
a period of months to years (I) .  Diabetic 
complications similarly progress over a pe- 
riod of several years. Hemoglobin-AGE 
measurements mav Drove useful in the eval- , A 
uation of the pharmacological efficacy of 
newly emerging drugs aimed at inhibiting 
the advanced glycosylation pathway. The 
demonstration of decreased Hb-AGE levels 
as a result of aminoguanidine therapy pro- 
vides the first direct evidence of the efficacy 
of this drug in preventing advanced glyco- 
sylation in human subjects. 
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Negative Selection of Precursor T hymocytes 
Before Their Differentiation into CD4+CD8+ Cells 

Yousuke Takahama, Elizabeth W. Shores, Alfred Singer* 
Thymic selection of the developing T cell repertoire is thought to occur at the CD4+CD8+ 
stage of differentiation and to be determined by the specificity of the T cell receptors (TCRs) 
that CD4+CD8+ thymocytes express. However, TCR signals can inhibit the differentiation 
of precursor thymocytes into CD4+CD8+ cells, which suggests that selection might occur 
earlier than thought. Indeed, in a negatively selecting male thymus, CD4CCD8'O precursor 
thymocytes that express a transgenic TCR to male antigen are developmentally arrested 
as a consequence of antigen encounter and fail to become CD4+CD8+. Thus, negative 
selection can occur before the CD4+CD8+ stage of differentiation. 

T cell differentiation in the thymus con- 
sists of an ordered sequence of developmen- 
tal steps that is influenced by the specificity 
of the TCR that individual thymocytes 
express (1 -4). TCR-specific selection 
events are thought to act on thymocytes at 
the CD4+CD8+ stage of differentiation, 
selecting individual thymocytes for either 
deletion or further differentiation (1 -8). 
CD4+CDgf thymocytes appear to be the 
focus of thymic selection because their 
numbers are depleted in TCR-transgenic 
mice from negatively selecting mouse 
strains (3, 4, 6, 7) presumably because 
CD4+ CD8+ transgenic thymocytes en- 
counter antigen and are deleted. However, 
it is also possible that CD4+CD8+ trans- 
genic thymocytes are low in number in 
negatively selecting strains because they fail 
to develop in these mice. To assess this 
latter possibility, we have examined the 
effect of TCR-mediated signals on the gen- 
eration of CD4+CDgf thymocytes from 
their immediate precursor cells in both 
normal mice and mice that express trans- 
genic TCRaP molecules (Tg-TCRap) spe- 
cific for the antigenic complex created by 
the male antigen H-Y and H-2Db (Db). 

The immediate precursors of 
CD4+CDgf thymocytes are CD4-CD8Io 
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thymocytes that constitute all the 
CD4-CD8+ cells present in the fetal thy- 
mus because mature CD4-CD8+ thymo- 
cytes do not appear until after birth (1, 9). 
To further enrich fetal thymocyte popula- 
tions from both normal and Tg-TCRap 
mice for precursor cells, we eliminated thy- 
mocytes that had already become 
CD4+CD8+ in vivo by treatment with a 
monoclonal antibody (MAb) to CD4 and 
complement (C) (Fig. 1). Such CD4- fetal 
thymocyte populations consisted of two im- 
mature subsets tha't were distinguishable by 
their expression of CD8, being either 
CD4-CD8- or CD4-CD8+ (Fig. 1). 
Placement of such CD4- fetal thymocytes 
into suspension culture resulted in the gen- 
eration of CD4+CD8+ cells (Fig. l ) ,  all of 
which were derived from CD4-CD8+ pre- 
cursor cells. The derivation of these cells 
was determined by experiments in which 
precursor thymocytes were physically sepa- 
rated by electronic cell sorting into 
CD4-CD8- and CD4-CD8+ cells (Fig. 
1); CD4-CD8- thymocytes did not under- 
go any detectable phenotypic change in 
culture (Fig. 1). Thus, precursors for 
CD4+ CD8+ thymocytes could be uniquely 
identified among CD4- fetal thymocytes as 
CD8+ cells and could be induced to further 
differentiate into CD4+CD8+ thymocytes 
by placement in suspension culture. 

