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Cellular/Molecular

Presynaptic G-Protein-Coupled Receptors Regulate Synaptic
Cleft Glutamate via Transient Vesicle Fusion

Eric J. Schwartz, Trillium Blackmer, Tatyana Gerachshenko, and Simon Alford
Department of Biological Sciences, University of Illinois at Chicago, Chicago, Illinois 60607

When synaptic vesicles fuse with the plasma membrane, they may completely collapse or fuse transiently. Transiently fusing vesicles
remain structurally intact and therefore have been proposed to represent a form of rapid vesicle recycling. However, the impact of a
transient synaptic vesicle fusion event on neurotransmitter release, and therefore on synaptic transmission, has yet to be determined.
Recently, the molecular mechanism by which a serotonergic presynaptic G-protein-coupled receptor (GPCR) regulates synaptic vesicle
fusion and inhibits synaptic transmission was identified. By making paired electrophysiological recordings in the presence and absence
of low-affinity antagonists, we now demonstrate that activation of this presynaptic GPCR lowers the peak synaptic cleft glutamate
concentration independently of the probability of vesicle fusion. Furthermore, this change in cleft glutamate concentration differentially
inhibits synaptic NMDA and AMPA receptor-mediated currents. We conclude that a presynaptic GPCR regulates the profile of glutamate
in the synaptic cleft through altering the mechanism of vesicle fusion leading to qualitative as well as quantitative changes in neural
signaling.
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Introduction
Synaptic strength may be controlled presynaptically or postsyn-
aptically, but the subcellular site of modulation has profound
implications for information transfer in the synapse. Plasticity
may arise from a change in vesicle fusion probability (P,) at in-
dependent active zones (Hessler et al., 1993). This will alter the
number of active synaptic sites in a pathway but not the gluta-
mate concentration at each site. Alternatively, variations in con-
centration and time course of neurotransmitter in the synaptic
cleft may mediate plasticity (Clements et al., 1992; Choi et al.,
2000). Indeed, changes in synaptic cleft glutamate concentration
may occur after manipulations in P, either by multivesicular re-
lease (Tong and Jahr, 1994) or spillover (Asztely et al., 1997).
Increases in synaptic cleft glutamate concentration also occur
independently of vesicle fusion P, after long-term potentiation
(Choi et al., 2000). In cultured hippocampal neurons, where the
majority of vesicles retain their structure while transiently fusing
(Aravanis et al., 2003; Gandhi and Stevens, 2003), the incidence
of transient vesicle fusion events is reduced with increased stim-
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ulation frequency (Harata et al., 2006). Conversely, long-term
depression reduces the rate of FM1-43 dye destaining from fusing
vesicles independently of P, (Zakharenko et al., 2002). These re-
sults are consistent with a shift to or from transient vesicle fusion
(kiss-and-run) mediating synaptic plasticity, but it remains to be
determined whether kiss-and-run fusion alters synaptic cleft glu-
tamate concentrations (Krupa and Liu, 2004).

Recent studies of the lamprey reticulospinal synapse and PC12
cells reveal a molecular mechanism for inhibiting neurotransmit-
ter release via presynaptic G-protein-coupled receptors
(GPCRs). At the lamprey synapse, activation of presynaptic
5-HT,p,,5-like GPCRs inhibits synaptic transmission (Buchanan
and Grillner, 1991; Schwartz et al., 2005) via GB7, acting down-
stream of Ca®" entry (Blackmer et al., 2001; Takahashi et al,,
2001) and targeting the vesicle fusion machinery late during fu-
sion (Blackmer et al., 2005; Gerachshenko et al., 2005). In vitro,
Gpydirectly interacts with proteins that mediate vesicle fusion in
PC12 cells and the lamprey synapse (Jarvis et al., 2000; Blackmer
etal., 2001). Direct inhibition of the release apparatus by Gy at
the synapse opens the possibility that presynaptic GPCRs regulate
synaptic efficacy by modifying vesicle fusion.

An intermediate dose of 5-hydroxytryptamine (5-HT; seroto-
nin) completely blocks stimulus-evoked destaining of FM1-43
from fusing vesicles at reticulospinal synapses but only partially
inhibits synaptic transmission (Photowala et al., 2006). This ap-
parent contradiction may be resolved if 5-HT causes vesicles to
undergo rapid fusion events in which lipophilic FM1-43 remains
trapped in vesicles, but hydrophilic glutamate escapes through a
transient fusion pore. Such a mechanism has been observed in
chromaffin cells, where GBy modifies large dense-core vesicle
fusion (Chen et al., 2005). Nevertheless, experimental validation
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that GPCRs regulate synaptic strength in this manner requires
detection of a change in the peak synaptic cleft glutamate concen-
tration during a GPCR-mediated shift in the vesicle fusion mode
(Sullivan, 2006). We have used the low-affinity AMPA receptor
antagonist kynurenate (Kyn) to directly monitor the peak synap-
tic cleft glutamate concentration before and during activation of
5-HT GPCRs or during manipulation of P,.

Materials and Methods

The lamprey preparation. Experiments were performed on isolated spinal
cords of lampreys (Petromyzon marinus) anesthetized with tricaine
methanesulfonate (MS222), decapitated in accordance with institutional
guidelines, and dissected in a cold saline solution (Ringer’s) of the fol-
lowing composition (in mm): 105 NaCl, 2.1 KCl, 2.6 CaCl,, 1.8 MgCl,, 4
glucose, and 5 HEPES adjusted to pH 7.6 with NaOH and bubbled with
air (Cochilla and Alford, 1998). The spinal cord (12-20 segments) was
isolated and removed from the meninx primitiva and placed in a cooled
1 ml Sylgard-lined chamber. The recording chamber was superfused
continually with cold oxygenated Ringer’s solution (8—-10°C) or solu-
tions of pharmacological agents bath applied at a perfusion rate of ~1
ml/min. In experiments involving whole-cell patch recording, a 10-20
m slice of tissue was removed from the surface of the spinal cord supe-
rior to the ventral horn using a vibrotome tissue slicer. Patch pipettes
were then readily introduced to the cut ventral surface.

Electrophysiology. Ventral horn neurons (motoneurons or interneu-
rons) were whole-cell clamped (with an Axopatch 200A amplifier; Mo-
lecular Devices, Union City, CA) using a modified blind technique (Co-
chilla and Alford, 1997). The patch pipette solution contained (in mm)
102.5 cesium methane sulfonate, 1 NaCl, 1 MgCl,, 5 EGTA, and 5
HEPES, pH adjusted to 7.2 with CsOH. The microelectrode pipette so-
lution was either 3 M potassium methane sulfonate or 3 M potassium
acetate. Cell types were identified by their location in the tissue, and
neurons were distinguished from the non-neuronal cells and axons by
their membrane properties and their capacitive transient in response to a
10 ms, 10 mV step. Paired recordings were made between presynaptic
reticulospinal axons and postsynaptic spinal neurons, and action poten-
tials were evoked in the presynaptic axons at 15 s intervals. Pipettes had
open-tip resistances of 5-10 M(). Series resistance was monitored con-
tinuously by giving a 10 mV voltage step before each episode, and if the
change exceeded 10%, the cell was discarded. The order of drug applica-
tion was reversed in at least 40% of experiments, and no rundown effects
were observed with any of the drugs used. Microelectrode (sharp) re-
cordings were made conventionally with thin-walled glass. Tip resis-
tances of 20-50 M() when filled with 3 M potassium methane sulfonate
allowed recording from presynaptic axons.

Data analysis. For paired recordings, the mean was taken of at least 12
traces of EPSCs for each condition for each animal. For biphasic ESPCs,
the decay of the electrical component was estimated by fitting an expo-
nential to the visible portion of the electrical component. The validity of
the fit was confirmed for synaptic responses in which the entire chemical
component was blocked. The fit was then subtracted from the entire
EPSC, leaving the chemical component to determine the peak amplitude.
EPSC amplitudes measured were the difference between the current im-
mediately before the stimulus and at the EPSC peak.

Data are given as means = SEM. Student’s paired two-tailed ¢ test was
used to calculate the significance of the data, unless noted otherwise.

