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SUMMARY

Both inhibitory and excitatory neurotransmitter receptors can influence maturation and survival
of adult-born neurons in the dentate gyrus; nevertheless, how these two neurotransmitter systems
affect integration of new neurons into the existing circuitry is still not fully characterized. Here,
we demonstrate that glutamate receptors of the kainate receptor (KAR) subfamily are expressed
in adult-born dentate granule cells (abDGCs) and that, through their interaction with GABAergic
signaling mechanisms, they alter the functional properties of adult-born cells during a critical
period of their development. Both the intrinsic properties and synaptic connectivity of young
abDGCs were affected. Timed KAR loss in a cohort of young adult-born neurons in mice
disrupted their performance in a spatial discrimination task but not in a hippocampal-dependent
fear conditioning task. Together, these results demonstrate the importance of KARs in the proper
functional development of young abDGCs.

In brief

Zhu et al. record from birth-dated, adult-born granule cells in the hippocampus to determine how
their properties are affected by KARs. Both the synaptic and intrinsic membrane properties are
disrupted during a short developmental window, and mice with a loss of KARs in young neurons
have impairments in spatial discrimination.
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INTRODUCTION

Adult neurogenesis in the mammalian hippocampus is a structural, circuit-level brain
plasticity that is mediated by the continuous generation of newborn dentate granule cells
(DGCs) in the neurogenic niche in the subgranular zone (SGZ) and their incorporation into
the existing hippocampal network (Gage, 2019; Ming and Song, 2011). Adult neurogenesis
has been described in many mammalian species, including humans (Kempermann et al.,
2018), and persists throughout life, although it is much more robust in younger brains
(Kuhn et al., 1996; Moreno-Jiménez et al., 2019) and is influenced by both activity (van
Praag et al., 1999) and environment (Kempermann et al., 1997). Previous studies have
demonstrated that these adult-born dentate granule cells (abDGCs) have privileged roles in
many hippocampal-dependent processes, including memory formation (Shors et al., 2001),
consolidation (Kumar et al., 2020), and retrieval (Gu et al., 2012), pattern separation
(Nakashiba et al., 2012; Sahay et al., 2011), as well as anti-depressive-like behaviors in
rodents (Tunc-Ozcan et al., 2019). AbDGCs exhibit similar differentiation stages compared
with developmentally born neurons (Esposito et al., 2005), and they eventually become
functionally indistinguishable from the mature DGC population (Laplagne et al., 2006;

van Praag et al., 2002). However, as abDGCs develop, they go through distinct phases of
maturity that make them functionally separate from the surrounding mature DGCs. For
example, immature DGCs exhibit elevated excitability and plasticity compared with mature
DGCs during a critical time window (Ge et al., 2007; Schmidt-Hieber et al., 2004). They
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also form inhibitory and excitatory synaptic connections as they mature, and both their
intrinsic properties and the strength of their synaptic innervation (Dieni et al., 2013a, 2016)
are important for their engagement in the hippocampal circuit that potentially provides
unique contributions to the function of the adult hippocampus (Tuncdemir et al., 2019).
Thus, the mechanisms that control the duration of abDGC immaturity can influence their
functional properties and, in turn, their effect on hippocampal circuit function.

Maturation of adult-born neurons has been demonstrated to be activity dependent and can
be regulated by both intrinsic excitability and network activity. For example, manipulations
that increase or decrease the intrinsic excitability of abDGCs can result in their accelerated
or delayed maturation, respectively (Piatti et al., 2011; Sim et al., 2013). Network activity
in the hippocampal environment is sensed by maturing abDGCs through its developing
synaptic connectivity, and both GABA and glutamate signaling have important roles in
regulating the maturation of newborn neurons. AbDGCs initially receive GABAergic

input, which, up to around 2 weeks after differentiation, is depolarizing because of a
relatively high internal cellular chloride ([Cl7]int) concentration (Dieni et al., 2013b; Ge

et al., 2006). Disruption of this early depolarizing GABA signaling by targeting the
chloride transporters, which regulate intracellular chloride homeostasis, delays the dendritic
maturation of abDGCs (Ge et al., 2006). Depolarizing GABA in abDGCs is also required
for unsilencing of N-methyl d-aspartate receptor (NMDAR)-only synapses (Chancey et al.,
2013), whereas NMDAR signaling increases the survival rate of abDGCs and regulates
dendritic morphology (Mu et al., 2015; Tashiro et al., 2006a). Little is known about

the role of non-NMDA receptors, especially kainate receptors (KARS), in any of the
aspects of neurogenesis in the adult dentate gyrus. KARs are of particular interest because
they have multiple roles in synaptic and neuronal development in developmentally born
neurons (Jack et al., 2019; Lauri et al., 2006; Orav et al., 2017; Sakha et al., 2016).

In particular, it has been demonstrated that the functional and morphological maturation

of mossy fiber synapses formed by developmentally born granule cells is delayed in
GluK2~/~ mice (Lanore et al., 2012). Moreover, antagonists of KARs applied to neuroblasts
in the subventricular zone increase their migration speed (Platel et al., 2008), and low
concentrations of non-NMDA receptor agonists increase proliferation and differentiation

of neural progenitors in the hippocampus (Pérez-Gémez and Tasker, 2012). In addition,
behavioral studies in KAR-mutant mice have demonstrated a disruption in affective-like
behaviors (Aller et al., 2015; Catches et al., 2012), which can also be correlated with altered
adult hippocampal neurogenesis (Anacker et al., 2018; Snyder et al., 2011). Given that,

we tested whether KARs have functional roles in abDGCs in the hippocampus. We found
that KARs are expressed in young abDGCs with the GluK2 KAR subunit the principal
obligatory subunit. Single-cell knockout of GluK2 and retroviral birth-dating of abDGCs
were used to determine the functional properties of abDGCs at early maturation time points.
Both the intrinsic neuronal properties and synaptic connectivity during an early critical
postmitotic period suggested that the functional development of abDGCs was accelerated in
the absence of KARs, because of an effect on the GABA reversal potential in developing
newborn neurons. Using an inducible strategy to time the knockout of GIuK2 in a cohort of
abDGCs, we found that loss of GluK2 in young neurons during this critical period caused
deficits in mice in tests that require spatial discrimination but no major disruption in a
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conditioned-fear test. These results demonstrate a previously unknown role for KARs in
regulating the functional properties of abDGCs during a critical period in their development,
which further exemplifies the importance of KARs to hippocampal function.

Young abDGCs display KAR-mediated currents

To follow the development and maturation of abDGCs we used a retroviral labeling strategy
which allows dividing cells in the SGZ to be selectively labeled and accurately birth-dated
(Tashiro et al., 2006b). Injection into the SGZ of a retrovirus packaged with GFP (RV-GFP)
or red fluorescent protein (RFP; RV-RFP) or GFP-IRES-Cre (RV-GFPCre) under a CAG
promoter resulted in fluorescent birth-dated abDGCs that could be visualized and targeted
for patch clamp recordings at various days post-injection (dpi) in acute slices (Figures 1A
and 1B) (Tashiro et al., 2006a, 2006b). KAR subunits are amply expressed in the dentate
gyrus (Bureau et al., 1999) but as in many other neuronal types they are not localized

and available at synapses under normal conditions (Epsztein et al., 2005). However, it is
not known whether newly generated DGCs also express KARs during early postmitotic
development. We first determined that KAR-mediated currents are present on developing
abDGCs in wild-type mice by recording from virally labeled neurons in the dentate and
applying the KAR agonist domoate (10 pM) in the presence of antagonists of AMPA (GYKI
52466, 50 uM), NMDA (D-APV, 50 uM), and GABA (bicuculline, 10 uM) receptors. We
found that domoate elicited a small KAR-mediated current in most of the recordings from
14 dpi labeled abDGCs and increasingly larger currents in almost all 21 dpi and 28 dpi
labeled abDGCs (Figure 1C). In comparison, domoate-induced currents were completely
eliminated in all recorded neurons (21-28 dpi) in constitutive GluK2~/~ (knockout [KO])
mice indicating that the GIuK2 subunit is the primary obligatory KAR subunit expressed

in abDGCs (Figures 1C and 1D). In line with that, we also found that, in recordings from
abDGCs in mice in which the auxiliary KAR subunit GluK4 is ablated (Catches et al.,
2012; Fernandes et al., 2009), there was no difference in the amplitude of the domoate
elicited current (GluK4 KO 21 dpi: 28.9 + 7.1 pA, n = 10; wild type [WT] 21 dpi: 27.4

