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Summary 
Cell division during thymic selection was studied with a system in which purified populations 
o f T  cell antigen receptor (TCR.)-  CD4+8 + (double-positive [DP]) cells and fetal thymic epi- 
thelial cells (TEC) were reaggregated in tissue culture. In this system, immature DP cells differ- 
entiate into mature single-positive (SP) CD4+8 - and C D 4 - 8  + TCR.  hi cells within 3 -4  d, in- 
dicative o f  positive selection. By adding the D N A  precursor, bromodeoxyuridine,  to the 
cultures and staining cells for bromodeoxyuridine incorporation, T cell division in reaggrega- 
tion cultures was found to be high on day 1, low on day 2, and high on days 4-5. Cell separa- 
tion studies established that cell division on day 1 was restricted to DP blast cells. In the absence 
o f  blast cells, small DP cells failed to proliferate and differentiated into SP cells without  cell di- 
vision, thus indicating that proliferation is not an essential component  of  positive selection. 
This applied to SP cells generated within the first 2 -3  d. Surprisingly, the SP cells generated 
later in culture showed a high rate of  cell division; the proliferating SP cells were TCR.  hi and 
included both CD4+8 - and C D 4 - 8  + cells. Turnover  o f  TCR.  hi SP cells was also prominent  in 
the normal neonatal thymus and in T E C  reaggregation cultures prepared with adult lymph 
node T cells. W e  speculate that division o f  mature SP cells in the perinatal thymic microenvi-  
ronment  is driven by stimulatory cytokines released from TEC.  Such proliferation could be a 
device to expand the mature T cell repertoire before export to the periphery. 

G eneration of  mature T cells in the thymus involves a 
combination o f  positive and negative selection and 

leads to the production of  a postthymic repertoire with 
"physiological" specificity for self M H C  molecules (1-5). 
Positive selection operates at the level o f  T C R  1~ CD4+8 + 
(double-positive [DP]) 1 cells, through T C R  contact with 
peptides bound to M H C  molecules on cortical epithelial 
cells, T cells with low-to-intermediate  affinity for self 
M H C  are signaled to survive, to up-regulate TCR.  expres- 
sion, and to differentiate into mature T cells, i.e., into 
TCR.  hi CD4+8 - and C D 4 - 8  + single-positive (SP) cells. 
The  bulk (>95%) of  DP cells have negligible affinity for 
the M H C  molecules on thymic epithelial ceils (TEC), and 
these cells die rapidly in the cortex from "neglect" (6). 
Other  T cells have high affinity for thymic M H C  mole-  
cules and are eliminated via negative selection. 

The  question of  whether  thymic selection involves cell 
division is controversial. Proliferation o f  thymocytes is 

1Abbreviations used in this paper: BrdU, bromodeoxyuridine; DN, double 
negative; DP, double positive; FSC, forward scatter; HSA, heat-stable an- 
tigen; SP, single positive; SSC, side scatter; TdT, terminal deoxynucleotidyl 
transferase; TEC, thymic epithehal cells; TUNEL, TdT-mediated dUTP 
nick-end labeling. 

prominent  among double-negative (DN) precursor cells 
but ceases when  D N  cells differentiate into small DP ceils 
(7). Although most DP cells are small resting cells, a size- 
able proport ion (10-20%) of  DP cells are cycling blast cells. 
Some researchers argue that small DP cells are a dead-end 
population and that positive selection is restricted to DP 
blast cells (8, 9). However ,  other groups have shown that 
small DP cells are capable of  differentiating into SP cells af- 
ter intrathymic injection (10, 11). Irrespective of  whether  
positive selection affects blasts or resting cells, cell division 
during differentiation of  selected T C R  hi DP cells into ma-  
ture SP cells is thought to be minimal (12-14). However ,  it 
is notable that a significant proport ion of  CD69 + TCR. hi 
DP cells, i.e., cells showing early signs of  positive selection, 
are in cell cycle (9). Proliferation is also apparent at the 
level o f  mature SP cells in the medulla. Thus, although 
most medullary T cells are resting ceils, 2-10% of  these 
cells are in S phase (9, 13, 15). 

To  seek direct evidence on cell division during thymic 
selection, we used the system ofJenkinson  et al. (16), in 
which dispersed populations of  purified immature DP cells 
and fetal T E C  are reaggregated in vitro. In this system, 
TCR. -  DP cells switch to T C R  hi SP cells in 3 -4  d, indica- 
tive o f  positive selection. W e  show here that cell division 
in reaggregation cultures is extensive and occurs at both  
early and late stages of  culture. 
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Materials and Methods  

Animals. C57BL/6J (t36) mice were obtained from the breed- 
ing colony of The Scripps Research Institute (La Jolla, CA) and 
time-bred by checking for vaginal plugs. 

Antibodies. mAbs reactive to the following markers were pre- 
viously described (17, 18): CD3 (C363.29B, rat lgG), CD4 
(RL172, rat lgM), CD8 (3.168.8, rat IgM), I-A b (28-16-8s, 
mouse lgM), and heat-stable antigen (HSA) ( J l ld ,  rat IgM). 
mAbs reactive to Kt'l) b (28-8-6s, mouse IgG) (19) and to mouse 
fibroblasts (2F7, hamster IgG) (gift of Dr. W. Havren, The Scripps 
Research Institute, La Jolla, CA) were also used. Biotinylated 
mAbs to TCR-[3 (H57-597, hamster IgG), CD44 (KM201, rat 
IgG), CD45 (30Fl1.1, rat lgG), C1)69 (H1.2F3, hamster IgG), 
and HSA (J11D) were purchased from Pharmingen (San Diego, 
CA). FlTC-conjugated mAbs specific for CD4 (H129.19, rat 
IgG) (GIBCO BRL, Gaithersburg, MD), bromodeoxyuridine 
(BrdU) (B44, mouse IgG) (Becton Dickinson & Co., San Jose, 
CA), PE-conjugated anti-CD4 (GKI.5, rat lgG) (Becton Dickin- 
son & Co.), and RED613-conjugated anti-CD8 (53-6.72, rat 
IgG) (GIBCO BILL) or Cy-chrome-conjugated anti-CD8 (53- 
6.72) (Pharmingen) were also used. Biotinylated normal rat IgG 
was used as a negative control. 

