
Activation sf Dual T Cell Signaling pathways i1~7 F ~ / M I ) .  Ho'ive\.er, TCR ~jifi111its ellsit- 

by the Chemokine RANTES 
eil only the  later, sustaineri phase cit the 
Ca'+ reilmnse ( F I ~ .  16). Other  chemol;~nes 
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The chemokine RANTES induced biphasic mobilization of Ca2' in T cells. The initial peak, 
a transient increase in cytosolic Ca2- mediated by a heterotrimeric guanine nucleotide- 
binding protein (G protein)-coupled pathway, was associated predominantly with che- 
motaxis. The second peak. Ca2+ release and sustained influx dependent on protein 
tyrosine kinases, was associated with a spectrum of cellular responses-Ca2- channel 
opening, interleukin-2 receptor expression, cytokine release, and T cell proliferation- 
characteristic of T cell receptor activation. Other chemokines did not produce these 
responses. Thus, in addition to inducing chemotaxis, RANTES can act as an antigen- 
independent activator of T cells in vitro. 

%%ANTES i, a potent cl~emc>attractant c \ -  
t o k ~ n e  ( c h r m c ~ k ~ n e )  fcjr 1liolli)il-tes and T 
celli k ) f  the mem~>r\-  phenotype ( 1 ) .  T h e  
molecu1,lr m e c h ~ n ~ s r n s  ')- n111ch RXNTES 
and other chemoliines ~niluce m i y r a t ~ ~ ) n ,  
anii n.het11er they art. re>ponsil>le tor other 
reglllatorv effects o n  T cells, have ~ i ~ j t  been 
thoroughly ~ n v e i t ~ ~ a t e d .  T h e  slieniok~ne 
receptors identified t ~ )  ilate b!- molec~~la r  
clk~ning a11 share a ~ e ~ e ~ ~ - t ~ - , ~ ~ l . i ~ ~ i e ~ l ~ l - r a ~ ~ e  
Jomain i i T h l )  ,~rchitecture ,ind thus are 
thought to he c~)upleii to G protei~ls ( 1 ) .  
S t u ~ l ~ e s  1%-~th moni>cvtei and granulL>cvtei 
have s~~ j iges te~ l  that che~i iol<~ne receptor, 
may 1.e I~nl<ecl to pe r t~ l<s~ ,  tos111 (PTX)- 
senslti\-e G prL)teins ( 2 ) ;  ho\ve\.er, although 
G prote~ns  ha\^ been ~mplicateil ( 3 ) ,  the  
s ~ g n a l - t r a n s i l u c i ~ ~ ~  molecules 111 T cells are 
less \\-ell ilef~necl. In  contrait t o  i~gnal ing b!- 
chemokinei, ,I qreat deal of research has 
fc7cuseii cin T cell actil-atlon through the T 
cell a n t ~ g e n  receptor ( T C R )  (4). X n ~ t h  
many grn\%-th factk>r receptors, T C R  s~gnal-  
illg is inclepenilent of G protein acti'i.at~on 
anil unaffected 11;- PTX (5). l ~ u t  12 aboliiheii 
1.x- the prott.111 t\-rosine k ~ n a s e  (PTK) 11111111- 

ltors genistein &nil ht .rl~imr-c~n LL\ (H.4) (6). 
S1mi1,lr ex l~e r~ments  \\it11 a v,lrletv of recer- 
tors and c'ell type.: have led to iht. \viiiAy 
acceI.teii pre~ilise that mk)st ,urface recep- 
tori s~gna l  thro~lgh elther PTK or G pro- 
te in-co~~yled path\vays. 

