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Biological tissues are rarely transparent, presenting major chal-
lenges for deep tissue optical microscopy. The achievable imaging
depth is fundamentally limited by wavefront distortions caused
by aberration and random scattering. Here, we report an iterative
wavefront compensation technique that takes advantage of the
nonlinearity of multiphoton signals to determine and compensate
for these distortions and to focus light inside deep tissues. Differ-
ent from conventional adaptive optics methods, this technique
can rapidly measure highly complicated wavefront distortions
encountered in deep tissue imaging and provide compensations
for not only aberration but random scattering. The technique is
tested with a variety of highly heterogeneous biological samples
including mouse brain tissue, skull, and lymph nodes. We show
that high quality three-dimensional imaging can be realized at
depths beyond the reach of conventional multiphoton microscopy
and adaptive optics methods, albeit over restricted distances for
a given correction. Moreover, the required laser excitation power
can be greatly reduced in deep tissues, deviating from the power
requirement of ballistic light excitation and thus significantly redu-
cing photo damage to the biological tissue.
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Optical microscopy has revolutionized biomedical research in
the past few decades (1–15). Recent advances in spatial re-

solution (1, 16), labeling techniques (2, 11), imaging speed (7, 10),
and new contrast mechanisms (4, 15, 17) have greatly expanded
the capabilities of optical microscopy; however, a major drawback
of this technique is the limited imaging penetration depth be-
cause biological tissues are rarely transparent (3, 6, 18, 19). Little
advance has been made in imaging depth since the invention of
multiphoton microscopy (MPM) (3) about two decades ago. De-
spite the development of tomography (6) and hybrid imaging
techniques (18), MPM remains the most powerful and widely
adopted technique for high resolution molecular and functional
imaging (12). MPM allows observation of cellular and subcellular
dynamics and functions in deep live tissue within highly complex
and heterogeneous environments, providing critical in situ and in
vivo information that is difficult to obtain otherwise. Long wave-
length excitation can improve the imaging depth (20) but this
limits the range of fluorophores that can be employed and still
suffers from wavefront distortions (8, 17, 21). Extending the
penetration depth has thus been a major challenge in studying
extremely heterogeneous biological samples such as brain and
lymphatic tissues.

Measuring and compensating for wavefront distortions lie
within the realm of optical phase conjugation (OPC) (22) and
adaptive optics (AO) (8, 17, 23, 24). The challenging task is to
combine effectively well-established wavefront compensation
techniques with deep tissue microscopy. OPC requires coherent
wave mixing or interferometry. For fluorescence microscopy, the
signal is incoherent, preventing the application of OPC. AO with
wavefront sensors works with incoherent signals; however, the
signal and the excitation differ in wavelength in MPM such that
their wavefronts could be uncorrelated in thick tissues. A more

practical solution is to modulate the excitation wavefront to
maximize the emission power. Such a scheme was originally de-
veloped in the 1970s to focus a laser beam through air turbulence
onto a remote target (25). Similar methods have also been ex-
plored to focus light through highly turbid media onto a point
target or guide star (26–29). Despite progress in operation speed
(26) and efficiency (27), none of the reported methods (26–31)
have been applied to deep tissue microscopy in any practical way.
The Achilles’ heel of these methods is that a point target (size
smaller than or comparable to the diffraction limit) or guide star
is required to form a diffraction-limited focus inside highly turbid
media, a condition rarely satisfied in practical imaging applica-
tions. Taking fluorescence microscopy as an example, the fluor-
ophores could be distributed randomly inside samples and their
distribution could be isolated or continuous over a volume much
greater than the diffraction limit (7, 12).

Here, we introduce a wavefront modulation-based compensa-
tion technique that can form a diffraction-limited focus inside
deep tissues without the requirement of point guide stars. We de-
monstrate application of this method to imaging of mouse brain
slices and intact lymph nodes, with significant improvement of the
depth of useful image generation accompanied by a reduction in
input laser power required for such deep imaging. This approach
paves the way for dynamic and functional intravital imaging at
unprecedented depth.

