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Cellular/Molecular

Constitutive and Synaptic Activation of GIRK Channels
Differentiates Mature and Newborn Dentate Granule Cells

Jose Carlos Gonzalez,' S. Alisha Epps,? Sean J. Markwardt,' Jacques I. Wadiche,' and Linda Overstreet-Wadiche'
Departments of 'Neurobiology and 2Physical Medicine and Rehabilitation, University of Alabama at Birmingham, Birmingham, Alabama 35294

Sparse neural activity in the dentate gyrus is enforced by powerful networks of inhibitory GABAergic interneurons in combination with
low intrinsic excitability of the principal neurons, the dentate granule cells (GCs). Although the cellular and circuit properties that dictate
synaptic inhibition are well studied, less is known about mechanisms that confer low GC intrinsic excitability. Here we demonstrate that
intact G protein-mediated signaling contributes to the characteristic low resting membrane potential that differentiates mature dentate
GCs from CA1 pyramidal cells and developing adult-born GCs. In mature GCs from male and female mice, intact G protein signaling
robustly reduces intrinsic excitability, whereas deletion of G protein-activated inwardly rectifying potassium channel 2 (GIRK2) in-
creases excitability and blocks the effects of G protein signaling on intrinsic properties. Similarly, pharmacological manipulation of
GABAj receptors (GABARs) or GIRK channels alters intrinsic excitability and GC spiking behavior. However, adult-born new GCs lack
functional GIRK activity, with phasic and constitutive GABA;R-mediated GIRK signaling appearing after several weeks of maturation.
Phasic activation is interneuron specific, arising primarily from nNOS-expressing interneurons rather than parvalbumin- or
somatostatin-expressing interneurons. Together, these results demonstrate that G protein signaling contributes to the intrinsic excit-
ability that differentiates mature and developing dentate GCs and further suggest that late maturation of GIRK channel activity is poised
to convert early developmental functions of GABA; receptor signaling into GABA;R-mediated inhibition.
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The dentate gyrus exhibits sparse neural activity that is essential for the computational function of pattern separation. Sparse
activity is ascribed to strong local inhibitory circuits in combination with low intrinsic excitability of the principal neurons, the
granule cells. Here we show that constitutive activity of G protein-coupled inwardly rectifying potassium channels (GIRKSs)
underlies to the hallmark low resting membrane potential and input resistance of mature dentate neurons. Adult-born neurons
initially lack functional GIRK channels, with constitutive and phasic GABA;, receptor-mediated GIRK inhibition developing in
tandem after several weeks of maturation. Our results reveal that GABA/GIRK activity is an important determinant of low
excitability of mature dentate granule cells that may contribute to sparse DG activity in vivo. j

ignificance Statement

information from the cortex in a manner that generates a neural
representation of a context (Hernandez-Rabaza et al., 2008; Liu et

Introduction
The dentate gyrus (DG) is a main entry point for neural activity

into the hippocampal formation, integrating sensory and spatial
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al., 2014). The DG exhibits sparse neural activity wherein only a
small fraction of the principal granule cells (GCs) are active at any
given time and active GCs have generally low firing rates (Jung
and McNaughton, 1993; Chawla et al., 2005; Leutgeb et al., 2007;
Neunuebel and Knierim, 2012). Sparse population and rate cod-
ing are essential components of the computational function of
pattern separation wherein similar input patterns are trans-
formed into distinct output patterns and also underlie the DG
“gate” that suppresses the transmission of epileptiform activity
(Coulter and Carlson, 2007; Hsu, 2007; Treves et al., 2008). It is
widely acknowledged that strong networks of GABAergic in-
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terneurons in combination with the low intrinsic excitability of
GCs enforce sparse DG activity. Whereas GABA ,-receptor-
mediated inhibition is widely studied, less is known about the
role of GABAj receptors (GABAgRs) and mechanisms underly-
ing the low intrinsic excitability of GCs.

GABAgRs are G;,, coupled metabotropic receptors with both
presynaptic and postsynaptic actions that are mediated by dis-
tinct receptor subunits and effector pathways (Pinard et al.,
2010). The activation of postsynaptic GABAyRs dissociates Gy
from Ga to directly gate G protein-coupled inwardly rectifying
potassium (GIRK) channels, leading to a slow hyperpolarizing
conductance (Andrade et al., 1986; Dutar and Nicoll, 1988; Solis
and Nicoll, 1992; De Koninck and Mody, 1997; Liischer et al.,
1997). The nonuniform distribution of GABARR subunits and, in
particular, GIRK channels generates a laminar distribution of
GABAgR-mediated current densities across the somatodendritic
domain of principal neurons (Kulik et al., 2006; Degro et al.,
2015). GABARRs are located extrasynaptically and are thus typi-
cally activated by GABA spillover, resulting either from repetitive
synaptic activity or the activation of specific interneurons that
mediate a form of volume transmission (Otis and Mody, 1992;
Otisetal., 1993; Fritschy et al., 1999; Scanziani, 2000; Tamas et al.,
2003; Price et al., 2008; Armstrong et al., 2011). Hence, slow
GABAjg-mediated phasic inhibition is constrained by the ac-
cessibility of postsynaptic receptors to synaptically released
GABA. In contrast, constitutive opening of GIRK channels,
either by agonist-independent spontaneous GTP/GDP turn-
over or persistent activation of G;/,-coupled metabotropic re-
ceptors can contribute to steady-state dendritic excitability
and resting membrane potential (RMP) in some neural popu-
lations (Breitwieser and Szabo, 1988; Liischer et al., 1997; Chen
and Johnston, 2005; Kim and Johnston, 2015).

In addition to controlling GC excitability, GABA acts as a
trophic factor during the maturation of adult-born GCs, during
which newly generated GCs transition from high to low intrinsic
excitability (Schmidt-Hieber et al., 2004; Mongiat et al., 2009;
Dieni et al., 2013a,b; Brunner et al., 2014). Young GCs express
low levels of inwardly rectifying potassium (K;,) channels and
overexpression of K. 2.1 in young neurons can induce mature
repetitive firing characteristics, suggesting that K;, channels con-
tribute to mature GC intrinsic excitability (Mongiat et al., 2009).
Indeed, mature GCs express many types of potassium channels
that contribute to intrinsic excitability (Beck et al., 1992, 1997;
Riischenschmidt et al., 2006; Kirchheim et al., 2013), but the
origin of the unusually low RMP of GCs is unclear. Here we
investigate the contribution of GIRK channels to the excitability
of mature and adult-born GCs. GIRK channels function in a
complex with GABAgRs (Wang et al.,, 2016), and both are highly
expressed in the DG with presynaptic and postsynaptic functions
(Mott and Lewis, 1992; Otis and Mody, 1992; Mott et al., 1993,
1999; Otis et al., 1993; Brucato et al., 1995; Canning and Leung,
20005 Foster et al., 2013; Degro et al., 2015). We focus on post-
synaptic signaling to assess the function, maturation, and sources
of GABAy/GIRK signaling in dentate GCs.

