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Abstract

Although mature T cells divide and differentiate when they receive strong TCR stimulation, most
immature CD41CD81 thymocytes die. The molecular basis for this marked difference in response is
not known. Observations that TCR-stimulated CD41CD81 thymocytes fail to polarize their
microtubule-organizing center (MTOC), one of the first events that occurs upon antigen activation of
mature T cells, suggests that TCR signaling routes in immature and mature T cells diverge early and
upstream of MTOC polarization. To better understand the source of the divergence, we examined the
molecular basis for the difference in TCR-mediated MTOC polarization. We show that unstable
microtubules are a feature of immature murine CD41CD81 thymocytes, which also exhibit higher
levels of glycogen synthase kinase 3 (GSK3) activity, a known inhibitor of microtubule stability.
Importantly, CD41CD81 thymocytes gained the ability to polarize their MTOC in response to TCR
signals when GSK3 activity was inhibited. GSK3 inhibition also abrogated TCR-mediated apoptosis of
immature thymocytes. Together, our results suggest that a developmentally regulated difference in
GSK3 activity has a major influence on immature CD41CD81 thymocyte versus mature T-cell
responses to TCR stimulation.
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Introduction

The abTCR is first expressed at the CD4+CD8+ [double-
positive (DP)] stage, the major target of selection events that
shape the T-cell repertoire (1). The fate of DP thymocytes,
which browse MHC/peptide complexes expressed by thymic
epithelial cells, depends on the strength and duration of TCR
signals, as well as the costimulatory signals that accompany
them (2, 3). Whereas immature thymocytes that experience in-
termediate affinity TCR signals mature to the single-positive
(SP) stage of development, thymocytes that experience high-
affinity TCR signals, in the presence of costimulatory signals
such as those provided by CD28, die (4–6). However, when
thymocytes mature fully, they interpret high-affinity TCR signals
very differently. Rather than die in response to TCR stimulation,
mature SP T cells survive and proliferate. The molecular basis
for this difference in cell fate is still incompletely understood,

although we and others have shown that several intracellular
events differ between immature and mature T cells in response
to TCR engagement (7). This report focuses on a developmen-
tal difference in microtubule reorganization that is apparent
within minutes of TCR stimulation of mature versus immature T
cells. Specifically, mature SP T cells but not immature DP
thymocytes rapidly recruit the microtubule-organizing center
(MTOC) to the point of contact with an antigen-presenting cells
[the immunological synapse (IS) (8)] in response to TCR
stimulation (9).
Reorientation of microtubules after T-cell activation regu-

lates division and vesicular trafficking during both cytotoxic
and helper T-cell responses (10–12). TCR-mediated MTOC
polarization requires proximal TCR signaling components
ZAP70, lck, fyn, LAT and SLP76 (13), is calcium dependent



(10) and involves coordinator of actin organization, including
VAV1, CDC42 and RAC1 (14–18).
MTOC recruitment is regulated by interactions between tu-

bulin and molecular motors (e.g. dynein), which interact with
TCR adaptor proteins at the IS (19). Critical to the ability of
the MTOC to polarize to the synapse is the stability of these
participating microtubules. Microtubules are very dynamic
structures composed of tubulin dimers, which can rapidly
assemble and disassemble in response to a variety of intra-
cellular and molecular changes. Post-translational modifica-
tions of tubulin regulate microtubule interactions and
polymerization and the tyrosination status of alpha tubulin
has a particularly significant influence on the stability of mi-
crotubule polymers. Tyrosine is added to free alpha tubulin
via tubulin tyrosine ligase and is removed via tubulin car-
boxypeptidase (20). Unstable microtubules include more
tyrosinated tubulin. On the other hand, detyrosination is as-
sociated with tubulin stablity (21–23) and, in fact, may di-
rectly enhance motor protein attachment. Specifically, the
motor protein kinesin-1 associates with and moves more
readily along detyrosinated tubulin (24).
The balance between unstable and stable microtubules is

also regulated by microtubule-associated proteins (MAPs) such
as collapsing response mediator protein 2 (CRMP-2), adeno-
matous polyposis coli (AdPC), MAP2C and Tau, which bind to
microtubules and enhance their stability (25, 26). MAPs, in turn,
are regulated by kinases including glycogen synthase kinase 3
(GSK3), a serine/threonine kinase that influences multiple cellu-
lar processes (growth, differentiation and survival) (27). Active
GSK3 specifically enhances microtubule instability by phos-
phorylating and inactivating Tau, AdPC and CRMP-2 (28)
and by phosphorylating and activating MAP1b (25, 29).
Given that microtubule stability is likely to influence MTOC

polarization, we decided to examine the possibility that dif-
ferences in microtubule regulation might underlie differences
in the ability of immature DP thymocytes and mature SP T
cells to mobilize their MTOC in response to TCR signals.

