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GluN2B-Containing NMDA Receptors Promote Glutamate
Synapse Development in Hippocampal Interneurons
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and Hannah Monyer?
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In postnatal development, GluN2B-containing NMDARs are critical for the functional maturation of glutamatergic synapses. GluN2B-
containing NMDARs prevail until the second postnatal week when GluN2A subunits are progressively added, conferring mature prop-
erties to NMDARSs. In cortical principal neurons, deletion of GluN2B results in an increase in functional AMPAR synapses, suggesting that
GluN2B-containing NMDARSs set a brake on glutamate synapse maturation. The function of GluN2B in the maturation of glutamatergic
inputs to cortical interneurons is not known. To examine the function of GIuN2B in interneurons, we generated mutant mice with
conditional deletion of GluN2B in interneurons (GluN2B2%4P%7)_ In GluN2B 2%AP%” mice interneurons distributed normally in cortical
brain regions. After the second postnatal week, GluN2B “*P*” mice developed hippocampal seizures and died shortly thereafter. Before
the onset of seizures, GluN2B-deficient hippocampal interneurons received fewer glutamatergic synaptic inputs than littermate controls,
indicating that GluN2B-containing NMDARs positively regulate the maturation of glutamatergic input synapses in interneurons. These
findings suggest that GluN2B-containing NMDARs keep the circuit activity under control by promoting the maturation of excitatory

synapses in interneurons.
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Introduction

The neonatal development of fast excitatory transmission at glu-
tamatergic synapses is tightly regulated. Glutamatergic synapses
contain mainly two types of glutamate receptors, AMPARs and
NMDARs, which are equipped with unique activation properties
(Nakanishi, 1992). In particular, NMDARs were found to serve a
critical role in circuit assembly (Forrest et al., 1994; Li et al., 1994;
Kutsuwada et al., 1996; Iwasato et al., 2000; Tashiro et al., 2006).
NMDARs are composed of the obligatory GluN1 subunit and
variable GluN2 subunits. In most forebrain regions, the expression
is developmentally regulated. In rodents, GluN2B-containing
NMDARSs prevail until the second to third postnatal week when
the GluN2A subunit is progressively added, conferring mature
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properties to NMDARs (Monyer et al., 1994). The deletion of the
GluN1 subunit in all or only in pyramidal neurons during em-
bryonic development impairs the barrel cortex formation (For-
rest et al., 1994; Li et al., 1994; Iwasato et al., 2000). Similar,
defects in the barrel cortex formation were observed for GluN2B-
deficient mice (Kutsuwada et al., 1996). These GluN2B-deficient
mice have an impaired suckling reflex and die shortly after birth.
It is currently unknown whether selective deletion of GluN2B in
inhibitory interneurons (INs) results in related deficits in circuit
assembly.

In early postnatal life, GluN2B-containing NMDARs are crit-
ical for the functional maturation of glutamatergic synapses. In a
series of studies on excitatory pyramidal neurons, developmental
deletion of GluN2B resulted in an increase in functional AMPAR
synapses as measured by recordings of action potential-inde-
pendent mEPSCs (Hall et al., 2007; Gray et al., 2011; Wang et al.,
2011). It was hence inferred that the normal function of GluN2B-
containing NMDARSs is to set a brake on glutamatergic synapses
in postnatal development during a time period when synaptic
activity in the hippocampus continuously increases. In a recent
study on adult-born INs of the olfactory bulb, single-cell deletion
of GluN2B had an opposite effect, namely GluN2B deletion im-
paired the development of functional glutamatergic synapses
(Kelsch et al., 2012), suggesting that under normal conditions
GluN2B-containing NMDARs promote synapse maturation.
Two scenarios may explain the opposite function of GluN2B-
containing NMDARs in excitatory neurons in the neonatal hip-
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pocampus versus adult-born inhibitory INs (Platel and Kelsch,
2013). The low or high levels of excitatory synaptic network drive
could be responsible for the opposite function of GluN2B-
containing NMDARSs in the maturation of glutamatergic synapses.
Alternatively, GluN2B-containing NMDARs have opposite func-
tions in pyramidal neurons and INs in the postnatal hippocampus.
We tested these hypotheses taking recourse to mice with GluN2B
deletion that is restricted to INs.

Materials and Methods

Generation of conditional mutant mice and animal housing. GluN2BASAP¢7
mice were generated by breeding heterozygous targeted knock-in
GAD67:Cre mice (Tolu et al., 2010) with GluN2B " mice (von En-
gelhardt et al., 2008) in a C57BL/6N background (Charles River).
Subsequently, GluN2B"“'/GAD67:Cre+ mice were bred with
GluN2B"1/GAD67:Cre—. As previously described in Magno et al.
(2011), heterozygous GAD67:Cre+ mice were generated by knock-in of
Cre recombinase cDNA into the noncoding region of the gadI gene
locus. Mice of either sex were used and were kept in a normal 12 h
daylight cycle under the same housing conditions. Animal procedures
were approved by the local Animal Welfare Committee.

