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G Protein-Coupled Receptors Mediate a Fast Excitatory 
Postsynaptic Current in CA3 Pyramidal Neurons in 
Hippobanipal Slices 
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SytIaptiC activation in the presence of competitive (D,L- 

APV, CNQX) and noncompetitive (MK-801, GYKI-52466) ion- 
otropic glutamate receptor antagonists induced fast (lo- 
90% rise time of 15-30 msec) postsynaptic responses in 
CA3 pyramidal neurons from acute and cultured hippocam- 
pal slices. Postsynaptic currents were studied extensively 
in slice cultures, and displayed a linear current-voltage re- 
lationship, with a reversal potential between 0 mV and +lO 
mV, suggesting the activation of a nonselective cationic 
conductance. Inhibition of the GTPase cycle by intracellu- 
lar perfusion with the nonhydrolyzable analog of GDP, 
GDPPS, blocked the fast postsynaptic responses evoked 
in ionotropic antagonists, as well as baclofen-mediated 
outward K+ currents, known to be mediated by G protein- 
coupled GABA, receptors. Intracellular perfusion with 
GDPpS did not affect the AMPAlkainate component of the 
synaptic currents. Irreversible activation of G proteins by 
intracellular perfusion with the nonhydrolyzable analog of 
GTP, GMP-PNP, occluded the baclofen responses, and 
evoked an inward current, consistent with the synaptically 
mediated conductance. Incubation of the slice cultures in 
pertussis toxin for 72 hr blocked baclofen-induced outward 
K+ currents, while the fast postsynaptic currents remained. 
The metabotropic glutamate receptor (mGluR) agonists 
1 S,Bf?-ACPD and 1 S,BSACPD induced an inward current in 
the presence of the ionotropic antagonists, and occluded 
the fast EPSCs. The fast EPSCs were partially blocked by 
the mGluR antagonists L-APB and (+)MCPG, but there was 
differential antagonist sensitivity in two pathways stimu- 
lated (CA3 stratum radiatum vs CA3 stratum oriens). These 
data suggest that fast postsynaptic responses evoked in 
the presence of ionotropic glutamate receptor antagonists 
are mediated by G protein-coupled mGluRs linked to non- 
selective cationic channels. 

[Key words: intracellular perfusion, ionotropic glutamate 
receptor, GDP@, metabotropic glutamate receptor, organ- 
otypic slice culture, whole-cell voltage clamp] 

Metabotropic glutamate receptors (mGluRs) in general do not 
directly gate ion flow, but instead are coupled to ion channels 
through a variety of second messenger systems via guanosine- 
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5’-triphosphate (GTP)-binding proteins (G proteins; for review, 
see Schoepp and Corm, 1993). To date, eight subtypes of m- 
GluRs have been isolated by expression cloning. The cloned 
receptors mGluRI and mGluR5 are coupled to stimulation of 
phosphoinositide (PI) hydrolysis via phospholipase C, and are 
more sensitive to quisqualic acid than to lSR,3RS-aminocyclo- 
pentane- 1,3-dicarboxylic acid (ACPD; Abe et al., 1992; Aramori 
and Nakanishi, 1992). mGluR1 is also coupled to stimulation of 
phospholipase A, and adenyl cyclase (Aramori and Nakanishi, 
1992). The cloned receptors mGluR2 and mGluR3 are more 
sensitive to ACPD than to quisqualic acid and inhibit forskolin- 
stimulated cyclic adenosine-3’,5’-monophosphate (CAMP) for- 
mation (Tanabe et al., 1992, 1993). mGluR4, mGluR6, mGluR7, 
and mGluR8 are also negatively coupled to adenyl cyclase but 
they are more sensitive to 2-amino-4-phosphonobutyrate (AP4; 
Nakanishi, 1992; Nakajima et al., 1993; Okamoto et al., 1994; 
Saugstad et al., 1994; Duvoisin et al., 1995). 

Various effects of mGluR agonists on neuronal membrane ion 
fluxes include: blockade of several K+ currents (Curry et al., 
1987; Stratton et al., 1989; Charpak et al., 1990; Ishida et al., 
1990; Stratton et al., 1990; Charpak and Gahwiler, 1991; Salt 
and Eaton, 1991; Guerineau et al., 1994); inhibition of Ca2+- 
dependent and voltage-gated K+ currents (Stratton et al., 1989; 
Baskys et al., 1990; Charpak et al., 1990; Stratton et al., 1990); 
activation of K+ currents (Shirasaki et al., 1994); inhibition of 
Ca?+ currents (Lester and Jahr, 1990; Swartz and Bean, 1992; 
Trombley and Westbrook, 1992; Sahara and Westbrook, 1993); 
and activation of nonselective cationic conductances (Crepe1 et 
al., 1994; Guerineau et al., 1995). mGluRs has been implicated 
in the potentiation of N-methyl-D-aspartate (NMDA)- and c-r-am- 
ino-3-hydroxy-5-methylisoxazole propionic acid (AMPA)-acti- 
vated currents (Aniksztejn et al., 1991; Harvey et al., 1991). 
Their effects on synaptic transmission and plasticity include 
long-term depression of GABAergic inhibitory postsynaptic po- 
tentials (IPSPs; Liu et al., 1993); potentiation of spontaneous 
GABA, IPSPs (Miles and Poncer, 1993); presynaptic inhibition 
of synaptic transmission (Baskys and Malenka, 199 1; Pacelli and 
Kelso, 199 1; Pook et al., 1992); either induction or augmentation 
of long-term potentiation (Otani and Ben-Ari, 1991; Bortolotto 
and Collingridge, 1992, 1993; McGuinness et al., 1992; Zheng 
and Gallagher, 1992; Bashir et al., 1993a; Collins and Davies, 
1993; Petrozzino and Connor, 1994); and induction of long-term 
depression (Linden and Connor, 1991; Linden et al., 1991; Bash- 
ir et al., 1993b; Yang et al., 1994). 

We report here that synaptic activation of CA3 neurons in 
hippocampal slices in the presence of competitive and noncom- 
petitive ionotropic glutamate receptor antagonists induces a fast 
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excitatory postsynaptic current that is sensitive to the disruption 
of the GTPase cycle using a nonhydrolyzable analog of gua- 
nosine-5’-diphosphate (GDP), as well as to the mGluR antago- 
nists L-AP3 and (+)MCPG. Furthermore, selective mGluR ag- 

of the pipettes. High-resistance seals (>l Gfi) were formed by ad- 
vancing the electrodes against the plasma membrane until they just de- 
formed the membrane, and then applying transient negative pressure. 
Whole-cell access was obtained by rupturing the plasma membrane un- 
der the pipette tip with gentle continuous negative pressure. Alter- 

onists activated a similar conductance. and occluded the evoked 
postsynaptic currents. The findings suggest that fast postsynaptic 
currents are mediated by an interaction between G protein-cou- 
pled metabotropic glutamate receptors and nonselective cationic 

natively, CA3 pyramidal neurons were impaled with sharp micro- 
electrodes, whose tips contained 3 M KC1 or K+-acetate, and had a final 
resistance of SO-100 MbZ Pyramidal neurons were identified by their 
morphology after intracellular dialysis with 500 pM mag-fura 2 (pen- 
tapotassium salt; Molecular Probes, Eugene, OR; see below). 

channels. 
Preliminary observations have been reported (Pozzo Miller et 

al., 1993a, 1994b). 