Methods

Antibodies and reagents

Anti-TCR (H57-597), anti-CD2 (RM2-5) and anti-CD28 (37.51)
were purchased from Biolegend (San Diego, CA, USA). Anti-
tyrosinated tubulin (TUB-1A2) and SB415286 were obtained
from Sigma–Aldrich (St Louis, MO, USA). Anti-Akt, cleaved
caspase 3 (Asp175) and anti-phospho-GSK3 (Ser9, #9336)
were purchased from Cell Signaling Technologies (Danvers,
MA, USA). Anti-beta catenin (14) was obtained from BD Bio-
sciences (San Jose, CA, USA). Alexa 488 goat anti-mouse
IgG and Alexa 488 goat anti-rabbit were purchased from Invi-
trogen (Carlsbad, CA, USA). Lithium was purchased from
Calbiochem (San Diego, CA, USA). Anti-actin was purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Mice

Female C57BL/6 mice were obtained from Taconic Laborato-
ries. Thymocytes and T cells were harvested from mice <6
months of age. Animal studies have been reviewed and ap-
proved by Haverford College Institutional Animal Care and
Use Committee.

Cell purification of CD4+CD8+ thymocytes and T cells

CD4+CD8+ thymocytes and T cells were purified by mag-
netic cell sorting (Miltenyi Biotec). A single-cell suspension
of thymocytes was prepared and labeled with anti-mouse
CD8a (Ly-2) microbeads (10 ll 10�7 cells) for positive selec-
tion of immature DP cells. Lymph nodes were harvested from
cervical, axillary, inguinal and mesenteric areas and gently
squashed with a 1 cc syringe plunger to release cells. Lym-
phocytes were labeled with anti-mouse CD90.2 (Thy1.2)
microbeads (10 ll 10�7 cells). Labeled cells were positively
selected by passage over Miltenyi Biotec LS columns in
midiMACS separators according to manufacturer’s protocol.
After magnetic separation, thymocyte preps were >90%
CD4+CD8+ and lymphocytes were >95% CD4 SP and CD8
SP. Cells were suspended in media containing RPMI 1640,
10% fetal bovine serum, along with L-glutamine, non-essen-
tial amino acids, sodium pyruvate, 0.05 M 2-mercaptoetha-
nol, penicillin and streptomycin and kept at 4�C or
incubated at 37�C 5% CO2 as indicated.

Cell stimulation

Surfactant-free polystyrene beads were purchased from In-
terfacial Dynamics (Portland, OR, USA) or latex beads (sul-
fate latex, 4% w/v, 5 lM) from Invitrogen (Eugene, OR,
USA). Beads were incubated with 1 lg ml�1 anti-TCR, 1 lg
ml�1 CD2 and 5 lg ml�1 anti-CD28 in PBS overnight at
37�C and then washed three times with serum containing
media. Control beads were prepared using uncoated beads
or beads coated with 5 lg ml�1 of anti-CD28 alone. Note
that because TCR signaling is not optimal in purified
CD4+CD8+ thymocytes unless lck-associated molecules are
aggregated with the TCR, we included anti-CD2 in our anti-
body mix (7, 30, 31). Beads were incubated with cells at
37�C at a ratio of 1:1 at a concentration of 20 million beads
ml�1 for the indicated times.
For plate-bound stimulation, polystyrene plates were

coated with 10 lg ml�1 anti-TCR, 10 lg ml�1 anti-CD2 and
50 lg ml�1 anti-CD28 in PBS overnight at 4�C. Plates were
washed with serum containing media three times before use.