Initial characterization of mutant mice. Animals were weighed at the
same hour of the day. To exclude major defects in motor development,
the locomotor activity was video tracked every second day at different
ages (P12-P18) over a period of 10 min. Animals were tested in a type 2
mouse cage and analyzed by video-tracking software (ANY-maze, Stoelt-
ing). Also, the time was determined how long GluN2B*%*P%7 mice and
their littermate controls could hold onto a horizontal wire placed 25 cm
above a soft ground. The footprint analysis was performed as previously
described (Carter et al., 1999). For each step parameter, three values were
measured from each run, excluding footprints made at the beginning and
end of the run where the animal was initiating and finishing movement,
respectively. Locomotor activity, clonic movements, and tremor were
documented by videotaping of control and GluN2B2%AP°” mice from
the same litter. To test whether GluN2B2“AP%7 mice died from seizures,
we injected the antiepileptic drug valproate intraperitoneally 0.1 mg/g
BW (Rostock et al., 1996) twice a day starting at P10 both in control and
GluN2BAAPS7 mice from the same litter. Valproate was dissolved in
0.9% sodium chloride solution (100 mg/ml). The weight and survival
were monitored daily.

Histology. Mice were given an overdose of isoflurane, followed by tran-
scardial perfusion with PBS at 37°C. Subsequently mice were perfused
with 3% PFA and post fixed in 3% PFA for 12 h at 4°C. Fifty micrometer
thick coronal slices were cut with a Leica vibratome. Cytochrome oxidase
activity was visualized by incubation of flattened tangential vibratome
sections (100 wm) in 0.05% cytochrome ¢, and 0.05% DAB. For immuno-
histochemistry, sections were incubated with mouse anti-parvalbumin (PV)
antibody (1:4000; Swant) at 4°C for 24 h. Sections were sequentially incu-
bated with biotinylated secondary antibody and with peroxidase—avidin—
biotin complex and visualized with DAB. For immunofluorescent
labeling, 50 wm sections were incubated in primary antibodies at 4°C
overnight, and Alexa 488- and/or Alexa 555-conjugated secondary anti-
bodies (1:750, Invitrogen) diluted in blocking solution at room temper-
ature for 2 h. Primary antibodies were mouse or rabbit anti- PV (1:4000;
Swant), mouse anti-NeuN (1:1500; Millipore), mouse anti-VGlutl (1:
1000; Synaptic Systems), rabbit anti-somatostatin (1:1000; Bachem),
rabbit anti-Cre (1:500; Novus Biologicals), and rabbit anti-caspase-3 an-
tibodies (1:1000; Abcam). Blocking solution contained 0.25% Triton
X-100 and 1% bovine serum albumin. Sections were mounted with Fluo-
romount (Sigma). Fluorescent and light microscopy was performed with
a Zeiss Axio Examiner microscope. Colocalization of caspase-3 and Cre
with parvalbumin or somatostatin was analyzed with a Zeiss LSM700
laser scanning microscope. Single confocal planes of VGlut1 * puncta on
PV * dendrites in stratum oriens and PV * terminals at NeuN * somata
in CAl were acquired with a 63X oil objective at a zoom factor of 3.
Analysis was performed with Image]J. The soma was imaged at its largest
diameter and the density of PV T terminals was determined by measuring
the puncta per micrometer cell surface in a single confocal plane.
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GADG67 mRNA detection. Fifty micrometer tissue sections were pre-
pared as described for immunohistochemistry. pBS plasmid containing
GADG67 cDNA (Erlander et al., 1991) was linearized with EcoRI and the
probe was generated by in vitro transcription using DIG-UTP nucleotide
mix and T3/T7 polymerase. Hybridization was performed at 55°C, fol-
lowed by posthybridization washes and detection using NBT/BCIP
(Thermo Fisher) in conjunction with anti-DIG-AP antibody (1:750;
Roche) as previously described (Catania et al., 1995).

In vivo physiology and pharmacology. At age P14—P15, GluN2B AGADS7
and control pups were taken from the mother and under a short (30 min)
isoflurane (1-3%) anesthesia implanted stereotaxically with three elec-
trodes targeting the CA1 area of the dorsal right hippocampus (posterior:
1.5 mmy; lateral: 1.5 mm; ventral: 1.5-1.7 mm relative to bregma). Elec-
trodes were made from three Teflon-coated, 140 wm tungsten wires
bound together and separated with their tips in dorsoventral projection
by an increment of ~200-300 wm. Electrodes were connected to the
Neuralynx Electrode-Interface Boards (EIB-32-Narrow) by gold pins.
EIBs were cut 2/3 of their length to minimize their weight and size. A
ground electrode was placed subdural above the olfactory bulbs. Elec-
trodes and EIBs were fixed on the skull and then secured with dental
cement. About 1 h after recovery from anesthesia, mice underwent elec-
trophysiological recordings. Electrophysiological signals were fed to a
small Neuralynx pre-amplifier (gain X1) attached directly to the mouse
electrode headstage. To minimize the carrying weight, the recording
tether was controlled by a custom-made counterbalance. LFPs were re-
corded with a Neuralynx acquisition system with X500 amplification
gain, 3030 Hz sampling rate, and wide-band filter. Recordings were per-
formed in a small plastic box (20 X 20 X 10 cm) covered with grounded
aluminum foil in a dimly illuminated room. Recordings in each mouse
lasted for 1 h, and subsequently the animal was injected with valproate
(100 mg/ml, 0.1 mg/g BW, i.p.) and recordings were continued for an-
other hour. Analysis of electrophysiological data was performed with
NeuroExplorer 4.1 (Nex Technologies) and MATLAB 7.8 (The Math-
Works). Power spectral density of hippocampal LFPs was computed in
the electrophysiological data analysis software NeuroExplorer (Nex
Technologies). Briefly, a fast Fourier transformation of raw power spec-
trum was performed for 0—40 Hz frequency band using 1 h continuous
intrahippocampal EEG recording before and after drug injection. Values
of peaks in power (LFP power) were averaged across recorded mice and
depicted as mean * SEM. For spectrograms color-coded power was
estimated for every frequency (0—40 Hz) and plotted over the time of
recording.

