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Conditions such as anxiety, drug abuse, and post-traumatic stress disorder are thought to reflect alterations in central nervous system

stress and reward circuitry. Recent evidence suggests a key component of this circuitry is the bed nucleus of the stria terminalis (BNST).

In particular, regulation of glutamatergic transmission in the BNST plays a critical role in animal performance on anxiety tasks.

Metabotropic glutamate receptors (mGluRs) have been implicated in stress and drug addiction and are known to regulate glutamatergic

transmission in many brain regions. We have utilized both extracellular field potential and whole-cell patch-clamp recording in an in vitro

slice preparation of mouse dorsal anterolateral BNST to determine whether Gi/o-linked mGluRs modulate excitatory transmission in this

region. We find that activation of group II and group III mGluRs in an in vitro slice preparation of the dBNST causes a depression of

excitatory transmission. The depression evoked by group II mGluR activation may represent a form of synaptic plasticity as prolonged

activation of the receptor produces a long-term depression of glutamatergic transmission. Based on paired-pulse ratio analysis, initiation

of depression by group II and group III mGluR subfamilies appears to, at least in part, involve decreased glutamate release. In total, our

data suggest a plausible site of action for some of the anxiolytic effects of group II and group III mGluR agonists.
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The bed nucleus of the stria terminalis (BNST) is a key
intermediary in the stress response pathway of the brain,
and in the integration of stress and reward pathways
(Herman and Cullinan, 1997; Delfs et al, 2000; Shaham et al,
2000). The BNST receives glutamatergic input from the
ventral subiculum, the limbic cortex and the basal lateral
amygdala (BLA) (Walker et al, 2003), as well as dense
neuromodulatory inputs from the noradrenergic, seroto-
nergic and dopaminergic pathways (Phillipson, 1979; Phelix
et al, 1992). The BNST sends a number of projections to
regions comprising the central autonomic control system,
as well as reward circuitry (Phillipson, 1979; Dong and
Swanson, 2004). For example, the BNST sends projections
to the paraventricular nucleus of the hypothalamus (PVN)

to regulate hormonal corticotrophin releasing factor (CRF)
release, pituitary activation and ultimately, the stress
response. Further, the BNST monosynaptically regulates
the ventral tegmental area (VTA) (Georges and Aston-Jones,
2002).
Consistent with its interconnections with the BLA and the

PVN, the BNST plays a critical role in anxiety (Davis et al,
1997; Herman and Cullinan, 1997; Walker et al, 2003).
Inhibition of fast excitatory transmission in the BNST by
injection of an AMPA receptor antagonist blunts anxiety
responses (Walker and Davis, 1997), suggesting that
regulation of glutamatergic transmission in this region
may be an important target for anxiolytic and anxiogenic
stimuli. Therefore, a detailed understanding of the mechan-
isms involved in the regulation of glutamatergic transmis-
sion in the BNST could lead to the development of novel
anxiolytic therapeutics.
Metabotropic glutamate receptors (mGluRs) are G-

protein coupled receptors that modulate glutamatergic
synaptic transmission in a number of different brain
regions. Eight known subtypes of mGluRs are classified
into three groups based on pharmacology, effector coupling
mechanisms, and sequence homology. Group I receptors
(mGluR1 and mGluR5) are linked to Gq, whereas, group II
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(mGluR2 and mGluR3) and group III (mGluR4, mGluR6,
mGluR7, and mGluR8) mGluRs are coupled to Gi/o (for
reviews, see Conn and Pin, 1997; Anwyl, 1999).
Behavioral studies, both in rodent models of anxiety

(Helton et al, 1998; Klodzinska et al, 1999; Linden et al,
2002; Tizzano et al, 2002; Linden et al, 2003) and in humans
(Grillon et al, 2003; Schoepp et al, 2003), suggest that group
II and III mGluR ligands may represent useful approaches
to treat anxiety. These receptors regulate glutamatergic
transmission in several different brain regions, in many
cases inhibiting transmission (Heinbockel and Pape, 2000;
Lin et al, 2000; Kahn et al, 2001; Otani et al, 2002;
Robbe et al, 2002), and in other cases enhancing trans
mission (Evans et al, 2000; Rush et al, 2001; Wu et al,
2004). Group II and III mGluRs have been shown to
function in brain regions involved in stress responses. For
instance, group II mGluRs provide tonic regulation of
glutamatergic transmission in the hypothalamic–pituitary–
adrenocortical (HPA) axis (Scaccianoce et al, 2003) and
inhibition of glutamatergic transmission in the PFC (Otani
et al, 2002), Group III mGluRs induce a long-lasting
potentiation of glutamatergic transmission in the BLA
(Neugebauer et al, 1997) and inhibit glutamatergic trans-
mission in the PVN (Schrader and Tasker, 1997). Both
group II and group III mGluRs have been shown to inhibit
glutamatergic transmission in the central nucleus of the
amygdala (Neugebauer et al, 2000), and hippocampus
(Capogna, 2004).
Immunohistochemical studies suggest expression of

