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Tonic Activation of GluN2C/GluN2D-Containing NMDA
Receptors by Ambient Glutamate Facilitates Cortical
Interneuron Maturation
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Developing cortical GABAergic interneurons rely on genetic programs, neuronal activity, and environmental cues to construct inhibitory
circuits during early postnatal development. Disruption of these events can cause long-term changes in cortical inhibition and may be
involved in neurological disorders associated with inhibitory circuit dysfunction. We hypothesized that tonic glutamate signaling in the
neonatal cortex contributes to, and is necessary for, the maturation of cortical interneurons. To test this hypothesis, we used mice of both
sexes to quantify extracellular glutamate concentrations in the cortex during development, measure ambient glutamate-mediated acti-
vation of developing cortical interneurons, and manipulate tonic glutamate signaling using subtype-specific NMDA receptor antagonists
in vitro and in vivo. We report that ambient glutamate levels are high (=100 nm) in the neonatal cortex and decrease (to ~50 nm) during
the first weeks of life, coincident with increases in astrocytic glutamate uptake. Consistent with elevated ambient glutamate, putative
parvalbumin-positive interneurons in the cortex (identified using G42:GADI-eGFP reporter mice) exhibit a transient, tonic NMDA
current at the end of the first postnatal week. GluN2C/GluN2D-containing NMDA receptors mediate the majority of this current and
contribute to the resting membrane potential and intrinsic properties of developing putative parvalbumin interneurons. Pharmacolog-
ical blockade of GluN2C/GluN2D-containing NMDA receptors in vivo during the period of tonic interneuron activation, but not later,
leads to lasting decreases in interneuron morphological complexity and causes deficits in cortical inhibition later in life. These results
demonstrate that dynamic ambient glutamate signaling contributes to cortical interneuron maturation via tonic activation of GluN2C/
GluN2D-containing NMDA receptors.
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Inhibitory GABAergic interneurons make up 20% of cortical neurons and are critical to controlling cortical network activity.
Dysfunction of cortical inhibition is associated with multiple neurological disorders, including epilepsy. Establishing inhibitory
cortical networks requires in utero proliferation, differentiation, and migration of immature GABAergic interneurons, and sub-
sequent postnatal morphological maturation and circuitintegration. Here, we demonstrate that ambient glutamate provides tonic
activation of immature, putative parvalbumin-positive GABAergic interneurons in the neonatal cortex via high-affinity NMDA
receptors. When this activation is blocked, GABAergic interneuron maturation is disrupted, and cortical networks exhibit lasting
abnormal hyperexcitability. We conclude that temporally precise activation of developing cortical interneurons by ambient
glutamate is critically important for establishing normal cortical inhibition. j

ignificance Statement

Introduction circuit synchronization (Hensch et al, 1998; Buzsiki and
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are generated in the medial and caudal ganglionic eminences (Xu
et al., 2004). These newborn INs migrate to the cortex, before
radially migrating into the cortical lamina (Angevine and Sid-
man, 1961; Berry and Rogers, 1965). Once in the cortex, a com-
bination of genetic programs and environmental cues drive IN
localization, morphological differentiation, and synaptic connec-
tivity (Huang et al., 1999; Levitt et al., 2004; Flames and Marin,
2005; Batista-Brito and Fishell, 2009; Bortone and Polleux, 2009).
GABAergic synaptic activity is established before glutamatergic,
and GABA is excitatory in early development due to develop-
mentally specific expression of chloride transporters (Kaila et
al., 2014). This engenders GABAergic INs with the ability to
drive spontaneous developmental network activity (Kasyanov
etal., 2004; Alleéne et al., 2008; Minlebaev et al., 2011), which is
critical to establishing synaptic properties, local microcircuits,
and long-range neuronal connections. The underlying devel-
opmental events that shape IN activity and maturation are
critically important for long-term brain function but yet not
fully understood.

Glutamate excitation arising from spontaneous network ac-
tivity and sensory input is an important driver of cortical network
maturation (Chattopadhyaya et al., 2004; Bortone and Polleux,
2009; Belforte et al., 2010; De Marco Garcia et al., 2011; Zechel et
al., 2016). IN migration, morphology, and synaptic connectiv-
ity all rely on glutamate receptor activation during develop-
ment. Reducing extracellular glutamate attenuates both
NMDA and GABA receptor-dependent spontaneous network
activity (Allene et al., 2008). Developmental disruption of
NMDA receptor (NMDAR) activation in INs has long-lasting
effects on IN localization and morphology and leads to deficits
in inhibitory network function and behavioral abnormalities
(Fredriksson et al., 2004; Reiprich et al., 2005; Belforte et al.,
2010). Indeed, dysfunctional cortical inhibition is thought to
be involved in the pathophysiology of epilepsy, schizophrenia,
and autism (Powell et al., 2003; Harrison and Weinberger,
2005; Liu-DeRyke et al., 2009; Belforte et al., 2010; Cohen et
al., 2015). Thus, glutamate-mediated excitation of INs during
development has far reaching effects, beyond the cell-specific
effects on INs themselves.

In the adult cortex, astrocytes rapidly remove glutamate from
the extracellular space via the excitatory amino acid transporters
(EAATS), GLT-1 and GLAST (Danbolt, 2001). This ensures that
extracellular glutamate levels are low and that glutamatergic neu-
rotransmission is spatially and temporally constrained. In the
first week of rodent postnatal life, however, EAAT expression and
functional glutamate uptake are minimal (Ullensvang et al., 1997;
Hanson etal., 2015) and astrocyte/neuron interactions are largely
lacking (Bushong et al., 2004; Morel et al., 2014). During the
second and third weeks of life, cortical astrocytes rapidly in-
crease EAAT expression and expand their processes, thereby
constraining synaptic glutamate signaling (Diamond and Jahr,
1997; Thomas et al., 2011). This creates a developmental
window in which glutamate signaling is unconstrained by
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astrocytes (Hanson et al., 2015), potentially allowing the ac-
cumulation of ambient glutamate (Herman and Jahr, 2007),
which is known to contribute to IN function (Cavelier et al.,
2005). Thus, we suspect that, during development, elevated
ambient glutamate levels contribute to IN maturation via
high-affinity NMDAR:s.

The affinity of NMDARs for glutamate is largely determined
by their subunit composition. The obligate GluN1 subunit inter-
acts with one or more of the four unique GluN2 subunits
(GluN2A-D), which are differentially expressed throughout the
brain and through development (Monyer et al., 1994; Shenget al.,
1994). GluN2D expression peaks in the cortex during early post-
natal development (Monyer et al., 1994). In both the developing
and mature hippocampus, GluN2D is selectively expressed in
GABAergic INs, not glutamatergic neurons (Monyer et al., 1994;
Standaert et al., 1996; Yamasaki et al., 2014; von Engelhardt et al.,
2015; Perszyk et al., 2016), suggesting a potential role in IN de-
velopment. In addition to their effects on glutamate affinity,
GluN2 subunit compositions affect magnesium affinities, chan-
nel kinetics, and calcium permeability of NMDARs (Paoletti
et al, 2013). GluN2C and GluN2D-containing NMDARs
(GluN2C/DRs) have higher affinities for glutamate, allowing
them to be activated by relatively low concentrations of gluta-
mate (Hollmann and Heinemann, 1994). Notably, GluN2C/DRs
have lower affinities for magnesium, which reduces the magne-
sium block at resting membrane potential (Qian et al., 2005).
They also a have prolonged deactivation time course following
removal of glutamate, and do not show rapid desensitization
(Vicini et al., 1998). These unique properties make GluN2C/DRs
strong candidates for mediating tonic glutamate currents.

Here, we examined developmental regulation of ambient glu-
tamate and how tonic activation of GluN2C/DRs during early
cortical development influences the maturation of inhibitory
INs. We show that ambient glutamate levels are elevated during
early cortical development and act on GluN2C/D to drive a
developmentally transient (P7-P9) depolarization of INs. In
vivo pharmacological blockade of GluN2C/DRs during the
window of transient depolarization leads to a long-term re-
duction in the morphological complexity of IN dendritic ar-
bors, a decrease in the number of inhibitory synapses, and an
increase in cortical network hyperexcitability. Together, these
observations demonstrate that activation of GluN2C/DRs by
ambient glutamate plays a critical role in cortical IN matura-
tion and integration.

Materials and Methods

Animals

All guidelines of Tufts University’s and Emory University’s Institu-
tional Animal Care and Use Committee were followed. C57Bl/6]
mice, originally obtained from The Jackson Laboratory (stock
#000664; RRID:IMSR_JAX:000664), were bred in house. G42 mice
(CB6-Tg(Gad1-EGFP)G42Zjh/J; The Jackson Laboratory stock #007677;
RRID:IMSR_JAX:007677), SST-Cre (Sst-IRES-Cre knock-in; The
Jackson Laboratory stock #028864; RRID:IMSR_JAX:028864), and
Ai9 (Ai9(RCL-tdT); The Jackson Laboratory stock #007909; RRID:
IMSR_JAX:007909) were also obtained from The Jackson Laboratory
and bred in house. Mice of both sexes were used for experiments and
housed ona 12 hlight/12 h dark cycle and given ad libitum access to water
and standard chow.

Preparation of brain slices

Cortical brain slices containing sensorimotor cortex were prepared from
mice between the ages of P2 and P21 based on previous protocols (An-
dresen et al., 2014). Briefly, mice were anesthetized (isoflurane), decapi-
tated, and the brains were rapidly removed and placed in chilled (4°C)
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low-Ca, low-Na slicing solution consisting of (in mwm as follows): 234
sucrose, 11 glucose, 24 NaHCO;, 2.5KCl, 1.25 NaH,PO,, 10 MgSO,,, and
0.5 CaCl,, equilibrated with a mixture of 95% O,:5% CO,. The brain was
glued to the slicing stage of a VT1200S vibratome (Leica Microsystems),
and 400-um-thick slices were cut in a coronal orientation. Slices were
then incubated in 32°C oxygenated aCSF (in mwu as follows): 126 NaCl,
2.5KCl, 1.25 NaH,PO,, 1 MgSO,, 2 CaCl,, 10 glucose, 26 NaHCO,) for
1 h, and then held at room temperature. Subsequent recordings were
performed at 27°C.