In vitro recordings. Animals were given an overdose of isoflurane.
Brains were incubated in cold recording solution containing the follow-
ing (in mm): 125 NaCl, 2.5 KCl, 1.25 NaH,PO,, 26 NaHCO;, 1 MgCl,, 2
CaCl,, and 20 glucose (312 mOsm, pH 7.3, bubbled with 95% O, and 5%
CO,) and cut into 250 wm coronal slices with a Mikrom vibratome. For
recovery, slices were incubated at 32°C for 30 min in recording solution.
Fluorescence-guided, whole-cell patch-clamp recordings were per-
formed with an EPC-10 amplifier (HEKA). For recordings involving
evoked PSCs, the pipette solution contained the following (in mm): 105
Cs-gluconate, 25 CsCl, 10 HEPES, 4 Mg-ATP, 0.3 GTP, 10 Tris-
phosphocreatine, and 2.5 QX-314-chloride, pH 7.3, 292 mOsm adjusted
with glucose. All other recordings were performed with a pipette solution
containing the following (in mm): 120 K-gluconate, 10 HEPES, 15 KCl, 4
Mg-ATP, 7 phosphocreatine, 4 ATP-Mg, 0.3 GTP, and 0.1 EGTA, pH 7.3,
292 mOsmol adjusted with glucose. Pipette resistance ranged from 4 to 7
M(), and cells were only accepted if pipette access resistance was <25
M. The junction potential was not corrected throughout the study.
Data were acquired with Patchmaster software (HEKA) and analyzed
with Igor Pro (WaveMetrics) software. All drugs were purchased from
Tocris Bioscience. The resting membrane potential was determined
shortly after establishing the whole-cell configuration. Membrane capac-
itance and resistance were determined by application of a hyperpolariz-
ing pulse. Spontaneous EPSCs (sEPSCs) were recorded at 32°C. sEPSCs
were recorded at V,, = —70 mV in the presence of gabazine (10 um) and
blocked by 10 um CNQX at the end of the recording (data not shown).
Recordings of mEPSCs were performed at the same V, and in the pres-
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ence of 10 uMm gabazine and 1 um TTX. Ten
minutes of continuous recordings were
analyzed.

To record evoked PSCs, a unipolar glass
stimulation electrode was positioned 30-50
um from the soma in the stratum oriens. The
stimulation intensity and position of the elec-
trode were kept constant (20-50 nA) for the
duration of the recording. For the E/I (eEPSC/
eIPSC) ratio, eEPSCs were recorded at V, =
—55mV and eIPSCs at V}, = 0 mV with pipette
solution containing elevated [Cl]. To deter-
mine NMDAR/AMPAR-mediated current ra-
tio, EPSCs were first evoked in control solution
at V;, = —70 mV in presence of gabazine
(10 um). AMPAR-mediated eEPSCs were
blocked subsequently by 10 um CNQX. Finally
V,, was changed to +40 mV and NMDAR-
mediated EPSC were recorded. The remaining
evoked currents at V,, = +40 mV were blocked
by 50 um D-AP5. D

Biocytin filling of neurons and reconstruction.

Brain slices were prepared as described for elec-
trophysiology. Neurons were recorded with 2
pg/ml biocytin in the pipette for 10-30 min.
After the pipette was withdrawn, slices were
kept in the recording chamber for an additional
10 min and subsequently immersion fixed in 4%
PFA at 4°C for 816 h. Biocytin-filled cells were
incubated with peroxidase—avidin—biotin com-
plex (Vector Laboratories) and visualized with
DAB-nickel sulfate (Sigma). Subsequently, slices
were mounted with Mowiol onto slides. The re- E
construction of biocytin-filled neuron was per-

Al

A2

formed with a Neurolucida reconstruction 5
system with a 100X oil-immersion objective. T 4
Statistical analysis. Except when otherwise ‘% 3
indicated, data are reported as mean = SEM 2
and analyzed with the two-tailed Student’s ¢ 7 2
test. ANOVA with Tukey’s post-test was used 5 1
for multiple comparisons. 0
limb: fore
Results foot: left

