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Involvement of AMPA receptor desensitization
in short-term synaptic depression at the calyx of Held

in developing rats
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Paired-pulse facilitation (PPF) and depression (PPD) are forms of short-term plasticity
that are generally thought to reflect changes in transmitter release probability. However,
desensitization of postsynaptic AMPA receptors (AMPARs) significantly contributes to PPD at
many glutamatergic synapses. To clarify the involvement of AMPAR desensitization in synaptic
PPD, we compared PPD with AMPAR desensitization, induced by paired-pulse glutamate
application in patches excised from postsynaptic cells at the calyx of Held synapse of developing
rats. We found that AMPAR desensitization contributed significantly to PPD before the
onset of hearing (P10-12), but that its contribution became negligible after hearing onset.
During postnatal development (P7-21) the recovery of AMPARs from desensitization became
faster. Concomitantly, glutamate sensitivity of AMPAR desensitization declined. Single-cell
reverse transcription-polymerase chain reaction (RT-PCR) analysis indicated a developmental
decline of GluR1 expression that correlated with speeding of the recovery of AMPARs from
desensitization. Transmitter release probability declined during the second postnatal week
(P7-14). Manipulation of the extracellular Ca**/Mg?* ratio, to match release probability at
P7-8 and P13-15 synapses, revealed that the release probability is also an important factor
determining the involvement of AMPAR desensitization in PPD. We conclude that the extent
of involvement of AMPAR desensitization in short-term synaptic depression is determined by

both pre- and postsynaptic mechanisms.
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Synaptic depression is widely observed at a variety
of synapses, and contributes to dynamic neuronal
gain-control at some synapses (Abbott et al. 1997),
while limiting the speed of high-fidelity transmission at
others (Brenowitz et al. 1998). As synaptic depression
is stronger when transmitter release probability is high
(Takeuchi, 1958), it has been proposed to result primarily
from depletion of releasable synaptic vesicles (Betz,
1970). However, other mechanisms also contribute to
synaptic depression (for review, see Zucker & Regehr,
2002). Notably, AMPAR desensitization underlies synaptic
depression at a subset of glutamatergic synapses where
cyclothiazide (CTZ) reduces synaptic depression (Otis
et al. 1996; Neher & Sakaba, 2001; Rozov et al. 2001;
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Taschenberger et al. 2002, 2005; DiGregorio et al. 2007).
At the calyx of Held, in the rodent auditory brainstem,
CTZ reduces synaptic depression before P10 (Neher &
Sakaba, 2001; Taschenberger et al. 2002), but its effect
becomes much weaker after P12 (Joshi & Wang, 2002;
Taschenberger ef al. 2002, 2005).

At immature calyceal synapses, the significant
involvement of AMPAR desensitization in synaptic
depression may arise from slow clearance of glutamate
from the synaptic cleft (Taschenberger et al. 2005),
owing to the spoon-shaped structure of immature
nerve terminals (Kandler & Friauf, 1993; Sitzler
et al. 2002). Other mechanisms that can potentially
increase involvement of AMPAR desensitization in
synaptic depression include (i) high sensitivity of
AMPARs to desensitization by glutamate, (ii) slow
recovery of postsynaptic AMPARs from desensitization
(Joshi et al. 2004), and (iii) high transmitter release
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probability (Taschenberger & von Gersdorff, 2000;
Iwasaki & Takahashi, 2001). To determine whether
these mechanisms underlie the developmental decrease
of AMPAR desensitization involvement in PPD, we
recorded EPSCs and AMPAR currents from the principal
neurons in the medial nucleus of the trapezoid body
(MNTB) in slices of developing rat brainstem, and
compared PPD of EPSCs with AMPAR desensitization
induced by paired-pulse glutamate application in patches
excised from the MNTB neurons. To assess molecular
mechanisms, we performed quantitative RT-PCR analysis
for mRNAs harvested from individual MNTB neurons,
where the recovery time of AMPAR from desensitization
had been determined in excised patch recordings. To
assess further how alterations of release probability affect
the involvement of AMPAR desensitization in synaptic
depression, we matched release probability between
synapses before and after hearing onset by manipulating
the extracellular Ca®t/Mg’" concentration ratio. Our
results suggest that all factors (i—iii) participate in the
developmental decrease in the contribution of AMPAR
desensitization to synaptic depression.

