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Native AMPA receptors (AMPARs) exhibit rapid and profound desensitization in the sustained presence of glutamate. Desensitization
therefore contributes to short-term depression at synapses in which glutamate accumulates. At synapses that do not exhibit
desensitization-dependent depression, AMPARs are thought to be protected against prolonged or repetitive exposure to synaptically
released glutamate. At the cerebellar mossy fiber to granule cell (GC) synapse, in which high release probability and glutamate spillover
produce a substantial buildup of glutamate concentration in the cleft ([Glut]cleft ) during high-frequency transmission, only moderate
desensitization of the phasic AMPAR EPSC occurs. To investigate how such currents are produced, we examined the kinetic properties of
synaptic AMPARs in GCs using glutamate uncaging. Photolysis of 4-methoxy-7-nitroindolinyl-caged L-glutamate with large illumination
spots produced step-like increases in [Glut]cleft that could be used to systematically probe AMPAR kinetics. At low levels of activation,
synaptic AMPARs exhibited little desensitization. With larger activations, the desensitization time course became faster, but the level of
desensitization was only weakly dependent on receptor occupancy. Indeed, a substantial desensitization-resistant current component
remained (17%) in saturating glutamate. Photolysis with small illumination spots produced brief [Glut]cleft waveforms and transient
AMPAR activations, similar to the EPSC current components. Paired-pulse uncaging with such spots revealed little desensitization after
spillover-like activations and modest depression after activations that mimicked quantal and spillover components together. Our results
show that GC AMPARs exhibit a resistance to desensitization at low occupancies and that this property is crucial for sustaining highfrequency transmission at a synapse in which glutamate accumulates.
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Introduction
AMPA receptor (AMPAR) desensitization contributes to shortterm depression (STD) of the EPSC at various synaptic connections in auditory brainstem, striatum, cerebellum, thalamus, and
cortex (Hestrin, 1993; Trussell et al., 1993; Isaacson and Walmsley, 1996; Carter and Regehr, 2000; Rozov et al., 2001; Chen et al.,
2002; Wong et al., 2003; Xu-Friedman and Regehr, 2004; Wall,
2005; Akopian and Walsh, 2007; Crowley et al., 2007). However,
at many other synapses, desensitization does not influence STD
(Dobrunz et al., 1997; Dittman and Regehr, 1998; Silver et al.,
1998; Hjelmstad et al., 1999; Renden et al., 2005). Although it is
unclear what determines the level of desensitization at a particular synapse, it is thought to be influenced by two factors: (1) the
amplitude and time course of glutamate concentration in the
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cleft ([Glut]cleft), and (2) the kinetic properties of AMPARs
(Jones and Westbrook, 1996; Jonas, 2000).
AMPAR deactivation and desensitization rates vary over a
10-fold range across preparations (Hestrin, 1993; Raman et al.,
1994; Geiger et al., 1995), contributing to the wide range of observed EPSC time courses (Jonas, 2000). However, all native AMPARs characterized to date desensitize profoundly in saturating
glutamate (⬎95%: Colquhoun et al., 1992; Geiger et al., 1995;
Hausser and Roth, 1997; Jahn et al., 1998; except Hilar mossy
cells, 90%: Geiger et al., 1995). Desensitization also occurs at low
concentrations because of an apparent affinity in the micromolar
range (Trussell and Fischbach, 1989; Colquhoun et al., 1992; Raman and Trussell, 1992; Hausser and Roth, 1997). At glomerular
and calyceal structures, modeling and experimental studies have
proposed that slow [Glut]cleft waveforms arising from spillover
preferentially desensitize AMPARs (Otis et al., 1996a; XuFriedman and Regehr, 2003; Taschenberger et al., 2005). At the
cerebellar mossy fiber (MF)– granule cell (GC) synapse, the factors determining [Glut]cleft have been well characterized and favor prolonged activation of AMPARs: high release probability
(Sargent et al., 2005), rapid replenishment of releasable vesicles
(Saviane and Silver, 2006), and pronounced glutamate spillover
(DiGregorio et al., 2002; Nielsen et al., 2004). However, highfrequency stimuli produce only a modest desensitization of the
EPSC (Saviane and Silver, 2006). This is surprising given the
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rapid and profound desensitization observed in immature cultured GCs (Silver et al., 1996a; Wall et al., 2002), raising the
question of how the properties of synaptic AMPARs enable this
high-frequency signaling.
Because the AMPARs that give rise to the EPSC (Cathala et al.,
2005) are not present on the GC soma (Silver et al., 1996a; Smith
et al., 2000) and are therefore inaccessible to conventional
outside-out patch methods, we used glutamate uncaging to examine their properties. This has the advantage that the AMPARs
are in the same state as for synaptic activation, e.g., phosphorylation state (Greengard et al., 1991), subunit and splice variant
composition (Cull-Candy et al., 2006), and binding to AMPARassociated proteins (Priel et al., 2005; Tomita et al., 2005). Our
results demonstrate that synaptic AMPARs on GCs exhibit a relatively low level of desensitization at occupancies that occur during synaptic transmission and do not fully desensitize even in
saturating glutamate. We show that these distinct desensitization
properties of GC AMPARs underlie their ability to transform
quantal release into fast EPSCs with modest STD and convert the
sustained spillover [Glut]cleft into tonic currents during highfrequency stimulus trains.

Materials and Methods
Recording conditions. Parasagittal slices of cerebellum were prepared
from 25- to 35-d-old Sprague Dawley rats (mean, 27.2 ⫾ 0.3 postnatal
days; n ⫽ 86) as described previously (Silver et al., 1996b; Nielsen et al.,
2004). The external solution contained the following (in mM): 125 NaCl,
2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, and 25 glucose,
pH 7.3. Fire-polished patch electrodes were backfilled with the following
internal solution (in mM): 100 K-MeSO4, 40 HEPES, 6 NaOH, 5 EGTA,
1.78 CaCl2, 4 MgCl2, 0.3 NaGTP, 4 NaATP, and 10 M Alexa 594. Tip
resistances were 5–10 M⍀. Whole-cell voltage-clamp recordings were
made from GCs at ⫺70 to ⫺80 mV at near physiological temperature
35.9 ⫾ 0.1°C (n ⫽ 86) in the presence of 10 M APV and 20 M
7-chlorokynurenic acid (Tocris Bioscience, Bristol, UK) to isolate nonNMDA receptor currents. SR 95531 [2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)pyridazinium bromide] at 10 M was added to block GABAA
receptors in some experiments, and 50 M GYKI 53655 [1-(4-aminophenyl)3-methylcarbamyl-4-methyl7,8-methylenedioxy-3,4-dihydro-5H-2,3-benzodiazepine] (Sigma, St. Louis, MO) was used to confirm that the photolysis
evoked EPSC (pEPSC) was mediated by AMPARs (supplemental Fig. 1, available at www.jneurosci.org as supplemental material) as shown previously for
synaptic currents (DiGregorio et al., 2002). GCs were identified on the basis of
their capacitance (⬍5 pF; mean, 2.35 ⫾ 0.26; n ⫽ 83). Series resistance was
21 ⫾ 1 M⍀ (n ⫽ 86), giving an electrode-cell filter frequency of 4.1 kHz. The
junction potential of ⫺6.3 mV was corrected when stated. The caged compound 4-methoxy-7-nitroindolinyl-caged L-glutamate (MNI-glutamate) [gift
from Dr. John Corrie (Mill Hill, London, UK National Institute for Medical
Research) or purchased from Tocris Biosciences] at 10 mM was locally perfused
via patch pipettes with 2–3 m tip diameters. The perfusion solution contained (in mM): 110 NaCl, 2.5 KCl, 40 HEPES, 2 CaCl2, 1 MgCl2, 1.25
NaH2PO4, 2 NaHCO3, 25 glucose, and 50 M APV (titrated to a pH of 7.3 after adding MNI-glutamate). Alexa 488 at 50 M was added to the solution to
visualize the perfusion plume. Bath perfusion of 10 mM MNI-glutamate had
no significant effect on the amplitude, time course, and frequency of mEPSCs,
or holding current ( p ⬎ 0.1; n ⫽ 4). pEPSCs were recorded with an Axopatch
200B amplifier (Molecular Devices, Palo Alto, CA), filtered at 10 kHz, and digitized at 150 kHz using an analog-to-digital converter (ADC) board (model
6052E; National Instruments, Austin, TX) and Nclamp software (available
from www.neuromatic.thinkrandom.com/).
Optical imaging and uncaging. The custom photolysis system was built
in collaboration with Prairie Technologies (Middleton, WI) on an upright microscope (Olympus Optical, Tokyo, Japan). The beam from a
continuous mode argon laser (model I328; Coherent, Santa Clara, CA)
was modulated with an acousto-optic tunable filter (AOTF); (Neos
Technologies, Melbourne, FL), gated by a hard shutter (to completely
block residual UV excitation; Uniblitz, Rochester, NY), and passed
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through a 364 nm bandpass filter. The UV beam was focused onto a
single-mode optical fiber (Oz Optics, Ottawa, Ontario, Canada), which
delivered the light to the microscope. An aspheric lens was used to either
fill the back aperture of a 100⫻, 1.0 numerical aperture (NA) dipping
objective (Olympus Optical) to form a diffraction-limited small spot or
focused onto a small area of the back aperture of a 60⫻, 0.9 NA objective
(Olympus Optical) to form a large spot in the focal plane of the objective.
