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Changes in synaptic structure underlie the
developmental speeding of AMPA receptor-mediated

EPSCs

Laurence Cathala2, Noemi B Holderith3, Zoltan Nusser>, David A DiGregorio2 & Stuart G Cull—Candy1

At many excitatory and inhibitory synapses throughout the nervous system, postsynaptic currents become faster as the synapse

matures, primarily owing to changes in receptor subunit composition. The origin of the developmental acceleration of AMPA
receptor (AMPAR)-mediated excitatory postsynaptic currents (EPSCs) remains elusive. We used patch-clamp recordings, electron
microscopic immunogold localization of AMPARs, partial three-dimensional reconstruction of the neuropil and numerical
simulations of glutamate diffusion and AMPAR activation to examine the factors underlying the developmental speeding of
miniature EPSCs in mouse cerebellar granule cells. We found that the main developmental change that permits submillisecond
transmission at mature synapses is an alteration in the glutamate concentration waveform as experienced by AMPARs. This can
be accounted for by changes in the synaptic structure and surrounding neuropil, rather than by a change in AMPAR properties.
Our findings raise the possibility that structural alterations could be a general mechanism underlying the change in the time

course of AMPAR-mediated synaptic transmission.

The postsynaptic current at many synapses undergoes a marked change
in time course during brain maturation. Early work demonstrated that
at the endplate, this modification arises from a change in the subunit
composition of postsynaptic acetylcholine receptors!. In the CNS, it is
now well accepted that a similar switch in receptor subunit composi-
tion underlies the developmental change in glycinergic, GABAergic and
NMDA receptor-mediated synaptic currents®™.

The time course of AMPAR-mediated EPSCs (AMPAR-EPSCs)
also becomes faster during development®”, and this has been
shown to be a critical determinant for information processing in the
CNS?3. Although changes in synaptic AMPAR subunit composition
have been identified at some central synapses during development®!°
and in certain forms of synaptic plasticity''?, the mechanism
underlying the developmental speeding of AMPAR-EPSCs remains
controversial. This is primarily due to the large number of factors
that shape the AMPAR-EPSC time course. These factors include
the time course of glutamate concentration change within the
synaptic cleft (which is influenced by the structure of the synapse
and the surrounding neuropil), the location and properties of gluta-
mate transporters, the location of postsynaptic receptors with respect
to the release site and the kinetic properties of AMPARs (for review,
see ref. 13).

Here we examined the factors governing the developmental
alterations of AMPAR-EPSCs in cerebellar granule cells, where an
acceleration in kinetics has been identified”'4. This acceleration

seems to have a critical impact on the integrative behavior of granule
cells" and is governed predominantly by the speeding of the
underlying miniature EPSCs (mEPSCs)”'4. Changes in the expression
of AMPAR subunits during granule cell development'>!°, in parti-
cular increased expression of the GluR4-flop subunit that confers
rapid kinetics'®, has raised the possibility that modifications in the
molecular identity of AMPARs could underlie the EPSC speeding
in granule cells. We found, however, that the acceleration of
mEPSCs during granule cell maturation cannot be readily accounted
for by functional changes in AMPAR properties. Instead, our results
provide evidence that developmental changes in the neuropil (post-
synaptic density (PSD) size, PSD location and diffusional space) can
produce an alteration in the glutamate waveform that underlies the
speeding of EPSCs.

RESULTS

To identify factors that determine the developmental change in the
properties of AMPAR-mediated mEPSCs, we recorded from immature
(postnatal days 7-8; ‘P8’) and adult (P35-78; ‘P40’) granule cells in
acute slices. Granule cells remain electrically compact throughout
development!4, allowing the examination of mEPSC kinetics with
minimal space clamp error. We focused on mEPSCs to minimize the
influence of any developmental changes in the synchrony of vesicular
release’ or release probability, both of which can affect the decay of
evoked EPSCs!718,
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Temperature dependence of mEPSC kinetics

To determine whether the developmental change in mEPSC kinetics is
temperature dependent, we examined mEPSCs in P8 and P40 slices at
23 °C and 37 °C. There was no developmental change in peak
amplitude or frequency at either temperature, but we observed a
significant acceleration in the mEPSC rise and decay, as previously
described!* (Fig. 1a). The ratio of the mean mEPSC amplitudes of the
two ages (P40 and P8; Fig. 1b) remained near 1 (P > 0.05) at both
temperatures. The ratios of the weighted decay time constants (Tdecay)
were also similar at the two temperatures (P401,,/P8t,, = 0.59 £ 0.07 at
23°C,n=19and 0.54 £ 0.04 at 37 °C, n = 39; P > 0.05; Fig. 1c). The
latter finding argues strongly that the developmental acceleration in
mEPSC kinetics is independent of temperature. Since the uptake of
glutamate by transporters is steeply temperature dependent, it seems
unlikely that acceleration of the mEPSC time course arose from
developmental enhancement of glutamate uptake. This conclusion is
consistent with the absence of glia'®!® within cerebellar glomeruli and
with the lack of effect of transporter blockers within the first few
milliseconds of single EPSCs at mossy fiber—granule cell synapses”>!3.
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Figure 1 Developmental speeding of the AMPAR-mEPSC at 23 °C and 37 °C.
(a) Superimposed mMEPSC population averages at 23 °C at =70 mV (solid
lines; gray shade indicates +s.e.m.; n =19 at P8 and n = 20 at P40) and
37 °C (dotted lines; n = 20 at P8 and n = 20 at P40). At 23 °C, the mean
mEPSC peak amplitude was 15.8 + 1.1 pA (coefficient of variation (c.v.) =
31+7%; n=19cells)at P8and 14.2 + 1.1 pA(c.v. =33 +8%; n= 20
cells) at P40 (both peak and c.v.; P > 0.05). The 10-90% rise time was
0.38 £ 0.02 ms at P8 and 0.23 £ 0.01 ms at P40 (P < 0.01). The
weighted decay was 3.22 + 0.29 ms at P8 and 1.92 + 0.15 ms at P40

