quantified. Images were processed and analyzed using Fiji (Image], NIH).

Experimenters were blinded to the genotype of the mice during analysis.
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Behavioral tests

For all behavioral testing, the experimenters were blinded to the genotype of the mice. We did not
observe overt differences in health between the two genotypes. Mice used for these experiments
were healthy without injuries that would interfere with behavioral testing. Behavioral data were

obtained with the help of the Gladstone Institutes’ Behavioral Core.

For behavior experiments, a cohort of adult ~4-month-old (age range 13-17 weeks) mice were
injected with TAM for 5 consecutive days. Five weeks after the last TAM injection, behavioral
testing begun with the elevated plus maze, followed by the open field. Contextual conditioning
and discrimination testing begun at ~6.5 weeks post-TAM. Afterwards, at ~10.5 weeks post-TAM,

the hot plate test was conducted. Finally, mice were perfused at ~17.5 weeks post-TAM.

Elevated plus maze

The elevated plus maze (EPM) (Hamilton-Kinder, Poway, CA) consisted of two open arms
(without walls, 15 long x 2” wide), two closed arms (with walls 6.5” tall), and an intersection of
the arms (2” x 2” wide). Mice were habituated in the testing room under dim light for 1 hr before
being placed into the intersection of the two arms in the EPM and allowed to explore freely for 10
min. Total distance traveled and time on the open and closed arms were recorded by the system

using infrared photobeam breaks. The maze was cleaned with 70% ethanol between animals.

Open field

Mice were habituated in the testing room under normal light for 1 hr before being placed into the

center of the arena and allowed to explore freely for 15 min. The Flex-Field/Open Field Photobeam
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Activity System (San Diego Instruments, San Diego, CA) was used for this experiment. It
consisted of a clear acrylic chamber (41 x 41 x 30 cm) inside sound and light attenuating shells to
eliminate external stimuli. Within the chamber, there were two 16 x 16 photobeam arrays that
automatically detect horizontal and vertical movements. Total movements, ambulatory movement
(disruption of 3 or more consecutive photobeams), fine movement (repeated disruption of the same
2 photobeams), center/total movement, and rearing were collected by the system for analysis. The

arena was cleaned with 70% ethanol between animals.

Contextual fear conditioning and discrimination

The pattern separation task was adapted from [67] and [80]. A conditioning chamber (Med
Associates Inc) was used for the experiment. The fear context consisted of background noise from
a 60 dB fan and scent of 70% Windex sprayed into the bedding pan. The neutral context consisted
of a black A-frame insert, no background noise, and 10% Simple Green scent. For contextual
conditioning experiments, mice were placed in the fear context for a 4 min session for 3
consecutive days. There were no stimuli for the first 3 min baseline period followed by a single
mild foot shock (0.45 mA) lasting 2 sec. Animals were exposed to 1 shock per session per day
followed by a 1 min interval before being returned to their home cage. Conditioning was assessed
by measuring "freezing" behavior. “Freezing” was defined as a defensive posture characterized by
lack of all movement except that required for respiration. Contextual memory recall and
generalization tests were conducted over the next 2 days (Days 4 and 5) in the absence of any foot
shocks. On Day 4, the mice were placed in the fear training context in the morning for a 4 min
session. In the afternoon, animals were introduced to the neutral no-shock context for a 4 min

session to provide a measure of context generalization. On Day 5 of testing, the mice were placed
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in the neutral context in the morning and the fear context in the afternoon. A 4-hr delay separated
the two sessions in which the mice were returned to the colony room. For measurements of pattern
separation between the two contexts, mice were again given two 4 min sessions each day over the
course of the next 14 consecutive days except that during this phase of the testing, a single foot
shock was again delivered to the mice in the fear context after an initial 3 min baseline period. No
foot shocks were delivered while the mice were in the neutral context. Discrimination learning
between the 2 contexts was determined by comparing the percent freezing behavior exhibited in

the first 3 min of each 4 min testing session in each context.

