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NMDAR-mediated EPSCs are maintained and accelerate in
time course during maturation of mouse and rat auditory
brainstem in vitro
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NMDA receptors (NMDARs) mediate a slow EPSC at excitatory glutamatergic synapses
throughout the brain. In many areas the magnitude of the NMDAR-mediated EPSC declines with
development and is associated with changes in subunit composition, but the mature channel
composition is often unknown. We have employed the calyx of Held terminal with its target,
the principal neuron of the medial nucleus of the trapezoid body (MNTB), to examine the
NMDAR-mediated EPSC during synapse maturation from P10 to P40. Our data show that the
calyx has reached a mature state by around P18. The NMDAR-mediated EPSC amplitude (and
dominant decay τ) fell from around 5 nA (τ: 40–50 ms) at P10/11 to 0.3–0.5 nA (τ: 10–15 ms)
by P18. The mature NMDAR-EPSC showed no sensitivity to ifenprodil, indicating lack of
NR2B subunits, and no block by submicromolar concentrations of zinc, consistent with NR1-1b
subunit expression. Additionally, from P11 to P18 there was a reduction in voltage-dependent
block and the apparent dissociation constant for [Mg2+]o (K o) changed from 7.5 to 14 mm.
Quantitative PCR showed that the relative expression of NR2A and NR2C increased, while
immunohistochemistry confirmed the presence of NR2A, NR2B and NR2C protein. Although
the mature NMDAR-EPSC is small, it is well coupled to NO signalling, as indicated by DAR-4M
imaging. We conclude that native mature NMDAR channels at the calyx of Held have a fast
time course and reduced block by [Mg2+]o, consistent with dominance of NR2C subunits and
functional exclusion of NR2B subunits. The pharmacology suggests a single channel type and
we postulate that the mature NMDARs consist of heterotrimers of NR1-1b–NR2A–NR2C.
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Abbreviations: AMPA(R), α-amino-3-hydroxyl-5-methyl-4-isoxazole-propionate (receptor); AP, action potential;
D-AP5, D-2-amino-5-phosphonovalerate; GluRDo, glutamate receptor subunit 4 (or D) flop spliced variant; HP, holding
potential; Kv3, voltage-gated K+ channel, third family; MNTB, medial nucleus of the trapezoid body; NMDA(R),
N-methyl-D-aspartate (receptor); NR1 and NR2, NMDA receptor subunits; qPCR, quantitative real time PCR; RT,
room temperature; tPA, tissue plasminogen activator.

Introduction

NMDA receptor (NMDAR) activation by glutamate
produces long bursts of channel openings (Gibb
& Colquhoun, 1992) which at excitatory synapses
generate slow time course voltage-dependent EPSPs
with an additional intracellular signal through their
permeability to Ca2+ ions (together with Na+ and K+).
The voltage dependence of the EPSP is accomplished
with channel block by [Mg2+]o, being relieved on
depolarisation from resting membrane potentials, thereby
providing a conditional regulator of NMDAR activity

(Mayer et al. 1984; Nowak et al. 1984; Mayer &
Westbrook, 1987). NMDARs act in concert with fast time
course AMPAR-mediated EPSCs to mediate transmission
at excitatory synapses, forming a stereotypical dual
component response to the transmitter glutamate (Dale
& Roberts, 1985; Forsythe & Westbrook, 1988). Relief
of the voltage-dependent block of the NMDAR channel
by [Mg2+]o on depolarization is the basis of coincidence
detection, which together with the Ca2+ permeability,
allows synaptic NMDARs to trigger activity-dependent
changes underlying developmental plasticity, learning
and memory in many areas of the brain (Aamodt &
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Constantine-Paton, 1999; Bliss et al. 2003; Cull-Candy &
Leszkiewicz, 2004; Kerchner & Nicoll, 2008).

NMDARs mediate a slow EPSC in both auditory
brainstem relay synapses of the endbulb and calyx of Held
(Forsythe & Barnes-Davies, 1993; Zhang & Trussell, 1994;
Barnes-Davies & Forsythe, 1995; Isaacson & Walmsley,
1996). These relay synapses mediate transmission across
the brainstem for binaural comparison of auditory inputs
in mechanisms of sound source localization (Oertel,
1999). In young animals (less than postnatal day (P) 11)
the NMDAR currents are several nanoamps in amplitude
(in the absence of Mg2+ block) and clear evidence from
several groups shows that their magnitude declines on
maturation as the auditory pathway becomes functional
on opening of the auditory canal (Taschenberger &
von Gersdorff, 2000; Futai et al. 2001; Joshi & Wang,
2002), which occurs from around P11 in mice and rats.
Accumulation of NMDAR currents at resting membrane
potentials during high frequency synaptic trains has
been shown in young animals. Extrapolation of such
data from young animals and responses measured at
room temperature have suggested that the NMDAR-EPSC
virtually disappears on maturation, and it is sometimes
suggested that NMDARs are redundant at mature
brainstem synapses. Due to the technical difficulties of
recording in mature brainstem, there are only a few
reports of NMDAR-mediated EPSCs from medial nucleus
of the trapezoid body (MNTB) neurons in rodents older
than 14 days and fewer studies still have measured these
currents at physiological temperatures. Our aim here is
to fill this knowledge gap by studying NMDR-EPSCs
in older animals at physiological temperatures and to
use pharmacological tools and immunohistochemistry
to identify the putative subunit composition of native
NMDARs at the mature calyx of Held synapse.

The calyx of Held is the largest excitatory synapse in
the CNS (Held, 1893; Forsythe, 1994; von Gersdorff &
Borst, 2002; Schneggenburger & Forsythe, 2006) and is
an ideal site to study the properties and composition
of synaptic NMDARs. The giant synapse and its target
neuron are highly stereotyped, the synapse is located
on the cell body, and voltage-clamp can be conducted
with good space-clamp. Its large, fast-time-course,
AMPAR-mediated EPSC guarantees the firing of a short
latency postsynaptic action potential (AP) in the target
neuron (the principal neuron of the MNTB) while
several voltage-gated potassium channels, particularly Kv1
(Brew & Forsythe, 1995; Klug & Trussell, 2006) and
ether-à-go-go-related gene (ERG) K+ channels (Hardman
& Forsythe, 2009) suppress multiple AP firing during
the decay of each EPSP. Nevertheless, it is clear that
the large NMDAR-mediated synaptic conductance can
contribute to excitability in young animals (Futai et al.
2001), but at the mature calyx where the NMDAR-EPSC
is small, the dominant action is the activation of nitric

oxide synthase (Steinert et al. 2008) rather than electrical
signalling.

