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Glutamate suppresses GABA release via presynaptic
metabotropic glutamate receptors at baroreceptor

neurones in rats

Chao-Yin Chen and Ann C. Bonham

Department of Medical Pharmacology and Toxicology, University of California, Davis, CA 95616, USA

The nucleus tractus solitarii (NTS) is essential for coordinating arterial baroreflex control
of blood pressure. The primary baroreceptor afferent fibres make their first excitatory
synaptic contact at second-order NTS neurones with glutamate as the major neurotransmitter.
Glutamate regulates its own release by activating presynaptic metabotropic glutamate
autoreceptors (mGluRs) on the baroreceptor central terminals to suppress its further release
in frequency-dependent manner. y-Aminobutyric acid (GABA) interneurones provide the
major inhibitory synaptic input. It is the integration of excitatory and inhibitory inputs that
shapes the NTS output of baroreceptor signals. We hypothesized that glutamate released
from the primary central afferent terminals can spill over to presynaptic mGluRs on GABA
interneurones to suppress GABA release at the second-order baroreceptor neurones. We
assessed GABA transmission in second-order baroreceptor neurones identified by attached aortic
depressor nerve (ADN) boutons. The medial NTS was stimulated to evoke GABA inhibitory post-
synaptic currents (eIPSCs). Glutamate spillover, generated by brief 2 s, 25 Hz trains of stimuli
applied to the tractus solitarius (TS), induced a small (10%) but significant reduction in the
eIPSC amplitudes. The depression was enhanced to a 25% decrease by increasing glutamate in
the cleft with a glutamate-uptake inhibitor (m-trans-pyrrolidine-2,4-dicarboxylic acid, 1 um),
blocked by a Group II mGluR antagonist (LY341495, 200 nM) and mimicked by a Group II
agonist ((25,35,45)-CCG/(2S,1'S,2’S)-2-carboxycyclopropyl; 1-CCG-I). A presynaptic mGluR
locus was established by the mGluR agonist-mediated increase in the paired-pulse ratio of
two consecutive e[PSCs in conjunction with the decrease in the first eIPSC, and a decrease
in the frequency (39-46% reduction at ECsy concentration), but not amplitude, of spontaneous
and miniature GABA IPSCs. The data indicate that endogenous glutamate activation of
Group II presynaptic mGluRs can decrease GABA release at the first central synapses,
suggesting a heterosynaptic role for the Group II mGluRs in shaping baroreceptor signal
transmission.
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The nucleus tractus solitarii (NTS) is essential for
coordinating baroreceptor reflex control of blood
pressure. The NTS second-order neurones are the first site
of synaptic contact of the primary baroreceptor afferent
fibres. The processing of the blood pressure-related
sensory information at these synapses can affect all
downstream processing of baroreceptor signals and
hence baroreflex function (Loewy & McKellar, 1980;
Loewy, 1990; Spyer, 1990). The major excitatory neuro-
transmitter is glutamate, which binds to the ionotropic
glutamate receptors on the second-order neurones to
mediate the fast excitatory transmission (Talman et al.
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1980; Perrone, 1981; Zhang & Mifflin, 1995; Gordon &
Sved, 2002). The major inhibitory input is provided by
GABA interneurones strategically positioned near the
second-order baroreceptor neurones (Magbool et al.
1991; Mifflin, 2001; Gordon & Sved, 2002). It is the
balance of excitatory and inhibitory modulatory
influences on the fast glutamatergic transmission
that shapes the net NTS output of the baroreceptor
signals to distal synapses in the central network.
Ultimately, this NTS output orchestrates parasympathetic
and sympathetic nervous system activities to restore
blood pressure back towards normal (Loewy &
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McKellar, 1980; Loewy, 1990; Spyer, 1990; Mifflin,
2001).

The G-protein-coupled metabotropic glutamate
receptors (mGluRs), which have been shown to modulate
synaptic transmission throughout the centeral nervous
system (CNS) (Conn & Pin, 1997; Cartmell & Schoepp,
2000; Doi et al. 2002), have been demonstrated in the
NTS, but their precise role in shaping baroreceptor
signal transmission has not been fully established
(Pawloski-Dahm & Gordon, 1992; Foley et al. 1998,
1999; Liu et al. 1998; Hay & Hasser, 1998; Jones et al.
1999; Matsumura et al. 1999; Viard & Sapru, 2002;
Chen et al. 2002). The mGluRs are classified into three
groups based on sequence homology, agonist potency
and signal transduction pathways (Suzdak et al. 1994;
Conn & Pin, 1997). Throughout the CNS, the Group I
mGluRs have been predominantly located on cell soma,
and they increase neuronal excitability, essentially
increasing the excitatory response to glutamate activation
of the ionotropic glutamate receptors. The Group II
and III mGluRs are located predominantly on pre-
synaptic terminals to decrease glutamate release in a
frequency-dependent manner, providing an inhibitory
influence on glutamatergic transmission (Pin & Duvoisin,
1995; Conn & Pin, 1997; Scanziani et al. 1997; Cartmell &
Schoepp, 2000).

