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Metabotropic Glutamate Receptor Modulation of Voltage-Gated 
Ca2+ Channels Involves Multiple Receptor Subtypes in 
Cortical Neurons 
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Department of Molecular Physiology and Biophysics, Vanderbilt University Medical School, Nashville, Tennessee 37232 

Metabotropic glutamate receptor (mGluR) modulation of 
voltage-gated Cazf channels was examined in isolated deep 
layer frontoparietal cortical neurons under conditions designed 
to isolate calcium-independent modulatory pathways. Trans-l- 
aminocyclopentane-1,3-dicarboxylate (f-ACPD), a nonspecific 
mGluR agonist, produced rapid and reversible inhibition of 
Ca*+ channels. This effect was mimicked by agonists for group 
I and group II, but not group III, mGluRs. Effects of group I and 
II agonists often were observed in the same neurons, but 
separate subgroups of neurons were unresponsive to the group 
I agonist quisqualate or the group II agonist 2-(2,3-dicarboxy- 
cyclopropyl) glycine (DCG-IV). Inhibition by quisqualate and 
DCG-IV was nonocclusive in neurons responding to both ago- 
nists. These agonists thus appear to act on different mGluRs. 
The mGluR antagonist ol-methyl-4-carboxylphenylglycine at- 
tenuated inhibition by f-ACPD, quisqualate, and DCG-IV. Inhi- 

bition by quisqualate and DCG-IV was voltage-dependent. Al- 
though the effects of both agonists were greatly reduced by 
N-ethylmaleimide (NEM), inhibition by DCG-IV was more sen- 
sitive to NEM than inhibition by quisqualate. f-ACPD-induced 
inhibition was reduced by o-conotoxin GVIA (w-CgTx) and 
o-agatoxin IVA (w-AgTx) but was affected little by nifedipine. 
Inhibition by DCG-IV and quisqualate also was reduced by 
o-CgTx. We conclude that multiple mGluR subtypes inhibit 
Ca”+ channels in cortical neurons and that N- and possibly 
P-type channels are inhibited. Modulation is via a rapid-onset, 
voltage-dependent mechanism that likely involves a pertussis 
toxin (PTX)-sensitive G-protein, Type I mGluRs may work via 
additional PTX-insensitive pathways. 
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Glutamate, the major excitatory neurotransmitter in the mam- 
malian central nervous system, produces its actions via both 
ionotropic and metabotropic receptors (Nakanishi, 1992). Molec- 
ular cloning studies have revealed the existence of at least eight 
different metabotropic glutamate receptor (mGluR) subtypes la- 
beled mGluRl-8 (Houamed et al., 1991; Masu et al., 1991; Abe 
et al., 1992; Nakanishi, 1992; Tanabe et al., 1992; Nakajima et al., 
1993; Okamoto et al., 1994; Duvoisin et al., 1995). The mGluRs 
can be subdivided into three groups based on primary amino acid 
sequence, signal transduction, and pharmacology (Houamed et 
al., 1991; Masu et al., 1991; Manzoni et al., 1991; Prezeau et al., 
1992; Nakanishi, 1992; Thomsen et al., 1992; Abe et al., 1992; 
Tanabe et al., 1992; Nakajima et al., 1993; Tanabe et al., 1993; 
Hayashi et al., 1993; Okamoto et al., 1994; Gereau and Conn, 
1995a). 

Activation of mGluRs alters the function of a variety of sub- 
types of high-voltage-activated Ca2+ channels in neurons from the 
brain and nodose ganglion (Lester and Jahr, 1990; Sahara and 
Westbrook, 1993; Swartz and Bean, 1992; Trombley and West- 
brook, 1992; Sayer et al., 1992; Hay and Kunze, 1994; Stefani et 
al., 1994; Chavis et al., 1994). mGluR inhibition of N-type, L-type, 
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and other Cazf channels has been observed in hippocampal and 
cortical neurons (Sayer et al., 1992; Sahara and Westbrook, 1993; 
Swartz and Bean, 1992; Swartz et al., 1993). Quisqualate, a group 
I mGluR agonist, inhibits Ca2+ channels in hippocampal, cortical, 
and nodose ganglion neurons (Lester and Jahr, 1990; Sayer et al., 
1992; Swartz and Bean, 1992; Hay and Kunze, 1994) and facili- 
tates L-type channel function in cerebellar granule cells (Chavis et 
al., 1995). Ca2+ channels are inhibited by L-AP4, a group III 
mGluR agonist, in cultured olfactory bulb neurons and in a subset 
of cultured hippocampal neurons (Trombley and Westbrook, 
1992; Sahara and Westbrook, 1993). (2S,l’S,2’S)-2-(carboxycyclo- 
propyl) glycine (L-CCG-I), an agonist with some selectivity for 
group II mGluRs, inhibits the function of L-type Ca*+ channels 
(Chavis et al., 1994). However, the actions of agonists selective for 
each mGluR group on particular Ca*+ channels have not been 
examined in a single population of neurons. In addition, few 
studies have demonstrated antagonist blockade of mGluR agonist 
effects on Ca2+ channels (Sahara and Westbrook, 1993). 

Neurotransmitters can modulate Ca2+ channel function 
through a variety of mechanisms (reviewed by Anwyl, 1991; 
Hille, 1992). One well characterized mechanism involves a fast, 
calcium-independent, G-protein-mediated pathway that ap- 
pears to be membrane-delimited (Anwyl, 1991; Hille, 1992). 
This mechanism has been subcategorized using the criteria of 
PTX-NEM sensitivity and voltage dependence (Shapiro et al., 
1994). mGluR modulation of N- and non-N-type Ca2+ channels 
in cortical, hippocampal, and nodose ganglion neurons involves 
a fast, voltage- and calcium-independent pathway (Swartz and 
Bean, 1992; Swartz et al., 1993; Sahara and Westbrook, 1993; 
Hay and Kunze, 1994). A quisqualate-sensitive mGluR appears 
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to be involved in this action (Swartz and Bean, 1992; Hay and 
Kunze, 1994). PTX-sensitive G-proteins are involved in mod- 
ulation by mGluRs in some neurons (Sahara and Westbrook, 
1993; Hay and Kunze, 1994; Chavis et al., 1994). mGluRs also 
act through other mechanisms, including slowly developing, 
possibly Ca” -dependent mechanisms in hippocampal and cor- 
tical neurons (Sayer et al., 1992; Sahara and Westbrook, 1993), 
and a slowly developing, possibly calcium-independent mecha- 
nism in cerebellar granule cells (Chavis et al., 1994). 

We wished to characterize further mGluR modulation of Cazt 
channels involving calcium-independent pathways in deep-layer 
neocortical neurons by determining the following: (1) whether 
different mGluR subtypes inhibit Ca2+ channels in the same 
cortical neurons; (2) whether the modulation of Ca2+ channels by 
different mGluR subtypes involves similar mechanisms: and (3) 
what subtypes of Ca2+ channels are modulated. 