(P < 0.01). At 37 °C, the mean mEPSC peak amplitude was 22.1 + 1.0 pA
(n=39) at P8 and 22.2 + 0.9 pA (n = 39) at P40 (P > 0.05). The 10-90%
rise-time was 0.18 + 0.01 ms at P8 and 0.15 + 0.004 ms at P40 (P< 0.01).
The weighted decay was 1.33 + 0.08 ms at P8 and 0.72 + 0.03 ms at P40
(P < 0.01). (b) Bar graph showing the peakpao/peakpsg ratio at 23 °C and

37 °C. (c) Bar graph showing the t,p40/twps ratio at 23 °C and 37 °C.

mEPSCs show linear /-Vrelationships at both P8 and P40

As AMPAR subunit expression changes during development!>1°, we
next examined whether developmental acceleration in mEPSC kinetics
could be directly ascribed to a modification of AMPAR properties.
Because post-migratory granule cells do not express AMPARs on their
cell bodies in slice preparations?®?!, receptor properties were deduced
directly from mEPSC behavior.

AMPARSs that lack GluR2 subunits show large single-channel con-
ductances?? and voltage-sensitive block by intracellular polyamines!'.
To test whether the synaptic contribution of GluR2-containing
AMPARs changed during development, as described at certain other
synapses™!, we examined mEPSCs over a range of membrane poten-
tials. The current-voltage (I-V) relationships were linear at P8 and P40
(n = 3, both ages; Fig. 2), suggesting that synaptic AMPARSs contain
GluR2 subunits at both ages. These data also showed that the mEPSC
decay was consistently slowed at depolarized potentials (Fig. 2). The P8
Tdecay increased by 80 + 3% when cells were depolarized from —70 mV
to +40 mV (data not shown; 23 °C; n = 3; P < 0.05), and the P40 Tgecay
increased by 76.5 + 17% when cells were depolarized from —80 mV to

T T
-80 mV +40 mV

Figure 2 Voltage dependence of the AMPAR-mediated mEPSC.

(a) Population average EPSC //Vrelationship at P8 (n = 3) obtained
between —90 and +60 mV at 23 °C. Lower right: //V plot of pooled data
(open circles) with a linear regression fit (straight line). Upper right: plot
of residuals, indicating the error in the fit at each potential. (b) Population
average EPSC //Vrelationship at P40 (n = 3) at 23 °C. Lower right: I/V
plot of pooled data. Upper right: plot of residuals. (c) Population average
EPSCs (gray shade shows s.e.m.) at 37° C from P40 granule cells (n = 6,
V= —-80 mV and +40 mV). Mean responses were normalized. The
response at the negative potential has been inverted (dotted line) and
superimposed on the response at the positive potential. Summary plot at
right shows voltage dependence of MEPSC tgecay, With individual cells in
gray, and mean (x s.e.m.) in black (*P < 0.05).
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Figure 3 Mean single-channel conductance of AMPARs underlying mEPSCs
remains constant between P8 and P40. (a) Left, 50 individual mEPSCs (gray
traces) and average mEPSC (black trace) superimposed at P8. Right, a

plot of their variance versus mean current (n = 493 mEPSCs). (b) Left,

50 individual mEPSCs (gray traces) and average mEPSC (black trace)
superimposed at P40. Right, a plot of their variance versus mean current

(n =178 mEPSCs). The line indicates the fit of the initial two-thirds of the
plot to the theoretical equation (see Methods). The dotted line indicates the
baseline variance (1.73 pAZ at P8 and 2.27 pA2 at P40). The weighted mean
conductance (y) was 9.3 pS at P8 and 9.2 pS at P40. (c) Plot showing the
mean single-channel conductance at both ages. Individual cells (open
circles for P8, filled gray circles for P40) are shown along with the mean
conductance at each age (+ s.e.m.; black open circle for P8, black filled
circle for P40). The estimated number of open channels at the peak was

not significantly different (26 + 3 at P8, and 34 + 3 at P40; P > 0.05),

as expected from the lack of difference in the mean peak amplitudel4. All
recordings were done at 37 °C.

+40 mV (Fig. 2¢; 37 °C; n = 6; P < 0.01). As AMPAR kinetics become
slower with depolarization??, this result suggests that receptor gating
properties contribute to EPSC decay kinetics at both ages.