Electrophysiological recordings of spontaneous miniature EPSCs
(mEPSCs) were digitized at 5 kHz and low-pass filtered at 1 kHz. This
filtering did not affect the peak amplitude of the events. Frequency and
amplitude analysis of mEPSCs was performed using Igor Pro software
(Wavemetrics, Lake Oswego, OR). A macro was written that automated
the detection and extraction of mEPSCs, returning the time of occur-
rence and the amplitude. Raw data traces were smoothed with a =2 ms
box filter and differentiated. This technique corrected for any DC shift in
baseline. A threshold level was manually determined for the control data
set, and this threshold was maintained for all files taken from a given cell.
All events that crossed the threshold were detected, and local minima
(maximum inward current) were searched for within a window of 2 ms
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before and 10 ms after the detected event. This data set was mapped back
onto the raw data for the visual comparison of detected events with
mEPSCs. Cumulative histograms were constructed, and a two-
population Kolmogorov—Smirnov goodness-of-fit test reduced to a
modified y? variable (Hays, 1988) was used to determine statistical sig-
nificance between control and Mg?>* -free conditions [the algorithm runs
as a macro under Igor Pro and is available from our website
(http://alford.bios.uic.edu/Research/software.html)].

Imaging. Confocal imaging was performed using a modified Bio-Rad
(Hercules, CA) MRC 600 confocal microscope. Two excitation wave-
lengths were used (488 nm argon ion and 568 nm krypton—argon)
through an acousto-optic tunable filter-coupled fiber optic launch (Prai-
rie Technologies, Madison, WI). Excitation was applied through a cus-
tom dichroic mirror with sharp excitation bands matching the two laser
wavelengths (Omega Optical, Brattleboro, VT). Two detectors were
placed after a second dichroic, with a transmission band from 500 to 560
nm and long-pass reflection from 580 nm. Emission filters were band-
pass (500—560 nm) and long pass (above 580 nm). The photomultiplier
outputs were amplified with low-noise current amplifiers (Stanford Re-
search Systems, Sunnyvale, CA) and digitized to 12 bits with a National
Instruments (Austin, TX) board and custom software written under
Matlab (Mathworks, Natick, MA). The scan-head mirrors were driven
though the MRC 600 scan-head amplifiers with the same custom soft-
ware. This software is available on our website (http://alford.bios.
uic.edu/Research/software.html). Actin was visualized by pressure injec-
tion of Alexa 488 phalloidin (200 ms, 20 psi) through the presynaptic
microelectrode. Alexa 586 dextran (10,000 molecular weight) was in-
cluded in the patch solution and allowed it to passively diffuse through-
out the dendrites to simultaneously localize paired postsynaptic neurons.

Imaging and uncaging. A CCD system (ORCA; Hamamatsu,
Hamamatsu City, Japan) was mounted onto an upright epifluorescence
microscope (BX50WI; Olympus, Tokyo, Japan) with an attached fiber
optic UV laser launch (Prairie Technologies) that allowed simultaneous
imaging of dye-loaded cells and timed application of UV energy (4 ns) to
a 4-um-diameter focal point. For simultaneous glutamate uncaging and
imaging, the postsynaptic patch pipette included fluorscein (50 um).
Glutamate in solutions containing either 2,3-dioxo-6-nitro-1,2,3,4-
tetrahydrobenzo|f]quinoxaline-7-sulfonoamide (NBQX) or p-AP-5 was
superfused over the dye-filled postsynaptic dendrites that were imaged
using wavelengths longer than 490 nm to avoid uncaging glutamate.
Under these conditions, the amplitude of flash-evoked postsynaptic cur-
rents varied with position over the dendrites. Dendritic regions giving the
largest and fastest responses were used for analysis (Photowala et al.,
2006).

Results
Structure of the reticulospinal synapse
A direct interaction of Gy with vesicle fusion proteins late in the
fusion process opens intriguing possibilities for modification of
transmitter release. GPCRs might inhibit synaptic transmission
by (1) reducing the number of vesicles that fuse or (2) reducing
glutamate release from each vesicle, resulting in a lower peak
concentration of glutamate in the synaptic cleft. This latter pos-
sibility is supported by our recent finding that 5-HT-activated
GPCRs cause transient vesicle fusion at this synapse (Photowala
etal., 2006). To isolate the effects of 5-HT on synaptic transmis-
sion to just the contacts between one axon and one target neuron,
we recorded all responses as paired cell recordings (Fig. 1C). This
limits the number of stimulated synaptic release sites and there-
fore limits the likelihood of glutamate spillover from one synaptic
site to another. Depending on the degree of spillover between
presynaptic active zones under control conditions, decreasing the
number of vesicles fusing in response to each action potential
may lower the peak synaptic cleft glutamate concentration (Pho-
towala et al., 2005).

To determine whether the organization of the reticulospinal
synapse is conducive to spillover, we characterized its structure
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Figure 1.  Three-dimensional reconstruction of a reticulospinal synapse. A, Actin clusters in
presynaptic active zones of reticulospinal axons (green) are visualized by phalloidin toxin con-
jugated to Alexa 488 fluoro. Postsynaptic spinal neurons are filled with Alexa 568 fluoro dextran
(red). The patch electrode is seen on the bottom right portion of the image. B, Enlargement of A.
Dendrites of the spinal neuron (red) oppose presynaptic active zones (green) at several distinct
locations along the axon. , Left, Schematic for recording synaptically paired neurons. The
presynaptic axon (green) is recorded with a microelectrode, and the postsynaptic spinal neuron
is recorded with a patch electrode (red). Right, Action potentials evoked in the presynaptic axon
(green trace) resulted in corresponding EPSCs in the spinal neuron (red traces). D, Enlargement
of image in B. The arrowhead denotes the annular fluorescent pattern of phalloidin-labeled
actin clusters. Measurements of the diameter (1) and shortest distance between actin clusters
(2) were made. E, A concentration of 10 .um GYKI abolished the chemical component of synaptic
transmission to reveal the isolated electrical component (gray). F, A low dose of 5-HT (300 nv;
gray) partially inhibits the chemical component of the EPSC.

by fluorescently labeling synaptic release sites in paired presyn-
aptic axons. Actin, which congregates around synaptic vesicle
clusters adjacent to the plasma membrane in lamprey reticulospi-
nal axons (Shupliakov et al., 2002), was visualized by pressure
injection of Alexa 488 phalloidin (200 ms, 20 psi) through the
presynaptic microelectrode. To simultaneously localize paired
postsynaptic neurons, we included Alexa 586 dextran (10,000
molecular weight) in the patch solution and allowed it to diffuse
throughout the dendrites. Paired cell recordings confirmed a syn-
aptic connection between the axon and the neuron (Fig. 1C). A
three-dimensional confocal reconstruction demonstrates that
presynaptic reticulospinal axons possess en passant synapses dis-
tributed around the axon periphery (Fig. 1A, B). Phalloidin la-
beled several distinct puncta forming close appositions with the
labeled postsynaptic neuron. Each of these phalloidin puncta in-
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dicate synapses that actively undergo stimulus-evoked vesicle
exocytosis and endocytosis (Photowala et al., 2005). Three-
dimensional reconstructions of phalloidin-labeled puncta on the
axons revealed that the shortest distance between active zones is,
on average, 4.1 = 0.5 um (Fig. 1 D) (range, 0.7—8.1 um; 32 mea-
surements; four axons). The diameters of the phalloidin-labeled
puncta varied (0.8 -9.6 wm) but were larger (mean, 2.9 = 0.2 um;
64 puncta, 4 axons) than the size of presynaptic densities reported
in ultrastructural studies (1.2 wm; range, 0.8—1.8 wm) (Gustafs-
son et al., 2002), consistent with actin clusters bordering the pe-
rimeter of presynaptic vesicle clusters (Fig. 1D) (Shupliakov et
al., 2002). The symmetrical shape of the phalloidin-labeled
puncta is consistent with single clusters of presynaptic vesicles.
Ultrastructural analysis of the reticulospinal synapse demon-
strates that most presynaptic vesicle clusters (78%) are associated
with a single active zone and a gap junction (Gustafsson et al.,
2002). In comparison, glutamate diffusing between neighboring
hippocampal CA1 synapses weakly activates NMDA receptors
but not AMPA receptors. Because these synapses are one order of
magnitude closer together (0.465 um from their nearest neigh-
bors) (Lozovaya et al., 1999) than in lamprey reticulospinal pairs,
the distance between “simple synapses” indicated by phalloidin
staining precludes spillover of glutamate affecting the peak EPSC
amplitude, which occurs ~1.2 ms after presynaptic action poten-
tial stimulation. This time to peak is not significantly altered by
5-HT (control, 1.1 £ 0.1 ms; 5-HT, 1.3 £ 0.1 ms; n = 3) (see Fig.
6). Interestingly, a portion of reticulospinal active zones (18%),
described as “complex,” displayed more than one active zone
associated with a single cluster of presynaptic vesicles (Gustafsson
etal.,2002). The structure of these complex active zones raises the
possibility of glutamate spillover at a minority of reticulospinal
synapses (Gustafsson et al., 2002).

