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Cellular/Molecular

T-Type Ca®* Channels Mediate a Critical Period of Plasticity
in Adult-Born Granule Cells

William M. Kennedy, ““Jose Carlos Gonzalez, Haeun Lee, ““Jacques I. Wadiche, and ““Linda Overstreet-Wadiche
Department of Neurobiology and McKnight Brain Institute, University of Alabama at Birmingham, Birmingham, Alabama 35294

Adult-born granule cells (abGCs) exhibit a transient period of elevated synaptic plasticity that plays an important role in hippocampal
function. Various mechanisms have been implicated in this critical period for enhanced plasticity, including minimal GABAergic
inhibition and high intrinsic excitability conferred by T-type Ca*>* channels. Here we assess the contribution of synaptic inhibition
and intrinsic excitability to long-term potentiation (LTP) in abGCs of adult male and female mice using perforated patch recordings.
We show that the timing of critical period plasticity is unaffected by intact GABAergic inhibition such that 4-6-week-old abGCs
exhibit LTP that is absent by 8 weeks. Blocking GABA , receptors, or partial blockade of GABA release from PV and nNos-expressing
interneurons by a p-opioid receptor agonist, strongly enhances LTP in 4-week-old GCs, suggesting that minimal inhibition does not
underlie critical period plasticity. Instead, the closure of the critical period coincides with a reduction in the contribution of T-type
Ca®* channels to intrinsic excitability, and a selective T-type Ca®" channel antagonist prevents LTP in 4-week-old but not mature
GCs. Interestingly, whole-cell recordings that facilitate T-type Ca®>* channel activity in mature GCs unmasks LTP (with inhibition
intact) that is also sensitive to a T-type Ca>* channel antagonist, suggesting T-type channel activity in mature GCs is suppressed
by native intracellular signaling, Together these results show that abGCs use T-type Ca>* channels to overcome inhibition, providing
new insight into how high intrinsic excitability provides young abGCs a competitive advantage for experience-dependent synaptic
plasticity.
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Significance Statement

Adult-born granule cells (abGCs) exhibit a transient period of elevated synaptic plasticity that is thought to play an important
role in hippocampal function. Here we address the cellular mechanisms that underlie this “critical period” for plasticity. We
show that the closure of the critical period corresponds with loss of intrinsic excitability mediated by T-type Ca*>* channels and
that T-type Ca”* channels promote long-term synaptic plasticity in abGCs despite strong GABA , receptor-mediated inhibi-
tion. Regulation of Ca®" channel function contributes to the loss of excitability and LTP mediated by T-type Ca** channels in
mature GCs. These results provide insight into how intrinsic excitability and inhibition contribute to plasticity in the dentate

gyrus.
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Introduction
The dentate gyrus continually produces new excitatory granule
cells (GCs) throughout life. There is ample evidence that some
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hippocampal-dependent behaviors correlate with the extent of
neurogenesis and the magnitude of long-term synaptic
potentiation (LTP) in the dentate gyrus, leading to the idea
that neurogenesis provides an essential substrate for experience-
dependent plasticity. For example, selective manipulations of
young adult-born GCs (abGCs) alter performance of contextual
discrimination tasks that develop over multiple trials and also
alter dentate gyrus LTP (Clelland et al., 2009; Deng et al., 2009;
Massa et al., 2011; Sahay et al,, 2011; Kheirbek et al., 2012;
Nakashiba et al, 2012). Recordings from individual abGCs
confirm a high propensity for LTP from 4 to 6 weeks after cell
birth that subsequently declines by 8 weeks (Schmidt-Hieber
etal., 2004; Ge et al., 2007). The transient period of high synaptic
plasticity, often called a “critical period,” strongly influences
ideas about the role of continual neurogenesis in experience-
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dependent circuit modification and memory function (Schinder
and Gage, 2004; Miller and Sahay, 2019; Cushman et al., 2021),
yet the cellular mechanisms underlying this plasticity are unclear.
One long-standing idea is that young abGCs are insensitive to
synaptic inhibition that restricts plasticity in mature GCs (Wang
et al., 2000; Snyder et al., 2001), akin to the role of inhibition con-
trolling the critical period of ocular dominance plasticity
(Fagiolini and Hensch, 2000). In the first weeks after cell birth,
GABA, receptor-mediated depolarization drives dendrite
growth and synapse formation by AMPAR insertion and in
some conditions, action potentials (Ge et al., 2006; Chancey
etal., 2013; Heigele et al., 2016). The chloride equilibrium poten-
tial (Eqy) that determines the polarity of GABA, receptor-
mediated potentials reaches mature values by the 4th week after
abGC birth (Ge et al., 2006). Yet 4-week-old (4w) abGCs exhibit
less GABAergic synaptic connectivity compared with neighbor-
ing mature GCs, supporting the notion that abGCs are less inhib-
ited than mature GCs (Li et al., 2012; Marin-Burgin et al., 2012;
Dieni et al., 2013; Temprana et al., 2015; Groisman et al., 2020).
In fact, results using field potential recordings show that LTP in
control conditions (i.e., ACSF-LTP) originates primarily from
the small population of young abGCs, while LTP in the presence
of GABA, receptor antagonists reflects plasticity in the large
population of mature GCs (Snyder et al, 2001; Saxe et al,
2006; Massa et al.,, 2011; Mongiat and Schinder, 2011).
Whether the development of inhibitory circuitry underlies the
closing of the critical period for plasticity in abGCs has not been
explicitly tested. But single-cell recordings have revealed proper-
ties of abGCs that promote LTP when synaptic inhibition is
blocked, suggesting additional mechanisms for critical period
plasticity. For example, young abGCs exhibit T-type Ca>* spikes
that boost intrinsic excitability, predicting that T-type channels
reduce the threshold for LTP via a global rise in Ca** and/or relief
of voltage-dependent Mg** block (Schmidt-Hieber et al., 2004).
Young abGCs also have a large NMDAR:AMPAR ratio and
NR2B subunit-containing NMDARs associated with highly plas-
tic immature synapses (Tovar and Westbrook, 1999; Ge et al,,
2007; Kheirbek et al., 2012; Chancey et al., 2013; Schmidt-
Salzmann et al, 2014; Dieni et al, 2016; Li et al., 2017).
Nonetheless, dendritic depolarization and NMDAR activation
essential for LTP induction are controlled by GABAergic inhibi-
tion (Schulz et al., 2018). Although abGCs exhibit delayed inner-
vation from proximal projecting PV- and SST-expressing
interneurons (Groisman et al., 2020; Remmers et al., 2020), by
1-2 weeks of age (newborn) abGCs exhibit GABA, receptor-
mediated currents from dendritic-projecting interneurons like
ivy/neurogliaform cells, with functional inhibition evident by
4 weeks after cell birth (Markwardt et al., 2011; Dieni et al.,
2013; Vaden et al., 2020). Here, we investigate how inhibition
and intrinsic excitability contribute to LTP in abGCs during
the critical period. We find that inhibition does not alter the tim-
ing of the critical period and strongly suppresses LTP in 4w
abGCs, ruling out an essential contribution of interneuron circuit
development for critical period plasticity. Conversely, our results
suggest that changes in intrinsic excitability and T-type Ca®*
channel function contribute to the closing of the critical period.

