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a b s t r a c t

Rac GTPases consist of Rac1, 2 and 3, and each of them have redundant and differential functions. Rac1 is
the most ubiquitously and abundantly expressed of the three and has been shown to work as a “molecular
switch” in various signal transduction pathways. Although Rac1 and Rac2 are both activated by TCR
ligation, little is known about the function of Rac GTPases in the development and activation of T cells.
In order to investigate the precise function of Rac GTPases in T cells in vivo, we established dominant
negative Rac1 transgenic (dnRac1-Tg) mice controlled by the human CD2 promoter. Total numbers of
thymocytes of dnRac1-Tg mice were significantly decreased because of impaired transition from the
CD4CD8 double negative stage to the CD4CD8 double positive (DP) stage. Although positive selection
of CD4 single positive (SP) was not altered, positive selection of CD8-SP was slightly increased. On the
contrary, the number of mature CD4-SP and CD8-SP cells in the spleen, mesenteric lymph nodes and
peripheral blood was severely decreased in dnRac1-Tg mice. Proliferation of splenic CD4-SP cells upon
TCR stimulation in vitro was unaltered, however, homeostatic proliferation of dnRac1-Tg splenic CD4-SP
cells in lymphopenic mice was severely reduced. Finally, we found increased spontaneous apoptosis of

DP thymocytes and mature T cells in dnRac1-Tg mice, possibly because of reduced phosphorylation of Akt
with or without TCR stimulation. Collectively, the current results indicate that Rac GTPases are important
in survival of DP thymocytes and mature T cells in vivo by regulating Akt activation.
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. Introduction

Rac belongs to the Rho family of small guanosinetriphosphatases
GTPases), and is a critical signaling regulator acting as a molecular
witch in mammalian cells [1–4]. Rac consists of three independent
enes; Rac1 is expressed ubiquitously, Rac2 is expressed only in
ematopoietic cells, and Rac3 is expressed mainly in the brain [1–5].
ac1 regulates various cellular functions such as cellular growth,
ytoskeletal rearrangement, and apoptosis [6–8]. Rac2 is important
or superoxide production, phagocytosis by neutrophils, regulation
f leukocyte lineage differentiation, regulation of B cell adhesion
nd immunological-synapse formation [9–11]. Rac3 is relevant to
ater events in the development of a functional nervous system [12].

ecause Rac1 deficient mice die in utero [13], a conditional knock-
ut strategy was applied for the analysis of its function. Distinct
nd critical roles of Rac1 and Rac2 in growth and engraftment of
ematopoietic stem cells [5,14,15] as well as in B cell development
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[16] were reported by using conditional knockout mice for Rac1 on
a Rac2−/− background.

However, little is known about the function of Rac GTPases in T
cell development and activation. Rac2-deficient mice showed nor-
mal T cell development in the thymus, defective Th1 differentiation
caused by decreased IFN-� production [17], perturbed chemotaxis
[18], and defective T cell activation accompanied by decreased ERK
activation [19]. Overexpression of constitutively active mutants of
Rac1 (L61Rac1 and L61Y40CRac1) induced pre-T cell differentia-
tion and proliferation on a RAG−/− background [20], and conversion
of positive selection to negative selection in the thymus [21]. The
results indicates that Rac1 regulates the strength of TCR-mediated
signal transduction. Very recently, mice with conditional disrup-
tion of both Rac1 and Rac2 in the thymus were reported and they
showed reduced development of T cell and impaired activation with
increased cell death [22,23].
Although Rac1 and Rac2 are abundantly expressed in the
thymus, we found that Rac3 too was weakly expressed in the
thymus. Because all three Rac GTPases are expressed in the
thymus, we decided to establish transgenic mice with thymocyte-
specific expression of a dominant negative mutant form of Rac1

http://www.sciencedirect.com/science/journal/01652478
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N17 mutation), which is known to inhibit all three Rac GTPases
24]. Overexpression of the dominant negative (dn) Rac1N17