We have conducted whole-cell patch recordings from
synaptically connected MNTB neurones, and employed
pharmacology, quantitative real-time PCR (qPCR),
immunohistochemistry and nitric oxide imaging to
examine NMDAR-mediated responses across an age range
from around hearing onset at P11 to weaning at P21 in rats
and mice and continuing to as old as P40 in mice (around
the age of female sexual maturity). Our results show that
NMDAR-mediated EPSCs are faster and larger at
physiological temperatures compared to room
temperature at any age tested. Although the NMDAR-
EPSC amplitude declines over this developmental period,
it stabilises at around P18 and is maintained. The
properties of the NMDAR-EPSC are consistent with
previous reports of a developmental shift from NR2B
to NR2A subunits during development. Here we report
that there is a further change with synaptic NMDAR
showing reduced sensitivity to [Mg2+]o block from P11
to P18, consistent with incorporation of NR2C subunits
at mature brainstem synapses. We conclude that synaptic
NMDARs are maintained and are functional in the
auditory brainstem of mature animals.

Methods

Preparation of brain slices

Brainstem slices containing the superior olivary complex
(SOC) were prepared from Lister Hooded rats or CBA/Ca
mice. All procedures were carried out in compliance with
the policies and regulations set out by Drummond (2009)
and with the guidelines laid down by the University
of Leicester animal welfare committee. Animals were
killed by decapitation in accordance with the Animals
(Scientific Procedures) Act 1986, and brain slices prepared
as described previously (Wong et al. 2003) using animals
between 10 and 40 days old. In brief, transverse slices of
the SOC containing the MNTB were cut with varying
thickness according to age (in rat, to aid visualisation in
the older rats which have more myelination; 220 μm at
10/11 days, 200 μm at 14 days, 180 μm at 18 days and
160 μm at 21 days); slices from mice were all 200 μm
thick. This procedure took place in low sodium artificial
cerebrospinal fluid (aCSF) at ∼0◦C, and slices were then
stored at 37◦C for 1 h in normal aCSF, after which they
were stored at room temperature (∼20◦C) until use.
Composition of the normal aCSF was (mM): NaCl 125,
KCl 2.5, NaHCO3 26, glucose 10, NaH2PO4 1.25, sodium
pyruvate 2, myo-inositol 3, CaCl2 2, MgCl2 1 and ascorbic
acid 0.5; pH was 7.4 when continuously bubbled with 95%
O2–5% CO2. In the low-sodium aCSF, NaCl was replaced
by 250 mM sucrose and CaCl2 and MgCl2 concentrations
were 0.1 and 4 mM, respectively.
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Imaging and electrophysiology

In order to identify neurones with intact synaptic
connections, an imaging technique was used as
previously described (Billups et al. 2002). Briefly, cells were
loaded with 7 μM Fura 2 acetoxymethyl ester (Fura 2-AM;
Molecular Probes, Eugene, OR, USA) for ∼4–7 min and
then viewed with a Photometrics Cool SNAP-fx camera
after a single 100 ms exposure to light at 380 nm wave-
length (provided by a xenon arc lamp controlled by
a Cairn Optoscan monochromater; Cairn Instruments,
Faversham, UK). Fluorescence images were displayed
using the Metafluor imaging suite software (v. 7, Molecular
Devices, Sunnyvale CA, USA). A region of interest was
drawn around labelled neurons and a train of stimulus
pulses (200 Hz) delivered through an external bipolar
platinum electrode placed across the slice at the midline
from a DS2A isolated stimulator (pulses of ∼2–8 V, 0.2 ms;
Digitimer, Welwyn Garden City, UK). Connected neurons
were identified by a reduction in the 380 nm signal brought
about by the postsynaptic rise in calcium concentration
resulting from the trains. Cells were then located visually
under the microscope and patch clamped.

Whole cell recordings were made from the identified
synaptically connected neurons, visualized with 40× or
60× objectives on a Zeiss Axioskop microscope fitted
with differential interference phase contrast optics. Patch
recordings were made using a multiclamp 700B amplifier
and pCLAMP 9.2 software (Molecular Devices), sampling
at 50 kHz and filtering at 10 kHz. Patch pipettes were
pulled from filamented borosilicate glass (GC150F-7.5,
outer diameter 1.5 mm; inner diameter 0.86 mm; Harvard
Apparatus, Edenbridge, UK) with a two-stage vertical
puller (PC-10 Narishige, Tokyo, Japan). Pipettes were
used with final tip resistance ∼3.5 M� when filled with a
solution containing (mM): 130 CsCl, 5 EGTA, 10 Hepes,
1 MgCl2 and 5 QX314; pH was adjusted to 7.3 with
CsOH, osmolarity to 310 mosmol l−1 with sucrose. EPSCs
in whole cell configuration were elicited by stimulation
through the bipolar electrode placed at the midline using
the above parameters.

Unless otherwise specified, all recordings were taken at
the physiological temperature of 37 ± 1◦C, with the bath
temperature being feedback controlled by a Peltier device
warming aCSF passing through a fast-flow perfusion
system, built by the University of Leicester Mechanical
and Electronics workshop. A ceramic water-immersion
objective coated with Sylgard (Dow-Corning, Midland,
MI, USA) was used to minimize local heat loss. EPSCs
were elicited at 0.2 Hz to minimize desensitization and
short term depression, and in the lower temperature
studies, recordings were made in the same cells at the
higher temperature to allow the cells to act as their
own controls. Current–voltage (I–V ) relationships were
recorded by varying the holding potentials in increments

of 10 mV. A junction potential of 5 mV was subtracted
from I–V relationships. Drugs were obtained from Sigma
UK, unless specified otherwise. Drugs were applied by
bath perfusion in the aCSF: D-AP5, Zn2+, ifenprodil,
N,N,N ′,N ′-tetrakis(2-pyridylmethyl)ethylenediamine
(TPEN).

Series resistances (Rs) for patch recordings for each age
group were similar (M�: P9: 6.6 ± 0.5; P11: 5.9 ± 0.4; P14:
5.3 ± 0.3; P18: 5.7 ± 0.8; P21: 5.8 ± 0.7; P35: 7.7 ± 0.5)
and compensated by 70%. A voltage error associated
with the clamping current passing across the series
resistance is unavoidable; this is significant for the large
AMPAR-EPSC (mean Rs: 6.1 M�; mean voltage error:
19 mV at peak current). Nevertheless this error has little
impact on the smaller magnitude and slower time course
NMDAR currents. Additionally the AMPAR currents are
of similar magnitude across the age range, so any error
will be consistent across the different ages and hence
have minimal impact on interpretation. No numerical
correction has been applied, but the mean series resistances
are quoted above for each data set.

Comparison of the charge mediated by AMPAR and
NMDAR (and their ratio) at different ages was made for
an ‘ideal’ situation in the absence of voltage-dependent
Mg2+ block by calculation of the integrals at −65 mV and
+45 mV, respectively.

Modelling of the NMDAR current voltage-dependent
block

The voltage dependence of whole cell NMDAR-EPSC peak
amplitudes were fitted using eqn (1) (Woodhull, 1973;
Mayer & Westbrook, 1987; Ascher & Nowak, 1988):

I = G (V − Vr)(1 + [Mg2+]o/K o exp(V/Vo)) − 1

(1)

where G is conductance, V r is reversal potential, K o

is apparent Mg2+ dissociation constant at 0 mV, V o is
steepness of the voltage dependence, V is command
voltage, and [Mg2+]o is external Mg2+ concentration. The
curve fits shown in Fig. 7B (across a range of external Mg2+

concentrations) were estimated with identical parameters
between age groups except for K o. The parameters are
stated in Fig. 7B legend.