Cell Purification. TCR CD4+CD8 + thymocytes were puri- 
fied from newborn (1-3 d) or adult (5-6 wk) B6 thymuses by 
treatment with cytotoxic anti-CD3 (C363.29B) plus anti-KbD t~ 
(28-8-6s) mAbs plus C followed by positive panning on anti- 
CD4 (RL172)-coated plates (20). T C R -  DP cells were further 
fractionated by centrifugation on stepwise Percoll (Pharmacia 
LKB, Uppsala, Sweden) density gradients at 1,400 g for 30 min 
(21); cells from the 1.07, 1.08, and 1.90 density layers were desig- 
nated as large, medium, and small cells, respectively. Small T C R -  
DP cells were also sorted with a FACStar | (Becton Dickinson & 
Co.) after staining with PE-conjugated anti-CD4 and FITC-con- 
jugated anti-CD8 mAbs and gating on CD4+8 + cells with for- 
ward scatter (FSC). 

TEC were obtained by trypsin digestion of deoxyguanosine- 
treated day 15-16 fetal thymic lobes (16). TEC were depleted of 
fibroblasts and CD45 + cells by sequential incubation, between 
washes, with a mixture of antifibroblast (2F7) and biotinylated 
anti-CD45 mAbs, biotinylated anti-hamster IgG (Jackson Immu- 
noResearch Laboratories, Inc., West Grove, PA), FITC-strepta- 
vidin (Jackson ImmunoResearch Laboratories, Inc.), and bioti- 
nylated micromagnetic beads (Miltenyi Biotec Inc., Sunnyvale, 
CA) followed by passage through magnetic columns (Mini- 
MACS; Miltenyi Biotec, Inc.). 

Preparation of Reaggregation Cultures. Each thymic reaggrega- 
tion culture (16) was established by centrifuging a mixture of 0.5 • 
106 TEC and 1 • 106 T C R -  DP thymocytes and pipetting the 
pellet onto a nucleopore filter placed on a foam sponge (16) in 
standard medium (see below); in some experiments 0.5 • 10 {' 
TEC were mixed with 0.3 • l06 purified LN CD4 + cells (20). 
The slurry of cells reaggregated and formed a lobe within 12- 
18 h of culture. Single-cell suspension from reaggregated lobes 
was obtained by teasing the lobes with needle points. Cell yields 
were estimated by counting viable lymphocytes under a phase- 
contrast microscope. 

Culture Conditions and BrdU Labeling. Reaggregation cultures 
or cell suspensions were cultured in standard RPMI 1640 me- 
dium supplemented with 10% FCS, 5 • 10 -s M 2-ME, r-glu- 
tamine, penicillin, streptomycin, and gentamicin. LN T cells 
were stimulated with 2.5 b~g/ml Con A (20) (Sigma Chemical 
Co., St. Louis, MO) for 3 d. Where indicated, cultures were sup- 
plemented with BrdU (Sigma Chemical Co.) at final concentra- 
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tions of 5, 25, or 125 t*g/ml. For in vivo labeling, newborn (1-2 
d) and adult (5-6 wk) mice were intravenously injected with (}. 1 
or 0.8 mg BrdU in PBS, respectively. 

Flow Cytometry Analysis. For surface staining, cells were incu- 
bated with various mixtures ofbiotinylated and/or fluorochrome- 
conjugated mAbs using conventional methods (17). For example, 
three-color analysis of thymocytes was performed by incubation 
with a mixture of biotinylated anti-TCR-[3, FITC-conjugated 
anti-CD4, and RED613-conjugated anti-CD8 mAbs, washed, 
incubated with PE-conjugated streptavidin (GIBCO BRL), and 
analyzed on a FACScan | (Becton Dickinson & Co.); propidlum 
iodide was used to exclude dead cells (17). For BrdU-labeled 
cells, cells were first stained for surface markers, fixed with etha- 
nol and paraformaldehyde, treated with DNase, and then incu- 
bated with FITC-conjugated BrdU as previously described (22). 
For four-color analysis, thymocytes were incubated with a cock- 
tail of biotinylated anti-TCR-[3, PE-conjugated anti-Cl)4, and 
Cy-chrome anti-CD8 mAbs, washed, incubated with Texas red- 
conjugated streptavidin (GIBCO BRL), washed, fixed m ethanol 
followed by paraformaldehyde, digested with DNase I (Sigma 
Chemical Co.), and incubated with FITC-conjugated anti-BrdU. 
Four-color-stained cells were analyzed on a FACS | Vantage 
(Becton Dickinson & Co.); FSC and side scatter (SSC) gating was 
used to eliminate dead cells and debris. 

To detect viable (nonapoptotic) BrdU + cells, the terminal 
deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end la- 
beling (TUNEL) method (18) was used. Thymocytes were fixed 
in 70% ethanol, washed in PBS, fixed in I% paraformaldehyde, 
washed once with PBS and then with TdT buffer, and incubated 
with 5 IzM biotin-21-dUTP (CLONTECH, Palo Alto, CA) pins 
5 U TdT at 37~ for 30 nfin. The cells were washed in PBS, in- 
cubated with PE-conjugated streptavidin, washed in PBS, incu- 
bated with 50 Kunitz U DNase I (Sigma Chemical Co.) for l ( }  
rain (22), washed with PBS, and incubated with FITC-conju- 
gated anti-BrdU. Cells were analyzed in a FACScan | 

Results  

Experimental Approach. Immature DP thymocytes were 
set up in reaggregation cultures with purified fetal TEC by 
the method  ofJenk inson  et al. (16). In brief, thymocytes 
from newborn  or adult mice were first treated with a mix-  
ture o f  cytotoxic ant i -CD3 and anti-class I mAbs plus C at 
37~ (which killed ~ 6 0 %  of  the cells) and then positively 
panned at 4~ on plates coated with an t i -CD4 mAb. After 
panning, the cells consisted almost entirely (99%) o f C D 4 + 8  § 
cells (Fig. 1 a). TCR-I3  expression on these cells was nega- 
tive to low. As expected, culturing these T C R -  DP cells in 
vitro overnight (without TEC) led to up-regulat ion o f  
TCR-[3  expression to the intermediate level (Fig. 1 a). Sig- 
nificantly, the cultured cells maintained their DP pheno-  
type; contaminat ion with SP CD4+8 - and C D 4 - 8  + cells 
and D N  C D 4 - 8 -  cells was extremely low (Fig. 1 a). TEC 
were prepared by culturing fetal thymus lobes with deoxy-  
guanosine for 5 -6  d; after dispersing the lobes with trypsin, 
contaminating fibroblasts and CD45 § cells were removed 
by magnetic bead separation. 

