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SUMMARY

Spontaneous bursts of activity in developing sensory
pathways promote maturation of neurons, refine-
ment of neuronal connections, and assembly of
appropriate functional networks. In the developing
auditory system, inner hair cells (IHCs) spontane-
ously fire Ca2+ spikes, each of which is transformed
into a mini-burst of action potentials in spiral gan-
glion neurons (SGNs). Here we show that NMDARs
are expressed in SGN dendritic terminals and play
a critical role during transmission of activity from
IHCs to SGNs before hearing onset. NMDAR activa-
tion enhances glutamate-mediated Ca2+ influx at
dendritic terminals, promotes repetitive firing of indi-
vidual SGNs in response to each synaptic event, and
enhances coincident activity of neighboring SGNs
that will eventually encode similar frequencies of
sound. Loss of NMDAR signaling fromSGNs reduced
their survival both in vivo and in vitro, revealing that
spontaneous activity in the prehearing cochlea pro-
motes maturation of auditory circuitry through peri-
odic activation of NMDARs in SGNs.

INTRODUCTION

Synapses between inner hair cells (IHCs) and spiral ganglion

neurons (SGNs) in themammalian cochlea transform IHC activity

into action potentials to enable perception of sound. In altricial

animals, these synapses are formed during late embryonic

development and become functional several weeks before hear-

ing onset (Beutner and Moser, 2001). Bursts of synaptic activity

are induced during this pre-hearing period through periodic exci-

tation of IHCs by mechanisms intrinsic to the cochlea (Johnson

et al., 2011; Tritsch et al., 2007), resulting in IHC Ca2+ spikes,

glutamate release, and ultimately bursts of action potentials in

SGNs that are carried to the CNS by auditory nerve fibers. Spon-

taneous burst firing is a common feature of developing sensory

pathways (Blankenship and Feller, 2010) that has been impli-

cated in promoting the survival of sensory neurons, refining their

projections in the CNS, and initiating maturation of target neu-
rons (Kirkby et al., 2013); however, little is known about how

developing synapses shape this activity and contribute to forma-

tion of sensory pathways.

In the developing cochlea, SGNs fire action potentials in a

highly stereotyped sequence within each burst, with spikes clus-

tered into discrete mini-bursts consisting of multiple action

potentials (Tritsch et al., 2010). Each mini-burst is induced by a

single Ca2+ spike in the presynaptic IHC, indicating that these

nascent ribbon synapses are capable of remarkable signal

amplification at this early stage of development. The repetitive

firing of SGNs may enable signals to propagate more efficiently

through the auditory pathway, induce long-term synaptic

plasticity (Tzounopoulos et al., 2004), and promote activity-

dependent synaptic refinement (Clause et al., 2014). At central

synapses, NMDA receptors (NMDARs) enhance postsynaptic

depolarization due to their slow deactivation kinetics (Cull-

Candy and Usowicz, 1987), suggesting that they could promote

synaptic amplification in the developing cochlea to facilitate

neuronal integration. NMDAR subunit expression has been de-

tected in adult SGNs by in situ hybridization and immunocyto-

chemistry (Niedzielski and Wenthold, 1995; Safieddine and

Eybalin, 1992; Usami et al., 1995), and pharmacological manip-

ulation of NMDARs in the cochlea of adult mice alters the firing of

auditory neurons (Felix and Ehrenberger, 1990; Puel et al., 1991).

However, the contribution of NMDARs to synaptic excitation of

SGNs prior to hearing onset remains uncertain. Although

NMDAR subunit expression has been detected in SGNs at this

age (Knipper et al., 1997; Lu et al., 2011), synaptic currents re-

corded directly from SGN dendrites in conditions favorable for

NMDAR activation are blocked by selective AMPAR antagonists

(Glowatzki and Fuchs, 2002; Grant et al., 2010), suggesting that

they may be excluded from synapses. NMDAR-mediated

currents can be elicited in SGNs in prehearing cochleae after

exposure to salicylate (Peng et al., 2003; Ruel et al., 2008), a

non-steroidal anti-inflammatory drug that induces tinnitus, sug-

gesting that there is a latent pool of NMDARs in developing

SGNs that can be mobilized by particular chemical stimuli.

Here, we show that functional NMDARs are expressed by

SGNs prior to hearing onset and that they play a prominent

role in controlling both synaptic excitation and the coincidental

activation of neighboring SGNs during spontaneous activity.

Synaptic currents recorded directly from SGNs in prehearing

cochleae were biphasic, reflecting activation of both AMPA

and NMDARs. NMDAR activation prolonged synaptic currents,
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enhanced Ca2+ influx, and stimulated the repetitive firing of

SGNs. Conversely, pharmacological or genetic disruption of

NMDAR signaling in SGNs accelerated synaptic currents,

reduced the overall activity and correlated firing of SGNs, and

impaired their survival. Together, these studies reveal that

NMDARs enhance the gain of synapses in the developing co-

chlea and promote integration of SGNs into the auditory

pathway.

RESULTS

Type I SGNs Express Functional NMDARs
To determine if SGNs in the developing cochlea express func-

tional NMDARs, we isolated cochleae from postnatal day (P)

5–7 rats and made whole-cell recordings from SGN somata (Fig-

ures 1A and 1B). These cells exhibited physiological and

anatomical characteristics of type I SGNs (Jagger and Housley,

2002); they had a resting membrane potential of �60 to �80 mV

and exhibited anomalous rectification when hyperpolarized and

rapid spike frequency adaptation when depolarized (Figure 1C).

Histological analysis revealed that they had a bipolar

morphology (Figure 1D) and extended a single dendrite that

terminated near the base of one IHC (Figures 1E–1G). When

voltage-clamp recordings were performed in conditions opti-

mized to detect NMDAR activity (Mg2+-free and D-serine con-

taining artificial cerebrospinal fluid [ACSF], Vm = �70 mV), small

inward current fluctuations were visible (Figures 1H and 1I) that

were blocked by the NMDAR antagonist CPP (Figures 1J and

1K) and enhanced when glutamate uptake was inhibited with

TBOA (Figures 1L and 1M), indicating that these fluctuations

arise from periodic activation of NMDARs by ambient glutamate

(Sah et al., 1989). Focal application of NMDA to the soma of

SGNs elicited transient inward currents that were also inhibited

by CPP (Figures 1N and 1O), indicating that functional NMDARs

are present in the somatic membrane of these neurons.

To assess whether NMDARs are localized to IHC-SGN synap-

ses, glutamate receptor agonists were applied directly to SGN

dendritic terminals near the base of IHCs (Figure 2A), where

these synapses reach their highest density (Safieddine et al.,

2012). As shown by the spread of the fluorescent dye Alexa

488, which was included in the puffer pipette (Figure S1A),

agonist application was restricted to the region around IHCs

(dye spread: 75 ± 15 mm, n = 5 cochleae) and did not reach the

spiral ganglion (IHC-SGN distance: 330 ± 6 mm, n = 3 cochleae).