Materials and Methods

Animal and experimental procedures. To identify newly generated adult-
born GCs, we used reporter mice with enhanced green fluorescent pro-
tein (EGFP) expressed under the control of the proopiomelanocortin
(POMC) promoter (POMC-EGFP; Cowley et al., 2001; Overstreet et al.,
2004), or GFP expressed under the control of the glutamate decarboxyl-
ase isoform 67 (GAD67-GFP; Zhao et al., 2010). We also used Nestin-
CreER ™ mice (provided by C. Kuo (Duke University, Durham, NC);
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Kuo et al.,, 2006) crossed with Ail4 R26R-TdTomato reporter mice
(stock #007914, The Jackson Laboratory) to identify adult-born GCs
between 3 and 5 weeks post-tamoxifen induction. EGFP, GFP, or td-
Tomato-expressing GCs were identified using epifluorescence illumina-
tion, with comparisons to unlabeled neighboring mature GCs. GIRK2
knock-out (KO) mice were also used (Signorini et al., 1997). Optogenetic
activation of interneuron subtypes was performed by crossing neuronal
nitric oxide synthase (nNOS)-CreER (stock #014541, The Jackson Lab-
oratory), PV Cre (stock #008069, The Jackson Laboratory), or SOM-
IRES-Cre (stock #013044, The Jackson Laboratory) mice with Ai32
channelrhodopsin 2 (ChR2)/enhanced yellow fluorescent protein
(EYFP) mice (stock #012569, The Jackson Laboratory). Positive off-
spring were identified by PCR. Inducible Cre mice were fed with tamox-
ifen pellets ad libitum (Envigo) for 7 d after weaning at postnatal day 22.
Experiments were performed with male and female 7- to 10-week-old
mice derived from different lines maintained on the C57BL/6] back-
ground, with the exception of Nestin-CreER mice, which were main-
tained on a CD1 background. No significant differences in mature GC
properties were detected between different mouse lines, so data were
pooled. All animal procedures followed the Guide for the Care and Use of
Laboratory Animals, US Public Health Service, and were approved by the
University of Alabama at Birmingham Institutional Animal Care and Use
Committee. Mice were maintained in standard housing in a 12 h light/
dark cycle and recordings were performed between zeitgeber time 7
(ZT7) and ZT11.

Slice preparation. Mice were preanesthetized with isoflurane, deeply
anesthetized with 2,2,2-tribromoethanol (Avertin; Sigma-Aldrich), and
perfused intracardially with ice-cold modified ACSF containing the fol-
lowing (in mm): 110 choline chloride, 25 p-glucose, 7 MgCl,, 2.5 KCl,
1.25 Na,PO,, 0.5 CaCl,, 1.3 Na-ascorbate, 3 Na-pyruvate, and 25
NaHCO;, bubbled with 95% O,/5% CO,. The brain was removed and
300-wm-thick horizontal slices were prepared using a vibratome
(VT12008S, Leica Instruments). Slices were incubated at 37°C for ~30
min in recording solution containing the following (in mm): 125 NaCl,
2.5 KCl, 1.25 Na,PO,, 2 CaCl,, 1 MgCl,, 25 NaHCO,, and 25 p-glucose
bubbled with 95% O,/5% CO,, then transferred to room temperature in
the same solution.

Electrophysiology. Slices were mounted on a BX51WI Olympus micro-
scope and superfused with recording solution. For whole-cell recordings,
patch pipettes were filled with the following (in mm): 135 K-gluconate, 3
KCl, 2 MgCl,, 10 HEPES, 2 Mg-ATP, 0.5 Na-GTP, 10 phosphocreatine,
and 0.1 EGTA, pH 7.3 and 310 mOsm (GTP ). When noted, 0.5 Na-
GTP was excluded from the same internal solution (GTP ). To confirm
the integrity of the patch in perforated-patch recordings, and for whole-
cell GABA, TPSC recordings associated with Figure 7, we used a high
[Cl "] intracellular solution containing the following (in mm): 140 KCI, 4
MgCl,, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP 7 phosphocreatine, 10 EGTA,
50-100 ug/ml gramicidin, and 0.2-0.4% DMSO (since EGTA is too
large to permeate gramicidin pores, it is likely irrelevant for results using
perforated patch recordings).

Electrophysiological recordings were made with fire-polished boro-
silicate glass electrodes (outer diameter, 1.5 mm, inner diameter, 0.86
mm; Sutter Instrument) with resistance of 2—5 M{) for mature GCs and
4-7 MQ) for immature GCs when filled with the intracellular solution.
Pipettes were mounted on the headstage (CV-7B) of a 700A amplifier
(Molecular Devices) with cancellation of pipette capacitive transients.
Bridge balance was automatically adjusted in current-clamp recordings,
and action potential threshold was detected at rheobase when the slope
exceeded 10 mV/ms. In voltage clamp, membrane potential was held at
—70 mV to generate a standing outward potassium current. Holding
currents were measured by averaging the amplitude of baseline currents
for 20 s or in five different sweeps in each condition. Measures of intrinsic
excitability were obtained starting 5-10 min after cell break-in, based on
the time required for us to block synaptic-activated GABA/GIRK cou-
pling in distal dendrites using an intracellular solution containing QX-
314 (Hibino et al., 2010), and only cells with stable measures over the
course of the experiment were included. Most recordings were made at
30°C, although some were made at 22°C (as noted). Series resistance was
uncompensated (<25 M(2), and experiments were discarded if substan-
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constructions. Relative fluorescence was mea-
sured using a 160 X 30 pixel area from
maximum z-projections (ImageJ, National In-
stitutes of Health).

Experimental design and statistical analysis.
We pooled a large number of mature GC re-
cordings across intracellular solutions and
mouse lines to have a reference for population
values of RMP and input resistance that is in-
dicated in some figures as dotted lines. Data are
expressed as mean = SEM, and, unless noted,
one-way ANOVAs were used to determine sta-
tistical significance at p < 0.05. Normality and
. variance were tested before analysis. Post hoc

° analyses were made with Bonferroni’s or
Tukey’s tests. In some cases, within-cell com-

+ parisons to assess pharmacological manipula-
tions used paired ¢ tests with statistical
significance at p < 0.05. Statistical analyses
were performed using Prism (GraphPad
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Results

Intact G protein signaling is required
for low GC intrinsic excitability

A hallmark of dentate GCs is the negative
RMP that differentiates GCs from hip-
pocampal pyramidal cells (Spruston and
Johnston, 1992). The mechanism under-
lying the hyperpolarized RMP is un-
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Figure 1.

post hoc test: ***p << 0.001; **p << 0.01; *p << 0.05.

tial changes (>15%) were observed. Voltages were not corrected for
junction potentials, calculated to be 13.6 mV. Currents were filtered at 2
kHz and sampled at 10 kHz (MultiClamp 700A; Molecular Devices).
Input resistance (IR) was obtained from hyperpolarizing current injec-
tions of 2-10 pA at resting potential. Synaptic stimulation was achieved
using a constant-current stimulator (Digitimer) and a patch pipette filled
with recording solution placed in mid-molecular layer (100 ws; 200 nA).
Light stimuli (1 ms) were delivered using a T-Cube LED Driver
(LEDD1B, Thor Laboratories) mounted in the epifluorescence light path
of a BX51WI Olympus microscope. Data were analyzed with Axograph X
(Axograph Scientific) and Clampfit (Molecular Devices). Drugs and
chemicals were obtained from Sigma-Aldrich, Tocris Bioscience, or As-
cent Scientific.