Glutamate biosensor imaging

Acute cortical slices from P5-P10 C57BL/6 mice were prepared as above.
Biosensor was produced and loaded into brain slices as previously de-
scribed (Dulla et al., 2013). Slices were placed in a submersion chamber
(Siskiyou) and perfused with aCSF containing 20 um DNQX and 10 um
CPP at 2 ml/min. Slices were imaged using a customized Bx51 upright
microscope with a 4X UPlanSApo (Olympus) objective, an Optosplit
(Cairn) dual emission splitter onto a Zyla sCMOS camera (Andor). Each
biosensor image had a 200 ms exposure time using 440 nm excitation.
Both CFP (470 nm/30 nm bandpass) and Venus (535 nm/40 nm band-
pass) fluorescence was collected. Images were acquired every 10 s. Ten
frames of autofluorescence were recorded both before loading of the
biosensor and in equivalent unloaded slices. After 20 frames of baseline
fluorescence was recorded, 5 um TFB-TBOA (astrocytic excitatory
amino acid transporter inhibitor) and 5 um MPEP (mGluR inhibitor)
was added to assay the effects of glutamate uptake. Subsequently, 1 mm
glutamate was washed in for 10—15 min to saturate the biosensor. Aver-
age fluorescence from ROIs spanning all cortical layers was quantified for
autofluorescence, control, TBOA+MPEP, and high glutamate condi-
tions. Autofluorescence was subtracted from the other conditions, and
fluorescence resonance energy transfer (FRET) ratios were calculated.
Saturation of the sensor with glutamate gave a consistent FRET ratio
(=1.8), ensuring consistency between slices and ages.

Electrophysiological measurement of ambient

glutamate concentrations

Slices were prepared as described above from C57Bl/6] mice. DNQX (20
uM, AMPA receptor antagonist), p-serine (30 uM, NMDAR coagonist),
and GABAzine (10 um, GABA , receptor antagonist) were included in the
aCSF. For nucleated patches and whole-cell voltage-clamp recording,
internal solution contained the following (in mm): 100 cesium gluconate,
10 HEPES, 5 EGTA, 4 NaCl, 1 MgCl,, 10 TEACI, 10 phosphocreatine, 2
MgATP, 0.3 NaGTP, pH 7.33 (mOsm = 272).

Calculating ambient glutamate levels was based on an established pro-
tocol (Herman and Jahr, 2007). For generating concentration-response
curves for NMDA and glutamate, nucleated patches were made from the
soma of Layer 5 pyramidal neurons (L5Ps) by recording a cell in whole-
cell configuration, voltage-clamping it at —60 mV, applying gentle neg-
ative pressure, then slowly drawing back from the cell body. Nucleated
patch formation was monitored visually and with continuously repeated
1 mV, 100 ms voltage steps. Once nucleated, patches were separated from
the cell body, they were brought to the surface of the slice, slowly raised to
40 mV, and placed within the flow of a rapid solution switcher (Auto-
Mate Scientific) with a custom 6-barrel flow pipe. Solutions were pres-
surized to 2 PSI with 95% O,/5% CO,. For the generation of NMDA
concentration-response curves solutions included bath aCSF, aCSF + 5
uM NMDA, aCSE + 10 uv NMDA, aCSF + 50 um NMDA, aCSE + 1 mu
NMDA, and aCSF + 100 uMm glutamate. For the generation of glutamate
concentration-response curves, solutions included aCSF, aCSF + 0.5 um
glutamate, aCSF + 1 uM glutamate, aCSF + 5 um glutamate, aCSF + 100
uM glutamate, and aCSF + 1 mm NMDA. NMDA and glutamate dose—
response curves were generated by baseline adjusting all responses and
then normalizing to the maximum NMDA or glutamate responses, re-
spectively, on a cell-by-cell basis. Estimates of the EC5, for NMDA and
glutamate at P3 and P14 were obtained by fitting baseline-adjusted, nor-
malized values with a Hill equation. Ratios of the maximum glutamate
response to maximum NMDA response were obtained by dividing the
baseline-adjusted 100 um glutamate response by the baseline-adjusted 1
mMm NMDA response on a cell-by-cell basis. Conversion factors were
calculated for each age as follows:
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glutamate ECs,
1000 * %
NMDA ECs,

Max NMDA reponse
Max glutamate response

Multiplying a uMm concentration of NMDA by this conversion factor gives
an equivalent nM concentration of glutamate.

For quantifying ambient glutamate in cortical slices, L5Ps were
patched in whole-cell configuration at P3 and P14. Cells were voltage-
clamped at 40 mV, and then NMDA (5 pum) was bath-applied. After
reaching steady state, NMDA was washed out, and APV (50 um) was
bath-applied. APV-sensitive holding currents were normalized to
NMDA-induced holding currents on a cell-by-cell basis. Normalized
currents at each age were converted to equivalent concentrations of nm
glutamate by multiplying them by the conversion factors for each age as
follows:

Lipy
[Glutamate] = An
INMDA

* Conversion Factorg,.

SEM was calculated for ambient glutamate estimates by propagating pro-
portional errors from the ECy, values, maximum response ratios, and the
NMDA-normalized APV-sensitive holding currents to the final esti-
mated [Glutamate] (Young, 1962).

SEMc 50 )

meangc so

SEM[Glummute] = [(mean[Glutamate]) X ((
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mean, .y response ratio meannormalizedhuldingcurrenr
Whole-cell electrophysiology
Slices were prepared as described above. DNQX (20 um), p-serine (30
uM), and GABAzine (10 um) were included in the aCSF. When applica-
ble, APV (50 um), DQP-1105 (20 um, GluN2C/D-containing NMDAR
antagonist), TBF-TBOA (50 nwm), and/or TBOA (100 um) were applied
directly to the recirculating solution. Slices were visualized with a 4X
objective on an BX51 inverted microscope (Olympus). L5Ps were iden-
tified based on location and soma morphology using a 60X water-
immersion objective (Olympus) and DIC optics. Neurons were patched
with borosilicate glass electrodes (4—6 M{}). Cell type was confirmed
based on electrophysiological properties, including membrane resistance
and action potential (AP) firing frequency, as well as reporter expression.
For voltage-clamp recordings, internal solution contained the follow-
ing (in mm): 100 cesium gluconate, 10 HEPES, 5 EGTA, 4 NaCl, 1 MgCl,,
10 TEACI, 10 phosphocreatine, 2 MgATP, 0.3 NaGTP, pH 7.33
(mOsm = 272). L5Ps were voltage-clamped at —60 mV, slowly increased
to 40 mV, and allowed to equilibrate until a stable baseline holding
current was achieved. Baseline holding currents were recorded for at least
90 s before addition of APV, DQP-1105, or TBOA. The change in holding
current was recorded and access resistance was monitored throughout
drug applications. For TBOA experiments, applications of TBOA were
followed after 7 min by applications of APV. APV-sensitive holding cur-
rents were calculated as the average of 30 s of stable holding current after
APV/DQP-1105 application subtracted from the average of 90 s of stable
baseline before APV/DQP-1105. TBOA-induced holding currents were
calculated as the average of 90 s of stable baseline before TBOA applica-
tion subtracted from the average of 30 s of stable holding current in
TBOA. Holding current values from voltage-clamp recordings were nor-
malized to the capacitance of the recorded neuron to calculate current

1 1
density. Capacitance was calculated as C = T<R7{1 + R7m> where 7is the

decay of the current response to a 5 mV depolarizing step, Ra is access
resistance, and Rm is membrane resistance. For TFB-TBOA current-
clamp experiments, AV, was calculated by subtracting the average of 7
min of V,,, after 50 nm TFB-TBOA exposure from the average of 30 s of
V.., before the application of TFB-TBOA.

For current-clamp recordings, internal solution contained the follow-
ing (in mM): 130 potassium gluconate, 10 HEPES, 5 KCl, 5 EGTA, 2
NaCl, 1 MgCl,, 2 MgATP, 0.3 NaGTP, pH 7.33 (mOsm = 290). INs or
pyramidal cells were identified and whole-cell recordings were estab-
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lished as described above. Neurons were then current-clamped atI = 0 to
record the resting potential over time. After achieving a stable baseline,
APV or DQP-1105 was added to the recirculating aCSF. Resting mem-
brane potentials were recorded for > 6 min after drug applications.
Drug-induced hyperpolarizations were calculated by subtracting the
baseline resting potential (average of 90 s) from the resting potential after
drug wash-on (average of 30 s). Additionally, current injections were
performed before and after drug applications in current-clamped cells.
Current injections consisted of 250 ms current steps from —20 pA to 170
PA in ascending 10 pA intervals, returning to 0 pA for 750 ms between
each step.

For recording mIPSCs, 300-um-thick slices were prepared; 300-um-
thick sections were used in this experiment to allow for better visualiza-
tion and patch-clamp recording in more mature brain tissue. Internal
solution contained the following (in mm): 140 CsCl, 10 HEPES, 4 NaCl,
0.5 CaCl, 5 EGTA, 2 MgATP, 0.3 NaGTP, pH 7.25 (mOsm = 290). Bath
aCSF included DNQX (10 um), CPP (20 um), and TTX (1 um). L5Ps
were held at —70 mV for >5 min. In some cases, GABAzine (20 um) was
then applied to verify that miniature currents were mediated by GABA ,
receptors. mIPSCs were quantified from 2 min of stable baseline using
MiniAnalysis software (Synaptosoft). The amplitude threshold was set to
15 pA, and all events were confirmed manually. For all electrophysiolog-
ical experiments, access resistance was monitored before and after exper-
iments and cells >25% change in access were excluded from analysis.