Hot plate

Mice were habituated in the testing room under normal light for 1 hr before being placed on top
of the hot plate in a clear, open-ended cylindrical encloser. The temperature was set to 52°C. The
latency to respond (for example a hindpaw lick, hindpaw flick, or jump) was measured. The mouse
was immediately removed from the hot plate after responding. The maximum latency to respond

allowed was 30 sec to prevent injury.

Statistical Analyses

All data were summarized as mean = SEM. Comparisons between two genotypes were analyzed
by a two-tailed Student’s t-test. If the data did not meet the Student’s t-test’s assumptions of
normality and variance, the data were analyzed using the two-tailed t-test with Welch’s correction
or the non-parametric Mann-Whitney U-test, as indicated in the figure legends. Multiple group
comparisons were assessed using one-way ANOVA with Holm-Sidak correction for multiple

comparisons, two-way ANOVA followed by Sidak’s multiple comparisons test, two-way repeated

&9



measures ANOVA with the Geisser-Greenhouse correction, or mixed-effects analysis with the
Geisser-Greenhouse correction followed by Sidak’s multiple comparisons test, as indicated in the
figure legends. The null hypothesis was rejected at P > 0.05. Data were analyzed using Prism 9

(GraphPad).
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Figure 3.1: Neonatal deletion of Ky1.1 increases hippocampal neurogenesis. (A) Neonatal
lineage tracing protocol. Tamoxifen (TAM) was injected at postnatal day 0 (P0) to delete Ky1.1 in
neural stem cells (NSCs), and BrdU was injected at postnatal day 7 (P7) for lineage tracing. Brains
were harvested at postnatal day 14 (P14). (B) Quantification (cells per mm?) at P14 of GFP+ NSCs
and neural progenitor cells (NPCs) (GFP+, BrdU+, and Sox2+) produced from P7 dividing cells.
An increase of GFP+, BrdU+, and Sox2+ cells was observed in Ky1.1 cKO mice compared to
Ky1.1 WT mice (P = 0.0360). (C) Representative image showing expression of GFP (red), BrdU
(green), and Sox2 (blue) in the Ky1.1 WT (left) and Ky1.1 cKO (right) dentate gyrus. GFP, BrdU,
and Sox2 staining within the boxed area are individually shown (below). Scale bar, 25 um. (D)
Quantification (cells per mm?) at P14 of neurons (GFP+, BrdU+, and NeuN+) produced from P7
dividing cells. Ky1.1 ¢cKO mice displayed more neurogenesis compared to Ky1.1 WT mice (P =
0.0007). (E) Representative image displaying expression of GFP (red), BrdU (green), and NeuN
(blue) in the Ky1.1 WT (left) and Ky1.1 cKO (right) dentate gyrus. GFP, BrdU, and NeuN signals
are individually shown (below). GFP+, BrdU+, and NeuN+ cells are marked (arrows). Scale bar,
25 pm. B and D: Ky1.1 cKO (n = 8); Ky1.1 WT (n = 7). Unpaired two-tailed Student’s t-test; * P
<0.05, *** P <0.001. Data are presented as mean = SEM.
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Figure 3.2: Deletion of Ky1.1 in adult neural stem cells (NSCs) results in an initial increase
of radial glia-like NSCs (RGLs) before eventual depletion of the RGL pool. (A) Diagram of
cell marker expression during NSC and NPC development. Quiescent RGLs express GFAP and
Sox2. As RGLs start proliferating, they express MCM2. (B) Protocol to assess short-term effects
of Ky1.1 cKO on adult hippocampal neurogenesis. At 8 weeks old, Ky1.1 cKO mice and K,1.1
WT mice were injected with TAM for 3 consecutive days to induce Cre expression and Kcnal
