
(90 chanls each fol A-78 and C-78) 
The system wlth unmatched polymer length 

pars (A-181C-78 and A-78,C-18) had a 
somewhat greater than the smple a\erage of 
constituent block copolymers (3 9 X 10" g'mol 
and 4 3 X lo4 g,mol foi the A-1 8'C-78 and 
A-781C-18 combinations, respect~r ely), ~ndlcat- 
ing an associatioll of ionomeric block copoly- 
mers. yet much smaller than that of PIC mi- 
celles. Block copolynlers in these combinations 
may assume a minimum number of anion-cat- 
ion associations to compensate for theu charge 
If aggregates formed conslstlng of one longei 
chain (DP = 78) wlth four shorter cham 
(DP = J8). then the ?JI_ of such an assoclatlon 
would be -4 x 10" g~mol. mhich is s~n~l la i  to 
the obsei~ ed \ alue for the A-1 8,C-78 and 4-78, 
C-18 systems As shown m Fig 2. unmatched 
pairs form only the lninimal charge-neutralized 
polyioll complex. \x hich 1s unable to grow fk- 
ther into larger PIC micelles, \x hereas matched 
length pairs of block copolymers spontaneously 
assembled into PIC lnicelles mith a consider- 
able association number. Polymer con~plexes 
fomled between unmatched oairs should be less 
stable than those formed between matched 
pairs; and consequently. in the coexisting com- 
petitive condition of matched and ullnlatched 
pairs, only the matched pairs form,birnolecu~lar 
conlplexes that grow into PIC micelles. The 
remaining block copolymers of unmatched 
length are left in isolated foinl. 

Circular dichroism spectra of resulting 
PIC lnicelles indicated that the poly(~-lysine) 
block. which is optically active (9 ) ;  assumed 
no particular secondai-y structure in the mi- 
celle. Thus, both poly(cx,P-aspartic acid) and 
poly(~-lysine) segments in the block copoly- 
mer behave as polymer strands lx~ithout any 
ordered sti-uctures during the process of mi- 
cellization, which indicates that the charge- 
neutralizing selective recognition observed 
here is indeed due to the difference in the 
chain length itself. 

The key determinant in this recognition pro- 
cess is the strict phase separation between the 
PEG corona and the PIC core domain. requiring 
regular alignment of the inolecular junctions 
behveen PEG and poly(arnino acid) segments 
at the interface of the two domains. The require- 
ment for charge stoichiometq (neutralization) 
in the core is ailother essential factor in this 
recognition process. This eventually determines 
the number ratio of participating polyanion and 
polycation strands in the core and restricts the 
spatial arrangement of segments in the core. Ion 
pairs should have an unifornl distribution in the 
PIC core, and ullnlatched length pairs cannot 
achieve this without phase mixing of PEG co- 
rona and PIC core domains. 

The length selection system demonstrated 
with these flexible ionomer polynler strands 
provides a new approach for controlling su- 
pramolecular assembly. Recently, higher or- 
dered assembly of block copolymers in selec- 

tive solvents to form spherical. rodlike. and 
univesicular or lamellar stmctures was reported 
(10; 11). Assembly of charged block copoly- 
mers in aqueous medi~un inay lead to the for- 
mation of similar higher ordered structures 
through precise recognition based on the chain 
lengths of charged segments; which may be 
usehl for constructing self-assembled layers 
based on electrostatic interaction (12). Chain 
length recognition based on PIC foinlatioll at 
two-dimensional interfaces may yield self-as- 
sembled layers of block copolvmers with defi- 

3. C. M. Whitesides, J. P. Mathias, C. T. Seto, Science 
254, 1312 (1991). 

4. R. Dagani, Chem. Erig. News 69, 24 (1991). 
5. j .  M. Frechet, Science 263, 1710 (1994). 
6. V. Percec et al., Nature 391, 161 (1998). 
7. 8. A, Jenekhe and X. L Chen, Science 279, 1903 

(1998). 
8. A. Harada and K. Kataoka, hlacromolecules 28, 5294 

(1995). 
9. A. Harada, 8. Cammas, K. Kdtaoka, ibid. 29, 6183 

(1996). 
10. L. Zhang and A. Eisenberg, Science 268, 1728 (1995). 
11. L. Zhang, K. Yu, A. Eisenberg, ibid. 272, 1777 (1996). 
12. G. Decher, ibid. 277, 1232 (1997). 

