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In the rat visual cortex in vitro, single-shock stimulations applied to the border between layer VI and the white matter evoke synchronized 
burst-firing by units in layer III. We have examined the effects of glutamate receptor antagonists on this activity, with antagonists applied via the 
bath to allow correlation of effects with concentrations. All synaptically driven components (recorded extracellularly as field potential '$2' spikes, 
dipoles 'Wl '  and 'W2,' and coinciding single-unit spikes) were inhibited by greater than 90% in 1.0 mM kynurenic acid and in 3 or 10 ~M 
6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, which selectively blocks AMPA/kainate receptors). $2 spike amplitudes were reduced by half in 
0.7 izM CNQX. 2-Amino-5-phosphonovalerate (APV), a specific blocker of NMDA receptors, did not prevent $2 spike bursts or horizontal 
spread of bursting within layer 111. However, APV reduced the duration of synchronized bursts and the slower potentials which followed. In 
Mg2+-free medium, new components appeared which were APV-sensitive: (1) low amplitude spikes, distributed spatially like $2 spikes, but 
recurring more slowly, and (2) slow potentials, distributed spatially like Wl and W2 potentials, but lasting for hundreds of milliseconds. The 
amplitudes of these spikes were reduced by half in 3/xM D-APV. Our data imply that: (1) glutamate receptors play a major role in mediating 
local, excitatory neurotransmission in the supragranular layers of neocortex, with NMDA and AMPA/kainate subtypes each subserving 
somewhat different functions; (2) AMPA/kainate receptors mediate rapid excitatory transmission between layer III neurons, responsible for 
driving the first 15 ms of synchronized bursts; (3) currents gated by NMDA receptors determine the duration of coherent firing bursts, and drive 
asynchronous neuronal firing following bursts; and (4) under conditions which circumvent block by extracellular Mg 2÷, activation of NMDA 
receptors greatly enhances and prolongs the response to single-shock stimulations. In vivo, activation of layer III neurons is likely to depend 
significantly upon currents gated by NMDA receptors whenever repetitively firing excitatory inputs summed over several tens of milliseconds 
provide enough depolarization to lift block by extracellular Mg 2+. 

INTRODUCTION 

A s ingle-shock s t imula t ion  app l i ed  to the  whi te  mat -  

te r  evokes  a b r i e f  burs t  of  phase - l ocked  fir ing by layer  

I I I  uni ts  in slices of  ra t  visual  cor tex  m a i n t a i n e d  in 

vitro.  Conjoint ly ,  this  act ivi ty gene ra t e s  a b r i e f  f ield 

po ten t i a l  p o p u l a t i o n  spike  burs t  4°. T h e  a m p l i t u d e  and  

spa t ia l  d i s t r ibu t ion  of  these  burs ts  imply tha t  they are  

g e n e r a t e d  by synchronous ly  f i r ing units  c o n c e n t r a t e d  

within a na r row  s t r a tum of  the  neocor tex .  These  

phase - l ocked  burs ts  r equ i re  synapt ic  t ransmiss ion  and  

a re  most  l ikely due  to exci ta tory  t ransmiss ion  be tween  

py ramida l  cells  in layer  I l l ,  n eu rons  which  pro jec t  bo th  
locally and  to d i s tan t  reg ions  of  neocor t ex  2j'3°'56'58. In  

this p r e sen t  study,  we examine  the  p h a r m a c o l o g y  of  

exci ta tory  connec t ions  tha t  drive synchronous  firing in 

layer  I I I  in vitro.  

Previously we found  tha t  g lu tamate rg ic  neu ro t r ans -  

miss ion is essent ia l  for all pos t - synapt ic  activity de-  

t ec t ed  by our  ex t race l lu la r  record ings  4°. O u r  ma in  ef- 

fort  t he r e a f t e r  focused  on resolving the respect ive  con- 

t r ibu t ions  m a d e  by e i ther  of  two d i f fe ren t  k inds  of  

iono t rop ic  g lu t ama te  recep tor .  These  are:  (1) N M D A  

receptors ,  which are  pa r t i cu la r ly  sensi t ive to the  ago- 

nist N-methy l -D-aspar t i c  acid and are  b locked  specifi-  

cally by 2 - amino -5 -phosphonova l e r a t e  (APV);  and  (2) 

A M P A / k a i n a t e  receptors ,  which are  most  effectively 

ac t iva ted  by ka ina te ,  qu isqua la te ,  or  a -amino-3 -hy-  

d roxy-5-methy l -4- i soxazo leprop ion ic  acid  ( A M P A )  and  

b locked  specif ical ly by low mic romola r  concen t ra t ions  
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of 6-cyano-7-ni t roquinoxal ine-2 ,3-dione (CNQX).  

N M D A  and A M P A / k a i n a t e  recep tors  differ 

markedly in many  respects besides their  sensitivities to 

agonists and antagonists ,  and they clearly differ in their  
funct ions  in the brain m'~3`~'~'24`2~'3~''6°'64"6s. Whereas  many 

synapses clearly use A M P A / k a i n a t e  receptors  to me- 

diate rapid and brief  excitatory neuro t ransmiss ion ,  the 

funct ion of N M D A  receptors  has been  more difficult 

to discern and to define.  In teres t  stems, in part,  from 

the role of N M D A  receptors in regulat ing synaptic 

plasticity in different  regions of the brain,  inc luding the 

visual system (reviewed in ref. 12; see also refs. 4 and  

25). However,  the N M D A  receptor  channe l  has bio- 

physical proper t ies  that  could allow it to play distinctly 

different  physiological roles than  its counterpar t ,  the 

A M P A / k a i n a t e  receptor.  The  kinetics of receptor  acti- 

vat ion are significantly slower for N M D A  recep- 

tors 5'34'44'5°. Moreover,  the conduc tance  of its ion chan- 

nel normal ly  depends  upon  the post-synaptic mem-  

b rane  potent ial .  The  activated channel  is partially 

blocked by Mg 2+ unless  there is a sufficient summa-  

t ion of depolar iza t ion in response to excitatory inputs  

at the same synapse or at o ther  synapses on the same 

cell. Consis tent  with this, it is the sus ta ined responses 

to visual s t imulat ion of neurons  in the cat lateral  

geniculate  nucleus  (LGN)  that are part icularly depen-  

dent  on N M D A  receptors  28"36'64, as is the late compo- 

nen t  of excitatory post-synaptic potent ia ls  (EPSPs) 

evoked in L G N  ceils in vitro by s t imulat ion of the optic 

tract ~6. In the visual cortex in vitro, responses of layer 

I I / I I I  neu rons  to ascending afferents  are media ted  by 

both A M P A / k a i n a t e  and N M D A  receptors,  with 

N M D A  receptors  responsible  for only the longer  la- 

tency (and probably polysynaptic) s ingle-uni t  spikes 

and the slower componen t s  of the intracel lularly 

recorded EPSP 5~. In contrast ,  the visually driven re- 

sponse of some layer I I / I I I  ceils in vivo appear  to 

depend  ent i rely upon  activation of N M D A  recep- 
tors~9,51. 

