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Laminar Comparison of Somatosensory 
cortical Plasticity 

Mathew E. Diamond, Wei Huang, Ford F. Ebner 

During tactile learning there is a transformation in the way the primary somatosensory 
cortex integrates, represents, and distributes information from the skin. To define this 
transformation, the site of earliest modification has been identified in rat somatosensory 
cortex after a change in sensory experience. Afferent activity was manipulated by clipping 
all except two whiskers on one side of the snout ("whisker pairing"), and the receptive 
fields of neurons at different cortical depths were mapped 24 hours later. Neurons in layer 
IV, the target of the primary thalamic pathway, were unaltered, whereas neurons located 
above and below layer IV showed significant changes. These changes were similar to 
those that occur in layer IV after longer periods of whisker pairing. The findings support 
the hypothesis that the layers of cortex contribute differently to plasticity. Neurons in the 
supragranular and infragranular layers respond rapidly to changes in sensory experience 
and may contribute to subsequent modification in layer IV. 

T h e  primary somatosensory cortex is reorga- 
nized during tactile learning (1 ). For example, 
among proficient Braille readers the fingertip 
used for reading elicits evoked potentials over 
a larger area of sensorimotor cortex than do 
fingertips not used for reading (2). The anal- 
o g ~ &  observation has been made in experi- 
mental subjects. Adult owl monkeys were 
trained to discriminate between two frequen- 
cies of tactile stimulation of the fingertip (3). 
After several weeks of training, area 3b of the 
somatosensorv cortex was exdored with a 
microelectrode, and it was found that the 
cortical territorv devoted to the stimulated 
skin area was expanded. 

M. E. Diamond, Department of Sciences and Biomedical 
Technoloqies, Section of Phvsioloqv, University of Udine, 
Piazzale k?o~be 3, 1-33100 ubine, Italy. 
W. Huang and F. F. Ebner, Institute for Developmental 
Neuroscience, Box 152 Peabody College, Vanderbilt 
University, Nashville, TN 37203, USA. 

Because of the precise somatotopy of the 
afferent sensory pathways, the rat whisker 
system is an  ideal model for investigating 
how sensory experience influences the 
functional organization of cortex. Each 
whisker on the snout projects through the 
thalamus to a separate cortical "barrel," a 
cluster of neurons in laver IV. and the barrel 
forms the basis of a column of -neurons 
extending through layers I1 to VI (4). W e  
have previously shown that receptive fields 
in layer IV of column D2 shift as early as 65 
hours after the onset of "whisker pairing" 
(5). Whisker pairing alters the pattern of 
afferent activity while leaving the peripher- 
al nerve intact: All whiskers on the right 
side of the snout are clipped except D2 and 
one of its neighbors, either D l  or D3 (Fig. 
1A). Here, we carried out a laminar com- 
parison of plasticity after just 24 hours of 
whisker pairing to detect the site of earliest 
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cortical adaptation. We hypothesize that 
some layers are particularly sensitive to 
changes in sensory experience and that ini- 
tial modifications within these layers may 
subsequently influence the entire cortical 
column. 

Subjects were adult male Long-Evans 
rats weighing 290 to 420 g. Experimental 
subjects with whiskers paired (n = 8) were 
compared to normal subjects with all whis- 
kers intact (n = 11) (6). Rats were anes- 
thetized with urethane (1.5 g per kilogram 
of body weight, intraperitoneally) and 
placed in a Narishige stereotaxic apparatus 
(7). All whiskers on the right side were 
trimmed to a length of 3 mm. Left somato- 
sensory cortex was exposed, and a micro- 
electrode was advanced into column D2. 
Histological analysis showed that penetra- 
tion sites were distributed randomly across 
column D2 (Fig. 1B) (8). Within column 
D2, individual neurons at measured depths 
were studied. For every neuron, action po- 
tentials were counted in response to 50 
computer-gated stimulus trial~-~resented to 
right whisker D2 and to each of its imme- 

