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Modulation of Calcium Currents by a Metabotropic Glutamate 
Receptor Involves Fast and Slow Kinetic Components in Cultured 
Hippocampal Neurons 

Yoshinori Sahara’ and Gary L. Westbrook1v2 

‘Vellum Institute and 2Department of Neurology, Oregon Health Sciences University, Portland, Oregon 97201 

The modulation of high-threshold Caz+ currents by the se- 
lective metabotropic glutamate receptor (mGluR) agonist 
(1 S,3R)-1 -aminocyclopentane-1,3-dicarboxylic acid (ACPD), 
was investigated in cultured hippocampal neurons using 
whole-cell voltage-clamp recording. ACPD reduced high- 
threshold Ca*+ currents carried by Ba*+ with an EC,, of 15.5 
AM. The inhibition was reversible, voltage dependent, and 
blocked by L-2-amino-3-phosphonopropionic acid (1 mM) or 
by pretreatment with pertussis toxin. Inhibition by ACPD was 
greatly enhanced, and became irreversible, when the non- 
hydrolyzable GTP analog GTPrS was included in the whole- 
cell pipette. In some neurons, the Ba*+ current was inhibited 
by L( +)-2-amino-4-phosphonobutanoic acid (L-AP4) as well 
as ACPD while most cells were insensitive to L-AP4, sug- 
gesting that these agonists activate distinct receptors. The 
inhibition of Ca2+ currents was reduced but not eliminated 
in the presence of either o-conotoxin GVIA or nifedipine, 
suggesting that both N- and L-type Ca2+ currents were af- 
fected. The degree and kinetics of inhibition were dependent 
on intracellular calcium. With [Cal, < 1 nM, inhibition had a 
fast onset (t = l-2 set) and a rapid recovery, consistent 
with a membrane-delimited pathway. However, a slow com- 
ponent of inhibition appeared when the steady state [Cal, 
was increased to 100 nM (t onset = 3 min). The slow com- 
ponent did not require transient Ca*+ influx or release of 
intracellular Ca2+. We suggest that Ca*+ channel modulation 
by ACPD involves either two mGluR subtypes with separate 
coupling mechanisms or a single mGluR that couples to both 
mechanisms. 

[Key words: metabotropic glutamate receptors, calcium 
channels, G-proteins, L-2-amino-4-phosphonobutanoic acid, 
hippocampus, trans-ACPD] 

Glutamate activates two types of receptors, ligand-gated ion 
channels and G-protein-coupled (metabotropic) receptors 
(mGluRs). The ligand-gated ion channels have well established 
roles in excitatory synaptic transmission (for review, see Mayer 
and Westbrook, 1987; Collingridge and Lester, 1989) but the 
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physiological functions of mGluRs are much less defined 
(Schoepp et al., 1990a). mGluRs were first identified in mRNA- 
injected Xenopus oocytes as coupled to inositol phospholipid 
metabolism (Sugiyama et al., 1987). Recently, five mGluRs have 
been cloned that have several intracellular transduction mech- 
anisms and distinctive expression patterns (Houamed et al., 
199 1; Masu et al., 199 1; Abe et al., 1992; Tanabe et al., 1992). 

Pharmacological and physiological studies have just begun to 
characterize mGluRs, although this has been hampered by a 
lack of high-affinity ligands or effective antagonists. One major 
action of mGluRs in hippocampal neurons appears to be mod- 
ulation of potassium and calcium channels (Charpak et al., 1990; 
Lester and Jahr, 1990; Desai and Conn, 199 1). In addition, L-2- 
amino-4-phosphonobutanoic acid (L-AP4), a glutamate analog 
that does not activate mGluR 1 (Houamed et al., 199 l), inhibits 
synaptic transmission and voltage-sensitive Ca*+ currents in 
cultured olfactory bulb neurons via a G-protein-coupled recep- 
tor (Trombley and Westbrook, 1992). Thus, more than one 
G-protein<oupled glutamate receptor may be involved in mod- 
ulation of Ca2+ channels. 

It has been proposed that modulation of Ca2+ channels by 
glutamate or L-AP4 is membrane delimited (Lester and Jahr, 
1990; Trombley and Westbrook, 1992). However, the existence 
of multiple mGluR subtypes and the activation of three diffus- 
ible second messengers even by a single mGluR receptor (Ar- 
amori and Nakanishi, 1992) provide multiple possible coupling 
mechanisms. The best-studied biochemical action of mGluR 
activation in hippocampal neurons is inositol trisphosphate (IP,) 
production and mobilization of Ca*+ from intracellular stores 
(Murphy and Miller, 1988; Furuya et al., 1989; Schoepp et al., 
1990a). 

The CaZ+ channel subtypes that are modulated by mGluRs 
are also unclear. Although N-type channels, the predominant 
CaZi channel subtype in neurons of the PNS, are a major target 
of neurotransmitter modulation (for review, see Tsien et al., 
1988; Hess, 1990) in hippocampal neurons, N-, L-, and P-type 
Ca2+ channels contribute approximately equally to the whole- 
cell current (Regan et al., 1991; Mintz et al., 1992). In acutely 
dissociated cortical neurons, L-type channels were inhibited by 
an mGluR (Sayer et al., 1992) whereas N-type channels were 
inhibited in acutely dissociated CA3 neurons (Swartz and Bean, 
1992a). 