In the NTS, the mGluRs were first indirectly implicated
in modulating baroreflex function by microinjection
studies. Glutamate-induced decreases in blood pressure
and heart rate were shown to be prevented only when
both ionotropic and metabotropic glutamate receptors
were blocked (Foley et al. 1998). NTS microinjections of
Group [, IT and III mGluR agonists were shown to mimic
baroreceptor activation by decreasing blood pressure,
heart rate and sympathetic nerve activity, effects abolished
by metabotropic but not ionotropic glutamate receptor
antagonists (Pawloski-Dahm & Gordon, 1992; Foley et al.
1999; Viard & Sapru, 2002). On the other hand, injections
of mGluR antagonists have resulted in variable responses:
no effect on blood pressure, heart rate and sympathetic
nerve activity; biphasic changes in blood pressure and
sympathetic nerve activity; or decreases in heart rate
and blood pressure (Foley et al. 1998, 1999; Jones et al.
1999; Matsumura et al. 1999; Viard & Sapru, 2002).
Viewed together, the data suggest that the contribution
of mGluRs to baroreceptor signalling is complex. While
they seem to exhibit an overall excitatory effect in the
NTS with exogenous agonist activation, the functional role
of mGluRs in baroreceptor reflex remains to be resolved.
More importantly, the physiological relevance of mGluRs
in modulating baroreflex function by activation by endo-
genous glutamate release has not been resolved with
the use of microinjections of mGluR antagonists. This
may be explained in part by the temporal and spatial
features of how endogenous glutamate release activates
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presynaptic mGluRs on glutamatergic terminals and
postsynaptic mGluRs, which would have opposing
effects on baroreceptor signalling and hence baroreflex
function. Thus, without using approaches to isolate
glutamate actions at presynaptic versus postsynaptic
mGluRs, the physiological relevance of mGluRs in
baroreceptor signalling may remain obscure. Using
electrophysiological approaches in vivo and in vitro, we
previously demonstrated that presynaptic Group II and III
mGluRs are activated by endogenous glutamate to provide
a frequency-dependent depression of baroreceptor or
general primary sensory signal transmission to the
second-order neurones (Liu et al. 1998; Chen et al.
2002). These findings suggest that presynaptic mGluRs are
functionally important in limiting perhaps unnecessary
glutamate release during high-frequency baroreceptor
afferent traffic, but they do not explain the overall
excitatory effects of mGluRs obtained by the micro-
injection studies in whole animals. Thus, the question
remains as to how the mGluRs regulate baroreceptor signal
transmission, and hence baroreflex function.

Recent studies have shown that in a few specific
CNS regions, mGluRs are expressed on y-aminobutyric
acid (GABA) terminals where they can modulate GABA
release. However, most studies have used mGluR agonists,
so the extent to which endogenous glutamate activates
mGluR on GABA neurones has only been demonstrated
in the hippocampus, supraoptic nucleus and cerebellum
(Mitchell & Silver, 2000; Semyanov & Kullmann, 2000; Piet
et al. 2003). Moreover, the effect of mGluR activation on
GABA transmission is not uniform in the CNS. Activation
of mGluRs may induce an increase or decrease or have
no effect on GABA release depending on the origin of the
GABA input (Poncer et al. 2000; Woodhall ef al. 2001),
location of the receptors on the GABA neurones and the
mGluR receptor subtypes (Poncer et al. 1995; Saransaari
& Oja, 2001, 2004; Doi et al. 2002; Pampillo et al. 2002;
Zheng & Johnson, 2003).

Studies of the ultrastructure of glutamate and GABA
terminals in the NTS have demonstrated a close proximity
of GABA and peripheral afferent glutamate terminals
(Magbool et al. 1991). These data indicate that neural
network exists whereby glutamate can regulate GABA
release at the second-order baroreceptor neurones through
activation of presynaptic mGluRs. Whether and to what
extent activation of mGluRs modulates GABA trans-
mission to NTS baroreceptor neurones is not known.
Given the profound inhibitory effect of GABA on
baroreceptor signal transmission, if glutamate release
activates mGluRs on GABA interneurones, the findings
could help to explain the overall excitatory effect of
mGluRs in the NTS. Of particular relevance to this
possibility are the findings by Mitchell & Silver (2000)
demonstrating the effectiveness of endogenous glutamate
spillover from the mossy fibres in activating mGluRs on
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nearby GABA interneurones to decrease GABA release in
the cerebellar glomerulus.

Against that background, we hypothesized that endo-
genous glutamate released from stimulation of sensory
afferent fibres carried in the tractus solitarius (TS)
can spill over to activate presynaptic mGluRs located
on nearby GABA terminals to decrease GABA release
onto the second-order baroreceptor neurones. Studies
were performed using whole-cell voltage clamping
on second-order baroreceptor neurones, which were
anatomically identified by the presence of labelled central
boutons of the baroreceptor afferent nerve fibres carried
in the aortic depressor nerve (ADN). We focused on the
Group II mGluRs because they have been most studied
in the NTS, and because they have been shown to
inhibit glutamate release at second-order baroreceptor
neurones (Liu et al. 1998; Chen et al. 2002). If
the hypothesis is true, then high- (but still physio-
logically relevant) frequency TS stimulation (endogenous
glutamate release) should decrease the amplitude of
the NTS-evoked GABA-mediated inhibitory postsynaptic
currents (eIPSCs), an effect that should be enhanced
further by increasing glutamate in the synaptic cleft
(by inhibiting glutamate uptake), mimicked by a Group
II mGluR agonist, and prevented by a Group II mGluR
antagonist. In addition, an mGluR agonist-mediated
decrease in the first NTS-evoked GABA IPSC, in
conjunction with an increase in the paired-pulse ratio of
two consecutive NTS-evoked GABA IPSCs, and a decrease
in the frequency but not amplitude of spontaneous
(sIPSCs) and miniature (mIPSCs) IPSCs, should provide
further evidence for a presynaptic mechanism (Jang et al.
2001; Behr et al. 2002; Kerchner & Zhuo, 2002; Kirischuk
et al. 2002; Sekizawa et al. 2003; Jeong et al. 2003).

Methods

All experimental protocols in this work were reviewed
and approved by the Institutional Animal Care and Use
Committee in compliance with the Animal Welfare Act,
and in accordance with Public Health Service Policy on
Humane Care and Use of Laboratory Animals.

Surgical preparation for labelling ADN boutons

Male Sprague-Dawley rats 11 weeks old (320-370g)
were anaesthetized with a combination of ketamine
(50 mgkg™') and xylazine (8 mgkg™'). A 4-5mm
segment of the ADN, between the superior laryngeal
nerve and vagus nerve/sympathetic trunk, was carefully
isolated and placed on a section of parafilm. The
fluorescent dye crystals, 1,1’-dilinoleyl-3,3,3',3'-tetra-
methylindocarbocyanine,  4-chlorobenzenesulphonate
(FAST Dil solid; Dilp®!'?-Ci5(3)), were gently placed
on the ADN, and the area was embedded with poly-
vinylsiloxane gel. To allow for transport of the dye to the

© The Physiological Society 2004

Glutamate spillover inhibits GABA release via mGluRs in NTS 537

terminal boutons, the rats were allowed to recover for
2 weeks before the experimental protocols, as previously
reported (Mendelowitz et al. 1992; Bonham & Chen,
2002).