deletion. At 4 weeks post-TAM, we carried out immunostaining of GFP+ RGLs. (C and D)
Quantification (cells per mm?) of adult RGLs at 4 weeks post-TAM. An increase in quiescent
RGLs (GFP+, GFAP+, Sox2+, MCM2-) (P =0.0481) and activated RGLs (GFP+, GFAP+, Sox2+,
MCM2+) (P = 0.0461) in Ky1.1 cKO mice (n = 7) compared to Ky1.1 WT mice (n = 5) was
revealed. (E) Representative image showing expression of GFP (red), GFAP (blue), Sox2 (cyan),
and MCM2 (green) in the ventral blade of the dentate gyrus in Ky1.1 WT (top) and K,1.1 cKO
(bottom) mice. Within the Ky1.1 WT overlay, quiescent (1) and activated (2) RGLs are boxed; and
within the Ky1.1 cKO overlay quiescent (1, 3, 4, and 5) and activated (2) RGLs are boxed. Each
individual channel of the boxed areas is displayed. Scale bar, 100 um. (F) Protocol to assess long-
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term effects of Ky1.1 cKO on adult neurogenesis. Kyl.1 ¢cKO mice and Ky1.1 WT mice were
injected at 8 weeks of age with TAM for 3 consecutive days to induce Cre expression and Kcnal
deletion. At 8 weeks post-TAM, we carried out immunostaining of GFP+ RGLs. (G and H)
Quantification (cells per mm?) of adult RGLs at 8 weeks post-TAM. Quiescent RGLs (GFP+,
GFAP+, Sox2+, MCM2-) (P = 0.0391) and activated RGL (GFP+, GFAP+, Sox2+, MCM2+) (P
= (0.0158) were decreased in Ky1.1 ¢cKO mice (n = 6) compared to Ky1.1 WT mice (n = 4). (I)
Representative images of RGLs in Ky1.1 WT and K,1.1 ¢cKO mice at 8 weeks post-TAM with
merged and individual channels of GFP (red), GFAP (blue), Sox2 (cyan), and MCM2 (green) are
shown. Scale bar, 10 um. C, D, G, H: Unpaired two-tailed Student’s t-test; * P < 0.05. Data are
presented as mean + SEM.
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Figure 3.3: Loss of Ky1.1 impairs adult hippocampal neurogenesis by altering doublecortin-
expressing (DCX+) cell maturation and adult-born granule cell (abGC) positioning. (A)
Quantification (cells per mm?) of GFP+, DCX+ cells. Fewer GFP+, DCX+ cells were found in
Ky1.1 ¢cKO mice compared to Ky1.1 WT mice (P = 0.0413). (B) Quantification (cells per mm?) of
more mature GFP+, DCX+ cells with tertiary dendrites. A decrease in GFP+, DCX+ cells with
tertiary dendrites in Ky1.1 cKO mice compared to Ky1.1 WT mice was revealed (P =0.0117). (C)
Percentage of GFP+, DCX+ cells that display more mature tertiary dendrite morphology is reduced
in Ky1.1 cKO mice compared to Ky1.1 WT mice (P =0.0165). (D) Representative image of merged
and individual signals of GFP (red) and DCX (green) in the dentate gyrus of K,1.1 WT mice (left)
and Ky1.1 cKO (right) mice. Branching of DCX+ cells with tertiary dendrites are marked (arrows).
Scale bar, 25 pm. (E) Cartoon of abGC development. AbGCs migrate away from the subgranular
zone towards the molecular layer and usually position themselves within the inner two thirds of
the dentate granule cell layer (DGCL). (F) Percentage of GFP+, NeuN+ cells in outer layer of the
DGCL is diminished in Ky1.1 ¢cKO mice compared to Ky1.1 WT mice (P = 0.0330). (G)
Quantification (cells per mm?) of GFP+, NeuN+ cells. GFP+, NeuN+ cells were decreased in Ky 1.1
cKO mice compared to Ky1.1 WT mice (P = 0.0204). (H) Representative image of overlayed and
individual GFP (red) and NeuN (green) signals of the dentate gyrus from K,1.1 WT mice (left)
and K,1.1 cKO (right) mice are shown. GFP+, NeuN+ cells in the outer third of the DGCL are
marked (arrows). Scale bar, 100 pm. A—C, G—H: Ky1.1 cKO (n = 6); Ky1.1 WT (n = 4). Unpaired
