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Unfolding an RNA molecule. This figure is
schematic and not based on real data. Dashed
blue line: free energy as a function of exten-
sion z from the reversible work. Solid red
curves: many different trials of unfolding at
nonequilibrium rates; line thicknesses repre-
sent the relative weightings necessary to sat-
isfy Jarzynski's equality. Dotted green line:
free energy determined with Jarzynski's
equality. Dotted black line: equally weighted
average of the nonequilibrium work.

of the work measured for many repetitions
of a nonequilibrium process. The second
law of thermodynamics guarantees that an
equally weighted average of the work will
yield a result larger than the free-energy
difference. But Jarzynski showed that when
the average taken over an infinite number
of trials is Boltzmann-weighted according
to the work required for each repetition, the
result will always be the free-energy differ-
ence AF. This relation holds even for pro-
cesses arbitrarily far from equilibrium.
Liphardt et al. (2) tested Jarzynski’s
equality by comparing the work performed
in the reversible and irreversible mechani-
cal unfolding of a single RNA molecule.
They performed a delicate experiment in
which small beads were attached to the
ends of a single strand of RNA. The bead
at one end was held in an optical trap,
which allowed the force (and, thus, by inte-
gration, the work) to be measured. The
bead at the other end was held by a mi-
cropipette attached to a piezoelectric de-
vice, allowing the position of this bead to
be controlled by changing the voltage in
the device. The position z of the second
bead relative to an arbitrary position—a
measure of the extent that the molecule has
been unfolded—was used as the sole con-
trol parameter, giving a one-dimensional
free-energy landscape as a function of z.
The researchers performed alternating
trials of slower pulls (the quasi-reversible
case) and pulls that were an order of mag-
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nitude faster (the nonequilibrium case).
They found that the slower pulls were in-
deed approximately reversible. Repeated
measurements yielded almost a single
curve of work as a function of position z
of the second bead (shown schematically
in the figure as a dashed blue line). For
faster pulling speeds, the work required to
unfold the molecule as a function of z var-
ied widely from trial to trial (solid red
lines). The molecule does not have time to
equilibrate during pulling, and the amount
of work required therefore depends on the
detailed microscopic configuration of the
molecule. Small differences grow as the
molecule is pulled at a nonreversible rate
that prevents the various trials from set-
tling into the common, equilibrium state.
Some individual trials actually require
less work than the reversible case, but the
majority require more work. In agreement
with the second law of thermodynamics,
the equally weighted average (dotted
black line) is always larger than the re-
versible work. But when Liphardt et al.
applied the weighting of the trials pre-
scribed by Jarzynski, they found that the
weighted average (dotted green line)
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agreed to within experimental error with
the reversible work. Their results provide
the first experimental demonstration that
Jarzynski’s equality is valuable not only as
a theoretical construct but also as a practi-
cal (albeit technically challenging) method
for mapping out free energy landscapes.

The Jarzynski equality is one of only a
small number of relations between equilib-
rium properties and measurements made
arbitrarily far from equilibrium, despite the
prevalence of far-from-equilibrium pro-
cesses in everyday life. As more relations
are discovered or new uses of the known
relations are developed [see for example
(6)], we will continue to move closer to an
understanding of these important and com-
plicated nonequilibrium systems.
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T Cell Activation in
Six Dimensions

Ulrich H. von Andrian

immune systems of higher animals re-

tain specific memories of antigens that
they have encountered in the past. A cen-
tral player in the maintenance of immuno-
logical memory is the T lymphocyte,
which originates in the thymus as a thy-
mocyte. Thymocytes must assemble T
cell receptors (TCRs) that recognize self
major histocompatibility complex (MHC)
molecules but not the self antigens that the
MHC presents. Those thymocytes whose
TCRs do not match these positive and neg-
ative selection criteria are eliminated.

