
Exp Brain Res (1990) 81:209 212 

Research Note 

Experimental 
Brain Research 
�9 Springer-Verlag 1990 

Voltage sensitivity of NMDA-receptor 
mediated postsynaptic currents 

A. Konnerth 1, B.U. Keller 1, K. Ballanyi 1., and Y. Yaari 2 

1 Zellulfire Neurophysiologie, Max-Planck-Institut ffir biophysikalische Chemie, Postfach 2841, 
D-3400 G6ttingen, Federal Republic of Germany 
2 Department of Physiology, Hebrew University-Hadassah Medical School, Jerusalem 91010, Israel 

Received January 18, 1990 / Accepted February 22, 1990 

Summary. Patch-clamp techniques were used to record 
pharmacologically-isolated N-methyl-D-aspartate-medi-  
ated excitatory postsynaptic currents (NMDA-EPSCs)  
f rom dentate granule cells in thin rat  h ippocampal  slices. 
Membrane  voltage modula ted these EPSCs in two ways. 
Firstly, depolarization f rom resting potential  enhanced 
EPSC amplitudes, as expected for a voltage-dependent 
block by Mg 2+ of  synaptically activated N M D A  recep- 
tor channels. Secondly, depolarization markedly  pro- 
longed the time course of  decay of  N M D A  EPSCs in 
normal  and low extracellular Mg 2+. Both mechanisms 
were complementary  in establishing a strong dependence 
between membrane  potential  and the amount  of  charge, 
namely Ca 2 +, transferred through synaptically activated 
N M D A  receptor channels, that  presumably underlies 
induction of  long-term potentiat ion in the hippocampus.  
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Introduction 

Activation of  postsynaptic  N-methyl -D-aspar ta te  
(NMDA)  receptors by excitatory amino acid neurotrans-  
mitters plays a crucial role in long-term potentiat ion and 
other forms of  neuronal  plasticity in the mammal i an  
brain (Collingridge and Bliss 1987). However,  technical 
difficulties have so far precluded high resolution analysis 
of  NMDA-recep to r  mediated excitatory postsynaptic 
currents ( N M D A - E P S C s )  at specific central synapses. 
Applying patch-clamp techniques to thin rat  h ippocam- 
pal slices (Edwards et al. 1989) allowed us to record 
pharmacological ly isolated N M D A - E P S C s  f rom visu- 
ally identified central neurones in situ. We report  here 
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that the time course of  decay of these EPSCs is strongly 
dependent on membrane  voltage, being prolonged by 
depolarization in an exponential manner.  The data in- 
dicate, that  even modera te  depolarizations prolong the 
duration of N M D A - E P S C s ,  which is a critical deter- 
minant  of  NMDA-receptor -media ted  modifications of  
neuronal  function (Gustafsson et al. 1987; Larson and 
Lynch 1989). 

Methods 

The techniques of patch-clamping visually identified neurones in 
thin slices of mammalian CNS tissue have been described recently 
(Edwards et al. 1989). We used standard procedures to cut with a 
vibrating slicer 120-150 gm thick transverse hippocampal slices 
from 18-21 day old rats. After sectioning, the slices were stored at 
37 ~ C in oxygenated (95% 02, 5% COz) saline composed normally 
of(in mM) NaC1 125, KC1 2.5, CaC12 2, MgC12 1, NaHzPO4 1.25, 
NaHCO3 26, glucose 25 (pH 7.4). In "Mg2+-free '' saline, due to 
contamination, the Mg 2§ concentration measured fluormetrically 
was ~ 3 laM. Slices were transferred to the recording chamber 
(volume 2 ml) placed on the stage of an upright microscope, and 
continously perfused at room temperature (21-24 ~ C) with either 
normal or Mg2+-free oxygenated saline, containing 10 gM bicu- 
culline methiodide to block GABA-mediated inhibitory postsynap- 
tic currents. When viewed with Nomarski optics at 400X magnifica- 
tion (using a long working distance water immersion objective), 
individual granule cells of the dentate were clearly discerned. The 
cells chosen for recording were "cleaned" by a double step 
procedure consisting, first, of loosening the surrounding tissue with 
a stream of saline released from a near by broken patch pipette (tip 
diameter 5-10 gm), followed by sucking the resulting debris into the 
pipette (Edwards et al. 1989). 