MATERIALS AND METHODS 
Cortical neuron preparation. Brain slices were prepared from 9- to 20-d- 
old Sprague-Dawley rats using previously described techniques (Lov- 
inger, 1991; Lovinger et al., 1993). Rats were killed by decapitation, and 
the brains were cooled in ice-cold artificial CSF (aCSF) containing 124 
mM NaCl, 4.5 mM KC], 2.0 mM CaCI,, 1.5 mM M&I,, 26 mM NaHCO,, 
1.2 mM NaH,PO,. and 10 mM o-alucose adiusted to oH 7.4 bv bubbline 

‘. 7. I  , 
with 95% 0,/5% CO,. Corona1 sections (400 pm ihick) were cut in 
ice-cold medium using a manual vibroslice (World Precision Instruments, 
New Haven, CT) vibrating slicer. Slices were then transferred onto a 
nylon net submerged in aCSF at room temperature (2l-24”C), and the 
aCSF was constantly bubbled with 95% 0,/5% CO,. After 1 hr, a chosen 
slice was hemisected. Hemislices containing the cortex and striatum just 
anterior to the globus pallidus were incubated at 37°C for 20-Z min in 
aCSF containing 0.05 mg/ml pronase (Calbiochem, La Jolla, CA) bubbled 
with 95% 0,/5% CO,. Slices were transferred to a solution containing 
(in mM): 130 N-methylglucamine, 20 NaCI, 1 MgCl,, 10 HEPES, 10 
o-glucose, adjusted to pH 7.4 with HCI, osmolarity adjusted to 328 
mmol/kg with sucrose. The deep layer of dorsal cortex overlying the 
striatum was removed and transferred to another culture dish containing 
the above solution and triturated through a ~200 Eppendorf micropipette 
tip and then through flame-polished Pasteur pipettes of decreasing tip 
apertures. The cell suspension in the culture dish was placed onto the 
stage of an inverted microscope, and cells were allowed to settle for 
lo-15 min before normal external solution containing 150 mM NaCl, 2.5 
mM KC], 1 mM MgCI,, 2.5 mM CaCl,, 10 mM HEPES, and 10 mM 
o-glucose (pH = 7.4 adjusted with NaOH, osmolarity adjusted to 340 
mmol/kg with sucrose) was reintroduced to the culture dish. 

Whole-cell recording. Whole-cell voltage clamp recordings were ob- 
tained using pipettes made from borosilicate glass capillaries pulled on a 
Flaming-Brown micropipette puller. Pipette resistances ranged from 0.5 
to 2 Ma when filled with internal solution. Two internal solutions were 
used. The first consisted of 117 mM tetraethylammonium (TEA) chloride, 
4.5 mM MgCI,, 9 mM HEPES, 9 mM EGTA, 14 IIIM creatine phosphate 
(Tris salt), 4 tTIM ATP (magnesium salt), and 0.3 mM GTP (Tris salt), pH 
adjusted to 7.4 with TEA-OH, osmolarity adjusted to 315 mmol/kg with 
sucrose. The second contained 125 mM N-methyl-D-glucamine, 20 mM 
TEA-OH, 10 mM HEPES, 11 mM EGTA, 1 mM CaCI,, 14 mM creatine 
phosphate (Tris salt), 4 mM ATP (magnesium salt), and 0.3 mM GTP 
(Tris salt), pH adjusted to 7.4 with methanesulfonic acid, osmolarity 
adjusted to 315 mmolikg with sucrose. Creatine phosphate, ATP, and 
GTP were stored as aliquots at -20°C and added just before experiments, 
and solution was then kept ice-cold. There was no difference between 
cells filled with the two internal solutions in terms of I,, amplitude or 
modulation by mGluR agonists. The external recording solution con- 
tained 25 mM BaCI,, 145 mM TEACI, 10 mM HEPES, and 1 pM tetro- 
dotoxin (TTX), pH adjusted to 7.4 with TEA-OH, osmolarity adjusted to 
335 mmol/kg with sucrose. 

by the time course of Ca’+ channel inhibition by cadmium. Seals were 
formed and the whole-cell configuration was obtained in normal exter- 
nal solution before perfusing the cell with the external solution con- 
taining TEA and Ba’+. 

The electrode series resistance was compensated 70-80%, and the leak 
current was determined by 10 mV hyperpolarizing steps from the holding 
potential. All data except the current traces shown in the figures are 
derived from leak-subtracted current values. Capacitance artifacts were 
not subtracted from the current traces shown in the figures. For display 
purposes, the full amplitude of capacitance artifacts was not shown in 
Figures L4,3A, and 5D. Whole-cell currents recorded with Axopatch 200 
or 1D amplifiers were filtered at 5 kHz and digitized at up to 50 kHz and 
stored on a microcomputer using pC1amp software. The amplitude of 
Ba2+ currents was measured isochronally at the time point at which peak 
current was seen in the absence of drug. The data for the concentration- 
response curves were fit with KaleidaGraph (Synergy Software, Reading, 
PA) using the logistic equation to obtain IC,, values. Percent inhibition 
by mGluR agonists before and after depolarizing prepulses was calcu- 
lated as the current amplitude in the presence of agonist divided by the 
amplitude of the response in the absence of drug before the prepulse. The 
percentage of total current inhibited by agonist before and after appli- 
cation of channel blockers was calculated by determining the percentage 
of the original total baseline current amplitude that was inhibited in the 
presence of agonist before and after channel blocker treatment. All 
averaged values are given as mean ? SEM. The statistical criterion for 
significance wasp < 0.05. 

Drugs, Truns-1-aminocyclopentane-1,3-dicarboxylate (t-ACPD) and 
quisqualate were purchased from Research Biochemicals (Natick, MA). 
w-Conotoxin GVIA (~&&TX), w-agatoxin IVA (w-AgTx), creatine phos- 
phate, ATP, GTP, guanosink 5’-o-(3-thiotriphosphate)’ (GTPyS; ietra- 
lithium salt), ibotenate, D,L-AP4, L-SOP, NEM, ‘FIX, and nifedipine 
were from Sigma (St. Louis, MO). (R,S)-cu-Methyl-4-carboxylphenylgly- 
tine [(R,S)-MCPG], (+)-ol-methyl-4-carboxylphenyl glycine [(+)- 
MCPG], and 4C3HPG were purchased from Tocris Neuramin (Bristol, 
UK). (R,S)-DHPG was from Tocris Cookson (Bristol, UK). DCG-IV was 
a gift from Drs. H. Shinozaki and Y. Ohfune. 

RESULTS 

Pharmacological properties of mGluRs that modulate 
Ca*+ channels 
Barium current was recorded from 183 acutely isolated cortical 
neurons, which were identified as pyramidal neurons under phase- 
contrast microscopy. To investigate the involvement of mGluRs in 
the modulation of Ca2+ channels, t-ACPD, quisqualate, and 
DCG-IV were applied to acutely isolated cortical neurons. Inhi- 
bition of I,, developed within 2 set after the onset of application 
of each agonist. Inhibition was largely reversible 8-16 set after 
removal of agonist. Figure L4 shows current traces recorded 
immediately before, during, and after application of 200 PM 
t-ACPD, 200 nM quisqualate, and 5 PM DCG-IV to separate 
neurons. The rate of current onset was slowed considerably during 
agonist application. Maximal inhibition of I,, by 200 PM t-ACPD, 
1 PM quisqualate, and 5 PM DCG-IV was 22.4 ? 2.0% (n = 15), 
19.1 + 1.9% (n = 18), and 14.9 L 1.5% (n = 18), respectively 
(Fig. 1B). The concentration-response curves for t-ACPD-, quis- 
qualate-, and DCG-IV-induced effects on I,, are shown in Figure 
1C. The estimated IC,, values for t-ACPD, quisqualate, and 
DCG-IV were 11.5 PM, 0.12 pM, and 0.51 PM, respectively. 