diate neighbors (Dl, D3, C2, and E2) (9). 
For analysis, every neuron was assigned 

to one of three groups (supragranular, gran- 
ular, or infragranular) according to its dis- 
tance from the cortical surface (10). Neu- 
rons in the supragranular and infragranular 
layers exhibited significant plasticity after a 
brief alteration in sensory experience, at a 
time when granular (layer IV) neurons 
showed no adaptation to the change in 
experience. Counting of the spikes evoked 
by deflection of whiskers Dl and D3 led the 
individual neurons in column D2 to be 
classified as having a greater response, or a 
"preference," for one or the other whisker. 
In control cases (Table I), neurons as a 
group did not show a preference for either 
whisker Dl or D3 in any layer (supragranu- 
lar: x2 = 0.154, P = 0.695; granular: x2 = 
0.00, P = 1.00; infragranular: X2 = 0.615, P 
= 0.432). In experimental cases (Table 2), 
the 24-hour period of whisker pairing in- 
duced a strong bias among supragranular 
neurons: 94% gave a greater response to 
"D-paired" (the intact whisker adjacent 
to D2) and only 6% gave a greater response 

Fig. 1. (A) Each whisker of the rat A 6 
snout is identified by row (A is most Experimental cases 

Normal cases . W-Dl paired 
dorsal, E is most ventral) and by DZ-~3 paired 
number. This drawing represents 
an experimental case in which 

@@@ Z r n  @@@ 
whiskers D2 and D3 were paired. 
(B) Left side showing penetration 

@B@ 
sites (small circles) in normal cases. 
On the right side, penetration sites 

@Q8(wm, @a@ 
in experimental cases are coded according to the sensory experience of the rat: Four were from rats with 
whiskers D2 and D3 paired and four were from rats with whiskers D2 and Dl paired. 

Fig. 2. Receptive fields of neurons 
in the (A) supragranular (layers I I  to 
Ill) ,  (6) granular (layer IV), and (C) 
infragranular (layers V to VI) layers of 
column D2. Histogram bins are the 
average response evoked by stim- 

20 ulation of the principal whisker (D2) 
and four surrounding whiskers in 
normal cases (I& side) and in ex- '.i cz DT 

perimental cases (right side) (whis- 
kers paired for 24 hours). Solid bins, _a B 
intact whisker: hollow bins, cut .!! 60 ; 
whisker. Bars indicate standard er- 
ror of the mean. 

i:lmillm &II1 5 20 
E 10 
-Y 
a o 

C2 D l  DL? 3 3  t 2  C2 D-cut UP D-p.i red EZ 

to "D-cut" (the clipped whisker adjacent to 
D2). The preference for the paired whisker 
was significant (X2 = 27.457, P < 0.0005). 
There was also a significant bias toward 
D-paired among infragranular neurons: 65% 
gave a greater response to D-paired and 
27% gave a greater response to D-cut (x2 = 
4.167, P < 0.05). In contrast, whisker pair- 
ing failed to induce a bias among granular 
(layer IV) neurons: 44% gave a greater re- 
sponse to D-paired, 44% gave a greater 
response to D-cut, and 11% gave an equal 
response to the paired and cut neighbors of 
D2 (x2 = 0, P = 1). 