Materials and Methods

All animal procedures followed the Guide for the Care and Use of
Laboratory Animals, U.S. Public Health Service, and were approved by
the University of Alabama at Birmingham Institutional Animal Care.
Male and female mice 2-4 months of age were used for experiments.
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Mice were maintained in standard housing on a 12 h light/dark cycle
with ad libitum access to food and water, with experiments performed
during the light phase. Mouse lines used to generate experimental
mice included AsclI®ERT? (Jax# 012882), Ail4 (Jax# 7914), and wild-
type C57BL/6] (Jax# 664). A few datasets included mature GCs recorded
in slices from nNOS-CreER (Taniguchi et al., 2011; Jax# 014541) or PV
(Jax# 017320) mice crossed with Ai32 mice (Jax# 24109). nNOS-Cre™®
mice were fed tamoxifen-containing chow (Teklad250) for 4 d at wean-
ing. Ascl1““*RT2 mice were injected with tamoxifen (tmx 0.12 mg/g, dis-
solved in 10% EtOH/90% sunflower oil) intraperitoneally once a day for
2 d at 6 weeks of age (Yang et al.,, 2015). Standard Jackson Laboratory
protocols for genotyping were used to identify Cre” tdT" offspring
used in experiments.

Morphology. Mice were anesthetized by inhalation of isoflurane and
deeply anesthetized with subsequent intraperitoneal injection of
2,2,2-tribromoethanol (Avertin; Sigma-Aldrich). Anesthetized mice
were perfused intracardially with 0.1 M PBS and chilled 4% PFA before
brains were removed and postfixed overnight in PFA. Free-floating hor-
izontal slices were made on a Vibratome 1000 (50 um). Slices were
mounted with ProLong Gold or VectaShield mounting medium
(Invitrogen). Slices were imaged on an Olympus FluoView 1200 confocal
microscope with a 20x objective using a z-step of 5 um. For cell recon-
structions, abGCs were imaged with a 40x objective using a step size
of 1 um. An investigator blinded to the cell ages analyzed dendritic mor-
phology using Neurolucida (MicroBrightField). Measurements and anal-
ysis of total dendrite length (TDL) and Sholl analysis of length and
intersections were performed using Neurolucida Explorer.

Electrophysiology. Mice were lightly anesthetized by inhalation of
isoflurane and deeply anesthetized with an intraperitoneal injection of
2,2,2-tribromoethanol (Avertin; Sigma-Aldrich). Mice were then intra-
cardially perfused with ice-cold cutting solution containing the following
(in mM): 110 choline chloride, 25 glucose, 7 MgCl,, 2.5 KCI, 1.25
Na,PO,, 0.5 CaCl,, 1.3 Na-ascorbate, 3 Na-pyruvate, and 25 NaHCOs,
bubbled with 95% O,/5% CO,. The brain was quickly removed and
300 um horizontal slices were prepared using a vibratome (Leica
VT1200S; Bischofberger et al., 2006). Slices were incubated at 37°C for
30 min in recording solution (ACSF) containing the following
(in mM): 125 NaCl, 2.5 KCl, 1.25 Na,PO,, 2 CaCl,, 1 MgCl,, 25
NaHCO3, and 25 glucose bubbled with 95% O,/5% CO, before transfer
to room temperature for at least 30 min before recording. Experiments
were performed at 30 +2°C.

Pipettes were pulled from thick-walled borosilicate glass with
filament (1.5/0.86 mm; #BF150-86-10; Sutter). Perforated patch record-
ings used a pipette solution containing the following (in mM): 140 KCl, 4
MgCl,, 10 EGTA, 10 HEPES, pH 7.3 (312 mOsm, 3-6 MQ). A stock of
gramicidin A-containing solution was prepared every 1-4 d (10 mg/ml
in DMSO; G5002; Sigma Life Sciences). The stock solution was vortexed
and sonicated for 10-15 min and then diluted in the pipette solution to
achieve a final working concentration (10-100 ug/ml). The gramicidin
pipette solution was vortexed (~10s) and then sonicated for an addi-
tional 5-10 min before use. Pipettes were backfilled to half the taper
with gramicidin-free solution to prevent gramicidin from interfering
with seal formation. Current-clamp whole-cell recordings used an intra-
cellular solution containing the following (in mM): 135 K-gluconate,
2 MgCl,, 0.1 EGTA, 10 HEPES, 4 KCl, 2 Mg-ATP, 0.5 Na-GTP, 10 phos-
phocreatine, and 0.2% biocytin, pH 7.3 (314 mOsm). For Figure 7,
Na-GTP was excluded from the intracellular solution. Voltage-clamp
whole-cell recordings in Figure 3 used an intracellular solution contain-
ing the following (in mM): 110 CsCl, 35 CsF, 10 HEPES, 0.1 EGTA, 2
Mg-ATP, 0.5 Na-GTP, and 0.5 QX314, pH 7.2 (310 mOsm). Pipette
solutions were adjusted if needed with sucrose to within 5 mOsm of
the ACSF.

Adult-born GCs were identified by tdT expression, with cell age
approximated from the first day of injections. Mature GCs were defined
as unlabeled GCs located in the middle to outer GCL with input resis-
tance between 200 and 400 MQ, to avoid adult-born GCs and semilunar
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GCs (Larimer and Strowbridge, 2010). To monitor formation of stable
perforated patches, membrane currents in response to voltage steps
were sampled at 20-40 kHz and filtered at 10 kHz. Membrane potentials
were sampled at 20-40 kHz and filtered at 2 kHz using Pclampl0
(Digidata 1440A, MultiClamp 700B; Molecular Devices). GCs were
recorded from the initial resting membrane potential that did not
differ between cell ages (one-way ANOVA). If needed, small current
injections were used to maintain constant membrane potential through-
out the LTP experiments. Synaptic potentials were evoked using a pipette
filled with extracellular solution placed in the middle molecular layer
(ML) 200-400 pm from the recorded cell using an isolated current sti-
mulator (Digitimer, 100 us, 10-100 pA). Series resistance (Rgeries) Was
monitored throughout experiments and compensated using bridge bal-
ance. Experiments were discarded if Reyies changed by >20%. Voltages
were not corrected for junction potentials. Experiments testing pharma-
cological interventions were interleaved. In Figure 3, IPSCs isolated in
NBQX and CPP were evoked by alternate electric and optogenetic stimula-
tion every 30 s. Electrical stimulation was achieved with a pipette placed in
the middle (ML; 80-100 pA) or in the granule cell layer (GCL; 40-60 pA).
Light stimuli (1 ms) were delivered using a T-Cube LED Driver
(LEDD1B, Thor Laboratories) as described in Vaden et al. (2020).

All data were analyzed using AxoGraph X (AxoGraph Scientific) or
Clampfit 10.7 (Molecular Devices). Experiments with significant EPSP
rundown during the baseline were discarded, but minor sloping baselines
were corrected post hoc using AxoGraph sloping baseline correction.
Cells with sudden shifts in properties consistent with instability or break-
through of the perforated patch were excluded from analysis. Rheobase
was determined using 10 pA current steps of 500 ms (Fig. 2) or 150 ms
current steps of 5 or 10 pA for abGCs and mGCs, respectively (Fig. 4).
Rise time was calculated as the 10-90% time to peak, decay time from
80 to 20% of peak, and half-width was calculated at 50% of peak. The
paired-pulse ratio (PPR) was measured as the amplitude of EPSP2 sub-
tracted from EPSP1 immediately after the second stimulus. EPSPs were
evoked every 20 s (0.05 Hz) and binned into 1 min intervals that were
normalized to baseline EPSPs calculated from the average of 10 min
prior to theta burst stimulation (TBS). Occasional EPSPs that contained
spikes after TBS were excluded from analysis. Action potential bursts
(Fig. 4) were defined as initial action potentials with an interspike inter-
val (ISI) < 15 ms using the lowest current injections where the last ISI was
~40 ms.