Application of AMPAR agonists kainate or glutamate to SGN

dendritic terminals elicited trains of action potentials that per-

sisted when IHC Ca2+ channels were inhibited with nifedipine

but were blocked by AMPAR antagonists GYKI 53655 or

NBQX (Figure 2A; n = 11 cells), indicating that this manipulation

induces SGN firing through direct stimulation of postsynaptic

glutamate receptors rather than depolarization of presynaptic

IHCs. Focal application of NMDAR agonists NMDA or D-aspar-

tate also induced trains of action potentials that persisted

when AMPARs were blocked by GYKI 53655 but were abolished

by NMDAR antagonists MK-801 or CPP (Figure 2B). Moreover,

when current clamp recordings were made from SGNs, focal

application of glutamate receptor agonists induced transient de-

polarizations that triggered SGN firing (Figure S1B); when re-
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cordings were performed in the presence of tetrodotoxin (TTX)

to block action potentials, NMDAR agonist application elicited

depolarizations that were inhibited by CPP (Figures 2C and

2D). These results indicate that NMDARs are present in SGN

dendrites at a density sufficient to trigger action potentials.

NMDARs Prolong the Time Course of IHC-SGN Synaptic
Currents and Enhance Synaptic Depolarization
NMDARs can markedly enhance excitatory postsynaptic cur-

rents (EPSCs) due to their slow kinetics and large unitary conduc-

tance (Cull-Candy and Usowicz, 1987). Although NMDAR-medi-

ated postsynaptic currents were not observed in previous

studies when EPSCs were recorded directly from SGN dendritic

boutons (Glowatzki and Fuchs, 2002; Grant et al., 2010; Seal

et al., 2008), these receptors are labile, and NMDAR-mediated

currents often disappear rapidly in whole-cell recordings (Kára-

dóttir et al., 2005;MacDonald et al., 1989; RosenmundandWest-

brook, 1993). Tominimize possible disruption of postsynaptic re-

ceptors, we recorded spontaneous EPSCs (sEPSCs) remotely

from SGN somata (Figure 3A). When voltage-clamp recordings

were performed in TTX, transient inward currents could be

resolved that exhibited a time course similar to miniature EPSCs

(mEPSCs) in central neurons (Goforth et al., 2011; Savi�c et al.,

2003). These events were blocked by NBQX and CPP (Figures

3B and 3D), indicating that they resulted from glutamatergic

transmission. When recordings were performed in the absence

of extracellular Mg2+ to allow current flow through NMDARs at

negative potentials (Vm =�70mV), sEPSCs had a conspicuously

prolonged time course (Figure 3B). Addition of CPP lowered the

baseline noise, accelerated the decay time of sEPSCs by 53%,

and reduced their charge transfer by 48%, without affecting their

frequency or rise time (Figures 3B–3D). The characteristically

slow kinetics of the NMDAR current was apparent after subtract-

ing the average sEPSC in CPP from control (Figure 3C), which is

comparable toNMDAR-mediated currents recorded at individual

glutamatergic synapses in theCNS (Gideons et al., 2014; Goforth

et al., 2011; Savi�c et al., 2003).

To determine how NMDAR activation alters the time course of

SGN membrane depolarization, we also performed current

clamp recordings from SGN somata (Figure 3E). In 0 mM Mg2+

ACSF containing TTX, spontaneous excitatory postsynaptic po-

tentials (sEPSPs) were visible that had a prolonged decay (Fig-

ures 3F and 3G). Inhibition of NMDARs with CPP reduced the

duration of these events by 79%, demonstrating the profound ef-

fect that NMDAR activation can have on membrane potential

changes due to their slow deactivation kinetics. NMDAR inhibi-

tion did not change the frequency or rise time of sEPSPs but

reduced the peak amplitude by 38% and the envelope of depo-

larization (estimated by integrating the area under each event) by

74% (Figure 3H). Moreover, when whole-cell recordings were

performed in NBQX, spontaneous inward currents and mem-

brane depolarizations that exhibited slow rise and decay kinetics

were visible (Figures S2A and S2D). Application of NBQX pro-

duced effects on synaptic events that were complimentary to

CPP (compare to Figure 3), reducing their peak amplitude and

slowing their rise times without changing their frequency or

decay kinetics (Figure S2). It was not possible to distinguish sin-

gle from double or multiple release events (Rutherford et al.,



Figure 1. NMDARs Are Expressed by SGNs

(A) Middle turn of a P5 rat cochlea. Dashed line outlines the spiral ganglion (SG). OHCs, outer hair cells; IHCs, inner hair cells; Ko, Kölliker’s organ.

(B) Somata of a SGN during a juxtacellular recording.

(C) Membrane responses of a SGN to current injections. Red trace, injection of �20 pA; black traces, injections of 20, 60, and 120 pA.

(D) Somata of a SGN filled with neurobiotin during a whole-cell recording. Arrowhead highlights the single dendritic process.

(E–G) Dendrites of SGNs filled with neurobiotin. Orthogonal views are shown to the right. Terminals were located on either the abneural (F) or neural (G) side of

IHCs.

(H and L) Baseline noise during whole-cell voltage-clamp recordings from SGNs in 0 Mg2+ ACSF (Vm = �70 mV). [CPP], 20 mM; [TBOA], 50 mm.

(I) Three examples of individual channel activity from the recording shown in (H).

(J) Amplitude histogram of the baseline noise recording shown in (H). Inset shows the amplitude histogram for inward current fluctuations at an expanded scale.

(K andM) Plots of the SD of current fluctuations. n = 7 (K) and 10 (M) cells; one-way repeated-measures ANOVA followed by Tukey’s test; ***p < 0.001. Data show

average values from each cell (gray) and mean ± SEM for all cells (black).

(N) Left: Diagram of the recording configuration. Middle: Inward currents triggered by focal applications of NMDA (100ms, 0.5 mM) in the presence of TTX (1 mM).

Right: Average responses to NMDA (red) superimposed on individual responses (black).

(O) Plot of the average peak amplitude of current induced by NMDA in control, + CPP, and wash conditions. n = 6 cells; one-way repeated-measures ANOVA

followed by Tukey’s test; ***p < 0.001. Data show average values from each cell (gray) and mean ± SEM for all cells (black).
2012) in these recordings, because of the slow and variable

waveform of NMDAR-mediated synaptic events. Therefore, all

events were analyzed in both control and + NBQX conditions, re-

sulting in average responses that have longer decay times,

increased charge transfer, and depolarization areas compared
to the kinetics of CPP-sensitive components (Figure 3) compiled

from unitary events.

