
wild-type plants in blue light can be at least 
partially explained by the absence of the 
activity of the red-light-dependent inhibi- 
tors, phytochromes. Under white light or 
blue-plus-red light, red-lightdependent phy- 
tochrome activity and blue-lightdependent 
cry2 activity function in an antagonistic 
manner. In these light conditions, cry2 mu- 
tant plants flower late because the red-light- 
dependent phytochrome activity inhibiting 
floral initiation remains untamed as a result 
of the lack of the blue-light-dependent cry2 
activity in the mutant plants. 

We suggest that the filnction of both phy- 
tochromes and cry2 in flowering-time regu- 
lation are mediated bv CO. The filnction of 
phytochromes proposed in our model 1s con- 
sistent with the observation that Arabidobsis 
hyl and hy2 mutants, defective in the biosyn- 
thesis of phytochrome chromophore, flower 
earlier than the wild-type plants (6). It is not 
clear how manv vhvtochro~ne svecies are in- 

, L  , 
volved in mediating red-light-dependent in- 
hibition of flowering, although phyA is prob- 
ably not associated with the flowering inhi- 
bition because the phyA mutant does not 
flower early (6). phyB mutant plants flower 
earlier than the wild-type plants grown under 
white light (6, 7), an effect mediated by CO 
(20). Thus, phyB could be one of the phyto- 
chromes that mediates red-light-dependent 
inhibition of flowering (4). Indeed, the early- 
flowering phenotype of phyB is dependent on 
red light (Fig. 4). In blue light, however, 
phyB mutant plants flowered at about the 
same time as the wild type (Fig. 4; blue). 
Consistent with our model, phyB mutation 
can suppress the late-flowering phenotype of 
cry2 under blue-plus-red light, whereas the 
cry2 mutation cannot suppress the early-flow- 
ering phenotype of phyB in red light (26). 

Although our model explains the mode 
of action of crv2 and ~ h v B  in the reeulation 
of flowering time of irAbidopsis, p h ; ~  and 
cry1 appear to function in different ways in 
this process (6 ,  8, 9 ) ,  and the relative im- 
portance of individual photoreceptors in 
mediating photoperiodic signals may be dif- 
ferent in other vlant s~ec ies  19). It will also , , 

be interesting to learn the relationship be- 
tween crv2 in ~hotoveriodism and the cir- 
cadian cl'ock as'socia;ed with blue-light-en- 
trained circadian rhythms in plants (27). 
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Src Activation in the Induction of Long-Term 
Potentiation in CAI Hippocampal Neurons 

You Ming Lu, John C. Roder," Jonathan Davidow, 
Michael W. Salter 

Long-term potentiation (LTP) is an activity-dependent strengthening of synaptic efficacy 
that is considered to be a model of learning and memory. Protein tyrosine phospho- 
rylation is necessary to induce LTP. Here, induction of LTP in CAI pyramidal cells of rats 
was prevented by blocking the tyrosine kinase Src, and Src activity was increased by 
stimulation producing LTP. Directly activating Src in the postsynaptic neuron enhanced 
excitatory synaptic responses, occluding LTP. Src-induced enhancement of a-amino- 
3-hydroxy-5-methylisoxazolepropionic acid (AMPA) receptor-mediated synaptic re- 
sponses required raised intracellular Ca2+ and N-methyl-D-aspartate (NMDA) receptors. 
Thus, Src activation is necessary and sufficient for inducing LTP and may function by 
up-regulating NMDA receptors. 

Long-term potentiation is a persistent en- and lnelnory (1 ) .  LTP is induced by a cas- 
hancement in the efficacy of synaptic trans- cade of biochemical steps that, for a main 
mission that has been proposed to be a prin- form of LTP, occur in the postsynaptic neu- 
cipal cellular substrate underlying learning ron (2). Protein tyrosine phosphorylation is 
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necessary for induction of LTP (3); however, 
it has not been determined which of the 
many tyrosine kinases expressed in the cen- 
tral nervous system (CNS) is essential for 
LTP induction (4), and the role of the kinase 
is unclear. Tyrosine phosphorylation regu- 
lates the f ~ ~ n c t i o n  of NMDA receptors (5) ,  
which are necessary for induction of LTP at 
many synapses (6).  The regulation of 
NMDA receptors by tyrosine phosphoryl- 
ation is via the nonreceptor protein tyrosine 
kinase Src (7). Thus, we set out to determine 
whether Src participates in LTP. 