Brainstem slice preparation

The rats were anaesthetized with a combination of
ketamine (50 mg kg~') and xylazine (8 mgkg™'), and then
decapitated. The brain was rapidly exposed and submerged
in ice-cold (<4°C), high-sucrose, artificial cerebrospinal
fluid (aCSF) that contained (mm): 3 KCl, 2 MgCl,, 1.25
NaH,PO,, 26 NaHCO;, 10 glucose, 220 sucrose and
2 CaCl,, pH 7.4 when continuously bubbled with 95%
0,/5% CO,. Brainstem transverse slices (250 um thick)
were cut with the Vibratome 1000 (Technical Products
International, St Louis, MO, USA). After incubation for
45min at 37°C in high-sucrose aCSF, the slices were
placed in normal aCSF that contained (mm): 125 NaCl,
2.5 KCl, 1 MgCl,, 1.25 NaH, POy, 25 NaHCO;3, 25 glucose
and 2 CaCl,, pH 7.4 when continuously bubbled with
95% 0,/5% CO,. During the experiments, a single slice
was transferred to the recording chamber, held in place
with a nylon mesh, and continuously perfused with
oxygenated aCSF at a rate of approximately 3 ml min~".
All experiments were performed at 33-34°C.

Whole-cell voltage-clamp recordings

All whole-cell voltage-clamp recordings were performed
on second-order NTS baroreceptor neurones with
attached fluorescent ADN boutons. The neurones were
visualized with infrared differential interference contrast
(IR-DIC), and the fluorescent boutons were visualized
with an optical filter set for Dil (XF108; Omega Optical
Inc., Brattleboro, VT, USA) and an image integrating
system (InvestiGater; Dage-MTI, Michigan City, IN, USA).
All images were captured with a charge-coupled device
(CCD) camera (CCD-100; Dage-MTTI) displayed on a TV
monitor and stored in a PC computer using Computer
Eyes software (Digital Vision, Inc., Dedham, MA, USA).
Borosilicate glass electrodes were filled with a KCl
solution containing (mm): 130 KCl, 5NaCl,
1 MgCl,, 3Mg-ATP, 0.2Na-GTP, 10 ethylene
glycol-bis(8-aminoethyl  ether)-N,N,N’,N’-tetraacetic
acid (EGTA), 10 N-2-hydroxy-ethylpiperazine-N’-
2-ethanesulphonic acid (Hepes), and 5 QX314. The pH
was adjusted to 7.3 with KOH. With this pipette solution,
the reversal potential for Cl~ calculated from Nernst
equation is 0.7 mV. The junction potential was —3 mV
and was corrected. The seal resistance was >1 GSQ2. The
pipette resistance ranged from 2 to 4 MQ (2.7 £ 0.5 M2,
mean = s.D.), and the series resistance was no greater than
18 M2 (10 £ 4 M2, mean = s.p.). Recordings were made
with the Axoclamp 1D patch-clamp amplifier (Axon
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Instruments). Whole-cell currents were filtered at 2 kHz,
digitized at 10kHz with the DigiData 1200 Interface
(Axon Instruments) and stored in a PC computer.

Once the whole-cell configuration was established, the
neurone was voltage-clamped at —50 mV. The neurone
was then tested for TS input with five TS stimuli delivered
at 0.2 Hz, and then for NTS input with five NTS stimuli
delivered at 0.2 Hz. All experiments were performed in the
presence of the ionotropic glutamate receptor antagonists
1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzo[f]quinoxa-
line-7-sulphonamide disodium salt (NBQX, 10 um) and
DL-2-amino-5-phosphonopentanoic acid (AP5, 50 um).
The rationale for NBQX and AP5 was threefold: (1) to
isolate the mGluR-mediated effects from the fast synaptic
transmission mediated by the ionotropic glutamate
receptors; (2) to isolate the IPSCs from excitatory
postsynaptic currents (EPSCs), since both GABA IPSCs
and glutamate EPSCs are inward at the holding potential
of =50 mV with a KCl-based pipette solution; and (3)
to isolate the response to synapses in direct contact of
the recorded second-order neurones to synapses from
those of distal synapses origin by preventing activation
over polysynaptic pathways (Grabauskas & Bradley, 1996;
Smith et al. 1998; Butcher et al. 1999).

TS stimulation parameters

To generate endogenous glutamate release from the
sensory afferent fibres, a stimulating electrode was
positioned in the TS ipsilateral to the recording site.
The stimulation voltage was limited to 10V, 0.1 ms
square-wave pulses to minimize the voltage spread outside
the TS. The stimuli were delivered through a high
impedence (10 M) bipolar tungsten electrode (1 um
tips separated by 80 um). The average distance between
the stimulating electrode and the recorded neurone was
237 £ 53 um (mean =+ s.p.; ranging from 167 to 333 pum).
The TS stimuli consisted of trains (25 Hz for 2 s) delivered
at 50 ms prior to each eIPSC. In preliminary experiments,
we tested different intervals (5, 20, 50 and 100 ms) between
the TS stimulation and the eIPSC. The 50 ms interval
provided the maximal depression of the eIPSC amplitude
among all tested intervals (data not shown) and so was
used for subsequent experiments.

Acquisition and analysis of GABA IPSCs

To stimulate GABA release from local inhibitory neurones
in the NTS for the eIPSCs, we positioned a bipolar
tungsten electrode (1 pum tips separated by 80 m) in the
intermediate NTS ipsilateral and medial to the recording
site. We used the minimal intensity (2-20V) required
to consistently eIPSCs. The averaged distance between
the stimulating electrode and the recorded neurones was
126 25 pm (mean = s.p.; ranging from 83 to 188 pum).
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The data were analysed off-line using the pClamp9 (Axon
Instruments) software.

The frequency and amplitude of sIPSCs were
recorded for determining presynaptic versus postsynaptic
mechanisms. The sIPSCs could reflect inhibitory synaptic
currents caused by both action potential-dependent and-
independent release of GABA. To further assess the
presynaptic locus of mGluR activation, mIPSCs were
recorded in the presence of the sodium channel blocker
tetrodotoxin (TTX, 1 uMm) in the same neurones. The
mIPSCs recorded during TTX were assumed to be
independent of invasion of action potentials in the
presynaptic terminals (Edwards ef al. 1990). A change in
sIPSC but not mIPSC frequency would indicate the effect
is on preterminal (soma or axon) locus. A decrease in
mIPSC frequency would indicate an inhibition on GABA
release machinery at the terminals (Seamans et al. 2001).
The sIPSC and mIPSC events were detected with Mini
Analysis software (Synaptosoft Inc., Decatur, GA, USA).
The threshold for detection was set at six times the root
mean square baseline noise. The accuracy of detection was
confirmed by visual inspection.