NMDAR channel opening is enhanced at higher pH (Tang

et al., 1990), in contrast to other ionotropic glutamate receptors

that are largely insensitive to pH changes within a physiological
Neuron 89, 337–350, January 20, 2016 ª2016 Elsevier Inc. 339



Figure 2. NMDARs Are Present at SGN Dendritic Terminals

(A) Left: Diagram of the recording configuration. Right: Juxtacellular recording from a SGN showing responses to focal applications of kainate (KA) (10 ms,

100 mM) in control, nifedipine (Nifed) (50 mM) and GYKI53655 (GYKI) (100 mM) + Nifed conditions. Inset shows the first five action potentials in the train (region

delimited by red rectangle) at an expanded timescale. Scale bar, 5 ms.

(B) Left: Juxtacellular recording from a SGN showing responses to focal applications of NMDA (10 ms, 1 mM) in control, GYKI, and MK-801 (50 mM) + GYKI

conditions. Right: Plot of the number of action potentials elicited by NMDA in various drug conditions. MK-801, n = 5 cells, one-way repeated-measures ANOVA

followed by Tukey’s test; CPP (20 mM), n = 13 cells, Friedman’s ANOVA followed by Dunn’s test; n.s., not significant, p R 0.05; **p < 0.01. Data show average

values from each cell (gray lines) and mean ± SEM for all cells (white bars).

(C) Left: Diagram of the recording configuration. Right: Whole-cell current clamp recording from a SGN showing depolarizations induced by focal applications of

D-aspartate (D-Asp) (10 ms, 0.5 mM), an NMDAR agonist, in the presence of TTX (1 mM). Average responses (red) to D-aspartate superimposed on individual

traces (black) in control, + CPP, and wash conditions are shown to the right.

(D) Plot of the average peak amplitude of depolarization induced by D-aspartate in control, + CPP, and wash conditions. n = 9 cells; one-way repeated-measures

ANOVA followed by Tukey’s test; n.s., not significant, pR 0.05; ***p < 0.001. Data show average values from each cell (gray) and mean ± SEM for all cells (black).

See also Figure S1.
range. Acidification occurs at IHC afferent synapses due to pro-

ton release from synaptic vesicles (Cho and von Gersdorff,

2014), and exposure to sodium salicylate, a salt of a weak acid

that renders solutions basic, has been reported to induce the

appearance of NMDARs in SGNs (Ruel et al., 2008). An alkaline

shift in pH from 7.3 to 8.3 (Figures S3A and S3B) increased the

frequency of sEPSCs (Figure S3C), consistent with the effects

of pH on presynaptic neurotransmitter release (Sinning and Hüb-

ner, 2013). At this elevated pH, the decay time of sEPSCs was

increased by 11% and the charge transfer by 24% (Figures

S3B and S3C), comparable to the effects of alkaline pH shifts

on heterologously expressed NMDARs (Traynelis et al., 1995).

Subsequent application of CPP shortened the decay time and

reduced the charge transfer to levels comparable to that re-

corded at physiological pH (Figures 3D and S3C; pH 7.3 versus

pH 8.3 + CPP: weighted tau of decay, p = 0.20; charge transfer,

p = 0.66, two-sample t test). These findings provide independent

evidence for the contribution of NMDARs to sEPSCs and sug-

gest that acidification of the cochlea could impair the transfer

of hair cell activity to SGNs by inhibiting NMDAR gating.

Sounds of different frequencies are encoded in the mamma-

lian cochlea by distinct hair cells positioned in a tonotopic

gradient along the organ of Corti, with their characteristic fre-

quencies increasing from apex to base. Given the extreme de-

mands of encoding high-frequency sounds, IHC-SGN synapses

in the basal cochlea may contain fewer NMDARs to shorten the

duration of synaptic excitation. Type I SGNs residing in this re-
340 Neuron 89, 337–350, January 20, 2016 ª2016 Elsevier Inc.
gion also formed synapses with only one IHC (Figure S4A) and

generated a single action potential upon depolarization (Fig-

ure S4B). Moreover, CPP reduced the decay time and charge

transfer of sEPSCs comparable to those recorded from SGNs

residing in the apical region (Figures S4C and S4D). Indeed, for

sEPSCs recorded in both basal and apical regions, there was a

positive correlation between the weighted tau of decay in control

and the change of decay tau after CPP (Figure S4D; base, r =

0.94, p < 0.001; apex, r = 0.67, p < 0.05, Pearson’s two-tailed

test), as expected if NMDARs contribute to the slow time course

of decay in sEPSCs in both regions.

NMDARs Promote Ca2+ Influx at IHC-SGN Synapses
NMDARs impact neuronal development by enhancing elevation

of intracellular Ca2+ during neural activity (MacDermott et al.,

1986; Papadia et al., 2005; Xia et al., 1996). To analyze Ca2+

signaling in individual SGN dendritic terminals, we developed a

method to achieve sparse expression of the genetically encoded

Ca2+ indicator GCaMP3 (Tian et al., 2009) in SGNs (Figure 4) us-

ing AdvillinCre (AvilCre) mice (da Silva et al., 2011). We confirmed

Cre activity in SGNs by crossing AvilCre mice with a conditional

reporter line (Ai9, R26-lsl-tdTomato), which resulted in expres-

sion of tdTomato by only a subset of type I and type II SGNs

with increasing density from apex to base (Figures 4A and 4B).

To determine if NMDAR activation contributes to postsynaptic

Ca2+ influx in SGN dendritic terminals, we crossed R26-lsl-

GCaMP3 mice (Paukert et al., 2014) with AvilCre mice and



Figure 3. NMDAR Activation Prolongs Syn-

aptic Currents and Depolarizations

(A) Voltage-clamp recording from a SGN showing

synaptic currents that persist in 1 mM TTX (Vm =

�70 mV). Inset shows the recording configuration.

sAPs, spontaneous action potentials; sEPSCs,

spontaneous excitatory postsynaptic currents.

(B) sEPSCs recorded from a SGN in control, CPP

(20 mM), and in NBQX (20 mM) + CPP conditions

(Vm = �70 mV, 0 Mg2+ ACSF with 1 mM TTX). In-

dividual EPSCs are shown below at an expanded

timescale.

(C) Left: Overlay of three representative sEPSCs

(black) and average sEPSC (red) recorded in con-

trol and + CPP conditions. Middle: Average

sEPSCs recorded in control (black) and +CPP (red)

normalized to the peak. Inset shows double (con-

trol) and single (+ CPP) exponential fits for average

sEPSC decay and weighted tau of decay (T). Right:

Subtraction from the two average sEPSCs

showing waveform of the CPP-sensitive current

(green).

(D) Plots of sEPSC frequency (n = 5 cells, Fried-

man’s ANOVA followed by Dunn’s test), peak

amplitude, 10%–90% rise time, weighted tau of

decay, and charge transfer (n = 14 cells, paired-

sample t test) in control; CPP; and NBQX + CPP

conditions. n.s., not significant, p R 0.05; *p <

0.05; **p < 0.01; ***p < 0.001. Data show average

values from each cell (gray) andmean ± SEM for all

cells (black).