CA3 pyramidal cells were voltage clamped in the discontinuous, sin- 
gle-electrode mode of the Axoclamp-2A (Axon Instruments, Foster 
City, CA) with a sampling frequency of 6-8 kHz. The gain of the 
voltage-clamp was set between 5 and 10 nA/mV, time constant 20 msec. 

Materials and Methods The voltage signal from the electrode was continually monitored in a 

The preparation of hippocampal slice cultures followed techniques orig- 
inally described by Gahwiler (1981) and Stoppini et al. (1991), with 
minor modifications (Pozzo Miller et al., 1993b). Briefly, 6-S-d-old 
Sprague-Dawley rat pups (Harlan, Frederick, MD) were decapitated, 
and the brains aseptically removed and placed in sterile Gey’s Balanced 
Salt Solution, supplemented with 36 mM o-glucose. Hippocampi were 
dissected out, embedded in sterile agar on plastic coverslips, and cut 
into =350-pm-thick transverse slices with a McIlwain tissue chopper 
(Brinkmann, Westbury, NY). Alternatively, hippocampi were dissected 
out and immediately sliced without embedding at ~400 pm thickness 
using a wire slicer (Katz, 1987; Caltech, Pasadena, CA). Slices were 
incubated for 30 min in Gey’s Balanced Salt Solution supplemented 
with 36 mM o-glucose at 4°C mounted individually on Millicell-CM 
tissue culture inserts (Millipore, Bedford, MA), and then placed in a 
5% CO,, 36°C 95% relative humidity incubator (Forma Scientific Inc., 
Marietta, OH). The slice cultures were fed twice a week with a media 
containing Minimum Essential Medium (50%) Earle’s Balanced Salt 
Solution (25%) and heat-inactivated horse serum (or defined equine 
serum from HyClone Labs Inc., Logan, UT; 25%), supplemented with 
1 mM L-glutamine, and 36 mM o-glucose. Tissue culture reagents were 
obtained from GIBCO-BRL (Gaithersburg, MD). Hippocampal slices 
were maintained in the interface of medium and CO, atmosphere, by 
allowing the culture media to form a thin film over the tissue slices, 
without covering them at any time. No antimitotic administration, or 
irradiation procedures were used to reduce non-neuronal cell prolifera- 
tion. 

To test the involvement of G, or G, subtypes of G proteins in the 
mediation of the evoked EPSCs, slice cultures were treated with 500 
rig/ml pertussis toxin (PTX; Calbiochem, La Jolla, CA) for 24 hr, fol- 
lowed by replacement with medium containing fresh PTX for an ad- 
ditional 24 hr period. 

For intracellular recording the Millicell-CM plastic inserts with 5-10 
d in vitro slice cultures were transferred to an immersion-type slice 
chamber (volume = 3 ml), and continuously perfused (2-4 ml/min) 
with saline at room temperature (23-24”C), containing (in mM) NaCl, 
124; KCl, 2; MgSO,, 1.3 (or 4); KH,PO,, 1.24; NaHCO,, 17.6; Car.&, 
2.5 (or 4); o-glucose, 10; equilibrated with 95% 0,/5% CO,; 310-320 
mOsm. Muscarinic and nicotinic cholinergic, GABAergic, and gluta- 
matergic receptor agonists and antagonists were applied by perfusion 
with the extracellular recording solution. D,L-APV, kynurenic acid, at- 
ropine, baclofen, and picrotoxin were purchased from Sigma (St. Louis, 
MO); tubocurarine, CNQX, and GYKI-52466 were obtained from RBI 
(Natick, MA); L-AP3 was obtained from either RBI or Tocris Neuramin 
(Buckhurst Hill, UK); lS,3R-ACPD, lS,3S-ACPD, AMOA, (+)MCPG, 
and (R,S)MCPG from Tocris; and nimodipine from Miles Inc. (West 
Haven, CT). MK-801 was provided by Hoffmann-LaRoche Inc. (Nut- 
ley, NJ). NS-102 was kindly provided by Dr. J. Drejer (NeuroSearch, 
Glostrup, Denmark). 

Using a 40X (0.75 NA) water immersion objective (Achroplan, Zeiss, 
Thornwood, NY) in an fixed-stage upright microscope (Zeiss) superh- 
cial neuronal cell bodies were clearly identifiable under bright-field in 
all the hippocampal regions. Whole-cell recordings were made using 
unpolished patch electrodes pulled from borosilicate thin-wall glass 
(WPI, Sarasota, FL) in a two-stage pipette puller (PP-83, Narishige, Sea 
Cliff, NY) and containing (in mM) Cs+-gluconate (or K+-gluconate), 
120; Na-HEPES, 10; CsCl (or KC]), 17.5; NaCl, 10; EGTA, 0.2; Mg- 
ATP, 2; Na-GTP, 0.2; 280-290 mOsm; pH 7.2 (tinal resistance of these 
electrodes was S-10 Ma). Under visual control, the most superficial 
CA3 pyramidal neurons were approached with the patch electrodes at 
the level of the cell body, while applying positive pressure to the barrel 

separate oscilloscope to ensure optimal performance of the voltage 
clamp. CA3 cells were clamped between -70 and -90 mV, and had 
input resistances of 2 12.29 ? 11.95 MR (n = 34). 

Some cells were dialysed with the Ca2+ chelator BAPTA (potassium 
salt, 20 mM; Molecular Probes). Intracellular diffusion of BAPTA was 
assessed by monitoring the low-affinity fluorescent Ca2+ indicator mag- 
fura 2 (potassium salt, 500 FM; Molecular Probes) included in the barrel 
of the patch electrodes. Indicator fluorescence was elicited by epi-illu- 
mination via fiber optics with light from a mercury arc lamp passed 
through a 380 nm filter. Cells were imaged from the top surface of the 
slice cultures. Digitized images were taken with a cooled CCD camera 
system (CH250, Photometrics, Tucson, AZ) with a Macintosh IIci (Ap- 
ple, Cupertino, CA) controlling image acquisition and display systems. 
Since no indicator (or BAPTA) was included at the tip of the patch 
electrode, it took about 10 min for mag-fura 2 fluorescence to reach 
detectable levels at the tip of the patch pipette and soma. After approx- 
imately 20-30 min of whole-cell access, mag-fura 2 fluorescence equil- 
ibrated at the soma and proximal dendrites, while it took about 1 hr for 
the indicator fluorescence to equilibrate at the more distal fine dendritic 
processes. 