+ 6.5 pA, n =9). To determine whether a conditional KO strategy for GluK2 would,
likewise, eliminate KAR-mediated currents selectively in birth-dated abDGCs, we injected
RV-RFP and RV-GFPCre retroviruses into the SGZ of each hemisphere in floxed Grik2
(GrikXIf) mice (Marshall et al., 2018) to compare both GluK2 cKO (RV-GFPCre) and
control (RV-RFP) abDGCs (Figures 1A and 1B). We recorded domoate-induced currents
and validated that RV-mediated transduction caused the specific ablation of functional KARs
in Cre-expressing GFP* abDGCs at all the analyzed time points: 14, 21, 28, and 42 dpi
(Figures 1E and 1F). In recordings from unlabeled DGCs located distal to the SGZ in the
GC layer, we observed domoate-induced currents of similar amplitude to those in 42 dpi
abDGCs (Figure 1E). Taken together, these results demonstrate that KARs that contain the
GluK2 subunit are expressed during early postmitotic development of abDGCs in the adult
hippocampus.
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Passive and active membrane properties of young abDGCs during an early critical period
are disrupted by ablation of GluK2

To determine whether loss of KARs affects abDGC properties, we measured several
morpho-functional parameters of maturation in GIluK2 conditional KO (cKO) neurons
during a critical period for their development at 14-42 dpi (Ge et al., 2007; Tashiro et

al., 2007). As demonstrated previously (Mongiat et al., 2009), young neurons possess high
input resistance (Rjn), which decreased as they matured over time (Figure 2A). However, we
found that the R, of GIuK2 cKO abDGCs was significantly lower in 21 dpi, young abDGCs
in comparison to the control neurons (Figure 2A). In recordings from birth-dated abDGCs
in constitutive GluK2 KO mice, we saw an even more-pronounced effect with significantly
lower Rj, of GIuK2 KO neurons at both 21 dpi and 28 dpi (Figure S1A), demonstrating
that this cell-autonomous effect of the loss of GIuK2 is reproducible across different KO
models. The Rj, of developing abDGCs is a prime indicator of the maturity of the neurons
(Schmidt-Hieber et al., 2004; Trinchero et al., 2019); thus, the lower R;j, measured in 21 dpi
GluK2 cKO abDGCs demonstrates that, surprisingly, loss of GIuK2 results in abDGCs with
the intrinsic property of more mature, newborn neurons. In constitutive GluK2 KO mice,
we also measured the resting membrane potential (RMP) of abDGCs, which became more
hyperpolarized at increasing postmitotic times, but we did not observe a genotype-dependent
effect on this parameter (Figure S1B). Newborn neurons also mature in their ability to

fire repetitive action potentials (APs) when their intrinsic conductance changes during
development. We, therefore, measured the AP firing capacity of birth-dated abDGCs in
response to supra-threshold, current-step injections. In particular, at 21 dpi, GluK2 cKO
neurons supported the firing of more APs in response to increasing current, whereas control
neurons of the same postmitotic age fired only approximately five APs, on average, at

the highest current injection (Figures 2C and 2D). This effect on AP firing properties was
pronounced at 21 dpi, and no difference was observed in more mature neurons at 28 dpi
(Figures 2E and 2F). This also correlated with a difference in the measured rheobase in
cKO neurons at 21 dpi (Figure 2B). Elevated firing is surprising given the lower R;, of 21
dpi GluK2 cKO abDGCs compared with controls but likely reflects the elevated expression
of sodium and potassium conductance that young abDGCs display during later stages of
their development (Esposito et al., 2005). Consistent with these findings in cKO neurons,
birth-dated abDGCs recorded in constitutive GluK2 KO mice also had the same altered AP
response to current injection during this early critical period (Figures SIC-S1E).

As a measure of the morphological development of abDGCs, the total dendritic length was
measured at several postmitotic time points in both constitutive GluK2 KO mice and cKO
neurons. There was a clear increase in dendritic length in abDGCs between 14 dpi and at
later postmitotic times, with a marked increase between 14 dpi and 21 dpi (Figure 3B).
However, there was no difference in total dendritic length when GluK2 was ablated (cKO,
Figures 3A and 3B; GluK2 KO, Figures S2A-S2C) or in the number of branch points
(Figures 3C and S2D). As an alternate measure of morphological transformation of maturing
abDGCs, we also classified the localization of neurons in the SGZ and GC layers (Esposito
et al., 2005). To label neurons and time the ablation of GIuK2 in a larger population of
abDGCs, we used a genetic strategy involving the use of the tamoxifen (TAM)-inducible
Ascl1CreERT2 moyse (Yang et al., 2015) crossed to the Ai9 allele (AsclitdTom) and
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GluK2f/f alleles (Ascl1cKO). Quantifying the localization of tdTom-labeled neurons in the
SGZ and three radially spaced zones of the GC layers (Z1 to Z3) (Figure 3E) (Espdsito

et al., 2005) in Ascl1tdTom and Ascl1cKO mice indicated there was no difference in the
localization of abDGCs 21 days after TAM administration in the cohort with GluK2 ablated
(Figures 3D and 3E). In addition, the percentage of tdTom* neurons that were positive for
doublecortin (DCX), a marker for young abDGCs (Brown et al., 2003) was not different in
AsclltdTom and Ascl1cKO mice (Figures 3D and 3F).

Taken together, ablation of GluK2 has a cell-autonomous effect on the development of the
functional, intrinsic properties of young newborn abDGCs and results in more-mature AP
firing properties during a short postmitotic time window 3 weeks after birth. Conversely,
there was no observed effect at 21 dpi on the morphological properties that mature in tandem
with the electro physiological properties of abDGCs. This apparent selective effect on

the functional properties suggests that GluK2-containing KARs normally regulate abDGC
functional maturation during an early developmental period.