(E) Current clamp recording from a SGN showing

synaptic depolarizations that persist in 1 mM TTX.

sEPSPs, spontaneous excitatory postsynaptic

potentials.

(F) sEPSPs recorded from a SGN in control, CPP

(20 mM), and NBQX (20 mM) + CPP conditions

(0Mg2+ ACSFwith 1 mMTTX). Individual EPSPs are

shown below at an expanded timescale.

(G) Left: Overlay of three representative sEPSPs

(black) and average sEPSP (red) recorded in con-

trol and + CPP conditions. Middle: Average

sEPSPs recorded in control (black) and +CPP (red)

normalized to the peak. Inset shows 90%–10%

decay times. Right: Subtraction from the two

average sEPSPs showing waveform of the CPP-

sensitive depolarization (green).

(H) Plots of sEPSP frequency (Friedman’s ANOVA

followed by Dunn’s test), peak amplitude, 10%–

90% rise time, 90%–10% decay time, and area

(paired-sample t test) in control; CPP; and NBQX +

CPP conditions. n = 4 cells; n.s., not significant, p

R 0.05; *p < 0.05. Data show average values from

each cell (gray) and mean ± SEM for all cells

(black).

See also Figures S2–S4.
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A

C D

E F

B Figure 4. NMDAR Activation Enhances Ca2+

Influx at SGN Dendritic Terminals

(A) Middle turn of the cochlea from a P7 AvilCre;

R26-lsl-tdTomato (termed as AvilCre; tdT) mouse

showing expression of tdTomato. Apical direction

is to the right.

(B) High magnification image of the area outlined in

(A) showing individual dendrites of type I and type II

SGNs.

(C) Ca2+ imaging from SGN dendritic terminals.

Upper: Maximum intensity projection of individual

SGN dendritic terminals near the base of IHCs

from the cochlea of a P5 AvilCre; R26-lsl-GCaMP3

(termed as AvilCre; GCaMP3) mouse, over 300 s

Ca2+ imaging in the control condition. Lower:

Same image showing the placement of a stimula-

tion pipette applying high-sucrose ACSF near

IHCs and regions of interest (ROIs) in three den-

dritic terminals to record Ca2+ signals.

(D) Ca2+ recordings of the ROIs from (C) in control,

NBQX (20 mM), and CPP (20 mM) + NBQX condi-

tions. Black traces are spontaneous activity; red

traces are responses to stimulations; dashed red

lines indicate absence of detectable responses to

stimulations. High K+ (10mM) ACSFwas applied at

end of the experiment to assess responsiveness of

GCaMP3.

(E and F) Plots of spontaneous event frequency

and amplitude (E) (n = 20 terminals from 12

cochleae) and stimulation success rate and

evoked response amplitude (F) (n = 13 terminals

from 8 cochleae) in control, NBQX, and CPP +

NBQX conditions. Friedman’s ANOVA followed by

Dunn’s test; n.s., not significant, p R 0.05; *p <

0.05; **p < 0.01; ***p < 0.001. Dashed lines indicate

0 values. Data show values from individual termi-

nals (gray) and mean ± SEM for all terminals

(black).

See also Figure S5 and Movie S1.
cultured middle turns of P4–P6 cochleae to visualize dendritic

Ca2+ transients (Figure 4C). In these cochleae, spontaneous

Ca2+ transients were observed in groups of neighboring SGN

dendritic terminals (Figure 4D; Movie S1), consistent with the

synchronized activation of adjacent IHCs by ATP released from

Kölliker’s organ (Tritsch and Bergles, 2010; Tritsch et al.,

2007). In the same preparation, deflecting the stereocilia of

IHCs presynaptic to GCaMP3+ terminals induced Ca2+ tran-

sients in SGN dendrites lasting several seconds (Figure 4C),

comparable to spontaneous Ca2+ transients (half width: 4.5 ±

0.3 s for spontaneous, 4.0 ± 0.5 s for evoked events, n = 13 ter-

minals, p = 0.28, paired-sample t test) (Figure 4D; Movie S1). In

the majority of dendritic terminals (16/27), spontaneous Ca2+

transients persisted when AMPARs were blocked, although

they were reduced in amplitude and frequency; in these termi-

nals, all remaining activity was abolished by CPP (Figures 4D

and 4E). Moreover, Ca2+ transients elicited in most SGN den-

dritic terminals (10/16) by stereocilia deflection were also

inhibited by CPP (Figures 4D and 4F). This effect of CPP was

specific to NMDARs in SGNs, as it did not alter the frequency

or amplitude of inner supporting cell (ISC) spontaneous activity

(Figures S5A–S5C) or affect the resting membrane potential or
342 Neuron 89, 337–350, January 20, 2016 ª2016 Elsevier Inc.
intrinsic excitability of IHCs (Figures S5D and S5E). These exper-

iments demonstrate that activation of NMDARs at IHC-SGN

synapses induces postsynaptic Ca2+ transients in dendritic ter-

minals of most type I SGNs.

NMDARs Regulate SGN Firing Behavior
To determine if NMDARs regulate the stereotyped firing of SGNs

during the prehearing period, we made juxtacellular recordings

from SGN somata in cultured rat cochleae (to allow cells to

recover from the trauma induced by isolation) and monitored

their firing behavior during both spontaneous activity and in

response to IHC depolarization evoked by focal application of

high K+ ACSF (Figure 5A). Application of NBQX and CPP abol-

ished nearly all action potentials in SGNs (spontaneous spike

rate reduced by 98%, n = 4 cells, p < 0.05; evoked spike rate

reduced by 99%, n = 5 cells, p < 0.01, paired-sample t test), indi-

cating that their activity arises primarily from glutamate-recep-

tor-dependent synaptic activity. In ACSF containing physiolog-

ical levels of Mg2+ (1.3 mM), the number of action potentials

elicited in SGNs during spontaneous activity or by high K+ appli-

cation was markedly reduced by CPP (Figures 5B and 5C), even

when applied at a lower concentration (Figure S6), suggesting



Figure 5. NMDAR Activation Increases SGN

Activity and Promotes Repetitive Firing

(A) Left: Diagram of the recording configuration.

Right: Juxtacellular recordings of action potentials

from SGNs triggered by local applications (3 s,

blue rectangles) of high K+ (10 mM) solution to

IHCs. [CPP], 20 mM.

(B and C) Analysis of SGN spontaneous (B) and

evoked (C) firing. Left: Log-binned ISI histograms

of action potentials in control, + CPP, and wash

conditions (n = 9 [B] and 8 [C] cells). Right: Plots of

the firing rate in control, + CPP, and wash condi-

tions. One-way repeated-measures ANOVA fol-

lowed by Tukey’s test; n.s., not significant, p R

0.05; **p < 0.01; ***p < 0.001. Data show average

values from each cell (gray) andmean ± SEM for all

cells (black).