In order to elucidate the mechanisms of the Ca*+ channel 
modulation by mGluRs, we focused on three issues: (1) whether 
(1 S,3R)- 1 -aminocyclopentane- 1,3-dicarboxylic acid (ACPD) and 
L-AP4 mediated inhibition of Ca2+ channels involves distinct 
receptors, (2) whether Ca2+ channel modulation by ACPD is 
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dependent on [Ca2+], , and (3) which CaZ+ channel subtypes are 
affected. Our results suggest that ACPD and L-AP4 act via sep- 
arate receptors to reduce voltage-dependent Ca2+ currents in 
cultured hippocampal neurons. The action of ACPD involves 
fast and slow kinetic components resulting in a decrease in both 
N- and L-type Ca2+ channel activity. 

acid were dissolved in ethanol and then diluted in water and stored at 
-20°C.; the highest final concentrations of ethanol were 0.01% and 
0.002%, respectively. Other drug were dissolved in water. In some ex- 
periments, neuronal cultures were incubated at 37°C with pertussis toxin 
(PTX; Sigma, 0.5 &ml) for 24-30 hr. 

A preliminary report has appeared in abstract form (Sahara 
and Westbrook, 199 1). 

Materials and Methods 

Cell culture. Primary cultures of rat hippocampal neurons were prepared 
from neonatal rat pups (Sprague-Dawley). Pups were anesthetized with 
halothane and decapitated, and the hippocampi removed and cut into 
1 mm slices. The slices were incubated in activated papain (20 U/ml, 
45-60 min), dissociated by gentle trituration, and plated (10,000 cells/ 
cm2) on a confluent layer of hippocampal astrocytes as previously de- 
scribed (Legendre and Westbrook, 1990). The culture medium con- 
tained Minimum Essential Medium (GIBCO), 0.6% glucose, 5% heat- 
inactivated horse serum (Hyclone), and a supplement including 200 ~Lgl 
ml transferrin, 200 FM putrescine, 60 nM sodium selenite, 40 nM pro- 
gesterone, 40 rig/ml corticosterone, 20 &ml triiodothyronine, and 10 
&/ml insulin. Half of the medium was changed twice weekly. 

Electrophysiology. Currents were recorded in the whole-cell patch- 
clamp mode using a patch-clamp amplifier (PC-50 1, Warner Instrument 
Co., Hamden, CT). Recordings were made from well-isolated pyra- 
midal-shaped neurons after 5-7 d in culture. All experiments were done 
at room temperature. The extracellular recording solution contained (in 
mM) 165 NaCl, 2.5 KCl, 2.5 BaCl,, 1 MgCl,, 10 N-[2-hydroxyethyl] 
piperazine-N’-[2-ethanesulfonic acid] (HEPES), and 10 glucose; pH was 
adjusted to 7.3 with NaOH and osmolarity to 325 mOsm. Tetrodotoxin 
(TTX; 1 PM) and tetraethylammonium chloride (5 mM) were added to 
block voltage-dependent sodium channels and potassium channels; 
strychnine (2 PM), picrotoxin (50 FM), and 7-chlorokynurenic acid (500 
nM) were added to block glycine, y-aminobutyric acid, and N-methyl- 
D-aspartate (NMDA) channel activity. The chamber was continuously 
perfused at 1 ml/min with extracellular solutions in which Ca2+ was 
substituted for Ba*+ . This prevented Ba*+ -induced depolarization of 
other neurons in the culture with subsequent increases in synaptic ac- 
tivity. 
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Data acquisition and analysis. Following establishment of whole-cell 
recording, 5 min was allowed for equilibration of patch pipette contents 
with the cytoplasm before the beginning of data collection. During this 
time the neuron was perfused with the extracellular Ca*+ solution. How- 
ever, following the initiation of data collection, the neuron was contin- 
uously perfused with Ba2+ solution from one of the flowpipes. Depo- 
larizing voltage jumps (30 msec) were delivered at regular intervals (31 
min) under computer control to elicit Ba2+ currents. Current records 
were corrected for linear leakage and capacitance using a P/4 procedure. 
For kinetic experiments, 10 msec voltage steps from -60 mV to 0 mV 
at 1 set intervals were used, the current remaining in Cd*+ (100 PM) 

was used for leak subtraction. Currents records were low-pass filtered 
with an S-pole Bessel filter at 2 kHz, digitized at 5 kHz, and stored on 
an IBM-AT using ~CLAMP (version 5.5). Data were analyzed on a Mac- 
intosh using AXOGRAPH software (Axon Instruments). For display, the 
initial 500-1000 Nsec following a voltage step were blanked to eliminate 
uncompensated capacitance transients. There were small differences 
between the time to peak for different neurons; thus, the amplitude of 
Ba2+ currents was measured by averaging a short data segment 15-20 
msec following onset of the voltage jump; comparison with measure- 
ment made at peak current revealed no systematic differences. Currents 
that showed obvious changes in the slope of activation, suggesting poor 
space clamp, were discarded. Although ATP was included in the whole- 
cell pipette, most cells still showed significant current rundown within 
15-30 mins; thus, to measure current inhibition, the current in the 
presence of drug was compared to the average of the current amplitude 
immediately before drug application and following washout. This pro- 
cedure underestimated the initial inhibition by approximately 10% in 
most cells. Data are expressed as mean ? SD. The significance of the 
results was determined using Student’s t test or, where applicable, paired 
t test. 