A .  

nite layer thicknesses modulated by 13. The authors thank H. R. Stapert of the University of 
Tokyo for extensive discussion and D. \N. Grair~ger of 

lengths 111 the charged se,ments of the block Colorado State Universitv for critical readine of the 
copolymer. manuscript. Financial support from the Ministry of 

Education, Science, Sports and Culture, Japan (a 

References and Notes Grant-in-Aid for Scientific Research: Priority Area 

1, j. M. Lehn, Angew. Chem, int. ~ d ,  Engl, 29, 1304 Research Program-Su~ramolecular Structures) is 

(1990). highly appreciated. \ ,  
2. M. Ahlers, W. M~i l ler ,  A. Reichert, H. Ringsdorf, J. 

Venzmer, ibid., p. 1269. 17  August 1998; accepted 20 November 1998 

Requirement for Diverse, 
Low-Abundance Peptides in 
Positive Selection of T Cells 

Gregory M. Barton and ALexander Y. Rudensky* 

Whether a single major histocompatibility complex (MHC)-bound peptide can 
drive the positive selection of large numbers of T cells has been a controversial 
issue. A diverse population of self peptides was shown to be essential for the 
in vivo development of CD4T cells. Mice in which all but 5 percent of MHC class 
I1 molecules were bound by a single peptide had wild-type numbers of CD4 T 
cells. However, when the diversity within this 5 percent was lost, CD4 T cell 
development was impaired. Blocking the major peptide-MHC complex in thy- 
mus organ culture had no effect on T cell development, indicating that positive 
selection occurred on the diverse peptides present at low levels. This require- 
ment for peptide diversity indicates that the interaction between self peptides 
and T cell receptors during positive selection is highly specific. 

The immune systems of higher vertebrates gen- 
erate a diverse population of potential T cell 
receptors (TCRs) though random reai-range- 
ment of gene segments within the TCR loci. 
The dilemma is in choosing which T cells will 
contribute to protective immunity without 
knowing the antigens that they inay eventually 
encounter (I). This problem is addressed by 
evaluating the TCRs of developing thymocytes 
based on their recognition of the thousands of 

C. M.  Barton, Molecular and Cellular Biology Program 
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different self peptides bound to MHC mole- 
cules in the thymus. Potentially autoreactive T 
cells with TCRs that bind with too high an 
affinity to self peptide-MHC complexes are 
eliminated by a process called negative selec- 
tion. The process of positive selection, by 
which T cells are chosen to mature, results in a 
population of T cells that interacts with MHC 
molecules with sufficient; albeit weak, affinity 
to permit a strong interaction with a paiticular 
nonself peptide presented by self MHC. 
Whether specific interaction with the self 
peptide is needed to select such a T cell 
repertoire has been hotly debated. Of partic- 
ular interest is whether a given self peptide 
selects a limited number of different TCRs 

RudenSky, Department of  immunology and Howard and thus truly shapes the specificity of T cells 
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during positive selection. 
A role for paiticular self peptide-MHC li- 
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fetal thymic organ cultures (FTOCs), resulting ate. Although it is clear that the T cell repertoire report the generation of mice expressing a hu- 
in increasing numbers of CD8 T cells (2). In in these mice is not identical to the wild-type man Ii genomic transgene, in which residues 86 
contrast, a number of recent reports analyzing repertoire, it has been reported that the range of to 102 of Ii have been replaced with pEa (9). 
selection of CD4 T cells in vivo have concluded specificities selected on the single peptide is When expressed in Ii-knockout mice (TgIiKO), 
that the recognition of peptide during positive very broad (3, 4). this transgene restored surface expression of the 
selection is quite degenerate (3, 4). These stud- Evidence that non-CLIP peptides are class I1 allele, I-Ab, to wild-type levels on 
ies used two strains of mice with a single present in H-2M knockout mice (4, 7) and that splenocytes (Fig. 1A). The E a  peptide was 
peptide bound to nearly all of their MHC class these peptides may contribute to positive selec- efficiently loaded onto I-Ab molecules, as mea- 
- - 