We made whole-cell patch-clamp re- 
cordings from pyramidal neurons in the 
C A I  region of hippocalnpal slices from rat 
brains; field potentials were recorded by an 
extracellular electrode (8). Excitatory syn- 
aptic responses were evoked by stilnulating 
the Schaffer collateral inputs to C A I  neu- 
rons. LTP at these synapses is known to 
depend on NMDA receptors (6). In order 
to determine whether Src is necessary for 
LTP induction, we made use of a unique 
domain peptide fragment, Src(40-58), 
which is known to block Src filnction (7). 
Src(40-58) was applied directly into the 
neurons by diffusional exchange from the 
patch electrode (Fig. 1A).  During applica- 
tion of Src(40-58), tetanic stiinulation 
caused short-term but not long-lasting po- 
tentiation of the intracellularly recorded 
excitatory postsynaptic potentials (EPSPs): 
the slope of the EPSPs was 99 2 5.7% 
(mean -+ SEM) of the baseline level by 30 
lnin after tetanic s t inl~~lat ion (n  = 6 cells). 
However, the tetanic stimulation did pro- 
duce a long-lasting increase in field EPSP 
slope to 182 -+ 24% of baseline. Thus, 
Src(40-58) prevented induction of LTP in 
the cells in which it was administered in- 
tracellularly, but not in neighboring cells. A 
peptide with the same amino acid compo- 
sition, but in random order, scrambled 
Src(40-58), served as a control (9) ,  and did 
not prevent induction of LTP. Intracellular 
application of the antibody anti-Srcl, 
which specifically blocks Src action ( lo) ,  
caused the EPSP slope to decline to 120 i 
9.5% of baseline by 30 min after tetanus 
(n = 7 cells; Fig. IB),  whereas the field 
EPSP slope was at a sustained level of 
189 -+ 21% of baseline. In contrast, a non- 
specific immunoglobulin G (IgG) fraction 
did not affect LTP induction. With admin- 
istration of Src(40-58) or of anti-Srcl, the 
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tetanic stimulation produced posttetanic 
potentiation, the peak of which was not 
different from that of the respective con- 
trols. Thus, Src was necessary for induction 
of LTP. 

In the adult CNS, there is a basal level 
of Src activity (4), and in CAI neurons thls 
might produce a tonic enhancement of 
NMDA channel function. Then the block- 
ade of LTP might have been through abol- 

ishing ongoing enhancement of NMDA 
channels, in which case blocking Src would 
be expected to reduce basal synaptic 
NMDA responses. However, in voltage- 
clamp experiments (1 1 ), adininistration of 
Src(40-58) had no effect on pharmacologi- 
cally isolated NMDA receptor-mediated ex- 
citatory postsynaptic currents (NMDAR 
EPSCs) (Fig. 1C).  Moreover, Src(40-58) 
had no effect on AMPA receptor-mediated 

Time (rnin) Time (rnin) 