In control cases, neurons in column D2 
responded most strongly to the anatomical- 
ly defined principal input, whisker D2 
(analysis of variance, P < 0.005 for all 
layers) and gave a weaker but significant 
response to surrounding whiskers (Fig. 2). 
The dominant response to whisker D2 was 
not altered by whisker pairing (P < 0.005); 
however, whisker pairing influenced the re- 
sponse of supragranular and infragranular 
neurons to the whiskers surrounding D2. 
Whereas in normal rats the response to 
whiskers Dl and D3 was equal (supragranu- 
lar: t = 0.767, P = 0.450; granular: t = 
0.955, P = 0.343; infragranular: t = 
-1.682, P = 0.105). after whisker pairing 
the response of supragranular neurons to 
D-paired was more than twice as large as the 
response to D-cut (29.5 and 13.8 spikes, re- 
spectively; t = 5.992, P < 0.0005). Among 
~nfragranular neurons, the response to 
D-paired was more than 50% larger than the 
response to D-cut (29.3 and 18.8 spikes, re- 
spectively; t = 2.204, P < 0.05). In contrast, 
granular (layer IV) neurons showed an unbi- 
ased response to D-paired and D-cut (16.09 
and 17.02 spikes, respectively; t = -0.486, P 
= 0.630). 

To characterize the degree of plasticity 
better in relation to laminar position, neu- 

Table 1. Bias of neurons (given in number of cells) 
in column D2 of normal subjects. 

Preference 
Layer 

Dl D3 None 

Supragranular 14 12 1 
Granular 32 33 0 
lnfragranular 11 14 2 

Table 2. Bias of neurons (given in number of cells) 
in column D2 of experimental subjects. 

-- 

Preference 
Layer 

D-paired D-cut None 

Supragranular 33 2 0 
Granular 20 20 5 
lnfragranular 17 7 2 
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rons were sorted and grouped into bins cor- 
responding to 100-pm advances of the elec- 
trode, and the average response to deflec- 
tion of the two whiskers adiacent to D2 was 
plotted (Fig. 3). In the normal cortex, neu- 
rons at all depths of column D2 gave a 
similar response to whiskers Dl and D3. 
After 24 hours of whisker pairing, neurons 
in the first four bins (0 to 400 p,m) gave an 
enhanced response to D-paired. Neurons in 
the next four bins (401 to 800 p,m) yielded, 
as in the normal brain, an equivalent re- 
sponse to D-paired and D-cut. In the final 
four bins (>800 p,m), a moderate bias to- 
ward D-paired was evident. 

The bias of nongranular neurons resulted 
from potentiation of the input from D-paired 
(with respect to the normal response to Dl 
and D3) rather than from depression of the 
input from D-cut (I 1 ). Among layer IV cells, 
there was neither potentiation of the input 
from D-paired nor depression of the input 
from D-cut. When the total evoked response 
in the 100 ms after the stimulus was subdivid- 
ed into two intervals, 0 to 10 ms and 10 to 
100 ms, it was found that the plasticity of 
neurons in the nongranular layers resulted 
exclusively from increased activity in the in- 
terval between 10 and 100 ms. There was no 
statistically significant change in the evoked 
activity occurring in the interval between 0 
and 10 ms. 

The receptive fields of neurons in layer 
IV of column D2 change progressively dur- 
ing a period of whisker pairing of 3 to 30 
days (5). Our data show that the cortical 
column is not transformed as a homogenous 
unit: Rather, neurons in the supragranular 
and infragranular layers begin to adapt to 
whisker pairing within 24 hours, at a time 
when the receptive fields of layer IV neu- 
rons are not yet noticeably altered. The 
modifiability of neurons in the supragranu- 
lar layers is particularly striking. 

Although the plasticity stemmed from 
an increased response to D-paired, the en- 
hancement probably is not explained by a 
release from intracortical inhibition in the 

Fig. 3. Relation between laminar 
position and plasticity of the re- 
sponse to D-paired and D-cut in (A) a-1w .. 
normal and (B) experimental cases. g 101-mo - 
The number of neurons in each - 2013~) - 
depth range is given to the right of 30i-m - 
the bin. 5 

u, 401-500. - 2 5 0 1 m .  

$ 601-7M). 

701-BMI - - 
as 801-900. 

5 sol-1m - 
"I 
ElWl-11m . 