In  a nk>rmal human T cell clone (7) 
loailed \\.it11 the t1uort.cent Ca'+ inilic,ltor 
~nilo-1 (8). R.ARTE5 appl~ecl at 1 to 102 
nh l  incl~lceil a transient Increase in cytaso- 
lic free C a '  calicentratloll ([Ca2-1,) that 
lxxlieii at 1L1 to 3L1 s a ~ i d  returned to r r i t ~ n q  
'i.nlues n , ~ t h i n  5 11i11i (Fig. lLL\). LL\t 1 ~h.1.  
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ho\ve\.er, RAKTES eliciteJ a hipha\ic 
[Ca'+], priit~le, cc~nsisting of a imall earl!- 
transient ,111d a seck)n~lary larjier and prn- 
li>ngeJ increase (9). T h e  increase in [Ca2+], 
1n~1~1ct.d by 1 p.hl RANTES was of >im~lar  
ampliruile to that i~lduceil 1 1 ~  itilllulatlon 
the T C R  co~llplex \vith satur,ltinq close; of 
antihoLlv to C D 3  (anti-CD3) (5 bg/ml) or 
the mitogen pl~ytol~ernaggl~~ti~~i~~ ( P H X )  
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that attract T cells-monocyte chrmotactic 
pri)te~n-l (h lCP-1) .  macrophage intlam- 
m,ltor\- protein-la (h1IP- la) ,  and ~nter leu-  
kin-5 (IL-5)-1nduce~i only the ~ n l t ~ a l ,  
transient increase in Ca2- .  In  the  presence 
a t  E G T A  as ,In extracellular C a '  chelator, 
RXNTES st111 induced a 1-ipha~ic releaie of 
Ca" fram intracellu1,lr stores. 1-ut l?otll 
~e,l l<s \\.ere transient anLl reduced 111 ampll- 
t d e  (Fit. 1C) .  By 5 mi11 after R.ANTES 
;t~niulation. >917"0 ot  the sustaine~l in- 
creaie 111 [Ca"] \vas ,~ t t r lh~~ ta l - l e  to Ca2-  
entry fro111 the  extracellular med~ru~ll. 

TL) rxalnllle the  nature k)t the RLL\RTES- 
act~vatekl Ca2+-perme,~t~cin  yarh\va\-. \ve 
used the I\-hole-cell contigur,ltion ot  the  
patch-clamp t echn i i j~~e  ( l i ? ) .  In T cells 
clamped at 6 9  m y ,  a suita~necl in\varLl 
current <I?\-elopeil after a short l,lg (peak~ng  
at -2 ~ i i ~ n )  111 response to 1 phi R.INTES 
(Fly. I D ) .  Such currents n.ere abient fri)m 
~ ~ n i t ~ m u l a t e ~ i  control cells. T h e  whole-cell 
currents induceil I?\- RAKTES were sm,111 
(range o t  9 to 14 FA at -6L1 mV),  highl\- 
selective for di'iralent ~ ) v e r  mc)novalent cat- 
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Fig. 1. RANTES-ndc~ced Ca2+ siglial-8 1 , -  clo-a hums,- T cells. I:AI Dose-depe~icenr effect of R A N T 3  
at f ~ i a  co-ceniraiions of 1 ~ilvl i o  1 ~p.l\Jlo,- [Ca2+]. Cells ?.!ere s-lspencec n a stiered c~be i i e  a-c R A N T 3  
acdiriolis ivere Inace ai ttie i m e  ndcaied by rhe bold arrow: 18; IB! Con-pars011 of Ca' mohzai ion 
nobleed h!c RANTES (1 l~l\Jl:,, a-tiLCD3 '(5 ~pg;~nl), a-c PHA :I0 I J . ~  'm ) .  :C) The hphasc [Ca"] profile 
obsei-%!ec ~ ~ 1 1 t h  1 1p.M RANTES results feom i\vo dsrncr phases of C a '  release follo\r,~ed by st~staned 
Ca" i i i f ~ x .  The ticrease t i  [Ca' 1,  obse:ved n rhe presetice of 2 mM exiracel~~lar Ca" +Jppe* trace) 
was iec-lced by cheat-g exiracel~~ar Ca2+ i v i h  3 mM EGTA ilov!erreace), re':ea-g rv!o phases of Ca2- 
release from stores. T:ie c17ere.-ce bei?.!een i: ie i lvo traces reflects C a 2  - f  JX. :D; Bophysca pl-opedes 
of Ca2+ envy cureeiits aciivared b!: P A N T 3  l n  1:~lioIe-eel patch-clamp expertmenis. H i  a liold~tig 
poie~iiial of -60 mV, at? ri\h:a*d Ca" curretii ceveopec after a sho~t  delay follo\r,~~ng the acc ion  of 1 lpi?/i 
RANTES. Ttie cureetir a ~ n p l i ~ l d e  was reveist?y redt~cec by S~~bSt i~~ t lO f l  of exter-a Ca" by Ba2+ (2 rnl\Jl). 
ncca tng  select~':~ty for C a '  over 6a2+ Acc~tion of 10 mlW Ca2+ abruptly ncreased the currelit 
a rnp l t~ce,  fuiihee shov,~ng ihar the ~onc~ l c tance  IS permeable i o  Ca'-. (E) M'hole-cell I - ' /  cJves 
recorded \r,l,tii voltage-ramp protocols. Foui s-lperimposed I - M  cJves comparing currents ohtainec 
before R A N T 3  addtot i  (in 2 ~nl\Jl Ca2 ! anc a?er RANTES add~tot i  in s o l ~ t o ~ i s  cotitanng 2 mlW 6a'-. 
2 rnM Ca2+, or 10 lnM Ca" are shov:n. Tlie voltage ?'!as ra~nped ?om - 100 i o  +60 niV. Data S~O'~L. I?  
n (D) and (E) wefe obtaned from tlie same cell, ,i%!hch ?.:as representative of seven cells that responded 
t3 RAYTES wiien s:uded w~:ii the ,j~:iiole-cell patch-clamp iechnque. 
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Fig. 2. Differential inhibi- A B in a potent and selective manner the second 
tion of the first and sec- phase of the RANTES-induced Ca2+ re- 
ond phases of RANTES- sponse (50% inhibitory concentration, 0.2 
induced Ca2+ mobiliza- IW pM), leaving the initial Ca2+ transient in- 
tion by PTX and HA. (A) 
Incubation of clonal hu- (D 