DAR-4M and Fura-2 imaging

Nitric oxide. For loading of DAR-4M, slices were
incubated for 30 min in 5 ml of 10 μM DAR-4M
AM at room temperature. After loading, slices
were postincubated in aCSF for 30 min to allow
de-esterification of the AM dye and then transferred to the
recording chamber. For measurements of NO production,
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DAR-4M was excited at 560 nm and images acquired
every 5 s (exposure time: 20 ms). The fluorescence above
575 nm was detected using an IF excitation filter, a DM550
dichroic mirror, and a BA575 emission filter (Nikon,
Tokyo, Japan).

Calcium. Slices were loaded with 5 μM Fura 2 AM
(Molecular Probes; dissolved in dimethyl sulphoxide
(DMSO) containing 5% pluronic acid) for 5–8 min in
aCSF. Before recording, slices were kept in aCSF for
30 min to allow de-esterification of the AM dye. Fura 2
fluorescence was detected as described previously (Billups
et al. 2002) and viewed using a PentaMax intensified
CCD camera (Princeton Instruments, Inc., Trenton,
NJ, USA). The fluorescence image (emission >505 nm)
was displayed using Metafluor imaging software (v. 7,
Molecular Devices), and the light source was a Poly-
chrome II Monochromator (TILL Photonics, Martinsried,
Germany).

RNA extraction and quantitative real-time
PCR analysis

The MNTB was dissected from brain slices (as above)
obtained from Lister Hooded rats aged 11, 21 and 34 days
and used to extract RNA. Total RNA was isolated from
tissue using TRI Reagent (Applied Biosystems, Foster City,
CA, USA). cDNA synthesis was performed using random
primers and Superscript III (Invitrogen). PCR primers
were designed using the Primer Express v. 2.0 Software
program (Applied Biosystems). Primers sequences were
as follows:

β-Actin forward primer, 5′-GATTACTGCTCTGG-
CTCCTAGCA-3′, reverse primer, 5′-GTGGACAGTG-
AGGCCAGGAT-3′; NR2A forward primer,
5′-GTGGTGATCGTGCTGAATAAGG-3′, reverse primer,
5′-ATGCCGCAGGCTCAGAGT-3′; NR2B forward
primer, 5′-AGCCAGGAGGCCCATCTT-3′, reverse
primer, 5′-GCACAGGTACGGAGTTGTTAAACA-3′

NR2C forward primer, 5′-GCTGCGGAAGGC-
TTTTTGT-3′, reverse primer, 5′-CTGTCCTTATCGT-
GCCTTTGTTC-3′; NR2D forward primer,
5′-GGCTCAGCGACCGGAAGT-3′, reverse primer,
5′-TTTCCGTGGACCCATTGG-3′.

Primers were designed to cross exon–exon regions and
the gene of interest normalised against a housekeeping
gene. qPCR was performed using SYBR Green PCR
Master Mix in the ABI PRISM 7700 Sequence Detection
System (Applied Biosystems). The thermal-cycler protocol
was: stage 1, 50◦C for 2 min; stage 2, 95◦C for 10 min;
and stage 3, 40 cycles at 95◦C for 15 s and 60◦C for
1 min. Each sample was run in triplicate. Quantification

was performed using the comparative CT method
(��CT) (Livak & Schmittgen, 2001). Data are presented
as means ± S.D. (n = 3–8 for each group). Statistical
significance was assessed as P < 0.05 using one-way
analysis of variance.

Immunohistochemistry

Lister Hooded rats aged 11, 21 and 34 days old were
used. After killing, the brainstem was extracted in ice-cold
phosphate-buffered saline (PBS), then transferred to
OCT medium and frozen using dry ice and hexane.
Transverse cryostat sections (12 μm) were taken from
the unfixed tissue and mounted onto poly-lysine coated
slides. Sections were fixed in methanol for 5 min at −20◦C,
then washed 3 × 5 min in PBS with 0.1% Triton X-100.
Blocking was performed with 1% BSA and 1% goat
serum in PBS with 0.1% Triton X-100 for 1 h at room
temperature. Primary antibodies, diluted in blocking
buffer, were applied to sections and incubated over-
night at 4◦C. Mouse anti-Kv3.1b (diluted 1 : 1000, Neuro-
Mab, Davis, CA, USA, cat. no. 73-041, Steinert et al.
2008); rabbit anti-NR2A was diluted 1 : 1000 (immuno-
gen sequence a/a 1381–1394; antibody kindly provided
by Dr P. Chazot, University of Durham, UK, Cik et al.
1993); mouse anti-NR2B was diluted 1 : 500 (immuno-
gen sequence a/a 892–1051; BD Biosciences-Pharmingen,
San Diego, CA, USA, Valle-Pinero et al. 2007); rabbit
anti-NR2C (cat. no. PPS033, R&D Systems, Minneapolis,
MN, USA) was diluted 1 : 1000; mouse anti-PSD-95 was
diluted 1 : 2000 (immunogen sequence a/a 77–299, cat. no.
73-028, NeuroMab, Davis, CA, USA). Sections were then
washed 3×10 min in PBS with 0.1% Triton X-100 followed
by incubation with secondary antibodies, either Alexa
Fluor 488 or Alexa Fluor 546 (goat anti-rabbit 1 : 1000,
goat anti-mouse 1 : 500; Molecular Probes) diluted in
blocking buffer, for 2 h at room temperature. Negative
controls were performed by incubating sections with
secondary antibodies while omitting the primary antibody
step.

After a final washing step (4 × 10 min), slides were
mounted with Vectorshield HardSet Mounting Medium
with DAPI (Vector Laboratories, Burlingame, CA, USA).
Images were obtained using a Leica fluorescence micro-
scope (DM2500) fitted with a CCD camera (DFC350fx).

For co-staining with mouse anti-NR2B and
anti-PSD-95, after incubation with the pooled primary
antibodies and subsequent washing, sections were first
incubated for 1 h with the secondary antibody specific
for isotype IgG2b, goat anti-mouse Alexa Fluor 488
(Molecular Probes) before addition of the non-IgG
specific secondary antibody, goat anti-mouse Alexa Fluor
546 (Molecular Probes).
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Statistics

Data are presented as means ± S.E.M. and significance
verified using Student’s two-tailed paired or unpaired t test
or ANOVA as indicated, with P < 0.05 being considered
significant.

Results

The aim of these experiments was to examine the
development of synaptic NMDA receptors during
maturation of the auditory system after the onset of
hearing. We have used Lister Hooded rats and CBA/Ca
mice to gain greater breadth of experimentation than was
possible by using either species alone (see Methods).