>I100 - 

supragranular and infragranular layers. Such 
a release would cause an elevated rate of 
spontaneous activity; in our sample, spon- 
taneous activity did not increase in any 
layer. It is conceivable that specific intra- 
cortical circuits were selectively released, 
allowing enhanced spread of activity from 
the column of the D-paired whisker to the 
column of whisker D2 (12). Although this 
possibility cannot be ruled out, the fact that 
glutamic acid decarboxylase (GAD) stain- 
ing, reflecting the synthesis of the inhibito- 
ry neurotransmitter a-aminobutyric acid 
(GABA), decreases in the barrels of cut 
whiskers but not in barrels of spared whis- 
kers (1 3) opposes the hypothesis that po- 
tentiated responses result from decreased 
intracortical inhibition. 

Another possibility is that plasticity oc- 
curred in the thalamic ventral posterior me- 
dial nucleus (VPM) and was relayed to 
cortex. Receptive fields in VPM shift with- 
in minutes after injection of lidocaine into 
the snout (14). Immediate unmasking of 
new receptive fields has been attributed to 
disinhibition due to silencing of nocicep- 
tive c fibers because the effect can be pro- 
duced by injection of capsaicin, a selective 
c-fiber toxin (15). Unmasking probably 
contributes to subcortical and cortical plas- 
ticity after manipulations that abolish affer- 
ent activity (such as peripheral local anes- 
thesia or nerve cut). Unmasking would not 
account for our data because whisker pair- 
ing is an innocuous manipulation that is 
unlikely to alter nociceptive afferent activ- 
ity. Furthermore, if whisker pairing first in- 
duced modification in the sensory pathway 
that ascends through VPM, we would ex- 
pect to find plasticity within layer IV, the 
target of VPM. We would also expect to 
find plasticity in the short-latency response 
of layer IV neurons (0 to 10 ms after the 
stimulus), because short-latency spikes are 
evoked by monosynaptic activation from 
VPM (16). Instead, plasticity of sensory 
responses was found only in the nongranu- 
lar layers and only in the period from 10 to 

~ . q ~ t . t ~ ~  r Z l 1 t 1 r t 1  

4 0 2 0 0 2 0 4 0 4 0 2 0 0 2 0 4 0  
mge respmsa to cbsigfmlad whlsker (spikes evoked In 50 trlals) 

100 ms after the stimulus. 
The data are consistent with a second 

idea: Whisker pairing causes a rapid Heb- 
bian (17) potentiation of the connection 
between the cortical columns of the two 
spared whiskers, D2 and D-paired. This in- 
terpretation agrees with the results of other 
studies that show strengthening of cortico- 
cortical connections after the pairing of 
sensory inputs. In raccoons, digits 3 and 4 
were joined in syndactyly, and after 14 to 22 
weeks neurons in the digit 3 subgyrus of 
somatosensory cortex had a stronger influ- 
ence on neurons in the digit 4 subgyrus, as 
measured by intracellular recordings from 
the digit 4 subgyrus during electrical micro- 
stimulation of the "heterogenous zone" ros- 
tral to the digit 4 subgyrus (18). Our data 
add to the Hebbian model by showing dif- 
ferent functions for the cortical lavers. The 
response of neurons in column D2 to the 
whiskers surrounding D2 depends on con- 
vergence from surrounding columns ( 19), 
and these column-to-column circuits relay 
in the supragranular and infragranular lay- 
ers (1 2). Therefore, synaptic modifications 
within the nongranular layers could be the 
first step in strengthening the linkage be- 
tween columns. 

The idea outlined above does not exclude 
the involvement of subcortical sensorv ~ a t h -  
ways. The thalamic posterior complex (Porn) 
projects to the nongranular layers of somato- 
sensory cortex as well as to the septa between 
barrels (20). The sensory activity of POm 
neurons depends on descending projections 
from the ~nfragranular layers of barrel cortex 
(21 ). so that POm could take Dart in a rever- 
&&ing loop that regulates h e  strength of 
connection between cortical columns. Nor 
does the idea exclude longer term subcortical 
plasticity: After one week of whisker pairing, 
the projection from VPM to cortex becomes 
potentiated (5). 