Estimates of synaptic channel conductance at P8 and P40

The conductance of the AMPARs is critically dependent on subunit
composition?2. As the single-channel conductance of somatic AMPARS
can change during granule cell migration?!, we examined whether the
conductance of synaptic AMPARs differed between P8 and P40. We
compared their weighted mean single-channel conductances (y) using
peak-scaled nonstationary fluctuation analysis at 37 °C (Fig. 3).
We found no significant difference in 7y between the two ages
(P8: 11.2 £ 1.5 pS, n = 7 and P40: 9.8 + 0.6 pS, n = 8; P > 0.05).
These values are comparable to those obtained previously from P12
rats!” and are in the same range as those obtained for recombinant
heteromeric GluR2/GluR4 receptor assemblies??, a subunit combina-
tion likely to be present in granule cells!®. Because our y estimates are
similar to the largest estimates obtained from heteromeric GluR2-
containing receptors (10 pS; ref. 22), the most likely explanation for our
results is that, at both ages, the majority of the charge is carried by
l .I heteromeric GluR2-containing channels. This is consistent with the
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finding that AMPARs are predisposed to assemble as pairs of hetero-
meric dimers?425, However, at neither age can we exclude a small
contribution of GluR2 homomeric channels to mEPSCs, as small-
conductance channels (<200 fS; ref. 22) have been observed in
migrating granule cells?!.

Cyclothiazide slows the mEPSC decay at both P8 and P40

AMPARs composed of the GluR2, -3 and -4 flop splice variants show
faster desensitization rates than those containing flip variants!®%,
In granule cells, GluR4-flop expression is initially lower than that
of GluR4-flip and increases during development!®. Therefore, we
examined whether the acceleration of the mEPSC decay could be due
to an enhanced contribution of the flop isoform to the synaptic
AMPARs. To discriminate between flip and flop isoforms, we used a
low concentration (10 pM) of cyclothiazide, an AMPAR modulator
with preferential effects on flip variants?’. At this concentration,
unwanted presynaptic effects”® of cyclothiazide were reduced, with
no effect on mEPSC frequency (from 0.07 £ 0.03 Hz to 0.086 + 0.04 Hz,
n = 7 at P8 from 0.21 + 0.08 to 0.24 *+ 0.09, n = 5 at P40, both

Figure 4 Cyclothiazide (CTZ) slows the mEPSC decay equally at P8 and
P40. (a) Population average EPSCs (solid line; gray shade shows + s.e.m.)
recorded from P8 granule cells under control conditions and in the presence
of cyclothiazide (10 uM; n =7, V= —80 mV). (b) Population average
EPSCs recorded from P40 granule cells under control conditions and in the
presence of cyclothiazide (n = 9). (c) Bar graph summarizing the effect of
cyclothiazide on the 10-90% rise and peak amplitude at P8 and P40.

(d) Plot showing the effect of cyclothiazide on the tgecay of the EPSCs at P8
(open circles) and P40 (filled circles). Individual responses (gray filled and
open circles) are shown along with mean response (+ s.e.m., black filled and
open circles; *P < 0.05). The majority of data were obtained from recordings
performed at 23 °C (n = 7 at P8 and n = 5 at P40). Recordings were also
performed at 37 °C at P40 (n = 4). The relative slowing obtained at 23 °C
and 37 °C was not significantly different, and thus data were pooled.
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P > 0.05). We did not detect a significant
change in the mean mEPSC peak amplitude
(Fig. 4; P > 0.05) or in the rise time (Fig. 4c,
P > 0.05), but cyclothiazide significantly
increased the EPSC Tgc,y (Fig. 4a,b,d, P <
0.01). The relative increase in Tqecay Was com-
parable at both ages (210 + 13% at P8 versus
260 + 22% at P40, P > 0.05). These observa-
tions suggest that the increased expression in
flop subunits'® is unlikely to underlie the
speeding in mEPSC time course.

Control

P40

Kynurenic acid preferentially accelerates
P8 mEPSCs
We next considered whether the altered
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mEPSC time course could arise from a change e
in the spatiotemporal profile of glutamate
experienced by the AMPARs (the effective
glutamate waveform). The rapidly dissociat- b 60 15 d 60 15
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mate waveform!$2°, Application of kynurenic
acid (0.5-1 mM) resulted in a reduction in the
mEPSC peak amplitude that was similar at
both ages (35 + 4% at P8, n = 7 versus 29 *
3% at P40, n = 12, P > 0.05; Fig. 5a,b, left),
but accelerated the Tgecy Only at P8 synapses

Figure 5 A low-affinity competitive antagonist preferentially accelerates P8 EPSCs. (a) Population
average EPSCs (grey shading: + s.e.m.) recorded from P8 and P40 granule cells in control and in
kynurenic acid (‘+Kyn’; n =7 and n = 12, respectively; V= —80 mV). Superimposed normalized
responses are shown at right. Similar concentrations were used for both ages (P8, 0.5-0.75 mM,

mean = 0.7 £ 0.05 mM and P40, 0.5-1 mM, mean = 0.69 + 0.05 mM; P > 0.05). (b) Left, bar graph
showing percentage inhibition of mMEPSC peak amplitude induced by kynurenic acid. Right, summary

