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Whole-cell recordings were made from neurons in neocortical brain slices in order to characterize excita- 
tory synaptic currents mediated by glutamate receptors. Glutamate receptor antagonists, D-aminophos- 
phonovalerate (D-APV) and CNQX, selectively attenuated distinct components in evoked synaptic cur- 
rents, and were used to differentiate spontaneous synaptic currents mediated by N-methyl-D-aspartate 
(NMDA) and non-NMDA receptors. Spontaneous excitatory synaptic currents were independent of ac- 
tion potentials, varied linearly with voltage, and were blocked by the non-NMDA receptor antagonist 
CNQX. An NMDA receptor-mediated component was not apparent in these spontaneous synaptic cur- 
rents, however, when magnesium was omitted from the recording medium, fluctuations in current and 
a sustained inward current became apparent, and these were blocked by the NMDA receptor antagonist 
o-APV. Based on these findings, we conclude that NMDA and non-NMDA receptors are activated differ- 
entially by transmitter released independently of action potentials. 

Most  excitatory neurotransmission in the cerebral cortex is mediated by excitatory 
amino acids (EAAs)  acting upon  any of  at least three distinct glutamate receptors: 
N-methyl-o-aspar ta te  ( N M D A ) ,  kainate, or  quisqualate ( n o n - N M D A )  [21]. Recent  

studies have characterized the currents activated by extrinsic E A A  receptor agonists 
[3, 8, 13, 15, 18, 21] and have shown that antagonists  o f  both N M D A  and non- 
N M D A  receptors at tenuate evoked synaptic potentials and currents [2, 6, 12, 17, 19, 

20]. It  has remained unknown,  however, whether or  in what  manner  E A A s  released 
independently o f  action potentials activate N M D A  or  n o n - N M D A  currents. We 

have used whole-cell patch-clamp [9] to record two spontaneous  currents in the pres- 
ence o f  tetrodotoxin:  intermittent synaptic currents mediated by n o n - N M D A  recep- 
tors, and a sustained current mediated by N M D A  receptors. 

Whole-cell pa tch-c lamp recordings were obtained f rom neurons in slices o f  rat neo- 
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cortex as descr ibed by Blanton,  LoTurco ,  and  Kriegs te in  (1989) [5]. C o r o n a l  sect ions 

(400 / lm)  were cut  with a v ibra tome,  affixed to petr i  dishes with p l a s m a - t h r o m b i n  

clots, and  submerged  in recording  med ium (ACSF) .  F o r  this s tudy,  the recording  

med ium conta ined  bicucull ine me th iod ide  (5 #M) ,  a 7 -aminobutyr ic  acid A 

(GABAA) receptor  an tagon i s t  to b lock inhib i tory  synapt ic  currents ,  and  t e t rodo tox in  

(TTX; 0.5 # M )  was appl ied  to the ba th  in some exper iments  to prevent  ac t ion  po ten-  

tials. This concent r t ion  of  T T X  effectively b locked  evoked  synapt ic  currents  and  

sodium currents  elicited by depola r iz ing  vol tage steps. F o r  some recordings  M g  2+ 

was omi t ted  f rom the recording medium.  C N Q X  and D-APV (Cambr idge  Research  

Biochemicals)  were appl ied  by ba th  appl ica t ion .  All  f indings presented  in this r epor t  

were ob ta ined  at  room tempera tu re  (23-25°C),  but  s imilar  results have been ob ta ined  

at 32-35~'C. 

To obta in  whole-cell  pa t ch -c l amp  recordings,  e lectrodes (5-6 MI2) con ta in ing  130 

m M  cesium gluconate ,  1 m M  MgCI2, 1 m M  CaCI2, 5 m M  NaC1, I I m M  E G T A ,  

10 m M  HEPES,  and 1% biocyt in  were lowered into slices, and  g igaohm seals were 

ob ta ined  by app ly ing  a sequence o f  posi t ive and  negative pressure to the electrodes.  

After  the fo rma t ion  o f  a seal, an add i t iona l  suct ion pulse was appl ied  to rup ture  the 

under ly ing membranes  and obta in  whole-cell  recordings.  Fo r  da ta  analysis ,  currents  

were digi t ized at  2 kHz  and analyzed  with S P A N  V2.0, cour tesy  o f  Dr.  J. Dempster ,  
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Fig. 1. Evoked excitatory synaptic currents in layer lI/III pyramidal neurons are composed of NMDA 
and non-NMDA receptor mediated conductances. Currents were evoked by bipolar stimulation within 
layer II/li of disinhibited slices and filtered at 3 kHz. A: D-APV blocks a voltage-dependent conductance 
in the evoked synaptic current. The traces on the left are superimposed currents measured from holding 
potentials of - 80 and - 20 mV in the presence and absence of o-APV. The current vs. voltage plot on 
the right is a plot of the difference in current amplitude in control solution and in D-APV. B: CNQX blocks 
a largely voltage-independent conductance in the evoked synaptic current. The traces on the left are super- 
imposed currents measured from holding potentials of -80  and -20  mV in the presence and absence 
of CNQX. The current vs. voltage plot on the right is a plot of the difference in current amplitude in 
control solution and in CNQX. C: iontophoretic application of NMDA (60 nA, 2 s) induces a current 
that is antagonized by D-APV (20 #M) but not by CNQX (4 pM). 
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and Pclamp (Axon Instruments). In addition, we verified the location and morpho- 
logy of recorded cells by labelling them with biocytin [11]. All recordings in this study 
(n = 37) were made from supragranular neocortical pyramidal cells in primary or 
secondary visual cortex. 

