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IS .  For severa reasons, V.R. s an deal case for testng 
our hypothess that the processes underlyng vsual 
f ng-n  ~.b!Il rernan Intact in par~etal extncton Frst. 
her e s o n  is prrnary cortcal. but she has no v~sual 
fled cuts The c n c a  phenomenon of extncton can 
be obsen,,ed n several k~nds of tieurolog~cal patents 
but may arise for d~verent reasons after the occur- 
rence of ds tnc t  esons [such as partial sensop! loss 
(4) n patents w th  subcorical esons; Patents vdth 
m a n y  cortca damage ( k e  V R.) show def~cts  that 
are rnore attentonal n nature and therefore provde 
the cr~t~cal test for our present hypothes~s, however, 
u n k e  V.R . rnany cortical pat~ents have v~sual f~eld 
cuts that render them unsutabe for our tests. Sec- 
ond, the large extent of V R 's cortca eson places 
consderabe constrants on the neural substrate for 
the preseved vsua fl ing-in that r!e fnd w t h n  the 
Intact issue Fnaly, although extnction s relatively 
common for a bref perod after unatera brain dam- 
age, t is otien translent n thls respect. V.R s also a 
partcuarly useful case, her dsorder remaned stable 
over rnany months, permttng the extensve testng 
documented here. 

14 R Ward. S Goodr~ch, J. Dr~ver. VisuaiCogn. 1 .  131 
(1 994). 

15 R von der Heydt, E Peterhans, G Baumgartner. 
Science 224. 1263 (1 984). R. von der Heydt and E. 
Peterhans. J. Neurosci. 9. 1751 (1 989). 

16 R. Jackendo?. Consciousness and roe Conpi,ta- 
iiona! Mind (MT  Press. Cambrdge. ;vlA. 1987). 

17 V R.'s small eft-hem~sphere les~on had occurred 2 
years before the rght-heinsphere stroke, causng a 
transient r~ght-s~ded homonymous hem~anop~a 
whch resol\ted completely and no other symptoms. 
At the tme  ofthe present nvestgatons, V R, had full 
vsua f~elds. There was no evdence of .~nlatera l e t  
neglect when convent~ona measures were used, n -  
clud~ng ne-b~sect~on and cancellat~on tasks: but 
V.R, showed consistent exr~nct~on of contrales~onal 
srmui n the v~sual, tac te .  and a.ldtor, rnodates 
on confrontat~on The experments reported liere 
were conducted behveen 1 and 24 monrhs after the 
rght-hemsphere stroke. 

18. A s t m u  \Yere dspayed on the active matr x screen 
of a Mac~ntosh Po1,verBook 543, controlled by 
VScope software [J T. Enns and R. A. Rensnk. 
VSco,oe Soii',l/aie Manual: 'Jision Testing Sot?,l/are 
for the Macintosh (;vlcropsych Software. Jnversty 
of Brtish Coumba. Vancouver, Canada, 1992)l. The 
vel.b!ng ds-ance was 50 cm. Crcuar nducers \yere 
5.1' n dameter, w th a center-to-center separat on 
of 10.2" horizontally and 7.4' vertcaly ( a  draw ngs 
are to scale, so that other ~ i sua l  angles inay be de- 
r~ved) 

19. The duraton for whch the target segments were 
removed was derermned before each exper ment 
by a tl-raton procedure amed a: producng 75% 
correct detectons for unatera  Ieti tr~als. Ths dura- 
t on  was 500 ms In experment 1. 100 tns In experl- 
ment 2, and 250 rns n experment 3 

23. W ~ t h n  each experment, a the condtons were m -  
pemented during a s n g e  sesson and n counterba- 
anced order, to r ~ e  out any nfuences of pract ce or 

long-term recover$ on the comparsons of Interest. 
21 In experlments 1. 5, and 4. V.R. completed four 

blocks of 36 tr~als, the tr!o possbe dspay types 
beng blocked w th  ther order counterbalanced n an 
ABBA desgn. In experment 2. V.R completed s x  
blocks of 56 tr~als in an ABBAAB desgn Each block 
always contaned 16 bateral, 8 uniatera eft, and 8 
unatera rght tr~als for a paricuar dspay type, plus 
4 catch t r~a s, a n a random order. 