utant cDNA in a T cell line successfully inhibited TCR/CD28-
ependent Rac signaling downstream of Vav [25,26]. In the current
tudy, dnRac1 transgenic (Tg) mice whose expression is controlled
y human CD2 promoter showed impaired �-selection in the
hymus and decreased numbers of peripheral mature T cells. TCR-
timulated proliferation of dnRac1-expressing T cells in vitro was
ot affected, but homeostatic proliferation of mature T cells was sig-
ificantly decreased. Spontaneous apoptosis as well as TCR-induced
poptosis of T cells were increased with defective phosphorylation
f Akt. These results indicate that Rac GTPases are important in
roliferation, survival and homeostasis of T cells.

. Materials and methods

.1. Generation of dominant negative Rac1 transgenic mice

Dominant negative (N17) mutant Rac1 cDNA was cloned into the
D2-VA cassette [27] and the construct was microinjected into male
ronuclei of C57Bl/6 fertilized eggs to establish transgenic mouse

ines (hCD2-dnRac1-LCR transgenic mice: Acc. No. CDB0448T;
ttp://www.cdb.riken.jp/arg/mutant%20mice%20list.html). Four
ifferent transgene-expressing lines were obtained and line#22
hich showed the highest expression was used in the current

tudy. The experiments described in this study were performed
n adherence to institutional ethical guidelines for animal experi-

ents and safety guidelines for gene manipulation experiments.
pproval by the Animal Use Committee of the Research Institute
f International Medical Center of Japan was obtained before the
tart of the experiments.

.2. FACS analysis and antibodies

Thymocytes and peripheral T cells were stained with various
ombinations of FITC-conjugated anti-CD8 (53-6.7), anti-CD45.2
Clone 104), PE-conjugated anti-CD4 (GK1.5), biotin-conjugated
nti-TCR� (597-H57), anti-CD5 (53-7.3) antibodies and Annexin V.
tained cells were analyzed on a Becton Dickinson FACScan flow
ytometer using CellQuest software.

.3. TCR-stimulation of thymocytes and splenic CD4-SP T cells

CD4-SP T cells were isolated by MACS using biotin-conjugated
nti-CD4 antibody and streptavidin microbeads (Miltenyi Biotec).
reshly isolated thymocytes and CD4-SP splenocytes were incu-
ated with anti-CD3 and anti-CD28 mAb (10 �g/ml each) for 20 min
n ice and washed by ice-cold PBS followed by goat antiham-
ter polyclonal antibody (40 �g/ml, Jackson ImmunoResearch Lab,

est Grove, PA) and incubated for 2 or 5 min at 37 ◦C. Thymocytes
nd splenic CD4-SP T cells were lysed and analyzed by SDS-PAGE.
ransferred membranes were Western-blotted with following the
ntibodies, anti-phopho-Erk, anti-Erk, anti-phospho-Akt (Ser473)
nd anti-Akt antibodies (Cell Signaling Technology, Beverly, MA).
etected proteins were visualized with ECL chemiluminescent sub-

trate (Cell Signaling Technology).

.4. Active Rac pull-down assay
Activity of Rac GTPases was measured by the standard
21-activated kinase (PAK)-binding domain assay. After 2 × 107

hymocytes were stimulated by TCR crosslinkimg, activated Rac
rotein was precipitated with p21-binding domain (PBD) beads
Upstate Biotechnology, Lake Placid, NY) and subjected to Western
tters 124 (2009) 27–34

blotting analysis using Rac1- (23A8, Upstate Biotechnology), Rac2-
(sc-96, Santa Cruz Biotechnology) or Rac3- [28] specific antibodies.