The UV laser light was coupled into the image path using a 400 nm
long-pass dichroic mirror between the objective and the visible epifluorescence dichroics. The whole lens/fiber system was adjusted with respect
to a second tube lens to align the UV spot to the focal plane of the visible
wavelengths. The UV spot was positioned in the specimen plane in a
“point and shoot” manner using the fluorescence CCD image as a reference and computer-controlled stepper motors to move the output of the
fiber in the x and y directions (Prairie Technologies). The AOTF and hard
shutter were controlled via a 1 MHz digital-to-analog converter (model
6713; National Instruments), whose output clock was linked to the clock
of the ADC, to synchronize the illumination pulse and voltage-clamp
acquisition.
Estimation of the UV spot size and intensity. Fluorescent beads (Invitrogen, Carlsbad, CA), 110 nm, were suspended in agar (diluted 1:500 into a
5% agar solution at ⬍50°C and left to cool). The lateral dimensions of the
small-spot illumination volume were estimated by measuring the fluorescence from a 110 nm bead as the focused UV spot was stepped across
in 50 nm increments. At each location, 10 ms exposures of UV light
produced step changes in fluorescence that were detected with a cooled
avalanche photodiode and patch-clamp amplifier (Photomax; Dagan,
Minneapolis, MN). The axial resolution was estimated similarly but by
adjusting the focus in 200 nm increments. The three-dimensional (3D)
illumination point spread function (iPSF) was estimated by fitting the
averaged axial intensity profile with the diffraction integral representation of a high NA objective using a sin 2x series function to account for
spherical aberrations (Sheppard and Török, 1997; C. Sheppard, personal
communication). To measure the size of the large spot, fluorescent bead
“monolayers” were prepared by diluting 110 nm fluorescent beads 1:500
in 95% ethanol, followed by vortexing, and then sonication for 5–10 min.
One to 2 l were then smeared onto a coverslip and left to dry at room
temperature for 10 –30 min. A homogenous region of the slide was chosen with a covering of beads a few layers thick, and the fluorescence
arising from the large-spot illumination was imaged using the cooled
CCD camera. The laser power at the preparation was estimated routinely
using a fluorescent solution (10 M fluorescein and 20 mM HEPES, pH
8.0), which was calibrated to the measured laser output from the objective using a power meter. For experiments not associated with a measurement, light levels were estimated by linear interpolation.
Data analysis. Data analysis was performed using the Neuromatic
analysis package (www.neuromatic.thinkrandom.com/) and custom
routines within the Igor Pro environment (WaveMetrics, Lake Oswego,
OR). Peak amplitudes and rise times were measured from traces after
digital filtering with a binomial smoothing routine (3– 6 kHz Gaussian
filter). Traces were baselined using a 1 ms window before the uncaging
pulse. pEPSC amplitudes were averaged over a 100 s window at the peak
of the largest current in a particular scan. For paired-pulse experiments,
the amplitude of the second pulse was measured from the baseline (i.e.,
without subtraction of the current from the first trace). In some cases, the
peak amplitude and rise time of the pEPSC were determined by fitting an
empirical function that describes well the rising phase and dualexponential decay of the currents as described previously (Nielsen et al.,
2004):
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Normalized integrals were calculated by scaling the current peak amplitudes to one and then calculating the integral over a 9 ms window after
the peak, unless otherwise stated. Steady-state current (Iss) values were
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calculated from the fit of pEPSCs with Equation 1. Those cells in which
the current slowly increased over a 100 ms window were excluded from
the analysis of Iss (4 of 20 cells), to ensure that distant receptors did not
distort our measurements. Only the saturated pEPSCs evoked with the
large illumination spot were corrected for the voltage drop across the
pipette. Nonstationary fluctuation analysis (NSFA) of the pEPSCs was
performed using a pairwise overlapping method (Heinemann and Conti,
1992). Currents were baselined 15–30 ms before the UV pulse, and the
baseline variance was measured over the same window. Consecutive
evoked currents were determined to be stable if the amplitude over a
100 –200 s window passed a Spearman’s rank correlation test (Silver et
al., 1996b). A similar test of the 10 –90% rise times was used. Following
this strict stability criterion, 9 – 40 pEPSCs per spot location were analyzed without additional off-line filtering. The mean and variance were
calculated for 10 equal current bins. The binned mean versus variance
plots were fit with a binomial equation. The fit was weighted by the
theoretical estimate of the error in the variance (Heinemann and Conti,
1992) and only accepted if the fit was significant ( 2 statistic smaller than
the threshold for rejection, p ⫽ 0.05). The single-channel conductance
was calculated, accounting for the junction potential, assuming an AMPAR reversal potential of 0 mV.
The time course of desensitization was quantified by fitting the decay
of the large-spot pEPSC with a single-exponential function with a y offset
(see Fig. 3C, inset). Although these fits were good, we also fit the pEPSC
with dual-exponential functions to compare fast components of desensitization with the decay of the miniature EPSC (mEPSC) (Wall et al.,
2002). At half-maximal activation, pEPSCs from 12 of 20 cells were better
fit with a double-exponential function. On average, the fast time constant
was 1.9 ms with relative amplitude 0.80 (n ⫽ 20), whereas the slow time
constant was 6.1 ms (n ⫽ 12); values of single-exponential fits were
lumped with the fast time constants. For saturated pEPSCs, the fast time
constant was 0.9 ms with relative amplitude 0.80 (n ⫽ 18) and slow time
constant 4.7 ms (n ⫽ 16); only 2 of 18 cells converged to a single exponential. Although the fast component of the saturated large-spot pEPSCs
approached the time course of the saturated small-spot pEPSC, raising
the possibility that desensitization could be limiting in some recordings,
it was still more than twofold too slow to account for the mEPSC decay.
CCD images were analyzed using ImageTool (University of Texas
Health Science, San Antonio, TX). Small-spot line profiles were set to 3
pixels thick (95 nm/pixel) and lengths corresponding to the uncaging line
scans. The spatial profile of the large-spot pEPSC was determined by
making seven equidistant spot measurements along the dendritic axis or
orthogonal to it. Data were pooled by fitting individual profiles with a
Gaussian function and aligning on the peak of the fit. Once aligned and
normalized, the pooled data from each axis were refit with a Gaussian
function to determine the spatial profile. All values are expressed ⫾ SEM
unless otherwise stated.
Numerical simulations of glutamate uncaging and quantal release. Numerical simulations were performed with D3D, an in-house diffusion
simulator based on an explicit finite difference method (Nielsen et al.,
2004). The MF–GC contact area comprised 11 ⫻ 11 dendritic digits, each
600 nm in width (Xu-Friedman and Regehr, 2003) spaced 20 nm apart
and 1.24 m long (Nielsen et al., 2004). The dendritic digits were bordered by GC bodies represented by 7 m cubes. For the small-spot simulations, the GC layer only extended above the synaptic area, giving a
simulation volume of 6.48 ⫻ 6.48 ⫻ 4.28 m (x ⫻ y ⫻ z dimensions). For
the large-spot simulations, GCs were added laterally around the synaptic
area, expanding the simulation volume to 28.08 ⫻ 28.08 ⫻ 2.28 m. To
reduce simulation time, we reduced the depth of the diffusional space
and simulated one-quarter of the entire space to take advantage of symmetry. The diffusion coefficient of glutamate was set to 0.33 m 2 ms ⫺1
(Nielsen et al., 2004), and MNI-glutamate was set to 0.25 m 2 ms ⫺1
[estimated from (MWglut) 1/3/(MWMNI) 1/3 ⫻ Dglut].
To simulate photolysis-evoked glutamate transients, we collapsed the
uncaging reaction to a simple first-order reaction scheme, because the
dark reaction is fast (⬍1 s) (Morrison et al., 2002). MNI-glutamate was
converted to free glutamate using a light-dependent rate constant. We set
the caged concentration to 8 mM, based on a 20% dilution effect of local
perfusion (Dittman and Regehr, 1997). The reaction rates were imple-

mented in the 3D diffusional space according to a spatial weighting set by
the illumination function. For the small-spot simulations, the measured
light intensity was distributed according to the relative intensity values of
the measured iPSF. For the large-spot simulations, the light distribution
intensity was simulated as a cylinder with 2D Gaussian profile [full-width
at half-maximum (FWHM) of 9.2 m] centered on the MF–GC contact
area. The duration of the uncaging reaction was set to the values used in
the experiments (20 s to 1 ms). To estimate the glutamate and MNIglutamate experienced by the receptors in a postsynaptic density (PSD),
concentrations were averaged over a 200 ⫻ 200 ⫻ 20 nm volume at
various locations in which dendritic digits contacted the MF. The mean
glutamate concentration across the glomerulus was estimated by weighting the simulated concentration waveforms, detected at various distances
(center of each digit) from the center, by their relative area over 200-nmwide rings.
