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We studied how metabotropic glutamate receptor (mGluR) ac-
tivation modifies the synaptic and intrinsic membrane proper-
ties of neonatal rat trigeminal motoneurons using the broad-
spectrum mGluR agonist (1S,3R)-1-amino-1,3-cyclopentane-
dicarboxylic acid [(1S,3R)-ACPD], group I/II antagonist (6)-a-
methyl-4-carboxy-phenylglycine (MCPG), and group III agonist
L-2-amino-4-phosphonobutanoate (L-AP4). (1S,3R)-ACPD de-
pressed excitatory transmission to trigeminal motoneurons pr-
esynaptically and postsynaptically via presynaptic inhibition
and by reducing the currents carried by ionotropic glutamate
receptors selective for AMPA. (1S,3R)-ACPD also depolarized
trigeminal motoneurons and increased input resistance by sup-
pressing a Ba21-sensitive leakage K1 current. These effects
were not mimicked by L-AP4 (100–200 mM). High-threshold

Ca21 currents were also suppressed by (1S,3R)-ACPD. Repet-
itive stimulation of excitatory premotoneurons mimicked the
postsynaptic effects of (1S,3R)-ACPD. The postsynaptic effects
of (1S,3R)-ACPD and repetitive stimulation were both antago-
nized by MCPG, suggesting that mGluRs were similarly acti-
vated in both experiments. We conclude that mGluRs can be
recruited endogenously by glutamatergic premotoneurons and
that mGluR-mediated depression of excitatory transmission,
combined with increased postsynaptic excitability, enhances
the signal-to-noise ratio of oral-related synaptic input to trigem-
inal motoneurons during rhythmical jaw movements.
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To understand how the brain generates jaw movements, we must
characterize the electrophysiological properties of oral-related
brain stem trigeminal neurons and their synaptic connections and
determine whether these properties are modulated by endoge-
nous neuromessengers. The anatomy and electrophysiology of the
trigeminal motoneurons, which innervate jaw musculature, have
been studied (Moore and Appenteng, 1990, 1991; Curtis and
Appenteng, 1993; Chandler et al., 1994; Turman and Chandler,
1994; Appenteng et al., 1995). However, neuromodulation of
these properties has only been examined for serotonin (True-
blood et al., 1996; Hsiao et al., 1997, 1998).

The endogenous excitatory transmitter glutamate, acting at
metabotropic receptors, can modulate neuronal systems by regu-
lating the intrinsic and synaptic properties of constituent neurons
(for review, see Gerber and Gähwiler, 1994; Glaum and Miller,
1994; Pin and Duvoisin, 1995). The neurons controlling jaw
movements might also be influenced by metabotropic glutamate
receptor (mGluR) activation. First, trigeminal motoneurons ex-
press mGluRs (Turman et al., 1997) and receive glutamatergic
input (Turman and Chandler, 1994; Appenteng et al., 1995) from
rhythmically active premotoneurons during masticatory activity
(Katakura and Chandler, 1990). Also, continuous high-frequency
stimulation of the masticatory cortex is the most effective method
to evoke rhythmical jaw movements in vivo (Lund, 1976; Naka-
mura, 1980; Goldberg et al., 1982). Such repetitive, high-

frequency recruitment of excitatory synapses activates mGluRs
endogenously (Scanziani et al., 1997).

In specific brain and spinal systems, the diverse effects of
mGluR activation modify neuronal function. For instance, in the
hippocampus, mGluR activation presynaptically inhibits trans-
mission to the dentate gyrus and CA1 region and enhances
pyramidal cell excitability. These effects may amplify the signal-
to-noise ratio of transmission through the hippocampus (Conn et
al., 1994). In brain stem–spinal networks that generate respira-
tory rhythms (Smith and Feldman, 1987), (1S,3R)-1-amino-1,3-
cyclopentane-dicarboxylic acid [(1S,3R)-ACPD] reduces inspira-
tory motor output at low agonist concentrations yet enhances
inspiratory motor output at high agonist concentrations. These
paradoxical effects of mGluR activation were attributed, in part,
to differential effects of (1S,3R)-ACPD on the synaptic and in-
trinsic properties of diaphragmatic motoneurons (Dong et al.,
1996).

Unfortunately, the same level of understanding has not been
established for the neurons controlling jaw movements. There-
fore, we tested the hypothesis that mGluR activation influences
the synaptic and intrinsic properties of trigeminal motoneurons in
vitro. We examined the regulation of excitatory synaptic transmis-
sion to trigeminal motoneurons at presynaptic and postsynaptic
sites of action and the modulation of intrinsic membrane proper-
ties by mGluR activation. Finally, we provide evidence for the
endogenous activation of mGluRs by excitatory trigeminal
premotoneurons.

MATERIALS AND METHODS
Whole-cell patch-clamp experiments were performed using a neonatal
rat brain stem slice preparation. Rats (0–7 d) were anesthetized by
halothane inhalation (Halocarbon Laboratories, River Edge, NJ) and
dissected in oxygenated ice-cold cutting solution (see below). Coronal
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slices (300 mm) were cut (DSK Microslicer, Ted Pella, Redding, CA) and
placed into incubation solution (see below) at 37°C for 40 min.

Cutting solution contained (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4 ,
26 NaHCO3 , 10 glucose, 1 CaCl2 , 5 MgCl2 , and 4 lactic acid (Schurr et
al., 1988). Recording solution contained (in mM): 124 NaCl, 3 KCl, 1.25
NaH2PO4 , 26 NaHCO3 , 10 glucose, 2 CaCl2 , and 2 MgCl2. Incubation
solution was identical to recording solution with additional 4 mM lactic
acid. Solutions were bubbled with 95% O2–5% CO2 and maintained at
pH >7.3 (22–24°C). When recording Ca 21 currents we used a
phosphate-free solution containing (in mM): 105.25 NaCl, 3 KCl, 26
NaHCO3 , 10 glucose, 2 CaCl2 , 20 tetraethylammonium chloride (TEA-
Cl), and 3 CsCl.