(D) Left: Diagram of the recording configuration.

Right: Whole-cell current clamp recording from a

SGN showing spontaneous action potentials in

control and + CPP conditions. Regions delimited

by red boxes are shown at an expanded timescale,

with arrowheads highlighting sEPSPs that failed to

generate action potentials.

(E) Plot of the success rate of EPSPs reaching firing

threshold in control and + CPP conditions. n = 3

cells; paired-sample t test; *p < 0.05. Data show

average values from each cell (gray) and mean ±

SEM for all cells (black).

(F) Left: Overlay of individual action potentials

(gray, 86 for control and 77 for + CPP condition)

and average action potential waveforms recorded

in control (black) and +CPP (red) conditions. Right:

Subtraction from the two average action potentials

showing waveform of the CPP-sensitive depolari-

zation (green).

(G) Temporal pattern of SGN firing within sponta-

neous bursts. Left: Juxtacellular recording of a

spontaneous burst of action potentials from a

SGN. Region highlighted by the dashed red line is

shown to the right at an expanded timescale.

Right: Examples of mini-bursts consisting of

varying numbers of action potentials recorded

from the same SGN.

(H) Plots of the mini-burst rate (n = 8 cells) and

percentage of mini-burst events (n = 7 cells) that

contained more than one action potential (multi-

plets) during spontaneous activity in control, +

CPP, and wash conditions. One-way repeated-

measures ANOVA followed by Tukey’s test; n.s.,

not significant, p R 0.05; *p < 0.05. Data show

values from individual cells (gray) and mean ± SEM

for all cells (black).

(I) Graph of the percentage of spontaneous mini-

bursts containing different numbers of action po-

tentials recorded in control, + CPP, and wash

conditions. n = 7 cells; one-way repeated-measures ANOVA followed by Tukey’s test for quantification of singlets, doublets, and triplets, and Friedman’s ANOVA

followed by Dunn’s test for quantification of quadruplets and quintuplets and beyond; n.s., not significant, pR 0.05; *p < 0.05. Data showmean +SEM for all cells.

See also Figures S6 and S7.
that NMDAR activation increases the probability of SGN firing.

To test this hypothesis, we monitored EPSP-action potential

coupling in 1.3mMMg2+-containing ACSF. In control conditions,

80% of EPSPs triggered action potentials in SGNs, whereas in

CPP this coupling was reduced to 61% (Figures 5D and 5E).

Notably, our findings suggest that the efficiency of spike gener-
ation at this age is high, comparable to that observed after hear-

ing onset (Rutherford et al., 2012; Siegel, 1992), in contrast to re-

cordings from boutons at this age, where only 18% of EPSPs led

to action potentials (Yi et al., 2010). Preservation of NMDARs

during somatic recordings may contribute to this enhanced

EPSP-spike coupling. Given the high probability with which
Neuron 89, 337–350, January 20, 2016 ª2016 Elsevier Inc. 343



EPSPs elicit action potentials in SGNs, it is expected that the

Mg2+ block of NMDARs would be relieved during most synaptic

events. Indeed, subtracting the average action potential wave-

forms in control and CPP (in 1.3 Mg2+ ACSF) revealed a slow

CPP-sensitive depolarization (Figure 5F), demonstrating that

NMDARs contribute substantial postsynaptic depolarization

and increase the probability of SGN firing.

To examine how repetitive firing of SGNs is influenced by

NMDAR activation, we binnedmini-bursts by their spike number:

singlets, doublets, triplets, quadruplets, and quintuplets-and-

beyond (Figure 5G). NMDAR inhibition reduced the number of

mini-bursts (Figure 5H), consistent with the reduction in overall

excitability of SGNs (Figures 5A–5C). Moreover, the percentage

of multiplets in each burst decreased and the percentage of iso-

lated singlets increased when NMDARs were inhibited (Figures

5H and 5I). These results indicate that NMDARs also promote re-

petitive firing of SGNs in response to each IHC Ca2+ spike.

However, NMDAR activity alone was not sufficient to excite

SGNs in 1.3 mM Mg2+ ACSF but was able to induce SGN firing

when Mg2+ was eliminated (Figure S7), indicating that AMPARs

provide crucial initial depolarization necessary to trigger action

potentials and dislodge Mg2+ from NMDARs under physiological

conditions.

NMDARs Enhance the Overall Excitation and Correlated
Spontaneous Activity of SGNs
Release of ATP from ISCs triggers activation of groups of neigh-

boring IHCs (Tritsch and Bergles, 2010; Tritsch et al., 2007),

providing a means to synchronize activity of IHCs that will ulti-

mately respond to similar frequencies of sound. To determine if

NMDARs promote the transfer of this correlated activity from

IHCs to groups of SGNs, we monitored the coincident activity

of multiple SGNs by expressing GCaMP3 throughout the

cochlea in Pax2-Cre; R26-lsl-GCaMP3 mice. GCaMP3 was ex-

pressed by supporting cells, IHCs, and SGNs in these mice (Fig-

ures 6A and 6B), enabling simultaneous detection of activity in

both Kölliker’s organ and the spiral ganglion (Figure 6C). Time-

lapse imaging revealed that supporting cells in Kölliker’s organ

exhibited transient increases in Ca2+ that were spatially and

temporally correlated with Ca2+ elevations in the spiral ganglion

(Figures 6C and 6D; Movie S2). Moreover, larger Ca2+ rises in

Kölliker’s organ were correlated with larger Ca2+ transients in

the spiral ganglion (correlation of the peak amplitude of events:

n = 63, r = 0.46, p < 0.01, Pearson’s two-tail test). Inhibition of

glutamate receptors with NBQX and CPP did not affect the fre-

quency or amplitude of spontaneous Ca2+ transients in Kölliker’s

organ but abolished the synchronized activity of SGNs (Figures

6C and 6E), as expected if supporting cells induce SGN activity

indirectly by depolarizing IHCs.

Individual SGNs exhibited distinct patterns of spontaneous

activity at this age. During some events, neighboring SGNs

showed coincident activity, while in others their activity was un-

correlated (Figure 6F). This behavior is expected, as ATP is

released from discrete locations in Kölliker’s organ, resulting in

recruitment of different IHCs during each event. In ACSF

containing Mg2+ (1.3 mM), application of CPP reduced the fre-

quency, peak amplitude, and integral of Ca2+ transients in indi-

vidual SGNs (Figures 6G and 6H), suggesting that both the firing
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rate and number of action potentials within each spontaneous

burst were reduced by NMDAR block, in accordance with elec-

trophysiological recordings (see Figure 5). Inhibition of NMDARs

also reduced the frequency of spontaneous multi-cellular Ca2+

events and the number of SGNs activated during each event

(Figures 7A and 7B; Movie S3). Because CPP does not affect

activation of supporting cells (Figures S5A–S5C), the excitability

of IHCs (Figures S5D and S5E), or the frequency of glutamate

release from IHCs (Figure 3), these results indicate that synaptic

activation of NMDARs markedly enhance global SGN activity.