Tight-seal whole-cell (> 10 Gf~) recordings (Hamill et al. 1981) 
were made with pipettes having resistances of 4-5 M~. The stan- 
dard pipette (intracellular) solution contained (in mM) CsC1 120, 
tetraethylammonium (TEA) 20, CaC12 1, MgC12 2, Na-ATP 4, 
EGTA 10, HEPES 10 (pH 7.3). Since ATP is a potent chelator of 
Mg 2+ (Kd = 104 at pH 7.2) (Martell and Smith 1974), the free 
intracellular Mg z§ concentration was estimated to be less than 
1 gM. This is far below the intracellular Mg z § concentrations which 
block outward currents through other types of neuronal channels 
(Pusch et al. 1989). 



210 

Synaptic responses were evoked by stimulating focally the 
afferent fibers near the apical outer border of the granule cell layer 
(at about 50-200 Ixm from the examined neurone). This region of 
the dentate gyrus contains fibers of the perforant path, which form 
excitatory synapses with granule cells (Hjorth-Simonson and Jeune 
1972). L-glutamate is assumed to be the transmitter in these synap- 
ses (White et al. 1977). 

Although space clamp problems are unavoidable in voltage 
clamp recordings from cells with extended processes, these did not 
seem to interfere significantly with recordings of the slow 
NMDA-EPSCs. Thus these currents reversed completely (i.e. with- 
out displaying a biphasic reversal) at -0.3 + 2.9 mV (n = 9), as ex- 
pected for NMDA-mediated currents (Engberg et al. 1979; Mayer 
and Westbrook 1987). 

Results and discussion 

EPSCs were recorded from visually identified dentate 
granule cells in thin hippocampal slices treated with 5 I~M 
cyanonitroquinoxaline-dione (CNQX), a specific blocker 
of  n o n - N M D A  (i.e. kainate and quisqualate) receptors 
(Honor6 et al. 1988; Blake et al. 1988). As exemplified in 
Fig. 1A, small (20-50 pA) EPSCs were consistently seen 
at resting membrane potentials (ca. - 7 0  mV). Their 
suppression by the specific NMDA-receptor  antagonists 
DL-2-aminophosphonovalerate  (4-APV; 50 gM) and 
3-(2-carboxypiperazinyl)propyl-phosphonate (CPP; 
10 gM) identified them as N M D A - E P S C s  (Lambert  and 
Jones 1989; Andreasen et al. 1989). 

In several respects the N M D A - E P S C s  resembled 
NMDA-induced currents in cultured central neurones 
(Nowak et al. 1984; Mayer et al. 1984). Peak EPSC am- 
plitudes increased with depolarization from resting po- 
tential, displaying a negative slope conductance at mem- 
brane potentials between - 7 0  and - 2 5  mV (Fig. 1A, C). 
Perfusing the preparation with nominally Mg 2+-free sa- 
line markedly enhanced the EPSCs and eliminated the 
region of  negative slope conductance (between - 7 0  and 
- 2 5  mV) observed in 1 mM Mg 2+ saline (Fig. 1A, C). 
However, a region of  negative slope conductance was still 
seen at membrane potentials between - 70 and - 90 mV, 
presumably due to NMDA-receptor  channel block by 
residual extracellular M g 2+ (Mg 2 +). The slight (5-10 %) 
augmentation of  EPSC amplitudes at positive membrane 
potentials produced by washing out Mg 2§ (Fig. 1A) 
most probably reflects enhanced release of neurotrans- 
mitter from presynaptic terminals (del Castillo and Katz  
1954). 