I1 molecules. H-2M knockout mice fail to re- tion (7) led us to question whether the T cells in sured by the pEa-I-Abspecific monoclonal an- 
move a peptide fragment (CLIP) of the chaper- these mice were actually selected on a single tibody (mAb), YAe. Immunohistochemical 
one protein invariant chain (Ii) from class I1 peptide. Consequently, we generated transgenic analysis revealed comparable expression of 
molecules, resulting in almost exclusive surface mice to address directly the efficiency of p s i -  these complexes in the thymus (10). 
expression of this peptide (5). A second strain tive selection on a single peptide. We have Although H-2M does not promote dissoci- 
of mice (AbEp) express an altered MHC class I1 previously described a system in which specific ation of k52-68) from I-Ab (II), it is in- 
molecule to which a peptide from the MHC peptides can be loaded onto MHC class I1 volved in peptide loading, even in the absence 
class I1 I-Ea chain, Ea(52-68) (pEa), has been molecules by insertion into the CLIP region of of Ii (12, 13). To decrease expression of any 
covalently tethered (6). On the basis of the Ii (8). Peptide loading occurs in the endoplas- potential non-Ea peptides, we bred the Ii-pEa 
significant number of CD4 T cells that develop mic reticulum when the Ii-peptide fusion pro- transgene onto the Ii, H-2M double-knockout 
in H-2M knockout and AbEp mice, it has been tein binds class I1 dimers. As the Ii-peptide background (TgdblKO). Splenocytes from 
argued that numerous ~ ~ ~ s - c a n  be selected on fusion protein is proteolyhcally processed, the these mice expressed levels of I-Ab similar to 
a single peptide and, therefore, that recognition peptide remains bound in the class I1 groove those in TgIiKO and wild-type mice and stained 
of peptide during positive selection is degener- and is presented at the cell surface (8). We now brightly with YAe (Fig. 1A). We compared the 

n- h dbIK0 
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Fig. 2. CD4 T cell develop- 
ment is impaired in 
Tg-dblKO mice. CD4 ver- 
sus CD8 plots of (A) thy- 
mocytes and (B) spleno- 
cytes from the indicated 
mice are shown. The per- 
centage of total cells fall- 
ing within each gate or 
quadrant is indicated. Cells 
were stained with mAbs 
specific for the CD4 and 
CD8 coreceptors and ana- 
lyzed by flow cytometry 
(24). The CD4 versus CD8 
profiles shown are repre- 
sentative of the six Tg-liKO 
mice and eight TgdblKO 
mice analyzed. 

B Fig. 1. The li-pEa trans- 
Tg.liK0 Tg-dblK'J gene results in high ex- 

pression of pEa-I-Ab E complexes and restores 
I-Ab expression t o  nor- 
mal levels in TgliKO and 
TgdblKO mice. (A) Ex- 
pression of I-Ab com- 
plexes in TgliKO and 
Tg-dblKO mice. Spleno- 