In  order  to drive coheren t  firing of layer III  pyrami- 

dal cells, t ransmiss ion be tween  cells must  be effective 

within 3 -5  ms 4°. Consis tent  with the evidence above on 

the role of N M D A  and A M P A / k a i n a t e  receptors  in 

media t ing  excitatory neuro t ransmiss ion ,  one might ex- 

pect that  this driving is media ted  primarily by 

A M P A / k a i n a t e  receptors.  To test this hypothesis, we 

have applied A P V  and  C N Q X  at concen t ra t ions  at 

which they are bel ieved to act specifically u p o n  N M D A  

and A M P A / k a i n a t e  receptors,  respectively, while 

recording (1) field potent ia l  popula t ion  spikes gener-  

ated by synchronous  firing bursts  and (2) the activity of 

single uni ts  that fire in phase with these popula t ion  

spikes. To  observe the full extent  to which N M D A  

receptors may contr ibute  to responses,  wc have exam- 

ined the effects of these specific antagonis ts  both in 

med ium conta in ing  a normal  level of Mg~~  and in 

med ium without Mg :~. Our  data demons t ra te  that 

A M P A / k a i n a t e  receptors alone arc ~esponsiblc for 

driving the earliest spikes in each evoked burst,  but 

activity of N M D A  receptors can greatly prolong the 

dura t ion  of responses.  

Some of these data have appeared  previously m 
pre l iminary  form 3~'3°'41. 

MATERIALS AND METHODS 

Laminar distributions of local field potentials were determined by 
methods which we have previously described in detail ~. Briefly, our 
'normal' slice medium was a solution composed of (in mM): NaCI 
114; KCI 3: CaCI z 2.4. MgCI 2 t.2; Na2SO 4 1.2; o-glucose 10; glycine 
0.001; HEPES 10: Phenol red 0.01: NaHCO 2 25: sodium phosphate 
buffer (pH 7.0) 1: and sufficient [ ~ 2.5 mMI HCI to bring the pH to 
7.3-7.4 when bubbled with 95% O z/5% CO 2. We refer to solutions 
to which we added no Mg e+ as "Mg'~+-free ', To make Mg2+-free 
medium. CaCI 2 was substituted for MgCl~ (increasing the [Ca 2 ~ ] to 
3.7 raM). 

To prepare slices of primary visual cortex ("Ocl" in refs. 71 and 
72), albino rats (Charles River. 250-400 gm). were deeply anes- 
thetized by intramuscular injection of ketamine HCI (100 mg/kg) 
and acepromazine maleate (10 mg/kg). The occipital half of the left 
cortical hemisphere was exposed. Following sacrifice (exsanguination 
by cardiac puncture), a block of brain that included the primary 
visual cortex was transferred to cold (4-8°C) slice medium in which 
500/z m-thick coronal sections were prepared. All data were recorded 
from neocortex between 2.7 and 3.4 mm anterior to the interaural 
line 57. Ketamine anesthesia is reported to reduce neurotoxic effects 
of anoxia during slice preparation 59. Ketamine is an NMDA receptor 
antagonist, and would therefore interfere with our pharmacological 
study if it could not be washed out of the slices. However, antago- 
nism of NMDA receptors by ketamine is readily reversed by applica- 
tion of drug-free medium to in vitro brain preparations ~'48. Because 
reversal of channel block requires channel activation, our slices were 
subjected to hundreds of stimulations before data were recorded. All 
data were recorded at least 3 h after slice preparation, with the slices 
maintained completely submerged in moving medium throughout 
(see below), and stimuli delivered continuously at 25 per min. Under 
such conditions, it is highly unlikely that a significant level of NMDA 
receptor block remained. 

We used a submersion-type slice chamber, with slices surrounded 
above and below by moving medium (maintained at 33°C) driven by a 
jet of O 2/CO2. Besides improving viability, this movement probably 
accelerated equilibration of drug concentrations during solution 
changes. Based on the field potential data. each slice was viable 
through its entire thickness and there was no apparent deterioration 
of responses througlaout the 6-12 h over which data were collected 'u~. 
When a drug or divalent ion concentration in the medium was 
changed, 15-20 mm were required for complete equilibration of the 
responses to a new level. Therefore, all observations relating drug 
effects and drug concentration were made at least 20 min after 
changing the medium. 

Each recording position was defined by using the intersection ol 
the pial surface and the radial axis which intersected the site of 
stimulation as a point of reference, with the electrode mounted on a 
micropositioner with calibrated movement in tbe 3 orthogonal di- 
mensions. We refer to displacement orthogonal to the pial surface as 
'radial" and displacement parallel to the pial surface as 'horizontal. 
'Depth' refers to distance from the pial surface. A 'depth profile' is 
an array of responses sampled at a series of depths, usually sepa- 
rated by 100 ,ttm. The 'z-axis' is the line along which a depth profile 
is sampled (e.g. Fig. 2). There was conduction of impulses along the 



z-axis from the site of stimulation towards the pia, independent of 
synaptic transmission. We refer to this path of 'direct'  conduction as 
'on-beam'.  The rest of the cortex was 'off-beam'. A 'horizontal 
profile' is an array of responses sampled moving from on-beam to 
off-beam while remaining at the same depth and following the plane 
of the slice. The 'y-axis' is the axis along which we made an electrode 
penetration, crossing perpendicular to the plane of the slice. 

After each recording, the location was confirmed with Nissl- 
stained sections from the slices (cf. Fig. 1 in ref. 40). The white 
matter lay 1,350-1,400 ~m from the pial surface in both living slices 
and the Nissl sections; shrinkage of slices during fixation was there- 
fore insignificant. Because the boundary between layers I1 and lII 
was indistinct, it is useful to refer to these collectively as layer I I / I I I .  
However, we refer to the region of layer I I / I I I  bordering layer I as 
'layer II', and the region bordering layer IV as 'layer Ill ' .  Stimulation 
was applied to the border of the white matter and layer VI in the 
manner previously described 4°. Usually, a single stimulation was 
applied once every 4 s; otherwise, paired stimuli were applied, 20 ms 
apart, with pairs 4 s apart (eg. Fig. 1). 

In experiments in which the horizontal spread of excitation was 
studied, we sectioned the white matter with iridectomy scissors 0.5 
mm medial and lateral to the site of stimulation. Field potentials 
were recorded with broken-tipped glass micropipenes filled with 2 M 
NaC1 (DC impedances of 5-25 M J2). All data were recorded near 
midway between the rostral and caudal cut faces (100-300 ~m into 
the slice with respect to the y-axis). All field potential data are 
averages of 15-25 consecutive trials. 

Single unit activity was recorded extracellularly to observe firing 
patterns of neurons not injured by impalements. Single unit poten- 
tials were distinguishable as such because they were sensitive to 
minor alterations in the recording position, were all-or-none with 
respect to strength of stimulus, and exhibited 'jitter'  (variable la- 
tency). When the intent was to record single unit activity, we used 
unbroken glass micropipette electrodes (25-45 M,Q), made finer 
advances along the y-axis, and examined unaveraged responses. In 
some cases (eg. Fig. 5), we recorded field potentials with these same 
electrodes. The same filter settings were used for recording single 
units and field potentials (bandpass from 0.1 Hz to 3 kHz). 