In experiments designed to obtain the current-voltage relationship of 
the evoked EPSCs, QX-314 (2210 mM; RBI) was included in the in- 
ternal solution. To test the involvement of G proteins in the evoked 
EPSCs, the nonhydrolyzable analog of GDP, GDPBS (500 pM; Boeh- 
ringer Mannheim, Indianapolis, IN), or the nonhydrolyzable analog of 
GTP, GMP-PNP (250 FM; Boehringer Mannheim), was introduced into 
the electrodes after whole-cell access was achieved with control solu- 
tion, via a patch pipette perfusion system (2PK+, Adams & List Ass., 
Westbury, NY). A quartz capillary, flame pulled and cut to around 30 
pm id., was positioned at -100 pm from the electrode tip and con- 
netted through a polyethylene line that led out of the electrode holder 
via a separate port. The polyethylene line connected to a vial containing 
the intracellular solution to be exchanged by perfusion. Finally, a pres- 
sure transducer was used to apply 15-20 mm Hg of negative pressure 
to the barrel of the patch electrode, drawing the solution from the quartz 
capillary into the electrode tip. 

Anatomical terms and divisions follow original descriptions by Lor- 
ente de No (1934). Presynaptic fibers were stimulated using a bipolar 
stainless steel electrode (FHC, Brunswich, ME) positioned over stratum 
granulosum of the dentate gyrus, or in the.apical dendritic region of 
CA3, or in stratum oriens of CA3 (toward the CA1 region). Single 
shocks of 100 psec were delivered by a stimulus isolator/constant cur- 
rent unit (ISO-Flex, AMPI, Jerusalem, Israel) at a intensity of 10 pA 
to 2 mA at 0.25-0.5 Hz. 

Additional experiments were performed on CA3 neurons in 300 km 
thick, transverse slices of adult rat (1 SO-220 gm) hippocampus prepared 
using a vibratome (Ted Pella Inc., Redding, CA) and standard proce- 
dures. Rats were anesthetized by intramuscular injection of a mixture 
of ketamine (87 mg/kg) and xylazine (13 mglkg). Slices were placed in 
an interface type recording chamber and perfused with saline (22-24°C) 
containing (in mM) NaCl, 124; KCI, 2; MgSO,, 3.0; KH2P0,, 1.25; 
NaHCO,, 18; CaCl?, 3.0; glucose, 10; equilibrated with 95% 0,/5% 
CO, (pH 7.4). CA3 neurons were impaled with 100-150 MR micro- 
electrodes containing 3 M CsCl and voltage clamped using the discon- 
tinuous mode of an Axoclamp-2A amplifier (Axon Instruments) with a 
switching frequency of 6-7 kHz. Stimuli of 100 psec duration were 
applied through a bipolar stainless steel electrode (FHC) placed in CA3 
stratum lucidum via a stimulus isolator/constant current unit (ISOFlex, 
AMPI). 

All data are expressed as mean ? standard error, while statistical 
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Figure I A, EPSCs after single shock 
(100 ksec) stimulation of dentate gyms 
stratum granulosum: effect of the non- 
competit&e antagonist Gym-52466 on 
EPSCs at high stimulus strength. Toa 
truce, Control bath saline (picrotoxin, 
50 FM). Stimulus intensity at 180 kA. 
Middle @ace, Ionotropic antagonists 
cocktail (D,L-APV, 100 FM; CNQX, 20 
FM; MK-801, 20 FM). Stimulus inten- 
sity at 1.5 mA. Bortom truce, IBC (pic- 
rotoxin, 50 WM; D,L-APV, 100 by; 
C’NQX, 20 .pM; MK-801, 20 LM; 
GYKI-52466. 50 ILM). Stimulus inten- 
sity at 2 mA. Whole-cell configuration, 
Cs-gluconate intracellular solution. B, 
Current-voltage relationship of the 
peak EPSCs from CA3 cells. Whole- 
cell configuration. Patch electrodes 
contained Cs+-gluconate and 10 mM 
QX-3 14. Extracellular saline contained 
IBC plus 10 FM nimodipine. Single 
shock (100 ksec) stimulation to CA3 
stratum radiatum. The I-V curve fitted 

100 

20 ms 

“-A 
-80 mV 

B 

1.5 mA 20 ms 

a linear regression (Y = 0.96 + 0.47X, 
and R* = 0.97). 

+ GYKI 
2mA 

differences were assessed using the Student’s t test. P < 0.05 was con- 
sidered as significant. 

Results 
Fast EPSCs in the presence of competitive and noncompetitive 
ionotropic glutamate receptor untagonists 
Postsynaptic responses in CA3 pyramidal neurons are illustrated 
in Figure 1A. Stimulation was delivered as single shocks (100 
psec) via a bipolar electrode in either the stratum granulosum 
of the dentate gyrus, the apical dendritic region of CA3, or the 
dentate hilus of slice cultures 5-10 d in vitro. Stimulus intensity 
was adjusted to produce single EPSPs in the range of I O-20 mV 
(EPSCs in the order of 50-200 PA) for a given electrode place- 
ment in control extracellular saline. This level of stimulus am- 
plitude will be defined as low intensity. Figure IA (upper trace) 
illustrates an EPSC evoked by single shock stimulation to to 
stratum granulosum at low intensity (180 bA). Similar postsyn- 
aptic responses were observed after stimulation in the hilus (not 
shown) or stratum oriens of CA3 (toward the CA1 region). The 
GABA, antagonist picrotoxin (50 FM) was always included in 
the bathing solution to block inhibitory postsynaptic responses. 
Bath application of a cocktail containing the ionotropic gluta- 
mate receptor competitive antagonists D,L-APV (100 PM; Stone 
et al., 1981) and CNQX (IO-SO PM; Honor6 et al., 1988) and 
the noncompetitive antagonists MK-801 (20 PM; Wong et al., 
1986) and GYKI-52466 (50 pM; Donevan and Rogawsky, 1993; 
Zorumsky et al., 1993) blocked the postsynaptic responses 
evoked by single shock stimulation at low intensity. This cock- 
tail is hereafter called IBC. Similar results were observed with 
stimulation of the other pathways. The nonselective, competitive 
ionotropic glutamate receptor antagonist kynurenic acid (l-3 
mM; Ganong et al., 1983) was also an effective blocker of these 
responses. 