AMPA receptor-mediated synaptic transmission is inhibited
by 5-HT at the reticulospinal synapse
Action potentials, evoked by injecting a depolarizing current
pulse (2 ms) through the presynaptic microelectrode, elicited
biphasic EPSCs recorded in spinal neurons whole-cell patch
clamped at —70 mV (Fig. 1C). The initial invariant phase of the
EPSC is carried through gap junctions, whereas the slower vari-
able phase is mediated through synaptic release of glutamate and
activation of NMDA and AMPA receptors (Fig. 1C) (Buchanan et
al., 1987). The electrical component of the EPSC is insensitive to
5-HT, allowing us to monitor the input impedance and space
clamp of the postsynaptic patch-clamp recording through-
out each experiment (supplemental Fig. S2, available at www.
jneurosci.org as supplemental material) (Cochilla and Alford,
1997). Additionally, a 10 mV, 10 ms step before each episode was
used to monitor the access resistance to the postsynaptic neuron.
It is apparent from the EPSC variability (Fig. 1C) and the
structure of the synapse (Fig. 1A,B) that each paired synaptic
response is a summed synaptic current from a number of release
sites (close appositions, 5-12 per synaptic pair) (Photowala et al.,
2005). Any change in the mean EPSC amplitude might therefore
either result from a change in glutamate concentration at each
site or result from a change in the number of vesicles released
distributed across all sites. During voltage-clamp recordings of
the postsynaptic neuron at —70 mV, NMDA receptors remain
primarily blocked by Mg>", and the chemical component of the
current is carried almost entirely through AMPA receptors. In-
deed, the selective AMPA receptor antagonist GYKI-52466 [4-(8-
methyl-9H-1,3-dioxolo[4,5-h][2,3]benzodiazepin-5-yl)-ben-
zenamine hydrochloride] (GYKI; 10 um) abolishes the chemical
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component of the EPSC (Fig. 1E). Thus, the biphasic EPSC al-
lows us to simultaneously monitor changes in AMPA receptor-
mediated synaptic transmission, series resistance of the postsyn-
aptic cell, and the space clamp of the recording.

Activation of presynaptic 5-HT GPCRs inhibits transmitter
release at this synapse (Buchanan and Grillner, 1991; Blackmer et
al., 2001; Gerachshenko et al., 2005; Schwartz et al., 2005; Pho-
towala et al., 2006). Recently, we have demonstrated that the
presynaptic inhibition coincides with an increase in the incidence
of transient vesicle fusion (Photowala et al., 2006). We investi-
gated the effects of 5-HT using a low-affinity AMPA receptor
antagonist to monitor changes in synaptic cleft glutamate con-
centration. The dramatic inhibition and reduction in the signal-
to-noise ratio of the EPSC observed in saturating doses of 5-HT
(10 and 30 M) prohibits further challenging the remaining EPSC
with a low-affinity antagonist. Thus, to investigate the synaptic
mechanism of 5-HT-mediated inhibition, we used a submaximal
5-HT concentration that only partially inhibits synaptic trans-
mission. A concentration of 300 nm 5-HT reduced the chemical
component of the EPSC to 48.6 * 8.1% of control (Fig. 1 F) (n =
9) (Schwartz et al., 2005). For each of the following experiments,
it was necessary to compare the effects of 5-HT and a glutamate
receptor antagonist within the same paired recording, because
the absolute effect of 300 nm 5-HT varied between synapses
(range, 72—14% inhibition of control). This is likely attributable
to 300 nm 5-HT lying on the steepest region of the dose-response
curve for 5-HT (see Fig. 8) (Schwartz et al., 2005).

5-HT lowers the synaptic cleft glutamate concentration

We used a competitive low-affinity AMPA receptor antagonist,
Kyn (Clements et al., 1992; Diamond and Jahr, 1997), to monitor
changes in synaptic cleft glutamate concentration. By definition,
a competitive low-affinity antagonist rapidly unbinds from the
receptor after binding. If the antagonist affinity is sufficiently low,
a portion of the EPSC will be attributable to non-equilibrium
unbinding of the antagonist from the receptor and its subsequent
competitive replacement by synaptically released glutamate
(Clements et al., 1992). The degree to which antagonist, unbind-
ing from the AMPA receptor, is replaced by glutamate is depen-
dent on the cleft glutamate concentration. It is therefore possible
to monitor changes in cleft glutamate concentration by measur-
ing the degree of low-affinity antagonist replacement by gluta-
mate. For example, in Kyn, if the synaptic cleft glutamate concen-
tration is lowered by 5-HT, there will be less replacement of the
antagonist by glutamate and the magnitude of inhibition medi-
ated by the same dose of 5-HT on the EPSC will be greater than
under control conditions. Likewise, the extent of inhibition me-
diated by application of Kyn will be greater in the presence of
5-HT than during application of Kyn alone.

To determine whether 5-HT alters the synaptic cleft glutamate
concentration, paired recordings were performed as above. After
recording control responses, an approximately half-maximal
dose of 200 uMm Kyn (Diamond and Jahr, 1997) reduced the
chemical component of the EPSC to 48% of control for the paired
recording shown in Figure 2 A (red trace). Kyn was then washed
from the bath until the EPSC amplitude returned to control levels
(>10 min). A concentration of 300 nm 5-HT was applied to
determine the effect of 5-HT alone. At this synapse, 300 nm 5-HT
inhibited the EPSC to 46% of control (Fig. 2A, gray trace). To
compare the potency of Kyn in 300 nm 5-HT to the control effect
of Kyn alone at the same synapse, we simultaneously applied 200
uM Kyn and 300 nm 5-HT. The same dose of Kyn was much more
potent in 5-HT, inhibiting the EPSC to 14% of the response in
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Figure2. 5-HTincreases the potency of Kyn-mediated inhibition indicative of a reduction in

the peak glutamate cleft concentration. A, A concentration of 200 M Kyn (red) reduced the
EPSCt0 48% of control (black). A concentration of 300 nm 5-HT (bottom, gray) reduced the EPSC
t0 46% of control. Application of 200 wm Kyn with 5-HT (Kyn&5-HT; bottom, blue) reduced the
EPSC to 14% of the EPSCin 5-HT alone. The pure electrical component was revealed by appli-
cation of 20 um CNQX (thin black traces). B, EPSCs for all four conditions. Subtraction of the
electrical component of the EPSCs reveals isolated AMPA receptor responses (left). EPSCs re-
corded in 200 pum Kyn with 300 nm 5-HT (Kyn&S5-HT; blue) and 300 nm 5-HT (gray) are scaled
(dashed lines) to control (right, black). 5-HT increased the potency of 200 m Kyn (blue vs red
traces). €, FM2-10 dye destaining from synaptic vesicles. Ci, Cii, Image of axon stained with
FM2-10 dye before (€i) and after (i) stimulus-evoked destaining of FM1-43 dye from vesicles
in control conditions (1 Hz, 5000 action potentials). The graph of normalized florescent intensity
versus stimulus number demonstrates Kyn (open circles; 200 wum) does not alter FM2-10 dye
destaining from fusing vesicles during synaptic transmission. Error bars indicate SEM.