two-tailed Student’s t-test; * P < 0.05. Data are presented as mean = SEM.
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Figure 3.4: MADM analysis reveals a transient increase in Ky1.1-null progeny cells in the
dentate gyrus of 2 to 3-month-old mice. (A) Schematic of MADM method [36-38] for generating
Ky1.1-null (GFP+) and K, 1.1-wiltype (tdTomato+) progeny. MADM-6 marker mice were bred to
Kcnal™ mice and Nestin-Cre mice. At G2 phase, Cre recombinase induces infrequent
interchromosomal recombination and restores functional GFP and tdTomato genes. During
chromosome segregation, equal numbers of either Kcnal”- (GFP+) and Kcnal™* (tdTomato+)
progenies, or colorless Kcnal™~ and dual color Kcnal~ (yellow) progenies are generated. Dual
color Kcnal™” (yellow) progenies can also be generated by interchromosomal recombination at
GO0/G1 phase (below). (B) Ratio of GFP+ to tdTomato+ cells in Nestin-Cre; Kcnal-; MADM-6
and Nestin-Cre; Kcnal™"; MADM-6 control mice at 1-month-old, 2 to 3-month-old, and 6 to 13-
month-old. The ratio of Kyl.1-null (GFP+) to K,1.1-wildtype (tdTomato+) progeny cells is
increased in 2 to 3-month-old Nestin-Cre; Kcnal*-; MADM-6 mice compared to Nestin-Cre;
Kcnal™*; MADM-6 control mice (P < 0.0001). There is no difference in the ratio of Ky1.1-null
(GFP+) to Ky1.1-wildtype (tdTomato+) progeny cells between the two genotypes at 1-month-old
and 6 to 13-month-old. Two-way ANOVA followed by Sidak’s multiple comparisons test;
genotype effect (Fi,53=6.989, P =0.0108), age effect (F2,53=10.23, P =0.0002), and genotype x
age interaction (F2, 53 = 8.159, P = 0.0008); multiple comparisons: 1-month-old (P = 0.9648), 2 to
3-month-old (P < 0.0001), and 6 to 13-month-old (P = 0.9331). (C) Representative image with
overlay and individual signals displaying Ky1.1-null progenies (GFP+, green), Ky1.1-wildtype
progenies (tdTomato+, red), and K,1.1-heterozygous (GFP+ and tdTomato+, yellow) from the
dentate gyrus of 8-month-old Nestin-Cre; Kcnal*"; MADM-6 mice. Ky 1.1-wildtype (1) and Ky1.1-
null (2) cells are marked (arrows). Scale bar, 25 pm. Nestin-Cre; MADM-6 1-month-old (n = 9);
2 to 3-month-old (n = 10); 6 to13-month-old (n = 8). Nestin-Cre; Kcnal™; MADM-6: 1-month-
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old (n = 12); 2 to 3-month-old (n = 11); 6 to 13-month-old (n = 9). ****P < (0.0001. Data are
presented as mean £ SEM. Data from 1-month-old and 2 to 3-month-old cohorts originally
published in Figure 1 of Chou et al., 2021.
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Figure 3.5: Kyl1.1 ¢cKO mice display deficits in hippocampal-dependent learning and
memory. (A) Behavior paradigm for assessing learning and memory in Ky1.1 cKO mice and Ky1.1
WT mice. TAM was injected for 5 consecutive days in ~4-month-old mice. Contextual fear
conditioning and discrimination test started at ~6.5 weeks post-TAM injection. The mice were
perfused at ~8 months of age. (B) Protocol for contextual fear conditioning. On Days 1-3, the mice
were shocked in the fear context. (C) Quantification of fear acquisition, revealing that K,1.1 cKO
mice (n = 16) froze less than Ky1.1 WT mice (n = 19) on both Day 2 and Day 3 (Day 1 (P =
0.3719), Day 2 (P =0.0339), Day 3 (P =0.0035)). (D) Protocol for contextual recall/generalization.
On Day 4, these mice were exposed to the fear context without shock in the morning and