Normally, patch electrode solution contained (in mM): 9 NaCl, 140
KCl, 1 MgCl2 , 10 HEPES buffer, 0.2 EGTA, 10 phosphocreatine, 0.1
leupeptin, 5 K2-ATP, 1 Na3-GTP, pH >7.25 (osmolarity 280–290 mM).
When recording synaptic or Ca 21 currents we used a modified patch
solution to block K 1 currents containing (in mM): 125 cesium methane-
sulfonate (CsMeSO4 ), 4 NaCl, 3 KCl, 1 MgCl2 , 8 HEPES, 9 EGTA, 10
phosphocreatine, 0.1 leupeptin, 5 K2-ATP, 1 Na3-GTP, pH >7.25. Lu-
cifer yellow (0.1%) was added to patch solutions for fluorescent viewing.

Drugs were bath-applied at the following concentrations: (1S,3R)-
ACPD (10–100 mM; RBI, Natick, MA), MCPG (1 mM; RBI), L-AP4
(0.1–0.2 mM), bicuculline methiodide [20 mM; Sigma (St. Louis, MO)],
strychnine (5 mM; Sigma), 6-cyano-7-nitroquinoxaline-2,3-dione diso-
dium (CNQX) (10 mM; RBI), D,L-2-amino-5-phosphonovaleric acid
(APV) (10 mM; Sigma), 6-chloro-3,4-dihydro-3-[2-norbornen-5-y]-2H-
1,2–4-benzothiadiazine-7-sulfonamide 1,1-dioxide (cyclothiazide) (10
mM; Sigma), glycine (2 mM; Sigma), and tetrodotoxin (TTX) (0.5 mM;
Sigma). AMPA (0.5 mM; RBI) and NMDA (1 mM; RBI) were applied by
micropressure ejection. Ba 21 (2 mM) and Cd 21 (50–200 mM) were added
directly to the bath in some experiments to reduce leakage K 1 and Ca 21

currents, respectively.
Slices were perfused by oxygenated recording solution at room tem-

perature and visualized by differential interference contrast microscopy
(Edwards et al., 1989; Stuart et al., 1993). The trigeminal motor nucleus
was identified bilaterally in the coronal slice under low magnification
(53) as an ellipsoid region, equidistant from the midline and lateral
border, ventral to the mesencephalic trigeminal sensory nucleus. The
trigeminal motor nucleus could also be distinguished at 403 for visual
selection of motoneurons. In some experiments, the trigeminal motor
and sensory nuclei were retrogradely and anterogradely labeled, respec-
tively, using Texas red (10%, Molecular Probes, Eugene, OR) for fluo-
rescent viewing. Microinjections of Texas red into the masseter and
temporalis jaw closer muscles were performed at least 24 hr before the
experiment.

We fabricated patch electrodes from capillary glass (3–7 MV; Sutter
Instruments P-97, Novato, CA), and recorded using an Axopatch-1D
amplifier and pCLAMP software (Axon Instruments, Burlingame, CA).
Signals were grounded (Ag/AgCl wire) using a 3 M KCl agar bridge; a 1
mV junction potential was not compensated.

Cell capacitance (CM ) for each trigeminal motoneuron recorded in
voltage clamp was determined from the integral of capacity current in
response to 15 msec hyperpolarizing commands. Uncompensated series
resistance (RS ) was calculated from the decay time constant (t) of the
transient (t > RSCM ). It averaged 17.1 6 0.9 MV and was routinely
compensated to 5.3 6 0.3 MV (n 5 66) through the amplifier.

We recorded excitatory synaptic currents in the presence of bicuculline
and strychnine to block inhibitory ionotropic receptors and used patch
solution containing intracellular Cs 1 to block K 1 currents and improve
space clamp. Motoneuronal membrane properties were examined in the
presence of bicuculline, strychnine, CNQX, APV, and usually TTX to
block inhibitory and excitatory ionotropic receptors and Na 1 channels,
respectively. During these experiments we used normal patch solution
because motoneuronal K 1 channels were of interest.

To measure miniature EPSCs (mEPSCs), cells were held at 260 mV
in the presence of TTX, and spontaneous synaptic events were recorded
at 5 kHz and analog-filtered at 2 kHz for a duration of 2 min. A noise
histogram was generated from the baseline current during periods con-
taining no synaptic events (.16,000 points), and a Gaussian distribution
was fitted to the histogram to determine the SD of baseline noise.
Synaptic events were selected automatically by a threshold-crossing al-
gorithm, with detection level set at, or greater than, two times the SD of
baseline noise (Datapac III, Run Technologies, Irvine, CA). To test
whether (1S,3R)-ACPD modified the amplitude or frequency of minia-
ture synaptic currents, we used cumulative probability histograms, for

amplitude (bin size 0.1–0.5 pA) and interevent interval (minimum bin
size 10 msec), and the Kolmogorov–Smirnov statistic (SYSTAT 7.0,
SPSS, Chicago, IL). Significance was assessed at p , 0.05.

To evoke excitatory synaptic responses, individual interneurons
(0.1–15 mA) or clusters of interneurons (10–150 mA) surrounding the
trigeminal motor nucleus were stimulated extracellularly (Grass Instru-
ments, Quincy, MA) using saline-filled pipettes. Ionotropic glutamate
receptor currents were measured in trigeminal motoneurons using intra-
cellular Cs 1 patch solution in the presence of bicuculline, strychnine,
and TTX. Glutamate agonists were pressure-applied locally by a Pico-
spritzer II ejection system (General Valve, Fairfield, NJ) using patch-like
pipettes (diameter 5 10 mM) and ejection times of 300–750 msec.
Differences in the means of evoked synaptic currents and their number of
failures and ionotropic glutamate receptor agonist-evoked currents were
tested using Student’s t statistic (SYSTAT); significance was assessed at
p , 0.05. Means are expressed 6 SE of the mean (except for Fig. 1 A; see
legend).