5-HT alone (Fig. 2A, blue trace). After all conditions were re-
corded, application of 20 uM CNQX uncovered the electrical
component of the EPSC (Fig. 2 A, thin black trace). To reveal the
isolated chemical component without adding to the recording
noise, the electrical component of each EPSC was fitted with an
exponential, and this exponential was subtracted from the trace
(Fig. 2 B, left). In addition, to compare the potency of Kyn alone
and in 5-HT, we scaled the average EPSCs in Kyn alone and Kyn
with 5-HT to the average EPSCs recorded in control (Fig. 2B,
right). Scaling the traces in this manner illustrates that Kyn in-
hibits the EPSC more potently in 5-HT than under control con-
ditions (compare red and blue traces).

The increased potency of the low-affinity antagonist in 5-HT
held true for all synapses measured. Averaging the responses of
four synapses revealed that 200 um Kyn alone inhibited the
chemical component of the EPSC to 47.7 = 4.7% of control.
However, in 300 nm 5-HT, the same dose of Kyn (200 um) inhib-
ited synaptic transmission to 26.5 * 7.2% of the response in Kyn
alone (significantly different; p < 0.05; n = 4). The increased
inhibition of synaptic transmission in the presence of 5-HT by
the same dose of Kyn demonstrates that 5-HT mediates a reduc-
tion in the synaptic cleft glutamate concentration. We may also
present the data under the paradigm that the efficacy of SHT is
altered in the presence of the low-affinity antagonist. Presenting
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the data in this manner does not alter the significance or conclu-
sions drawn from our results (supplemental Fig. S1, available at
www.jneurosci.org as supplemental material).

To control for nonspecific effects of Kyn on neurotransmitter
release, we assayed FM2-10 dye destaining from synaptic vesicles.
Vesicles were loaded by stimulating reticulospinal axons (1 Hz,
2000 action potentials) during bath application of FM2-10 dye (4
uM). Excess dye was cleared from the tissue with Advasep 7 (Kay
etal., 1999), and single confocal sections were imaged. Figure 2C
displays an image of an axon stained with FM2-10 dye before (Ci)
and after (Cii) stimulus-evoked destaining of FM2-10 dye from
vesicles in control conditions (1 Hz, 5000 action potentials). To
test the effects of Kyn on destaining, another three axons were
loaded with FM2-10 as described above and destained in 200 um
Kyn. Plotting the normalized fluorescent intensity versus stimu-
lus number demonstrates Kyn (filled circles) does not alter
stimulus-evoked FM2-10 dye destaining from fusing vesicles
(Fig. 2C). Additionally, Kyn (200 um) had no effect on paired-
pulse facilitation (see Fig. 5). Together, these results demonstrate
Kyn does not alter the probability of vesicle fusion.

A noncompetitive antagonist does not alter the potency

of 5-HT

As an additional control, we repeated the above experiment with
the high-affinity noncompetitive AMPA receptor antagonist
GYKI. Because this antagonist will not compete with glutamate
for receptor binding during synaptic transmission (or unbind
from the receptor during the time course of synaptic transmis-
sion), there will not be a component of the EPSC resulting from
non-equilibrium unbinding of the antagonist from the receptor
and competitive replacement by glutamate. Thus, a noncompet-
itive antagonist should inhibit synaptic transmission equally in
control conditions and after lowering the synaptic cleft glutamate
concentration. For the synapse shown in Figure 3A, an interme-
diate dose of the high-affinity noncompetitive antagonist GYKI
(3 uM) alone reduced the EPSC to 58% of control. Application of
300 nm 5-HT alone inhibited the chemical component of the
EPSC to 48% of control (Fig. 3A). We then tested the magnitude
of inhibition mediated by GYKI in 300 nM 5-HT. In contrast to
the low-affinity antagonist, the degree of inhibition mediated by
GYKIin 300 nM 5-HT was not significantly different from control
(56% of the response in GYKI). This is seen more clearly in Figure
3B, where the EPSCs recorded in 3 uM GYKI and in 3 um GYKI
with 5-HT are scaled to control and the electrical components
have been subtracted to isolate the chemical component. The
degree of inhibition by GYKI in control and in 5-HT are similar
(compare light gray and dark gray traces). For four pairs, 3 um
GYKI reduced the EPSCs to 53.1 = 5.8% of control. This was not
significantly different from the inhibition mediated by GYKI in
300 nm 5-HT (59.9 * 12.1% of control; n = 5; p > 0.05). Thus, as
predicted, a low-affinity competitive AMPA receptor antagonist,
but not a noncompetitive antagonist, is capable of sensing
changes in cleft glutamate concentration.

Inhibiting synaptic transmission by lowering P, does not alter
the peak synaptic cleft glutamate concentration

Our findings demonstrate that 5-HT reduces the synaptic cleft
glutamate concentration. If multivesicular release or spillover oc-
curred at this synapse under control conditions, it is possible that
5-HT reduces the cleft glutamate concentration by reducing P..
To determine whether a decrease in P, could lower the cleft glu-
tamate concentration, we monitored the synaptic cleft glutamate

J. Neurosci., May 30, 2007 - 27(22):5857-5868 « 5861

A

GYKI
Control
50pA|
25 ms
BHT

v

~~. _ Control
50 pA T~

Figure3.  5-HT does notincrease the potency of high-affinity noncompetitive AMPA recep-
tor antagonist GYKI-mediated inhibition. 4, The high-affinity noncompetitive AMPA receptor
antagonist GYKI (3 wm; dark gray) reduced the EPSC to 58% of control (black). 5-HT (300 nm)
aloneinhibited the EPSCto 48% of control (bottom, gray). Application of 3 um GYKI with 300 nm
5-HT (light gray) reduced the EPSCto 56% of the EPSCin 5-HT alone. B, EPSCs recorded in control
(blackand dark gray traces) and 5-HT (gray and light gray traces) are scaled to the same size, and
the electrical components are subtracted for clarity. In contrast to Kyn, the inhibitory potency of
GYKl is not altered by 300 nm 5-HT (right, compare light gray vs dark gray traces).

concentration while reducing P, by inhibiting voltage-gated cal-
cium entry by increasing the concentration of Mg>™.

For the synapse shown in Figure 4A, Kyn (150 um) alone
inhibited the EPSC to 83% of control. Increasing the concentra-
tion of Mg>* from 1.8 to 3.8 mm inhibited the chemical compo-
nent of the EPSC to 66% of control. To determine whether low-
ering P, causes a reduction in cleft glutamate concentration, we
simultaneously increased the Mg®" concentration and applied
Kyn (150 uM). In contrast to 5-HT, application of Kyn (150 um)
mediated similar inhibition (83%) in control conditions as in low
P, (82%, increasing the Mg>" concentration). For clarity, we
once again subtracted the electrical component of the EPSC and
scaled the responses recorded in Mg®" and in Mg with Kyn to
control (Fig. 4B). Comparison of the dark gray and light gray
traces in Figure 4 B demonstrates that raising the Mg*" concen-
tration inhibits synaptic transmission to a similar degree both in
control and in the presence of a Kyn.

In four different paired recordings, application of 200 um Kyn
alone reduced synaptic transmission to 67.2 = 9.9% of control.
Decreasing P, (increasing Mg>™ from 1.8 to 3.8 mm) did not alter
the effect of Kyn (69.9 = 18% of the response in high Mg alone;
no significant difference; p > 0.05), demonstrating that reducing
P, does not alter synaptic cleft glutamate concentration. These
results rule out inhibition of spillover or multivesicular release as
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Figure4. Inhibiting synaptic transmission by lowering P, does not alter the peak concentra-
tion of synaptic glutamate transients. A, An intermediate dose of Kyn (150 wm; dark gray)
inhibited synaptic transmission to 83% of control (black). Raising the concentration of Mg+
(from 1.8 to 3.8 mu; gray trace) to decrease P, reduced the EPSC to 66% of control. Simulta-
neously applying Kyn and raising the concentration of Mg (light gray) reduced the EPSC to
82% of the EPSCin high-Mg 2™ alone (gray). B, EPSCs recorded in control (black and dark gray
traces) and in high Mg " (gray and light gray traces) are scaled (right) to the same size after
subtraction of the electrical component. High Mg " does notincrease the potency of inhibition
mediated by Kyn (compare dark gray vs light gray traces).

a mechanism for 5-HT-mediated reductions in peak synaptic
cleft glutamate concentration. Furthermore, these results, in
combination with the 5-HT experiments, suggest that activation
of a presynaptic GPCR reduces the synaptic cleft glutamate con-
centration independently of vesicle release probability.