mGluR2, mGluR3 (Ohishi et al, 1998; Tamaru et al, 2001),
and mGluR7 in the BNST (Kinoshita et al, 1998) as well as
mRNAs for mGluR7 but not mGluR4 (Kinzie et al, 1995;
Ohishi et al, 1995). To date, the actions of mGluRs on
glutamatergic transmission in the BNST have not been
reported. Therefore, we utilized two distinct electrophysio-
logical methods, extracellular field potential and whole-cell
patch-clamp recordings, to determine the effect of activa-
tion of group II and group III mGluRs on excitatory
transmission in BNST. We find that both group II and
group III mGluRs elicit a long-lasting inhibition of
excitatory synaptic transmission in the BNST.

MATERIALS AND METHODS

Brain Slice Preparation

Male C57Bl6/j mice (6–10 weeks old, Jackson Laboratories)
were decapitated under anesthesia (Isoflurane). For inter-
face chamber recordings, the brains were quickly removed
and placed in ice-cold artificial cerebro-spinal fluid (ACSF)
(in mM: 124 NaCl, 4.4 KCl, 2 CaCl2, 1.2 MgSO4, 1 NaH2PO4,
10 glucose, and 26 NaHCO3). Slices 300 mm in thickness
were prepared using a vibratome (Leica). Rostral slices
containing anterior portions of BNST (bregma 0.26mm to
0.02mm) (Franklin and Paxinos, 1997) were identified
using the internal capsule, anterior commissure, fornix, and
stria terminalis as landmarks as previously described (Egli
and Winder, 2003; Egli et al, in press; Weitlauf et al, 2004).
Slices were then transferred to either an interface recording
chamber (field potential recordings, B281C), a submerged
recording chamber (whole-cell patch-clamp recordings, 24–
251C), or a submerged holding chamber (251C) where they

were perfused with oxygenated (95% O2/5% CO2) ACSF at a
rate of 2ml/min. Slices were allowed to equilibrate in
normal ACSF for 1 h before experiments began.

Extracellular Field Recordings

Low-resistance (2–3MO) extracellular electrodes were
pulled with borosilicate glass on a Flaming-Brown Micro-
pipette Puller (Sutter) and were filled with ACSF. Stimulat-
ing electrodes consisted of twisted, insulated nichrome
bipolar wire. Stimulating electrodes were placed on the
dorsal anterolateral BNST (dBNST) border of the internal
capsule approximately 200–500mm dorsal to the anterior
commissure. Field potential responses were evoked at a
frequency of 0.05Hz using a stimulus range of 5–15V
at a duration of 100–150ms. Experiments were performed
in a heated (B281C) interface-style recording chamber
(Fine Science Tools) as previously reported (Weitlauf
et al, 2004; Egli et al, in press). All recordings were
performed in the presence of 25 mM picrotoxin. Data points
are represented as averages of the peak amplitude at 1min
intervals.

Whole-Cell Voltage-Clamp Recordings

Slices were prepared as above except the dissection solution
was a low Naþ /high sucrose solution. Recordings were
performed in a submerged chamber continuously perfused
at a rate of 2ml/min with oxygenated ACSF (24–251C).
Electrodes of 3.0–5.0MO were pulled on a Flaming-Brown
Micropipette Puller and were filled with (in mM): Kþ

gluconate or Cs gluconate (135), NaCl (5), HEPES (10),
EGTA (0.6), ATP (4), GTP (0.4), and biocytin (0.1%). Effects
of mGluR ligands on glutamatergic transmission obtained
with these two internal solutions were comparable and
therefore pooled. All cells recorded from were voltage-
clamped at �70mV. Excitatory post-synaptic currents
(EPSCs) of 100–400 pA were acquired by a Multiclamp
amplifier (Axon Instruments), digitized and analyzed via
pClamp 9.0 software (Axon Instruments). Input resistance
(Kþ 140–800MO; Csþ 400–5000MO), holding current,
and access resistance (12–45MO) were all monitored
continuously throughout the duration of the experiments
(see Figure 4a). Experiments in which changes in access
resistance were greater than 20% were not included
in the data analysis. Stimulating electrodes and their
placement were identical to field potential recordings.
Stimulus intensity ranged from 6 to 30V with 100 ms
duration. Events were recorded at a frequency of 0.17Hz.
Data are represented as a 1min average of the peak
amplitudes.