In agreement with Jenkinson et al. (16), culturing fresh 
T C R -  DP cells with fetal TEC in reaggregation cultures 
generated substantial numbers o f  SP cells (Fig. l ,  a and b). 
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Figure 1. Differentiation of TCP,- DP cells in TEC 
reaggregation cultures. Purified TCR- DP cells prepared 
from newborn thymus were set up in reaggregation cul- 
tures with purified fetal TEC (Materials and Methods). 
After harvest, the cells were three-color stained for ex- 
pression of CD4, CD8, and TCI<-I3; staining was ana- 
lyzed on a FACScan | In a, TCP, DP cells were stained 
immediately after preparation, after culture for 15 h in 
vitro, or after reaggregation with TEC for 5 d; staining of 
normal thymocytes is shown as a control. In b, cells were 
stained after reaggregation with TEC for 0, 2, 4, or 6 d. 
The data are from two different experiments. 

C D 4 + 8  - cells appeared as early as day 2 o f  culture,  whereas 
C D 4 - 8  + cells were  n o t  p r o m i n e n t  unt i l  day 4. Most  o f  the 
SP cells were  T C R  hi cells (Fig. 1, a and b, and see below).  
At  late stages o f  culture,  variable number s  o f  D N  cells were 
found.  These cells appeared to be a he te rogenous  popula -  
t ion  con tamina ted  wi th  T E C  and dying  l ympho id  cells and 
will no t  be  discussed further. 

The  above results conf i rm the data o f J e n k i n s o n  et al. 
and indicate that the transi t ion o f  T C R -  D P  cells to 
T C R  hi SP cells in  T E C  reaggregation cultures is a valid 
model  for positive selection. W i t h  this system we examined  
the extent  o f  cell division dur ing  thymic  selection. 

T Cell Yieldsfiom Reaggregation Cultures Preparedfiom Small 
vs Large T C R -  DP Cells. W i t h  n e w b o r n  T C R . -  D P  cells 
as inpu t  cells, total yields o f  viable l ympho id  cells f rom 
T E C  reaggregation cultures decl ined progressively dur ing  
the first 3 d o f  cul ture b u t  then  stabilized at ~ 2 0 %  of  the 
inpu t  n u m b e r  by  day 4 - 5  (Fig. 2 a); at this stage, 40 -70% 

of  the lympho id  cells were  SP cells (Fig. 1). In  cultures pre-  
pared from adult T C R -  D P  cells, cell yields o n  day 5 were 
much  lower, i.e., , '~ o f  the input  n u m b e r  (Figure 2 a). 

O n  the basis o f  FSC and SSC, fresh neonata l  T C t L -  D P  
cells con ta ined  "~20% blast cells (Fig. 3 a, top). T o  examine  
the con t r ibu t ion  o f  blast cells to cell yields in reaggregation 
cultures, n e w b o r n  T C R -  D P  cells were  separated into 
populat ions  enr iched for large, m e d i u m ,  or small cells on  
Percoll gradients (Fig. 3 a, top). W h e n  these cell fractions 
were  cul tured wi th  B r d U  for 9 h in  vitro in the absence o f  
T E C ,  double  s taining for B r d U  incorpora t ion  vs T U N E L  
(to detect apoptotic  cells) indicated that cycl ing (BrdU +) 
cells were  p r o m i n e n t  wi th  the large cell fraction, less c o m -  
m o n  wi th  the m e d i u m  cells, and rare wi th  the small cells 
(Fig. 3 a, middle). Apoptot ic  ( T U N E L  +) cells were more  
c o m m o n  wi th  the small cells than wi th  the other  fractions, 
and most  o f  the apoptotic  cells were B r d U - .  

W i t h  each cell fraction, cul tur ing the T C R -  D P  cells for 
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Figure 2. Percent recovery of thymocytes obtained 
from reaggregation cultures of TEC and neonatal vs adult 
TCtL DP cells. In a, the input TCIL- DP cells were 
cultured with TEC for the times indicated. In b, before 
culture with TEC, the input DP cells were fractionated 
on Percoll gradients to prepare populations enriched for 
small, medium, or large cells (Materials and Methods); 
cells were counted on day 5 of culture. In a and b, the 
data refer to the mean percentage of recovery of viable 
lymphoid cells (+ SD) relative to the number of input T 
cells; the number of experiments involved is shown 
above the SD bars. Cells with the morphology of viable 
lymphoid cells were counted by phase-contrast micros- 
copy. 
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Figure 3. Differentiation of Percoll-separated TCR- DP cells in TEC reaggregation cultures. Populations of small, mediunl, or large cells were pre- 
pared by Percoll separation ofTCR- DP cells from newborn (a and b) or adult (c) thymocytes. (a, top) FSC/SSC analysis and CD4/CD8 staining show 
the size and purity of the Percoll-separated cells. (a, middle) The turnover and viability of the separated cells was measured by placing the cells in tissue 
culture (without TEC) with BrdU (25 txg/ml) for 9 h and then, after fixation, double staining the cells with anti-BrdU antibody vs incorporation of nu- 
cleotide (dUTP) in the presence ofTdT (TUNEL staining) (Materials and Methods). (a, bottom) Cells recovered after 5 d in reaggregation cultures were 
analyzed for CD4 vs CD8 expression using two-color staining. In b and c, cells recovered from reaggregation cultures were analyzed for size using FSC/ 
SSC analysis and for CD4 vs CD8 expression. The data in a, b, and c were from three separate experiments; percent recoveries ofT cells from the cultures 
(relative to the input number of DP cells) are shown for each experiment. 