Characterization of mice deficient for
GluN2B in interneurons
(GluN2B AGAD67)
To examine the function of GluN2B-
containing NMDARs during postnatal
development of INs, we generated condi-
tional mutant mice by crossing mice ex-
pressing Cre under the control of the
endogenous GADG67-promoter (GAD67:
Cre) with mice carrying conditional
knock-out alleles for GluN2B (GluN2B
1). GluN2B"™/GAD67:Cre+ mice bred
and survived similarly to GAD:Cre— mice
from the same litters. Fewer than expected GluN2B"/GAD67:
Cre+ mice were born when both parents carried a floxed GluN2B
allele (6.2% of expected 12.5% GluN2B"1/GAD67:Cre+ mice in
61 litters) or when one parent carried a floxed GluN2B allele and
the other one two floxed alleles (9.9% of expected: 25%
GluN2B"1/GAD67:Cre+ mice in 97 litters).
GluN2B"/GAD67:Cre+ (hereafter called GluN2BAGAP67)
were compared with either GluN2B"%"/GAD67:Cre— or
GluN2B¥*/GAD67:Cre— mice (referred to as wt control mice)
of the same litter. Shortly after birth, GluN2B*“*"*” mice had
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Characterization of GIUN2B "% mice. A7, GluN2B 2¢%%7 and littermate wt mice had milk in the stomach at PO.
Scale bar, 1 cm. A2, GIuN2B2%*%7 mice were smaller than their littermates at P14. Scale bar, 1.5 cm. B, Survival curve of
GIuN2B A% (17 GluN2B V/GAD67:Cre+), littermate control wt (42 GIuN2B "/GAD67:Cre—, or GluN2B "*"/GAD67:Cre—),
and heterozygous mutant mice (21 GIuN2B ¥*/GAD67:Cre+). €, Body weight curves (mean = SEM) for GIuN2B A% |itter-
mate wt, and heterozygous mutant mice shown in B (n = 17,42, and 21 mice, respectively). D, Left, Exploratory behavior over a
period of 10 min of a GIuN2B 2 mouse (top) 2 d before and 1d before its death. GIuN2B °A%6” mice were compared with an
age-matched littermate wt mouse (bottom). Scale bar, 10 cm. Right, Total locomotor activity (mean == SEM) expressed as the total
track length traveled in centimeters during the recorded period (10 min) in GIuN2B ““A%” mice 2 d before (bottom) and 1d before
their death and in age-matched littermate heterozygous and wt mice (one-way ANOVA: n.s.and p << 0.001, respectively, Tukey's
post-test: p << 0.05 indicated by asterisk; n = 6 mice per genotype). E, For the footprint analysis, stride length, base width, and
forepaw/hindpaw overlap (mean = SEM) were determined at P10—-P12 for GIuN2B A% and littermate wt mice (n = 5 per
genotype, p << 0.05 indicated by asterisk, t test).

milk in the stomach (Fig. 1A4), indicating no overt defect in suck-
ling as previously observed for mice with global deletion of
GluN2B (Kutsuwada et al., 1996). There was no significant dif-
ference in the survival of GluN2B“*P%” mice compared with
control littermates until P14 (Fig. 1B). However GluN2B AGAD67
mice died between P15 and P20. Until P12, GIluN2B25AP%7 mice
gained weight comparable to control littermates with a slightly
lower, but nonsignificant starting weight (n.s., ANOVA at P5—
P11, Fig. 1A2,C). GluN2B%AP*” mice initially displayed similar
locomotor activity compared with controls, but GluN2B~AP¢7
mice became immobile on the same day or 1 d before their demise
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injection of the anti-epileptic drug valproate (0.1 mg/g BW).

(Fig. 1D) with little response to external stimuli and showed occa-
sional signs of body tremor (at P15: in 9/10 GIluN2B*“*P*” for at
least a consecutive 20 s during 30 min observation). No tremor was
observed in 10 control mice during the same observation period.
Additionally, 6 of 10 GluN2B AGADO7 hice showed occasional,
brief (<2 s) clonic movements (at least three clonic movements
during a 30 min observation period), but cloni were not observed
in control littermates. The overall phenotype of the neonatal mu-
tant mice was immobility. We subsequently analyzed gross motor
development of P10—P12 GluN2B*%*P*” and control mice. The
footprint analysis revealed no significant differences at this
developmental stage in GluN2B“%*P7 and control littermate
mice, except for the average distance of the hindpaws (Fig. 1E).
Similarly, no significant difference was observed in muscle
strength between 13 GluN2B*%*P¢7 and 13 age-matched con-
trol littermates held onto an elevated horizontal wire (23.0 =
3.1 and 30.4 * 4.7 s, respectively, n.s., t test). Together these
results suggest that postnatal development was by and large
normal until P12.