Inmunohistochemistry. Confocal images were taken of POMC-EGFP,
GADG67-GFP, and Neston-CreER™* X Ail4 immature GCs; nNOS,
somatostatin (SST), and parvalbumin (PV) X Ai32 interneurons (50 wm
sections both conditions); and from biocytin-filled GCs in 300 wm slices
after overnight fixation, as described previously (Chancey et al., 2013).
Sections were immunostained with Alexa Fluor-488-conjugated anti-
GFP (1:1000) or Alexa Fluor-568 (1:800)-conjugated anti-DsRed (1:400)
and imaged using a 20X water-immersion objective mounted on an

Intact G protein signaling is required for low GC intrinsic excitability. A;, Top, Current injections (500 ms) used to
measure GC intrinsic excitability with different intracellular solutions. Bottom, Voltage responses with color indicating current
injections shown above. A,, Enlarged voltage response evoked by a 10 pA hyperpolarizing current injection used to calculate input
resistance. Average of 50 traces in black. B—D, Comparison of properties from GCs and CA1 pyramidal cells. B shows (from left to
right) RMP from 38, 26, 9, and 8 GCs, and 5 and 5 CA1 pyramidal cells (shaded area) recorded with the internal shown below.
***Top bar showing differences vs GTP *. Differences between CA1 cells and GCs not shown (see Results). ANOVA, F s 5, = 99.63.
Cshows input resistance from the same cells as B. ANOVA, F s g5, = 20.24. D shows the current threshold to elicit the first spike for
the GCsin B.ANOVA, F; ;;, = 172.1.E, Number of spikes elicited by increasing current steps measured during 500 ms. GTP *,n =
27;GTP ~,n = 16; GTP~yS.n = 9; GDPBS, n = 7. Data are the mean = SEM (lines) and individual values (symbols). Bonferroni’s

100 150 known butis expected to involve a specific

complement of potassium channels that
comprise the resting membrane conduc-
tance (Mongiat et al., 2009; Young et al.,
2009; Yarishkin et al., 2014). We noted
that prior studies using whole-cell record-
ings that include GTP in the intracellular
solution typically report more hyperpo-
larized values compared with those with-
out GTP (Otis and Mody, 1992; Staley and
Mody, 1992; Otis et al., 1993; Liu et al,,
1996; Overstreet et al., 2004; Schmidt-
Hieber et al., 2004, 2007; Laplagne et al.,
2006; Mongiat et al., 2009; Young et al., 2009;
Ewell and Jones, 2010; Tanner et al., 2011; Chiang et al., 2012;
Brunner et al., 2013, 2014; Dieni et al., 2013b, 2016; Pernia-
Andrade and Jonas, 2014; Heigele et al., 2016; Kowalski et al.,
2016). Thus, we tested how G protein-mediated signaling affects
the intrinsic properties of GCs by targeting mature GCs located in
the mid-granular to outer-granular cell layer for whole-cell re-
cordings using a potassium gluconate-based internal solution
with or without GTP (0.5 mm). We found that the presence of
GTP in the pipette produced a negative shift in the RMP of ~10
mV (Fig. 1A,B; GTP*, =78 = 0.4 mV; GTP~, —68 + 0.7 mV).
When we accounted for the calculated liquid junction potential
of our internal solution (13.6 mV), the RMP in whole-cell record-
ings with GTP in the pipette was similar to the RMP in gramicidin
perforated patch recordings in which there is expected to be only
a small Donnan potential (—87 = 2.4 mV; Mann—Whitney test,
p = 0.003 without correction; p = 0.08 with correction; n = 7,
datanot shown). In whole-cell recordings, we made small current
injections (—10 pA) to test the input resistance near RMP and
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found that the hyperpolarized RMP with GTP was associated
with a 65% reduction in input resistance (Fig. 1A,C; 310 = 9 vs
477 + 21 MQ). The difference in input resistance did not result
from the shift in RMP, since a similar difference in input resis-
tance was detected in a subset of cells that were also measured at
—70 mV (data not shown). In contrast, CA1 pyramidal cells had
a more depolarized RMP than GCs, and neither RMP nor input
resistance was affected by the presence of 0.5 mMm GTP in the
pipette (GTP *: —54 + 0.9 mV and 345 + 38 MQ; GTP : —54 *
4 mV and 318 * 35 M()). Together, these results suggest that
intracellular GTP is required to maintain the low RMP and input
resistance that is characteristic of dentate GCs.

To further probe the role of G protein-mediated signaling in
GC intrinsic properties, we manipulated G protein activity using
GTPvS (7S), a nonhydrolyzable GTP analog (500 um) that con-
fers constitutive G protein activity and GDPS (3S), a nonhydro-
lyzable GDP analog (500 uMm) that prevents G protein activity.
The addition of yS to the GTP ™ internal solution replicated the
effects of GTP on the RMP (—79 * 1.5 mV; Fig. 1A,B) and
reduced the input resistance below the resistance of GTP alone
(191 £ 17 MQ; Fig. 1 A, C). Conversely, when S was included in
GTP " internal solution, both the RMP and input resistance were
similar to what was observed with GTP ™ internal solution
(=67 £ 1.5mV; 500 = 57 MQ; Fig. 1A-C). In the same cells, we
examined action potential firing in response to step current in-
jections and found that the effects of GTP-mediated signaling on
passive membrane properties translated into robust alterations in
spiking behavior (Fig. 1D, E). Activation of the GTP system by
the inclusion of GTP or S increased rheobase (68 = 2 and 176 *
10 pA, respectively) and shifted the spike—current relationship to
the right compared with exclusion of GTP or the inclusion of BS
(rheobase = 45 * 2 and 40 * 4 pA, respectively). This change in
rheobase reflects the importance of the input resistance to intrin-
sic excitability since alterations in G protein signaling did not
affect the maximum action potential (AP) frequency (35 = 1,
39 £2,37 £ 3,33 £ 2 Hzin GTP*, GTP 7, S and %S respec-
tively; F; 4y = 1.01; p = 0.39) or the threshold for spiking
(GTP™, —40 + 1 mV; GTP~, —40 = 1 mV; S, —40 = 1 mV; %S
—39 = 2mV; F;59) = 0.24; p = 0.86). Together, these results
show that intact G protein-mediated signaling reduces the intrin-
sic membrane excitability of mature GCs by hyperpolarizing the
RMP and reducing the input resistance.