NMDARs also increase the density of active neurons during

each spontaneous event, shown by the greater reduction in the

probability of SGN activation with distance from the site of event

initiation (the neuron where activity was first observed) when

NMDARs were inhibited with CPP (Figures 7C and 7D), resulting

in a more sparse activation of SGNs along the tonotopic axis.

These population measurements indicate that NMDARs not

only shape the firing behavior of individual SGNs but also pro-

mote the correlated activity of neighboring SGNs that receive

input from similar frequency domains.

NMDARs Promote Survival of SGNs
Elimination of glutamatergic signaling between IHCs and SGNs

reduces the number of SGNs and the size of the cochlear nu-

cleus (Seal et al., 2008), indicating that synaptic activity plays

an important role in enhancing the survival and integration of

SGNs. To determine whether NMDARs contribute to activity-

dependent survival of SGNs in the developing cochlea, we

generated conditional NMDAR knockout (KO) mice by selec-

tively removing GluN1, an obligatory NMDAR subunit, from a

subset of SGNs (AvilCre; GluN1fl/fl; Z/EG) while preserving

NMDAR expression in neurons within central auditory centers

(Hasegawa et al., 2007). GluN1 Het and WT SGNs were compa-

rable in their physiological properties, baseline current fluctua-

tions, sensitivity to exogenous NMDA, sEPSC decay tau, and

changes induced by CPP application (Figures S8C and S8D).

However, GluN1 KO SGNs exhibited less baseline channel noise

and did not respond to somatic NMDA application (Figures 8A

and 8C), and their sEPSCs had a single-exponential decay that

was not altered by application of CPP (Figures 8B and 8C), indi-

cating that these neurons lacked functional NMDARs. The effect

of CPP on EPSC decay tau was smaller in these mouse neurons

(20% reduction inmouseGluN1Het SGNs versus 50% reduction

in rat SGNs, see Figure 3), perhaps reflecting species differences

in NMDAR subunit expression, absolute NMDAR expression

level, or EPSC filtering through the dendrite.

To evaluate the effect of NMDARs on SGN integration in vivo,

we isolated cochleae from GluN1 Het and KO mice at P30, after

the auditory system reaches functional maturity (Sanes andCon-

stantine-Paton, 1985; Wu and Oertel, 1987). Cochleae were seri-

ally sectioned from apex to base (Figure 8D) and immunostained,

and GFP+ SGNs were counted (Figure 8E). In GluN1 KO mice

there were 34% fewer GFP+ SGNs compared to cochleae from

GluN1 Het mice (Figure 8F), and this reduction was observed

in both base and middle regions of the cochlea (Base, 31%

reduction; Middle, 42% reduction); too few GFP+ neurons were

present in the apex to analyze. As this conditional KO strategy

targets only a small subset of SGNs without manipulating central
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Figure 6. NMDAR Activation Enhances Spontaneous Activity in Individual SGNs
(A and B) Inner sulcus (A) and spiral ganglion (B) of the cochlea from a P5 Pax2-Cre; R26-lsl-GCaMP3 mouse.

(C) Imaging of spontaneous Ca2+ transients in the cochlea of a P6 Pax2-Cre; R26-lsl-GCaMP3 mouse. Left: Maximum intensity projection of fluorescence

changes in the control condition recorded continuously for 300 s. Middle: Maximum intensity projection image overlaid with maximum activated area of three

spontaneous events that appeared in both Kölliker’s organ (Ko) and the spiral ganglion (SG). A raster plot indicating the timing of spontaneous events in Kölliker’s

organ is shown at the bottom, with the three examples shown above highlighted by their corresponding colors. Right: Maximum intensity projection of fluo-

rescence changes for 300 s in NBQX +CPP (both at 20 mM), overlaid with maximum activated area of three spontaneous events that appeared in Kölliker’s organ.

A raster plot indicating the timing of spontaneous events in Kölliker’s organ is shown at the bottom, with the three examples shown above highlighted by their

corresponding colors.

(D) Intensity versus time plot for GCaMP3 fluorescence in Kölliker’s organ (Ko) and regions of SG shown in (C) with the three spontaneous Ca2+ transients in the

control condition ([C], Middle) highlighted with their corresponding colors.

(E) Plots of spontaneous Ca2+ event frequency and peak amplitude of Ca2+ transients in Kölliker’s organ and the spiral ganglion in control (white) and NBQX+CPP

(red). n = 7 cochleae; paired-sample t test for Kölliker’s organs and paired-sampleWilcoxon signed ranks test for spiral ganglia; n.s., not significant, pR 0.05; *p <

0.05. Data show average values from each cochlea (gray lines) and mean + SEM for all cochleae (bars).

(F) Ca2+ imaging from individual SGN somata. Left: Maximum intensity projection of fluorescence changes in the spiral gangion from a P5 Pax2-Cre; R26-lsl-

GCaMP3mouse recorded for 300 s. Numbered circles show ROIs used for fluorescence intensity measurements at right. Middle: Individual images for the area

delineated at left (dashed white square) at higher magnification showing a Ca2+ transient in SGN somata. Right: Intensity versus time plot for the three SGN

somata highlighted at left. Red line highlights the Ca2+ transient illustrated in the individual images (Middle).

(G) Ca2+ imaging of spontaneous activity in the whole spiral ganglion. Left: Maximum intensity projection image of fluorescence changes in the spiral ganglion

from a P4 Pax2-Cre; R26-lsl-GCaMP3 mouse recorded for 300 s in the control condition. Numbered circles show ROIs used for fluorescence intensity mea-

surements. Right: Intensity versus time plots for the four SGN somata shown at left in control and + CPP (20 mM) conditions.

(H) Plots of the spontaneous event frequency per neuron, the peak amplitude, and integral of individual Ca2+ events in control and + CPP conditions. n = 16

cochleae; paired-sample t test; *p < 0.05; ***p < 0.001. Data show average values from each cochlea (gray) and mean ± SEM for all cochleae (black).

See also Movie S2.
neurons, these data suggest that NMDAR activation promotes

SGN survival in a cell-autonomous manner. Consistent with

this hypothesis, repetitive imaging of SGNs in cultured cochleae
from P3–P5 AvilCre; R26-lsl-tdTomato mice (Figures 8G and 8H)

revealed that chronic blockade of NMDARs over 6 days

accelerated the death of type I SGNs by �32%, whereas the
Neuron 89, 337–350, January 20, 2016 ª2016 Elsevier Inc. 345
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Figure 7. NMDAR Activation Promotes

Coincidental Activation of Neighboring

SGNs

(A) Maximum intensity projections of fluorescence

changes in the spiral ganglion recorded for 300 s in

control and + CPP overlaid with maximum acti-

vated area of four spontaneous events for both

conditions. A raster plot of the timing of sponta-

neous events in the spiral ganglion is shown at the

bottom, with the four examples shown above

highlighted by their corresponding colors.