Figure 1A (middle trace) shows that increasing the single 
stimulus intensity to 1.5 mA, revealed a postsynaptic response 
in the presence of APV, CNQX, and MK-801. Slower rise and 
decay times are evident after increasing the stimulus intensity in 

-120 -100 -80 -60 -40 -20 0 20 40 

V W4 

-I 50 pA 
20 ms 

this cocktail. In the absence of the GYKI compound the evoked 
current was SO-60% larger for a constant stimulus (59 t 8 pA 
vs 24 2 3 pA, t test p = 0.0053, n = 6), and had a faster rise 
time, suggesting that CNQX by itself could not completely block 
AMPA channels at the large stimulus intensities. This is shown 
in the comparison of Figure lA, bottom trace, where stimulus 
intensity was increased to 2 mA to evoke an EPSC of compa- 
rable amplitude. Because of the insolubility of the GYKI com- 
pound the full IBC cocktail contained high levels of DMSO 
(0.5-0.6%) and we sometimes omitted it in experiments testing 
the effects of other extracellularly applied antagonists. The pres- 
ence or absence of MK801 in the blocking cocktail made almost 
no difference in the current waveform either for single shocks 
or tetani. Where brief tetani were given it was not necessary to 
increase stimulus intensity as much as for single shocks in order 
to generate responses in the IBC. 

Other competitive ionotropic glutamatergic antagonists, such 
as the AMPA/kainate receptor-selective compound 2-amino-3-[3- 
(carboxymethoxy)-5-methylisoxazol-4-yllpropionic acid (AMOA; 
50Op~, n = 4; Krogsgaard-Larsen et al., l’991), and the kainate 
receptor-selective compound 5-nitro-6,7,8,9-tetrahydrobenzok 
lindole-2,3-dione-3-oxime (NS-102; 10 pM, n = 4; Johansen et 
al., 1993; Lerma et al., 1993) gave no further reduction in the 
postsynaptic responses elicited in IBC. Nicotinic (tubocurarine, 
100 FM, n = 4) and muscarinic (atropine, 10 pM, n = 4) an- 
tagonists also did not affect these responses. We shall refer to 
the postsynaptic currents evoked in IBC-containing competitive 
and noncompetitive antagonists, as Zpm (postsynaptic metabo- 
tropic current) for brevity in the following discussion. 

Z,,,,, evoked by single shocks in IBC had a lo-90% rise time 
of 15-30 msec. This is much faster than the previously described 
slow EPSCs mediated through K+ channel blockade by mGluR 
activation (Charpak and Gghwiler, 1991) which showed a rise 
time of around 4-5 set (U. Gerber, personal communication). 
This slow K-conductance responses was also expressed by neu- 
rons in our cultures but was blocked by Cs+ in the recording 
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electrods or was minimized by holding membrane voltage near 
the K+ reversal potential when K+ recording electrods were 
used. The rise time of Ipm is considerably slower than the AMPAI 
kainate-mediated EPSC that has a lo-90% rise time of 0.5-2 
msec (Fig. IA, upper trace), and slower than the NMDA-medi- 
ated EPSC, with a rise time of 4-9 msec in this preparation and 
elsewhere (Ascher and Nowak, 1988; Ascher et al., 1988; Hes- 
trin et al., 1990a,b; Keller et al., 1991; Williams and Johnston, 
1991; Jonas et al., 1993). 

Ipln was observed with different recording conditions such as 
patch electrodes containing K’~-gluconate (n = 34) or Cs+-glu- 
conate (n = 14) in the whole-cell configuration, and with sharp 
microelectrodes containing KC1 or K+-acetate (n = 4). It was 
also unaffected by intracellular Ca2+ buffering. In CA3 cells 
dialyzed with the Ca2+ chelator BAPTA (20 mM in K+-gluco- 
nate, GTP internal solution) the postsynaptic responses evoked 
in IBC were not significantly affected (41 2 2 pA after 10 min 
of whole-cell access vs 39 + 2 pA after 60 min, t test p = 
0.6559, n = 4). Diffusion of BAPTA into the cells from the 
barrel of the patch electrodes was assessed by monitoring the 
fluorescence of mag-fura 2 (500 FM) included in the solution 
(see Materials and Methods). 

Current-voltage relationships (Z-v) were obtained for EPSCs 
evoked by single shocks in IBC. Patch electrodes containing 
Cs+-gluconate and QX-314 (2-10 mM), and bath application of 
the Ca2+ channel blocker nimodipine (10 pM) were used to fa- 
cilitate voltage clamp during steady-state depolarization. The Z- 
V curve fitted a linear regression (R2 = 0.97) between - 110 mV 
and +30 mV, showing a reversal potential of 0 mV (n = 3; Fig. 
1B). Similar Z-V relationships were obtained when stimulation 
was delivered to stratum oriens (n = 4). These observations, 
together with experiments performed in cells dialysed with K+- 
gluconate showing inward EPSCs at a holding potential of -80 
mV (see Figs. 3-5) exclude the possibility that the EPSCs 
evoked in IBC represent K+-selective conductances (reversal po- 
tential for K+ = -94 mV with [K+], = 3.24 mM, [I<+], = 137.5 
mM). Instead, they suggest the activation of nonselective cationic 
channels. Furthermore, membrane input resistance measured 
with hyperpolarizing voltage pulses (40 msec, 20 mV) at the 
peak of the EPSCs is reduced by 26-37% (165-177 MR at the 
peak of the EPSCs vs 240-263 .MQ two cells), indicating an 
increase in membrane conductance. Dependence on orthodromic 
synaptic transmission was confirmed by the blockade of the 
EPSCs elicited in IBC by bath application of tetrodotoxin (2 
PM, n = 4). 

In the slice culture it proved to be impossible for us to com- 
pare the EPSCs in control saline and in the IBC at the same 
stimulus strength. In control saline the range over which stim- 
ulus strength could be increased and still evoke a reasonably 
uncontaminated EPSC was very narrow. That is, neurons in the 
slice cultures are massively interconnected (Zimmer and Gab- 
wiler, 1984, 1987; McBain et al., 1989; Kauer and Tsien, 1990; 
Mooney et al., 1993; Muller et al., 1993; Sakaguchi et al., 1994) 
and increasing stimulus strength more than 1.5 X threshold trig- 
gered extended dendritic firing even though the soma was held 
at - 100 mV. Within this range of stimulus (low intensity), any 
responses in the IBC were generally within the noise. We were 
however able to obtain a response comparison to a common 
stimulus amplitude in CA3 neurons of acute slice where the 
range of useable stimulus proved to be wider. Figure 2A shows 
EPSCs of a CA3 neuron in acute slice preparation in control 
saline (upper trace) and in the IBC (middle and lower traces). 

-100 mV 

IBC @ 240 pA AAA 

IBC @ 2.0 mA 

1 50 pA AAAAA -100 mV 

50 ms 

IBC @I 2.0 mA 

Figure 2. A: Upper truce, Normal EPSCs in CA3 neuron of acute 
hippocampal slice. Middle truce, I,,,,, evoked by stimulus pulse of same 
amplitude. Lower trace, I,,, evoked by more intense stimulus. Soma 
voltage was held at - 100 mV under single microelectrode voltage 
clamp. Seventy milliseconds before the stimulus shock, soma voltage 
was stepped an additional - 10 mV. Current relaxation gives the slight 
upward drift of the baseline in the records. Traces are averages of 10 
responses. B, EPSPs generated by high-intensity stimulus in the IBC. 
Holding voltage was - 100 mV to emphasize nonlinear summation dur- 
ing a brief tetanus. 