Constitutively active GIRKs mediate effects of GTP

GTP-dependent membrane hyperpolarization associated with
decreased input resistance suggested the involvement of GIRK
channels, a family of K;, channels composed of homotetrameric
or heterotetrameric complexes of GIRK1-4 subunits (for review,
see Hibino et al., 2010; Liischer and Slesinger, 2010). In CAl
pyramidal cells, millimolar levels of intracellular GTP can gener-
ate constitutive (receptor-independent) GIRK activation that hy-
perpolarizes the RMP (Liischer et al., 1997). We thus wondered
whether submillimolar GTP, which had no effect on CA1 pyra-
midal cells (Fig. 1B, C), affected RMP and the input resistance of
GCs via GIRK channel activation. First, we tested GIRK2 germ-
line KO mice, which have previously been shown to lack synaptic
and constitutive GIRK channel activation in CA1 and locus ce-
ruleus (Liischer et al., 1997; Torrecilla et al., 2002). GCs in GIRK2
KO mice had similar RMPs (—68 £ 2 mV), input resistance
(433 = 32 MQ), and rheobase (40 £ 4 pA) as GCs in WT mice
when GTP was excluded from the internal solution, and in con-
trast to what we observed in WT GCs, these measures were unaf-
fected by the inclusion of GTP or S in the internal solution (Fig.
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Figure 2.  GC excitability is insensitive to intracellular GTP in GIRK2-KO mice. A, Current

injections (top, 500 ms) and voltage responses (bottom) in GCs from GIRK2 KO mice with the
indicated intracellular solutions. Dotted + and — lines represent the average RMP of GTP *
and GTP ~ conditionsin WT mice. B—D, RMP, input resistance, and rheobase recorded in GIRK2
KO mice. ANOVA, F 3 15) = 0.71; ANOVA, F 5 1) = 0.09; ANOVA, F 5 1) = 0.81, respectively. E,
Number of APs evoked by increasing current injections measured over 500 ms. GTP *,n = 7;
GTP ~,n = 6; S, n = 6. Data are the mean = SEM.

2A-C). Although G protein-mediated signaling can affect a vari-
ety of effectors, these results show that constitutive GIRK channel
activity can fully explain the effect of GTP on the RMP, input
resistance, and rheobase of mature GCs. However, since genetic
deletion of GIRK2 also reduces GIRKI levels (Signorini et al.,
1997; Torrecilla et al., 2002), these results do not resolve the GIRK
subunit specificity of GTP signaling.

To further probe the identity of channels that contribute to
GC intrinsic excitability, we tested blockers of GIRKs in GIRK2
KO and WT mice. Ba®" is a well known blocker of GIRKs and
other K, channels (French and Shoukimas, 1985; Harnett et al.,
2013). Consistent with constitutive activation of GIRKs in the
presence of intracellular GTP, bath application of Ba** (500 um)
depolarized GCs (—61 * 1.6 mV) and robustly increased input
resistance (996 + 70 M{); Fig. 3A-D). Ba*" dramatically in-
creased GC excitability (rheobase, 12 * 1.6 pA), likely reflecting
the additional contribution of blocking other K;, channels (Mon-
giatetal., 2009). The GIRK1/4-selective blocker tertiapin-Q (TQ;
200 nM; Jin and Lu, 1999) increased the input resistance of GCs
recorded with GTP-containing solution (from 332 * 44 to 420 +
60 MQ, p = 0.01, n = 6) but, unexpectedly, did not alter RMP
(=79 = 1.3vs =78 £ 0.8 mV; p = 0.31) or rheobase (from 65 =
5.6t0 55 = 9.6 pA; p = 0.11, n = 6; data not shown). In contrast,
the GIRKI-selective activator ML297 (10 um; Kaufmann et al.,
2013; Wydeven et al., 2014) both hyperpolarized the RMP and
reduced the input resistance to below basal levels in a GTP-
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differences against GTP ™ pool; # indicate differences against GTP ~. E, Number of APs evoked
by increasing current injections measured over 500 ms after perfusing ML297 in WT and GIRK2
KO GCs (n = 8 and 6, respectively). F, Representative currents (held at —70 mV) —70 mV)
evoked by Ba®" orML297 usinga GTP * intracellular solution. G, The effect of Ba>* or ML297
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independent manner (Fig. 3A-D). Moreover, ML297 did not
have any effect on GC intrinsic properties from GIRK2 KO mice,
confirming prior observations that KO of GIRK2 affects GIRK1
function (Fig. 3A—E). Together, these results show that GIRK1
subunit- and GIRK2 subunit-containing GIRK channels contrib-
ute to GC intrinsic excitability.

To measure the constitutive GIRK currents underlying the
changes we observed in GC intrinsic excitability, we recorded the
holding current in GCs voltage clamped at —70 mV (the average
RMP without intact GTP signaling; Fig. 1). The outward standing
current with GTP in the pipette (~20 pA) was blocked by Ba>*
illustrating that this current was generated by constitutively open
GIRK and K;, channels (Fig. 3F, left). Inclusion of 9§ in the in-
ternal solution generated a larger standing outward current, pre-
sumably mediated by GIRK channels (since K;. channels are
insensitive to GTP), that was likewise blocked to the same level by
Ba®" (Fig. 3G). We also measured the outward current in WT
GCs resulting from GIRKI1 activation. ML297 increased the
standing outward current (with and without GTP) to a similar
level as the current induced by S (Fig. 3F, right), whereas ML297
had no effect in GCs from GIRK2 KO mice (Fig. 3G), which are
known to have low GIRK1 levels (Signorini et al., 1997; Torrecilla
etal., 2002). Consistent with the lack of effect of TQ on the RMP,
TQ did not alter the holding current in GTP conditions, although
it blocked ~50% of the current induced by ML297 (data not
shown), confirming that this concentration can reduce GIRK1-
mediated currents. Together, these results show that a basal GIRK
conductance contributes to mature GC excitability, which can be
blocked or enhanced by manipulating GTP levels or by GIRK
channel modulators. Whereas both GIRK1 and GIRK2 contrib-
ute to low input resistance, these results suggest that GIRK2 con-
tributes to the low somatic RMP of GCs.

Constitutive GIRK activity does not require GABA;

receptor activation

GIRK channel activity is typically initiated by G;/G,-coupled
metabotropic receptors like GABAj receptors. In the DG, the
tonic activation of GABA, receptors by ambient extracellular
GABA contributes to the integrative properties of GCs (Over-
street and Westbrook, 2001; Nusser and Mody, 2002; Wei et al.,
2004; Mtchedlishvili and Kapur, 2006), suggesting that ambient
GABA could also generate tonic GABAzR-mediated GIRK chan-
nel activity. Alternatively, sufficient availability of By subunits
could allow constitutive GIRK channel activity that is indepen-
dent of G;/G,-coupled metabotropic receptor ligands. To differ-
entiate these possibilities, we tested GABA receptor antagonists
while also manipulating By subunit availability.