RESULTS
Depression of excitatory synaptic transmission
We identified unitary connections between excitatory trigeminal
premotoneurons and trigeminal motoneurons by stimulating vi-
sually identified, putative premotoneurons (0.1–15 mA). If a syn-
aptic connection existed with the target motoneuron, an evoked
EPSC was observed only when the stimulus intensity was in-
creased beyond threshold (Fig. 1A, 3 mA). Retracting the stimu-
lating pipette 2–5 mm from the cell soma elevated the threshold.
Suprathreshold stimulus intensities did not induce graded re-
sponses in evoked EPSC amplitude (Fig. 1A). These data indicate
that trigeminal premotoneuron–motoneuron synaptic connec-
tions were unitary, that is, the result of stimulation of a single
presynaptic neuron (Stern et al., 1992).

To test the effects of mGluR activation on evoked synaptic
transmission, 20–50 suprathreshold stimuli were applied at 0.3 Hz
during control, (1S,3R)-ACPD, and washout conditions. The
mean amplitude of the evoked EPSC was calculated from the
average of all traces containing a synaptic event, and the number
of synaptic failures was noted. (1S,3R)-ACPD reversibly reduced
the mean amplitude of the evoked EPSC and increased the
number of synaptic failures (Fig. 1B, same cell as A). In general,
100 mM (1S,3R)-ACPD significantly decreased the mean ampli-
tude of the evoked EPSC from 59.1 6 16.0 pA to 24.1 6 5.0 pA
(n 5 6). Evoked EPSC amplitude was also significantly reduced
by 20 mM (1S,3R)-ACPD from 43.0 6 9.8 pA to 28.9 6 4.6 pA
(n 5 9) (Fig. 1C). The extent to which 20 and 100 mM (1S,3R)-
ACPD suppressed the evoked EPSC also differed significantly.

The effect of (1S,3R)-ACPD on synaptic failures was evaluated
by the ratio of the number of failures in (1S,3R)-ACPD to the
number of failures in control. Failures increased significantly by
472 6 90% in the presence of 100 mM (1S,3R)-ACPD (n 5 6) and
by 397 6 95% in the presence of 20 mM (1S,3R)-ACPD (n 5 9)
(Fig. 1D). The elevation in synaptic failures suggests that mGluR
activation lowered the probability of presynaptic release. How-
ever, these data could not establish whether the (1S,3R)-ACPD-
induced reduction in evoked EPSC amplitude resulted from in-
hibition of presynaptic release or from postsynaptic modification
of excitatory amino acid receptors, or both.

To distinguish presynaptic and postsynaptic effects of mGluR
activation, we recorded mEPSCs in trigeminal motoneurons us-
ing TTX (Figs. 2, 3). (1S,3R)-ACPD (100 mM) reversibly and
significantly decreased mEPSC frequency by 2.6 6 0.9 Hz (57 6
16% of control) in four of five cells tested; in one cell mEPSC
frequency increased by 2.3 Hz. (1S,3R)-ACPD (20 mM) signifi-
cantly decreased mEPSC frequency by 2.3 6 1.2 Hz (60 6 8% of
control) in all cells tested (n 5 3). The (1S,3R)-ACPD-mediated
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reduction in mEPSC frequency is shown in sample traces (Fig.
2A) and mEPSC amplitude histograms from the same cell (Fig.
2B). These data also suggest that (1S,3R)-ACPD caused presyn-
aptic inhibition.

We examined postsynaptic contributions to (1S,3R)-ACPD-
mediated synaptic depression using cumulative probability
mEPSC amplitude histograms (Fig. 3). These distributions are
obtained by integrating the mEPSC amplitude histogram (e.g.,
Fig. 2B) and normalizing the ordinate range to the interval zero
to one. In the majority of trigeminal motoneurons tested,
(1S,3R)-ACPD caused a significant leftward shift of the cumula-
tive probability amplitude histogram, indicating a postsynaptic
reduction in mEPSC amplitude (Fig. 3A; same cell as Fig. 2). This
result was observed in four of five cells tested at 100 mM (1S,3R)-
ACPD and in one of three cells tested at 20 mM (1S,3R)-ACPD.
In all other cells tested, at 20 or 100 mM (1S,3R)-ACPD, the
cumulative probability histograms superimposed for control and
(1S,3R)-ACPD conditions, and the Kolmogorov–Smirnov statis-
tic was not significant, suggesting no postsynaptic modification of

mEPSC amplitude (Fig. 3B). All motoneurons whose cumulative
probability histograms superimposed in control and (1S,3R)-
ACPD conditions also exhibited an (1S,3R)-ACPD-induced re-
duction in mEPSC frequency. Therefore, it is unlikely that the
reduction in mEPSC frequency could have been an artifact of a
reduction in mEPSC amplitude caused by mEPSCs falling below
detection levels.

The leftward shift of the cumulative probability histogram
could be caused by postsynaptic modulation of excitatory amino
acid receptors. To test this possibility, specific excitatory amino
acid receptor agonists were locally applied to trigeminal mo-
toneurons in control, (1S,3R)-ACPD (20 or 100 mM), and washout
conditions. We used AMPA to activate non-NMDA receptors,
while trigeminal motoneurons were held at 260 mV in the pres-
ence of the NMDA receptor antagonist APV and cyclothiazide
to prevent AMPA receptor desensitization (Hall et al., 1993;
Partin et al., 1993; Sharp et al., 1994). (1S,3R)-ACPD (100 mM)
significantly and reversibly reduced the peak AMPA-induced
current from 2.7 6 0.5 nA to 1.8 6 0.3 nA (n 5 5) (Fig. 4A).
(1S,3R)-ACPD (20 mM) reduced the AMPA current from 1.5 6
0.5 nA to 1.2 6 0.2 nA (n 5 4 of 5), although this was not
statistically significant.

The potential for modulation of NMDA receptors was tested
with NMDA in the presence of glycine and the AMPA receptor
antagonist CNQX. Trigeminal motoneurons were held at 140
mV to relieve voltage-dependent block of NMDA channels by
Mg21. Postsynaptic NMDA currents were unaffected by either 20
or 100 mM (1S,3R)-ACPD in all cells tested (n 5 3 and 7,
respectively) (Fig. 4A, top). The effects of (1S,3R)-ACPD on
peak excitatory amino acid agonist responses are summarized in
Figure 4B.

