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Inhibition of Postsynaptic PKC or CaMKII Blocks 
Induction But Not Expression of LTP 

Long-term potentiation (LTP) of synaptic transmission is a widely studied cellular 
example of synaptic plasticity. However, the identity, localization, and interplay among 
the biochemical signals underlying LTP remain unclear. Intracellular microelectrodes 
have been used to record synaptic potentials and deliver protein kinase inhibitors to 
postsynaptic CA1 pyramidal cells. Induction of LTP is blocked by intracellular delivery 
of H-7, a general protein kinase inhibitor, or PKC(19-31), a selective protein kinase C 
(PKC) inhibitor, or CaMKII(273-302), a selective inhibitor of the multifunctional 
Caz+-calmodulin-dependent protein kinase (CaMKII). After its establishment, LTP 
appears unresponsive to postsynaptic H-7, although it remains sensitive to externally 
applied H-7. Thus both postsynaptic PKC and CaMKII are required for the induction 
of LTP and a presynaptic protein kinase appears to be necessary for the expression of 
LTP. 

L ONG-TERM POTENTLATION (LTP) ing LTP (7). What happens next to achieve a 
of synaptic transmission results from persistent signal is unclear. In particular, the 
tetanic stimulation of afferent fibers site of this persistent modification is not 

in the hippocampus (1) and is widely stud- known. Some evidence supports primarily a 
ied as a cellular model of learning and postsynaptic locus (8) ,  whereas other data 
memory (2). However, despite much effort, point to a presynaptic change (9, 10). In- 
the mechanisms responsible for LTP are volvement of a protein kinase has been 
incompletely understood (2). Pharmacolog- repeatedly suggested, with protein kinase C 
ical experiments have identified different (PKC) (1&12) and Ca2+-calmodulin-de- 
aspects of LTP, referred to as induction, pendent protein kinase (CaMKII) (13) as 
maintenance, and expression (2-4). N- the leading candidates. However, the evi- 
Methyl-D-aspartate (NMDA) receptor dence to date does not establish either of 
channels are involved in inducing the en- these as necessary participants in LTP (14). 
hanced transmission, but not in maintaining To learn more about the role of the 
or expressing it (2, 4). Maintenance and postsynaptic kinases in LTP, we used intra- 
expression are distinguished (3) by the pro- cellular microelectrodes to deliver protein 
tein kinase inhibitor H - 7  ( 5 ) ,  which sup- kinase inhibitors to postsynaptic cells. Our 
presses potentiated transmission in a revers- experiments focused- on &o- central ques- 
ible manner when applied in the bath. Thus, tions: (i) is activity of postsynaptic PKC or 
a persistent signal responsible for the en- CaMKII required for LTP? and (ii) does the 
h&ced transmission can be maintained, postsynaptic cell contain persistent protein 
even though its expression is interrupted 
(3). Recently, we and others have attempted 
to localize these aspects of LTP to posisyn- R. Malinow and R. W. Tsien, Department of Molecular 

aptic or presynaptic structures and to deter- and Cellular Physiology, Beckman Center, Stanford Uni- 
versity School of Medicine, Stanford, CA 94305. 

mine their molecular basis. NMDA receptor H.  Schulman, Department of Pharmacology, Stanford 

activation produces a ca2+ entry into the University School of Medicine, Stanford, CA 94305. 

postsynaptic cell (6) that is critical in induc- *To whom correspondence should be addressed. 



kinase activity necessary to express LTP? 
LTP was studied in the CA1 region of rat 

hippocanlpal slices (15). We monitored syn- 
aptic transmission with simultaneous re- 
cordings from an intracellular electrode in a 
pyramidal cell body and from an extracellu- 
lar electrode placed in a nearby dendritic 
region (Fig. 1). After a conditioning teta- 
nus, a persistent synaptic enhancement of 
comparable magnitude was seen with both 
recording techniques (Fig. 1, A and B). To 
test for the possible involvement of postsyn- 
aptic kinases in LTP, we used the intracellu- 
lir microelectrode to introduce H-7, an 
inhibitor of several protein kinases (5).  We 
used the same dual recording technique as 
for Fig. 1, A and B, monitoring transmis- 
sion with an extracellular electrode (Fig. 
1C) along with the H-7-containing intra- 
cellular electrode (Fig. ID). Impalements 
were maintained for at least 30 min before a 
tetanus to allow the drug to diffuse from the 
microelectrode in the cell body to postsyn- 
aptic regions in dendritic spines. After a 
tetanus, transmission to the population of 
postsynaptic cells monitored with the extra- 
cellular electrode showed typical LTP. In 
contrast, transmission to the cell impaled 
with the H-7-containing microelectrode 
showed no persistent enhancement of the 
excitatory postsynaptic potential (EPSP) 
(16). After a tetanus, the initial EPSP slope 
decayed to the base-line level within 45 min. 