2.5. Labeling of CD4-SP T cells

CD4-SP T cells were labeled with 5(6-) Carboxyfluorescein diac-
etate N-succinimidyl ester (CFSE, Sigma, St. Louis, MO). Briefly,
CD4-SP T cells isolated from spleen by MACS were resuspended at a
concentration of 1 × 107 cells/ml in 5% FCS/PBS. Final concentration
of 5 �M CFSE was added to the cell suspension. After a 5 min incu-
bation period at 25 ◦C, the excess CFSE was washed by adding 5%
FCS/PBS, and then resuspended in RPMI1640 containing 10% FCS.

2.6. Measurement of T cell growth in vitro

For proliferation assays, 96-well plates were coated with 0.1 ml
of purified anti-CD3 (5 �g/ml) and anti-CD28 antibodies (5 �g/ml),
and CFSE-labeled CD4-SP T cells were plated at a density of
2 × 105 cells and the culture was continued for 3 days at 37 ◦C.
After incubation, CD4-SP T cells were analyzed on FACScan flow
cytometor. For MTT assays, CellTiter 96® AQueous One Solution Cell
Proliferation Assay kit (Promega, Madison, WI) was used. For sur-
vival assays, T cells were plated at a density of 1 × 106 cells/well
in 96-well plates with or without 1 ng/ml IL-7 in a final volume of
200 �l/well.

2.7. Homeostatic proliferation analysis

Purified splenic CD4-SP T cells (2 × 106) from dnRac1-Tg or litter-
mate control mice were injected into CD45.1, RAG−/− mice. Fourty
days later, spleen, mesenteric lymph node and peripheral blood
were harvested and cells were analyzed by FACS using, anti-CD45.2,
anti-CD4 and anti-TCR� antibodies.

2.8. Statistical analysis

Results are expressed as the mean ± S.E.M. of three indepen-
dent experiments performed in triplicate. Student’s t-test was used
for multiple comparisons, and differences were considered to be
statistically significant when the p-value was less than 0.05 or 0.01.

3. Results

3.1. Impaired differentiation of DP thymocytes in thymi of
dnRac1-Tg mice

Both Rac1 and Rac2 are expressed in the thymus [1,20], how-
ever, expression of Rac3 in the thymus has not been characterized
yet. We found low expression of Rac3 in the thymus by RT-PCR
(Fig. 1A). However, we could not detect Rac3 protein by West-
ern blotting using Rac3 specific antisera [28] (data not shown).
Therefore, major Rac GTPases functioning in the thymus are Rac1
and Rac2. To investigate the precise function of Rac GTPases in T
cell development and activation, we employed a dominant nega-
tive strategy which can suppress all three Rac GTPases [24]. We
established dominant negative Rac1 transgenic (dnRac1-Tg) mice
controlled by the human CD2 promoter containing the locus control
region [29]. Expression of introduced HA-tagged dnRac1(N17) pro-
tein in the thymus of transgenic mice was detected as an upper band
in Fig. 1B, which is also confirmed by Western blotting with anti-HA
antibody (data not shown). As expected, TCR-induced activation of

both Rac1 and Rac2 in dnRac1-Tg DP thymocytes was significantly
inhibited (Fig. 1C).

The total number of thymocytes in dnRac1-Tg mice was
decreased compared to littermate controls (2.2 ± 0.2 × 108 cells for
controls; 1.5 ± 0.1 × 108 cells for dnRac1-Tg). In dnRac1-Tg mice,

http://www.cdb.riken.jp/arg/mutant%20mice%20list.html
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Fig. 1. TCR-induced activation of Rac1 and Rac2 was impaired in dnRac1-Tg mice. (A)
RT-PCR analysis of Rac3 in the indicated tissues. (B) The expression of dnRac1N17 in
total thymocytes isolated from dnRac1-Tg (Tg) and control (Cont) mice was detected
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cytes (Fig. 5B). On the other hand, TCR-dependent phosphorylation
of Erk was completely normal in dnRac1-Tg thymocytes. From these
results, we conclude that Rac GTPases are important for Akt activa-
tion with or without TCR stimulation, and thus critical in survival
of DP cells, which is consistent with the recent results from a
y Western blotting with anti-Rac1. (C) Active Rac GTPases proteins were assayed
y pull down with PBD beads from the lysates of total thymocytes with indicated
timulations and blotted with anti-Rac1 or Rac2 specific antibodies.