Raising the Mg>" concentration to 3.8 mMm partially inhibited
synaptic responses to 66% of control (Fig. 4). Inducing only
moderate inhibition of synaptic transmission is essential because
dramatic inhibition of EPSC prohibits further challenging the
remaining EPSC with a low-affinity antagonist. To confirm that
this modest change in synaptic transmission significantly de-
creases probability of release, we monitored paired-pulse facili-
tation (50 Hz) under control and high Mg>" conditions. Indeed,
raising the extracellular concentration of Mg®" to 3.8 mMm in-
creased the paired-pulse ratio by a factor of 2.18 = 0.50 over
control conditions, as would be expected for an inhibitory effect
on release probability (Dobrunz and Stevens 1997) (Fig. 5).

The above experiments demonstrate that lowering the prob-
ability does not alter the synaptic cleft glutamate concentration.
However, it remains possible that raising the probability of vesicle
fusion may promote multivesicular release or spillover and there-
fore raise the synaptic cleft glutamate concentration. To test this
directly, we monitored paired-pulse facilitation in control and in
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Figure 5.  Paired-pulse facilitation. 4, The effects of 3.8 mm Mg2™, Kyn, and 5-HT (gray

traces) on paired-pulse facilitation were compared with control (black traces). Raising the
Mg 2" concentration to 3.8 mw (top) nearly doubles the paired-pulse ratio, whereas neither Kyn
(middle) nor 5-HT (bottom) altered the paired-pulse ratio. B, Bar graph depicting the paired-
pulse ratios under the conditions of raised Mg2+ concentration (3.8 mm), Kyn (200 i), and
5-HT (600 nwm). The number of pairs recorded for each condition is shown in parentheses. Error
bars indicate SEM.

the presence of 200 uMm Kyn. Kyn displayed no effect on the
paired-pulse ratio (relative paired-pulse ratio before and after
Kyn was 1.09 % 0.06). This confirms data obtained from destain-
ing FM2-10 (Fig. 2C) and indicates that raising P, does not alter
the profile of glutamate in the synaptic cleft (Fig. 5). Paired-pulse
facilitation was also unaffected by 5-HT (relative paired-pulse
ratio before and after 5-HT was 0.94 = 0.06), confirming that
5-HT does not alter release probability (Fig. 5) (Photowala et al.,
2006). To summarize these data (Figs. 2-5), 5-HT enhanced the
effect of Kyn alone on EPSC amplitude (further inhibition in Kyn
was 1.8 times the inhibition in Kyn alone) but had no enhancing
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Figure 6.  5-HT slightly prolongs the decay of the EPSC. Subtraction of the electrical component from the traces reveals the
isolated chemical component of the EPSCs. A, Top, Average of 12 consecutive traces in control (black) and 300 nm 5-HT (gray).
Bottom, The average response in 300 nm 5-HT (gray) is scaled to control (black). Analysis of 12 individual EPSCs reveals that the
decay () of the EPSCis slightly prolonged in 5-HT (bottom). The mean of single exponential fits from 12 individual trials are shown
for 5-HT (gray) and control (black). B, Average of 12 consecutive traces in control (black) and 3.8 mm Mg 2+ (gray). Responsesin 3.8
muMg > (gray) are scaled to control (black). The decay of the EPSCis unchanged in 3.8 mm Mg . Mean exponential fits from 12
individual trials are shown for 3.8 mmMg 2™ (gray) and control (black). €, Plot of values of Tin milliseconds versus amplitude of the
EPSCs (in D) recorded in sequential stimuli. D, Individual traces (left) are scaled to the largest trace (right) to directly compare the
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had an effect on decay rates to ascertain
whether larger responses with more active
release sites might cause glutamate spill-
over. Plotting the amplitude of individual
EPSCs versus the decay under control
conditions revealed no correlation be-
tween the amplitude of the EPSC and the
decay (Fig. 6C). Additionally, smaller-
amplitude events recorded in control, in
contrast to those recorded in 5-HT, did
not exhibit a change in the decay rate (Fig.
6D). The modest prolongation of the de-
cay of EPSCs in 5-HT is consistent with, at
most, only a very slight change in the time
course of glutamate in the synaptic cleft.

Probing the relative affinities of NMDA
and AMPA receptor component with
caged glutamate

AMPA and NMDA receptors display dif-
ferent glutamate binding characteristics
(Patneau and Mayer, 1990; Clements et
al., 1992; Renger et al., 2001). Thus, mech-
anisms altering the peak synaptic cleft glu-
tamate concentration may lead to differ-
ential activation of these two ionotropic
glutamate receptors expressed at the same
synapse. To confirm this phenomenon at
the lamprey reticulospinal synapse, we
flash photolysized glutamate over phar-

decay of the EPSC.

effect on GYKI inhibition (0.9 times the control inhibition),
whereas reducing P, with high concentrations of Mg>" also did
not enhance the effect of Kyn (1.0 times the control inhibition).
Finally, although 5-HT acts presynaptically, it had no effect on
paired-pulse ratios, implying that 5-HT does not alter P,.

5-HT slightly prolongs the decay of the EPSC
Our results suggest that 5-HT reduces the peak synaptic cleft
concentration of glutamate. To investigate whether this altered
the shape of postsynaptic AMPA receptor-mediated currents, we
analyzed the decay rates of biphasic (electrical and chemical com-
ponents) EPSCs in intermediate doses of 5-HT (300 nMm) versus
control. The EPSC electrical component was carefully monitored
to ensure that the input impedance of the postsynaptic cell and
the action potential remained constant throughout the record-
ings (changes >10% of control were not included). Analysis of
the isolated chemical component demonstrated that the decay
rate (1) of the EPSCs were slightly prolonged in 5-HT to 125 *
5% of control (control 7= 5.8 = 0.3; 5-HT 7= 7.2 £ 0.8; n = 3;
p < 0.05) (Fig. 6A). No changes were observed in 10-90% rise
time of the electrical component of the EPSCs for the same re-
sponses (0.7 £ 0.1 ms in both control and 300 nm 5-HT). Thus,
5-HT appears to slightly alter the time course of cleft glutamate.
As an additional control, we also analyzed the decay rates of
EPSCs in high Mg** that will lower P, by inhibiting calcium
entry, but based on our results with Kyn, this does not alter the
peak concentration or duration of glutamate in the synaptic cleft.
Inhigh Mg** (3.8 mM), no significant change was observed in the
rate of decay of the EPSC (control 7 = 4.9 = 0.5; high Mg>* 7=
5.1+ 0.3;n = 3; p > 0.05) (Fig. 6 B).

We also determined whether the amplitude of control EPSCs

macologically isolated AMPA and NMDA

receptors. Spinal neurons were recorded
with an electrode containing fluorescein (50 uM). A double-
barreled superfusion pipette was placed over the spinal cord, and
the tissue was superfused with caged glutamate [L-glutamic acid,
v-(a-carboxy-2-nitrobenzyl) ester, trifluoroacetic acid salt] in
Mg?**-free Ringer’s solution plus either the selective NMDA an-
tagonist D-AP-5 (50 uMm) in one pipette to record isolated AMPA
receptor-mediated responses or NBQX (2 uM) in the other pi-
pette to record isolated NMDA receptor-mediated responses
(Fig. 7). The applied antagonist was then alternated over the
same-recorded neuron while applying an identical dose of caged
glutamate.