The effects of other mGluR agonists were subsequently exam- 
ined. Ibotenate is a relatively nonselective agonist (see Pin and 
Duvoisin, 1995). DHPG is a selective agonist for group I mGluRs 
(Gereau and Conn, 1995a). 4C3HPG is known to be an agonist 
for mGluR2 and an antagonist for mGluR1 (Thomsen et al., 

Drug solutions were applied by gravity-driven perfusion from a linear 1994). All three agonists were effective at concentrations that have 
array of 12 microcapillary tubes (inner-diameter > 150 pm). Solution 
flow was controlled with a three-way stopcock. To assess the kinetics of 

been’shown to a&vate mGluRs. 4C3HPG (200 PM), DHPG (50 

DCG-IV- and quisqualate-induced inhibition, solution exchange was PM), and ibotenate (30 PM) inhibited I,, by 16.7 ? 3.3% (n = 6) 
uerformed bv simultaneouslv oaenine one valve and closine the adia- 17.7 + 4.4% (n = 6), and 21.5 2 2.7% (rr = 7), respectively (Fig. 
I  L a v  I 
cent valve. This allowed solution exchange within -200 msec as judged 1B). These three agonists also produced slowing of current acti- 
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Figure 1. mGluR agonists inhibit I,, in a dose-dependent manner in acutely isolated cortical neurons. A, Currents activated by indicated voltage step 
before, during, and 8 set after application of 200 pM t-ACPD, 200 nM quisqualate, and 5 p.M DCG-IV. Data are from separate neurons. Left calibration 
bar is for t-ACPD and DCG-IV, and right calibration bar is for quisqualate. B, Percent inhibition of I,, by different mGluR agonists. The concentrations 
tested were chosen to be at the high end of concentration-response curves from studies of mGluR clones. C, Concentration-response curves for t-ACPD, 
DCG-IV, and quisqualate inhibition of I,,. The data set includes only neurons tested with at least four agonist concentrations, and each data point is the 
average of data from five to seven neurons. Inhibition by each agonist is normalized to inhibition by the maximally effective agonist concentration (100 
PM t-ACPD, 1 pM quisqualate, and 5 FM DCG-IV). I,, was evoked by 50 msec voltage steps from -70 to - 10 mV in A, B, and C. Data points and error 
bars represent ?SEM. 

vation. We also examined the actions of the selective group III 
mGluR agonists [D,L-AF'4 (100 PM) and L-SOP (100 PM)]. These 
agonists produced little inhibition of I,, (percent inhibition by 
D,L-AP~ = 3.1 +- 0.5, n = 8; L-SOP = 1.7 ? 0.7, n = 6) in neurons 
in which t-ACPD produced >15% inhibition (Fig. 1B). There was 
no change in holding current during the application of any mGluR 
agonist at concentrations that produced maximal responses in 
these experiments in which NMG or TEA and Ba2+ were the 
major cations in the external and internal recording solutions. 

The observation that both quisqualate and DCG-IV modulated 
Ca2+ channel function was interesting given that these agonists 
have selective effects on different mGluR subtypes. It thus ap- 
peared possible that more than one mGluR subtype was involved 
in Ca2+ channel modulation. The first piece of information that 
was consistent with this hypothesis was the observation that 
DCG-IV was effective in fewer neurons than either t-ACPD or 
quisqualate. Inhibition of current amplitude of ~5% was ob- 
served in 95% of neurons in which 100 PM t-ACPD was tested 

(n = 63), 93% of neurons in which 1 pM quisqualate was tested (n 
= 42), but only 75% of neurons in which 5 PM DCG-IV was tested 
(n = 48). In 11 of these neurons, DCG-IV failed to produce 
significant inhibition, whereas t-ACPD or quisqualate produced 
>15% inhibition (Fig. 24). In addition, three neurons were sen- 
sitive to t-ACPD but did not respond to quisqualate (Fig. 2B). 
Thus, a proportion of the neurons tested did not respond to 
particular mGluR agonists even though effects of other agonists 
could be demonstrated in the same neuron. 

We next correlated the inhibition produced by a maximally 
effective concentration of a given mGluR agonist with that pro- 
duced by other agonists in the same neurons. The correlation 
between the percent inhibition produced by quisqualate and 
DCG-IV was quite low (Y = 0.11, n = lo), as was the correlation 
between inhibition by t-ACPD and quisqualate (r = 0.01, n = 12) 
or t-ACPD and DCG-IV (r = 0.28, n = 10) (t test,p > 0.1). 

We then examined the effect of combined application of max- 
imally effective concentrations of the selective agonists DCG-IV 
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Figure 2. The effects of DCG-IV and quisqualate are not correlated and are nonocclusive. A and B, Plots of I,, amplitude over time for two neurons 
in which one mGluR agonist produced significant inhibition and another agonist did not. C, Bar graph showing the inhibition by quisqualate, DCG-IV, 
or the combination of quisqualate + DCG-IV normalized to the inhibition by combined agonist treatment (n = 5). All data are from the same set of 
neurons. The data set includes all cells showing >5% inhibition by both DCG-IV and quisqualate. Agonist concentrations were 100 pM t-ACPD, 1 pM 

quisqualate, and 5 pM DCG-IV in A, B, and C. In, was evoked by 50 msec voltage steps from -70 to -10 mV. Error bars represent ISEM. 

and quisqualate. We hypothesized that if these agonists act on the 
same receptor, then inhibition by the combination of both ago- 
nists should be similar in magnitude to that produced by either 
agonist alone. If, however, the agonists act on separate receptors, 
one would expect that inhibition in the combined presence of both 
agonists would be greater than that observed with either agonist 
alone. Inhibition by the combination of 5 pM DCG-IV + 1 pM 

quisqualate was greater than that by either DCG-IV or quisqual- 
ate alone in every neuron in which both agonists produced >5% 
inhibition when applied separately (n = 5) (Fig. 2C). Further- 
more, we observed that inhibition by 100 PM t-ACPD was well 
correlated with inhibition during the combined application of 
DCG-IV and quisqualate (Y = 0.96, n = 6) (t test, p < 0.001). 

Antagonism by MCPG 
MCPG has been reported to be a competitive antagonist of 
mGluRs (Birse et al., 1993; Hayashi et al., 1994). The ability of 
MCPG to block mGluR agonist modulation of I,, was examined, 
as shown in Figure 3. (R,S)-MCPG (1 mM) or (+)-MCPG (500 
FM) partially blocked I,, inhibition by t-ACPD, quisqualate, and 
DCG-IV at agonist concentrations that produced submaximal 
inhibition. Percent inhibition by 2.5 PM t-ACPD, 200 nM quisqual- 
ate, or 600 nM DCG-IV averaged 18.6 + 2.9, 16.7 2 5.1, and 16.7 
t 4.1%, respectively, in the absence of MCPG and 3.7 -C 0.2, 6.1 
t 1.9, and 2.9 t 0.6, respectively, in the presence of MCPG. 
Taken together, these results suggest that t-ACPD, DCG-IV, and 
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Fzgure 3. MCPG antagomzes the inhibttron of I,, 
by mGluR agonists. A-C, Time course of experi- 
ments in which the effect of 25 fi.M t-ACPD, 200 nM 

quisqualate, or 600 nM DCG-IV on I,, was exam- 
ined before, during, and after application of 1 tnM 