22 In experrnent 1, V R detected 12 out of I 6  (1 211 6) 
unatera eft  events and 15,'16 unatera r~ght events 
of the nner type: and 15 16 uniatera eft plus 1611 6 
unatera rght events of the outer type She correctly 
reported the absence of any target event on a catch 
trlas. In experment 2, V R, detected 23\24 unateral 
eft events and 24/24 unatera r~ght events for eft- 
nner dspays, and 24\24 unatera events (left and 
r~ghti for left-outer dspays. For both dspay types n 
experiment 5, she detected 16'1 6 unatera events 
(left and rght )  and made no false-positve responses 
on catch t r as ,  k e w s e  for experment 4. 

25 The sequence of events n each t r ~ a  was smilar to 
that n experlments 1 through 4 A central f~xat~on 
cross was dspayed for 533 ms. This was rep aced 
by a pctured cube (maxmum ieght  10.8', rnaxl- 
mum wdth 14.6") w~ th  perspective and shad ng 

cues constructed t o y e d  a SD shape. The "nearest" 
vertca edge of the cube appeared at the center of 
the screen, in n e  w~ th  f~xaton One second later, a 
black horzonta bar appeared for 150 ms to the Ieti 
or right of the cube (unilateral tr~als); or two bars 
appeared smutaneousy for 150 rns on either side 
(batera  trlals, as illustrated), or no bars appeared 
(catch trials) The cube remained visble u n t  V R. 
reported whether there had been any bar on the 
rght. left, both sides, or nether sde  Each block of 
t r a s  had the same structure as prevousy The three 
dspay types were blocked n an ABCCBA order 

24. For a three dspay types in experment 5. V.R de- 
tected ever, unatera stimulus on the left and right 
and correctly reported the absence of any bars on all 
catch tr~als. 
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NMDA Channel Regulation by 
Channel-Associated Protein Tyrosine Kinase Src 
Xian-Min Yu, Rand Askalan, Gary J. Keil II, Michael W. Salter* 

The N-methyl-D-aspartate (NMDA) receptor mediates synaptic transmission and plas- 
ticity in the central nervous system (CNS) and is regulated by tyrosine phosphorylation. 
In membrane patches excised from mammalian central neurons, the endogenous ty- 
rosine kinase Src was shown to regulate the activity of NMDA channels. The action of 
Src required a sequence [Src(40-58)] within the noncatalytic, unique domain of Src. In 
addition, Src coprecipitated with NMDA receptor proteins. Finally, endogenous Src 
regulated the function of NMDA receptors at synapses. Thus, NMDA receptor regulation 
by Src may be important in development, plasticity, and pathology in the CNS. 

T h e  NklDA receptor is a principal subtype 
of ionotropic excitatory amino acld recep- 
tor that plays a central role in L~T-elopment, 
ne~~roplasticity, ancl excitotoxlclty in the 
CNS 11 ) .  The function of NLllDA recevtor , , 

is regulated by protein phosphorylation at 
ser~ne or threonine 12) anti at tvrosine ( 3 .  
4) residues. For serlne or threon~ne klnases, 
protein kinase C is an eniiogenous kinase 
(5 )  that reg~llates NLllDA channel f~unc- 
tion. In contrast, the endogeno~~s tyroslne 
klnase that repulates NhllDA channels has 
been elusive. Numerous receptor (6), as 
well as nonreceptor (3, tyroslne kinases are 
expressed ~n the CNS. We set out to iden- 
tify the endogeno~~s tyrosine klnase regulat- 
ing Nh/lII)A channel f~lnct~on.  