(from 1.17 + 0.14 ms to 0.75 = 0.13 ms,
P < 0.01; Fig. 5a,b, right). It is notable that
in the presence of kynurenic acid, the P8 Tgecay
approached the value observed at P40. These
data suggest that the developmental speeding

effective glutamate waveform.
To verify that the effect of kynurenic acid

l, .I of mEPSCs may reflect a change in the

plot of kynurenic acid on MEPSC tgecay (*P < 0.05; P40: 0.68 + 0.03 ms versus 0.64 + 0.05 ms in
kynurenic acid, P > 0.05). (c) Population average EPSCs in control and in GYKI 53655 (‘+GYKI'; n=5
and n =7, respectively, V= —80 mV). Superimposed normalized responses are shown at right. Similar
concentration was used for both ages (P8, 1.5-2 uM, mean = 1.7 + 0.12 mM and P40, 1-2 uM,

mean = 1.4 + 0.17 mM; P > 0.05). (d) Left, bar graph showing percentage reduction in EPSC

peak amplitude induced by GYKI 53655 (29 + 3%, n = 5 at P8 versus 24 + 3%, n = 7 at P40,

P > 0.05). Right, summary plot showing effect of GYKI 53655 on tgecay (P8: 1.10 £ 0.13 ms

versus 1.05 + 0.14 ms in GYKI 53655 (P > 0.05); P40: 0.72 + 0.05 ms versus 0.75 + 0.07 ms

(P > 0.05). All recordings at 37 °C.

was due to a competitive interaction with

glutamate, we examined the effect of a

noncompetitive AMPAR antagonist (GYKI-53655) on mEPSCs. With
concentrations of GYKI-53655 (1-2 pM) that produced a peak
amplitude reduction similar to that produced by kynurenic acid
(P > 0.05), we observed no change in Tgecy at either P8 or P40
(Fig. 5¢,d, right). As GYKI-53655 preferentially blocks AMPARSs over
other ionotropic glutamate receptors, the lack of change in Tgecay rules
out the presence of a slow kainate receptor-mediated component at
both ages. Moreover, since both kynurenic acid and GYKI-53655
produced a similar fractional block at the two ages (P > 0.05), we
conclude that the differential acceleration by kynurenic acid is unlikely
to result from a developmental change in the AMPAR affinity for the
antagonists or glutamate; instead, it is due to a change in the effective
glutamate waveform.

Geometry of the glomerular neuropil and AMPAR distribution

The change in the effective glutamate waveform could result from
either an alteration in the distribution of AMPARSs in relation to the site
of release, or a change in the spatiotemporal profile of glutamate in the
synaptic cleft. To test directly the first possibility, we performed

quantitative immunogold labeling of AMPARs at mossy fiber—granule
cell synapses at both ages. To test the second, we used partial three-
dimensional (3D) reconstructions and numerical simulations.
Postembedding electron microscopic immunogold localization of
GluR1-GluR4 subunits showed that AMPARs were localized exclu-
sively at asymmetrical synapses at both ages (Fig. 6a,b), as reported for
a single age at other synapses®’*2. However, the number of gold
particles per single section of a synapse was significantly higher at
P40 (2.3 + 1.6, n = 69) than at P8 (1.3 + 1.6, n = 54; P < 0.01). This
was the consequence of a smaller proportion of immunonegative
synapses (11 versus 39%), and of a more intense labeling at positive
synapses. The shape of the distribution of gold particles along the
synaptic specializations was not significantly different between the two
ages (P > 0.10, Kolmogorov-Smirnov test; Fig. 6d), with a higher
probability of labeling in the middle of a PSD (Fig. 6¢). The vertical
distribution of gold particles (particles’ distance from the postsynaptic
membrane) was indistinguishable between age groups (data not
shown). The immunogold density was 202% higher at P40 than at
P8 (4.3 + 6.3 gold/um at P8 versus 13.0 + 9.4 gold/um at P40; P < 0.01;
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Fig. 6e). The increased number of gold particles per synaptic section
reflected not only a higher AMPAR density, but also a smaller synaptic
size at P40 (single cut length of synapse was 0.27 + 0.11 pm at P8 versus
0.17 £ 0.4 um at P40; P < 0.01; Fig. 6f; see also ref. 33).

To compare PSD area and shape more precisely between the two age
groups, we made 3D reconstructions at both ages. P8 synapses were
present in a greater number of sections and showed more convoluted
shapes than P40 synapses (Fig. 7a—e versus Fig. 7g-m). Indeed,
reconstructions showed that P8 synapses were larger and many
demonstrated complex shapes (such as perforations; Fig. 7f), whereas
P40 synapses were small and usually round in shape (Fig. 7n). The
P8 PSD area was more than four times larger than that at P40 (0.10 +
0.04 um?, n = 14 versus 0.024 + 0.01 um?, n = 13; P < 0.01). These
reconstructions also demonstrate that P8 mossy fiber terminals were
much smaller and less convoluted than at P40, as described in rats*>. At
P8 the dendrite had a large proportion of its surface juxtaposed to the
mossy fiber terminal in a cup-like fashion, and received several asym-
metrical synapses (Fig. 7f). At P40, mossy fiber terminals established
several asymmetrical synaptic junctions with several claw-like dendrites
and dendritic fingers (Fig. 7n). In contrast with previous reconstruc-
tions>%, we found that the adult mossy fiber terminal can establish
multiple junctions on the same dendritic finger. We also observed that
the intersynapse distances appeared larger at P40, as described in rats®>.
There was no significant difference in the width of synaptic cleft between
the two age groups (P8:20.2 £ 1.7 nm, n = 75;
P40: 19.6 £ 1.5nm, n = 28; P > 0.05). The
results of our 3D reconstructions together
with quantitative AMPAR localizations sug-
gest that structural changes could produce a
difference in effective glutamate waveform.