NMDAR-EPSCs are larger and faster at physiological
temperatures

The evoked EPSC generated by the calyx of Held
had a typical dual component response, with a fast
AMPAR-mediated component and a slower-time-course
voltage-dependent NMDAR-mediated current, as shown
in Fig. 1A. To aid comparison with published data
we first tested the temperature sensitivity of the
NMDAR-mediated EPSC by comparing calyceal synaptic
responses at 25 and 37◦C in the same neurons (Fig. 1A;
rat P10/11). This clearly shows that the slow EPSC
increased in amplitude and had accelerated kinetics when
the temperature was raised to 37◦C. We confirmed that
the slow EPSC is mediated by NMDAR by perfusion
of the NMDAR antagonist D-AP5 (50 μM) as shown in
Fig. 1B. The temperature effect was similar across the
whole voltage range as shown by the mean current–voltage
(I–V ) relationship in Fig. 1C. We have previously shown
that raising temperature increases the amplitude of the
fast EPSC by actions on postsynaptic AMPA receptors
(Postlethwaite et al. 2007) while there is little net effect
of temperature on transmitter release (Kushmerick et al.
2006). It is clear from Fig. 1A that NMDAR current
amplitudes were increased at physiological temperatures,
by 150% (n = 3; HP = +45 mV). This substantial increase
in peak current at physiological temperatures suggests that
previously NMDAR current magnitudes have been greatly
underestimated from in vitro experiments conducted
at room temperature. All subsequent experiments were
conducted at 37–38◦C.

The NMDAR-EPSC declines in amplitude and
accelerates in time course with development

In order to determine the development time course
at physiological temperatures we conducted whole cell
patch recordings from rat and mouse MNTB neurons.

NMDAR-mediated synaptic currents were present in P10
to P21 rats (Figs 2 and 3) and in P11 to P35 mice
(Fig. 3). A decline in NMDAR synaptic current with
age is well documented; here we extended the analysis
to animals at even more mature ages and found that
NMDAR-EPSCs were maintained, but there was a clear
acceleration in the EPSC kinetics. I–V relationships with
1 mM [Mg2+]o, appeared similar at P11 and P21 and
showed the characteristic negative slope conductance
associated with voltage-dependent block by Mg2+ (but
see Fig. 7B). The reversal potential was consistent with
permeability to non-specific cations, and taking junction
potentials into account gave a reversal potential of around
+5 mV. The developmental trends of the NMDAR-EPSC

Figure 1. NMDAR-EPSCs double in amplitude on raising
experimental temperature from RT to physiological
A, the evoked EPSC at holding potentials of −65 mV or +45 mV for
37◦C (black traces) and 25◦C (grey traces) recorded from the same
MNTB neuron. Zero current is indicated by the dashed line. The grey
arrow indicates the peak fast EPSC at 25◦C. B, superimposed traces
from the same cell at a holding potential of −25 mV, before and
during perfusion with the specific NMDAR antagonist D-AP5 (50 μM,
grey trace). C, average current–voltage relationship measured at the
peak of the slow EPSC shows the classic voltage dependence block at
negative potentials. The potentiation with raised temperature is similar
across all voltages, suggesting that the increase is not due to a change
in magnesium sensitivity of the NMDAR. Data are means ± S.E.M. from
3 neurons per data point, each measured at both temperatures, from
rat calyx of Held/MNTB.
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were assessed for both rat and mouse and are presented in
Fig. 3.

To aid comparison, the same parameters from rat and
mouse MNTB are shown in adjacent plots for each of
the six parameters. There are also technical reasons for
presenting data from both species: first, obtaining patch
recordings from rat MNTB neurons with intact calyceal
synapses proved difficult in our hands for rats older than
21 days; second, some of our antibodies for NMDAR
subunits were raised in mice and so all the histology was
performed on rat tissue. The changes and trends observed
between rats and mice over the age range of 14–21 days
were very similar, consistent with our conclusions being
applicable to both species. The following parameters have
been plotted against age from P10–P21 rats and P9–P35
mice: NMDAR-EPSC amplitude, decay time constant and
time to peak; AMPAR-EPSC amplitude and decay time
constant; and NMDAR/AMPAR charge ratio.

One difference between rat and mouse EPSCs was that
the peak amplitude of NMDAR currents was significantly
larger in rats at all ages tested (at P11, P < 0.003; P14,
P < 0.003; P18, P < 0.0001; P21, P < 0.0001; Fig. 3A and
G). This is not a scaling or general ‘size’ issue, since
AMPAR-EPSCs were of similar magnitude (Fig. 3D and
J) in the two species. The AMPAR-EPSC increased in
magnitude between P14 and P18; although this was more
variable in the rat data, other studies have established
an increase in synaptic AMPAR current and density with
maturation at the calyx of Held (Joshi et al. 2004; Hermida
et al. 2006). The time course of the various developmental

profiles was broadly similar between the two species,
with the major changes occurring between days P10/11
and P18. The NMDAR-EPSC amplitude declined and the
kinetics accelerated, so that mature NMDAR currents
were relatively fast, decaying with a time constant of
around 15 ms at 37◦C (versus 40–50 ms at P10). Although
the AMPAR-EPSC provided a much larger peak current,
the slow time course of the NMDAR-EPSC generated
considerable charge, so that the net charge (in the absence
of Mg2+ block, see Methods) was always dominated by
the NMDAR component even at P35. The charge ratios
(NMDA/AMPA) are given in Fig. 3F and L. The ratio was
2.7 ± 0.8 at P35 for mouse and 7.1 ± 1.5 for P21 rat.
These data suggest that NMDAR charge was ∼3 times
that of AMPAR in mouse and ∼7 times that of AMPAR
in rat at P35/P21. The difference between mouse and
rat was due to the larger NMDAR amplitudes in rat
(as stated in Fig. 3A) and similar AMPAR amplitudes.
This will have a major impact on signalling at this
synapse (see below). For the mouse we were able to
extend the recordings out to 35 days postnatal and this
further 2 weeks of development showed no significant
difference from the P18 animals. This provides two
important conclusions. First, NMDAR-mediated EPSCs
decline but are maintained on maturation beyond hearing
onset. Second, the vast majority of development at this
level of the auditory system has occurred by 18 days
postnatal. Thus we can conclude that the mature calyx
of Held synapse is mediated by both NMDARs and
AMPARs; currents through AMPARs are around 10 nA

Figure 2. The NMDAR-EPSC shows declining
amplitude and accelerating decay during
maturation
Example EPSCs for +45 mV and −65 mV holding
potentials are shown superimposed (left) for examples
recorded from rat MNTB neurons at P14, P18 and P21.
The mean I–V relationships (non-isochronal) for the
NMDAR-EPSC are shown (right) for the same ages.
Insets show example traces at positive holding
potentials demonstrating block of the outward slow
EPSC current by the NMDAR antagonist AP-5. Data are
means ± S.E.M. from 3 neurons per data point from rat
calyx of Held/MNTB recordings.
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in amplitude, but decay with a time constant of around
0.3 ms, while currents through NMDARs are in the
region of 300–500 pA and have a time constant of
15 ms (NMDAR: P21 mouse: 353 ± 51 pA/15 ± 2 ms; and
P35 mouse: 290 ± 105 pA/16 ± 4 ms). Hence although
NMDAR-EPSCs are much smaller in amplitude, they
would contribute a greater overall charge, were it not for
voltage-dependent Mg2+ block at resting potentials (see
Discussion).