Drugs. Drugs used included the GABA 4 antagonist Gabazine (GBZ;
10 uM), the NMDAR antagonist (R)-CPP (CPP; 5 uM), the AMPAR
antagonist NBQX (10 uM), the T-type Ca** channel blocker TTA-P2
(TTA; 1uM), and the p-opioid receptor agonist DAMGO (1 uM).
Drugs were purchased from Abcam, Alomone Labs, or Sigma-Aldrich.
Other salts and chemicals were purchased from Fischer Scientific.

Statistical analysis. Data are expressed as mean + SEM. Group com-
parisons used two-sample paired or unpaired ¢ tests or ANOVA when
the number of groups exceeded two, with repeated measures where
appropriate. All tests used two-tailed Type I error rate of 0.05
(GraphPad Prism). Data were tested for the assumptions of the respec-
tive comparisons. If assumptions were not met, the data were further
investigated for outliers. Nonparametric tests were used if data was non-
normal or had significantly different variances due to more than a single
outlier. For most multiple comparisons, we used two-way or one-way
ANOVAs. The F values were used to express the significant difference
or the interaction, and post hoc analyses were made with Sidak’s,
Bonferroni’s, or Tukey’s tests. For nonparametric multiple comparisons,
a Welsh’s test or Kruskal-Wallis’ test was used, depending on whether
data was non-normal, or if the variance did not meet assumptions, respec-
tively. Post hoc analysis was Dunnett’s or Dunn’s multiple comparisons. All
p and n values are indicated in the text, figures, or figure legends.

Results

To identify abGCs for recording in acute brain slices, we
induced tdTomato (tdT) expression in 6-week-old
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Ascl1“*FRT2; Aj14 mice with tamoxifen injections (1x/day for
2 d; Yang et al., 2015). At 4, 6, or 8 weeks after tamoxifen,
we killed mice for morphological or electrophysiological anal-
ysis in horizontal sections containing the intermediate region
along the hippocampal septotemporal axis (Fig. 1A).
Anatomical reconstructions from fixed brain sections showed
that the TDL of abGCs increased between 4 and 8 weeks of cell
age with no difference between 6 and 8 weeks (955+ 51 pm,
1,227 £58 um, 1,332+62 pum, respectively; Fig. 1B). Sholl
analysis showed a similar increase in intersections at distal
dendritic regions between 4 and 8 weeks (Fig. 1C). These
results are consistent with the plateau of dendritic growth
that occurs between 4 and 6 weeks after abGC birth (Sun
et al., 2013; Goncalves et al., 2016).

Despite the minimal changes in dendrite structure, perfo-
rated patch recordings in acute slices revealed more robust
changes in GC intrinsic excitability. Four week-old abGCs
had an input resistance of 1,012 +87 MQ that declined to
511 £57 MQ at 8 weeks, and all ages were significantly higher
than unlabeled mature (M) GCs (270 +26 MQ; Fig. 1D, left).
Likewise, abGCs had lower rheobase compared with mature
GCs, indicating higher intrinsic excitability (Fig. 1D, right).
The membrane time constant of 4w abGCs (44 + 3 ms) was
slower than that of mature GCs (31+2ms; p=0.005,
ANOVA) and the capacitance increased between 4w and 8w
(45+2 pF, 66 +7 pF, 73+ 7 pF) and was lower than that in
mature GCs (124 %12 pF, p<0.01, ANOVA; Dunnett’s T3
multiple comparisons). We stimulated the middle ML to evoke
EPSPs in GCs located far from the stimulating electrode
(Fig. 1E) and adjusted the intensity to elicit EPSPs of similar
amplitude (6.5+0.7 mV, 7.3+£0.8mV, 8.1+1.2mV, 9.8+
1.0 mV, respectively; Fig. 1F). Consistent with the high intrin-
sic excitability of abGCs counteracting low synaptic connec-
tivity (Mongiat et al., 2009; Dieni et al., 2016), the
stimulation intensity to elicit EPSPs of similar amplitude did
not differ by GC age (n = 39; Kruskal-Wallis test; H;3y=1.2,
p=0.7). Medial perforant path EPSPs had a similar PPR across
cell age (0.79+0.06, 0.85+0.04, 0.98+0.03, 0.97+0.03,
respectively; Fig. 1F). As expected from the changes in intrin-
sic membrane properties, the rise and decay phases of EPSPs
differed across cell age with slower rise and decay times in
4w abGCs (Fig. 1G). Thus, the intrinsic properties of abGCs
exhibit a gradual maturation that is almost complete by
8 weeks after cell birth (Esposito et al., 2005; Piatti et al.,
2011; Dieni et al., 2013).

The critical period for synaptic plasticity

We assessed the critical period for LTP with intact inhibition.
After establishing a stable baseline of EPSPs, we applied synaptic
TBS paired with postsynaptic current injections to elicit action
potentials that mimic GC firing in a place field (Skaggs et al.,
1996; Schmidt-Hieber et al., 2004). TBS was repeated 10 times
at 5 Hz for a total of 100 stimuli, similar to that observed in
vivo (Skaggs et al., 1996). TBS induced LTP so that the averaged
EPSP increased to 151 +5% and 165 + 14% of control in 4w and
6w abGCs, respectively. In contrast, TBS had no effect on EPSP
amplitudes in 8w abGCs (99 +4%) and unlabeled M GCs (96 +
4%; Fig. 2A,B). Thus, with intact inhibition abGCs transiently
exhibit a critical period for LTP that ends between 6 and 8 weeks
after cell birth, highlighting the potential capacity for young
abGCs to uniquely contribute to plasticity in vivo (Gu et al,
2012).
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Figure 1. Properties of abGCs. A, Confocal images of abGCs from fixed slices (50 pm thick). B, Example reconstructions and TDLs (n =15 cells from 2 mice each). One-way ANOVA, F(y.43) =
5.80, p = 0.006; Tukey’s post hoc test 4w versus 8w p = 0.005. €, Sholl analysis. Two-way ANOVA main effect of cell age, F(, 45 = 4.2, p = 0.02; main effect of radius, Fz4, 1,092 = 91, p < 0.0001;
interaction effect, F(s 1,092 = 1.54, p=0.009; Tukey’s post hoc test; +, 4w versus 6w p < 0.05; *, 4w versus 8w p < 0.05. D, Left, Examples of hyperpolarization induced by —10 pA current
steps. Middle, input resistance (R;) decreased with cell age. 4w, n = 14; 6w, n=8; 8w, n=7; M, n.=13; Welch's ANOVA, F;3,15.5 = 27, p < 0.0001; Dunnett’s T3 multiple comparisons with 4w
versus M p < 0.0001, 4w versus 8w p = 0.0007, 6w versus M p=0.01, 8w versus M p =0.02. Right, rheobase was lower in abGCs compared to mature GCs, one-way ANOVA, F(3 35 =24, p <
0.0001; Dunnett's T3 multiple comparisons. E, Live image showing typical recording configuration. F, EPSPs had similar amplitude (Kruskal-Wallis test; H;)=7.0, p=0.07) and PPR (Welch's

ANOVA, W(3‘0']9)

=4.1, p=10.02; Dunnett's multiple comparisons, p > 0.05). G, Normalized EPSPs highlighting different rise and decay kinetics. Rise: one-way ANOVA; f 5 35
0.003; Dunnett’s T3 multiple comparisons, 4w versus M p = 0.008, 6w versus M p = 0.01. Half-width: one-way ANOVA F 3 35

=55p=
=6.7, p=0.001; Tukey’s post hoc tests, 4w versus M p =

0.002, 4w versus 8w p = 0.008. n.s., not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. All error bars + SEM.