To confirm that the IPSCs were GABAergic, both
eIPSCs and sIPSCs were recorded: (1) at different holding
potentials from —50 to 450 mV at 25 mV increments to
determine the reversal potential; and (2) before, during
and after perfusion with the GABA, receptor antagonist
(bicuculline, 10 um) at a holding potential of —50 mV.

Protocols

In protocol 1, we determined the extent to which endo-
genous glutamate on decreased the eIPSCs and whether
the effect was mediated by activation of Group II mGluRs.
After testing a neurone for TS and NTS inputs, the slice
was perfused with aCSF containing NBQX and AP5.
The NTS was continuously stimulated at 0.2 Hz, and
the eIPSCs were recorded for 3 min during the control
period, 3 min with endogenous glutamate release (with
TS stimulation), and 5min of recovery period. The
protocol was performed under (1) control conditions,
(2) in the presence of the glutamate uptake inhibitor
L-trans-pyrrolidine-2,4-dicarboxylic acid (PDC, 1 um) to
enhance glutamate spillover, and (3) in the presence of
PDC and the GroupIl mGluR antagonist (LY341495,
200nm). LY341495 is a highly potent and selective
Group II antagonist that has a 1000-fold higher affinity
over that for Group I and III, and blocks both subtypes 2
and 3 of Group II mGluRs at nanomolar concentrations
(Kingston et al. 1998).

Protocol 2 was implemented to determine whether
the effect of glutamate spillover was mimicked by a
Group II mGluR agonist (25,35,45)-CCG/(2S,1'S,2'S)-
2-carboxycyclopropyl (1-CCG-I) acting at presynaptic
receptors. Pairs of NTS stimuli with an interpulse interval
of 25 ms were continuously delivered at 0.2 Hz, and the
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eIPSCs were recorded for 3 min during the control period,
3 min during perfusion with one of the concentrations
of the L-CCG-I (1, 3, 10, 30, 100 and 300 um), and
a washout period (4-14 min). The concentrations were
applied in a random order. The paired-pulse depression of
the NTS IPSCs evoked at this interval has been shown to be
presynaptically mediated (Grabauskas & Bradley, 2003).

Protocol 3 was designed to further test whether the
mGluR effect on GABA release was presynaptic, by
measuring the effect of 1-CCG-I on the frequency and
amplitude of sIPSCs and mIPSCs. The sIPSCs were
continuouslyrecorded for 5 min during the control period,
for 3 min during perfusion with L.-CCG-I (30 um), and for
7 min of washout period. For mIPSCs, the protocol was
performed in the presence of TTX.

In protocol4 we determined whether the Group Il
mGluR antagonist LY341495 blocked the effect of the
Group IT agonist L-CCG-I on both eIPSCs and sIPSCs.
For eIPSCs and the paired-pulse ratio, pairs of NTS
stimuli were continuously delivered at 0.2 Hz. The eIPSCs
and sIPSCs were continuously recorded for (1) 3 min
during the control period, (2) 3 min during perfusion with
L-CCG-I (30 um), (3) 7 min washout period, (4) 5 min
perfusion with LY341495 (200 nm), (5) 3 min perfusion
with L-CCG-I (30 um) in the presence of LY341495, and
(6) 7 min L-CCG-I washout period.

Data analysis

Data are expressed as means = s.E.M. unless otherwise
indicated. Differences were considered significant at
P < 0.05. The statistical analyses were performed with
SigmaStat software (SPSS Inc., Chicago, IL, USA). When
appropriate, the ANOVA test was followed by the post-hoc
test for pairwise comparisons.

For protocol 1, to determine the effect of the glutamate
spillover on NTS-eIPSCs, the peak amplitudes of the
eIPSCs were averaged 3 min before, during and after the
TS train. The data were compared with a one-way repeated
ANOVA (before versus during versus after). To determine
the effect of the glutamate uptake inhibitor and mGluR
blockade on the glutamate-induced depression of GABA
transmission, the averaged peak eIPSC amplitude during
the TS train was expressed as a percentage of the average
peak eIPSC amplitude evoked before the TS train. The
data were compared with a one-way repeated ANOVA
(control versus PDC versus LY341495). To determine the
reversal potential of the eIPSC, the peak eIPSC amplitudes
were plotted against the holding potential, and the data
were fitted with linear regression. To determine the effect
of bicuculline on the eIPSCs, the peak eIPSC amplitudes
were averaged over 3 min during the control period, the
last minute of bicuculline perfusion, and the last minute
of the washout period. The data were compared with
a one-way repeated measure ANOVA (control versus
bicuculline versus washout).

© The Physiological Society 2004

Glutamate spillover inhibits GABA release via mGIuRs in NTS 539

For protocol 2, to determine the effect of the Group II
mGluR agonist on the eIPSCs, the peak eIPSC amplitude
averaged during the last 2 min during L-CCG-I perfusion
was expressed as a percentage of the peak eIPSC
amplitude averaged over the 3 min control period. The
agonist concentration—response curve was analysed with
a one-way ANOVA. The paired-pulse ratio (the peak
amplitude of the second eIPSC of the paired stimuli over
the peak amplitude of the first eIPSC) was analysed in the
same way.

The frequency and amplitude of the sIPSCs were
averaged over the 3 min control period, during agonist
perfusion, and the last 3 min during washout. The data
were compared with a one-way repeated ANOVA (control
versus agonist versus washout). The mIPSCs were analysed
the same way.

For protocol 4, to determine the effect of the mGluR
antagonist on the agonist induced depression, the peak
eIPSC amplitude averaged over the last 2min during
agonist perfusion was expressed as percentage change from
the control peak eIPSC amplitude averaged over the 3 min
control period before the agonist perfusion. The data in
the absence and presence of the antagonist were compared
with a paired ¢ test. The paired-pulse ratio was analysed
in the same way. For sIPSCs, the frequency and amplitude
averaged during the agonist perfusion were expressed as a
percentage change from the control, which was averaged
over the 3 min control period before the agonist perfusion.
The datain the absence and presence of the antagonist were
compared with a paired ¢ test.