The striking plasticity of the supragranu- 
lar layers may reflect a real contribution to 
tactile learning. A rat deprived of vision 
can learn to measure the gap between two 
~latforms with its laree facial whiskers be- - 
fore crossing to the opposite platform to 
collect a reward (22). If the supragranular 
layers overlying the barrels are lesioned af- 
ter the "gap-cross" task has been learned, a 
rat can continue to perform the task (23). 
In contrast, if the supragranular layers are 
lesioned before the task has been learned. a 
rat is not able to learn the task; it remains 
on the "start" platform and does not cross 
to the "reward" platform even when it pal- 
pates the target with its whiskers. 

REFERENCES AND NOTES 

1. G. H. Recanzone, M. M. Merzenich, C. E. Schreiner, 
J. Neurophysiol. 67, 1071 (1992). 

2. A. Pascual-Leone and F. Torres, Brain 116, 39 
(1 993). 

SCIENCE VOL. 265 23 SEPTEMBER 1994 1887 



3. G. H. Recanzone, M. M. Merzenich, W. M. Jenkins, 
K. A. Grajski, H. R. Dinse, J. Neurophysiol. 67, 1031 
(1 992). 

4. T. A. Woolsey and H. Van der Loos, Brain Res. 17, 
205 (1971); C. Welker, ibid 26, 259 (1971); M. Arm- 
strong-James, K. Fox, A. Das-Gupta, J. Neuro- 
physiol. 68, 1345 (1 992). 

5. M. E. Diamond, M. Armstrong-James, F. F. Ebner, 
Proc. Natl. Acad. Sci. U.S.A. 90, 2602 (1993); M. 
Armstrong-James, M. E. Diamond, F. F. Ebner, J. 
Neurosci., in press. 

6. In experimental subjects, whiskers on the right side 
(except the paired whiskers) were clipped to a length 
of 2 to 3 mm; whiskers on the left side were not cut. 
The data from experimental subjects with whiskers 
D2 and D l  paired (four cases) and whiskers D2 and 
D3 paired (four cases) were combined because no 
significant differences were found when evaluated 
separately; also, see (5). 

7. Body temperature was maintained at 36" to 37°C. 
Anesthesia was held at a consistent depth by main- 
taining the burst rate of layer V neurons at 2 to 4 Hz. 
When anesthetic depth decreased, a supplement of 
urethane was given (1 0% of the original dose). 

8. The horizontal location of a recording site is crltical be- 
cause in normal rats the receptive-field symmetry of 
barrel D2 neurons is correlated with their horizontal 
location (5). After a microelectrode penetration was 
completed, an electrolyiic lesion (positive direct current 
of 0.2 (LA for 5 s) was made at a depth of 500 to 700 
Fm for visualization by cytochrome oxidase staining. At 
the end of the experiment, rats received pentobarbitol 
(50 mglkg, intraperitoneally) and were perfused. The 
neocortex was separated from the white matter and 
flattened between glass slides. The slab was frozen 
and 50-pm tangential sections were processed for cy- 
tochrome oxidase activity. The points at which pene- 
trations passed through layer IV of column D2 were 
projected onto the tangential barrel map. 

9, Individual whiskers were deflected by a wire tip glued 
to a piezoelectric ceramic wafer positioned just be- 
low the whisker, 2 mm from the skin. The stimulus, 
delivered at 1 Hz, was a -300-pm up-down move- 
ment of the tip with a total duration of 3 ms. Action 
potentials were recorded by carbon-fiber microelec- 
trodes and isolated by a window discriminator. With 
the use of peristimulus time and latency histograms 
with I -ms bins, the response to whisker deflection 
was measured on-line (CED 1401) and stored. To 
calculate the evoked sensory response, the number 
of spikes occurring in the first 100 ms after the stim- 
ulus was counted and adjusted by subtraction of the 
number of spikes occurring in the 50 ms preceding 
the whisker deflections (an estimate of spontaneous 
activity), multiplied by two. 