(R, S)-MCPG or 500 pM (+)-MCPG. Inset cuwents 
were recorded at different times during the experi- 
ment plotted inA. D, Bar graph showing the percent 
inhibition by mGluR agonists in the absence or pres- 
ence of MCPG (n = 3 for each agonist). One milli- 
molar (R, S)-MCPG was used in the t-ACPD and 
quisqualate experiments, and 500 PM (+)-MCPC 
was used in the DCG-IV experiment. I,, was evoked 
by 50 or 80 msec voltage steps from -70 to -10 mV. 
Voltage pulses were given every 8 sec. Error bars 
represent ISEM. 
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Figure 4. Time course of inhibition of I,, by DCG-IV and quisqualate.A, 
B, Current records are I,, evoked by 16 msec voltage steps from -70 to 
-10 mV before agonist application, and 12 set (A) or 8 set (B) after 
beginning application of the indicated agonist. Graphs illustrate I,, 
amplitude as a function of time during experiments determining the time 
course of Cazt channel inhibition by 5 pM DCG-IV and 1 pM quisqualate 
in isolated cortical neurons. Voltage pulses were given every 2 sec. 
DCG-IV and quisqualate were applied at the time indicated by the arrow. 

quisqualate inhibit I,, through mGluR activation in acutely iso- 
lated cortical neurons. 

Mechanism of inhibition of Ca2+ channels by different 
mGluR subtypes 
Hille and co-workers have identified different pathways linking re- 
ceptor activation and Ca2+ channel modulation. These pathways can 
be distinguished by the time course of onset of inhibition with 
“fast” modulation developing within a few seconds, and “slow” 
modulation developing over tens of seconds (Hille, 1992; Shapiro 
et al., 1994). To determine how fast the inhibition by different 
mGluR agonists was achieved, we compared the time course of 
inhibition by DCG-IV and quisqualate. I,, was evoked by 16 msec 
voltage steps from -70 to -10 mV every 2 set (this protocol 
allowed for maximal current activation without measurable inac- 
tivation). Using this pulse protocol, no sign of run-down of I,, 
amplitude was seen. As shown in Figure 4, substantial inhibition 
by 5 pM DCG-IV and 1 PM quisqualate was achieved within 2 set, 
and saturation of inhibition was observed in <4 set (n = 5). This 
time course is comparable with that previously reported for “fast” 
inhibition and is considerably faster than “slow” modulation 
(Hille, 1992). 

As mentioned earlier, mGluR agonists including t-ACPD, quis- 
qualate, and DCG-IV slowed I,, activation kinetics. This slowing 
has been proposed to represent a voltage-dependent relief of 
inhibition during the depolarizing test pulse (Bean, 1989). To 
determine whether inhibition by mGluR agonists was voltage- 
dependent, we measured the current-voltage relationship of I,, 
before, during, and after application of 100 PM t-ACPD, 5 PM 

DCG-IV, and 1 pM quisqualate (Fig. 5&C). Inhibition of I,, 
appeared to be voltage-dependent as previously reported for 
other G-protein-coupled neurotransmitter receptors (Bean, 1989; 
Elmslie et al., 1990). It has been reported that depolarizing 
prepulses transiently facilitate Ca2+ channel current by relieving 
G-protein-mediated inhibition induced by receptor activation 
(Jones, 1991; Ikeda, 1991, 1992; Boland and Bean, 1993). The 
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relief of inhibition by depolarizing prep&es has been reported 
for both N- and non-N-type, presumably P-type, channels (Mintz 
and Bean, 1993; Swartz, 1993). To determine whether depolariz- 
ing prepulses relieved inhibition by mGluR agonists in isolated 
cortical neurons, we measured I,, amplitude during short, mod- 
erately depolarizing voltage steps separated by a large transient 
depolarization. We observed that depolarizing prepulses facili- 
tated I,, to a greater extent in the presence than in the absence of 
mGluR agonists (Fig. 5D), suggesting that the inhibition by 
mGluR agonists was relieved by the prepulse. To compare the 
depolarization relief of Ca*+ channel inhibition by DCG-IV and 
quisqualate, we measured the percent inhibition by each agonist 
before and after a depolarizing prepulse. The percent inhibition 
by 5 FM DCG-IV (n = 7) and 1 pM quisqualate (n = 14) averaged 
20.8 t 3.9 and 19.7 2 1.5 before and 8.9 2 2.3 and 8.5 f 1.4 after 
a depolarizing prepulse (Fig. 5&F). Thus, no significant difference 
was found in the depolarization relief of the inhibition by 
DCG-IV and quisqualate. 

Previous studies have suggested that calcium channel modula- 
tion by mGluRs is G-protein-mediated (Lester and Jahr, 1990; 
Swartz and Bean, 1992; Sayer et al., 1992; Sahara and Westbrook, 
1993; Hay and Kunze, 1994; Stefani et al., 1994; Chavis et al., 
1994). Thus, we predicted that introduction of the nonhydrolyz- 
able GTP analog GTPyS into the cell would mimic the effect of 
agonists and/or render agonist-induced inhibition irreversible. Di- 
alysis of the cell interior with 100-300 PM GTPyS produced 
gradual inhibition that resembled that produced by mGluR ago- 
nists and eliminated fast, reversible inhibition by agonists, includ- 
ing DCG-IV, quisqualate, and t-ACPD (n = 10) (data not shown). 
However, in some GTPyS-filled neurons (n = 8), mGluR agonists 
produced a slowly developing, irreversible inhibition (data not 
shown). 

Because of the difficulty in using PTX in experiments on acutely 
isolated neurons, we used NEM, a sulfhydryl-alkylating agent 
(Jakobs et al., 1982), which has been shown to uncouple PTX- 
sensitive G-proteins from receptors (Nakajima et al., 1990; Sha- 
piro et al., 1994). A recent study suggests that NEM blocks Ca*+ 
channel modulation by PTX-sensitive G-proteins in neurons (Sha- 
piro et al., 1994). To determine the NEM sensitivity of Ca*+ 
channel inhibition by DCG-IV and quisqualate in isolated cortical 
neurons, we briefly applied mGluR agonists before and after a 120 
set application of 50 PM NEM (Fig. 6). To determine how much 
of the inhibition by mGluR agonists was sensitive to NEM, we 
measured the percent inhibition by DCG-IV and quisqualate 
before and after application of NEM. The percent inhibition by 1 
pM quisqualate (n = 14) and 5 pM DCG-IV (n = 8) averaged 20.2 
2 1.6 and 20.7 ? 2.7, respectively, before and 8.6 ? 0.7 and 4.1 2 
1.0, respectively, after application of 50 pM NEM. Thus, inhibition 
by DCG-IV appeared to be affected by NEM to a greater extent 
than inhibition by quisqualate. These data suggest that a PTX- 
sensitive G-protein mediates the majority of DCG-IV and 
quisqualate-induced inhibition, However, part of the inhibition by 
quisqualate might be mediated by a PTX-insensitive G-protein(s). 