he proportion of CD4 CD8 double positive (DP) cells in the thy-
us was significantly decreased, while the proportion of double

egative (DN) cells was increased (Fig. 2A and B). The ratio of
P to DN was strongly reduced, however, that of CD4-SP to DP
as not changed, and the ratio of CD8-SP to DP was even slightly

ncreased. For the calculation of the absolute number of mature
D8-SP in the thymus, we counted only TCR� high cells in CD8+

D4− population to exclude immature CD8-SP. Absolute numbers
f DN cells were normal in dnRac1-Tg mice and numbers of DP
ells were decreased (Fig. 2C). From these results, transition from
N to DP, namely �-selection was significantly reduced in trans-
enic thymocytes. In transgenic mice, positive selection of CD4-SP
as not affected, whereas positive selection of CD8-SP was slightly

nhanced.
To confirm these results, we next investigated effects on positive

election using defined T cell receptor (TCR) specificity. We utilized
lass I restricted (OT-I) and class II restricted (OT-II) TCR transgenic
ice, and crossed with dnRac1-Tg mice on a RAG2−/− background to

void endogenous TCR rearrangement. As shown in Fig. 3, the ratios
f DP to DN in both OT-I and OT-II were much less than controls,
onfirming impaired �-selection. In OT-II TCR Tg mice, the ratio
f CD4-SP to DP is not reduced (Fig. 3B), indicating that positive
election of class II restricted TCR is not inhibited in the presence of
nRac1. In OT-I TCR Tg mice, the ratio of CD8-SP to DP was increased.
his is consistent with the finding that generation of CD8-SP in the
hymus is slightly increased by the inhibition of Rac GTPases.

.2. Severe reduction of peripheral mature T cells in dnRac1-Tg
ice

In thymi of dnRac1-Tg mice, we observed reduced numbers of
D4-SP T cells, but not of CD8-SP T cells (Fig. 2C), therefore, we
ext investigated subpopulations of peripheral mature T cells. As
hown in Fig. 4, the proportion and absolute number of CD4-SP T
ells in spleen of dnRac1-Tg mice were less than half of controls.
he same magnitude of reduction was also observed in mesenteric

ymph node (mLN) and peripheral blood (PBL). The reduction in the
umber of CD4-SP T cells in periphery was much severer than that
bserved in the thymus. Interestingly, the absolute numbers of CD8-

P T cells in spleen, mLN and PBL were also reduced in dnRac1-Tg
ice (Fig. 4). In the thymi of dnRac1-Tg mice, the number of CD8-

P T cells was not reduced, therefore a reduction in the number
f mature T cells in periphery cannot solely be attributed to the
mpaired generation of T cells in the thymus.
tters 124 (2009) 27–34 29