Results 

concentration was adiusted by substituting 11 mM bis-(o-amino-phen- 

I-aKm plpcrrcb WCIC la”llCalCU 1 cate glass (1.5 
mm o.d.; WPI Inc., Sarasota, FL) :Dow-Coming 
Corp., MI), and fire polished, and had DC resistances of 2-5 MB. Re- 
cordings pipettes contained 160 mM cesium methanesulfonic acid (Al- 
drich Chemical Co. Inc., WI), 10 mM HEPES, 11 mM ethyleneglycol- 
bis-@-aminoethyl ether)-N,N,N’,N’-tetra-acetic acid (EGTA), 5 mM 
MgCI,, 1 mM CaCl,, 5 mM adenosine 5’-triphosphate (ATP; disodium 
salt), and 0.5-l mM guanosine 5’-triphosphate (GTP; sodium salt); pH 
was adjusted to 7.3 with CsOH and osmolarity to 3 15 mOsm. ATP and 
GTP were diluted into the intracellular solutions for each experiment 
and stored on ice until needed. In some exeeriments. the Dinette Ca2+ 
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mV using Ba2+ (2.5 mM) as the charge carrier. The inward cur- 
rents (I,,) had negligible inactivation during the 30 msec pulse 
and were completely blocked by Cd*+ (100 FM). In some neu- 
rons, especially those older than 7 d in culture, the activation 
of Is, showed evidence of poor space clamp; these neurons were 
not further analyzed. 

ACPD reversibly inhibits high-threshold Ca2+ currents 
To examine mGluR modulation of Z,, (lS,3R)-ACPD, the ac- 

oxy-ethane-N, N, N:@-tetra-acetic acid (BAPTA) for EGTA, CaZY was 
_ _ < - A 

added to give the desired buffered Ca2+ concentration based on the 
sion. ACPD inhibited ZB, in the majority of neurons tested. 

BAPTA dissociation constant reported by Tsien (1980). These were 11 
Figure 1A shows current traces from immediately before and 

mM BAPTA + 0 mM Ca2+ ([Ca2+] < 10 9 M), 11 BAPTA + 2.5 Ca*+ after application of 200 PM ACPD. For neurons dialyzed with 
([Ca2+] = 3 x lo-* M), and 11 BAPTA + 5 mM Ca2+ ([Ca*+] = IO-’ 11 mM EGTA (pCa = 8) and GTP, the reduction of I,, was 2 1.2 
M). f 8.5% (n = 27). As is apparent in Figure lA, the inhibition 

Drug applications. Drugs were diluted in the Ba2+ control solution 
and delivered via a linear array of six glass capillary tubes (400 pm 
diameter) mounted on a micromanipulator, and positioned within = 200 
pm of the cell. Solution flow was controlled with three-way latching 
solenoid valves. To assess the kinetics of( 1 S,3R)- 1 -aminocyclopentane- 
1,3-dicarboxylic acid (ACPD) modulation, solution exchange was per- 
formed by simultaneously opening one valve and closing the adjacent 
valve. This allowed solution exchange within 100 msec (see, e.g., Lester 
et al., 1990). ACPD and L-2-amino-3-phosphonopropionicacid (L-AP3) 
were purchased from Tocris Neuramin (Bristol, U.K.); L(+)-2-amino- 
4-phosphonobutanoic acid (L-AP4) and 7-chlorokynurenic acid were 
from Cambridge Research Biochemical Inc. (Wilmington, DE); gua- 
nosine 5’-o-(3-thiotriphosphate) (GTPrS; tetralithium salt), picrotoxin, 
TTX, Dr.-2-amino-5-phosphonovaleric acid (DL-AI'S), w-conotoxin (w- 
CgTx), and nifedipine from Sigma (St. Louis, MO); and BAPTA from 
Molecular Probes Inc. (Eugene, OR). Nifedipine and 7-chlorokynurenic 

was gradually relieved during the depolarizing voltage step. The 
inhibition could not be attributed to NMDA receptor activation 
(see Chemevskaya et al., 199 l), as NMDA receptors were blocked 
by adding Mg2+ (1 mM) and 7-chlorokynurenic acid (500 nM), 
although on some neurons ACPD produced small inward hold- 
ing currents (5-10 PA). These were not investigated further. 
ACPD reduced I,, rapidly and was completely reversible fol- 
lowing return to the control solution (Fig. 1B). Although I, ran 
down despite inclusion of ATP in the pipette, repeated appli- 
cations of ACPD were still effective. However in most cells the 
percentage inhibition was largest following the first application 
and gradually decreased on subsequent exposures to ACPD. For 
example, the inhibition decreased from (20.5 + 6.1% to 15.9 
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Figure 1. ACPD inhibits high-threshold Caz+ currents. A, Rapid perfusion of ACPD reversibly inhibited high-threshold Ca2+ currents, evoked 
by 30 msec depolarizing pulses from -60 to 0 mV. Ba2+ (2.5 mM) was used as the charge carrier. Patch pipettes were buffered to pCa = 8 with 1 I 
mM EGTA and 1 mM Ca2+. Leak-subtracted currents immediately before and after ACPD application (200 PM) are superimposed. In the presence 
of ACPD, a slow relief of inhibition was observed during the voltage step. B, Inhibition produced by repeated applications of ACPD gradually 
declined during 20 min of whole-cell recording. I, was evoked at 20 set intervals. C, The Z-I/ relationship in Ba*+ solution in the absence (solid 
circles) and presence (open circles) of 200 PM ACPD. Z% was unaffected at positive holding potentials. D, Concentration-response curve for ACPD 
inhibition of I,. The data set includes only neurons tested with at least three agonist concentrations. Data was fitted to the logistic equation I = 
1 - I,,,/( 1 + (EC,,/[ACPD])‘), where I is the normalized current amplitude, I,,, is the response at saturating [ACPD], EC,, is the [ACPD] that 
produces 50% of the maximum response, and n is the slope factor. Zmar was 0.38. 

f 4.3% during three sequential applications of ACPD (n = 7). 
As not all neurons were ACPD sensitive, subsequent analysis 
is based on neurons (n = 138) that demonstrated > 10% inhi- 
bition. We also occasionally observed small potentiation of I,, 
by ACPD in otherwise typical neurons, but this did not occur 
with sufficient frequency to allow further analysis. 