Simulations of AMPAR responses to trains of synaptic activation. Trains
of synaptic glutamate release and spillover were simulated in a geometry
identical to previous simulations (Nielsen et al., 2004). Stochastic quantal release variables were generated using the uniform random number
routine (“enoise”) of Igor Pro. To mimic the presynaptic component of
STD, we used the following release probabilities: 0.61, 0.52, 0.48, 0.47,
and 0.47 for the initial five pulses and then 0.46 for the remaining pulses
(Saviane and Silver, 2006). The number of glutamate molecules per vesicle (4000) was chosen to produce a receptor activation ⬃50%, because
this corresponds to our estimate of AMPAR activation (see below). The
contribution of uptake and long-range diffusion was implemented at the
outer edges of the diffusional space using a removal rate of 0.2 ms ⫺1 per
simulation voxel. This value produced a 21 ms slow decay of glutamate
similar to the slow decay in the EPSC (DiGregorio et al., 2002). This
method also predicted well the current ratio in the presence and absence
of DL-threo-␤-benzyloxyaspartic acid (DiGregorio et al., 2002). AMPAR
kinetic schemes were implemented as described previously (Nielsen et
al., 2004), except they were not adjusted to 37°C. This preserved their
original behavior, because adjusting the rate constants for elevated temperature generally increased the amount of the depression within the
train.
Estimation of photolysis-evoked glutamate concentration and time
course. The probability of uncaging was estimated from the following
equation based on that used by Lowe (Lowe, 2003): Pu ⫽  ⫻ ⌽MNI ⫻
Es/, where the absorption cross section is  ⫽ 2.303 ⫻ MNI/Nav, and
the cross-sectional energy at the focal point is Es⫽  ⫻ Tp/A. MNI and
⌽MNI are the extinction coefficients (4300 cm/M) and the quantum yield
(0.085) of MNI-glutamate, respectively (Papageorgiou, 2000).  is the
photon energy of 364 nm light. Nav is Avogadro’s number.  is the power
exiting the microscope objective, Tp is the duration of the light pulse, and
A is the area of the illumination at the focal plane (assuming circular
radius of 1/e 2 of a Gaussian fit to the PSF of 195 nm). For a 20 s pulse of
low laser power (15 W), we predict an uncaging probability of 0.75 in
the small spot, which, when multiplied by the MNI-glutamate concentration, is ⬃6 mM peak concentration (compare with Fig. 6 D, blue trace,
k ⫽ 100 ms ⫺1). This calculation assumes linearity of the uncaging reaction and does not account for diffusion. It is likely that, with higher
light levels (200 – 400 W), the uncaging reaction is saturated and
[Glut] reaches levels close to the concentration of MNI-glutamate in
the slice (8 mM).

Results
Generating step-like glutamate concentration waveforms
using UV photolysis of caged glutamate
Desensitization is defined as the decay in the receptor response in
the continued presence of agonist. AMPAR desensitization has
been measured previously in outside-out patches by rapidly applying glutamate in a step-like manner. However, AMPARs in
mature GCs are located within the PSDs (DiGregorio et al., 2002;
Cathala et al., 2005), with little or no expression on the soma
(Silver et al., 1996a; Smith et al., 2000), making them inaccessible
to this technique. Previous studies circumvented this problem by
using immature cultured GCs that do express non-NMDA recep-
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tors on their soma (Silver et al., 1996a; Wall et al., 2002), but these
cultures form aberrant GC–GC synaptic connections not seen in
vivo and express non-NMDA receptors with a wider range of
conductances than observed at the MF–GC synapse (Silver et al.,
1996a; Cathala et al., 2005), raising the possibility that the AMPARs expressed are different. We therefore used glutamate uncaging to study GC AMPAR properties within the synaptic environment in acute slices. To study the properties of AMPAR
desensitization, it was first necessary to generate a step change in
[Glut]cleft. Because the time required for diffusion to clear glutamate depends on its spatial extent, we used an optical configuration (Fig. 1 A) that produced a relatively large (⬃10 m) collimated UV laser beam to uncage MNI-glutamate (Fig. 1 B).
Simulations of uncaging and glutamate diffusion predicted that
[Glut]cleft waveforms increased during the light pulse and decayed slowly because of the slow clearance of glutamate from the
large spot (Fig. 1C). Predicted [Glut]cleft waveforms averaged
across the glomerulus decayed to 84% of their peak value by 20
ms and are therefore approximately “step-like” on the EPSC
timescale.
GC dendrites were imaged using a cooled CCD camera, and a
large pipette was used to locally perfuse a HEPES-based external
solution containing 10 mM MNI-glutamate over the dendrite.
Figure 1 D shows a GC dendritic “hand,” onto which an individual MF–GC synaptic connection is made, and the larger dimensions of the UV illumination spot superimposed. Dendrites that
were well isolated from the others, and with hands located relatively close to the surface (⬃10 m), were chosen to ensure efficient perfusion and minimal light scattering. Figure 1 E (top)
shows the current response to a large-spot illumination of 500 s
duration in the presence of the NMDA receptor antagonist APV.
The pEPSC activated and decayed rapidly and exhibited a steadystate current at late times. We examined whether the initial decay
was set by desensitization by blocking desensitization and lowering the apparent affinity of the AMPARs with bath application of
50 –100 M cyclothiazide (CTZ) and the rapidly equilibrating
antagonist kynurenic acid (KYN) (2 mM). This resulted in a
slowly decaying pEPSC at high light levels (Fig. 1 E, bottom)
(76 ⫾ 7% of peak amplitude at 18 ms; n ⫽ 4). Similarly, pEPSCs
that were evoked by low-intensity light levels (peak activation of
⬍10% of the maximum) also decayed slowly (88 ⫾ 5% of peak
amplitude at 18 ms). These findings confirm the presence of
desensitization and show that large-spot uncaging can produce a
nearly step-like [Glut]cleft at early times.
In the absence of CTZ and KYN, the large-spot pEPSCs exhibited a significant tonic current component for ⬃100 ms that then
decayed back to the baseline level on a much slower timescale
(⬃1 s) (Fig. 1 E, inset), presumably after the decay of glutamate.
Bath application of the non-NMDA antagonist 2,3-dihydroxy-6nitro-7-sulfonyl-benzo[f]quinoxaline (NBQX) fully blocked the
current, ruling out a contribution of metabotropic glutamate receptors to this tonic current component (Fig. 1 E) (reduced by
96 ⫾ 2%; n ⫽ 3). Photolysis-evoked currents were also blocked
by GYKI 53655 (see Materials and Methods) (supplemental Fig.
1, available at www.jneurosci.org as supplemental material), as
for EPSCs (DiGregorio et al., 2002), confirming their AMPAR
origin. We tested the possibility that the nondesensitizing component was attributable to activation of distant AMPARs (either
along the dendritic shaft or at other glomeruli) by examining the
spatial dependence of the large-spot response. Figure 1 F shows
the peak amplitudes of the pooled pEPSC responses when the
center of the large spot was stepped across dendritic hands in a
direction along (red) and orthogonal to the dendrite (black sym-
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Figure 1. Glutamate uncaging with a large UV illumination spot produces step-like glutamate concentration changes. A, Simplified optical configurations for the large UV illumination
spot with a diagram of a GC soma, dendrite, “hand,” and “digit.” A large collimated illumination
spot was generated by coupling a UV laser beam into a single-mode fiber optic whose output
was focused at the back aperture of the objective. B, Intensity profile for the large UV spot
measured from a CCD image of fluorescence produced by illuminating a monolayer of beads.
The gray trace shows a fit to a Gaussian function. C, Schematic diagram showing an x–z cross
section through part of the extended diffusional space and large-spot illumination profile (blue)
used for large-spot uncaging simulations. Right is simulated [Glut]cleft transients produced by
large-spot illumination for various uncaging durations and intensities (0.1 ms for an uncaging
rate k ⫽ 0.37 ms ⫺1, and 0.1–1 ms for k ⫽ 0.73 ms ⫺1). Traces represent spatial averages over
the glomerulus calculated from five PSD measurements at equal distances from the center to
the edge and their corresponding radial areas (200-nm-wide rings). D, Fluorescence image of
the soma and dendrite of a GC with a semitransparent image of the large UV spot superimposed.
Green lines illustrate scan directions in F. E, pEPSC evoked using the large UV spot and 0.5 ms
pulse duration. Inset shows full pEPSC from a different cell on a longer timescale. Arrow indicates the 18 ms point. The bottom traces are current responses in the presence of 100 M CTZ
and 2 mM KYN (black), followed by the addition of 100 M NBQX (red). F, Normalized current
amplitudes evoked with the large UV spot at different locations along dendritic axis (red symbols, arrow indicates direction toward soma) or orthogonal to dendritic axis (black symbols).
Gaussian fits gave FWHMs of 14.7 and 14.4 m for the dendritic and orthogonal axis, respectively. Blue dashed line shows a Gaussian fit to large UV spot illumination profile (B).