Simulations of glutamate diffusion and
AMPAR activation

As AMPARs were located exclusively at PSDs
at both ages (Fig. 6), we examined the poten-
tial influence of the observed structural
changes using numerical simulations of glu-

considered the effects of the following factors

larger diameter of 500 nm (d500) to account for the large variability of
PSD sizes at P8.

The peak amplitude of the simulated AMPAR open probability
response (Popen(t)) decreased as PSD diameter increased for both
geometries (Fig. 8b). This resulted from the fact that a significant
proportion of the AMPARs were farther away from the source of
glutamate and thus experienced a lower peak concentration®”. The
decrease in PSD diameter also led to an acceleration in rise time (up to
53% for 2D-geom and 46% for 3D-geom), with little effect on Tgecay of
the Pypen(t) response (up to 16% for 2D-geom and 8% for 3D-geom;
Fig. 8b insets). The geometry of the diffusional space had a greater
effect on the Tgecay (decreased by up to 23% for d500) than on the rise
time (decreased by up to 15% for d500; Fig. 8c for P8 PSD). Overall,
the change in PSD size (P8 versus P40) combined with the change from
2D- to 3D-geom accelerated the rise time by 37% and Tgecay by 23%
(Fig. 8d). The acceleration in rise time was comparable to the 25%
acceleration obtained experimentally for mEPSCs at 37 °C (Fig. 1a).
The speeding of Tgecsp however, was less than the 46% measured
experimentally (Fig. 1c).

Currents mediated by glutamate spillover make a significant con-
tribution to action potential-evoked EPSCs at mossy fiber—granule cell
synapses in P25 rats!8. Whether or not a spillover current contributes to
mEPSCs is unknown, but it would depend on whether a single vesicle
can release sufficient glutamate to diffuse onto neighboring PSDs of the

=" on mEPSC shape after the release of a single Shts
packet of glutamate: (i) decreased PSD size, Cc d
(ii) change in granule cell dendritic shape 8 307 @ rgmoves. z10 10 1.0
(that is, increased number of diffusional = 3 08 0.8 0.8
sinks; Fig. 7f versus Fig. 7n), (iii) increased !g 20 g 06 0.6 0.6
intersite distance and (iv) decreased number 2 10 é 0.4 0.4 0.4
of neighboring synaptic junctions onto % HT g 02 02 —Egomrzﬁzze 02
the same granule cell dendrite’®. Because 2 o LU C ool o0 o
~1.0-05 0.0 05 1.0 ~1.0-05 00 05 1.0 0 10 20 30 40 0 200 400 600 800

the contact surface between the mossy fiber
terminal and a single granule cell dendrite is
large in younger animals (Fig. 7b), we used
simulations in which the glutamate released
by one vesicle diffuses primarily in two
dimensions (2D-geom; Fig. 8a, left). To simu-
late mature mEPSCs, we used a simplified 3D
diffusional space®® (3D-geom; Fig. 8a, right).
For both ages, we used an AMPAR kinetic
scheme®® that predicted synaptic currents at
rat mossy fiber—granule cell synapses®. We
tested two PSD diameters (340 nm at P8 and
180 nm at P40) calculated from the 3D
reconstructed PSD areas, as well as a third

Relative horizontal position

Relative horizontal position Density (gold/um) Synaptic length (nm)

Figure 6 Electron micrographs showing the differences in AMPA receptor content of mossy fiber-granule
cell synapses in P8 and P40 mice. (a,b) Postembedding immunogold labeling for the GluR1-GluR4
subunits in the granule cell layer at P8 (a) and P40 (b). (a) Asymmetrical synapses (arrowheads) made
by a mossy fiber terminal (mt) with granule cell dendrites (d) are weakly labeled, having either zero or
few particles. Inset shows one of a few synapses that showed somewhat stronger immunoreactivity.

(b) Immunogold reaction in a P40 mouse demonstrates that two synapses (arrowheads) made by a
mossy fiber terminal on fingers (f) of granule cell dendrites contain several gold particles. An unlabeled
synapse (arrow) on a dendritic shaft (d) is also seen. (c) Horizontal normalized distribution of gold
particles along the synaptic specialization. (d) Cumulative plot of the distribution of gold particles.
Note that the distributions are very similar at both ages. (e) Cumulative probability plots showing the
differences in the density of gold particles (given as number of gold particles per um of synaptic cut
length) between the two age groups. Note the larger numbers of immunonegative synapses at P8
compared to P40. (f) Synapses of young animals were larger and more variable in single cut length,
whereas P40 synapses were smaller, as shown in the cumulative probability plots. Scale bars, 0.2 pm.
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same granule cell. This is dependent not only on the intersite distance
and the structure of the neuropil surrounding the synapses*®, but also
on the likelihood that the neighboring PSDs are located on the same
postsynaptic cell. At bouton-spine synapses, spillover of glutamate from
single-release events is not sufficient to activate low-affinity AMPARSs at
neighboring spines (less than 1%)3%3°. We examined AMPAR activa-
tion for both geometries, using the PSD intersite distance (640 nm)
measured from 3D reconstructions in P18 rats’’. In the 2D-geom
simulations, the spillover-mediated response had a peak Pype, of 0.02
(7.1% of peak Ppe, of direct response), whereas the peak Py, in the
3D-geom was smaller, 0.006 (less than 2% of the peak of direct
response). Due to their slow rise time, the spillover current component

'@:4 © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience

ARTICLES

slowed the decay of direct responses by 72% at P8 (Fig. 8e, left) and by
8% at P40 (Fig. 8e, right) when four neighbors were considered.