Figure 1 C shows the current-voltage relationship measured 
in control solution and in the presence of 200 PM ACPD. Relief 
of I,, inhibition was observed at positive holding potentials as 
has been observed for several neurotransmitter receptors (e.g., 
Bean, 1989; Elmslie et al., 1990). The concentration-response 
curve for ACPD modulation of I,, (n = 6) is shown in Figure 
ID. ACPD had little effect at 2 PM and was maximally effective 
at 200 PM. The data were fitted to the logistic equation with an 
EC,, = 15.5 PM and a slope factor (n) = 1.25. This closely 
parallels the EC,, reported for activation of mGluRs by truns- 
ACPD in other preparations (Schoepp et al., 1990a). 

A PTX-sensitive G-protein mediates the action of ACPD 
PTX has been reported to block L-AP4 modulation of Ca2+ 
currents (Trombley and Westbrook, 1992), but PTX was inef- 
fective in blocking mGluR modulation of Ca*+ channels (e.g., 

Lester and Jahr, 1990; Swartz and Bean, 1992a). We first con- 
firmed that Ca2+ channel modulation by ACPD required a 
G-protein by including the nonhydrolyzable GTP analog GTPyS 
(100-200 PM) in the recording pipette. GTPyS markedly in- 
creased the inhibition of I,, by ACPD compared to GTP, and 
as expected the inhibition was irreversible (Fig. 2A). For GTPyS 
the inhibition of ZBa was 44.8 f 12.5% (n = 5) compared to 
23.4 -t 8.7%; n = 9; P < 0.01) for GTP (Fig. 28). Subsequent 
applications of ACPD produced little or no additional inhibi- 
tion. 

To test the PTX sensitivity of ACPD responses, hippocampal 
neurons were incubated for 24-30 hr at 37°C with PTX (0.5 pg/ 
ml). Following PTX treatment, ACPD (with GTP in the pipette) 
produced only a 4.1 f 2.0% (n = 5) inhibition of Z,, . This was 
significantly less that inhibition in untreated sister cultures (2 1.3 
f 2.6%; n = 5; P < 0.0 1) or in sister cultures treated with heat- 
inactivated PTX (17.8 f 6.3%; IZ = 4). 

L-AP3 antagonizes ACPD 
L-AP3 has been reported to be a noncompetitive antagonist of 
mGluRs (Schoepp et al., 1990b), but L-AP3 was ineffective in 
antagonizing mGluR1 and mGluR5 in CHO cells (Abe et al., 
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Figure 2. A PTX-sensitive G-protein mediates the fast inhibition of I,,. A, In neurons dialyzed with GTPrS (100-200 PM), ACPD (200 PM) 
produced an irreversible inhibition of I,,. B, Current was evoked by a 30 msec voltage step from -60 mV to 0 mV in the presence and absence 
of ACPD. Initial 1 msec following the voltage step was blanked. C, The reduction in I,, was significantly larger in cells dialyzed with GTPrS 
compared to GTP (P < 0.01). However, following preincubation with PTX (0.5 &ml, 24-30 hr at 37”C), the modulation of I,, by ACPD was 
blocked. 

1992; Aramori and Nakanishi, 1992). However, L-AP3 did an- 
tagonize ACPD-induced mGluR 1 responses in Xenopus oocytes 
(Houamed et al., 1991) and quisqualate-induced IP, synthesis 
and Ca*+ mobilization in neurons (Irving et al., 1990; Schoepp 
et al., 1990b). The ability of L-AP3 to block ACPD modulation 
of Is, was examined as shown in Figure 3. At submaximal con- 
centrations of ACPD (50-l 00 PM), L-AP3 (1 mM) blocked I,, 
inhibition (Fig. 3A,B). For five neurons, inhibition by ACPD 
was 18.0 f 8.8%, and 6.2 + 1.8% in the absence and presence 
of L-AP3 (P < 0.05; Fig. 3C). However, at high concentrations 
of ACPD (200 PM), Z, modulation was completely unaffected 
by L-AP3 (n = 8). This suggests that L-AP3 is a low-affinity 
competitive mGluR antagonist. In addition, higher concentra- 
tions of L-AP3 (1 mM) directly reduced the amplitude of the 
Ca2+ current. This was abolished by DL-AP~ (100 PM) in com- 
bination with Mg*+ (1 mM) and 7-chlorokynurenic acid (500 
nM), consistent with an agonist action of L-AP3 on NMDA 
receptors. 

L-AP4 and ACPD modulate Ca2+ currents via d@erent 
receptors 

L-AP4 has been reported to activate a G-protein-coupled glu- 
tamate receptor, and to inhibit Ca*+ influx and synaptic trans- 
mission in olfactory bulb neurons (Trombley and Westbrook, 
1992). No antagonists are known to block the action of L-AP4, 
but L-AP4 does not activate mGluR1 (Houamed et al., 199 1). 
Thus, to determine whether ACPD and L-AP4 activate the same 
receptor, ACPD (200 PM) and L-AP4 (50 PM) were sequentially 
applied to 66 hippocampal neurons. In the majority of the neu- 
rons (58 of 66), ZBa was inhibited only by ACPD, as shown for 
one neuron in Figure 4A. However, in eight neurons, both ag- 
onists were equally effective in reducing Z,. Inhibition was 23.0 
+ 10.2% for ACPD and 26.4 + 8.1% (n = 8) for L-AP4 (Fig. 
4B). L-AP4 also reduced I,, even after several applications of 

ACPD had resulted in a progressively smaller ACPD response. 
These data suggest that L-AP4 and ACPD activate distinct 
G-protein<oupled receptors, but that only a minority of cul- 
tured hippocampal neurons express AP4 receptors that are func- 
tionally coupled to calcium channels. 