The contrast between the NMDAR-EPSCs generated
in P12 versus P35 mice are shown in superimposed data
from the two ages at holding potentials of +45 and
−65 mV (Fig. 4A). Confirmation of the slow component
being mediated by NMDAR is provided by block with
D-AP5 (50 μM; Fig. 4B). Although there is a considerable
decline in the size of the NMDAR-mediated response from
P9 to P35, the high frequencies of auditory stimulation
mean that summation of NMDAR-EPSCs is relevant
at all ages (Fig. 4C; the grey shading indicates the
cumulative NMDAR currents during repetitive synaptic
stimulation).

Decreased amplitude and accelerating time course
suggest increased NR2A over NR2B subunits

The acceleration of the NMDAR-EPSC kinetics with
development suggests that there are important changes
occurring in the modulation and/or subunit composition
of sub-synaptic NMDA receptors during maturation. We
used real time PCR and immunohistochemistry to test for
changes in mRNA and protein expression.

The immunohistochemistry was conducted in the rat
using tissue from animals of the indicated ages. It has
previously been demonstrated that antibodies to the
potassium channel Kv3.1 provide a clear definition of the
MNTB nucleus and its principal neurons (Li et al. 2001;
Song et al. 2005). Co-localisation of Kv3.1b antibodies with
NR2A showed that they were present in MNTB principal
neurons (Fig. 5). Double labelling with antibodies to
NR2A, NR2B or NR2C (green) with PSD-95 (red) showed
clear localisation to cell body cytoplasm and membrane
in the principal neurons. Non-principal neurons and glial
cells had little or no somatic PSD-95 or Kv3.1b labelling.
NR2A, NR2B and NR2C were located on MNTB principal
neuron plasma membranes, but comparison between the
subunits was not possible (because the antibodies were
raised in the same host species). Similar observations were
made in three animals. Staining was observed in P11, P21
and P34 animals; although there was qualitatively more
intense staining in younger animals (see Supplemental
Fig. 1), some staining was observed for each of the sub-
units at all ages. Although cytoplasmic staining was pre-
valent, more intense staining was observed in the plasma
membrane, as shown by the line plots (Fig. 5C).

qPCR was conducted in rat MNTB tissue dissected
from animals aged P10, P21 and P35. The observations
are consistent with the electrophysiology and immuno-
histochemistry, showing a large relative increase in mRNA
for NR2A and little change in NR2D message with age
(Fig. 6). NR2B message peaked between P10 and P21,
while NR2C increased later, between P21 and P35. It is
not possible to compare relative expression levels between
subunits, but these changes in message are consistent with
a shift to NR2A- and NR2C-containing subunits with
maturation.

These observations show that NMDARs contribute
to synaptic transmission at the mature calyx of Held.
Our results give four new insights into NMDAR
function at this level of the auditory pathway. (1)
Synaptic NMDAR currents are larger at physiological
temperatures compared to room temperature (RT). (2)
The NMDAR-EPSC declines in amplitude following
hearing onset by around 85% (P11 vs. P21) in mouse
and 53% in rat (P11 vs. P21), but is not eradicated.
(3) Accompanying the declining amplitude, the kinetics
of the NMDAR-EPSC decay accelerate (time to peak
is shorter and decay τ is faster). (4) The dominance
of the AMPAR-EPSC in triggering postsynaptic action
potentials is clear, but the charge transfer (rather than
peak amplitude) shows a 3- or 7-fold larger charge (mouse
vs. rat) passing through synaptic NMDARs; nevertheless
this makes little or no contribution to excitability (Futai
et al. 2001), suggesting that NMDARs at mature synapses
couple to non-electrical forms of signalling such as
nitrergic signalling (Steinert et al. 2008).

Synaptic channels include NR2A and NR2C subunits

Closer examination of the pharmacology of
NMDAR-mediated EPSCs during development of
the calyx of Held revealed some new elements to the
maturation. In common with many synapses across the
brain, higher sensitivity to ifenprodil (NR2B antagonist)
was noted in young animals (Joshi & Wang, 2002). After
opening of the auditory canal we saw little or no sensitivity
to ifenprodil by P18 (Fig. 7A), suggesting that NR2B
subunits no longer contributed to sub-synaptic receptors.
The faster EPSC kinetics observed on maturation were
also consistent with NR2A subunit expression. However,
sensitivity to extracellular zinc (200 and 500 nM) was not
detected and the Zn2+ chelating agent TPEN (10 μM)
also had no effect, which suggests the NR1-1b spliced
variant is expressed in the MNTB. In addition to the
decline in amplitude from P11 to P18, sensitivity to
[Mg2+]o declined (Fig. 7B). At P11 synaptic NMDARs
were more sensitive to voltage-dependent block than at
P18, as shown by the reduced block in 0.1 mM [Mg2+]o.
The data were fitted to eqn (1) (see Methods) for all
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Figure 3. Development of fast-AMPAR and slow-NMDAR-EPSCs generated in response to stimulation
of the calyx of Held of rat (left, A–F) and mouse (right, G–L)
A and G, NMDAR-EPSC amplitudes decay from P10/11 (rat) and P9 (mouse) until P18. NMDAR peak currents
were measured at +45 mV. B and H, slow-EPSC decay time constants accelerate until P18–P21. C and I, the
time to peak of the slow EPSC also accelerates until P21 (note that P35 values in mice were so fast that they
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Figure 4. NMDAR-EPSCs are maintained at mature calices from P35 mice
A, superimposed EPSCs from animals aged P12 (grey) or P35 (black) illustrating the large decrease in NMDAR-EPSC
amplitude and faster kinetics (+45 mV, top traces, −65 mV, bottom traces). B, the slow EPSC at P35 is blocked
by perfusion of the NMDAR antagonist D-AP5 (grey trace, HP = +45 mV). C, summation of NMDAR-EPSCs is an
important element of NMDAR activation under physiological conditions; zero current indicated by dashed line, grey
areas indicate accumulation of the slow-EPSC/NMDAR currents for P11 (50 Hz), P18 (300 Hz) and P35 (300 Hz)
(HP = +45 mV). Data are from mouse calyx of Held/MNTB.