To ensure that the observed decay did not 
arise from a nonspecific synaptic depression, 
we also monitored transmission through an 
independent (nontetanized) pathway (Fig. 
1E). Transmission through this pathway, 
monitored with the same H-7-containing 
electrode, remained constant for the duri- 
tion of the experiment. Thus, the decay of 
transmission back to base-line level in the 
tetanized pathway (Fig. 1D) is not due to a 
general depressive effect of H-7 or a deterio- 
ration of the intracellular recording. 

We also tested the effects on LTP of 
postsynaptic injection of the peptide PKC- 
(19-31), a conserved region of the regula- 
tory domain of the PKC family (1 7), which 
is a potent pseudosubstrate blocker of PKC 
activity with a median inhibition concentra- 
tion of 92 n M ( 1 7 ,  18). After tetanic 
stimulation, no persistent synaptic enhance- 
ment is seen in the cell monitored with the 
peptide-containing microelearode, in con- 
trast to the LTP recorded with an extracellu- 
lar electrode from a population of nearby 
cells (Fig. 2). As in experiments with H-7, 
transmission through another untetanized 
pathway was constant throughout the 
course of the experiment (Fig. 2C). To 
determine if the effect of the peptide was 
due to its activity on PKC, we used the 
modified peptide [ G l u Z 7 ] ~ ~ ~ ( 1 9 - 3 1 )  (18). 
When compared with PKC(19-31), this 
peptide was much less effective against PKC, 

Fig. 1. 1-1-7 in postsyn- No drug lntraceliular H-7 
aptic cell prevents LTP. 
(A to E) Maximal sbpe 
of rising phase of EPSPs 
as a function of time g 
(31), given as e~lsemble E, 
averages of time-regis- 
tered data from several 
slices. Tetanic stirnula- 
tion is indicated by an 
u~ward arrow. Error A v 
bHrs indicate SEMs for 
representative individual 300 

time points (3). (Insets) 
Representative records 2 200 

of EPSPs (average of ten 3 - consecutive synaptic po- 2 l o o  
tentials) obtained at the 3 
time dknoted by lower- 01 x Y, x Y, 
case letter in graph. Si- -30 0 30 60 

multaneous (A) extracel- 
lular and (B) intracellu- 1' ; , :::' 
lar recording of EPSPs . ' ...: : .. xtraceiluiar loo i;HHHee+. ..$.i..-~':,i:;?~~~,.~.~ 
show comparable per- 
centage increases in syn- 
aptic transmission after ?30 o 30 60 

tetanic stimulation (av- 
erage of 11 slices). (C to Time (min) 
E) As in (A) and (B) but 
with H-7 in the intracellular electrode (a = 11). IntraceUuiar recording with H-7-containing electrode 
shows no LTP (D), despite LTP measured extracellularly in nearby cells (C). (E) Synaptic transmission 
in a nontetanized pathway, independent of the tetanized pathway, monitored with the same H-7- 
containing intracellular electrode (diagram). EPSP slope shows no significant change during course of 
experiment, indicating that intracellular H-7 does not cause a general rundown of transmission, and that 
the quality of recording is maintained. 

equally ineffective against CaMKII, and did 
not block LTP when used in the intracellular 
recording electrode (Fig. 2D). These results 
suggest that PKC(19-31) acts through 
block of PKC (19). 