The use of  the patch-clamp technique allowed a de- 
tailed investigation of  the time course of  N M D A - E P S C s  
over a wide range of membrane potentials. Whereas the 
rise times to half amplitude of  the EPSCs (7.4 + 2.7 ms; 
n = 4) were not  affected by voltage, their decay phase was 
strongly voltage-dependent. In all cells tested (n=21) ,  
depolarization markedly prolonged the decay time 
course of  N M D A - E P S C s  (Fig. 1A). In the range of 
membrane potentials examined ( - 8 0  to + 50 mV), the 
decay time course of  N M D A - E P S C s  could be well fitted 
by the sum of  two exponentials (Fig. 1B). At voltages 
close to resting potential ( - 70 mV), in solutions contain- 
ing 1 mM Mg~ + the mean time constants of  the faster 
(~f,,t) and the slower ('~'slow) exponentials were 46 • 13 ms 
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Fig. IA-C. Pharmacologically-isolated NMDA-EPSCs in rat den- 
tate granule cells, A Effect of washing out of Mg02+. The EPSCs 
shown were evoked at different holding membrane potentials in 
normal saline (1 Mg) and in nominally Mg2+-free saline (0 Mg). 
B An exemplary NMDA-EPSC (average of 6 consecutive traces) 
evoked at + 52 mV is fitted by eye with the biexponential function: 
f(t) = Arastexp(-t/~r,~t)+AsloweXp(-t/~low).The two separate com- 
ponents of this function are plotted together with the displayed 
EPSC traces. Time of stimulation is indicated by the arrowheads on 
the lower traces. C I-V relationship of NMDA-EPSCs in normal 
saline (open squares) and in nominally MgZ-free saline before 
(closed squares) and after (triangles) + APV application. Each 
displayed EPSC represents an average of six consecutive responses 

and 2354-38 ms (n=4) ,  respectively. Both %st and ;s~o, 
increased exponentially upon depolarization, changing 
e-fold for a 834-16 mV and a 1214-13 mV (n=4)  de- 
polarization, respectively (Fig. 2A, B). 

Our data agree with previous findings (Dale and 
Roberts 1985; Forsythe and Westbrook 1988) that both 
the rise and decay times of  N M D A - E P S C s  are much 
slower than those of EPSCs mediated by non-NMDA 
receptors. It is not  yet known whether presynaptic (e.g., 
slow diffusion of  neurotransmitter to extrasynaptic 
NMDA-receptors)  or postsynaptic (e.g., prolonged 
bursts of  NMDA-receptor  channel openings (Jahr and 
Stevens 1987) or NMDA-receptor  activation of  a second 
messenger cascade) processes are responsible for this 
slow time course. We show here that in either case, the 
final time course of  these EPSCs is determined by the 
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Fig. 2A-B. Voltage sensitivity of decay time course of 
NMDA EPSCs in rat dentate granule cells in solutions containing 
1 mM Mg. Dependence of %~t on membrane potential (A). Depen- 
dence of'c~low on membrane potential (B). In both (A) and (B), data 
pooled from four cells (represented by different symbols) is plotted 
semilogarithmically. The lines were interpolated by linear regres- 
sion. The ratios of the amplitudes Afa~t/A~low were almost voltage 
independent with a value of 1.58• (n=4) at -50  inV. C,D 
Effects of washing out of Mgg + on the voltage sensitivity of the 
decay time course of NMDA-EPSCs. The data shown were ob- 
tained from one cell perfused first with normal saline (squares) and 
then with nominally Mg 2 § saline (diamonds). Each EPSC trace 
was fitted with a biexponential function. The plotted points repre- 
sent the mean and standard deviation (n = 6) of ~r~t (C) and ~to~ (D) 
at each membrane potential. E Schematic distinction between two 
processes contributing to enhancement of NMDA EPSCs by 
moderate depolarization. The solid lines represent the time course 
of idealized NMDA-EPSCs evoked at - 70 mV (a) and - 50 mV 
(b), assuming that their decay follows the biexponential function 
given in the legend of Fig. 1. Ar,~t, A~ow, %~t and "C~;o,~ are mean 
values based on the data from four cells shown in A and B. The 
amounts of electric charge transferred by the EPSCs at -70  and at 
- 5 0  mV were calculated by integrating the EPSCs over time, 
yielding 3.15 and 6.47 pC, respectively. Thus a 20 mV depolariza- 
tion from resting potential more than doubled the mean synaptic 
charge transfer (delineated by the shaded area). This increase is 
partially attributable to relief by depolarization of the fast Mg~ + 
block of NMDA-receptor channels. We estimated the contribution 
of this process to the total increase in synaptic charge transfer by 
assuming that it affects peak amplitudes of the EPSCs but does not 
alter their decay kinetics. The dotted line describes how EPSCs 
evoked at - 50 mV would decay provided ~r~t and %ow were fixed 
at their -70  mV values. Under this assumption Mg~ + unblock by 
depolarization from - 70 to - 50 mV increases the synaptic charge 
transfer by 2.12 pC (delineated by the shaded area above the dotted 
line). The remaining increase in synaptic charge transfer (1.2 pC 
delineated by the shaded area below the dotted line) is attributable 
to the voltage sensitivity of NMDA-EPSC decay 