3.3. Increased apoptosis and impaired Akt phosphorylation in
dnRac1-Tg mice

The reduced number of DP cells in the thymus of dnRac1-Tg
could be a result of increased cell death, therefore we assessed
spontaneous and TCR-induced apoptosis of DP cells by Annexin V
staining. As shown in Fig. 5A, the proportion of Annexin V posi-
tive DP cells was slightly increased in dnRac1-Tg mice, whereas the
proportion of apoptotic cells in DN, CD4-SP and CD8-SP cells were
not altered. We next investigated the activation of Akt, evaluated by
phosphorylation of residue Ser473 in the molecule, because Akt is
known to be critical for the survival of DP cells [30–32]. In DP thy-
mocytes, Akt is spontaneously phosphorylated without stimulation
[31,33,34] and is further phosphorylated upon TCR-stimulation by
anti-CD3 and CD28 antibodies (Fig. 5B). We found that spontaneous
phosphorylation of Akt in freshly prepared thymocytes was absent
in dnRac1-Tg mice. Furthermore, TCR-stimulation did not induce
phosphorylation of Akt phosphorylation in the dnRac1-Tg thymo-
Fig. 2. Development of T cells in the thymus of dnRac1-Tg mice. (A) Thymocytes from
30-day-old dnRac1-tg mice and littermate controls were harvested. Expression of
CD4 and CD8 in the thymus was analyzed by flow cytometry. (B) DP/DN, 4SP/DP and
8SP/DP ratios were calculated from analysis of dnRac1-tg mice (Tg) and littermate
control mice (Cont). (C) Total cell numbers in DN, DP, CD4-SP and CD8-SP (TCR�hi)
populations were calculated. Results are expressed as the mean ± S.E.M. of three
independent experiments (Cont, n = 8; Tg, n = 14).
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ig. 3. Thymic selection of dnRac1-Tg expressing class I- and class II-restricted TCR tr
lass I- and class II-restricted TCR transgenic, dn-Rac1-Tg mice (Tg) and littermate c
- and class II-restricted TCR transgenic, dnRac1-tg mice and littermate control mic
raph data are expressed as the mean ± S.E.M. (n = 3).

onditional double knockout study of Rac1 and Rac2 in the thymus
22].

.4. Increased spontaneous apoptosis in peripheral mature T cells

The decrease of mature CD4-SP T cells in periphery was much
everer than that in the thymus, and the decrease of CD8-SP T
ells was only seen in periphery but not in the thymus. There-
ore, reduced numbers of peripheral T cells cannot be explained
imply by the impaired survival of DP thymocytes in the thymus.

e thus investigated the function of Rac GTPases in periph-
ral T cells. We first analyzed spontaneous apoptosis of splenic
D4-SP and CD8-SP T cells by the staining of Annexin V. As
hown in Fig. 6A, the proportion of Annexin V positive cells of
reshly isolated splenic CD4-SP and CD8-SP T cells in dnRac1-Tg

ice was significantly increased compared to littermate control
ice. At the same time, T cells with lower CD5 expression were

ignificantly increased in dnRac1-Tg splenocytes (Fig. 6B). Since
xpression of CD5 on T cell is known to correlate well with the
trength of TCR signal received [35], this result may indicate that
ature T cells in dnRac1-Tg mice received a weaker TCR signal in

ivo.
We next investigated Akt activation in splenic CD4-SP T cells.

pontaneous phosphorylation of Akt in splenic CD4-SP T cells with-
ut stimulation was reduced in dnRac1-Tg mice (Fig. 6C). Moreover,

timulation dependent phosphorylation of Akt was not detectable
n dnRac1-Tg splenic CD4-SP T cells (Fig. 6C). As was seen in DP cells,
CR-induced phosphorylation of ERK was not altered in dnRac1-
g CD4-SP T cells. These results suggest that Rac GTPases regulate
onic Akt phosphorylation in vivo, and are thus critical for survival
f peripheral mature T cells.
nic mice. (A) The expression of CD4 and CD8 in the thymus and spleen of 30-day-old
l mice. (B) DP/DN, 4SP/DN and 8SP/DP ratios of thymocytes were analyzed in class