c 5 min 30 min D rli 
50 rns 

I 

Fig. 1. Block~ng Src prevents lnductlon of LTP. (A) Src(40-58) 5 a 
prevented tetanus-lnduced LTP. (Top) A plot of EPSP slope from 
representative cells with intracellular admlnistratlon of Src(40-58) 
(0) or scrambled Src(40-58) [sSrc(40-58), 01. (Middle) Averaged EPSP slope for experiments w~th 
Src(40-58) (0, n = 6) or sSrc(40-58) (0, n = 5). Data were normallzed to baseline values (8). 
(Bottom) Averaged normalized field EPSP (fEPSP) slope wlth Src(40-58) (0) or sSrc(40-58) (0) (B) 
Anti-Srcl inhibited tetanus-lnduced LTP (Top) EPSP slope plotted for example cells in wh~ch 
antl-Srcl (0) or a nonspecific IgG fractlon (0) was administered. (Middle) Averaged normalized EPSP 
slope for recordings with application of anti-Srcl (0, n = 7) or a nonspecific IgG fractlon (0, n = 4). 
(Bottom) Averaged normallzed fEPSP slope wlth antl-Srcl (0) or nonspeclflc IgG (0). (C) Src(40-58) 
had no effect on basal NMDAR EPSCs. (Top) Traces from a cell with intracelular administratlon of 
Src(40-58) and bath application of CNQX. Each trace is the average of three EPSCs evoked at 
membrane potentials from -80 to +60 mV, in 20-mV increments. The I-V relation was determined 
during the first 5-min perlod (left) or 30 mln after the start of recording (right). (Bottom) I-V relation for 
averaged amplitudes of NMDAR EPSCs (n = 3) durlng the first 5 mln (0) and the period from 30 to 
35 min (0). (D) Src(40-58) had no effect on basal AMPAR EPSCs. (Top) EPSCs from a cell recorded 
wlth administratlon of Src(40-58) but without CNQX. Each trace IS the average of two responses 
evoked at membrane potentials from -80 to +60 mV, from the first 5 min (left) or at 30 min (right) after 
the start of recording. (Bottom) Averaged I-V relation for peak amplitude of AMPAR EPSCs (n = 3) 
from the flrst 5 min (0) or for 30 to 35 mln (0). In Figs. 1 through 4, horizontal bars above the graphs 
indicate the perlods of peptide administratlon and the arrow indicates the time of tetanic stimulation. 
Error bars are "SEM, and the traces to the r~ght of the graphs are averages of three sweeps taken 
at the time points indicated by the letters below the x axis. 
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(AMPAR) EPSCs (Fig. ID). Thus, neither We hypothesized that Src might be ac- 
synaptic NMDARs nor synaptic AMPARs tivated during LTP induction. To  test this, 
were enhanced tonically by basal Src we measured Src catalytic activity by means 
function. of an immune-complex kinase assay (1 2). 

A Control 1 min 5 min = 3 r  
32P-Src + c , . ..- .P , 

32P + @ 2 
g2 

Enolase s E 
lmmunoblot .- c 1 

n- 

Control 1 rnin 5 rnin 

- 
0 - Boiled pp6OC-Src 

i -  
V) 

1 
a 

1 
a 

0 20 40 60 

Time (min) 

0 20 40 60 

Time (rnin) 

E EPQ(pY)EEIPIA 
F 5 mln h 30 min 

a b 

0 30 60 90 
Time (min) 

Fig. 2. Src activlty is increased by tetanic stimulation, and activation of endogenous Src causes synaptic 
potentiation. (A) Immune complex kinase assays were done with Src immunoprecipitated after control 
stimulation or 1 rnin or 5 min after tetanus. Proteins were separated by SDS-PAGE and transferred to 
nitrocellulose, and 32P was detected by exposure to a Phosphor Screen. Results of a representative 
immune complex kinase experiment are shown; phosphorylation of Src or of enolase is indicated by the 
arrows. The corresponding anti-Src immunoblot is shown below. (B) 32P labeling was quantified for Src 
(solid bars) and enolase (open bars). Data from 1 - and 5-min times were normalized as a percentage of 
control (n = 4 experiments). (C) (Top) A plot of EPSP slope during intracellular application of ppGOCSrC (0) 
or heat-inactivated (boiled) ~ P G O C - ~ ~  (0). (Bottom) Averaged EPSP slope with application of pp60C-*c (n 
= 7) or boiled ~ P G O C - ~ ~  (n = 5). (D) (Top) A plot of EPSP slope during intracellular application of 
EPQ(pY)EEIPIA (1 mM, O), or EPQYEEIPIA (1 mM, 0). Neither EPQ(pY)EEIPIA nor EPQYEEIPIA affected 
resting membrane potential or input resistance (not shown in figure). (Bottom) Averaged EPSP slope 
during application of EPQ(pY)EEIPIA (n = 8) or EPQYEEIPIA (n = 4). (E) (Top) A record of EPSP slope 
during intracellular application of Src(40-58) (0) or sSrc(40-58) (0). During the period indicated by the 
upper horizontal line, EPQ(pY)EEIPIA was administered by perfusion of the patch electrode. (Bottom) 
Averaged effects of EPQ(pY)EEIPIA on EPSP slope during application of Src(40-58) (0, n = 6) or 
sSrc(40-58) (0, n = 5). (F) I-V relations for EPSCs evoked during application of EPQ(pY)EEIPIA. EPSCs 
were evoked at membrane potentials from -80 to +60 mV. (Top) The records are superimposed EPSC 
traces collected during the first 5 or 30 rnin after the start of recording. (Bottom) Averaged peak amplitudes 
of AMPAR EPSCs are plotted in the graph (n = 4 cells) for the first 5 rnin (0) or at 30 rnin (0). 