Drugs

Ketamine and xylazine were obtained from Vedco, Inc.
(St Joseph, MO, USA). Dil was obtained from Molecular
Probes (Eugene, OR, USA). Polyvinylsiloxane gel was
obtained from Carlisle Laboratories Inc. (Rockville Centre,
NY, USA). QX314, .-CCG-I, PDC and LY341495 were
obtained from Tocris (Ballwin, MO, USA). Bicuculline,
Mg-ATP, Na-GTP, EGTA and Hepes were obtained from
Sigma (St Louis, MO, USA). All other chemicals were
obtained from Fisher (Fairlawn, NJ, USA).

Results

All data were obtained in second-order baroreceptor
neurones identified by their possession of fluorescently
labelled attached boutons as shown in Fig. 1A and located
in the dorsal and medial NTS between obex and calamus
scriptorius (Fig. 1B).

Glutamate spillover inhibited GABA transmission
in second-order baroreceptor neurones

As shown in the example traces in Fig. 24, NBQX (10 um)
and AP5 (50 um) blocked the TS-evoked EPSC and
spared the NTS-eIPSC, confirming that the TS-evoked
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EPSCs were glutamatergic. NTS-eIPSCs obtained in the
presence of ionotropic glutamate receptor blockade with
NBQX and AP5 were confirmed to be GABAergic
by their reversal potential of 0.7 £3.9mV, which is
close to the calculated reversal potential for Cl~
(0.7mV) (n=7, Fig.2B), and by their elimination
with bicuculline (n =7, Fig.2C). The peak amplitude
of the NTS-eIPSCs in the control conditions across
all protocols averaged 310 £ 157 pA (mean =+ s.p.). The
paired-pulse ratio of the eIPSCs averaged 0.85 =+ 0.25
(mean % s.p.).

Endogenous glutamate released by trains of TS stimuli
depressed GABA transmission (Figs 3 and 4). The traces
in Fig.3A show that the NTS-eIPSC was reversibly
depressed during the TS train in one neurone. The
group data (n = 10, Fig. 3B) confirm that the eIPSC was
significantly depressed during TS trains (one-way repeated
ANOVA, P <0.05). The depression observed under
control conditions was enhanced by the glutamate uptake
inhibitor PDC (1 um), and was blocked by the addition
of the GroupII mGluR antagonist LY341495 (200 nm)
(Fig.4A). The group data (Fig.4B) show that PDC
significantly enhanced the TS train-induced depression
of GABA transmission, and that LY341495 significantly
attenuated the depression (one-way repeated ANOVA,
P <0.05). The response during mGluR antagonist in
the presence of PDC was significantly lower than that
of PDC alone and control (Fisher’s LSD, P < 0.05). In
a separate experiment, the antagonist also blocked the
TS stimulation-induced reduction of the eIPSCs in the
absence of PDC (from —16+7 to —2.7 £ 2.6%, n =5,
P <0.05).
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Group Il mGIuR agonist inhibited GABA release
mimicking the glutamate spillover

Figure 5A shows example traces of an NTS-eIPSC
before (control) and during perfusion with 1-CCG-I
(10 um) and washout. The group data (Fig.5B), fit to
a sigmoid function, illustrate that the Group II mGIluR
agonist significantly depressed the first NTS-eIPSC in
a concentration-dependent manner (one-way ANOVA,
P <0.05). Based on the curve fit result, the ECs
was 16 um and the maximum depression was 17% of
control.

Evidence for presynaptic sites of L-CCG-l effects:
paired pulse ratio

As shown in the example traces from one neurone
(Fig. 5A), L-CCG-I (10 um) depressed the peak amplitude
of the first NTS-eIPSC to a greater extent than the
second IPSC of the pair, resulting in an increased
paired-pulse ratio. The group data (Fig. 5C) demonstrate
that L-CCG-I increased the paired-pulse ratio in a
concentration-dependent manner (one-way ANOVA,
P <0.05).

Evidence for presynaptic sites of L-CCG-l effects:
sIPSCs and mIPSCs

The sIPSCs were confirmed to be GABAergic by their
reversal potential of 3 +5mV (n =3) which is close to
the calculated reversal potential for Cl~, and by their
elimination with perfusion with bicuculline (n =6, data
not shown).

Figure 1. Photographs and recording sites of second-order baroreceptor neurones

A, abaroreceptor second-order NTS neurone. Aa, the neurone viewed with infrared differential interference contrast
(IR-DIC). Ab, the labelled boutons of aortic depressor nerve viewed with fluorescence filter set. Ac, overlay of the
IR-DIC and fluorescence images. Ad, neurone with patch electrode in whole-cell configuration. Bar, 10 um. B, a
composite of recording sites. TS, tractus solitarius; AP, area postrema; ¢, central canal; X, dorsal motor nucleus of

vagus; Xll, hypoglossal nucleus.
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The Groupll mGluR agonist 1-CCG-I (30 um)
decreased the frequency but not the amplitude of sIPSCs
(Fig. 6). Recordings of sIPSCs before, during and after
washout of L-CCG-I in one neurone are shown in Fig. 6A.
For the same neurone, Fig. 6B shows a rightward shift
in the cumulative probability of the sIPSC interevent

A TS-evoked EPSC
v

NBQX + AP5
aCSF

50 pA

15 ms

B
Vh =50 mV
Vh =25 mV
Vh=0mV 300 pA
Vh =-25 mV 20 e
Vh = -50 mV
C
[

Vh =-50 mV ’

Bicuculline
200 pA Washout
Control
20 ms
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intervals during L-CCG-I perfusion, and no change in the
cumulative probability of the sIPSC amplitude (Fig. 6B).
The group data (n =9, Fig. 6C) confirm that L-CCG-I
significantly and reversibly decreased the sIPSC frequency
(one-way repeated ANOVA, P < 0.05) with no change
in the amplitude (one-way repeated ANOVA, P > 0.05).