Methods
Preparation and solutions

All experiments were performed in accordance with the
guidelines of the Physiological Society of Japan. Trans-
verse brainstem slices (150—200 pm thick) containing the
MNTB were prepared from Wistar rats (P7-21) killed by
decapitation under halothane anaesthesia as previously
described (Forsythe & Barnes-Davies, 1993). Slices were
incubated at 36-37°C for 1h, and then maintained at
room temperature (22-26°C). MNTB principal neurons
were visually identified with a 40x water immersion
objective (Zeiss, Germany or Olympus, Japan) attached
to an upright microscope (Axioskop, Zeiss or BX51WI,
Olympus). The standard aCSF for perfusion contained
(in mm): 125 NaCl, 2.5 KCl, 26 NaHCOs, 1.25 NaH,PO,,
2 CaCly, 1 MgCl,, 10 glucose, 3 myo-inositol, 2 sodium
pyruvate and 0.5 ascorbic acid (pH 7.4 when bubbled with
5% CO, and 95% O,). The aCSF routinely contained
bicuculline methiodide (10 um; Sigma, USA or Fluka,
Switzerland) and strychnine hydrochloride (0.5 pum,
Sigma) to block inhibitory synaptic responses. Recording
patch pipettes were filled with a solution containing (in
mm): 110 CsE 30 CsCl, 10 Hepes, 5 EGTA, 1 MgCl,
and 5 N-(2,6-diethylphenylcarbamoylmethyl)-triethyl-
ammonium chloride (QX-314, Alomone Laboratories,
Israel) (pH adjusted to 7.3 with CsOH).

Recordings

Whole-cell and outside-out patch clamp recordings
were made from the MNTB principal neurons
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using a patch-clamp amplifier (Axopatch 200B, Axon
Instruments, USA) at a holding potential of —70 mV,
unless otherwise noted. Patch pipettes were pulled from
standard-wall borosilicate glass (GC150F-7.5, Harvard
Apparatus, UK) to give a resistance of 2-3 M. The
access resistance was 4-10 M2, which was routinely
compensated by 70-80%. EPSCs were evoked by
extracellular stimulation using a bipolar tungsten
electrode positioned halfway between the midline and the
MNTB. EPSCs derived from the calyx of Held synapse
were identified as those evoked in an all-or-none manner
for a graded stimulus intensity and those having amplitude
> 1nA at —70mV (Forsythe & Barnes-Davies, 1993).
All recordings were performed at room temperature
(25-27°C).

Fast L-glutamate application

Double-barrelled application pipettes were fabricated
from theta glass tubes (outer diameter, 2.0 mm; TG200-15,
Harvard Apparatus, UK) pulled to a tip diameter
of 200-300 um (Koike et al. 2000). Control aCSF
and test solution (containing 10 mm L-glutamate) were
continuously passed through each barrel of the application
pipette using a gravity-fed pressure. The application
pipette was rapidly moved by a square voltage pulse
(15-25V, 0.7-1ms) applied to a piezoelectric device
(Burleigh Instruments, USA). The time required for
solution exchange was measured from a change in junction
potential when the solution was switched from the
standard aCSF to one diluted 10-fold. The 10-90% rise
time and decay time of the solution exchange ranged
from 130 to 170 us and from 90 to 150 us, respectively
(Koike-Tani et al. 2005). To block NMDA receptors
(NMDARs) p-APV (50 um, Tocris, UK) was included in
all solutions.

Data analysis

All records were low pass filtered at 5 kHz and digitized
at 50 kHz using a Digidata 1322A analog—digital converter
with pCLAMPS software (Axon Instruments). All data are
expressed as means =+ s.E.M. Statistical analysis was made
using ANOVA followed by Student’s paired ¢ test unless
otherwise noted. Differences were considered significant
as P < 0.05.

Single cell quantitative RT-PCR

Single cell quantitative RT-PCR analysis was carried out
as previously described (Koike-Tani et al. 2005). After
performing rapid r-glutamate application experiments
on outside-out patches excised from an MNTB principal
neuron, the cytoplasm of the neuron was harvested into
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a patch pipette, and submitted to real-time PCR-based
quantification.

Immunocytochemistry

Immunocytochemical examinations were performed as
previously described (Ishikawa et al. 2003). Immuno-
affinity-purified rabbit anti-GluR1 antibody (Upstate,
Lake Placid, NY, USA; diluted 1:100) was used for
detecting GluR1. Calyces were labelled using mouse
monoclonal anti-synaptophysin antibody (Chemicon,
Temecula, CA, USA; diluted 1:200). The immuno-
fluorescence intensities of GluR1 were densitometrically
evaluated.

Immunoblotting

Immunoblotting procedures were as previously described
(Kimura et al. 2003). GluR1 was detected using ECL-plus
chemiluminescence (GE Healthcare) combined with
anti-GluR1 antibody (diluted 1 : 1000).