GABAergic synaptic events are elevated in 21 dpi GluK2 cKO abDGCs

Because the intrinsic and AP firing properties of abDGCs are altered after GluK2 KO
during the period when synaptic connections are being formed (Ge et al., 2006), we
determined the consequences of GIuK?2 ablation on abDGC integration into the circuit by
recording GABAergic and glutamatergic postsynaptic events in both GluK2 KO mice and
GluK2 cKO adult-born neurons. Recordings from 21 dpi neurons demonstrated that there
was no difference in the frequency or amplitude of spontaneous excitatory postsynaptic
currents (SEPSCs) either in GluK2 KO mice or in GluK2 cKO abDGCs (Figure S3). In
separate recordings of inhibitory synaptic events, the frequency of spontaneous inhibitory
postsynaptic currents (SIPSCs) was elevated in 21 dpi GluK2 cKO abDGCs; no difference
was observed in sIPSC frequency in 28 dpi or older cKO abDGCs (Figures 4A and 4C).
Analysis of the amplitudes of sIPSCs demonstrated there was also an increase in the

mean sIPSC amplitude in cKO neurons specifically at 21 dpi but not at other times after
injection (Figures 4B and 4C). Cumulative probability plots of sIPSC inter-event interval
and amplitude also confirmed that 21 dpi GluK2 cKO abDGCs had elevated numbers of
SIPSC events as well as larger sIPSC amplitudes than control abDGCs had (Figures 4D and
4E). A similar increase in sIPSC frequency was also found in birth-dated 21 dpi abDGCs in
recordings from GluK2 KO mice (Figures S4A and S4C). Together these data demonstrate
that there is a specific increase in spontaneous inhibitory events in 21 dpi abDGCs that is
likely due to an increase in the number of inhibitory synaptic contacts made onto GluK2
cKO neurons at a critical period of development. The efficacy of individual synapses was
not affected, and there was no clear increase in release probability of inhibitory synapses as
measured by mIPSC frequency at 21 dpi (data not shown).

GluK2 cKO abDGCs demonstrate a more depolarized Egaga at 21 dpi

Our findings to this point are consistent with altered functional properties of 21 dpi abDGCs
during a critical time of development, suggesting that GluK2 KARs in abDGCs have a
powerful role in the development of newborn neurons. One way that GluK2 may affect
abDGC maturation is through its known effects on GABA, which, in turn, can have a
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trophic effect on abDGCs (Catavero et al., 2018; Ge et al., 2006). During early development
of abDGCs, GABA is depolarizing because of the relatively high intracellular chloride
concentration [Cl7]int, which results in a depolarized reversal potential for GABA (Egapa)
(Ge et al., 2006). [Cl ]int is developmentally regulated by the CI~ cotransporters, and
disrupting CI~ homeostasis in abDGCs alters formation of its synaptic connections (Ge

et al., 2006). KARs can exist in a complex with the K*-CI~ cotransporter KCC2, and

loss of KARs from this complex in hippocampal neurons leads to a reduction in KCC2
surface expression and a depolarization of Egaga (Mahadevan et al., 2014). Therefore,

we asked whether loss of GluK2 could potentially disrupt CI~ homeostasis and result in a
more depolarized Egapa in developing abDGCs. Gramicidin perforated patch recordings
were used to measure GABA-evoked currents in abDGCs at 14, 21, and 28 dpi, when
EgaBa IS progressively maturing to more hyperpolarized values (Ge et al., 2006). In control
recordings (RV-RFP), there was a significant shift in £gapa to more hyperpolarized values
between 14 dpi and 21 dpi (Figure 5C). However, in GluK2 cKO neurons, Egapa remained
depolarized at 21 dpi and was significantly depolarized compared with recordings from
control abDGCs (Figures 5). Similar perforated patch recordings of GABA currents from
GluK2 KO mice demonstrated that, in 21 dpi, birth-dated abDGCs, Egapa Was consistently
more depolarized than in recordings from WT neurons (Figure S5). In both the cKO and
constitutive GluK2 KO mice, Egapa recorded from 28 dpi abDGCs was normal (Figures 5C
and S5B). Together these data demonstrate that, during an early critical period of abDGC
development, GIuK2 receptors are required for the normal hyperpolarizing switch in Egaga
that occurs between 14 dpi and 21 dpi, at a time when NKCC1 and KCC2 expression is
changing reciprocally (Ge et al., 2006) and when synaptic input to abDGCs switches from
primarily GABAergic to supporting both excitatory and inhibitory synapses (Esposito et al.,
2005).

Spatial discrimination is impaired 21 days after cKO of GluK2 in abDGCs

Young abDGC:s are thought to have privileged roles in the hippocampus, stemming from the
unique and evolving functional properties that make them particularly important for certain
cognitive tasks (Gongalves et al., 2016). In particular, tasks that require discrimination

of similar objects or situations are proposed to involve the activity of abDGCs (Johnston

et al., 2016; Nakashiba et al., 2012), and ablation of abDGCs can impair mice in tasks

that require discrimination of similar patterns (Clelland et al., 2009). In contrast, ablation

of GIuK2 in abDGCs produces a relatively specific change in the functional properties

of abDGCs during a brief window in their development. To determine whether GluK2

KO in abDGCs affects relevant hippocampal-dependent behaviors, we investigated the
consequences of specifically ablating GluK2 receptors in a cohort of abDGCs. We crossed
the TAM-inducible Ascl1CeERT2 mice with the GrikZF/f mice to time the ablation of

GluK2 restricted to a cohort of abDGCs (Yang et al., 2015). Because Cre recombinase

is activated by TAM in both type 1 and type 2 cells in the neurogenic niche, it has been
predicted that recombination occurs in a large population of neurons generated at the time
of TAM administration (derived from type 2 fast amplifying progenitors), followed by
recombination in younger cohorts (derived from the type 1 slowly dividing stem cells) (Yang
et al., 2015). Therefore, for TAM administration started 21 days before behavioral analysis,
GluK2 Ascl1cKO occurred in 21-day-old and younger postmitotic abDGCs (Figure 6A).
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Ascl1CreERT2 mice crossed to reporter mice had clear labeling of abDGCs, which were
largely distributed in L1 of the GC layer, with some neurons showing clear morphology of
young abDGCs (Figure 6B). Cell counts did not demonstrate any difference in the number
of labeled neurons between AsclltdTom and Ascl1cKO mice (Figure 6C). Exploratory
behavior of mice was analyzed in a task in which they discriminate between novel and
familiar spatial locations to determine whether cKO of GluK2 in that cohort of abDGCs
affects their performance. Prior work has established that spatial discrimination in mice

is dependent upon the DG and that manipulation of adult neurogenesis disrupts spatial
discrimination (Castillon et al., 2018; Clelland et al., 2009; Goodman et al., 2010; Laszczyk
etal., 2017; Marschallinger et al., 2015). Mice were habituated for 3 consecutive days
before training on the first day of the test (object location memory [OLM] training), which
occurred 21 days after TAM induction (Figure 6A). During OLM training, mice explored for
a 10-min period, at will, in a chamber in which two identical objects were placed at two set
locations (Figure 6D). Mice were returned to the chamber 24 h after OLM training for OLM
testing. During OLM testing, the location of one of the objects was moved to a new position,
and mice were allowed to freely explore in the same chamber during a 5-min session
(Figure 6E). The discrimination index was calculated to reflect the exploratory preference
of the mice for the novel object location. Although control mice (Ascl1tdTom) had a clear
preference for the object moved to a new location, mice in which GluK2 had been ablated
in the 21-day-old and younger cohort of abDGCs (Ascl1cKO) demonstrated no preference
(Figure 6F). The total exploration time for both object locations during training and testing
sessions (Figures 6G and 6H), as well as the total distance traveled during OLM testing
(Figure 61) were the same between Ascl1tdTom and Ascl1cKO animals

In a further test of whether there were more general disruptions in behaviors that require
hippocampal activity but not specifically the DG or abDGCs, we tested mice in trace fear
conditioning (Chowdhury et al., 2005). On day 21-23 after TAM induction, mice were
conditioned with three pairings of a conditioned stimulus (CS; tone) and an unconditioned
stimulus (US; foot shock) (Figures S6A and S6B). On the subsequent day, mice were tested
for contextual fear in the same chamber and separately for CS freezing in a novel context
(Figure S6C). In each case, there was no difference in freezing behaviors either during
acquisition or testing, suggesting that cKO of GIuK2 in a cohort of young abDGCs does not
have a general effect on hippocampal-dependent memory tasks.