[Mg2+]o and at two ages (P11 and P18) as illustrated
by the continuous lines in both I–V curves in Fig. 7B.
The required fitting parameters showed a twofold
increase in the apparent dissociation constant of Mg2+

at 0 mV (K o) (P11: K o = 7.5 mM; and P18: K o = 14 mM)
confirming a reduced Mg2+ sensitivity at older ages. All
other parameters (conductance, G; steepness of voltage
dependence, V o; reversal potential, V r) were kept constant
and their values were consistent with previous reports
(Mayer & Westbrook, 1987; Ascher & Nowak, 1988).
Such a decline in magnesium sensitivity is consistent
with increased expression of NR2C/D subunits. The fast
kinetics and low level of message made the presence of
NR2D unlikely, but the incorporation of NR2C subunits is
supported by the PCR and immunohistochemistry (Figs 5
and 6).

These observations reinforce the idea that there are
two changes in subunit expression during maturation of
NMDARs at the calyx of Held: there is a decline in NR2B
containing channels after opening of the auditory canal,
and then there is an additional incorporation of NR2C

subunits by P18. Immunohistochemical studies confirmed
that NR2A, NR2B and NR2C subunits were present in the
MNTB and were associated with postsynaptic densities in
that there was co-localisation with PSD-95.

Analysis of the NMDAR-EPSC decay time constants
showed a fast and slow component. The time constant
τfast accelerated from 25 ms to around 10 ms from P11
to P35 and accounted for around two-thirds of the peak
amplitude at all ages (Fig. 8A). The time constant τslow

also changed from around 100 ms to 50 ms (Fig. 8B).
The time course of the age-related decline in amplitude
and accelerated kinetics were remarkably similar for both
fast and slow components and so the amplitude ratio of
the fast and slow time course currents remained stable
over this developmental period (Fig. 8). In addition
there was no evidence that the two time constants were
differentially affected by ifenprodil, Zn2+ or Mg2+ (data
not shown) suggesting that the dual decay kinetics reflect
openings of a single channel population, rather than the
differing kinetics of two independent heteromeric channel
populations.

showed no distinct peak). D and J, fast AMPAR-EPSC amplitudes (measured at −65 mV) increase from P14 to
P18; however, the data from rat appear to show a decline again at P21. E and K, fast EPSC decay time constants
accelerate. F and L, NMDAR-EPSC to AMPAR-EPSC charge ratios were calculated at positive (+45 mV) and negative
voltages (−65 mV), respectively (see Methods). Significance was tested using ANOVA followed by a post hoc test,
∗Significance relative to youngest age. Data are means ± S.E.M. from 3–9 cells per data point (n = number of cells
and is indicated above the data points in A and G). ∗Statistical significance was accepted if P < 0.05; data are
from rat and mouse calyx of Held/MNTB neurons.
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Figure 5. Immunohistochemical labelling indicates that NR2A, NR2B and NR2C are present in the MNTB
A, co-localisation of NR2A (green, top) and Kv3.1b (red, bottom); both left (20× magnification) and right

C© 2010 The Authors. Journal compilation C© 2010 The Physiological Society



J Physiol 588.3 Maturation of synaptic NMDAR currents 457

Although the impact of the NMDAR on the electrical
signalling is small, other forms of signalling may be
more important at the mature synapse (>P36), so we
performed calcium and nitric oxide imaging experiments.
Application of two synaptic stimulation protocols (SSPs)
elicits robust nitric oxide generation at younger (Steinert
et al. 2008) but also at mature MNTB neurons (Fig. 9).
The images in Fig. 9A show three MNTB neurons
(Fura 2 fluorescence at 380 nm, left) of which two
receive a synaptic input which generates postsynaptic
Ca2+ increases (red traces) on synaptic stimulation.
When imaging the DAR-4M fluorescence before (Ctrl,
middle) and after synaptic stimulation (SSP, right), a
substantial increase in fluorescence was observed. This
increase is plotted over time in Fig. 9B for a control
recording with two repeated SSPs and for a recording
in which 50 μM AP-5 and 10 μM MK801 were applied
after the first SSP but prior to the second. Both of
the SSP stimuli evoked DAR-4M fluorescence (�F1

and �F2 measured 1000 s after stimulation), but after
incubation with NMDAR antagonists the second SSP
response (�F2) was reduced indicating a contribution
from NMDARs. This changed response was seen as a
smaller ratio of �F2/�F1 (Fig. 9C). NMDARs at the
mature synapse showed faster decay kinetics than at
the immature synapses, so it was expected that low
frequency trains of stimulation (∼100 Hz) would lead to
little cumulative activation, whereas higher frequencies
(∼400 Hz or above) should cause a substantial cumulative
activation of NMDARs. To investigate this frequency
dependency we performed the above experiments using
SSP trains with different frequencies (100 Hz vs. 400 Hz).
As shown in the summary graph in Fig. 9C, the effects
of NMDAR inhibition (AP-5/MK801) were greater with
higher frequency stimulation, as illustrated by the stronger
reduction in �F2/�F1 ratios.

Involvement of Ca2+ in NO generation was confirmed
by measurement of Fura 2 ratios (plateau values
of a 200 Hz train) on synaptic stimulation at
P12 and P31 (Supplemental Fig. 2). Application of
AP-5/MK801 reduced Fura 2 ratios in both P12 and
P31 animals to a similar extent, suggesting that total
Ca2+ influx through NMDARs was similar despite
the 10 times smaller NMDAR whole cell currents at
mature synapses. Inhibition of AMPARs and NMDARs
together (Supplemental Fig. 2) abolished any Ca2+ influx.
Furthermore, blocking AMPARs alone (10 μM NBQX)
eliminated any Ca2+ response as expected due to the lack
of depolarisation (data not shown).

Figure 6. Changes in relative expression of NR2 mRNA using
qPCR in MNTB during development
Total RNA was isolated from animals at P10, P21 and P35 and gene
expression was estimated by qPCR. NR2A shows the largest relative
increase by P21, with NR2C also showing significant increases later in
development. Statistically different: ∗P < 0.05, ∗∗P < 0.01. Data are
from rat MNTB.

Discussion

These results confirm that synaptic NMDAR currents
decline during maturation after opening of the auditory
canal, but they do not disappear. The decline in amplitude
is accompanied by a considerable acceleration of kinetics
compared to those observed in neurones from younger
animals, so that the mature synaptic NMDAR has a
decay τ of 10–15 ms. The immunohistochemistry shows
NR2A, NR2B and NR2C subunits are present, but the
pharmacology does not support incorporation of the
NR2B subunits. The mature NMDAR-EPSC is insensitive
to [Zn2+]o and ifenprodil and exhibits less sensitivity to
block by [Mg2+]o, consistent with dominant contributions
from NR2A and NR2C subunits and minimal contribution
of NR2B subunits to synaptic NMDAR channels.

