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Kinney, Gregory A., Linda S. Overstreet, and N. Traverse in concert to sculpt the time course of the resulting slow EPSC.
This in turn drives a long-lasting train of action potentials inSlater. Prolonged physiological entrapment of glutamate in the
response to single presynaptic stimuli.synaptic cleft of cerebellar unipolar brush cells. J. Neurophysiol.

78: 1320–1333, 1997. The cellular mechanism underlying the
genesis of the long-lasting a-amino-3-hydroxy-5-methyl-4-isox-
azolepropionic acid (AMPA)-receptor-mediated excitatory I N T RODUC T I O N
postsynaptic currents (EPSCs) at the mossy fiber (MF) –unipo- Glutamate is the principal excitatory neurotransmitter inlar brush cell (UBC) synapse in rat vestibular cerebellum was the vertebrate CNS, and the factors that govern the timeexamined with the use of whole cell and excised patch-clamp

course of excitatory postsynaptic currents (EPSCs) at gluta-recording methods in thin cerebellar slices. Activation of MFs
matergic synapses is a topic of considerable importance inevokes an all-or-none biphasic AMPA-receptor-mediated synap-
understanding information processing within the brain (Col-tic current with a late component that peaks at 100–800 ms,
lingridge and Lester 1990; Mayer and Westbrook 1987;which has been proposed to originate from an entrapment of

glutamate in the MF-UBC synaptic cleft and is generated by the Storm-Mathisen et al. 1995). The time course of gluta-
steady-state activation of AMPA receptors. Bath application of matergic EPSCs is governed by many factors, which include
cyclothiazide, which blocks desensitization of AMPA receptors, the identity and molecular composition of postsynaptic re-
produced a dose-dependent enhancement of the amplitude of the ceptors, the ultrastructural geometry of the synaptic cleft,
synaptic current (median effective dose 30 mM) and slowing of proximity of coactive synapses, synchrony of presynapticthe rise time of the fast EPSC. N-methyl-D-aspartate-receptor- release, and localization of glutamate transporters (Clementsmediated EPSCs in UBCs were not potentiated in amplitude 1996; Edmonds et al. 1995; Isaacson and Walmsley 1995;or time course by cyclothiazide (100 mM). The dose-response

Jonas and Spruston 1994; Jones and Westbrook 1996;relations for the steady-state current evoked by glutamate acting
McBain and Mayer 1994; Nakanishi 1992; Takahashi et al.at AMPA receptors in excised outside-out patches from UBC
1997). At the majority of glutamatergic synapses the EPSCand granule somatic membranes was biphasic, peaking at 50 mM
is composed of both fast a-amino-3-hydroxy-5-methyl-4-and declining to 50–70% of this value at 1 mM glutamate.

When glutamate was slowly washed from patches to simulate isoxazolepropionic acid (AMPA) and slower N-methyl-D-
the gradual decline of glutamate in the synapse, a late hump in aspartate (NMDA)-receptor-mediated components. The
the transmembrane current was observed in patches from both time course of the AMPA-receptor-mediated component of
cell types. The delivery of a second MF stimulus at the peak of the synaptic current is generally very brief, reflecting the
the slow EPSC evoked a fast EPSC of reduced amplitude fol- short lifetime of glutamate in the synaptic cleft (1–2 ms),lowed by an undershoot of the subsequent slow current, consis- because most glutamatergic synapses are of small diametertent with the hypothesis that the peak of the slow EPSC reflects and glutamate is removed rapidly from the vicinity of post-the peak of the biphasic steady-state dose-response curve. Esti- synaptic receptors congregated at the postsynaptic densitymates of receptor occupancy and glutamate concentration de-

by diffusion. AMPA receptors desensitize very rapidly onrived from the ratio of fast EPSC amplitudes, and the amplitude
exposure to glutamate (Tang et al. 1989; Trussell and Fisch-and polarity of the initial steady-state current in paired-pulse
bach 1989) and are of low affinity (Patneau and Mayerexperiments, predict a slow decline of glutamate with a time
1990). Consequently the decay of the EPSC can be shapedconstant of 800 ms, declining to ineffective concentrations at

5.4 s. Manipulation of cleft glutamate concentration by lowered both by receptor desensitization and the subsequent dissocia-
extracellular calcium or delivery of brief stimulus trains abol- tion of glutamate from the receptor (Clements 1996; Ed-
ished the slow EPSC and restored the undershoot to paired stim- monds et al. 1995; Jonas and Spruston 1994; Jones and
uli, respectively, in a manner consistent with a prolonged life- Westbrook 1996).
time of glutamate in the cleft. The slow component of the EPSC A notable exception to these principles has recently
was prolonged in duration by the glutamate reuptake inhibitor emerged with the discovery of a new class of neurons in the
L-trans-pyrrolidine-2,4-dicarboxylate, suggesting that glutamate cerebellum, the unipolar brush cells (UBCs) (Mugnaini ettransport contributes to the time course of the synaptic current al. 1997; Slater et al. 1997a,b) . UBCs are small neuronsin UBCs. The data support the notion that the MF-UBC synapse

located in the granular layer of vestibular regions of therepresents an ultrastructural specialization to effectively entrap
mammalian cerebellum (Altman and Bayer 1977; Floris etglutamate for unusually prolonged periods of time following
al. 1994; Mugnaini and Floris 1994) receiving synaptic inputrelease from MF terminals. The properties of the postsynaptic
from a single mossy fiber (MF) that interdigitates with thereceptors and constraints on diffusional escape of glutamate im-

posed by synaptic ultrastructure and glutamate transporters act entire dendritic brush, forming a giant synapse with a very
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Dawley rats of either sex, ages 8–30 days postnatal. Animals wereextensive area of synaptic apposition (12–40 mm2) (Mug-
anesthetized with the use of isoflurane by inhalation and killednaini et al. 1994). The MF-UBC synapse is unusual in that
by decapitation with the use of a guillotine while under generalmultiple release sites are apposed to a continuous postsynap-
anesthesia. The brain was removed by dissection and placed in atic density within which postsynaptic ionotropic glutamate chilled (0–5"C) extracellular solution of the following compositionreceptors are localized (Jaarsma et al. 1995; Mugnaini et ( in mM): 126 NaCl, 3 KCl, 2.5 CaCl2 , 1.3 MgSO4, 1.25 NaH2PO4,al. 1994; Rossi et al. 1995). Thus, after release from the 26 NaHCO3, and 10 D-glucose, gassed with 95% O2-5% CO2, pHpresynaptic terminal, glutamate molecules cannot rapidly es- 7.4, osmolarity 310 mosmol. Thin (150 mm thick) parasagittal

cape from the cleft by diffusion into extracellular space, slices of cerebellar vermis were cut with the use of a vibrating
precluding the rapid termination of the EPSC. The EPSC at tissue chopper (Vibratome). Slices were maintained at room tem-