Variance-mean analysis of EPSCs

Variance—mean analysis was used to estimate the mean
release probability per site (p). EPSCs, evoked at 0.05 Hz,
were recorded in the presence of the low-affinity glutamate
receptor antagonist kynurenic acid (2 mm, Tocris) to
prevent AMPAR saturation. Under various conditions
for altering p, 15 successive EPSCs were collected for
constructing a variance-mean plot. At P13—15 synapses,
the K* channel blocker 4-aminopyridine (4-AP, 5-10 um)
(Wako, Japan) or tetraethylammomium chloride (TEA-CI,
50-100 um) (Nacalai, Japan) was added to the aCSF
for acquiring data at high p. Variance-mean plots were
analysed by fitting the simple parabola equation:

o*=ql —I*/N,

where I and o represent the mean amplitude and variance
of EPSCs, respectively, g denotes mean quantal size and N
denotes the number of release sites (Clements & Silver,
2000). In this method, assuming that o arises entirely
from stochastic changes in p, g can be estimated from the
initial slope of the parabola, Ng from the larger X intercept
of the parabola, and p can be estimated as I/Ng.

Results

Developmental changes in the effect of CTZ
on the paired-pulse depression of EPSCs

Using paired-pulse stimulation protocols, we evoked
EPSCs at the calyx of Held in slices taken from rats at
different postnatal periods (P7, P14 and P21). At P7,
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EPSCs showed PPD at a wide range of interstimulus inter-
vals (ISIs, from 5ms to 10s, Fig. 1). The magnitude
of depression became much smaller at P14 (Fig. 1),
as reported previously (Taschenberger & von Gersdorff,
2000; Iwasaki & Takahashi, 2001). At P21, PPD at short
ISIs was reduced, revealing a peak at around 30 ms ISI.
This peak may be produced by a combination of synaptic
depression and facilitation, although the latter is masked
by the former (Barnes-Davies & Forsythe, 1995; Borst
etal. 1995). As previously reported for synaptic depression
during high frequency stimulation (50 or 100 Hz; Joshi &
Wang, 2002; Taschenberger et al. 2002), bath-application
of CTZ (100 um) significantly attenuated PPD at the ISIs
between 10 ms and 1 s at P7, but had no effect at P14 and
pP21.

Developmental speeding in the recovery of AMPARs
from desensitization

To assess the involvement of AMPAR desensitization
in PPD, we examined the recovery time of AMPARs
from desensitization, by applying r-glutamate (10 mm)
to outside-out patches excised from postsynaptic MNTB
neurons by a pair of brief (0.7-1.0 ms) pulses at various
interpulse intervals (IPIs, Fig. 2A4). At P7, desensitization
was observed for IPIs of up to 1s, and the recovery time
of AMPAR currents in patches (AMPAR patch currents)
could be fitted with a sum of two exponential functions,
with fast and slow time constants of 46.7 ms (73.2%) and
435 ms, respectively (weighted mean, 151 ms, data derived
from 4 to 7 cells). As animals matured, the recovery time
course became faster and mono-exponential, with a time
constant of 26.5 ms at P14 (4—7 cells) and 16.1 ms at P21
(6-9 cells). These results agree with those reported for
mice by Joshi et al. (2004), except that their time constant
in P6-8 mice (62.5 ms, single exponential fit to data up to
300 ms IPI) is much shorter than our weighted mean time
constant in P7 rats (151 ms).

CTZ blocks desensitization of recombinant AMPARs
composed of GluR flip splice variants, whereas
desensitization of AMPARs composed of flop variants
is relatively resistant to CTZ (Partin et al. 1994, 1996),
raising the possibility that the lack of effect of CTZ
on synaptic depression at more mature calyces might
arise from AMPARs composed of GluR flop variants
(Taschenberger et al. 2002). Despite the fact that GluR
flop variants increase in MNTB neurons during post-
natal development, CTZ blocks desensitization of AMPAR
patch currents, induced by a sustained application of
L-glutamate, throughout development (P7-21) to asimilar
extent (Koike-Tani et al. 2005). To make a more direct
comparison between the effect of CTZ on AMPAR patch
currents and that on PPD, we used a paired-pulse protocol
for testing the desensitization of AMPAR patch currents
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induced by rapid r-glutamate application. As shown
in Fig.2B, CTZ (100 um) abolished desensitization of
AMPAR patch currents throughout the ages examined
(P7-P21). These results, together with those of PPD
(Fig. 1), strongly suggest that at the calyces of Held,
AMPAR desensitization is significantly involved in PPD
at P7, whereas its involvement becomes much less at P14
or later. In agreement with this conclusion, low-affinity
AMPAR antagonists reduce synaptic depression during
100 Hz stimulation trains at P5-10, but not at P12-18,
rat calyces (Taschenberger et al. 2002; Renden et al. 2005;
but see Wong et al. 2003).