tact (Fig. 2A). PTX and HA appear to act by 
N 

man T cells with PTX Y blocking the production of inositol trisphos- Y 
(1 00 ng/ml) for 18 hours 100 phate rather than by inhibiting Ca2+ entry; + \PTX+HA t selectively reduced the RANTES RANTES in the absence of extracellular Ca2+, each 
initial. transient ~hase.  still selectivelv prevented one phase of Ca2+ 
and incubation wiih HA (2 pM) for 18 hours inhibited the second, sustained phase, of Ca2+ mobilization. 
The combination of PTX with HA completely abolished all changes in [Ca2+], in response to 1 pM 
RANTES. Cells and recordings of [Ca2+Ii were analyzed as described for Fig. 1. (B) Dissection of two 
separable phases of Ca2+ release with PTX and HA in the absence of extracellular Ca2+. PTX and HA 
each inhibited one component of the biphasic release of stored Ca2+. Cells were incubated with inhibitors 
as in (A) and EGTA (3 mM) was added immediately before addition of RANTES. 

ions (1 1 ), and mediated by Ca2+ to a great- 
er extent than Ba2+ (Fig. ID). Superim- 
posed voltage-ramp, current-voltage (I-V) 
curves (-100 to +60 mV) (Fig. 1E) re- 
vealed inwardlv rectifving currents that lack , - 
voltage-dependent gating and display a very 
~osit ive (>+60 mV) reversal ~otential, as 
kxpected'for a selective Ca2+ cbnductance. 
These properties are identical to those of 
the Ca2+ release-activated Ca2+ current 
(I,,,) (12) observed in the Jurkat T cell 
line after TCR stimulation. inositol 
trisphosphate release, or direct depletion of 
the Ca2+ stores (13). Thus, the Ca2+ re- 
lease, sustained Ca2+ influx, and Ca2+ cur- 
rent properties suggest that RANTES mim- 
ics several of the earliest hallmarks of T cell 
activation. 

The C-C chemokine receptor 1 (CKR- 
I), a 7TM receptor that binds RANTES 
(14), activates PTX-sensitive G proteins 
when expressed in human kidney cells (15). 
We therefore tested the effects of incuba- 

Control PHA Anll-CD3 RANTES 
1'- 

Fig. 3. Stimulation of tyrosine phosphorylation by 
RANTES. Untreated T cells or cells that had been 
pretreated with 2 pM HA were stimulated with 1 
pM RANTES, anti-CD3 (5 pg/ml), or PHA (1 0 pg/ 
ml), and cell lysates were resolved under reducing 
conditions by 10% SDS-polyacrylamide gel elec- 
trophoresis. Proteins were then transferred to Im- 
mobilon P membranes, which were incubated se- 
quentially with antibodies to phosphotyrosine, 
horseradish peroxidas+conjugated secondary 
antibodies, and ECL reagent, and exposed to film. 
Lanes 1 and 2, 1 and 3 min after stimulation, 
respectively. All panels were loaded and exposed 
identically and are from a single representative 
blot. These results are typical of those obtained in 
five similar experiments. Molecular size standards 
are indicated in kilodaltons. 