We recorded NLllDA receptor single- 
channel currents using ~nsiile-out patches 
taken from cultureii rat central neurons (8). 
To investigate xvhether the endogenous ty- 

D v ~ s o n  of Neuroscence, Hospta for Sick Cl idren. De- 
partment of Physoogy Jnversty of Toronto. Toronto, 
Ontario. M5G 1x8 Canada. 
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rosine kinase was a nonreceptor tyrosine 
klnase in the Src family, we made use of a 
high-aff~nity peptide, EPQ(pY)EEIPIA 
(g), which activates this family of kinases. 
The nonphosphorylated form of the pep- 
tide, EPQYEEIPIA, is inactive (9)  and was 
~ ~ s e d  as a control. Application of EPQ(pY)- 
EEIPIA to the cytoplasmic side of the mem- 
brane produced an increase in the channel 
activity (10) while having no effect on 
single-channel conductance (Fig. 1A). On  
average, channel open probability (Po) in- 
creased to 260 -t 38% of the control value 
(mean 2 SEhll; n = 7 patches), and there 
was an increase in mean open time to 
152 ? 18%. Peptide EPQ(pY)EEIPIA 
c a ~ ~ s e J  nlarked changes in the distribution 
of open and shut times (Fig. lA) ,  with 
alterations in the relatlve area of the com- 
ponents and no significant changes in the 
values of the tilne constants. In the distri- 
bution of open times, the area of the longest 
component was increased. For shut times, 
the area of the shortest component in- 
creased anti that of the longest component 
decreased. Peptide EPQ(pY)EEIPIA also 
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Fig. 1. Modulat~on of NMDA channel act~v~ty by a 
peptde activator or an ant~body nhlb~tor of Src fam~ly 
kinases. (Aa) A contnuous record of NMDA channel 
open probabil~ty (Po) before and durng cytoplasmc 
applicat~on of EPQ(pY)EEIPIA (1 mM: bar). NMDA 
channel Po was calculated in b~ns 10 s In duration. 
(Ab) Snge-channel currents before (Control: upper 
trace) and d u n g  (lower trace) application of EPQ- 
(pY)EEIPIA. (Ac) Current-voltage (I-V) relation for 
mean NMDA single-channel currents before (circles) 
and durng (trangles) applcaton of EPQ(pY)EEIPIA. 
(Ad) Dwell-t~me histograms of open and shut times 
before (upper panels) and during (lower panels) ap- 
plicat~on of EPQ(pY)EEIPIA. In th~s and all other 
dwell-time histograms the dashed lines indicate indi- 
vidual exponential components, the solid Ine shows 
the sum of the components, and n IS the number of 
events The average t~me constants of the compo- 
nents ( iSEM) were 0 12 i 0 05, 0 98 i 0 45 and 
3.0 + 0.9 ms (open times) and 0.15 i 0.02, 1 7 i 
0.27,26 i 4 0,380 i 86, and 1700 i 540 ms (shut 
times) before peptide admnistraton (n = 7 patch- 
es) (B) Effect of EPQ(pY)EEIPIA (n = 7) EPQYEEI- 
PIA ( I  mM, n = 5 patches), and EPQ(pY)EEIPIA in 
the absence of ATP (n = 5 patches), on NMDA 
channel activ~ty Values are the means i SEM The 
dashed line ind~cates control values before pept~de 
amication IP- and mean oDen tme = 13.7 + 0.91 x 