Results
Different from previous work (26–31), the technique reported
here has two different elements, iterative feedback and nonli-
nearity, and is named iterative multiphoton adaptive compen-
sation technique (IMPACT). Fig. 1A shows the design of the
superpenetration optical microscope that combines MPM with
IMPACT. A tunable femtosecond oscillator is employed as the
light source, whose power is regulated by an electro-optic (EO)
modulator. The material dispersion of the setup is compensated
by a prism pair compressor. Multiple relay lens pairs are used to
image the x scan mirror to the y scan mirror then to a segmented
deformable mirror (Kilo-DM, Boston Micromachines) and even-
tually to the rear pupil plane of a water immersion objective lens.
The signal light is collected by the same lens and directed by a
dichroic beam splitter onto a photomultiplier tube detector. The
x and y galvo mirrors are used to create a raster-scanned image
as in conventional MPM. The key element of the system is the
high speed, segmented deformable mirror based on microelectro-
mechanical systems (MEMS) technology, providing 32 × 32
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segmented pixels with 20-μs response time and 1.5-μm stroke.
The details of the system are described in the Methods section.

To test IMPACT’s performance with large uniform targets,
we used a glass cell filled with fluorescence dye as the sample
(Fig. 1B). The two-photon fluorescence (TPF) signal was epide-
tected for wavefront compensation measurements. The IMPACT
system needs to compensate for the aberration in the setup
(system aberration) (Fig. S1A), and the aberration caused by
the cover glass (Fig. S1 B and C). For comparison, we attached

0.1-μm diameter fluorescence beads under a cover glass (same
type as in Fig. 1B) and used the beads as the target for IMPACT.
After the wavefront was determined with the beads and the dye
cell, we used the determined wavefront to perform three-dimen-
sional (3D) TPF imaging of a single 0.1-μm bead to measure the
point spread function (PSF). Fig. 1 C–E are the measured cross-
sections of the PSF with the phase profiles measured with the
bead (Fig. 1F), the dye cell (Fig. 1G), and a flat phase (no com-
pensation) displayed on the MEMS mirror, respectively. The

Fig. 1. Testing IMPACT’s performance with large volume targets. (A) Setup of the superpenetration microscope. EO, electro-optic modulator; compressor,
prism pair pulse compressor; expander, laser beam expander; RL1-6, relay lenses; DBS, long-pass dichroic beam splitter; BPS, band-pass filter; L:lens; Objective:
NA 1.0 20x water immersion objective. (B) Setup for testing IMPACTwith large volume targets. (C) PSF with the compensation profile determined with beads.
(D) PSF with the compensation profile determined with dye cell. (E) PSF with a flat phase profile (no compensation). (F) Compensation profile determined with
beads. (G) Compensation profile determined with dye cell.

Fig. 2. Imaging through highly scattering sample. (A) Compensation profile determined through brain tissue. (B) TPF imaging through brain tissue with full
correction. (C) TPF imaging through brain tissue with system correction. (D) Compensation profile determined through mouse skull. (E) TPF imaging through
mouse skull with full correction. (F) TPF imaging through mouse skull with system correction.
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comparison of the PSF and the determined phase profiles suggest
that IMPACT can utilize large volume, uniform targets to form
a focus.

To test the superpenetration microscope’s performance with
turbid biological samples, we placed a 400-μm thick slice of highly
scattering mouse brain tissue and a piece of 150-μm thick mouse
skull separately on top of a cover glass with 1-μm diameter fluor-
escence beads attached to the bottom. The goal was to see if
IMPACT could compensate for the system aberration and the
sample-induced wavefront distortion and form clear images of
the beads underneath. Fig. 2A shows the compensation profile
measured through the brain tissue. Fig. 2B shows the TPF
images of the beads with full correction (system correctionþ
sample correction). For comparison, when only the system com-
pensation profile was used, the TPF signal was reduced by ap-
proximately two orders of magnitude, and the image appeared
as a random speckle (Fig. 2C). Because the wavefront distortions
vary at different locations, the determined wavefront compensa-
tion is valid over a certain area near the measurement location.
Therefore, in Fig. 2B, the image intensity decreases in regions
away from the image center, where the wavefront measurement
was performed. The corresponding data acquired through the
mouse skull are shown in Fig. 2 D–F). TPF imaging of cortex in
living mice often requires craniotomy or thinning the skull down
to 25 μm (32). The TPF image in Fig. 2E suggests that IMPACT
may potentially be used for TPF imaging through the intact skull.

The signal strength comparison between Fig. 2 B and C suggests
that the superpenetration microscope delivers more power to the
focus than conventional MPM.