tion with PTX (100 nglml) for 18 hours on 
cloned T cells. Whereas PTX completely 
and selectively inhibited the initial, tran- 
sient phase of RANTES-induced Ca2+ 
mobilization (Fig. 2A), the magnitude and 
kinetics of the second, long-lasting peak of 
Ca2+ mobilization were unaffected. Be- 
cause this second phase of the RANTES- 
induced Ca2+ response was similar to that 
seen after stimulation of T cells by anti- 
CD3 or PHA, a role for tyrosine phospho- 
rylation in RANTES signaling was indicat- 
ed. We therefore examined whether the 
PTX-insensitive Ca2+ entry pathway was af- 
fected by PTK inhibitors (16). HA, a selec- 
tive inhibitor of Src family MXs, inhibited 

release from stires (Fig. ZB).-These results 
show that RANTES acts through two phar- 
macologically distinct signal transduction 
cascades, one linked to PTX-sensitive G pro- 
teins, and one to PTK activation. In addi- 
tion, these pathways appear to be indepen- 
dent, because each remained unaltered when 
the other was fully inhibited. 

To analyze further the role of PTKs, we 
performed immunoblot analysis of whole- 
cell lysates from quiescent cells (17) with 
antibodies to phosphotyrosine. Stimulation 
with RANTES increased phosphorylation of 
a large number of proteins between 30 and 
200 kD (Fig. 3). The pattern and kinetics of 
phosphorylation induced by RANTES mim- 
icked those induced by anti-CD3 or by 
PHA; the time course paralleled the pla- 
teau response of the second phase of Ca2+ 
mobilization. Phosphorylation induced by 
RANTES, PHA, or anti-CD3 was com- 
pletely inhibited by HA (Fig. 3) (9). 

The biological outputs of the G protein 

Fig. 4. Functional assays of A 6 
T cell chemotaxis and acti- 
vation. (A) Chemotaxis of T 
cells induced by RANTES 250 

(0) was inhibited by PTX (0) 2 
and unaffected by HA (0). % 2m 

0 Cells were incubated with $ ,, o 
PTX (1 00 ng/ml, 18 hours) or E 0 

HA (2 pM, 18 hours). 
washed (2509, 10 min), re- 
suspended in normal cell cul- 
ture medium, and assayed 

1 

Fluorescence intensity 
as previously described (27). RANTES (M) 
Each point represents the 
mean -C SEM number of cells C D - 17.500 
per five high-power fields E 
(HPFs) for four experiments 250 P 1 5 . m  

0 

performed in duplicate. (B) 2m 
- 12.500 3 

Effect of RANTES (1 pM) on 2 1, 
m 1 o . m  .- 

surface expression of the 4 7.500 

IL-2 receptor (IL-2R). Cells z s . m  

were cultured in serum- and 2 , m  

IL-2-free medium and then '2- 0 -IF " 8  11" X U  

stimulated with RANTES for + &  - l y O m C a  b b b b  b: 
q '= - - - -  

48 hours. IL-2R expression RANTES stimulation (hours) control ' z = 
was measured by fluores- 5: 