T cells that survive thymic selection
enter the bloodstream as so-called naive T
cells and begin a restless survey of the
body for antigens that can stimulate their
TCRs. For T cell activation to occur, anti-
gen must be encountered in the context of
both self MHC and costimulatory
molecules on mature dendritic cells (DCs),
which reside in organized lymphoid tis-

I mmunologists are elucidating how the
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sues such as lymph nodes. After leaving
the thymus, naive T cells continuously re-
circulate between the blood and lymphoid
organs but do not enter other tissues (1, 2).
The critical events in this homing pro-
cess—in particular, the adhesive and sig-
naling interactions between circulating T
cells and vascular endothelial cells—are
well characterized. However, what hap-
pens to T cells in the thymus before their
entry into the blood, and then after they
exit the circulation and enter the lymph
nodes, remains a mystery. Three elegant
fluorescence microscopy studies reported
in this issue shed new light, quite literally,
on the dynamics and topography of T cells
in living lymph nodes (3, 4) and in thymic
organ cultures (5).

Miller et al. on page 1869 (3) and Stoll
et al. on page 1873 (4) image fluorescently
labeled T cells in explanted mouse lymph
nodes. Given that these lentil-shaped or-
gans measure ~1 mm in diameter, these
studies are a technical tour de force. Nor-
mal lymph nodes have several distinct lay-
ers: They are covered by a fibrous capsule,
which encloses the subcapsular sinus, a
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lymph fluid—filled compartment; under-
neath this is the cortex, a layer that is rich
in B cells and macrophages (see the fig-
ure). Most of the T cell compartment is lo-
calized in the subcortex several tens to
hundreds of micrometers below the sur-
face. To visualize T cells in this layer, both
groups resorted to sophisticated mi-
croscopy that extracts visual information
from deep within living tissue.

Stoll and colleagues used laser scan-
ning confocal microscopy, which allowed
them to generate time-lapse movies of flu-
orescent T cells migrating at a depth of up
to 80 um below the surface of the lymph
node (4). At various times before lymph
node harvesting, mice were injected with
green fluorescent T lymphocytes intra-
venously, and red fluorescent DCs intra-
dermally. Lymphocytes injected into the
blood homed straight to the lymph nodes.
In contrast, DCs entered local lymph ves-
sels that channel interstitial fluid and cells
from the skin to the local lymph node.
Once the DCs had made their way to this
skin draining lymph node, the organ was
excised, incubated in an observation cham-
ber, and microscopically viewed through
appropriate fluorescent filters, which al-
lowed the two cell populations to be fol-
lowed in space and time.

When T helper cells initially encoun-
tered antigen-pulsed DCs in this system,
they formed long-lived contacts with DCs,
usually in a 1:1 ratio. At >37 hours after
stimulation with antigen, T cells began to
express activation markers, became disso-
ciated from DCs, migrated more rapidly (at
speeds of 5 to 7 wm/min), and started to di-
vide (4). In an elegant experiment, the au-
thors visualized the contact zone between T
cells and antigen-bearing DCs. It has been
established that surface molecules in this
area become organized in a so-called
supramolecular adhesion cluster or im-
munological synapse, with TCRs and co-
stimulatory molecules concentrated in the
center, surrounded by a circular region that
is enriched in the adhesion molecule LFA-
1 (6, 7). In contrast, large negatively
charged surface molecules, such as CD43,
which may exert anti-adhesive effects (8),
are excluded from this contact zone. This
phenomenon is well documented in vitro,
but it is not clear whether immunological
synapses also form in vivo and whether
they are necessary for T cell activation. In
one study, interactions between T cells and
DCs in a collagen matrix were highly dy-
namic, leading to efficient T cell activation
despite an average T cell-DC contact time
that was too short for the formation of a
mature synapse (9). Stoll et al. (4) now re-
port that these interactions last for many
hours in lymph nodes, leaving ample time
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Mysteries of the deep. False-color micrograph of a lymph node in
a living mouse stained with an intravital dye. The brown/orange
material in the periphery is fatty tissue, which partially covers the
lymph node (purple/blue). High endothelial venules (white) are the
entry point for lymphocytes homing to the lymph nodes from the
circulation. They were labeled with a fluorescein-tagged mono-
clonal antibody that recognizes the lymph node-specific adhesion

molecule addressin (PNAd).

for immunological synapses to form. Con-
sistent with this notion, they observed that
CD43 on the T cell surface was excluded
from the DC contact site.