introduced to a new shock-free neutral context in the afternoon. On Day 5, the order of the two
contexts were switched. (E and F) Quantification of freezing during Recall and Generalization. On
Day 4, both genotypes froze more in the fear context than the neutral context (K\1.1 WT (P <
0.0001), Ky1.1 cKO (P = 0.0003)). On Day 5, both genotypes froze similarly in the fear context
and neutral context (Ky1.1 WT (P =0.2849), Ky1.1 cKO (P =0.4097)). (G) Protocol for contextual
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discrimination with shock administered only in the fear context. Data from two days were averaged
to form a block. (H-I) Chart of percent freezing in the two contexts within each genotype over
time. Ky1.1 WT mice began discriminating between the two contexts by Block 3, while Ky1.1 cKO
mice did not consistently discriminate between the two contexts until Block 6. Mixed effects
analysis with the Geisser-Greenhouse correction followed by Sidak’s multiple comparisons test
between fear and neutral context for both genotypes; Ky1.1 WT: context effect (F1,36=17.34, P =
0.0002), block effect (F3.706, 133.4 = 4.774, P = 0.0017), context x block interaction (Fs,216= 5.225,
P < 0.0001); multiple comparisons: Block 1 (P = 0.2049), Block 2 (P = 0.2112), Block 3 (P =
0.0283), Block 4 (P = 0.0036), Block 5 (P = 0.0028), Block 6 (P < 0.0001), and Block 7 (P <
0.0001); Ky1.1 cKO: context effect (Fi,30= 8.839, P = 0.0058), block effect (F3.454, 103.6 = 9.590, P
< 0.0001), context x block interaction (Fg, 130=4.441, P = 0.0003); multiple comparisons: Block 1
(P =0.6384), Block 2 (P = 0.5937), Block 3 (P = 0.0696), Block 4 (P = 0.0232), Block 5 (P =
0.0614), Block 6 (P = 0.0106), and Block 7 (P = 0.0055). (J) Quantification (cells per mm?®) of
GFP+, NeuN+ cells to assess the amount of abGCs in the dentate gyrus of Ky1.1 cKO and Ky1.1
WT behavioral cohorts. Neurogenesis was decreased in Ky1.1 ¢cKO mice compared to the Ky1.1
WT mice (P=0.0431). C, E, F, and I: Unpaired two-tailed Student’s t-test with Welch’s correction;
P <0.10 indicated, * P <0.05, ** P <0.01, *** P <0.001, **** P <(.0001; Data are presented as
mean = SEM.
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Figure 3.6: Model of impaired adult neurogenesis in Ky1.1 ¢KO mice with deletion of K,1.1
from adult neural stem cells (NSCs) induced by tamoxifen (TAM) injection. (A) During early
stages of neurogenesis, Ky1.1 deletion in hippocampal NSCs enhances radial glial-like NSC (RGL)
proliferation, leading to an initial increase of RGLs at 4 weeks post-TAM (center). Over-
proliferation diminishes the RGLs’ self-renewal potential and depletes RGLs in Ky1.1 ¢cKO mice,
resulting in decreased RGLs by 8 weeks post-TAM (right). (B) In later stages of neurogenesis,
Ky1.1 cKO mice have fewer doublecortin-expressing (DCX+) cells (left), and these DCX+ cells
have deficits in development with a reduction in the percentage and amount of abGCs (abGCs)
with tertiary dendrites (center). Fewer mature abGCs (abGCs) are produced in K,1.1 cKO mice
and these abGCs are more likely to be mispositioned in the outer third of the dentate granule cell
layer (DGCL) (right). Thus, Ky1.1 plays an important role in proper abGC maturation and
integration into the DGCL and for preserving hippocampal-dependent learning and memory.
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3.8 Supplementary Figures
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Supplementary figure 3.1: Generation of Ky1.1 ¢cKO mice and validation of Kcnal gene