NTS-evoked IPSC

wd

NBQX + AP5

100 pA
aCSF

15 ms

I (pA)
600 -

-600 -
Control  Bicuculline Washout
0
<
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O
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2 |
© -200 4
[0
: |
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Figure 2. The TS-evoked postsynaptic currents are glutamatergic and the NTS-evoked PSCs are

GABAergic

A, traces of TS-evoked EPSCs (left) and nucleus tractus solitarii (NTS)-elPSCs (right) from one neurone before
and during perfusion of 1,2,3,4-tetrahydro-6-nitro-2,3-dioxo-benzol[f]quinoxaline-7-sulphonamide disodium salt
(NBQX; 10 um) and pL-2-amino-5-phosphonopentanoic acid (AP5; 50 um) at a holding potential of =50 mV v, TS
stimulus; @, NTS stimulus. B, an example (left) of traces of NTS-elPSCs at different holding potentials (from —50 to
450 mV) in the present of NBQX and AP5. V},, holding potential. Group data (right, n = 7) of the current-voltage
relationship of the NTS-elPSCs. The reversal potential approximated the predicted chloride equilibrium potential
(Ecy). C, an example of traces (left) of NTS-elPSCs averaged over 1 min (12 IPSCs) during control, in the presence
of the GABAa-receptor antagonist bicuculline (10 um), and during washout (in the present of NBQX and AP5).
Group data (right, n = 7) confirm that bicuculline blocked the NTS-elPSCs.*P < 0.05.
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There was no change in the holding current during
L-CCG-I (delta change = —0.2 & 3 pA).

Since the decrease in sIPSC frequency could be the result
of L-CCG-I activation of mGluRs on the axon or cell body
of the GABA neurones, we tested the effect of L-CCG-I
on mIPSCs in seven of the nine neurones. Blockade of
the TTX-sensitive Na® channel significantly decreased
the sIPSCs frequency from 2.1 +0.96 to 0.5+ 0.04 Hz
(paired ftest, P < 0.05) with no significant change in
the amplitude (67 &= 7 and 75 & 7 pA, respectively). In the
presence of TTX, L-CCG-I also decreased the frequency of
action potential-independent mIPSCs, with no change in
their amplitude. Figure 7A shows example recordings from
one neurone. The cumulative probability of the mIPSC
interevent intervals for this neurone was shifted to the
right during 1-CCG-I, without changes in the cumulative
probability of the mIPSC amplitude (Fig. 7B). The group
data (n =7, Fig. 7C) confirm that L-CCG-I significantly
and reversibly decreased the mIPSC frequency (one-way
repeated ANOVA, P <0.05), with no change in the
amplitude (one-way repeated ANOVA, P > 0.05; L.-CCG-I
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Figure 3. Stimulation of sensory afferents in TS depressed
GABA transmission onto baroreceptor second-order NTS
neurones

A, an example of traces of NTS-elPSCs averaged over 3 min during
control, with 2 s TS stimulation (25 Hz, 50 ms prior to the NTS elPSC)
and during recovery. All experiments were performed with NBQX and
AP5 in the perfusate. ®, NTS stimulus. B, group data (n = 10) confirm
that trains of TS stimulations depressed the NTS-elPSCs.*P < 0.05.
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similarly depressed the sIPSC (by 39 & 7%) and mIPSC
(by 46 £ 10%) frequency in these seven neurones (paired
ttest, P > 0.05). There was no change in the holding
current during L-CCG-I (delta change = —0.9 + 7 pA).

Antagonist blockade of agonist effects

The effects of L-CCG-I on the eIPSCs and sIPSCs
were prevented by the GroupIl antagonist LY341495

A Before With After
TS train TS train TS train
* [ ] *
Control
20 ms
PDC
PDC +
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Control PDC LY341495
0 rsrsim—
£
£z 5, L
2]
5 0]
s
3 o -15 J'
Rel
2%
58 2
a
-30 - | | | ]
* *

Figure 4. The TS stimulation-induced depression of GABA
release to baroreceptor second-order NTS neurones is mediated
by glutamate spillover

A, an example of traces of NTS-elPSCs before, with and after TS train
in control (top), the presence of L-trans-pyrrolidine-2,4-dicarboxylic
acid (PDC) (middle), and PDC + LY341495 (bottom), from one
neurone. All experiments were performed with NBQX and AP5 in the
perfusate. ®, NTS stimulus. B, group data (n = 6) confirm endogenous
glutamate spillover-induced depression of GABA release in
baroreceptor second-order NTS neurones as it was enhanced by the
glutamate uptake inhibitor PDC (1 uMm), and attenuated by the

Group Il mGIuR antagonist LY341495 (200 nm).* P < 0.05.
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(200nm) (Fig.8). As shown by the group data
(n=5) in Fig.8A, LY341495 blocked the 1-CCG-I
induced reduction in eIPSC amplitude (paired f test,
P <0.05), and the increase in paired-pulse ratio (paired
ttest, P <0.05). Figure 8B shows that the GrouplII
antagonist also significantly blocked the decrease in sIPSC
frequency during 1-CCG-I perfusion (n = 6, paired ¢ test,
P <0.05).

Discussion

The data presented in this study suggest a new role
for Group II mGluRs in regulating baroreceptor signal
transmission through inhibition of GABA release at
second-order baroreceptor neurones. First, endogenous
glutamate released by stimulation of sensory afferent
fibres depressed the amplitude of NTS-evoked GABA
IPSCs at second-order baroreceptor neurones. The
depression was enhanced by increasing glutamate in

Glutamate spillover inhibits GABA release via mGluRs in NTS
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the synaptic cleft, abolished by a GroupIlI mGluR
antagonist, and mimicked by a Group II mGluR agonist
in a concentration-dependent manner. Evidence that
glutamate activated presynaptic mGluRs located on
GABA terminals to decrease GABA release emerged from
the following findings. The GroupII mGluR agonist
decreased the first of the NTS-evoked GABA IPSCs in
conjunction with an increase in the paired-pulse ratio
and decreased the frequency, but not amplitude, of
the sIPSCs and mIPSCs. These findings are consistent
with a presynaptic mechanism for decreasing GABA
release.