Miller et al. (3) address many of the
same questions, but with notable differ-
ences in technique resulting in somewhat
different findings. Like Stoll and col-
leagues, Miller e al. also performed adop-
tive transfer of fluorescently tagged
murine lymphocytes and then observed
homing of the cells in explanted lymph
nodes. However, these authors used real-
time two-photon laser microscopy instead
of single-photon confocal microscopy.
This technique allows deeper imaging into
the T cell area of the lymph node (up to
350 wm beneath the surface). It also re-
sults in lower phototoxicity and less photo-
bleaching of fluorophores because, unlike
single-photon confocal excitation, fluores-
cence excitation is limited to a volume of
~1 um?® surrounding the focal point of the
microscope objective (/0). Like Stoll et
al., Miller et al. found that T cells moved
randomly without pursuing any apparent
direction for long periods, but they report
higher migration speeds (up to 25 um/min)
even in the absence of antigen (3).

To assess the effects of antigenic chal-
lenge on T cell behavior, Miller et al. used
ovalbumin as a model antigen, which they
injected in an alum emulsion together with
tumor necrosis factor—q as an adjuvant (3).
Unlike injection of in vitro generated anti-
gen-pulsed DCs (4), this approach relies on
endogenous DCs at the injection site to pro-
cess the antigen and carry it to the draining

lymph node. T cell behav-
ior in response to this chal-
lenge was notably different
from that observed by
Stoll and co-workers. After
1 day, some T cells were
found in relatively station-
ary clusters, whereas oth-
ers were described as
“‘swarms,” looping within
regions a few tens of um
across” (3). Miller et al.
did not attempt to visual-
ize antigen-presenting
cells in their experiments,
but it seems likely that
both clusters and local
swarms of T cells may
have colocalized with
DCs. Interestingly, al-
though more stationary T
cells were observed by
Miller et al. upon anti-
genic challenge, these
cells were in the minority.
In contrast, long-lived sta-
tionary interactions be-
tween T cells and antigen-presenting DCs
were the norm in the Stoll et al. work (4).
Moreover, subcutaneously injected antigen-
laden DCs appeared to interact with just
one T cell in lymph nodes (4), whereas the
presence of T cell swarms and clusters in
response to soluble protein antigen injec-
tion suggests a higher T cell:DC ratio (3).
Although these behavioral differences re-
main to be explained, the more dynamic ap-
pearance of T cells in the Miller et al. work
raises new questions about the physiologi-
cal importance of immunological synapse
formation to T cell activation.

These two reports raise several other
questions. Most important, lymph nodes
had to be removed from animals for obser-
vation. Thus, the organs were deprived of
physiologic input via the blood, afferent
lymph, and peripheral nerves. Lymph flow,
in particular, can have a modulating effect
on lymph node homeostasis. Interruption of
afferent lymphatics in vivo leads to rapid
loss of normal lymphocyte traffic (11, 12).
The lymph is also a conduit through which
chemokines are channeled into lymph
nodes (/3-15). Lymphocytes sense concen-
tration gradients of chemokines and mi-
grate toward them (/6). It is conceivable
that lymph flow is necessary to maintain la-
bile chemokine gradients, which might
guide migrating T cells in a more directed
fashion than the random motion observed
in the excised lymph nodes. Another techni-
cal issue is the maintenance of physiologic
gas exchange in unperfused lymph nodes.
In metabolically active tissues, normoxic
blood flow maintains sufficient tissue oxy-
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genation up to a distance of <200 um from
the closest capillary (/7). Because gas ex-
change in explanted lymph nodes must oc-
cur exclusively across the surface capsule,
it is likely that a steep gradient in tissue
oxygen tension was established, with the
lowest concentration being in the deep T
cell area. Miller et al. used a 95% O, gas
mixture in their incubation chamber (3),
whereas Stoll et al. used 20% O, (4).
Whether and to what extent differences in
methodology between the two studies might
account for disparities in T cell behavior re-
mains to be determined.