First, we tested the effect of the selective GABAy receptor an-
tagonist CGP55845 on the passive and active properties of ma-
ture GCs. In the presence of intracellular GTP, bath application
of CGP55845 (10 um) depolarized the RMP (from —79 * 0.8 to
—75 %= 0.8 mV) and increased the input resistance (from 320 =
10 to 438 * 12 MQ)). These changes in passive properties de-
creased rheobase (from 73 £ 2 to 40 = 6 pA; p = 0.001, n = 6)
and increased the number of spikes at low-current step injections

<«

(open symbols) on outward currents (I holding) using the indicated internal solutions and GIRK2
KO mice. Dotted + and — lines represent mean standing outward current from 15 GCs using
GTP " intracellular (18 = 2 pA) and 11 GCs using GTP ~ intracellular solution (4 % 0.7 pA).
Paired t test, ***p << 0.001. Single symbols represent the mean = SEM and individual paired
values are connected with lines.
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(Fig. 4G, left, middle left). As expected, A
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Newborn dentate GCs lack functional
GIRK channels

Resident neural stem cells in the adult DG
continuously generate new GCs that gradually acquire the intrin-
sic and synaptic properties of mature GCs over several weeks
(Esposito et al., 2005; Dieni et al., 2013b; Toni and Schinder,
2015). A lack of functional K;. channels contributes to the high
intrinsic excitability and distinct spiking pattern of 3- to 4-week-
old adult-born GCs (Mongiat et al., 2009). Thus, we wondered
whether delayed function of GIRK channels likewise contributes
to the high excitability of newly generated GCs. To address this
question, we first used POMC-eGFP reporter mice to target new-
born GCs at a homogeneous functional stage that occurs, on
average, ~10-12 d postmitosis (Overstreet-Wadiche and West-
brook, 2006), and bath applied baclofen (30 uMm) to generate
GABA;-mediated GIRK activation (Andrade et al., 1986).
POMC-GFP-expressing newborn GCs had depolarized RMP re-
flected as a negative holding current in cells clamped at —70 mV

500 ms. H, Example voltage traces (left, color coded as in A), RMP, and input resistance values (middle), and AP number
(right) using the competitive GABA receptor antagonist CGP35348 (100 wm). Statistical analysis: paired ¢ test, *p << 0.05.

and very high input resistance that was unaffected by baclofen
(Fig. 5B, top left, top right). In contrast, baclofen induced a ro-
bust outward current and decrease of input resistance that was
blocked by the inverse agonist CGP55845 beyond basal levels in
neighboring mature GCs, consistent with constitutive activation
(Fig. 5A). To further probe for small GIRK/K;, contributions to
the holding current of immature GCs at —70 mV, we bath ap-
plied Ba®" or ML.297 and generated all-point histograms fit with
Gaussian distributions. Neither manipulation, even using S in
the internal solution, affected the holding current or fits of the
current noise (Fig. 5B, bottom left, bottom right; paired ¢ test:
Ba’*:p = 0.51, n = 5; ML297: p = 0.57, n = 6). Likewise,
current-clamp recordings from POMC-GFP cells revealed
that ML297 had no effect on the RMP (paired t test, p = 0.44;
n = 4) or input resistance (paired ¢ test, p = 0.88; data not
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Newborn dentate GCs lack functional GIRK channels. 4, Top, Representative holding current from a mature GC held at —70 mV (left) and input resistance measured at 30 s intervals

(right). Bottom, Baclofen (Bac; 30 rum; open black symbols) increased /;, values and reduced input resistance in a manner blocked by GCP55845 (CGP; 10 wum; open red symbols). Repeated-measures
ANOVA: F; 1,y = 25.55 and F, ,,) = 62.24 for standing outward current and input resistance, respectively. Tukey’s multiple-comparison post hoc test: ***p << 0.001; **p < 0.01. B, Top,
Representative holding current and input resistance from anewborn GC held at — 70 mV, measured every 30s. Bottom, all-points histograms made from 30 s segments show no effect of Ba ™ (500
{um, left) using an intracellular solution with S or ML297 (10 um, right) using GTP ™ internal. €, D, Summary of holding current and input resistance changes resulting from other metabotropic
agonists coupled to GIRK channels in mature GCs (solid symbols) and newborn GCs (open symbols). Baclofen, 30 wm; 5-HT, 100 wm; CPA, 50 nw; and carbachol, 50 um. Some experiments are
performed at 22°C. Statistical one-sample ¢ test differences from sample population against a theoretical mean value of 0 in Cand 100 in D. ***p < 0.001; **p < 0.01.

shown), confirming that newborn GCs lack constitutive acti-
vation of GIRK channels as well as activation by exogenous
activators.

GIRK activation can be triggered by several neurotransmitters
acting via G;,, proteins. To address whether newborn GCs specif-
ically lack GABAj receptor-mediated GIRK coupling, we tested
additional agonists of G;,, G protein-coupled receptors (GPCRs)
including 5-hydroxytriptamine (5-HT; 10 uMm) to target 5-HT ,
receptors (Andrade and Nicoll, 1987; Colino and Halliwell, 1987)
and cyclopiazonic acid (CPA; 50 nMm) to target Al receptors
(Trussell and Jackson, 1987; Thompson et al., 1992). Both ago-
nists elicited a standing outward current with the consequent
decrease of input resistance in mature GCs, and yet both failed to
alter the membrane current or input resistance of newborn GCs
(Fig. 5C,D). We further sought to inactivate GIRK currents via G,
proteins coupled to muscarinic receptors (Hill and Peralta, 2001;
Lei et al., 2001). Carbachol (50 uMm), a muscarinic receptor ago-
nist that inhibits GABAg-activated K™ currents in hippocampal
CA1 neurons (Sohn et al., 2007), induced a negative shift in the
outward current and an increase in the input resistance of mature
GCs. However, carbachol also had no effect on newborn GCs
(Fig. 5C,D). Together, these results indicate that newborn GCs
lack functional GIRK channels that contribute to the low intrinsic
excitability of mature GCs.

Developmental profile of GABA;-mediated GIRK activity in
adult-born neurons
Since POMC-positive newborn GCs do not have functional
GIRK channels, we wondered when the GABA/GIRK complex
becomes functional during GC maturation. To address this ques-
tion, we turned to synaptic activation to provide a robust mea-
sure of functional GABA/GIRK coupling in immature GCs that
exhibit variable intrinsic properties related to their developmen-
tal stage. Since developing GCs at the same postmitotic age can
exhibit a 10-fold range of input resistance (Heigele et al., 2016), it
is difficult to make comparisons across newly generated cells us-
ing different intracellular solutions. We thus used electrical stim-
ulation of the dentate medial molecular layer (MML) to recruit
GABA release from local interneurons to generate a slow outward
GABAjg-mediated GIRK current (Otis and Mody, 1992; Otis et
al., 1993). Experiments were performed in slices from transgenic
mice that enable the identification of adult-born neurons, including
POMC-eGFP mice, GAD67-GFP mice to target GCs between ~1
and 3 weeks postmitosis (Zhao et al., 2010) and nestin-CreER ™%/
Ail4 mice to identify GCs at 3—5 weeks after tamoxifen induction.
Recordings from unlabeled mature GCs in all mouse lines were in-
terleaved with recordings from adult-born GCs.