To investigate how the superpenetration microscope deviates
from the ballistic power decay of conventional MPM, we used a
fixed mouse brain with layer 5 neurons expressing GFP as the
sample to compare the signal with full correction and with system
correction. Fig. 3A shows the maximum intensity projection of
the TPF image stacks acquired with conventional MPM. The
scattering path length of the sample at the excitation wavelength
920 nm is estimated to be 129� 17 μm. The signal intensity at
the dendrite is used as a measure of the focus power. The mea-
sured compensation profiles at 200-, 300-, and 400-μm depths are
shown in Fig. 3 B–D, respectively. The TPF images acquired with
full correction (Fig. 3 E–G) and system correction (Fig. 3 H–J)
at these depths are also shown. The side views (maximum inten-
sity projection) are shown in Fig. S2. At increased depth, the
compensation profile becomes more complex and the images ac-
quired with full correction show greater improvement in signal
strength and image quality compared to the images acquired
with only system correction. The intensity of the images as a func-
tion of imaging depth is shown in Fig. 3K. With only system cor-
rection, the signal follows a simple exponential decay since only
the ballistic light component is used for TPF excitation. With
full correction, the sample aberration is compensated for and
the random scattering is suppressed such that more optical power

Fig. 3. Comparing signal decay curves. (A) Maximum intensity projection of GFP expressing layer 5 neurons acquired with conventional MPM. (B–D) Com-
pensation profiles determined at 200-, 300-, and 400-μm depth, respectively. (E–G) TPF images of a dendrite with full correction at corresponding depths. (H–J)
TPF images of a dendrite with system correction. (K) Image intensity as a function of depth with full correction and system correction. (L) The ratio of the two
curves in K.
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is delivered to the focus. Fig. 3L shows the ratio of the two curves
in Fig. 3K. At 400-μm depth, IMPACT improves the image inten-
sity by a factor of ∼20.

To explore potential biomedical applications, we employed the
superpenetration microscope to image GFP labeled Tcells inside
fixed lymph nodes. TPF image stacks were acquired from 0- to
800-μm depth. The scattering path length is estimated to be
124� 22 μm at the excitation wavelength 920 nm. The compen-
sation profile measured at 800-μm depth is shown in Fig. 4A.
Fig. 4B shows the volume view (view perpendicular to z axis) gen-
erated by ImageJ from an image stack (Movie S1) acquired with
full correction and 60-mW excitation power at 800-μm depth.
With only system correction, 300-mW excitation power is re-
quired to generate comparable signal strength; however, the im-
age is blurry and has a large background due to out of focus
excitation as shown in Fig. 4C (Movie S2). The reason for the
segregation of GFP in T cells is under investigation and beyond
the scope of this article.

For in vivo applications, samples are typically nonstationary, a
significant challenge for accurate wavefront measurement. To
study whether IMPACT can work on live animals and how long
the measured wavefront remains valid, we performed in vivo
imaging of mouse lymph nodes. For this study, we used the center
492 pixels of the MEMS mirror. The active pixels were arranged
in an octagon shape that better matches the circular pupil of the
objective lens. We injected 1-μm diameter fluorescence beads
(Molecular Probes 505∕515) into the footpad of the mouse. It
took a few days for these beads to migrate deep into the lymph
nodes carried by dendritic cells. Even at 80-μm depth, the sample-
induced wavefront distortion is not negligible (Fig. S3). At the
depth of 460 μm, IMPACT improves the signal intensity by more
than one order of magnitude (Fig. 5A with full correction and
Fig. 5Bwith system correction). The measured wavefront is shown
in Fig. 5C. To study how long the measured wavefront
remains valid, we switched between full correction and system
correction every second during imaging. The consequent signal
variation is shown in Fig. 5D. Over a measurement time of
∼10 min, the signal improvement with a single IMPACT mea-
surement remain above one order of magnitude.