To test for possible involvement of post- 
synaptic CaMKII, we used CaMKII(273- 
302), a synthetic peptide containing the 
autoinhibitory domain of CaMKII. This 
peptide blocks CaMKII activity at 1 FM, 
shows no inhibition of PKC, and does not 
compete with calmodulin (18). Postsynaptic 
introduction of CaMKII(273-302) resulted 
in blockade of LTP (Fig. 2F). Again, extra- 
cellular monitoring of the conditioned path- 
way showed normal LTP (Fig. 2E), and 
intracellular monitoring of the control path- 
way did not show significant change over 
the course of the experiment (Fig. 2G). To  
control for effects of the peptide other than 
its inhibitory action on CaMKII, we used 
the shorter peptide CaMKII(284-302) 
(18). When compared with CaMKII(273- 
302), CaMKII(284-302) did not Inhibit 
CaMKII activity, was equally ineffective 
against PKC, and did not block LTP (Fig. 
2H). These results suggest, therefore, that 
the effects of CaMKII(273-302) are due to 
inhibition of CaMKII (20). 

Bath-applied H-7 can suppress the expres- 
sion of LTP (3), although it is not known 
whether the locus of action is pre- or post- 
synaptic, since it has access to all cells in the 
preparation. To determine whether postsyn- 
aptic inhibitors prevent expression of LTP, 
we impaled postsynaptic cells with H-7- 
containing microelectrodes after tetanic 
stimulation, delaying the intracellular im- 
palement until 15 to 45 min after the tetani 
to be absolutely certain that no drug reached 
the inside of the cell before the establish- 
ment of LTP. In such experiments, we 
monitored transmission through two inde- 
pendent pathways with an extracellular elec- 
trode (Fig. 3A). After establishment of sta- 
ble base lines, a tetanus was delivered, in- 
ducing LTP in one pathway. After the estab- 
lishment of stable LTP (-20 min), an 
intracellular recording was obtained with an 
H-7-containing electrode (Fig. 3B), and 
monitoring of synaptic transmission with 
this intracellular electrode was commenced 
(21). If a postsynaptic H-7-sensitive process 
were required for the expression of LTP, 
one would expect to see a selective decre- 
ment of transmission through the previously 
potentiated pathway as H-7 from the intra- 
cellular electrode diffused into the cell. 
However, as shown in Fig. 3B, no decre- 
ment in transmission was detected with the 
H-7-containing electrode during the 30- to 
45-min observation period after impale- 
ment. 

To interpret this result, we had to estab- 
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Fig. 2. Selective postsynap- 
tic block of PKC (n = 8) or 
CaMKII (n = 13) prevents 
LTP. (A) Extracellular re- 
cordings of transmission in 
experiments testing the in- 
volvement of PKC show 
persistent potentiation after o x I  a Y, / x ,  I Yl  
a tetanus (arrow). (B) Si- 
multaneous monitoring of 
synaptic potentials with an "[ 200 
intracellular nucroelectrode + 

filled with 3 mM P K C ( ~ ~  
31). After the tetanus there 
is no persistent potentiation. 
(C) Transmission in a non- $ 0 

tetanlzed pathway, mom- 2 
tored through the same PKC $ , 
(19-31) contammg elec- 8 '00 <"'<' L' '$ ' 'J~ 1, '"' ' 

m -  i" r 2 1 J a  * L 4 /  

trode, 1s constant through- 
out the experiment, indicat- 3 0- 

mg no nonspecific depres- c 
sive effect on basal synaptic 
transmission. (D) Transmis- 
sion monitored in a different -r . 
set of shces, 3 mM &Ey %&;s*hel 
[Glu2']PKC(19-31) m the 
intracellular electrode, 
shows LTP after a condi- CaMKII(284-302) 
tioning tetanus (n = 6 path- 0 1  X,  I X ,  I  

.30 
YI 

0 30 60 .30 0 30 60 
ways from three slices). (E 
to H )  Recordings of trans- Time (min) 

mission in experhents test- 
ing the involvement of CaMKII. (E) Extracellular monitoring shows LTP after tetanic stimulation. (F) 
Simultaneous monitoring of synaptic potentials with intracellular electrode containing 1.1 mM 
CaMKII(273-302) shows no persistent potentiation after tetanic conditioning. (G) Transmission in a 
nontetanixd pathway, monitored with the CaMKII(273-302)-containing electrode, is constant 
throughout the experiment. (H) Transmission monitored in a different set of slices, using 1.1 mM 
CaMKII(284-302) in the intracellular electrode, shows LTP after a tetanus (n = 5 pathways from three 
slices). Error bars indicate SEMs for representative individual time points (3). (Insets) Average of ten 
consecutive potentials obtained at the times indicated on time axis. Scale bars for A and E: 0.33 mV, 
12.5ms;forB, D ,F ,  andH:  5.0mV, 12.5 ms. 