To better resolve the relationship of transmembrane current flow 
to cortical laminae, we have calculated profiles of second derivatives 
with respect to the z-axis, using the sampling interval as our 'dif- 
ferentiating grid'. Provided that certain simplifying assumptions are 
valid, this amounts to a 'one-dimensional current source-density 
(CSD) analysis '2z'46'53. We discuss elsewhere the validity of these 
assumptions for the rat visual cortex slice preparation 4°. 

R E S U L T S  

Cortical field potentials following single shocks to 
the white matter were composed of the 4 components 
that we have described previously and named S1, $2, 
W1, and W2 (Figs. 1 and 2). These are identified by 
their latencies, durations, and whether or not they 
depend upon synaptic transmission. The magnitude 
and polarity of each component varies in a characteris- 
tic manner with respect to position along the radial 
axis (i.e. position with respect to cortical lamination), 
and each component's magnitude and latency varies in 
a characteristic manner with respect to horizontal 
(tangential) displacement from the radial axis of stimu- 
lation. Component S1 (spike S1)occurs on-beam only, 
between 2.5 and 5 ms latency, whereas the first $2 
spike occurs between 5.5 and 7.5 ms after stimulation, 
and later $2 spikes recur at intervals of 3-4 ms for a 
total burst duration of roughly 15 ms. S1 and $2 spikes 
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Fig. 1. Near elimination of components $2, W1 and W2 by kynurenic 
acid, and the lack of this effect by APV. Field potentials were 
recorded in layer I |I ,  on-beam, during an 85 rain interval, without 
electrode repositioning. In this experiment, paired stimuli (20 ms 
apart) were delivered once every 4 s; the traces shown are averages 
of 15-25 consecutive responses. In drug-free (normal) medium, the 
response includes an SI spike ( • ), three $2 spikes ( z~ ), and the two 
slower waveforms, W1 and W2. Component W1 consists principally 
of a dipole (and sink-source pair) distributed across layers l and lI 
(cf. ref. 40 and Fig. 2 of this paper). However, it is sometimes 
accompanied by a small positive potential in layer lII, following the 
$2 spikes and preceeding component W2. In contrast with compo- 
nent W1, W2 exhibits maximal negativity in layer Ill. This figure 
includes only its rising phase. Medium containing kynurenic acid was 
added 16 rain before the second trace, and discontinued 23 rain 
before the third. Following washout of kynurenic acid, application of 
D,L-APV did not block any of these components, but altered appre- 

ciably the t ime-course of component WI. 

are followed by the slower components, Wl and W2, 
which are radially oriented field potential (and current 
source/sink) dipoles. (For a more detailed description 
and interpretation of these, refer to ref. 40 and the 
discussion section of this report.) 

Components S1, $2, and W2 all have their greatest 
magnitudes in layer III, where they occur sequentially 
and distinct from each other. To make quantitative 
assessment of chosen drug concentrations, we left the 
recording electrode at a single location in layer III 
while changing bath solutions (e.g. Fig. 1). This was 
done to avoid effects of differences in electrode posi- 
tion between samplings. However, we also compared 
depth profiles (which required repositioning of the 
electrode) recorded in the presence and absence of 
pharmacological agents (e.g. Fig. 2); these depth pro- 
files facilitated qualitative judgements about drug ef- 
fects throughout the cortex from the pial surface down 
to the superficial half of layer V. 
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(A) normal medium (B) CNQX, 3.2 pM 

, _  . . . . . . . . . .  

° ,, 
i 700 

"I 1.0 mV 20 rnsec 
Fig. 2. Depth profiles recorded on-beam (A) in normal medium, and then (B) along the same radial axis in the same medium with 3.2 /xM 
CNQX. The pointers with circled labels S1, $2, Wl, and W2 indicate the 4 field potential components described in the text~ After recording the 

profile in B, resumption of normal medium brought the return of $2 spikes recorded at 400 p.m depth (not shown). 

Effects of AMPA / kainate receptor blockade 
We first examined the effects of kynurenic acid 

because it blocks both the NMDA and AMPA/kainate 
subtypes of glutamate receptor (reviewed in ref. 10). 

(A) nor-i  
CNQX,, "1' V ~ -  IOIIM 

I 
(e) 
C N Q X ,  ~ .~.t~ 
lO ~p.q IV 
n o r m a l  

mv is  m u e  

Fig. 3. Block of $2 spikes by CNQX (A) off-beam and (B) on-beam. 
All data were recorded in layer III, 350 ~m from the pial surface. 
The upper trace in A was recorded in drug-free medium, and the 
lower trace from the same location after 20 min in medium contain- 
ing CNQX. The small, early spike that remains in CNQX medium is 
the $1 component. The traces in B were recorded where the S1 spike 
was maximal, based on a horizontal profile (not shown here; cf. ref. 
40) recorded after sampling the data in A, while continuing with 
medium containing CNQX. The horizontal profile indicated that the 
data in A were recorded 350 gm medial to the beam center. The 
lower trace in B was recorded after returning to drug-free medium. 

Recording from layer III, on-beam and off-beam, we 
assessed the actions of kynurenic acid (0.5-1.0 mM) in 
4 slices. S1 spikes were not inhibited at either concen- 
tration. However, $2 spikes and components W1 and 
W2 were nearly eliminated at 0.9 mM (Fig. 1). At 0.5 
raM, $2 spikes and components W1 and W2 were 
completely suppressed off-beam but were only partially 
blocked on-beam (not shown). The effects of kynurenic 
acid were reversible. 

CNQX is a glutamate receptor antagonist which 
blocks AMPA/kainate receptors at low micromolar 
concentrations ~7'32. We collected on-beam depth pro- 
files before and during application of medium with 3.2 

o.1 1 11o 
[CNQX], ~ 

Fig. 4. Amplitudes of population spikes in layer Itl as a function of 
the concentration of CNQX applied via the bath. (D)Mean  ampli- 
tudes of the first $2 spike (which occurs between 5 and 9 ms after 
stimulation). (©) Mean amplitudes of $t spikes. Data were pooled 
from 8 experiments, with each data point normalized with respect to 
the response amplitude in normal medium at that same recording 
site. Overall, the mean $2 spike amplitude in normal medium was 
0.76 mV (1 S.E.M. = 0.19); the normal mean $1 amplitude was t,00 

mV (1 S.E.M. = 0.18). Each error bar represents 1 S:E.M. 



287 

/xM CNQX (Fig. 2). In normal medium, the responses 
included the 4 identified components. Application of 
CNQX resulted in a complete block of components $2, 
W1 and W2; there were no spike-like waveforms after 
5 ms latency, no negative potential at 200 /zm depth 
between 5 and 15 ms, and after 40 ms there was no 
potential greater than 0.05 mV, regardless of depth 
(Fig. 2B). As with slices treated with kynurenic acid or 
low Ca 2÷ medium 4°, the S1 spike was not inhibited by 
CNQX. 

In medium containing CNQX, the S1 spike is fol- 
lowed by a low amplitude dipole, negative at 300-500 
~m depth and positive at 100 ~m. There also occurs a 

small and brief negative potential between 600 and 800 
/zm depth. Thus, CNQX treatment differs from treat- 
ment with Ca2÷-free medium in that Ca2÷-free medium 
eliminates all appreciable field potentials beyond 5 or 6 
m s  4°. The persistence of late, slow potentials during 
CNQX treatment is probably due, at least in part, to 
currents gated by NMDA receptors (see below). 