Ca2+ channel subtypes modulated by mGluRs 
We examined the effects of Ca*+ channel blockers including 
nifedipine (an L-type channel blocker) (Fox et al., 1987a,b), 
o-CgTx (an N-type channel blocker) (Aosaki and Kasai, 1989; 
Plummer et al., 1989), and o-AgTx (a blocker of P- and other, 
channels) (Mintz et al., 1992). Application of each of these ago- 
nists inhibited some proportion of I,, activated by voltage steps to 
- 10 mV from a holding potential of -70 mV. w-CgTx (1 PM) 
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Figure 5. mGluR agonists inhibit I,, in a voltage-dependent manner. A, Current-voltage relationships determined before, during, and after application 
of 100 pM t-ACPD. Holding potential was -70 mV. Test potentials were given every 5 sec. B and C, Plot of I,, inhibition versus test pulse potential 
derived from current-voltage relationships taken before, during, and after 5 pM DCG-IV (B) or 1 pM quisqualate (C) treatment. Holding potential was 
-70 mV. Test potentials were given every 5 sec. D, Relief of t-ACPD-induced inhibition by depolarizing prepulses. Current activated by the indicated 
voltage steps before and during application of 100 pM t-ACPD. Note the increase in the ratio of the response to the second test pulse relative to the first 
test pulse in the presence of t-ACPD. E, Graph showing the percent inhibition by 5 pM DCG-IV and 1 pM quisqualate before and after a depolarizing 
prepulse. A single denominator (control response before the prepulse) was chosen to calculate percent inhibition before and after the prepulse. Prepulses 
increase the ratio of the response to the second test pulse relative to the first test pulse by 5.1 + 2.3 and 22.3 -C 4.1% in the absence or presence of 5 
PM DCG-IV (n = 7), respectively, and by 7.9 t 1.9 and 23.3 t 3.6% in the absence or the presence of 1 FM quisqualate (n = 14), respectively. Current 
was evoked by test pulses (-70 to -5 mV, 25 msec duration) given before and after a 50 msec prepulse to +80 mV, as in D. 

blocked 31.5 t 7.0% (n = 5) of Ina, nifedipine (5 pM) blocked 
22.8 + 1.1% (n = 5) of Ina, and o-AgTx with 1 mg/ml cytochrome 
C (100 nM) blocked 33.5 t 4.3% (n = 5) of I,, (Fig. 70). We 
estimated that a substantial proportion of current (lo-20% of 
total current amplitude) was not affected by any of these blockers. 
However, the proportion of the Cazi channel types varied among 
cells. In some cells, apparently unequal proportions of the differ- 
ent Cazi channels (e.g., <lo% of L-type, 50% of N- or P-type) 
were present. 

To determine the Ca2+ channel subtypes that were inhibited by 
t-ACPD, I,, was elicited before and during block of N-, P-, and 
L-type currents with 1 FM o-CgTx, 100 nM w-AgTx, and 5 PM 

nifedipine (Fig. 7). The percent of total current inhibited by 
t-ACPD was 18.3 t 1.9 before and 6.4 t 1.6 after application of 
1 PM w-CgTx (n = 5) (paired t test,p < 0.001). In another group 
of cells (n = 5), the percent of total current inhibited by t-ACPD 
was 28.5 + 5.7 before and 16.7 C 5.4 after application of 100 nM 
o-AgTx (paired t test, p < O.OOl), whereas t-ACPD inhibited I,, 
by 30.6 ? 5.9% before and by 24.5 t 4.1% after application by 5 
PM nifedipine in yet another group of cells (n = 5) (paired t test, 
p < 0.05) (Fig. 7E). We also examined the involvement of N-type 
channels in I,, modulation by DCG-IV and quisqualate. The 
percent of total current inhibited by 5 pM DCG-IV (n = 4) and 1 
FM quisqualate (n = 5) was 26.6 -C 5.4 and 15.7 t 2.6, respec- 

tively, before and 11.9 + 4.2 and 7.36 + 2.2, respectively, after 
application of 1 pM o-CgTx (paired t test, p <-0.01 for both 
agonists). Thus, the effect of o-CgTx on inhibition by DCG-IV 
and quisqualate appeared to be similar to that of w-CgTx on 
inhibition by t-ACPD. 

DISCUSSION 
Previous studies have demonstrated that mGluR activation mod- 
ulates Ca2+ channels in a variety of neurons (Lester and Jahr, 
1990; Sayer et al., 1992; Swartz and Bean, 1992; Trombley and 
Westbrook, 1992; Sahara and Westbrook, 1993; Hay and Kunze, 
1994; Stefani et al., 1994; Chavis et al., 1994; Chavis et al., 1995). 
The majority of studies have shown that t-ACPD and quisqualate 
activate Ca2+ channel modulation (Swartz and Bean, 1992; Sayer 
et al., 1992; Hay and Kunze, 1994; Chavis et al., 1995). In addition, 
some evidence for modulatory effects on Ca2’ channels of the 
group III mGluR agonist L-AP4 (Trombley and Westbrook, 1992; 
Sahara and Westbrook, 1993) and L-CCG-I (a moderately selec- 
tive group II mGluR agonist) has been presented (Chavis et al., 
1994). Interestingly, t-ACPD was able to inhibit Ca2+ channel 
function in hippocampal neurons from mutant mice lacking 
mGluR1, suggesting that this receptor cannot account for all of 
the Ca2+ channel-modulatory actions of mGluRs (Aiba et al., 
1994). From these studies it has been hypothesized that several 
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mGluR subtypes can participate in Ca2+ channel modulation (Pin 
and Duvoisin, 1995). However, there is very little evidence that 
different mGluR subtypes participate in modulation in the same 
population of neurons. In the present study, we have obtained 
evidence that agonists selective for different mGluRs inhibit cal- 
cium current in some neurons, whereas in other neurons only one 
subtype-selective agonist was effective. In addition, inhibition dur- 
ing the combined application of DCG-IV and quisqualate was 
greater than that elicited by application of either agonist alone. 
Finally, inhibition by the nonspecific mGluR agonist t-ACPD was 
well correlated with the combined actions of DCG-IV and quis- 
qualate in individual neurons but was not well correlated with the 
actions of either agonist alone. These findings suggest that more 
than one mGluR mediates Ca2+ channel inhibition in these 
neurons. 

The mGluR agonists that elicited Ca2+ channel modulation in 
cortical neurons were nonspecific, selective for group I mGluRs 
(Manzoni et al., 1991; Nakanishi, 1992; Gereau and Conn, 1995a), or 
selective for group II mGluRs (Hayashi et al., 1993; Thomsen et al., 
1994; Gereau and Conn, 1995a). The findings with MCPG suggest 
that each of these agonists works through mGluRs, and appear to 
exclude the involvement of mGluR4 because this subtype is not 
blocked by MCPG (Hayashi et al., 1994). We observed no evidence 
of inhibition by agonists selective for group III mGluRs. However, 
LAP4 modulates Ca2+ channel function in olfactory bulb and hip- 
pocampal neurons (Trombley and Westbrook, 1992; Sahara and 
Westbrook, 1993). Thus, there is evidence for participation of all 
subgroups of mGluRs in Cazt channel modulation. However, mem- 
bers of subgroups I and II appear to be the best candidates for 
modulating Ca2’ channels in cortical neurons, at least under condi- 
tions used in the present study. 