1,modulation by ACPD is dependent on [Ca2+li 

The best-characterized action of mGluR activation is IP,-me- 
diated release of intracellular Ca2+ (Sugiyama, 1987; Furuya et 
al., 1989), and [Ca2+], may also affect modulation of K+ and 
Ca2+ currents by muscarinic receptors (Marrion et al., 1991; 
Beech et al., 1992). The dependence of ACPD modulation on 
intracellular calcium was tested by buffering the patch pipette 
to < 1 nM, 30 nM, or 100 nM [Ca2+],. We waited 5 min after the 
establishment ofwhole-cell recording before application of ACPD 
to allow equilibration of the patch pipette with the cytoplasm. 
ACPD became more effective as Ca2+ was increased in the patch 
pipette. The I,, inhibition was 15.1 -t 5.3% (n = 5) at < 1 nM, 
25.4 f 4.7% (n = 6) at 30 nM, and 29.6 f 10.2% (n = 5) at 
100 nM [Ca2+]i. The inhibition at 100 nM [Ca*+], was signifi- 
cantly greater than at < 1 nM [Ca2+]# (P < 0.05). There was a 
larger variance in inhibition at higher [Ca2+li, perhaps due to 
variations in cell dialysis that depend on cell size and access 
resistance (see Pusch and Neher, 1988; Mathias et al., 1990). 
We attempted to determine whether release of Ca2+ from in- 
tracellular stores contributed to the modulation using thapsi- 
gargin (1 PM; n = 6), a selective inhibitor of the microsomal 
Ca2+-ATPase (Thastrup et al., 1990). However, thapsigargin 
caused an irreversible inhibition of ZBa even in the absence of 
ACPD (not shown). Release of intracellular Ca2+ from caffeine- 
sensitive store can also decrease Ca*+ currents (Thayer et al., 
1988; Kramer et al., 199 1), and the effects of caffeine (10 mM; 
n = 5) were additive to those of ACPD (not shown). These 
results suggest that ZBa modulation by ACPD is dependent on 
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Figure 3. L-AP3 antagonizes ACPD inhibition of ZBa. A, Z,, before, during, and after washout of 50 PM ACPD are superimposed. The addition 
of 1 mM L-AP3 completely blocked the reduction in ZBa by ACPD (middle), and was rapidly reversible (right). Holding potential was -60 mV. B, 
Plot of I,, for the neuron shown in A. Applications of 50 PM ACPD and 1 mM L-AP3 are indicated by bars. L-AP3 had no direct effect on Z& at 
1 rnM in the presence of DL-AP5 (100 PM) and 7-chlorokynurenic acid (500 nM) to block NMDA receptors. C, Percentage inhibition of Z,, by ACPD 
(50 PM) before and after L-AP3 (1 mhi) application. 

the steady state [Ca2+], , although our data are not sufficient to time course of ACPD action with pipettes containing either < 1 
exclude an additional contribution from intracellular Ca*+ stores. nM [CaZ+], (Fig. 5A) or 100 nM [Ca2+], (Fig. 5C). At the low 

The kinetics of Z, modulation were also dramatically affected concentration of [Ca2+], , ACPD modulation had both a rapid 
by the Ca2+ concentration in the pipette. Figure 5 compares the onset and recovery (Fig. 54). For the neuron shown in Figure 
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Figure 4. Inhibition of Is, by L-AP4 and ACPD involves different receptors. A, Both ACPD (200 PM) and L-AP4 (50 PM) were applied to 66 
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similar (right). 
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Figure 5. Increases in [Ca2+], revealed a slow component of Is, inhibition. Z, was recorded with patch pipettes buffered to either low Ca*+ (< 1 
nM) or high Ca*+ (100 nM) with BAPTA/Ca*+ mixtures. A, With [Ca2+], buffered to < 1 nM, I,, inhibition evoked by application of ACPD (200 
PM) showed rapid onset and recovery. ACPD was applied 5 min after establishment of whole-cell configuration to allow equilibration of the buffer 
with the cytoplasm. B, The rapid onset was fitted with a single exponential with a time constant of 1.7 sec. I, was elicited every 1 set by a 10 
msec step from -60 mV to 0 mV, and leak subtracted using 100 PM Cd 2+. ACPD (200 PM) was applied at time as indicated by the arrow. C, In 
another neuron, with [Ca*+], buffered to 100 nM, the onset of inhibition was markedly slowed. Recovery following removal of ACPD showed both 
a fast and a slow component. D, The onset of the slow component was measured with Is, evoked every 20 set during a long application (2 min) 
of ACPD (200 PM; arrows). A single exponential curve (t = 1 min) was fitted to the onset. 