5 d with TEC in reaggregation cultures induced a marked 
DP --+ SP switch (Fig. 3 a, bottom). Switching to SP cells 
was more pronounced  with small DP cells (70-90% SP 
cells on day 5) than with large DP cells (~40% SP cells on 
day 5) (Fig. 3, a and b). However ,  total cell yields were 
substantially higher with the large DP fraction than with 
the small cells (30 vs 8%, see Fig. 3 a, bottom); in addition, 
the propor t ion o f  CD4+8 + cells at day 5 was much higher 
in cultures prepared from large DP cells than from small 
cells (52 vs 7%; see also Fig. 3 b). The  large DP cells also led 
to higher yields o f  cells on day 2 o f  culture (105%, Fig. 3 b). 
Interestingly, FSC/SSC analysis o f  the cells harvested on 
day 2 revealed that, by this stage, the large DP cells had re- 
verted to small cells, but  with minimal differentiation into 
SP cells (Fig. 3 b). By contrast, cultures prepared with the 
small DP fraction generated appreciable numbers o fCD 4+8  - 
cells (but not  C D 4 - 8  + cells) by day 2 o f  culture (Fig. 3 b). 
(The significance o f  the increase in cell size in day 5 cul- 
tures will be considered later.) 

The above data indicate that the high yields o f  SP cells in 
reaggregation cultures are at least partly a reflection o f  divi-  

sion and expansion o f  blast precursors, presumably at the 
DP stage and before day 2 o f  culture. The  higher yields o f  
SP cells generated from large DP cells than from small DP 
cells were observed in several different experiments and ap- 
plied to both newborn  and adult DP  cells (Figs. 2 b and 3, b 
and c). For each fraction studied, total cell yields from the 
cultures were appreciably lower with adult than with new-  
born DP cells (Figs. 2 b and 3, b and d. 

Since FSC analysis revealed that Percoll-separated frac- 
tions o f  small DP cells were contaminated with a few blast 
cells and cycling cells (Fig. 3 a), the SP cells generated from 
the small DP fraction could have been derived from con-  
taminating large cells. To  examine this possibility, T C R  
DP cells from newborn  mice were FACS | separated into 
small cells on the basis o f  FSC (Fig. 4 a). The  sorted cells 
were highly pure and were virtually devoid o f  cycling cells; 
i.e., < 1 %  o f  the ceils incorporated BrdU after overnight 
culture (data not  shown). W h e n  reaggregated with TEC,  
these purified small DP cells generated SP cells in the same 
numbers and with the same kinetics as Percoll-separated 
small cells. Thus, CD4+8 - cells were evident by day 2 o f  
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Figure 4. Differentiation of FACS| small TCP, DP cells in 
TEC reaggregation cultures. TCP, DP cells prepared from newborn (a) 
or adult (b) mice were FACS ~ separated to obtain purified populations of 
small DP cells (top) (Materials and Methods). These populations were then 
placed in TEC reaggregation cultures and analyzed for size (FSC/SSC) 
and CD4/CD8 expression after 2, 3, or 4 d. Cell yields from the cultures 
on day 4 are shown at the bottom. 

cul ture,  whereas C D 4 - 8  + cells appeared 1 d later (Fig. 4 a). 
Comparab le  results were ob ta ined  wi th  FACS| 
small D P  cells prepared f rom adult thymus  (Fig. 4 b); total 
cell yields, however ,  were  m u c h  lower  wi th  adult  than 
wi th  n e w b o r n  cells, and  C D 4 - 8  + cells were rare before 
day 4. 

Cell Division in Reaggregation Cultures. T o  study cell di-  
vision dur ing  culture,  reaggregation cultures were supple-  
m e n t e d  wi th  B r d U  con t inuous ly  f rom day 0--5 (Fig. 5 a). 
In the initial exper iments  shown  in Fig. 5, the cultures 
were  prepared wi th  unseparated (non-Percol l -separated)  
D P  cells. W i t h  adult  T C R -  D P  cells, the percentage o f  
B r d U  label ing o f  SP cells on  day 5 was surprisingly high: 
66% for C D 4 + 8  - cells and  93% for C D 4 - 8  + cells (Fig. 5 
a). N e w b o r n  T C R -  D P  cells generated even higher  label- 
ing  o f  SP cells: 95% for CD4 +8  - cells and 99% for 
C D 4 - 8  + cells (Fig. 5 a). T o  examine  the kinetics o f  B r d U  
incorpora t ion,  cultures prepared from unseparated n e w -  
bo rn  T C R . -  D P  cells were  pulsed wi th  B r d U  at different 
stages o f  cul ture  and  harvested 1 d after B r d U  addit ion.  
W h e n  the cultures were harvested at the end  o f  day 1, 52% 
of  the cells were  B r d U  + (Fig. 5 b). B r d U  label ing was 
m u c h  lower  on  day 2 and day 3 (8 and 10%, respectively) 
bu t  then  increased to high levels on  day 4 (59%). The  in-  
crease in  the percentage o f  B r d U  label ing on  day 4 was as- 
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Figure 5. BrdU incorporation by TCR- DP cells cultured with TEC 
in the presence of BrdU. In a, TCI<- DP cells prepared from adult (left) 
or newborn (right) mice were placed in TEC reaggregation cultures sup- 
plemented with BrdU (5 ~g/ml). After 5 d of continuous exposure to 
BrdU, the cells were harvested and three-color stained for BrdU incorpo- 
ration and CD4/CD8 expression. The histograms show the percentage of 
BrdU incorporation and CD4/CD8 expression by total lymphoid cells, 
CD4+8 - cells, and CD4-8 + cells; the horizontal marker used to define 
BrdU + cells was set relative to control cultures not supplemented with 
BrdU (see Fig. 6). In b, TCP,- DP cells from newborn mice were placed 
in TEC reaggregation cultures and harvested after 1, 2, 3, or 4 d; BrdU 
(25 ~tg/ml) was added during the last 24 h of culture. After harvest, the 
cells were stained for BrdU incorporation vs TUNEL as for Fig. 3 a. 

sociated wi th  a substantial increase in  cell size (Fig. 5 b) (see 
also Figs. 3 and 4). At each stage o f  culture,  > 9 5 %  of  cells 
in  the FACS | gates examined  were  viable ( T U N E L - )  (Fig. 
5 b). 

