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Quantitative activation thresholds and cellular membrane reorganization are mechanisms by 
which resting T cells modulate their response to activating stimuli. Here we demonstrate perturbations of 
these cellular processes in a unique culture system that non-invasively inhibits T lymphocyte activation. 
During clinorotation, the T cell activation threshold is increased 5-fold. This increased threshold involves a 
mechanism independent of TCR triggering. Recruitment of lipid rafts to the activation site is impaired 
during clinorotation but does occur with increased stimulation. This study describes a situation in which 
an individual cell senses a change in its physical environment and alters its cell biological behavior. 

Quantitative activation thresholds determine the 
acti vation response of peripheral T lymphocytes . 
Di fferent activation stimuli vary in their potency, and the 

actual response of a T ce ll depends on li gand density I ,2, 

ligand binding affini ty3A, and the state of the T ceIlS,6. 
T cells internalize their receptors (TCRs) following 
li ga ti on and activate when a critical threshold of TCR 
triggering has been reached, irrespective of the nature of 

the stimulating ligand7. This threshold level of TCR 
stimulation necessary for activation can be modulated, 
however, by other factors such as costimulation . 
Costimulation through CD28 lowers the threshold for T 
cell activation to one-fifth the number of triggered TCRs 

necessary for stimulation through CD3 alone7. 
Ligation of CD28 during T cell activation 

ini tiates a reorganization of cellu lar membrane structures 
by recruiting specialized membrane microdomains to the 

contact site8. These movable domains, termed lipid rafts, 
are composed primarily of sphingolipids and cholesterol. 
Lipid rafts are also enriched with GPI-linked proteins and 
several signal transduction molecules including Ick and 

fyn 9 and are proposed to function as preformed platforms 

for signal transduction I 0. Recruitment of lipid rafts to 
the contact site may provide a cellular mechanism by 
which the T cell can amplify TCR-mediated signals and 
lower the threshold for activation . 

Reduced gravity cell culture provides a unique 
opportunity to study pathways mediating T cell activation . 
Clinorotation provides a functionally weightless 
environment by counterbalancing the sedimentation rate 

of cell s in suspension I I. Even though gravity remains 
present, the gravitational vector is randomized and fluid 
shear is minimized as single ce lls rotate quasi-stationary 

with the culture media 12. Many of the cellular ch anges 
observed during space fli ght al so occur during 
clinorotation , including an inhibition of the T cell 

activation response to mitogenic signals 13 Specifically, 
peripheral blood mononuclear cell s stimu lated with 
lectins or monoclonal antibod ies show a dram ati c 

reduction in T lymphocyte proliferation 14. This 
inhibition occurs at an earl y stagc of the activati on 
process as surface express ion of the early activation 
marker CD69 and the I L-2 Receptor (CD25) are also 

inhibited l5 This inhibition does not occur when purified 
T cell s are activated with phorbol ester plus ionomycin , 

suggesting an early block in signal transduction 15 , 16. 
Phorbol ester, however, is a very potent activator and may 
overcome T cell inhibition by enhanced stimu lation rather 
than bypassing a specific block in the signaling cascade. 

Interestingly, activation of purified T cells during 
clinorotation can be achieved using polystyrene beads 
coated with antibodies to the TCR/CD3 complex and the 
costimulatory molecule CD28, despite the inability of 
these same antibodies to induce activation when presented 

on Antigen Presenting Cells (APCs)15 . Since it is 
possible to bind more antibodies to a bead than an APC, 
we questioned whether the amount of stimulus was a 
more important factor in determining T cell activation in 
reduced gravity cu lture than the pathway of stimulation . 
In this study we demonstrate that an increased activation 
threshold underlies the non-invasive T cell inhibition 
induced by clinorotation . We further show that early cell 
biological processes associated with lymphocyte 
activation , namely membrane reorg anization and cell 
spreading, are hampered in the reduced gravity 
environment of this cell culture model. 
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Results 
Clinorotation increases activation threshold. To 
generate dose-response curves for activation of normal 
human peripheral T cells, polystyrene beads were titrated 
with increasing concentrations of anti-C03/28 cocktail 
(anti-C03 plus anti-C028 monoclonals mixed at a I: I 
ratio) just prior to use. The density of anti-C03/28 bound 
to the beads was determ ined by indirect 
immunofluorescence and 'used as the measure of stimulus 
dose (units) . Cells stimulated during clinorotation show a 
dramatic right shift in the dose-response curves for 
ex press ion of the early activation marker C069 (Fig I a), 
expression of the I L-2 receptor (C025, Fig I b), and entry 
into S phase (BrdU incorporation, Fig I c). 