Studies with adult rat thymocytes have 
suggested that differentiation of cells ex- 
pressing no CD4 and relatively little CD8 
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(CD4-CD8'" cells) into CD4+CD8+ thy- 
mocytes can be inhibited by antibody-in- 
duced TCR cross-linking (JO), but it has 
been debated whether CD4-CD8'" precur- 
sor thymocytes even express the TCRs on 
their surface (9-1 1). However, small 
amounts of the TCRs were detected on 
CD4-CD8'" murine precursor thymocytes 
from normal fetal mice by direct staining 
with fluorescein isothiocyanate (F1TC)-la- 
beled MAb to TCRP, which was specifical- 
ly inhibited by MAb to TCRP but not by 
tenfold higher concentrations of MAb to 
CD3e (Fig. 2A). We then examined 
whether antibody-induced TCR signals in- 
hibited the differentiation of murine 
CD4-CD8'" fetal precursor thymocytes. 
Suspension culture of CD4-CD8'" fetal 
thymocytes resulted in the appearance of 
surface CD4 molecules; this appearance was 
quantitatively inhibited by plate-bound 
MAb to TCRP (Fig. 2B). MAb to TCRP 
was significantly more inhibitory in plate- 
bound form than in soluble form, which 
indicates a requirement for TCR cross- 
linking (Fig. 2B). The inhibitory effect of 

Untreated MAb to CD4 + C 
Hour 0 0 12 

CD8- sorted 
(CD4CDW) 

- 
CD4 

w 

Fig. 1. Fetal CD4-CD8+ thymocytes become 
CD4+CD8+ cells in suspension culture (14). 
Thymocytes were obtained from normal 
C57BU6 (B6; H-2b) or Tg-TCRap mice on day 
19 of gestation. Where indicated, thymocytes 
were further treated with MAb to CD4 and C to 
remove cells that had already become 
CD4+CD8+ cells in vivo. The indicated cell 
populations were then placed in single-cell 
suspension culture for 12 hours. Cell popula- 
tions were analyzed by two-color flow cytome- 
try for CD4lCD8 expression. As indicated in the 
lower panels, day 19 fetal thymocytes treated 
with MAb to CD4 and C were also electronically 
sorted into CD8+ and CD8- cell populations 
and then cultured in single-cell suspension for 
12 hours. Numbers in each box of contour 
diagrams indicate the frequency of cells in that 
box. After the 12-hour culture, CD4+CD8+ cells 
were evident in all groups except those from 
CD4-CD8- cells. 

MAb to TCRP was specific because MAb 
to TCRG had no effect. Finally, TCR cross- 
linking induced by plate-bound MAb to 
TCRP inhibited the differentiation of 
CD4-CD8'" precursor thymocytes into 
CD4+CD8+ cells and did not simply in- 
duce a redistribution of CD4 molecules 
because the cross-linking also inhibited the 
appearance of CD4 mRNA (Fig. 2C). 

To address the possibility that antigen 
engagement of TCR complexes might clon- 
ally regulate the differentiation of CD4- 
CD8'" precursor cells into CD4+CD8+ thy- 
mocytes, we analyzed precursor thymocytes 
that expressed the TCRs with a defined 
antigen specificity, namely Db+H-Y. Fetal 
mice that expressed the anti-male TCRaP 
transgene were obtained from normal 
C57BLI6 (H-2b) pregnant females (B6) that 
had been impregnated by a homozygous 
Tg-TCRaP male and so were themselves 
heterozygous for the TCRaP transgene. Ap- 
proximately 50% of CD4-CD8'" cells from 