Drug Application

All experiments were performed in the presence of
picrotoxin (25 mM). Where indicated in the text, the
following drugs were bath applied. Tetrodotoxin (TTX,
1mM) and 6-cyano-7-nitroquinoxaline-2,3-dione disodium
salt (CNQX, 10 mM) were purchased from Sigma-Aldrich (St
Louis, MO). (2S,20R,30R)-2-(20,30-dicarboxycyclopropyl)gly-
cine (DCG-IV, 1 mM), L-(þ )-2-amino-4-phosphonobytyric
acid (L-AP4), DL-2-amino-5-phosphonovaleric acid (APV,
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10 mM), (2S)-2-amino-2-[(1S,2S)-2-carboxycycloprop-1-yl]-
3-(xanth-9-yl) propanoic acid, (LY341495, 1 mM), and (S)-
3,4-dicarboxyphenylglycine (DCPG, 30 mM) were purchased
from Tocris. Dimethyl sulfoxide (DMSO) was the carrier
for picrotoxin (0.02% v/v). (1S,2S,5R,6S)-2-aminobicyclo
[3.1.0]hexane-2,6-dicarboxylic acid (LY 354740) was a gift
from Dr Darryle Schoepp (Eli Lilly).

RESULTS

Local Stimulation in the dBNST Yields an Excitatory
Response

Consistent with previous results (Weitlauf et al, 2004; Egli
et al, in press), as shown in Figure 1, brief, local, single-
pulse stimulation (50–100 ms) in dBNST from 6–10-week-
old male C57Bl6/J mice yields a short latency extracellular
waveform in an interface chamber, which typically includes
a biphasic negative potential in the presence of 25 mM
picrotoxin (Figure 1a, b). The first downward deflection
(referred to as N1) of the biphasic peak is abolished by the
sodium channel blocker, TTX (1 mM) (Figure 1a). Thus, the
N1 is thought to be indicative of an axonal response and to
reflect the number of axons/cells directly stimulated in the
field. The second peak (referred to as N2) also is abolished
by TTX, but in addition is sensitive to CNQX, an AMPA/
kainate receptor antagonist, suggesting that it is driven by
excitatory glutamatergic transmission (Figure 1b).

Whole-cell patch-clamp recordings were acquired in cells
from the same region of the dBNST as the field potential
recordings in a submerged chamber. Current–voltage
relationships obtained from these neurons (Figure 2a) are
consistent with those previously reported (Rainnie, 1999;
Egli and Winder, 2003). Synaptic stimulation in the
presence of 25 mM picrotoxin, at a holding potential of
�70mV elicited an excitatory postsynaptic current (EPSC,
Figure 2b). This EPSC had a reversal potential of near 0mV
when corrected for junction potential (Figure 2b), was
stable for long periods of time (Figure 2c), and was
abolished by CNQX at �70mV (Figure 2d). The EPSC
under basal stimulation is unaltered in the presence of the
NMDA antagonist DL-AP5 (data not shown). These data
indicate that the postsynaptic currents elicited by a brief
stimulus are primarily mediated by non-NMDA glutamate
receptor subtypes.

Group II mGluR Activation Inhibits Excitatory Field
Potentials in the dBNST

To determine the role of activation of group II mGluRs on
excitatory synaptic transmission in dBNST, we assessed the
effects of application of specific group II mGluR agonists on
both the extracellular N2 response and the EPSC. To
evaluate the effect of group II mGluR activation on the
CNQX-sensitive N2 potential in dBNST slices, the group II
mGluR agonist LY354740 (1 mM for 15min) was bath
applied in an interface recording chamber. LY354740
caused a transient, reversible depression of the field
potential to 74.874.7% of baseline that was not associated
with any changes in the N1 response (Figure 3a). This action
was blocked by pretreatment of the slice with the mGluR
antagonist LY341495 (1 mM, Figure 3b), which had no effect
on basal transmission when applied alone (data not shown).
Furthermore, the effect of LY354740 on field recordings was
mimicked by another selective group II mGluR agonist
DCG-IV. Perfusion of DCG-IV (1 mM, 15min, in presence of
DL-APV to block potential direct actions of the drug at
NMDA receptors ) caused a reversible depression of the N2
amplitude to 70.073.6% of baseline (Figure 3c).