Lower densities of anti-C03 /28 (2 - 5 units) 
induce full activation of static cultures but do not activate 
T ce ll s during clinorotation (Figure I, a-c). Increasing the 
density of antibody stimulation diminishes T cell 
inhibition during clinorotation. This is consistent with an 
increased activation threshold during clinorotation. The 
dose-response curves obtained for static activation show 
minim al variation from one experiment to the next. For a 
oiven amount of stimulation, the percent cells activated is 
highly reproducible, even for antibody densities that 
activate less than 80% of the cells (0 - 2 units) . On the 
contrary, desp ite a highly consistent curve shift, the actual 
percent cells activated for a given density of antibody 
stim u lation is high Iy variable during clinorotation. 
Increased variability in the level of activation during 
clinorotation likely reflects impaired signal integration 
rather than reduced levels of signaling. 

Curve fit analysis. To quantitate the change in the 
activation threshold during cl inorotation , we performed a 
least-squares curve fit analysis on the collected data. The 
T cell act ivation curves shown in Figure I display a 
saturation function . The sigmoidal shape indicates a 
greater than first order dependence on activator 
concentration. This can be empirically modeled using the 
equation 

where x is the antibody density on the bead and %A is the 
percentage of activated cells. %Amax, Km, and pare 
parameters of the system that are affected both by 
clinorotation and the complexity of the activation level 
measured. These values will thus vary between 
clinorotation and static culture and among different 
measurements of activation . %A",ax is the maximum 
percent cells that can be activated assuming an infinite 
density of stimulating antibody. The empirical parameter 
p allows for greater than first order dependence on 
antibody density. Solving for Km reveals that (K",) "p is 
the eq uivalent of X50, the antibody density that produces 

half-maximal activation, or Kill 
gives 

(X 50)P Substitution 

This equation is equivalent to the Hill equation 
for sigmoid substrate saturation enzyme kinetics. Here it 
describes a simple sigmoidal saturation function for 
which the slope of the dose-response curve and the 
maximal level of activation can be modulated by the 
inhibitor (clinorotation). 

Using this equation , we performed least squares 
analysis on cumulative data from the dose-response 
ex periments. Curve fits are shown in Figure 2 with 
parameters of the equations and stati stics li sted in Table I. 
Excellent curve fit s were obtained f'or static activation 
curves using this equation (R-squared values of 0.99 or 
greater). Good fits were also obtained for C069 (Fig 2a) 
and BrdU (Fig 2b) clinorotation curves, with lower R­
squared values (0.91-0.94) reflecting the high variability 
in the level of activation for a given stimulus dose rather 
than a poor curve fit. Empirical %A",a, values determined 
by the equation were consistent with the observed va lues. 
The average observed %A",a., for C069 expression is 
71.76, within the 74 .96 ± 5.90 predicted value. Likewise, 
the theoretical %A",ax of 50.72 ± 4.53 for relative BrdU 
incorporation matches the observed average of 50.00. 
Since approximately 10% of unactivated peripheral T 
cells express C025, the activation curve for C025 is not 
accurately predicted by this eq uation , which assum es a 
basal expression of zero. 

The antibody density necessary for half-m axi mal 
activation (X50) during clinorotation was increased 5 fold 
above static values for both C069 expression and relative 
BrdU incorporation (Table I) . Thus, clinorotation raises 
the threshold for T cell activation by the same order of 
magnitude that costimulation through C028 lowers it. As 
we progress from expression of early activation markers 
to gene transcription and proliferation, the inhibitory 
effect of clinorotation is likely amplified and increasingly 
complex. This is manifested by the decrease in %A lIlax 
from C069 expression to BrdU incorporation (Table I). 