Activation of different mGluRs appears to modulate Ca2+ 
channels via a similar fast, reversible, G-protein-mediated, 
voltage-dependent mechanism in isolated cortical neurons. The 
only difference in inhibition mediated by group I and group II 
mGluRs was the sensitivity to NEM, a compound previously 
demonstrated to mimic the actions of PTX (Hille, 1992; Shapiro 

20 Ins 
I 

5pMDCGIV 

et al., 1994). Thus, inhibition by group I mGluRs may involve both 
PTX-sensitive and -insensitive G-proteins whereas group II 
mGluRs use mainly PTX-sensitive G-proteins. We have evaluated 
further the specificity of NEM for antagonizing PTX-sensitive 
G-protein-mediated modulatory pathways. NEM appears to be a 
fairly specific blocker of PTX-sensitive G-proteins under condi- 
tions similar to those used in the present study (Choi et al., 1995). 
Previous results suggest that group II mGluRs couple negatively 
to adenylate cyclase through PTX-sensitive G-proteins. Thus, 
involvement of PTX-sensitive G-proteins might be expected in the 
case of DCG-IV-induced Ca2+ channel inhibition. It has been 
reported that quisqualate-activated mGluRs and group I mGluRs 
can modulate Ca2+ channels, PI hydrolysis, and Ca2+ mobiliza- 
tion through PTX-sensitive or -insensitive G-proteins (Abe et al., 
1992; Aramori and Nakanishi, 1992; Linden et al., 1994; Hay and 
Kunze, 1994) and, thus, the observed involvement of both PTX- 
sensitive and -insensitive G-proteins in the actions of quisqualate 
is also not surprising. Our findings suggest that mGluRs, partic- 
ularly a group I mGluR, inhibit Ca2+ channels through multiple 
G-proteins in the same neuron, consistent with previous studies in 
which 012 adrenergic and pancreatic polypeptide receptors inhibit 
Ca2+ channels through multiple G-proteins in superior cervical 
ganglion neurons (see Shapiro et al., 1994). 

It must be noted that there is strong evidence for mGluR inhibi- 
tion of Ca2+ channels in cortical neurons via Ca2+-dependent mech- 
anisms excluded in the present study (Sayer et al., 1992). The mech- 
anism described in this previous study appears to be involved in 
modulation of L-type currents. Thus, mGluRs likely inhibit different 
calcium channels using diverse mechanisms in cortical neurons. 

The different mGluRs appear to modulate similar Ca2+ channel 
subtypes. Inhibition of N-type channels accounted for the bulk of the 
effects of t-ACPD, DCG-IV, and quisqualate. The effects of t-ACPD 
and quisqualate are similar to those observed in previous studies 
(Swartz and ‘Bean, 1992; Sahara and Westbrook, 1993; Swartz et al., 
1993; Hay and Kunze, 1994; Stefani et al., 1994). However, inhibition 
of non-N-type channels accounted for a sizable proportion of recep- 
tor-mediated modulation by all three agonists. The observation that 
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Figure 7. t-ACPD inhibits predominantly w-CgTx-sensitive and w-AgTx-sensitive Cazt channels&C, I,, amplitude plotted as a function of time during 
experiments examining the effect of 100 pM t-ACPD before and during application of 1 pM w-CgTx (A), 100 nM w-AgTx (B), or 5 pM nifedipine (C). D, 
Graph illustrating the percent inhibition of I,, by each Ca *+ channel blocker. E, Graph illustrating the percent inhibition by 100 PM t-ACPD before and 
after application of each channel blocker. A single denominator (control response before the application of channel blockers) was chosen to calculate the 
percent of the total current inhibited in the presence of mGluR agonists before and during the application of channel blockers. I,, was evoked by 50 msec 
voltage steps from -70 to -10 mV. Voltage pulses were given every 8 sec. 

some of the current inhibited by t-ACPD was o-AgTx-sensitive 
suggests that one or more of the mGluR subtypes inhibits non-N- 
type channels affected by this blocker. The concentration of o-AgTx 
used was in the range that is fairly selective for P-type channels, 
suggesting the involvement of this channel type. We were not able to 
distinguish further the Ca2+ channel subtypes modulated by 
DCG-IV because of depletion of our limited supply of this agonist. 
GABAa receptors modulate P-type Cazt channels in cerebellar 
Purkinje and spinal cord neurons through a G-protein-mediated 
mechanism similar to the mechanism described at present (Mintz 
and Bean, 1993). Thus, it is becoming evident that non-N-type, 
non-L-type channels, including the P-type, can be modulated by 
G-protein-coupled receptors via a fast modulatory pathway. 

Inhibition of Ca2’ channels has been suggested as a mechanism 
for regulation of transmitter release by presynaptic autoreceptors 
(Lipscombe et al., 1989; Bley and Tsien, 1990). Also, N- and non-N- 
type Ca2+ channels are responsible for synaptic transmission at 
corticostriatal and hippocampal synapses (Luebke et al., 1993; Lov- 
inger et al., 1994; Wheeler et al., 1994; Wu and Saggau, 1994) and 
P-type channels appear to be involved in synaptic transmission at 
hippocampal synapses (Luebke et al., 1993; Wu and Saggau, 1994; 
Castillo et al., 1994). N- and P-type channels involved in excitation- 
secretion coupling may be modulated by mGluRs in presynaptic 
terminals, leading to synaptic depression. Our results indicate that a 

group II mGluR inhibits glutamatergic synaptic transmission presyn- 
aptically at corticostriatal synapses -(Lovinger and McCool,. 1995). 
Thus, it is conceivable that modulation of Ca2’ channels by group II 
mGluR agonists represents the mechanism by which synaptic trans- 
mission is presynaptically inhibited. However, low concentrations of 
quisqualate that do not activate group II mGluRs have been shown 
to inhibit synaptic transmission in hippocampus and striatum (Baskys 
and Malenka, 1991; Calabresi et al., 1992). It is thus possible that a 
group I mGluR subtype also functions as a presynaptic inhibitory 
receptor and that inhibition of Ca 2c channels is a viable mechanism 
for the action of this receptor on transmission. It should be noted, 
however, that some neurotransmitter receptors can produce presyn- 
aptic inhibition independent of the involvement of Ca2+ channels 
(Scholz and Miller, 1992; Scanziani et al., 1992, 1993). Furthermore, 
recent evidence indicates that mechanisms downstream from calcium 
entry contribute to modulation of synaptic transmission by mGluR 
autoreceptors in corticostriatal cocultures and in hippocampus (Tyler 
and Lovinger, 1995; Gereau and Conn, 1995b). Clearly, further work 
is needed to assess the importance of Ca2+ channel inhibition in the 
action of inhibitory presynaptic glutamate receptors. 

REFERENCES 

Abe T, Sugihara H, Nawa H, Shigemoto R, Mizuno N, Nakanishi S (1992) 
Molecular characterization of a novel metabotropic glutamate receptor 



44 J. Neurosci., January 1, 1996, 16(1):36-45 

mGluR5 coupled to inositol phosphate/Ca z+ signal transduction. J Biol 
Chem 267:13361-13368. 

Aiba A, Chen C, Herrup K, Rosenmund C, Stevens CF, Tonegawa S 
(1994) Reduced hippocampal long-term potentiation and context- 
specific deficit in associative learning in mGluR1 mutant mice. Cell 
79~365-375. 

Anwyl R (1991) Modulation of vertebrate neuronal calcium channels by 
transmitters. Brain Res Rev 16:265-281. 

Aosaki T, Kasai H (1989) Characterization of two kinds of high-voltage- 
activated Ca-channel currents in chick sensory neurons: differential 
sensitivity to dihydropyridines and omega-conotoxin GVIA. Pflugers 
Arch 414:150-156. 