deletion by qPCR. (A) Strategy for cell-type specific Ky1.1 knockout with temporal control via
tamoxifen (TAM) administration. We bred Nestin-CreER™ mice, which expressed a TAM-
inducible Cre recombinase in neural stem cells (NSCs), with Kcnal/" mice and PC::G5-tdT
reporter mice to create Ky1.1 conditional knock out mice. In Kcnal"" allele, the Kcnal exon 2
coding sequence (CDS) is flanked by loxP sites and removed by TAM-activated Cre recombinase.
However, mCherry fluorescence in Kcnal™' mice was not visible even with antibody
amplification. Because Cre recombinase also allows for both tdTomato and GCaMP5G expression
in the PC::G5-tdT trangene, we quantified the expression of these markers as a proxy for Cre
expression. To establish a Ky1.1 wildtype control line, we bred Nestin-CreER™ mice and PC::G5-
tdT mice with Kcnal wildtype mice, thereby accounting for TAM exposure as well as Cre
recombinase and reporter expression. (B) Protocol for validation of Ky1.1 cKO by qPCR. We
injected 8-week-old mice with TAM for 3 consecutive days to induce Cre expression and Kcnal
deletion. After 2 weeks, we dissected out the dentate gyrus, suspended the cells, and sorted out
tdTomato+ cells for qPCR to determine if Kcnal has been deleted. (C—E) Representative image
demonstrating FACS gating strategy for isolation of tdTomato+ lineage. (C) Cells were first gated
based on forward scatter area (FSC-A) and side scatter area (SSC-A) properties to eliminate debris
(Gate A). (D) Second, cell doublets were excluded based on the area and width of the forward
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scatter area (Gate B). (E) Third, the cell population was selected based on the intensity of the
tdTomato fluorescence and LIVE/DEAD™ stain 633 nm (Gate C). In total, 0.3% of the sorted
cells were collected. (F) QPCR analysis of sorted tdTomato+ live cells. Cells were pooled, and
qPCR analysis show that Kcnal mRNA expression was decreased in the cKO mice (n = 3)
compared to Ky1.1 WT mice (n = 3) (P = 0.0001). Unpaired two-tailed Student’s t-test; *** P <
0.001. Data are presented as mean £ SEM.
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Supplementary figure 3.2: Loss of Ky1.1 function in Ky1.1 ¢KO cells. (4) Protocol for
validation of Ky1.1 ¢cKO by cell-attached patch recording. We injected 8-week-old mice with
TAM for 3 consecutive days to induce Cre expression and Kcnal deletion. After 2 weeks, we
dissected out the dentate gyrus, suspended the cells, and carried out cell-attached patch recordings
from tdTomato+ cells. (B) Representative I-V curves of Ky1.1 WT cell (left), Ky1.1 cKO cell
(center), and K 1.1 WT cells treated with Dendrotoxin-K (DTx-K, 10 nM) (right). Resting
membrane potentials for each cell type are indicated. (C) Summary of resting membrane (resting
membrane potential) measurements. TdTomato+ Ky1.1 cKO cells (n = 5) and K,1.1 WT cells
treated with DTx-K (n = 7) displayed depolarized resting membrane potential compared with
Ky1.1 WT cells (n =4). One-way ANOVA with Holm-Sidak correction for multiple comparisons;
(F2,13=20.51, P <0.0001), multiple comparisons: WT vs. cKO (P =0.0002), WT vs. DTx-K (P =
0.0002), and cKO vs. DTx-K (P = 0.4730). ***P < (0.001. Data are presented as mean + SEM.
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Supplementary figure 3.3: Deletion of Ky1.1 in adult neural stem cells (NSCs) results in a