Group II mGluR Activation Inhibits Synaptically Evoked
EPSCs in the dBNST in a Dose-Dependent Manner

The inhibition of the field potential response observed
above could be through mGluRs acting at a number of
different levels. To more specifically isolate glutamatergic
synaptic transmission, we determined the effect of activa-
tion of group II mGluRs on voltage-clamped EPSCs. Similar
to field potential results described above, brief perfusion of
LY354740 (1 mM for 5min) during whole-cell voltage-clamp
recordings of dBNST neurons caused a transient depression
of EPSCs. Peak depression was 53.473.9% of baseline
(Figure 4a, b). The LY354740 elicited inhibition of EPSC
amplitude returned to baseline levels approximately 30min
post washout. As shown in representative fashion in
Figure 4a, this depression of the EPSC was not associated
with marked changes in the holding current or input
resistance (Rm). LY354740-induced suppression of EPSCs
was concentration-dependent, with an EC50 of B6.0 nM
(Figure 4c).

Figure 1 Characterization of field potential responses in BNST. (a) Time
course of the effects of TTX (1 mM for 15min, n¼ 5) on the N1 and N2 of
the BNST field potential. Inset, representative traces of a BNST field
potential pre- and post-TTX (1mM) application. (b) Time course of the
effects of CNQX (10 mM for 15min, n¼ 6) on the N1 and N2 of the
BNST field potential. Inset, representative traces of a BNST field response
pre- and post-CNQX (10 mM) application.
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Similar to field potential effects, LY341495 (1mM) blocked
the depression of EPSCs induced by LY354740. In the
presence of LY341495, the depression induced by LY354740

was 101.3710.1% of baseline (Figure 4d). These results
suggest that a group II mGluR inhibits excitatory transmis-
sion in the dBNST.

Figure 2 Characterization of synaptically evoked EPSCs in the BNST. (a) Representative trace of an I–V relationship of a BNST neuron. Cell was voltage
clamped at �70mV and stepped in 10mV intervals from �100 to �20mV. Scale indicates 100 pA and 2ms. (b) I–V plot of EPSC. Inset represents traces at
�70 and þ 40mV. (c) Stability of evoked EPSCs in the BNST (n¼ 4). (d) Time course of effects of CNQX on EPSCs in the BNST (n¼ 3).

Figure 3 Group II activation depresses synaptic field potentials in the BNST. Time course of effects of group II mGluR compounds on excitatory
transmission in the BNST. (a) LY354740 (1 mM, 15min, n¼ 5) significantly reduced field potential amplitude in the BNST. The effects of LY354740 were
completely reversible 30min following washout. (b) The effects of LY354740 (1mM) were blocked by LY341495 (1mM LY341495, n¼ 5). (c) DCG-IV
(1mM, 15min, in presence of 100 mM AP-5, n¼ 5) also inhibits N2 responses. Scale indicates 0.2mV and 20ms.
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Group II mGluR Activation Induces a Long-Term
Depression of Excitatory Transmission in the dBNST

At many glutamatergic synapses in the CNS, mGluR
activation can recruit a lasting reduction in synaptic
efficacy. In particular, group II mGluR activation has been
shown to reduce synaptic efficacy persistently at several
different CNS synapses (Huang et al, 1999a; Otani et al,
1999; Lin et al, 2000; Kahn et al, 2001). While brief
application of the group II mGluR agonist LY354740
produced only a transient depression of synaptic transmis-
sion, we find that more prolonged activation of the receptor
produced a persistent depression of synaptic transmission
in dBNST (Figure 5a). The effect is unlikely to be mediated
simply by poor pharmacokinetics, as bath application of the
antagonist LY341495 (1 mM) 30min following washout of
the agonist failed to reverse the depression (Figure 5b). This
concentration of LY341495 was sufficient to abolish the
effects of LY354740 when applied immediately prior to
agonist application (Figure 4d).