Although two-photon microscopy is
used routinely for intravital imaging of liv-
ing cells and solid tissues, especially in
neurobiology and embryology (18, 19), it
has found surprisingly little application
among immunologists (3, 20). This situa-
tion is set to change with the new reports
because the technology is clearly ad-
mirably suited for addressing many impor-
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tant immunological questions. For exam-
ple, the Bousso ef al. study on page 1876
of this issue (5) opens a new frontier in
immunological imaging by using two-pho-
ton microscopy to observe how thymo-
cytes run the gauntlet of positive selection
in three-dimensional thymic organ cul-
tures. As observed with mature T cells in
lymph nodes (3, 4), engagement of thymo-
cyte TCRs with self antigen presented (in
the context of MHC) by thymic stromal
cells enhanced the dynamics and duration
of T cell-stromal cell contacts (5). It will
be important to dissect the signals that
govern these striking changes in cellular
behavior and to determine how these
events shape cellular immune responses
both inside and outside the thymus. Un-
doubtedly, six-dimensional imaging strate-
gies that measure the light intensity, color,
and motion in space and time of single im-
mune cells in living tissues (and ideally in
live animals) will be a critical tool for

probing ever more deeply into the myster-
ies of immunity.
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Neurons in Action

Peter K6nig and Paul F. M. J. Verschure

uch of brain research is fueled by
M the wish to unravel the founda-

tions of thought and action (7).
Whereas the complex neural processes
that underlie consciousness are beginning
to be elucidated, the simpler neural circuit-
ry that drives perception and the genera-
tion of movement surprisingly remains un-
clear. For instance, we still do not know
whether movement depends on a few lo-
calized neuronal circuits or the dynamic
state of multiple distributed neuronal sys-
tems. Much of the hope surrounding neu-
roprosthetic devices that translate the ac-
tivity of neurons in the brain into muscle
movements depends on understanding how
neurons normally initiate and control
skeletal muscles. Toward this goal, work
by Taylor et al. (2) on page 1829 of this is-
sue reveals that the activity of a small
group of motor cortex neurons in monkeys
can be fine-tuned to carry out complex
three-dimensional (3D) movements.

Much of our knowledge about neurons
has come from studies of the neuromuscular
junction, the point where nerve and muscle
meet (3, 4). When parts of the motor system
are damaged through injury or disease, re-
pair efforts concentrate on trying to restore
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the link between neuronal activity and mus-
cle contraction. There have been attempts to
achieve this using noninvasive methods,
such as electroencephalography (5). In this
case, recording of the bulk signal of mil-
lions of neurons in the motor cortex is ana-
lyzed online, resulting in information rates
of up to 1 bit/second that can be harnessed
to control real-world devices that, for exam-
ple, dial the phone or switch on the heating.

Open-loop system

However, in order to restore speed and
fluidity to the motor system, the activity of
more neurons needs to be commandeered.
The question of exactly how many neurons
is crucial for understanding cortical repre-
sentations of movement in the brain. Ex-
periments using single-neuron electrode
recordings in monkeys as they perform a
reaching task suggest that movement de-
pends on activation of millions of neurons
in a wide area of the motor cortex (6).
Each neuron in the motor cortex is maxi-
mally active for a particular direction of
movement, but also fires to a lesser degree
in response to movements in other direc-
tions. The average of the preferred move-

Closed-loop system

Think local. Movement of a cursor (yellow sphere) directed by the activity of cortical neurons in
the monkey brain. (Left) In an open-loop experiment, the preferred direction of movement of a
large number of neurons and the weighted average activity of each neuron determines the direc-
tion of cursor movement (blue arrow). (Right) In a closed-loop experiment (2), visual feedback
(green arrows) results in adaptation of a small group of motor cortex neurons (red arrows), which
are sufficient to accurately control cursor movement. Mapping of the visual cortex onto the motor
cortex, and of the motor cortex onto the action performed, is adaptable and can be fine-tuned

through learning and visual feedback.
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