The physiological relevance of Group II mGluRs on
the GABA terminals turns on the extent to which the
receptors are activated by endogenous glutamate. The
close proximity of GABA interneurones and peripheral
afferent terminals (Magbool et al. 1991) provides
the neuronal configuration for endogenous glutamate
released from the peripheral afferent terminals to
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Figure 5. The Group Il mGIuR agonist L-CCG-I depressed the first NTS-elPSC and increased the
paired-pulse ratio in baroreceptor second-order NTS neurones

A, an example of traces of NTS-elPSCs before (control), during, and after (washout) (25,3S,45)-CCG/
(25,1'S,2'S)-2-carboxycyclopropyl (.-CCG-l) perfusion. ®, NTS stimulus. B, group data showing the peak amplitude
of first NTS-elPSCs averaged over the last 2 min of .-CCG-I perfusion, and expressed as percentages of the control
IPSC. C, group data showing that .-CCG-Il produced a concentration-dependent increase in the paired-pulse ratio.
All experiments were performed with NBQX and AP5 in the perfusate. Numbers in parentheses indicate number

of neurones.*P < 0.05.
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activate mGluRs on GABA terminals to modulate
both evoked and spontaneous GABA release at the
second-order baroreceptor neurones. We generated
endogenous glutamate release by electrically stimulating
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the sensory afferent fibres in the TS at a frequency (25 Hz)
to approximate a physiologically relevant frequency of
baroreceptor afferent fibre firing. The frequency was
based on data from rats showing that nonmyelinated
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Figure 6. The Group Il mGluR agonist L-CCG-I decreased the frequency but not the amplitude of sIPSCs

in baroreceptor second-order NTS neurones

A, an example of traces of recordings of sIPSCs before (control), during and after (washout) .-CCG-I perfusion.
B, cumulative probability of the interevent interval (left) and amplitude (right) before, during and after .-CCG-I
perfusion in the same neurone recorded in A. C, group data (n = 9) confirm that (-CCG-l decreased the sIPSC
frequency (left), but not the amplitude, suggesting a presynaptic mechanism. All experiments were performed

with NBQX and AP5 in the perfusate.* P < 0.05.
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aortic baroreceptor afferent fibres in the ADN discharge
with a resting frequency of ~2-5Hz, and a maximal
frequency of 20-23 Hz, and that the A§ fibres have a mean
frequency of ~28-34 Hz, and a maximal frequency of

A

Control rtw“‘,, -

L-CCG-I
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65-90 Hz (Thoren & Jones, 1977; Thoren et al. 1999).
In the whole animal, ADN stimulation at 25 Hz results
in a ~20 mmHg decrease in blood pressure, which is
about 66% of the maximal ADN stimulation-induced
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Figure 7. The Group Il mGluR agonist L-CCG-l decreased the frequency but not the amplitude of mIPSCs

in baroreceptor second-order NTS neurones

A, an example of traces of recordings of sIPSCs before (control), during and after (washout) .-CCG-l perfusion.
B, cumulative probability of the interevent interval (left) and amplitude (right) before, during and after (-CCG-I
perfusion in the same neurone as recorded in A. C, group data (n = 7) confirm that 1-CCG-I decreased the mIPSC
frequency (left), but not the amplitude, suggesting a presynaptic mechanism. All experiments were performed

with NBQX and AP5 in the perfusate.* P < 0.05.
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decrease in blood pressure (De Paula et al. 1999; Kobayashi
et al. 1999). An inevitable limitation of TS stimulation is
that it does not exclusively activate baroreceptor afferent
fibres. So, the release of glutamate from other sensory
afferent fibres in addition to the baroreceptor fibres
undoubtedly contributed to the endogenous glutamate
activation of the presynaptic mGluRs on the GABA
terminals. However, multiple visceral afferent fibres of
different modalities converge onto NTS neurones (Mifflin
et al. 1988; Felder & Mifflin, 1988; Mifflin, 1993, 1996;
Hines et al. 1994; Toney & Mifflin, 1994; Takagi et al.
1995; Silva-Carvalho et al. 1998), so it seems likely that
in the whole animal, endogenous glutamate could also
be released from baroreceptor afferent fibres either alone
or in combination with glutamate released from other
peripheral afferent fibres to activate the mGluRs on the
GABA interneurones. In this regard, inhibition of GABA
release via activation of mGluRs by glutamate spillover
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Figure 8. The effects of Group Il mGIuR agonist L-CCG-I (30 pM)
was blocked by the Group Il mGluR antagonist LY341495

(200 nm)

A, group data (n = 5) of the first NTS-elPSC (left) and the paired-pulse
ratio (right) expressed as percentage changes from control. B, group
data (n = 6) of the sIPSC frequency (left) and amplitude (right) during
L-CCG-l perfusion expressed as percentage changes from

control.*P < 0.05, .-CCG-l versus L-CCG-| + LY341495.
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from afferent fibres may not be limited to baroreceptor
second-order neurones.

The glutamate released at the 25 Hz TS input frequency
had a modest inhibitory effect on the amplitude of the
GABA eIPSCs measured at a single neurone. While a 10%
inhibition at one synapse may seem trivial, the culmination
of this inhibition of GABA release at many synapses
from glutamate spillover in the whole animal would
have a pronounced effect on baroreceptor signalling. In a
previous study, we examined the possible consequences
of a 10% inhibition of NTS output of baroreceptor signal
transmission due to frequency-dependent depression in
the NTS (Liu ef al. 2000). We simultaneously recorded
NTS single neurone and lumbar sympathetic nerve
activity (LSNA) during ADN stimulation. From curve
fitting to determine by how much the decrease in
LSNA would have been enhanced (if there were no
frequency-dependent depression in the NTS), the data
predicted that the baroreflex inhibition of sympathetic
nerve activity was reduced by 20% in the presence
of a subtle (10%) reduction in glutamatergic synaptic
transmission between the ADN and the NTS neurone
due to the frequency-dependent depression. Although
extrapolating the data from measuring glutamatergic
synaptic transmission (previous study) to the present study
measuring IPSCs is speculative, it provides an example
of the potential impact of a subtle reduction in IPSC
amplitude recorded in an NTS baroreceptor neurone in
the whole animal.