Discussion
Comparison with Other Adaptive Optics Methods. Compared with
other AO methods, IMPACT has four major advantages. First,
conventional AO methods only compensate for low spatial fre-
quency aberration. In contrast, IMPACT can measure and com-
pensate for aberration and high spatial frequency wavefront
distortion due to random scattering (Figs. 2 A and B and 4A). As
a result, IMPACT not only improves image quality but also in-
creases focusing efficiency. Randomly scattered light, regarded
as a loss in MPM, can be coherently delivered to the focus by
IMPACT, therefore, greatly reducing laser excitation power re-
quired for useful image generation. Second, conventional AO
methods can only provide a very moderate (approximately two-
to threefold) signal improvement in biological samples. We found

IMPACT could improve signal strength by one to two orders of
magnitude in highly scattering tissue. Third, conventional AO
methods typically acquire wavefront information through multi-
ple MPM images. Before the start of AO, a MPM image of
reasonable quality needs to be generated for these methods to
work. In highly scattering tissues, such a condition cannot be met
(Fig. 2 C and F). In such cases, conventional AO methods will
fail. IMPACT determines wavefront information though signal
intensity variation, and it is shown to work in these highly scatter-
ing conditions. This scheme also minimizes photobleaching
and photodamage in the majority of the imaging area. Fourth,
IMPACT operates at higher speed. In current implementation,
IMPACT can determine the phase profile of 1,024 independent
spatial modes in a few seconds, ∼10 times faster than image-
based AO methods. The operation speed of IMPACTcan poten-
tially be further improved by a factor of ∼10 with real-time soft-
ware control of the MEMS mirror.

Benefits for Biological Studies. Most biological tissues have highly
heterogeneous spatial structures with different regions having
distinct functional activities and dynamics behavior. So, the abil-
ity to image deeper into tissues is likely to lead to discovery in
many functional zones that were previously inaccessible. Our
results demonstrate extended MPM penetration depth in brain
and lymphoid tissues with high resolution as shown in the images
of fine neuron dendrites (Fig. 3) as well as the small fluorescent
clusters in T cells (Fig. 4). Moreover, the more efficient use of
the laser light by IMPACT will significantly reduce the photo-
bleaching and photodamage in the tissues that would minimize
the artifacts in imaging due to strong light-matter interactions.
Because IMPACT allows a larger portion of excitation laser en-
ergy to be distributed to the focal point, the imaging background
is also suppressed so the improvement of image contrast is even
better than the signal intensity improvement.

Large Field of View Imaging.One limitation of IMPACT is that the
great improvement of signal strength is only valid for a limited
volume. To quantify the dimensions of the improvement volume,
we use the axially extended dendrite in Fig. 3 and the transversely
extended beads in Fig. 2 to show the improvement range in the
axial and transverse direction, respectively. The results are sum-
marized in Fig. S4. The axial full width half maximum (FWHM)
of the improvement is ∼10 μm, though the image signal with full
correction is much stronger than with system correction over a
range of 20 μm or more. The transverse FWHM is less than 10 μm
whereas the signal with full correction remains stronger over a
∼10 μm area.

For applications requiring a large volume of view, we need to
run IMPACT at different locations and combine the multiple
small volumes into a large volume. Directly combining the images
may suffer from a small amount of displacement error. In the cur-
rent implementation, we use a mouse to click on the image to
specify manually the parking spot of the Galvo scanner before
IMPACT measurements. IMPACT will automatically focus light

Fig. 4. Imaging GFP labeled Tcells inside lymph nodes at 800-μm depth. (A) Compensation profile determined inside lymph node at 800-μm depth. (B) Volume
view of the image stacks acquired at 800-μm depth with full correction and 60-mW excitation power. (C) Volume view of the image stacks acquired at 800-μm
depth with system correction and 300-mW excitation power.
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onto a local maximum (the brightest spot). If the initial parking
spot we manually selected is not the brightest spot in the neigh-
borhood, the wavefront measured by IMPACT will contain a
certain amount of tilt. Such an effect is shown in Fig. S5. To mini-
mize such displacement errors, we need to ensure that neighbor-
ing IMPACT measurement locations are close enough such that
there are overlapping effective areas that allows us to use conven-
tional image stitching software to correct the displacement error
and yield a large image. One demonstration of using IMPACT for
large area imaging is shown in Fig. S6.

With 492 active pixels on the MEMS mirror, currently IM-
PACT requires ∼2.4 s to complete three iterations. If there are
20 different area of interest, we need to use ∼48 s for wavefront
measurement. In the following time, we can quickly switch be-
tween these 20 wavefronts at 2.5 kHz to monitor these areas
of interest over time. Based on the in vivo imaging results (Fig. 5),
the measured wavefront remains valid after ∼10 min, which sug-
gests that there is no need to repeat wavefront measurement in
this time period. Because the total wavefront measurement time
accounts for less than 8% of the total imaging time, the speed
reduction of the imaging process is not dramatic.