In contrast to the NMDAR-dependent postsynaptic mecha-
nism of LTP at medial perforant path synapses (Ge et al,
2007), lateral perforant path synapses exhibit presynaptic plastic-
ity resulting from an increase in vesicular release probability
(Wang et al., 2016; Vyleta and Snyder, 2021). To confirm plastic-
ity was generated at medial perforant path synapses, we used
paired stimuli (0.05 Hz, 100 ms ISI) throughout most experi-
ments to assess the PPR that is associated with changes in the
probability of release (Fig. 2C) and found no differences at
25 min post-TBS (two-way ANOVA; TBS F(;5,=2.0 p=0.2).
To test whether plasticity of intrinsic properties rather than
synaptic conductances could potentiate EPSPs (Lopez-Rojas
et al., 2016; Mishra and Narayanan, 2022), we monitored rheo-
base before and after LTP induction. There was no effect of
TBS on rheobase, however, mature GCs exhibited higher rheo-
base consistent with lower excitability (Fig. 2D). Together these
results confirm that 4w and 6w abGCs exhibit a high propensity
for postsynaptic LTP at medial perforant path synapses similar to

the reported timing of the critical period with GABA 4 receptor-
mediated inhibition blocked (Ge et al., 2007).

GABAergic inhibition suppresses LTP in both mature and
young GCs

We tested whether minimal GABAergic inhibition contributes to
the high propensity for LTP in abGCs by blocking GABA 4 recep-
tors with GBZ (10 uM). We reasoned that if minimal inhibition
underlies critical period plasticity, then LTP in 4w abGCs will be
relatively insensitive to removing inhibition. As a positive con-
trol, we first confirmed that our perforant path stimuli effectively
recruits inhibition by showing that GBZ increases the amplitude
of baseline EPSPs in both mature (137 £ 13%; paired f tests; t3) =
4.1, p=0.03; n=4) and 4w abGCs (128 + 8%; paired ¢ test; t(5) =
4.85, p=0.04; n=3; data not shown). We then repeated LTP
experiments in the presence of GBZ. As expected, GBZ uncov-
ered LTP in mature GCs, resulting in EPSPs that were ~160%
of the pre-TBS baseline (Fig. 3A, left). In contrast to the idea
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ANOVA; 3,53 =26, p < 0.0001; Tukey’s post hoc with 4w versus M p < 0.0001, 4w versus 8w p = 0.0002, 6w versus 8w and M p < 0.0001. C, PPRs normalized and hinned. Inset shows example
EPSPs from a 6w abGC. D, Current injections used to monitor rheobase before and after TBS from a 4w (blue, 20 and 30 pA) and mature GC (black, 50 and 60 pA). TBS did not alter rheobase
(2-way ANOVA; F(1 5= 0.01, p=0.9), but rheobase was higher in mature G(s compared with abGCs (F(3,55) = 14, p < 0.0001; Tukey’s post hoc with 4w versus M p = 0.0001, 6w versus M
p = 0.0002, 8w versus M 0.004, and no interaction effect (F3,5 =0.61, p=0.6). 4w, n=7; 6w, n=5; 8w, =4, M, n=9.

that plasticity in abGCs is insensitive to inhibition, the EPSP
amplitudes in 4w abGCs were ~280% of the pre-TBS baseline
in GBZ (Fig. 3A, right). Note that baseline EPSPs evoked in
GBZ using the same stimulation intensity (unpaired ¢ test; £
=0.78, p=0.5) generated smaller EPSPs in 4w abGCs compared
with those in mature GCs (6.1+04mV vs 9.8+0.8 mV;
unpaired ¢ test; fg) = 3.57, p =0.005; data not shown), consistent
with sparse excitatory synaptic connectivity (Dieni et al., 2016).
GBZ increased the effect of TBS in both mature and 4w abGCs,
with a significant interaction between cell age and GBZ suggest-
ing a larger effect of GBZ in 4w abGCs compared with that in
mature GCs (Fig. 3B, left). We also compared the relative effect
of GBZ on plasticity in 4w and mature GCs by the ratio of LTP
in GBZ versus LTP in ACSF, using the %EPSP after TBS from
individual experiments in GBZ and the average %EPSP after
TBS in ACSF. This ratio suggests GBZ had a similar effect in
mature and 4w GCs (1.67+0.22 and 1.85%0.04; unpaired
Welch’s t test; t(s3y=0.78, p=0.5; Fig. 3B, right). Variability in
the effect of GBZ in mature GCs could result from variability
in I/E ratios (Dieni et al., 2013) and/or vulnerability of interneu-
rons in the slice. Nonetheless, these results contradict the
hypothesis that minimal inhibition underlies critical period plas-
ticity, by showing that inhibition strongly suppresses LTP in 4w
abGCs and suggesting that the relative effect of GBZ in 4w abGCs
is similar to, or greater rather than less than, the effect in mature
GCs.

To further investigate the unexpectedly strong effect of GBZ
in 4w abGCs, we compared its effect on depolarization induced
by single bursts of 100 Hz synaptic stimulation used in the TBS
(in the absence of postsynaptic current injections that impede
identification of synaptic potentials). We used whole-cell

recordings to equalize intracellular [Cl™] and reduce series resis-
tance, focusing on 6w abGCs that are well past the maturation of
the chloride equilibrium potential (Ge et al., 2006) yet still exhibit
robust LTP (Fig. 2). Once again, we adjusted the stimulation
intensity to elicit EPSPs with similar amplitude (6w, 9.7 %
1.1 mV; M, 9.6 £0.9 mV; unpaired ¢ test; f(;2)=0.056, p=0.96)
using a similar stimulation intensity (36+6 pA vs 28 +5 pA;
unpaired ¢ test; ¢(;1) = 0.97, p=0.4). Synaptic TBS generated sim-
ilar depolarization in 6w and mature GCs, and both were
increased to a similar degree by GBZ, measured either as the total
area or maximal amplitude (Fig. 3C). Thus, despite incomplete
innervation from PV and SST interneurons (Groisman et al.,
2020), inhibition during the critical period effectively suppresses
depolarization during repetitive synaptic stimulation. Whereas
blocking GABA, receptors enhances depolarization in mature
GCs sufficiently to reach threshold for LTP, it enhances the mag-
nitude of LTP in young GCs.