To test whether the output of excitatory premotoneurons was
affected by mGluR activation, we recorded spontaneous EPSCs
in trigeminal motoneurons in the absence of TTX. The recording
protocol and statistical tests were identical for spontaneous EP-
SCs and mEPSCs. In five motoneurons, 100 mM (1S,3R)-ACPD
reversibly and significantly increased spontaneous EPSC fre-
quency by 10.4 6 0.9 Hz (277% of control) (Fig. 5A). Because
(1S,3R)-ACPD caused presynaptic inhibition (Figs. 1–3), the
enhancement of spontaneous EPSC frequency, in the absence of
TTX, suggests that the soma–dendritic membranes of premo-
toneurons were excited by (1S,3R)-ACPD to produce more spikes
and augment synaptic output. In contrast, in two of seven cells
tested, 100 mM (1S,3R)-ACPD reversibly and significantly de-
creased spontaneous EPSC frequency by 3.4 Hz (52% of control)
(Fig. 5B), suggesting either presynaptic inhibition or disfacilita-
tion of excitatory input to trigeminal motoneurons (TMNs).

Modulation of TMN excitability
In current clamp, using TTX to prevent excitation of premo-
toneurons by (1S,3R)-ACPD (e.g., Fig. 5A), 100 mM (1S,3R)-
ACPD reversibly depolarized trigeminal motoneurons and in-
creased input resistance (Fig. 6A) (n 5 3). At a lower dose (20
mM), (1S,3R)-ACPD depolarized the majority of trigeminal mo-
toneurons tested (n 5 5 of 7); at 10 mM, (1S,3R)-ACPD was
ineffective (n 5 3; data not shown). Therefore, 20 mM approxi-
mated the minimum dose required to depolarize trigeminal mo-
toneurons. To examine the effects of (1S,3R)-ACPD in more
detail, we measured the input resistance of motoneurons from the
slope of the steady-state voltage–current (V–I) relationship con-
structed from membrane potential responses to 600 msec current
step commands. (1S,3R)-ACPD (100 mM) reversibly increased

Figure 1. The effects of (1S,3R)-ACPD on unitary evoked synaptic
transmission. A, A plot of the relationship between evoked EPSC ampli-
tude (mean 6 SD) and stimulus intensity. B, Evoked EPSCs from the cell
in A during control (top), 100 mM (1S,3R)-ACPD (middle), and washout
(bottom) conditions. Trigeminal motoneurons were recorded with patch
solution containing intracellular Cs 1 in the presence of bicuculline and
strychnine. Holding potential was 260 mV; time and current calibrations
are shown. The stimulus artifact is partially deleted. C, D, A summary of
the effects of 20 and 100 mM (1S,3R)-ACPD on evoked EPSC amplitude
(C) and proportion of synaptic failures relative to control (D). Both
ordinate axes reflect percentage of control; bars reflect the mean of all
cells tested (6 SE).
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input resistance, most likely by decreasing a tonic K1 conduc-
tance, because the steady-state V–I curves intersected at 290 mV
(close to the Nernst potential for K1, 297 mV) (Fig. 6B, same
cell as A).

The postsynaptic depolarizing effects of (1S,3R)-ACPD were
significantly and reversibly antagonized by preapplication (.6
min) of the group I/II mGluR antagonist MCPG (n 5 5) (Eaton
et al., 1993; Jane et al., 1993). (1S,3R)-ACPD (20 mM) normally
depolarized trigeminal motoneurons by 7.8 6 1.2 mV. The
(1S,3R)-ACPD-induced depolarization decreased significantly
and reversibly to 1.0 6 0.6 mV in the presence of MCPG (Fig.
6C), suggesting that (1S,3R)-ACPD depolarized trigeminal mo-
toneurons by recruiting a group I or II mGluR to directly mod-
ulate postsynaptic membrane properties.

To further examine the effects of (1S,3R)-ACPD, we measured
the steady-state V–I relationship of trigeminal motoneurons in
voltage clamp in the presence of bicuculline, strychnine, CNQX,
APV, and TTX to synaptically isolate cells and block spikes. We
used slow voltage ramps (8 mV/sec) to obtain quasi-steady-state
I–V data. To justify the use of ramps, which approximate steady
state, the I–V curve was obtained using a series of 2 sec voltage-
step commands; this curve superimposed with the I–V relation-
ship obtained from the slow voltage ramp (verified in five trigem-
inal motoneurons; data not shown). The ramp protocol was
preferable because it could collect I–V data more rapidly, thereby
minimizing the periods of drug application.

The current induced by 20 mM (1S,3R)-ACPD (IACPD) was
obtained by subtracting the current obtained in control from that
obtained during (1S,3R)-ACPD application (Fig. 6D, E). IACPD,
when plotted versus membrane potential, was U-shaped in all
cells tested at 20 or 100 mM (1S,3R)-ACPD (n 5 13 and n 5 8,
respectively). These data suggested that (1S,3R)-ACPD induced
a voltage-dependent inward current in the range 2100 to 230
mV, which appeared to reverse at a membrane potential less than
265 mV, and another voltage-dependent current from 230 mV
to more depolarized levels, which reversed at a potential greater
than 220 mV. The effects of (1S,3R)-ACPD were largely revers-
ible, as shown by the difference current obtained from subtracting
control from the washout conditions (Fig. 6D, F).

In separate cells, we measured IACPD in the presence of the

Figure 2. The effects of (1S,3R)-ACPD on miniature synaptic currents. A, Sample traces from a representative TMN in control (top), 100 mM
(1S,3R)-ACPD (middle), and washout (bottom) conditions. Trigeminal motoneurons were recorded using patch solution containing intracellular Cs 1 in
the presence of bicuculline, strychnine, and TTX. Holding potential was 260 mV; time and current calibrations are shown. B, mEPSC amplitude
histograms from the cell in A. Histograms for control (open bars) and (1S,3R)-ACPD (closed bars) conditions are superimposed (lef t). The histogram
for washout is shown at right. The ordinate axis (lef t) applies to both histograms.