The cell soma was held at - 100 mV and given an additional 
10 mV hyperpolarizing pulse 70 msec before the stimulus shock. 
This enabled the shock amplitude to be increased to two or three 
times the low-intensity range (see above) without firing the den- 
drites. In the upper and middle traces, single stimulus shocks 
(100 psec) of the same amplitude (240 pA, about three times 
low intensity) were delivered to stratum lucidum. The IBC re- 
duced the EPSC under these conditions by approximately 85%. 
Lower amplitude stimulus pulses (cl50 p,A) failed to generate 
a measureable EPSC in the IBC, as was the case in the slice 
cultures. In the lower trace the stimulus amplitude was increased 
eightfold, generating a larger EPSC and showing that the rise 
time of the current in the IBC was considerably slower than the 
control EPSC as was the case in the slice cultures. Figure 2B 
shows that the EPSPs summate in a nonlinear fashion and can 
drive the cell to spike threshold. Additional experiments (n = 
3) have also confirmed the presence of a response similar to Ipm 
in CA3 neurons of standard acute slices from adult rat. With the 
soma held at -70 mV, inward currents of 0.2-3.0nA were elic- 
ited by high-intensity tetanic stimuli (0.1-I .O set, 50 Hz) in the 
presence of the IBC. At +20 mV, outward currents were elicited 
by the tetani. Therefore, the phenomenon we are defining is also 
expressed in normally differentiated neurons. 

Involvement of PTXinsensitive G protein-coupled receptors in 
the fast EPSCs evoked in ionotropic glutamate receptor 
antagonists 

To test directly the involvement of G protein-coupled receptors 
in the activation of I,,,,,, we employed a patch electrode perfusion 
system (Tang et al., 1990) in the slice culture. Intracellular per- 
fusion up to 1 hr with K+-gluconate-based solutions containing 
GTP (200 FM) did not affect the holding current or the EPSCs 
evoked in a cocktail including only competitive antagonists (59 
? 11 pA after 5 min of perfusion vs 6X -C 1 I pA after 45 min 
of perfusion, t test p = 0.2930, n = 3; Fig. 3, top and middle 
traces). The time plot shows the stability of the holding current 
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Figure 3. Stability of EPSCs and EPSC’s in APV-CNQX during whole-cell perfusion with GTP 
holding current during GTP perfusion. 
Left, Peak EPSC amplitude (open cir- 
cles) and holding current (solid cir- 80 - 0 

cles,) versus time of whole-cell patch 
perfusion. Right: Top frace, EPSC after 
10 min of perfusion (arrow in time 
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(right y-axis) and of the peak EPSC amplitude (left y-axis) dur- 
ing intracellular perfusion of GTE? Baclofen (10 PM) elicited an 
outward current (67 t 19 pA, n = 3; Fig. 3, bottom trace) 
known to be mediated by the G protein-dependent opening of 
K+ channels (GBhwiler and Brown, 1985; Dutar and Nicoll, 
1988; Thalmann, 1988). 

Guanosine-5’-O-2-thiodiphosphate (GDPPS), a nonhydrolyz- 
able analog of GDP, competes with GTP for the binding site at 
the (Y subunit, and when present at higher concentrations than 
cellular GTP (around 25 PM; Breitwieser and Szabo, 1988), 
locks the GTPase cycle in an inactivated status (Gilman, 1987; 
Ross, 1989; Hepler and Gilman, 1992). It also depletes the cel- 
lular GTP supply by inhibiting its synthesis from GDP (Breit- 
wieser and Szabo, 1988). Intracellular perfusion with K+-glu- 
conate-based solutions containing GDPpS (500 FM, in the ab- 
sence of GTP) had no effect in the holding current, while EPSCs 
evoked in the IBC were almost completely blocked (46 t 12 
pA before perfusion vs 5 t 2 pA after 30 min, t test p = 0.0084, 
n = 4; Fig. 4 top and middle traces). The response to baclofen 

was also absent after GDP&S perfusion (n = 4; Fig 4, bottom 
trace), confirming the blockade of G protein-coupled responses. 
The time plot shows the stability of the holding current (right 
y-axis) and the reduction of the peak EPSC amplitude (left y-ax- 
is) during intracellular perfusion of GDPPS. 

GDPpS perfusion had no effect on the AMPA/kainate com- 
ponent of the synaptic current. EPSCs evoked in the presence 
of only D,L-APV (100 pM) and picrotoxin (50 PM), using lower 
stimulus intensities averaged 168 5 12 pA peak amplitude after 
5 min perfusion vs 193 ? 14 pA after 30 min (t test p = 0.1345, 
n = 3) while the response to baclofen was abolished (n = 3). 
In a blocking cocktail without GYKI-52466 (i.e., CNQX, 
MK801, APV), GDPpS perfusion blocked approximately 60% 
of the EPSC (115 ? 13 pA vs 51 2 11 pA, IZ = 6; see also 
Fig. 7). This fractional block is quantitatively what would be 
expected with a small residual AMPA channel component of the 
EPSC (as in Fig. lA, middle trace) that is unaffected by GDPPS. 

Pertussis toxin (PTX) uncouples Gi and G, subtypes of G 
proteins from receptors by ADPribosylation of the cysteine res- 

Figure 4. Effect of GDPpS perfusion 
on EPSCs and holding current. Lefr, 
Peak EPSC amplitude (open circles) 
and holding current (solid circles) as a 
function of perfusion time. Right: Top 
trace, EPSC after 10 min of perfusion 
with intracellular solution containing 
500 pM GDPpS (arrow in time plot). 
Middle trace, EPSC after 35 min per- 
fusion Holding potential - 80 mV. Bot- 
tom trace, Postsynaptic current induced 
by bath-applied 10 p,~ baclofen (bar) 
after 40 min of perfusion. Holding po- 
tential -45 mV. EPSCs evoked by sin- 
gle shocks (100 psec) to dentate gyrus 
stratum granulosum. Patch electrodes 
contained K+-gluconate and GTP when 
whole-cell access was established. Ex- 
tracellular saline contained IBC (pic- 
rotoxin, 50 PM; D,L-APV, 100 p,M; 

CNQX, 20 FM; MK-801, 20 yM; 

GYKI-52466, 50 FM). 
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A EPSC’s in APV-CNQX during whole-cell 
perfusion with GTP in PTX-treated cultures 
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idue in the 01 subunit (Gilman, 1987; Ross, 1989; Hepler and 
Gilman, 1992). A set of experiments was done on hippocampal 
slice cultures incubated in media containing PTX (500 rig/ml) 
for 48-72 hr. EPSCs evoked in a cocktail including only com- 
petitive antagonists were not affected in neurons perfused with 
K+-gluconate-based intracellular solutions containing GTP (200 
p,M) from PTX-treated cultures (64 + 7 pA control vs 64 i- 5 
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Figure 6. Summary of peak EPSC amplitudes evoked in the presence 
of ionotropic glutamate receptor antagonists during whole-cell intracel- 
lular perfusion. Bars represent means i- SEM. Numbers in parenthesis 
indicate the number of cells. Asterisks indicate significant statistical dif- 
ferences by Student’s t test (p < 0.05). 

