
lesions, about 1 to 3 mm in diameter. No skin 
lesions were found on the other two IRF-1-I- 
mice, but they too were less alert and less 
active than the BCG-infected wild-type mice, 
which showed no clinical signs of disease. 
Histologically, the skin lesions of the one 
IRF-1 -I- mouse were granulomas with a mor- 
phological pattern compatible with miliary 
cutaneous tuberculosis (26), which contained 
large numbers of acid-fast bacilli (Fig. 5A). 
Many acid-fast bacteria were also found in 
abundant granulomatous lesions in the livers 
(Fig. 5B), lungs, and spleens (27) of all three 
IRF- 1 -I- mice. In contrast, acid-fast rods 
were not found in the livers (Fig. 5C) and 
other organs of wild-type mice, and these 
organs contained smaller, and slightly fewer, 
granulomatous lesions than were found in 
IRF-1-I- mice (27). These findings indicate 
that, in comparison with wild-type mice, 
BCG infection is much more extensive and 
severe, and M. bwis elimination is impaired, 
in IRF-1-I- mice. Although it is tempting to 
conclude that the lack of NO generation by 
IRF-1-I- macrophages is responsible for the 
more severe course of BCG infection, other 
reasons cannot be ruled out. However, it 
seems unlikely that the more severe BCG 
infection was due to the reduced CD8+ T cell 
numbers in the IRF-1-I- mice (1 4), because 
mice with a null mutation in the p,-micro- 
globulin gene that lack functional CD8+ T 
cells are no different than control mice in 
their response to BCG infection (28). 

This study identifies an essential role for 
IRF-1 in iNOS gene induction in macro- 
phages. This role is specific for IRF-1, 
because macrophages from mice with a null 
mutation in the IRF-2 gene did release 
substantial amounts of NO,- on stimula- 
tion with IFN-)I and LPS (27). The dem- 
onstration that IRF-1 is required for iNOS 
gene activation explains the earlier postu- 
lated need for intermediary protein synthe- 
sis in iNOS mRNA induction by cytokines 
(29). The essential role for IRF-1 may make 
it possible to develop new strategies for 
enhancing or blocking NO generation 
through modulation of IRF-1. 
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Positive and Negative Thymocyte Selection Induced 
by Different Concentrations of a Single Peptide 

Eric Sebzda, Valerie A. Wallace, John Mayer, Rae S. M. Yeung, 
Tak W. Mak, Pamela S. Ohashi* 

T lymphocyte maturation is dependent on interactions between the T cell receptor (TCR) 
expressed on the developing thymocyte and intrathymic major histocompatibility com- 
plex (MHC)-peptide ligands. The relation between the peptide-MHC colgplex that re- 
sults in negative or positive selection has not been identified. Here, the requirements for 
the maturation of thymocytes expressing a defined transgenic TCR specific for a viral 
peptide are studied in fetal thymic organ culture. Low concentrations of the viral peptide 
antigen recognized by this transgenic TCR can mediate positive selection, whereas high 
concentrations result in thymocyte tolerance. These findings support the affinity-avidity 
model of thymocyte selection. 

O n l y  5% of the immature T cells generated TCR and MHC class I or class I1 molecules 
in the thymus develop to form part of the present on cortical thymic epithelial cells 
peripheral T cell repertoire (1). These cells (2, 3). Positive selection depends on the 
are selected by interactions between the presence of CD4 and CD8 coreceptors (4), 
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the specificity of the heterodimeric receptor 
(5, 6), and for the CD8+ T cell lineage, 
peptides complexed with class I MHC (7- 
9). Negative selection eliminates or func- 
tionally inactivates thymocytes bearing re- 
ceptors specific for self peptides complexed 
with self MHC molecules (10). Thus, 
MHC-associated self peptides mediate both 
positive and negative selection. One expla- 
nation for this conceptual paradox has led 
to the affinity-avidity model. This model 
postulates that a low-affinity interaction 
between the TCR and thymic ligand causes 
positive selection and survival of the thy- 
mocyte, whereas a higher affinity interac- 
tion results in tolerance. 