Immunofluorescence

Cells and beads were placed on poly-L-lysine- (Sigma–
Aldrich) coated slides and fixed/permeabilized with ice-cold
methanol. Wells were washed with PBS + 1% BSA, followed
by blocking with PBS + 5% non-fat dry milk. For MTOC visu-
alization, cells were stained with anti-tyrosinated tubulin
overnight at room temperature. Slides were washed three
times, incubated with goat anti-mouse Alexa 488 for 1 h at
room temperature and followed by three washes including
one with 300 nM 4#,6-diamidino-2-phenylindole dihydrochlor-
ide (DAPI,Invitrogen) as a nuclear counterstain. Images were
acquired on an immunofluorescence scope Nikon Eclipse
80i with SimplePCI software.

Western blot analysis

Cells were lysed at 2 3 108 cells ml�1 with SDS lysis buffer
[0.5% w/v SDS, 0.05 M Tris (pH 8.0), 1 mM Na3VO4, 100 nM
calyculin A, 1 mM dithiothreitol and protease inhibitor cock-
tail] for 10 min at 4�C. Lysates were sonicated and
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centrifuged at 14 000 r.p.m. at 4�C. Proteins were separated
by SDS–PAGE and transferred to immobilon-P polyvinylidene
difluoride membrane (Millipore, Billerica, MA, USA). Blots
were blocked with blotto (5% non-fat dry milk and 0.001%
Tween 20 in PBS) for 30 min at room temperature; all washes
were completed with PBS Tween (0.001% Tween 20 in PBS)
and incubated rotating overnight at 4�C with primary anti-
body diluted in PBS Tween with 1% BSA. HRP-coupled sec-
ondary antibodies were incubated with the blot for 30 min at
room temperature. Chemiluminesence was visualized with
Supersignal West Femto Maximum Sensitivity Substrate
(Thermo Fisher Scientific, Rockford, IL, USA) and imaged
with a FluorChem SP or a FluorChem HD2 digital imager (Al-
pha Innotech). Note that because immature DP thymocytes
and mature SP T cells express different levels of actin per
cell, we use Akt as a loading control for most experiments
(7).
For quantification of western blot results, relative intensi-

ties of bands are indicated and represent the ratio of spot
densitometry measurements of the bands indicated, with
background subtracted (Alpha Innotech software). Note that
the ratios will vary with the exposure selected for analysis
but will not be influenced by any changes in brightness or
contrast made after imaging for presentation purposes. The
values are representative of at least two and typically three
distinct experiments.

Flow cytometry

Cells were fixed with 4% PFA (Electron Microscopy Scien-
ces) for 30 min at room temperature, washed twice with
staining medium (1 3 PBS containing 10% fetal bovine se-
rum and 0.05% sodium azide), permeabilized with 0.1% Tri-
tion X-100 in PBS for exactly 4 min at room temperature and
washed three times before overnight incubation at 4�C with
anti-cleaved caspase 3 diluted 1:200 in staining media.
Cells were incubated with goat anti-rabbit Alexa 488 diluted
1:200 for 30 min at room temperature, washed and analyzed
on a FACSCalibur with CellQuest software (BD Biosciences).

Drug treatment

Cells were incubated in the presence or absence of
60 mM lithium chloride (Calbiochem) or 30 lM SB415286
(Sigma–Aldrich) for the duration of stimulation.

Results

Immature CD4+CD8+ thymocytes fail to polarize their MTOC
in response to TCR stimulation

In agreement with previous work by Hailman and Allen (9),
we find that TCR stimulation results in polarization of the
MTOC in mature SP T cells but not immature CD4+CD8+
thymocytes (Fig. 1). Using an in vitro assay where antigen-
presenting cell (APC) interactions are mimicked by beads
coated with anti-TCR/anti-CD28/anti-CD2 antibodies (APC
surrogates), we assessed MTOC polarization by staining for
tubulin and observing bead–cell conjugates by fluorescent
microscopy (Fig. 1A). After 20 min of incubation with
antibody-coated beads, 52.1% of mature T cells, but only
24.5% of immature T cells, polarized their MTOC to the point

of contact. Under non-stimulatory conditions (in the pres-
ence of beads that were not coated with antibody), only
20.9 and 23.1% of mature and immature T cells, respectively,
were scored positive for MTOC polarization (Fig. 1B).
Stimulation via anti-TCR/anti-CD2-coated beads also results
in MTOC polarization by mature SP T cells but not immature
CD4+CD8+ thymocytes, indicating that CD28 co-engagement
is not absolutely necessary for this response (data not shown).
We were interested in understanding the molecular basis

for the differences in the ability of CD4+CD8+ thymocytes
and mature T cells to polarize their MTOC in response to
acute TCR stimulation. We qualitatively, yet consistently,
observed that microtubules originating from the MTOC of
mature T cells were well defined, extending across the diam-
eter of the cell. In contrast, microtubules within immature thy-
mocytes were less defined and tubulin staining appeared
more diffuse, raising the possibility that a larger proportion
of tubulin molecules were not incorporated into the