bols). The similarity of these spatial profiles to the intensity profile of the large spot (Fig. 1 F, blue dashed line) indicates that the
AMPAR response is localized to a single glomerulus and that
photolysis-evoked responses from the distal half of the dendritic
shaft are negligible. This is consistent with immunohistochemical
experiments that show AMPARs are located exclusively at the
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synapse in GCs (DiGregorio et al., 2002).
These results indicate that the current decay after large-spot illumination is attributable to AMPAR desensitization and that
there is a significant nondesensitizing
steady-state component to the current.
Estimation of AMPAR occupancy
during synaptic transmission
The time course and the extent of AMPAR
desensitization depends on the [Glut]
(Trussell and Fischbach, 1989; Colquhoun Figure 2. Response of synaptic AMPARs to large-spot illumination at various light intensities. A, Averaged (4 traces) large-spot
et al., 1992; Raman and Trussell, 1992; pEPSCs in response to increasing UV illumination. The intensity of a 0.1 ms pulse was increased to its maximum, after which the
duration was increased to 0.2, 0.5, and 1.0 ms. B, Relationship between the relative peak amplitude of pEPSCs and normalized
Hausser and Roth, 1997). To understand integral of light (n ⫽ 20). Dashed line denotes 90% criteria for achieving a saturating response. C, Histogram of maximum peak
how synaptic AMPARs respond to the dif- currents of saturated responses for 20 cells. Thick black line denotes the mean maximal amplitude of the pEPSC of all cells, and the
ferent [Glut]cleft produced by quantal re- dashed black line indicates the population average maximal synaptic output [mean number of release sites multiplied by average
lease and spillover, we used glutamate un- quantal current, N ⫻ Q (taken from Sargent et al., 2005)]. Data have been corrected for series resistance voltage errors.
caging to determine the EPSC receptor
occupancy. Figure 2 A shows AMPAR curwith a single-exponential function (Fig. 3C, inset) (see Materials
rent responses evoked with different light intensities. As the total
and Methods). The decay time constant decreased from 11 ⫾ 1
amount of light increased, the amplitude of the pEPSC increased
ms (n ⫽ 13) at low levels of activation to 1.82 ⫾ 0.13 ms (n ⫽ 6)
until it saturated (100 s to 1 ms duration) (Fig. 2 B). Application
when the current amplitude was saturated (Fig. 3C). The sixfold
of pairwise NSFA (Heinemann and Conti, 1992) to maximal reactivation-dependent acceleration in the time course of desensisponses revealed a high channel open probability (Popen ⫽ 0.83 ⫾
tization is greater than observed previously for all native and
0.08; n ⫽ 5). Because channel open probability is directly related
recombinant AMPARs that have been examined over at least a
to receptor occupancy (Silver et al., 1996b), these data confirm
100-fold change in [Glut] values. Moreover, the range of occuthat the AMPARs are very close to saturation. The peak amplipancies over which the time course changed was larger than for
tudes of these saturated large-spot pEPSCs had a broad distribuother AMPARs. Indeed, some AMPARs exhibit no apparent contion across cells, with a coefficient of variation of 0.53 and mean
centration dependence in their time course of desensitization
of 200 ⫾ 24 pA at ⫺86.3 mV (corrected for junction potential
over a wide range of concentrations (Robert and Howe, 2003;
and electrode resistance) (Fig. 2C). This corresponded to a conZhang et al., 2006), whereas others have a mild dependence at low
ductance of 2.32 nS and represents the maximal output of all
concentrations, giving a twofold to fourfold acceleration (Raman
AMPARs at an individual MF–GC synapse, because the UV illuand Trussell, 1995; Hausser and Roth, 1997; Koike et al., 2000;
mination spot covered the whole GC dendritic hand. We have
Krampfl et al., 2002).
shown previously that there are an average of 4.7 functional reWe next determined how the steady-state level of desensitizalease sites associated with an individual MF–GC synapse and that
tion depended on the fraction of channels activated. This was
the quantal conductance is 0.24 nS (Sargent et al., 2005), giving a
quantified by measuring the ratio of the steady-state current at 18
maximal synaptic output of 1.11 nS when the release probability
ms after the peak (10 times the time constant of desensitization
is 1. The ratio of the average maximal synaptic conductance and
for saturating pEPSCs) and the peak current (Iss/Ipeak). The fracthe average maximal photolysis evoked conductance indicates an
tional steady-state current decreased from 0.50 ⫾ 0.03 (n ⫽ 16) at
AMPAR occupancy at the peak of the EPSC of 49%. This value,
low
levels of channel activation to 0.17 ⫾ 0.02 (n ⫽ 14) at maxiwhich assumes that the activation time course is much faster than
mal
activation when the AMPARs are saturated by glutamate
desensitization and the mean single-channel currents are similar,
(Fig.
3D). However, the amount of desensitization estimated with
is within the upper and lower occupancy limits estimated for
these
ratios is likely to represent an upper estimate because of the
EPSCs in immature GCs using less direct methods (Silver et al.,
prediction
of a slight sag in the [Glut]cleft waveform (Fig. 1C,
1996b).
right).
To compare the occupancy dependence of GC AMPAR desenOccupancy dependence of synaptic AMPAR desensitization
sitization
with other native AMPARs, we simulated the step apWe next examined the activation and desensitization properties
plication
of
a range of glutamate concentrations for three well
of synaptic AMPARs at various levels of receptor activation. As
constrained AMPAR models that were based on experimental
can be seen from the peak normalized pEPSC in Figure 3A, the
dose–response curves and that exhibited a wide range of deactipEPSC waveform accelerated markedly with the increasing levels
vating and desensitizing behaviors (Jonas et al., 1993; Raman and
of activation. We quantified the kinetics of receptor activation by
Trussell, 1995; Wadiche and Jahr, 2001). The Wadiche and Jahr
restricting our analysis to illumination durations of ⱕ200 s and
(WJ) (2001) model is a close relative to the Hausser and Roth
by fitting the mean pEPSC at each light level with an empirical
model (1997), but with rate constants adjusted to match patchfunction to minimize the effects of noise for small-amplitude
clamp data acquired at 32–35°C, similar to the temperature at
currents (Fig. 3A, black lines). The 10 –90% rise time of the largewhich our MF–GC EPSCs were recorded (36°C). The shapes of
spot pEPSC decreased approximately exponentially with increasthe Iss/Ipeak relationships varied across models, indicating that
ing fractional activation from 1.65 ⫾ 0.16 ms (n ⫽ 37) at low
some AMPARs are more sensitive to tonic levels of glutamate
occupancies to 280 ⫾ 30 s (n ⫽ 6) when the current amplitude
than others (Fig. 3D). However, the level of desensitization obwas saturated (Fig. 3B). It is possible that this limiting rise time is
served for GC AMPARs was consistently lower than the models
still an overestimate because of the finite uncaging duration. The
over a wide range of occupancies. These data show that synaptic
decay of the pEPSC, which is caused by desensitization, was fit
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from out-of-focus photolysis, we minimized the energy density outside the focal
plane by forming a diffraction-limited
spot with a high numerical aperture objective. The measured iPSF had lateral and
axial dimensions of 234 ⫾ 7 nm (FWHM;
n ⫽ 5) and 1160 ⫾ 50 nm (n ⫽ 5), respectively, for the central lobe (Fig. 4 B–D). The
small size of this excitation volume compares favorably with that achieved previously with single-photon [0.6 –1 m lateral dimension (Eder et al., 2003; Bagal et
al., 2005)] and two-photon methods
[0.29 – 0.39 m (Matsuzaki et al., 2001;
Smith et al., 2003; Tanaka et al., 2005)].
The z-dimension was only slightly larger
than the two-photon excitation volume,
with little excitation beyond the principle
lobe.
Uncaging with brief (20 s) small-spot
diffraction-limited illumination at 250 nm
intervals across a dendritic “digit” (Fig.
4 E, green arrow) produced a family of
pEPSCs with rise times that became faster
at locations in which the peak amplitude
was largest (Fig. 4 F), suggesting that our
uncaging volume was centered on a cluster
of receptors. At low laser intensities, the
Figure 3. Kinetic properties of synaptic AMPARs at various receptor occupancies. A, Normalized traces from Figure 2 A and their spatial dependence of the current amplifit to an empirical rising and decaying function (Eq. 1). B, Relationship between 10 –90% rise time (R.T.) of the pEPSCs and fraction tude at the time of the peak of the largest
of saturated current for each cell (Norm pEPSC; n ⫽ 20). Only pEPSCs activated with brief illumination durations were used (ⱕ200 and most rapidly rising current (10 –90%
s; x and y error bars indicate SEM). The solid line is an exponential fit using a floating offset. Dashed line indicates the limiting rise time of 0.22 ms), was sharp and, when
value (i.e., the last value corresponding to the last data point). C, Relationship between the decay time constant of pEPSC and
fit with a Gaussian function, gave a
normalized pEPSC activated with brief illumination pulses (ⱕ200 s; n ⫽ 20). Solid line is a single-exponential fit to the data
FWHM of 320 nm (Fig. 4G). The dendritic
points, and the dashed line shows the limiting decay time constant. Inset shows an example of a single-exponential fit (black) to
the decay of a large-spot pEPSC. D, Relationship between the fractional steady-state current (Iss/Ipeak) at 18 ms after the light pulse structure in the scanned axis was signifi(filled circles) and the peak amplitude of the normalized pEPSCs (n ⫽ 16). The solid line is an exponential fit to the data. The long cantly larger than the spatial dependence
dashed line shows the limiting value of Iss/Ipeak calculated from the last two 18 ms points. Color symbols represent the Iss/Ipeak of pEPSCs (Fig. 4G) (on average, 2.6-fold
measured at 10 times decay time constant for the three native AMPAR model simulations in response to step changes in [Glut]. WJ larger; p ⫽ 0.02; n ⫽ 8,) consistent with
is Wadiche and Jahr (Wadiche and Jahr, 2001), RT is Raman and Trussel (Raman and Trussell, 1995), and JMS2 is Jonas, Major, and channels being clustered in PSDs on the
Sakmann scheme 2 (Jonas et al., 1993). For these simulations [Glut] values were adjusted to reproduce the range of fractional dendritic hand (DiGregorio et al., 2002).
activation of the GC experimental data.