Group III mGluR Activation Depresses Glutamatergic
Transmission in the dBNST

To test the potential role of group III mGluRs in regulating
glutamatergic transmission in the dBNST, we bathed slices
with increasing concentrations of the group III mGluR
agonist, L-AP4. At the maximal concentration tested
(1mM), L-AP4 induced a depression of EPSC amplitude to

41.076.9% of the baseline amplitude that only partially
reversed to 69.679.9% of baseline 40min after washout
(Figure 6a). No changes in postsynaptic properties were
observed. The dose–response relationship suggests a low
potency for L-AP4, since 1mM L-AP4 did not clearly
saturate the effect (Figure 6c). To begin to determine which
subtypes of group III mGluRs may participate in regulating
glutamatergic transmission in dBNST, we also utilized the
mGluR8 specific agonist DCPG. 30 mM DCPG elicited a
depression of EPSC amplitude to 70.477.9% of the baseline
amplitude (Figure 6b).

Activation of Group II Receptors does not Enhance
Group III mGluR-Mediated Inhibition

Multiple brain regions provide glutamatergic input into the
dBNST, including the BLA, subiculum, and prelimbic
cortical areas. While both group II and group III mGluR
activation robustly inhibits EPSCs in the dBNST, neither
completely abolishes the response. To begin to determine
whether group II and group III mGluRs act at the same
synapses through the same mechanisms, we coapplied these
agonists at the maximal concentrations we utilized.
Coapplication of 1mM LY354740 (a saturating concentra-
tion based on the concentration–response curve) and 1mM
L-AP4 for 5min resulted in a depression of EPSC amplitude
to 34.577.2% (Figure 7). The effect partially reversed to a
magnitude of 64.9711.2% baseline. The coapplication of
LY354740 and L-AP4 did not significantly alter EPSCs

Figure 4 Inhibition of EPSCs in BNST neurons by activation of group II mGluRs is concentration dependent. (a) Representative experiment illustrating the
lack of postsynaptic effects and the depression of excitatory synaptic transmission by LY354740 (1 mM, 5min). (b) Average results of 5min application of
LY354740 (n¼ 6). (c) Depression of synaptic transmission by LY354740 is concentration dependent (n¼ 3–6). (d) The effects of LY354740 were blocked
by LY341495 (n¼ 3).

mGluRs in the BNST
BA Grueter and DG Winder

1306

Neuropsychopharmacology



compared with the effects of L-AP4 at the concentrations
used (34.577.2 vs 41.076.9% of baseline for LY354740þ
L-AP4 and L-AP4 alone, respectively; p40.05). Thus, these
data suggest that the mGluRs mediating the actions of these
drugs may be expressed on a common set of synapses.

Group II and Group III mGluR Depression of EPSC
Amplitude is Associated with Enhancement of
Paired-Pulse Ratios in the dBNST

To begin to determine the locus of the actions of group II
and group III mGluRs in regulating EPSC amplitude, we

incorporated paired-pulse ratio (PPR) measurements in our
experimental design. Alterations in PPR are classically
interpreted as suggestive of a change in presynaptic
function. As seen in Figure 8a, 5min application of
LY354740 caused a marginal increase in PPR. A more
robust and persistent increase in PPR was seen with the
longer application of LY354740 (Figure 8b). Interestingly,
the enhancement of group II mGluR-mediated effects on
PPR mirrored that of the inhibition of the EPSCs. Activation
of group III mGluRs by L-AP4 also led to a long-lasting
increase in PPR that mirrored the inhibition of the EPSCs
(Figure 8c). As shown in Figure 8d, both LY354740 and
L-AP4 significantly increased PPR.

DISCUSSION

The BNST, and in particular glutamatergic transmission
within the BNST, is believed to be a critical substrate for
stress/anxiety pathways. Metabotropic glutamate receptor
ligands, in particular group II and group III mGluR
agonists, produce anxiolytic effects on animal behavior in
a variety of tasks (Klodzinska et al, 1999; Tatarczynska et al,
2002; Schoepp et al, 2003; Palucha et al, 2004); however to
date, the sites of actions responsible for these effects are

Figure 5 Group II mGluR activation induces LTD in the BNST. (a)
Application of LY354740 (1mM) for an extended time period (1 mM,
15min) resulted in a depression of synaptic transmission that persisted in
the absence of the drug (n¼ 9). (b) Application of LY341495 (1mM)
30min post-LY354740 washout fails to reverse depression of EPSC
(n¼ 3).