EPQ(pY)EEIPIA B EPQ(pY)EEIPIA EPQYEEiPlA EPQ(pY)EEIPIA 
wthout ATP 

Control 

I '  d.1, v ("v) 4- 
.Lw-L Ld* 

-2- 

d Control 0001- 

, , . "  
and 2.0 i 0 5 ms, rekpect~vely, and the dura- Dwell time (ms) 

tion of the bursts clusters and superclusters = 2 7 
i 0.8, 9 1 i 1 7 and 203 2 41 ms, respectvely], to, mean open tme; B, burst length C cluster length, S, supercluster length, (C) A continuous record of the NMDA 
channel Po before and during applcat~on of ant-cstl ( I 0  p,g/ml; bar). (D) Effect of ant-cstl (n = 6 patches) orthe nonselective IgG fraction (10 p,giml; n = 4 patches) 
on activity of NMDA channels. *P < 0.05 [Mann-Whiney test for EPQ(pY)EEIPIA versus EPQYEEIPIA or anti-cstl versus the nonselective IgG fraction] 

produced a significant increase in the dura- 
tion of the bursts, clusters, and superclusters 
(Fig. 1B) and in the numbers of openlngs 
and mean total open time during the group- 
ings (11) .  In contrast, control peptide 
EPQYEEIPIA had 110 significant effect on 
any of the parameters measured (Fig. 1B) 
(n  = 5 patches). Omitting adenosine 5'- 
triphosphate (ATP)  prevented the effects of 
EPQ(pY)EEIPIA, consistent with an  action 
due to phosphonlation (Fig. 1B). 

In a complementary series of experiments 
n7e used an  antibody, anti-cstl ( 1  2) ,  which 
inhibits Src family kinases ( 13) (Fig. 1, C and 
D). Anti-cstl (10 ~ g / m l ;  n = 6 patches) 
produced significant decreases in Po, mean 
open time, and burst and cluster duration (Fig. 
ID) .  In addition, the numbers of openings 
and mean total open time in all of the group- 
ings were decreased (1 1).  In contrast, applica- 
tion of nonselective itntnunoglobulin G (IgG) 
fraction (10 *g/ml) had no  significant effect 
(n  = 4 patches). The effects of EPQ(pY)EEI- 
PIA and anti-cstl implied that a Ssc family 
kinase was present in the membrane patches 
and reg~~lated NMDA channel gating. 

T o  determine whether the  endogenous 
kinase was Src itself, we studied the  effects 
of anti-srcl (Fig. 2,  A and B) ( n  = 6 
patches), which blocks selectively the  func- 
tion of this kinase (1 3) .  Administration of 
anti-srcl decreased N M D A  channel gating 
with no change in single-channel conduc- 

A 2 min Anti-Srcl C 2 min Src(40-58) 
a 0.1-~- 

I 0.1 - - 

a Anti-Srcl 

Dwell time (ms) 

B I 
Anti-Srcl Anti-Srcl - + 

x 150-1 1 Src(40-58) 

300, EPQ(pY)EEIPIA EPQ(pY)EEIPIA EPQ(pY)EEPIA 
T with with 

antl-Srcl Src(40-58) 

P 
0 

Po to B C S 

Fig. 2. Regulation of NMDA channel gating by endogenous Src. (Aa) A continuous record of NMDA channel 
Po in the absence or presence of anti-srcl (I : 100 dlution: bar). (Ab) Dwell-t~me histograms of NMDA channel 
open and shut tmes before (upper panels) or durng (lower panel) application of anti-srcl, (B) Effect of 
anti-srcl (mean + SEM; n = 7 patches) or anti-srcl after incubation with Src(40-58) (n = 3 patches), (C) A 
contnuous record of NMDAchannel P, n the absence or presence of Src(40-58) (0.03 mglml, bar). (D) Effect 
of Src(40-58) (n = 7 patches) or sSrc(40-58) (0.03 mgiml; n = 5 patches) (E) Effect of EPQ(pY) EElPlA alone. 
EPQ(pY)EEIPIA with ant-srcl (n = 5 patches). or EPQ(pY)EEIPIA wth Src(40-58) (n = 4 patches) on NMDA 
channel activ~ty. ̂P < 0.05 and **P < 0 01 (Mann-Whitney test) 
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tance: Po, mean open time, and burst and 
cluster length were significantly reduced, 
and the open-time distribution was shifted 
toward shorter openings and the shut 
times toward longer closings. The effects 
of anti-srcl were prevented when it was 
incubated with the corresponding im- 
munogen peptide, Src(40-58), for 30 min 
just before use (n = 3 patches). Moreover, 
EPQ(pY)EEIPIA had no effect when ap- 
plied to patches that had first been treated 
with anti-srcl (Fig. 2E) (n = 5 patches). In 
addition, application of recombinant 
pp6OC-'" (1 U/ml; n = 6 patches) increased 
Po to 257 + 100% of control, mean open 
time to 125 + lo%, burst length to 186 + 
23%, and cluster length to 220 + 33%. 
These effects were prevented by boiling 
pp6OC-"" to heat-inactivate it just before use 
(n = 4 patches). Together, these results 
indicated that NMDA channels were regu- 
lated by endogenous Src. 