Fig. 1. Immature CD4+CD8+ thymocytes do not polarize their MTOC
in response to TCR stimulation. Purified mature CD4+ and CD8+ (SP)
and immature CD4+CD8+ (DP) cells were stimulated with uncoated
beads [control (�)] or beads coated with anti-TCR, anti-CD2 and anti-
CD28 (+) for 20 min. (A) Cells were fixed and stained for tyrosinated
tubulin and visualized using immunofluoresence microscopy. Images
were scored for polarization without observer knowledge of stimula-
tion condition or cell type. Cells were counted as polarized if the most
intense staining point (MTOC, see arrows) was in complete contact
with the beads (B). (B) The percent of positively scored cells (MTOC
polarized) seen in each condition is shown on the bar graph. These
results are representative of at least 10 experiments.
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microtubules (see Fig. 1A and data not shown). These pre-
liminary observations led us to speculate that microtubules
in immature CD4+CD8+ thymocytes might be less stable,
leading to inefficient MTOC polarization.

CD4+CD8+ thymocytes contain more tyrosinated tubulin than
mature T cells

Tubulin dimers are tyrosinated at the C-terminus when syn-
thesized but typically lose these terminal tyrosine residues
after incorporation into microtubule. Recent data suggest
that detyrosination by a carboxypeptidase enhances micro-
tubule stability by inhibiting disassembly (32). To pursue our
hypothesis that microtubule stability differs between imma-
ture CD4+CD8+ thymocytes and mature T cells, we com-
pared levels of tyrosinated tubulin by western blot (Fig. 2).
Our data show that CD4+CD8+ thymocytes express mark-
edly higher levels of tyrosinated tubulin, both before and af-
ter TCR stimulation, indicating that their microtubules are
less stable.

Activity of GSK3 differs between CD4+CD8+ cells and their
mature descendants

Given that tubulin is present in its destabilizing form in
CD4+CD8+ thymocytes, we focused attention on a key up-
stream regulator, GSK3, which phosphorylates specific
MAPs, reducing their ability to bind to and stabilize microtu-
bules (26, 33, 34). Increased GSK3 activity is associated
with decreased microtubule stability; therefore, we hypothe-
sized that GSK3 activity is higher in immature CD4+CD8+
thymocytes than mature T cells.
Activity of GSK3 can be inferred from its phosphorylation

status. Specifically, phosphorylation of GSK3 at an N-terminal
serine residue (Ser 9 for GSK3b, Serine 21 for GSK3a) is an
indirect marker of decreased GSK3 activity. Therefore, we first
predicted that more GSK3 would be phosphorylated and inac-
tivated in mature T cells versus immature thymocytes.
However, we saw no consistent differences in Ser9/21 phos-
phorylation between unstimulated immature and mature T cells
(Fig. 3): both cell subpopulations exhibited a basal level of
phosphorylation of GSK3 and increased its phosphorylation in
response to TCR stimulation (both TCR/CD28 and TCR/CD2/
CD28 co-engagement). In some (but not all) experiments,
freshly isolated immature DP thymocytes even exhibited
higher levels of GSK3 phosphorylation than freshly isolated
mature SP T cells. However, we were reluctant to draw defini-

tive conclusions from this indirect measure of inactivity, partic-
ularly given recent data suggesting that other phosphorylation
sites that are not as readily assessed, particularly in the C-ter-
minus (35), are also critical determinants of activity.
Given that GSK3 activity is incompletely predicted by its

phosphorylation status, we turned to another indirect but ar-
guably more reliable assay for activity (36–38): changes in
levels of b-catenin protein, which is directly targeted for deg-
radation when phosphorylated by GSK3. We compared lev-
els of b-catenin in immature CD4+CD8+ thymocytes and
mature T cells by western blot and found, in agreement with
others (39), that freshly isolated CD4+CD8+ thymocytes ex-
press markedly lower b-catenin levels than mature T cells
(Fig. 4). A pharmacological inhibitor of GSK3, SB415286,
confirmed that b-catenin levels are regulated by GSK3 (Fig.
4B); in its presence, b-catenin levels increased in
CD4+CD8+ thymocytes. These data suggest that GSK3 is,
indeed, more active in CD4+CD8+ thymocytes than mature
T cells and raise the possibility that it may regulate microtu-
bule stability and MTOC polarization of immature versus
mature T cells.