5B, the rapid onset of inhibition was fitted with a single expo- 
nential curve (t = 1.7 set). In contrast, with the pipette buffered 
to 100 nM [Caz+], , I,, continued to decrease during application 
of ACPD (Fig. SC). The time constant for the onset of the slow 
phase was 3.0 + 1.7 min (n = 5; Fig. 5D). We were unable to 
resolve adequately a fast component ofthe onset because voltage 
jumps were performed only at 20 set intervals; this was nec- 
essary to prevent rapid calcium current rundown in high-[Ca2+], 
solutions. However, when ACPD was rapidly washed out, both 
a fast and slow component of recovery were apparent (Fig. SC,D). 
In most cases recovery of the slow component was incomplete. 
Subsequent ACPD application often revealed a smaller slow 
component, perhaps due to incomplete recovery from the prior 
application. 

ACPD inhibits both dihydropyridine-sensitive and 
w-CgTx-sensitive Caz+ channels 

In rat hippocampal neurons, at least three types of high-thresh- 
old Ca2+ channels, N-, L-, and P-type (non-L, non-N), have 
been described (Mogul and Fox, 199 1; Regan et al., 199 1). L-type 
current is blocked by dihydropyridine (DHP) antagonists such 
as nifedipine whereas N-type currents are irreversibly blocked 

by w-CgTx (e.g., Hess, 1990). In our experiments, 32.3 f 10.6% 
of ZB,, elicited from a holding potential of -60 mV, was irre- 
versibly blocked by w-CgTx (0.5-l PM), 18.1 f 8.1% of the 
remaining current was sensitive to nifedipine (1 PM), and the 
remaining 30-50% was therefore of the non-L, non-N type (n 
= 20). In some cells, apparently unequal proportions of Ca2+ 
channels (< 10% of L-type and 50% N-type channel) were ob- 
served. 

In order to determine the Ca*+ channel subtype that was 
inhibited by ACPD, Is, was evoked before and after block of 
N-type current with w-CgTx using patch pipettes buffered with 
EGTA (pCa = 8). As shown in Figure 6A, although w-CgTx 
block was irreversible, subsequent application of ACPD pro- 
duced a smaller, but clearly measurable, decrease in I, . In five 
experiments, ACPD (200 PM) inhibited Z,, by 17.4 * 3.2 % 
before w-CgTx application compared to 6.8 + 1.2% after w-CgTx. 
Thus, ACPD inhibits N-type channels as well as a residual 
current of either the L or the non-L, non-N type. To test whether 
ACPD also blocks L-type channels, ACPD was applied in the 
presence of nifedipine (I PM). As shown in Figure 6B, nifedipine 
blocked part of Z, and reduced the effect of ACPD, suggesting 
that L-type currents are also sensitive to inhibition by an mGluR. 
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The reduction in Z,, modulation could not be attributed to chan- 
nel rundown, as ACPD was effective following washout of ni- 
fedipine. ACPD inhibited Is, by 17.0 f 6.4% before nifedipine 
application, while ACPD inhibited DHP-resistant currents by 
8.6 + 0.9%, and by 14.4 f 2.4% (n = 4) following washout. 
The prolongation of Ca2+ tail currents by DHP agonists has also 
been used to examine modulation of L-type channels (e.g., 
Plummer et al., 1991); however, the presence of dendrites on 
cultured neurons prevented adequate time resolution for tail 
current analysis. 

Discussion 

Our results demonstrate that Ca2+ channel modulation by 
G-protein<oupled glutamate receptors involves distinct recep- 
tor subtypes activated by L-AP4 and ACPD. The EC,, values 
for ACPD and antagonism by L-AP3 are consistent with acti- 
vation of an mGluR. However, inhibition of ZBa by ACPD had 
two kinetic components; the fast component was similar to the 
membrane-delimited effects of activated G-proteins, whereas 
the slow component was dependent on the steady state level of 
[Ca*+],. Both DHP-sensitive and w-CgTx-sensitive Ca2+ chan- 
nels were modulated by ACPD. 

The mGluR responsible for Ca”+ current modulation 
Until recently the action of glutamate analogs on second mes- 
sengerxoupled responses was considered as resulting from ac- 
tivation of a single mGluR. However, molecular cloning studies 
have revealed at least five mGluR subtypes, although the role 
of these subtypes in specific cellular functions is still unclear. 
Several glutamate agonists including quisqualate, L-AP4, ibo- 
tenate, and L-glutamate inhibit high-threshold Caz+ currents 
(Lester and Jahr, 1990; Trombley and Westbrook, 1992). Quis- 
qualate is a potent agonist for mGluR1 and mGluR5, but has 
a low affinity for mGluR2; L-glutamate, the endogenous agonist 
for mGluRs, is relatively nonselective. Because ACPD is a se- 
lective agonist for mGluR1, -2, and -5 (Masu et al., 1991; Abe 
et al., 1992; Tanabe et al., 1992) our results are consistent with 
modulation of Ca2+ channels by one of these mGluR receptor 
subtypes. This is also supported by recent studies in CA3 and 
cortical neurons (Sayer et al., 1992; Swartz and Bean, 1992a). 
However, L-AP4 does not activate mGluR1, -2, or -5 (Houamed 
et al., 1991; Abe et al., 1992; Tanabe et al., 1992) suggesting 
the involvement of an additional “AP4” receptor, possibly 
mGluR4 (Tanabe et al., 1993). 

Our data also suggest that two distinct G-protein<oupled 
glutamate receptors modulate Ca2+ channels in hippocampal 
neurons. Only 10% of the hippocampal neurons tested were 
sensitive to both L-AP4 and ACPD. This is consistent with the 
low sensitivity of hippocampal pathways to presynaptic inhi- 
bition by L-AP4, except for the neurons projecting into the 
dentate gyrus via the lateral perforant pathway (reviewed in 
Mayer and Westbrook, 1987). This contrasts with cultured ol- 
factory bulb neurons, where the majority of mitral/tufted cells 
are sensitive to L-AP4 (Trombley and Westbrook, 1992). The 
small number of AP4-sensitive cells precluded testing the ad- 
ditivity of AP4 and ACPD in the presence of GTP$S, a method 
useful for distinguishing separate populations of receptors. How- 
ever, consistent with involvement of separate receptors, L-AP4 
inhibited I,, in hippocampal neurons even after ACPD inhi- 
bition markedly declined following multiple applications. 