NMDAR-mediated EPSCs are maintained
on maturation

Previous studies of the temperature dependence of
AMPAR-mediated synaptic transmission indicate that the
increase in EPSC amplitude on rising from RT to physio-
logical temperatures is mediated by a raised probability
of the channel entering the highest conductance states
(Postlethwaite et al. 2007); that is a postsynaptic
change, rather than a presynaptic increase in transmitter
release (Kushmerick et al. 2006). A recent study of the
temperature dependence of NMDAR also shows increased
single channel conductance with temperature while

(40× magnification) MNTBs are shown from the same section of a P21 rat. B, co-labelling with antibodies for
NR2A (top, green), NR2B (middle, green) or NR2C (bottom, green) with PSD-95 immunostaining (red). On the
right merged images. C, higher magnification images of NR2A, NR2B and NR2C immunostaining with line scans
of intensity shown below each image. Data are from rat MNTB.

C© 2010 The Authors. Journal compilation C© 2010 The Physiological Society



458 J. R. Steinert and others J Physiol 588.3

Figure 7. P18 NMDA-EPSCs are insensitive to [Zn2+]o and
ifenprodil and show reduced sensitivity to block by [Mg2+]o
A, two example traces of NMDAR-EPSC recorded at +45 mV under
control conditions and during perfusion of 0.5 μM Zn2+ (upper, grey
trace) or ifenprodil (lower, grey trace). Bar graph summarises this
pharmacology under the indicated conditions in P18 mice. The
NMDAR-EPSC is insensitive to 0.2–0.5 μM Zn2+, ifenprodil (10 μM,
Ifen) and the Zn2+ chelator TPEN (10 μM) but is blocked by D-AP-5
(50 μM). n = number of cells, indicated on the bars. B,
voltage-dependent block by extracellular Mg2+ at P11 (upper I–V
curve) and P18 (lower I–V curve). Both I–V curves show
NMDAR-EPSCs with 1 mM [Mg2+]o (filled squares, averaged data from
mouse and rat, n = 5), and for 0.1 mM (filled circles, mouse, n = 3) or
nominally Mg2+ free (assuming 35 μM contaminating Mg2+, open
squares, mouse, n = 4). Insets show appropriate example traces at a
holding potential of −65 mV for the indicated [Mg2+]o. Continuous
lines show data fits by eqn (1) with identical parameters at both ages,
except for Ko. V r = 6 mV, G = 5 μS (normalised), Vo = 15 mV; P11:
Ko = 7.5 mM, P18: Ko = 14 mM. Data are means ± S.E.M. Significance
was tested using ANOVA, ∗P < 0.05.

desensitisation was particularly temperature dependent
(Cais et al. 2008).

The argument for the developmental decline in
NMDAR currents in the auditory pathway was based on
extrapolation of the decline seen soon after hearing onset
and based on the idea that once synaptic connections
have been established, there is little need for plasticity and
hence little need for NMDA receptors. There is no doubt
that NMDAR-EPSCs dramatically decline during synapse
maturation, but our results clearly show that NMDAR
transmission is not eradicated and is maintained in a
mature and functional state.

It is often assumed that a large NMDAR conductance
implies large physiological impact and hence a
decline indicates decreasing significance; however this
is too simplistic, since this receptor is providing
signalling in multiple ways, including depolarisation,
voltage-dependent block or unblock, conductance and
calcium permeability. The signalling will also be
influenced by rates of synaptic activity, summation
and coupling to downstream pathways. It is clear
that the decline in NMDAR currents during early
development contributes to increased fidelity of trans-
mission (Taschenberger & von Gersdorff, 2000; Futai
et al. 2001; Joshi & Wang, 2002); we now extend these
observations to later developmental stages and show that
the decline in magnitude is associated with changes in
subunit composition favouring weaker Mg2+ block in
mature animals, while the reduced conductance does not
necessarily imply a reduced relevance, since it could also be
associated with tighter coupling to the second messenger
action of Ca2+ signalling.

Synaptic NMDAR EPSCs have a fast time course

The time course of these auditory NMDAR-EPSCs is
faster than NMDAR-EPSCs reported from elsewhere in
the brain and reflects the intrinsic kinetics of the NMDAR
rather than glutamate release or uptake (Lester et al. 1990;
Popescu & Auerbach, 2003). Previous studies of AMPAR
in the MNTB also demonstrated fast kinetics associated
with expression of GluRDo subunits (Barnes-Davies &
Forsythe, 1995; Geiger et al. 1995; Joshi et al. 2004).
Our observations suggest that the mature NMDAR in
the auditory pathway may also be specialised for high
frequency firing in that the NMDAR-EPSC has an
unusually rapid time course by P18. This is consistent with
the high evoked and spontaneous firing rates generated
in the auditory pathway (Kopp-Scheinpflug et al. 2008)
and would lead to sustained NMDAR activation during
high frequency firing, as we observed during repetitive
stimulation (see Fig. 4). Nevertheless this NMDAR current
is not triggering additional APs and so is essentially
electrically ‘silent’. There are no reports of long-term
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synaptic plasticity in the MNTB, but NMDARs are closely
coupled to NO signalling and modulating postsynaptic
excitability (Steinert et al. 2008) at the mature synapse.

Changing receptor subunits underlie
NMDAR-mediated EPSCs

Identification of native channel subunits is difficult and
caution is warranted in interpreting our results as we
are dealing with an indeterminate heterogeneity. Our
electrophysiological approach, using synaptic stimulation
has the overriding advantage of studying NMDAR
excitation at the synapse and the use of co-labelling
with PSD-95 and NMDAR antibodies has provided
complementary evidence of receptor protein at post-
synaptic densities. The qPCR data cannot assist in
detecting particular subunits that may be of greater
synaptic relevance, but comparison of mRNA levels during
maturation provides additional evidence about which
subunit transcripts are changing and hence indicate those
subunits that may be of most relevance. These data confirm
a large increase in the relative copy number of NR2A
mRNA on maturation of MNTB neurons, along with a
smaller increase in levels of NR2C. NR2D subunits are
associated with a very long time course and slow kinetics
(Brothwell et al. 2008), but levels of NR2D mRNA are low
and show little or no change with maturation, consistent

with in situ hybridisation which reported little or no NR2D
in the rat MNTB (Sato et al. 1999).

The acceleration of the slow NMDAR-EPSC kinetics
with maturation is consistent with increased NR2A and
reduced incorporation of NR2B subunits as observed in
NR2B knockouts (Tovar et al. 2000). Absence of NR2B
subunits is consistent with lack of block by ifenprodil at
P18, and contrasts with data from P14 animals which
showed a 20% block by ifenprodil (Joshi & Wang, 2002).
The reduction in voltage-dependent block by extracellular
magnesium is indicative of NR2C or NR2D containing
channels (Momiyama et al. 1996). We also see a clear
association of NR2C immunostaining with postsynaptic
densities. However, the time course of the NMDAR-EPSC
currents at the mature calyx of Held are much faster than
reports of recombinant NR1/NR2C channels, which have
fast activation, but relatively slow kinetics (deactivation
around 320 ms, Dravid et al. 2008). However, NR2C
kinetics are accelerated by phosphorylation (Chen et al.
2006), which might explain the discrepancy, particularly
in combination with NR1 subunits incorporating exon 5,
and may be further accelerated when part of a heterotrimer
incorporating NR2A subunits.