Valproate-sensitive seizures in GluN2B 2AP*” mice

We examined in more detail the phenotype of GluN2
mice around P15 when most animals died. As the development of
immobility, clonic movements, and tremor was suggestive of sei-
zures, we tested whether GluN2B“*P*” mice could be rescued
by intraperitoneal injection of an antiepileptic drug, valproate
(0.1 mg/g BW, twice a day) starting at P10. Valproate was given to
both GIuN2B 294" mice and control littermates and resulted in
the survival of 7 of 8 GluN2B*%*P°” mice until P22. Under val-
proate, total locomotor activity was relatively normal at P17 in
GluN2B“%AP° mice compared with control littermates (track
length over 10 min: 1013 * 177 and 1202 = 138 in six mice,

B AGAD67

respectively, n.s., ttest). Under valproate, clonic movements were
not observed in seven GluN2B*“AP*” mice, and intermittent
tremor was only observed in one of seven GluN2B““*P*” mice at
P17 during 30 min of observation. However, from P20 onward,
some GluN2B 2947 mice became less mobile and displayed in-
termittent clonic movements and falling so that we terminated
the experiment at P22. Control littermates receiving the same
valproate treatment (n = 8) displayed no overt changes in mo-
bility. Based on the observations that survival of GluN2B4%AP¢7
mice was prolonged by an antiepileptic drug, we performed ex-
tracellular recordings from the hippocampus of six awake
GluN2B 294P¢7 mice and six littermate control wt mice at P14—
P15 to establish with certainty that the abnormal motor behavior
resulted from seizure activity. Recordings were obtained after the
animals recovered from inhalation anesthesia for implantation of
electrodes. GluN2B 24P mice displayed local field potentials
with single and multiple (poly)spike wave complexes [(p)SWC])
that were not detected in littermate wt mice (Fig. 2). These dis-
charges in GluN2B2““P%” mice were consistently observed
throughout the duration of the recording (1 h). Acute valproate
injection (0.1 mg/g BW) had acute effects on the epileptic dis-
charges in GluN2B %P7 mice. In five GluN2B *“*P°” mice, sei-
zure activity in terms of the number of multiple (p)SWCs (Fig.
2d1) decreased from 96.8 * 28.4 to 25.2 £ 12.6 events per hour
upon administration of valproate (p = 0.02, paired f test), while
epileptic discharges that are frequently also detected after sei-
zures such as single (p)SWCs (Fig. 2d2,d3) persisted (before
valproate: 172.2 = 82.5 and after valproate: 290.2 = 129.1
events per hour; n.s., paired t test) and the LFP power de-
creased from 0.29 * 0.07 to 0.06 * 0.02 mV*/Hz (p = 0.02,
paired ¢ test). Valproate had little effect on the recorded activ-
ity in control mice (Fig. 2). Thus, hippocampal recordings



16026 - ). Neurosci., November 26, 2014 - 34(48):16022—-16030

confirmed that GluN2B2%4P%7 mice ex- A

hibited sustained seizure activity at
P14-P15 before their death.

Circuit assembly in

GluN2B4%*P¢” mice

We subsequently focused on cortical cir-
cuit assembly and GluN2B-dependent
maturation of glutamatergic synapses
and examined brain development before
the seizures were detectable behaviorally
(<P13). We focused on two brain re-
gions, namely the barrel field of the
somatosensory cortex and the hippocam-
pus. The formation of barrels in the so-
matosensory cortex is disrupted in global
GluN2B knock-out mice. We therefore
wondered whether deletion of GluN2B in
most INs would also affect the organiza-
tion of the barrel field. Interestingly, as
revealed by cytochrome oxidase chemis-
try at P10, the histological organization of
the barrel field revealed no detectable dif-
ference between GluN2B 2“P%7 mice and
control littermates (n = 5 mice, respec-
tively; Fig. 3A,B). Also, the barreloids of
the thalamus and the barrelettes of the
brainstem displayed a normal organiza-
tion in GluN2B2%4P%7 mice (1 = 5 mice,
respectively; Fig. 3C), suggesting that
GluN2B deletion in INs did not interfere
with the anatomical formation of the
somatosensory barrel structure. Within
individual barrels, the density of parval-
bumin-immunoreactive (PV ") cells was
comparable between GluN2B*““P*” mice and control litter-
mates at P12 (Fig. 3 D, E), indicating that in GluN2BAGAPS7 mice
PV ™ INs had reached their final target area and survived nor-
mally in the somatosensory cortex.