Responses off-beam were also sensitive to CNQX. 
The uppermost trace in Fig. 3A is typical of a response 
in layer III displaced 350/zm from the central axis of 
the column stimulated. The prominent burst of $2 
spikes began 6.5 ms after stimulation and the S1 spike 
was nearly absent. Application of 10/zM CNQX sup- 

(A) 
n o r m . ,  _ . _  

medium 

0.S mV 

D - A P V ,  ~ . _ . .  _ 
50 I~M ~ ' 

1S mm¢ 

( C )  I • Cl ,  normal 

~" 401 I C1, D-APV 

i 

i 
( s )  " 
normal medium: 

o 

"N/2__ 
0 10 20 30 

t t °JlA mV 15 mNc spike latency, msec 

Fig. 5. Effects of APV on (A) population spike bursts and (B and C) single unit  activity in layer III. In A, the response includes a S1 spike ( v )  
and a burst of  rapidly decaying $2 spikes. Application of APV did not prevent $2 spike bursts, but shortened their duration to 12 ms (arrow). The 
peak (and the decay) of  the W2 component  occurs earlier during APV treatment;  measured  90 ms post-stimulation (not shown), this potential 
was -0 .068  and - 0 . 0 2 9  mV in normal  and APV-treated slices, respectively. These  data were recorded 47 min apart  without intervening 
movement  of  the electrode. The  normal response was recorded after the response in D-APV, 34 min after changing to medium without drug. B: 
the effect of t rea tment  with D-APV on the firing bursts of a single unit  in the same slice. (The field potentials in part A were recorded from this 
same location in the slice, after losing contact with this unit.) Unlike the potentials that we present  in all other  figures, these are individual trials, 
not averages. For the bot tom trace in each group, examples of  unitary potentials are indicated by arrows. The  first downward inflection is the $1 
field potential spike, unaccompanied  by a single-unit spike. The  first single unit spike is superimposed upon the $2 field potential spike. In 
D-APV, its falling phase appears  larger because it occurs slightly earlier and is thereby superimposed upon the negative-going phase of the $2 
spike. C: histograms summarizing 60 responses of  this same cell (C1) and a second cell (C2) in this same slice preparation. In normal  medium, the 
mean  response of cell C1 was 4.25 spikes per st imulation (1 S.D. = 0.47). In D-APV, every stimulation evoked precisely 2 spikes in cell C1; these 
occurred roughly 1 ms earlier than  their corresponding spikes in normal medium. Cell C2 fired in synchrony with both S1 and $2 field potential 
spikes. D-APV had little or no effect on firings synchronized with the $1 and first three $2 spikes, but  almost completely prevented later firing. In 
normal medium,  stimulation evoked a mean  of 5.00 spikes (1 S.D. = 0.26) in cell C2. In D-APV, the mean  response was 4.07 spikes 

(1 S.D. = 0.25). 
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pressed this burst and unmasked the small Sl spike 
that precedes it with a latency-to-peak of 4.6 ms (Fig. 
3A, lower trace). Remaining in layer III, we recorded a 
horizontal profile (not shown) and found that compo- 
nent S1 was largest 350 # m  lateral to the initial loca- 
tion. There, it was 1.8 mV in magnitude (Fig. 3B, 
upper trace), with a latency of 4.1 ms. 

CNQX effects as a function of  concentration 
At sufficiently high concentrations, CNQX antago- 

nizes the function of both NMDA and AMPA/ka ina t e  
receptors ~7'26'32. We assessed the relationship between 

concentration of CNQX and the block of $2 spikes to 
determine whether these were due to a selective block 
of AMPA/ka ina t e  receptors. CNQX at 0.1 ~zM had no 
significant effect on $2 spike amplitudes, but inhibited 
these almost completely at 10 ~ M  (Fig. 4). The level of 
inhibition varied in a concentrat ion-dependent manner 
at 3 intermediate concentrations. Interpolating, there 
was 50% inhibition at roughly 0.7 ~M. Block by CNQX 
at such low concentrations is not likely to be due to 
effects on NMDA receptors (see Discussion). 

(A) normal medlum 

o l  
200 I _ 

~ 450 ~ ' ~ -  -g 
m 600 

"G 800 - ~ _  

E 1000 . . . .  

1200 e -  

~ 1400 . ~  

(B) D,L-APV, 25 pM 

--¢ II 

, i ~  "~ III 

" " - - -  V 

Vl 

WM 

+ [ 1.0 mV 50 msec 

Fig. 6. Depth  profiles depicting the effect of AP V on field potentials 
recorded far off-beam, 1.5 m m  medial to the beam center. Each 
trace is an average of 20 trials. (Positions of the cortical laminae are 
identified at the far right. However, the border between layers II and 
III was chosen somewhat  arbitrarily.) In this slice, burst  firing in 
layer III spread horizontally for 1.8 mm. The off-beam response 
included a burst  of  $2 spikes and a long, W2-1ike negative potential 
in layer IlI. However, component  S1 was absent  and W l  was very 
small or absent. The  off-beam spike bursts recorded at this location 
invariably began 17 ms after stimulation (whereas the latency of 
on-beam spike bursts ranged from 2.5 to 4.5 ms). As with $2 spikes 
on-beam, APV reduced the duration of off-beam $2 spike bursts, but  
did not  prevent them. In medium with APV, rapid inflections ceased 
completely 20 ms after bursts  began (filled arrow). APV also reduced 
the ampli tude of the slow, W2-1ike potential which followed each 
burst  (open arrow). The off-beam response in drug-free medium also 
included rapid, low-amplitude inflections and slow potentials in 
layers V and VI. Application of APV did not effect these rapid 

inflections, but accelerated the decay of these slow potentials. 

~ ' - . . . , . . . .  - -  2 0  p M  D , L - A P V  
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Fig. 7. Effects of APV on slow waveforms recorded in layer I11,650 
# m  medial to the beam center• In this preparation there were 
relatively large slow potentials beginning 25 ms after stimulation and 
lasting for roughly 125 ms. This is an extreme case in which the W2 
component  was completely blocked by APV. These averaged re- 
sponses in APV were recorded after l0 rain of application; the 
post- t reatment  responses were recorded after 7 rain ~)f drug-free 

medium. 

Application of CNQX often increased the ampli- 
tude of S1 spikes (Figs. 3 and 4), as did other treat- 
ments that inhibited glutamatergic transmission 
(kynurenic acid, Fig. 1, and APV, Fig. 11). This effect 
may have been due to elimination, in antidromically 
actived cells, of shunting and de-synchronizing effects 
of synaptically induced currents. 