Fig. 2. TCRs on CD4-CD8+ precursor thymo- 
cytes from normal fetal mice could generate 
signals that inhibit differentiation into 
CD4+CD8+ cells. (A) Specificity of TCRp stain- 
ing of fetal CD4-CD8+ thymocytes from normal 
mice. CD4- day 19 fetal B6 thymocytes were 
analyzed for TCRp and CD8 staining by two- 
color flow cytometry (14). Single-color histo- 
grams of TCRp staining are displayed on elec- 
tronically gated CD8+ cells. TCR expression 
was determined by staining with FITC-labeled 
MAb to TCRp (H57). The ability of intact or 
F(abl), fragments (15) of unlabeled MAbs to 
block staining by MAb to TCRp was determined 
by incubating cells with blocking antibody or 
F(abl), fragments for 30 min at 4°C before 
staining with either MAb to TCRp (solid lines) or 
control MAb (dashed lines). (B) Effects of TCR 
signals on surface CD4 expression by normal 
CD4-CD8+ precursor thymocytes in suspen- 
sion culture. CD4- thymocytes from day 19 
fetal B6 mice were cultured for 16 hours with 
MAbs to TCR and assessed for CD4 and CD8 
expression by two-color flow cytometry (14). 
MAbs to TCRp and TCRG were H57-597 (15) 
and GL3 (16), respectively. Plate-bound MAbs 
(xH57 and xGL3) were immobilized at 50 
pgtml, and soluble MAbs (H57 and GL3) were 
added at 50 pglml. CD4 fluorescence intensity 
on electronically gated CD8+ cells was quanti- 
tated in linear fluorescence units (17). Percent 
inhibition of CD4 fluorescence relative to 
groups cultured in medium alone was also 
calculated for each experimental group (17) 
and is shown above each bar. (C) Effects of 
TCR cross-linking on steady-state mRNA in 
cultured CD4- fetal thymocytes from normal 
mice. CD4- thymocytes from day 19 fetal B6 
mice were cultured for 6 hours in the absence 
or presence of plate-bound MAb to TCRp 
(xTCRp). Total cellular RNA (5 pg) from the 
indicated cells were analyzed by Northern 
(RNA) blot hybridization with the indicated 
probes (18). Numbers under each lane indicate 
densitometry. GAPDH is a housekeeping enzyme 
relative amounts of RNA loaded in each lane. 

H-2b Tg-TCRaP mice became CD4+ during 
12-hour suspension cultures, and their dif- 
ferentiation into CD4+CD8+ thymocytes 
was blocked by MAbs that bind and cross- 
link the transgenic TCR (MAbs to TCRP 
and to TCR-V 8) (Fig. 3). The differentia- 
tion of T ~ - T c ~ ~ $  precursor cells was also 
inhibited by antigen-presenting cells 
(APCs) from male H-2b nude mice that 
express the antigenic ligand (Db + H-Y) for 
the TCR transgene but not by APCs from 
female H-2b nude mice (Fig. 3). Thus, 
antigen-induced developmental arrest can 
occur before the CD4+CD8+ stage of devel- 
opment. 

If antigen-induced developmental arrest 
of CD4-CD8'" Tg-TCRaP thymocytes oc- 
curred in vivo, CD4-CD8'" precursor thy- 
mocytes from negatively selecting Tg- 
TCRaP male mice should be arrested as a 
consequence of having encountered the 
male antigen in vivo. Consistent with this 
prediction, a significant fraction of pooled 

16-hour culture 

relative intensities of bands as determined by 
? that was used as an internal standard for the 
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CD4-CD8'" fetal thymocytes from unsexed 
H-Zb Tg-TCRaP fetal mice did not differ- 
entiate in suspension culture into 
CD4+CD8+ cells, whereas essentially all 
CD4-CD8'" precursor thymocytes from 
normal H-Zb mice did differentiate into 
CD4+CD8+ cells (Figs. 1 and 3). Conse- 
quently, we separately assessed the ability of 
CD4-CD8lV precursor thymocytes from 
male and female H-Zb transgenic fetuses to 
differentiate into CD4+CD8+ cells in vitro 
(Fig. 4A). Virtually all precursor thymo- 
cytes from H-Zb female transgenic mice and 
unsexed H-Zd transgenic mice (neither of 
which expressed the Db+H-Y antigenic 
ligand) became CD4+CD8+ in culture 
(Fig. 4A). In contrast, most precursor thy- 
mocytes from H-Zb male transgenic mice 
(which expressed the Db+H-Y antigenic 
ligand) did not become CD4+CD8+ in 
culture (Fig. 4A), which indicates that they 
had lost their ability to differentiate in vitro 
into CD4+CD8+ cells. The few precursor 
thymocytes from male transgenic mice 
whose developmental capacity had not 
been arrested may represent cells that had 
not yet encountered antigen. 