Aramori S, Nakanishi S (1992) Signal transduction and pharmacological 
characteristics of a metabotropic glutamate receptor, mGluR1, in trans- 
fected CHO cells. Neuron 8:757-765. 

Baskys A, Malenka RC (1991) Agonists at the metabotropic glutamate 
receptors presynaptically inhibit EPSCs in neonatal rat hippocampus. J 
Physiol (Lond) 444:687-701. 

Bean BP (1989) Neurotransmitter inhibition of neuronal calcium cur- 
rents by changes in channel voltage dependence. Nature 340:153-156. 

Birse EF, Eaton SA, Jane DE, Jones PLStJ, Porter RHP, Pook PC-K, 
Sunter DC, Udvarhelyi PM, Wharton B, Roberts PJ, Salt TE, Watkins 
JC (1993) Phenyl glycine derivatives as new pharmacological tools for 
investigating the role of metabotropic glutamate receptors in the central 
nervous system. Neuroscience 52:481-488. 

Bley KR, Tsien RW (1990) Inhibition of Ca*+ and K+ channels in 
sympathetic neurons by neuropeptides and other ganglionic transmit- 
ters. Neuron 2:379-391. 

Boland L, Bean BP (1993) Inhibition of N-type calcium channels in 
bullfrog sympathetic neurons by luteinizing hormone releasing hor- 
mone: kinetics and voltage-dependence. J Neurosci 13:516-533. 

Calabresi P, Mercuri NB, Bernardi G (1992) Activation of quisqualate 
metabotropic receptors reduces glutamate and GABA-mediated synap- 
tic potentials in the rat striatum. Neurosci Lett 139:41-44. 

Castillo PE, Weisskopf MG, Nicoll RA (1994) The role of Ca*+ channels 
in hippocampal mossy fiber synaptic transmission and long-term poten- 
tiation. Neuron 12:261-9. 

Chavis P, Nooney JM, Bockaert J, Fagni L, Feltz A, Bossu JL (1995) 
Facilitatory coupling between a glutamate metabotropic receptor and 
dihydropyridine-sensitive calcium channels in cultured cerebellar gran- 
ule cells. J Neurosci 15135-143. 

Chavis P, Shinozaki H, Bockaert J, Fagni L (1994) The metabotropic 
glutamate receptor types 2/3 inhibit L-type calcium channels via a 
pertussis toxin-sensitive G-protein in cultured cerebellar granule cells. J 
Neurosci 14:7067-7076. 

Choi S, McCool BA, Lovinger DM (1995) Mechanism of inhibition of 
calcium channels by multiple subtypes of mGluRs in isolated cortical 
neurons. Sot Neurosci Abstr 21:340. 

Duvoisin RM, Zhang C, Ramonell K (1995) A novel metabotropic glu- 
tamate receptor expressed in the retina and olfactory bulb. J Neurosci 
15:3075-3083. 

Elmslie KS, Zhou W, Jones SW (1990) LHRH and GTP-TS modify calcium 
current activation in buhfrog sympathetic neurons. Neuron 5:75-80. 

Fox AP, Nowycky MC, Tsien RW (1987a) Single-channel recordings of 
three types of calcium channels in chick sensory neurones. J Physiol 
(Lond) 394:173-200. 

Fox AP, Nowycky MC, Tsien RW (1987b) Kinetic and pharmacological 
properties distinguishing three types of calcium currents in sensory 
neurones. J Physiol (Lond) 394:149-172. 

Gereau RW, Conn PJ (1995a) Roles of specific metabotropic glutamate 
receptor subtypes in regulation of hippocampal CA1 pyramidal cell 
excitability. J Neurophysiol, in press. 

Gereau RW, Conn PJ (1995b) Multiple presynaptic metabotropic gluta- 
mate receptors modulate excitatory and inhibitory synaptic transmission 
in hippocampal area CAL J Neurosci, in press. 

Hay M, Kunze DL (1994) Glutamate metabotropic receptor inhibition of 
voltage-gated calcium currents in visceral sensory neurons. J Neuro- 
physiol 72:421-430. 

Hayashi Y, Momiyama A, Takahashi T, Ohishi H, Ogawa-Meguro R, 
Shigemoto R, Mizuno N, Nakanish S (1993) Role of a metabotropic 
glutamate receptor in synaptic modulation in the accessory olfactory 
bulb. Nature 366:687-690. 

Hayashi Y, Sekiyama N, Nakanish S, Jane DE, Sunter DC, Birse EF, 
Udvarhelyi PM, Watkins JC (1994) Analysis of agonist and antagonist 

Choi and Lovinger l mGluRs Inhibit Ca ‘+ Channels in Isolated Cortical Neurons 

activities of phenylglycine derivatives for different cloned metabotropic 
glutamate receptor subtypes. J Neurosci 14:3370-3377. 

Hille B (1992) G protein-coupled mechanisms and nervous signaling. 
Neuron 9:187-195. 

Houamed KM, Kuijper JL, Gilbert TL, Haldeman BA, O’Hara PJ, Mul- 
vihill ER, Almers W, Hagen FS (1991) Cloning, expression, and gene 
structure of a G-protein-coupled glutamate receptor from rat brain. 
Science 252:1318-1321. 

Ikeda SR (1991) Double-pulse calcium channel current facilitation in 
adult rat sympathetic neurones. J Physiol (Lond) 439:181-214. 

Ikeda SR (1992) prostaglandin modulation of Ca*+ channels in rat sym- 
pathetic neurons is mediated by guanine nucleotide binding proteins. J 
Physiol (Lond) 458:339-359. 

Jakobs KH, Lasch P, Minuth M, Aktories K, Schultz G (1982) Uncou- 
pling of a-adrenoreceptor-mediated inhibition of human platelet ad- 
enylate cyclase by N-ethylmaleimide. J Biol Chem 257:2829-2833. 

Jones SW (1991) Time course of receptor-channel coupling in frog sym- 
pathetic neurons. Biophys J 60:502-507. 

Lester RAJ, Jahr CE (1990) Quisqualate receptor-mediated depression 
of calcium currents in hippocampal neurons. Neuron 4:741-749. 

Linden DJ, Smeyne M, Connor JA (1994) Trans-ACPD, a metabo- 
tropic receptor agonist, produces calcium mobilization and an in- 
ward current in cultured cerebellar Purkinje neurons. J Neurophysiol 
71:1992-1998. 

Lipscombe D, Kongsamut S, Tsien RW (1989) a-adrenergic inhibition of 
sympathetic neurotransmitter release mediated by modulation of N- 
type calcium channel gating. Nature 340:639-642. 

Lovinger DM (1991) Truns-1-aminocyclopentane-1,3-dicarboxylic acid 
(t-ACPD) decreases synaptic excitation in rat striatal slices through a 
presynaptic action. Neurosci Lett 129:17-21. 

Lovinger DM, McCool BA (1995) Pharmacology of the metabotropic glu- 

tamate receptor at the cortico-striatal synapse. J Neurophysiol, in press. 
Lovinger DM, Merritt A, Reyes D (1994) Involvement of N-and non-N- 

type calcium channels in synaptic transmission at corticostriatal syn- 
apses. Neuroscience 62:31-40. 

Lovinger DM, Tyler E, Fidler S, Merritt A (1993) Properties of a pre- 
synaptic metabotropic glutamate receptors in rat neostriatal slices. J 
Neurophysiol 69~1236-1244. 