Figure 6 Group III mGluR activation inhibits EPSCs in the BNST. (a) 1mM L-AP4 caused a lasting depression in synaptic transmission (n¼ 6). (b) Effects of
30mM DCPG on synaptic transmission in the BNST. (c) Effects of 10, 100 mM, and 1mM L-AP4 on EPSC amplitude (n¼ 5–6).

Figure 7 Group II receptor activation fails to enhance group III mediated
inhibition of EPSCs in the BNST. Time course of effects of LY354740
(1mM), L-AP4 (1mM), and coapplication of the agonists for 5min on EPSCs
in the BNST (n¼ 4).
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unknown. In this study, we report that fast glutamatergic
transmission in the BNST of adult mice is depressed by
these ligands.
Consistent with the function of group II mGluRs in other

brain regions (Bushell et al, 1996; Macek et al, 1996;
Kilbride et al, 1998), we find selective activation of
group II mGluRs in the BNST can produce a reversible
depression of synaptic transmission. We find that two
group II mGluR selective agonists, DCG-IV and LY354740
(Schoepp et al, 1997), inhibited glutamate-dependent
field potentials and EPSCs, and that this effect was
blocked by LY341495 at concentrations selective for group
II mGluRs. The effect of LY354740 on EPSCs is potent
and concentration-dependent, with maximal depression
elicited by 100 nM LY354740. As DCG-IV has agonist
activity at the NMDA receptor at higher concentrations
(Uyama et al, 1997), we performed experiments with this
compound in the presence of the NMDA receptor
antagonist DL-AP5.

For the study of group III mGluRs, we also used two
agonists, L-AP4 and DCPG. L-AP4, the most commonly
used selective group III agonist has a high affinity for
mGluR4/6/8 and a low affinity for mGluR7 (Cartmell
and Schoepp, 2000). DCPG, a more recently described
group III mGluR agonist, is a relatively specific mGluR8
agonist (Linden et al, 2003). The dose–response
relationship for L-AP4 suggests the involvement of mGluR7,
since high concentrations of L-AP4 did not produce
saturating actions. Consistent with this idea, anatomical
evidence points to the expression of mGluR7, with weaker,
if any, expression of mGluR4 in dBNST (Kinzie et al, 1995;
Ohishi et al, 1995; Kinoshita et al, 1998). However,
significant effects were observed with low concentrations
of L-AP4, suggesting the possible involvement of other
group III mGluRs. Consistent with this, we find that the
mGluR8 agonist DCPG also decreases excitatory transmis-
sion. At present, it is unclear where mGluR8 is localized
within BNST.

Figure 8 Group II or III mGluRs function has a presynaptic locus. (a) Time course of PPR from cells in which LY354740 was applied over 5min (n¼ 6).
Insets are representative traces from time points indicated for a–c. (b) Time course of PPR from cells in which LY354740 was applied over 15min (n¼ 9).
(c) Time course of PPR from cells in which 1mM L-AP4 was applied (n¼ 6). (d) Graph of PPR at the initial peak depression of the EPSC. Arrow indicates
time at which analysis was performed. Scales indicate 100 pA and 20ms.
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Group II mGluRs Modulate Excitatory Transmission

Group II mGluRs are located primarily presynaptically and
function to modulate transmitter release (Shigemoto et al,
1996, 1997; Conn and Pin, 1997; Anwyl, 1999), although
there is also evidence for the function of group II mGluRs
postsynaptically (Otani et al, 2002). Group II mGluRs can
couple to a variety of effector systems (Conn and Pin, 1997),
including regulation of cAMP production, direct modula-
tion of ion channels, and in some cases activation of PLC
and PLD (Otani et al, 2002). Consistent with immuno-
histochemical evidence of the presence of mGluR2 and
mGluR3 in the BNST (Ohishi et al, 1998; Tamaru et al,
2001), our data suggest group II mGluRs function to
decrease excitatory transmission in this region. The
depression of glutamatergic transmission by group II
mGluR agonists that we observed was accompanied by
marked alterations in PPR, suggesting that the actions of the
group II mGluRs in this case is likely a presynaptic one.
Interestingly, we found that while brief application of the