NMDA receptors and coherent firing by layer II1 neurons 
The above data indicate that $2 spikes are gener- 

ated via a mechanism involving activation of 
AMPA/ka ina t e  receptors. We examined whether or 
not generation of $2 spikes also depends on the activa- 
tion of NMDA receptors by assessing the effect of 
applying APV, a specific antagonist NM DA receptors. 
In spinal cord and hippocampus, 50 ~M t).L-APV 
produces a selective and virtually complete block of 
responses evoked either synaptically or by challenges 
with NMDA ~4'27. Our analysis is based on experiments 
in which 20-75/~M D,L-APV was applied in otherwise 
normal medium (n = 7), and later experiments in which 
0.1, 0.32, 1.0, 3.2, 10 and 50 pM o-APV (the active 
stereoisomer) were applied in normal medium (n = 8). 
medium lacking Mg 2+ (n = 5), normal medium with 
CNQX (n = 2), and in Mg2+-free medium with CNQX 

( n  = 4).  

Block of NMDA receptors never prevented $2 
bursts, whether observed on-beam (Figs. 1 and 5A) or 
off-beam (Fig. 6). However, APV consistently reduced 
the duration of bursts lasting longer than 15 ms. Typi- 
cally, an $2 burst ends with several low amplitude 
inflections that continue for 20 ms or morc after the 
initial spike, (e.g. Figs. 1, 3, 5A, and 6A). APV elimi- 
nated these late inflections. In APV. each burst ended 
definitively, between 12 and 20 ms after the initial 
spike (solid arrows in Figs. 5A and 6). In normal 
medium (i.e. containing 1.2 mM Mg2+), APV had no 
appreciable effect on the duration of bursts that ended 
in less than 12 ms (Fig. 7). 

When electrodes suitable for recording single-unit 
activity were advanced into layer III. units that fired in 
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Fig. 8. A: field potentials and a superimposed single unit in layer III, 0.8 mm lateral to the beam center; averages of 20 trials. D,L-APV (40 /zM) 
was introduced at t = 3 min; washout began at t = 18 min. B: unmasking of NMDA receptor activation by application of Mg2+-free medium. This 
treatment results in long, slow negative potentials, beginning first in layer II, then in layer III. These responses were recorded in layer II, 100/~m 
from the pial surface; hence, $2 spikes are absent. The effect of Mge+-free medium is almost completly reversed by application of APV. Finally, 
application of Ca2+-free medium reveals the purely antidromic response. The vertical dotted line demarcates a latency of 5.5 ms, after which all 
potentials depend upon synaptic function. Each trace is an average of 15 or more trials. All data were recorded without intervening movement of 

the recording electrode. 

phase with population spikes S1 and S2 were readily 
encountered (Fig. 5B; see also ref. 40). The bursts fired 
by such units were affected by APV application in a 
manner consistent with effects of the drug on $2 popu- 
lation spikes. We recorded one such unit from the 
same location as the field potentials in Fig. 5A. It fired 
a mean of 4.25 times per stimulation in normal medium 
(1 S.D. = 0.47), with its earliest spikes coinciding closely 
with the 3 largest $2 spikes (Fig. 5B,C). Such latencies 
imply that all of this unit's firings were synaptically 
driven; this was confirmed when application of CNQX 
silenced this unit (not shown). In 50 /xM D-APV, this 
unit fired only twice with each stimulation, once be- 
tween 4 and 5 ms, and once between 7 and 9 ms. 

In the same slice, after resuming normal medium, a 
different unit fired a mean of 5.00 times per stimula- 
tion (1 S.D. = 0.26), with the first 4 unit spikes closely 
coinciding with the S1 and $2 spikes in the field 

potential (Fig. 5A,C). After applying D-APV a second 
time, however, this unit fired a mean of only 4.07 
spikes per burst (1 S.D. = 0.25). APV application had 
essentially the same effect on this single unit's burst 
duration as it did on the duration of $2 population 
spike bursts. 

These and previously reported field potential and 
single unit data 4°'41 indicate that firing was highly co- 

herent for the first 4 volleys of each burst, and sporadic 
thereafter.  Late out-of-phase activity could be respon- 
sible for the late, low-amplitude inflections that follow 
bursts of $2 spikes in field potential recordings. APV 
selectively inhibited this late, out-of-phase firing. In 
addition to merely suppressing out-of-phase firing, 
however, application of APV actually enhanced phase- 
locked firing of some units. Fig. 8A presents an exam- 
ple of unitary activity superimposed on a field potential 
recorded 0.8 mm off-beam in layer III. Each trace is an 
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Fig. 9. On-beam depth profiles illustrating APV-sensitive field potentials in CNQX-containing medium that is Mg 2+ free. A: in normal medium, 
this preparation exhibited typical S1 and $2 components. (Components Wl and W2 were small and are not apparent at this scale.) B: in medium 
contain 10 ~ M  CNQX but not Mg 2+, there occurred rapid deflections with a spatial profile characteristic of $2 spikes, but which recurred at one 

half the usual frequency for $2 spike bursts. C: these were eliminated by addition of APV to the medium. 
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Fig. 10. On-beam depth profiles and current source-density analysis of APV-sensitive slow potentials present in medium containing CNQX (t0 
tzM) without Mg 2+. These data were recorded from the same slice and along the same radial track as the data in Fig. 9. but with a 15-fold longer 
time base. A: in the presence of 25/xM I),L-APV, all slow waves are eliminated. B: the profile of field potentials recorded in medium without 
APV. C: current source-densities derived from the data in B. During the first 150 ms, there is a high sink density in layer 1I (depth = 200/am). 
coinciding with a source in layer I. As this dipole decays, sink density increases at 300 ~,m depth. In their depth distributions, these two 

components resemble that of components Wl and W2 in normal medium (cf. ref. 40) except that they rise and decay much more slowly. 

average  of  20 trials;  sporad ica l ly  occur r ing  spikes  a re  

t he re fo re  not  r e p r e s e n t e d ,  whe rea s  un i ta ry  firing of  

unvarying la tency a p p e a r s  as a sha rp  inf lect ion super -  

imposed  upon  s lower f ield po ten t i a l  waveforms.  In  

no rma l  m e d i u m  ( top  t race) ,  no cohe ren t  f ir ing is evi- 

dent .  In  the  p re sence  of  APV,  the  unit  f i red  a burs t  of  

4 spikes  with unvarying latency.  The  un i ta ry  firing 

p a t t e r n  closely r e sembled  that  expec ted  for  an $2 pop-  

u la t ion  spike  burs t  at  this  d i s tance  off-beam4°:  it began  

af te r  a la tency of  11 ms and con ta ined  4 spikes  sepa-  

r a t e d  ini t ial ly by 4.5 ms. Once  r e t u r n e d  to d rug- f r ee  

med ium,  this  uni t  no longer  f i red  coherent ly .  

E n h a n c e m e n t  of  f i r ing cohe rency  dur ing  A P V  t rea t -  

men t  is also ev ident  f rom the  la tency h i s tograms  of  cell  

' C I '  p r e s e n t e d  in Fig. 5C. In the  absence  of  APV,  the  

first and  second  $2 spikes  of  cell C1 occur  in any of  5 

h i s togram la tency bins (each  1 ms wide) .  Dur ing  appl i -  

ca t ion  of  D-APV, la tenc ies  of  the  first and  second  $2 

spikes  fall exclusively wi thin  3 bins. 