We subsequently focused on the hippocampal formation. The
organization and size of the hippocampus did not reveal gross
abnormalities in GluN2B*“*P%” mice compared with control
littermates (n = 5 mice, respectively; Fig. 4A). Also the density
and distribution of cells expressing GAD67 mRNA were similar
in the CA1-CA3 regions and dentate gyrus of GluN2B*%AP¢7
mice and littermate controls at P12 (Fig. 4 B, C). In the hippocam-
pus of GAD67:Cre+ mice, 149 of 153 PV * and 97 of 99 somatostatin *
neurons expressed Cre both in GluN2B*“*"*” mice at P12 and age-
matched GluN2B“"*"Y/GAD67:Cre+ mice (Fig.4 D, E). The number of
PV " cells per section was comparable for GluN2B 2“7 and litter-
mate control mice in the CA1 and CA3 region and DG (29.8 = 1.1
vs 26.8 £ 1.5,52.0 = 5.2vs 54.4 = 2.0,15.2 £ 1.6 vs 17.6 = 2.3;
n = 6 mice, respectively, all n.s., ¢ test). No increased levels of cell
death were detected by activated caspase-3 labeling at P15 in
GluN2BAAP°7 mice compared with control littermates in PV "
cells (0.38 vs 0.28%, n = 1166 and 1350 cells in four mice, respec-
tively; n.s.,  test; Fig. 4F ) and somatostatin * cells (0.18 vs 0.12%,
n = 1030 and 1031 cells in four mice, respectively; n.s., ¢ test; Fig.
4G). Thus at least for PV " and somatostatin ™ INs, we found no
indication of migration, distribution, or survival deficits in
GluN2B“SAP¢7 mice by the end of the second postnatal week. In
addition, we controlled for the possibility that knock-in of Cre into
the gadI locus would result in a decreased density of inhibitory ter-
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Figure3.  Normal formation of somatosensory barrel structure in GIuN2B 2% mice. 4, The scheme illustrates the trigeminal path-
way shown in B and C (TG, trigeminal ganglion). B, Cytochrome oxidase staining of the barrel field in the somatosensory cortex of
GIUN2B 2% compared with littermate wt mice at P10. Scale bar, 400 um. €, Same as B for the barreloids of the thalamus (scale bar, 350
um) and the barrelettes of the trigeminal brainstem nuclei (scale bar, 200 m). D, Distribution of PV ™ cell bodies in a horizontal section
of the barrel cortex of GIuN2B “°*°*” and littermate wt mice. Scale bar, 400 m. E, Number (mean = SEM) of PV * cells per barrel (from
E1to E6) in GIuN2B "7 and littermate wt mice at P12 (n = 7 mice, respectively, n.s., ANOVA).

minals at CAl pyramidal neurons. We therefore quantified the den-
sity of PV " terminals at NeuN * somata in the CA1 pyramidal cell
layer at P20. In GAD67:Cre— and GADG67:Cre+ littermates
(GluN2B™"**), we observed a comparable density of PV * terminals
(6.1 £ 0.2 and 5.5 = 0.2 per soma circumference in 40 and 44
NeuN * somata in four mice, respectively; n.s., t test). These obser-
vations suggest that although knock-in into the gad1 locus affects the
level of GADG67 protein expression (Tamamaki et al., 2003; Chat-
topadhyaya et al., 2007), the genetic manipulation has no significant
effect on the number of inhibitory release sites, at least not for PV *
terminals onto CA1 pyramidal neurons at this developmental stage.
We cannot rule out the presence of more subtle effects or the possi-
bility that GluN2B deletion affects other IN types.

Maturation of glutamatergic synapses in INs of
GluN2B4%4P¢” mice

We next examined potential consequences of GluN2B deletion in
INs on the functional development of glutamatergic synapses.
We recorded at P12-P13 from INs that can be readily identified
in acute hippocampal slices. We selected INs with the cell body in
stratum oriens and confirmed IN identity based on the firing
pattern and morphology (n = 10; Fig. 5A). We examined evoked
synaptic glutamatergic currents in the presence of gabazine (10
uM) with sequential block of AMPA- and NMDAR-mediated
EPSCs (CNQX, 10 uMm, and D-AP5, 50 uM, respectively; Fig. 5B).
In wt mice, all recorded INs exhibited NMDAR-mediated EPSCs.
The ratio of NMDAR/AMPAR-mediated eEPSCs was reduced in
GIuN2B“%*P%7 mice compared with age-matched wt littermates
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(p < 0.001, Mann—Whitney test; Fig. 5B,E) compatible with the
ablation of the dominant GluN2 subunit in postnatal development. In-
terestingly, the ratio of AMPAR-mediated eEPSCs over gabazine-
sensitive e[PSCs was increased in GluN2B *“*P%” mice compared with
control littermates (p < 0.001, Mann—Whitney test; Fig. 5C,F). The
paired-pulse ratio of AMPAR-mediated eEPSCs was similar in
GluN2B*“AP¢7 and control neurons (n.s., Mann-Whitney test; Fig.
5D, G), supporting that the observed amplitude changes reflect postsyn-
aptic alterations.

We further examined potential differences in the density of
active glutamatergic synapses and measured SEPSCs in
the absence of inhibitory transmission (gabazine 10 um; Fig. 6A).
Here, in GluN2B*%AP*” mice the frequency of sEPSCs was de-
creased whereas the amplitude of sEPSCs was increased com-
pared with age-matched wild-type controls (Fig. 6B,C). In
stratum oriens, these changes were consistently observed in fast-
spiking (Fig. 6B) and nonfast-spiking INs (Fig. 6C). We also ac-
counted for possible effects of knock-in of the Cre gene into the gad1
locus. However, we observed no difference between GAD67:Cre+
and GAD67:Cre— mice of control mice carrying wild-type alleles of
GluN2B (GluN2B """, Fig. 6 B, C). To exclude influences of the
network drive in the two genotypes, we repeated the experiment
and measured action potential-independent mEPSCs in the pres-
ence of the sodium channel blocker tetrodotoxin (1 um). Again,
GIuN2B 29*P¢” [N had lower mEPSC frequencies (Fig. 6D) and