perature after the initial hour of incubation until needed for re-most MF-UBC synapses is glutamatergic, with both AMPA-
cording.and NMDA-receptor-mediated components. It is unusual in
For recording, slices were transferred to a submersion chamberthat both components are very prolonged in duration, giving

mounted on the stage of an upright microscope (Leitz Laborlux)rise to an excitatory postsynaptic potential (EPSP) lasting
and viewed with a Zeiss 140 (0.75 numerical aperture) water-many seconds with an associated burst of action potentials immersion objective with Hoffman Contrast Optics. The slices(Rossi et al. 1995; Slater et al. 1997b). The AMPA-receptor- were continuously perfused throughout the experiment with exter-mediated EPSC at this synapse is particularly unusual in nal medium at room temperature (20–22"C). All recordings were

that it is biphasic, with a rapidly activating and decaying made from UBCs and granule cells in the granular layer of the
component that is followed by a slow EPSC (time-to-peak nodulus and uvula. UBCs were identified in living slices by their
Ç300 ms) (Rossi et al. 1995). larger soma diameter and greater whole cell capacitance than adja-

cent granule cells and by their prolonged synaptic response to whiteIt has been proposed that the ultrastructure of the
matter stimulation.MF-UBC synapse represents a specialization to entrap gluta-

mate within the cleft for prolonged periods following release
and that the biphasic nature of the AMPA component of

Patch-clamp recording and synaptic stimulationthe EPSC reflects an interplay between the slowly decaying
concentration of glutamate ([glu]) and the dose dependence Patch recording pipettes were fabricated from thick-walled boro-of the steady-state AMPA-receptor-mediated current (Rossi silicate glass capillaries (DC resistance 3–10 MV when filled with
et al. 1995). Because the lifetime of glutamate at conven- internal solution) with the use of a Flaming-Brown horizontal pi-
tional synapses is very brief, such steady-state currents are pette puller (Sutter Instruments) . In the majority of experiments
not normally observed. The dose-response relation for the electrodes were filled with an internal solution containing (in mM):

145 cesium methanesulphonate, 10 QX-314, 2 MgCl2 , 5 K2ATP,steady-state AMPA-receptor-mediated current in other cell
0.5 ethylene glycol-bis(b-aminoethyl ether)-N,N,N#,N #-tetraace-types is biphasic (Geoffroy et al. 1991; Raman and Trussell
tic acid, and 5 N-2-hydroxyethylpiperazine-N #-2-ethanesulfonic1992). At the MF-UBC synapse it was proposed that the
acid, pH 7.2, osmolarity adjusted to 280 mosmol. Patch pipettesbiphasic AMPA-receptor-mediated synaptic current reflects
were mounted in the headstage input of a stage-mounted microma-this property (Rossi et al. 1995) in the following manner. nipulator and positioned over the soma of the neuron by visualAfter release, a fast EPSC will be observed reflecting activa- control. Transmembrane voltage and current were recorded withtion of AMPA receptors that decays rapidly to a steady- the use of an Axopatch 1D or 200A amplifier (filtered at 10 kHz,

state level because of desensitization and equilibration by 03 dB), stored on video tape (VR-10C, Instrutec) , and played
diffusion within the cleft volume. The [glu] within the cleft back off-line for analysis with the use of pClamp (version 0.6.0.1)
will then further decay as the transmitter slowly escapes software (Axon Instruments) running on a PC-compatible 486

microcomputer (Dell) . Conventional methods for whole cell re-by diffusion into extracellular space. A slow EPSC will be
cording and the preparation of excised (Edwards et al. 1989; Hamillobserved as the cleft [glu] declines across the peak of the
et al. 1981) or nucleated outside-out membrane patches (Sather etbiphasic dose-response relations for the steady-state current.
al. 1992) were employed. The reference electrode was connectedThis ‘‘glutamate entrapment hypothesis’’ proposed by Rossi
to the bath by means of a KCl-agar bridge. All experiments wereet al. (1995) is further studied here with the use of a combi- conducted at a holding potential of080 mV unless otherwise noted.nation of whole cell and excised patch recording methods to Concentric bipolar tungsten stimulating electrodes (Rhodes)critically evaluate the hypothesis. The results provide strong were placed in the white matter to activate MF inputs to UBCs.

support for the notion that the MF-UBC synapse is indeed In all experiments stimuli 100 ms in duration were employed, and
highly specialized for the entrapment of transmitter within all experiments were conducted in the presence of bicuculline (10
the cleft. mM) to block g-aminobutyric acid-A-receptor-mediated inhibitory

synaptic currents. AMPA-receptor-mediated synaptic currents werePreliminary reports of some of these data have been pre-
recorded in the presence of bicuculline (10 mM) and the noncom-sented (Kinney et al. 1995, 1996; Slater and Kinney 1996).
petitive NMDA receptor antagonist 7-chlorokynurenic acid
(50 mM).

M E T HOD S Lucifer yellow (0.05%, K/ salt, Molecular Probes) was included
in the patch pipette in the majority of experiments to verify thePreparation of brain slices
identify of recorded neuron as a UBC on the basis of the character-
istic morphology of the cell (Berthié and Axelrad 1994; MugnainiThe methods for the preparation of thin brain slices and patch-

clamp recording of visually identified UBCs and granule cells in and Floris 1994; Rossi et al. 1995). After the completion of whole
cell or excised patch experiments, the morphology of the recordedthin cerebellar slices employed were similar to those previously

described (D’Angelo et al. 1993; Ebralidze et al. 1996; Rossi et al. neuron was viewed with the use of fluorescence attachments to the
microscope.1995; Silver et al. 1992). Experiments were conducted on Sprague-
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Application of drugs The synaptic current in the presence of cyclothiazide de-
cayed smoothly, without evidence of a secondary component.

All drugs were dissolved in distilled water or dimethyl sulfoxide This result would indicate that the slow EPSC does not ariseand applied by bath perfusion. The final concentration of dimethyl from the actions of glutamate at receptors located at distantsulfoxide was always õ1% in saline. The following compounds sites from that of release, because a potentiation of both com-were used: bicuculline methobromide (Sigma), D02-amino-5-pho-
ponents by cyclothiazide would be anticipated. Rather, thesphonovalerate (Tocris Cookson), cyclothiazide (generous gift of
results support the contention that the time course of theEli Lilly, Indianapolis, IN), QX-314 (Alomone Laboratories) , 7-
AMPA-receptor-mediated EPSC is sculpted by an interplaychlorokynurenic acid (Tocris Cookson), L-trans-pyrrolidine-2,4-