Fig. 3. Generation of CD4+CD8+ cells from 
Tg-TCRap fetal CD4-CD8+ thymocytes In cul- 
ture is inhibited by TCR cross-linking and by 
antigen. C D 4  thymocytes from day 19 H-26 
Tg-TCRap fetal mice were cultured for 12 hours 
in medium or in the presence of plate-bound 
MAbs or APCs as indicated (19). Fluorescence 
profiles of CD8+-gated cells stained with MAb 
to CD4 (open solid lines) and control MAb 
(shaded dashed lines) are shown. At the end of 
culture, cell recoveries were 290% in all 
groups. 

To confirm that in vivo exposure to the 
male antigen affected Tg-TCRaP thymo- 
cytes at the CD4-CD8lV precursor stage of 
differentiation, we examined CD5 expres- 
sion on precursor thymocytes from normal 
and transgenic fetal mice because CD5 
expression increases as thymocytes differen- 
tiate and undergo thymic selection events 
(1). All CD4-CD81° fetal thymocytes from 
normal mice were CD51° but increased their 
expression of CD5 to intermediate levels 
(CDSint) after activation by phorbol 12- 
myristate 13-acetate (PMA) , which acti- 
vates protein kinase C and mimics many 
TCR signals (Fig. 4B). CD4-CD8'" fetal 
thymocytes from pools of unsexed H-Zd 
Tg-TCRaP fetal mice were similarly CD51° 
(Fig. 4B). In contrast, CD4-CD8'" fetal 
thymocytes from pools of unsexed H-Zb 
Tg-TCRaP fetal mice contained a subpop- 
ulation of CDSint cells in the absence of any 
intentional stimulation (Fig. 4B). 
CD4-CD81° fetal thymocytes from H-Zb 
Tg-TCRap male and female mice differed 
in their CD5 expression, with most Tg- 
TCRaP male mice being CDSint, which 
indicates that they have already encoun- 
tered antigen in vivo (Fig. 4B). Although 
they were CDSint, the CD4-CD8'" thymo- 
cytes from Tg-TCRaP male mice were not 
CD4-CD8+ mature cells because they re- 
mained phenotypically immature cells by 
other developmental markers; they were 
heat-stable antigenhi and intercellular ad- 
hesion molecule (1CAM)-1 hi (12). Thus, 
CD4-CD8'" precursor thymocytes in Tg- 
TCRaP male mice encounter the male 
antigen in the thymus and, as a result, are 
unable to further differentiate into 
CD4+CD8+ cells. 

Inhibition by antigen of the differentia- 
tion of CD4-CD8'" precursor cells into 