When the tissue was superfused with caged glutamate and
D-AP-5, at the time marked by the arrow and by the dotted bar
(Fig. 7), the region indicated by the white circle (Fig. 7A) was
irradiated with 357 nm light (4 ns) at a relative intensity indicated
by the numbers (Fig. 7C,D). Increasing the intensity revealed an
AMPA receptor-mediated response at a relative intensity be-
tween 1 and 2 (Fig. 7C,E). In contrast, in the same neuron, when
NMDA receptor responses were isolated with AMPA receptor
antagonist NBQX (2 uMm), an NMDA receptor-mediated re-
sponse was evoked with a lower activation threshold than that of
AMPA (Fig. 7D, E). We conclude that the glutamate concentra-
tion threshold to activate NMDA receptors is lower than AMPA
receptors.

Colocalization of NMDA and AMPA receptors

The flash photolysis experiments indicate that NMDA and
AMPA receptors colocalize at the resolution obtained with flash
photolysis (2—4 um spot), consistent with evidence from paired
recordings (Buchanan et al., 1987). Nevertheless, it remained
possible that individual synaptic boutons do not contain both
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receptors. To determine whether gluta-
mate released from a single vesicle may ac-
tivate both NMDA and AMPA receptors,
spontaneous events were monitored in
control and in Mg>*-free conditions.
Whole-cell recordings were made from
three neurons in Ringer’s solution con-
taining strychnine (5 um) to block glycin-
ergic responses and TTX (1 um) to block
evoked release. Events were detected using
an algorithm to detect a threshold of the
differential of the recording. Identical pa-
rameters were used in control and after
wash of Mg>". The frequency and peak
amplitude of events were unchanged by
wash of Mg>* (Fig. 8A, B). Similarly, the
mean rise time (time to peak) of the de-
tected event was unchanged by removal of
Mg>" (Fig. 8A) (control, 3.2 = 0.2
Mg>"-free solution, 3.1 = 0.2). In addi-
tion, neither the range of rise times (con-
trol, 0.8—7.2 ms; Mg>" -free solution, 0.6 —
6.4 ms) or the SD of rise times (control, 1.6
ms? Mg> " -free solution, 1.5 ms?) of each
detected event was significantly altered by
wash of Mg (total of 300 events in three
cells analyzed). Thus, no isolated NMDA
receptor-mediated events were detected in
Mg>*-free solution, because NMDA
receptor-evoked events show a minimum
time to peak of 15 ms (Fig. 8G). In con-
trast, analysis of the decays of these events
reveals a pronounced prolongation in the
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Figure 7.  Probing the relative glutamate affinities of AMPA and NMDA receptors with caged glutamate. 4, Neuron recorded

with an electrode containing fluorescein (50 wum). The uncaging laser was targeted to the circled point in the bottom left region
(contrast expanded to reveal dendrite). B, Experimental setup. Neurons were recorded with an electrode containing fluorescein
(50 am). A double-barreled pipette superfused caged glutamate over the recorded neuron, and NMDA (blue) or AMPA (red)
receptor-mediated responses were isolated pharmacologically. €, At the time marked by the arrow and the dotted line, the region
marked by the white dot in A was irradiated with 357 nm light (4 ns) at a relative intensity indicated by the numbers, while o-AP-5
and caged glutamate were applied. Increasing intensity revealed an AMPA receptor-mediated response. D, The experiment in €
was repeated, but NBQX was substituted for p-AP-5. This evoked an NMDA receptor-mediated response with a lower activation
threshold than that of AMPA and which saturated at intensities that only marginally activated AMPA responses. E, Relative flash
intensity plotted versus current amplitude for NMDA (blue) and AMPA (red) receptor-mediated currents (n = 3). Error bars
indicate SEM.

decay of spontaneous events in Mg>* -free

Ringer’s solution, consistent with the co-

activation of NMDA and AMPA receptors (Fig. 84,C). In the
control solution, the decay of the average of all events detected in
each cell was fit with a single exponential (mean 7 = 8.5 = 0.9
ms). However, in contrast, after wash of Mg2+ from the Ringer’s
solution, the data were best fit with two exponentials (mean 7, =
7.1 £ 1.6 ms and 7, = 140 = 37 ms). The slower of these expo-
nentials is consistent with the decay of an NMDA receptor-
mediated component of the EPSC. We conclude that AMPA and
NMDA receptors are colocalized at synapses showing spontane-
ous activity. However, because these neurons receive synaptic
input from several different presynaptic cells, these events are not
restricted to release from reticulospinal axons. Thus, to provide a
better analysis of whether transmitter released from reticulospi-
nal neurons acts at both AMPA and NMDA receptors at the same
postsynaptic sites, we analyzed covariance of the NMDA and
AMPA components during evoked release.

Under control conditions, paired recordings reveal consider-
able quantal variability between individual responses (Photowala
etal., 2006). Because the number of active synapses is limited and
the action potential always invades the synaptic terminal (the
axon is unbranched), quantal variation in AMPA receptor acti-
vation will be mirrored by quantal variation in NMDA receptor
activation if the receptors are colocalized. Thus, to directly test
NMDA and AMPA colocalization, paired recordings were made.
Recordings at —70 mV display pure AMPA receptor-mediated
EPSCs because NMDA receptors are inhibited by a voltage-
dependant Mg>" block (Fig. 8 D, E). Raising the holding poten-
tial to +50 mV reveals a slowly decaying NMDA receptor com-

ponent that follows the faster AMPA receptor-mediated
component (Fig. 8D,E). Exponential fits to the average of the
traces (Fig. 8E, red lines) demonstrate similar decay time con-
stants for the AMPA receptor component at —70 mV (5.490 ms)
and +50 mV (5.494 ms) and a time constant of the NMDA re-
ceptor component of 83.3 ms. Plotting the amplitude of the
NMDA and AMPA receptor components during stimuli in which
both components are simultaneously recorded shows variations
in NMDA receptor-mediated EPSC size are tightly correlated
with AMPA receptor EPSC size (Fig. 8 F). This correlation held
true for the three pairs tested (mean correlation coefficient,
0.84 *= 0.03; y intercept, —2.0 = 5.5 pA). We conclude that
NMDA and AMPA receptors are indeed colocalized at the reticu-
lospinal synapse.

NMDA receptors colocalize at synapses with AMPA receptors
and are consequently subject to the same reduction in cleft glu-
tamate concentration in 5-HT. Therefore, we confirmed 5-HT-
mediated reductions in synaptic cleft glutamate concentration
using a low-affinity NMDA receptor antagonist while recording
NMDA receptor-mediated responses. NMDA EPSCs were iso-
lated by application of Mg?"-free Ringer’s solution and 20 um
GYKI. The low-affinity NMDA receptor antagonist L-AP-5 (200
M) reduced the synaptic response to 42.5% of control (Fig. 8G,
bottom, black trace). Under control conditions, 300 nm 5-HT
slightly inhibits NMDA receptor-mediated currents to 88.0 *
6.6% of control (Fig. 9) (n = 12). However, in the presence of
L-AP-5, the magnitude of inhibition mediated by the same dose
of 5-HT was increased to 41.1% of the response in L-AP-5 alone
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Figure 8.  Confirming 5-HT GPCR-mediated reductions in synaptic cleft glutamate concen-