In  3 p r epa ra t i ons ,  app l i ca t ion  of  A P V  resu l ted  in 

some shor t en ing  of  the  la tency of  $2 spikes.  This  is 

exempl i f ied  in Fig. 5C, in which those  un i ta ry  $2 spikes  

of  cell  C1 tha t  r e m a i n e d  dur ing  t r e a t m e n t  with A P V  

occur red  1 to 2 ms ear l ier .  The  drug  app l i ca t ion  had  a 

s imi lar  effect  on $2 p o p u l a t i o n  spikes  r e c o r d e d  f rom 

this same p r e p a r a t i o n  (Fig.  5A). 

APV and responses of long latency and duration 
In no rma l  med ium,  $2 spikes  were  fo l lowed by the 

s lower f ie ld po ten t i a l s  W1 and W2 (Figs.  1, 2A, 6A, 

and  7). A p p l i c a t i o n  of  A P V  pr imar i ly  a f fec ted  the  la te r  

por t ions  of  these  slow poten t ia l s ,  resu l t ing  in d e c r e a s e d  

l a tency- to -peak ,  fas ter  decay  and  smal le r  p e a k  ampl i -  

tudes .  The  g rea tes t  effect  of  A P V  occured  in p r e p a r a -  

t ions in which these  c o m p o n e n t s  were  especia l ly  long- 

last ing (Figs.  6B and  7); more  of ten.  A P V  had  only a 

minor  effect  on the du ra t ion  of  slow waves (Fig. t). 

Excep t  when pos t - synap t ic  m e m b r a n e s  are  depo la r -  

ized, channe ls  ga t ed  by N M D A  recep to r s  a re  b locked 

by Mg 2+ at concen t r a t ions  p r e se n t  both physiological ly  

and  in our  no rma l  m e d i u m  34'4''55. Since our  s ingle-shock 

s t imula t ions  were  likely to p roduce  only t rans ien t  post-  

synapt ic  depo la r i za t ions ,  we expec ted  tha t  N M D A  re- 

cep to r s  could  only make  a l imi ted  con t r ibu t ion  to re- 

sponses  in normal  med ium.  W e  the re fo re  examined  

effects  of  A P V  in Mg2+-free  med ium.  In every case.  

Mg2+-f ree  m e d i u m  great ly  p r o l o n g e d  slow potent ia l s .  

Subsequen t  app l i ca t ion  of  A P V  a lmost  en t i re ly  re- 

versed  this effect  of  Mg2+-free  m e d i u m  (Fig.  8B). 
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Fig. 11. Percent inhibition of APV-sensitive field potentia!s as a 
function of the [D-APV] applied via the bath. All responses were 
recorded in medium containing CNQX but no Mg z÷. (o) Mean 
amplitudes of S1 spikes. (D) Mean amplitudes of the first S2-1ike 
spike (cf. Fig. 9B). (~) Mean amplitudes of the slow W2-1ike poten- 
tial (measured at 30 ms latency, cf. Fig. 10B). The data are from 3 
preparations, with each data point normalized with respect to the 
response amplitude in normal medium at the same recording site. 
The mean amplitudes for St spikes, S2-1ike spikes, and W2-tike 
potentials were 0.84, 0.32, and 0.29 mV, respectively~ The error bars 

represent 1 S.E.M. 



We examined the effects of APV in slices treated 
with CNQX in Mg2+-free medium (n = 4) to observe 
currents gated by NMDA receptors in isolation from 
contributions of AMPA/kainate receptors. Because 
the kinetics of NMDA receptor-gated channels are 
inherently slow 5'34'44'50, we were surprised to find that 

S2-1ike spikes occurred in such slices (Fig. 9), particu- 
larly since CNQX abolishes $2 spikes in normal 
medium (Figs. 2 and 3). Like $2 spikes in normal 
medium, these were prominent in layer III only. Dis- 
tinct from normal $2 spikes, these recurred at about 
one half the normal frequency. These spikes were 
always less than 0.5 mV in amplitude. Responses in 
Mg2+-free medium with CNQX also included slow 
dipoles which exhibited the same sink-source distribu- 
tions as components Wl and W2 in normal medium, 
but with much slower rise and fall (Fig. 10; see also ref. 
40). 

These S2-1ike spikes with a 7 ms periodicity and the 
slow dipoles with depth distributions like components 
W1 and W2 were all eliminated by treatment with 
APV in a concentration-dependent manner (Fig. 11). 
However, the slow S2-1ike spikes were more sensitive 
to APV than were the W1- and W2-1ike dipoles. The 
amplitude of the slow $2 spikes was reduced by half 
when the [D-APV] was about 3 #M, a value similar to 
that obtained with D-APV in a study of antagonism of 
NMDA receptors in the hippocampus 27. In contrast, 
50% inhibition of the slow W2-1ike potential required a 
roughly 4-fold higher [D-APV]. 

DISCUSSION 

We have used selective glutamate receptor antago- 
nists to assess the respective roles of AMPA/kainate 
and NMDA receptors in the generation of field poten- 
tials in visual neocortex. Because field potentials are 
infrequently used in studies of neocortical neurotrans- 
mission, this discussion begins with a rationale for their 
use, and a brief review of how we interpret neocortical 
field potentials evoked in normal, drug-free medium. 

Primarily based on data from outside of the neocor- 
tex, there are 2 commonly recognized kinds of field 
potential that can be synaptically driven: (1) 'field 
EPSPs', the relatively slow extracellular potentials gen- 
erated by subthreshold excitatory postsynaptic cur- 
rents, and (2) 'population spikes', brief extracellular 
potentials generated by neurons firing in synchrony 
near the recording site. Because population spikes are 
generated by summation of rapid and brief unitary 
currents, they tend to be highly localized and their 
amplitudes highly dependent on synchrony of unitary 
contributions 52. This makes them especially useful for 
locating concentrations of synchronously active neu- 
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rons. Because field potential data represent the aver- 
age activity of populations of neurons, they are more 
readily reproducible than single-unit data. Because they 
are routinely stable over periods of many hours, field 
potential recordings are well suited for studies which 
examine concentration vs. inhibition relationships (eg. 
ref. 37 and present data) or effects of pathway use on 
synaptic efficacy (eg. refs. 1,8,35,43). 

Previous investigators have discussed in detail meth- 
ods used to localize membrane currents that generate 
field potentials 45'52'53. Based on these methods, in our 
previous 4° and present studies, we have recorded and 
analyzed spatial distributions (depth profiles) of neo- 
cortical field potentials to arrive at the working hypoth- 
esis, corroborated by single-unit data, that field poten- 
tial components, S1 and $2, are population spikes 
generated by synchronously firing neurons in lamina 
III. Similarly, we attribute components W1 and W2 to 
radially oriented currents which presumably flow in the 
apical dendrites of pyramidal cells. 

We discuss elsewhere the many factors likely to be 
responsible for differences in field potential profiles 
from one study to the next 4°. Previously published 
accounts of field potentials in the neocortex in vitro 
have included waveforms resembling S1 and $2 
spikes 1'35'43'62, but generally waveforms have comprised 

either the S1 spike alone, a single $2 component alone, 
or repeating $2 spikes of low amplitude. We treat $2 
spikes as a discrete component, whereas previous in- 
vestigators have not. To encourage convergent 'net- 
work' activity, we have used relatively thick slices (500 
/xm), fully submerged, with upper and lower faces 
exposed to rapidly moving medium; we apply stronger 
stimulations than are used in intracellular recordings 
of subthreshold postsynaptic potentials, and we pre- 
cisely position the recording site with respect to the 
region of layer III that is antidromically activated. 