In mature GCs (Fig. 64, left), a single stimulus (200 nA, 100
ws) elicited a fast glutamatergic inward current and a biphasic
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GABA,/GABA; outward current. After
blocking glutamate receptors (R-CPP, 10
uM; NBQX, 10 um) and GABA , receptors
[picrotoxin, 100 uM; gabazine (GBZ), 10
uM], the slow outward current peaked at
~250 ms following the stimulus (Fig. 6A,
middle). This current was enhanced by
the GABA transporter 1 (GAT1) inhibitor
NO711 (10 um) and was completely
blocked by the inverse agonist CGP55845,
consistent with a GABAz-mediated K™
current. Further confirming its identity,
the synaptic GABA-mediated IPSC was
absent in mature GCs from GIRK2 KO
mice, even in the presence of NO711 (Fig.
6A, right, D). Synaptic GABA responses
were highly variable in immature GCs
from Nestin and GAD67-GFP reporter
mice, with some cells lacking GABA,
IPSCs in both lines (Fig. 6 B,D). Consistent
with the lack of agonist-induced currents,
all newborn GCs in POMC-GFP mice
lacked synaptic GABA/GIRK responses
despite the presence of NO711-sensitive
(inward) GABA,, receptor-mediated cur-
rents (Fig. 6C,D). To test whether synaptic
GABAR/GIRK responses correlated with
constitutive GIRK signaling, we com-
pared the effect of the inverse agonist
CGP55845 on the input resistance of im-
mature GCs with and without synaptic re-
sponses. Indeed, immature GCs with
synaptic GABA/GIRK currents (Fig. 6D,
right, solid symbols) exhibited an increase
in input resistance following blockade of
constitutive signaling with CGP55845,
whereas immature GCs lacking synaptic
currents showed no change in IR (Fig. 6D,
right, open symbols; paired ¢ test, p =
0.0001 and p = 0.49 for positive GABA
response and negative, respectively).
Thus, the maturation of functional con-
stitutive and synaptic GABA/GIRK sig-
naling occurs in parallel.

Although the presence of synaptic and
constitutive GIRK signaling in immature
GCs was not strictly related to the reporter
line, the majority of immature GCs with
functional GIRK signaling were from
Nestin-tdT mice (recorded at >3 weeks
post-tamoxifen induction; Fig. 6D, right,
red symbols) rather than GAD67-GFP
mice (Fig. 6D, right, green symbols). This
suggests that functional GIRK signaling
develops after ~3 weeks of maturation,
based on the timing of these reporter lines.
But since the synaptic and constitutive
current did not fully correlate with
marker expression and the rate of new GC
maturation is heterogeneous, we also
tracked the development of GABA;-
GIRK activity using the input resistance as
an independent measure of functional
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Figure 6.  Development of GABA;-mediated GIRK activity in adult-born GCs. 4, Left, Confocal image of a mature GC filled with

biocytin. Scale bar, 100 wm. Middle, Stimulation in the middle molecular layer (100 ps; 200 wA) evokes a slow outward IPSCin
mature GCs that is enhanced by the GAT1 blocker NO711 (5 um, blue) and blocked by CGP55845 (10 wum, red). Each trace is an
average of five sweeps. GABA, and glutamate receptors are blocked with gabazine (10 yum), R-CPP (10 um), and NBQX (10 um).
Right, GABA-mediated slow IPSCs were absent in GIRK2 KO mice. B, Top, Confocal images showing adult-born neurons in
Nestin-CreER ™*/tdTomato mice at 4 weeks after tamoxifen induction, and GAD67-GFP reporter mice. Bottom, Slow GABA-
mediated IPSCs were recorded in immature GCs from Nestin-tdT and GAD67-GFP immature GCs, ¢, but notin POMC-eGFP newborn
GCs (despite GABA, receptor-mediated inward PSCs). D, Left, Summary of GABA, IPSCs in unlabeled mature GCs (WT, n = 10),
mature GCs from GIRK2 KO mice (n = 7), and immature GCs from Nestin-CreER and GAD67-GFP mice (n = 32) and newborn
POMC-eGFP GCs (n = 9). The IPSC amplitude in control (black), NO711 (blue), and CGP55845 (red) are shown for each cell.
Repeated-measures ANOVA: unlabeled (mature), F, g, = 41.43; GIRK2KO, , 1) = 2.95; Nestin/GAD67, F , s, = 62.24; POMC,
Fi14y = 0.27. Tukey’s multiple-comparison post hoc test: ***p << 0.001; **p << 0.01; *p << 0.05. Right, The effect of the GABA,
inverse agonist (GP55845 on input resistance of immature GCs. Nestin-tdT immature GCs (red, n = 24), and GAD67-GFP immature
GCs (green, n = 9) are separated by the presence (solid symbols) or absence (open symbols) of a synaptic GABA; IPSC, showing that
only immature GCs with a synaptic GABA IPSC exhibit constitutive GABA,/GIRK signaling. Paired  test: p = 0.0001 and p = 0.49,
respectively. E, Slow IPSCs are present only in GCs with input resistance <<2 G(). Solid symbols represent cells with GABAg IPSCs,
and open symbols represent cells lacking a GABA IPSC (even in NO711). Unlabeled mature GCs (black), Nestin-tdT (red), GAD67-
GFP (green), and POMC-eGFP (blue) GCs. Right, Summary of the percentage of GCs with GABA, IPSCs (percentage GABA, positive).
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Dendritic GABA as source of GABAg-evoked GIRK currents. 4, Confocal images of ChR2-EYFP expression in nNOS- (left), SST- (middle), and PV- (right) expressing interneurons. Scale bar,

100 wm. B, Relative fluorescence measured in each GC layer from maximum z-projections (20 pm, 20 images) from each mouse line (NNOS, n = 19 sections; SST, n = 6 sections; PV, n = 13
sections). Fluorescence was normalized to the maximum signal in the sGCL. C, Light-induced slow IPSCs in mature GCs from each ChR2-expressing line shown above, using 1 ms blue light pulses at
maximum intensity. In the presence of gabazine (black), slow IPSCs were enhanced by NO711 (5 m, blue) and blocked by CGP55845 (10 um, red). Each trace is the average of five sweeps. D,
Summary of GABA; IPSC amplitudes in each condition. nNOS-ChR2, n = 6; SST-ChR2, n = 6; PV-ChR2, n = 4. Open squares show perforated patch recordings in nNOS-ChR2 mice (n = 7).
Repeated-measures ANOVA:nNOS, £, 1) = 66.23; SST, F; 1) = 69.56; PV, ., 5) = 4.92. Tukey’s multiple-comparison post hoc test: ***p << 0.001; **p << 0.01; *p << 0.05. There was no difference
in the amplitude of IPSCs between perforated patch and whole-cell recordings; unpaired ¢ test, p = 0.87. IML, Inner molecular layer; GCL, granular cell layer; sGCL, subgranular cell layer.

maturation (Fig. 6E). This analysis showed that the synaptic
GIRK current first appears in developing GCs with an input re-
sistance between 1 and 2 G(), a functional stage achieved, on
average, ~3 weeks after mitosis (Mongiat et al., 2009; Dieni et al.,
2013b; Heigele et al., 2016). All GCs with input resistance of >2
GQ, including POMC-labeled GCs, did not exhibit synaptic
GABAj responses or constitutive GIRK activity. Since GABAy
receptors appear to be functional in proliferating progenitors
(Giachino et al., 2014; see also Discussion), the lack of synaptic
GIRK currents likely results from a lack of functional GIRK chan-
nels rather than GABAj; receptors.