The accurate measurement of the local wavefront requires a
sufficient feedback optical signal so it is preferable to have bright
reference signal of different color in the tissue if the cells of in-
terest are not bright enough. This can be achieved by injecting
bright chromophores such as quantum dots into the blood vessels
or using cell-borne fluorescent microspheres like the beads
carried by dendritic cells shown in the in vivo experiment. Such
protocols are regularly used in intravital imaging. Moreover, the
second harmonic generation (SHG) signal that is available in
many types of tissues can also be used as feedback signal.

Conclusion
We report a superpenetration optical microscope based on IM-
PACT that takes advantage of the nonlinearity of MPM signals
and iterations to form a focus inside turbid samples rapidly with-
out the requirement of point guide stars. The microscope was em-
ployed to image through highly scattering mouse brain tissue, a
mouse skull, inside a fixed mouse brain, and inside mouse lymph
nodes. Compared to conventional MPM, the superpenetration
microscope based on IMPACT can acquire clear images in deep
tissues with a greatly reduced requirement for excitation power.
Additionally, the background signals due to out of focus excita-

tion, a limitation for deep tissue MPM (21), can be greatly re-
duced because IMPACT suppresses random scattering and
delivers power more efficiently to the focus. The limitation is
that the imaging field of view achieved with one wavefront
compensation is limited. To see a large area, multiple wavefront
compensations need to be performed at different locations and
the acquired images need to be stitched (Fig. S6). T cell imaging
in lymph nodes was explored, and the field of view with one
wavefront compensation is sufficient to capture an entire T cell
at 800-μm depth. In vivo imaging was performed on mouse lymph
node, which shows that the wavefront acquired with a single
IMPACT measurement remains valid after ∼10 min. The com-
bination of high quality imaging, low-excitation power, and low
background makes the IMPACT based superpenetration optical
microscope a promising tool for a broad range of biomedical
applications. In particular, it paves the way for intravital func-
tional and dynamic imaging at unprecedented depth beneficial
for in vivo studies involving highly turbid samples including, but
not limited to, neuroscience (33) and immunology (34, 35).

Methods
Operation of the Superpenetration Microscope. IMPACT takes five steps for
wavefront compensation. In step one, the x and y scanning mirrors are
stopped such that the laser beam is parked at a location of interest. In step
two, half of the MEMS phase elements (512 elements) are modulated simul-
taneously with each element at a unique frequency. The other 512 elements
are kept stationary. The power of the generated nonlinear signal is recorded
during the parallel phase modulation. In step three, at the end of the phase
modulation, the recorded nonlinear signal is Fourier transformed and the
phase values of the 512 elements are extracted from the corresponding
modulation frequencies and sign reversed before being applied to the 512
modulated elements. In step four, the newly measured 512 elements are kept
stationary while the other 512 elements go through step two and three. In
step five, steps two through four are repeated twice, which concludes
the wavefront compensation. At this point, a focus is formed inside turbid
tissues, x and y mirrors start scanning, and the objective is translated in
the z axis to acquire three-dimensional MPM image stacks around the wave-
front compensation location.

Three iterations were used to determine the compensation wavefront for
all the experiments reported here. In each iteration, the minimum number of
modulations required for determining 1,024 phase values is 2,048 (Nyquist-
Shannon sampling theorem). In experiments, 4,096 modulations were used
(2,048 modulation per 512 pixels). The update rate of theMEMSmirror in the
experiment was 2.5 kHz. The modulation frequencies for the 512 modulated
pixels were uniformly distributed between 0.625 and 1.25 kHz. The total
modulation time for three iterations is ∼5 s. The operation speed of the
MEMS mirror was limited by the control software. Potentially, the update
rate can reach 30 kHz reducing the total modulation time to ∼0.4 s. The laser
power was regulated (gradually lowered) during the IMPACT measurements
to maintain a consistent DC value of the generated nonlinear signal.

The dwell time for all the TPF images reported here was 5 μs∕pixel except
for Fig. 3A, Fig. 5, and Fig. S3 in which 2.5 μs∕pixel was used. The laser power
at the sample was 3.6 mW in Fig. 1 C–E; 60 mW in Fig. 2 B and C; 12 mW in
Fig. 2 E and F; 3.9 mW in Fig. 3 E and H; 7.2 mW in Fig. 3 F and I; 15 mW in
Fig. 3 G and J; 14 mW in Fig. 5; 1.75 mW in Fig. S3; 77 mW in Fig. S5A; 97 mW
in Fig. S5B; and 140 mW in Fig. S6. Fig. 3Awas from five image stacks 100-μm
depth in each stack. Starting from the top, the laser power used for the five
image stacks is 24, 36, 54, 96, and 180 mW. The power used during IMPACT
wavefront measurements was typical 2–3 times the TPF imaging power.