On average, the profile of spatially isolated
responses was larger than the average diAMPARs in GCs exhibit a resistance to desensitization at low
ameter of PSDs at this age (FWHM of 0.77 ⫾ 0.22 m; n ⫽ 8 vs a
occupancies, a behavior that is likely to contribute to the generPSD diameter of 180 nm) (Cathala et al., 2005). This large size
ation of large tonic currents (⬎20% of the peak EPSC) observed
could be attributable to either diffusion spread of glutamate durduring high-frequency trains (Saviane and Silver, 2006).
ing the rise time of the current (see Fig. 6 F) or multiple juxtaposed PSDs.
Mimicking synaptic activation of receptors using a small
As the illumination intensity of the small UV spot was inphotolysis spot
creased, the amplitude of pEPSCs increased but with no signifiExperiments using step changes in glutamate have so far shown
cant change in time course of pEPSCs recorded at the central
that the level of AMPAR desensitization is a function of both the
location (Fig. 4 F, inset) [normalized integral at low light, 2.9 ⫾
concentration and duration of glutamate exposure. To gain in0.3 ms (n ⫽ 8) vs high light level 2.2 ⫾ 0.2 ms (n ⫽ 10); paired t
sight into AMPAR desensitization under more physiological glutest, p ⫽ 0.08]. However, the spatial dependence broadened even
tamate activation, we changed the optical configuration of the
for well isolated cases (Fig. 4 H). On average, the FWHM of the
uncaging system to produce brief pulses of [Glut]cleft to mimic
spatial profile of the current increased by a factor of 2.9 ⫾ 0.4
synaptic release. This was achieved by focusing the UV laser beam
(n ⫽ 8) for a sevenfold increase in light. This could result from the
to a small spot at the focal plane (Fig. 4 A), because the diffusionincreased [Glut]cleft activating AMPAR over a larger region attributable to their nonlinear activation properties (Fig. 2 B), difmediated decay of [Glut] from a small volume is expected to be
fusion of transmitter, and saturation of the uncaging reaction
rapid. Indeed, previous work using both one-photon and two(see Fig. 6 F), all of which are likely to contribute to the effective
photon photolysis methods have shown that pEPSC waveforms
volume over which glutamate is uncaged. By selecting cells in
can approach the miniature quantal EPSC waveform (Matsuzaki
which the spatial dependence of the pEPSC had a single peak over
et al., 2001; Smith et al., 2003; Carter and Sabatini, 2004; Bagal et
a range of light intensities (Matsuzaki et al., 2001; Smith et al.,
al., 2005). However, because single-photon methods can suffer
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2003; Bagal et al., 2005), we were able to
identify discrete populations of synaptic
AMPARs (for a counter example, see
supplemental Fig. 2, available at www.
jneurosci.org as supplemental material).
Small-spot uncaging of glutamate onto
isolated clusters of AMPAR produced
rapid pEPSCs. Figure 5A shows individual
and mean pEPSCs superimposed for a
high-intensity 20 s illumination pulse.
Unlike nerve-evoked EPSCs, the pEPSC
response was reproducible and stable from
trial to trial, permitting the application of
NSFA. Analysis of current fluctuations in
the decay of the pEPSCs gave a mean
single-channel current that corresponded
to a conductance of 6.9 ⫾ 0.7 pS (n ⫽ 24).
This value is comparable with that estimated from miniature EPSCs in GCs (Silver et al., 1996b; Cathala et al., 2005). The
AMPA channel Popen, which was calculated from the mean peak current and the
predicted maximal response, was high
(0.81 ⫾ 0.04; n ⫽ 12), similar to that obtained from our saturated large-spot responses (Popen ⫽ 0.83). Such a high channel Popen has only been attained previously
with focal uncaging in the presence of CTZ
(Matsuzaki et al., 2001; Smith et al., 2003;
Tanaka et al., 2005), which can increase
the apparent affinity of AMPARs. The high
AMPAR Popen of pEPSCs suggests that the
[Glut]cleft generated by a brief, highintensity small diffraction-limited UV
spot (20 s, 140 – 660 W; mean of 314 ⫾
45 W) is sufficient to saturate synaptic
AMPARs, whereas lower light levels can
approximate the peak occupancy of synaptic currents.
Figure 5C shows mean pEPSCs activated with a high illumination intensity at
the locations that gave the fastest rise and
largest amplitude for the 10 cells in which
responses were fast (10 –90% rise time,
ⱕ300 s) and spatially isolated from
neighboring clusters (⬎1.5 m). The
mean amplitude varied widely from cell to
cell (21–103 pA) and had an overall mean
of 69 ⫾ 11 pA (n ⫽ 11). This variability is
likely to reflect variability in the number of
AMPARs per PSD and the activation of
more than one PSD in some recordings.
Figure 5D shows the peak normalized
pEPSC. The rise time of the mean pEPSC
was substantially faster than our selection
criterion and intermediate between the
rise time of the evoked EPSC (eEPSC) and
uniquantal or mEPSC (Fig. 5D) [10 –90%
rise time, 160 ⫾ 10 s, n ⫽ 11; eEPSC, 180
s (DiGregorio et al., 2002); mEPSC: 120
s (Nielsen et al., 2004)]. In a number of
cells, the decay of the pEPSC was intermediate in time course between that of the
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Figure 4. Spatial dependence of small-spot pEPSCs on granule cell dendritic hands. A, Optical configuration used to form a small
diffraction-limited UV illumination spot. The small spot was generated by collimating the light emitted from the optical fiber so that it
formedaparallelbeamwithaGaussianprofilethatfilledthebackapertureofthemicroscopeobjective.B,Averagedfluorescenceemitted
by110nmfluorescentbeadsasafunctionofaxialdistance(200nmsteps)whenilluminatedwithasmallUVspot(n⫽5;filledcircles).Gray
lineshowsthefitofthetheoreticaliPSFincludingsphericalaberrations.C,x–z(top)andx–y(bottom)intensityprofileofthetheoretical3D
iPSFdeterminedfromfitofthedatainB.D,Averagedfluorescenceintensitydistributionofalaterallyscanned110nmbead(50nmsteps;
n⫽5;filledcircles).Dashedlineshowsthepredictedx-lineprofileofthefittediPSFfromB.E,ImageofaGCdendritichandvisualizedwith
Alexa 594. The green arrow indicates the length (4 m) and location over which uncaging responses were elicited. F, pEPSCs
evoked with a brief (20 s) diffraction-limited UV illumination spot during local perfusion of 10 mM MNI-glutamate at three
different light intensities elicited at different locations (250 nm apart) across the dendritic hand shown in E (photolysis scan). Thick
black traces show fastest-rising responses. Inset shows normalized pEPSCs, for each of the three laser intensities, recorded from
the location in which the fast-rising current was measured. Inset calibration bar is 2 ms. G, Current amplitudes for the lowest
intensity (18 W) measured at the time the largest current peaked (filled red circles) plotted as a function of distance. Dashed line
indicates a Gaussian fit. Green line shows the intensity line profile from the CCD image indicating the location of the dendritic
structure (E) from which the pEPSCs were recorded. H, Plot of amplitude at the time that the largest current peaked as a function
of distance with Gaussian fits for the two highest intensities together with scaled data from G (red).
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To investigate the determinants of the
[Glut]cleft time course generated by smallspot UV uncaging and to examine whether
pairs of illumination pulses could be used
to probe receptor desensitization, we simulated photolysis at the MF–GC synapse
with a 3D diffusion-reaction model (Fig.
6 A, B) (Nielsen et al., 2004) (see Materials
and Methods). Numerical simulations using the measured diffusion coefficient of
glutamate, the measured iPSF, and calculated uncaging efficiency (see Materials
and Methods) suggest that the fast decay of
the photolysis-evoked glutamate (e-fold
decay, 46 s for low intensities) was at least
twofold slower than that predicted for
quantal release (Fig. 6C). This decay did
not accelerate when using a 3D Gaussian
function to mimic a two-photon excitation volume (Fig. 6C), indicating that the
minimal uncaging volume that can be
achieved with conventional optics is too
large to mimic quantal release at the
MF–GC synapse, regardless of whether
single- or two-photon excitation is used.