It is possible that anti-srcl acted by pre- 
venting an interaction between the region in 
Src specific for the antibody and a comple- 
mentary region in a target protein. To inves- 
tigate this possibility, we studied the effects of 

Fig. 3. Association of Src and NMDA channel pro- 
teins, lmmunoprecipitation with anti-NR1 (A) and 
anti-Src (B), or nonspecific IgG (C). Membrane pro- 
teins were solubilized under nondenaturing (Co-IP) 
or under denaturing conditions (IP). Proteins were 
resolved by SDS-PAGE, transferred to nitrocellu- 
lose, and analyzed by sequential immunoblotting 
with anti-NR1, anti-Src, or anti-Kv3.1 as indicated. 
SM, lanes loaded with 50 pg of solubilized mem- 
branes without immunoprecipitation; NS, lane 
loaded with antibody but no sample to demon- 
strate the position of the IgG heavy chain. Molecu- 
lar size standards (in kilodaltons) are indicated on 
the right. The results are representative of five (A), 
six (B), or three experiments (C). 

Src(40-58) (Fig. 2, C and D). Po, mean open 
time, and duration, number of openings, and 
mean total open time during bursts and clus- 
ters were reduced by application of Src(40- 
58) (n = 7 patches). To control for length, 
net charge, and amino acid composition, we 
tested a peptide in which the amino acid 
sequence of Src(40-58) was scrambled (8). 
Scrambled Src(40-58) [sSrc(40-58)] had no 
effect on single-channel activity (Fig. 2D) 
(n = 5 patches). In other experiments, initial 
treatment with Src(40-58) prevented the ef- 
fects of EPQ(pY)EEIPIA (Fig. 2E), but these 
effects persisted with sSrc(40-58) (n = 3 
patches). Thus, an interaction between the 
region of Src(40-58), which is within the 
unique domain of Src, and another protein 

may be necessary for the effects of Src on 
NMDA channels. 

To determine whether Src and NMDA 
channels are associated physically, we im- 
munoprecipitated membrane proteins ( 14) 
with antibodies specific for the NR1 sub- 
unit of NMDA receptors (anti-NR1) or for 
Src (anti-Src). When we used nondenatur- 
ing conditions (15) to solubilize membrane 
proteins, immunoprecipation with anti- 
NR1 resulted in coprecipitation of Src (Fig. 
3A). Conversely, immunoprecipitation 
with anti-Src resulted in coprecipitation of 
NR1 (Fig. 3B). In contrast, the K+ channel 
protein Kv3.1 (1 6) was not immunoprecipi- 
tated either by anti-Src or anti-NR1, indi- 
cating that precipitation of membrane pro- 

A - EPQ(pY)EEIPIA 
APV T = 3.3 ms 0-2min 8-10 min + APV 

-80 

\ 
Control I 

C 
PA 

NMDA Nan-NMDA 

0.5' 
2 4 6 8 1 0  

Time (min) 