CD4+CD8+ thymocytes acquire the ability to polarize the
MTOC when stimulated in the presence of GSK3 inhibitors

To directly address our hypothesis that GSK3 activity inhibits
TCR-mediated MTOC polarization in CD4+CD8+ thymocytes,
we examined the effects of known pharmacological inhibi-
tors of GSK3, lithium (Li) and SB415285, on immature and
mature T-cell responses. Immature CD4+CD8+ thymocytes
gained the capacity to polarize MTOC in response to TCR
stimulation when either GSK3 inhibitor was present (Fig. 5A
and B). In the absence of lithium, an average of 23.7%
CD4+CD8+ thymocytes polarized their MTOC in response to
TCR stimulation, while in its presence, an average of 37.8%
polarized their MTOC. In the presence of SB415286, the fre-
quency of DP thymocytes that polarized their MTOC in re-
sponse to TCR stimulation increased by >3-fold. GSK3
inhibitors did not enhance the ability of mature T cells to po-
larize their MTOCs. Together, these results show that GSK3
activity abrogates TCR-mediated MTOC polarization in
CD4+CD8+ T cells. They also suggest that immature thymo-
cytes actually have the potential to respond to TCR

Fig. 2. CD4+CD8+ thymocytes express more tyrosinated tubulin than
mature SP T cells. Purified immature DP and mature SP T cells were
cultured for 2 h in the presence (+) or absence (�) of plate-bound
anti-TCR/CD2/CD28 antibodies. Protein lysates were separated by
SDS–PAGE (8%) and probed with antibodies to tyrosinated tubulin
and Akt (loading control). The results of the western blot are shown
and relative band intensities (tyrosinated tubulin/Akt) are indicated.

Fig. 3. Phosphorylation of GSK3 at Ser9/21 does not differ between
immature CD4+CD8+ thymocytes and mature SP T cells. Purified DP
thymocytes and SP Tcells were incubated at 37�C with anti-TCR/CD2
or anti-TCR/CD2/CD28-coated plates for 1 h, after which they were
lysed and prepared for western blotting with anti-phospho-GSK3
(Ser9/21) and anti-total GSK3. Phospho-GSK3b shows up at ;46 kD.
(Phospho-GSK3a shows up as a much fainter band at ;52 kD and is
not always evident on western blots.)
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stimulation like their mature T-cell descendants; however,
they appear to be actively inhibited from doing so.
Interestingly, Hailman and Allen (9) showed that MTOC

polarization was significantly enhanced when CD4+CD8+
thymocytes were cultured from 4 to 20 h in single-cell sus-
pensions prior TCR stimulation. Our data raise the possibility
that this phenomenon is related to GSK3 activity and specifi-
cally predict that GSK3 activity is lower in cultured versus
freshly isolated thymocytes. Consistent with this prediction,
b-catenin levels increase in CD4+CD8+ thymocytes after
overnight incubation (Fig. 5C). We speculate that growth
factors present in the serum of most culture mediums (as
well as in some serum free media) activate signaling
pathways that inhibit GSK3 activity.

GSK3 inhibition influences thymocyte survival

TCR/CD28 stimulation induces cell death in CD4+CD8+ thy-
mocytes but not mature T cells (4–6). The molecular basis for
this marked difference in response is still unclear, but the data
presented here raise the possibility that GSK3 activity may
play a role in the susceptibility of CD4+CD8+ thymocytes to
TCR-mediated apoptosis. Consistent with this possibility, lith-
ium addition profoundly reduced TCR-mediated increases in
caspase 3 cleavage among CD4+CD8+ thymocytes (Fig. 6A
and B).