The similarity of the pEPSC and mEPSC
time courses reported for other preparations using one-photon (Bagal et al., 2005)
and two-photon (Matsuzaki et al., 2001;
Figure 5. Peak open probability and time course of AMPAR-mediated pEPSCs evoked with small-spot illumination. A, Twenty- Carter and Sabatini, 2004; Losonczy and
five consecutive pEPSCs (gray traces) and their mean (black trace) evoked with a brief high-intensity diffraction-limited spot at the
Magee, 2006) (but see Tanaka et al., 2005)
location that gave the largest amplitude and fastest rise time. Inset, The peak amplitude of the pEPSCs plotted in order of
methods may be attributable to slower
acquisition from left to right. B, Relationship between variance and mean current for pEPSC decay calculated from traces in A using
pairwise nonstationary fluctuation analysis (see Materials and Methods). Gray trace is a binomial fit, and dashed line indicates AMPAR kinetics, different synaptic geomebackground variance. The mean number of channels across cells was 215 ⫾ 36 (n ⫽ 24). C, Maximal pEPSCs evoked with brief, tries, or dendritic filtering of the mEPSC.
high-intensity small-spot illumination from 10 cells, which had fast rise times and unimodal spatial dependence. The light When the uncaging rate (i.e., light intensity)
intensities ranged from 160 to 480 W. D, Normalized traces from C (gray traces) with their population mean (black trace), the was increased to large values (k ⫽ 1000
population mean of action potential-evoked EPSCs [eEPSC, green trace (taken from DiGregorio et al., 2002)], and the population ms ⫺1), the decay of the [Glut]cleft waveform
mean quantal current [mEPSC, blue trace (taken from Nielsen et al., 2004)].
slowed (Fig. 6D,E) as a result of saturation of
the photolysis of MNI-glutamate in the ceneEPSC and the mEPSC but, on average, was close to the evoked
ter of the illumination spot, which caused a larger effective uncaging
synaptic waveforms (Fig. 5D). The fast decaying component of
volume (Fig. 6F). By 0.2 ms, the spatial spread of the glutamate is
the pEPSC, eEPSC, and mEPSC was 0.82 ⫾ 0.10 ms (n ⫽ 10), 0.54
larger but still restricted to ⬃1 m, albeit at much smaller [Glut]cleft
(Fig. 6F). At these high intensities and unfavorable synaptic orientams (DiGregorio et al., 2002), and 0.36 ms (Nielsen et al., 2004),
tions (Fig. 6B) the e-fold decay could be as slow as ⬃0.6 ms. Because
respectively. However, the slow component of the pEPSC was
the light intensities in our experiments are likely to result in rates
more pronounced than for the mEPSC, giving a slower overall
between 100 and 1000 ms ⫺1 (see Materials and Methods), the decay
decay that was comparable with the eEPSC (normalized integrals
of the glutamate will be slower than predicted for release of a single
of 2.2, 0.8, and 1.7 ms, respectively). These results show that,
quantum but still brief enough to approximate the slower [Glut]cleft
although the pEPSCs measured here are substantially faster than
waveform that is produced by evoked quantal release and spillover
reported previously using either single-photon (Bagal et al.,
together. Our simulations also show that the rate of recovery of
2005) or two-photon (Matsuzaki et al., 2001; Smith et al., 2003;
MNI-glutamate is fast after uncaging with a brief small-spot illumiCarter and Sabatini, 2004) uncaging methods, the pEPSC decay is
nation pulse (Fig. 6D). The similarity in the recovery of MNIsignificantly slower than the rapid decay of the quantal current in
glutamate and the decay of glutamate after photolysis is attributable
GCs at near physiological temperature. Nevertheless, the initial
to their similar diffusion coefficients (see Materials and Methods).
decay of mEPSCs was still much faster than the saturating value
These simulations indicate that pairs of small-spot illumination unfor the time course of desensitization even when it was fit with a
caging pulses can be used to activate synaptic AMPARs in a manner
double-exponential function (fast of 0.9 ms; n ⫽ 18; see Materials
and Methods), indicating that channel deactivation and the desimilar to the evoked EPSC and to probe the level of desensitization
cay of [Glut]cleft determines the mEPSC decay. The fact that the
a few milliseconds later.
time course of the pEPSC is similar to the evoked EPSC, which
includes slower spillover-mediated components, suggests that
Probing AMPAR desensitization after transient synaptic-like
diffraction-limited small-spot UV uncaging can be used to mimic
photolysis activation
action potential-evoked synaptic transmission at the MF–GC
To examine the desensitization properties of synaptic AMPARs
synapse.
in GCs using synaptic-like glutamate exposures, we used two
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brief (20 s) small-spot illumination
pulses. The AMPA receptor occupancy
was varied by changing the light intensity
on the first pulse, and the level of desensitization was assayed with a second “test”
pulse that fully activated the receptors 10
ms later (Fig. 7A). We selected recordings
that had spatially isolated responses to ensure that the same receptor population was
activated regardless of intensity (Fig. 7B).
At the lowest light level, when 23% of the
receptors were activated on the first pulse,
the second pulse gave a near maximal response (95%), indicating that the majority
of receptors were available and that they
were not in a desensitized state. This result
contrasts with previous paired-pulse data
from patches from chick nucleus magnocellularis neurons in which a 10% fractional activation produced 50% desensitization (Raman and Trussell, 1995).
However, because the fraction of AMPARs
activated on the first pulse was increased,
the response to the second pulse decreased, indicating that the fraction of desensitized AMPARs had increased (Fig.
7C). We further quantified the relationship between the level of activation and
desensitization by estimating the fraction
of AMPAR channels open at the peak of
the first pulse using NSFA of pEPSCs
evoked from intermediate light intensities
(mean of 140 ⫾ 30 W). Figure 7D shows
that there is an inverse correlation between
the peak Popen on the first pulse and the
paired-pulse ratio (P2/P1). These data indicate that, for brief glutamate waveforms,
there is a tight coupling between activation
and desensitization.
To examine whether the 10 ms pairedpulse ratio was a result of modest desensitization or attributable to a fast recovery,
we examined how AMPARs enter the desensitization state after transient activation at high laser intensities (Fig. 7E). For
near saturating responses, desensitization
reached a maximum at 10 ms and then
recovered over a slower time course (Fig.
7F ), similar to that observed for extrasynaptic receptors in Purkinje cells after 1 ms
applications of 1 mM glutamate (Hausser
and Roth, 1997). These results indicate
that synaptic AMPARs in GCs are surprisingly resistant to desensitization during
transient synaptic-like activations at physiologically relevant occupancies.
Desensitization by spillover-like
photolysis-evoked AMPAR currents
The amount of AMPAR desensitization
that occurs in the presence and absence of
the direct quantal component has been
difficult to address experimentally because
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Figure 6. Numerical simulations of single-photon and two-photon diffraction-limited uncaging within a simplified 3D MF–GC
structure.A,Crosssection(x–zplane)ofpartoftheMF–GCdiffusionalspaceandthesuperimposedsmalldiffraction-limitedUViPSF(blue)
used for small-spot simulations. Glutamate uncaging and diffusion occurred in the space between dendritic digits, GC soma, and the MFs
(20 nm wide). Black rectangle indicates 200 nm PSD. Open circles represent MF synaptic vesicles. B, Diffusional space rotated by 90° with
respect to the iPSF used to estimate the extreme condition when the long axis of iPSF is parallel to the synaptic cleft. C, Simulated
photolysis-evoked [Glut]cleft transients for a brief illumination pulse (20 s) using the measured one-photon iPSF (from Fig. 4B; red) and
a simulated two-photon excitation volume (blue). The two-photon excitation volume was approximated by a 3D Gaussian function with
lateralandaxialdimensionscorrespondingtotheminimumtheoreticalvaluesfor720nmlight(FWHMsof276and995nm;NA1.0)(Zipfel
etal.,2003).SolidtracesaresimulationswhentheiPSForientationisasinA,anddashedlinesarewhentheiPSFisrotated90°asinB.The
blacktraceisthesimulatedquantal[Glut]cleft decaywaveformarisingfromtheinstantaneousreleaseof4000glutamatemolecules(Nielsenetal.,
2004)alignedtostartattheendoftheilluminationpulse.Alltracesarenormalizedtotheirpeakvalues.D,Simulatedone-photoniPSFphotolysisevoked [Glut]cleft transients (solid lines) and [MNI-glutamate]cleft (dashed lines) for three different uncaging rate constants (k), using a 20 s
uncaging duration. E, Peak normalized simulated [Glut]cleft transients from D (solid lines) and simulations for the 90° rotation (dashed
lines).Blacktraceisthesimulatedquantal[Glut]cleft timecourseasinC.F,Spatialprofileofthe[Glut]attheendofa20 suncagingpulse
for the upright spot orientation and different values of k (FWHM of 0.27, 0.30, and 0.49 m for increasing uncaging rates, respectively).
Dashedlinesarethepredictedspatialprofilesat200 safterthestartoftheuncagingpulse,whicharescaledtotheircorrespondingpeak
amplitude at 20 s (the color code is preserved; 0.90, 0.94, and 1.15 m for increasing uncaging rates, respectively).