TCR triggering not responsible. Since the dynamics of 
cell-cell and cell-bead encounters are different during 
clinorotation and static culture, several have argued that 
diminished T cell activation in during reduced gravity 
culture may simply be a reflection of decreased TCR 
stimulation . Valitutti et al have shown that TCR 

. I" 17 stimulation can be measured by C03 IIlterna lzatlon . 
Following ligation of the TCR, the TCR/C03 complex is 
internalized and the difference in expression with and 
without stimulation is a measurement of the level of TCR 
triggering. TCR down-regulation is induced by early 
events following specific engagement by an agonist and 
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can be di ssociated from those required for full T cell 

activat ion IS . Bachmann et al have shown that the degree 
of TCR down-regulation is a function of ligand affinity 
and titration, and the degrce of down-regulation correlates 

with the T cell functional response to stimulation 19. 
To assess th e relationship between TCR 

triggering in 'the change of threshold, the level activation 
(measured by C069 ex press ion) was plotted as a function 
of TCR internali zat ion (F ig 3). TCR internali zation was 
measured by subtracting the mean channel fluorescence 
of FITC-Iabeled anti-C03 binding to stimulated cells 
from unst imulated controls. Cumulative data from seven 
experiments are shown in Figure 3 and parameters for the 
cu rve fit analysis are li sted in Table I. A 2.4-fold increase 
in the amou nt of TCR triggering necessa ry for SO% 
activation indicates that a mechanism independent of 
TCR sti mulation is in vo lved in the increased threshold for 
T ce ll activation during red uced grav ity culture. This 
demonstrates a deficit in T ce ll signal transduction and 
cannot be exp lai ned by differences in cell-cell or cell­
bead interactions between static and reduced grav ity 
cu Itures. 

T ce ll ac ti vation experi ments using anti-C0 3 and 
anti-C028 on polystyrene beads were previously 
perfo rm ed in rea l microgravity during space shuttle 

missions STS-SI and STS-84 IS. Inhibition of T cell 
activation during space fli ght was greater than observed 
fo r cl inorotati on, suggesting, at the time, differences 
between true m icrogravity and ground-based models. The 

in-flight T ce ll activat ion experim ents IS , however, did 
not measure the density of stimulat ing antibody on the 
bead at the time of activation. The affi ni ty binding of 
mouse monoclonals to the GAM-coated beads is highly 
unstable and storage of the beads for as I ittle as one week 
resu Its in a dramatic decrease in the potency of the beads 
(unpublished observations). This is much more evident in 
reduced gravity culture for w~ich activation is muc.h more 
sensitive to subtle changes III the amount of stimulus. 
Storage time and vibration during launch may have 
significantly decreased the antibody density on the beads 
used for in-flight activation. When 
the activation results from STS-SI and STS-84 are 
expressed as a function of C03 internalization, the data 
correlates with the curves shown in Figure 3. 

Raft recruitment and cell spreading affected. 
Costimulation through C028 during TCR ligation induces 
the redistribution of lipid rafts to the site of TCR 
engagement and lowers the threshold for T cell 

activationS. To determine if the dynamics of lipid raft 
recruitment followin g activation are compromised during 
clinorotation, we analyzed raft surface distribution using 
FITC-Iabeled cholera toxin (CTx) B subunit, which binds 
to the GM I glycosphingolipid present in lipid rafts. 

To correlate the competency of T cells to 
activate with the extent of lipid raft recruitment, we 
stimulated resting T cells with either "10" or "hi" anti­
C03/28. In these ex per iments "10" anti-C03 /28 (O .S 
ug/ml , bead antibody density of 7.0 ± O.4S units) yielded 
full activation of T ce ll s (94.0 ± 1.07%) in static culture, 
with only partial acti vati on (30.7 ± 7.23%) during 
clinorotation (F ig 4a). Stimulation with "hi" anti-C0 3/28 
(20ug/ml , density of 30 ± 1.91 units) increased the 
percen tage of cells act ivated during clinorotation to 64 .6 
+ 7.72 % (Fig 4b). 
- Fluorescent m icroscopy of 10 stimu lated ce ll s 
revealed that raft recruitm ent following activation is 
indeed impaired during cl inorotat ion as is the ab i I ity of 
the cell to spread onto the bead (Figures 4 and S) . 8S-
90% of cells st imulated in stat ic culture with e ither hi or 
10 anti-CD3/28 wrap around th e bead and show intensc 
sta ining of lipid rafts at the bead/cell contact s ite (Fig 4, 
Fig S a-f) . On the contrary, ce ll s stimulated with 10 anti­
C03/28 during clinorotation attach to beads but remain 
rounded and do not spread (Fig 4a, Sg-i ). 7S% of ce ll s do 
not ex hibit any raft recruitment to the contact sit e 
although some ce ll s demonstrate raft recruitment in the 
absence of spread ing (F ig Si). Ce ll s stimulated with hi 
anti-C0 3/28 during clinorotation do exhibit cell sp reading 
and raft recruitm ent comparable to static culture (Fig Sk, l) 
but not as consistently (F ig 4b). This indicates th at ce ll s 
stimulated during cl in orotati on can indeed attach to and 
wrap around a bead and reorganize membrane 
microdomains. These processes are impaired during 
clinorotation but can be overcome by increas ing the 
amount of stimulat ion . The percentage ce ll s spread ing and 
recruiting lipid ra fts correlated well with the percentage of 
activated cells for both clinorotated and static cultures 
(F ig 4). 