Developmental changes in the AMPAR subunit
transcripts

We next explored what molecular mechanisms underlie
the developmental speeding in the recovery of AMPARs
from desensitization, by performing quantitative single-
cell RT-PCR analysis. After establishing a whole-cell
recording in MNTB neurons, the intracellular contents
were harvested into the patch pipette and submitted to
quantitative RT-PCR analysis (Lambolez et al. 1992; Geiger
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et al. 1995; Koike-Tani et al. 2005). As we previously
reported (Koike-Tani et al. 2005), the expression of
GluR1-4 mRNAs in MNTB neurons is differentially
regulated during development from P7 to P21. Thus GluR1
mRNAs are down-regulated, whereas GluR4 mRNAs
are up-regulated (Fig.3A). During development, the
proportion of GluR flip splice variant mRNAs in total GluR
mRNAs decreased from 16.8 +5.1% at P7 to 5.3 +£2.0%
at P14 and further down to 3.2 &+ 1.5% at P21 (Fig. 3B).
Recombinant AMPARs composed of edited (G)
form GluRs (2—4) have a faster recovery time from
desensitization compared with those composed of
unedited (R) form of GluRs or GluR1, which lacks the
R/G site (Lomeli et al. 1994; Krampfl et al. 2002). Of
GluR (2-4) mRNAs, G-form mRNAs comprised 80% at
P7 and > 99% at P14. Among recombinant homomeric
AMPARs, GluR1 AMPARs have the slowest recovery time
from desensitization (Grosskreutz et al. 2003). However,
it is unknown whether GluR1 assembled into native
AMPARs, possibly as heterotetramers (Rosenmund et al.
1998; Brorson et al. 2004), can slow the recovery time
from desensitization. After recording AMPAR currents
with the paired-pulse protocol in patches excised from
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Figure 1. Developmental reductions in the
magnitude of PPD and in the effect of CTZ on PPD
EPSCs were evoked in MNTB neurons using a
paired-pulse stimulation protocol (ISI, 5 ms to 10's) in

the absence (control, 0) or presence of CTZ (100 um, ®)
at P7, P14 and P21. Ordinates in left panels indicate
paired-pulse ratios (PPRs) of EPSCs (the second EPSC
amplitude relative to the first one) plotted at each ISI
(abscissae, logarithmic coordinates). Right panels show
EPSCs evoked by paired-pulse stimulations at different
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__l2nA
20 ms

ISIs (5-200 ms, superimposed) before (upper traces) and
after (lower traces) CTZ applications. Asterisks indicate
significant difference by paired t test (P < 0.05). In this
and the following figures, error bars represent the s.e.m.
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Figure 2. Developmental speeding in the recovery of AMPARs
from desensitization

A, developmental decrease in the recovery time from desensitization
of AMPA patch currents induced by paired-pulse glutamate
applications to outside-out patches excised from MNTB neurons. Data
derived from P7, P14 and P21 rats. Insets show AMPA patch currents
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an MNTB neuron, we made whole-cell recordings with
a new pipette from the same neuron, and harvested the
intracellular contents for quantitative RT-PCR analysis.
We then examined whether there was a correlation
between the abundance of individual GluR subunits
in each MNTB neuron and the weighted mean time
constant of recovery from desensitization. As illustrated in
Fig. 3C, the time constant of recovery from desensitization
was slower in patches from MNTB neurons having
abundant GluR1 mRNA (r, =0.62, P =0.03, Spearman
correlation analysis). By contrast, there was no correlation
between the recovery time constant and the abundance
of GluR2, GluR3, GluR4, or GluR1-4 flip mRNAs. These
results suggest that GluR1 in native AMPARs slows their
recovery from desensitization. Thus, the developmental
down-regulation of GluR1 mRNAs is most likely to under-
lie the developmental speeding in the recovery of AMPARSs
from desensitization.

Developmental decline of GIuR1 proteins

To ensure that GluR1 protein expression in MN'TB neurons
undergoes developmental decline in parallel with its trans-
cript, we examined GluR1l immunoreactivity (IR) in
developing MNTB neurons (Fig. 4A). Asanimals matured,
the intensity of GluR1 IR decreased. Western blot analysis
of the tissue derived from the MNTB region at different
postnatal days indicated a developmental decline of GluR1
protein (Fig.4B), in agreement with a previous report
(Caicedo & Eybalin, 1999; but see Hermida et al. 2006). The
parallel decrease in GluR1 mRNA and protein observed
in MNTB neurons is consistent with the fact that GluR
proteins undergo arapid turnover, and are replaced by 50%
in 24 h (Mammen et al. 1997; Huh & Wenthold, 1999).