trend towards increased early glial-like intermediate progenitor cells (Type 2a) at 4 weeks
post-tamoxifen (TAM). (A) Cell-marker expression during adult hippocampal neurogenesis.
Quiescent RGLs are GFAP+ and Sox2+ and start expressing MCM2 when they become activated.
As RGLs develop into Type 2a cells they lose their GFAP expression but remain Sox2+ and
MCM2+. Sox2 expression is lost as Type2a cells become more neuronal-like intermediate
progenitors (Type 2b). They continue to express MCM2 until they become post-mitotic
neuroblasts (Type 3). (B and C) Quantification (cells per mm?) of Type2a cells (GFP+, GFAP-,
Sox2+, MCM2+) and Type 2b/3 cells (GFP+, GFAP-, Sox2-, MCM2+) at 4 weeks post-TAM. A
trend towards statistical significance (P = 0.0680) was observed for increased Type 2a cells in
Ky1.1 cKO mice (n =7) compared to Ky1.1 WT mice (n = 5) at 4 weeks post-TAM. No difference
was noted in the amount of Type 2b cells between the two genotypes (P = 0.8418). (D)
Representative images of Type 2a and Type 2b/3 cells of Ky1.1 ¢cKO mice and Ky1.1 WT mice at
4 weeks post-TAM are shown with merged and individual expression of GFP (red), GFAP (blue),
Sox2 (cyan), and MCM2 (green). Scale bar, 10 um. (E and F) Quantification (cells per mm?) of
Type 2a (GFP+, GFAP-, Sox2+, MCM2+) and Type 2b/3 cells (GFP+, GFAP-, Sox2-, MCM2+)
at 8 weeks post-TAM. At 8 weeks post-TAM, similar amounts of Type 2a (P = 0.1391) and Type
2b/3 cells (P = 0.2686) were found in Ky1.1 ¢cKO mice (n = 6) and Ky1.1 WT mice (n = 4). (G)
Representative image of Type 2a and Type 2b/3 cells in Ky1.1 ¢cKO mice and Ky1.1 WT mice at 8
weeks post-TAM are shown with merged and individual expression of GFP (red), GFAP (blue),
Sox2 (cyan), and MCM2 (green). Scale bar, 10 um. B, C, E, F: Unpaired two-tailed Student’s t-
test; P < 0.10 indicated; Data are presented as mean + SEM.
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Supplementary figure 3.4: Ky1.1 ¢cKO mice showed no abnormality in elevated plus maze,
open field, and hot plate test. (A—C) Quantification of elevated plus maze behavioral parameters
in Ky1.1 cKO (n = 16) and K,1.1 WT mice (n = 19). No significant differences were found in
locomotor activity (total distance traveled (P = 0.2652)), exploration of the open arms (percent
time on open arm (P = 0.1079), percent time on closed arm (P = 0.3838), open arm entries (P =
0.1826), or closed arm entries (P = 0.4879). (D-I) Quantification of open field test behavioral
parameters in Ky1.1 ¢cKO and Ky1.1 WT mice. No significant differences were seen in locomotor
activity (total movement (P = 0.8644), total movement over time between genotype (P = 0.8606),
ambulatory movement (P = 0.8704), fine movement (P = 0.8435)), baseline anxiety (center/total
movement (P = 0.3979)), or exploratory activity (rearing (P = 0.7873)). (J) Quantification of pain
sensitivity via hotplate test in Kyl.1 ¢cKO and Kvl.1 WT mice. Similar pain sensitivity, as
measured by hind paw withdrawal latency (P = 0.3763) was observed. A, D, F, G, and J: Unpaired
two-tailed Student’s t-test with Welch’s correction; B and C: Unpaired two-tailed Student’s t-test
with Welch’s correction comparing genotypes for both open and closed arms E: Two-way repeated
measures ANOVA with the Geisser-Greenhouse correction; I: Unpaired two-tailed Mann Whitney
U-test; Data are presented as mean + SEM.
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