DISCUSSION

How abDGCs develop and integrate into the hippocampal network is of considerable interest
because there are numerous studies that have demonstrated that young adult-born neurons
have unique functional properties that imbue them with distinct roles in hippocampal
function (Gongalves et al., 2016). Neuronal activity driven through the action of the
neurotransmitters GABA and glutamate are of primary relevance to the maturation of
postmitotic neurons in the DG (Chancey et al., 2013; Duveau et al., 2011; Ge et al., 2006;
Piatti et al., 2011; Toni and Schinder, 2015). AbDGCs are initially innervated by GABA
inputs during the first and second postmitotic week (Espésito et al., 2005; Groisman et al.,
2020; Remmers et al., 2020), with glutamatergic synapses developing later at around the
fourth postmitotic week (Esposito et al., 2005). GABA also has a non-synaptic role with a
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prominent tonic GABAAR current found in newly differentiated neurons (Ge et al., 2006) as
well as in neural stem cells (Song et al., 2012). Importantly, as with developmentally born
neurons, abDGCs undergo a period during an early postmitotic stage in which the reversal
potential for GABA is relatively depolarized and activation of GABAARS can potentially
depolarize abDGCs (Chancey et al., 2013; Ge et al., 2006). Selective knockdown of the
CI™ transporter NKCC1 in abDGCs results in a disruption of [CI7];nT homeostasis and
disrupted synapse formation and dendritic growth (Ge et al., 2006). Depolarizing GABA
is also critical to experience-dependent NMDAR-mediated synaptic plasticity mechanisms
in abDGCs by providing the membrane depolarization required for easing Mg2* block at
NMDAR-only synapses (Chancey et al., 2013). Therefore, as in other developing neurons,
there is an important interplay between GABA and glutamatergic signaling in developing
abDGCs.

Here, we focused on the potential role that KARs may have in abDGCs. KARs are a distinct
family of glutamate receptors, whose functions are both diverse and not fully realized (Carta
et al., 2014; Lerma and Marques, 2013). They are primarily ionotropic receptors but can also
signal through metabotropic signaling pathways at both pre- and postsynaptic sites. KARs
are present in most cell types in the hippocampus but are surprisingly rare at postsynaptic
sites. In the DG, the GluK2 KAR subunit is expressed at high levels, likely existing in a
heteromeric complex with the high-affinity subunits (Bureau et al., 1999), and presynaptic
KARs have been well characterized on the DG axons and presynaptic terminals (Contractor
etal., 2000, 2001; Lauri et al., 2001; Schmitz et al., 2001). Prior work has demonstrated
that the development of the DG mossy fiber axon to CA3 connection is delayed in GluK2
KO mice, establishing the importance of KARs to normal hippocampal circuit development
(Lanore et al., 2012). Although there are KARs on the somatodendritic membrane of mature
DGCs, KARs are not present at postsynaptic sites under normal conditions (Epsztein et al.,
2005). There has been no prior work on KARs on abDGCs, and it was unknown whether
and when they are present in early postmitotic developing abDGCs. Functional KARs were
previously described in DCX* neurablasts in the lateral ventricle (Platel et al., 2008). Using
birth-dating and labeling of developing abDGCs, we found that KARs containing the GluK2
subunit are functionally expressed by abDGCs at early postmitotic times. This raised an
important question about their roles, given that they are present at times when there are no,
or very sparse, glutamatergic synapses present on abDGCs, and moreover, KARs are not
localized to synaptic sites. We adopted a conditional single-cell KO approach to birth date
and record from cKO neurons. We also recorded from birth-dated abDGCs in a constitutive
KO mouse model. Surprisingly, we found multiple functional consequences of the loss of
GluK2 at the earliest postmitotic time points during what has been defined as a critical
period for development of abDGCs (Chancey et al., 2013; Kitamura et al., 2010; Tashiro et
al., 2007). Specifically, at 21 dpi, the R, of GluK2 cKO abDGCs was significantly lower
and was more consistent with neurons of later postmitotic times. In line with functionally
more-mature newborn neurons, 21 dpi cKO abDGCs responded to current injection with
increased AP firing compared with WT neurons. Synaptic measures also strongly suggested
that the 21 dpi abDGCs with GluK?2 ablated had a more mature functional profile with
increased frequency and elevated amplitude of sIPSCs. Although functional measures of
intrinsic and synaptic properties suggested a more mature profile for KO abDGCs, there
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was no correlated change in morphological parameters that are also measures of maturation.
Given these specific alterations in the functional maturation of abDGCs, it is interesting to
note that they seem to be separable from dendritic development, in that the disruption of one
does not correlate with changes in the other.

Our study led us to examine the maturation of Egaga in GluK2 cKO abDGCs. Both
developmentally born and adult-born neurons are subject to trophic effects of shifts in the
GABA reversal potential as the neurons mature. In abDGCs, the transition from a relatively
depolarized Egapa to @ more hyperpolarized mature value of Egapa Occurs between 14
dpi and 21 dpi (Ge et al., 2006). Importantly, the GluK2 receptor subunit exists in a
complex with the CI~ extruder KCC2, which maintains lower [CI7]jnT as neurons develop
(Mahadevan et al., 2014). GIluK2 increases the abundance of surface KCC2 (Pressey et al.,
2017) and affects the maturation of spines in developmentally born hippocampal neurons
(Kesaf et al., 2020). We found that, in GluK2 cKO abDGCs, the normal developmental
switch from depolarizing to hyperpolarizing Egapa is delayed, such that, at 21 dpi, Egaga
is still depolarized. A similar result was observed in birth-dated abDGCs in GluK2 KO
mice. These data demonstrate that loss of KARs in abDGCs affects the GABA polarity
switch during a critical time window when the abDGCs are maturing. This action of KARs
in regulating the expression of KCC2 may be the prominent role they play in developing
neurons, which have few or sparse glutamatergic inputs and also which, in many cases,
never localize KARSs to synapses at which they can be activated by synaptically released
glutamate. As such, it is possible that a primary role that KARs have in abDGCs is as a
non-canonical partner of the CI™ transporter (Mahadevan et al., 2014).

Young abDGCs are of special importance to hippocampal circuits and have been proposed
to have a large effect on behaviors involving the hippocampus. Newborn neurons have

a particularly important role in behaviors during the critical period soon after they make
contacts with other components of the DG-CA3 microcircuit. AbDGCs form functional
output synapses with CA3 as early as 2 weeks postmitotic, and those connections fully
mature between 21 and 28 dpi (Gu et al., 2012). It is also during the 3—4 postmitotic weeks
that abDGCs are active during hippocampal-dependent learning tasks, and reversible optical
silencing of 4-week-old neurons disrupts memory retrieval (Gu et al., 2012). Because loss
of KARs has a selective effect on the functional properties of abDGCs during this critical
time window, we tested whether conditional disruption of GluK2 affected behavior of mice.
It is possible that the functional changes in abDGCs during this time cause cumulative
effects because neurons with altered properties are continuously added to the network,
producing a more dramatic change to the circuit. To ablate GIuK2 in a large cohort of
abDGCs, we used the Ascl1C®ERT2 mice, which allowed us to temporally and spatially
restrict KO of GluK2 to the adult SGZ. Although this provided the advantage of a broader
KO of GluK2, the temporal precision is less than that achieved with a retroviral approach,
giving a wider range of postmitotic ages of abDGC in which GIuK2 is ablated (Yang et

al., 2015). We tested mice in which cKO of GIuK2 had been initiated 21 days preceding

a spontaneous spatial discrimination task (Dix and Aggleton, 1999). In the testing phase,
the level of discrimination was significantly reduced in GluK2 cKO mice. Although it

will take future studies to fully understand how the altered cellular properties of cKO
abDGCs affect behavior, possibilities include that there is a delay in the downstream
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connectivity to hilar and CAS3 targets (Lanore et al., 2012) and also that the altered GABA
reversal potential leads to increased, nonspecific activity of abDGCs, which might disrupt
relevant behaviors. We also tested mice in a trace fear conditioning task, which requires
involvement of hippocampal circuitry, and found no difference in the cKO mice during
either acquisition or recall of fear memory. Together, these results suggest that disruption of
the normal functional properties of developing abDGCs leads to selective effects on a spatial
discrimination behavior but leaves other behaviors that require uncompromised functioning
of the hippocampal circuits unaffected.