To characterize a peptide capable of 
mediating positive selection in a well-de- 
fined system, we have studied the TCR 
transgenic mouse model (327 line) that 
expresses receptors specific for the lympho- 
cytic choriomeningitis virus glycoprotein 
peptide (LCMV-gp) (p33-41) presented by 
H-2Dh (1 1). Mice expressing the 327 trans- 
genic receptor were bred with mice con- 
taining a disrupted P2-microglobulin gene 
(P2M-) (3) to generate TCR transgenic 
mice that were homozygous for the P2M 
mutation (327,P2MP). Initial experiments 
using P2M- mice showed that the matura- 
tion of the CD8 lineage could be restored in 
fetal thymic organ culture by the addition of 
exogenous P2M and a mixture of peptides 
(7). Therefore, we used a similar system and 
cultured 327,P2M- fetal thymic lobes with 
various concentrations of peptides and exog- 
enous P2M to determine the conditions that 
could restore maturation of the thymocytes 
expressing the 327 transgenic receptor. 

Initial characterization of thymocytes 
from 327,P2M- mice was performed be- 
cause previous evidence has suggested that 
low levels of the class I molecules may still 
be present on the cell surface in the absence 
of P2M (12). Because the transgenic recep- 
tor is restricted to H-2Db, we wanted to 
eliminate the possibility that residual ex- 
pression of H-2Dh on the surface could 
mediate positive selection. Thymocytes 
from adult 327,P2M- (H-2'), P2M- (H- 
2'), 327,P2M+ (H-2'), and 327,P2M+ (H- 
2d) mice were stained with monoclonal 
antibodies specific for CD4 and CD8, CD3, 
the transgenic V,2 chain, and the trans- 
genic p chain, Vp8.1. As shown in Fig. 1, 
positive selection of the transgenic receptor 
in 327,P2Mf (H-2') mice is characterized 
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by skewing of the CD4,CD8 profiles to the 
CD8 single positive lineage (1 I) ,  as well as 
by up-regulation of the transgenic receptor 
on CD4+8+ double positive and CD8+ sin- 
gle positive thymocytes (1 3). In nonselect- 
ing 327,P2Mf (H-2d) and 327,P2M- (H- 
2') mice, the TCR profiles showed the 
characteristic biphasic peak of immature and 
mature cells, and no skewing to the CD8+ 
lineage (Fig. 1). The majority of CD3h' cells 
also expressed high levels of Vp8 and had 
endogenously rearranged V, chains. There 
was a variable but low number of CD8+ 
thymocytes (0 to 4%) in P2M- (H-2') mice, 
and up to 5% of the thymocytes expressed 
either Vp8 or V,2. Because maturation of 
the transgenic TCR to the CD8+ lineage did 
not occur in 327,P2MP (H-2') mice, this 
line was used to generate fetuses for thymic 
organ cultures. 

To mimic signals for positive selection, 
we hypothesized that changes in avidity 
may be reflected by the "number" of trans- 
genic TCRs engaged in a peptide-specific 
interaction. In terms of the affinity-avidity 
model, one would predict that high con- 
centrations of a defined peptide would lead 
to a high "level" of TCR occupancy and 
negative selection, whereas lower concen- 
trations of the peptide would lead to a lower 
"level" of TCR-specific interactions and 
result in positive selection. Previous studies 
have suggested that the peptide required for 
positive selection may be similar to the 
peptide antigen (14). Therefore, we decid- 
ed to test whether different concentrations 
of the LCMV-gp peptide (p33-41) could 
promote positive or negative selection of 
TCR transgenic thymocytes in thymic or- 
gan culture. 