dicarboxylate (L-trans-PDC, Tocris Cookson), and 6-cyano-7-ni- between receptor properties and cleft [glu], as previously
troquinoxaline-2,3-dione (CNQX, Tocris Cookson). Drugs were suggested (Rossi et al. 1995). Thus, when desensitization is
delivered to the bath by means of a peristaltic pump that fed initially blocked by cyclothiazide, the time course of the synaptic
into a premixing chamber above the microscope in which further current will reflect the time course of [glu] in the synaptic
gassing with 95% O2-5% CO2 was performed. Dose-response cleft when this corresponds to the linear portion of the dose-curves for the steady-state glutamate-activated current (Iss ) in out- response curve. In the majority of cells this decay could notside-out patches were performed by the application of increasing be well fit with a single-exponential function. Fits of a double[glu] by bath perfusion without washout between each dose. After

exponential to the time course of the current decay in 100exposure of the patch to the highest [glu] (1 mM), the patch
mM cyclothiazide for 12 cells yielded tf values of 58.3 {was perfused with glutamate-free external solution; the use of the
13.1 (SE) ms and ts values of 1,633.2 { 261.6 ms.premixing chamber enabled a graded decline in [glu] to be

achieved. In addition to blocking desensitization of AMPA recep-
tors, cyclothiazide can slow deactivation kinetics (Patneau
et al. 1993; Raman and Trussell 1995b), and it has beenR E S U L T S
reported that the potentiation of AMPA-receptor-mediated

Experiments were conducted onú80 UBCs located in the EPSCs at small-diameter synapses may be due in part to an
granular layer of the nodulus and ventral uvula in thin rat increase in presynaptic release (Diamond and Jahr 1995).
cerebellar slices. UBCs were distinguished from adjacent A slowing of deactivation kinetics would be unlikely to con-
granule cells by criteria previously described (Rossi et al. tribute significantly to the very prolonged time course of
1995), including their larger soma diameter (Ç9–13 mm), synaptic currents in UBCs, but an enhancement in presynap-
greater whole cell capacitance, prolonged synaptic response tic release might contribute to the observed effects of
to single MF stimuli, and post hoc visualization of the cell cyclothiazide. One consequence of this would be to slow
morphology by fluorescent illumination of the Lucifer-yel- the rise time of the fast EPSC by disrupting the synchrony
low-filled cell after completion of the experiment. All experi- of release. Indeed, cyclothiazide produced a dose-dependent
ments, unless otherwise noted, were performed in the pres- increase in the 10–90% rise time of the fast EPSC in UBCs
ence of bicuculline (10 mM), 7-chlorokynurenic acid (50 (Fig. 2A, n Å 11), but such an effect would also be expected
mM), and raised extracellular Mg2/ (1.5 mM) at a holding for a blockade of fast desensitization alone. To further ex-
potential of 080 mV to pharmacologically isolate the plore this, the effects of cyclothiazide were examined on
AMPA-receptor-mediated EPSC. NMDA-receptor-mediated EPSCs in UBCs. NMDA-recep-

tor-mediated EPSCs were recorded in the absence of external
Mg2/ and the presence of 10 mM CNQX to block AMPATime course of AMPA-receptor-mediated synaptic currents
receptors. In six cells, no statistically significant effect ofin UBCs
cyclothiazide (100 mM) was observed on the total synaptic
charge or time course of the EPSC, although a modest effectIn the majority of cells examined, the time course of the

AMPA-receptor-mediated EPSC in UBCs was biphasic, on the peak current was observed in four cells (Fig. 2B) ,
which may reflect the direct postsynaptic actions of cyclothi-with a fast EPSC followed by a slow component that peaked

in the range of 200–800 ms after the stimulus (Fig. 1A, azide previously observed in cultured hippocampal neurons
(Diamond and Jahr 1995).Control) . These two components of the EPSC may arise

from the actions of glutamate at two independent receptor
populations, or the complex time course of the synaptic cur- Dose dependence of steady-state glutamate currents in
rent could arise from inherent properties of a single receptor membrane patches
population. To distinguish between these possibilities, the
dose-dependent effects of cyclothiazide, which blocks The proposed hypothesis regarding the cellular mecha-

nism underlying the genesis of the slow AMPA-receptor-AMPA receptor desensitization (Patneau et al. 1993; Trus-
sell et al. 1993; Yamada and Tang 1993), was examined. mediated EPSC in UBCs (Rossi et al. 1995; Slater et al.

1997a,b) hinges critically on the assumption that the steady-Cyclothiazide produced a dose-dependent potentiation of the
synaptic current at both early (Fig. 1C) and late (Fig. 1D) state dose-response relations for glutamate acting at AMPA

receptors in UBCs is bell shaped. This has been previouslytime periods (corrresponding to the peak of the fast and
slow EPSCs in Fig. 1A, Control) and the total synaptic reported for cultured cerebellar neurons (Geoffroy et al.

1991) and neurons of the chick nucleus magnocellularis (Ra-charge (Fig. 1B) . Maximal effects of cyclothiazide were
observed at 100 mM, with a depression of the response being man and Trussell 1992), but has not been confirmed in

cerebellar neurons in situ. To examine this, excised outside-observed at higher concentrations and a median effective
dose of Ç30 mM. out patches were obtained from the somata of both UBCs

J590-6/ 9k19$$se27 08-06-97 17:31:21 neupas LP-Neurophys



SLOW SYNAPTIC CURRENTS IN CEREBELLAR NEURONS 1323

FIG. 1. Time course of the a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA)-receptor-
mediated excitatory postsynaptic potential (EPSC) in
unipolar brush cells (UBCs) and the dose-dependent
modulation by cyclothiazide. A : AMPA-receptor-medi-
ated synaptic currents in a rat UBC in the absence (Con-
trol) and presence of increasing concentrations of
cyclothiazide, which blocks AMPA receptor desensiti-
zation. Each trace represents the average of 12 re-
sponses. Arrowhead: amplitude of the fast EPSC in
Control. B–D : dose-dependent effects of cyclothiazide
on the total synaptic charge (B) , the peak amplitude of
the fast EPSC (C) , and the amplitude of the slow EPSC
measured at a latency corresponding to the peak of the
Control (D, 200 ms). All data have been normalized
to their respective control synaptic currents and were
derived from experiments with 11 UBCs.

and granule cells and the steady-state dose-response curve [glu] is achieved (ú50 mM) at the MF-UBC synapse in
those cases in which a slow EPSC can be observed to followfor glutamate was studied by bath application of glutamate

(1 mM–1 mM) in the presence of bicuculline (10 mM), a single stimulus, and the slow EPSC observed reflects this
inherent property of AMPA receptors. If this is correct, then7-chlorokynurenate (50 mM), and 1.5 mM external Mg2/ .

In each experiment, the steady-state current at a given [glu] one should expect to observe a slow hump in the steady-
state patch current when glutamate is washed gradually fromwas normalized to that observed in the presence of 50 mM

glutamate. In both UBCs (Fig. 3A) and granule cells (Fig. the bath for patches from both cell types; this was also the
case (Fig. 3, B andD) . Thus the slow EPSC can be simulated3C) the steady-state dose-response curve was indeed bell

shaped, with a maximal current being observed at 50 mM in an excised somatic patch, and the properties of AMPA
receptors in the synaptic cleft can be presumed to behave inglutamate. These results would thus confirm the hypothesis

that within 20–40 ms after release a ‘‘quasi-steady-state’’ a similar manner.