1 . 1  

cence-activated cell sorting RANTES 
(22) with a specific antibody 
to IL-2R. (C) Effect of RANTES on cytokine production. Quiescent T cells for serum and IL-2, were 
incubated for 4, 24, or 48 hours with 1 pM RANTES, after which the supernatants were collected and 
assayed for IL-2 or IL-5 by specific enzyme-linked immunosorbent assays (23). Values are means 2 SEM 
of three experiments. (D) The effect of RANTES on T cell proliferation. Quiescent cells were incubated with 
no treatment (-), HA (2 pM), PlX (100 ng/ml), anti-CD3 (5 pg/ml), or the indicated concentrations of 
RANTES for 48 hours. Each histogram represents the mean z SEM of THlthymidine (Thd) incorporation 
(counts per minute) for five experiments. The bar representing IL-2 alone demonstrates the normal, basal 
proliferation (survival) level of the clone under typical culture conditions. 
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al-iii PTK p a t h ~ ~ a y q  ryere asqes%e,l \\-it11 the  
Lrse i ~ f  several aisays. RXNTES-ln,iused 
clhemotasis na, cL~~l-ipleteli. inl-iil:~ted after 
~ n c i r l ~ a t i i ~ n  of T cell% with PTX, but n.as 
~ rna t t cc t c~ l  1-!- I-IA (Fig. 4 A l .  T cell acti- 
\ - a t~o~- i ,  c11aracteri:c;l b!- the  i rp-regl~la t~on 
of the  1L-2 receptor and the  prodi~ct ion of 
cytokines, \\.a, alai, aftccteJ 1.1- RZIXTEY. 
~vhic l i  conzi~rent l \ -  increased IL-2 receptor 
ex1-.ression (Fig. 4B) am1 illarkeiily ill- 
creaiecl I:otll 1L-2 anil 1L-5 p r o i l ~ ~ c t ~ i j n  
(Fig. 4 C ) .  R r l N T E S  had n o  measl~ra l~le  
ettect ~ , 1 1  IL-4 or 111terferon y. Laztly, T 
cell p r o l ~ f e r a t ~ o n  xvaz marked11- i~-icre,~se,i 
1.y R r l S T E S .  .\t ,i concen t r ,~ t i~ jn  ( 1  kL1) 
that  tr~c.ereii t he  ieco~-iil phase of CaL+ 
i l ~ ~ ~ l ~ l i : a t ~ o ~ - i ,  R r i N T E S  in,iuceil a >lP- 
f i ~ l ~ l  increa\e in  T cell ~ ro l l t e r a t i cn ,  zlil-ii- 
lar t o  the  eftect of a1-itl-CDi (Fig, 4 D ) .  
RXNTES-induced L-rc~l~ieratii>n \ras com- 
pletell- abcilishe~l b!- treatment \vith I-I.\, 
hut xv,~s ~ulaffecred 131- PTX. T h e  chemo-  
kiilea LlCP-1 c ~ ~ ~ i l  L I IP - l a ,  a t  the same 
conse~-itration as R A S T E S .  iaileLl tu elicit 
simllal- re\prli-i\e,, Thus ,  RA4TTES.  In isil- 
latioil o t  o ther  actil-atil-ic or c i ,>t im~rl ; i t~ng 
agents, call ii~~-ictionall!- induce T cell prn- 
l iferati i~n 111 a manner  s ~ m ~ l a r  to m1tn:enlc 
>timulation. 

T h e  R.\NTES-i~n~li~ceil responxq oh- 
her~reil 111 c3ur ztl~ily ma\- 1nor be meiliared 
exc lus i~ , e l~  rl11-cl1~11 the C-C CKR- 1. 1X.e 
11,ave 1so1,ateil another TTLI receptor, .;II~I\\-- 
111.1 sul?stanti;il homL~lo.r\- to C - C  CKR- 1, 
tram the T cell clL>ne LIXJ here ( 1  SI. It ib 
~ ~ n l i k c l y  that all\- of the ailtigen-inL1e1~t.il- 
ilent actilratli-in s ~ ~ n a l  ciecur 1-12 stirnula- 
tion of tile T C R  at hlyh concenrrar i , i~ l  i d  
R.4NTES. RelatzJ chemi-ikine, 11-1t11 s i m ~ l ~ l r  
cl-iarce rrot'ile: and a,qgrecat~o~l PI-ol1ertii.s 
i ~ l ~ l l ~ c e ~ l  neltller the seconLl phase nf the 
s iynal~ng relponse nor T cell rroliter;ltii,n 
n-hen used at  e ; l u i ~ ~ ~ ~ > l a r  conccntrarions. 
Ll~i~-e i~\ :er ,  qevc.1-a1 lurk,it T cell 111lrs re- 
sponLleLl ti, T C R  sriml~latlon n-ith anti-CDi 
b u t  not  to R.INTES, el-en at iiincentra- 
tli>n:: LIP tci several i-ii~i~-c)mcilar. InLleeLl, thz 
bioactlr'e c~incei~rr-ariciri o f  RANTES ILI  rlie 
preient stud\- 1s st111 an  open lisue. Lloqt 
chemol<ines are th~>ugh t  ti, he active 111 