B AGAD67

SR

G

Hippocampal architecture and distribution of INs. A, Niss| staining of a coronal section of the hippocampal
and littermate wt mice at P12. Scale bars: overview, 400 um; CA1, CA3, DG, 70 um. B,
and littermate wt mice at P12.
Scale bar, 400 wm. C, Quantification of GAD67 mRNA-expressing cells per section in the stratum oriens (S0), stratum
radiatum (SR), hilus and granule cell layer (GCL) of the DG in GIUN2B A% and littermate wt mice (all n.s., ¢ test,
respectively, n = 4 mice per genotype). PV " (D) and somatostatin ™ (E) cells in the hippocampus expressed Cre in
GAD67:Cre+ mice at P12. Scale bar, 20 wm. Expression of activated caspase-3 and PV ™ (F) or somatostatin ™ (G) cells in
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larger amplitudes of mEPSCs (Fig. 6E)
compared with INs in littermate control
mice (n = 11 cells, respectively, in four
mice per genotype). Again, control mice
(GluN2B“"*") displayed similar mEPSC
amplitudes and frequencies independent of
whether they were GAD67:Cre+ and
GAD67:Cre— (Fig. 6 D, E). We finally tested
whether the reduced number of functional
glutamatergic inputs to PV * INs in stratum
oriens might result in a decrease in the num-
ber of presynaptic release sites. As a proxy,
we examined in confocal sections the den-
sity of VGlutl ™ puncta at PV ™ proximal
dendrites at P12. We found no significant
difference in the densities of VGlutl™
puncta in GAD67:Cre+ and GAD67:Cre—
control (GluN2B™**) and GluN2BAGAP¢7
mice (1.08 = 0.09, 1.02 = 0.06, and 0.89 =
0.11 puncta/um dendrite, 24 cells in three
mice for each genotype, respectively; n.s.,
ANOVA). Together, these observations
demonstrate that deletion of GIuN2B re-
duced the density of functional AMPAR-
mediated glutamatergic synapses of INs.

GlUNZBAGAD67

hilus  GCL

cc

Discussion

Deletion of GluN2B in INs does not
interfere with cortical circuit assembly
In this study, we examined the function
of GluN2B in postnatal IN development
by conditional ablation of the receptor
subunit in GAD67-expressing neurons.
GluN2BA94P¢7 mice exhibited a pheno-
type quite distinct from that reported
for mice with global GluN2B deletion.
Deletion of GluN2B in INs resulted in
status epilepticus and death of the ani-
mals after the second postnatal week. In
contrast, mice with global deletion of GluN2B in pyramidal
neurons die already after birth as a consequence of an im-
paired suckling response (Kutsuwada et al., 1996).

At the gross anatomical level, there was no conspicuous alter-
ation in the somatosensory barrel structure of GluN2B~%AP¢7
mice. This is in stark contrast with the reported abnormality of
the barrel structure in mice with global deletion of GIuN2B (Kut-
suwada et al., 1996). As previously shown AMPARs, but not
NMDARSs, are critical for migration of forebrain INs (Manent et
al., 2006). In support of this study, the number and distribution
of GAD67-expressing INs was normal in the hippocampus of
GluN2B 24P mice, indicating that deletion of the GluN2B sub-
unit did not interfere with the migration of these INs in our
mutant mice. Together conditional GluN2B deletion in IN did
not detectably impair the structural assembly of cortical circuits
or the distribution of INs within these circuits.

Somatostatin
Caspase-3

Deletion of GluN2B reduces the density of glutamatergic
synapses in INs

As the number and distribution of GAD67-expressing INs was
not altered by GluN2B deletion, we focused on the role of
GluN2B in the synaptic development of INs during the first
postnatal weeks. At this developmental stage (starting at P10),
no synaptic NMDAR responses were detectable in stratum
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Figure5. Development of glutamatergic inputs to INs in GluN2B ““*°57 mice. 4, Reconstructions of the dendrites of two biocytin-filled GluN2B “°A°¢” mouse INs with the cell body in
the stratum oriens (so). Scale bar, 100 rm. Below the corresponding firing pattern upon currentinjection (1) of the two INs shown above (no current was injected between current steps,
V,, = —55and —65mV, respectively). B, Representative average traces of CNQX (10 pum)-sensitive AMPAR-mediated eEPSCs (V, = —80 mV, in the presence of 10 um gabazine) in wt
and GIuN2B AP |Ns. p-AP5 (50 um)-sensitive NMDAR-mediated eEPSCs were detected in we, but not GIuN2B “*°7 INs (I, = +40 mV, in the presence of 10 wuum gabazine and 10 m
CNQX). €, Averaged traces from elPSCs (V, = 0 mV) and EPSCs (V,, = —55 mV, in the presence of 10 um gabazine) in wt and GIuN2B °A%” Ns. All recordings were performed in the
presence of p-AP5 (50 wum). D, Representative average traces of facilitating AMPAR-mediated eEPSCs in response to paired pulses (V, = —80mV, in the presence of 10 wm gabazine) in
wt and GIUN2B 2 |Ns. E, Ratio of NMDAR/AMPAR-mediated eEPSCs in GIuN2B “*°%” mice (13 cells) compared with age-matched wt littermates (15 cells; Mann—Whitney test). F,
The ratio of AMPAR-mediated eEPSCs over gabazine-sensitive elPSCs in GluN2B “A°%7 mice (8 cells) compared with control littermates (9 cells; Mann—Whitney test). G, Paired-pulse
ratio of AMPAR-mediated eEPSCs in GluN2B 2¢*°%7 and control neurons (22 and 25 cells, respectively, Mann—Whitney test. All data shown as box-plot with mean whiskers (5-95th

percentile). Pcl, pyramidal cell layer; sr, stratum radiatum.

