
All inhibitors were tested from 0 1 to 10 k M  and 
viability was monitored by trypan blue exclusion The 
final concentrations of HA used to inhibit tyrosne 
klnases In thls study were approximately 1/10 to 
1,20 of that required for direct inhibition of Ca2 
entry into T cells. 

17. Cells were incubated for 48 hours in L-2-free culture 
medium containing 0.5O0 serum. Cell viability was 
>9s0o. Inhibitor-pretreated or untreated ympho- 
cytes were then stimulated with RANTES for 30 s to 
5 min. rapidly separated by centrifugation at 4°C. 
and ysed for 15 m n  on ice with periodic mixing in 
ysis buffer [ I  Triton X-100. 20 mM tris-HC (pH 
8.0). 137 mM NaCl 15O0 glycerol, 5 mM EDTA] con- 
taining phosphatase and protease inhibitors [ I  mM 
phenylmethylsulfonyl fluoride, aprotinin (10 kglml), 
leupeptin (1 0 kglml), 1 mM sodium orthovanadate. 1 
mM EGTA. 100 k M  P-glycerophosphate] The y -  
sates were analyzed under reducing conditions on 
1 OOo SDS-polyacrylamide gels (Novex). Resolved 
proteins were transferred to activated Immobilon P 
membranes (Milliporel for mmunoblot analysis. 
Membranes were incubated first in trs-buffered sa- 
line (TBS) containing BSA. 0 1 O o  Tween-20, and 
0.05'0 thimeroso and then overnight with antibodies 
(4GlOi to phosphotyrosine (1 kglml) (UBI). The filters 
were then washed extensively (TBS containing 0 5"" 
NP-401. incubated with secondary horseradish per- 
oxdase-coupled antibodies to mouse immunoglob- 
ulin (Amersham), washed again, incubated with ECL 
reagent (Amersham), and exposed to BlOMAX-MR 
film (Eastman Kodakl. 

18 Cloning studies. with primers targeted to homologous 
domains of the chemokine 7TM receptor family, have 
identified a potentially uncharacterized receptor in the 
T cell clone and peripheral blood lymphocytes. 

19. N. J. Sketon F Aspras. T Schall, Biochemistry 34. 
5329 (1995): K. Rajarathnum et a/., Science 264. 90 
(1 994); G. J. Graham et a/., J. 5/01, Chem 269. 4974 
(1 9941 

20 L. M C Webb. M. U Ehrengruber I Clark-Lewis, M 
Baggioini. A. Rot, Proc Natl. Acad SCI U.SA 90, 
71 58 (1 993): D. P. Witt and A. D Lander. Cuff 6101. 
4. 394 (19941. Y. Tanaka et a/. .  Nature 361, 79 
(1 993). 

21. K B Bacon. R. D. Camp, F. M. Cunningham, P M. 
Woolard. B r  J. Pharmacol. 95. 966 (1 988) 

22. Fluorescence-activated cell sorting (FACS) was 
performed according to standard methods. Ques- 
cent lymphocytes were left unstmuated or were 
stimulated for 48 hours with RANTES (1 kM) .  
washed in phosphate-buffered saline containing 
0.05"o NaN; and 1 O O  BSA. incubated at a concen- 
tration of 2 x 10' cells per w e  in a 9 6 - w e  conical 
plate (Costar Seroclusterl with fluorescein sothio- 
cyanate-coupled antibodies to human CD25 (IL- 
2R) (Becton Dcknson) for 30 min, washed three 
times, and then analyzed with a Becton Dcknson 
FACScan It was necessary to render the cells qui- 
escent before FACS analysis because the cells are 
maintained in IL-2-containing medium; thus, the 
level of L - 2  receptor expression is high and small 
changes are masked 

23 Enzyme-linked immunosorbent assay measure- 
ments were made according to standard protocols 
with quiescent Tcells. in order to avoid the high basal 
expression of cytokines such as IL-2. IL-5, and L -4 .  
Antibodies [anti-IL-5 (39D10). rat immunoglobulin 
(lg) G2a; ant-IL-4 (8D4-8). mouse IgG1 : anti-inter- 
feron y (A351, mouse IgG1; anti-IL-2 (BG-5). mouse 
IgGl]  (DNAX) were coated onto the wells of a 96- 
w e  polyvinyl chloride plate and incubated for 2 
hours at 37°C. After washlng the wells, the samples 
were incubated with the coating antibody for 2 hours 
at room temperature, after which the wells were 
washed and incubated for 1 hour at room tempera- 
ture with nitroiodophenylacetate-coupled secondary 
antibodies (50 kg/ml) [ant-IL-5 (5AlO). rat IgG2a, 
anti-IL-4 (MP4-25D21, rat IgG1: anti-interferon y 
(B27) mouse IgG1: anti-IL-2, goat polyclonal] 
(DNAX 1 Immune complexes were revealed by incu- 
bation with teriary horseradish peroxidase-coupled 
antibodies to nltrolodophenylacetate for 1 hour at 
room temperature After incubation. ABTS solution 
was added and absorbance at 405 to 600 nm mea- 
sured after the color had deveoaed. Results were 

analyzed with SoftMax software (Molecular Devices) ed by American Cancer Society grant DB-26E. 
to obtain absolute protein values. DNAX Research Institute is supported by Schering 

24 We thank H. Yssel (DNAXI for the initial provision of Plough. 
the T cell clone 5.A.P was supported by NIP iellow- 
ship GM07'065 B A.P and P G were also support- 27 April 1995, accepted 18 July 1995 

Regulation of Hippocampal Transmitter Release 
During Development and Long-Term Potentiation 

Vadim Y. Bolshakov and Steven A. Siegelbaum 

Developmental changes in rat hippocampal transmitter release and synaptic plasticity 
were investigated. Recordings from pairs of pyramidal neurons in slices showed that an 
action potential in a CA3 neuron released only a single quantum of transmitter onto a CAI 
neuron. Failures of synaptic transmission reflected probabilistic transmitter release. The 
probability of release (P,) was 0.9 in 4- to 8-day-old rats and decreased to less than 0.5 
at 2 to 3 weeks. Long-term potentiation (LTP) in 2- to 3-week-old rats was associated with 
an increase in P, from a single synaptic site. The high initial P, in 4- to 8-day-old rats 
normally occludes the expression of LTP at this stage. 