Figure 3. The effects of (1S,3R)-ACPD on cumulative probability
mEPSC amplitude histograms. A, In the same cell as Figure 2, 100 mM
(1S,3R)-ACPD caused a leftward shift of the cumulative probability
histogram. B, An example of a TMN whose cumulative probability
histograms superimposed for control and 20 mM (1S,3R)-ACPD condi-
tions. For both A and B, control and (1S,3R)-ACPD conditions are
distinguished by E and F, respectively. Bin size was adjusted to 1 pA for
display purposes.
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group I/II mGluR antagonist MCPG (Fig. 6E). Normally, the
peak inward IACPD, measured near 230 mV was 2210 6 31 pA
(n 5 13). Pre-incubation (.6 min) in MCPG significantly
reduced the peak IACPD to 227 6 14 pA (n 5 8) (Fig. 6 E). The
inset of Figure 6 E shows that IACPD , plotted versus membrane
potential, was still U-shaped, but the magnitude of IACPD was
greatly reduced because of MCPG antagonism. Because IACPD

was negligible in the presence of MCPG (Fig. 6 E), the data are
consistent with the current-clamp experiments in which

MCPG antagonized the (1S,3R)-ACPD-induced depolariza-
tion (Fig. 6C).

To test whether a group III mGluR could also be involved in
modulation of motoneuronal membrane properties, we applied
the group III agonist L-AP4 at 100 and 200 mM (n 5 5 and 3,
respectively) in the presence of bicuculline, strychnine, CNQX,
APV, and TTX. In current clamp, neither dose of L-AP4 depo-
larized trigeminal motoneurons or had any affect on the steady-
state V–I relationship, suggesting no involvement of group III
mGluRs (Fig. 7).

Next we identified the intrinsic conductances modulated by
(1S,3R)-ACPD. IACPD in the range of 2100 to 230 mV reversed
near 290 mV (Fig. 6D). Because the reversal potential for K1 is
297 mV (in our conditions) and (1S,3R)-ACPD caused depolar-
ization and increased input resistance, we hypothesized that
(1S,3R)-ACPD reduced a leakage K1 current. To test this, Ba21

was added to the bath before (1S,3R)-ACPD in an attempt to
occlude modulation of leakage currents. For these and all subse-
quent experiments, 3 mM Cs1 was used to block the
hyperpolarization-activated, mixed cationic, inwardly rectifying
current Ih , which is active at potentials more negative than rest in
trigeminal (Chandler et al., 1994) and other motoneurons (Taka-
hashi, 1990; Bayliss et al., 1994). The current induced by Ba 21

(IBa) was obtained by subtraction: the difference between Ba21

conditions and control. IBa was a linear inward current at poten-
tials greater than 2100 mV and appeared to reverse at 2100 mV
(n 5 5) (Fig. 8, E). This is consistent with the blockade of leakage
K1 channels (Hsiao et al., 1997). We then applied 100 mM

(1S,3R)-ACPD. In the voltage range 2100 to 230 mV, Ba 21

occluded the effects of (1S,3R)-ACPD (IACPD is negligible at
potentials more negative than 230 mV) (Fig. 8, F).

Figure 4. (1S,3R)-ACPD modulation of ionotropic glutamate receptors.
A, Current responses of trigeminal motoneurons to specific excitatory
amino acid receptor agonists: NMDA (top) and AMPA (bottom). Ago-
nists were applied at the time indicated by the large arrow (duration
300–750 msec). All trigeminal motoneurons were recorded using a patch
solution containing intracellular Cs 1 in the presence of bicuculline and
strychnine and other drugs needed to isolate ionotropic glutamate recep-
tor subtypes (see Materials and Methods). Holding potentials and current
calibrations are shown. The 2.5 sec time calibration applies to the NMDA
traces; the 5 sec time calibration applies to the AMPA traces. Sample
NMDA responses during control, 100 mM (1S,3R)-ACPD, and washout
conditions are superimposed (top). AMPA responses during control, 100
mM (1S,3R)-ACPD, and washout conditions are differentiated by traces
labeled a, b, and c, respectively (bottom). B, A summary of the effects of
20 and 100 mM (1S,3R)-ACPD on ionotropic glutamate receptor currents.
A statistically significant change relative to control is indicated by an
asterisk.

Figure 5. The effects of (1S,3R)-ACPD on spontaneous synaptic cur-
rents. Trigeminal motoneurons were recorded with intracellular Cs 1

patch solution and held at 260 mV, in the presence of bicuculline and
strychnine. Sample traces during control (top), 100 mM (1S,3R)-ACPD
(middle), and washout (bottom) are shown. A, (1S,3R)-ACPD (100 mM)
increased spontaneous EPSC frequency. B, Spontaneous EPSC frequency
was reversibly reduced by (1S,3R)-ACPD in this cell. Time and current
calibrations apply to A and B.
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In the presence of Ba21, 100 mM (1S,3R)-ACPD still induced
outward current at potentials greater than 230 mV (Fig. 8, F).
The outwardly rectifying current induced by (1S,3R)-ACPD
could be explained by enhancement of a voltage-dependent K1

current, reduction of a voltage-dependent, noninactivating inward
current, or both. To test this, 20 mM TEA-Cl was substituted for
NaCl (in normal recording solution containing ionotropic recep-
tor antagonists, TTX, Ba21, and Cs1) in an attempt to occlude
the (1S,3R)-ACPD-induced outward current. The block of TEA-
sensitive outward currents exposed a prominent region of inward
current (presumably attributable to Ca21 channels) in the steady-
state I–V relationship. IACPD (Fig. 9A, bottom) was not occluded
by TEA, because under these conditions (1S,3R)-ACPD revers-
ibly reduced the region of inward current at potentials more
positive than 230 mV (Fig. 9A, top) (n 5 5). However, the
outward current induced by (1S,3R)-ACPD was blocked by pre-
vious application of 100 mM Cd21 (n 5 3) (Fig. 9B). These data