FIG. 2. Effects of cyclothiazide on EPSCs in
UBCs. A : dose dependence of the effects of
cyclothiazide on the 10–90% rise time of the
AMPA-receptor-mediated EPSC in UBCs. B : ef-
fects of cyclothiazide on the N-methyl-D-aspartate
(NMDA)-receptor-mediated EPSC in UBCs.
Traces illustrate averaged NMDA-receptor-medi-
ated synaptic currents in the absence (Control)
and presence of 100 mM cyclothiazide. NMDA-
receptor-mediated synaptic currents were pharma-
cologically isolated by recording in the presence
of 10 mM 6-cyano-7-nitroquinoxaline-2,3-dione
(CNQX) and 10 mM bicuculline.
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FIG. 3. Dose dependence of the steady-state
AMPA-receptor-mediated current in excised out-
side-out patches from UBCs and granule cells. A and
C : steady-state dose-response curves for glutamate
acting on AMPA receptors in excised outside-out
somatic patches obtained from UBCs (A) and gran-
ule cells (C) . B and D : simulation of the slow
EPSC. Steady-state glutamate current in an excised
patch from a UBC (B) and granule cell (D) during
the washout of 1 mM glutamate from the recording
chamber to simulate the slow decline of glutamate
concentration ([glu]) in a synaptic cleft. In patches
from both cell types, a hump is observed during
washout, which would be predicted from the steady-
state dose-response curves ( left) . Data in A and C
were normalized to the current at 50 mM; each point
represents the mean{ SE of 5 patches. Experiments
were conducted in the presence of 10 mM bicucul-
line, 50 mM 7-chlorokynurenate, and 1.5 mM exter-
nal magnesium. Traces in B and D were filtered at
500 Hz for clarity of display.

It has been proposed that the reduction of the steady-state the second stimulus should be smaller than that evoked by
the first stimulus, because a fraction of the AMPA receptorscurrent at high [glu] originates from an accumulation of

receptors in the desensitized state (Raman and Trussell will be already bound. Furthermore, the steady-state current
following this will display an initial undershoot, reflecting1992). To test this proposal, steady-state dose-response

curves to glutamate were performed in excised outside-out the expected steady-state current at a higher cleft [glu] .
patches from UBCs in the presence of 100 mM cyclothiazide These observations were all confirmed in paired-pulse exper-
(Fig. 4) . Surprisingly, the dose-response relation in the pres- iments (n Å 25), as illustrated in Fig. 5. Furthermore, the
ence of cyclothiazide was also bell shaped, with a peak application of cyclothiazide (150 mM, n Å 14) eliminated
current at 50 mM (Fig. 4, !) , and a hump in the current the undershoot observed to follow the second stimulus (Fig.
was also observed during washout of 1 mM glutamate (not 5C, ") .
shown), as in control patches from UBCs (Fig. 3B) . How- Paired-pulse experiments were also conducted as a means
ever, in recordings from nucleated patches from UBCs in of exploring the time course of [glu] changes in the synaptic
which potential effects of membrane stretch and cytoplasmic cleft and AMPA receptor occupancy. In 11 cells the inter-
dialysis are reduced, cyclothiazide produced a dose-depen- stimulus interval was systematically varied (50–2,000 ms)
dent potentiation of the glutamate-evoked current at concen- and the time-dependent changes in the peak amplitude of
trationsú50 mM (Fig. 4, #, ●) , and no hump was observed the fast EPSC and steady-state current evoked by the second
during the washout of glutamate (Fig. 4, inset) . These results stimulus were examined. An example of one experiment is
support the suggestion that the reduction of the steady-state illustrated in Fig. 6A. The peak amplitude of the fast EPSC
current at concentrations ú50 mM arises from an accumula- evoked by the second MF stimulus is dramatically reduced
tion of desensitized receptors. at short interstimulus intervals. The amplitude of the fast

EPSC evoked by the second MF stimulus will reflect the
availability of unbound AMPA receptors in the synapticTime course of [glu] in the synaptic cleft
cleft. At short interstimulus intervals many AMPA receptors
will be already bound by glutamate, and thus the fast EPSCFurther validation of the glutamate entrapment hypothesis
evoked by the test stimulus will be reduced. The peak ofcan be derived from experiments in which the [glu] in the
the fast EPSC to the test stimulus can thus be used as asynaptic cleft was directly manipulated. Several strategies
probe for the availability of AMPA receptors in the cleft,were adopted to explore this. In the first series of experi-
and the fraction of bound (unavailable) receptors can bements, a second MF stimulus was delivered at or near the
expressed as 1 0 ( test EPSC amplitude/1st EPSC ampli-peak of the slow EPSC. If the peak of the slow EPSC corre-
tude). This fractional reduction in the test stimulus declinessponds to a cleft [glu] of 50 mM, as the steady-state dose-
with time (Fig. 6B) , indicative of the increasing availabilityresponse curve would suggest (Fig. 3A) , then the second
of unbound AMPA receptors following the initial MF stimu-stimulus should drive the [glu] back into the millimolar
lus. This decline in the ratio of the fast EPSC amplitudes willrange within the cleft, initially evoking a fast EPSC mediated
thus reflect the time course of AMPA receptor occupancyby glutamate binding to unoccupied receptors. The hypothe-

sis would predict that the peak of the fast EPSC evoked by (estimated here as the relative postsynaptic responsiveness) ,
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state dose-response relation (50 mM, Fig. 3A) was observed
at an interstimulus interval of 200 ms. The point in time at
which this relation yields no net steady-state current isÇ500
ms, a point in time that would correspond to a cleft [glu]
on the rising slope of the steady-state dose-response curve
producing a current equal to the maximum (Ç2.5 mM, Fig.
3A) . Thus it can be estimated from these measures that the
cleft [glu] transiently equilibrates at concentrations in the
range of 0.4–1 mM 40 ms after release, falls to 50 mM at
200 ms and to 2.5 mM at 500 ms, and slowly declines to
concentrations insufficient to activate ionotropic receptors
over the course of 5–6 s.
In a third series of experiments the cleft [glu] was manipu-

lated by lowering the extracellular calcium concentration.
By decreasing the probability of release at any given site,
the steady-state cleft [glu] may be reduced to a concentration
õ50 mM, whereon only a long tail should be observed fol-
lowing the fast EPSC. This prediction was also confirmed,
as shown in Fig. 7A, where the slow EPSC was eliminated
when the extracellular calcium concentration was reduced
to 1.5 and 1.0 mM. In these experiments, the slow tail re-
corded at 1.0 mM extracellular calcium could then be recon-
verted into a slow EPSC by the delivery of a brief train of
MF stimuli (200 Hz), which would presumably reflect a
raised steady-state cleft [glu] of ú50 mM (Fig. 7B) .FIG. 4. Effects of cyclothiazide on the steady-state dose-response curves