Interneuron subtype-selective synaptic GABA; /GIRK
activation

A diverse population of dentate interneurons provides GABA-
mediated inhibition that is critical for maintaining sparse GCs
integration of spatial and sensory information from entorhinal
cortex. Dentate interneuron populations are typically classified
by anatomical criteria, with distinct somatic or dendritic axonal
projection patterns (Freund and Buzsaki, 1996). Since both
GABAy receptors and GIRK channels exhibit a laminar distribu-
tion pattern in dentate and other cerebral areas (Fritschy et al.,
1999; Kulik et al., 2006; Degro et al., 2015), we wondered whether
specific interneuron subtypes would be the source of synaptic
GABA/GIRK signaling to GCs. Using transgenic mice express-
ing ChR2 in biochemically defined interneuron populations, we
compared GABA-mediated synaptic currents evoked by selec-
tive activation of nNOS-, SST-, and PV-expressing interneurons.
As shown in Figure 7A, nNOS- and SST-expressing interneurons
project to the molecular layer, providing dendritic inhibition. In
contrast, PV interneurons target the granule cell layer, providing
somatic inhibition to GCs (Hu et al., 2014). These expected pro-
jection patterns were semiquantified by measuring the relative
fluorescence of CHR2-EYFP in each layer (Fig. 7B). Although all
interneuron subtypes had dense processes in the hilus and PVs
clearly targeted the granule cell layer, nNOS and SST interneu-
rons showed complementary dendritic projecting patterns with

dense nNOS-EYFP processes in the MML and dense SST-EYFP
process in the outer molecular layer (OML).

In recordings from mature GCs, optogenetic stimulation of
each interneuron subtype (455 nm, 1 ms, maximum intensity)
generated large GABA, receptor-mediated IPSCs with similar
amplitudes (nNOS interneurons, 1.12 = 0.08 nA; SST interneu-
rons, 0.93 = 0.12 nA; PV interneurons, 1.33 = 0.11 nA; Cl ™ -
based internal solution), confirming robust GABA release
following optogenetic stimulation. In the presence of GBZ (10
uM), single blue light stimuli of nNOS interneurons generated a
slow outward current that, like with electric stimulation, was
enhanced by NO711 and blocked by CGP55845 (Fig. 7C,D, left).
Optogenetic stimulation of SST interneurons under the same
conditions generated a measurable but smaller GIRK current that
was enhanced by NO711 and blocked by CGP55845 (Fig. 7C,D,
middle). However, optogenetic stimulation of PV interneurons
with single stimuli failed to evoke measurable currents, even in
NO711 (Fig. 7C,D, right). Furthermore, when we performed per-
forated patch recordings from GCs to maintain native intracellu-
lar milieu, the amplitude and kinetic profile of GABA-mediated
currents evoked by optogenetic stimulation of nNOS interneu-
rons were indistinguishable from currents recorded in whole-cell
configuration (Fig. 7D, open symbols). Altogether, these data
indicate that nNOS-expressing neurogliaform interneurons are
the primary source of GABAj receptor-mediated slow inhibition
in DG, as described in other brain regions (Tamés et al., 2003;
Armstrong et al., 2011; Overstreet-Wadiche and McBain, 2015).

Discussion

Here we demonstrate that GIRK channels influence mature GC
excitability via two mechanisms. First, constitutive GIRK activity
affects RMP and input resistance, contributing to the hallmark
low intrinsic excitability of GCs. This tonic form of channel ac-
tivity is regulated by G protein B7y subunit availability, which is
under the control of the GTP/GDP system. Second, synaptic
GABA release by dendritic-targeting interneurons that express
SST or nNOS evokes phasic activation of GABA;-mediated GIRK
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channel activity that likely plays a role in the dynamic integration
of ongoing synaptic activity. Interestingly, adult-generated GCs
initially lack both constitutive and synaptic GABAB/GIRK chan-
nel activity that develops over 3—4 weeks to provide more mature
integrative properties. Together, these results provide a compre-
hensive characterization of the physiological function, matura-
tion, and sources of postsynaptic GABA/GIRK inhibition in
dentate GCs that suggest this signaling pathway contributes to
sparse activity patterns in vivo.

GIRK constitutive activity contributes to low excitability of
dentate GCs

The low intrinsic excitability of GCs in combination with strong
inhibitory GABAergic circuitry are often recognized as central
components in sparse DG activity. Yet, as mentioned, reports of
RMP and input resistance from whole-cell recordings of GCs
vary widely, and one source of variability may stem from whether
GTP was included in the intracellular solution. Although milli-
molar concentrations of intracellular GTP generate a hyperpolar-
ized RMP in CAl pyramidal cells via constitutive GIRK activity
(Liischer et al., 1997), we did not detect this effect with submilli-
molar concentrations. Our data therefore suggest a unique mech-
anism in dentate GCs wherein submillimolar intracellular GTP is
sufficient for constitutive GIRK activity. Indeed, we found that
genetic deletion of GIRK2 channels and pharmacological manip-
ulations of those channels or the GTP system dramatically
changes excitability in mature GCs.

What can generate constitutive GIRK channel activity? GIRK
channels are tetramers with four pockets to bind By subunits
(Corey and Clapham, 2001). Occupancy of some of those pockets
is sufficient to generate receptor-independent basal GIRK chan-
nel activity that probably depends on free By subunits availabil-
ity, which can be regulated by other components of the GABA/
GIRK complex (Ivanova-Nikolova et al., 1998). For example,
RGS proteins (regulators of G protein signaling) interact directly
with Ga subunits to enhance GTPase activity (Doupnik, 2015).
Different density-, region-, or compartment-specific expression
of RGS proteins could therefore contribute to differences in con-
stitutive GIRK activation by similar levels of exogenous GTP in
pyramidal cells and GCs (Gold et al., 1997; Liischer et al., 1997;
Drenan et al., 2006; Morgans et al., 2007). We found that reduc-
ing By subunit availability (S or GTP ™), blocking GIRK chan-
nels (Ba**, tertiapin-Q), or genetically deleting GIRK channels
(GIRK2 KO) increased GC excitability, whereas pharmacological
GIRK activation (ML297) or raising By availability (yS) reduced
excitability beyond GTP alone. This suggests an intermediate
level of basal GIRK activation that can be modulated under phys-
iological conditions to adjust excitability, as occurs in other brain
regions (Liischer et al., 1997; Torrecilla et al., 2002; Wiser et al.,
2006) or in the heart (Voigt et al., 2014).