10. In pilot experiments, small electrolytic lesions were 
made at measured depths and later examined in 
coronal, cytochrome-oxidase-stained sections. The 
granular layer (layer IV) could be reliably identified at 
the in vivo depth of 400 to 800 Fm. Thus, 62 neurons 
(27 in normal cases, 35 in experimental cases) were 
classified as supragranular, 110 neurons (65 in nor- 
mal cases, 45 in experimental cases) as granular, 
and 53 neurons (27 in normal cases, 26 in experi- 
mental cases) as infragranular. Layers II to Ill were 
grouped together, as were layers V to VI. 

11. The response in the supragranular layers to D-paired 
increased (t = 3.581, P < 0.005), whereas the re- 
sponse to D-cut did not change (1 = 0.475, P = 
0.636). In the infragranular layers, the response to 
D-paired increased (1 = 2.032, P < 0.051, whereas 
the response to D-cut did not change (t = 0.100, P 
= 0.920). In layer IV, neither the response to D- 
paired nor the response to D-cut changed (t = 

-0.488, P = 0.626 and t = -0.192, P = 0.848, 
respectively). 

12. Local connections in rodent somatosensory cortex 
are described in J. K. Chapin, M. Sadeq, J. L. U. 
Guise, J. Comp. Neurol. 263, 326 (1987); K. L. Ber- 
na rd~ ,  J. S. McCasland, T. A. Woolsey, R. N. 
Strominger, ibid. 291, 231 (1990); M. A. L. Nicolelis, 
J. K. Chapin, C. S. Lin, Somatosens. Mot. Res. 8, 
193 (1 991); U. Kim and F. F. Ebner, Soc. Neurosci. 
Abstr. 19, 107 (1 993). 

13. N. D. Akhtar and P. W. Land, J. Comp. Neuroi. 307, 
200 (1991). 

14. M. A. L. Nicolelis, R. C. S. Lin, D. J. Woodward, J. K. 
Chapin, Nature 361, 533 (1 993). 

15. M. B. Calford and R. Tweedale, Proc. R. Soc. Lon- 
don 243,269 (1991). 

16. M. Armstrong-James, E. Welker, C. A. Callahan, J. 
Neurosci. 13, 2149 (1993). Spikes evoked in the 
subsequent 90-ms interval are produced mainly 
through intracortical circuits. 

17. D. 0. Hebb [The Organization of Behavior: A Neuro- 
psychological Theory (Wiley, New York, 1949)l pro- 
posed that the connection from cell A to cell B will be 
potentiated if cell A "repeatedly or persistently takes 
part in firing" cell B. 

18. P. Zarzecki et a/., J. Neurophysiol. 69, 1422 (1 993). 
Additional evidence for Hebbian-type intracortical 
potentiation is found in rat somatosensory cortex [J. 
Delacour, 0. Houcine, B. Talbi, Neuroscience 23, 63 
(1987)], monkey auditory cortex [E. Ahissar et a/., 
Science 257, 141 2 (1 992)], cat and guinea pig visual 
cortex in vitro [Y. Fregnac, J. P. Burke, D. Smith, M. 
J. Friedlander, J. Neurophysiol. 71, 1403 (1994)], 

and computational modeling [L. Benuskova, M. E. 
Diamond, F. F. Ebner, Proc. Natl. Acad. Sci. U.S.A. 
91, 4791 (1 994)l. 