Discussion 

The ability of an individual cell to sense and 
respond to changes in its chemical environment is we ll 

established (i .e., chemotaxis20). Similarly, it is easy to 
comprehend how multi-cellular systems interpret changes 
in the physical environment via integrin-mediated 

mechanotransduction21 . The mechanism by which a 
single cell senses changes in its physical environment and 
alters its cell biological behavior, however, is poorlY 
understood. The noninvasive inhibition of T ce ll 
activation afforded by clinorotation provides a unique 
opportunity to study not only the complex cellular events 
regulating T cell activation but also the effects of physical 
perturbation on cellular biologica l processes within 
individual cells. 

The results of this study clea rl y indicate that T 
lymphocytes can indeed reorganize membrane structure, 
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change cell shape, express early activation markers, 
induce new gene expression and undergo proliferat ion in 
response to membrane-ex ternal activation stimuli during 
clinorotation , but the amount of stimu lus necessary for 
this response is substantia ll y higher than in stat ic cultu re. 
Correlation of activation with TCR internalization (F ig 3) 
proves a deficit in s ignal transduction ex ists independent 
ofTC R triggering that cannot be explained by diminished 
ce ll/bead interactions. Costimulation through CD28 and 
recruitment of lipid raft s to the contact s ite is intimate ly 

assoc iated with the activation threshold 8. 1\ is uncertain 
whether impaired raft recruitment during clinorotation 
rai ses the activation threshold, or if s ignal transduction 
pat hways upstream of membrane reorganization are 
affected by the increased threshold . 

The cytoskeleton may provide the criti ca l link 
between the physical environm ent and the diminished 
capac it y of T lymphocytes to change cell shape and 
reorganize membrane structure during clinorotat ion. Don 
Ingber's work describes a tension-dependent architectu re 
within living cells that involves all three cytoskeletal 

filament systems as we ll as nuclear scaffo lds22.23 . 
Alterati ons in this ce llular force balance. known as 

tensegr ity, in fluence intrace llular biochem istry24 and 

gene express ion in the nucleus25 . Disruption of internal 

ce llular force balances in a m icrograv ity environm ent26 

may compromise the ability of ce ll s to properl y integrate 
activation s ignals that require cytoskeletal and membrane 
reorgan ization. 

Lymphoid cell spreading onto surface-
imm ob ilized antibodies requires active rearrangement of 

the cytoskeleta l actin structure27. Movement of the actin 
cytoskeleton also mediates the translocation of lipid rafts 

to the contact site28 . Space fli ght stud ies reveal 
mi crotubule organization in Iymphoblastoid cells is 

impaired in microgravity culture29, but further studies are 
required to determine the effects of microgravity and 
clinorotation on actin structure. Reorganization of 
cytoskeletal and membrane structures faci li tates enhanced 
and sustained T cell signaling via spatial and temporal 

organization of the signaling machinery30. Diminished 
efficacy of these cell biological functions in reduced 
grav ity culture would impair signal integration in T 
lymphocytes. increasing both the threshold and variability 
for activation, as reported here for clinorotation . 

Methods 
Bead preparation. Goat anti-mouse antibodies (Fe-specific. Sigma) we re 
cova lentl y bo und to 6 micron carboxylated beads (latex mierospheres) 
accordi ng to thc protoco l g iven by the supplier (I'olyseienees. Inc .• 
Warrington PA l. Just prior to usc. increasing concentrations of anti­
CD)(Orthoelone ok t3 . Orthobioteeh. Raritan NJ) plus anti-C D2R(l.eu-
2R. Ilecton Dickinson. San Jose CAl mousc monoclonal antibodies were 
artinity bound to the goat anti-mouse beads lor 3 hours at RT . Ant i­
C D) and ant i-C D2R were used at a I: I ratio and the amount of total 

an tibody bound to each bead set was indirectly measured by Ilow 
cy tomet ry as the mean channel Iluorcseencc (MCF) of FITC-Iabeled 
Goat anti-mouse (po tyelo nat aga inst thc e nt ire mOllse antibody. Ilecton 
Dick inson) . 