CD4+CD8+ thvmocvtes is a mechanism of 
negative selection that occurs earlier than 
other described selection events that act on 
CD4+CD8+ thymocytes (2-8) or more ma- 
ture cells (1 3). Because most CD4-CD8lV 
precursor thymocytes from negatively se- 
lecting mice could not differentiate into 
CD4+CD8+ cells, antieen-induced devel- 
opmental blockade of pricursor thymocytes 
is probably the main cause of the low 
number of CD4+CD8+ thymocytes in neg- 
atively selecting H-Zb Tg-TCRaP male 
mice. However, the concept of develop- 
mental blockade of precursor thymocytes is 
complementary to, and not mutually exclu- 
sive of, the concept of subsequent antigen- 
induced deletion of CD4+CD8+ thvmo- 
cytes in these animals. Antigen-induced 
TCR signals can be generated only in pre- 
cursor thymocytes with TCRs that engage 
antigen in the absence of CD4 and in the 
presence of little CD8. Thus, antigen-in- 
duced developmental blockade of precursor 
thymocytes might be expected to primarily 
affect thymocytes that express high-affinity 
TCRs with major histocompatibility com- 
plex (MHC) class I restriction specificities. 
In fact, negatively selecting thymuses of 
transgenic mice that express different TCR 
transgenes restricted by MHC class I deter- 
minants are all depleted of early 
TCR1"CD4+CD8+ cells (3, 4, 6, 7), con- 
sistent with antigen-induced developmen- 
tal arrest of precursor thymocytes being the 
primary mechanism of negative selection in 
these experimental animals. 

The ultimate fate of antigen-stimulated 
CD4-CD81° precursor thymocytes is un- 
clear. These thvmocvtes are ~robablv not 
long-lived end-s;age cells because they do 
not accumulate in negatively selecting 
mice. However, they do not appear to 

Fig. 4. Most fetal precursor thymocytes from A 
H-2h Tg-TCRap male mice cannot become 
CD4+CD8+. (A) The inability of fetal 
CD4-CD8+ thymocytes from H-Zh male Tg- 
TCRap mice to generate CD4+CD8+ cells in 
culture. CD4- day 19 fetal thymocytes from 
normal B6 mice, sexed H-2h Tg-TCRap mice 
(20), and unsexed H-2d Tg-TCRap mice were 
cultured for 14 hours. Fluorescence profiles of 
CD8+-gated cells stained with MAb to CD4 
(open solid lines) and control MAb (shaded 
dashed lines) were obtained before culture and 
after 14 hours of culture. Fluorescence profiles of normal and trans- 
genic thymocytes before culture were essentially identical. (B) In- B 
creased CD5 expression on CD4-CD8I0 precursor thymocytes from 
H-2h male Tg-TCRap mice (21). Top panel shows CD5 expression in 
freshly prepared CD4-CD8+ day 19 fetal thymocytes from unsexed 
H-2h Tg-TCRap mlce (shaded curve), unsexed H-2d Tg-TCRap mice 
(stippled curve), or normal B6 mlce (dashed I~nes). CD5 expression by 
CD4-CD8I0 fetal B6 thymocytes cultured for 12 hours w~th PMA IS also 
shown (dashed line). PMA-st~mulated cells rema~ned CD4-CD8I0 (12). 
Bottom panel shows CD5 expression in freshly prepared CD4-CD8+ 
day 19 fetal thymocytes from H-2h male and H-2h female Tg-TCRap 
mice. Fluorescence profiles of CD8+-gated cells stained with MAb to 
CD5 (open solid lines) and control MAb (shaded dashed lines) are shown. 
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undergo programmed cell death because 
they do not fragment their DNA (12). 
Rather, antigen-stimulated CD4-CD81° 
precursor thymocytes may become 
CD4-CD8-TCRaP+ thymocytes, which 
would explain the disproportionate appear- 
ance of such thymocytes in Tg-TCRaP 
male mice (3, 4). 

Our data show that TCR signals generated 
in CD4-CD81° precursor thymocytes can 
clonally regulate their differentiation into 
CD4+CD8+ cells. Consequently, the TCR 
repertoire expressed by early CD4+CD8+ thy- 
mocytes may already reflect the influence of 
intrathymic selection pressures. 
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with 5% CO Cultured cells were stained with MAb 
to CD4 co$Lgated to FlTC (Rm4-5; Pharmingen, 
San Diego, CA) and MAb to CD8 (53-6-72) conju- 
gated to biotin and then with Texas red linked to 
avidin. The two MAbs to CD4, RLI 72 and Rm4-5, 
bind to different CD4 epitopes and do not compete 
with one another. All staining was performed in the 
presence of unlabeled MAb to the Fc receptor to 
block Fc receptor-mediated binding. 
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1569 (1 989). 