Proliferation assays were done to obtain 
an estimate for the concentrations of pep- 
tide antigen to be used in thymic organ 
culture. Mature T cells from 327,P2M+ 
(H-2') transgenic mice responded to anti- 
gen-presenting cells pulsed with peptide 
antigen in concentrations ranging from 
to 10-l4 M. Maximal proliferation occurred 

Fig. 1. Positive selection of 
the transgenic TCR does not 
occur in 327,p2M- mice. 
Thymocytes from 327,p,M+ 
(H-2b), 327,P2M+ (H-2d), 
327,p2M- (H-2b), or p2M- 
(H-2b) mice were double 
stained with monoclonal an- 
tibodies specific for CD8 
and CD4 or single stained 
with CD3, V,8, or V,2 (24). 
The data are representative 
of thymocytes from at least 
three independent experi- 
ments (25). 

Peptide concentration (M) 

Fig. 2. Viral peptide concentrations required to 
generate a proliferative response from LCMV- 
specific T cells. Proliferation of spleen cells 
from 327 (H-2b, p2M+)  transgenic mice stimu- 
lated with macrophages (H-2b, p2M+) pulsed 
with-various concentrations of peptide (26). 

at M and was reduced to minimal 
levels at lo-'' M (Fig. 2). Therefore, lop6 
M and 10-l2 M peptide concentrations were 
chosen in an attempt to mimic the differ- 
ences in signals required for negative and 
positive selection, respectively. 

Day 16 P2M- or 327,P2M- fetal thymic 
lobes were incubated in the presence of 
exogenous P2M, at lop6 M or 10-l2 M 
peptide or in the absence of peptide. After 
8 days of culture, thymocytes were analyzed 
with monoclonal antibodies specific for 
CD4 and CD8, and V,2 (Fig. 3). V,2- 
specific staining was used because it repre- 
sented the characteristic increase in TCR 
density associated with positive selection 
(Fig. 1) (13). In the absenc?ef exogenous 
peptide, the profiles of the 327,P2M--mice 
appeared similar to those of the P2M- 
mice, and there was no prominent V,2+ or 
CD8+ population. Control P2M- thymo- 
cytes cultured with 10-l2 M LCMV-gp 
(p33-41) showed no alteration in the thy- 
mocyte profiles examined by flow cytome- 
try. An average of 9.6 +- 1.3% (n = 5) 
CD8+ cells were observed in thymocytes 
from 327,P2M- thymic lobes incubated 
with 10-l2 M peptide. Control 327,P2M- 
thymic lobes cultured in the absence of 
peptide had an average of 3.5 +- 0.2% (n = 
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Fig. 3. Addition of viral peptide results in posi- 
tive selection of transgenic T cells in fetal thy- 
mic organ culture. Representative profiles from 
a control adult 327,p2Mf thymus; 327,p,M- 
and p,M- fetal thymuses cultured without pep- 
tide; 327,p,M- and p2M- fetal thymuses cul- 
tured in the presence of M peptide; and 
327,p2M- fetal thymus plus M peptide 
(27). The intensity of transgenic TCR staining of 
cultured fetal thymic lobes from 327,p2Mf mice 
was shown to be similar to the profiles obtained 
from 327,p2Mf adult thymus. 

3) CD8+ cells, and P2M- lobes incubated 
with peptide (lo-'' M) contained 4.0 + 
0.4% (n = 5) CD8+ cells. Therefore, a 
statistically relevant increase (P < 0.005) 
of CD8+ thymocytes was observed in 
327,P2MP fetal thymic lobes cultured with 
lo-'' M peptide. It is unlikely that all 
CD8+ cells represent the early immature 
lineage for two reasons. First, we have 
observed that day 16 fetal thymocytes have 
a detectable immature CD8+ population 
that becomes CD4+8+ after several days in 
culture. Second, if the CD8+ cells detected 
in 327,P2MP thymic lobes cultured with 
lo-'' M peptide represent the immature 
population, then all thymic lobes, regard- 
less of phenotype, should have similar num- 
bers of these cells. 