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activation for the spillover-only pEPSC (9
vs 6% for the eEPSC) and an underestimate for the quantal-plus-spillover pEPSC
(34 vs 49% for the eEPSC) (Fig. 8 B). We
then tested the level of desensitization arising from these different activations with a
second brief illumination pulse that produced maximal activation. The P2/P1 indicates that, after a spillover-like pEPSC,
only 10 ⫾ 2% (n ⫽ 5) of the receptors
enter desensitization, whereas a quantalplus-spillover pEPSC induced 41 ⫾ 3%.
These results suggest that the high levels of
[Glut]cleft that produce an intermediate
occupancy after quantal release, in the
presence of spillover, are more effective at
inducing desensitization than the slower
low [Glut]Cleft during transmitter spillover
alone.
Modification of an existing channel
model to match GC AMPAR behavior
Our measurement of AMPAR desensitization is a macroscopic property of the current, which arises from at least two distinct
microscopic processes: activation (glutamate binding and channel opening) and
desensitization. The concentration dependence of the time course of activation suggests that glutamate binding is limiting at
low occupancies and may influence the
time course of desensitization. To understand how the unique macroscopic desensitization properties of GC AMPARs
might arise from microscopic transitions,
we examined whether an existing AMPAR
model (WJ) (Wadiche and Jahr, 2001)
could be modified to reproduce the GC
AMPAR responses to [Glut]cleft steps (Fig.
Figure 7. Desensitization properties after transient AMPAR activation using paired-pulse small-spot UV photolysis. A, pEPSCs
in response to pairs of 20 s small-spot illumination pulses using a 10 ms interval. Light intensity of the first pulse (P1) was varied, 3) and to predict the EPSC depression durwhereas the intensity of the second pulse (P2) was maintained at the highest (saturating) intensity of the first pulse. B, Amplitudes ing a train stimulus (Fig. 8 D). A striking
of small-spot pEPSC responses at different distances for P1 across a dendritic digit in same region as A. Color coding indicates feature of the GC AMPAR response to step
different light intensities as for P1 in A. Dotted lines show Gaussian fits with FWHMs of 0.55, 0.82, 1.44, and 2.00 m (for green to changes in glutamate is the strong concenblack P1 intensity). Cyan region shows region over which traces in A were collected and averaged. C, Relationships between tration dependence of the time course of
fractional activation of the first pulse (blue circles) or P2/P1 pEPSC amplitude ratio (black triangles) and light intensity. Mean P2/P1 desensitization and the large steady-state
amplitude ratios were 0.88 ⫾ 0.04 (n ⫽ 6), 0.49 ⫾ 0.05 (n ⫽ 6), and 0.30 ⫾ 0.02 (n ⫽ 7) for low, medium, high light levels, current at low levels of activation (⬍10%).
respectively. D, Relationship between P2/P1 pEPSC amplitude ratio and channel open probability (Popen) for 13 cells. Dashed line Changing the rate constants that governed
shows linear regression fit with right-hand intercept of 0.38 for a Popen ⫽ 1. E, High-intensity paired-pulse pEPSC responses for
glutamate binding could mimic the convarious interpulse intervals (2 ms, gray; 5 ms, blue; 10 ms, red; 50 ms, green; 100 ms, black). F, Relationship between 1 ⫺ (P2/P1),
centration dependence of the time course
which indicates the fraction of desensitization, and interpulse interval for 10 cells.
of desensitization but failed to reproduce
the large steady-state current. We therethe receptor population activated by stochastic release varies
fore adjusted the transitions into the desensitized states. We first
from trial to trial, whereas all PSDs are activated by spillover on
reduced the rate of entry into only the singly bound desensitizaeach trial. We therefore used diffraction-limited small-spot photion state in the AMPAR model (C1 to C3) (Fig. 8C) to reproduce
the observed large acceleration in desensitization time course as a
tolysis protocols of different amplitudes and durations to examfunction of activation. To maintain microscopic reversibility, we
ine the desensitization produced by the various [Glut]cleft comincreased the rates out of the doubly liganded desensitization
ponents. Figure 8 A compares pEPSCs generated with 20 s and 1
ms illumination protocols with the quantal-plus-spillover and
states, which also increased the nondesensitizing component. Fispillover-only eEPSC components from DiGregorio et al. (2002).
nally, we adjusted the off-rate of the first single bound state to
The light intensities were adjusted so that the mean rise times and
compensate for changes in the apparent affinity to reproduce the
the relative occupancies of the pEPSCs were reasonably close to
occupancy of the quantal response (Fig. 2C). A fourfold change in
those calculated for the spillover and quantal components of the
these rates produced time constants of desensitization (des of
2.4 –12.3 ms) and steady-state levels of activation (16 – 89%) that
eEPSC. This resulted in a slight overestimation of the fractional
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closely matched those for the GC AMPAR
at high and low occupancies, respectively
(Fig. 8C). A uniform change of similar
magnitude in either the entry or exit from
the desensitized states (C3–C6) did not reproduce the observed change in desensitization time constant but matched the
steady-state desensitization as a function
of receptor activation.
We then examined how well the modified AMPAR model could predict the experimentally measured eEPSC amplitudes
generated by 100 Hz MF stimulation by
simulating the [Glut]cleft with a 3D model
of the MF–GC synapse (Nielsen et al.,
2004), which included stochastic release,
presynaptic short-term plasticity, glutamate diffusion, and uptake (see Materials
and Methods). Figure 8 D shows that the
simulated 100 Hz train closely matched
the measured GC EPSC train, unlike the
original WJ scheme, which exhibited a
more pronounced depression during the
train. Moreover, the behavior of the modified scheme could not be reproduced by
the affinity change alone or by only speeding the exit from desensitization states
with multiple glutamate molecules bound
(C4–C6; simulations not shown). These
simulations show that low probabilities of
occupying desensitization states, especially those with few glutamate molecules
bound, could account for the kinetic
and steady-state macroscopic properties
of currents during steps of glutamate
and during high-frequency synaptic
transmission.

Discussion

Figure 8. Weak desensitization of pEPSCs at low receptor occupancies. A, pEPSCs in response to a 10 ms paired-pulse protocol
(top traces), in which P1 intensity was set to a low and long duration to mimic activation by glutamate spillover alone (⬍1 W,
1 ms; red traces) or a brief intermediate intensity to mimic the quantal and spillover current components together (20 s, 15–30
W; blue traces). P2 was set to a brief high intensity. A maximal pEPSC response to P2 was obtained when P1 was omitted (dashed
line). For comparison, the inset shows the overall mean AMPAR-mediated synaptic eEPSC and the spillover-mediated eEPSC taken
from DiGregorio et al. (2002). Calibration: 10 pA, 3 ms. B, Summary plot for five cells, showing fractional pEPSC activation (Rel.
active.), 10 –90% rise time, and fractional activation of P2 (P2/P2max) for quantal-plus-spillover and spillover-only pEPSC responses. In these experiments, when P1 and P2 were both maximal, P2/P1 was 0.31 ⫾ 0.02, indicating a near saturated response,
similar to that obtained for the dataset in Figure 7. C, Simulated AMPAR responses of the kinetic scheme (Wadiche and Jahr, 2001)
with modified rate constants indicated in blue (inset): rate constants between C1–C3 was decreased by fourfold, whereas C1–C0,
C4–C2, C5–O, and C6–C7 were all increased fourfold. The desensitization states are C3–C7, and the asterisks denote [Glut]dependent transitions. The [Glut] was stepped from 0 to 0.1, 0.2, 0.5, 1, and 10 mM for 100 ms. Gray dashed lines are singleexponential fits. Red lines are the step responses of the WJ model for 0.06 and 10 mM. D, Response of modified AMPAR model
(black; from C) to a simulated [Glut]cleft waveform train (data not shown). Mean EPSC trains were constructed for each kinetic
scheme by feeding 500 stochastic [Glut]cleft trains through the model and averaging the currents. The peak [Glut]cleft of the
quantal component was ⬃8 mM, and the steady-state level was 0.06 mM at the end of 10 stimuli. All traces are normalized to their
first peak amplitude. The gray trace is a recorded EPSC train from the MF–GC synapse, and the filled circles are mean values
averaged across five cells (both taken from Saviane and Silver, 2006). The simulated EPSC trains with the modified kinetic scheme
produce much less depression than the original WJ model (red) and are comparable with the experimental data (SS) (Saviane and
Silver, 2006). The peak open probabilities were 0.22 and 0.27 for the modified AMPAR model and the WJ model, respectively.

We examined the properties of AMPAR
desensitization at the cerebellar MF–GC
synapse using glutamate uncaging. The
time course of desensitization, after step
increases in [Glut]cleft, accelerated sixfold
as the fraction of activated AMPARs increased. However, the final level of desensitization was only weakly dependent
on occupancy, with a desensitization-resistant current component remaining in saturating glutamate. Synaptic-like activation
of GC AMPARs exhibited a marked resistance to desensitization
at low occupancies, explaining how GCs can maintain phasic and
tonic signaling during high-frequency transmission.