Figure 6. The effects of (1S,3R)-ACPD on
membrane properties of trigeminal motoneu-
rons. All cells were recorded with a normal
patch solution. A, (1S,3R)-ACPD (100 mM)
caused reversible depolarization and increase
in input resistance. Current steps command of
300 msec, 2350 pA were delivered at 0.1 Hz;
inset shows membrane potential deflections
before, during, and after (1S,3R)-ACPD ap-
plication. B, Steady-state V–I curves for the
cell in A before, during, and after a subsequent
application of 100 mM (1S,3R)-ACPD. Steady-
state voltage deflections were measured at the
end of 600 msec current step commands. Con-
trol (E), (1S,3R)-ACPD (F), and washout (f)
are shown with regression lines. C, Membrane
potential responses to 20 mM (1S,3R)-ACPD
in the presence of TTX. The duration of
(1S,3R)-ACPD application is shown by bars
overlying the voltage trace. Bath application of
MCPG is also illustrated by a bar overlying the
voltage trace. Time breaks in the record are
indicated; time and voltage calibrations apply
only to C. D, E, Steady-state I–V curves ob-
tained from slow voltage ramp protocols (8
mV/sec) were used to calculate the current
induced by (1S,3R)-ACPD (IACPD ). Cells
were bathed in bicuculline, strychnine,
CNQX, APV, and TTX. The abscissa and
ordinate apply to both D and E. IACPD (E) is
shown during control (D) and 1 mM MCPG
conditions ( E). The reversibility of (1S,3R)-
ACPD is indicated by the subtracted current
(washout 2 control; D, F). The inset in E
shows IACPD on an expanded ordinate axis;
the abscissa is identical to the main plot
(below).

Figure 7. The effect of 200 mM L-AP on membrane properties. Trigem-
inal motoneurons were recorded with normal patch solution in the pres-
ence of bicuculline, strychnine, CNQX, APV, and TTX. Steady-state V–I
curves, obtained from 600 msec current pulses, are superimposed for
control (E), L-AP4 (F), and washout (‚) conditions.
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suggested that (1S,3R)-ACPD reduced a Cd21-sensitive, nonin-
activating, high-threshold Ca21 current (ICa).

Modulation of ICa by (1S,3R)-ACPD was further examined
under conditions that isolate Ca 21 currents (Fig. 9C). Normal
patch electrode solution was replaced by patch solution contain-
ing intracellular Cs1, and recording solution was replaced by
phosphate-free solution. Under these conditions, intracellular
Cs1 minimizes the leakage K1 current (and Ih), and Ca 21 was
the only charge carrier for Ca 21 channels. The recording solution
also contained TEA to block active K1 currents, including Ca21-
dependent K1 currents (Chandler et al., 1994; Kobayashi et al.,
1997). Figure 9C illustrates a typical experiment in one cell.
(1S,3R)-ACPD (100 mM) reversibly reduced ICa. After recovery,
50 mM Cd21 was applied to block ICa. In the presence of Cd 21,
(1S,3R)-ACPD reapplication was ineffective; IACPD was nearly
zero over the range of potentials tested (n 5 3). These effects
were reversible (Fig. 9C).

Endogenous activation of mGluRs
On the basis of the sensitivity of trigeminal motoneurons to
(1S,3R)-ACPD, we hypothesized that mGluRs would be acti-
vated endogenously during repetitive stimulation of excitatory
premotoneurons. To test this, we identified a compound excita-
tory synaptic connection between several trigeminal premotoneu-
rons and a motoneuron. The compound synaptic connection was
more advantageous than a unitary connection because it provided
a larger amplitude, more consistent synaptic response. Therefore,
it was more likely to activate a larger proportion of postsynaptic
glutamate receptors. Trigeminal motoneurons were recorded us-
ing normal intracellular patch solution in the presence of bicu-
culline and strychnine. Groups of cells, visually identified outside
the borders of the trigeminal motor nucleus, were stimulated
extracellularly. Evoked compound EPSCs were observed at all
stimulus intensities. The amplitude of the compound EPSC was
graded (until the maximal response), and no synaptic failures
were observed (Fig. 10A), demonstrating that the synaptic con-
nection was compound, as opposed to unitary (compare Fig. 1A).

Next, the compound EPSC was eliminated by CNQX and APV
application (Fig. 10A, bottom). In the presence of ionotropic
glutamate receptor antagonists, the effects of mGluR activation
are unlikely to be obscured by temporal summation of fast syn-
aptic currents. Figure 10B shows the protocol. The steady-state
I–V relationship was obtained as a control (Fig. 10Ba). Premo-

toneurons were then stimulated at 30 Hz for 1 min to induce
glutamate accumulation and mGluR activation (Scanziani et al.,
1997). The I–V relationship was acquired immediately after ter-
mination of the 30 Hz protocol (Fig. 10Bb) to assess whether the
protocol modified postsynaptic membrane properties. The cur-
rent induced by 30 Hz stimulation (I30Hz) was obtained by sub-
traction (post-30 Hz 2 control) and is illustrated in Figure 10C
(b-a). I30Hz was U-shaped, similar to IACPD (e.g., Fig. 6D). The
I–V relationship was then obtained 1 min after the stimulation
protocol to assess the reversibility of these effects (Fig. 10Bc).
These effects were partially reversible, with some rundown [60 sec
post-30 Hz 2 control; Fig. 10C (c-a)].

This experiment was then repeated in the presence of MCPG
(Fig. 10B). Here, the effects of 30 Hz stimulation were antago-
nized over the entire voltage range, although I30Hz was still
slightly U-shaped (Fig. 10C, e-d). These data resemble the MCPG
antagonism of IACPD (Fig. 6E). The stimulation protocol mim-
icked (1S,3R)-ACPD application, and I30Hz was antagonized by
MCPG (n 5 6 of 8). This suggests that high-frequency activation
of excitatory synapses recruited mGluRs endogenously.

DISCUSSION
In trigeminal motoneurons, mGluR activation depresses excita-
tory transmission via presynaptic inhibition and postsynaptic de-
pression of ionotropic glutamate receptors selective for AMPA.
Also, mGluRs enhance postsynaptic excitability by reducing leak-
age K1 currents and high-threshold Ca21 currents. How can
these seemingly disparate effects influence the neurophysiology
of jaw movements?