In addition, culture of 327,P M- thymic 2 lobes in the presence of lo-' M peptide 
resulted in a substantial up-regulation of V,2 
to levels slmilar to those observed on thy- 
mocytes from 327,P2M+ (H-2') mice under- 
going positive selection (Fig. 3). This in- 
crease in the TCR density to high levels on 
the double positive cells has previously been 

Fig. 4. Elimination of trans- 
genic T cells in the pres- 
ence of high concentrations 
of peptide. (A) Fetal thymic 
lobes from mice expressing 
the 327 transgenic receptor 
were cultured in the pres- 
ence or absence of 1 0-6 M 
peptide. Two-color analyses 
using anti-CD4 and anti- 
CD8, or anti-CD8 and anti- 
V,2, and single-color pro- 
files of V,2 are shown (28). 
(6) Three-color analysis of 
cultured fetal thymic lobes 
from 327,p2Mf mice were 
analyzed with antibodies 
specific for CD4, CD8, and 
V,2. The V,2 profiles from 
gated CD4+CDaf and 
CD8+ single positive cells 
are shown. (C) High con- 
centrations of peptide did 
not prevent maturation of 
thymocytes in culture. p,M- 

w 

1: 1 ik 327,P2Mt 

- (no pept~de) 11 - - 
8 2 86 8 80 al U 

327,P2Mt 
(no peptide) 

al U 

P2M- 
(no peptlde) 

(0 0 
P2M- 

0 (1 0-6 M) 

lobes were cultured alone or 
in the presence of or 10-l2 M peptide, and two-color fluorescence profiles of CD4 and CD8 
analysis are shown. 

well characterized and correlated with Dosi- 
tive selection in both transgenic and non- 
transgenic systems (1 3, 15). Taken together, 
these data indicate that positive selection of 
thymocytes expressing the 327 transgenic 
receptor has occurred in the presence of 
TO-" M peptide antigen. 

The 8-day culture of 327,P2MP fetal 
thymic lobes in the presence of lop6 M 
viral peptide resulted in a reduction in the 
number of thymocytes expressing the trans- 
genic V,2 chain, as compared to thymic 
lobes incubated with lo-'' M peptide. A 
reduction-in CD4 single positive mature 
cekls from 18 to 6% was also observed (Fig. 
3). To clearlv demonstrate that negative - 
selection had occurred, we cultured thymic 
lobes from positively selecting 327 mice for 
5 days in the presence of M peptide. A 
marked reduction in the number of V,2+ 
cells occurred on CD4+8+ cells as com- 
pared with thymic lobes cultured in the 
absence of peptide (Fig. 4A). In addition, 
three-color analysis demonstrated that the 
CD8' cells did not express V,2 when 
cultured in the presence of lop6 M peptide 
(Fig. 4B). To demonstrate that this was not 
due to toxic effects of the ~eptide, we 
cultured P2M- thymic lobes with various 
concentrations of peptide and analyzed the 
results by two-color CD4 and CD8 staining 
(Fig. 4C). The total cell number of the 
thymic lobes or maturation of the P2M- 
thymocytes was not altered in the presence 
of peptides. These results demonstrate that 
tolerance of double ~ositive thvmocvtes , , 

expressing the transgenic TCR occurred in 
fetal thvmic lobes cultured in the Dresence 
of high concentrations of peptide. These 

profiles are similar to previously published 
data where clonal deletion was demonstrat- 
ed in the thymus of animals chronically 
infected with virus (10, 13) and where 
deletion of thymocytes occurred in the pres- 
ence of this peptide in vitro (16). 