We also examined the influence of spillover-mediated responses at
two additional intersite distances, 800 and 1,100 nm (Fig. 8f), which
are likely in the range of that estimated from synaptic density for P8
and P40 glomeruli®?. In the 2D-geom, all intersite distances produce a
marked slowing of the direct response (7—72%), whereas in the 3D-
geom the slowing of the decay was much less (0.5-14%). To approx-
imate the overall influence of all observed structural changes, we
compared the Pypen(t) for a P8 PSD with four neighbors 0.8 pm
apart within the 2D-geom to that of a P40 PSD with two neighbors
1.1 pum apart within the 3D-geom. The Tgecy of a simulated ‘P40’

Figure 7 Analysis by electron microscopy of the
cerebellar glomeruli in P8 and P40 mice. (a—e)

A mossy fiber terminal (mt) establishes two
synaptic junctions with a granule cell dendrite (d)
in a P8 mouse. The dendrites do not invaginate
into the mossy terminal. The boxed area is
enlarged in panels b-e. Synapse 1 went through
six serial sections (three are shown) and synapse 2
went through ten sections (four shown). A small
piece of the nonsynaptic plasma membrane
(arrow) protrudes into the terminal and splits the
PSD of synapse 2 (into 2a and 2b). The edges

of the specializations are marked by arrowheads.
(f) Reconstruction in 3D of a mossy terminal and
a granule cell dendrite in a P8 mouse. The mossy
fiber terminal (blue) establishes several synaptic
junctions on the granule cell dendrite (transparent
yellow). The majority of the terminal from this view
is visible only through the semi-transparent
dendrite (green). Synaptic junctions (orange; nine
of ten shown) show a large variability in size and
shape (four out of ten synapses are perforated).
Two arrowheads point to the synapses that are
shown in b—e. The reconstructed terminal and the
dendrite are viewed from a different angle in the
inset. Right panel illustrates the synapses at a
higher magnification (2.2x). (g-m) Micrographs
demonstrate that a part of a large P40 mossy fiber
terminal (mt) establishes synapses on several
dendritic fingers (f; lower boxed area enlarged in
k-m) and on dendritic shafts (d, upper boxed area,
enlarged in h-j). (n) Synaptic junctions (orange)
between a partially reconstructed P40 mossy fiber
terminal (blue) and two granule cell dendrites.
Dendrite 1 (d1, transparent dark yellow)
approaches the terminal from the top (double
arrowheads), gives rise to a long finger (f1, arrow
marking the branch point) that courses below
dendrite 2 and receives two synapses (arrowhead
marks the visible one on the other side of the
terminal). There are two more additional synaptic
junctions directly on the shaft of d1. Dendrite 2
(light yellow) approaches from the bottom (double
arrowheads), receives two junctions onto the shaft
and gives rise to a short finger (f2, arrow marks the
branch point) that receives two more synapses
(marked with arrowheads in the inset). Inset, 2.2x
maghnification. They are smaller and are more
homogeneous in size and shape compared to their
P8 counterparts. Scale bars, 1 um (a,g); 0.2 um
for all small panels; sides of the cubes in f

and n, 0.5 um.
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Figure 8 Influence of developmental changes in glomerular structure on simulated EPSCs. (a) Schematic representation of a cross-section of the immature
(2D-geom; left) and mature glomerular geometries (3D-geom; right) used for simulation of glutamate diffusion. (b) Simulated receptor Pypen(f) from
neurotransmitter released centered on different PSD diameters (d) in the 2D-geom (left) and in the 3D-geom (right). Inset, same traces normalized. In the
2D-geom for d500, P8 and P40: 10-90% rise was 0.111, 0.085 and 0.054 ms; tgecay Was 0.80, 0.74 and 0.67 ms). In the 3D-geom for d500, P8 and P40:
10-90% rise was 0.100 ms, 0.079 ms and 0.053 ms, and tgecay Was 0.613, 0.587 and 0.563 ms. (c) Superimposed Pypen(?) traces from b to show the effect
of increased diffusional sinks (d = 340 nm). (d) Superposition of normalized simulated traces in which both the developmental decrease in PSD size and
increased diffusional sinks are taken into account. (e) Simulated Pypen(1) traces in response to direct release (thick black) and spillover (gray trace) onto a site
640 nm away within the 2D-geom with PSD diameter of 340 nm (left panel) and 3D-geom with PSD diameter of 180 nm (right panel). Thin black traces are
predictions of measured EPSCs if the spillover current was detected by the same postsynaptic cell with up to four neighboring PSDs. (f) Summary of the effect
of intersite distance, number of neighbors and diffusional sinks on the decay of simulated Popen(t). (g) Superposed normalized Pypen(f) approximating

the observed developmental changes in glomerular structure (see * in f). The P8 Pypen(f) is a simulation from the 2D-geom with a 340-nm diameter PSD, an
800-nm intersite distance and four neighboring PSDs. The P40 Pypen(1) resulted from a simulation from a 3D-geom with a 180-nm diameter PSD, an
1,100-nm intersite distance and two neighboring PSDs. Inset, normalized population average mEPSC at 37 °C (from Fig. 1a).

mEPSC was now 49% faster than that of a ‘P8’ mEPSC (Fig. 8g),
similar to the observed 46% acceleration of mEPSCs measured experi-
mentally (Fig. 1a). We observed all the trends described above using
three other kinetic schemes?>*142 (see ref. 35). For the same compar-
ison as shown in Fig. 8f, the Tcc,, of simulated ‘P40’ mEPSCs were
respectively 49, 55 and 64% faster than that of ‘P8 mEPSCs (data not
shown). Thus we can account for the developmental speeding of
mEPSCs by changes in synaptic structure without postulating a change
in AMPAR properties.

@ © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience

DISCUSSION

Here we have shown that developmental changes in the glutamate
waveform experienced by postsynaptic AMPARs can account for
the observed acceleration in mEPSC decay. In contrast with
many other types of excitatory and inhibitory synapses'™, we did
not observe a change in receptor properties. Our data reveal that this
alteration in effective glutamate waveform can be produced by a direct
change in the cleft glutamate transient (due to increased diffusional
sinks) and a change in receptor location (increased PSD size and
intersite distance).

Changes in AMPAR properties do not explain EPSC speeding

We found no change in the voltage dependence or mean single-channel
conductance of mEPSCs during development. This situation differs
from that at others synapses where a developmental change has
been detected both in AMPAR rectification®!? and single-channel

conductance (L. Kelly, B.A. Clark, M. Farrant & S.G.C.-C. Soc. Neurosci.
Abstr. 276.3, 2004). This suggests that, at both ages, a majority of
synaptic AMPARs are likely to be heteromeric channel assemblies
containing GluR2 subunits, possibly in conjunction with GluR4,
which confers a large conductance to the channel?? and is highly
expressed throughout granule cell development!6. The similarity in
cyclothiazide sensitivity of the mEPSC decay indicates that the flip
isoform contributes to synaptic AMPARSs at both ages, consistent with
the expression of the flip mRNA throughout granule cell develop-
ment'>1®, Moreover, these data also suggest that there was not a
substantial increase in the contribution of the flop isoform to synaptic
AMPARSs. In young animals, we found that mEPSCs are observed only
in a subset of granule cells. As the in situ hybridization experiments!'>16,
samples both from less mature granule cells as well as those with
functional synaptic connections, it is possible that an increase in flop
subunit expression at the synapse is complete by the time of synapse
formation®?. Though our data indicate that flip isoforms continue to
contribute to a majority of synaptic AMPARs, we do not exclude a
small increase in the contribution of flop isoforms, since the flip
isoform will tend to dominate both the desensitization properties?®
and cyclothiazide sensitivity?” of AMPARs. Thus it seems unlikely that
mEPSC acceleration in granule cells is mediated by a change in AMPAR
properties that results from an increased contribution from flop iso-
forms. This conclusion is consistent with the finding that simulations
of AMPARs containing predominantly flop isoforms*? did not predict
the EPSC time course at the mossy fiber—granule cell synapse’>*3.
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Maintenance of peak mEPSC amplitude

Our immunogold localization experiments demonstrated a threefold
increase in immunogold density and a fourfold decrease in PSD area
during development. As a consequence, the total number of AMPARs
appears to be reduced in adult animals. Our numerical simulations of
AMPAR Pypen(f) predict that the observed developmental decrease in
PSD size is expected to increase the mEPSC peak Poye,. Hence
the increased peak Ppe, appears to compensate for the decreased
total receptor number per PSD. Our results indicate that alterations
in the PSD area, the total number of AMPARs, and the peak Pp, co-
vary in a way that maintains a constant peak quantal amplitude
throughout development.

Changes in glomerular structure underlie mEPSC speeding

Our numerical simulations reveal that a decrease in the PSD size may
be the main determinant of the change in mEPSC rise time, whereas an
increase in transmitter clearance and a decrease in the contribution of
neighboring synaptic AMPARs may underlie the developmental accel-
eration in decay. Since AMPARSs remain concentrated at PSDs during
development, a redistribution of AMPARs from the extrasynaptic
membrane to the PSD cannot account for the speeding of the effective
glutamate waveform. To mimic the developmental change from a
cup-like to a claw-like structure, we simulated an increased number
of diffusional sinks. The resulting accelerated clearance of glutamate
produced a substantial speeding of the mEPSC decay.

Our simulations also suggest that a single packet of glutamate can
produce a spillover current that contributes to the mEPSC decay, but
only under certain conditions. The developmental increase in diffu-
sional sinks, the increased intersite distance, and the reduced likelihood
that the neighboring PSDs are on the same granule cell would favor a
prominent spillover contribution to the mEPSC decay at the mossy
fiber—granule cell synapse in young mice, but not in the adult. The slow
mEPSC decay in rat granule cells (P10-P14) has previously been
suggested to reflect a delayed clearance of glutamate from the synaptic
cleft!”. However, our simulations mimicking P8 EPSCs suggest that
spillover onto neighboring sites is also likely to contribute to the slow
decay at P10-P14, an age at which the intersite distances appear to be

o shorter than at P8 (ref. 33).
@ Since it has been suggested that the time course of neurotransmitter

release from individual vesicles may also change during development*4,
it is possible that a slow tail of glutamate flux could contribute to the
slow P8 mEPSC kinetics. Although we cannot rule out this possibility
for young animals, as was possible for action potential-evoked spillover
current at the mossy fiber—granule cell synapse at P25 (ref. 35), our
simulations indicate that the change in effective glutamate waveform
can be accounted for by the observed structural changes.