To avoid potential confounds resulting from complete block-
ade of GABA 4 receptors, we tested the sensitivity of critical period
plasticity to partial block of GABA release. In CA1, p-opioid recep-
tors (LORs) are expressed selectively on GABAergic interneurons,
where they suppress GABA release from neurogliaform and PV
interneurons, but not CCK interneurons (Glickfeld et al., 2008;
Krook-Magnuson et al., 2011). To confirm partial suppression
of GABA release in dentate gyrus, we tested the effect of the
HOR agonist DAMGO (1 uM) on optogenetic-evoked GABA
receptor-mediated IPSCs in mature GCs. DAMGO strongly
reduced IPSCs evoked by optogenetic activation of
nNos-expressing interneurons, a group of dendritic-projecting
interneurons that include neurogliaform cells (Gonzalez et al.,
2018; Vaden et al.,, 2020). IPSCs evoked by nNos interneurons
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Figure 3.  GABA,R-mediated inhibition suppresses LTP. A, LTP in perforated patch recordings from mature GCs (n=6; left) and 4w abGCs (n=5; right) in GBZ (open symbols), with

comparison to results in ACSF (from Fig. 24, solid symbols). Insets show EPSPs before and after TBS in GBZ. B, Left, Summary data from 25 to 30 min post-TBS. Two-way ANOVA main
effect of cell age p <0.0001; main effect of GBZ p <0.0001; interaction effect F(1,4 =10, p=0.005; Tukey's post hoc 4w ACSF versus GBZ p <0.0001, 4w ACSF versus M ACSF
p = 0.001, 4w GBZ versus M GBZ p < 0.0001, M ACSF versus GBZ p = 0.0004. Right, The ratio of LTP in GBZ versus ACSF; unpaired Welch's t test; ts 3y = 0.78, p = 0.5) €, Example depolarizations
in 6w or M GCs during TBS using whole-cell recordings (n = 6 each). GBZ increases the area (p = 0.0007) regardless of cell age (p = 0.7). There was no significant interaction effect between cell
age and GBZ (two-way RM ANOVA; F(; 19 = 1.2, p =0.3; Bonferroni’s multiple comparisons 6w p = 0.004, M p = 0.048). GBZ also increases the peak amplitude of depolarization. Two-way RM
ANOVA, Fi1.10)= 1.7, p=0.2; main effect of cell age p=0.8; main effect of GBZ p = 0.0003; Bonferroni’s multiple comparisons 6w p = 0.002, M p=0.04. D, IPSCs in mature GCs evoked by
alternating optogenetic stimulation of nNos-ChR2 (top, 1 ms) and electrical stimulation in the ML (bottom) were reduced by DAMGO (gray). Paired ¢ test; 7 = 2.61, p=0.03 (n =8). E, IPSCs
evoked by alternating optogenetic stimulation of PV-ChR2 and electrical stimulation in the GCL (bottom), were suppressed by DAMGO. Paired t test; ;) = 3.39, p=0.01 (n =8). F, DAMGO

enhanced LTP in perforated patch recordings from 4w abGCs (312 £ 22%; n = 5; perforated patch recordings) compared with ACSF (from Fig. 24; Welch’s ¢ test; t45)

were reduced to a greater extent than IPSCs evoked by nonselec-
tive electrical stimulation of the ML (by 79.4+3.2% vs 67.6+
4.0%; Fig. 3D). DAMGO also reduced IPSCs evoked by optoge-
netic stimulation of PV interneurons, but to a lesser extent
than IPSCs evoked by nonselective electrical stimulation near
the GCL (50.7 £4.1% vs 64.7 £ 1.8%; Fig. 3E). Thus, DAMGO
reduces GABA release from nNos and PV interneurons but pre-
sumably leaves release intact from other subtypes, allowing us to
test how partial suppression of inhibition affects LTP. Consistent
with pOR expression primarily in nNos and PV interneurons,
DAMGO had no detectable effect on the intrinsic properties of
4w abGCs in perforated patch recordings (data not shown; n=
5). However, DAMGO robustly facilitated LTP, resulting in a
magnitude of LTP that was greater than in ACSF (312 +22% vs
151 +5%; Fig. 3F). Thus, a partial reduction of GABAergic inhi-
bition resulting from suppression of GABA release enhances LTP

=7.0 p=10.001).

in abGCs. Altogether these experiments reveal multiple out-
comes inconsistent with the idea that minimal GABAergic trans-
mission underlies critical period plasticity.

T-type Ca** channel antagonist sensitivity correlates with
critical period LTP

In addition to changes in synaptic connectivity, the closure of the
critical period is accompanied by reduced intrinsic excitability
resulting from changes in the complement, density, and/or func-
tion of multiple ion channels (Esposito et al., 2005; Overstreet-
Wadiche et al., 2006; Mongiat et al., 2009). In particular, young
abGCs with enhanced synaptic plasticity also exhibit T-type
Ca®* spikelets that facilitate depolarization to threshold for
Na'-dependent action potentials (Schmidt-Hieber et al., 2004).
We found that the incidence of putative Ca®" spikelets in
response to subthreshold current injections in the LTP
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post hoc comparison, 4w versus 8w p = 0.04, 6w versus 8w p = 0.0008, 6w versus M p =0.002. 4w, n=8; 6w, n=10; 8w, n=7; M, n=5.

experiments declined with cell age (67% of 4w abGCs, 50% of 6w
abGCs, 14% of 8w abGCs, and 8% of mature GCs; Fig. 4A4). We
thus sought to test the role of T-type channels in critical period
plasticity.

To confirm the involvement of T-type Ca>" channels, we
intended to test the sensitivity of spikelets to a T-type channel
antagonist, but we did not detect many using whole-cell record-
ings, suggesting reliance on intracellular components that can be
diluted. We therefore used a different assay of T-type Ca®" chan-
nel activity previously described in whole-cell recordings. T-type
Ca®" channels contribute to high-frequency bursts of 2-4 Na*
action potentials at the beginning of suprathreshold current
injections, and these bursts correlate with LTP (Dumenieu
et al., 2018; Kim et al., 2023). We defined these bursts as spike
doublets with a first ISI <15 ms (see Materials and Methods)
and found that the incidence of bursts in whole-cell recordings
declined with cell maturation (Fig. 4B). We confirmed that bursts
depend on T-type Ca** channels using the selective T-type chan-
nel blocker TTA-P2 (TTA; 1 uM) (Dreyfus et al., 2010). In TTA,
there was no difference in the low incidence of bursts across cell
age (Fig. 4C, left). TTA increased the first ISI in 4w (from 11+ 1
to 19 +£2 ms) and 6w abGCs (from 14 + 0.5 to 31 + 3 ms) but had
no effect in 8w abGCs (from 24 + 5 to 27 + 5 ms) and mature GCs
(from 20 + 3 to 22 + 2 ms; Fig. 4C, middle, right). To compare the
sensitivity to TTA across GC age without using a predefined
burst criterion, we normalized the ISI in TTA to the ISI in
ACSF. We found that 4w abGCs showed a greater increase in
ISI (1.9 £0.2) compared with 8w abGCs (1.2 +0.1) and that 6w
abGCs showed a greater increase in ISI (2.2 +0.2) compared with
8w and mature GCs (1.1+0.1 and 1.1 + 0.2; Fig. 4D). Thus, 4-
6w abGCs in the critical period exhibit a contribution of T-type
Ca”" channels to excitability, and the loss of sensitivity to the
T-type blocker coincides with the closure of the critical period.