Isolation of T cells. Periphera l blood mononuci<;ar cel ls ( PIlMC's) were 
iso lated from fresh human blood or huffy coat IHlcks hy standard Fieo ll ­
Il ypaq ue (Pharrnaeia Il iotech. Uppsala. Sweden) densit y gradie nt 
cen trifugation . Normal hea lthy donors wen; ohtained th rough the 
NASA test subjects lilcilit y at Johnso n Space Center and were 
prescreened lo r IIiV ,1I1d Il epatit is Il. Pre-screened buffy coats were 
obta ined from Gulf Coast mood Center. T cells were purilied from 
pllMes using ,I Iluman T cell I:nrichment Column (R&D Systems. 
tnc .. Minneapoli s MN) according to the protocol given hy the supplier. 

Activation and culture conditions . Puri lied T eell s were sus pended at a 
concentration of I million cells per ml in compiete RpMI (RpM I 1640 
supp lemented with t 0% Ictal bovine serum . 100 units/nIl Penicillin Ci . 
100 ug/ml Streptomycin sulfatc. and 2mM I.-Ci lutamine) . I:ach bcad se t 
was added at a 5 to I ratio or beads to ce ll s and samples wcre 
immediatciy aliquoted into t .2 ml cryovial s ( Ii li ed tn capac it y) and 
pl aced in elinorntation o r static culture at )7(", C li ll(lrotation was 
pcrlormed at 20 rpm about the longitudina l axi s. with the axi s orrotation 
perpendicular to the gravity vector. Cell s were harvested at 4R hours I()r 
surface marker express ion and ccll prolilc ration mcasurcmcnts . 

Measurement of cell surface expression. Ilarvestcd eell s were 
immed iately stained with I:ITC-conjugated anti-Cf)) (l.eu-4 ) plus pt:­
conj ugated an ti-C D69 (l.eu-2) . anti-CD25 (anti-II.-2-R). or mouse 
IgG I isotype cont ro l ( Il ecton Dickinson) . Two-color Ilow cytomct ry to 
detcct surrace eX(1ress ion or C D3. C()69. and C D2S was perl(lfIlled 
using a Coulter t:pi cs XI. cy tomcter. Activation resulls are rcportcd as 
the percentage of ce ll s positi ve I(Ir the C D69 and C D2S s ur ra ce markers 
relative to the mouse IgCi cont rol. Downregulation or TCR/C D) was 
measured by indirect inlllHlnolluorescencc o n intact ce ll s using 
ant ibodies to CD3 (F ITC-l.cu4) . The leve l orTCR downregulation was 
estimated by the dcerease in flu oresccnce intens ily relative to 
unstimulated cont rol s. 

Measurement of cell proliferation. Il arvested cell s were pu lsed 1(1f 2 
hours with 5-bro mo-2-deoxyuridine ( llrd lJ. Sigma) and stained with 
anti-ll rdLJ-F ITC (Ilecton Dickinson) according to thc protocol given by 
the sU(1(1li er. The (1ercentagc of cell s in S phasc was dctermined by flow 
cytometry as the percentage or Il rdlJ (1ositive ce ll s. 

Curve fit analysis was (1erl(lfIlled by the least sq uares mclilod using Stata 
so nware (S tata Corporatio n. College Station. Texas). 