The roles that KARs have in circuit development and function are still not fully appreciated.
This description of their roles in abDGCs during a critical time window in their development
provides another important facet of their contribution to hippocampal function.

STARXMETHODS
RESOURCE AVAILABILITY

Lead contact—*Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Anis Contractor (a-
contractor@northwestern.edu)

Materials availability—Mouse lines generated in this study are available by direct
distribution after completion of a standard MTA.

Data and code availability—All data reported in this paper will be shared by the lead
contact upon request.

This paper does not report original code.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals—All animal care and procedures were approved by and conducted in accordance
with the Northwestern University Institutional Animal Care and Use Committee (IACUC).
Mice of the same sex were group-housed with a 14 h/10 h light/dark cycle. Ascl1C¢ERT2
mice were purchased from the Jackson Laboratory, and crossed with our GrikZf/f; Ai9
(C57BL/6) mice (Marshall et al., 2018) to generate conditional knockout of kainate receptor
subunit GluK?2 in abDGCs upon tamoxifen administration. GluK2 KO mice were bred in
house from animals supplied originally from Stephen Heinemann (The Salk Institute) (Mulle
et al., 1998). Animals aged between 8-10 weeks of both sexes were used in experiments.

Cell lines—GP2-293 cells (a gift from Dr. John Kessler, Northwestern University,
Chicago, IL) were stored in frozen aliquots and thawed and propagated in 10 cm plates
before use in viral production. Cells were grown in GP2-293 media consisting of DMEM
with high glucose, L-glutamine, sodium pyruvate, penicillin/streptomycin, and 10% FBS.
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Plates were incubated at 37°C in 5% CO» until cells reached 70% confluency for passage
and 90%-95% confluency for transfection as below.

METHOD DETAILS

Retroviral birth-dating—Concentrated Moloney Murine Leukemia Virus-based retroviral
vectors were prepared as described (Remmers et al., 2020; Remmers and Contractor,

2018; Tashiro et al., 2006b). Briefly, GP2-293 cells were co-transfected with VSVG and
CAG-GFP-IRES-CRE (Addgene plasmid # 48201), CAG-RFP, or CAG-GFP (gifts from
Dr. Fred Gage, Salk Institute, La Jolla, CA) using Lipofectamine 2000 in Opti-MEM.

3 and 6 days after transfection, growth media containing retrovirus from the transfected
cells was collected, filtered, and centrifuged at 25,000 rpm for 2-2.5 hours at 4°C. The
precipitated viral pellet was re-suspended in phosphate-buffered saline (PBS), aliquoted,
and stored at —80°C until further use. To label and birthdate abDGCs, 0.5-1.5 pL of the
concentrated retroviral solution was delivered bilaterally to the subgranular zone (SGZ)

of 8-10 weeks old mice via stereotaxic injection under ketamine/xylazine anesthesia as
previously described (Remmers and Contractor, 2018). The following injection coordinates
from bregma (in millimeters) were used: —2.0 anteroposterior, + 1.6 mediolateral, and -2.4
dorsoventral.

Hippocampal slice electrophysiology—Mice were anesthetized with isoflurane
followed by ketamine/xylazine, then rapid cardiac perfusion was performed using ice-cold
sucrose artificial cerebrospinal fluid (ACSF) containing the following (in mM): 85 NaCl,
2.5 KCl, 1.25 NaH,PQOy4, 25 NaHCOg3, 25 glucose, 75 sucrose, 0.5 CaCl,, and 4 MgCl,,
equilibrated with 95% O,/5% CO, before mice were decapitated. Brains were rapidly
removed and placed in the same ice-cold sucrose ACSF as described above. Coronal
hippocampal slices (250 mm thick) were prepared using a Leica VT1000S or VT1200

S vibratome and transferred to a heated (28—-32°C) holding chamber containing the same
sucrose ACSF, which was gradually exchanged for regular ACSF containing the following
(inmM): 125 NaCl, 2.5 KCl, 1.25 NaH,PQy, 25 NaHCOs3, 25 glucose, 2 CaCl,, and 1
MgCl,, equilibrated with 95% O,/5% CO, at room temperature. After incubation in regular
ACSF for at least one hour, slices were transferred to a recording chamber and perfused
continuously with oxygenated regular ACSF at a flow rate of 2 ml/min. The dentate gyrus
was visualized under DIC optics and retrovirus-labeled abDGCs were identified based on
GFP or RFP reporter fluorescence.

Recording electrodes were made from borosilicate glass pipettes and had a resistance of
3.5-6.5 MQ when filled with an internal solution containing the following (in mM): 130
K-gluconate, 10 KCI, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, and 10 NayPhosphocreatine, pH
adjusted to 7.3 with KOH. Input resistances were determined in whole-cell voltage-clamp
mode by holding cells at =70 mV and presenting a —=5 mV hyperpolarizing voltage step with
a duration of 100 ms. For recordings from “mature DGCs” unlabeled cells residing in the
inner two thirds of the GCL were sampled. Resting membrane potentials were measured

in current-clamp mode at least 5 minutes after formation of the whole-cell recording
configuration. Input-output (1/O) relationship was generated by injecting various amount

of current to hold each cell’s membrane potential close to =70 mV while further injecting
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0-100 pA current in 10 pA increments and counting spike number in response to each
current step.

For domoate (Dom)-induced current and postsynaptic current recordings, the internal
solution contained (in mM): 95 CsF, 25 CsCl, 10 HEPES, 10 EGTA, 2 NaCl, 2 Mg-ATP,

10 QX-314, 5 TEA-CI, and 5 4AP, pH adjusted to 7.3 with CsOH, 280-290 mOsm. Kainate
receptor mediated currents were induced by bath application of 10 uM Dom in the presence
of 10 uM bicuculline, 50 uM GYKI, and 50 uM D-APV; or 1 UM Dom in the presence

of 10 pM bicuculline, 50 uM picrotoxin, 1 pM TTX, 50 pM GYKI, and 50 pM D-APV.
Spontaneous IPSCs were pharmacologically isolated by bath application of 10 uM CNQX
and 50 uM D-APV, while spontaneous EPSCs were pharmacologically isolated by 10 pM
bicuculline, 50 uM picrotoxin, and 50 M D-APV. Miniature IPSCs were recorded in the
additional presence of 1 uM TTX. All synaptic events were recorded between 26-30°C and
analyzed using Mini Analysis Program (Synaptosoft).