Evoked excitatory synaptic currents in neocortex consisted of two components 
that could be differentiated on the basis of their voltage-dependence, pharmacologi- 
cal sensitivity, and time course. As depicted in Fig. 1, the NMDA receptor antago- 
nist, o-APV (10/~M), blocked a slow voltage-dependent conductance, while the non- 
NMDA receptor antagonist, CNQX (4 ~tM), blocked a faster voltage-independent 
conductance. As expected for these selective antagonists, currents produced by ionto- 
phoresis of NMDA were reduced 85% by 20/zM APV and only 6% by 4/tM CNQX 
(Fig. IC). 

Knowing that evoked synaptic responses contained two distinguishable compo- 
nents we asked if spontaneous activity similarly had NMDA and non-NMDA com- 
ponents. After blocking action potentials with TTX, intermittent transient currents 
were readily apparent. These transient currents were most likely synaptic currents be- 
cause they had brief rise times (0.7 +0.2 ms), exponential decays (tau = 10 + 2 ms, at 
- 70 mV), and were normally distributed (Fig. 2A,B). The spontaneous synaptic cur- 
rents were linearly related to membrane potential, reversed at potentials between 5 
and 10 mV, and had a mean conductance of 125__+ 72 pS (Fig. 2C). 

A non-NMDA receptor antagonist, CNQX (2-3/IM) effectively blocked these dis- 
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Fig. 2. Spontaneous excitatory synaptic currents in neocortical pyramidal neurons. A: spontaneous synap- 
tic currents recorded from a pyramidal cell held at - 7 0  mV. B: a single spontaneous synaptic current 
displayed at an expanded time base and current scale relative to A, and an amplitude histogram of  currents 
recorded from the cell depicted in A. C: plot of  mean current (+S.D.)  versus voltage for spontaneous 
synaptic currents. The plot is linear indicating that, consistent with non-NMDA conductances described 
in other systems [4~5], the spontaneous synaptic conductances are largely voltage-independent. 
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Fig. 3. Pharmacology of spontaneous excitatory synaptic currents in slices of neocortex. The holding 
potential for this cell was -25 mV. A: the effects of o-APV and CNQX. From top to bottom, currents 
recorded in control medium, D-APV (20 pM), CNQX (2/~m), and after washout of CNQX. Note that 
while D-APV had no effect on the frequency or amplitudes of the synaptic currents they were effectively 
blocked by CNQX. B: analysis of currents depicted in A. The left panel illustrates averages of 200 sponta- 
neous currents recorded at - 25 mV in the control and APV solutions. The inset on the bottom is a super- 
imposition of these two averages. The right panel contains amplitude histograms of spontaneous currents 
in control and D-APV-containing solutions. 

crete synaptic currents (Fig. 3A) (n = 10). In contrast ,  the N M D A  receptor antago-  

nist, D-APV (20/~M), had no effect on the spontaneous  synaptic currents even when 
the Mg2+-block of  N M D A  channels was diminished by holding the membrane  

potential at - 2 5  mV (Fig. 2) (n = 8). This membrane  potential  was chosen because 
it was the potential at which the N M D A  receptor mediated componen t  in the evoked 
synaptic currents was maximal  (Fig. 1A). Based on their linear voltage relationship 

and pharmacological  sensitivity, we conclude that  spontaneous  excitatory synaptic 

currents in slices o f  neocortex are mediated solely by n o n - N M D A  receptors. 
Since current flow through N M D A  channels is blocked by magnesium [13, 14] and 

since the spontaneous  synaptic currents are very small (2-5 pA) at potentials depolar- 

ized enough to relieve magnesium blockade, we were concerned that  spontaneous  
N M D A  currents were too small to observe. Therefore,  we made further recordings 
in medium lacking magnesium and held the cells at - 7 0  mV. As depicted in Fig. 