Field potentials that resemble $2 spikes are also 
evoked in vivo by electrical stimulation of the optic 
tract, lateral geniculate nucleus, or the optic radia- 
tion 7'47. However, we know of no reports of S2-1ike 
potentials evoked by visual stimulation, and, electrical 
shock being a highly non-physiological form of stimula- 
tion, we do not propose that such a high level of firing 
coherence occurs during visual function. We study field 
potentials $2, W1 and W2 because the synaptic trans- 
mission that generates them may participate in normal 
neocortical function and in pathological states such as 
epilepsy; these experiments are not an attempt to mimic 
or simulate the complexity of visual function in the 
slice. 

Some may regard $2 spikes as a form of epilepti- 
form activity, in that similar waveforms are induced in 
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hippocampal slices by disinhibitory agents used to 
model epilepsy 6~, and the presently observed shorten- 
ing of neocortical $2 spike bursts by APV appears 
similar to the effect of APV on repetitive field poten- 
tial spikes in hippocampus ~5. Hypothetically, epilepti- 
form activity could be produced in the absence of 
GABA receptor antagonists if GABAergic neurons 
were especially vulnerable to the trauma of slice prepa- 
ration. However, coherent firing phase-locked to the 
stimulus is not a prominent feature of activity in neo- 
cortex treated with GABA receptor antagonists, as we 
have discussed elsewhere 4°. Such treatments produce 

paroxysmal, all-or-none field potentials that, after an 
abrupt beginning, are very long lasting 6,j~. Unlike $2 
spikes, these paroxysmal potentials are widespread 
throughout the middle cortical laminae. However, $2 
spikes are graded as a function of stimulus strength, 
and occur with a constant and brief latency, besides 
also being brief in duration and confined to layer III. 
Differing from epileptiform firing, the generation of $2 
spikes requires that neurons fire in phase with each 
other, and not that they merely be synchronously ac- 
tive. Some of our slices exhibited conventional epilepti- 
form activity (as defined in ref. 6) in the absence of any 
GABA receptor antagonist. However, such responses 
tended to be unstable and these slices were not in- 
cluded in the present study. In some slices, $2 spikes 
were very low in amplitude, or absent. When such 
slices were treated with bicuculline, the result was not 
enhancement of $2 spikes, but rather typical epilepti- 
form potentials (Langdon and Sur, unpublished). A 
final consideration is that disinhibition, should it occur, 
would not in itself interfere with the study of excitatory 
neurotransmission. Indeed, it is conventional to block 
GABAergic transmission when the goal is to observe 
excitatory neurotransmission at certain synapses, such 
as mossy fiber inputs to pyramidal cells in the CA3 
subfield of hippocampus 3'7°. 

Antagonist concentrations uersus level of block 
An essential assumption underlying our differentia- 

tion of roles of receptor subtypes is that the observed 
effects of antagonists were caused by specific actions of 
CNQX and APV on the AMPA/ka ina te  and NMDA 
subtypes of glutamate receptor, respectively. Because 
there is only a narrow range of concentrations within 
which CNQX blocks AMPA/ka ina t e  receptors without 
inhibiting NMDA receptor function (see below), we 
chose methods that maximized control over the drug 
concentrations to which receptors were exposed. Slices 
were studied in a submersion-type chamber and antag- 
onists were applied via the bath medium. Regardless of 
concentration, onsets of drug effect were completed 

within 20 min, whereas the field potential components 
that we studied were stable fi)r hours. l 'hus it was 
practical to allow extracellular concentralions within 
the slices to equilibrate with bath concentrations, pre- 
sumably leading to well-defined and spatially unifornl 
drug concentrations within slices. 

Data from other brain slice preparations and from 
neuronal cell cultures indicate that Mock of A M P A /  
kainate receptors is considerable if the [CNQX] ex- 
ceeds 0.5-1.0 #M, whereas interference with NMDA 
receptor function is small or negligable unless the 
[CNQX] is greater than 5 gM t7'23'69. In a study of 

antagonism of effects of iontophorecticafly applied ag- 
onists on layer III pyramidal cells (in rat frontal cortex), 
responses to quisqualate were greatly reduced by 5 # M 
CNQX, whereas higher concentrations of CNQX were 
needed to block responses to NMDA 2~. In our study, 
1.0 txM CNQX reduced amplitudes of $2 population 
spikes by 70%, and 3.3 /xM CNQX reduced these to 
less than 10% of their normal amplitude. These con- 
centrations should have had little effect on NMDA 
receptors. Moreover, only those $2 spikes with the 
longest latencies were sensitive to concentrations of 
D-APV expected to eliminate neurotransmission medi- 
ated by NMDA receptors. Thus we conclude that the 
$2 population spikes depend, at least for their initia- 
tion, upon synaptic transmission media ted  by 
AMPA/ka ina te  receptors. 

Concerning actions of APV, these were almost cer- 
tainly due to block of NMDA receptors; D-APV has an 
apparent K n ti)r the NMDA receptor of about 2 /zM, 
and does not interfere with function of AMPA/ka ina te  
receptors (or any other known neurotransmitter) unless 
the concentration exceeds at least 50/xM m. Spike-like 
waveforms (elicited in Mg2+-free medium)were  sensi- 
tive to lower concentrations of APV than were late, 
slow waves (Fig. 11). but the amplitudes of both were 
reduced by at least 85% in 50/xM D-APV. 

What synapses dric.e $2 spikes? 
Because of the complexity and divergent nature of 

neocortical connections, it is generally not possible to 
attribute with certainty an electrophysiological re- 
sponse to the action of a specific, anatomically defined 
class of synapse. Concerning the present data, it is 
known that white matter  stimulation produces direct 
activation of layer III pyramidal cells(as evidenced by 
the S1 spike), and these neurons project locally, onto 
each other. A simple explanation for $2 spikes is 
therefore that they are driven by this local network of 
recurrent projections 4~. For the present, we use this 
explanation as a working hypothesis, without excluding, 



however, the possibility that other inputs to layer I I I  
cells are partly or even wholly responsible for $2 spikes. 

There are a number of published studies of the 
effects of glutamatergic antagonists on neocortical 
synapses (among others, refs. 1, 2, 30, 35, 54, 63, 
65-67). Because experiments differed with respect to 
cortical area, lamina, species, response component ia- 
tencies, and stimulus position and strength, no two 
studies appear to overlap entirely. For example, our 
study shares in common with the work of Nishigori, 
Kimura and collaborators a focus upon responses of 
rat visual cortex layer III neurons to white matter 
stimulation. However, the previous experiments were 
primarily concerned with responses to input from fast- 
conducting afferents ascending from the white matter, 
whereas the present experiments were primarily con- 
cerned with relatively long latency, responses in layer 
III following antidromic activation via slowly ( ~  0.3 
m / s )  conducting efferents to the white matter. Thus, 
synaptically driven (CNQX-sensitive) spikes occur in 
this previous study with the same latency (2-4 ms) as 
our non-synaptically elicited $1 spikes, and our earliest 
synaptically driven spike (the first $2 spike) occurs 3 ms 
after the beginning of apparent poly-synaptic activity in 
their study. We conclude that we have examined a later 
and different event in the chain of responses to white 
matter  stimulation. 