17. Fluorescence units (FU) are median intensity of 
CD4 staining minus median intensity of control 
MAb Leu4 staining. We calculated median inten- 
sity by converting median log channel number to 
linear units with an empirically derived calibration 
curve for each logarithmic amplifier used. Percent 
inhibition of CD4 FU was calculated as 100 x (FU 
of cultured cells with medium alone - FU of 
experimental group)/(FU of cultured cells with 
medium alone - FU of uncultured precursor 
cells). 

18. Total cellular RNA was prepared from the indicat- 
ed cell populations, and equal amounts of RNA (5 
~ g )  were denatured, separated by electrophore- 
sis on agarose gels, and transferred to nylon 
membranes as described [T. Maniatis, E. F. 
Fritsch, J. Sambrook, Molecular C1oning:A Labo- 
ratory Manual (Cold Spring Harbor Laboratory, 
Cold Spring Harbor, NY 1982)l. Blots were hybrid- 
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unsexed H - P  Tg-TCRap mice were prepared, 
cultured, and stained (14). MAb with indicated 
specificity [50 ~ g l m l ;  either H57-597 (H57) for 
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adherent cells (APCs) were prepared from spleen 
cells of T cell-deficient 010-nu/nu mice (5). 
Where indicated, thymocytes (0.5 x l o 6  cells per 
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indicated, CD4- day 19 fetal 06 thymocytes were 
cultured for 12 hours with PMA (100 nglml; Sig- 
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Flow-Dependent Cytosolic Acidification of Vascular 
Endothelial Cells 

Roy C. Ziegelstein, Linda Cheng , Maurizio C. Capogrossi* 
Hemodynamic shear stress affects endothelial cell structure and function, but little is known 
about the signal transduction mechanisms involved in these processes. The effect of 
laminar shear stress on cytosolic pH (pH,) was examined in rat aortic endothelial cells 
cultured in glass capillary tubes. Shear stress forces led to a rapid decrease in pHi (maximal 
effect 0.09 pH unit at 13.4 dynes per square centimeter). Removal of specific ions or 
addition of exchange inhibitors suggests that in vascular endothelial cells shear stress 
forces activate both an alkali extruder, sodium ion-independent chloride-bicarbonate ion 
exchange, and an acid extruder, sodium-hydrogen ion exchange; the net effect in phys- 
iologic buffer with the bicarbonate ion is a decrease in pH,. 

Shear stress forces modulate several vascu- 
lar endothelial cell functions ( I ) ,  but the 
sienal transduction mechanisms involved in - 
these processes have not been fully eluci- 
dated. Because shear stress leads to en- 
hanced phosphoinositide turnover (2) and 
membrane hyperpolarization (3), both of 
which may influence cytosolic pH (pHi) 
regulation, pH, could provide a signal trans- 
duction mechanism in resnonse to chanees - 
in flow. In addition, shear stress-induced 
changes in cytoskeletal organization or in 
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agonist availability to the cell membrane 
might affect pH, (4). To test the hypothesis 
that shear stress forces affect endothelial 
pH,, we examined the effect of laminar flow 
on endothelial cells from the rat aorta 
cultured in glass capillary tubes (5). 

When endothelial cells in glass capillar- 
ies were exposed to a HC03--buffered so- 
lution equilibrated with 5% CO,, the in- 
crease in laminar shear stress forces (6) 
caused a rapid and reversible decrease in 
pHi (7) (Fig. 1). The threshold for this 
effect was below 0.5 dyne ~ m - ~ ,  and it 
saturated between 6.7 and 13.4 dyne cm-Z 
(Fig. 1A). In a HC0,- buffer, exposure to 
13.4 dyne cm-2 for 2 to 5 min resulted in 
an intracellular acidification of 0.09 2 0.01 
pH units (n = 79; P < 0.0001). A similar 
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