Luebke JI, Dunlap K, Turner TJ (1993) Multiple calcium channel types 
control glutamatergic synaptic transmission in the hippocampus. Neu- 
ron 11:895-902. 

Manzoni OJJ, Poulat F, Do E, Sahuquet A, Sassetti I, Bockaert J, 
Sladeczek FAJ (1991) Pharmacological characterization of the quis- 
qualate receptor coupled to phospholipase C (Qp) in striatal neurons. 
Eur J Pharmacol 207:231-241. 

Masu M, Tanabe Y, Tsuchida K, Shigemoto R, Nakanishi S (1991) 
Sequence and expression of a metabotropic glutamate receptor. Nature 
349:760-765. 

Mintz IM, Bean BP (1993) GABA, receptor inhibition of P-type Ca*+ 
channels in central neurons. Neuron 10:889-898. 

Mintz IM, Venema VJ, Swiderek K, Lee T, Bean BP, Adams ME (1992) 
P-type calcium channels blocked by the spidertoxin w-Aga-VI-A. Na- 
ture 355:827-829. 

Nakajima T, Irisawa H, Giles W (1990) N-ethylmaleimide uncouples 
muscarinic receptors from acetylcholine-sensitive potassium channels in 
bullfrog atrium. J Physiol (Lond) 96:887-903. 

Nakajima Y, Iwakabe H, Akazawa C, Nawa H, Shigemoto R, Mizuno N, 
Nakanishi S (1993) Molecular characterization of a novel retinal 
metabotropic glutamate receptor mGluR6 with a high agonist selectivity 
for L-2-amino-4-phosphonobutyrate. J Biol Chem 268:11868-11873. 

Nakanishi S (1992) Molecular diversity of glutamate receptors and im- 
plications for brain function. Science 258:597-603. 

Okamoto N, Hori S, Akazawa C, Hayash Y, Shigemoto R, Mizuno N, 
Nakanish S (1994) Molecular characterization of a new metabotropic 
glutamate receptor mGluR 7 coupled to inhibitory cyclic AMP signal 
transduction. J Biol Chem 269:1231-1236. 

Pin JP, Duvoisin R (1995) The metabotropic glutamate receptors: struc- 
ture and functions. Neuropharmacology 34:1-26. 

Plummer MR, Logothetis DE, Hess P (1989) Elementary properties and 
pharmacological sensitivities of calcium channels in mammalian periph- 
eral neurons. Neuron 2:1453-1463. 

Prezeau L, Manzoni 0, Homburger V, Sladeczek F, Curry K, Bockaert 
J (1992) Characterization of a metabotropic glutamate receptor: 
direct negative coupling to adenylate cyclase and involvement of a 



Choi and Lovinger . mGluRs Inhibit Ca ‘+ Channels in Isolated Cortical Neurons 

pertussis toxin-sensitive G protein. Proc Nat1 Acad Sci USA 
89:8040-8044. 

Sahara Y, Westbrook GL (1993) Modulation of calcium currents by a 
metabotropic glutamate receptor involves fast and slow kinetic com- 
ponents in cultured hippocampal neurons. J Neurosci 13:3041-3050. 

Sayer RJ, Schwindt PC, Crill WE (1992) Metabotropic glutamate recep- 
tor-mediated suppression of L-type calcium current in acutely isolated 
neocortical neurons. J Neurophysiol 68:833-842. 

Scanziani M, Capogna M, Gahwiler BH, Thomson SM (1992) Presyn- 
aptic inhibition of miniature excitatory synaptic currents by baclofen 
and adenosine in the hippocampus. Neuron 8:919-927. 

Scanziani M, Gahwiler BH, Thomsen SM (1993) Presynaptic inhibi- 
tion of excitatory synaptic transmission mediated by a adrenergic 
receptors in area CA3 of the rat hippocampus in vitro. J Neurosci 
13:5393-5401. 

Scholz KP, Miller RJ (1992) Inhibition of quanta1 transmitter release in 
the absence of calcium influx by a G-protein-linked adenosine receptor 
at hippocampal synapses. Neuron 8:1139-1150. 

Shapiro MS, Wollmuth LP, Hille B (1994) Modulation of Ca2+ channels 
by PTX-sensitive G-proteins is blocked by N-ethylmaleimide in rat 
sympathetic neurons. J Neurosci 14:7109-7116. 

Stefani A, Pisani A, Mercuri NB, Bernardi G, Calabresi P (1994) Acti- 
vation of metabotropic glutamate receptors inhibits calcium currents 
and GABA-mediated synaptic potentials in striatal neurons. J Neurosci 
14:6734-6743. 

Swartz KJ (1993) Modulation of Ca*+ channels by protein kinase C in rat 
central and peripheral neurons: disruption of G-protein-mediated inhi- 
bition. Neuron 11:305-320. 

Swartz KJ, Bean BP (1992) Inhibition of calcium channels in rat CA3 
pyramidal neurons by a metabotropic glutamate receptor. J Neurosci 
12:4358-4371. 

J. Neurosci., January 1, 1996, 16(1):36-45 45 

Swartz KJ, Merritt A, Bean BP, Lovinger DM (1993) Protein kinase C 
modulates glutamate receptor inhibition of Ca”+ channels and synaptic 
transmission, Nature 361:165-168. 

Tanabe Y, Masu M, Ishii T, Shigemoto R, Nakanishi S (1992) A family 
of metabotropic glutamate receptors. Neuron 8:169-179. 

Tanabe Y, Nomura A, Masu M, Shigemoto R, Mizuno N, Nakanishi S 
(1993) Signal transduction, pharmacological properties, and expression 
patterns of two rat metabotropic glutamate receptor, mGluR3 and 
mGluR4. J Neurosci 13:1372-1378. 

Thomsen C, Klitggard H, Sheardown M, Jackson HC, Eskesen K, Jacob- 
sen P, Treppendahl S, Suzdak PD (1994) (s)-4-Carboxy-3-hydroxyphe- 
nylglycine, an antagonist of metabotropic glutamate receptor (mGluR) 
la and an agonist of mGluR2, protects against audiogenic seizures in 
DBA/2 mice. J Neurochem 62:2492-2495. 

Thomsen C, Kristensen P, Mulvihill E, Haldeman B, Suzdak PD (1992) 
L-2-amino-4-phosphonobutyrate (L-AP4) is an agonist at the type IV 
metabotropic glutamate receptor which is negatively coupled to adeny- 
late cyclase. Eur J Pharmacol 227:361-362. 

Trombley PQ, Westbrook GL (1992) L-AP4 inhibits calcium currents 
and synaptic transmission via a G-protein-coupled glutamate receptor. 
J Neurosci 12:2043-2050. 

Tyler EC, Lovinger DM (1995) Metabotropic glutamate receptor modu- 
lation of synaptic transmission in corticostriatal co-cultures: role of 
calcium influx. Neuropharmacology, in press. 

Wheeler DB, Randall A, Tsien RW (1994) Roles of N-type and Q-type 
Ca2+ channels in supporting hippocampal synaptic transmission. Sci- 
ence 264:107-111. 

Wu LG, Saggau P (1994) Pharmacological identification of two types of 
presynaptic voltage-dependent calcium channels at CA3-CA1 synapses 
of the hippocampus. J Neurosci 14:5613-5622. 