T h e  above data indicate that cell division in  reaggrega- 
t ion  cultures prepared from unseparated T C R -  D P  cells is 
extensive and skewed to the early and late stages o f  culture. 
T h e  features o f  cells proliferating at these two stages are 
discussed below.  

Cell Division during Early Culture. Three -co lo r  staining 
showed that most  o f  the cells proliferat ing on  day 1 o f  cul-  
ture were T C R -  D P  cells (data no t  shown) and were pre-  
sumably derived from the blast cells in the inpu t  popula-  
t ion.  T o  study cell division in  the absence o f  blast cells, 
reaggregation cultures were  prepared f rom FACS| 
small DP  ceils, using n e w b o r n  thymocytes .  B r d U  was 
added at the ini t ia t ion o f  culture,  and cells were  harvested 
at daily intervals; the cells were  thus exposed to B r d U  con -  
t inuously  (compared wi th  the 1-d pulse used in  Fig. 5 b). 
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Figure 6. BrdU incorpora- 
tion by FACS~-separated small 
T C R  DP cells cultured with 
TEC in the continuous presence 
of BrdU. FACS~'-separated 
small l)P cells were prepared 
from newborn TCR I)P cells 
and placed in TE(" reaggregation 
cultures. BrdU (5 p.g/ml) was 
added at the initiation of culture, 
and cells were harvested after 2, 
3, or 4 d. The cells were then 
stained for BrdU incorporation 
vs CD4/CD8 expression. Tile 
data show the percentage (/t 
BrdU incorporation by all lym- 
phoid cells (cells expressing ei- 
ther CD4 or CI)8 or both) and 
by CD448 " cells. BrdU staining 
of cells from reaggregation cul- 
tures not supplemented with 
BrdU is shown as a negative 
control (bottom l~'ft). 

As expected,  pr ior  remova l  o f  blast cells virtually abolished 
prol iferat ion in the early stages o f  culture. B r d U  incorpora -  
t ion was almost undetec table  on  day 1 o f  cul ture (data no t  
shown),  and only  7% labeling was found  on  day 2 ( com-  
pared wi th  47% for cultures prepared f rom unseparated 
T C R -  D P  cells) (Fig. 6). These  data refer to total cells. 
Gat ing on SP cells revealed negligible labeling o f  C D 4 + 8  
cells on  day 2 (2%) and l o w  labeling on  day 3 (10%) (Fig. 
6). At  later stages o f  culture,  however ,  labeling o f  SP ceils 
increased considerably and reached h igh  levels by day 4: 
32% for C D 4 + 8  - ceils (Fig. 6) and 82% for C D 4 - 8  + ceils 
(data no t  shown).  C D 4 - 8  + cells w e r e  rare before  day 4 in 
this exper iment ;  o f  the few cells r ecove red  on  day 3, 60% 
were  B r d U  +. 

T h e  above  results indicate that pr ior  removal  o f  blast 
cells p reven ted  the early phase o f  prol i ferat ion and a l lowed 
small D P  cells to switch to SP ceils (CD4+8  - cells) in the 
absence o f  cell division. It is notable,  howeve r ,  that re-  
mova l  o f  blast cells failed to p reven t  the h igh  rate o f  cell 
t u rnove r  found  on  day 4. Cell  division dur ing the late 
stages o f  cul ture is discussed be low.  

Cell Division during Late Culture. T h e  high rate o f  cell 
division observed for bo th  C D 4 + 8  - and C D 4 - 8  + cells on  
day 4 o f  cul ture could  indicate that cell division is requi red  
for the late genera t ion  o f  SP cells f rom D P  cells. Al te rna-  
tively, cell division on  day 4 may  occur  after the switch to 
SP cells. T o  examine  this second possibility, reaggregat ion 
cultures prepared f rom unseparated T C R .  D P  cells were  
pulsed for 4 h wi th  B r d U  at different stages o f  cul ture and 
harvested immedia te ly  after the pulse period.  T h e  short 

pulse o f  B r d U  labeled only a small p ropor t ion  (6%) o f  the 
early w a v e  o f  C D 4 + 8  - cells found  on  day 3 (Fig. 7 a). At  
days 4-6 ,  howeve r ,  the percentage  o f  B r d U  labeling was 
quite  high: 18-21% for C D 4 + 8  - cells and 2 9 - 3 7 %  for 
C D 4 - 8  + cells. T h e  high labeling o f  SP cells pulsed wi th  
B r d U  at late stages o f  cul ture was observed in several differ- 
ent  exper iments  and applied irrespective o f  w h e t h e r  the in-  

put  T C I L -  D P  cells were  f rom adult or  n e w b o r n  mice  or  
were  prepared f rom large or  small D P  cells (Fig. 7 b); the 
percentage  o f  labeling was always l o w  on  days 2 - 3  o f  cul-  

a 

CD4+8- 

CD4-8+ 

Day of harvest (TCR-DP newborn) 