Figure 5. A, EPSCs from a CA3 cell 
from a culture incubated in pertussis 
toxin for 72 hr. Top left truce, EPSC 
after 5 min of perfusion with intracel- 
lular solution containing 200 FM GTP 
Bottom left truce, EPSC after 20 min 
of perfusion. Holding potential -80 
mV. Ri,qht trace, Failure of baclofen re- 
sponse-in PTX-treated cell (compare 
with Fia. 3). Holding ootential -45 

I  -  I  

mV. EPSCs evoked by single shocks to 
dentate gyrus stratum granulosum. Ex- 
tracellular saline contained 50 FM pic- 
rotoxin, 100 FM D,L-APV, 50 FM 

CNQX. B: Left, GMP-PNP induction 
of inward current. Holding current plot- 
ted versus time of whole-cell perfusion 
with GMP-PNP (no PTX pretreat- 
ment). Right. Failure of baclofen re- 
sponse af&r i0 min of perfusion with 
250 FM GMP-PNP Holding potential 
-45 mV.Patch electrodes contained 
K+-gluconate and GTP when whole- 
cell access was established. 

pA PTX cultures, t test p = 0.4727, n = 5; Fig. 5A). To test the 
effectiveness of the incubation on a known PTX-sensitive G 
protein-coupled receptor, the GABA, receptor agonist baclofen 
was applied to the extracellular saline. PTX incubation abolished 
outward currents evoked by baclofen (n = 5; Fig. 5A, right 
trace). 

Guanylyl-imidodiphosphate (GMP-PNP), a nonhydrolyzable 
analog of GTP, binds to CL subunits but cannot be hydrolyzed to 
GDP, activating G proteins irreversibly, and causing persisting 
activation of effector proteins (Gilman, 1987; Ross, 1989; Hep- 
ler and Gilman, 1992). Intracellular perfusion with K-‘-gluco- 
nate-based solutions containing GMP-PNP (250 p,M, in the ab- 
sence of GTP) induced a slowly increasing inward current (520 
+- 58 pA, II = 5; Fig. 5B) and increased membrane conductance. 
The importance of this finding is that it shows the activated G 
protein subunits can produce an inward current of adequate size 
to account for the amplitude of I,,,,, in these neurons. I,,,,, was also 
occluded by this perfusion (54 % 9 pA,vs 20 2 4 pA after 15 
min t test p = 0.003 1, II = 6), but AMPA currents were reduced 
as well (120 ? 21 pA vs 68 ? 15 pA after 35 min t test p = 
0.0342, II = 6), unlike the case for GDPpS perfusion. The re- 
duction of AMPA currents was probably the result of decreased 
electrotonic length resulting from the conductance increase, 
therefore the data of Figure 5B alone cannot be used to argue 
that the occlusion of I,,,,, is solely a G protein effect. The response 
to baclofen was absent in cells intracellularly perfused with 
GMP-PNP (n = 4; Fig. 5B, right trace). Figure 6 summarizes 
EPSC amplitudes during whole-cell intracellular perfusion in 
different antagonist mixtures. 

Involvement of metabotropic glutamate receptors in the fast 
EPSCs evoked in ionotropic glutamate receptor antagonists 

This series of experiments was carried out using only the com- 
petitive ionotropic inhibitors CNQX and APV in order to reduce 
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Figure 7. A, Reversible block of I,,,,, 
by putative mGluR antagonists (stim- 
ulus to stratum radiatum). Lrf truces, 
MCPG: viaht truces. L-AP3. Extracel- 

A stratum radiatum 

APV-CNQX 

h + 500pM (+)MCPG 
lb---- APV-CNQX 

- +lOOpM L-AP3 

lular saline contained 50 FM picrotox- 
in, 100 pM D,L-APV, 50 p,M CNQX 
Holding potential -80 mV. B, L-AP3 
is ineffective in blocking I,,,,, elicited by 
stimulation of stratum oriens, while 
MCPG still blocks the current. Extra- 
celhdar saline contained 50 FM picro- 
toxin, 100 p,~ D,L-APV, 50 PM CNQX, 
10 pM atropine. C, Demonstration, us- 
ing the same neuron, that L-AP3 is ef- 
fective against stratum radiatum stim- 
ulus but not against stratum oriens 
stimulation. Paired stimulus records are 
continuous, with arrows marking the 
stimuli. Extracellular saline contained 
50 FM picrotoxin, 100 FM D,L-APV, 50 
FM CNQX. Patch electrode contained 

50ms 50ms 
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the possibility of drug interactions and to minimize DMSO con- 
centration during long experiments. Bath application of the pu- 
tative mGluR antagonist (R,S)-oc-methyl-4-carboxyphenylglyci- 
ne [(R,S)MCPG; 0.5-l mM; or its active isomer (+)MCPG, 
250-500 FM; Eaton et al., 19931 reversibly reduced the EPSCs 
evoked by single shocks in CA3 stratum radiatum (or DG stra- 
tum granulosum; 143 + 23 pA vs 52 -C 9 pA, t test p = 0.0016, 
n = 7). After 20-30 min of washout a recovery was observed 
[ 130 2 1.5 pA vs 43 2 3 pA vs 74 + 9 pA, control vs (+)MCPG 
vs washout, n = 5; Fig. 7A, left traces]. 

Application of another putative mGluR antagonist, L( +)-2- 
amino-3-phosphonopropionic acid (L-AP3; 100 FM; Schoepp 
and Johnson, 1989) also reversibly reduced the EPSCs evoked 

20pM lS,BR-ACPD 

-8OmV 

. . . 