number of mature CD8-SP was calculated from CD4− CD8+ TCRhi gated cells. Bar

3.5. Rac GTPases are required for homeostatic proliferation of
mature CD4 T cells, but not for TCR-induced proliferation

We next investigated the effect of Rac GTPases on proliferation
of mature T cells. Splenic CD4-SP T cells proliferate when stim-
ulated with plate bound anti-CD3 antibody or a combination of
anti-CD3 and anti-CD28 antibodies in vitro. As shown in Fig. 7A
and B, TCR-induced proliferation after 3 days was nearly identical
in both cell division evaluated by CFSE intensities and MTT assay. On
the contrary, when CD4-SP T cells from dnRac1-Tg mice were trans-
ferred into lymphopenic RAG2−/− mice, homeostatic proliferation
of mature CD4-SP T cells was significantly impaired compared to
littermate controls (Fig. 7C). Because IL-7 is known to be critical in
homeostatic proliferation under lymphopenic conditions, we next
examined the IL-7-dependent survival of dnRac1-Tg T cells. Isolated
splenic CD4-SP and CD8-SP T cells were cultured in vitro with or
without IL-7 for 7 days and live cells were counted. Survival of both
CD4-SP and CD8-SP T cells from dnRac1-Tg in vitro was not altered
compared to control littermate (Fig. 7D). Addition of IL-7 in cul-
ture media rescued spontaneous cell death in vitro to some extent,
however, the IL-7-dependent protective effect was THE same in
dnRac1-Tg T cells. Therefore, we concluded that Rac GTPases are
not involved in the IL-7 dependent survival of mature T cells. Col-
lectively, these results suggest that Rac GTPases are important for
survival and homeostasis of peripheral mature T cells.

4. Discussion
In the present study, we showed impaired generation of DP
cells in the thymus and decreased number of peripheral T cells in
dnRac1-Tg mice. The role of Rac GTPases in T cell development and
activation has not been well characterized. Results from constitu-
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Fig. 4. Number of peripheral T cells is decreased in dnRac1-Tg mice. (A) T cells from
spleen, mesenteric lymph node (mLN) and peripheral blood leukocytes (PBL) from
30-day-old dnRac1-Tg mice and littermate control mice were stained with anti-CD4
and anti-CD8 antibodies, and analyzed by flow cytometry. (B) Total cell numbers
of CD4-SP and CD8-SP T cells from spleen, mLN and PBL were calculated on the
basis of the percentages obtained by flow cytometry. FACS data represent one of
four similar experiments for each experimental group. Bar graph of cell numbers
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and involvement of Rac3 would be negligible, if it ever exists. This is
also consistent with the results that Rac1/Rac2 DKO mice showed
similar phenotype to our dnRac1-Tg mice. Very recently, another
group reported CD2-Cre driven Rac1/Rac2 DKO mice [23], whose

Fig. 5. Increased apoptosis and impaired Akt phosphorylation upon TCR stimula-
tion in dnRac1-Tg DP thymocytes. Thymocytes from 30-day-old dnRac1-Tg mice (Tg)
and littermate control mice (Cont) were stained with anti-CD4, anti-CD8 antibodies
and Annexin V, and analyzed by flow cytometry. A, FACS data of Annexin V stain-
ing represent one of four similar experiments for each experimental group and bar
graphs of Annexin V-positive cells were expressed as the mean ± S.E.M. of four inde-
re expressed as the mean ± S.E.M. of three independent experiments (Cont, n = 17;
g, n = 19). *p < 0.05; **p < 0.01.

ively active Rac1 transgenic mice showing augmented TCR signal
ransduction [21], indicated that Rac1 is positively involved in TCR-
ependent signal transduction in T cells. Moreover, a study using a
P cell line suggested that positive selection of CD4-SP required
ac1 [26]. From these previous results, we expected that defec-
ive Rac GTPases in the thymus would cause inhibition of positive
election.

However, surprisingly, positive selection in the thymus was not
mpaired in the dnRac1-Tg mice in vivo. Although total numbers
f CD4-SP cells generated in the thymus were reduced in dnRac1-
g mice, the CD4-SP to DP ratio was not altered, suggesting that
ositive selection of CD4-SP was not affected (Fig. 2). This was also
onfirmed when we specifically looked at the developmental fate of
class II specific TCR by analyzing the thymi of OT-II TCR Tg-dnRac1-
g in RAG2−/− mice (Fig. 3). We even observed a slight increase of
ositive selection in CD8-SP, because the ratio of CD8-SP to DP was

ncreased (Fig. 2). Again, this was also the case for the class I MHC
pecific OT-I TCR-Tg in RAG−/−, dnRac1-Tg mice (Fig. 3). Therefore,
eduction of the number of CD4-SP cells in the thymus was due to

he reduction of DP cells, but was not due to impaired positive selec-
ion in the Tg mice. The reason why positive selection of CD8-SP is
ncreased by inhibition of Rac GTPase activity should be revealed in
uture study.
tters 124 (2009) 27–34 31