Day 3 Day 4 Day 5 Day 6 

. a~,,..,,~i, i.,,..,, r, 1 ' i . _ . .~_  a6_ 
BrdU 

b Day 6 harvest 

adult TCR-DP Percolt fraction of newborn TCR-DP 
large medium small 

32 25 t 35 29 all cells 

| 

23 31 ] 30 

BrdU 
Figure 7. Effects of pulsing reaggregation cultures with BrdU for 4 h at 
different stages of culture. 111 a, TEC reaggregation cultures were pre- 
pared from newborn TCP,.- DP cells and harvested after 3, 4, 5, or 6 d; 
BrdU (125 btg/ml) was added at the beginning of the days indicated, and 
cells were harvested 4 h later. In b, TEC reaggregation cultures were pre 
pared from adult T C t L  DP cells or from Percoll-separated fractions ol 
newborn TCP,_- DP cells; BrdU was added o:1 day 6 of culture, and cells 
were harvested 4 h later. In both a and b, the harvested cells were three- 
color stained for expression ofBrdU, CD4, and C1)8. The data show the 
percentage of BrdU incorporation by CD4+8 " and C[)4-8 ~ cells. As for 
Fig,s. 5 and 6, the marker used to define BrdU + cells was set relative to 
control cultures not pulsed with BrdU. The data in a and b were from dif 
ferent experiments. 
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Figure 8. BrdU incorporation by T C R  hi cells in TEC reaggregation 
cultures pulsed for 4 h with BrdU on day 4 or day 5. T C K -  DP cells 
from newborn mice were set up in TEC reaggregation cultures; BrdU 
(125 I.tg/ml) was added at the beginning of day 4 or 18 h later at the end 
of day 4 (called day 5 for simplicity), and cells were harvested 4 h later. 
The harvested cells were four-color stained for BrdU, TCR-[3, CD4, and 
CD8. TCR.-[3 expression on CD4+8 -, CD4-8 +, and CD4§ + cells is 
shown at the left of the figure; the percentage of cells in each subset is 
shown in parenthesis; TCI<-[3 staining of normal thymus (left, bottom) was 
used to define TCR_ hi cells. Percent BrdU incorporation by TCR t~176 int 
(R5) and TCP,. hi (R.6) cells is shown in the middle of the figure; the lack 
of BrdU staining when cultures were not pulsed with BrdU is shown at 
the tight. 

ture (<5% in other experiments). 
The  above data indicate that the SP cells found at late 

stages of  culture showed a surprisingly high rate of  cell divi- 
sion; since the BrdU pulse was brief, i.e., 4 h, cell division 

Normal thymus (% BrdU +) 
Newborn adult 

TCRB 

Figure 9. BrdU incorporation of T C R  hi thymocytes from neonatal vs 
adult mice pulsed with BrdU in vivo. Normal neonatal and adult mice 
were injected intravenously with BrdU (0.1 mg for neonates, 0.8 mg for 
adults) and killed 3 h later. Thymocytes were four-color stained for 
BrdU, TCP,.-[3, CD4, and CD8 expression. The data show TCR-13 ex- 
pression on CD4+8 -, CD4-8 +, and CD4+8 + cells; the percentages of 
BrdU + cells in TCR) ~176 and TCt~ hi cells (mean of four mice/group) 
are shown in parenthesis; a distinct peak of TCR. hi DP cells is not evident 
for adult thymus in the experiment shown but was discernible in other 
experiments. 

presumably occurred after (rather than during) the DP --+ 
SP switch. T o  examine the TCR.  density on the dividing 
cells, reaggregation cultures prepared fi:om newborn TCP,.- 
DP cells (unfractionated) were pulsed with BrdU for 4 h at 
daily intervals (as for Fig. 7) and were then four-color 
stained for expression of  CD4,  CD8,  TCR.-[3, and BrdU. 
Data on cells recovered on days 4 and 5 are shown in Fig. 
8. Gating on CD4+8 - ,  C D 4 - 8  +, and CD4+8 + cells re- 
vealed that each of  these subsets contained T C R  hi cells. 
Gating on these TCP,. hi cells to examine BrdU incorpora- 
tion showed that BrdU labeling of  T C R  hi (R6) cells was 
high and quite similar (19-33%) for each of  the three 
CD4/8-def ined  subsets, both on day 4 and day 5 (Fig. 8). 
TCR)  ~176 (R.5) ceils were rare in the CD4 + 8-  subset but 
were clearly detectable in C D 4 - 8  + ceils (especially on day 
4) and prominent  in CD4+8 + cells. BrdU labeling of  these 
T C R .  l~176 cells was variable, ranging from < 1 %  for DP 
cells on day 4 to 63% for C D 4 - 8  § cells on day 5 (Fig. 8). 

The  above data indicate that cell division in late culture 
affected a spectrum o f  cell types, including TCP, .  hi cells. To  
exclude artifact resulting from cell culture, comparable ex- 
periments were performed on normal thymus tested di- 
rectly ex vivo. Newborn  and adult mice were given an in- 
travenous injection of  BrdU and were then killed 3 h later 
to prepare thymocytes. TCP,-[~ expression on CD4+8 - ,  
C D 4 - 8  +, and CD4+8 + cells is shown in Fig. 9; the per-  
centage o f  BrdU labeling of  T C R .  hi (R6) and TCR_ l~176 

(R5) cells is illustrated in parenthesis in the histograms. In 
the case o f  newborn thymocytes, it is evident that the per-  
centage of  BrdU labeling of  T C R  hi cells was prominent:  
20% for CD4+8 - ,  21% for C D 4 - 8  + cells, and 12% for 
CD4+8 + cells. These percentages are in surprisingly close 
accord with the above data for day 4-5  reaggregation cul- 
tures (compare Figs. 8 and 9). The  high turnover o f  TCR.  hi 
cells found in reaggregation cultures thus seemed to be real 
rather than artifactual and closely mirrored the turnover of  
T C R .  hi cells in the normal neonatal thymus. Turnover  o f  
TCP, .  hi cells was substantially lower in the adult thymus: 4% 

ceU yields: 
CD4 + LN 
cultured 3% 
alone for 3d 

......~3d 
CD4* I.N I I  '' 53% 
cultured with 
TECreaggregated L ~  

for ..,~,~ 4d 75% 

BrdU 

Figure 10. BrdU incorporation by LN CD4 + cells in LN/TEC re- 
aggregation cultures. Purified CD4 + cells from LN of normal adult mice 
were placed in TEC reaggregation cultures for 2 (not shown), 3, or 4 d 
and pulsed with BrdU (25 p.g/M) for 22 h before harvest; LN CD4 § cells 
cultured in medium alone were used as a control. After harvest, the cells 
were two-color stained for BrdU incorporation and CD4 expression. The 
data show the percentage of BrdU incorporation by CD4 + cells; total 
yields of viable lymphoid cells (relative to the input number of CD4 + 
cells) are shown on the fight. 
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Figure 11. Surface markers on SP cells generated 
from neonatal TCP,- DP cells in reaggregation cul- 
tures. In a, cells from reaggregation cultures harvested 
on day 2 or day 6 were three-color stained for expres- 
sion of CD69 or HSA vs CD4 and CDS. The data 
show CD69 and HSA expression on CD4+8 - cells; ex- 
pression of these markers on CD4+8 - cells prepared 
from adult thymus and LN is included as a control. In 
b, reaggregation cultures were pulsed with BrdU (125 
Izg/ml) on day 5 of culture and were harvested 4 h 
later. As controls, cultures of Con A blasts were pulsed 
with BrdU (125 Ixg/ml) on day 3 and were harvested 4 
h later; as additional controls, thymocytes were pre- 
pared from normal neonatal or adult mice injected in- 
travenously with BrdU 4 h before (see Fig. 9 for BrdU 
dose). All four populations of cells were treated with 
anti-CD8 mAb plus C and then three-color stained for 
expression of BrdU, CD4, and CD69 or CD44, The 
data show CD69 and CD44 expression on BrdU ~ 
CD4 + (8-) cells. The percentage of cells defined as be- 
ing CD69 + or CD44 hi is marked on the histo~ams. 
Background staining (second Ab only) is shown on the 
left. The markers for CD69 and CD44 hi expression 
were set on the basis of staining of nom~al LN CD4* 
cells (bottom)�9 