Developmental decrease in glutamate sensitivity
of AMPAR desensitization

Transmitter glutamate remaining in the synaptic cleft after
the initial EPSC can contribute to PPD by desensitizing
AMAPRs (Otis et al. 1996). Might the r-glutamate
concentration required to cause AMPAR desensitization
change with development? To address this question, we
applied r-glutamate twice, first for a sustained period

induced by the paired pulse protocol (IPl, 10-100 ms, superimposed,
averaged from 3 traces). Graphs indicate the amplitude of the second
AMPA patch current relative to the first one (/2//1, ordinates) at various
IPIs (abscissae, 5-200 ms). IPIs up to 1 s are shown in the top inset at
P7. The fast (r¢) and slow (zs) time constants and their weighted
means (try) are indicated at P7, and time constants from single
exponential fits () are indicated at P14 and P21. B, paired-pulse
AMPA patch currents (left traces superimposed) in the presence of CTZ
(100 pum) at P7, P14 and P21. Bar graphs show /»//1 (IPl, 10 ms) in the
absence (open columns) or presence (filled columns) of CTZ.
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(>165s) at 0.1-100 um from one barrel, followed by a
100 ms test pulse (10 mm) (Fig.5A). The resting-state
AMPAR desensitization curve thus produced showed
higher sensitivity of AMPARs to be desensitized by
L-glutamate at P7-8 than P13-15 (Fig.5B). The ICs,
for L-glutamate-induced desensitization was 5.7 uM in
P7 patches, and 13.8 um in P14 patches (Fig.5B).
Thus, the glutamate sensitivity of AMPAR desensitization
decreases by 2.3 times during the second postnatal
week.

>
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The effect of release probability on the involvement
of AMPAR desensitization in synaptic depression

At synapses with relatively high release probability, post-
synaptic AMPARs have a higher chance of being occupied
by synaptically released glutamate. At such synapses,
repetitive synaptic transmission results in a higher rate
of AMPAR desensitization, thereby increasing synaptic
depression. At the rat calyx of Held, release probability
decreases during postnatal development (Iwasaki &
Takahashi, 2001; Taschenberger et al. 2002). To assess
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the effect release probability has on the contribution
of AMPAR desensitization to PPD, we estimated release
probability using the variance-mean analysis (Clements
& Silver, 2000; Scheuss et al. 2002), and determined
the extracellular divalent cationic compositions that
could match release probabilities between P7-8 and
P13-15 (Fig.6A). This method gives the number of
independent release sites (), the mean release probability
per site (p), and the mean quantal amplitude (q),
from the variance-mean plot (see Methods). Kynurenic
acid (2mmMm) was added to the aCSF to minimize an
involvement of AMPAR saturation in the variance-mean
relationship (Foster & Regehr, 2004). For the parabola
fit, release probability was altered by simply changing
[Ca*"],/[Mg*t], ratio in aCSF at P7, whereas at

Synaptophysin
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P21
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P14, addition of 4-AP (10 um) or TEA (50-100 um)
was often required to attain high release probability
(Fig. 6A, see Methods). The p-values estimated from the
variance—mean analysis were 0.45 & 0.04 at P7-8 (n=6)
and 0.19 £+ 0.02 at P13-15 (n = 9) (Fig. 6B). The N -values
were 358 &= 122 at P7-8 and 719 & 194 at P13-15. These
estimates are comparable to previous estimates at P8—10
rat calyces (500-900, Scheuss et al. 2002) and the number
of morphologically identified active zones (Taschenberger
et al. 2002; Satzler et al. 2002; see Discussion). Although
the absolute values for N and p can depend upon the
methods used, the relative magnitudes of developmental
changes in N and p, during the second postnatal week,
are consistent with those previously estimated using the
tetanic stimulation method at this synapse (Iwasaki &
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Figure 4. Developmental changes in the GIuR1 immunoreactivity in MNTB neurons

A, GIuR1-IR of MNTB principal neurons in developing rats. Confocal laser scanning microscope pictures showing
GIUR1-IR (left column, green), synaptophysin-IR (middle column, red) and merged views (right column). Graph in
the right panel shows the developmental decline in GIuR1-IR. Ordinate indicates relative IR normalized to that of
the GIuR1 at P7. B, Western blot analysis of GIuR1 subunit. Samples from the MNTB region at each age (P7, P14-16
and P21) were separated by SDS-PAGE for immunoblot detection. Open arrowheads indicate the molecular weight,
and a filled arrowhead indicates the position of GIuR1. An asterisk indicates non-specific signals originated from
the ABC detection method. The GIuR1 signal intensity at each lane was normalized to the mean value at P7.
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Takahashi, 2001; Taschenberger et al. 2002). At P7-8,
reducing [Ca’*], to 1.3 mm and increasing [Mg**], to
1.7 mmreduced p t0 0.24 & 0.05 (n = 6), which was similar
to p at P13-15 (Fig. 6B). At P13-15, increasing [Ca*"], to
4 mm and omitting [Mg**], from the aCSF increased p to
0.45 £ 0.04 (n =6), which was similar to that at P7-8 in
normal aCSF (Fig. 6B).