Bath 
H-7 1 

3 8 200 '-p, .I. 
.I- 3 

St~m 2 
w n  W  Slim 2 2 

1 I 1- 

OL - - -  ,- - - -  I I I 1 I I I 
0 30 0 30 60 0 30 

Time (min) 

Fig. 3. Expression of LTP is insensitive to postsynaptic H-7  application. (A) Synaptic potentials are 
monitored through two independent pathways [unconnected points, stimulus 1 (stim 1); connected 
points, stimulus 2 (stim 2) 1. Tetanic conditioning to stim 1 (arrow 1). After the establishment of stable 
LTP, an intracellular recording within an H-7-containing electrode is obtained (B) and monitoring of 
synaptic potentials begins within 2 min of penetration ( t  = 0). As monitored by the H-7-containing 
intracellular electrode, synaptic transmission from the potentiated pathway (stim 1, *) does not decay 
during the observation per~od and parallels transmission from the unpotentiated pathway (stim 2) (n = 
13). In this panel, synaptic strength in each pathway is normalized relative to average data for the first 5 
min of transmission in the untetanixd pathway. (C and D) To determine whether H-7  from the 
intracellular electrode has reached the synaptic zone, the previously unpotentiated pathway (stim 2) is 
tested for the ability to generate LTP ( 7  of 13 slices). Delivery of a tetanus to stim 2 (arrows 2) results in 
no LTP as monitored with the intracellular electrode (D), despite a large persistent potentiation seen 
with the extracellular electrode (C). (E and F) In 8 of 13  slices, H-7 (50 to 300 pM) is subsequently 
applied in the bath and a comparable synaptic diminution of pathway 1 is seen with both extracellular 
monitoring and with the H-'/-fled intracellular microelectrode. Occlusion or reduction of the effect of 
externally applied H-7  would have been expected if postsynaptic H-7 had already inhibited the 
potentiated transmission. Error bars indicate SEMs as in Fig. 1. 

lish that H - 7  had in fact reached the synaptic 
region. To do this, we delivered a tetanus to 
the unpotentiated pathway. No persistent 
potentiation was seen in the intracellular 
EPSPs (Fig. 3D), in contrast to the sizable 
LTP in the extracellular recording (Fig. 3C). 
Thus, H - 7  reached synaptic zones and was 
effective. We do not believe that postsynap- 
tic H-7  had already completed its inhibitory 
effect by the time synaptic monitoring com- 
menced (less than 2 min after the impale- 
ment). If this were so, intracellular H-7 
would occlude or diminish effects of exter- 
nally applied H-7. On the contrary, bath 
application of H-7 inhibited potentiated 
synaptic transmission as monitored with the 
H-7-containing intracellular electrode (Fig. 
3F), and the degree of inhibition was at least 
as great as that seen with extracellular re- 
cording (Fig. 3E). We conclude that once 
LTP is established, bath-applied H - 7  acts 
on targets not accessible to postsynaptic 
intracellularly delivered H-7. Intracellular 
postsynaptic delivery of PKC(19-31) and 
CaMKII(273-302) was similarly ineffective 
with respect to established LTP. 

These intracellular microelectrode experi- 
ments identify postsynaptic PKC and CaM- 
KII as necessary biochemical mediators of 
LTP, extending previous studies that have 
delineated critical postsynaptic events in the 
induction of LTP (22). We attribute our 
results with PKC(19-31) and CaM- 
KII(273-302) to selective inhibition of 
PKC and CaMKII because of the ineffec- 
tiveness of the control peptides [ G ~ u ~ ~ ] -  
PKC(19-31) and CaMKII(284-302). 
Postsynaptic delivery of the inhibitory pep- 
tides or H-7 selectively blocks LTP, without 
affecting basal transmission or slowly decay- 
ing potentiation (3). 

Although the interactions between PKC 
and CaMKII in the postsynaptic cell are not 
known, our results suggest that both are 
necessary for the development of LTP, and 
that both are activated after Ca2+ entry 
through NMDA channels. Synergistic inter- 
actions between these kinases have been 
noted in purified systems (23). In theory, 
these kinases could act in parallel, although 
the finding that postsynaptic injection of 
PKC results in enhanced transmission (11) 
suggests that they act in series. 