B r d U  label ing  for  C D 4 + 8  - cells and  7% for C D 4 - 8 + c e l l s  
(Fig. 9). 

T h e  s implest  exp lana t ion  for  the  a b o v e  data is tha t  T E C  

f r o m  fetal and  n e w b o r n  mice  release factors, e.g., cy to -  

kines,  tha t  i n d u c e  m a t u r e  T cells to divide.  T o  e x a m i n e  

this ques t ion ,  r eaggrega t ion  cul tures  we re  p r e p a r e d  f rom a 
m i x t u r e  o f  fetal T E C  and  n o r m a l  L N  C D 4 + 8 - c e l l s .  T h e  
cul tures  w e r e  ha rves ted  at days 2 - 4  and  pulsed  w i t h  B r d U  

for  1 d before  harvest .  In  m a r k e d  con t ras t  to  L N  C D 4 + 8  - 
cells cu l tu red  alone,  the  p e r c e n t a g e  o f  B r d U  labe l ing  o f  

C D 4 + 8  - cells in  L N / T E C  cul tures  increased  progress ive ly  

w i t h  t ime  and  r ea ched  30% by  day 4 w i t h  h i g h  T cell re -  
cover ies  (Fig. 10); l abe l ing  o n  day 2 was l o w  (5%, data n o t  
shown) .  Ex tens ive  d iv is ion  o f  m a t u r e  T cells in L N / T E C  
cul tures  was obse rved  in several  d i f ferent  e x p e r i m e n t s  and  

appl ied  to b o t h  C D 4 + 8  - and  C D 4 - 8  § cells. W i t h  Perco l l -  

separated L N  cells, p ro l i fe ra t ion  was m o r e  m a r k e d  w i t h  
large cells t han  w i t h  small cells. 

Surface Markers on Cells in Late Culture. Posi t ive  selec- 

t ion  is k n o w n  to cause rapid u p - r e g u l a t i o n  o f  C D 6 9  fol-  
l o w e d  by  gradual  d o w n - r e g u l a t i o n  o f  C D 6 9  and  H S A  (1). 
In  a g r e e m e n t  w i t h  this  s cheme ,  the  early w a v e  o f  C D 4  § 8 -  

cells f o u n d  o n  day 2 in  D P / T E C  reaggrega t ion  cul tures  
was p r e d o m i n a n t l y  C D 6 9  + H S A  + (Fig. 11 a). The rea f t e r ,  

t he  express ion  o f  these markers  o n  C D 4 + 8  - cells gradual ly  
decreased,  and  the  ma jo r i ty  o f  C D 4 + 8  cells w e r e  C D 6 9 -  

H S A  by  day 6 (Fig. 11 a). 
S ince  some  o f  the  cells in  late cu l tu re  r e t a ined  C D 6 9  ex-  

pression,  this  p h e n o t y p e  m i g h t  d e n o t e  d iv id ing  cells. T o  
e x a m i n e  this ques t ion ,  day 5 reaggrega t ion  cul tures  w e r e  
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pulsed with BrdU for 4 h and then stained for expression o f  
CD69 and CD44  (Pgp-1). Thymocytes  from BrdU- in-  
jected (4 h) neonatal and adult mice were used as a control; 
as a further control, L N  Con  A blasts were stained after a 
pulse o f  BrdU on day 3 of  culture. All four populations o f  
cells were treated with ant i -CD8 mAb plus C to remove 
C D 4 - 8  + and CD4+8 + cells, thereby enriching for T C R  hi 

CD4+8 - cells, and were then three-color stained. Gating 
on CD4§ -) BrdU § cells revealed that the majority of  the 
dividing cells in the control population o f  Con  A blasts 
were CD69  § CD44 hi, i.e., the typical phenotype of  T C R -  
activated T cells (Fig. 11 b). BrdU § CD4+8 - cells from 
newborn  and adult thymus showed a high frequency o f  
CD69 § cells, but most o f  these cells were CD44  l~ (Fig. 11 
b). Interestingly, the bulk o f  the BrdU § cells from day 5 re- 
aggregation cultures were C D 6 9 -  CD44  l~ (Fig. 11 b); this 
also applied to the B r d U -  cells (data not shown). The  
CD4+8 - cells proliferating in the late stages o f  reaggrega- 
tion cultures thus did not display the phenotype of  T cells 
responding to T C R - m e d i a t e d  signals. 

Discuss ion  

T cell proliferation in D P / T E C  reaggregation cultures 
was extensive and occurred at two distinct stages, i.e., in 
the early and late stages of  culture. The  first wave o f  prolif- 
eration was maximal on day 1 and reflected division and 
expansion of  DP blast precursors. This was apparent from 
cell separation studies. Thus, T cell proliferation on day 1 
was high in cultures prepared with DP blast cells but almost 
undetectable when blast cells were removed. 