I 1 OOpA 
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-0.1 nA 

- 
-80 mV 

20yM IS 3R ACPD I - 
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-0.11 nA 50 ms 

Figure 8. Top truce, lS,3KACPD (bar) activates an inward current 
in a CA3 neuron voltage-clamped at -80 mV. Downward deflections 
represent EPSCs evoked by single shocks at high stimulus intensity. 
Lower fraccs, EPSCs extracted from before (upper), during steady state 
(middle), and after recovery of the inward current activated by lS,3R- 
ACPD (hottom). 

by 50 Hz, 500 msec trains in CA3 stratum radiatum (or DG 
stratum granulosum; 168 ? 52 pA vs 72 ? 16 pA, t test p = 
0.05; II = 7) or single shocks (156 i- 29 pA vs 86 -+ 23 pA, t 

test p = 0.046, n = 7). Upon washout of L-AP3 (20-30 min) a 
recovery was observed (1 IO + 34 pA vs 45 ? 16 pA vs 96 t- 
27 pA, control vs L-AP3 vs washout, n = 3; Fig. 7A, right 
traces). Further application of (R,S)MCPG in the presence of 
L-AP3 produced an additional 50% reduction of the EPSCs (n 
= 2). 

Surprisingly, L-AP3 (100 PM) had no effect on the EPSCs 
evoked by single shocks in CA3 stratum oriens (134 + 27 pA 
vs 144 5 38 pA, t test p = 0.5805, n = 3; Fig. 7B or 50 Hz, 
500 msec trains (149 ? 28 pA vs 140 -C 29 pA, t test p = 

0.4141, n = 4). In contrast, (R,S)MCPG (0.5-l mM) or 
(+)MCPG (200-400 pM) significantly reduced the EPSCs 
evoked by single shocks in CA3 stratum oriens in (134 ? 27 
pA vs 63 2 30 pA, t test p = 0.05, n = 3; Fig. 7B). These 
results were confirmed by stimulating DG stratum granulosum 
and CA3 stratum oriens with two different bipolar electrodes, 
while recording from the same CA3 cell. After stable recording 
of subthreshold responses, bath application of L-AP3 (100 FM) 
only reduced the EPSPs elicited by stimulation through the DG 
stratum granulosum electrodes (n = 3; Fig. 7C). Neither L-AP3 
nor (+)MCPG noticeably reduced EPSCs elicited by low am- 
plitude stimulus in control saline, suggesting that the effects of 
the putative mGluR antagonists were mediated at postsynaptic 
receptors, and/or were not exerted on NMDA or AMPA/kainate 
receptors (n = 3). 

Application of the mGluR selective agonist lS,3KACPD (20- 
50 PM; Irving et al., 1990) induced an inward current in the 
presence of the full IBC at a holding potential of -80 mV (64 
+ 4 pA, n = 3; Fig. S), and reversibly occluded the EPSCs (138 
+ 27 pA vs 25 2 10 pA, t test p = 0.0167, n = 3; Fig. 8). 
Figure 8 shows that after lo-15 min of washout a full recovery 
of the EPSCs was observed (71 + 2 pA, n = 3). The possibility 
of a depression of the EPSCs by a presynaptic effect of lS,3R- 
ACPD (Baskys and Malenka, 1991) must be recognized as a 
contributing factor. The isomer lS,3S-ACPD mimicks the post- 
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synaptic effects of IS,3R-ACPD without depressing the evoked 
field EPSP (Desai et al., 1992). This agonist (50 FM) induced 
an inward current at -80 mV (53 2 17 pA, n = 3) and also 
reduced the evoked EPSCs (84 ? 8 pA vs 22 + 4 pA, t test p 
= 0.0029, II = 3). However, no recovery of the holding current 
and EPSCs were observed after washout of IS,3S-ACPD. This 
isomer produced a high level of maintained excitation that per- 
haps caused cell deterioration. 

Current-voltage relationships of the 1 S,3R-ACPD induced 
currents were constructed from voltage ramp protocols from 
- 80 to + 10 mV (4 set) before and after the application of the 
agonist. Substracted Z-V relationships (n = 3) were averaged 
and fit by linear regression. The extrapolated reversal potential 
was +9.2 mV, close to the reversal potential of the evoked 
EPSCs (0 mV), and of monovalent cations as predicted by the 
Nernst equation (-2 mV) at the experimental conditions of [cat- 
ions], = 145 mM and [cations], = 158 mM. These results confirm 
a recent study of currents induced by mGluR agonists in CA3 
neurons of organotypic cultures (Guerineau et al., 1995). A re- 
sponse to mGluR agonists in CA1 neurons also reverses around 
0 mV but has different characteristics in that it appears to require 
and increase in intracellular Ca2+ (Crepe1 et al., 1994). 

Discussion 

The present data describe a fast excitatory postsynaptic response 
elicited in CA3 neurons in the presence of competitive and non- 
competitive antagonists of ionotropic glutamate receptors. The 
response, termed here I,,,,,, is present in CA3 neurons of both 
acute and cultured slice preparations. The activation time course 
of the EPSC (lo-90% rise time of IS-30 msec at 23-24°C) is 
much faster than a slow EPSC mediated through K+ channel 
blockade by mGluR activation, but slower than the AMPA/kain- 
ate current (0.5-2 msec). The time course of Ipm is closer to that 
of the NMDA current (4-9 msec rise time) but has a linear Z-V 
relationship, and negligible Ca2+ permeability (Connor et al., 
1994; Pozzo Miller, Petrozzino, and Connor, unpublished obser- 
vations). The linear I-V relationship and lack of significant Ca’+ 
permeability together with the reversal potential around 0 mV, 
suggest the opening of nonselective, monovalent cationic chan- 
nels. Activation of I,,,,, does not require and intracellular Ca+ 
increase. 

The involvement of metabotropic glutamate receptors, as op- 
posed to residual activation of ionotropic glutamate receptors, in 
the activation of I,,,,, is inferred from the following: (I) Zpln could 
be elicited by high-amplitude stimulation in a full complement 
of competitive and noncompetitive ionotropic glutamate receptor 
antagonists and Mg2+, as well as antagonists of other receptor 
types. In acute slices, it constituted up to 15% of the total current 
at a given stimulus intensity. (2) Intracellular perfusion of 
GBPBS blocked I,,,, but had no effect on pharmacologically 
isolated AMPA/kainate currents. (3) The putative mGluR antag- 
onists L-AP3 and (R,S)MCPG [or (+)MCPG] sharply reduced 
the evoked EPSCs in APV and CNQX, but not in control saline 
and low amplitude stimulus. (4) The selective mGluR agonist 
lS,3S-ACPD activated an inward current with similar reversal 
potential and occluded I,,,,,. 

Synaptic responses insensitive to ionotropic glutamate recep- 
tor competitive antagonists have been described in acute neo- 
cortical slices from adult rat after GABA, receptor blockade 
(Zhou and Hablitz, 1993), and in kindled rat basolateral amyg- 
dala (Rainnie et al., 1992). Whether these responses are linked 
to G proteins or activated by mGluRs has not been reported. 

However, a fast EPSP (time to peak of lo-20 msec) sensitive 
to (+)MCPG has been recorded in dorsolateral septal nucleus 
neurons in the presence of the competitive antagonists D,L-APV 
and CNQX (Gallagher et al., 1995). 