T-type Ca®>* channels in abGCs enhance NMDAR-mediated
depolarization

We wondered whether T-type Ca** channel activity could con-
tribute to NMDAR activation reported to be important for crit-
ical period plasticity (Ge et al., 2007; Kheirbek et al., 2012). To
test this idea, we used whole-cell recordings and the NMDAR
antagonist CPP (5 uM) to isolate the NMDAR-mediated compo-
nent of depolarization during bursts of 100 Hz synaptic stimula-
tion used in the TBS. With EPSPs of similar initial amplitude, the
envelope of depolarization generated by 100 Hz stimulation in
ACSF in 4w (1.40+0.06 Vems) and 6w abGCs (1.35+
0.09 Vems; data not shown) was similar to mature GCs (1.32 +
0.04 Vems), and CPP reduced it to the same extent (Fig. 5Aiiii).
Thus, the area of the isolated NMDAR depolarization was also
similar in 4w abGCs (0.56 +0.07 Vems), 6w abGCs (0.35+
0.05 Vems; data not shown), and mature GCs (0.43+
0.03 Vems; one-way ANOVA; F,15)=1.7, p=0.2; Fig. 5Bi,iii).
These results suggest TBS generates similar NMDAR activation
in abGCs and mature GCs, although somatic recordings could
mask sublinear integration in developing thin dendrites
(Abrahamsson et al., 2012). To test the contribution of T-type
Ca®" channels to NMDAR activation, we repeated this analysis
after blocking T-type Ca>" channels with TTA. In separate exper-
iments, TTA first reduced the area of depolarization in 4w abGCs
(from 1.42+0.08 Vems to 1.12+0.10 Vems; paired ¢ test; tg) =
5.99, p=0.0003; n=9; data not shown) but had no effect in
mature GCs (from 1.35+0.18 Vems to 1.24+0.15 Vems; paired
t test; ) = 1.47, p=0.2; n =6, not shown), consistent with selec-
tive effects on excitability in abGCs. We then tested CPP in the
presence of TTA. In 4w abGCs, there was no additional effect
of CPP (from 1.12+0.10 Vems to 1.11 £0.12 Vems; Fig. 5Aii),
in contrast to the block by CPP in ACSF alone (from 1.40
0.06 Vems to 0.84 £0.08 Vems; Fig. 5Ai). In mature GCs, CPP
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Figure 5. T-type (a*" channels enhance NMDAR-mediated depolarization.

A, Depolarization in whole-cell recordings during 100 Hz synaptic stimulation in ACSF (black)
and CPP (brown) in 4w (i) and mature GCs (iii). CPP blocked depolarization to a similar extent
in 4w, 6w (data not shown), and mature GCs (2-way RM ANOVA, F(5 15 = 4.5, p = 0.03; main
effect of CPP, p < 0.0001; cell age, p = 0.97; Bonferroni’s multiple comparisons, 4w, 6w, and
M p < 0.0001). Comparison of the effect of CPP in ASCF (i,jii) with effect of CPP in the pres-
ence of TTA (ii,iv) revealed that CPP blocked depolarization, dependent on TTA (2-way ANOVA
cell condition X CPP, Fi36 = 16.4, p < 0.0001; main effect of cell condition, p=1; main
effect of CPP, p < 0.0001; Bonferroni’s multiple comparisons, 4w and M ACSF p < 0.0001,
M TTA p=0.002). B, The subtracted NMDAR-mediated components were similar in 4w (i),
6w (data not shown), and mature GCs (iii; 1-way ANOVA, f15 =17, p=0.2). In 4w
abGCs, the subtracted NMDA component was smaller in TTA (ii) than in ACSF (i), whereas
in mature GCs the NMDAR component was similar in ACSF (iii) and TTA (iv; 1-way
ANOVA, Fi325)=18, p <0.0001; Bonferroni's multiple comparisons, 4w ACSF versus TTA p
<0.0001, 4w TTA versus M TTA p=0.01, M ACSF versus TTA p=0.7). 6w ACSF, n =7;
4w ACSF, n=8; 4w TTA, n=9; M ACSF, n=6; M TTA, n=6.

reduced the depolarization in the presence of TTA (from 1.24 +
0.15 Vems to 0.94 +£0.12 Vems; Fig. 5Aiv), similar to the effect of
CPP in ACSF (from 1.32+0.04 Vems to 0.89+0.04 Vems;
Fig. 5Aiii). We used these experiments to directly compare the
effect of TTA on the subtracted NMDAR component. In 4w
abGCs, the NMDAR component in TTA was smaller than that
in ACSF (0.02 +0.06 Vems vs 0.56 £ 0.07 Vems; Fig. 5Bi,ii), but
TTA had no effect on the NMDAR component in mature GCs
(from 0.43+0.03 Vems to 0.31+0.06 Vems; Fig. 5Biii,iv). In
TTA, the NMDAR component in 4w abGCs was also smaller
than the NMDAR component in mature GCs (Fig. 5Bii,iv).
Together these results show that T-type Ca** channels promote
NMDAR-mediated depolarization in 4w GCs, and this facilita-
tion does not occur in mature GCs.

T-type Ca>" channels are allow abGCs to overcome inhibition
To directly determine whether T-type Ca®>* channels underlie
critical period plasticity, we tested the effect of TTA on LTP in
4w abGCs. In contrast to LTP in ACSF (150 +5% of control,
from Fig. 2), LTP was absent in TTA (86+9% of control;
Fig. 6A, left, B), suggesting that T-type Ca** channels are

Kennedy et al. e Critical Period Plasticity in Adult-Born Neurons

necessary for LTP. One caveat, however, is that TTA could sup-
press LTP by altering GABAergic inhibition. Therefore, we also
tested TTA in the presence of GBZ and found that TTA reduced
LTP when GABA 4 receptors are blocked (GBZ + TTA 153 +17%
compared with GBZ 278 + 5%, from Fig. 3; Fig. 6A, middle, B). If
TTA suppressed LTP via circuit effects independent of abGCs,
then TTA should also prevent LTP in mature GCs in the presence
of GBZ. However, TTA did not alter LTP in mature GCs when
inhibition was blocked (GBZ 161+21%, Fig. 3; GBZ+TTA
155 +22%; p=0.8; Fig. 64, right, B). In these experiments, we
used similar initial EPSP amplitudes and stimulation intensities
(see legend). Comparing across all conditions, we found that
TTA affected LTP only in 4w abGCs and that when both
GABA, receptors and T-type Ca®" channels are blocked, the
magnitude of LTP was similar in 4w abGCs and mature GCs
(Fig. 6B). This implies that the primary difference is the enhanced
excitability afforded by T-type Ca®* channels that allow abGCs to
overcome the suppressive effect of inhibition but that T-type Ca®
" are not strictly required for LTP in either young or mature GCs.

In these perforated patch recordings, we noticed that the time
course of single EPSPs in 4w abGCs was accelerated by TTA,
both in ACSF and in GBZ (EPSP half-width in ACSF 59 +5 ms
compared with 33 £4 ms in TTA, in GBZ 70 £ 5 ms compared
with 50+ 6 in GBZ + TTA; Fig. 6C). Thus, even single synaptic
stimuli activate T-type Ca** channels that promote depolariza-
tion in 4w abGCs, but TTA had no effect on the time course of
EPSPs in mature GCs (EPSP half-width in GBZ 40 =2 ms com-
pared with 38 +4 ms in GBZ + TTA; Fig. 6C). Likewise, we also
confirmed that TTA selectively increased the intrinsic excitability
of young abGCs, showing that TTA decreased the number of
action potentials generated by either short (150 ms, Fig. 6D) or
long (500 ms, Fig. 6E) current injections. Altogether these results
suggest that T-type Ca>* channels mediate critical period LTP in
young abGCs via cell autonomous effect on intrinsic excitability.