Discussion

In this report, we examine the molecular basis for the failure of
immature CD4+CD8+ thymocytes to polarize their MTOC in re-
sponse TCR stimulation (9) and provide evidence that GSK3-
mediated instability of tubulin polymers plays a key role. We
show that CD4+CD8+ thymocytes contain an abundance of
tyrosinated tubulin, an indicator of microtubule instability, as

well as a relatively high level of GSK3 activity, which regulates
microtubule stability. Most importantly, immature CD4+CD8+
thymocytes acquire the ability to polarize their MTOC to the
site of TCR stimulation in the presence of GSK3 inhibitors. In-
terestingly, GSK3 inhibition also provides CD4+CD8+ thymo-
cytes with a survival advantage in response to pro-apoptotic
TCR signals.

Fig. 5. CD4+CD8+ thymocytes acquire the ability to polarize MTOC in
response to TCR stimulation when GSK3 is inhibited. (A) Purified
immature CD4+CD8+ thymocytes (DP) and mature T cells (SP) were
incubated for 4 h in the presence (+) or absence (�) of plate-bound
anti-TCR/CD2/CD28 antibodies and in the presence or absence of 60
mM lithium (Li). The percentage of cells that scored positive for MTOC
polarization in three experiments was calculated (as described under
Fig. 1). Analysis of variance statistics were applied to the results and
the asterixes identify the groups that displayed statistically significant
differences (*P < 0.05, **P < 0.01). (B) Purified immature CD4+CD8+
thymocytes (DP) and mature Tcells (SP) were incubated for 1 h in the
presence (+) or absence (�) of plate-bound anti-TCR/CD2/CD28
antibodies and in the presence or absence of the GSK3 inhibitor,
SB415286 (SB). Percent cells that scored positive for MTOC
polarization are shown (and are representative of two experiments).
(C) CD4+CD8+ thymocytes and mature T cells were lysed immedi-
ately after purification or incubated in RPMI/10% FCS at 37�C
overnight. Expression of b-catenin (which increases with decreased
GSK3b activity) and Akt (loading control) was assessed by western
blot. Relative intensities of bands (b-catenin/Akt) are indicated.

Fig. 4. GSK3 is more active in immature CD4+CD8+ thymocytes than
mature Tcells. (A) Purified immature CD4+CD8+ thymocytes (DP) and
mature T cells (SP) were incubated for 2 h in the presence (+) or
absence (�) of plate-bound anti-TCR/CD2/CD28 antibodies. Expres-
sion of b-catenin (which increases with decreased GSK3 activity) and
Akt (loading control) was assessed by western blot. Relative
intensities of western bands (b-catenin/Akt) are indicated. (B) DP
and SP thymocytes were stimulated for 2 h with plate-bound anti-TCR/
CD2/CD28 antibodies (+) for 2 h in the presence or absence of the
GSK3 inhibitor, SB415286 (SB). Relative intensities of western bands
(b-catenin/Akt) are indicated.
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Our observations also imply that GSK3 activity differs be-
tween immature CD4+CD8+ and mature thymocytes—even
prior to their receipt of TCR signals. This difference is likely
to reflect differences in the receptor–ligand interactions they
are experiencing in situ. Our data suggest that mature T
cells constitutively experience signals that abrogate GSK3
activity. There are several possible candidate signaling path-
ways (40). Growth factor receptors (including the insulin re-
ceptor) and antigen receptors activate kinases, including
Akt, p70-S6K, p90-rsk and PKA that phosphorylate GSK3 at
serine 9/21 and inhibit its activity (41–43). However, our ob-
servation that GSK3 phosphorylation at Ser9/21 does not dif-
fer between freshly isolated immature and mature T cells
suggest that other influences play a role in establishing
GSK3 activity levels in developing T cells. GSK3 can be
inhibited by phosphorylation at a distinct site by p38 (35),
which can also be activated by growth factors. However,
p38 is also activated by stress and appears to play more of
a role in apoptosis than survival of thymocytes (44, 45).