Long-term potentlatlon (LTP) (1 )  and 
long-term depres\lon (LTD) (2)  of h ~ p -  
pocampal s \ n a p t ~ c  t rC~nsm~\s lon  are oppos- 
1ng torms of act11 1t1-dependent p l a s t ~ c ~ t l  
that may underlie learning and memory and 
the  fine tunlne of svnapt~c connections dur- 
Ing deve lop ien t  (3) :  T h e  expression of 
hippocampal LTP and LTD 111 rats changes 
markedly during the first 3 [reeks after 
b ~ r t h ,  a crltical period in the  establishment 
of synaptic connections (4 ) .  Whereas LTP 
is observed only in rats that are >2 weeks 
old (5, 6) ,  LTD 1s most prornlnellt during 
the first 10 days after birth (6 ,  7). T h ~ s  
complementary pattern of expression of 
LTP and LTD is likely important for the  
formation of the normal pattern of synaptic 
connections and early learning and memo- 
ry. Honever,  controversy surrounds the ba- 
s ~ c  properties of synaptlc transmission and 
long-term In the  hippocampus (1 ,  
8), and the mechanisms underlying these 
developmental changes remain unknonn.  
This uncertainty 1s attributable, In part, to 
difficulties in recording from ind~vidual 
pairs of synaptically connected hippocarn- 
pal neurons; most studies have relied o n  
recordings from populations of pre- and 
postspaptic cells ( I ,  8). 

W e  have now used tn.o approaches that 
permit the  routine record~ng of synaptlc 
transmission between sinele C A ?  and C A  1 
pyramtdal neurons In hippocampal sl~ces: 
(i)  dual whole-cell patch clamp recording 
(Fig. 1A)  (9,  10);  and (ii)  focal stirnulat~on 
of a single presynaptlc neuron, by pressing 
an  extracellular stimulating patch pipette 
onto  an  individual C A 3  cell body (1  1 ,  12) ,  
and whole-cell recording from CI poataynap- 
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t ~ c  C h l  neuron. Both methods resulted in 
identical postsynaptic responses ( I  3 ) .  Holr- 
e ler ,  most experiments (24  of 36) were 
nerformed v lth extrc~cellular stlmulatlon 
hecause of the  difficulty in ohtaming stahle 
dual \\.hole-cell recordlnps. - 

h given C A I  neuron received f ~ ~ n c t l o n a l  
synaptic Input from -5% of the C h 3  neu- 
rons tested (Fig. l h )  (14). I11 a synaptically 
connected pair of neurons from a 6-day-old 
rat, most C h 3  actlon potentials elicited an  
excitatory postsynaptic current (EPSC) of - 
4 p h  in a C h l  cell (Fig. 1B). Some 
stimuli failed to e l~c i t  an  EPSC. A frequency 
h l s to~ram of EPSC amplitudes h o n e d  tn.o - 
prominent peaks that nere fitted by the sum 
of t ~ r o  Gaussian functions (Fie. 1C) .  O n e  , L, 

peak, centered a t  0 p A  with a standard 
deviation identical to that of the  back- 
ground noise, reflected fa~lures of transmls- 
sion. T h e  second peak, centered at --4 
p h ,  contained most events and retlected 
successes of transmission. There Irere no  
add~tional peaks at higher current levels. In 
synapses from young an~rnals (4  to 8 days 
old),  the f ract~on of successes tvas consis- 
tently high and averaged 0.9 (13).  In co111- 

' p a r ~ x ~ n ,  in sllces from older rats (13 to 23 
days old),  the  f ract~on of successes was sig- 
nlficantly lower ( d 3 . 5 )  (Fig. 1, D to F) In 
agreement with previol~s, less direct results 
11 5 ). In other resnects, however, transmls- 
slon in  older rats resembled that in  younger 
rats: T h e  EPSC amplitude histoeram sholred 
only two peaks, one at 0 p h  and one a t  
--4 p h  (Flg. 1, D and E) .  