For gramicidin perforated patch recordings, pipettes were filled with (in mM) 150 KCI and
10 HEPES, pH adjusted to 7.2 with Tris-OH, and gramicidin was added at a concentration
of 80 pg/ml. GABAergic currents were evoked under voltage-clamp at different holding
potentials (—100 to +30 mV, 10 mV step) by focal puff application of 100 MM GABA via
a Picos-prizter 111 (50 ms duration, 2-8 psi) in the presence of 1 uM TTX, 10 uM CNQX,
and 50 uM D-APV. Current-voltage relationships (I-V curve) for each cell were plotted and
EgaBa Was measured as the intersect between the x axis and the linear fit of the I-V curve.
Unless otherwise stated all electrophysiological data were acquired at 10 kHz and analyzed
using pClamp 10 software (Molecular Devices).

Immunohistochemistry—Mice were anesthetized with isoflurane followed by ketamine/
xylazine mixture, and perfused transcardially with PBS containing 0.02% sodium nitrite,
followed by 2% paraformaldehyde (PFA) in 0.1 M sodium acetate buffer (pH 6.5), then

2% PFA in 0.1 M sodium borate buffer (pH 8.5). Brains were left “/n siti” overnight

at 4°C, removed from the skull, and post-fixed for 12-16 hours in 2% PFA in 0.1 M
sodium borate buffer at 4°C, then sliced using a vibrating microtome (Leica Vibratome,
VVT1000S). Free floating coronal sections (50 um) were collected and stored in PBS +
0.02% sodium azide at 4°C until immunostaining. First, sections were permeabilized in 50
mM glycine containing 0.01% Triton X-100 and 0.01% NP-40 for 30 minutes, washed 3

x 15 minutes in Tris buffered saline containing 0.05% bovine serum albumin (TBS-BSA),
then blocked for 1 hour in TBS-BSA containing 1% normal donkey serum (NDS; Jackson
ImmunoResearch Laboratories Inc., catalog No. 017-000-121) plus unconjugated donkey
anti-rabbit 1gG polyclonal (1:1000; Southern Biotech., catalog No. 6411-01), unconjugated
donkey anti-chicken IgY polyclonal (1:1000; Fisher Scientific, catalog No. SA172002) and
unconjugated donkey anti-goat IgG polyclonal (1:1000; Southern Biotech., catalog No.
6460-01). Sections were then washed 3 x 15 minutes in TBS-BSA and incubated overnight
on an orbital shaker with the primary antibodies in TBS-BSA + 0.25% NDS at room
temperature (RT): rabbit polyclonal anti-RFP (1:5000; Abcam, catalog No. ab62341), goat
polyclonal anti-DCX IgG (1:3000; Santa Cruz Biotechnology, Inc., catalog No. sc8066),
and chicken polyclonal anti-NeuN IgY (1:5000; EMD Millipore, catalog No. ABN91). On
the following day, sections were washed 3 x 15 minutes in TBS-BSA and blocked for
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15 minutes in TBS-BSA + 0.25% NDS before incubation with the following secondary
antibodies at RT for 1 hour: donkey anti-rabbit 1gG (H & L) Alexa Fluor Plus 594 (1:1000;
Thermo Fisher Scientific, catalog No. A32754), donkey anti-goat 19G (H & L) Alexa Fluor
Plus 680 (1:1000; Thermo Fisher Scientific, catalog No. A32860) and donkey anti-chicken
1gG (H & L) Biotin-SP (1:1000; EMD Millipore, catalog No. AP194B). Sections were then
washed 3 x 15 minutes in TBS and incubated with Alexa Fluor 405 or 488 streptavidin
conjugates (1:1000; Thermo Fisher Scientific, catalog No. S32351 and S32354 respectively)
for another hour. Afterward, sections were washed again 3 x 15 minutes in TBS, mounted
onto microscope slides, air-dried overnight and coverslipped with either FluorSave Reagent
(EMD Millipore, catalog No. 345789) or ProLong Diamond Antifade (Thermo Fisher
Scientific, catalog No. P36970). Finally, the coverslips were cured overnight before their
edges were sealed with clear nail polish, and imaged using a Nikon A1 confocal microscope.
All acquired images were adjusted for optimal brightness/contrast in ImageJ. Cell counting
was performed using the ImageJ Cell Counter plugin.

For abDGC dendritic morphology reconstruction, biocytin was included in the internal
solution (5 mg/ml) in the patch pipette in some recordings. After 15-30 min of dialysis,
pipette was carefully withdrawn leaving the cell body intact. Slice containing the biocytin-
filled abDGC was then treated with 4% PFA/PBS overnight at 4°C, washed 3 x 20 min

in PBS, and blocked with 0.4% Triton X-100 plus 1% BSA and 5% NDS in PBS for

one hour at RT. Slice was then incubated with streptavidin-conjugated Alexa 488 or 555
(1:500) in blocking buffer (PBS containing 1% BSA, 5% NDS and 0.2% Triton X-100)

for 45 min (rocking at RT), rinsed in PBS for 3 x 5 min, and mounted in ProLong
Diamond Antifade Mountant for confocal imaging. Z-stacks of all biocytin-filled abDGCs
were acquired using a Nikon Al confocal microscope, and cells with z range < 25 um were
discarded. Analysis of dendritic length and branch points were performed in Imaris software
using a combination of auto-path and auto-depth filament tracing modes.

Behavioral analysis—To activate Cre-recombinase activity and test the behavioral
consequences in the inducible GluK2 knock-out mice, 8-9 weeks old GrikZf/

f:Ai9: Ascl1CTeERTZ and Grik2**; Ai9; Ascl1CeERTZ mice received daily tamoxifen I.P.
injections (180 mg/kg/d, dissolved in 10% EtOH/90% sunflower seed oil) for 5 consecutive
days. 21 days after TAM induction the novel object location memory (OLM) test was
performed similarly to a previously published protocol (Mogel-Ciernia and Wood, 2014).
Briefly, prior to OLM training, animals were habituated to handling by the experimenter
2-5 min daily for 5 days and the testing chamber (33 cm x 33 cm x 35 cm) 5 min daily

for 3 days. On OLM training day (21-22 dpi), two identical objects (randomized from red
cuboids, 5.5 x 5.5 x 7.5 ¢cm; blue cuboids, 3 x 3 x 19 cm; and blue cylinders, 7.5 x 7.5

x 7.5 cm) were placed symmetrically relative to a black marking strip inside the testing
chamber, and animals were allowed to freely explore both objects for 10 minutes. Mice
were returned to for testing 24 hours later, when one of the objects had been moved to

a novel location inside the chamber. Animals were allowed to explore both objects for 5
min. Preference for the novel object location was assessed by the discrimination index (DI)
which is calculated as follows: (time exploring object at the novel location - time exploring
object at the familiar location) / (time exploring novel + familiar) *100. Animals that had DI
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more than + 20 during training were considered to have a significant location bias thus were
excluded from later analysis. Animal activity was video recorded and tracked and analyzed
using EthoVision XT (Noldus).

Trace fear conditioning training was performed at 21-23 dpi according to a previous study
(Farley et al., 2011). On the training day, animals were presented with three pairings of
the CS (30 s of pulsed white noise at 5 Hz, 5 ms rise/fall, 75 dB),andaUS (al1s, 0.7

mA scrambled shock to the cage floor). The CS and US were separated by a 20 s trace
interval, and the inter-trial interval was 410 s. 24 hours later, animals were reintroduced to
the original training context for 5 minutes in the absence of CS/US, and contextual fear
memory was accessed by scoring freezing during the first 180 s period. Three hours later,
trace fear memory was tested. Animals were placed in a novel context for 180 s, then they
were presented with the CS for a duration of 60 s. Freezing percentage was calculated for
a 180 s baseline (no CS) period, a 60 s CS period, and as well as a 20 s trace period
immediately following the CS. All behavior was video recorded and freezing time scored
automatically using Freeze Frame 4 (Actimetrics), then reviewed by the experimenter blind
to the animal genotype.