either tile monomer or d ~ m e r  (un;iygre- 
gdte,I) forili (19 ) .  fiecause RANTES is al- 
mcir c~>mpletely agyreirdteil In $elution at a 
1313 ~ > i  >4.d (19 ) ,  ~t 1s 11kc.l~ that the actu,il 
effective concenrratlnns  of RANTES useLl 
111 t h ~ s  stuJr- arc less thain tl-iiisc liitrd. Ail- 
ilitii,ncllly, lpl~\-sinli,~ical canceiltrations .,? 
chellloki~les 111 tile i l ~ ~ c r ( ~ ~ l l i ) l a r  r a v e  have 
lieen lx,iit<il. Chemokinei iho\v h ~ g h  aiiin- 
 tics for cell s~~l.t;lcc Cri)tecyl~can, (,7J), ;1s a 
result of n.hic11 they are equc.tcrcd a11;l 
~ r e i e n t e i l  to target cells at h ~ g h  coInczntra- 
tion:: n.rr11in a li,c,~l m ~ c r o e n ~ ~ i r ~ i n i ~ ~ i ' t i ~ .  

RANTES-inLl~~ceil  signaling ~n T cells 
appears ; l l>t~ni t  trolu that ;lescribeii tcir li- 
ganLls of other i T h 1  receptors 111 rhdt PTKs 

are recruit~il  together n-1t1-i G protein>. T h e  
i l e ~ i - i ~ ~ ~ ~ t r a t i i ~ ~ ~  <,t elal-orate p;ir;illel mo1eci1- 
lar ?~gnals 111,iuced 1.y R.\I\JTES sugests  ;i 
complex p l ~ ~ s i o l o g ~ c a l  ~llechani\rn fL3r con- 
trol of mlrltiple T cell h~l-ictions. A% coorili- 

9. 
nated p r ~ y r a m  can he e n v ~ h a ~ e i l  nherel-y G 
~xotein-me,iiatd micration at Ion, relative 
conccntra t ion~ of cheillcok~ne leads to intil- 
t r a t i ~ ~ i l  at sites o t  111rl-i concentrations of 
RANTES bei1~restere;l by yroteog1)-cans, re- 
sultinq in acti\.atioil and pro1iferatio1-i I-.\. 
i-i-icanr of the PTK c;i\caile. Thi \  acenarlo 
may have ~~nl? l ica t~o~-i ;  for cl-i~o~-iic intlam- 
IlldttiS! pil t l~olog~c. for 1~111cl-i the ~ J e n t ~ f i c a -  
tmn of persibtent antigei-i has been ~ ~ L I ~ I T - C .  IG, 
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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 for48 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, aprotinn (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- 
Ilne (TBS) contalnlng BSA. 0.1 O 0  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 Skelton F. Aspras. T. Schal 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.S.A 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 I, Immune complexes were revealed by incu- 
bation with teriary horseradish peroxidase-coupled 
antlbodles 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 B A P was supported by NIP iellow- 
ship GMOi065 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- 
Ing torms of act11 1t1-dependent p l a s t ~ c ~ t l  
that may underlie learnlng and memory and 
the  flne tuning of svnaptic connections dur- 
ing deve lop ien t  (3) :  T h e  expression of 
h ~ p p o c a m ~ a l  LTP and LTD in rats changes 
markedly d u r ~ n g  the flrst 3 [reeks after 
birth, a critical period in the  establishment 
of synaptlc connections (4 ) .  Whereas LTP 
is observed only in rats that are >2 weeks 
old (5, 6 ) ,  LTD is most prorninellt during 
the first 10 days after b ~ r t h  ( 6 ,  7). This 
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 a l ~ d  
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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tic C h l  neuron. Both methods resulted in 
Identical postsynaptic responses ( I  3 ) .  How- 
e ler ,  most experiments (24  of 36) were 
nerformed v ~ t h  extrc~cellular stlmulatlon 
hecause of the  d~fficulty in obtaining stahle 
dual \\.hole-cell recordinps. - 

h given C A I  neuron received functional 
synaptlc 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  action potentials elicited an  
excitatory postsynaptic current (EPSC) of - 
4 p h  in a C h l  cell (Fig. 1B). Some 
stimuli failed to elicit an  EPSC. A frequency 
h1sto~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 
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