tration at colocalized NMDA receptors. A, Spontaneous EPSCs recorded in control (top) and
Mg 2™ -free external solution. B, Cumulative frequency and peak amplitude data are plotted for
the same cell shown in A. No change in event frequency is seen after wash of Mg 2", indicating
that no new event population is revealed. In addition, no change in peak amplitude of the data
was recorded, consistent with a larger AMPA receptor-mediated event even after removal of
Mg?2*. €, Averaging the responses reveals the decay is prolonged in the Mg >* -free external
solution, consistent with both NMDA and AMPA receptors mediating the responses. D, Overlaid
traces of evoked NMDA and AMPA EPSCs (¥, = +50 mV) and AMPA EPSCs (V, = —70 mV)
recorded at the same synapse. E, Average of traces in D. The NMDA receptor component was
measured as the average amplitude during the time points indicated by the shaded region, and
the AMPA receptor component was measured as the peak (arrow). Red lines represent expo-
nential fits to decay time constants for the AMPA and NMDA EPSCs. F, Plot of the amplitude of
the NMDA versus AMPA EPSCs at —70 mV (left) and + 50 mV (right). Linear fits demonstrate a
strong correlation (right, red line). G, NMDA EPSCs isolated in Mg > -free Ringer’s solution and
20 pum GYKI. The magnitude of inhibition mediated by 300 nm 5-HT on NMDA receptor EPSCs is
magnified by the low-affinity NMDA receptor antagonist L-AP-5 (200 m). A concentration of
200 M L-AP-5 inhibits the EPSC amplitude to 52.1 = 10.2% of control (bottom black trace;
n = 4). 5-HT and L-AP-5 inhibit the EPSC to 48.6 == 6.5% of the response in L-AP-5 (top gray
trace; n = 4). H, Bar graph depicting the magnified inhibitory effect of 300 nm 5-HT on NMDA
EPSCs in the presence of the low-affinity NMDA receptor antagonist L-AP-5. A concentration of
300 nm 5-HT alone inhibits the EPSCs to 88.0 == 6.6% of control (left; n = 10). The inhibitory
effect of the same dose of 5-HT on NMDA EPSCs is significantly greater in 200 pumL-AP-5 ( p <
0.05, two-sample equal-variance t test). *p << 0.05, significance. Error bars indicate SEM.
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Figure 9. Differential effect of 5-HT on NMDA and AMPA receptor components. A, Dose—
response curves for isolated AMPA (red) and NMDA (blue) synaptic responses at the reticulospi-
nal synapse. The arrow denotes differential inhibition of NMDA and AMPA responses to 300 nm
5-HT. Error bars indicate SEM. B, Paired recording in which 300 nm 5-HT inhibits AMPA receptor-
mediated synaptic currents (red). , The same dose of 5-HT (300 nm) only modestly inhibits
NMDA receptor-mediated synaptic currents (blue). D, Example traces of the effect of 300 nm
5-HT (gray) in control (top, black) Ringer’s solution and 300 nw 5-HT (gray) in Mg?*-free
Ringer's solution (bottom, black) for the same paired recording. £, Diagram depicting a possible
mechanism of 5-HT GPCR-mediated reduction in synaptic cleft glutamate concentration. Acti-
vation of a presynaptic 5-HT GPCR promotes transient vesicle fusion and inhibits synaptic trans-
mission through a direct interaction of G3y with the release machinery (G3y-partial fusion).
Switching from complete fusion to G3y-partial fusion lowers the peak synaptic cleft glutamate
(green) concentration. Because of the different glutamate binding characteristics of AMPA and
NMDA receptors, reducing the synaptic cleft glutamate concentration differentially inhibits
postsynaptic AMPA receptors (red) relative to NMDA receptors (blue). 5-HTR, 5-HT receptor.

(17.5% of control) (Fig. 8G, gray trace). Across all four synapses
tested, 200 uM L-AP-5 significantly amplified the inhibitory effect
of 300 nm 5-HT to 48.6 = 6.5% of the response in L-AP-5 (Fig.
8H) (n = 4; p < 0.05, two-sample equal-variance ¢ test). Thus,
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both low-affinity AMPA (Kyn) and NMDA (L-AP-5) receptor
antagonists reveal 5-HT mediates a reduction in the synaptic cleft
glutamate concentration.

Presynaptic 5-HT GPCRs mediate differential inhibition of
AMPA and NMDA receptor-mediated currents

5-HT alters the peak synaptic cleft concentration of glutamate.
Because of the distinct glutamate binding properties of NMDA
and AMPA receptors colocalized at this synapse, variations in
synaptic cleft glutamate concentration may cause disproportion-
ate effects on these receptors (Mainen et al., 1999; Choi et al.,
2000; Renger et al., 2001). To determine whether this was the
case, we monitored NMDA receptor-mediated synaptic currents
with increasing doses of 5-HT and compared these results to a
previously published dose-response curve of 5-HT-mediated in-
hibition of AMPA receptor-mediated currents (Schwartz et al.,
2005). NMDA receptor responses were isolated in Mg>*-free
Ringer’s solution to relieve the voltage-dependant Mg>* block of
NMDA receptors and 10 uM GYKI to block AMPA receptor-
mediated currents. These experiments reveal a shift in the appar-
ent K, of 5-HT to inhibit AMPA synaptic currents from 143 * 75
nM to an apparent K, of 655 290 nM to inhibit NMDA receptor
currents (Fig. 9). At 300 nM, 5-HT inhibited AMPA receptor
synaptic responses to 48.7 * 8.0% of control (n = 9), while
inhibiting NMDA receptor currents to 88.0 * 6.6% of control
(n=12;p <0.05) (Fig. 9B, C). Furthermore, at saturating doses
of 5-HT (10 and 30 um), AMPA synaptic currents were inhibited
to a significantly greater extent (18.3 = 3.2% of control; n = 8)
than NMDA synaptic currents (39.8 * 5.5% of control; n = 10;
p <0.05). The differential response of NMDA and AMPA recep-
tors to changing synaptic cleft glutamate transients reveals a
novel mechanism for selectively controlling the activity of gluta-
mate receptor subtypes expressed at the same synapse. A differ-
ential response is also consistent with our hypothesis that activa-
tion of presynaptic 5-HT GPCRs inhibits synaptic transmission
by altering the peak synaptic cleft glutamate concentration.

To determine whether the muted inhibitory effect of 5-HT on
NMDA currents was attributable to a higher P, in Mg>*-free
Ringer’s solution, we compared the effect of 5-HT on AMPA
receptor-mediated EPSCs in Mg>™ free (high P,) versus control
(normal P,) (Fig. 9). For the paired recording shown in Figure
9D, 300 nM 5-HT inhibited the response to 63.6% of the response
in control Ringer’s solution. 5-HT was then washed out of the
bath, and baseline responses were recorded in Mg> " -free Ring-
er’s solution. In this higher P, condition, applying 300 nm 5-HT
inhibited synaptic transmission to a similar extent (59.2% of the
response in Mg>"-free Ringer’s solution). The cumulative results
of four synapses demonstrate that there is no significant differ-
ence between the effect of 300 nm 5-HT in control (61.6 = 16%)
and Mg>*-free Ringer’s solution (54.4 + 14%; p > 0.05; n = 4).
Thus, lowering P, does not alter the efficacy of 5-HT.

Discussion

We demonstrate that 5-HT-mediated inhibition shows an in-
crease in potency in low-affinity antagonists to the postsynaptic
glutamate receptors. This is consistent with a reduction in the
peak concentration of glutamate in the synaptic cleft. It is a pos-
sibility that this reduction in peak synaptic cleft glutamate con-
centration could be attributable to a decrease in simultaneous
release events. However, lowering P, did not alter the cleft gluta-
mate concentration, ruling out inhibition of either multivesicular
release or spillover as a mechanism for lowering the cleft gluta-
mate concentration. Together, these results reveal that activation
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of a presynaptic 5-HT GPCR modulates the peak concentration
of glutamate in the synaptic cleft independently of P..

Studies of FM dye destaining and capacitance transients at
CNS nerve terminals demonstrate that a population of synaptic
vesicles remain structurally intact after fusion with the plasma
membrane (Klyachko and Jackson, 2002; Aravanis et al., 2003;
Gandhi and Stevens, 2003). During this reversible form of vesicle
fusion, widely referred to as kiss-and-run, neurotransmitter re-
lease is thought to occur through a transient fusion pore (Chan-
dler and Heuser, 1980; Lindau and Alvarez de Toledo, 2003).
Modeling studies of the fusion pore size and conductance (Kly-
achko and Jackson, 2002; Gandhi and Stevens, 2003; Richards et
al., 2005) imply kiss-and-run vesicle fusion may restrict neuro-
transmitter release and lead to a reduced cleft concentration of
neurotransmitter (Choi et al., 2000, 2003; Renger et al., 2001;
Zakharenko et al., 2002), whereas other studies have disputed this
conclusion (Stevens and Williams, 2000; Becherer et al., 2001;
Sudhof, 2004). Supporting the theory that the structure of a fu-
sion pore restricts neurotransmitter release, mutation of soluble
N-ethylmaleimide-sensitive factor attachment protein receptor
(SNARE) protein residues thought to line the fusion pore was
found to alter neurotransmitter flux from large dense core vesi-
cles (Han et al., 2004). However, determining the impact of a
transient fusion pore on synaptic neurotransmitter release re-
quires direct evidence demonstrating that when FM dye release
from synaptic vesicles is prevented by transient fusion (kiss-and-
run), neurotransmitter release from individual vesicles is also
reduced (Sullivan, 2006).