Because of limitations in a dominant negative strategy, these
phenotypes could be attributed to the insufficient inhibition of Rac
GTPase activity (Fig. 1C), or to the unexpected effects by the inhibi-
tion of upstream guanine nucleotide exchange factors of Rac1. How-
ever, these results are consistent with those in Lck-Cre, Rac1loxp/loxp;
Rac2−/− mice, which were published recently [22]. Although dele-
tion of either Rac1 alone [22] or Rac2 alone [17] did not affect T cell
development, simultaneous deletion of Rac1 and Rac2 in the T cell
lineage showed impaired T cell development. In lck-Cre Rac1/Rac2
double knockout (DKO) mice, numbers of total thymocytes were
reduced to half, and numbers of CD4-SP cells but not of CD8-SP cells
was reduced in the thymus. It was shown that positive selection of
CD4-SP was not affected whereas positive selection of CD8-SP was
increased. In the periphery of DKO mice, numbers of both CD4-
SP and CD8-SP T cells were reduced. These phenotypes are almost
identical to the one we saw in our dnRac1-Tg mice. Although we
found very weak expression of Rac3 mRNA (Fig. 1A), Rac3 protein
was unable to be detected by Western blotting (data not shown),
therefore Rac1 and Rac2 are the major Rac GTPases in the thymus,
pendent experiments (Cont, n = 12; Tg, n = 14). *p < 0.05; **p < 0.01. (B) Thymocytes
isolated from dnRac1-Tg mice were stimulated by anti-CD3 and anti-CD28 antibod-
ies for the indicated periods. Cell lysates were analyzed by Western blotting with
antiphospho-ERK, anti-ERK, antiphospho-Akt (Ser473) and anti-Akt antibodies.
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Fig. 6. Increased apoptosis and decreased Akt phosphorylation in dnRac1-Tg splenic T cells. T cells from spleen of 30-day-old dnRac1-Tg mice and nontransgenic littermate
controls were stained with anti-CD4, anti-CD8 antibodies and Annexin V or anti-CD5 antibody, and analyzed by flow cytometry. (A) FACS data of Annexin V and anti-CD5
staining represent one of four similar experiments for each experimental group. (B) Bar graphs of indicating the percentage of Annexin V positive cells are expressed as the
mean ± S.E.M. of four independent experiments (Cont, n = 12; Tg, n = 14). (C) Splenic CD4-SP T cells isolated from dnRac1-Tg mice (Tg) and littermate control mice (Cont) were
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timulated with anti-CD3 and anti-CD28 antibodies for the indicated periods, and a
nd anti-Akt antibodies. *p < 0.05; **p < 0.01.

efect in T cell development was severer and earlier than the one in
ck-Cre DKO. Our results is more similar to the phenotype in lck-Cre
KO than the one in CD2 Cre DKO.

We showed impaired spontaneous phosphorylation of Akt in
nRac1-Tg DP cells, and also defective Akt phosphorylation upon
CR stimulation (Fig. 5B). Akt signaling contributes to the differ-
ntiation process by promoting the survival of DP T cells [30,31].
his defective Akt activation is consistent with the results from
he DKO mice for Rac1 and 2 [22]. These results suggest that the
educed numbers of DP cells seen in dnRac1-Tg mice could be at
east partly because of increased cell death caused by impaired acti-
ation of Akt. We observed decreased numbers of mature CD4-SP
nd CD8-SP T cells in the periphery of dnRac1-Tg mice. The num-
er of CD8-SP cells in the thymus was not reduced, and reduction
f CD4-SP cells in the thymus was much slighter than that in the
eriphery, therefore, reduction of both CD4-SP and CD8-SP T cells in
he periphery cannot simply be explained by developmental defects
n the thymus. We observed increased apoptosis both in CD4-SP
nd CD8-SP T cells in periphery (Fig. 6A). We also noticed T cells