Uncovering T-type Ca”* channels in mature GCs unmasks
LTP

Our results suggest that the closure of critical period plasticity cor-
responds to the loss of T-type Ca®* channel-mediated excitability.
However, whole-cell recordings show that T-type-dependent burst
firing correlates with various forms of LTP in GCs with mature
properties in juvenile rat slices (Kim et al., 2023) and past work
clearly identifies T-type Ca** channel activity in mature GCs
(Beck et al., 1998; Martinello et al., 2015; Dumenieu et al., 2018).
Thus, loss of T-type Ca** channel excitability does not result
from loss of channel expression. We previously showed that con-
stitutive G-protein signaling suppresses intrinsic excitability of
mature but not newborn GCs and that excluding GTP from the
intracellular solution increases mature GC intrinsic excitability
and bursting (Gonzalez et al.,, 2018, 2023). Therefore, we tested
whether suppressing G-protein signaling could unmask T-type
Ca" channel activity in mature GCs and uncover LTP with intact
synaptic inhibition.

First, we used whole-cell recordings from mature GCs with no
intracellular GTP to assay T-type Ca>* channel contribution to
spike bursts. After 5 min to allow the intracellular solution lack-
ing GTP to diffuse into the cell, we tested the effect of TTA on the
ISI of the first spikes generated by current injections. In contrast
to whole-cell recordings with GTP (Fig. 4B), most mature GCs
showed a spike burst (75%) in the absence of intracellular
GTP, as reported (Gonzalez et al., 2023). Furthermore, TTA
increased the ISI of the doublet, confirming a contribution of
T-type Ca** channels to this form of intrinsic excitability (from
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Figure 6. T-type (a®* channels allow abGCs to overcome inhibition. A, Left, LTP induction in 4w abGCs in ACSF (circles; data from Fig. 2) and TTA (triangles; n = 6) in perforated patch
recordings. Middle, LTP induction in 4w abGCs in GBZ (circles; data from Fig. 3) and GBZ + TTA (triangles; n = 6). Right, LTP in M GCs in GBZ (circles; data from Fig. 3) and GBZ + TTA (triangles; n
=15). All insets, example EPSPs before and after TBS in TTA. Initial EPSP amplitudes (4w ACSF, 7 £ 1 mV; 4w TTA, 9+ 2 mV; 4w GBZ, 6 + 0.4 mV; 4w GBZ + TTA, 6 + 1 mV; M GBZ, 10 + 1 mV;
M GBZ +TTA, 6 £ 0.5 mV; one-way ANOVA; f(s5 59, = 2.1, p = 0.09) and stimulation intensities (4w ACSF, 22 £ 5 pA; 4w TTA, 22 £ 6 pA; 4w GBZ, 23 + 6 pA; 4w GBZ +TTA, 26 + 3 pA; M GBZ,
18 +2 pA; M GBZ + TTA, 34 £ 6 pA; Kruskal-Wallis test; Hs) = 7.4, p = 0.2) were similar across all experiments. B, Summary of EPSPs at 25-30 min post-TBS. One-way ANOVA, F(5 30 =17, p <
0.0001; Sidak’s multiple comparison, 4w ACSF versus 4w TTA *p = 0.01, 4w GBZ versus 4w GBZ + TTA ***p < 0.0001, M GBZ versus M GBZ + TTA p = 0.99, 4w TTA versus 4w GBZ + TTA *p =
0.01, M TTA versus 4w TTA *p =0.02, 4w GBZ + TTA versus M TTA p > 0.99. , Example EPSPs from a 4w abGC in ACSF (blue) and TTA (red). Right, Summary of EPSP half-widths. One-way
ANOVA, F5 49)= 9.4, p < 0.0001; Sidak’s multiple comparisons, 4w ACSF versus 4w TTA ***p < 0.0001, 4w GBZ versus 4w GBZ + TTA *p =0.04, M GBZ versus M GBZ + TTA p > 0.99, 4w TTA
versus 4w GBZ + TTA p =0.04. 4w GBZ versus M GBZ ***p =0.0002. D, Left, Action potentials in response to current injections (5 pA increments) in 4w abGCs in ACSF and TTA (gray),
normalized to rheobase (R): two-way RM ANOVA main effect of TTA, F149 =24, ***%p < 0.0001; main effect of current injection, Fs 49 =12, p <0.0001; interaction effect, Fig49)=
2.3, p=0.05; Bonferroni’s multiple comparisons, **p = 0.005). Right, Similar analysis for mature GCs in GBZ using 10 pA current injections. Two-way RM ANOVA main effect of TTA,
Fa30=18, p = 0.2; main effect of current injection, 730 = 16, p < 0.0001; interaction effect, f7 30 = 0.64, p=0.7. E, Top, Action potentials in response to current injections in abGCs
in ACSF and TTA (gray). Bottom, the number of action potentials in an abGC normalized to the maximum and fit with a least squares sigmoidal line, illustrating a shift in the half-point
by TTA. Summary of the half-point in TTA as a percent of half-point in ACSF. Welch's ¢ test, tg1)=2.4, *p=0.04.

10.6 £1.4 ms to 13.9+2.0 ms; Fig. 7A). In separate whole-cell  injection was enhanced by TTA (ISI in ACSF 11 +1 ms, ISI in
recordings from mature GCs, we evoked EPSPs in ACSF or ~ TTA 192 ms; unpaired ¢ test; ¢,y = 3.6, p=0.004). However,
TTA and applied TBS within 15 min of breaking into the cell,  even in whole-cell recordings without GTP, TTA did not affect
using similar initial EPSP amplitudes (ACSF, 10£1 mV; TTA, the duration of EPSPs measured by the half-width (39.0+
8+ 1 mV) and stimulation intensities (ACSF, 19+2 pA; TTA, 1.7ms vs 39.9+2.5 ms; unpaired t test; t;;,=0.3, p=0.7).
20+2 pA). Remarkably, using whole-cell recordings without  These data suggest that enhancing the contribution of T-type
GTP generated a robust LTP in ACSF (222+17%) that was  Ca®" channels to intrinsic excitability in mature GCs by sup-
reduced by TTA (158 +15%; Fig. 7B). In these recordings, we  pressing G-protein signaling can unmask a T-type Ca** channel-
also confirmed that the ISI of the doublet in response to current ~ dependent component of LTP.
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A Mature GCs (whole-cell, no GTP)
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Figure 7. Whole-cell recordings without GTP uncover T-type Ca®*
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B Mature GCs (whole-cell, no GTP)
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channel contribution to mature GC excitability and LTP. A, Example first ISIs in response to current injections 5 min after

breaking into a mature GC without GTP in the pipette, before (above) and after TTA application (below). Right, Paired t test, f;) = 2.6 *p = 0.03. n = 8. B, Example EPSPs in mature GCs in ACSF
(top) or TTA (bottom) without GTP in the pipette before and after TBS. Middle, When GTP is excluded from the recording pipette, mature GCs exhibit robust LTP with inhibition intact (n = 7) that
is sensitive to TTA (n= 6). Right, Summary of EPSP amplitudes at 25-30 min post-TBS, unpaired ¢ test, 17, =2.8, *p=0.02.