for glutamate acting on AMPA receptors in UBCs. Graph: biphasic steady- In many UBCs, a single MF stimulus does not normally
state dose-response curve for glutamate in an excised patch (!) compared evoke a slow EPSC, but rather the fast EPSC is followed
with nucleated outside-out patches in the presence of 100 mM (●) or 300 by a prolonged tail (Fig. 6C of Rossi et al. 1995). It has
mM (#) cyclothiazide. Cyclothiazide eliminated the reduction of the patch been suggested that the absence of a slow EPSC in thesecurrent at [glu] ú 50 mM in nucleated patches in a dose-dependent manner,

cells reflects a difference in synaptic morphology (Slater etbut was without effect in excised patches. Inset : current recorded in a
nucleated patch in the presence of 100 mM cyclothiazide during the washout al. 1997b). In some UBCs the area of synaptic apposition
of 1 mM glutamate (cf. Fig. 3B) . Note the absence of a hump in the current is not continuous, but is broken into numerous small contacts
(cf. Fig. 3B) during washout. Current in inset was filtered at 500 Hz. Data (Mugnaini et al. 1994; Rossi et al. 1995) reminiscent ofin graph were normalized to the current at 50 mM; each point represents

calyceal synapses in the vestibular and auditory systems.the mean{ SE of 4–7 patches. Experiments were conducted in the presence
of 10 mM bicuculline, 50 mM 7-chlorokynurenate, and 1.5 mM external Thus, after release at multiple sites, glutamate may escape
magnesium. by diffusion into a region having larger volume and lacking

a high density of ionotropic receptors, resulting in a steady-
state cleft [glu]õ50 mM, and thus only a prolonged synapticwhich in turn will be related to the time course of [glu] in

the synaptic cleft. This rate of decline is similar to the rate of tail current is observed following the fast EPSC. In these
cases, one might speculate that raising the levels of glutamatedecay of the synaptic current in the presence of cyclothiazide

(Fig. 1A; 10–90% decay time for EPSC in cyclothiazide Å released may result in a raised steady-state cleft [glu] ú50
mM, whereon a slow EPSC will be observed. To test this2,070 ms, nÅ 11; 10–90% decay of fast EPSC ratioÅ 2,400

ms, nÅ 11). The decline in receptor occupancy estimated by notion, brief repetitive MF stimuli (200 Hz) were applied
and the responses of UBCs that displayed only synaptic tailpaired-pulse experiments appears to approximate a single-

exponential process (Fig. 6B) with a time constant of 800 currents to single stimuli (at 2.5 mM external calcium) were
examined. In all cases examined (7 of 7), this resulted inms and extinguishes at 5.4 s, the time at which no difference

in the fast EPSC amplitudes was detected. Data were not the appearance of a slow EPSC, although the number of
stimuli required to evoke a slow EPSC in any given cellobtained at short interstimulus intervals (õ50 ms, to avoid

significant changes in presynaptic release) , and thus the re- varied (3–5 stimuli) . An example of such an experiment is
illustrated in Fig. 7C.sults are not directly comparable with the initial decay of

the synaptic current in the presence of cyclothiazide. Paired-pulse experiments were also conducted in the pres-
ence of lowered extracellular calcium in five UBCs. TheThe undershoot of the ‘‘steady-state current’’ following

the peak of the fast EPSC evoked by the second stimulus entrapment hypothesis would predict that when the cleft
[glu] is lowered, a smaller fast EPSC and a reduction in thepeaks at 40 ms in the majority of UBCs studied. Plots of

the relationship between this steady-state current (measured ratio of the EPSCs will be observed, the initial steady-state
current (Fig. 8, arrowheads) will be larger if the cleft [glu]40 ms after the onset of the 2nd stimulus with respect to the

baseline immediately preceding the second fast EPSC) and is nearer the peak of the dose-response curve, and the appear-
ance of an undershoot in the current following the deliveryinterstimulus interval yield the biphasic relation shown in

Fig. 6E. The maximal amplitude of the undershoot, which of a second stimulus will be abolished. These predictions
were confirmed, as illustrated in Fig. 8, A and B. In UBCswould correspond to a cleft [glu] at the peak of the steady-
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FIG. 5. Paired-pulse experiments confirm the
hypothesis that the slow EPSC arises from a
steady-state current. A : averaged AMPA-recep-
tor-mediated synaptic current in a UBC in re-
sponse to single mossy fiber (MF) stimuli. B :
responses of the same cell in which a 2nd MF
stimulus was delivered just after the peak of the
slow EPSC (", interstimulus interval 800 ms).
Note the reduction in the amplitude of the fast
EPSC in response to the 2nd stimulus and the
pronounced undershoot of the current that fol-
lows. C : effects of cyclothiazide on the synaptic
current evoked by paired stimuli. Top trace (Con-
trol) is the same trace shown in B at a lower
vertical gain; bottom trace is the averaged synap-
tic current following the application of cyclothia-
zide (150 mM). In the presence of cyclothiazide,
no slow EPSC is observed (see also Fig. 1) ,
and the undershoot following the 2nd stimulus is
abolished (") .

in which a slow EPSC was still present in lowered external Role of glutamate transport
calcium, such as that illustrated in Fig. 8, the latency-to-

The very slow time course of the synaptic current in UBCspeak of the slow EPSC was reduced, presumably reflecting
raises the possibility that glutamate reuptake may contributethe decreased cleft [glu] , which will require less time to
to the removal of glutamate from the synaptic cleft. To assessdecline to the peak of the steady-state dose-response curve.
the contribution of glutamate reuptake to the time course ofFurthermore, delivery of a brief paired stimulus train to
the EPSC in UBCs, the effects of the competitive glutamateevoke more glutamate release also restored the undershoot
transport inhibitor L-trans-PDC (Bridges et al. 1991) on thefollowing the second stimulus in lowered external calcium
time course of the AMPA-receptor-mediated EPSC were(Fig. 8C) as well as enhancing the amplitude of the slow

EPSC and reducing the initial steady-state current. examined. In the presence of 100 mM L-trans-PDC, a prolon-