membrane  potential  of  the postsynaptic neurone. The 
molecular mechanism underlying this voltage sensitivity 
is probably  different f rom the fast block of N M D A -  
receptor channels by Mg 2+ (Nowak et al. 1984), which 
displays a much steeper voltage-dependence (e-fold 
change for 17 mV depolarization, see Ascher and Nowak  
1988) than we have observed for "cr,~ and Z~low. However,  
Mg 2+ may  exert an additional blocking action of 
NMDA-recep to r  channels (Ascher et al. 1978) that  oc- 
curs on a slower time-scale. Indeed, in all cells tested 
(n=6) ,  lowering the concentrat ion of  Mgo z+ to a few 
micromoles/liter (see Methods),  induced a prolongat ion 
of  the decay time constants o f N M D A  EPSCs (Figs. 1A, 
2). This effect was strong at negative membrane  poten- 
tials and was absent at positive potentials, indicating that  
Mgo ~+ modulates the EPSC time course postsynaptically 
rather than by influencing neurotransmit ter  release. 

Even in nominally Mg2+-free solutions, however, 
both ~fa~t and ~s~ow retained a substantial voltage sensitiv- 
ity (Fig. 2A-D).  Furthermore,  the voltage sensitivity of  
the EPSC time course at  positive membrane  potentials 
was unaffected by the washing out of  Mg 2+. These ob- 
servations suggest that  membrane  voltage may also mod-  
ulate the activity of  N M D A  receptor channels by a 
Mgo 2+-independent mechanism, al though at present the 
action of  residual Mg 2 + in the micromolar  concentration 
range cannot  be ruled out. 

Studies of  non-NMDA-med ia t ed  EPSCs in central 
excitatory amino acid-operated synapses have shown 
either no effect (Nelson et al. 1986) or shortening (Brown 
and Johnston 1983) of  EPSC decay by depolarization. 
We also found that  the amplitude and time course of  
n o n - N M D A - E P S C s  (isolated pharmacological ly by 
bath application of  • APV or CPP) in dentate granule 
cells are largely insensitive to voltage (unpublished ob- 
servations). Thus the voltage sensitivity described here is 
a novel feature of  N M D A - E P S C s  that  may play a role 
in neuronal plasticity. So far we can only speculate what  
this role may  be. NMDA-recep to r  channels are perme- 
able to Ca 2+ (MacDermot t  et al. 1986). Extensive ev- 
idence (Collingridge and Bliss 1987) links Ca 2+ entry 
through these channels to persistent alterations in neu- 
ronal function, e.g., long-term potentiat ion of  excitatory 
synaptic transmission (Lynch et al. 1983; Malenka et al. 
1988), kindling of epileptic seizures (Mody and Heine- 
mann  1987) and ischemic cell death (Simon et al. 1984). 
Depolarization,  as occurs during synaptic excitation, has 
been shown to promote  Ca 2 § entry by removing the fast 
Mg 2+ block of  NMDA-recep to r  channels. Our results 
indicate that  depolarization will also enhance Ca 2 + entry 
by prolonging the time course of  NMDA-recep tor -chan-  
nel activation. The relative contribution of  the latter 
mechanism would increase steeply with depolarization, 
but would be significant even near resting membrane  
potential. We estimate that  upon depolarization of  
20 mV from resting potential  in 1 m M  Mgo 2+, about  36%, 
of  the increase in synaptic charge transfer through 
NMDA-recep to r  channels is due to the voltage sensitiv- 
ity of  the EPSC decay (Fig. 2E). I f  Ca 2 + influx through 
these channels increases proport ionately,  then this mech- 
anism may  provide an important  means of  augmenting 
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Ca  2§ en t ry  t h r o u g h  N M D A - r e c e p t o r - c h a n n e l s  in to  de- 
po l a r i zed  neurones .  
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