Using the modified aCSF solutions we next examined
the contribution of release probability to PPD. At P7-8
synapses, reducing p to the same level as at P13-15
markedly reduced PPD at ISIs shorter than 0.5s, but it

A 10 mM
I
100 uM
0.1 uM
]
— >16s —_ 5
—! le—
100 ms
P14

Control Control

Normalized Peak Current

107 10® 10 104
Pre-inc [glu] (M)

Figure 5. Developmental change in the glutamate sensitivity of
AMPAR desensitization

A, the protocol of glutamate application: AMPAR currents were
induced by a 10 mm glutamate application with a 100 ms test pulse to
outside-out patches excised from P7-8 or P13—-15 MNTB neurons,
after sustained applications (> 16 s) of L-glutamate at various
concentrations (0.1-100 uMm). B, sample records show AMPAR currents
(averaged from 5 traces) in P7 and P14 patches, in the absence and
presence of 3 uM L-glutamate (superimposed). The graph indicates the
relative amplitude of AMPAR patch currents (ordinate, normalized to
those without prior glutamate application) at P7-8 (0) and P13-15 (@)
induced by the test pulse after sustained applications of L-glutamate at
various concentrations (abscissa). The lines were drawn following least
squares fitting of the Hill equation (/ = Imax[glul="/{[glu]™" + IC50~"},
where the Hill coefficient (n) was 1.0 for P7 and 1.5 for P13-15
AMPAR patch currents).
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had no effect on PPRs at longer ISIs (0.5-10s, Fig. 7A,
online supplemental material, Supplemental Table 1).
These PPD components correspond to those caused
by Ca?*/calmodulin (CaM)-dependent inactivation of
presynaptic Ca®" currents (I pca) (Xu & Wu, 2005;
Nakamura et al. 2008). After matching p, the attenuating
effect of CTZ on PPD became significantly less, being
observed only at ISIs of 50-200 ms (Fig. 7C versus Fig. 1).
At P13-15 synapses, matching p to the level seen at P7-8
increased PPD, but remained lower than that seen at P7—8
(Fig. 7B, Supplemental Table 1). In this condition, CTZ
significantly attenuated PPD at the short ISIs (5-30 ms,
Fig. 7D). The lack of CTZ effect on PPDs at longer
intervals is consistent with the fast recovery of AMPARs
from desensitization at P14 (Fig. 2). These results
suggest that the release probability significantly, but not
exclusively, contributes to the involvement of AMPAR
desensitization in synaptic depression.

An increase in transmitter release can secondarily cause
synaptic depression via vesicle depletion. In the present
study, involvement of AMPAR desensitization in PPD
was assessed by the degree of PPD attenuated by CTZ.
Since CTZ also increases transmitter release, via inhibiting
presynaptic potassium conductance, at calyceal synapses
of P13-16 (Ishikawa & Takahashi, 2001) and P7-8
(T. Yamashita and T. Takahashi, unpublished observation)
rats, contribution of desensitization to PPD might be
greater than those estimated here in both age groups.

Discussion

Contribution of transmitter release probability
to the involvement of AMPAR desensitization
in synaptic depression