FIG. 6. Paired-pulse experiments suggest a long-lasting
occupancy of AMPA receptors following MF stimulation.
A–C : synaptic currents evoked by paired MF stimuli deliv-
ered at the indicated interstimulus intervals. D : assessment
of the decline in AMPA receptor occupancy following glu-
tamate release. Graph shows a semilogarithmic plot of the
decline in the difference between the ratio of the fast EPSC
evoked by paired MF stimuli, expressed as 1 0 ( test EPSC
amplitude/1st EPSC amplitude). Ratio declines with a time
constant of 800 ms and decays to 0 at 5.4 s. E : plot of the
amplitude of the initial steady-state current with interstimu-
lus interval. Steady-state current was measured 40 ms after
the onset of the 2nd stimulus with respect to the baseline
immediately preceding this stimulus. At short intervals
(50–400 ms) the initial steady-state current is positive (A) ,
reflecting an undershoot in the current, which reverses be-
tween 400 and 600 ms (B) and gradually recovers to nega-
tive values after several s (C) . These results, taken together
with those presented in Fig. 3, allow predictions to be made
regarding the time course of decline of glutamate levels in
the synaptic cleft following release (see text) .
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FIG . 7. Modulation of presynaptic release
probability affects the amplitude of the slow EPSC.
A : AMPA-receptor-mediated synaptic currents in
a UBC recorded at 2.5 (Control) , 1.5, and 1.0 mM
external calcium. Traces are averaged responses to
single MF stimuli at each external [calcium]. Note
the abolition of the slow EPSC by lowered external
calcium. B : slow EPSC at a lowered external cal-
cium concentration (1 mM) is restored by delivery
of a brief stimulus train (3 stimuli 100 ms in dura-
tion at 200 Hz). C : AMPA-receptor-mediated syn-
aptic currents in some UBCs recorded in the pres-
ence of 2.5 mM external calcium lack a slow EPSC
and display only a prolonged tail current in re-
sponse to single MF stimuli (single stimulus) .
Slow EPSC can be revealed in these cells by the
application of a brief stimulus train (repetitive
stimulus, 5 stimuli 100 ms in duration at 200 Hz).

gation of the late component of the EPSC was observed, as prolonged occupancy of postsynaptic receptors following a
well as an increase in the total charge in 12 of 15 cells single stimulus (Fig. 6) , and 4) the steady-state dose-re-
studied (36 { 6%, P õ 0.05), despite a decrease in the sponse data, which predict the time course of the slow EPSC
amplitude of the fast EPSC in all cells (24 { 6% decrease, and changes in the EPSC waveform with paired stimuli and
Fig. 9) . These effects were readily reversible on washout of reduced release. This situation is dramatically different from
L-trans-PDC. In contrast to the effects of L-trans-PDC in that in other glutamatergic synapses, where the lifetime of
other neurons (Barbour et al. 1994; Isaacson and Nicoll glutamate has been estimated from rapid perfusion experi-
1993; Sarantis et al. 1993; Takahashi et al. 1995), no sig- ments (see Jonas and Spruston 1994 for review) and the
nificant inward current was produced by L-trans-PDC in effects of competitive antagonists (Clements 1996; Clements
UBCs. However, these studies employed higher concentra- et al. 1992) to be very brief (1–2 ms), and thus the fast
tions of L-trans-PDC (300–500 mM); when a higher dose AMPA component of the EPSC declines rapidly without
of L-trans-PDC (300 mM) was applied to UBCs, the synaptic significant rebinding of glutamate (Clements 1996; Ed-
current was almost completely blocked. When 100 mM monds et al. 1995; Jonas and Spruston 1994; Jones and
L-trans-PDC was applied in the presence of cyclothiazide Westbrook 1996). Deactivation appears to be the predomi-
(100 mM), the fast EPSC amplitude was reduced (17% { nant factor in sculpting the decay of the fast EPSC, but
5%), with a concomitant increase (33 { 17%) in the total desensitization may also be important at other giant synapses
charge in 7 of 10 cells and prolongation of the time course when the release probability is high (Trussell et al. 1993).
of the slow EPSC (10–90% decay time in cyclothiazide Data regarding the dose dependence of the steady-state
alone: 2,070 { 247 ms; cyclothiazide / L-trans-PDC: current in UBCs (Fig. 3A) and the synaptic currents evoked
3,076 { 376 ms; P õ 0.05). by paired stimuli (Fig. 6) allow estimates to be made of the

time course of glutamate within the synaptic cleft and the
D I S CU S S I ON mechanism by which the slow EPSC is produced. This is

schematically illustrated in Fig. 10. It can be assumed thatTime course of glutamate in the MF-UC synaptic cleft glutamate released at individual sites transiently achieves
a concentration at the postsynaptic membrane in the lowA number of lines of evidence support the hypothesis that
millimolar range within 50 ms, as in other glutamatergicglutamate remains entrapped in the MF-UBC synapse for
synapses (Clements 1996). The concentration will then de-prolonged periods of time and that the resulting EPSC is
cline rapidly to equilibrate between cleft compartments (Fig.produced by the repeated binding and unbinding of transmit-
10A) . AtÇ40 ms a steady-state current is achieved (labeledter to postsynaptic receptors. These include 1) the slow time
a in Fig. 10, A and B) ; this current gradually rises in ampli-course of the AMPA component when desensitization is
tude as the [glu] further declines by diffusional escape fromblocked by cyclothiazide (Fig. 1) , 2) the time course of
the edges of the synaptic matrix, giving rise to the observedchanges in synaptic conductance, which mirror the time
slow EPSC. A peak is generally observed atÇ200 ms, whichcourse of the synaptic current estimated in voltage jump
would correspond to the peak of the biphasic dose-responseexperiments (Rossi et al. 1995), 3) paired-pulse experiments
curve for the steady-state current ( labeled b in Fig. 10C) .displaying a prolonged reduction of the amplitude of the

fast EPSC evoked by a second MF stimulus, indicative of With the further decline in [glu] the slow EPSC will first
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reach a value equal to the initial equilibrium value (labeled
c in Fig. 10, B and C) and then decay to the holding current.
In paired-pulse experiments, maximal values of the under-
shoot are observed when the second stimulus is applied at
the peak of the slow EPSC (labeled b in Fig. 10, B–D) ,
which would correspond to the maximal drop in Iss expected
if the surge of additional glutamate into the cleft by the
second stimulus reequilibrated at maximal values (difference
between b and a in Fig. 10C) . Because maximal values of
Iss and the undershoot were observed at 50 mM glutamate
and 200-ms intervals, respectively, the data would suggest
that cleft [glu] falls to 50 mM at 200 ms. In paired-pulse
experiments the initial values of Iss reverse at intervals of
Ç500 ms, which would correspond to a concentration of 2.5
mM glutamate estimated from the dose-response relations
for Iss ( labeled c in Fig. 10, C and D) . At this time interval
the second fast EPSC is reduced by Ç50%. It has been
shown that a low [glu] induces AMPA receptor desensitiza-
tion that inhibits the response to a subsequent high [glu] or

FIG. 9. Actions of the glutamate reuptake inhibitor L-trans-pyrrolidine-
2,4-dicarboxylate (L-trans-PDC) on the biphasic AMPA-receptor-mediated
EPSC in UBCs. A : time course of the AMPA-receptor-mediated EPSC in
a UBC before (Control) and after the application of 100 mM L-trans-PDC.
B : histogram of the normalized effects of L-trans-PDC on the peak of the
fast EPSC (normalized peak) and the total synaptic charge (normalized
area) for 12 UBCs. Note the prolongation of duration (A) and consequent
increase in total charge (B) produced by L-trans-PDC despite the significant
reduction in the amplitude of the fast and slow components of the EPSC.