Several reports have suggested that the 
"strength of the interaction between the 
TCR on a developing thymocyte and its 
ligand (or ligands) will govern whether it 
undergoes positive or negative selection. 
This interaction may be strengthened or 
weakened by minor variations of the restric- 
tion element or bv alterations in the level of 
coreceptor expression. For example, matura- 
tion of thymocytes expressing the 2C TCR 
transgene was investigated by breeding the 
transgenic mice with mouse strains express- 
ing various mutations of the restriction ele- 
ment H-2Kb. A few amino acid substitutions 
in the H-2Kh molecule led to either positive 
or negative selection of thymocytes bearing 
the transgenic TCR (17). Further studies 
have shown that the maturation of the 2C 
transgenic TCR can be switched from posi- 
tive selection to negati~e~selection by an 
increase in the amount of Zoreceptor CD8 
molecule expressed on the suSfate (18). 
These and other experiments suggest that a 
range of avidities exist for positive and neg- 
ative selection, where "stronger" interac- 
tions result in negative selection (6, 19). 

Although negative selection of a defined 
TCR has been shown to occur in the 
presence of the peptide antigen, other ex- 
periments suggest that the interactions that 
lead to negative selection of thymocytes are 
less stringent than those required for pe- 
ripheral T cell activation. Studies have 
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demonstrated that the concentration of an
tigen required for tolerance of double posi
tive thymocytes is below the concentration 
required to detect a mature T cell response 
(20). It has also been shown that presenta
tion of particular antigens in the thymus 
can delete a defined population of thymo
cytes, whereas the same antigens presented 
to mature T cells expressing the same TCR 
do not elicit a response (21), Although 
some of the differences may be attributed to 
the comparison of immature and mature T 
cells, these experiments also suggest that 
the "avidity" required for T cell activation 
is stronger than negative selection. 

Collectively, these models suggest that 
differences in the affinity between the TCR 
and its ligand exist for positive selection, 
negative selection, and T cell activation. 
One way to explain the different develop
mental fates of the T cell has been to 
invoke the presence of two sets of peptides, 
one for low-affinity and one for high-affinity 
interactions, that mediate positive or neg
ative selection, respectively (22). Our mod
el has shown that no special peptides are 
involved in discriminating between positive 
or negative selection, since the viral pep
tide antigen that is recognized by mature T 
cells will mediate both positive and nega
tive selection. Further experiments with 
unrelated H-2Db-binding peptides will de
fine how precise the interaction must be for 
positive selection. Our findings suggest that 
the avidity of the interactions between the 
thymocyte and stromal elements is reflected 
by the number of TCRs engaged with MHC 
molecules at a given time. This in turn may 
alter the strength of intracellular signals. It 
is likely that other molecules influence the 
stability of the TCR:peptide-MHC interac
tions and directly affect the signals generat
ed through the TCR. Further studies with 
this model will help define the key mole
cules and interactions required for selection 
in the thymus. 
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ual neurons as well as by naturally occurring 
cell death. There is considerable evidence 
that both the morphology and survival of 
neurons can be influenced by neuronal ac
tivity (1-4). The survival of peripheral 
neurons in vitro is enhanced by the activa
tion of VSCCs. In central neurons another 
major source of calcium entry is the 
N-methyl-D-aspartate (NMDA) subtype of 

Requirement for BDNF in Activity-Dependent 
Survival of Cortical Neurons 

Anirvan Ghosh, Josette Carnahan, Michael E. Greenberg* 
Cultured embryonic cortical neurons from rats were used to explore mechanisms of 
activity-dependent neuronal survival. Cell survival was increased by the activation of 
voltage-sensitive calcium channels (VSCCs) but not by activation of N-methyl-D-aspartate 
receptors. These effects correlated with the expression of brain-derived neurotrophic factor 
(BDNF) induced by these two classes of calcium channels. Antibodies to BDNF (which 
block intracellular signaling by BDNF, but not by nerve growth factor, NT3, or NT4/5) 
reduced the survival of cortical neurons and reversed the VSCC-mediated increase in 
survival. Thus, endogenous BDNF is a trophic factor for cortical neurons whose expression 
is VSCC-regulated and that functions in the VSCC-dependent survival of these neurons. 