It is not yet possible to distinguish mGluR subtypes with 
antagonists. In particular, prior studies with the putative mGluR 
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Figure 6. ACPD acts on both w-CgTx-sensitive and DHP-sensitive 
BaZ+ currents. A, ACPD (200 PM) was applied before and after irre- 
versible block of N-type channels by w-CgTx (1 PM). w-CgTx blocked 
25% of Is, in this neuron and reduced the ACPD-sensitive current from 
110 pA to 65 pA, suggesting that both w-CgTx-sensitive and-insensitive 
currents are affected by mGluRs. B, In another neuron, ACPD (200 
FM) inhibition was partially blocked during simultaneous application 
of nifedipine (1 PM), consistent with inhibition of L-type channels by 
ACPD. The I,, inhibition returned to control levels foilowing washout 
of nifedipine. Patch Dinettes contained 11 mM EGTA and 1 mM Ca2+. 
IBa was evoked by voltage jumps to 0 mV from a holding potential of 
-60 mV. 

antagonist L-AP3 have produced variable results. L-AP3 blocks 
mGluR-stimulated IP, production in hippocampal slices 
(Schoepp et al., 1990b) as well as in Xenopus oocytes expressing 
mGluR cDNAs in some experiments (Houamed et al., 1991) 
but not in others (Masu et al., 1991; Abe et al., 1992; Tanabe 
et al., 1992). Unlike the noncompetitive action previously re- 
ported (Schoepp et al., 1990b), the effect of L-AP3 in our ex- 
periments could be overcome by higher concentrations of ACPD. 
We have made similar observations in Xenopus oocytes injected 
with hippocampal polyA+ mRNA or mGluR1 cDNA (G. L. 
Westbrook, unpublished observation), suggesting that L-AP3 is 
a competitive, albeit weak, mGluR antagonist. Thus, L-AP3 is 
likely to be ineffective if high concentrations of agonist are used 
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or in the presence of “spare” receptors, that is, if less than full 
receptor occupancy results in a maximal response. 

Coupling of mGluRs to Ca”+ channels 
It has been proposed that mGluR and AP4 receptors inhibit 
Ca2+ channels via a membrane-delimited pathway (Lester and 
Jahr, 1990; Swartz and Bean, 1992a; Trombley and Westbrook, 
1992). Membrane-delimited coupling to high-threshold Ca2+ 
channels appears to be a common general mechanism for G-pro- 
tein-coupled receptors (reviewed in Hille, 1992). This coupling 
mechanism has several characteristics features including prom- 
inent slowing of Ca2+ current activation kinetics (Bean, 1989; 
Elmslie et al., 1990) and kinetics faster than expected for a 
diffusible second messenger system (Jones, 1991; Beech et al., 
1992). For example, muscarinic receptors in cardiac myocytes 
open K(ACh) channels via PTX-sensitive pathway with a la- 
tency of 30-150 msec (Yatani and Brown, 1989), and the fast 
muscarinic inhibition of Ca2+ currents on superior cervical gan- 
glion neurons occurs in less than 1 set (Bernheim et al., 1991; 
Beech et al., 1992). ACPD inhibition of Ca2+ currents in our 
experiments shared these features when [Ca2+], was tightly buf- 
fered, consistent with a membrane-delimited action Ca2+ chan- 
nel activation. 

Although the G-protein involved in the fast component of 
inhibition was PTX sensitive in our experiments, others have 
been unable to block mGluR inhibition with PTX (Lester and 
Jahr, 1990; Swartz and Bean, 1992a). PTX does block mGluR2- 
induced inhibition of CAMP formation as well as 40% of IP, 
synthesis by mGluR 1, but has only a small effect on IP, synthesis 
by mGluR5 (Masu et al., 1991; Abe et al., 1992; Tanabe et al., 
1992). Thus, it is possible that more than one G-protein is 
involved in Ca2+ channel modulation by mGluRs, as has been 
reported for muscarinic receptors (see, e.g., Beech et al., 1992). 
The stimulation of independent second messenger pathways by 
mGluR 1 in CHO cells provides further evidence for such cou- 
pling diversity (Aramori and Nakanishi, 1992). 

Dependence of Caz+ channel modulation on [Ca’+], 
In addition to the fast component of Ca2+ channel inhibition, 
increases in the steady state [Ca2+], revealed a slow component 
of inhibition by ACPD that had an onset time constant of -3 
min and a equally slow recovery rate. Because we used Ba2+ as 
the charge carrier, transmembrane Ca2+ influx could not be 
responsible for the slow inhibitory component. Although 
mGluR1 and mGluR5 stimulate release of intracellular Ca2+ 
stores, the rise time of the slow component was much longer 
than the time course of cytoplasmic Ca2+ transients evoked by 
quisqualate in Ca2+ -free solutions (ca. 3 set; Furuya et al., 1989). 
Likewise, in the absence of extracellular Ca2+, [Ca2+], transients 
disappear with multiple agonist applications, presumably due 
to depletion of stores (Murphy and Miller, 1988; Furuya et al., 
1989). Thus, the Ca2+ dependence would not appear to be sim- 
ply due to facilitation of IP,-mediated release of intracellular 
Ca2+. The [Ca2+], dependence of the slow component of inhi- 
bition is likely to explain the Ca2+ dependence observed with 
quisqualate-induced depression of Ca2+ currents (Lester and 
Jahr, 1990). However, the mechanism of action of Ca2+ remains 
unclear. Both mGluR1 and mGluR5 would be expected to ac- 
tivate protein kinase C (PKC), and PKC activators have been 
shown to decrease whole-cell Ca2+ currents (Doemer et al., 1988; 
Rane et al., 1989; Plummer et al., 1991). However, this does 
not appear to explain ACPD modulation of Ca2+ currents, as 