T h e  simplest ~nterpretation of these re- 
sults, based o n  the classical quanta1 theory 
of Kat: (16) ,  is that a given C A 3  neuron 
makes only a single synaptlc contact n i th  a 
given C h l  neuron. A t  this contact, a pre- 
synaptlc actlon potential either fails to re- 
lease transmitter or evokes a n  EPSC that 

SC'IENCE \'OL 769 2 2  5El'TEblAER 1995 



Fig. 1. Peco,.oings f,.ol? s n g e  CA3-CAl synapses. 'A)  D~sal 
s.?t?ole-ce , - eco rdn~  f r o r  a 8-clay-old rat T o p )  Current In A 1 6 - c  
the CA3 ?eL8r01? ourl?g \;oltage step to C! 1nV fro1.i a Iholc~~ng r - 
potental of -7C I?',/ The clottec~ n e  sho:?s zero current. i 1 n 

- ,  ..\ 'Bottom1 EPSC recorded silnt~ltaneot~sl~: from the CAI  ~neu- 
s 

~ ' 
%- 

1.011. '5: Se\,era stlpermposed CAI EPSCs Astei-sk marks c ~ 3  ,..., , . . 8 -  
an zp;3at.eni f ~ ~ l a r e  of t rznsm~ss~o~?, iC: EFSC ~ ~ ? ? p l ~ t ~ c l e  Ihis- d I I 
togral? for 2 6-clay-oo ,-at 1255 t.-lzls f,-om tile salne ex.Jer1- ' 1 0 0 p A  

)I ''., 

1 \ 
z '/,j 11 mel?t as I ?  IAI ' 1 .  ct8r,-el?t S o d  CUNE. best-f~t suln of t ? ~ o  / i  4 O r n V  O d ,  

Gac!ssan fvnctons. The Gac8ssan fit to the c j ~~a l~ te l  ceak -70 -- -T--- -8 -4 0 4 8 I2 
shou.ecl a meal? of -3.48 pA allel 211 SD of 1 45 pA, faure  !(-PA) 
peak. 0 -t 0.83 pA Sthe faclre Gaussan :?as constrailned to 
be clentca to tile base-e   nose G a ~ ~ s s i ~ n : .  F ,  = C.91 ID; 
EPSC 211-oittde hstogran? :327 t r a s  froln 2 20-clq~-olo rat 
The q t l a l ~ t ~ l  cealc Gatlssz- sho'~ec1 a lnean = SD of -:.L = 
1 3 pA; falures jieak. C! t 0 78 pA , = 0 43. (El Dens~ty 
estmztes 13: of t-e EPSC alnpltc~de d~s t r i b~ tons  obtz~-ecl 
fro111 exper~lnents I ?  ( C  ~dot teo n e )  21-o ~ D I  is0110 I I I I ~ I .  -11e 
c~er~sity estmate froti? the 8-day-old rat ?yas scaeo so t ~ z t  
t'le clc!al?tal peak l?atc?eo tl?e 1 axs  \:E ,e of t-e pezk fro17 
t,-e 20-day-ocl rat. I F  Decrease ,- F cuV,?g the frst 2 tc 3 
postnats v:eeks. Escl- symbol represents a sepsrate exper- 
n e n t  1i1 = 36:. The corvelat o,- bet\:,een P and sge is s191?f- 
cant : I -  = -0.973 P -= 0.05:. F, I ?  r- to e-oa:.-c 3 ano I ?  13- 

i (-PA) 

to 23-csy-old rays *>:as 0.89 = 0.02 : I ?  = 19: sl?c 0.3; = 0.03 :,; = 171,  vespect~velL, IF -= 0.005. i  test^. 

reprebents the resI.c.nse to a \ingle q ~ ~ a ~ - i t u m  
of transmitter (--4). T h s  p r u l x l ~ i l ~ t v  tha t  
a 1-s ic le  is relsased ( P  1 ii g i ~ - e n  1.1- the 
f r a i t i k ) ~ ~  uf evellts ~ll-ici~r the  psak retlectiny 
iucce\>c"; k ) f  t1-311>1-i11~si~~1n. . A c c c ~ ~ - i l i ~ ~ ~ l ~ . ,  the  
ilel-eloIxnental clecrsaie in the  fraction o i  
S L I C C ~ V S ~  repreients a prc,qrescive .lecrease 
111 P, (Fig. 1 F ) .  .Alrernat~\ ely-, the amplitu~le 
k~ t  t h s  trus q ~ ~ a n t a l  e~ .e~- i t  m ~ g h t  he to<> :mC~ll  
tn rssc,l~-s. and the  peak at  --4 p.4 may, in 
tact, he ccl~l~posed c ~ t  a nrlmher c, t  01-erla1:- 
p~lqg unreiolved event,. T h e  developmental 
clecreaie in the  i i . ,~c t~on ot' .uccesies could 
then  rrflecr a dscre,lie in the iluantal am- 
1~1-ituLle, iausinn us to miss a greater ii.,lctl~,n 
ot e1-snts. Several Iinei sl~icience present- 
eil l.el,n\;, hon-e\-er, 5~1gge:t tha t  \vs ass 111- 
ileecl ,~ icura te ly  measurln: the  true Llua~-ital 
ampl l tu~le  and PI. 

O n e  test cornl:arsil the  a i ~ ~ p l l t ~ ~ i l s  ilis- 
t r i b ~ ~ t i u n  of sl.~>ntanenus miniature EPSCs 
(mEPSCs)  (Fig. 2 ) ,  n.hich represent qrlan- 
ral r<sIx>n.;es to the re1sa.e o t  single iynaptic 
\~es~cleb  (16).  \vith that nf the el-eked 
EPSCs. T h e  llliiall a~l lp l i t~~cle  ot the  mEPSCs 
\\.a. similar t ~ ,  t h s  svc>ksd EPSC Llua~-iral 
am13lit~liIe. Furthermore, the inEPSC a~np l i -  
rude ,l~strihutlon .IIL~ nor c11,lnge ~1~1r ing  iie- 
velopmsnr (FI_:. 2C) .  T h e  cclefficienr of 
1 .ar iar i~~n iC\. .  SD:'mea~-i\ n i  the IIIEPSC 
i l l s r r~l~ut lan  \\-as greater than the C\. c,f t h s  
cjr~antal peal; 111 the evc~ke~ i  EPSC histogram 
(Fig. 2D). Th15 result 15 the L > I I ~ ~ : I ~ C  (lf11-1hat 
n-ould I7r expscts;l if the s~.dkcil peal< \\,ere 
composs;I af 111a1-i~ ~lnresol\:e,l q ~ ~ a n r a l  
svents. \\his11 should .~:reaii out the iilstri- 
l~u r idn  2nd 11-icrea:e the C\'. T h e  qreater C\' 
of the mEPSCc 111o.t 11lisl.i reflects the  fact 
that  the,e event. arise from dl\-ersr Input5 
tha t  una\ have iiltirrellt i1nantal a m p l i t ~ ~ J s i .  