Recent experiments demonstrate that 
expression of LTP is associated with en- 
hanced transmission mediated by kainatei 
quisqualate (WQ) receptor channels (8). 
One interpretation is that LTP has a purely 
postsynaptic locus of expression. If this were 
true, previously potentiated transmission 
should be attenuated by postsynaptic deliv- 
ery of H-7, a compound known to block 
expression of LTP when bath-applied. Con- 
trary to this expectation, we find that post- 
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synaptic H-7  fails to inhibit synaptic trans- 
mission after LTP has been established (Fig. 
3) (24). 

Our results suggest that established LTP 
is expressed by a process that is H-7-sensi- 
tive, but in a location not accessible to 
postsynaptic H-7, perhaps the presynaptic 
terminal. This inter~retation is consistent 
with previous results suggesting that the 
expression of LTP (i) involves increases in 
release of transmitter (9); (ii) is mimicked 
and occluded by phorbol esters (10; but see 
25), agents that are known to increase trans- 
mitter release in several systems (26); and 
(iii) resembles synaptic enhancement after 
selective presynaptic application of phorbol 
esters (27). It is possible that postsynaptic 
induction could lead to presynaptic expres- 
sion of LTP by means of a signal traveling 
back from the postsynaptic neuron (2). 

Our results and earlier studies supporting 
the involvement of presynaptic changes are 
not necessarily in conflict with the finding 
(8) that LTP is accompanied by a preferen- 
tial increase in the W Q  component of the 
EPSP, nor with the observed increase in 
excitatory transmitter sensitivity in the post- 
synaptic cell (28). Several possible models 
for the expression of LTP could jointly 
involve presynaptic and postsynaptic mecha- 
nisms and thus reconcile both views. (i) 

> ,  

Activation of a presynaptic protein kinase 
could enhance the response of W Q  recep- 
tors by directing the sihultaneous release bf 
an active substance, for example Zn (29). (ii) 
The selective increase of the W Q  compo- 
nent with LTP could result from increased 
transmitter release if the NMDA component 
is saturated in base-line transmission (30). 
(iii) The two components of the EPSP may 
be the result of two transmitters that are 
released together, each preferentially acting 
on either W Q  or NMDA receptors; in- 
creased release of the WQ-activating trans- 
mitter could be responsible for LTP. (iv) 
There may be two populations of synapses, 
one of which expresses only W Q  receptors 
postsynaptically and which depends strongly 
on presynaptic protein kinase activity turned 
on following a tetanus. In each of these 
scenarios, the expression of LTP could result 
from persistent changes in presynaptic pro- 
tein kinase activity, while manifesting itself 
as a selective enhancement of the WQ re- - 
sponse. As a last possibility, a postsynaptic 
kinase with an extracellular catalytic site 
could selectively enhance W Q  receptors. 
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Imaging of Memory-Specific Changes in the 
Distribution of Protein Kinase C in the Hippocarnpus 

Activation of protein kinase C (PKC) can mimic the biophysical effects of associative 
learning on neurons. Furthermore, classical conditioning of the rabbit nictitating 
membrane (a form of associative learning) produces translocation of PKC activity 
from the cytosolic to the membrane compartments of the CAl region of the 
hippocampus. Evidence is provided here for a significant change in the amount and 
distribution of PKC within the CAl cell field of the rabbit hippocampus that is specific 
to learning. This change is seen at 1 clay after learning as focal increments of 
[3H]phorbol-12,13-dibutyrate binding to PKC in computer-generated images pro- 
duced from coronal autoradiographs of rabbit brain. In addition, 3 days after learning, 
the autoradiographs suggest a redistribution of PKC within CA1 from the cell soma to 
the dendrites. 

P ROTEIN KINASE C (PKC) IS EN- 
riched within the pyramidal cells of 
the hippocampus (1, 2) and may be a 

critical intracellular second messenger in as- 
sociative learning (3, 4). There is an increase 
of membrane-associated PKC in the CA1 
region of hippocampi after classical condi- 
tioning in rabbits ( 5 ) ,  an effect that has been 
attributed to translocation of the enzyme (6, 
7). To determine how the observed condi- 
tioning-induced translocation of PKC activ- 
ity is distributed among and within neurons 
of the hippocampus, we have employed in 
vitro quantitative autoradiography (8). [ 3 ~ ] -  
Phorbol- 12,13-dibutyrate ([3H]PDBU), a 
highly specific radioligand for membrane- 
associated PKC, was used to determine the 
spatial localization of brain PKC in classical- 
ly conditioned rabbits both 1 day and 3 days 
afier the behavioral experience. 