The time-course of AMPA / kainate and NMDA recep- 
tor-mediated responses 

A common theme in all the data is that the extent to 
which a response component depended upon inputs 
meditated by either AMPA/ka ina t e  or NMDA recep- 
tors was largely a function of latency. Present and 
previous data show that roughly 6 ms must pass before 
current gated by NMDA receptors makes an apprecia- 
ble contribution to responses to single-shock stimula- 
tions. The strength of this contribution then augments 
during the subsequent 10 ms or longer. The data are 
consistent with a hypothesis that the presence of 
NMDA receptors is pervasive in supragranular cir- 
cuitry, with intrinsic properties of this ligand-gated ion 
channel being an essential determinant of its role in 
evoked response. 

This importance of latency is consistent with known 
differences in the inherent kinetics of ion gating by 
AMPA/ka ina t e  and NMDA receptors. In hippocam- 
pus, EPSPs and excitatory post-synaptic currents 
(EPSCs) mediated by AMPA/ka ina t e  receptors typi- 
cally rise in less than 3 ms and fall rapidly there- 
after 8'9'29"42'7°. Similar data have come from spinal 

cord 33, optic tectum 37, as well as elsewhere in the brain 
(reviewed in refs. 10 and 31). In contrast, postsynaptic 
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currents gated by NMDA receptors rise slowly, over 
10-20 ms, and decay even more slowly 9"18'29'44. 

Components $2, W1 and W2 almost certainly result 
via activation of a mixture of mono- and polysynaptic 
pathways. Each synchronous compound spike in a co- 
herent burst could be driven by synchronized conver- 
gence of excitatory inputs onto layer III neurons, espe- 
cially if these superimposed upon depolarizing after- 
potentials (arising intrinsically). The most effective EP- 
SCs to drive these coherent bursts would have both 
rapid onset and short duration, as does the EPSC 
mediated by AMPA/ka ina te  receptors. In contrast, 
the current gated by NMDA receptors would be better 
suited to determine the duration of firing bursts and 
influence the number of neurons joining in coherent 
firing, without providing sufficient input to drive indi- 
vidual action potentials. 

Extracellular [Mge+], membrane potential and NMDA 
receptors 

A second distinction between AMPA/ka ina te  and 
NMDA receptors is that the flow of ion current gated 
by the NMDA receptor channel is blocked to varying 
extents by physiological levels of Mg 2+, with the level 
of block depending upon the post-synaptic membrane 
potential. As a consequence, a combination of agonist 
with this receptor may lead to a state of "occult con- 
ductance"5: after transmitter has bound to the recep- 
tor, depolarization arising via activation of nearby 
AMPA/ka ina te  (or perhaps other) receptors will re- 
veal and be augmented by the otherwise latent contri- 
bution of the NMDA receptor channels. After a single 
activation, the state of occult conductance may last for 
several tens of milliseconds. 

Although there was a variable and usually minor 
effect of APV on responses in normal medium, this 
NMDA receptor antagonist greatly inhibited responses 
evoked in bath media that lacked Mg 2+. In such media, 
APV-sensitive response components began with laten- 
cies as short as 6 ms (Fig. 8). Removal of Mg z+ is 
expected to have many effects in addition to disinhibi- 
tion of currents gated by NMDA receptors 65. However, 
it is reasonable to interpret effects of APV on re- 
sponses in this medium as due to block of NMDA 
receptors. It is clear from our data that these receptors 
are present in sufficient numbers as to be able to 
greatly influence neocortical excitability. This was most 
evident when responses were studied in Mg2+-free 
medium that also contained sufficient CNQX to block 
most post-synaptic current gated by AMPA/ka ina te  
receptors. A surprising result was that slices so treated 
retained the ability to generate population spikes in 
layer III, although these recurred at about one half the 
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frequency of 'normal '  $2 spikes (and were lower in 

amplitude). Clearly, these slower spikes were driven by 

activity of N M D A  receptors, in that they were reduced 

to 30% of normal amplitude by t0 /zM D-APV, and 

eliminated by about 30 /xM. Removal of Mg 2+ from 

the medium presumably reveals the occult conductance 

of activated N M D A  receptor otherwise undetected. 

Our data indicate that the full contribution of NMDA 

receptors to cortical responses can occur rapidly and 
be substantial, provided that Mg 2+ block of the chan- 

nel is removed. 

Implicat ions concerning visually evoked  responses 

Responses to visual input may be determined, in 

part, by selective activation of cooperative neuronal 

groups, with local excitatory interactions between lam- 

ina III cells playing a significant role in defining these 

groups and the forms of input to which they respond 4°. 

By this hypothesis, glutamate antagonists applied in 

vivo would alter visually evoked responses indirectly, by 

inhibiting local excitatory interactions (in addition to 

direct effects on thalamocortical transmission). The 

present data indicate that the most rapid local excita- 

tory interactions are driven by AMPA/ka ina t e  recep- 

tors. However, activation of N M D A  receptors could 

contribute significantly to local excitatory interactions 

during slower or more sustained visual responses, de- 

pending on the ability of summation and convergence 

to overcome Mg2+-mediated channel block. Studied in 

vivo, the visually evoked responses of cells in the super- 

ficial layers of visual cortex of adult cat are more 
sensitive to block of N M D A  receptors 1~'24's~ than the 

responses to single shocks that we have studied in 

vitro. This difference may reflect a greater ability of 

visually driven inputs (arriving as streams of thalamofu- 

gal spikes) to override the Mg 2+ block of N M D A  

receptor channels, thus revealing their occult conduc- 

tance. The role of N M D A  receptors in the visual 

neocortex may be analogous to those in the lateral 

geniculate nucleus; there, the responses of a cell to 

sustained visual stimulation often depends heavily on 
N M D A  receptors 28'36'64. In the thalamus in vitro, the 

major effect of block of the N M D A  receptor is on the 
later portions of EPSPs evoked by single shocks ap- 
plied to the optic nerve 16. Similarly, activation of 
N M D A  receptors in visual neocortex may depend sig- 

nificantly on the temporal summation of sustained 
inputs from the LGN, as well 'background'  excitatory 
inputs, including those not originating from within the 
visual system. 

Our data have two additional implications concern- 

ing N M D A  receptors and visually driven responses: (1) 
the inhibition of visually driven responses in layer III 

by applications of APV may be due partly to reduc-. 

tions in the duration of firing bursts in individual cells; 

(2) changes in the level of input mediated by NMDA 

receptors may alter the extent to which layer 111 neu- 

rons fire in or out of phase with one another. By such a 

mechanism, drug applications could alter subtle as- 

pects of visual function without necessarily changing 

the number of spikes elicited by each presentation of a 

stimulus pattern. 

ABBREVIATIONS 

AMPA c~-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid 
APV 2-amino-5-phosphonovalerate 
CNQX 6-cyano-7-nitroquinoxaline-2,3-dione 
CSD current source-density 
EPSC excitatory post-synaptic current 
EPSP excitatory post-synaptic potential 
LGN lateral geniculate nucleus 
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