Cell image analysis . Purilied T ce ll s were suspended at a concentration 
of 2 million cell s per ml in complete RPMI and stimul ated with anti­
CD3128 beads at a I : I ratio lor I hour during elinorotation or static 
culture. Ce ll s were li xed in 3% lormaldehyde/2 mM EGTAfpBS. 
stai ned with FITC-conjugated Cholera Toxin Il (8 ug/ml . Sigma). and 
(1l ated onto PEl coated slides. Scoring of" cell /bead intcractions lo r cell 
spreading and lipid rail rccruitment was perfo rmed by Iluorescent 
micrscopy. One-hundred cell/bead interactions wcre seored lo r each 
sample for each of thrcc independent experi ments. Images were 
co ll ected on a Zeiss LSM 410 laser scanning con local mi croscope . 
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Figure 1 Increased T cell activation threshold during clinorotation. Dose-response curves for T cells stimulated by increasing 
densities of anti-CD3/28 (okt3+leu28) during clinorotation (open symbols) and static culture (closed symbols) for three (c) or four (a,b) 
independent experiments. The density of antibody used for stimulation (units) was measured by indirect immunofluorescence as the Mean 
Channel Fluorescence of FITC-Iabeled Goat anti-mouse binding to the antibody coated beads. Activation is expressed as the percent of 
cells expressing CD69 (a) , CD25 (b). or incorporating BrdU (c) . BrdU incorporation was normalized against the maximum percent cells 
positive for BrdU in each experiment and is therefore expressed as the relative percent BrdU positive cells . 
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Figure 2 Curve fit analysis of T lymphocyte activation during clinorotation and static culture. Least squares curve fit analysis was 
performed on cumulative data collected during clinorotation (open circles) and static culture (closed circles) using the equation %A = 
%Am .. [xp/((xso)p + xp], where x is the density of anti-CD3/28 in units (measured by indirect immunofiuorescence) used for stimulation and 
%A is the percentage of cells positive for CD69 (a) or relative BrdU incorporation (c). Data is cumulative for 3 (c) , or 4 (a,b) independent 
experiments. Curve fits for clinorotation (thin line) and static culture (bold line) are shown. Equation parameters and statistical values for 
the curves are given in Table 1. 
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Figure 3 Activation VS . TCR internalization The percentage of cells activated (CD69 positive) during clinorotation (open circles) or static 
culture (closed circles) is plotted as a function of TCR downregulation. TCR downregulation is estimated as the difference in CD3 surface 
expression , measured by indirect immunofluorescence, between activated and non-activated cells. Data is cumulative for seven 
independent experiments. Least squares curve fit analysis was performed using the equation %A = %Amax[XP/((X50)P + xPj, where x is extent 
of TCR downregulation (units) and %A is the percentage of CD69 positive cells. Equation parameters and statistical values for the curves 
are given in Table 1. 
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%Amax Xso P R2 

Fig 2 
CD69 
static 93.00 2: 2.00 0.832:0.04 4.392:0.81 0.9898 
clino 74.962: 5.90 5.672:0.80 2.822:1 .07 0.9441 

BrdU 
static 91.70 2: 1.83 1.21 2: 0.05 6.082: 1.27 0.9933 
c1ino 50.72 2: 4.53 6.622:1 .28 4.16 + 2.20 0.9099 

Fig 3 
69vs3 
static 100.702:6.31 12.842: 1.24 2.352: OAO 0.9890 
clino (100) 31 .222:0.95 3.17+0.46 0.9114 

Table 1 Curve fit parameters for T cell activation during cl inorotation and static culture. A least squares fit analysis was performed 
on cumulative data using the equation % = %Amax[Xp/((X50)P + xP], where %A is the percentage of cells positive for CD69 or relative BrdU 
incorporation, and x is the anti·CD3/28 density used for stimulation (units, Fig 2) or the estimated TCR down regulation (units, Fig 3). 
Empirical values (2: semi determined by the equation and statistical correlations (R-squared values) are shown. Parentheses indicate 
values not determined empirically by the equation. 
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Figure 4 Activation, cell spreading, and raft recruitment T cells were analyzed for lipid raft recruitment and cell spreading onto latex 
beads coated with 10 (0.5 ug/ml, 7.0 ~ 0.45 units) or hi (20 ug/ml, 30 ~ 1.91 units) densities of anti·CD3/28 during clinorotation or static 
culture (1 hour activation). Lipid rafts were visualized with CTB·FITC (8ug/ml, Sigma) . 100 cell/bead interactions were scored for cell 
spreading (black bars) raft recruitment (open bars), or both (hatched bars) by fluorescent microscopy. CD69 expression (gray bars) was 
determined at 48 hours for cells activated in parallel. Bars represent the average of three separate experiments (~ sem). 
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Figure 5 Confocal image analysis of cell spreading and lipid raft recruitment. Images represent typical bead/cell 
interactions for each activation condition . Resting T cells stimulated in static culture with either 10 (a-c) or hi (d-0 density 
of anti-C03/28 bound to polystyrene beads show dramatic cell rounding around the bead with intense immunolocalization 
of lipid rafts at the contact site. Cells stimulated with 10 anti-C03/28 during clinorotation (g-i) fail to wrap around the bead. 
Some cells show raft recruitment in the absence of cell spreading (i), but most do not show raft localization to the contact 
site (g,h). Cells stimulated with hi anti-C03/28 during clinorotation 0-1) do spread onto the bead and recruit rafts to the 
contact site (k,I), but not at the same frequency as cells activated in static culture. 