In the initial set of experiments, rabbits 
were randomly assigned to one of three 
groups. Group C (conditioned) received a 

--- 
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400-ms 1-kHz tone (CS), which terminated 
at the same time as a 100-ms periorbital 
electric shock (UCS), for 80 trials per day 
for 3 days. Group UP (unpaired) animals 
also received an identical number of CSs and 
UCSs per day over 3 days, but in an explicit- 
ly unpaired fashion. Group N (nayve) re- 
mained in their home cages for 3 days. 
Conditioned and unconditioned responses 
were measured as a retraction of the nictitat- 
ing membrane as had been described (5, 9). 
All group C animals showed reliable condi- 
tioned extension of the nictitating mem- 
brane (>90% conditioned responses) by the 
end of the third day of conditioning. After 
the animals were killed on day 4 of the 
experiment, their brains were processed for 
quantitative autoradiography by standard 
methods (10). 

The use of [ 3 ~ ] P D B U  as a quantitative 
autoradiographic radioligand for PKC has 
been well established (11, 12). This phorbol 
ester has a much higher a h i t y  for PKC 
associated with the membrane than for the 
cytosolic enzyme and is relatively soluble in 
the aqueous phase (13). The relatively low 
lipid solubility of PDBU compared with 

other phorbol esters results in low nonspe- 
cific binding in autoradiographic assays (11, 
12). Film autoradiograms were analyzed on 
a computerized imaging system (Imaging 
Research) based on a charge-coupled de- 
vice; the system quantified tissue radioactiv- 
ity from measured autoradiographic optical 
densities. 

We validated the autoradiography assay 
by means of an exogenous pharmacological 
challenge. Muscarinic agonists such as car- 
bachol activate and increase membrane-asso- 
ciated PKC (6, 7). To assess the extent to 
which activation and translocation is mani- 
fest by an increase in autoradiographically 
determined [ 3 H ] P D ~ U  binding, we pre- 
pared from nalve animals hippocampal slices 
(400 p,m thick) of the type used in the "elec- 
trophysiological slice" preparation (14). The 
slices were then exposed to either 10 rnM 
carbachol or artificial cerebrospinal fluid 
(ACSF) for 20 min and then processed for 
autoradiography (10). Carbachol-incubated 
slices showed a 19 + 3% increase in [ 3 ~ ] -  
PDBU binding over controls (P < 0.01 
Student's t test, n = 20 slices each group). 
The [ 3 ~ ] ~ ~ ~ ~  binding assay revealed a 
carbachol-induced increase of membrane- 
associated PKC and therefore provided evi- 
dence that the technique itself did not trans- 
locate all the PKC and that amounts of PKC 
associated with membranes as measured by 
other methods (6, 7) were comparable to 
amounts measured with our assay. This re- 
sult demonstrates the sensitivity of the [ 3 ~ ] -  
PDBU autoradiographic method to the ex- 
ogenous activation or membrane-associa- 
tion of PKC, or both. 

Representative quantitative autoradio- 
graphic images from each of the three 
groups in the initial experiment are shown 
in Fig. 1. For each coronal section through 
the dorsal hippocampus, a region of interest 
(ROI) was produced (in a manner that was 
blind with respect to the experimental 
groups; see legend to Fig. 1) around the 
CA1 cell field. Multiple sections from each 
animal were analyzed for specific binding in 
this ROI, and these values for each section 
were averaged for each animal. Group C 
animals showed a 49 2 7% and 43 + 13% 
increase in [ 3 ~ ] ~ D ~ ~  specific binding over 
the UP and N groups, respectively, repre- 
senting statistically significant differences 
[F = 8.716, P < 0.01, one-way analysis of 
variance (ANOVA), n = 5 in each group]. 
There was no significant difference between 
the binding values for UP and N groups. In 
all sections, nonspecific binding was less 
than 8%. These quantitative images demon- 
strate statistically significant focal increases 
in [ 3 ~ ] ~ ~ ~ ~  binding within the selected 
ROI (which included the stratum pyrimi- 
dale and stratum oriens of CA1 cell fields) 
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