Perhaps, then, the strongest candidate for influencing the
developmental differences in GSK3 activity between imma-
ture and mature T cells is the Wnt signaling pathway. Wnt/
Frizzled interactions inhibit GSK3 activity by promoting its
dissociation from the ‘destruction’ complex (which includes
Axin, APC and b-catenin). Wnt signaling plays a key role in
multiple stages of T-cell development, including the final
maturation steps. Thymic epithelial cells produce Wnt
ligands and both epithelial cells and thymocytes express
Frizzled receptors (39, 46). Importantly, the expression pat-
tern of Wnt ligands and Frizzled receptors vary by microen-
vironment (46). For instance, different Wnt ligands dominate
in the thymic cortex versus the thymic medulla, suggesting
that immature and mature thymocytes experience different
levels and/or quality of Wnt signaling (46, 47). Indeed, ma-
ture T cells exhibit evidence of more robust Wnt signaling,
which appears to regulate survival of immature CD4+CD8+
thymocytes during positive selection (39, 47, 48). Although
the studies that generated these observations focused pri-
marily on the influence of TCF/LEF, transcription factors
downstream of GSK3 and b-catenin, they suggest a basis
for the differences in GSK3 activity responsible for TCR reg-
ulation of MTOC polarization that we describe in this report.
Our observation that GSK3 inhibition also abrogates TCR-

mediated apoptosis could be related to GSK3’s more down-
stream effects on TCF/LEF or other transcription factors,
including NFAT (49). However, it is tempting to speculate
that its more acute effects on TCR-stimulated MTOC polari-
zation play a role. MTOC polarization is known to facilitate
not only the directional delivery of cytokine and/or granzyme
containing vesicles to the cell surface but also the delivery
of influential signaling molecules to the site of interaction
(10, 11, 15, 50). In fact, T lymphocytes fail to form an orga-
nized IS when MTOC polarization is abrogated in part
because vesicles containing signaling regulators never
reach the site of T-cell activation (8). It is therefore possible
that the inability of DP thymocytes to polarize their MTOC
has a direct impact on their ability to interpret signals—
quantitatively (because of a reduction in delivery of addi-
tional signaling molecules) and/or qualitatively (because of
reduction in delivery of specific anti-apoptotic signaling
molecules, perhaps via distinct vesicles).
Finally, it is important to recognize that GSK3 activity is

assessed, in this and other studies of primary cells, by ex-
amining the behavior of its substrates. b-catenin stabilization
is considered one of the more reliable indicators (36) but
remains an indirect measure of GSK3 activity. One can also
infer GSK3 activity in T cells from the phosphorylation and
subcellular localization of another of its substrates, the tran-
scription factor, NFAT (49): phosphorylated NFAT is retained
in the cytoplasm. Our analysis of the subcellular localization
of NFAT in primary cells indicates that NFAT is strictly cyto-
plasmic in freshly isolated immature DP thymocytes but is
found in multiple subcellular compartments (cytoplasmic,
organellar, cytoskeletal and to a small extent nuclear) in
freshly isolated SP T cells (data not shown). These data
provide independent support for the indications from our
b-catenin analysis that GSK3 is more active in DP than SP
T cells. However, we recognize that the regulation of NFAT
localization is complex. For instance, it can be phosphorylated

Fig. 6. GSK3 inhibition enhances survival of CD4+CD8+ thymocytes
in response to negative selecting TCR signals. (A) Purified DP
thymocytes were cultured in the presence or absence of plate-bound
anti-TCR/CD2/CD28 antibodies and the presence or absence of 60
mM lithium for 4 h. Cells were fixed, permeabilized, stained for
cleaved caspase 3 and analyzed by flow cytometry. Results from the
four conditions are shown as an overlay histogram. TCR-stimulated
DP thymocytes were the only group that showed an increase in the
frequency of cleaved caspase 3 6 cells. All three other groups
(unstimulated DP in the presence or absence of lithium and
stimulated DP in the presence of lithium) showed essentially the
same frequency of cleaved caspase 3+ cells (;11%). These results
are representative of at least three experiments. (B) In a different
experiment, purified DP and SP thymocytes were subject to the same
treatment as in (a), lysed and analyzed for cleaved caspase 3 by
western blot. Relative intensities of bands (cleaved caspase 3/Akt)
are indicated.
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by other kinases present in T lymphocytes, including p38 (51),
so this measure is also indirect, at best. Ultimately, genetic
analysis will need to be done to confirm the albeit strong
indications of this study that GSK3 activity differs between
immature and mature T cells and directly regulates MTOC
stabilization.
In summary, these results suggest that GSK3 can exert

a proximal acute effect on TCR signals by influencing micro-
tubule function (40). They also raise the provocative possibil-
ity that immature CD4+CD8+ thymocytes are not incapable
of responding to TCR signals like their mature descendants
but instead may be actively inhibited from doing so.
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