FACS and qPCR

FACS was used to isolate eGFP-expressing neurons in P7-P9 G42 pups.
Mice were killed, cortical tissue extracted, minced, and incubated at 37°C
in a digest solution. The digest contained Collagenase D (2 mg/ml, Roche
Diagnostics, #11088866001), DNase (2 mg/ml, Sigma-Aldrich, #DN25-
1G), and Dispase II (5 mg/ml, Sigma-Aldrich, #D4693), dissolved in
Ca”/Mngr HBSS. After 30 min, 10% heat-activated FBS was added to
double the final volume, and the solution was strained through a 100 um
filter. After centrifuging remaining tissue at 1400 RPM for 10 min, the
cells were resuspended in L15 media and added to a Percoll gradient
(upper concentration 12.5%, a lower concentration 28%). Tissue was
centrifuged for another 10 min at 1300 RPM, and the upper half of the
interface containing myelin and debris was removed. The lower gradient
was diluted with L15 and centrifuged at 1300 RPM for 6 min, after which
the supernatant was discarded. The remaining cells were taken to the
Flow Cytometry Core at Tufts University, and a FACSARIA cell sorter
(BD Biosciences) was used to isolate neurons that expressed eGFP based
on fluorescence at 488 nm.

RNA extraction and cDNA synthesis were then performed on ~1000
FACS-sorted GFP * cells and GFP ~ cells using the REPLI-g WTA Single
Cell Kit (QIAGEN). The ¢cDNA was diluted 1:100. For qPCR, 2 ul of
c¢DNA was amplified using 600 nM primers and 2X SYBR Green master
mix in a volume of 25 ul in the Mx3000P system (Agilent Technologies)
in quadruplets using the following primers: GADI forward, 5'-TC
GATTTTTCAACCAGCTCTCTACT, reverse, 5'-GTGCAATTTCATAT
GTGAACATATT; GFP forward, 5'-AAGCTGACCCTGAAGTTCATC
TGC, reverse, 5 -CTTGTAGTTGCCGTCGTCCTTGAA; and ACTB
forward, 5'-GTGACGTTGACATCCGTAAAGA, reverse, 5'-GCCGGA
CTCATCGTACTCC.

The gene dose was calculated relative to ACTB using 2 44

method.

FISH

C57Bl/6 mice age P3-P4 and P7-P8 were transcardially perfused with
0.9% saline followed by 4% PFA in PB, pH 7.4. Brains were removed and
placed in 4% PFA at 4°C for 16 h and cryoprotected in 30% sucrose at 4°C
for 48 h. Frozen brain sections of 20 uwm thickness were cut with a cryo-
stat, mounted on glass slides, and dried overnight. Riboprobes were in
vitro transcribed from plasmids containing cDNA for GAD65, GAD67,
and GluN2D. GAD65 and GAD67 plasmids were generously provided by
Dr. Shane Hentges (Colorado State Unviersity), and GAD65/67 ribo-
probes were made as previously described (Jarvie and Hentges, 2012).
The GluN2D plasmid was made by amplifying a portion of rat GluN2D
c¢DNA (2029-3167 bp) and inserting the PCR product into an EcoR1 cut
pCI-Neo vector using InFusion (Clontech). GluN2D ¢cDNA was ampli-
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fied with the following primers: CTAGCCTCGAGAATTCTTCTTGT
CATACATCGAGGTGCand TACCACGCGTGAATTCGACACAGTGC
CATTGCTGCGTG. GluN2D sense and antisense riboprobes were in
vitro transcribed from linearized plasmids with T7 and T3 polymerases,
respectively (Roche Diagnostics). Digoxigenin-labeled dNTPs were used
for GAD65 and GAD67, and fluorescein-labeled dNTPs were used for
GluN2D. Riboprobes were precipitated, subjected to alkaline hydrolysis
for 3.5 min (GAD65/67) or 4 min (GluN2D), diluted in hybridization
buffer, and used at a final concentration of 1 ng/ul. The prehybridization
treatments, riboprobe hybridization, and posthybridization washes were
performed on brain sections as previously described (Swanger et al.,
2011). For riboprobe detection, the sections were incubated with
peroxidase-conjugated anti-fluorescein antibodies (1:1000, Roche Diag-
nostics) at room temperature for 1 h, washed with TBS with 0.05%
Tween 5 times for 10 min each, and incubated with fluorescein tyramide
signal amplification reagent and washed as per the manufacturer’s in-
structions (PerkinElmer). The sections were then incubated with alkaline
phosphatase-conjugated anti-digoxigenin antibodies (1:500, Roche Di-
agnostics) followed by five 10 min washes with TBS with 0.05% Tween
buffer. HNPP (2-hydroxy-3-naphtoic acid-2'-phenylanilide phosphate)
and Fast Red TR (4-chloro-2-methylbenzenediazonium hemi-zinc chlo-
ride salt) were used to detect digoxigenin-labeled GAD65/67 mRNA as
per the manufacturer’s instructions (Roche Diagnostics). Slides were
stained with DAPI, rinsed briefly with H,O, and coverslipped with poly-
vinyl chloride mounting media containing propyl gallate (Swanger et al.,
2011). Brain sections were imaged with an inverted IX51 microscope
(Olympus) equipped with a disk-spinning unit, an ORCA-ER CCD cam-
era (Hamamatsu), and MicroManager software (Edelstein et al., 2010).
Fluorophores were imaged with the following emission, excitation, and
dichroic filter sets: fluorescein (470/40, 525/50, and 495 nm), Fast Red
TR (545/25, 605/70, and 565 nm), and DAPI (350/50, 460/50, and 400
nm). Sense and antisense probes were hybridized on separate slides in
parallel, detected with the same detection solutions, and imaged with the
same acquisition settings. ImageJ was used to prepare the images for
presentation, and the intensity settings for each channel are the same
across all images at a given magnification.

Neonatal DQP-1105 treatment

Gad-1:GFP or C57B6/] mice were treated daily from either P7-P9 or from
P11-P13 with DQP-1105 (Tocris Bioscience) at 28 mg/kg intraperitone-
ally (Lozovaya et al., 2014). DQP-1105 was first dissolved to 100 mm
stock solution in DMSO and then diluted, before injections, to a final
concentration of 5 mMm in vehicle. Vehicle formulation was 4% ethanol,
5% Tween 80, 5% PEG 400, in sterile 0.9% saline (DMSO final concen-
tration was <5%). DQP-1105 solution was warmed and sonicated and
then immediately injected intraperitoneally at 10 ul/g.

Immunohistochemistry

Immunofluorescence quantification of GABAergic synapses. For immuno-
fluorescence-based quantification of GABAergic synapse density, DQP-
and vehicle-treated littermates were processed, stained, and imaged in
parallel. DQP- and vehicle-treated C57B6/] mice were anesthetized with
isoflurane and perfused with PBS. Following perfusion, brains were dis-
sected out and placed in 4% PFA for 12-18 h. Fixed brains were then
cryoprotected in a high sucrose solution (in mwm 818 sucrose, 77 mm
sodium phosphate, 23 mm sodium phosphate), and later sectioned into
14 pm slices using a Microm HM 525 cryostat (Thermo Fisher Scien-
tific). Brain sections were washed in PBS and placed in blocking buffer
(20% normal goat serum in PBS) for 1 h at room temperature. VGAT
(1:500, Sigma-Aldrich, AMAb91043) and Gephyrin (1:500, Invitrogen,
PA5-19589) antibodies were diluted in antibody solution (PBS contain-
ing 0.3% Triton X-100, 10% goat serum). Brain sections were incubated
in diluted primary antibody solutions for 48 h at 4°C and then rinsed
three times in PBS. Secondary antibodies (goat anti-rabbit 488 and goat
anti-mouse Cy3.5, The Jackson Laboratory; diluted 1:500 in antibody
solution) were added to the sections for 2 h at room temperature. Fol-
lowing incubation in the secondary antibodies, sections were washed
three times in PBS, with DAPI included in the final wash. Sections were
mounted using Fluoromount-G (Southern Biotechnology). Mounted
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sections were then used for confocal imaging. Sections were imaged on
an AR confocal microscope (Nikon) with a 60X oil objective (Olym-
pus) and 10X optical zoom. Images were taken from L4-5 of somato-
sensory cortex. Laser and imaging settings were identical from section to
section and across imaging days. Z stacks consisting of 3 confocal images
taken at 1 um intervals were collected from each section. Stacks were
then maximum intensity projected in Image]J to condense 2 um of Z space
into a single image. Synapses were counted in the projected images using
Image]. Briefly, a mask was generated for both VGAT and Gephyrin
images using a background subtraction and rolling ball radius of 50.
Colocalized puncta were then quantified using the “Puncta Analyzer”
Image] plugin as previously reported (Ippolito and Eroglu, 2010).

Immunofluorescence characterization of GFP* INs in G42 mice. To
quantify colocalization of eGFP with other molecular markers, immuno-
histochemical approaches were used to label neuronal tissue from G42
animals. The 40 wm brain slices were stained, as described above, with
primary antibodies against GFP (1:1000, chicken, Abcam) and one of the
following markers: GABA (1:5000, rabbit, Sigma-Aldrich), parvalbumin
(PV, 1:2000, mouse, Swant), glutamate decarboxylase 67 (GADG67,
1:10,000, mouse, Millipore), somatostatin (SST, 1:100, rat, Millipore),
and calretinin (CalR, 1:5000, mouse, Swant). Secondary antibodies
against mouse, rat, chicken, or rabbit, tagged with Alexa-488, -Cy3, or
-647, were applied at a concentration of 1:500. For cell counting, layers
5-6 of somatosensory cortex were imaged on either a Keyence micro-
scope with a 10X or 20X optical zoom or A1R confocal microscope
(Nikon) with a 40X oil objective (Olympus), with identical laser and
imaging settings across sections. Images were analyzed in Image]J, GFP *
cells were identified manually, and then examined for their colabeling
with other immunolabels.