PKC enhances Ca2+ currents while occluding mGluR-mediated 
inhibition of N-type Ca2+ currents in CA3 neurons (Swartz et 
al., 1993). 

The distinct kinetic components of ACPD modulation in our 
experiments are strikingly similar to modulation of Ca2+ chan- 
nels in sympathetic neurons (Bernheim et al., 1991; Beech et 
al., 1992). In sympathetic neurons, muscarinic receptors me- 
diate a fast membrane-delimited inhibition and a slow inhibi- 
tion dependent on the steady state [Ca2+], , whereas noradren- 
aline activates only the fast component. In our experiments the 
increase in percentage inhibition in high [Ca2+], also suggests 
that both fast and slow mechanisms are involved, although we 
were unable to resolve the fast component of the onset in high 
[Ca2+], due to the limited sampling rate. However two com- 
ponents were apparent in the recovery. An alternative possi- 
bility, that Ca slows a single kinetic process, is thus unlikely. 
The second messenger mediating the slow component is un- 
known, but does not appear to involve release of intracellular 
Ca2+, PKC, or cyclic nucleotides (Bemheim et al., 1991). It has 
been suggested that a Ca2+ -dependent phosphatase could be this 
messenger (Armstrong and White, 1992). 

Ca2+ channel subtypes 
Both w-CgTx-sensitive as well as DHP-sensitive CaZ+ channels 
were inhibited by ACPD. Many neurotransmitters and neuro- 
peptides can inhibit Ca2 b channels, although in most cases N-type 
channels appear to be the target (Tsien et al., 1988; Hess, 1990). 
DHP-sensitive Ca2+ channels are also modulated by neurotrans- 
mitters. The best studied is the enhancement of L-type channels 
in cardiac myocytes by CAMP-dependent protein kinase (for a 
review, see Birnbaumer et al., 1990). Activation of PKC has 
been reported to increase or decrease L-type Ca2+ current in 
cardiac cells (Lacerda et al., 1988), and leutinizing hormone- 
releasing hormone inhibits L- as well as N-type Ca*+ channels 
in frog sympathetic neurons (Bley and Tsien, 1990). Sayer et al. 
(1992) reported that trans-ACPD selectively inhibits L-type 
channels in cortical neurons, while Swartz and Bean (1992a) 
reported that ACPD selectively inhibits N-type channels in CA3 
hippocampal neurons. The kinetics ofN-type channel inhibition 
were similar to the fast component seen in our experiments. As 
these experiments were done with tightly buffered [Ca*+], , this 
may explain the lack of a slow component of inhibition. Taken 
together, these results are consistent with inhibition of N-type 
channels primarily by the fast mechanism whereas L-type chan- 
nels are only affected by the slow inhibitory process. This would 
also be analogous to muscarinic receptors in sympathetic neu- 
rons (Mathie et al., 1992). 

Functional significance 
Inhibition of N-type Ca2+ channels is considered a likely mech- 
anism for regulation of transmitter release by presynaptic au- 
toreceptors (e.g., Hirning et al., 1988; Holz et al., 1988; Lip- 
scombe et al., 1989; Bley and Tsien, 1990). The role of L-type 
currents in transmitter release is less clear. L-AP4 and trans- 
ACPD can inhibit transmitter release (e.g., Forsythe and Cle- 
ments, 1990; Baskys and Malenka, 1991; Lovinger, 1991; 
Trombley and Westbrook, 1992). We have confirmed that 
w-CgTx blocks spontaneous EPSCs in cultured hippocampal 
neurons while nifedipine has little effect. However, in the pres- 
ence of TTX (1 PM), miniature EPSCs are more effectively 
blocked by nifedipine than by w-CgTx (Y. Sahara, unpublished 
observation). Depression of transmitter release also results from 
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an increase in K+ conductance in presynaptic terminals as sug- 
gested by Cox and Dunlap (1992), and ACPD also modulates 
at least two separate K+ conductances, Ca’+-activated K+ (I,,,) 
and I, (Charpak et al., 1990). 

Our results add further to this complexity in that Ca2+ channel 
modulation by mGluRs appears to involve both multiple re- 
ceptors and distinct kinetic components. This remarkable di- 
versity provides an array of possible cellular effects as has been 
suggested for other G-protein-coupled receptors (e.g., Hille, 
1992). A critical variable in sorting out this complexity is the 
time course of transmitter during normal synaptic transmission 
and the cellular location of mGluRs. Glutamate is present at 
high concentrations in the synaptic cleft for only brief periods 

(e.g., = 1 mM for 1 msec; Clements et al., 1992). As glutamate 
has a relatively low affinity for mGluRs (Schoepp et al., 1990a), 
it seems unlikely these receptors will be significantly activated 
during normal synaptic activity unless they are located within 
the synaptic cleft. If mGluRs are more uniformly distributed 
on the membrane surface, activation may occur only during 
intense or repetitive synaptic activity. 
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