Lysate dilution the indicated geno- 
types were stained with 

mAbs specific for I-Ab (Y3P), pEa-I-Ab complexes (YAe), and CLIP-I-Ab 
complexes (15C4) and analyzed by flow cytometry (23). (B) Quantitation of 
pEa occupancy in TgliKO and TgdblKO mice. I-Ab protein was measured in 
TgliKO and TgdblKO splenocyte lysates after depletion with Y3P- (0), YAe- 
(e), or control immunoglobulin C (IgC)- (0) conjugated Sepharose. Cell 
lysates were first depleted of li-pEa protein-I-Ab complexes by using the 
PIN.l mAb.specific for the cytoplasmic tail of human li. I - A ~  protein was 
quantitated by titrating the depleted lysates in an I-Ab ELISA. The complete- 
ness of all depletions was confirmed in corresponding ELISAs. The percentage 
of class II bound with non-Ea peptides was calculated with Deltasoft II 
software by corn aring the I-Ab remaining after depletion with YAe-Sepha- t rose against I-A remaining after depletion with IgC-Sepharose. These 
percentages ranged from 2 to  9% in three independent experiments and 
were comparable for both TgliKO and TgdblKO splenocyte lysates. 

CD8 - CD8 - 
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pEa occupancy between TgIiKO and Tg.dblKO 
mice by depleting cell lysates of pEa-I-A" 
conlplexes and of I-A"bound to the hybrid Ii 
protein and quantitating the remaining I-A" 
inolecules by enzyme-linked inun~mosorbent 
assay (ELISA) (Fig. 1B). I-A"molecu1es re- 
maining after YAe depletion represent the frac- 
tioil of class I1 b o ~ u ~ d  by non-Ect peptides. This 
approach revealed that Tg.IiKO and Tg.dblKO 
mice had equivalent pEa occdpancy, -95% of 
total MHC class I1 inolecules. 

The self peptide repertoires of both Tg.IiKO 
and TgdblKO inice appeared equally skewed 
toward a single peptide, but the developnlent of 
CD4 T cells in these hvo strains of mice was 
n~arlcedlS; different. Wllereas nonnal nunlbers 
of CD4 T cells developed in TgIiKO mice, the 
percentage of CD4 T cells in TgdblKO mice 
was reduced by inore than 70% in both the 
thymus [8.2 i 1.6% in wildtype (ii = 6), 9.8 ? 

2.4% in TgIiKO (11 = 6), 2.8 C 0.4% in 
Tg.dblKO (11 = 8)] and the spleen [19.8 i 4.4% 
in wild type, 23.7 + 3.9% in Tg.IiKO, 5.1 i 
1.8% in TgdblKO] (Fig. 2). The specificities of 
these CD4 T cells were altered from wild type 
as tlley proliferated in response to wild-type 
splenocytes in a inixed lymphocyte reaction 
(14, 15). In addition, two different transgenic 
TCRs that were selected in wild-QQ~ mice 
failed to be selected in Tg.IiKO mice, confirm- 
ing that the CD4 T cell repeltoire is altered in 
TgIiKO mice in spite of the noilnal n ~ ~ m b e r  of 
cells that develop (14, 16). 

To explain the difference in CD4 T cell 

development between Tg.IiKO and TgdblKO 
mice, we focused on the small percentage of 
I-A" inolecules in Tg.IiKO mice that are not 
loaded lvith E a  peptide. To evaluate the peptide 
coinpoilent of these I-A" molecules, we coin- 
pared the ability of Tg.IiKO and Tg.dblKO 
splenocytes to stimulate T cell hg~bridomas spe- 
cific for different eildogenous peptide-I-A" 
coillplexes (13). As expected, both TgIiKO and 
TgdblKO splenocytes could stimulate pEa-1- 
A"-specific T cells (10). However, only 
Tg.IiKO spleilocytes stimulated each of the oth- 
er endogenous peptide-specific T cell hybiids 
(Fig. 3). Thus, in TgIiKO mice, there is a small 
population of I-A"molecu1es loaded with di- 
verse, high-affinity non-Ea peptides that are 
dependent on H-2M and therefore not detect- 
able in Tg.dblKO mice. These peptides appear to 
be critical for positive selection of the ilonnal 
number of CD4 T cells seen in TgIiKO mice. 