Discussion

In the first 4 weeks after cell birth, abGCs undergo extensive
morphological growth and synaptic integration followed by
2 weeks of enhanced synaptic plasticity termed the critical period
(Ge et al,, 2007). During this critical period, young abGCs have
few but highly plastic synapses that provide a substrate for mem-
ory precision, likely by promoting functions related to pattern
separation (Clelland et al.,, 2009; Sahay et al., 2011; Gu et al,,
2012; Kheirbek et al., 2012; Dieni et al, 2016; Lodge and
Bischofberger, 2019; Miller and Sahay, 2019). Here we investi-
gated two long-standing hypotheses about the role of inhibition
and intrinsic excitability in critical period plasticity. Our results
highlight the effectiveness of GABAergic inhibition in suppress-
ing LTP both during and after the critical period and additionally
reveal the essential role of T-type Ca®* channels in mediating
critical period plasticity by enabling abGCs to overcome that
inhibition.

Prior to the critical period, newborn abGCs (<4w) are thought
to minimally contribute to information processing due to limited
integration into the hippocampal circuit (Esposito et al., 2005; Gu
et al,, 2012; but see Heigele et al., 2016). Although newborn
abGCs exhibit synaptic plasticity in the form of synapse unsilen-
cing facilitated by GABAergic depolarization, plasticity may be
most relevant for circuit integration (Chancey et al, 2013;
Alvarez et al., 2016), rather than dentate-specific behaviors (Gu
et al., 2012). Supporting this idea, in the absence of GABAergic
depolarization, abGCs (<4w) exhibit plasticity similar to mature
GCs (Ge et al,, 2007). By a month after cell birth, the equilibrium
potential of chloride reaches mature values (Ge et al., 2006). This
switch is followed by the transient 2 week period of enhanced
plasticity (4-6 weeks) that corresponds to a time period often
used to experimentally assess how selective manipulation affects
hippocampal behaviors (Ge et al., 2007; Gu et al., 2012; Miller
and Sahay, 2019; Lods et al., 2022).

GABAergic inhibition of mature neurons is well known to
limit plasticity by suppressing NMDAR-mediated Ca®" influx
(Lovett-Barron et al., 2012; Royer et al., 2012). Compared with
mature GCs, abGCs have smaller IPSCs that lead to a lower inhi-
bition-excitation ratio (Marin-Burgin et al., 2012; Dieni et al.,
2013; Groisman et al., 2020), reinforcing the possibility that crit-
ical period plasticity results from relatively less GABA 4 receptor-
mediated inhibition. This idea was originally supported by field
potential recordings showing that ACSF-LTP requires young

abGCs (Snyder et al, 2001; Saxe et al, 2006; Massa et al.,
2011), consistent with our single-cell results showing only 4w-
6w abGCs exhibit LTP with inhibition intact. Full innervation
from PVs and SSTs also correlates with the closure of the critical
period (Groisman et al., 2020), suggestive of a causal role similar
to cortical plasticity in the developing visual system (Fagiolini
and Hensch, 2000). However, we found that GBZ suppresses
dendritic depolarization and LTP to a similar extent in 4w and
mature GCs. Suppression of GABA release from PV and
nNos-expressing interneurons also robustly increased LTP in
4w abGCs, further showing that plasticity during the critical
period is strongly suppressed by synaptic inhibition. Despite
incomplete inhibitory innervation, we speculate that feedforward
inhibition from dendritic-projecting interneurons like neuroglia-
form cells effectively attenuates NMDAR activation via a5
subunit-containing outwardly rectifying GABA, receptors
(Markwardt et al., 2011; Schulz et al., 2018; Vaden et al., 2020;
Lodge et al., 2021). But since we enforced spiking via current
injections in the TBS induction paradigm, it is possible that min-
imal somatic inhibition contributes to plasticity via controlling
spike generation under more physiological conditions.
Nonetheless, our results are consistent with a recent model that
poses the switch in GABA polarity from excitatory to inhibitory
alters synaptic plasticity from cooperative to competitive, with
inhibition during the competitive phase helping abGCs respond
to novel aspects that differ between similar input patterns (Gozel
and Gerstner, 2021). Our results suggest T-type Ca** channels
boost intrinsic excitability to provide abGCs with a competitive
advantage for plasticity. In the absence of both inhibition and
T-type Ca®" channel activity, LTP is similar in mature and 4w
abGCs (Fig. 6B), potentially implying that the underlying mech-
anisms of plasticity are otherwise similar.

We were surprised by the ease of LTP induction in mature
GCs using whole-cell recording (Fig. 7), in contrast to the lack
of LTP using perforated patch with the same TBS (Fig. 2). Our
whole-cell results showing a contribution of T-type Ca®* chan-
nels to TBS-induced LTP in mature GCs is consistent with pre-
vious whole-cell recordings that correlate spike bursts or
dendritic sodium spikes with LTP in disinhibited rat slices
(Kim et al.,, 2018, 2023). The whole-cell configuration lowers
the access component of series resistance in comparison with
perforated patch, potentially allowing greater dendritic depolar-
ization in response to current injections to promote recruitment
of voltage-gated channels. Thus, differences in the magnitude of
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dendritic depolarization, as well as disruption of endogenous
intracellular components (see below), could contribute to differ-
ent outcomes in whole-cell versus perforated patch recordings.
While further studies will be needed to fully elucidate the under-
lying differences, altogether the results highlight the role of
intrinsic excitability and recording mode in setting the threshold
for LTP induction.

The differential sensitivity of young and mature GCs to
T-type Ca** channel block in perforated patch recordings cannot
be explained by an absence of channel expression in older GCs,
as electrophysiological recordings, immunofluorescence, and
transcriptomic analysis all indicate the presence of T-type Ca**
channels in mature GCs (Beck et al., 1998; McKay et al., 2006;
Dumenieu et al., 2018; Hochgerner et al., 2018). Consistent
with the finding that intracellular regulation by G-protein signal-
ing selectively suppresses excitability of mature GCs (Gonzalez
et al., 2018), whole-cell recordings that minimize inhibitory
G-protein signaling in mature GCs unmasked a contribution of
T-type Ca®" channels to intrinsic excitability and LTP. In con-
trast, with an intact intracellular milieu provided by perforated
patch, T-type Ca®" channel activity was readily apparent in
young but not mature GCs (Figs. 4, 6). T-type Ca>* channels
in mature GCs may be under direct suppression by G-protein
signaling, or the contribution of T-type Ca** channels to intrinsic
excitability may be masked by activation or regulation of other
ion channels, like GIRKs or NALCN (Gonzalez et al., 2018,
2023). The density or location of T-type Ca®* channels may
also change across GC maturation, and increasing voltage-gated
K" conductances might effectively counteract T-type Ca®" channel
activation (Mongiat et al., 2009). Importantly, intrinsic excitability
of mature GCs is dynamic, changing in response to experience and
time of day, potentially contributing to heterogeneity in the pro-
pensity for plasticity (Pignatelli et al., 2019; Gonzalez et al., 2023;
Kim et al,, 2023). Future studies will be needed to fully dissect
the mechanisms underlying the role of T-type Ca** channels in
critical period plasticity and the changes in intrinsic excitability
that contribute to closure of the critical period. In young GCs,
depolarization provided by T-type Ca** channels clearly contrib-
utes to voltage-dependent magnesium unblock of NMDARs
(Fig. 5), although Ca®" influx via T-type channels could also serve
as a signaling molecule in young GCs with a low buffer capacity to
spatially restrict free Ca®" (Stocca et al., 2008). Together, our results
support the long-standing idea that intrinsic excitability conferred
by T-type Ca®" channel activity in young abGCs underlies a low
threshold for plasticity (Schmidt-Hieber et al., 2004) and further
reveals the potential capacity for T-type Ca>* channels to promote
plasticity in mature GCs.
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