To determine the system compensation profile, we immobilized 1-μm
diameter fluorescence beads in agar, immersed the sample in water, and
performed IMPACT measurements. The determined compensation profile is
shown in Fig. S1A. The phase differences between the system compensation
and Fig. 1 F and G are shown in Fig. S1 B and C), respectively, which shows the
aberration caused by the cover glass.

Interpretation of IMPACT Operation. The wavefront compensation and focus
formation can be explained as nonlinearity assisted iterative optical phase
conjugation. During the parallel phase modulation in step two, the E field
(Ei) controlled by each of the 512 modulated elements interferes with the
reference E field (Er ) controlled by the 512 stationary phase elements. For
a single point source (guide star), the signal is strongest when Ei and Er

are in phase at the guide star location. Through step two and three, the cor-

Fig. 5. In vivo imaging of mouse lymph node. One micron diameter fluor-
escence beads at 460-μm depth inside lymph node imaged with full correc-
tion (A) and system correction (B). (C) The full correction wavefront. (D) The
image intensity variation due to periodic switching between full correction
and system correction.
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rect phase value that makes Ei and Er in phase can be determined, and the
newly measured 512 phase elements are ready to perform a phase conjuga-
tion and focus the laser beam onto the guide star. If multiple guide stars are
present, the phase conjugation beam will focus onto multiple locations with
stronger guide stars receiving stronger illumination. In step four, the phase
conjugation beam serves as the reference field to determine the phase
profile for the other 512 phase elements. Different from step two, the new
reference field now preferentially illuminates stronger guide stars further in-
creasing the signal contribution from these stronger guide stars. If the two
groups of phase elements take turns serving as the reference field and are
measured iteratively as described in step five eventually a focus is formed
onto the strongest guide star. For linear signals, such a scheme will fail to
form a focus if the target is uniform and occupies a large volume, for exam-
ple, a laser beam focused inside a glass cell filled with fluorescence dye
(Fig. 1B); however if the signal generation involves higher order processes
such as TPF or SHG, the nonlinearity can assist the formation of a single focus.
Essentially, the entire process of phase modulation and compensation is to
optimize the excitation wavefront to maximize the generated signals. If the
beam is immersed in a large and uniform target as in Fig. 1B, the phase-only
modulation cannot cause any variation of the total signal given that the sig-
nal is generated through a linear process; however, nonlinearity favors the
formation of a focus because the overall signal is stronger if a single focus is
formed inside the sample. Although how the 3D nonlinear iterative feedback
system converges is difficult to analyze, experiments on a variety of samples
show that three iterations are often sufficient to yield a high quality focus
inside turbid tissues.

Mouse Lymph Node Preparation for in Vitro and in Vivo Imaging. Fixed sample.
The T-bet reporter mouse harbors a BAC transgene in which the ZS-green

version of GFP fluorescent protein is expressed under control of the T-bet
promoter. The popliteal lymph nodes were harvested from the euthanized
mouse and fixed in PLP buffer (1% paraformaldehyde, 2.12 g∕L periodate,
and 0.07 M L-lysine in 0.1 M phosphate buffer) overnight. The lymph nodes
were then washed in PBS buffer and embedded in 4% agarose gel for
imaging.

In vivo imaging. Fluorescent microspheres (Invitrogen, 1 μm in diameter) are
resuspended in PBS and mixed with lipopolysaccharide (LPS) as adjuvant. The
mouse is anesthetized using isoflurane inhalation and intracutaneous injec-
tions of beads (107 to 108) and LPS (25 μg) is then performed. After 2–3 d, the
mouse is anesthetized by continuous inhalation of isoflurane and immobi-
lized on a homemade stage. The popliteal lymph node is carefully exposed
by surgery and the mouse moved into the microscope for imaging using con-
tinuous anesthesia. A soft heating pad is used to keep the mouse and stage
warm during imaging.

All procedures involving mice were approved by the Animal Care and Use
Committees of National Institute of Allergy and Infectious Diseases, National
Institutes of Health, and of Howard Hughes Medical Institute.
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