IN filling and reconstruction

For filling INs with biocytin, 4% biocytin was added to the current-clamp
internal solution described above. After in vivo treatment with DQP-
1105 from P7-P9 or P11-P13, 300-um-thick slices were prepared from
G42 animals at P19-P25. Bath aCSF contained DNQX, CPP, and GABA-
zine. GFP * INs were patched in deep cortical layers, and current steps
from —20 to 180 pA were injected in 10 pA intervals to measure firing
properties. All INs showed characteristic fast-spiking properties. Cells
were then held for 5-15 min at resting potential, and current steps were
repeated. The patch pipette was then withdrawn slowly to form an
outside-out patch and allow the cell to reseal. Cells sat for at least 10 min
after removal of the patch pipette. Slices were then immersed in 4% PFA
overnight at 4°C. Following fixation, slices were washed 4X in PBS and
then incubated overnight at 4°C in PBS containing streptavidin-
conjugated Cy3.5 (1:50), 2% BSA, 10% normal goat serum, and 0.1%
Triton X-100. Slices were then washed 3X in PBS followed by a 30 min
incubation in 50% glycerol at room temperature. Slices were whole-
mounted in Fluoromount-G (Southern Biotechnology). Mounted sec-
tions were imaged on an A1R confocal microscope (Nikon), with a 20X
objective (Olympus). Z stacks were taken, spanning the visible range of
the filled cell, at 1 wm intervals. Two-dimensional reconstructions were
made in ImageJ by SUM-projecting Z stacks of filled neurons and then
tracing with the simple neurite tracer ImageJ plugin. Sholl analysis was
done on the two-dimensional reconstructions in Image] with the Sholl
analysis plugin. Additionally, three-dimensional reconstructions were
made with Imaris (Bitplane) and branch points were quantified in
Imaris, using the three-dimensional reconstructions.

Cortical field potential recording

Slices were placed in an interface chamber maintained at 34°C, super-
fused with oxygenated aCSF at 2 ml/min, and cortical projections were
stimulated with a tungsten concentric bipolar electrode at the layer
6-white matter boundary. Electrical stimulation consisted of 10-50 wA,
100 ws pulses at 30 s intervals delivered by a stimulus isolator (World
Precision Instruments). Glass micropipettes (resistance = 1 M{}) were
filled with aCSF and placed in layer 5 of the cortex directly above the
stimulation electrode. Electrophysiological data were recorded with an
Axon Multiclamp 700A amplifier and Digidata 1322A digitizer (sam-
pling rate = 20 kHz) with Lab Chart software (AD Instruments). Thresh-
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old stimulation intensity was identified as the minimum amount of
current required to elicit a detectable cortical field potential response
(=0.05 mV).

Chemical sources

All drugs were obtained from commercial sources. All chemicals for
aCSF, drug treatments, and buffers were obtained from Sigma-Aldrich,
including p-serine, DNQX, MPEP, and biocytin, unless noted below.
DQP-1105, TFB-TBOA, GABAzine, NMDA, APV, and TBOA were ob-
tained from Tocris Bioscience. CPP and TTX citrate were obtained from
Abcam.

Experimental design and statistical analysis

Power analyses were performed to determine the sample size for each
experiment, and the sample populations used for each experiment are
detailed below. Mice of either sex were used for all experiments, with an
approximate 1:1 ratio of female to male mice. Data were not analyzed by
gender, but no abnormal distributions of responses were seen. For all
electrophysiology analyses, data analysis was automated with MATLAB
scripts and applied in the same fashion to datasets across all experimental
groups. For all experiments, analysis was done using between-subject
comparisons; no within-subject comparisons were made. Electrophysiol-
ogy: Data collected from at least 3 animals/group, 3-5 slices per animal.
Field EPSP recordings: Data collected from at least 3 animals/group, 3-5
slices per animal. Biocytin cell filling: Data collected from at least 3 ani-
mals/group, 3-5 slices per animal, 1-3 cells per slice. Immunofluorescence
experiments: Data collected from at least 3 animals/group, 3-5 slices per
animal. Glutamate imaging: Data collected from 2 or 3 animals per group,
3 slices per animal. For comparisons of one or two experimental groups,
a Student’s t test was used. For three or more experimental groups, a
one-way ANOVA with the Tukey post hoc test was used. The Kolmogo-
rov—Smirnov test was used to compare distributions of synaptic current
properties. The Wilcoxon rank-sum test was used to compare two groups
when data were not normally distributed. Values of p < 0.05 were con-
sidered statistically significant. In addition, a linear mixed model (LMM)
was used to perform more rigorous statistical analysis of GABAergic
synapse staining and IPSC recordings. In LMM analysis, data from the
same animal are fitted with random intercepts to account for the corre-
lation between repeated measurements on the same mouse. The fixed
effects in these analyses were DQP treatment versus vehicle treatment;
95% Cls that exclude 0 and ¢ values >1.96 and <—1.96 were considered
to be statistically significant. Data are reported as mean = SEM unless
otherwise noted. Bar graphs depicting mean = SEM values were used to
represent the data unless a scatter plot could better depict variability
within an experimental group.

Results

Ambient glutamate is elevated during early

cortical development

Extracellular glutamate levels are controlled by astrocytic EAATSs
(Danbolt, 2001; Herman and Jahr, 2007; Le Meur et al., 2007).
Because EAAT expression and function are dynamic during cor-
tical development (Ullensvang et al., 1997; Hanson et al., 2015),
we hypothesized that extracellular glutamate levels may vary as
the cortex matures. To monitor extracellular glutamate levels, we
first used fluorescent glutamate biosensor imaging in acute cor-
tical slices (Dulla et al., 2013). This approach allows semiquanti-
tative evaluation of glutamate levels across broad areas of the
cortex in acute cortical slices. The glutamate biosensor is a FRET-
based reporter in which FRET efficacy decreases in response to
glutamate (Fig. 1a). Therefore, the ratio of CFP to YFP fluores-
cence reports the relative amount of glutamate present. We found
that the glutamate biosensor FRET ratio was significantly lower at
P5-P6 (2.89 = 0.15) compared with P9-P10 (3.85 * 0.09, p =
0.008), indicative of increased glutamate levels at younger ages.
Intermediate glutamate biosensor FRET ratios were seen at
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Ambient glutamate is elevated in the neonatal cortex and decreases with development. a, Heat maps of the glutamate biosensor FRET ratio in acute cortical slices in aCSF, after the wash

on of TBOA, and after the addition of saturating glutamate. FRET ratio is inversely proportional to glutamate concentration. b, Box-and-whisker plot showing baseline glutamate biosensor FRET
ratios (in aCSF) in acute cortical slices at ages P5—P6 (n = 6 slices/2 animals), P7—P8 (n = 9slices/3 animals), and P9—P10 (n = 9slices/3 animals). **p = 0.008 (one-way ANOVA with Tukey post
hoc test). Box boundaries represent quartiles. Circles represent individual slices. ¢, Example recording of a P3 L5P-nucleated patch voltage-clamped at 40 mV as NMDA (10, 20, 50, 1000 wum) and
glutamate (100 ) are locally perfused. Calibration: 30's. d, Concentration-response curves generated for NMDA (dashed line, open circles) and glutamate (solid line, filled circles) at P3 (red) and
P14 (black). P3NMDA, n = 9 cells/4 animals; P14 NMDA, n = 10 cells/3 animals; P3 glutamate, n = 8 cells/4 animals; P14 glutamate, n = 7 cells/3 animals. Glutamate concentrations tested were
0.5,1,5,and 100 m. Inset, Ratio of maximum glutamate response to maximum NMDA response amplitudes in L5P-nucleated patches at P3 and P14. e, Example traces represent whole-cell
recordings of P3 (red) and P14 (black) L5Ps during bath application of 5 um NMDA and, separately, 50 um APV. Calibration: x = 605,y = 50 pA. f, Box-and-whisker plot of ambient glutamate values
calculated from individual cells. Box boundaries represent quartiles. Box whiskers represent range. **p = 0.009 (two-sample t test). Error bars indicate SEM.

P7-P8 (3.52 * 0.26), consistent with dynamic extracellular glu-

tamate levels in the developing cortex (Fig. 1b).

Next, to quantify the concentration of ambient glutamate in
the cortex at different ages, we used an electrophysiological method
(Herman and Jahr, 2007). This approach allows more precise quan-

tification of extracellular glutamate levels and enables evaluation of

glutamate levels at the neuronal membrane, as NMDARs are used as

the glutamate detector. Briefly, the NMDAR concentration-
response curves to glutamate and NMDA are generated using
nucleated patches. Then, the neuronal response to APV, an
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bath-applied 100 um TBOA (EAAT an-
tagonist). Changes in the holding current
upon transport blockade were normalized
to capacitance (C,,) on a cell-by-cell basis
to account for developmental changes in
cell surface area (Fig. 2a). EAAT blockade
induced a significantly larger change in
capacitance-normalized holding current
at P14 and older compared with P7-P8
and younger than P7 (Fig. 2b; p < 7 vs
P14™: p = 0.00082; P7-P8 vs P14 *: p =
0.0080; p < 7vs P7-P8: p = 0.49; one-way
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Figure 2.