Fig. 4. Regulation of synaptic NMDA currents by endogenous Src. (A) Representative recording of 
averaged mEPSCs before (Control) or during application of APV (1 00 pM), and after wash; 7, decay 
time constants of the currents. (Inset) (Top) The I-V plot of the NMDA component of averaged 
mEPSCs. Each point is the mean of the amplitude of the NMDA component (2SEM; n = 6 cells) 
relative to those recorded at -60 mV [I,,o,,J. (Bottom) An all-points distribution histogram of current 
60 to 90 ms after the start of 20 consecutive mEPSCs. The distribution was fit as the sum of two 
Gaussian curves (solid line). One peak occurred at -0.1 pA and represented background noise. The 
other peak was at -2.7 PA, from which a single-channel conductance was calculated. (B) A 
representative recording of averaged mEPSCs (top traces) or NMDA components (/,,,A (bottom 
traces) compiled immediately after breakthrough (0 to 2 min), 8 to 10 min later, and during bath 
application of APV (100 pM) when EPQ(pY)EEIPIA (1 mM) was included in the recording pipette. We 
constructed I,,, by subtracting, from the averaged mEPSC, a current decaying at a single 
exponential rate equal to the fast component. Bars: time, 25 ms; current, 5 pA (top) and 2 pA 
(bottom). (C) NMDA and non-NMDA synaptic responses during recordings with EPQ(pY)EEIPIA (1 
mM, closed symbols; n = 8 cells) or EPQYEEIPIA (1 mM, open symbols; n = 5 cells). We calculated 
charge (Q) by integrating currents during NMDA (circles) or non-NMDA (triangles) components of 
mEPSCs. For each cell, charge during consecutive 2-min periods (QJ was normalized to that 
measured during the initial 2-min period (Q,). (D) Mean Q,dQ,for NMDAor non-NMDAcomponents. 
Recordings were done with intracellular solution (ICS; n = 5 cells) or intracellular application of 
EPQ(pY)EEIPIA, EPQYEEIPIA, anti-srcl (1 : 100 dilution; n = 6 cells), Src(40-58) (0.03 mg/ml; n = 7 
cells), or sSrc(40-58) (0.03 mg/ml; n = 6 cells). (C and D) *P < 0.05, paired t test. 
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t e ~ n s  did not occur  o on specific ally. The 
coprecipitation of Src by anti-NRl and of 
NR1 by anti-Src was prevented when dena- 
turing solubilization conditions were ~ ~ s e d ,  
whereas the im~nunoprecipitation of NR1 
or Src by the corresponding antibodies was 
not affected. Moreover, neither N R l  nor 
Src was precipitated by nonspecific IgG. 
Thus, Src may have been physically associ- 
ated with NMDA c11a1111els in vitro. 

To  investigate \vhether synaptic NMDA 
receptors were regulated by Src (17), we 
studied miniature excitatory postsynaptic 
currents (mEPSCs). These rnEPSCs showed 
NMDA- and non-NMDA receptor-medi- 
ated components (Fig. 4A) ( IS) .  Intracel- 
lular administration of EPQ(pY)EEIPIA in- 
creased the average NMDA component of 
the mEPSCs to -1600h of the initial value 
(Fig. 4, B and C )  (n  = 8 cells). During the 
recording period there was no change in 
reversal potential, indicating that there was 
no alteration of driving force (1 1 ) .  In con- 
trast to recordings \\,it11 EPQ(pY)EEIPIA, 
the NMDA component xvas unaffected 
when EPQYEEIPIA was administered (n = 
5 cells). In other recordings, addition of 
anti-srcl or Src(40-58) significantly reduced 
the NMDA component of the mEPSCs, 
whereas sSrc(4C-58) had no effect (Fig. 4D). 
The non-NMDA component of the 
mEPSCs \\,as unaffected by EPQ(pY)EEI- 
PIA, EPQYEEIPIA, anti-Srcl (n  = 6 cells), 
Src(4C-58) (n  = i cells), or sSrc(4C-58) (n 
= 6 cells). The non-NMDA cha l~ l~e ls  stud- 
ied in this way were located at the same 
synapses as the NMDA channels (18); thus, 
even within the restricted space of a single 
postsynaptic site, Src appeared to regulate 
NMDA but not 11011-NMDA channels. 