There are three NR1 spliced variants expressed in
the MNTB (NR1a > 1b > 1–4 and 11) but NR1–3 was
not detected (Nakagawa et al. 2000). The NR1-1b
spliced-variant containing exon 5 is associated with a
somatic location (Pal et al. 2003) and fast deactivation

Figure 8. Changes in NMDAR-EPSC kinetics are similar for both the dominant fast and the minor slow
time constants
The mean fits to the slow EPSC decay time constants are plotted across P11 to P35 mice. A, τ fast; the fast τ shows
significant acceleration with maturation from P14 onwards (ANOVA, P < 0.05). There are no kinetic changes of the
fast decaying current from P14. B, τ slow; the slow τ does not show significant changes with age. C, the absolute
amplitudes of the slow and fast components are plotted against age. Both components decline in amplitude but
the ratio of fast : slow is unchanged as shown in D. Data are means ± S.E.M., n = number of cells indicated in
bars, ∗Statistical significance, P < 0.05. Significance was tested using ANOVA; data are from mouse. All recordings
were made with a holding potential of +45 mV for NMDAR currents.
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kinetics (Rumbaugh et al. 2000). This is also consistent
with lack of Zn2+ modulation (Traynelis et al. 1998) of the
EPSC, although this will also be influenced by inclusion
of NR2C, which has low Zn2+ sensitivity (Rumbaugh
et al. 2000). An inconsistency here is the extent to
which channels incorporating NR2A subunits could be
resistant to Zn2+ block; but recent work has demonstrated
extracellular proteolytic modification removes Zn2+ block
of NR2 subunits (Yuan et al. 2009; Samson et al. 2008) and
recordings of calyceal responses from tissue plasminogen
activator (tPA) knockout mice (kindly provided by Robert

Figure 9. NO generation on synaptic stimulation in MNTB
neurons from P36–P40 mice
A, 3 MNTB neurons (fluorescence at 380 nm, left) out of which 2
receive a synaptic input which generates postsynaptic Ca2+ increases
(red traces) on synaptic stimulation. The two DAR-4M images show
fluorescence before (Ctrl, middle) and after synaptic stimulation (SSP,
right). B, DAR-4 M fluorescence is plotted over time for a control
recording with two repeated SSPs (synaptic stimulation protocol
[100 Hz trains for 500 ms repeated at 1 Hz for 60 s]) and a recording
in which 50 μM AP-5 and 10 μM MK801 were applied prior to the
second SSP leading to a reduced response to the second SSP.
Repetition of a SSP shows the bi-phasic increase in DAR-4M
fluorescence (�F1 and �F2 measured 1000 s after stimulation), and
after incubation with NMDAR antagonists (50 μM AP-5, 10 μM

MK801) the second phase (�F2) is reduced. C, ratios of �F2/�F1 for
different stimulation frequencies (100 Hz and 400 Hz); following
NMDAR antagonist incubation this ratio shows a stronger reduction.
Data are means ± S.E.M., n = number of cells indicated in bars.
Significance was tested using Student’s t test, ∗P < 0.05 relative
to Ctrl.

Pawlak) also showed no Zn2+ sensitivity (data not shown),
suggesting this proteolytic mechanism does not account
for the lack of Zn2+ block here.

It seems unlikely that there are separate NR1–NR2A
and NR1–NR2C channel populations, since heterodimeric
recombinant channels have distinct properties and both
of the NMDAR-EPSC decay components showed similar
pharmacology and age-dependent changes (as shown
in Fig. 8). The presence of NR2C in the MNTB is
consistent with evidence from cerebellar granule cell
(Cathala et al. 2003) and, intriguingly, granule cells in
tissue culture show a similar activity-dependent switch
from NR2B to NR2C expression (Iijima et al. 2008). Data
from recombinant heterotrimers (NR1-1a–NR2A–NR2C;
Hatton & Paoletti, 2005) are consistent with the present
data, but the lack of Zn2+ block in the MNTB suggests
that Zn2+ is not a universal NMDAR modulator and
supports the incorporation of NR1-1b subunits. Proof of
the native channel composition at this identified synapse
is absent, but the results support the postulate that the
NMDAR channel at the calyx of Held–MNTB synapse is a
heterotrimer receptor containing NR1-1b–NR2A–NR2C
subunits.

Electrical versus second-messenger signalling via synaptic
NMDA receptors. Because of the technical difficulties,
there are relatively few in vitro MNTB recordings from
animals older than P18. Previous recordings from P27
mice clearly show a small NMDAR-mediated EPSC (Futai
et al. 2001), which was likely to have been underestimated
because the recordings were performed in 20 μM CNQX,
a concentration known to inhibit NMDAR responses by
interaction with the glycine binding site (Birch et al.
1988; Lester et al. 1989). Our work clearly shows that
development does not eliminate functional NMDARs
in mature rats and mice. There are three important
functional points to emphasise. First, although the mature
NMDAR-EPSC amplitude is small, the charge trans-
fer (in the absence of Mg2+ block) is larger than the
AMPAR component, because the NMDAR kinetics of
MNTB neurons (while fast for NMDARs) are long-lived
relative to the GluRDo-containing AMPAR expressed
here. Second, Ca2+ imaging experiments reveal that the
Ca2+ influx at P12 and P31 is similar and that NMDAR
contribution to Ca2+ influx does not differ between
young and mature animals (Supplemental Fig. 2) despite
the strongly reduced NMDAR current, suggesting that
the relative Ca2+ influx in the mature animal must be
greater. Third, the close coupling of the NMDAR to nNOS
in the postsynaptic density, through their mutual PDZ
binding domains (Kornau et al. 1995), raises the efficacy
by which NMDAR-mediated calcium influx can trigger
NO generation, as confirmed by imaging NO generation
following synaptic stimulation in animals between P36
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and P40. There is a greater NMDAR-sensitive contribution
to NO generation at higher frequency trains of stimulation
(400 Hz), which reflects accumulation of fast inactivating
NMDARs within the train.

These changes are consistent with a developmental
shift of NMDAR from electrical conductance signalling
in young animals to calcium second messenger signalling
on maturation. An important element of this signalling
is the enhanced relief of Mg2+ block on depolarisation
of the synaptic NR2C containing receptors, so that
each AP can provide greater Ca2+ influx through these
NMDARs (Spruston et al. 1995; Bollmann et al. 1998).
Hence the mature synaptic NMDAR could generate more
tightly coupled calcium influx compared to the immature
synapse, where NMDARs have higher affinity for Mg2+,
as indicated by their 2-fold lower K o. Incorporation of
NR2A subunits may also favour greater relative Ca2+ influx
(Burnashev et al. 1995). Despite the reduced total NMDAR
current amplitude these adaptations would mediate pre-
cisely targeted Ca2+ signalling at the postsynaptic density
of mature synapses and more efficient coupling to nNOS
(Steinert et al. 2008), consistent with the hypothesis that
synaptic NMDAR function shifts from depolarisation- to
Ca2+-dominated signalling.
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