Incubation of the slice cultures in PTX did not affect I,,,,,, but 
did block responses mediated by GABA, receptors, consistent 
with previous findings that not all mGluRs are coupled to PTX- 
sensitive G proteins (Gerber et al., 1992; Gallagher and Zheng, 
1993; Shirasaki et al., 1994). The participation of pharmacolog- 
ically different subtypes of mGluRs, possibly reflecting the di- 
versity of cloned mGluR subtypes, was suggested by the differ- 
ential sensitivity to L-AP3 and (R,S)MCPG [or (+)MCPG] ob- 
served in the two pathways stimulated (CA3 stratum radiatum 
vs CA3 stratum oriens). 

The parsimonious model for I,,,” activation is that one or more 
subtypes of perisynaptic mGluRs (see below) are coupled to G 
proteins that can activate the opening of monovalent cationic 
channels in a membrane-delimited mechanism. A more complex 
interaction involving both G protein-coupled receptor modula- 
tion and ligand binding to a novel subtype of ionotropic gluta- 
mate receptor insensitive to CNQX and GYKI-52466 is also 
possible. 

Activation of I,,,” is rapid compared to the modulation of ion 
channels by other G protein, second messenger-coupled recep- 
tors (i.e., Cole and Nicoll, 1984; Charpak and Gahwiler, 1991; 
for review, see Nicoll et al., 1990; Hille, 1992). However, other 
examples exist where activation is nearly as rapid, and where it 
has been proposed that a membrane-delimited coupling occurs, 
involving receptor, G protein, and ion channel (Brown, 1991, 
1993; but see Clapham, 1994). In atria1 muscle cells muscarinic 
activation induces K+ channel opening by a fast (30-150 msec 
latency) membrane-delimited mechanism (Breitwieser and Sza- 
bo, 1985; Pfaffinge et al., 1985). Application of purified or re- 
combinant activated (Y subunits (Codina et al., 1987; VanDongen 
et al., 1988; Mattera et al., 1989) or By complex (Logothetis et 
al., 1987; Wickman et al., 1994) to inside-out patches of mem- 
brane-induced fast opening of K+ channels in the absence of 
ligand and any other cytoplasmic components. The open channel 
probability of a chloride conductance in inside-out patches from 
cultured hippocampal cells is increased by GTP$S, and dimin- 
ished by GDPBS, suggesting a direct modulation of the Cl- chan- 
nel by G proteins (Mager et al., 1995). A similar model has been 
postulated for the GABA, (Pfrieger et al., 1994) and mGluR 
(Lester and Jahr, 1990; Swartz and Bean, 1992; Trombley and 
Westbrook, 1992; Sahara and Westbrook, 1993) inhibition of 
presynaptic Ca*+ currents, and for postsynaptic activation of 
GABA, receptors (Thalmann, 1988; Otis et al., 1993) where no 
dialysable cytoplasmic factors have been identified as second 
messenger elements in the receptor-G protein cascade. Phar 
macologically isolated GABA,-mediated synaptic currents have 
a rise time of around 50 msec in hippocampal slices (Otis et al., 
1993). Activation of G proteins has been estimated to be 6-8 
msec based on kinetic measurements in the transducin/cGMP 
cascade in rod outer segments (Vuong et al., 1984). The G pro- 
tein-coupled a2-adrenoceptors also exhibit fast onset kinetics, 
with a IO-90% rise time of around 85 msec (Surprenant and 
North, 1988). 

Experimentally, Ipln was recruited in one of two ways, either 
by increasing single shock amplitude three to ten times over the 
level used to elicit subthreshold AMPA/kainate and NMDA 
EPSPs, or by giving a high-frequency train of lower amplitude 
shocks (see Fig. 1). Increasing the field stimulus amplitude 
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should recruit more fibers that synapse onto the neuron (but not 
more inputs to a given dendritic spine), while the low-amplitude 
tetanus should simply supply an increased amount of transmitter 
at the same postsynaptic sites. Both paradigms are probably ef- 
fective in recruiting Zr,,,, because they should each increase glu- 
tamate levels at synaptic contacts, but they would do so by dif- 
ferent means. Single shock excitation, regardless of the ampli- 
tude, should produce invariant release at a given bouton, but 
recruitment of more fibers synapsing in the same general vicinity 
might well increase glutamate levels away from the synaptic 
contact zone. Similarly, tetanic stimulation might tend to over- 
load local uptake mechanisms for glutamate and allow “spill- 
over” into perisynaptic areas. The fact that both paradigms work 
would therefore indicate that the relevant receptors are perhaps 
not in the synaptic zone. The postsynaptic distribution of m- 
GluRs is different than that of ionotropic glutamate receptors. 
Staining for mGluRla subunit was preferentially localized at the 
periphery of the postsynaptic densities, as well at extrasynaptic 
dendritic and somatic membranes (Baude et al., 1993; Nusser et 
al., 1994). Activation of the fast EPSPs in dorsolateral septal 
nucleus neurons in ionotropic antagonists also required high 
stimulus intensities (Gallagher et al., 1995). High-frequency 
“supramaximal” stimulation in the presence of D,L-APV and 
CNQX is also necessary for the synaptic activation of an 
MCPG-sensitive EPSP at the parallel fiber-Purkinje cell synapse 
in cerebellar slices (Batchelor et al., 1994). Similarly, higher 
stimulus amplitude is required for the synaptic activation of 
PTX-sensitive, G protein-coupled “metabotropic” GABA, re- 
ceptors, compared with the activation of “ionotropic” GABA, 
receptors (Mody et al., 1994). 

It is possible that differential spread of transmitter with low- 
and high-amplitude stimuli plays a role in more complex cell 
behavior. For example in hippocampal slices from mice lacking 
the tyrosine kinase gene fin, tetanic stimulation at a stimulus 
strength that induced LTP in wild-type mice, failed in the mu- 
tants, while stimulation at higher stimulus intensities induced 
LTP in the mutants comparable to that obtained in wild-type 
mice (Grant et al., 1992). Similar observations of a dependence 
on stimulus strength to induce wild-type-like LTP were made in 
hippocampal slices from neuronal nitric oxide synthase knock 
out mice (O’Dell et al., 1994). It is also probable that Z,,,,, will 
be activated during the widespread glutamate increase that ac- 
companies ischemic or traumatic brain injury (Rothman and Ol- 
ney, 1986; Choi, 1988). It would then provide a source of de- 
polarizing membrane current that is not affected by the known 
ionotropic glutamate receptor antagonists or blockers of voltage- 
gated Na+ and Ca*+ channels. In fact, a predictable pattern of 
pyramidal cell death dependent on glutamatergic synaptic trans- 
mission occurs in slice cultures after 2-3 weeks in vitro (Pozzo 
Miller et al., 1994a; Kasof et al., 1995). As such, Z,,,” could be 
one of the contributing factors, along with voltage- or exchange- 
mediated Ca*+ entry, in neuronal cell injury and death. 
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