We propose that mGluR activation enhances the signal-to-noise
ratio of oral-related motor commands. The presynaptic and
postsynaptic effects of mGluRs inhibit asynchronous sources of
synaptic “noise” and accentuate rhythmical oral-related signals
composed of slow and synchronous synaptic potentials. Finally,
motoneuronal output is augmented via mGluR enhancement of
postsynaptic excitability. We elaborate on this hypothesis in our
discussion of the data.

According to our hypothesis, mGluRs are activated endog-
enously by high-frequency recruitment of excitatory synapses.
mGluR activation will decrease the amplitude and frequency of
fast excitatory synaptic inputs to trigeminal motoneurons. How-
ever, excitatory transmission using non-NMDA receptors will be
more strongly depressed than transmission mediated by NMDA
receptors, because NMDA receptors are not modulated by
mGluRs postsynaptically (Fig. 4). Therefore, this favors slow and
synchronous sources of synaptic input that, through temporal
summation, depolarize trigeminal motoneurons away from the
resting potential (265 mV) and recruit NMDA receptors, to a
greater extent, by relieving the voltage-dependent Mg21 block-
ade (Mayer et al., 1984; Nowak et al., 1984; Mayer and West-
brook, 1985). The relative effectiveness of fast and asynchronous
sources of excitatory input, which are mediated primarily by
AMPA receptors near resting potential, will decrease in compar-
ison. This may represent a mechanism to depress sporadic and
asynchronous synaptic “noise” and favor rhythmical signals com-
posed of the sum of slow and synchronous synaptic potentials.

The postsynaptic effectiveness of “favored,” synchronous syn-
aptic signals will be amplified by the effects of mGluRs on the
intrinsic properties of trigeminal motoneurons. The reduction in
leakage K1 current by mGluR activation causes depolarization
and increases input resistance. Depolarization brings the cell
closer to spike threshold and the threshold for activation of

Figure 8. The effect of extracellular Ba 21 on IACPD. Trigeminal mo-
toneurons recorded with normal patch solution in the presence of extra-
cellular Cs 1, bicuculline, strychnine, CNQX, APV, and TTX. The cur-
rent induced by Ba 21 (IBa ) was obtained by subtraction (E). IACPD (100
mM) in the presence of Ba 21 is also shown (F).
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NMDA receptors. Increased input resistance amplifies the gain
between synaptic current and membrane voltage response.
Therefore, the synaptic currents received by trigeminal motoneu-
rons will cause greater depolarization, leading to NMDA recep-
tor activation and spike discharge. The reduction of high-
threshold Ca21 currents may further augment the frequency–
current relationship in trigeminal motoneurons by suppressing
Ca21-dependent K1 currents.

Depression of excitatory transmission
The reversible reduction of mEPSC frequency by (1S,3R)-ACPD
indicated presynaptic inhibition. Presynaptic inhibition was also
indicated by the reversible increase in the number of evoked
EPSC failures during (1S,3R)-ACPD application. We believe that
this latter effect represents a reduction in presynaptic release
probability, as opposed to a failure to excite premotoneurons. Our
conclusion is based on indirect evidence, shown in Figure 5A, that
excitability was enhanced by (1S,3R)-ACPD in the majority of
excitatory premotoneurons.

The mean amplitude of unitary evoked EPSCs in trigeminal

motoneurons was consistently depressed by (1S,3R)-ACPD. We
attribute this depression to presynaptic and postsynaptic effects,
because presynaptic inhibition reduces the quantal content of
evoked synaptic events and AMPA receptor depression reduces
the postsynaptic effectiveness of the released transmitter.

In contrast to other reports of solely presynaptic mechanisms
for (1S,3R)-ACPD-induced depression of excitatory transmis-
sion (Gereau and Conn, 1995; Dong et al., 1996; Zorumski et
al., 1996), mGluR activation in trigeminal motoneurons also
regulates transmission postsynaptically by modulating AMPA
receptors. This conclusion is based on the (1S,3R)-ACPD-
induced leftward shift of the cumulative probability amplitude
histogram and the reversible reduction of AMPA-evoked cur-
rents. mGluR-mediated presynaptic inhibition and postsynap-
tic regulation of AMPA receptors has been reported, but in
contrast to trigeminal motoneurons, AMPA receptor currents
were enhanced in these cells (Glaum and Miller, 1992, 1993;
Glaum et al., 1992, 1993). In these neurons, the differential
effects of mGluR activation may sustain the level of excitatory

Figure 9. The effects of (1S,3R)-ACPD on high-
threshold Ca 21 currents. A, Steady-state I–V curves
(not subtracted currents) from a representative cell
during control (E), 100 mM (1S,3R)-ACPD (F), and
washout conditions (line) are displayed in the top plot.
The bottom plot shows the subtracted current, IACPD
(ACPD 2 control). B, The top plot shows raw mem-
brane current. Preapplication of 100 mM Cd 21 (F)
blocked the effects of 100 mM (1S,3R)-ACPD ( gray
circles). The subtracted current, IACPD , is shown in
the bottom plot. Motoneurons in A and B were re-
corded with normal patch solution in the presence of
TEA, Ba 21, extracellular Cs 1, bicuculline, strych-
nine, CNQX, APV, and TTX. C, The sequence of a
typical experiment using intracellular Cs 1 patch so-
lution and phosphate-free recording solution with
TEA to test mGluR modulation of Ca 21 currents.
The results are qualitatively identical to A and B but
were obtained in a continuous experiment in one cell.
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drive by enhancing AMPA receptor currents during presynap-
tic inhibition.

In contrast, in neostriatal cells and trigeminal motoneurons,
presynaptic inhibition is coupled with depression of ionotropic
glutamate receptors (Lovinger, 1991; Lovinger et al., 1993; Col-
well and Levine, 1994; Lovinger and Tyler, 1996). However, in
neostriatal neurons, the NMDA receptor is the postsynaptic
target of mGluR regulation, as opposed to the AMPA receptor in
trigeminal motoneurons. Therefore, mGluR activation in neos-
triatal neurons (Colwell and Levine, 1994) and trigeminal mo-
toneurons suppresses excitatory transmission presynaptically and
postsynaptically, but by acting at different ionotropic receptors.