rr,lnsrni:>~on are d ~ l e  to failure: cf release. 111 
c~>ntra:t, in the central ner~.ous  s~s t e~ l - i .  
such failure: l-ia1.e I1ee1-i ~ u q ~ e s t e i l  tc) retlscr 
failurss ti p~>stqynapric receptic~n (17-2111. 
.Acc~~r,Iing ti] thii  view, a n  entire clu<ter dt 
pc~:ri\-naptic rsceptors in a Llsn;lriric \ p ~ ~ - i e  
c ~ u l ~ l  be turned (111 (\-ielLilng a s~lccess) ~ > r  
off j7~elLlillg a Llilurs). H~l\ye\rer. 11.e ha\-e 
no\v Jem~>~-istrateil  tha t  r\yu inter1 enti~,~-is 
knn\yn to incrsase release clearl~.  reduced 
the  numher o t  tailures, i ~ - i ~ l i c a r i n ~  that  the>- 
are pre:\ naptlc 111  ripin in. 

LYJe tirst ssalllillsil ths  stfects o t  pall-scl- 
pulse facilitation (PPF),  a \\-i~isl\- accepts~l 
i~lclex c ~ t  pres1-11apr1c frlncticn (21 1 1F1g. 3). 

LY'hen r\\-cl preiynaptli stirnull \yere Llt.ll~-ereil 
5? to 330 rn. apart, the average res1x)nse to 
the secunil itimulu: na5 greatlv iaci11tareLl in 
2- to i - \~ee l< -~> ld  ,~nimals (Fig. 3.A). T h s  
EPSC ai-i-iI~l~tu~le histi~grama s11on.eii a m,lrl<e~l 
~ l e c r e a ~ e  111 the fiacti i~n of fa~lurez .luring the 
secc>nLl pulse (Fie, 3~ B anL{ Ci, \vl-i~cl-i ranfieL1 
tl-elm 2.5 tu 2.1 (i! = i), I~rclviLling an  Llppsr 
l l ~ l l ~ t  fL>r the ta~lures tll,lt cnu1,l I7e pn\tsynal,- 
tic. Thers \\-a. 11i) change in the q~lallral am- 
pl~tucls L)S C\' ot' rlhs q~lanral  peak c ) t  the 
>scond EPSC (22 ) .  iu~:portinp the \-Len. that 
tlls ptali uf succe.>es of transmlii~on rzflects a 
siugls Ll~~anral  respc>nie and t l ~ a t  PPF reLults 
froill ,111 11-iirea.s in p .  In cc~ntr,~st  ti] ths  

Fig. 2. Co~ r~o~ r i so t -  3et:';ee11 S ~ C I - -  o,~----- - - ,  

taneous mEPSCs s~-cl e:okecl C 
%p&? 1.oi- ' ' 

> - A A , n ~ q  EPSCs 'rcl-I t-eo,iatal a d  2- tc 5 
, , 

h 

3-~;~:eek-o c rats, IAI  S,~~er~li-posed 5 i '  ' 
A~ 

exsi-pes of rnEPSCs 1.1 a CAY ne,>- o d 
--. h 

0.5- ~ .? I 
a d  - ? 

tuce, -6.33 i 0.;; I:,&; 713 p: 
3 5 2 

evel~tsi. Aster~slt avera8;e of 100 o , . A l  .LA i - l - ~ b ~ - - ~  r ~ ,  o 0 ."-~ - I 
s,~ccess ,..e e,.ents 5 :  i i?-p l~t~-~ce 0 5 10 15 20 25 0 5 10 15 20 25 
~s i '113~1to1~ of I ~ - E P S C S  I.ECC?ICEC mEPSC amplitude (-PA) mEPSC amplitude (-PA) 
'ra.1- a 2'-day-olcl rat ityean at-1- 

o,2 ~ 

o l ~ t~ .de ,  -6.r; i 0 22 pA 17 = El +*vy~F B 
135: Cabrat  0,- s t -e same for , 
( A  at-d :B:. (CI C U I ~ I L I I ~ ~ I , : ~  a::evage :! ; ! / ,, 

60 ~ 

a,-lpIt~.de h~stoc;ra~ms of n-EFSCs 
'rcln ; -:veek-o c rats itlled si.17- I - 
j30 s) II-lean at-1;; I ~ L  cle -6 33 i 9 .- r l  ' -  5pA  2 4 0  i v F  0 

0.21 ;;A: sece? zels; 
to 3-:':eek-o c rats 'open sy?-kosl 3 0 ~  f P 

meal?, -6.06 i 0.33 ;;A: se,.er- 
0 z e  s). D C',J o' the ecoltec ,11?1tari. 0 5 10 15 20 25 