NMDAR antagonist, and NMDA application are sequentially quan-
tified. These values, combined with the concentration response
curves, are used to extrapolate the micromolar concentration of glu-
tamate. First, we established the concentration-response relation-
ships for NMDA and glutamate in nucleated patches from layer 5
pyramidal neuron (L5P) somas at P3 and P14 (Fig. 1¢,d) to calcu-
late the apparent affinity of the NMDA receptors in situ. We
calculated the ECs, values for NMDA and glutamate at P3 and
P14 and used these values to generate conversion factors that
allow us to convert concentrations of NMDA into functionally
equivalent concentrations of glutamate at each age. Additionally,
because glutamate is a more potent agonist of NMDARs than
NMDA, we adjusted the conversion factor by the ratio of the
maximum response in saturating NMDA to the maximum re-
sponse in saturating glutamate at P3 (1.52 = 0.12) and P14
(1.53 = 0.16) (Fig. 1d, inset). Finally, the conversion factor was
multiplied by 1000 to convert uM NMDA into nM glutamate. To
determine ambient glutamate concentrations in cortical slices,
whole-cell recordings were established in L5Ps in voltage-clamp
mode. Neurons were voltage-clamped at 40 mV. NMDA (5 um)
was bath-applied, followed by wash out of NMDA, and bath
application of APV (50 uMm), a wide spectrum NMDA antagonist
(Fig. le). For each cell, the APV-sensitive holding current was
normalized to the NMDA-induced holding current, converting
the APV effect into an equivalent concentration of NMDA (P3,
1.24 = 0.03 pm; P14, 0.60 = 0.05 uM). Using the conversion
factors calculated in the first set of experiments, we determined
the approximate concentrations of ambient glutamate to be
102 * 13.8 nM at P3 and 56.9 * 8.14 nM at P14. These results
indicate that ambient glutamate is significantly elevated in the
neonatal cortex compared with later time points (p = 0.009)
(Fig. 1f).

The change from high to low extracellular glutamate coin-
cided with developmental upregulation of EAATSs in the cortex
(Hanson et al., 2015). To test whether reductions in ambient
glutamate levels after P7 are due to increased astrocytic EAAT
function, we recorded tonic NMDAR-mediated currents from
L5Ps held at 40 mV. Holding L5Ps at 40 mV relieved the magne-
sium block of NMDARs and allowed us to use NMDARs as
detectors of extracellular glutamate, regardless of subunit com-
position. Once a stable baseline holding current was achieved, we

P<7 P7-8 P14+

Maturation of glutamate uptake limits ambient glutamate after P7. a, Example recording, binned in 5 s increments,
from a P7 L5P voltage-clamped at 40 mV during bath application of 100 rum TBOA. Gray dashed line indicates baseline. Black
dashed line indicates holding current in TBOA at P14. Red dashed line indicates holding current in TBOA at P7. Calibration, 60 s.
b, Capacitance-normalized, TBOA-induced holding currents binned by age (p << 7, n = 6 cells/3 animals; P7-P8, n = 7 cells/3
animals; P14 *, n = 8 cells/4 animals). Circles represent individual cells. Lines indicate mean = SEM. **p = 0.0080 (one-way
ANOVA with Tukey post hoc test). ***p = 0.00082 (one-way ANOVA with Tukey post hoc test).

ANOVA with Tukey post hoc test). EAAT
blockade induced an increase in the hold-
ing current at each time point, consistent
with increased EAAT function with post-
natal age (p < 7:1.82 £ 0.19 pA/pF, p =
0.00019; P7-P8: 2.20 = 0.18 pA/pF, p =
0.000021; p > 14: 3.30 = 0.39 pA/pF,
p = 0.0000042; one-sample ¢ test). Com-
bined, these data suggest that, after P7-P8,
increased astrocytic EAAT function re-
duces ambient glutamate levels and suppresses tonic NMDAR
activation in pyramidal neurons.

Neurons in the neonatal cortex are transiently sensitive to
elevated ambient glutamate

To determine whether neurons in the developing cortex are sen-
sitive to developmental changes in ambient glutamate, we re-
corded tonic NMDAR-mediated currents from L5Ps during
cortical development. We then bath-applied APV (50 um) and
monitored the change in holding current required to maintain
L5Ps at 40 mVs (Fig. 3a). APV-sensitive holding currents were
normalized to C, to account for developmental changes in cell
size. The APV-sensitive holding current, normalized to C,,,, re-
flects the density of NMDARSs activated by ambient glutamate on
the recorded neuron. Using this approach, we found that, before
P7, L5Ps had consistently small APV-sensitive holding currents,
even in the environment of elevated ambient glutamate (0.20 =
0.01 pA/pF). This is likely due to low NMDAR expression (see
Fig. 5f), as assessed by GluN2D FISH (Wenzel et al., 1997). At
P7-P8, the APV-sensitive holding current was significantly in-
creased compared with earlier time points (0.35 £ 0.04 pA/pF,
p = 0.0010, one-way ANOVA with Tukey post hoc test), consis-
tent with increased NMDAR expression during a period of
elevated ambient glutamate. After P8, APV-sensitive holding cur-
rents were significantly decreased compared with P7-P8 (Fig.
3b,c;0.22 £ 0.02 pA/pF, p = 0.014, one-way ANOVA with Tukey
post hoc test), consistent with increased developmental expres-
sion of astrocytic EAATs and decreased ambient glutamate levels.

Characterization of GFP * neurons in neonatal G42 mice

To determine the effects of elevated ambient glutamate on inhib-
itory cortical development, we used the G42 mouse line to iden-
tify INs. In this mouse line, eGFP * cells are ~90% PV " INs in
the mature cortex (Chattopadhyaya et al., 2004). We found a
similar colabeling of GFP * cells with PV immunolabeling in cor-
tical layers 5/6 in P28 G42 mice (data not shown). In the neonatal
cortex, eGFP * cells are present in the somatosensory cortex as
early as P3, allowing us to identify INs very early in development,
before the expression of PV. This approach is advantageous be-
cause, as PV is not expressed in the cortex until approximately
P12-P14, meaning that PV “®®-based approaches are not feasible



3618 - J. Neurosci., May 8, 2019 - 39(19):3611-3626

a

P5

+40 mV

D-APV (50 uM)

D-APV (50 pM)

P8

+40 mV

D-APV (50 uM)

Hanson et al. @ Ambient Glutamate and Interneuron Maturation

b
o) 0.6 -
O ~ o
N L o
g
s 204
=
8¢
C
8 3 024
'g o
C
o
o 8
O T LI ) D LI e ]
----- | P5 P10 P15
(o]
§®)
8o
<
=3
= 0.30-
Ec
o £
§ 3015
'g o
%8
O P<7 P7-8 P>8

Figure 3.

Neuronsin the neonatal cortex are transiently sensitive to elevated ambient glutamate. a, Example traces from voltage-clamped, cortical L5Ps held at 40 mV during application of APV

(50 pum). Dashed lines indicate baseline and final holding currents. Calibration: x = 60's,y = 25 pA. b, APV-sensitive holding currents (baseline — APV) in individual cells, normalized to capacitance
ona cell-by-cell basis. Line indicates spline fit. ¢, Datain b, binned by age at P3—P6 (n = 11 cells/4 animals), P7—P8 (n = 9 cells/3 animals),and P10 * (n = 7 cells/5 animals). *p = 0.014 (one-way
ANOVA with Tukey post hoc test). **p = 0.0010 (one-way ANOVA with Tukey post hoc test). Data are mean == SEM.

for identifying immature PV INs. To characterize the identity of
GFP * cells in the neonatal cortex, we examined their expression
of markers of inhibitory neurons, characterized their electro-
physiological properties, and examined GAD1 mRNA expression
(Fig. 4). In neonatal animals (P9), >80% of eGFP " cells cola-
beled for GABA, suggesting that they are immature inhibitory
INs (Fig. 4a,b). Additionally, we observed robust SST expression
in the P9 cortex but found little to no colocalization with eGFP (1
of 262 eGFP * cells expressed SST). Calretinin was also not ex-
pressed at P9, so no colocalization of GFP ™ cells with calretinin
was seen (Fig. 4a,b).

Next, we characterized the AP properties in GFP " cells and
compared them with L5Ps and SST * INs (identified in SST-Cre
X Ai9 mice; Fig. 4c—h). eGFP ™ cells had AP properties consistent
with immature INs, compared with L5Ps, including short AP
half-width and more hyperpolarized afterhyperpolarizations
(Fig. 4c—g). The electrophysiological properties of eGFP ™ cells
were also distinct from SST * INs at P9 based on AP threshold
and spontaneous AP firing (Fig. 4g,h). This is consistent with
SST ¥ IN's propensity to have low thresholds for AP initiation
(Urban-Ciecko and Barth, 2016) and their characteristic exhibi-
tion of frequent spontaneous activity that is often independent of
GABAergic or glutamatergic synaptic activity (Fanselow et al.,
2008). Finally, we isolated GFP * cells at P9 via FACS and per-
formed qPCR on mRNA isolated from GFP * and GFP ~ cells.
mRNA for GFP was significantly increased in the GFP sorted

cells, confirming robust sorting. GAD1 (GAD65/67 ) levels were
also increased in GFP™ cells, confirming that these cells are
GABAergic (Fig. 4i). Together, these studies show that, at P9,
eGFP " cells in G42 mice are immature non-SST GABAergic INs.
It is highly likely that these GFP * GABAergic INs are putative
immature PV " INs that will express PV later in life.