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical tests were performed using Microsoft Excel and OriginPro software. For

all independent comparisons, statistical significance was assessed by the nonparametric
Mann-Whitney U test. For comparing multiple-trial data sets, two-way repeated ANOVA
was applied. Non-parametric comparisons of the cumulative distributions of the intervals
and amplitude of synaptic events were made with the Kolmogorov-Smirnov test. Differences
were considered significant when p < 0.05. All data are reported as mean + SEM.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Kainate receptors are expressed on developing adult-born dentate granule
cells

KARs in adult-born neurons affect their synaptic and intrinsic properties

Timed ablation of KARs during a critical period disrupts spatial
discrimination in mice
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Figure 1. GluK2-containing KARs are present in young abDGCs
(A) Schematic illustration of the experimental paradigm: retrovirus carrying an RFP or

GFP-IRES-Cre vector was delivered to the subgranular zone of the dentate gyrus in 8—
10-week-old mice. Labeled cells were recorded at various days postinjection (dpi).

(B) Representative confocal image showing GFP-IRES-Cre-expressing (green) abDGCs
from a 28 dpi GrikZf/f mouse. NeuN immunofluorescence is shown in red.

(C) KAR currents in abDGCs (orange) increase progressively with age (14 dpi, n = 8; 21
dpi, n = 13; 28 dpi, n = 10) but are eliminated in the GluK2 KO mouse, 21-28 dpi, n = 10,

***p < 0.001.

(D) Example recording traces representing domoate-induced, KAR-mediated current in a 28
dpi WT and GluK2 KO abDGC.

(E) Cre-mediated deletion of GIuK2 in Grik2f/f mice results in loss of KAR-mediated
current in abDGCs at all ages post injection (14 dpi, n =5 and 5; 21 dpi, n = 5 and 6; 28 dpi,
n=7and5; 42 dpi, n =5 and 5; mature DGC, n =5).
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(F) Example recordings of domoate-induced currents in a 28 dpi control and GluK2 cKO
abDGC. Data are presented as means = SEM. Statistical analysis: Mann-Whitney U test, *p
< 0.05, **p < 0.01, ***p < 0.001.
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Figure 2. Development of intrinsic and AP firing properties are accelerated in 21 dpi GluK2 cKO
abDGCs

(A) Input resistance (Rj,) of developing GluK2 cKO abDGCs (RV-GFPCre) compared with
control abDGCs (RV-RFP) at 21 dpi (n = 18 and 13), 28 dpi (n =19 and 12), and 42 dpi (n =
6 and 6), and from unlabeled mature GluK2** GCs (n = 6) in GrikZf/f mice.

(B) Rheobase of developing GluK2 cKO abDGCs compared with controls at 21 dpi (n =

15 and 10), 28 dpi (n = 18 and 11), 42 dpi (n = 5 and 6), and mature WT GCs (n = 6).
Significant differences were observed in recordings from 21 dpi abDGCs.

(C) Example AP firing profiles of 21 dpi control (RV-RFP) and cKO (RV-GFPCre) abDGCs
in response to a 70 pA current injection step of 800 ms duration.

(D) AP response properties across a range of current injections in 21 dpi control and cKO
abDGCs. Significant increases in number of APs were observed at current injection steps
between 70 and 100 pA in 21 dpi GluK2 cKO abDGCs (RV-RFP, n = 14; RV-GFPCre, n =
16).
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(E and F) Example traces and input-output AP response of 28 dpi abDGCs (RV-RFP, n = 12;
RV-GFPCre, n = 18).

Statistical analysis: Mann-Whitney U test (A and B); two-way repeated-measures ANOVA
(D and F); *p< 0.05, **p < 0.01.
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Figure 3. Morphological development of GluK2 cKO abDGCs
(A) Representative images of biocytin-filled control (RV-RFP) and cKO (RV-GFPCre)

abDGCs at several postmitotic dpi stages.

(B) Total dendritic length of RV-RFP and RV-GFPCre abDGCs at each dpi (14 dpi,n=7
and 7; 21 dpi, n = 6 and 15; 28 dpi, n = 7 and 6; >42 dpi, n = 6 and 12) and of unlabeled
mature GluK2*/* control GCs (n = 4).

(C) Number of dendritic branch points of abDGCs at each dpi and mature GluK2*/* GCs.
(D) Representative images of abDGCs labeled with tdTom (red), NeuN (blue), and DCX
(green) from a cohort of Ascl1tdTom (control) and Ascl1cKO (Grik2timed ablation)
neurons. In each case, the labeled cohort is 21 days and younger.

(E) Analysis of radial migration of control and Ascl1cKO abDGCs into the granule cell
layers 21 days after TAM induction (AsclltdTom, n = 5; Ascl1cKO, n = 3).

(F) Quantification of co-expression of DCX and tdTom in abDGCs 21 days and younger in
AsclltdTom (control)(n = 5) and Ascl1cKO mice (n = 3).
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Scale bars in (A) and (D): 15 um. Statistical analysis: Mann-Whitney U test.
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Figure 4. Development of GABAergic synapses is altered in 21 dpi GluK2 cKO abDGCs
(A and B) Average sIPSC frequency and amplitudes in GluK2 cKO abDGCs (RV-GFPCre)

and control abDGCs (RV-RFP) at 21 dpi (RV-RFP, n = 7; RV-GFPCre, n = 6), 28 dpi
(RV-RFP, n = 6; RV-GFPCre, n = 7), and 8-12 weeks postinjection (wpi; RV-RFP, n = 13;
RV-GFPCre, n =5).

(C) Representative current traces of sIPSC recorded from a 21 dpi control and GluK2 cKO
abDGC.

(D) Cumulative fraction of all sSIPSC inter-event intervals for 21 dpi GluK2 cKO (n = 6) and
control abDGCs (n = 7).

(E) Cumulative fraction of all sSIPSC amplitudes for 21 dpi GluK2 cKO (n = 6) and control
abDGCs (n = 7).

Statistical analysis: Mann-Whitney U test; *p < 0.05.
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Figure 5. Egapa polarity switch is disrupted in 21 dpi GluK2 cKO abDGCs
(A and B) Representative GABA-evoked currents from gramicidin-perforated patch

recording and associated current-voltage relationship curves with the GABA reversal
denoted from a 21 dpi control (RV-RFP) and cKO (RV-GFPCre) abDGC.

(C) Grouped data from all recordings of £gaga Mmeasured in control and cKO abDGCs at 14
dpi (RV-RFP, n = 5; RV-GFPCre, n = 6), 21 dpi (RV-RFP, n = 6; RV-GFPCre, n = 6), and 28
dpi (RV-RFP, n = 5; RV-GFPCre, n = 7).
Statistical analysis: Mann-Whitney U test; **p < 0.01.

Cell Rep. Author manuscript; available in PMC 2021 October 19.