ith low CD5 expression were significantly increased in spleens of
nRac1-Tg mice (Fig. 6B), indicating that T cells from these mice
eceived a weaker TCR signal in vivo. Furthermore, we showed that
pontaneous activation as well as TCR-induced activation of Akt was
everely decreased in dnRac1-Tg peripheral T cells.
d by Western blotting with antiphospho-ERK, anti-ERK, antiphospho-Akt (Ser473)

Akt is a major downstream target of phosphatidylinositol (PI) 3-
kinase signaling which is activated by various stimuli including TCR
ligation [36–41]. Akt is activated by TCR stimulation and protects
against cell death and regulate cell cycle progression in mature T
cells [42]. Therefore, we think a major reason for the severe reduc-
tion of peripheral mature T cells in dnRac1-Tg is increased apoptosis
caused by impaired Akt activation.

Proliferation and growth of dnRac1-Tg splenic CD4-SP T cells
induced by anti-TCR antibody was not reduced in vitro, suggesting
that TCR-dependent signal transduction is not seriously affected
(Fig. 7A and B). Accordingly, TCR-dependent ERK activation was nor-
mal in dnRac1-Tg T cells (Fig. 6C). However, crosslinking of TCR by
plate-bound antibody in vitro delivers artificially strong signals, so
it may not represent the strength of signaling in vivo. Rac GTPases
could be important in weak TCR signaling in vivo. We showed
homeostatic proliferation by transferring dnRac1-Tg CD4-SP T cells
into lymphopenic RAG−/− mice was significantly reduced compared
to control mice. IL-7 and self-MHC molecules on antigen-presenting
cells (APCs) play an essential role in the homeostatic expansion of

peripheral naive T cells [43–47]. We showed that IL-7-dependent
survival of mature T cells in vitro was not altered, suggesting that
Rac GTPases are not involved in IL-7-dependent survival signal.
Since Rac-dependent chemokine-promoted migration in vivo was
shown to be important in homeostatic T cell survival and growth
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Fig. 7. Proliferation and survival of mature T cells in dnRac1-Tg mice. Splenic CD4-SP T cells were isolated from dnRac1-Tg mice (Tg) and littermate control mice (Cont). (A)
CFSE-labeled CD4-SP T cells were stimulated with plate-bound anti-CD3 Ab, and cultured for 3 days. After incubation, cells were analyzed by flow cytometry. (B) After 3
days culture with stimulation, growth of CD4-SP T cells was evaluated by MTT method. (C) CD45.2+CD4-SP T cells from dnRac1-Tg mice and littermate control mice were
transferred into CD45.1+RAG2−/− mice. After 40 days, CD45.2+ CD4-SP T cells in spleen, mLN and PBL were analyzed. FACS data represent one of two similar experiments
f re calc
e *p < 0.
1 icated

[
T

a
m
t
T
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i

or each group in the spleen. Bar graphs of the number of CD45.2+ CD4-SP cells we
xpressed as the mean ± S.E.M. of two independent experiments (n = 10). *p < 0.05; *
ng/ml recombinant IL-7 up to 7 days in vitro. Live cells were counted after the ind

48], it is possible that migration defect would account for impaired
cell survival in vivo.

Collectively, Rac GTPases are important in survival of DP cells
nd also survival of mature T cells possibly by an Akt-dependent
anner. Further analysis of the precise function of Rac in signal

ransduction of T cells will reveal the significance of Rac GTPases in
cell survival and development.
cknowledgements
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ulated on the basis of the percentages obtained by flow cytometry, and results are
01. (D) Splenic CD4-SP and CD8-SP T cells were sorted and cultured with or without
period.
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