The 32P incorporation produced by Src im- 
munopurified from slices that had received 
tetanic stimulation was greater than that 
from control slices that had received only 
test stimulation (Fig. 2, A and B). Because 
there was no difference in the level of Src 
protein (Fig. 2A), tetanus caused an in- 
crease in Src activity. 

To  determine whether increasing Src 
activity affects synaptic responses, we 
administered exogenous recombinant Src 
(pp60c~Src), which was found to increase 
EPSP slope to 185 ? 24% of baseline (n = 
7 cells). In contrast, heat-inactivated 
pp60c~Src had no effect (Fig. 2C). To  ex- 
amine the effect of activating endogenous 
Src, we used the high-affinity peptide 
EPQ(pY)EEIPIA (1 3),  which is an activa- 
tor of tyrosine kinases in the Src family 
(14). EPQ(pY)EEIPIA was applied alone 
or with Src(40-58) to determine whether 
the effects required Src itself. Application 
of EPQ(pY)EEIPIA produced an increase 
in EPSP slope to a sustained level at 226 ? 
22% of baseline (n = 8 cells; Fig. 2D). O n  
the other hand, the nonphosphorylated 
form of the peptide, EPQYEEIPIA, which 
does not activate tyrosine kinases (14), 
did not affect EPSPs (n = 4 cells). More- 
over, during administration of Src(40- 
58), perfusion with EPQ(pY)EEIPIA (15) 
had no effect on EPSP slope (n = 6 cells, 
Fig. 2E). But during administration of 
scrambled Src(40-58), perfusion of EPQ- 
(pY)EEIPIA did produce an increase in 
EPSP slope to 200 + 19% of baseline (n = 
5 cells). Thus, endogenous Src was neces- 
sary for the enhancement of EPSPs by 
EPQ(pY)EEIPIA. In voltage-clamp record- 
ings, EPQ(pY)EEIPIA potentiated AMPAR 
EPSCs through an increase in AMPAR 
EPSC conductance, with no change in driv- 
ing force (Fig. 2F). Overall, activation of Src 
was sufficient to enhance EPSPs. 

If endogenous Src participates in LTP 
produced by tetanic stimulation, then LTP 
and the enhancement by the activating 
peptide may occlude each other. This was 
investigated by applying EPQ(pY)EEIPIA, 
and when the EPSPs had been maximally 
enhanced tetanic stimulation was deliv- 
ered (Fig. 3A). This stimulation caused 
posttetanic potentiation but produced no 
long-lasting increase in EPSP slope. In 
contrast, when EPQYEEIPIA was admin- 
istered, delivering tetanic stimulation at 
the same time after beginning the record- 
ing caused a long-lasting increase in EPSP 
slope (212 ? 5.3% of baseline, n = 5 
cells). In other experiments, tetanus pro- 
duced a lasting potentiation of EPSP slope 
(212 ? 28% of baseline, n = 5 cells), but 
there was no further increase when EPQ- 
(pY)EEIPIA was applied intracellularly 
(Fig. 3B). O n  the other hand, in cells not 
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conditioned by tetanic stimulation, perfu- sive enhancement of EPSP slope that 
sion of EPQ(DY)EEIPIA at the same time reached a stable level at 225 t 23% of 