IN’s are tonically depolarized by ambient glutamate in the
neonatal cortex

Recording tonic NMDA currents in L5Ps held at 40 mV, as above,
is an assay of ambient glutamate sensitivity, but it does not ad-
dress whether NMDA receptors are activated by ambient gluta-
mate at the normal neuronal resting membrane potential (= —60
mV). To determine whether cortical INs and L5Ps are tonically
depolarized by NMDAR activation, we made current-clamp re-
cordings from L5Ps and cortical INs, as identified by GFP " la-
beling in G42 mice (Fig. 5a). First, we recorded resting membrane
potential (V) before and during bath application of APV (50
uM). Baseline resting potentials were significantly depolarized in
P7INs (V,, —55.51 * 2.80 mV) compared with P7 L5Ps (Fig. 5b;
Vi —63.30 £2.10 mV, p = 0.037, two-sample ¢ test). Upon bath
application of APV at P7, we observed that INs, but not PCs, were
significantly hyperpolarized (Fig. 5b; IN AV, = —3.77 = 0.44
mV, p = 0.000027; PC AV,, = 0.83 = 0.58 mV, p = 0.18; two-
tailed t test). This suggests that tonic NMDAR activation depo-
larizes INs, but not PCs, at resting V,,. We next examined
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Figure4. G42miceidentify GABAergicnon-SST INs at P9. a, Immunohistochemical labeling of GFP in the somatosensory cortex
(SSC) of G42 (GAD1-GFP) mice at P9. Coimmunolabeling of GFP in G42 mice with markers on inhibitory INs. a-a5, GFP (left). a1,
GABA. a2, Somatostatin. a3, PV. a4, GAD67. a5, Calretinin (middle), colabel (right) in layer V of the SSC. b, Table showing
abundant colabeling of GFP * cells with GABA immunolabeling at P9. Sections from 4 mice were used to quantify colocalization. ,
Average evoked APs from whole-cell recordings from GFP * cells in G42 mice (red), L5Ps (black), and Td-tomato * neurons in
SST-Cre X Ai9 mice (blue). d, dV/dt analysis of APs shown in ¢. e, AP half-width. f, AP threshold. g, Afterhyperpolarization
amplitude. h, Fraction of cells showing spontaneous AP firing in GFP ™ cells in G42 mice (red), L5P neurons (black), and Td-
Tomato ™ neurons in SST-Cre X Ai9 mice (blue). *p < 0.05 (one-way ANOVA). **p << 0.01 (one-way ANOVA). ***p << 0.001
(one-way ANOVA). i, qPCR analysis of GFP * and GFP ~ cells at P9 in G42 mice separated via FACS. ***p < 0.001 (paired  test).
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whether NMDAR-mediated tonic depo-
larization of INs was uniform across cor-
tical development. Compared with P7,
INs were significantly less hyperpolarized
by APV at P3-P5 (AV,, = —1.46 * 0.22
mV, p = 0.0071) and P10-P12 (AV,, =
—0.98 = 0.57 mV, p = 0.0034, one-way
ANOVA with Tukey post hoc test). If tonic
activation of INs is constrained by astro-
cytic control of ambient glutamate, then
blocking EAAT function should have dif-
ferential effects on IN versus PC V, at P7.
To test this, we partially blocked EAATSs
using 50 nv TFB-TBOA at P7, the age of
peak ambient glutamate-mediated depo-
larization of INs. Consistent with our hy-
pothesis, TFB-TBOA caused small, but
significantly different, changes in IN
(0.41 = 0.45 mV) versus PC (—1.21 =
0.27 mV) V., (Fig. 5¢; p = 0.005; two-
sample ¢ test). These findings confirm that
tonic NMDAR-mediated depolarization
of INs is transient in the developing cortex
and is largest at P7.

To determine whether GluN2C/D-
containing NMDARs mediate this tonic
depolarization, we repeated these experi-
ments using DQP-1105 (20 uMm), a
GluN2C/D-selective antagonist (Acker et
al., 2011) (Fig. 5d). Upon bath application
of DQP-1105, we found that pharmaco-
logical blockade of GluN2C/Ds also hy-
perpolarized INs, but not L5Ps, at P7 (Fig.
5de; IN AV, = —3.37 = 0.85mV, p =
0.0053; PCAV,, = —0.37 £0.58 mV, p =
0.30; two-tailed t test). As GluN2C mRNA
is not present in the cortex during early
development (Akazawa et al., 1994;
Monyer et al., 1994; Karavanova et al.,
2007), we examined when GluN2D was
detectable in the neonatal cortex. Using
ISH, we found that GluN2D was absent
from the cortex at P3 but was present at P7
(Fig. 5f). This is consistent with multiple
previous studies (Akazawa et al., 1994;
Monyer et al., 1994; von Engelhardt et al.,
2015; Loo et al., 2019). To confirm that
the GIuN2D receptor is present in devel-
oping cortical INs, we performed further
in situ hybridization studies. We found
that GAD (GAD65/GAD67) and the
GluN2D (Grin2D) subunit of the NMDA
receptor showed colocalization in P9 so-
matosensory cortex (Fig. 5f), confirming
the presence of high-affinity NMDA re-
ceptors in GABAergic cortical INs. To-
gether, these data are consistent with our
electrophysiological studies showing tonic ac-
tivation of developing cortical INs at P7,
but not before.

Finally, we examined whether tonic
NMDAR activation affected IN and L5P
excitability. Current steps were injected
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Figure5. INsare tonically depolarized by ambient glutamate acting at GIuN2C/DRs in the neonatal cortex. a, Averaged, baseline-adjusted, current-clamp traces, binned in 5 s increments, from
L5Ps (n = 12 cells/4 animals) and INs (n = 9 cells/3 animals) during application of APV (50 tum). Traces represent the change in resting membrane potential upon APV bath application (AV, ).
b, Total change in resting potential (AV.,) upon APV application in INs ages P3—P4 (n = 9 cells/ 3 animals), P7—P8 (n = 9 cells/ 4 animals), and P10 ™ (n = 10 cells/3 animals), as well as for L5Ps
atP7 (n = 12 cells/5 animals). *p = 0.0025 (two-tailed ttest). **p << 0.001 (two-tailed ttest). **p << 0.01 (one-way ANOVA with Tukey post hoc test). ***p << 0.001 (one-way ANOVA with Tukey
post hoc test). Lines indicate mean = SEM. ¢, Total change in resting potential (AV,,) upon 50 nm TFB-TBOA application in INs (n = 17 cells/7 animals) and L5Ps (14 cells/6 animals) at P7. **p <<
0.01 (two-sample t test). d, Averaged, baseline-adjusted, current-clamp traces, binned in 5 s increments, from L5Ps (n = 8 cells/3 animals) and INs (n = 8 cells/4 animals) during bath application
of DQP (20 um). Traces represent AV, upon DQP application. e, Change in resting membrane potential after application DQP-1105 to P7 INs (n = 8 cells/4 animals) and L5Ps (n = 8 cells/3 animals).
*p = 0.0053 (two-tailed ttest). *p = 0.012 (two-sample ttest). Lines indicate mean = SEM. f, Images represent ahsence of GluN2D mRNA signal at P3 and presence at P7, as detected by FISH using
tyramide signal amplification with fluorescein (green). g, Images represent GluN2D and GAD56/67 mRNA signals detected by FISH using tyramide signal amplification with fluorescein (green) and
HNPP/Fast Red TR (magenta), respectively. Nuclei were stained with DAPI (blue). Scale bars, 40 um. h, Representative traces from a P7 L5P and a P7 IN demonstrating responses to positive and
negative current injections before (top) and after (bottom) application of APV. Calibration: x = 50 ms,y = 20 mV. i, For each current injection: *APs before APV; *APs after APV = AAP.*p < 0.05
(one-sample ¢ test comparing mean to zero). **p = 0.0043 (one-sample t test comparing mean to zero). Data are mean == SEM.

into INs and L5Ps, and the number of APs generated was quantified
before and after NMDAR blockade (Fig. 5f). We found that, follow-
ing blockade of all NMDARs with APV, INs fired fewer APs in re-
sponse to current injection (Fig. 5¢; AAP# at 90 pA = —1.8 = 0.58,

p = 0.018, one-tailed  test). Interestingly, PCs fired more APs in
response to positive current injection after APV application (AAP#
at 90 pA = 1.6 = 0.68, p = 0.039, one-tailed t test), perhaps due to a
net disinhibitory effect of APV acting to reduce IN activity.
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In vivo blockade of GluN2C/D-containing NMDARs from P7—P9, but not P11-P13, causes long-term reductions in inhibitory synaptic activity and GABAergic synapse density.

a, Representative mIPSC traces from animals treated with either DQP-1105 or vehicle at P7. mIPSCs are abolished by the application of GABAzine. Calibration: x = 105, y = 25 pA. b, Cumulative
probability distribution (CPD) of mIPSC interevent intervals (IEls) at P21 after treatment from P7—P9 with DQP-1105 (n = 27 cells/4 animals) or vehicle (n = 26 cells/4 animals). Inset, Average
frequency. *p = 0.028 (two-sample t test). ***p = 5.0e-6 (two-sample Kolmogorov—Smirnov test). ¢, CPD of mIPSC IFls at P21 after treatment from P11-P13 with DQP-1105 (n = 12 cells/2
animals) or vehicle (n = 11 cells/2 animals; p = 0.12, two-sample Kolmogorov—Smirmov test). Inset, Average frequency (p = 0.59, two-sample ¢ test). d, CPD of mIPSC amplitudes at P21 after
treatment from P7—P9 with DQP or vehicle (p = 0.48, two-sample Kolmogorov—Smirnov test). Inset, Average mIPSCamplitudes (p = 0.25, two-sample t test). e, CPD of mIPSCamplitudes at P21
aftertreatment from P11—P13 with DQP or vehicle (p = 0.089, two-sample Kolmogorov—Smirnov test). Inset, Average mIPSCamplitude (p = 0.25, two-sample t test). f, Enhanced-contrast zstack
projection images showing colocalizaion of VGAT and Gephyrin staining at P21. Animals were treated with vehicle (n = 17 sections/7 animals) or DQP (n = 18 sections/7 animals) from P7—P9.
Arrows indicate colocalization as identified in unprocessed z stack projection images. Scale bars, 2 um. g, Quantification of the density of synapses. Circles represent synapse density in individual

sections. Lines indicate mean = SEM. *p = 0.046 (two-sample t test).