group II agonists produced a reversible depression of
glutamatergic transmission, more prolonged activation of
the receptors produced a persistent, likely presynaptically
mediated, depression of synaptic transmission in the BNST.
This persistent depression does not appear to be due to
poor pharmacokinetics or a constitutively activated group II
mGluR since late application of the antagonist LY341495
did not reverse the depressed EPSC.
Long-term depression (LTD) of excitatory transmission

induced by activation of group II mGluRs has been reported
in a number of brain regions. For example, group II mGluR-
dependent LTD has been demonstrated in the BLA (Lin et al,
2000), the nucleus accumbens (Robbe et al, 2002), the
striatum (Kahn et al, 2001), and the mossy fiber-CA3
synapse (Kobayashi et al, 1996). In these regions, evidence
suggests that the persistent depression is mediated pre-
synaptically via a reduction in glutamate release. In
contrast, thalamic inputs to the lateral nucleus of the
amygdala (Heinbockel and Pape, 2000), as well as glutama-
tergic synapses in the dentate gyrus and medial prefrontal
cortex (Huang et al, 1999b; Otani et al, 2002) undergo a
group II mGluR-mediated LTD that appears to be
postsynaptically elicited. The LTD that we observe in the
BNST is associated with a persistent alteration in PPRs,
suggesting that it may be mediated by presynaptic
alterations in glutamate release. In contrast to group I
mGluR LTD in the hippocampus (Palmer et al, 1997), yet
similar to group II LTD in the striatum (Kahn et al, 2001),
LTD in the BNST was not caused by slow washout of
LY354740 or a constitutively activated receptor because
application of the group II antagonist LY341495 during the
washing period did not affect the magnitude of LTD.

Group III mGluRs Modulate Excitatory Transmission
in the BNST

In addition to the effects of group II mGluR activation, the
group III agonist L-AP4 clearly inhibited the synaptically
evoked responses of BNST neurons. Like group II mGluRs,
group III mGluRs are coupled to a variety of effectors,
including inhibition of cAMP production, and direct
modulation of ion channels (Conn and Pin, 1997).

As with the group II mGluR activation, we find that
activation of group III mGluRs can elicit a lasting,
presynaptically mediated depression of EPSCs in the BNST,
suggesting that activation of group III mGluRs may also
produce LTD in this region. Indeed, LTD requiring group
III mGluRs has been observed at glutamatergic inputs on
interneurons in CA3 (Laezza et al, 1999). Unfortunately,
however, at present we cannot rule out the possibility that
the persistent depression is a consequence of poor drug
washout since antagonist development for group III
mGluRs has lagged behind the other groups.

Group II mGluR Activation Fails to Enhance Inhibitory
Effects of Group III mGluR Activation

Multiple mGluRs with different signaling cascades have
been shown to function at the same synapses (Chen and van
den Pol, 1998). We find that activation of group II or group
III mGluRs does not completely block excitatory transmis-
sion in the BNST. We therefore hypothesized that either (1)
the receptors function at differing afferent pathways or (2)
there was incomplete modulation of glutamatergic trans-
mission by activation of mGluRs at each synapse. In order
to begin to test if group II and group III mGluRs act on
different inputs or different signaling pathways we coap-
plied specific agonists. Activation of group II mGluRs did
not enhance the inhibition induced by the group III agonist.
This suggests the interesting possibilities that either these
mGluRs function at a common pool of afferent inputs and/
or that they converge to some degree on common effector
pathways. Future higher resolution anatomical studies
combined with more mechanistic studies will be necessary
to address these possibilities.

Behavioral Relevance

The present findings are consistent with the anxiolytic
properties of agonists of group II and group III receptors.
AMPA receptor antagonists directly injected into the BNST
reduce potentiated startle responses (Walker and Davis,
1997), suggesting that dampening fast glutamatergic signal-
ing in the BNST can produce anxiolytic responses. Thus, the
depression of this transmission produced by group II and
group III mGluR agonists that we observe in the present
study would be predicted to have similar outcomes on
behavior. Reduced glutamatergic drive within the BNST
would likely decrease output to the stress and reward
circuitry, potentially reducing recruitment of the HPA axis.

CONCLUSIONS

The BNST plays a critical role in the response to stress and
anxiety through a mechanism that involves excitatory
glutamatergic transmission. The present study has demon-
strated that excitatory transmission in the BNST is
modulated by activation of group II and group III mGluRs.
Thus, mGluRs within the BNST represent a candidate
therapeutic target for the treatment of anxiety disorders.
Behavioral studies will be necessary to test this possibility.
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