The  absence o f  early proliferation in cultures prepared 
from small DP cells made it possible to test whether  posi- 
tive selection, i.e., differentiation o f  DP cells into SP cells, 
involves cell division. The  key finding was that the vast 
majority of  CD4+8 - cells generated from small DP cells 
during the first 3 d of  culture failed to incorporate BrdU, 
despite the continuous presence of  BrdU in the cultures. 
This observation provides direct support for the view that 
positive selection takes place in the absence of  cell division 
(13, 14). It should be emphasized, however,  that our data 
rest on studies with CD4+8 - cells. The  data on C D 4 - 8  + 
cells were less clear cut. In agreement with intrathymic in- 
jection experiments (10, 11), generation o f  SP cells in re- 
aggregation experiments was appreciably slower for C D 4 - 8  + 
than for CD4+8 - cells. Thus, CD4+8 - cells were clearly 
apparent by day 2 o f  culture, especially when generated 
from purified small DP cells, but C D 4 - 8  + cells were rare 
before days 3-4.  Determining whether  CD4-8+cel ls  arose 
from DP cells without  division was complicated by the late 
wave o f  proliferation in the cultures (see below). Never -  
theless, when BrdU was added at day 0 to cultures prepared 
from small DP cells, ~ 4 0 %  of  the small numbers o f  
C D 4 - 8  + cells recovered on day 3 remained BrdU- .  This 
finding suggests that at least a proport ion o f  C D 4 - 8  § cells 
arises from DP cells without  division. 

The  onset o f  the second wave o f  T cell proliferation oc- 
curred at days 4-5  o f  culture. At this stage, proliferation 
was most prominent  among T C k  hi cells, including the 
small subset o f  TC1K ta DP cells, but was undetectable at the 
level o f T C R  1~ DP cells. At later stages o f  culture, prolifer- 
ation affected all T cell subsets, including TC1K 1~ cells. Late 
proliferation in culture was not unique to thymocytes be-  
cause high T cell turnover was evident in L N / T E C  cul- 
tures. 

Although the late wave o f T  cell proliferation in reaggre- 
gation cultures could be a tissue culture artifact, it is striking 
that near-identical proliferation was apparent in the normal 
neonatal thymus. Thus, pulsing neonatal mice with BrdU 
3-4  h before removing the thymus revealed extensive turn- 
over  o f  all T cell subsets, including T C R  hi cells. Marked 
proliferation of  CD4+8 - cells in the neonatal thymus was 
reported previously (15), and we used four-color staining 
to show that such proliferation also affects T C R .  hi C D 4 - 8  + 
and T C R  hi CD4+8 + cells. These findings on the neonatal 
thymus thus suggest that the proliferation seen in reaggre- 
gation cultures is real and not artifactual. 

W h y  T cell turnover is so prominent  in the neonatal 
thymus and the late stages of  reaggregation cultures is un-  
clear. The  possibility that the cells proliferate as a manifes- 
tation o f  positive selection seems unlikely because many o f  
the proliferating cells were T C R  hi SP cells, the phenotype 
of  mature postselected T cells. If  proliferation involved 
T C R  signaling, one would expect the proliferating cells to 
display the typical phenotype o f  ac t iva ted/memory T cells. 
Surprisingly, however,  most o f  the proliferating T C R  hi 

cells found in late reaggregation cultures were C D 6 9 -  
CD44 l~ which contrasted markedly with the CD69 + 
CD44 hi phenotype o f  Con A blasts. In view o f  these find- 
ings, our working hypothesis is that the proliferation of  
postselected T cells in the perinatal thymus is not driven by 
T C R - m e d i a t e d  signals but by cytokines released from 
TEC,  e.g., IL-7 (23). One  way to test this idea is to exam- 
ine whether  proliferation can occur in the absence o f  T C R  
signals, by culturing postselected T cells ( T C R  hi SP cells or 
L N  T cells) in reaggregation cultures prepared with normal 
vs MHC-def ic ien t  ( M H C  ~ TEC.  In fact, preliminary 
work  has shown strong proliferation of  T cells in L N /  
M H C  ~ T E C  cultures. 

Proliferation o f  mature T cells in the perinatal thymus 
could be a device to expand the mature T cell repertoire 
before export to the periphery. Alternatively, activation o f  
postselected T cells in the thymus may be required for in- 
ducing the expression of  " thymic export"  receptors, i.e., 
receptors enabling mature medullary T cells to penetrate 
veins or lymphatics at the cort ico-medullary junction. 
Whatever  the explanation, it is notable that proliferation o f  
mature T cells was also detectable in the adult thymus, al- 
beit at a low level. Thus, labeling of  adult thymocytes after 
a b r i e fBrdU pulse in vivo affected 4% o f  T C R  hi CD4+8 - 
cells and 7% of  T C R  hi C D 4 - 8  + cells. In adults, prolifera- 
tion o f  mature SP thymocytes is usually attributed to local 
responses to exogenous antigen (14) or back-migration o f  
activated T cells to the thymus from the periphery (24). 

969 Ernst et al. 



However,  it remains possible that the proliferation o f  ma- 
ture T cells in the adult thymus is antigen independent and 
is controlled by the same factors operating in the neonatal 
thymus. A priori, this idea could be tested by culturing DP 
thymocytes with TEC prepared from adult thymus. Be- 
cause o f  the difficulty o f  preparing purified TEC from adult 
thymus, however, we have been unable to conduct this ex- 
periment. 

As a final point, it is worth noting that generation o f  SP 
cells in reaggregation cultures was substantially higher with 
neonatal than with adult DP ceils. This also applied to puri- 
fied small DP cells. Taking into consideration the total cell 
yields on day 4-5 culture (Fig. 2) and the proportion o f  SP 
cells in the cultures (70-90% on day 5 for neonatal cells and 
40-50% for adult ceils; see Figs. 3 and 4), the percentage o f  

recovery of  SP cells relative to the input number of  (small) 
DP cells was 4-6% for neonatal cells and ~1% for adult 
cells. Although this difference could reflect a higher pro- 
portion o f  dead-end DP cells in the adult thymus, it may be 
relevant that, unlike newborn thymocytes, adult thymo-  
cytes show high expression of  TdT, the enzyme responsi- 
ble for N-region diversity (25). In this respect, it is intrigu- 
ing that generation o f  SP cells in the adult thynms is 
augmented in TdT "knockout"  mice (26), perhaps because 
the lack o f  T C R  N regions facilitates T C R  contact with 
M H C  molecules and thereby promotes positive selection 
(26). Hence, the finding that neonatal DP cells generate 
higher yields o f  SP cells in reaggregation cultures than adult 
DP cells could simply reflect that neonatal cells have low 
TdT expression. 
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