a synaptic stimulation with a median inhibiting concentration
in the range of 1–10 mM (Colquhoun et al. 1992). Thus
our estimate of 2.5 mM at the time (500 ms) at which a
50% reduction in the fast EPSC occurs fits well with the
data of Colquhoun et al. (1992). AMPA receptor occupancy,
estimated by the ratio of fast EPSCs evoked by paired stimuli
(Fig. 6) , declines with a time constant of 800 ms to zero at
5.4 s, which is similar to the rate of decay of the EPSC in
the presence of cyclothiazide (Fig. 1) .
There are several important caveats to these estimates

of the time course of [glu ] in the cleft. One is that presyn-
aptic contributions to the changes in EPSCs are ignored.
MF-evoked EPSCs in granule cells (which are postsynap-
tic to the same terminals as UBCs) generally display

FIG. 8. Paired-pulse experiments in lowered extracellular calcium. A : paired-pulse depression, but the time course of recovery
AMPA-receptor-mediated EPSC evoked by paired single stimuli in the of this has not been examined. Thus it is possible that
presence of 2.5 mM external calcium. Second stimulus was delivered at some contribution of changes in presynaptic release maythe peak of the slow EPSC (interstimulus interval 500 ms), producing an extend beyond 50 ms. Another consideration is that theundershoot of the steady-state current B : synaptic current in the same cell

synaptic ultrastructure of the MF-UBC synapse is highlyevoked by paired single stimuli in the presence of a lowered (1.1 mM)
external calcium concentration. C : restoration of the undershoot evoked by variable, and the estimates above pertain only to the cell
the 2nd stimulus in the presence of lowered external calcium (1.1 mM) by popuation studied here. Many UBCs display only a slow
delivery of a pair of brief stimulus trains (6 stimuli 100 ms in duration at tail of AMPA current (e.g., Fig. 7C ) , whereas in others200 Hz). For clarity of presentation, the current before and after each fast

the time-to-peak of the slow component may be as longEPSC was filtered at 200 Hz. Arrowheads: amplitude of the initial steady-
state current 40 ms after the stimulus. as 1 s (not shown) . Finally, it must be borne in mind that
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FIG. 10. Schematic illustration of the cellular mechanism of the biphasic AMPA-receptor-mediated EPSC in UBCs. A :
schematic illustration of the ultrastructural features of the MF-UBC synapse ( top) , showing multiple release sites and the
continuous distribution of ionotropic AMPA (A) and NMDA (N) receptors on the postsynaptic density. A, bottom : proposed
slow decline of cleft [glu] during the 1st 200 ms, with equilibration between the 2 synaptic compartments occurring at the
time labeled a (Ç40 ms after the onset of release) . Filled area of graph: [glu] within cleft compartments immediately
apposed to release sites. Hatched area: compartments between release sites. B–D : diagram of the idealized synaptic current
mediated via AMPA receptors in response to paired single stimuli (B) , the dose-response relations for the steady-state current
(C, derived from Fig. 3A) , and the change in amplitude and polarity of the slow synaptic current (D, derived from Fig. 6E)
to illustrate the mechanism of the AMPA-receptor-mediated synaptic current in UBCs. The first MF stimulus evokes a current
that peaks and then rapidly decays to an initial steady state after Ç40 ms (labeled a in B and C) . Synaptic current then rises
to the peak of the slow EPSC as cleft [glu] falls and the peak of the dose-response curve for the steady-state current is
reached (labeled b in C–D) . Delivery of a 2nd stimulus at this point evokes a 2nd fast EPSC of reduced amplitude followed
by an undershoot of the steady-state current ( labeled b in B) as cleft [glu] reequilibrates at a higher level, which will produce
a smaller current (from b to a in C) . After the undershoot a slow EPSC reemerges with the decline in cleft [glu] , decays
to a level equal to the current immediately after the fast EPSC (labeled c in B–D) , and finally decays to zero as glutamate
levels fall to ineffective concentrations within the cleft.

the time course of the EPSC in any individual cell reflects tethered to filamentous actin (Rosenmund and Westbrook
1993) and A-kinase-anchoring proteins tether protein ki-the sum of changes at each region of synaptic apposition,

and these vary greatly in size. Thus the total synaptic nase A, which modulates the gating of AMPA receptors
(Rosenmund et al. 1994 ) . Furthermore, with the use ofcurrent will reflect both fast and slow EPSCs generated

at individual regions of apposition. both rapid perfusion techniques and flash photolysis of
caged glutamate, it has been shown that the fractionalA central requirement of the glutamate entrapment hy-

pothesis (Rossi et al. 1995; Slater et al. 1997b) is that steady-state AMPA current is larger in intact cells when
compared with excised patches from the same cell typesignificant steady-state currents are generated at the post-

synaptic membrane. Steady-state currents of this magni- (Margulis and Tang 1996; Raman and Trussell 1992) .
Alternative hypotheses for the generation of the slowtude (10–30 pA) are not generally observed in rapid per-

fusion experiments employing excised patches derived EPSC, such as a secondary metabotropic-glutamate-recep-
tor-mediated EPSC (Batchelor et al. 1994) , are not com-from somatic membrane. This discrepancy may be ex-

plained if AMPA receptors at the subsynaptic membrane patible with the observed undershoot of the current in
paired-pulse experiments (Figs. 5 and 6) or the CNQXdisplay gating properties different from those at nonsynap-

tic locations, and indeed, NMDA receptors appear to be sensitivity of this component (Rossi et al. 1995) .
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Contribution of desensitization to the time course of the mentous actin tethered to AMPA receptors at nonsynaptic
sites, by dialysis of intracellular messengers, or by mem-synaptic current
brane stretch during the excision process, which can modu-