> . L  

after beginning recording caused a progres- baseline (n = 4 cells). Thus, Src-induced 

Fig. 3. Src-~nduced potentl- 
at~on and LTP occlude each 
other. (A) Effect of tetan~c 
stimulat~on (arrow) dur~ng In- 
tracellular appl~cat~on of 
EPQ(pY)EEIPIA (I mM, 0) or 
EPQYEEIPIA (I mM, 0) Re- 
cordings of EPSP siope dur- 
Ing appl~cat~on of EPQ(pY)- 
EElPlA (n = 5) or EPQYEEI- 
PIA in = 51 from reDresenta- 

..C EPQYEEIPIA t tetanus 

t~ve 'cells are piotted at the 
- 

0 20 40 60 30 ms 

top The averaged EPSP Time (min) 

slope IS shown In the graph Tetanus + E P Q ( ~ Y ) E E I P I A  
~n the bottom (B) Effect of B C 

tetanus (arrow) on action of E P Q ( ~ Y ) E E I P I A  
EPQ(pY) EEIPIA. Represen- 8 
tative recordings of EPSP 
slope when tetanus was de- 1 4 

l~vered 10 min after the start C 

EPQ(pY)EElPlA 
of recording (0) or without a b c 
tetanus (0) are shown in the 
top graph. EPQ(pY)EEIPIA 

-la-====-- 
(1 mM) was actively per- '0° 

fused during the period indi- 30 ms 

cated by the horizontal bar 0 20 40 60 
above the top graph. The Time (min) 
averaged EPSP slope 1s 
plotted in the bottom graph (n = 5 w~th tetanus, n = 4 without tetanus). Neither EPQ(pY)EEIPIA nor 
EPQYEEIPIA affected the tetanus-induced potentlation of the fEPSP slope. 

Fig. 4. Src-induced en- 
hancement of synaptic 
AMPAR responses de- 
pends on raising intracel- 
lular [Ca2+] and on 
NMDARs. (A) Potentiation 
of AMPAR EPSCs is 
Ci2+-dependent, but po- 
tentiation of the NMDAR 
EPSC component is 
Ca2+-~ndependent. (Top) 
Plot of am~litude of 

Time(min) 8 

AMPAR EPSCs NMDAR EPSCs 

AMPAR EPSCs (0) and 
b EPQ(pY)EEIPIA 

the NMDAR com~onent A I : D -- _ . . - - 

(0) during a recording with 6 i -  - 1: 
EPQ(pY)EEIPIA 30 mS 

high Ca2+-buffering lntra- $ 
cellular solution and appli- 3 $ 3  
cation of EPQ(pY)EEIPIA. 5 8 
The short bar indicates I 

the per~od of bath appl~ca- 
t~on of MK-801 (10 pM) 
The NMDAR component 
was measured 100 ms af- 
ter the st~mulat~on (Bot- 0 20 40 60 0 20 40 60 

tom) Effect of EPQ(pY)- Time (min) Time (min) 

EElPlA on averaged AMPAR ESPCs or the NMDAR component during recordings with high Ca2+-buffering 
intracellular solution (n = 5). Data were normalized to EPSCs in the first minute of recording. (B) I-V relation for 
pharmacologically isolated NMDAR EPSCs during application of EPQ(pY)EEIPIA, (Top) Superimposed 
NMDAR EPSCsevoked at membrane potent~alsfrom-80to +60 mV. Traces are from the first 5 min and after 
30 min of recording, (Bottom) Averaged amplitudes of NMDAR EPSCs (n = 3 cells) from the f~rst 5 min (0) or 
after 30 min (0). (C) MK-801 (10 pM) was bath-applied just before the start of recording with lntracellular 
solution containing EPQ(pY)EEIPIA. The upper graph shows a representative plot of EPSP slope from one 
cell, and the lower graph is averaged normallzed data (n = 4). (D) EPQ(pY)EEIPIA was administered Intracel- 
lularly and MK-801 (10 pM) was bath-appl~ed during the period lnd~cated by the short horizontal line, after the 
potentiation of EPSP slope was establ~shed. One example is shown in the upper graph and the averaged 
normal~zed EPSP slope is plotted below (n = 5) 

enhancement of EPSPs and tetanus-induced 
LTP were mutually occluded. 