EFSCs rtVal?gles; ant soontanec,ls mEPSC amplitude (-PA) I+ 2 to?&eks 
rnEFSCs ~c l-cles). The CS/ cf 
I--IEFSCS anti ~~n i ta r )  EFSCs n .I -:;,ee~-ccl a1?11--1as :;,as 44 8r! = 1 8.1 '9 ;,: = 7 1  an3 30.4 ? 1 2' '9 ;I; = 

191 fespect::el,.. I: 2 t3 3-;!ee.;-3ld an rncs ike CS/ 3f lnEFSCs an2 e ~ c i e d  EPSCs was 43.7 i 2 63'3 
1s = 7. and 28 09 = ' . O J C c  ? = 191. l-esj?ect~ely 
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resnlts in 2 -  to 3-1vce1;-old r,ltb. PPF n.as sly- 
sent ~n 4- t ~ ,  5-il~v-old a~l i iu ,~l i  (Fie. 3, D to F) 
(2.3), con i~ i t rn t  ~v i th  the ob i s rva t~n~ l  that PI 
I i  alrs<~dy close tu 1 ilurini: ths flrit st~milli~s. 
The Llepres.lnn L l l~ r~ng  tlhe i s ~ ~ l - i J  pulse ma) 
correjpL)nL1 tc> translent clcpletii>n ot  Llocl<eil 
synaptic vssiclei ( 2 1 ) .  
A >econii line of e\-iclence that  tlls 

f a i lu re  11-eri. yresl naptic \\.;is pro\.iLleL1 by 
e ~ p e r i m e n t s  ill ivhich re1ea.e n-as e n -  
hanced I3v Increaslnq the  e r t e r ~ l a l  Ca '~ '  
Collcelltr<3t1'~11 ( [c<1?-lc) ,111i1er ci3lliiitl~~lls 
that  yrevented chances in postsynaptic 
~l l t s r l la l  C a ' ~ '  (Fie. 4 )  (1i. 161. Fi)r 1- to 
3-~veslc-old al-ii~nals, a n  increase ~n [C,I'--],? 
11-icre;ise;l the  a\~er;leed EPSC 11)- marksdlJ- 
iiecreaslnp the  f r a c t ~ i ~ n  of iailr ire ( t o  
<$. I !  with ni, ch;inqe 111 ililalltal ampli- 
tuLle nr C\' ( 2 6 )  (Fig. 4 ,  A and E), tilrtlher 
lilll~tillg the  poss~lile tractliin <.f postb1-n- 
aptic f a~ lu re \  anL{ i t r e n j i t l  the  \.ie\v 
that  the ;lua~-it;~l peal< represents i~n i t a ry  
r e s~onses .  T h i >  rssult alsi) ~ ~ l d ~ c ~ ~ t e d  t11~1t 
the i;lllrire> n s r e  n ~ ) t  dlis to tailurss of the  
C X i  ~ c t ~ i ) n  potential to ~ n \ ~ a d e  the  prs- 
\vn;iptic terminal I>ec,~u,e hi$h [C,I'--], 
110~1li l  Increase the tllreshold. I11 4- ti) 
S-Ll,ly-nld rats, ~ n c r e , ~ s i ~ l q  [Ca'~']? llad 110 

eftsct on tllr a~eragecl  EPSC. P,, or qL1:ln- 
till amy~11ti1,ls ( F I ~ .  4 ,  C anii D) ( 2 h ) ,  
c i > n s ~ ~ t e ~ - i t  \ \ - ~ t h  ~,i lr  i)hssrvat~iln t h ~ t  P, 
\\-as lli>r1ll'TllY class to 1. 

If LTP resillts t'ri>m an  lllcrense in release 
prol3al~111t\- ( 1  ) ,  thcn the lacl, a t  LTP ~n 
nsonatal  rats ci?i11~1 lye e x p l a ~ n e ~ i  1.1- the Lrct 
that P 1. nrarlv masimal. Consistent \vith 
this \ .~s\\ . ,  the aliil~ty to ~n,luse LTP n-2s 
ci)rrelateil \\.it11 the de\-eli)pment,~l ilecrs,lse 
~n P,. LIorsaver, EPSC a m p l ~ t i ~ d e  111stil- 
gram> shc\\~sil  that LTP, i i r ~ r ~ n ~  the 3P-mi11 
time sixlrbe of our recordings, n-as due to a11 
Incrsa\s 111 PI (Fip. 5). There   ere n o  
change.; 111 LlilantC~l arnL:litr~ile, C\', or shape 
of the i l ~ ~ . ~ n t : ~ l  peak ilistr~bution ( F y .  5. A 
 nil C )  (Koimil:i?ro\--Sl~lir~~i)\. teht. P > 
L7.9). rnaLlng 1t i~nlil<sl>- that LTP at tills 
stags re\illts from ,I pnstsy11;iptic change or 
a d d ~ t ~ o n  of ne\v tuilctional s\-napes.  