This dependence on non-Ea peptides for 
CD4 T cell developinent in TgIiKO inice brings 
into question whether the Ect peptide contrib- 
utes significantly to the positive selection of 
CD4 T cells in these mice. To address this issue 
we cultured TgIiKO fetal thymi in the presence 
of mAbs that bloclc either all I-A"oinp1exes 
(Y3P) or only pEa-I-Afionlplexes (YAe). 
Both of these mAbs prevent T cell interaction 
with the I-A"molecu1es to which they bind (1 7, 
18). As expected, bloclting I -A~l~olecules  with 
Y3P substa~ltially red~~ced selection of nlature 
CD4+CD8-TCR1" thymocytes (mean, 53% of 
control lobes) (Fig. 4). However, blocking only 
pEa-I-A" complexes did not reduce the number 
of CD4 thynlocytes. YAe-treated TgIiKO lobes 
had consiste~ltly increased percentages of 
CD4+CD8-TCR1" thymocytes (mean, 142% 
of conmol lobes), perhaps indicative of de- 
creased negative selection due to blocking of 
the highly abundant pEa-I-Ab co~nplexes. This 

inability to block selection was not due to poor 
binding because YAe is a higher affinity mAb 
than Y3P (17). Similarly, in FTOC blocking 
experiments with Tg.dblKO inice Y3P signifi- 
cantly bloclced CD4 T cell development, 
whereas YAe had little effect (Y3P, 57% of 
control; YAe, 95% of control). 

These experiments filrther deinonstrate that 
non-Ea peptides select the majority of CD4 T 
cells in TgIiKO mice. III addition, the difference 
behveen blockiilg with Y3P versus YAe in 
TgdblKO FTOCs suggests that non-Ea pep- 
tides contribute to selection in Tg.dblKO mice as 
well. Our inability to detect non-Ea peptides in 
Tg.dblKO inice does not mean that such pep- 
tides are absent. Peotides can contribute to both 
positive and negative selection \vhen present at 
levels below thresholds for peripheral activa- 
tion (19). Still, we cannot exclude the possibil- 
ity that some T cells are selected on pEa-I-A" 
complexes in TgIiKO and TgdblKO mice. We 
believe, however, that inany of the CD4 T cells 
in TgdblKO mice are likely selected by small 
numbers of non-Ea peptides still present in 
these mice. It is possible that low-abundance 
peptides are also responsible for a significant 
percentage of the positive selection seen in 
H-2M lu~oclcout and AbEp mice. 

Om results provide in vivo evidence that a 
diverse population of MHC-bound self peptides 
is essential for positive selection of T cells. 
This co~lclusion agrees with early in vitro worlc 
in the class I system, which described a critical 
role for peptide diversity in positive selection of 
CD8 T cells (2). Not surp~isingly, CD4 and 
CD8 T cells appear to recognize peptide-MHC 
complexes in a similar manner d~u-ing positive 
selection. The importance of diversity within 
MHC-bound self peptides for efficient positive 
selection in vivo demonstrates that the recogni- 
tion of peptide by a TCR is not promiscuous. In 

Fig. 4. The Ea peptide Tg,liKO Tg.dblKO 
does not  contribute Control Control Control Control 

-0 1 -I 1- 
10" 105 106 104 105 106 

Number of splenocytes 

Fig. 3. Non-Ea peptides present in Tg.liKO mice 
are not detectable in Tg.dblKO mice. The relative 
expression o f  different endogenous peptide-I-A~ 
complexes on splenocytes from C57BLl6 (O), 
Tg.liKO (A), Tg.dblKO (C), liKO (A), dblKO (a), and 
H-2M KO (W) mice was measured wi th T cell 
hybridomas specific for the following peptides: 
I-Ea(52-68), y-actin(157-171), lgM(377-392), 
CD22(25-39), and P,M(48-58) (73). Titrated 
numbers o f  splenocytes were cultured w i th  l o 5  
T cell hybrids for 18 t o  20  hours. Interleukin-2 
(IL-2) production was measured w i th  the lL-2- 
sensitive HT-2 cell line in a colorimetic Alamar 
Blue assay. Data are presented as the mean 
absorbance (A) at 570 n m  minus A,,, (A,,,,,,,) 
o f  duplicate cultures. 