4, addit ion of  either I>APV,  a competit ive N M D A  receptor antagonist ,  (20 #M)  [7] 
or Mg  2+ (2 mM),  reduced fluctuations in current and caused a 2 2 + 8  pA 
(mean +_ S.D.) outward current at - 70 mV (n = 7). When  we did further experiments 
in recording medium containing 2 m M  Mg 2+, addit ion o f  D-APV caused a small 
change in fluctuations and a small outward  current  (8 +_ 3 pA) at - 30 mV, but  there 
was no detectable change in current at - 70 mV. In  Fig. 3A, a similar change in cur- 
rent fluctuations at - 2 5  mV after the application o f  D-APV is not  apparent  because 
o f  the sweep speed these currents are displayed with and because the n o n - N M D A  
spontaneous events were not  blocked during this recording. 
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Fig. 4. Currents mediated by NMDA receptors recorded from neocortical pyramidal cells in nominally 
magnesium-free medium. In addition, 2/aM CNQX was added to the recording solutions to block sponta- 
neous synaptic currents mediated by non-NMDA receptors. A: the effect of 10/aM o-APV on fluctuations 
in current. Current recorded from a cell held at - 70 mV in the absence (upper trace) and presence (lower 
trace) of D-APV (10/aM). B: power spectra for the currents shown in A. A single Lorentzian of the form 
S~=So*I/[I +0c/f¢) 2] was fitted to the spectral density distributions using a Levenberg-Marquadt algo- 
rithm. The cutoff frequencies ~ )  of the Lorentzians were 22.8 Hz for the control current and 23.5 Hz 
for the curent in o-APV. As expected for a competitive antagonist the spectrum is decreased in power 
but maintains a similar cutoff frequency. The mean open times, t, were calculated from f~ as t=  l/2,pi,f~ 
and were 6.8 and 6.9 ms, respectively, for currents in the presence and absence of D-APV. C: the change 
in mean current and current variance during the application of APV. The left panel shows examples of 
changes in current as APV (10/aM) is added to (top and bottom) and then removed from (bottom) the 
recording medium (holding potential, lib = -- 70 mV). The graph on the right is a plot of the mean current 
versus current variance measured from the current depicted in the upper left panel of C. The line was 
fitted by linear regression and the slope indicates a mean unitary current of -2 .7  pA. This indicates a 
mean unitary conductance of 36 pS. Unitary conductances in 4 other ceils ranged from 25 to 49 pS. D: 
the addition of Mg 2+ to the recording medium, as expected for voltage-dependent block of NMDA chan- 
nels by Mg 2+, reduced fluctuations in the current and caused a net outward current (Vh = --70 mV). 

W e  used  f l u c t u a t i o n  ana lys i s  [1, 14] to  cha r a c t e r i z e  the  channe l s  u n d e r l y i n g  the  

b a c k g r o u n d  c u r r e n t  b l o c k e d  by o - A P V  in m a g n e s i u m - f r e e  so lu t ions .  Th i s  ana lys is  

r evea l ed  an  u n d e r l y i n g  un i t a ry  c o n d u c t a n c e  o f  36 pS  (Fig.  4C)  wi th  a m e a n  o p e n  

t ime  o f  6.9 msec  (Fig.  4B). B o t h  the  un i t a ry  c o n d u c t a n c e  a n d  m e a n  o p e n  t imes  a re  

s imi la r  to those  p r e v i o u s l y  r e p o r t e d  fo r  N M D A  c h a n n e l s  in c u l t u r e d  n e u r o n s  [3, 8, 

13, 15]. N M D A  channe l s  a re  t he re fo re  ac t i va t ed  s p o n t a n e o u s l y  in n e o c o r t e x ,  a n d  l ike 

N M D A  cu r r en t s  de sc r ibed  in o t h e r  sys tems  [3, 8, 13, 14] a re  d e p e n d e n t  u p o n  t rans-  

mi t t e r ,  p r e s u m a b l y  g l u t a m a t e ,  b i n d i n g  to N M D A  recep to r s  a n d  a re  b l o c k e d  by 
M g  2+. 



270 

In physiologica l  concent ra t ions  of  magnes ium,  evoked  t ransmiss ion  was shown to 

be composed  o f  bo th  a vo l tage-dependent  N M D A  conduc tance  and  a vol tage- inde-  

pendent  n o n - N M D A  conductance .  In  contras t ,  spon taneous  synapt ic  cur rents  had  

a clear  n o n - N M D A  componen t  wi thou t  a resolvable  N M D A  componen t .  A recent 

repor t  has shown that  for cu l tured  h i p p o c a m p a l  neurons  ba thed  in magnes ium-f ree  

solut ions  there were discrete spon taneous  synapt ic  currents  med ia ted  by N M D A  

channels  [4]. When  we used magnes ium-f ree  solut ions,  s imilar  to recent observa t ions  

using slices o f  h i p p o c a m p u s  [16], D-APV did not  b lock  clear  discrete synapt ic  events 

but  decreased f luctuat ions  in cur ren t  and  caused a co r re spond ing  ou tw a rd  current .  

This current  may represent  the summated  ac t iva t ion  o f  N M D A  receptors  by synap-  

t ically released t ransmit ter ,  or  pe rhaps  the ac t iva t ion  o f  non-synap t i c  receptors  by 

ambien t  g lu tamate .  Nevertheless ,  bo th  N M D A  and n o n - N M D A  receptors  are  acti-  

vated in neocor tex  in the absence o f  ac t ion  potent ia ls ,  and  thus, processes involving 

the ac t iva t ion  o f  g lu t ama te  receptors  (e.g. neuro toxic i ty  or  synapt ic  plast ici ty)  may  

be par t ia l ly  engaged even in the absence o f  evoked  neuro t ransmiss ion .  
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