Of course, many GPCRs are poised to modulate GTP-
dependent basal GIRK activity. Low levels of ambient GABA have
been implicated in persistent activation of GABA, receptors on
GCs (Overstreet and Westbrook, 2001; Nusser and Mody, 2002;
Wei et al., 2004; Mtchedlishvili and Kapur, 2006). However, we
found the GABAj receptor competitive antagonist CGP35348
had only a minor effect on input resistance and did not signifi-
cantly alter RMP or GC spiking properties in response to somatic
current injection. In contrast, the GABAy inverse agonist
CGP55845 (Mukherjee et al., 2006) more strongly affected IR,
RMP, and rheobase. Together, this supports the existence of pre-
coupled GABA/G protein/GIRK complex with constitutive ac-
tivity that is independent of ligand binding, as suggested for other
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GPCRs that respond to dopamine or opioids (Lujan et al., 2014;
Nagi and Pineyro, 2014). Pilot experiments showed that compet-
itive antagonists for other G;/,-coupled receptors had minimal or
no effects on RMP and input resistance (data not shown), al-
though we cannot rule out a contribution of constitutive GIRK
activation arising from concerted effects of many converging
metabotropic receptors. Yet, constitutive ligand-independent ac-
tivity of GIRK channels is a common feature in heterologous
systems, suggesting that it is also present in intact systems
(Doupnik et al., 1997; Saitoh et al., 1997; Zhang et al., 2002; Xie et
al., 2010).

GIRK channels contribute to mature excitability

during neurogenesis

Newborn GCs have high excitability due to an input resistance
that is much higher than that of mature GCs (Overstreet et al.,
2004; Schmidt-Hieber et al., 2004) and that of an RMP that is
slightly more depolarized (~ 10 mV; (Heigele et al., 2016). One
characteristic of mature GCs that is absent in developing GCs <3
weeks of age is the ability to fire repetitive spike trains, a function
that is provided by high K;, channel expression (Mongiat et al.,
2009). Our data suggest that delayed expression of GIRK chan-
nels also contributes to the high IR and depolarized RMP of
immature GCs. It will be important to include constitutively ac-
tive GIRKs with models of mature and developing GCs, since the
differing biophysical properties of GIRKs and K;, channels will
undoubtedly confer distinct physiological consequences (Bein-
ingetal., 2017). Other classes of ion channels also change expres-
sion levels or properties during GC maturation. For example, the
small amplitude and depolarized threshold for action potentials
in very young GCs likely results from a low density of voltage-
gated Na ¥ channels (Overstreet et al., 2004; Espésito et al., 2005;
Mongiat et al., 2009; Dieni et al., 2013b), and we have not ob-
served the hyperpolarization-induced sag that reflects I, (J.
Gonzalez, L. Overstreet-Wadiche unpublished observations).
Likewise, young GCs display prominent T-type Ca>" spikes, high
NMDAR2B receptor content and NKCCI transporters that dif-
ferentiate them from mature GCs (Schmidt-Hieber et al., 2004;
Ge et al., 2006, 2007; Chancey et al., 2013). In addition to the
biological significance of these differences, the lack of GIRK
channel activity in young GCs may preclude chemogenic sup-
pression of activity using engineered GPCRs that couple to en-
dogenous GIRK channels.

Despite the lack of functional GIRK-mediated inhibition at
early stages, GABA-mediated signaling may be important in the
neurogenic process. Conditional deletion of GABAj receptors in
Nestin-expressing stem cells enhances proliferation, suggesting
that functional GABAj receptors suppress stem cell activity (Gi-
achino et al., 2014). Other neurodevelopmental functions of
GABAj; signaling have also been described (Gaiarsa and Porcher,
2013), pointing to the early expression of functional GABAj re-
ceptors with subsequent expression of GIRKs enabling inhibition
mediated by the GABAR/GIRK complex. Indeed, viral-mediated
expression of GIRK in embryonic hippocampal neurons is sufficient
to generate GABAj-mediated GIRK activation by endogenous
GABAg receptors (Ehrengruber et al., 1997). Thus, functional GIRK
channel expression may convert GABAy receptor signaling from a
trophic to an inhibitory function in a manner analogous to the role
of the Cl ™ exporter KCC2 in the developmental switch of GABA,
receptor signaling.

As low excitability develops during GC maturation, new GCs
also become integrated into the hippocampal circuit. The inverse
relationship between intrinsic excitability and synaptic integra-
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tion suggests that the high excitability of immature GCs is coun-
teracted by low excitatory innervation (Dieni et al., 2013b, 2016;
Lietal., 2017). Late expression of functional GIRK channels fur-
ther suggests the possibility that the formation of excitatory syn-
aptic connectivity contributes to the maturation of functional
GABAg/GIRK complexes. Interestingly, at the early developmen-
tal stage when adult-born GCs entirely lack GIRK channels
they also lack functional AMPA receptor-containing synapses
(Chancey et al., 2013). In addition to the developmental regula-
tion of alternative variants of GABAgR subunits (Fritschy et al.,
1999), the expression level and trafficking of GIRK channels in
the hippocampus increases during postnatal development to
reach adult levels during the period of excitatory synaptogenesis
(Lépez-Bendito et al., 2004; Fernandez-Alacid et al., 2011). The
absence of functional GIRKs in newborn GCs along with the
maturation of the functional GABAR/GIRK complex around
the third week postmitosis supports the idea that constitutive and
synaptic GABAg-mediated inhibition develops in parallel with
the maturation of excitatory synapses.

Neurogliaform interneurons are a primary source of slow
phasic inhibition

Immunohistochemical and in situ hybridization studies have
shown that GIRK subunits are mainly expressed in somatoden-
dritic domains (Kulik et al., 2006; Saenz del Burgo et al., 2008;
Fernandez-Alacid et al., 2011). Similarly, GABAZRs colocalize
with GIRK channels predominantly in dendritic regions (Kulik et
al., 2006; Degro et al., 2015). This laminar distribution of
GABAgR and GIRK channels coincides with a marked polarity in
the axonal distribution of the different interneuron populations
in the DG. Parvalbumin-expressing interneurons are primarily
fast-spiking basket cells that target axons to the granular layer
(Freund and Buzsaki, 1996; Hu et al., 2014). The fact that large
GABA, currents evoked by PV-ChR2 are not accompanied by
measurable GIRK currents is consistent with the anatomical dis-
tribution of GIRK channels in the distal dendrites of different cell
types and brain regions (Degro et al., 2015). In contrast, both
dendritic projecting SST and nNOS interneurons generated pha-
sic GABA/GIRK currents, with the larger currents evoked by
nNOS cells (despite GABA, currents of similar amplitude) likely
reflects their differing mode of transmission. nNOS-expressing
interneurons are largely made up of Ivy/neurogliaform interneu-
rons (Overstreet-Wadiche and McBain, 2015), which use a form
of volume transmission that reaches both synaptic and nonsyn-
aptic GABA receptors located relatively far from release sites
(Oléh etal., 2009). We predict that GABA/GIRK inhibition pro-
vided by nNOS interneurons plays an important role in the
regulation of dendritic integration of cortical input, and that
both constitutive and phasic GIRK-mediated inhibition strongly
contribute to sparse DG activity as well as the distinct infor-
mation-processing capabilities of developing and mature GCs.
Dysregulation of this signaling cascade could also contribute to
serious pathologies such as epilepsy.
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