T o  ileterrnli~c \I-hether tllc high P, 1s 
1nJeec1 r e ~ l ~ o i n s ~ l ~ l c  tor the  lacl< of LTP 111 

4- tcl 8 - ~ l a ~ - o l ~ l  rats, \ve in\-e.tieateJ 
\I-hcthcr LTP cc>ulil be e s r r e h e d  111 net)- 

natal sl1it.a \vhen P, \\.as redilced by de- 
cre~~siinc [Ca'~']? ai1~1 i ~ ~ c r e a s l i ~ g  [Llg'-Ic. 
Exter i~al  t iclJ s t ~ m ~ ~ l a t i o n  of the  Schaficr 
ck)llateral r a t h ~ v a y  n.as useii to e s c ~ t e  mul- 
t ~ r l c  C?ii I I I ~ L I ~ L  ti> the  CAI neuron. T o  
in~lnce  LTP, we s\\-itclicL1 fro111 the  lo\\. 
[Ca'] , : ,  high [h lg ' - Ic  s o l r ~ t i o i ~  tc) our nor- 
mal external ~olr~t io in .  l x c a ~ ~ s e  the  Im- 
p~3rtancc of p i ) i t ;~nap t i c  Ca '~ '  influx f k ) 1 -  

the  ~ n d i ~ c t ~ o n  ot LTP ( 1 ) .  .Although tllc 
L T P - i l ~ i i ~ ~ c t i o n  pri~ti lcol 11aJ n o  etisct t)n 
the  EPYC rccorile,l 111 nk~rrnal exterilal 
i o l ~ ~ t ~ i ~ i ~ ,  k)n ret~~i-11 to  the  1011. [Ca'--]:. 
l1iyl1 [\\Iy'--],, s o l u t ~ i ) ~ ~  a pers~stent  yoten- 

t i a t ~ o n  of thi. EPSC n a i  rsvealed. T l l ~ s  
potentiatii31l n.ai not  o b i s r ~ s c l  n.hen 11-e 
omlt tsd  [he L T P - i n d ~ ~ c t i n n  pratoci)l (n = 

4: t = L1.63. palred t teqt) or when the  LTP 
protocol n a s  dell\ ere;l in the  prsience of 
59 ILLI ~-?-a111~11o-S-~hosp11o11c~~-alesic 
aciil (XPL.) to hlock N-mrtl11-l-C-a>par- 
tare (NL1D.4) receptor. (Fig. 33). 

O L I ~  resi~lts ~ 1 1 0 ~ -  that  the  EPSC record- 
ed froill a C A I  neuron ln reqpijnie to 
i t i l n r ~ l a t ~ i ) ~ ~  ot  a iingle presy~-i;~y?tic C.A3 

ne~~ro l - i  n-as composecl n t  a s i n ~ l e  ~ luan ta l  
s\ .ent,  i n i l i ca t in~  that  a C A 3  neurol-i u5u- 
all\- torills a sillyle t'~1nctiona1 syl-iapse n-it11 
a civen Ciil  neuron. This  observation i~ 
i i3n~istell t  ~ : ~ t l l  results nl>tainsil 1-y mini- 
111al itinlulation ( 2 7 ,  26 )  anil ; ~ n a t o m i c  
stnclies wggestinp that  most C.\3 l-ie~lrons 
form a t  most a slllgle contact  with a C i i l  
nerlrnn (29 ) .  T h e  qual-ital resrollss may 
~ n d l c a t e  that  a presyl-iaptic b a l ~ t o n  releasss 
only a single syllapt" \-eilcle psr action 
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Fig. 3. Co~npar~so'- of PPF In 11eona;a and 2- to 3-;veek-old %ts. A1 EPSCs recorded iron- a 19-da::-old 
rat n reslponse t3 :)a~red stimu [focal strn~~a;onj  '.;i~tli a 5C-~ns intersimut~s i'-te~l;al (a. I, and averaged 
lpa~red <esponses from ttie same EXOEI.IITE~; including aoparent fatires la,.. Arro'.;5!lieads ndcate time of 
stmul;. #:B and 6. EPSC ampIt'.~de '-.stogra~ns ior :i,.s; ( 6 '  and secol-d 'C! paired responses 1197 sv?eel:s]. 
Sa~ne experment as in :A;. F ~ I -  ,Bj. P = C 15 and qLlanta a~?-.l:lit~~de = -3.1 6 x C.79 ak.  For ,C) P, = C.53 
and cluanta anp l t i~de = -3.2 ? 0.85 lpA. \D to FI Same exper~~nent ;h~ith a 6-day-old rat. :El k,:eraged 
:,ared responses [satlie :,ro;ocol as :n (All iE a ~ i d  F) EPSC at:ll:I~;i~de distrbutio~i of frs; :El and seconcl ~ F I  
Iresponses #:I- = 22.9:. For (E), P = C 87 and c(tlanial amol~tuie = - 1  C1 = 1.2 :,A. For IF), P = C 36 and 
c!ua~-.tal a~nl:I~tucle = -3 76 5 1 .I 6 [?A. 

Fig. 4. Effect of ail I- . -  3 4 r a  
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l:c)tentlal, ur that  the  t r a n ~ m i t t e r  i ~ ) l ~ t t . ~ ~ t  
~ ) f  a siinyle ve;icle 1s sufticlent ti? a t i l r a t e  
the  yohtsynaptlc reiel?t~)rh ('27). Failul-c.; of 
tran;mlrici~? at  this y n ; l r i c  aryear  t ~ )  re- 
flect yres\naptlc faili~rcs t c  r e l e a ~ e  trans- 
mltter ( 1  6) rather t lnai~ silent i l ~ ~ s t e r ~  o t  
posts.i.naptic r ecep to r  (1 7-22). Palred re- 
cordlni: a t  a s . i . i~aye  fro111 C?i3 pyramidal 
i ~ e u r i ~ l ~ s  ointo inl1ihitc3ry i n t e r n e i ~ r o l l  also 
reveal old!- a sinele release sltc (-33). In  

and inot ~311 tllc ~ d e n t ~ t \ -  o i  1t5 target. 
T h e  o i i c r ~  aticn that LTP is due t c ~  an  