The present data indicate that the complex three-dimen- late glutamate receptor channel properties (Zhang et al.
sional geometry of the MF-UBC synaptic cleft acts to effec- 1996).
tively entrap glutamate after release at multiple sites for very
prolonged periods (5–6 s, see preceding text) . The abolition Contribution of glutamate reuptake
of the slow EPSC and overall enhancement of the EPSC by
cyclothiazide (Fig. 1) suggests that desensitization strongly The failure of reuptake blockers to significantly potentiate
contributes to the time course of the EPSC, because cyclothi- AMPA-receptor-mediated synaptic currents at some syn-
azide blocks AMPA receptor desensitization, and thus the apses (Hestrin et al. 1990; Isaacson and Nicoll 1993; Sarantis
synaptic current in the presence of cyclothiazide will approx- et al. 1993) has been interpreted as evidence that the clear-
imate the time course of receptor occupancy. Because ance of glutamate from the synaptic cleft occurs predomi-
AMPA receptors have a low affinity for glutamate (Patneau nantly by diffusion. A contribution of reuptake can be seen
and Mayer 1990), the time course of the AMPA current at synapses with multiple release sites, such as UBCs (Fig.
will somewhat underestimate the lifetime of glutamate at 9) and calyceal synapses (Otis et al. 1996), and in cases in
this synapse. However, these estimates are further compli- which significant ‘‘cross talk’’ may occur between densely
cated by other actions of cyclothiazide not related to the packed individual terminals (Barbour et al. 1994; Mennerick
blockade of desensitization of the AMPA receptor, such as and Zorumski 1995; Takahashi et al. 1995). In glomerular
a slowing of deactivation kinetics (Patneau et al. 1993; Ra- synapses of the cerebellum, the escape of glutamate from
man and Trussell 1995b) and presynaptic enhancement of the cleft at MF-UBC and MF–granule cell synapses must
glutamate release via desynchrony of release and an increase take place by diffusion through a labyrinthine three-dimen-
in release probability (Diamond and Jahr 1995). A slowing sional volume formed by densely packed UBC, granule cell,
of glutamate dissociation from the AMPA receptor would and Golgi cell dendritic processes Ç3–4 mm in cross-sec-
result in a prolonged EPSC, but it should be noted that tional distance (Jakab 1989; Jakab and Hámori 1988; Mug-
the NMDA-receptor-mediated component lasts for several naini 1972; Palay and Chan-Palay 1974). However, the dif-
seconds, despite desensitization, and it can be speculated fusional flux of glutamate will be further limited by extracel-
that glutamate lasts for periods of up to 5 s at least (Fig. lular tortuosity (l) , which in the cerebellar granular layer
6D) . An enhancement of presynaptic glutamate release by has a mean value of 1.7 (Krizaj et al. 1996). Glutamate
cyclothiazide would be unlikely to significantly contribute transporters are localized primarily to glial cell membranes
to the time course of the AMPA current in cyclothiazide that envelop this complex glomerular space (Chaudhry et
over the long time scale of the EPSC, because NMDA- al. 1995; Storm-Mathisen et al. 1995). Thus the distance
receptor-mediated synaptic currents in the presence of from the synaptic cleft to areas of extracellular space in
cyclothiazide were not prolonged in duration (Fig. 2B) . which reuptake will significantly buffer glutamate levels is
Some contribution by a presynaptic action of cyclothiazide considerable (5–8 mm, corrected for l) . In the case of cere-
to the peak current would be expected, however. An analysis bellar granule cells, reuptake inhibitors do not produce a
of the effects of cyclothiazide on miniature EPSCs would marked prolongation of the decay of the fast EPSC (Sarantis
be useful in this regard, but spontaneous miniature EPSCs et al. 1993), although a significant effect is seen in these
are rare in UBCs, and we have thus far been unable to cells during repetitive activation of MFs (Slater and Kinney
provoke miniature EPSCs by the application of a-latrotoxin 1996). In UBCs, however, the effects of reuptake blockade
(Fesce et al. 1986; Grasso and Mercanti-Ciotti 1993) or are readily observed to single afferent stimuli (Fig. 9); this
hyperosmotic solutions (Bekkers and Stevens 1995). would infer that the diffusional escape of glutamate at this

synapse is sufficiently slow that glial reuptake effectivelyThe observation that cyclothiazide was without effect in
excised patches from UBCs, but was effective in nucleated regulates the concentration gradient within the glomerular

volume and thus influences the diffusional flux of glutamatepatches, indicates that the process of patch excision abol-
ished the ability of cyclothiazide to block desensitization. from the synaptic cleft.

The reduction of amplitude of the fast and slow compo-This result is surprising, because a blockade of AMPA recep-
tor desensitization by cyclothiazide in excised patches has nents of the EPSC in the presence of L-trans-PDC may result

from cross-desensitization of synaptic AMPA receptors bybeen observed in other neurons (e.g., Arai and Lynch 1996;
Bertolino et al. 1993; Eliasof and Jahr 1997; Partin et al. elevated extracellular glutamate levels. In other neuronal

cells this is accompanied by an inward current (Barbour et1996). Cyclothiazide binds to serine residues at position
750 in an extracellular loop of AMPA receptors to inhibit al. 1994; Isaacson and Nicoll 1993; Sarantis et al. 1993;

Takahashi et al. 1995), but inward currents were not ob-desensitization (Partin et al. 1995, 1996). The elimination
of cyclothiazide sensitivity by patch excision in UBCs would served in UBCs at a concentration (100 mM) sufficient to

produce a reduction of the EPSC amplitude. Thus the raisedsuggest that intracellular factors necessary for the action of
cyclothiazide are disrupted. UBCs possess a dense subsynap- extracellular glutamate levels may act to depress glutamate

release via activation of presynaptic metabotropic glutamatetic web that is devoid of neurofilaments (Harris et al. 1993;
Mugnaini et al. 1994) and enriched in filamentous actin receptors (Maki et al. 1994), which is consistent with the

observed reduction of EPSCs by L-trans-PDC when desensi-(Diño et al. 1996). The elimination of cyclothiazide sensitiv-
ity by patch excision may arise from the disruption of fila- tization was blocked by cyclothiazide.
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Giant synapses and synaptic transmission into a region that relieves magnesium channel block and
enables the expression of the NMDA-receptor-mediated

Giant glutamatergic synapses are found in both the periph- component. Second, the slow AMPA-receptor-mediated
eral and central circuitry of the auditory and vestibular sys- EPSC will function as positive feedback to maintain the
tems and fall into two major classes, the well-described caly- depolarization. This will be most effective in cells that dis-
ceal synapses and the more recently discovered MF-UBC play a prominent slow EPSC, but the high input resistance
type. Giant calyceal synapses within central and peripheral of the UBC will require only small amounts of synaptic
auditory and vestibular circuits share some similarities with current to generate a significant depolarization, and thus
the MF-UBC synapse in that both classes of synapse have UBCs displaying only a small tail current will also be effec-
multiple release sites and there is a large area of apposition tive in this regard. The generation of slow AMPA-receptor-
of pre- and postsynaptic membrane (e.g., Mattox et al. 1985; mediated EPSCs in all UBCs by brief repetitive stimuli has
Mugnaini et al. 1994; Parks et al. 1990; Wright et al. 1996). important physiological implications in that high-frequency
Thus a high degree of synchrony of presynaptic release of bursts of afferent activity are normally observed in MFs in
transmitter will be achieved, which will be of functional vivo (Bauswein et al. 1984; van Kan et al. 1993). Thus
importance in these pathways. However, the presynaptic ter- bursts of MF activity will preferentially produce a sustained
minal at calyceal synapses forms a network of individual train of postsynaptic action potentials arising from the facili-
digitiform contacts, apposed to which clusters of glutamate tation of the slow AMPA-receptor-mediated EPSC as well
receptors are found (Dememes et al. 1995) and between as temporal summation of the NMDA-receptor-mediated
which glutamate can more rapidly escape to extracellular EPSC in UBCs.
space. At these synapses, glutamate may persist within the
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