(B) Left: Plot of the correlated spontaneous

event frequency in control and + CPP. n = 16

cochleae; paired-sample t test; ***p < 0.001.

Data show average values from each cochlea

(gray) and mean ± SEM for all cochleae (black).

Right: Cumulative frequency distribution of the

number of activated SGNs per spontaneous

event in control (open) and + CPP (filled) conditions. n = 16 cochleae; two-sample Kolmogorov-Smirnov test; p = 0.03. Data show mean ± SEM for all

cochleae.

(C) Maximum intensity projection image of the spinal ganglion (left) showing active (filled) and not active (open) SGNs during single spontaneous events in control

and + CPP. Higher magnification images at right were taken from area outlined by yellow square in left panel. Concentric circles indicate 5, 10, 15, 20, and 25 mm

away from the location of the first responding SGN.

(D) Plot of activation probability of SGNs versus the distance from location of the first responding SGN in control (open) and + CPP (filled). n = 7 cochleae; two-

way repeated-measures ANOVA followed by Bonferroni test; p < 0.001. Data show mean ± SEM for all cochleae.

See also Movie S3.
survival of type II SGNs was unaffected (Figures 8H and 8I). As

there are no synaptic connections between SGNs, and SGNs

are the sole neurons (now lacking central projections) in these

explants, these results indicate that NMDARactivation promotes

survival of type I SGNs, independent of feedback from higher-or-

der brain regions.

DISCUSSION

IHCs exhibit robust spontaneous activity in the form of bursts of

Ca2+ action potentials before hearing onset, which induce corre-

lated, repetitive firing of SGNs residing in similar frequency do-

mains of the cochlea. How IHCs promote these intense periods

of activity in developing SGNs is not known. Here we show that

nascent synapses between IHCs and SGNs during the prehear-

ing period contain functional NMDARs that markedly prolong

synaptic currents, enhance postsynaptic depolarization, and in-

crease the probability of action potential generation. As a result,

NMDARs elevate the overall activity of SGNs, enhance their re-

petitive firing in response to each IHC Ca2+ spike, and expand

the number of SGNs that are activated during each spontaneous

event. Loss of NMDAR signaling impaired SGN survival,

reducing the number of SGNs that stably integrated within the

spiral ganglion. These studies reveal that spontaneous activity

in the prehearing cochlea promotes maturation of the neural

pathway responsible for encoding sound through periodic acti-

vation of NMDARs in SGNs.

Patterned Spontaneous Activity in the Developing
Auditory System
Unlike central synapses, where integration from multiple synap-

ses is required to bring a target neuron to the firing threshold,

each multivesicular (Grant et al., 2010) or large uniquantal (Cha-

pochnikov et al., 2014) release event at IHC-SGN synapses pro-
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vides sufficient depolarization to induce action potentials in

SGNs (Figures 5D and 5E). This strong depolarization would be

expected to dislodge Mg2+ from NMDAR channels, allowing

these receptors to prolong depolarization and enhance postsyn-

aptic Ca2+ influx during each event. Another unusual aspect of

this synapse is that it amplifies IHC activity by allowing each pre-

synaptic Ca2+ spike to induce multiple action potentials in the

postsynaptic SGN (Tritsch et al., 2010). Our results indicate

that NMDAR activation plays an important role in enabling this

repetitive firing by extending the period of depolarization.

Remarkably, the pattern of activity exhibited by SGNs at this

age, which consists of a discrete series of minibursts repeated

at an interval set by the frequency of IHC Ca2+ spikes, is pre-

served as it passes through central auditory nuclei. Although

the function of this stereotyped repetitive firing, which resembles

theta-burst activity, is not known, it may facilitate propagation of

activity through immature synapses that exhibit low or moderate

release probabilities (Goutman and Glowatzki, 2011; Müller

et al., 2010), enable activation of perisynaptic receptors (Carter

and Regehr, 2000), and extend the window of opportunity for

stabilizing synaptic inputs that exhibit similar patterns of activity.

NMDAR Expression in the Mammalian Cochlea
Transmission at IHC-SGN synapses is mediated by the release

of glutamate from ribbon terminals (Glowatzki and Fuchs,

2002; Seal et al., 2008). The composition of glutamate receptors

responsible for SGN activation has been investigated through

analysis of RNA (RT-PCR, in situ hybridization, and microarray/

RNaseq) and protein expression (immunocytochemistry and im-

munoelectron microscopy), which indicate that a variety of

AMPA (GluA2–4), kainate (GluK1) and NMDAR (GluN1 and 2A)

subunits are expressed by SGNs (Niedzielski and Wenthold,

1995; Safieddine and Eybalin, 1992), and NMDARs have been

reported to be transiently expressed by SGNs during the first



Figure 8. NMDAR Activation Promotes SGN

Survival

(A) Upper: Diagram of the recording configuration.

Lower: Inward currents triggered by somatic ap-

plications of NMDA (20 ms, 0.5 mM) in the pres-

ence of TTX (1 mM), recorded from GFP+ SGNs in

P4-5 AvilCre; GluN1fl/+; Z/EG (GluN1 Het) and Avil-
Cre; GluN1fl/fl; Z/EG (GluN1 KO) cochleae. Average

responses to NMDA (red) are superimposed on

individual responses (black). [CPP] = 20 mM.

(B) sEPSCs recorded from GluN1 Het and KO

SGNs in control and + CPP conditions. Upper:

Average sEPSCs (red) superimposed on three in-

dividual sEPSCs (black). Lower: Normalized

average sEPSCs in control (black) and + CPP (red)

conditions.

(C) Plots of the SD of baseline current fluctuations

(n = 10 (Het) and 14 (KO) cells), evoked response

by NMDA (n = 3 [Het] and 6 [KO] cells), sEPSCpeak

amplitude, and weighted tau of decay (n = 6 [Het]

and 12 [KO] cells) in control (white) and + CPP (red)

conditions. Paired-sample t test; n.s., not signifi-

cant, p R 0.05; *p < 0.05; **p < 0.01. Data show

average values from each cell (gray lines) and

mean + SEM for all cells (bars).

(D) Diagram showing the method used to count

GFP+ SGNs in AvilCre; Z/EG cochleae by serial-

sectioning at 20 mm per slice. The division of sub-

regions is shown to the left and slice number is

shown to the right.

(E) Single immunostained section from a P33

GluN1 Het cochlea (Base, Slice number: 45).

Arrowheads indicate somata of GFP+ SGNs.

(F) Graphof the number ofGFP+SGNs inGluN1Het

(open bars, n = 9 mice) and GluN1 KO (filled bars,

n = 11 mice) cochleae. Two sample t test without

assuming equal variance; *p < 0.05; ***p < 0.001.