increase ln P,, n.itln l ~ t t l e  cllainiis in qilantal 
a ln l~ l l t r~~ le ,  agrees n 1th il;lt,l c711  mEPSC5 ill 
c ~ ~ l t ~ l r e ~ l  neur~711> (j?), a htuily 111 n111c11 
1111ii111l~il t ~ i i ~ ~ ~ l a t i c ~ i n  n.az used tu s sc l t c  
h~ngle  C.43 a s a n  ijj), a n ~ l  recent ilata 
shou-ini: a c1i;ln:e 111 s y n a p t ~ c  \ .es~cle tnril- 
over ( 3 4 ) .  I11 coiltrast, i)ther h t ~ ~ ~ l i e s  i?a.;eil 

o n  mEPSC ai~al!-sis (35) anil mlnlmal 
s t i m u l a t ~ o i ~  (36) have sl~on-11 a11 increase 
ill q ~ ~ a ~ ~ t a l  arnplltuLle. A fail~lre t ~ )  detect 
c l ~ a n ~ e h  ill quanta1 aml?lltude may I-.c J r ~ e  
to the  fact that  our mea~uremen t s  were 
11rnitt.J t o  the  i lr i t  39 liliil attci- LTP  in- 
L i ~ ~ c t ~ o n  ( '37).  O L I ~  re.;ult- iiifter from a 
recent >tud\- n-1t11 ini~n~lllal  s t ~ ~ l l ~ ~ l a t i i ) ~ ~  
that  i o n c l ~ ~ c l e d  that  LTP rc.<ult. from the  
i ~ i ~ ~ l ~ a ~ k i ~ n y  of c ~ l e i ~ t  c1~1hte1-5 o t  ln1)11- 
KXID.4 g l ~ ~ t a m a t e  1-eccptoi-5 (22). 

T h e  high P, in the 111ppocanip~1~ of 4- to 
-~1ay-c31~1 animal? can esplaln n hy PPF a i ~ d  
LTP are ;il:.ent, anil 1 ~ 1 1 ~  LTD, n.hiih 1s 
assc~clateil v i t h  a rerslstellt cleci-case ~n PI 
(7,  3 3 ) ,  I; ~.roini)ui~ceil at tlllr stage. Otller 
I - C ~ L ( I I I ~  ~i rat 1?1-a11i, i ~ ~ i l ~ ~ i l ~ l l ~  \-lsuLil cortex 
~ 1 1 ~ 1  hi~llldtOiC11~0~\ COKCX, L l l l i l ~ l . ~ ~  dl1 C>l?- 
?mite ~ievc.loynleiltal r cg~~ la t l c~n ,  in \~111ch 
LTP ilisallpearz 1 4-zclt after I?irth (-3s). 
Thu i ,  syncilltic l?lastlcit\- in the 1:raiii 1s nc~t  
a i l red  p r ~ ) ~ e ~ - t y  hut i.: iiitkrei~tidlly re~111at- 
ei1 In separate areas, rresumal-lv to subser\-e 

-- 01 
16 0 10 20 30 40 50 

Time (min) 

Fig. 5. 3e>,!e o p m e l ~ t z  changes ano p r e s y l ~ a p t c  exp resson  o f  LTP I A I  I e n s r y  est l - iates of EPSCs 
before , 176  ss;>!eei;s, s o  1 3  I I ~ '  ano &em- 1 3 3  s,:!eelss, c:ottecl n e :  1nc:~ :c ton 3' LTP *I a s c e  f c o m  z 

9 -day -o  3 .at. Iensr!: est lmaies i.;e,-e scz ec: s o  t l ~ a r  c(ual;taI pea.;?; 3x1s \values ~na tch 'eo .  For 111ouct1o11 
o' LTP, t i l e  C H I  neuron was  h e 3  z t  7 1  0 In\/ an3  6 3  pres!:napic a c r o n  ~ o t e n t ~ a s  i.;e,-e e?'o<ecl at  2 Hz. 
i l n s e t )  .h!eracJec: posts!:naptc ,-esponse (inc ~ c i l n g  zp,,zl-en: f z  before z:1e1 artel- LTP  Art-o',?l~ezo 
inc:cztes t m e  of s t m u  -1s. Co81t ro :  2, = 3 5E qL.anra z?1~11t,cle = - 3  3 6  2 1 0 3  3H. Hrter L T P  r', = 

3 .92 ,  q ~ a - t a  al?p tL .de = 3 . E 5  3 . 9 i  oA  (B)  S m a r  exoerl i - ieni  131- a E-ozy-o  el rat .  Solc:  n e ,  berore 
LT2 (1  1 3  e$/el;rs:; cloirec: n e s ,  afiel- LT3 1381  e$/ents: :Inset) A\!e,zgecl EPSC iinc L ding '31 ~ . - e s  1:efol-e 
anc: after LTP. Ccnt#o l .  F = 0 9 0 ,  cl~lanral  a l ~ p l t - . d e  = - 3  0 4  -t 3 E8 p.4. A i e r  L->: P,. = 3 9 3 ,  cluanral 
ampl irc~oe = - 2 , s  0 .85  p.4. I C )  S t~m l~a . ! :  or a LTP exoe.11-~ents 5;,:11li al;l?as of e l fe re l i t  ages 2 (21 
21-c: clL.antzl z rnp~rc ioes 1 - 1  c a  cua iec l  for a e$/ents aiier LTP \;;e,-e - 0 1  lr'alized I:!: t l ~ e r  ?'alc~es before LTP 
anc: po r reo  as  a 'LII:C~IOII of r i le age  or the ann-al ,  I D  Unrnzsklng oz  LTP I: 4 t o  8-c:a;.-o 3 z ~ ~ m a l s .  
C o ~ ~ p o u n c l  EPSCs );'!ere elic1te3 b y  f ~ e  3 s r m u  a t o n  of tl:e Sc l i a fe r  c o  zterz oatl~',?a;. ';,::I? b ~ s o l z r  
e ect,.oc:es in 01;; [Ca2-]  , 11 . 3  ITMI  I ~ g l i  [Mg2-IJ :2 .3  1 r - 1 \ 1 ~  s o u t o n  l open  b z , -  0:- ,;orma external s c l u t ~ o ~ ?  
12 5 r1\1l Ca2- .  ' . 0  rnl'dl Ivlc~"' i f  eo  b z , - ~ .  S , ! ; t c~ t~c~  r o  ~ic, .mal soil-itcn en lz l icec l  r i le EPSC as a result of 
the  e f f e c ~  c' [Ca2'l,> OII 2 . LTP-nc :uc ron  p,otccol ( p a r i n g  );>!zs a p p  e o  at i l ~ e  ar.o:s 18:) U c  H P \ I  1,; = 51, 
(0) 5 3  p.1\/1 H2\.' :I; = 41. E ~ o r  bars in31czte  SEl'dl 
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Regulated Subcellular Distribution of the 
NRI Subunit of the NMDA Receptor 