Transient blockade of GluN2C/DRs from P7-P9 decreases
inhibitory synaptic activity and GABAergic synapse density in
the mature cortex

We next tested whether GluN2C/D-mediated tonic depolariza-
tion of developing cortical INs contributes to their functional and
morphological maturation. G42 mice were treated in vivo with
DQP-1105 (28 mg/kg, i.p.) (Lozovaya et al., 2014) or vehicle,
once daily. Two treatment windows were examined, from P7-P9,
during the peak of tonic GluN2C/D-mediated depolarization of
INs, and from P11-P13, after the peak of GluN2C/D-mediated
depolarization of INs. At P21-P27, animals were killed, and
brains were collected for electrophysiology or immunohisto-
chemistry. First, we measured inhibitory synaptic activity by
monitoring mIPSCs in L5Ps. Voltage-clamp recordings were
made from L5Ps using a high-chloride internal and held at —70
mV. Recordings were made in the presence of TTX and glutamate
receptor blockers. Under these conditions, mIPSCs are detected
as fast inward currents, which are blocked by the application of
GABAzine (Fig. 6a). Treatment with DQP-1105 from P7-P9 sig-
nificantly reduced mIPSC frequency at P21-P28, as demon-
strated by longer interevent intervals (p = 5.0e-6, two sample
Kolmogorov—Smirnov test) and a reduced average frequency
(Fig. 6b,c; mIPSCpyqp = 3.43 = 0.37 Hz, mIPSCyypy; = 4.60 *
0.37 Hz, p = 0.028, two-sample ¢ test). mIPSC amplitude was

unaffected by DQP treatment (Fig. 6d,e; DQP = 28.5 * 2.3 pA,
Veh = 31.9 = 1.7 pA, p = 0.25, two-sample ¢ test). When animals
were treated with DQP during a later window, from P11-P13,
neither mIPSC amplitudes (DQP = 34.0 = 2.8 pA, Veh = 39.7 =
3.9 pA, p = 0.25, two-sample ¢ test) nor frequencies (p = 0.12,
two-sample Kolmogorov—Smirnov test) were different between
DQP and vehicle-treated groups. These data suggest that specific
activation of GluN2C/D-containing NMDARs during P7-P9
contributes significantly to the maturation of inhibitory synaptic
activity in the cortex.

Next, we used immunofluorescence to examine whether the
decrease in mIPSC frequency was a consequence of decreased
GABAergic synapse density. C57Bl/6] mice were treated with
DQP-1105 or vehicle in vivo from P7-P9. On P21, mice were
killed, and the brains were fixed for sectioning and immunola-
beled for the vesicular GABA transporter (VGAT) and the GABA
receptor binding protein gephyrin (Geph). Colocalization of
VGAT and Geph was used as a marker of GABAergic putative
inhibitory synapses (Fig. 6f). We observed that the density of
colocalized VGAT and Geph puncta was slightly, but signifi-
cantly, reduced in P7-P9 DQP-treated animals (Veh, 50.1 * 2.6
synapses/100 wm? DQP, 43.4 + 1.9 synapses/100 um?% p =
0.046, two-sample t test), indicating a reduction in GABAergic
synapse density (Fig. 6g).
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In vivo blockade of GluN2C/D-containing NMDARs from P7—P9 leads to long-term reductions in IN dendritic arbor complexity. a, Representative projections of reconstructed INs in the
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orvehicle (n = 13 cells/4 animals) from P7—P9. Box boundaries indicate quartiles. Scatter plot of solid circles represents individual data points. Solid squares represent group means. **p = 0.0019

(two-sample £ test).

To increase the statistical rigor of these experiments, we also
performed an LMM analysis of DQP-induced effects on GABAe-
rgic staining and IPSC frequency. Briefly, LMM allows for statis-
tical analysis of samples taken from the same experimental
animal, which are not truly independent of each other, by includ-
ing a random effect to account for animal-to-animal variability.
Using LMM, we first reanalyzed the effects of neonatal DQP
treatment on the number of putative GABAergic synapses. Using
this approach, we found that DQP treatment, versus vehicle, had
a statistically significant effect size of —6.63 (t value = —2.077;
95% CI = —12.87 to —0.39). This confirms our finding and
demonstrates that neonatal DQP treatment has a significant ef-
fect on GABAergic synapse density, even when interanimal vari-
ability is taken into account. We next used LMM analysis to
reanalyze the effects of neonatal DQP treatment on mean IPSC
frequency. Here we found that neonatal DQP treatment had an
effect size of —1.06, although this effect did not quite reach sta-
tistical significance (f value = —1.214;95% CI = —2.71 to0 0.63).
Therefore, there is a chance that DQP’s effects on mean IPSC
frequency may be due to animal-to-animal variability.

Transient blockade of GluN2C/DRs from P7-P9 reduces the
complexity of IN dendritic arbors in the adult cortex

The effect of in vivo GluN2C/DR blockade on IN morphology
was examined by biocytin-filling and reconstructing eGFP * neu-
rons in DQP and vehicle-treated G42 mice (Fig. 7a). Only den-
dritic arbors, and not axonal arbors, were filled, imaged, and
analyzed. In agreement with the effects on inhibition, DQP-1105
treatment from P7-P9 strongly affected IN morphological matu-
ration. When assayed at P21, we found that filled and recon-
structed eGFP ™ INs had significantly reduced dendritic arbor
complexity. Sholl analysis revealed that DQP-1105 treatment at
P7-P9 significantly reduced the complexity of IN dendritic arbors
(Fig. 7b; intersections at 65 wm: DQP, 9.0 = 0.87; Veh, 11.27 =
0.49; p = 0.025). Additionally, DQP treatment significantly re-
duced the number of dendritic branch points (Fig. 7¢; DQP,
30.25 * 4.9; Veh, 54.27 * 7.37; p = 0.015). The reductions in
morphological complexity also corresponded to reduced capaci-
tance of INs treated with DQP from P7-P9 compared with
vehicle-treated INs (Fig. 6d; DQP, 77.1 = 4.7 pF; Veh, 105.0 £ 7.3
pE; p = 0.0019). DQP-1105 treatment did not change the resting
potential (DQP, —65.0 = 1.1 mV; Veh, —61.8 = 1.8 mV; p =
0.12) or membrane resistance (DQP, 201.4 * 18.8 m{); Veh,
202.8 = 20.5 MQ; p = 0.96) of cortical INs. Importantly, DQP-

1105 treatment did not change the density of eGFP ™ neurons in
the cortex (DQP, 16.25 + 0.78 eGFP " cells/mm?; Veh, 15.25 +
1.57 eGFP " cells/mm?; p = 0.5, data not shown). We did not
examine DQP-1105’s effects on IN axonal projections, and thus
cannot exclude that important changes in axonal structure and
output may also occur. These results demonstrate that in vivo
pharmacological attenuation of GluN2C/Ds from P7-P9 signifi-
cantly alters the morphological development of cortical IN den-
drites without affecting IN number.

Attenuation of GluN2C/DRs from P7-P9 leads to
hyperexcitability in the mature cortex

To examine cortical network activity, C57Bl/6] mice were treated
with DQP-1105, or vehicle, in vivo from P7-P9, as described
above. On P21, acute cortical brain slices were prepared and cor-
tical fEPSPs were evoked by electrical stimulation of the white
matter beneath the cortex while recording in layer 5 (Fig. 8a).
Cortical fEPSPs are typically brief and monophasic due to pow-
erful IN-mediated feedforward inhibition. However, in models
of cortical hyperexcitability, fEPSPs are often prolonged and
polyphasic (Jacobs et al., 1996). As expected, fEPSPs evoked in
vehicle-treated animals were uniformly monophasic. In line with
previous results indicating that DQP-1105 treatment from P7-P9
decreases cortical inhibition, the incidence of hyperexcitable net-
work activity (polyphasic, high-frequency activity) was increased
in P7-P9 DQP-1105-treated animals compared with P7-P9
vehicle-treated animals (Fig. 8b; 28.4 * 9.2% epileptiform traces/
slice, p = 0.0021, Wilcoxon rank-sum test). This type of activity is
commonly seen in models of cortical hyperexcitability (Jacobs et
al., 1996; Hunt et al., 2009), and is consistent with compromised
cortical inhibition. Importantly, animals treated from P11-P13
with either DQP or vehicle showed uniformly monophasic fEPSPs,
suggesting that GluN2C/D-mediated signaling specifically from
P7-P9, but not from P11-P13, is necessary for the development of
normal cortical inhibition and excitability.

Discussion

In these studies, we demonstrate a novel mechanism by which
ambient glutamate contributes to the development of cortical
inhibitory networks. First, we show that ambient glutamate is
elevated in the neonatal cortex, which leads to tonic depolariza-
tion of cortical INs, but not pyramidal cells. This tonic depolar-
ization is mediated by GluN2C/DRs and is greatest at the end of
the first postnatal week. We go on to demonstrate that reducing
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GluN2C/D-mediated signaling from P7-P9 is sufficient to dis-
rupt the development of IN dendritic arbors, decrease inhibitory
synapse number, and cause lasting cortical network hyperexcit-
ability. These studies indicate that tonic activation of GluN2C/
DRs at the end of the first postnatal week plays an important role
in the maturation of cortical INs and inhibition. Together, the
results suggest that low glutamate transporter expression in the
neonatal cortex is an important feature of cortical development,
creating a permissive environment for tonic glutamate signaling
and facilitating the maturation of inhibitory systems.