Src is expressed at high levels in the 
C N S  and is found preferentially in neu- 
rons that express an alternatively spl~ced 
form of the enzyme (7). However, the 
funct~ons of Src in the C N S  have until 
now remained enigmatic ( 19).  These re- 
sults indicate that Src may be a inember of 
the NMDA channel complex anil that one 
function of Src could be to regulate 
NMDA channel activity. 

NMDA receptor subunits 2A and 2B 
may be phosphorylated on tyroslne (ZC), 
and thus Src might regulate NMDA chan- 
nels by phosphorylating these subunit pro- 
teins. Alternatively, Src might phosphory- 
late other proteins that are in the NMDA 
channel complex (1 5, 2 1 ). Tyrosine phos- 
phorylation resulted in an increase in P,, 
posslbly because of an increased probability 
that the channel \\,ill enter long-lived open 
states. In addit~on, there is a decreased 
probability that the channel will be in long 
shut states. Synaptic NMDA receptor-me- 
diated currents result from single receptor 
activations that may correspond to clusters 

or superclusters in single-channel record- 
ings (22). The magnitude of the effects of 
manipulating Src activity on synaptic 
NMDA currents corresponded to those of 
the chal~ges in burst and cluster length - - 
more closely than to those of the changes in 
overall P,. This result is not unespected 
given that simulated synaptic NMDA cur- 
rents change with altered burst and cluster 
length even without changes in overall P, 
(23). The changes in single-channel behav- 
ior may account for the effects of tyrosine 
phosphorylation on whole-cell NMDA cur- 
rents (3, 4) ,  long-term depression in the 
cerebellum i24), and the effects of Src on , , 

the synaptic currents reported here. Our 
findings also indicate that the unique do- 
main of Src may participate in NMDA 
channel regulation. This dolnain is not di- 
rectly involved k catalysis i25), and thus it , , ,  

is likely that the sequence containing amino 
acids 40 through 58 participates in protein- 
protein interactioi~s necessary for coordinat- 
ing the phosphorylation of the Src target. 

NMDA receDtors have been iinolicated 
in development, plastic~ty, and pathology 
in the C N S  (1) .  We postulate that Src, by 
virtue of its association with a i d  regulation 
of NMDA receptors, may be important in 
NMDA receptor-dependent procebses. 
Given that Src and NMDA receptors are 
n~idely expressed in the CNS, our results 
demonstrate a mechanism that may have a 
general role in regulating excitatory synap- 
tic f u n c t i o ~ ~  in the nervous system. 
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Positive Selection of T Cells Induced by Viral 
Delivery of Neopeptides to the Thymus 
Naoko Nakano, Ronald Rooke, Christophe Benoist, 

Diane Mathis 

The relation between an antigenic peptide that can stimulate a mature T cell and the 
natural peptide that promoted selection of this cell in the thymus is still unknown. An 
experimental system was devised to address this issue in vivo-mice expressing 
neopeptides in thymic stromal cells after adenovirus-mediated delivery of invariant 
chain-peptide fusion proteins. In this system, selection of T cells capable of responding 
to a given antigenic peptide could be promoted by the peptide itself, by closely related 
analogs lacking agonist and antagonist activity, or by ostensibly unrelated peptides. 
However, the precise repertoire of Tcells selected was dictated by the particular neopep- 
tide expressed. 