oriens INs of GluN2B 2“*P%” mice as expected after removal of
the dominant GluN2 subunit during development. During the
second to third postnatal week, GluN2B-containing NMDARs
have a negative regulatory effect on the maturation of
AMPAR-mediated glutamatergic synapses in hippocampal
pyramidal cells as revealed by increased mEPSC frequencies
upon GluN2B deletion (Hall et al., 2007; Gray et al., 2011;
Wang et al., 2011). Based on these observations an activity-
dependent scenario was proposed according to which
GluN2B-containing NMDARs set a brake on the maturation
of glutamatergic synapses at a time when synaptic activity has
not fully developed yet in the hippocampus (Hall et al., 2007;
Adesnik et al., 2008; Gray et al., 2011). In our study, we dem-
onstrate that at the same postnatal stage GluN2B-containing
NMDARs have an opposing effect on synapse maturation in
hippocampal INs since deletion of GluN2B resulted in de-

creased mEPSC frequencies. GluN2B-containing receptors
promote maturation of glutamatergic input to INs and
thereby recruitment of inhibitory neurons by the excitatory
drive.

In hippocampal pyramidal neurons, deletion of GluN2B in-
creases the frequency of EPSCs, but not their amplitude, whereas
GluN2A deletion affects the amplitude but not frequency of EP-
SCs (Hall et al., 2007; Gray et al., 2011; Wang et al., 2011). In
interneurons of the same circuit, GluN2B deletion resulted in a
decrease of EPSC frequency and an increase in EPSC amplitude.
The site of EPSC amplitude changes was most likely postsyn-
aptic since the paired-pulse ratio did not differ between
GluN2B“9AP%7 and control IN. It is possible that the scaling of
AMPAR-mediated EPSC amplitudes is a compensatory effect
(Wierenga et al., 2005) for the reduced excitatory drive to INs by
the lower density of functional glutamatergic synapses or the
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Figure6. Development of glutamatergic synapses in GluN2B ““A°” mice. 4, Recordings of SEPSCs (V}, = —70mV, in the
presence of 10 wm gabazine) in stratum oriens neurons of GuN2B 2% and littermate wt mice at P12. Stratum oriens
neurons were sorted into fast-spiking (B) and nonfast-spiking (€) neurons according to their maximum firing rate upon
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beginning seizure discharges in the hip-
pocampus. The question of whether the
amplitude scaling is directly mediated by
GIuN2B deletion or develops in response
to epileptic discharges may require future
studies using GluN2B deletion in single
IN’s to control for potential compensatory
effects due to altered circuit activity.

The reduction in EPSC frequency in
GluN2B-deficient INs is unlikely to re-
flect compensation since the reduced
drive of inhibitory neurons will further
increase excitation in the circuit.
Finally, the same changes in synapse
development were also observed in
adult-born INs in which sparse retrovi-
ral single-cell knock-out of GluN2B
largely precluded system effects (Kelsch
et al., 2012). Together these observa-
tions suggest that at least in two IN types
GluN2B-containing NMDARs have a
promaturational effect on glutamater-
gic synapses. The promotion of the
functional development of glutamater-
gic inputs to INs may act synergistically
with the negative regulation of synapse
maturation observed in neighboring excit-
atory neurons in the developing circuit.
While the excitatory drive drastically in-
creases during the first postnatal weeks,
negative regulation of glutamatergic input
to excitatory neurons as well as increased
recruitment of interneurons by activity-
dependent maturation of excitatory syn-
apses onto these INs may keep the circuit
under control. In line with these observa-
tions, ablation of GluN2B in INs results in
fatal seizures as the synaptic activity grad-
ually increases.

Deletion of GluN2B in INs results in
fatal neonatal seizures

GluN2BA94P%7 animals died of seizures
between P15 and P20, the age corre-
sponding to the peak of hippocampal
and cortical synaptogenesis (Vaughn,
1989). The decreased excitation of INs is
not sufficiently compensated by the am-
plitude scaling of EPSCs onto INs to
prevent seizures. INs and genetic altera-
tions in NMDAR subunits have been
implicated in the pathogenesis of neurode-
velopmental disorders (Homayoun and
Moghaddam, 2007; Pinto et al., 2010;
Gaietal., 2012). Within the spectrum of
neurodevelopmental disorders, seizures
are a frequent symptom in postnatal de-
velopment. Depending on the extent of
GluN2B-containing NMDAR malfunc-
tion and subsequent excitation/inhibition
imbalance, the behavioral consequences
may range from cognitive impairment to
severe seizures.
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