19. M. Armstrong-James, C. A. Callahan, M. A. Fried- 
man, J. Comp. Neurol. 303, 193 (1 991). 

20. S.-M. Lu and C.-S. Lin, Somatosens. Mot. Res. 1 0 , l  
(1 993). 

21. M. E. Diamond, M. Armstrong-James, M. J. Bud- 
way, F. F. Ebner, J. Comp. Neurol. 319, 66 (1992). 

22. K. A. Hutson and R. B. Masterton, J. Neurophysiol. 
56, 11 96 (1 986). 

23. M. H. Friedberg, thesis, Brown University (1991). 
24. We thank D. Brown for assisting with histological 

processing and C. Porro for providing comments on 
the first draft of the manuscript. Supported by White- 
hall Foundation award M93-12, National Institutes of 
Health award NS-25907, and the John F. Kennedy 
Center for Research on Education and Human 
Development. 

31 March 1994; accepted 2 August 1994 

Long-Term Potentiation: Evidence Against an 
Increase in Transmitter Release Probability in the CAI 

Region of the Hippocampus 
Toshiya Manabe* and Roger A. Nicoll? 

It is widely accepted that N-methyl-D-aspartate (NMDA)-receptor-dependent long-term 
potentiation (LTP) in the CAI region of the hippocampus is triggered postsynaptically, but 
there is considerable debate as to the site at which the increase in synaptic strength is 
expressed. The irreversible open-channel blocking action of the NMDA receptor antag- 
onist MK-801 has been used to test whether the probability of transmitter release (P,) is 
increased during LTP. Although the rate of declineof the amplitude of the NMDAreceptor- 
mediated excitatory postsynaptic current (EPSC) in the presence of MK-801 strongly 
depends on P,, the rate of decline of the EPSC evoked at synapses expressing LTP is 
identical to that observed at synapses not expressing LTP. These findings are difficult to 
reconcile with models in which the expression of LTP is due to an increase in P . 

High-frequency activation of excitatory 
synapses in the CAI region of the hip- 
pocampus results in an  NMDA glutamate 
receptor-dependent, long-lasting increase 
in synaptic strength referred to as LTP ( I ,  
2). A variety of approaches have been used 
to determine whether the expression of 
LTP is pre- or postsynaptic, but the inter- 
pretation of the results has not been uni- 
versally agreed upon (2). One approach has 
been to examine the interaction of LTP 
with paired-pulse facilitation (PPF), a   he- 
nomenon in which activation of a synapse 
at short intervals results in a presynaptic 
facilitation of transmitter release in re- 
sponse to the second stimulus (3). Al- 
though PPF is altered by a wide range of 
manipulations that increase P,, there is no  
interaction between PPF and LTP (4, 5). 
This finding has been used to argue for a 
postsynaptic site for LTP expression. How- 

Departments of Pharmacology and Physiology, Universi- 
ty of California, San Francisco, CA 94143, USA. 

*Permanent address: Department of Neurophysiology, 
Institute for Brain Research, Faculty of Medicine, Univer- 
sity of Tokyo, Tokyo, 113, Japan. 
tTo whom correspondence should be addressed. 

ever, if P, increases with LTP, it is possible 
that the mechanism differs from that of 
other manipulations used to increase P, and 
that this accounts for the lack of interaction 
between LTP and PPF. 

T o  circumvent this problem, a direct 
method is needed to monitor changes in P.. - 
that is entirely independent of the mecha- 
nism responsible for causing the change in 
P,. Recently, two reports have described just 
such a method (6, 7), which relies on the 
open-channel blocking action of the 
NMDA receptor antagonist MK-8Q1 (8). 
Repeated activation of synapses in the pres- 
ence of MK-801 results in a progressive 
decline in the amplitude of the NMDA 
receptor-mediated synaptic current. The  
rate of decay depends on P,. When P, is 
high, the decline is relatively rapid, because 
a large fraction of the synapses on  a given 
stimulus release glutamate, which opens 
NMDA channels. These channels are then 
irreversibly blocked by the MK-801 and are 
unable to contribute to subseauent resuons- 
es. W e  have used this approach to deter- 
mine whether LTP has any effect on  the 
rate of decay of the NMDA receptor-medi- 
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