Data are shown as mean + SEM for all cochleae.

(G) Fluorescence image of AvilCre; tdT cochlea

cultures (P3–P4 DIV 1) incubated in control media

(upper) or media containing NMDAR blockers

(lower, 50 mM MK-801 + 20 mM CPP).

(H) Schematic showing the distribution of type I (black) and type II (gray) SGN dendrites labeled by tdTomato in (G) on DIV 1, 3, 5, and 7 in control and NMDAR

block conditions.

(I) Survival curves of type I (black) and type II (gray) SGNs in control (open symbols, n = 6 cochleae) and NMDAR block (filled symbols, n = 5 cochleae) conditions.

Two-way ANOVA with repeated-measures in one factor followed by Bonferroni test; no asterisk, not significant, pR 0.05; *p < 0.05; **p < 0.01; ***p < 0.001. Data

show mean ± SEM for all cochleae.

See also Figure S8.
2 weeks in rats (Knipper et al., 1997). However, direct functional

evidence for participation of NMDARs in synaptic transmission

at this first synapse in the auditory pathway has been elusive.

Our results indicate that functional NMDARs are expressed by

SGNs in cochlea before hearing onset and that these receptors

are reliably activated by synaptic glutamate release from IHCs.

Although all SGNs exhibited somatic responses to NMDA, not

all terminals exhibited NMDAR-mediated Ca2+ transients (see

Figure 4D), and the NMDAR-mediated component varied among

individual SGNs, as shown by the variability in the decay kinetics

of sEPSCs (see Figure S4D). Furthermore, the firing of some

SGNs was blocked by AMPA receptor antagonists alone (7/25

SGNs), suggesting that the NMDAR current is not always of

sufficient magnitude to induce postsynaptic excitation. This vari-

ability in contribution of NMDARs to SGN excitation may arise
from selecting cells in different states of dendritic maturation.

Indeed, previous studies indicated that NMDARs are expressed

transiently in the developing inner ear (Knipper et al., 1997). It

may also reflect the physiological diversity of SGNs, which

vary dramatically in their rates of spontaneous activity in vivo

(Taberner and Liberman, 2005).

Roles of NMDARs in the Developing Cochlea
NMDARs have been shown to play a prominent role in neural

development by regulating cell survival, dendritic and axonal

arborization, and synapse formation (Collingridge et al., 2004;

Contestabile, 2000; Ewald and Cline, 2009). Hippocampal CA1

pyramidal neurons depleted of GluN1 receive greater glutama-

tergic synaptic input (Adesnik et al., 2008), an effect attributed

to the occupation of additional receptor sites in the postsynaptic
Neuron 89, 337–350, January 20, 2016 ª2016 Elsevier Inc. 347



membrane by AMPA receptors when NMDARs are removed

(Gray et al., 2011). In accordance with studies in the brain, gluta-

matergic synapses were still formed between IHCs and SGNs

without NMDARs, but there was a trend toward larger amplitude

sEPSCs in GluN1 KO SGNs (see Figure 8C), suggesting that

there may be more territory available to AMPARs at these ribbon

synapses.

The formation of circuits during early development is accom-

panied by widespread loss of neurons that fail to establish

appropriate connections (Kuan et al., 2000; Nijhawan et al.,

2000). Survival of neurons during this period is promoted by ac-

tivity (Mennerick and Zorumski, 2000), and systemic administra-

tion of theNMDAR antagonistMK-801 during the first 2 postnatal

weeks in rats triggers widespread neuronal apoptosis (Ikonomi-

dou et al., 1999), suggesting that NMDAR activation promotes

neuronal survival during a critical period. However, these studies

could not exclude the possibility that the effects may arise from

emergent, abnormal patterns of activity induced by NMDAR inhi-

bition at early ages (Homayoun andMoghaddam, 2007; Jackson

et al., 2004). Thus, a cell-autonomous role for NMDAR signaling

in neuronal survival has not been examined in vivo. Previous

studies suggest that synaptic activity promotes SGN integration,

as the size of the spiral ganglion is reduced in mice that lack

vGluT3 (Seal et al., 2008). Our results show that disrupting

NMDAR expression in a small subset of SGNs in vivo led to a

34% decrease in their survival (see Figure 8F), comparable to

the extent of SGN loss observed in vGluT3 null mice, indicating

that NMDAR activation promotes SGN integration.

Previous studies suggest that NMDARsmay also contribute to

signaling in the mature cochlea: GluN1 subunit immunostaining

is robust around the base of IHCs in adult rats (Ruel et al.,

2008); infusion of the NMDAR antagonist 2-amino-5-phospho-

novalerate (APV) through the perilymphatic scalae reduced com-

pound action potentials recorded from the auditory nerve (Puel

et al., 1991); and systemic infusion of MK-801 reduced swelling

of SGN dendrites following exposure to intense sound (Duan

et al., 2000). Although the slow activation and deactivation ki-

netics of NMDARs would be expected to limit the fidelity of

sound encoding at high frequencies, prolonged depolarization

could be counteracted by expression of leak channels to main-

tain a low membrane resistance and HCN channels to shorten

EPSPs in SGN dendritic terminals (Chen and Davis, 2006). A

transition from GluN2B- to GluN2A-containing NMDARs similar

to the developmental change observed at central synapses

(Cull-Candy et al., 2001) would also be expected to shorten

EPSP time course and restrict plasticity. Direct assessment of

the role of NMDARs in sound encoding and cochlear trauma in

the mature cochlea will require development of a SGN-specific

CreER mouse line that enables selective deletion of GluN1

from adult SGNs.
EXPERIMENTAL PROCEDURES

Animals

All experiments were performed in accordance with protocols approved by the

Animal Care and Use Committee at Johns Hopkins University. P0 to P7

Sprague Dawley rat (Charles River Laboratories) and mouse pups were used

for recording and imaging.
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Electrophysiology

Recordings were performed at room temperature as described previously

(Tritsch et al., 2007). Currents and potentials were recorded using a Multi-

Clamp 700A amplifier (Molecular Devices) with pClamp9 software, and data

were analyzed using Clampfit (Molecular Devices), Origin (OriginLab),

MiniAnalysis (Synaptosoft), and custom routines written in Matlab.

Imaging

GCaMP3 fluorescencewas imagedwith a laser scanning confocal microscope

(LSM 710; Zeiss) using a 203 water-immersion objective. In vitro cell survival

experiments were performed using an inverted light microscope (Axio

Observer; Zeiss) with a 103 objective. Data were analyzed using ImageJ (NIH).

Statistics

Data are expressed as mean ± SEM, and statistical tests were performed as

indicated in Table S1, with significance determined by p value < 0.05.

SUPPLEMENTAL INFORMATION

Supplemental Information includes eight figures, one table, three movies, and

Supplemental Experimental Procedures and can be found with this article on-

line at http://dx.doi.org/10.1016/j.neuron.2015.12.016.
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