Ambient extracellular glutamate is elevated in the

neonatal cortex

It is well established that the expression of the glutamate trans-
porters GLT-1 and GLAST is low in the neonatal brain, and that
expression increases over the first few weeks of postnatal devel-
opment (Furuta et al., 1997; Ullensvang et al., 1997; Danbolt,
2001; Hanson et al., 2015). More recently, it has been shown that
reduced transporter expression results in prolonged extracellular
glutamate transients (Thomas et al., 2011). Together, these find-
ings imply that glutamate may remain in the extracellular space
for prolonged periods in the neonatal cortex, when transporter
expression is low (Hanson et al., 2015). However, synaptic gluta-
matergic signaling is minimal in the neonatal cortex. Indeed, in
the developing cortex, astrocytic expression of glutamate trans-
porters is triggered by the onset of neuronal activity and synaptic
glutamate release (Morel et al., 2014). This would seem to suggest
that transporter expression is primarily required to manage glu-
tamate clearance after synaptic release. There is ample evidence,
however, supporting a role for nonsynaptic, tonic glutamate sig-
naling during early cortical development. For example, func-
tional NMDARSs are present on cortical neurons long before the
formation of functional synapses, and even before the comple-
tion of neuronal migration (LoTurco et al., 1991; Rossi and

Q
OO

In vivo blockade of GluN2C/D-containing NMDARs from P7—P9 leads to network hyperexcitability in the adult cortex.
a, Representative cortical field potential traces from animals treated with DQP or vehicle from P7—P9. Calibration:x = 100 ms,y =
0.2 mV. Recordings were made at P21. The DQP-treated example trace represents epileptiform activity, which was only observed
in animals treated with DQP from P7—P9. Inset (vehicle-treated panel), Magnified field potential. Calibration: Inset, x = 20 ms,
y = 0.05mV. b, Box-and-whisker plot showing the distribution of the percentage epileptiform traces in slices from each group at
2X threshold stimulation (P7—-P9 DQP: n = 20 slices/3 animals; P7—P9 Veh: n = 17 slices/3 animals; P11-P13 DQP: n = 20
slices/3 animals; P11-P13 Veh: n = 20 slices/3 animals). Box boundaries mark quartiles. Filled circles represent data from
individual slices. Open squares represent the mean for each group. **p = 0.0021 (Wilcoxon rank-sum test).

centrations, supporting the idea that slow
glutamate uptake is permissive for tonic
glutamate signaling. It is important to rec-
ognize that estimates of glutamate levels
vary significantly depending on the meth-
odology used; electrophysiological mea-
surements tend to report much lower
concentrations than microdialysis. This is
thought to be due to regional variation in
local glutamate concentration combined
with region-selective assays (Moussawi et
al., 2011). Therefore, our findings may
have more relevance to extrasynaptic glutamate levels experi-
enced by NMDARs, as measured using electrophysiology, rather
than bulk extracellular glutamate concentration, as measured us-
ing microdialysis. Also, important to note, our electrophysiolog-
ical assay of ambient glutamate (Fig. 1) reflects the concentration
at the surface of L5Ps. The concentration of ambient glutamate at
the surface of GABAergic INs may be unique from what is mea-
sures using L5Ps.

IN sensitivity to ambient glutamate

In the adult brain, the concentration of ambient glutamate is
thought to be too low to significantly activate most NMDARs
(Herman and Jahr, 2007). Furthermore, the strong voltage-
dependent magnesium block of most NMDARSs limits their abil-
ity to pass a physiologically relevant tonic current (Vicini et al.,
1998). Despite this, tonic activation of NMDARs has been shown
to influence excitability in a variety of neuronal subtypes across
multiple brain regions (Sah et al., 1989; Chergui et al., 1993; Moos
et al., 1997; Dalby and Mody, 2003; Le Meur et al., 2007; Povy-
sheva and Johnson, 2012), including at times when the target
neurons are not artificially depolarized (Yang and Xu-Friedman,
2015; Riebe et al., 2016). Based on their unique properties, in-
cluding high glutamate affinity and low-magnesium affinity,
GluN2C/DRs have been hypothesized to be the primary media-
tors of a glutamatergic tonic current (Le Meur et al., 2007; Riebe
et al., 2016). Expression of these subunits in the cortex and hip-
pocampus is largely restricted to GABAergic INs (Monyer et al.,
1994; Xi et al.,, 2009). Accordingly, use-dependent NMDAR
antagonists (blocking mostly extrasynaptic and nonsynaptic
NMDARs) (Wu and Johnson, 2015; Sapkota et al., 2016) strongly
affect cortical and hippocampal INs, leading to net disinhibition
(Homayoun and Moghaddam, 2007; Riebe et al., 2016). In the
current study, we demonstrate that cortical INs, but not L5Ps, are
tonically depolarized by ambient glutamate acting at GluN2C/
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DRs. These results confirm that INs are uniquely sensitive to
ambient glutamate and show that tonic depolarization depends
on IN GluN2C and/or GluN2D expression.

Importantly, GluN2C and GIuN2D expression is develop-
mentally regulated in the cortex, with minimal GluN2C in the
cortex even at its peak at P21 (Akazawa et al., 1994) and GluN2D
expression absent at P3 and peaking at ~P7 (Monyer et al., 1994)
(Fig. 5). Together with the early elevation in ambient glutamate,
the developmental expression of GluN2C/DRs suggests that tonic
depolarization of INs would be greatest during early cortical de-
velopment. The results of the current study support this hypoth-
esis by demonstrating that the GluN2C/DR-mediated tonic
depolarization of cortical INs is greatest at P7. Furthermore, the
developmental expression profiles of GluN2C and GluN2D led
us to expect that tonic depolarization at P7 is mediated mostly by
GluN2D (Monyer et al., 1994; Loo et al., 2019).

Influence of tonic glutamate signaling on IN development
The maturation of cortical INs and GABAergic synaptogenesis is
ongoing at P7 (Le Magueresse and Monyer, 2013). It has been
established that IN migration, maturation, and inhibitory synap-
togenesis rely, in part, on neuronal activity and changes in intrin-
sic excitability (Meier et al., 2003; Bortone and Polleux, 2009; De
Marco Garcia et al., 2011). Along these lines, our study demon-
strates that blockade of GluN2C/DRs from P7-P9 led to long-
term decreases in the number of GABAergic synapses, cortical
network hyperexcitability, and suggest deficits in synaptic inhi-
bition. Based on the timing of the treatment, these reductions are
likely due to a failure of synaptogenesis (Le Magueresse and
Monyer, 2013); however, deficits in GABAergic synapse mainte-
nance have not been ruled out. Intriguingly, global GluN2C KO
mice show an increase in mIPSC frequency, the opposite of the
effects we report here (Gupta et al., 2016). Additionally, we find
that treatment from P11-P13, at the peak of GIuN2C expression,
does not alter mIPSC frequency. These results suggest that treat-
ing mice with DQP-1105 from P7-P9 specifically disrupts aspects
of IN maturation dependent on GluN2D-containing NMDARs.
Inhibitory and excitatory synaptogenesis has not been investi-
gated in GluN2D KO mice, although these mice exhibit changes
in cortical gamma oscillations, which imply broad changes in
inhibitory circuitry (Yamamoto et al., 2017).

Mechanisms driving the maturation of IN dendritic arbors are
poorly understood. While it has been shown that specific sub-
types of caudal ganglionic eminence-derived INs rely on cell-
intrinsic activity to drive their overall morphological maturation
(De Marco Garcia et al., 2011), it is unclear to what extent this is
generalizable to medial ganglionic eminence-derived and PV-
expressing INs. Additionally, mechanisms driving axonal and
dendritic arborization are likely distinct and, therefore, should be
considered separately. In general, dendritic arborization depends
on a variety of intrinsic and environmental signals, including
neuronal activity and NMDAR activation (Cline, 2001). In the
current study, we find that the complexity of IN dendritic arbors
is substantially reduced by neonatal GluN2C/DR blockade. An
interesting possibility is that the maturation of IN dendritic ar-
bors relies on Ca*™ entry through the GluN2C/DRs, as has been
suggested in other systems (Konur and Ghosh, 2005). Further-
more, nonsynaptic and extrasynaptic GluN2C/D-containing
NMDARs may act synergistically with synaptic NMDARs by
helping to depolarize the neuronal membrane, which may aug-
ment their influence on dendritic Ca** signaling. In the current
study, we do not differentiate between the Ca®" signaling and
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depolarization-mediated effects of GluN2C/DRs, which remains
an interesting unanswered question.

In conclusion, imbalances in excitatory and inhibitory neu-
rotransmission in the cortex are part of the pathophysiology un-
derlying a variety of neurodevelopmental disorders, including
autism, schizophrenia, and epilepsy (McCormick and Contreras,
2001; Gogolla etal., 2009; Gandal et al., 2012; Uhlhaas and Singer,
2012). These imbalances can arise from changes in synapse den-
sity or synaptic activity, they can be acute or developmental, and
they drive aberrant network activity which disrupts the function
of the cortex (Paz and Huguenard, 2015). After neonatal
GluN2C/DR blockade, we observed a lasting reduction in both
structural inhibitory synapses and inhibitory synaptic activity,
suggesting that the excitatory-inhibitory balance is shifted away
from inhibition. Accordingly, we find that neonatal GluN2C/DR
blockade induces lasting cortical hyperexcitability. Together, the
current results demonstrate that GluN2C/DRs mediate a tran-
sient tonic signal onto INs in the neonatal cortex, which is neces-
sary for establishing inhibitory cortical networks. We have not yet
examined how interrupting neonatal GluN2C/DR affects excit-
atory systems. This is an important limitation of our study as
there may be compensatory changes in excitation that occur in
parallel with the changes in inhibition we demonstrate here. Im-
portantly, these results imply that briefly modulating GluN2C/
DRs on INs during a critical developmental window is sufficient
to cause lasting cortical network deficits. It is therefore possible
that factors either acutely affecting IN activity or disturbing the
maturation of astrocytic glutamate uptake may drive pathologi-
cal cortical development by altering the development of cortical
inhibition. These findings may have important implications for
the pathogenic mechanisms of disorders, such as schizophrenia,
where cortical inhibitory networks are disrupted, and epilepsy,
where the excitatory-inhibitory balance is altered leading to hy-
perexcitable cortical networks.
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