At the lamprey giant synapse, activation of a presynaptic 5-HT
GPCR blocks FM1-43 destaining from vesicles that fuse with the
plasma membrane (Photowala et al., 2006) and inhibits synaptic
transmission via a GBy interaction with proteins that mediate
vesicle fusion (SNAP-25, syntaxin, and the SNARE complex)
(Blackmer et al., 2001, 2005; Gerachshenko et al., 2005). We now
show that activation of the same presynaptic GPCR lowers the
synaptic cleft glutamate concentration independently of P..
Based on these results, the most parsimonious conclusion is that
a GBvy interaction with the SNARE complex (Zamponi et al.,
1997; Blackmer et al., 2001, 2005; Chen et al., 2005; Gerachsh-
enko et al., 2005) promotes transient fusion (kiss-and-run) and
reduces the peak synaptic cleft glutamate concentration by re-
stricting either the size or open time of the fusion pore (Fig. 9E).
That a GBvy interaction with the SNARE complex promotes tran-
sient kiss-and-run fusion may appear to be at odds with studies in
which loss-of-function synaptotagmin mutants exhibit slower
rates of endocytosis (Nicholson-Tomishima and Ryan, 2004).
However, it is extremely difficult to compare the impacts of re-
moving synaptotagmin from the synapse to a direct effect on the
Gy interaction with the SNARE complex.

Alternatively, it is possible that presynaptic GB7y reduces the
synaptic cleft glutamate concentration by lowering the amount of
glutamate in synaptic vesicles before fusion. Indeed, quantitative
immunogold electron microscopy of glutamatergic Schaffer col-
lateral and parallel fiber terminals reveals that some synaptic ves-
icles labeled for VGLUT1 or VGLUT?2 also contain G3-subunits
1-4 (Pahner et al., 2003). Furthermore, the G-protein activator
GMppNp inhibits glutamate uptake into mouse and rat brain
vesicular preparations (Pahner etal., 2003). In addition to chang-
ing the concentration of neurotransmitter, it also appears possi-
ble to alter the volume of the vesicle and therefore alter the total
amount of neurotransmitter within the vesicle (Colliver et al.,
2000; Pothos, 2002; Gong et al., 2003). However, this mechanism
appears very unlikely at the lamprey giant synapse because the
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inhibitory effect of 5-HT is entirely blocked by cleavage of the
C-terminal region of the SNARE complex constituent SNAP-25
(Gerachshenko et al., 2005). Thus, the molecular target of GBy-
and 5-HT-mediated inhibition is consistent with an alteration in
vesicle fusion and not filling. Similarly, supporting vesicular fu-
sion apparatus as a target is our recent finding that 5-HT entirely
prevents FM1-43 destaining even when vesicles can be demon-
strated to fuse with the presynaptic membrane (Photowala et al.,
2006).

Another possibility is that activation of G-proteins may pro-
mote selective fusion of either smaller vesicles or vesicles with
lower glutamate concentrations. However, vesicles with varia-
tions in neurotransmitter content appear to have the same prob-
ability of fusing (Van der Kloot et al., 2000). In addition, electron
microscopy of the lamprey reticulospinal synapse indicates syn-
aptic vesicles are uniform in size (Gustafsson et al., 2002). Per-
haps the most compelling evidence against such a mechanism is
that there appears to be no correlation between the amplitude
and the decay rate of the EPSC (Fig. 6C). Finally, this mechanism
could not explain a failure to destain FM1-43 from fusing vesicles
seen in 5-HT (Photowala et al., 2006).

We have demonstrated in a previous study (Blackmer et al.,
2001; Takahashi et al., 2001) that 5-HT does not alter the ampli-
tude of spontaneous EPSCs recorded from lamprey spinal neu-
rons and had only a very small effect on their frequency. Our
present results are entirely consistent with this finding when we
consider the mechanism by which 5-HT and G+ inhibit trans-
mitter release. GByacts by interfering with Ca**-dependent syn-
aptotagmin binding to the SNARE complex (Jarvis et al., 2000;
Blackmer et al., 2001, 2005; Gerachshenko et al., 2005). Mutation
of synaptotagmin inhibits evoked release but not spontaneous
release (Geppert et al., 1994), and thus we do not expect an effect
of 5-HT on the amplitude of spontaneous events.

Our results provide the first experimental evidence that a
GPCR-mediated shift in the mode of vesicle fusion regulates syn-
aptic strength through an alteration in the peak synaptic cleft
glutamate concentration and the first direct evidence that kiss-
and-run fusion can modify neurotransmitter release. Analysis of
the kinetics of NMDA and AMPA receptors suggests fast gluta-
mate flux will activate NMDA and AMPA receptors concur-
rently, whereas slower rates of glutamate flux are more likely to
activate NMDA receptors relative to AMPA receptors (Renger et
al., 2001; Popescu et al., 2004). Thus, altering the peak concen-
tration and/or time course of glutamate in the synaptic cleft may
allow for differential inhibition or activation of AMPA versus
NMDA receptors. Indeed, an increase in synaptic cleft glutamate
concentration after induction of long-term potentiation has been
proposed to explain the emergence of AMPA synaptic currents at
silent synapses in the hippocampus (Choi et al., 2000, 2003;
Renger et al., 2001; Krupa and Liu, 2004). Our results demon-
strate distinct thresholds for activation of NMDA and AMPA
receptors at the lamprey reticulospinal synapse. Furthermore,
our findings show that colocalized NMDA and AMPA receptors
are differentially inhibited by the same dose of 5-HT. We con-
clude that presynaptic modulation of synaptic cleft glutamate
transients can selectively control activation of NMDA versus
AMPA receptor currents present at the same synapse. The differ-
ential effect of 5-HT on NMDA and AMPA receptor currents
supports our hypothesis of a change in the synaptic cleft gluta-
mate concentration, because a change in P, would be expected to
have an equivalent effect on both glutamate receptor subtypes.
Interestingly, both NMDA and AMPA receptor-mediated synap-
tic currents persist at saturating doses of 5-HT, consistent with
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our model that 5-HT reduces, but does not eliminate, glutamate
release from fusing vesicles.

Within the lamprey spinal cord, activation of presynaptic
5-HT GPCRs alters the output pattern of the neural circuitry that
coordinates locomotion (Schwartz et al., 2005). Both experimen-
tal and computer modeling studies demonstrate that the affect of
5-HT on the output of this locomotor circuitry is mimicked by
decreasing AMPA relative to NMDA receptor currents in spinal
neurons (Brodin et al., 1985; Hellgren et al., 1992). Thus, the
unique characteristics of this novel form of synaptic inhibition,
specifically the differential inhibition of AMPA relative to NMDA
receptors, may explain a mechanism in which 5-HT decreases the
synaptic cleft glutamate concentration and alters the pattern of
locomotor neuronal activity.

Summary

These results and previous work (Blackmer et al., 2005; Gerachs-
henko et al., 2005; Photowala et al., 2006) reveal a novel mecha-
nism of GPCR-mediated synaptic plasticity. For the first time, a
molecular pathway has been identified that targets the formed
SNARE complex and modulates the peak concentration of gluta-
mate in the synaptic cleft independently of P,. Moreover, the
differential inhibition of NMDA receptors relative to AMPA re-
ceptors by alteration of synaptic cleft glutamate transients dem-
onstrates the potential for profound implications in postsynaptic
signaling.
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