Because LTP in C A I  neurons depends on 
raising the intracellular concentration of 
Ca2+ (1 6) ,  we next determined whether the 
Src-induced enhancement of AMPAR 
EPSCs might be linked to a rise in [Ca2+]. In 
previous experiments, AMPA receptors ap- 
peared not to be regulated by Src (7) ,  but in 
those experiments, in contrast to the present 
ones, a high level of intracellular Ca2+ buff- 
ering was used. T o  determine whether Src- 
induced enhancement of AMPAR EPSCs 
requires raised intracellular [Ca2+], we in- 
creased the buffering capacity of the intra- 
cellular solution (17). With the high Ca2+- 
buffering solution, EPQ(pY)EEIPIA had no 
effect on  AMPAR EPSCs (Fig. 4A). 
EPQ(pY)EEIPIA remains active in the high 
Ca2+-buffering solution because there was 
an increase in NMDAR EPSCs (Fig. 4, A 
and B). The  increase in NMDAR EPSCs 
was associated with no change in driving 
force or in current-voltage (I-V) relationship 
(Fig. 4B) and was produced with low Ca2+- 
buffering solution (18). Also, the enhance- 
ment of NMDA currents by EPQ(pY)- 
EEIPIA was prevented by Src(40-58) and 
was not produced by EPQYEEIPIA. Thus, 
the Src-induced increase in AMPAR EPSCs 
was Ca2+-dependent, but the potentiation of 
NMDAR EPSCs was Ca2+ -independent. 

Because Src is associated with and up- 
regulates the function of NMDA receptors 
(7) ,  we questioned whether NMDA recep- 
tors are required for Src-induced enhance- 
ment of AMPAR EPSCs. We blocked 
NMDA receptors by bath-applying the an- 
tagonist MK-801 during experiments with 
low Ca2+-buffering intracellular solution. 
When MK-801 was applied starting just 
before whole-cell recording, administration 
of EPQ(pY)EEIPIA produced no change in 
EPSP slope (Fig. 4C).  In other experiments, 
after synaptic responses had been potenti- 
ated by EPQ(pY)EEIPIA, MK-801 had n o  
effect on  AMPAR EPSPs (Fig. 4D). Thus, 
NMDA receptor activation was necessary 
to induce, but not to sustain, the Src- 
induced potentiation of AMPAR-mediated 
synaptic responses. 

Here, blockade of Src prevented induc- 
tion of LTP and activation of Src, or ad- 
ministration of recombinant Src, induced 
lasting potentiation that occluded LTP in- 
duction. Like tetanus-induced LTP, the po- 
tentiation produced by directly activating 
Src depended on  a rise in intracellular 
[Ca2+] and on  NMDARs. Thus, Src fulfills 
necessary and sufficient conditions to be 
considered a mediator of LTP induction at 
Schaffer collateral C A I  synapses. Although 
there is a basal level of Src fi~nction, this did 
not appear to contribute to LTP, but rather 
the activation of Src as a consequence of 
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tetanic stilnulation was required to induce response. The tetanic stimulation consisted of two 

LTP ( 19) .  ~ h ~ ~ ,  activation of src provides t ram of 100-Hz stimuaton lasting 500 ms at the inter- 
. . train interval of 10 s. In controls. this uroduced LTP that 

a biochemical mechanism tor gating induc- was at a stable level by 30 min aftertetanus and persist- 
tion of LTP. ed for more than 1.5 hours. For clarity, we show records 