In order to maximize the detection of the effect of the
mGluRs, we used the glutamate uptake inhibitor PDC to
increase the amount of glutamate in the synaptic cleft. The
degree of inhibition of the GABA eIPSC was increased
from 10 to 25%. Regardless of whether PDC was used, the
mGluR antagonist abolished the inhibition of the GABA
eIPSC following TS stimulation.

The amount of glutamate in the cleft available to
spill over to activate mGluR on GABA terminals might
be expected to be regulated by surrounding glia. The
extent to which the glia mop up the glutamate depends
on the frequency of neuronal activity. Studies in other
networks indicate that glutamate transporters located
on glia can clear glutamate diffused from synaptic cleft
during low neuronal activity (Bergles & Jahr, 1997; Lehre
& Danbolt, 1998; Ventura & Harris, 1999). However,
at the slightly higher frequencies, such as observed in
the present study, the transporters are not sufficient
to clear the glutamate, therefore resulting in ‘glutamate
spillover’ (Mitchell & Silver, 2000; Semyanov & Kullmann,
2000; Arnth-Jensen et al. 2002; Piet et al. 2003, 2004).
In the present study, the finding that the mGluR
antagonist prevented the effect of endogenous glutamate
on the GABA eIPSCs is consistent with the hypothesis
that there was sufficient glutamate to activate the
mGluRs.
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To establish whether activation of the GroupIl
mGluRs depressed GABA transmission by a presynaptic
mechanism, we determined the effect of the mGIluR
agonist L-CCG-I on the amplitude of the NTS-evoked
GABA IPSCs in conjunction with the paired-pulse
ratio of two consecutively evoked IPSCs, and on the
frequency and amplitude of sSIPSCs and mIPSCs. L.-CCG-I
produced a concentration-dependent inhibition of the
peak amplitude of the GABA eIPSC in conjunction with
an increase in the paired-pulse ratio, evidence that the
inhibition was mediated by activation of presynaptic
mGluRs (Debanne et al. 1996; Saitow et al. 2000; Jang et al.
2001; Morisset & Urban, 2001; Kato & Shigetomi, 2001;
Behr et al. 2002; Dietrich et al. 2002; Kerchner & Zhuo,
2002; Kirischuk et al. 2002; Kline et al. 2002; Saviane et al.
2002; Hjelmstad & Fields, 2003; Jeong et al. 2003; Kombian
et al. 2003; Sekizawa et al. 2003). Had the mGluR agonist
acted postsynaptically to decrease GABA responsiveness
of the baroreceptor neurone, then the amplitudes of the
first and second eIPSCs would have decreased to the
same extent resulting in an unchanged paired-pulse ratio
(Henneberger et al. 2002; Chang et al. 2003; Scheiderer
etal. 2004).

The presynaptic locus was further confirmed by the
findings that the frequencies of the sIPSCs and mIPSCs
were decreased, while the amplitudes remained unchanged
(Koyama et al. 1999, 2000, 2002; Glitsch & Marty, 1999;
Cooper & Stanford, 2001; Iyadomi et al. 2000; Kishimoto
et al. 2001; Doi et al. 2002; Kerchner & Zhuo, 2002;
Jeong et al. 2003; Lim et al. 2003; Mtchedlishvili & Kapur,
2003; Ziskind-Conhaim et al. 2003; Huang & Bordey,
2004). Had the agonist acted at postsynaptic mGluRs to
decrease GABA transmission, then the amplitudes rather
than frequencies of the sIPSCs and mIPSCs would have
decreased (Henneberger et al. 2002), and the holding
current would have changed (Brussaard et al. 1996; Wardle
& Poo, 2003). The demonstration that mIPSC frequency
decreased the same as the sIPSC frequency suggests that
the agonist depressed the GABA release mainly by
activation of the mGluRs located on the terminals rather
than preterminal axons or cell bodies (Banks ef al.
2002).

Taken together, the findings are consistent with
the hypothesis that glutamate spillover from sensory
afferent fibres activates presynaptic GroupII mGluRs
on nearby GABA terminals to suppress GABA release
at second-order baroreceptor neurones. A number of
mechanisms have been shown to fine-tune baroreceptor
signal output of NTS neurones (Chiba & Kato, 1978;
Glaum & Miller, 1993; Liu et al. 1998; Zhang & Mifflin,
1998; Kato & Shigetomi, 2001; Chen et al. 2002; Kline
et al. 2002; Seagard et al. 2003). The distinctive feature
of the glutamate—-mGluR-GABA interaction is that
the glutamate, through activation of mGluRs, can
regulate not only its own release, but also that of a
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major inhibitory input. The question is how are these
opposing effects integrated to shape the NTS output of
the baroreceptor signal. At the very least, the opposing
effects provide a flexible mechanism for glutamate
regulation of baroreceptor signalling, such that depending
on other synaptic inputs or intrinsic excitability of the
neurone, the excitability could be enhanced (by greater
inhibition of GABA) or blunted (by greater inhibition
of glutamate). The opposing mechanisms might also
provide a means of enhancing the storage capacity of
the network and preventing neurones from becoming
overactive and energy depleted (Vogt & Nicoll, 1999;
Paton et al. 2001). Finally, they could boost transmission
of excitatory information while increasing the
signal-to-noise  (depression of glutamate release)
during higher baroreceptor inputs (Chen et al. 1999;
Piet et al. 2004). In any event, these opposing effects
appear to be an important characteristic in glutamate
transmission, inasmuch as they have been demonstrated
in other neural networks. (Bonci et al. 1997; Schrader
& Tasker, 1997; Wittmann et al. 2001; Matsui & Kita,
2003).

In conclusion, the findings present new evidence
suggesting that glutamate released at the first central
baroreceptor synapses can not only regulate its own
signalling, but can further shape baroreceptor signal
transmission by suppressing GABA release. While
regulation of glutamate release by activation of presynaptic
autoreceptors on glutamatergic terminals has been
demonstrated throughout the CNS, the heterosynaptic
regulation of GABA release appears to be much less
common, possibly because of the requirement for
an appropriate configuration of GABA and glutamate
terminals. The results underscore the complexity and
flexibility of mGluR modulation of baroreceptor
signalling in the NTS, and may help to explain the
excitatory contribution of mGluRs as determined by in
vivo microinjection studies. The challenge will be to build
on these studies to determine when and where suppression
of glutamate or GABA dominates the NTS output.
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