significantly t o  positive 
selection in Tg.liKO and 
Tg.dblKO mice. CD4 
versus CD8 plots of 
TCRhi gated thymo- 
cytes are shown for 
FTOCs from Tg.liKO or 
Tg.dblKO mice cultured 
in the presence o f  the 
indicated antibodies. 
Day 16 fetal thymi 
were cultured for 7 
days in  the presence of 
the different mAbs at a 
final concentration of 
40 u d m l .  Concentra- 

Y3P YAe 

d 
n 
0 L". 

tion; 2reater than 40 
pg/ml  did not increase the efficiency of blocking. One lobe from each thymus was cultured in 15G4 
(control) and the other lobe in either Y3P (I-Ab) or YAe (p~a-I -Ab) .  Media and antibody were replaced 
daily. O n  day 7, thymocytes from each culture were stained for CD4, CD8, and TCRP and analyzed by 
f low cytometry (24). For each thymus, the percentage of blocking was calculated by dividing the 
percentage of C D ~ - C D ~ - T C R ~ '  thymocytes in the treated lobe by the percentage of these cells in the 
control lobe. Tg.liKO: Y3P, 53 2 11% (n = 10); YAe, 142 i 25% (n = 9). Tg.dblKO: Y3P, 57 i 5% (n = 
3); YAe, 95 2 15% (n = 3). 
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a normal thymus, a single peptide does not 
select millions of different TCRs, as has 
been suggested in the analyses of H-2M 
knockout and AbEp mice (3,4). Instead, the 
signal through the TCR that eventually 
leads to positive selection is driven by and 
dependent on specific interactions with self 
peptides. This degree of selectivity may be 
similar to the recognition of peptide during 
T cell activation. Indeed, it would be rea
sonable for the immune system to evaluate 
T cells during development on the basis of 
the rules of recognition that are required in 
the periphery. 

The specific recognition of peptides ap
pears so central to the generation of a com
plete T cell repertoire that even peptides 
present at very low levels can contribute to 
positive selection of T cells. These peptides 
generate the bulk of the diversity within 
MHC-bound peptides and probably support 
the development of the majority of selected 
thymocytes. This requirement for diverse, 
low-abundance peptides suggests that speci
ficity during positive selection is fundamental 
to the generation of a broad, functional T cell 
repertoire. 
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subtype of glutamate receptor undergoes a 
period of hypersensitivity, in which neurons 
bearing NMDA receptors are rendered highly 
sensitive to excitotoxic degeneration (2). 
During this period, NMDA receptors are pri
mary mediators of glutamatergic fast excita
tory neurotransmission in the brain (3). Al
though NMDA receptor activation can pro
mote survival of cerebellar granule cells in 
vitro (4) or dentate granule neurons in vivo 
(5), evidence that even transient inactivation 
of NMDA receptors can be lethal for many 
neurons has not been described. We now 
report that during a specific stage in onto
genesis coinciding with the period of 
NMDA receptor hypersensitivity, transient 
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Programmed cell death (apoptosis) occurs during normal development of the 
central nervous system. However, the mechanisms that determine which neu
rons wil l succumb to apoptosis are poorly understood. Blockade of /V-methyl-
D-aspartate (NMDA) glutamate receptors for only a few hours during late fetal 
or early neonatal life triggered widespread apoptotic neurodegeneration in the 
developing rat brain, suggesting that the excitatory neurotransmitter gluta
mate, acting at NMDA receptors, controls neuronal survival. These findings may 
have relevance to human neurodevelopmental disorders involving prenatal 
(drug-abusing mothers) or postnatal (pediatric anesthesia) exposure to drugs 
that block NMDA receptors. 
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