Rodents start to detect sounds at P10-13 (Mikaelian
& Ruben, 1964; Kikuchi & Hilding, 1965; Futai et al.
2001). Immature calyces of Held, before the hearing
onset, show strong synaptic depression during repetitive
stimulation (Taschenberger & von Gersdorff, 2000; Iwasaki
& Takahashi, 2001) and compound ISI dependency
(Fig. 1, see also Iwasaki & Takahashi, 2001) in PPD.
At such synapses, at P7-8, CTZ attenuated PPD for a
wide range of ISIs up to 1s (Fig. 1), suggesting that
AMPAR desensitization is involved in synaptic depression
even during 1 Hz stimulation (cf. Renden et al. 2005).
Reducing release probability down to the level of P13-15,
by lowering the [Ca®*],/[Mg**], ratio, attenuated PPD
at ISIs shorter than 0.5s (Fig.7A), and reduced the
CTZ-sensitive components of synaptic depression (Fig. 7C
versus Fig. 1), suggesting that high release probability at
immature synapses contributes to involvement of AMPAR
desensitization in synaptic depression. The number of
morphologically defined active zone at the calyx of Held
is estimated to be 300—500 at P5-10 and 700 at P14, and
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the total number of docked synaptic vesicles is 1700 at
P5 and 2100 at P14 (Taschenberger et al. 2002; Sitzler
et al. 2002). Thus, the average number of vesicles docked
at each active zone can be estimated as 3.4-5.7 at P5 and 3
at P14. As the release probability is 0.45 at P7-8 and 0.19
at P13-15 (Fig. 6), a single presynaptic action potential
can maximally induce the exocytosis of 2.6 vesicles at
each active zone at P7, whereas the number is 0.6 at
P14. Thus, the chance for postsynaptic AMPARs to be
exposed twice to glutamate in the paired-pulse stimulation
protocol is much higher at P7 than at P14. Furthermore,
at immature calyces, glutamate simultaneously released
from nearby release sites tends to summate in the synaptic
cleft, thereby increasing involvement of desensitization in
synaptic depression.

Conversely, at P13—15 calyces, raising release probability
to the level of P7-8 synapses increased involvement of
AMPAR desensitization in PPD (Fig. 7D). These results
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suggest that a developmental decline in release probability
reduces the involvement of AMPAR desensitization
in PPD. Thus, release probability is an important
presynaptic determinant for the involvement of AMPAR
desensitization in synaptic depression. At P13-15
synapses, release probability was 0.2 (Fig. 6), and
the recovery time constant () of AMPARs from
desensitization was 27 ms (Fig. 2). This is comparable to an
imaginary situation where they are exposed to transmitter
glutamate every time of stimulation (p = 1.0) but recover
five times more quickly from desensitization (7 = 5.4 ms).
In such asituation, involvement of AMPAR desensitization
in synaptic depression will be significant at frequencies
higher than 185 Hz. In fact, at P14 calyces of Held, AMPAR
desensitizationis uninvolved in synaptic depression during
100 Hz stimulation (Taschenberger et al. 2002, 2005; but
see Wong et al. 2003), but significantly involved during
300 Hz stimulation (Taschenberger et al. 2005).
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Figure 6. Compensations for differences in release P13
probability by manipulation of extracellular <
divalent cation concentrations at different ages £ 4] O
A, release probability estimated using the ) AaPg” <’C:
variance—-mean analysis at P7 and P13. Left panels, EPSC g 31 J 1nA ®»
amplitudes in solutions containing 1 mm Ca?* and %_ e
2 mm Mg?* (i), 1.3 mm Ca?* and 1.7 mm Mg2+ £ 21 2ms PV Py
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4 mm Ca?* and 0 mm Mg?™ (iv) at P7. Solutions at P13 8  ande ®
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Mg2* with 10 um 4—AP (iv). Averaged EPSCS from 15 Sweep Number Mean (nA)
events each are superimposed and shown in insets.
Right panels show variance-mean plots and parabolic B
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Figure 7. Effects of release probability on PPRs

A, PPRs at P7-8 synapses in normal aCSF (0) and modified aCSF
containing 1.3 mm Ca%* and 1.7 mm Mg?+ (@, low Pr). Dashed lines in
A and B (data in normal aCSF) were taken from Fig. 1.
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Developmental changes in GluR subunits underlying
decreased involvement of AMPAR desensitization in
synaptic depression

Matching release probability between P7-8 and P13-15
revealed that there must be other factors that contribute to
the developmental decline in the involvement of AMPAR
desensitization in PPD (Fig.7C and D). In the cerebral
cortex, recovery of AMPARs from desensitization in
bipolar cells is slow, whereas that in multipolar cells is fast
(Rozov ef al. 2001). CTZ attenuates synaptic depression
at the pyramidal-bipolar cell synapse, but not at the
pyramidal-multipolar cell synapse. Thus, both at brain-
stem calyceal synapses and cerebral cortical synapses, slow
recovery of AMPARs from desensitization underlies the
involvement of desensitization in synaptic depression.

Our single cell RT-PCR analysis indicated that receptors
in patches from cells containing abundant GluR1 trans-
cripts had a slower recovery from desensitization (Fig. 3).
Recombinant homomeric GluR1 AMPARs have slow
recovery kinetics from desensitization, whereas GluR4
homomeric AMPARs have very fast (millisecond order)
recovery kinetics (Grosskreutz et al. 2003). It has been pos-
tulated that AMPARs having a fast desensitization on-rate
may have slow recovery kinetics from desensitization
(Quirk et al. 2004). However, in native AMPARs, recovery
kinetics from desensitization was not correlated with
the abundance of GluR4, or the flip/flop ratio of GluR
splice variants (Fig.3C). A close correlation between
GluR1 abundance and slow recovery of AMPARs from
desensitization suggests that GluR1 abundance determines
the kinetics of recovery from desensitization in native
AMPARs.