We believe that differential regulation of ionotropic glutamate
receptors influences the production of rhythmical jaw move-
ments. In trigeminal motoneurons, non-NMDA receptors pri-
marily mediate fast synaptic potentials evoked in vivo by brief
cortical stimulation (Katakura and Chandler, 1990) or reflex
activation (Chandler, 1989). However, non-NMDA and NMDA
receptors are used during cortically induced, sustained rhythmical
masticatory activity (Katakura and Chandler, 1990). This cyclical
masticatory drive, recorded in vivo in trigeminal motoneurons
(Chandler and Goldberg, 1982; Goldberg et al., 1982), closely
resembles our proposed favored synaptic signal. This, we argue, is
a rhythmical signal, composed of many slow and synchronous
synaptic potentials, that recruits both non-NMDA as well as
NMDA receptors. Therefore, mGluR activation may help dis-
criminate synaptic noise from fundamental masticatory, or oral-
related, motor patterns based on the temporal characteristics of
synaptic inputs and the ionotropic receptors they preferentially
activate. This signal /noise discrimination is achieved postsynap-
tically by differentially modulating the ionotropic glutamate
receptors.

When synaptic transmission from trigeminal premotoneurons
to motoneurons occurred spontaneously in the absence of TTX,
(1S,3R)-ACPD increased synaptic activity (spontaneous EPSCs)
in the majority of cells. These results imply that the soma–

dendritic membranes of most premotoneurons are excited by
(1S,3R)-ACPD and overcome presynaptic inhibition through en-
hanced spike output. In another subset of premotoneurons, spon-
taneous synaptic activity was reduced by (1S,3R)-ACPD, which
we attribute, in part, to presynaptic inhibition. If premotoneuro-
nal mGluRs are endogenously activated during the production of
jaw movements, then a subset of cells will be excited. Their
elevated spike output could be an additional mechanism for
sculpting excitatory input to trigeminal motoneurons, favoring
inputs with strong modulation (excitation) by mGluRs.

Modulation of intrinsic properties
The final integration of synaptic input is controlled by the intrin-
sic membrane properties of trigeminal motoneurons. (1S,3R)-
ACPD reduced a Ba21-sensitive leakage K1 current. Reduction
in the leakage current causes depolarization and increased input
resistance in trigeminal motoneurons and other neurons (McCor-
mick and von Krosigk, 1992; Crépel et al., 1994; Guérineau et al.,
1994; Dong et al., 1996; Mercuri et al., 1996). (1S,3R)-ACPD also
reversibly induced a sustained outward current, which activated
near 230 mV and was blocked by Cd 21. We conclude that
mGluR activation caused a transient reduction in a noninactivat-
ing high-threshold Ca21 current (Sayer et al., 1992; Swartz and
Bean, 1992; Trombley and Westbrook, 1992; Sahara and West-
brook, 1993; Stefani et al., 1994). The depression of high-
threshold Ca21 currents could indirectly suppress Ca21-
dependent K1 currents in trigeminal motoneurons (Kobayashi et
al., 1997). This would increase the excitability of trigeminal mo-
toneurons by reducing spike afterhyperpolarizations and elevat-
ing the frequency–current relationship.

These postsynaptic effects of mGluR activation were mediated
by a group I or II mGluR because the effects of (1S,3R)-ACPD
were antagonized by the group I/II antagonist MCPG, and the
postsynaptic effects of (1S,3R)-ACPD were not mimicked by the
selective group III agonist L-AP4, even at 200 mM (Fig. 7).

Figure 10. Endogenous activation of
mGluRs by high-frequency activity in
excitatory synapses onto trigeminal
motoneurons. A, Compound excitatory
synaptic currents in a motoneuron held
at 260 mV. Stimulus intensity is indi-
cated by each sample trace (lef t). Time
and current calibrations apply to all
traces in A. Stimulus artifacts were par-
tially deleted. B, Schematic diagram of
a typical experiment. Pharmacological
conditions are indicated by the bars
overlying the protocol. Time breaks
are shown. Ramp icons represent the
acquisition of a steady-state I–V curve
via slow voltage ramp commands (8
mV/sec). The inverted comb icon rep-
resents 30 Hz stimulation (40 mA in-
tensity) of premotoneurons for 1 min
(as labeled). C, Subtracted currents
from the protocols illustrated in B. Ab-
scissa and ordinate axes are identical
for all three plots.
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Endogenous activation of mGluRs during
jaw movements
Our hypothesis regarding the role of mGluRs in jaw movements
requires endogenous activation of the metabotropic receptors
during oral-motor activity. The evidence suggests that this prob-
ably occurs. First, trigeminal motoneurons express mGluRs (Tur-
man et al., 1997) and receive glutamatergic input (Turman and
Chandler, 1994; Appenteng et al., 1995) from rhythmically active
premotoneurons during masticatory activity (Katakura and
Chandler, 1990). Second, high-frequency activity in excitatory
synapses causes glutamate accumulation and endogenous mGluR
activation (Scanziani et al., 1997), and the most effective method
to evoke rhythmical jaw movements in vivo is continuous high-
frequency stimulation of the masticatory cortex (Dellow and
Lund, 1971; Lund, 1976; Nakamura, 1980; Goldberg et al., 1982).
Last, in vitro, high-frequency activity in excitatory premotoneu-
rons mimicked exogenous mGluR activation and was antagonized
by MCPG.

During periods of endogenous mGluR activation, we propose
that the presynaptic and postsynaptic regulatory effects of
mGluRs work together to discriminate the favored, synchronous
synaptic signal from asynchronous synaptic noise and amplify its
postsynaptic effectiveness via increased motoneuronal excitabil-
ity. Thus, mGluRs help sculpt the final oral-related motor output
of trigeminal motoneurons.
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