1duosnuep Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnue Joyiny

Zhu et al. Page 29

A TAMIP. Habituation x 3 days trg)ilr-\,i\ﬂlg tglfinr/\lg c -
W b
I 1 1 I I 1 Ld
Day 0 18 19 20 21 22 R 300j 5 =
< Og
+ 2001 }% .
Ascl1tdTom Ascl1cKO 2 = 5
< 100{ ®©%m
)
£
Ascl1 Ascli
21 days post TAM 21 days post TAM tdTom cKO
D OLMtraining E  OLMtesting F 24 h Object Location Memory

10 min 5 min

|

A O
o O

a
%
5
c O
N 24h N s iT;
i —> g 20
£ =
€
- - § _20_ H
a Ascl1  Ascll
| -40 tdTom cKO
G |
g 600 < 300 g 30
(]
- i £ 250 i S 2.5 .
o = | 2
% a® £200{ @ F 2 €20 B
£ 400 # o T 150 E%E Eog" g § 1.51
=l [m] o Ii 1] 8 _IOO o + 0O | 5‘
o o o £ 1.0 Oy
<€ 300 o c c o
= s 50 = 0.51
© 7 0
~ 200 F 0 = 0
Ascl1 Ascl1 Ascl1 Ascl1 Ascl1 Ascl1
tdTom cKO tdTom cKO tdTom cKO

Figure 6. Spatial discrimination is impaired by cKO of GluK2 in a young cohort of abDGCs
(A) Timeline of cKO using TAM administration and object location memory task;

180 mg/kg tamoxifen was administered to 8-9-week-old Grik/f;Ai9; Ascl1¢TeERTZ o
Grik2**; Ai9; Ascl1C€TeERTZ mice via intraperitoneal (i.p.) injection.

(B) Example images of hippocampal dentate region from Ascl1tdTom (left) and Ascl1cKO
(right) mice with tdTom labeled abDGCs at 21 days after TAM induction.

(C) Cell counts of labeled neurons per section (50 mm thickness) in Ascl1tdTom and
Ascl1cKO mice.
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(D and E) Schematic of OLM training (D) (top) and OLM testing (E) (top) and
representative heatmaps of mouse position during each session (bottom).

(F) Calculated discrimination index from all experiments, reflecting preference for novel
object location of AsclitdTom (n = 10) and Ascl1cKO mice (h = 11) 22 days after TAM
induction.

(G and H) Total exploration time of mice for both object locations during OLM training
phase and OLM testing phase.

(1) Total distance Ascl1tdTom and Ascl1cKO mice moved during OLM testing.
Statistical analysis: Mann-Whitney U test; *p < 0.05.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Rabbit polyclonal anti-RFP Abcam Cat#ab62341; RRID: AB_945213

Goat polyclonal anti-doublecortin (C-18)
Chicken polyclonal anti-NeuN

Donkey anti-Rabbit 1gG (H+L) highly crossadsorbed secondary
antibody, Alexa Fluor
Plus 594

Donkey anti-Goat I1gG (H+L) highly crossadsorbed secondary
antibody, Alexa Fluor
Plus 680

Donkey anti-Chicken IgY polyclonal antibody, biotin conjugated
Streptavidin, Alexa Fluor 488 conjugate antibody

Streptavidin, Alexa Fluor® 555 conjugate antibody

Streptavidin, Alexa Fluor 405 conjugate antibody

Donkey anti-Rabbit IgG(H+L)-UNLB antibody

Donkey anti-Chicken IgY (H+L) secondary antibody

Donkey anti-Goat IgG Fc-UNLB antibody

Santa Cruz Biotechnology
Millipore

Thermo Fisher Scientific

Thermo Fisher Scientific

Millipore

Molecular Probes
Thermo Fisher Scientific
Thermo Fisher Scientific
SouthernBiotech

Thermo Fisher Scientific

SouthernBiotech

Cat#sc-8066; RRID: AB_2088494
Cat#ABN91; RRID: AB_11205760
Cat#A32754; RRID: AB_2762827

Cat#A32860; RRID: AB_2762841

Cat#AP194B; RRID: AB_92675
Cat#S32354; RRID: AB_2315383
Cat#S32355; RRID: AB_2571525
Cat#S32351

Cat#6441-01; RRID: AB_2796371

Cat#SA1-72002; RRID:
AB_923387

Cat#6460-01; RRID: AB_2796393

Bacterial and virus strains

CAG-RFP retrovirus This paper N/A

CAG-GFP retrovirus This paper N/A

CAG-GFP-IRES-CRE retrovirus This paper N/A

Chemicals, peptides, and recombinant proteins

Tetrodotoxin Tocris Cat#1078; CAS: 4368-28-9
Tamoxifen Sigma-Aldrich Cat#T5648; CAS: 10540-29-1
Domoate Sigma-Aldrich Cat#D6152; CAS: 14277-97-5
Bicuculline Sigma-Aldrich Cat#14340; CAS: 485-49-4
Picrotoxin Abcam Cat#ab120315; CAS: 124-87-8
GYKI 52466 dihydrochloride Tocris Cat#1454; CAS: 2319722-40-0
D-APV Alomone Labs Cat#D-145; CAS: 79055-68-8
CNQX Alomone Labs Cat#C-141; CAS: 479347-85-8
GABA Sigma-Aldrich Cat#A2129; CAS: 56-12-2
Gramacidin Sigma-Aldrich Cat#G5002; CAS: 1405-97-6
Biocytin Sigma-Aldrich Cat#B4261; CAS: 576-19-2

Lipofectamine 2000 transfection reagent

Opti-MEM reduced serum medium

Thermo Fisher Scientific

Thermo Fisher Scientific

Cat#11668019
Cat#31985070

Experimental models: Cell lines

GP2-293 cell line

Laboratory of John Kessler

RRID: CVCL_WI48
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REAGENT or RESOURCE SOURCE IDENTIFIER
Experimental models: Organisms/strains

Mouse: GIuK2 KO: GIuR6™~ Mulle et al., 1998 N/A
Mouse: Ascl1CERT2; Grik K/, Ai9: The Jackson Laboratory; N/A
Ascl1imL1(Cre/ERT2)Jej0)); Grik /f;B6.Cg- Marshall et al., 2018

Gi [(RO SA ) 126. 50,1m9(CAG—IdTamam)Hze/ Al

Oligonucleotides

Ascl1CERT2 forward primer (10843): 5’ Integrated DNA Technologies ~ N/A
AACTTTCCTCCGGGGCTCGTTTC 3’

Ascl1CERT2 reverse primer (10653): 5 Integrated DNA Technologies ~ N/A
CGCCTGGCGATCCCTGAACAT G 3

Ai9 forward primer (0IMR9105): 5° Integrated DNA Technologies N/A
CTGTTCCTGTACGGCATGG 3’

A9 reverse primer (0IMR9103): 5’ Integrated DNA Technologies N/A
GGCATTAAAGCAGCGTATCC 3’

GrikZfIf forward primer (132): 5 Integrated DNA Technologies N/A
TCCTAAATAAAACTGATGAAGAG 3’

GrikZfIf reverse primer (133): 5’ Integrated DNA Technologies N/A
CGTAGCTAAATTTAAAAGTGAACA 3’

GluK2 KO forward primer (402): 5’ Integrated DNA Technologies N/A
GTGAGACGTGCTACTTCCATTTG 3’

GluK2 KO reverse primer (860): 5 Integrated DNA Technologies N/A
CAGGGTTGCAAGGGTGTGG 3’

Recombinant DNA

Plasmid: CAG-RFP Tashiro et al., 2006a N/A

Plasmid: CAG-GFP
Plasmid: CAG-GFP-IRES-CRE
Plasmid: VSV-G

Zhao et al., 2006
Zhao et al., 2006

Laboratory of John Kessler

RRID: Addgene_16664
RRID: Addgene_48201
N/A

Software and algorithms

ImageJ

Imaris

Mini Analysis Program
EthoVision XT
FreezeFrame 4

pClamp 10 software suite

Schneider et al., 2012
Bitplane

Synaptosoft Inc.
Noldus

Actimetrics

Molecular Devices

RRID:SCR_003070
RRID: SCR_007370
RRID: SCR_002184
RRID: SCR_000441
RRID: SCR_014429
RRID: SCR_011323
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