Our results indicate that the sensitivity of AMPAR
desensitization to L-glutamate decreases during
development from P7 to P14 (Fig. 5). Given that
homomeric GluR1 receptors have a relatively high
sensitivity to desensitization by glutamate (Robert &
Howe, 2003), the developmental decline in the GluRl
subunit might also underlie the developmental reduction
in glutamate sensitivity of AMPAR desensitization. In this
respect, the level of GluR1 expression in the postsynaptic
neuron is an important postsynaptic determinant for
the involvement of AMPAR desensitization in synaptic
depression. This conclusion is based on an assumption
that subsynaptic and extrasynaptic receptors are identical.
Although this assumption remains to be established, the

B, PPRs at P13-15 synapses in normal aCSF (0) and modified aCSF
containing 4.0 mm Cat and 0 mm Mg2* (@, high Pr). C, PPRs at P7-8
synapses (n = 6) in the modified aCSF in the presence (®) and absence
(@) of CTZ. D, PPRs at P13-15 synapses (n = 7) in the modified aCSF in
the presence (®) and absence (#) of CTZ. Asterisks in B and D indicate
significant difference between values before and after CTZ application
at a given ISI.
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fact that AMPA receptors shuttle between subsynaptic
and extrasynaptic regions by lateral diffusion (Borgdorff
& Choquet, 2002; Ashby et al. 2004) tends to support this
assumption.

Developmental speeding in transmitter clearance
contributing to a decrease in the involvement

of AMPAR desensitization in paired-pulse
synaptic depression

Using the non-desensitizing AMPAR agonist kainate,
Taschenberger et al. (2005) estimated the recovery time
of subsynaptic AMPARs from desensitization as 484 ms
at P5-7 and 21 ms at P12-14. The value at P12-14 is
comparable to the recovery time constant of AMPAR
patch currents from AMPAR desensitization at P14 (27 ms,
Fig. 2A), whereas the value at P5-7 is more than three
times longer than that of AMPAR patch currents at P7
(151 ms), suggesting that glutamate clearance from the
synaptic cleft is retarded at P7, but no longer at P14. The
developmental acceleration of glutamate clearance may
arise from morphological reformation of calyx terminal
from a spoon-shape to finger-like structure (Kandler &
Friauf, 1993; Sitzler et al. 2002; Wimmer et al. 2006). At P7
calyces, at an ISI of 1 s, CTZ significantly attenuated PPD
(Fig. 1), whereas AMPAR patch currents fully recovered
from desensitization after a 1s interval (Fig.2A). These
results together suggest that slow clearance of glutamate
from the synaptic cleft contributes to involvement of
AMPAR desensitization in synaptic depression, as pre-
viously suggested at immature calyces of Held (Koike-Tani
et al. 2005; Renden et al. 2005; Taschenberger et al.
2005) and at the chick magnocellular synapses (Otis et al.
1996). Whilst our experiments were performed at room
temperature, the speed of AMPAR desensitization and
glutamate clearance from the synaptic cleft are faster at
physiological temperature, although release probability is
unchanged (Kushmerick et al. 2006; Postlethwaite et al.
2007; but see Yang & Wang, 2006). In this respect, the
relative contribution of pre- and postsynaptic mechanisms
to the involvement of AMPAR desensitization in PPD may
be different at physiological temperature.

Developmental acquisition of high-fidelity
synaptic transmission

Before the onset of hearing, presynaptic action potentials
at the calyx of Held are broad because of slow inactivation
of Na™ channels (Ledo et al. 2005), and the slow activation
kinetics and low density of K* channels (Nakamura
& Takahashi, 2007). This limits the maximal frequency
of reliable presynaptic firing to 200 Hz (Nakamura &
Takahashi, 2007). Postsynaptically NMDARs broaden
action potentials, thereby limiting reliable synaptic trans-
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mission below 10Hz (Futai et al. 2001). In addition,
the high release probability, high glutamate sensitivity
of AMPAR desensitization, slow recovery of AMPARs
from desensitization, and slow glutamate clearance from
the synaptic cleft together promote postsynaptic AMPAR
desensitization, thereby depressing postsynaptic potentials
below firing threshold during high frequency synaptic
transmission. During postnatal development, all these
desensitizing factors are reduced, thereby establishing
high-fidelity high frequency synaptic transmission for
binaural sound source localization at this auditory relay
synapse.
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