A photolysis method for probing the kinetics of
synaptic receptors
We have taken advantage of the efficiency and versatility of
single-photon excitation to produce both transient and step-like
[Glut]cleft waveforms with illumination spots of different sizes.
Although large UV illumination spots have been used previously
to create step changes in [Glut]cleft (Otis et al., 1996b; Canepari et
al., 2001; Lowe, 2003), by modulating the light intensity, and thus
the uncaged [Glut]cleft, we determined the activation-dependent
kinetic properties of desensitization of synaptic AMPARs for the

first time. In preparations in which synaptic receptors are not
located at the end of the dendrite, it may be necessary to use larger
spots that cover a dendritic branch or the whole arbor to achieve
uniform [Glut]cleft. In these cases, the potentially larger contribution of extrasynaptic receptors should be considered. However,
we also show that pairs of small-spot illumination pulses can also
be used to assay the level of desensitization of synaptic receptors.
Desensitization properties of GC AMPARs
Our results show that synaptic AMPARs in GCs are more resistant to desensitization than reported previously for native channels from a range of different neurons (Jonas et al., 1993; Geiger et
al., 1995; Raman and Trussell, 1995; Hausser and Roth, 1997).
Weak desensitization could arise from a slower rate of entry into
or a faster recovery from desensitization states. Our simulations,
using a modified version of an existing native AMPAR kinetic
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scheme (Wadiche and Jahr, 2001), suggest that a slowed rate of
entry into a singly bound desensitization state (C3) (Fig. 8C) is
important for producing the pronounced slowing of the desensitization time course at low occupancies. Moreover, they also indicate that a faster exit from multi-liganded desensitization states
(C3–C6) (Fig. 8C) could contribute to the weak steady-state desensitization observed during glutamate steps. However, direct
measurement of the time course of recovery from desensitization
using paired pEPSCs showed that the recovery in the current is
not as fast as the ultrafast recovery observed at parallel fiber to
stellate cell synapses (Crowley et al., 2007) but is similar to that
observed at multipolar interneurons in cortex (⬎60% at 100ms)
(Rozov et al., 2001). These results suggest that slowed entry into
desensitization states at low levels of activation together with a
faster exit from desensitization states at higher levels of activation could underlie the concentration dependence of desensitization of GC AMPARs and thus, their ability to maintain
high-frequency transmission in the presence of glutamate
accumulation.
The time course of desensitization of AMPARs at the MF–GC
synapse is similar to non-NMDA receptors from cultured immature GCs at saturating concentrations (Silver et al., 1996a), but
the synaptic AMPARs exhibit much stronger occupancydependent kinetics and a larger desensitization-resistant current
component. These unique desensitization properties could arise
from a number of potential mechanisms, including subunit composition, posttranslational modification, modulation by ancillary
proteins, or channel phosphorylation state. Because previous
studies of native AMPARs were performed using the outside-out
patch method, it is also possible that these distinct properties
could arise from differences between extrasynaptic and synaptic
receptors (Liu and Cull-Candy, 2000) (but see Spruston et al.,
1995; Hausser and Roth, 1997; Lawrence and Trussell, 2000) or
from altered receptor properties in patches (Clark et al., 1997).
Cerebellar GCs express both flip and flop splice variants of
GluR2 and GluR4 subunits (Mosbacher et al., 1994), and their
heteromers are likely to mediate the AMPAR synaptic current
(Cathala et al., 2005). Here we show that the steady-state component of the GC AMPAR current is larger than for recombinant
GluR2 and GluR4 (flip and flop splice variants) subunits (Mosbacher et al., 1994). However, it is intriguing that the steady-state
currents we observed are similar to the incomplete desensitization behavior of GluR2 and GluR4 when coexpressed with Stargazin (Priel et al., 2005; Tomita et al., 2005), a transmembrane
AMPA receptor regulatory protein that is essential for trafficking
AMPARs to the membrane in GCs (Hashimoto et al., 1999).
Interaction of AMPARs with an extracellular domain of Stargazin
has also been shown to slow deactivation, slow the time course
and the extent of desensitization, and increase apparent affinity
for glutamate (Priel et al., 2005; Tomita et al., 2005; Turetsky et
al., 2005). Our results, showing that synaptic AMPARs in GCs
have a slower time course of desensitization and a much larger
steady-state current than GluR2/4 AMPAR subunits expressed
without Stargazin, are therefore consistent with the idea that
Stargazin modifies synaptic AMPAR channels in GCs, making
them more resistant to desensitization.
Deactivation and desensitization of AMPARs during
synaptic transmission
It has been proposed that the decay of the quantal AMPAR EPSC
is mediated by desensitization in cerebellar GCs on the basis of
the expression and fast desensitization time course of the flop
isoforms of GluR2 and GluR4 (Mosbacher et al., 1994). However,
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immature cultured GCs have desensitization time constants
much slower than the mEPSC decay (Silver et al., 1996a), arguing
that deactivation plays a predominant role. More recent studies
have argued that desensitization plays a role in the decay of EPSCs
on the basis of a slowing of mEPSCs by CTZ in slices and a fast
component desensitization in patches from cell cultures (Wall et
al., 2002). By directly measuring the kinetics of AMPAR desensitization and the occupancy during the MF–GC EPSC with largespot uncaging in slices (see Materials and Methods and Results),
we have shown that desensitization is too slow to account for the
major component of the mEPSC decay.
We estimate that, after quantal release, 49% of AMPARs are
activated, producing 30 – 40% desensitization after 10 ms. This
matches the 20% desensitization obtained with quantal analysis
for paired-pulse and tetanic synaptic stimulation protocols (Saviane and Silver, 2006), given that release occurs at only ⬃50% of
the synaptic contacts on each trial (Sargent et al., 2005). Previous
studies at this synapse (Xu-Friedman and Regehr, 2003) and elsewhere (Otis et al., 1996b; Taschenberger et al., 2005) have proposed that the [Glut]cleft generated by spillover could cause significant receptor desensitization and thus give rise to STD.
Although the spillover component provides half the charge transfer during a single AMPAR-mediated EPSC (DiGregorio et al.,
2002), the peak of the spillover conductance, which represents
the summed activation of receptors at all PSDs on a particular GC
hand (180 pS) (DiGregorio et al., 2002), represents only 6% of the
maximal current (2.3 nS) (Fig. 2C). Our results from pairedpulse uncaging show that, at these levels of activation, synaptic
AMPARs in GCs are resistant to desensitization, and the majority
of the desensitization observed at the MF–GC synapse during
paired-pulse stimulation arises when quantal release and spillover occur together.
The brief nature of the [Glut]cleft waveform after quantal release may shield AMPA receptors from entering desensitized
states at many central synapses, thereby preventing postsynaptic
STD (Dobrunz et al., 1997; Dittman and Regehr, 1998; Silver et
al., 1998; Hjelmstad et al., 1999; Renden et al., 2005). Our results
suggest that the presence of AMPARs with a lower-affinity desensitization state is another possible way synapses could minimize
the effects of desensitization, during repetitive activation and delayed clearance of glutamate during high-frequency trains. This
behavior might contribute to the lack of desensitizationdependent STD in medial nucleus of the trapezoid body neurons
when residual glutamate is modulated by blocking uptake (Takayasu et al., 2004, 2005; Renden et al., 2005) and could possibly
account for some of the developmental changes in STD (Brenowitz and Trussell, 2001; Renden et al., 2005). A related mechanism
involving AMPARs with fast recovery from desensitization is
thought to minimize desensitization at some synapses onto interneurons (Rozov et al., 2001; Crowley et al., 2007). These results
suggest that AMPAR desensitization properties may be tuned to
produce differing patterns of short-term plasticity at synapses
that experience either repetitive activation or delayed glutamate
clearance.
Implications for signal processing in the cerebellar GC layer
The rapid kinetics of activation and deactivation of synaptic AMPARs are likely to be important for conveying temporal signals,
because the EPSC time course determines the temporal precision
of spike generation (Galarreta and Hestrin, 2001; Cathala et al.,
2003; Sargent et al., 2005). In vivo recordings from awake behaving monkeys show that some MFs convey sustained highfrequency rate-coded signals that encode features such as joint
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position (van Kan et al., 1993). Synaptic AMPARs in GCs appear
tuned to transmit both phasic and tonic current components
simultaneously during such high-frequency trains. Preservation
of the fast quantal component will ensure that noise is present in
the excitatory input over a wide range of frequencies, a property
that is essential for inhibition-mediated multiplicative gain modulation (Mitchell and Silver, 2003). Moreover, the modest desensitization of the quantal component of the EPSC, which underlies
the majority of STD at the MF–GC synapse (Saviane and Silver,
2006), may enhance the sensitivity of GCs to changes in firing rate
over absolute rates (Abbott et al., 1997). Here, we show that a
weak level of desensitization at low occupancies is the mechanism
by which synaptic AMPARs convert the residual glutamate and
spillover that builds up during sustained high-frequency transmission into a tonic current that conveys the majority of the
charge at high MF firing rates (Saviane and Silver, 2006). These
AMPAR properties enable the GC to detect changes in MF firing
rate and transmit rate-coded information over an unusually
broad bandwidth.
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