Michael D. Ehlers, Whitternore G. Tingley, Richard L. Huganir* 

NMDA (N-methyl-D-aspartate) receptors are selectively localized at the postsynaptic 
membrane of excitatory synapses in the mammalian brain. The molecular mechanisms 
underlying this localization were investigated by expressing the NR1 subunit of the NMDA 
receptor in fibroblasts. NRl splice variants containing the first COOH-terminal exon 
cassette (NRIA and NRl D) were located in discrete, receptor-rich domains associated 
with the plasma membrane. NRl splice variants lacking this exon cassette (NRIC and 
NR1 E) were distributed throughout the cell, with large amounts of NR1 protein present 
in the cell interior. Insertion of this exon cassette into the COOH-terminus of the GluR1 
AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole propionate) receptor was sufficient to 
cause GluRl to be localized to discrete, receptor-rich domains. Furthermore, protein 
kinase C phosphorylation of specific serines within this exon disrupted the receptor-rich 
domains. These results demonstrate that amino acid sequences contained within the NR1 
molecule serve to localize this receptor subunit to discrete membrane domains in a 
manner that is regulated by alternative splicing and proteln phosphorylation. 

Aggregation of neurotransmitter receptors 
in the postsynaptic ~ n e ~ n b r a n e  is a process 
crucial for synaptogenesis. Like acetylcho- 
line receptors (AChRs)  a t  the neuromuscu- 
lar junction ( I ) ,  neurotransmitter receptors 
in the central nervous systenl ( C N S )  are 
localized a t  postsynaptic sites (2-6), al- 
though the lnechanislns involved are less 
well understood. T h e  NbIDA class of glu- 
tanlate receptors plays a critical role in  s m -  
aptic plasticity, synaptogenesis, and excito- 
toxicity (7) .  Iontophoretic mapping and 
imm~~noe lec t ron  microscopy reveal that 
N M D A  receptors are concentrated at syn- 
aptic sites ( 4 ,  5). Ivloreover, actin filament 
stabiliyation prevents Ca2+-induced run- 
down of N M D A  current (81, and N M D A  
responses are sensitive to cytoskeletal strain 
(9) ,  suggesting a cytoskeletal association of 
the NlvlDA receptor. 

NbIDA receptors consist of two families of 
homologous subunits (NR1 and NR?A-D) 
(19, 11). The KR1 subunit is able to form 
f~lnctional holnomeric channels ( l a ) ,  rvhich 
may be present in vivo (1 2 ,  13). Expression of 
KR2, subunits with the NR1 subunit, hon-ev- 
er, increases NblDA receptor current, and 
most NblDA receptors in the brain are 
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thought to be heteromeric complexes ot  NR1 
and NR2 subunits (1 1 ,  14). A t  least seven 
KR1 splice variants (KR1A-G) are expressed 
in the hrain (1 3 ,  15, 16) that differ in their 
spatial and temporal expression patterns (1 7),  
in their sensitivity to polyamines, phorbol 
esters, and Zn'+ (13. 16),  and in their ability 
to he pl~osphor~lated by protein kinase C 
(PKC) (18). 

T o  examine the mechanism of subcell~~lar 
targeting of the NR1 subunit, n.e transfected 
Q T 6  quail fibroblasts (19) with the comple- 
lnentary D N A  (cDNA) encoding the N R l A  
subunit and examined them by immunoflu- 
orescent microscopy (20. 2 1 ). T h e  QT6 cell 
line has been used as a lnodel systeln for 
studying AChR clustering induced by the 
synaptic protein 43K (22). Immunofluores- 
cent staining revealed the presence of highly 
concentrated regions of NR1A protein (Fig. 
1A).  These NR1-enriched donlains mani- 
fested themselves as patches or elongated 
stripes as well as punctate microclusters. T h e  
organization of NR1 into highly concentrat- 
ed do~uains is unique among heterologously 
expressed glutamate receptors we have ex- 
amined. For example, the AlvlPA receptor 
subunit GluR1 and the kainate receptor sub- 
unit GluR6 are found throughout transfected 
Q T 6  cells, \vith large amounts of intracellu- 
lar staining and no  regions of receptor en- 
richment (Fig. 1 ,  B and C ) .  Indeed, ~vithin 
the same cell cotransfected with both GluR1 
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