M a t u r e  T lymphocytes display a biased 
repertoire of T cell receptors (TCRs) ,  en- 
riched for those that can recognize foreign 
antigens presented by the  animal's own ma- 
jor histocompatibility complex ( M H C )  
molecules and largely purged of those capa- 
ble of seeing self-antigens in  the  context of 
self-MHC molecules (1) .  These biases re- 
flect positive and negative selection pro- 
cesses that take place in  the  thymus, both 
controlled by interactions bet\\~een the 
TCRs o n  differentiating thymocytes and 
the  M H C  molecules o n  stromal cells. Posl- 
tive selection is of oarticular interest be- 
cause it shapes the  T cell repertoire to deal 
with antigens not encountered until some - 
time in  the future, or even never. Other  
than that M H C  molecules are involved, the  
precise nature of the ligands that promote 
positive selection remains undefined. 

O n e  svstem used to address this issue 
relies o n  ;he addition of peptides to  fetal 
thymic organ cultures (FTOCs) derived 
from mouse strains carrylng mutations that 
interfere \\,it11 peptide loading and surface 
display of M H C  class I molecules (2-10). 
These studies agreed that peptides are re- 
quired for positive selection, but disagreed 
o n  the  nature of the  most effective peptides 
and o n  their precise role. I n  addition, this 
approach has limitations: First, the  F T O C  
systems can give a n  indication of \ \~hich 
peptides are capable of enhancing the  se- 
lection of a given T C R ,  but do  not address 
those actually responsible for selection; sec- 
ond, as discussed (1 1,  12) ,  such systems 
create a situation in which thymocytes are 
exnosed to few M H C  molecules heavily 
loaded with a single peptide, unlike the  
natural condition \\,here manv M H C  mole- 
cules carry a heterogeneous mix of peptides. 

A n  alternative approach allows the 
identification of T cells selected in vivo o n  

lnstltut de GBnetiqm~e et de B o o g e  Moecua~re et Celu- 
a r e  (NSERM, CNRS, Unversfte LOUIS Pasteurj. 1 rue 
Lauren: Fres, 67404 I k r ch .  C.U de Strasbourg, France. 

a defined peptide. Mouse strains were engi- 
neered that express M H C  class I1 molecules 
loaded with a single peptide-either by in- 
troduction of a transoene that encodes a 

0 

class I1 chain covalently llnked to a partic- 
ular peptide (13) or by generation of a null 
mutation of the H-2M gene, resulting in  
class I1 molecules filled \\,it11 a peptide de- 
rived from the invariant chain 111) 114. 15) .  ~ , ,  , , 

Surprisingly, results from these studies were 
largely in  agreement: A single peptide pro- 
moted selection of a large number of T cells 
(13-15) with a diverse repertoire of TCRs 
(13, 14).  This approach has overcome one 
of the criticisms of the experiments that use 
FTOCs but remains susceotible to the  sec- 
ond In that these systems produce a situa- 
tion in  \\.hich low (13) or normal (14, 15) 
amounts of M H C  molecules are loaded with 
essentially one peptide. 

T o  surmount both limitations, we iniect- 
ed mice intrathymically ( i t . )  with an  ade- 
novirus vector that directs exoression of a 
peptide of choice (neopeptide) in  a form 
that favors its presentation by M H C  mole- 
cules o n  thymic stromal cells. T h e  vector is 
a nonreplicating derivative of the Ad5 
strain, bearing a deletion of the  critical E l a  

L. 

and b region (Fig. l A ) ,  which was replaced 
by a cassette that controls expression of a 
given cDNA in  cells that normally express 
M H C  class I1 molecules (Flg. IB) .  Intrathy- 
mic injection of adenoviruses carrying 
cDNAs within this cassette (16) results in  
measurable protein expression 10 days later, 
remaining detectable for about 4 weeks. 
Proteins are expressed in amounts similar to 
those of endoge~louslv encoded M H C  class 
I1 molecules a:d occur primarily in the  class 
11-positive epithelial cells of the  cortex and 
medulla. Expression is confined to an  area 
about 3 to 26% of the injected lobe, does 
not  "spread" to a n  adjacent uninjected lobe, 
and is not detectable in  the peripheral lym- 
phoid organs. Thus, this system permits one 
to influence thymic selection quite specifi- 