Impact of mMEPSC speeding caused by structural changes

mEPSCs are important not only for shaping the time course of action
potential-evoked synaptic transmission, but they can also have a role in
homeostatic and activity-dependent neuronal processes*>*®. Thus,
alterations in mEPSC time course may have a broad impact on
neuronal function. At the mossy fiber—granule cell synapse, a develop-
mental decrease in the contribution of quantal spillover currents to
mEPSCs will improve precision of EPSP-spike coupling!4, whereas
the slow action potential-evoked spillover currents would serve to
improve reliability'®. In the adult, this may promote synchronization
of postsynaptic granule cell firing while maintaining precise EPSP-
spike coupling. The slow AMPAR-mEPSCs in granule cells from
young animals could potentially serve to increase the depolarization
associated with each quanta, such that the Mg?" block of synaptic
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NMDARs' is more effectively relieved in order to mediate plasticity
and other Ca?*-dependent processes*>. Moreover, the shorter intersite
distances at immature synapse would be expected to result in
larger spillover currents that could increase their contribution to
short-term depression”,

Speeding of mEPSCs may also occur at other synapses in which there
is a significant decrease in PSD size, a change in receptor localization or
an increase in diffusional sinks. This is particularly applicable to
synapses where there are multiple closely spaced synaptic contacts
between the pre- and postsynaptic neuron?’. For example, in the calyx
of Held, where changes in AMPAR subunits do not account for the
developmental EPSC speeding*?, developmental changes in structure*’
similar to those of the mossy fiber—granule cell synapse could account
for the observed speeding. A large body of evidence now suggests that
changes in spine structure (for example, PSD size, geometry, spine
splitting and transformation to multisynaptic junctions) and density
are associated with development and synaptic plasticity (for review, see
ref. 50). It remains to be seen whether structural changes found
throughout the brain during development and during normal synaptic
function could potentially serve as a mechanism for controlling the
time course of synaptic transmission.

METHODS

Electrophysiology. Whole-cell recordings were performed from parasagittal
cerebellar slices (200-250 pm) from C57BL/6] mice at ages P7-P78, as
described previously'. mEPSCs were recorded at about 23 °C or 37 °C with
a solution containing 125 mM NaCl, 2.5 mM KCl, 2 mM CaCl,, 1 mM MgCl,,
26 mM NaHCOj3, 1.25 mM NaH,PO, and 25 mM glucose, bubbled with 95%
0,/5% CO, (pH 7.4) with blockers of NMDA receptors (20 pM 7-chloro-
kynurenate and 20 pM p-AP5) and GABAergic and glycinergic receptors
(100 puM picrotoxin or 10 pM SR95537 and 1 pM strychnine). The pipette
solution contained 130 mM potassium gluconate, 10 mM HEPES, 5 mM
EGTA, 4 mM NaCl, 1 mM CaCl,, 2 mM Mg-ATP (adjusted to pH 7.3 with
KOH). For the I/V relationships, potassium gluconate was replaced by 130 mM
CsCl, and TEA (5 mM), QX314 (1 mM) and spermine (0.1 mM) were added'!.

Postembedding immunogold localization of AMPARs. Postembedding reac-
tions were carried out as previously described'$, on 80-nm thick sections of
Lowicryl resin-embedded cerebella from four mice in each age group. For
immunolabeling, we used rabbit antibodies to GluR1-GluR4 at a final con-
centration of 4-11 pg/ml (ref. 31). The immunoreactions were carried out in
parallel for both age groups, to minimize procedural variation. Gold particles
were counted from randomly selected synapses with clearly visible synaptic
clefts. We measured PSD lengths, the lateral distance of each gold particle from
the edge of the PSD and the vertical distance of each gold particle from the
postsynaptic membrane. A gold particle was considered to be associated with the
plasma membrane if the middle of the particle was within 80 nm (£2 s.d. of the
Gaussian fitted to the vertical particle distribution) from the middle of the lipid
bilayer. Nonspecific immunogold density was calculated over mitochondria. Im-
munoparticle densities (in particles/um?) were calculated in particle per effective
membrane area (effective membrane area = membrane length x 80 nm) over
the synaptic specializations. Linear immunoparticle densities (in particles/pum)
were calculated after the subtraction of nonspecific labeling density.

3D reconstructions of the mossy fiber-granule cell glomerulus. Pieces of
cerebellum tissue prepared for morphological examinations were re-embedded
from the dorsal part of folium 3 in both age groups (to ensure the comparison
of synapses of the same area), and long serial electron microscope sections
(80-100 sections) were cut for 3D reconstructions. Digital images of glomeruli
were taken at each serial section. Synapses were included in our measurements
if the synaptic cleft was clearly visible. The PSD length and the synaptic cleft
width were measured in each section. The PSD area was calculated by multi-
plying each length with the section thickness. Reconstruct software (J.C. Fiala,
Biology Department, Boston University, http://synapses.bu.edu/) was used
for 3D reconstruction.
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A detailed description of the mEPSC analysis, tissue preparation for electron
microscopy and immunocytochemistry, and numerical simulations of
glutamate diffusion and AMPAR responses are available in Supplementary

Methods online.
Note: Supplementary information is available on the Nature Neuroscience website.
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