~ ~ d ~ l ~  of biochelnical events underly- of ody the first 30 m n  after tetanus. EPSP slope was 
calculated as the slope of the rising phase 10 to 65% of 

1% induction of LTP in hippocampal C A I  the ~ e a k  res~onse. Averaae EPSP s l o ~ e  values were 
neurons focus on the signaling cascades ini- determined for each 5-mh period of 'recording. The 

tiated by ca2+ influx-throu& NMDAR~ baseline value of EPSP slope was that from the first 
5-mln per~od and was defined as 100%. Series resis- 

( 6, 20). The most parsilnonious ex~ l ana -  tance ranged from 15 to 19 megohms, Input resistance 
tion for our findings is that durine induc- was monitored evew 5 mln duma the course of all 

lmmunoprecipitates were washed f~ve times with ly- 
sis buffer. Beads were then resuspended in kinase 
buffer, which contaned 20 mM iris-HC (pH 7.6), 20 
mM MgCI,, 2 mM MnCI,, 1 mM EDTA, 1 mM EGTA, 
0.1 mM dithiothreitol, 10 pCi of [y-3ZP]ATP, and eno- 
lase (3.2 mglml). Post~ve controls containing 0.1, 1, 
or 10 U of pp60C-SrC (UBI) in kinase buffer were run in 
parallel. A of the samples were Incubated for 5 min 
at 37"C, and the react~on was stopped by addton of 
4X Laemmli sample buffer. Samples were subjected 
to SDS-polyacrylam~de gel electrophores~s (SDS- 
PAGE; 10% gel). Proteins were transferred to a nitro- 
cellulose membrane and exuosed overniaht on a 

tion of LTp, Src is iapidly which ' 
experiments by measurement of r;sponses to 0.2-nA Phosphor Screen ( ~ o l e c u a r  ~ynamics ,  SGnnyvale, 
injecton for 400 ms. The average value of Input resls- CA) for quantitation and analys~s with ImageQuant leads to NMDAR function. En- tance was I 6 9  i 13 megohms. The resting membrane software. Membranes were then immunoblotted wth  

hancing NMDAR function results in in- potenta was -60 4 mV. Extracellular field potentials antibody to Src (I :500 dlution); the secondary anti- 
creased Ca2+ entry, which may trigger the were s~multaneously recorded with a m~crop~pette f e d  body was coupled to horseradish peroxidase and 

wlth ACSF (1 to 3 megohms) placed in the stratum was visualized by enhanced chem~luminescence. cascade' the radiatum within 100 pm of the single cell studled. The 13. Singe-etter abbreviations for the amino acid resi- 
present results indicate that for LTP induc- averaged fled EPSP slope was calculated every I min. dues are as follows: A, Ala; C, Cys; D, Asp; E, Gu ;  F, 
tion there is a hitherto unexpected step 9. The amino ac~d  sequence of scrambled Src(40-58) Phe; G, Gly; H, His; I, e ;  K, Lys; L, Leu; M, Met; N, 

upstrealn of NMDAR~ (21 ). src is widely was AGSHAPFPSPARAGVAPDA (13); it was creat- Asn; P, Pro; Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, 
ed by random ordering of the sequence of Src(40- Trp; and Y, Tyr, 

in the nervous system (22 )1  and 58). With scrambled Src(40-58), EPSP slope in- 14. X. Liu et. ai., Oncogene 8, 1119 (1993). The mini- 
thus Src ma" have a c o m ~ n o ~ ~  role in the creased to 205 -t 13% of basene [n = 5 cells, P < mum concentration requred to increase Src actv~ty 

of 'excitatory synaptic transInis- 0.01 versus Src(40-58)] 30 min after tetanus. As an was 1 mM. 
additonal control, Src(40-58) was tested in mice 15. For perfusion, a ppette ( t p  diameter, about 10 pm) 

sion in many regions of the CNS. ackina sic and had no effect on LTP nducton (EPSP was inserted into the uatch electrode iL. Y. Wana M. 
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