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Abstract

Atherosclerosis is a chronic inflammatory disease with both innate and adaptive
immune components. Various static methods have been applied to investigate
mechanisms of atherosclerosis development. However, they did not allow for
monitoring dynamic changes in leukocyte behavior in normal and atherosclerotic
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aortas. Live cell imaging is necessary to study dynamic or transient leukocyte
functions relevant to disease pathology, such as antigen presentation, cell migra-
tion, and cell-cell interaction. We developed a protocol for ex vivo multiphoton
microscopy of atherosclerotic aortas and used it to demonstrate that antigen pre-
sentation may occur within the arterial wall. Aortas are harvested from trans-
genic reporter mice with fluorescent myeloid cells and then incubated with
labeled T cells. The cells are imaged with a multiphoton microscope, while a
superfusion system maintains the explant in physiologic condition. Cells are
tracked from the videos, and their motion is quantified. This system was used to
demonstrate antigen presentation in the arterial wall in the context of
atherosclerosis.

7.1 Introduction
7.1.1 Atherosclerosis

Atherosclerosis is an underlying cause of most heart attacks, strokes, and other
forms of cardiovascular disease, which is one of the leading causes of death world-
wide [1]. It is a chronic inflammatory disease, characterized by plaque buildup in
large and medium arteries. Within plaques, leukocytes actively mediate both pro-
and anti-inflammatory processes [2]. Disease progression and plaque content have
traditionally been studied using static end-point methods, including histology,
immunohistochemistry, immunofluorescence, and flow cytometry of aortas [3].
These methods provide qualitative and quantitative data on the numbers and pheno-
types of cells in the plaque, but cannot evaluate dynamic cell functions, such as cell
motion and cell-cell interaction. Live cell imaging is necessary to study these tran-
sient processes to better understand their contribution to disease progression.

One dynamic cell function that is integral to inflammation is antigen presentation.
This is a process by which an antigen-presenting cell takes up antigen from its micro-
environment and processes it to be recognizable by T cells in the context of MHC
molecules. When a T cell receptor (TCR) recognizes an antigenic peptide on MHC on
the surface of an antigen-presenting cell (APC) and coactivator signals are present, the
T cell becomes activated, proliferates, and produces cytokines that influence plaque
development [4]. During the typical immune response, dendritic cells, a type of APC,
take up antigen from the area of inflammation and migrate to local lymph nodes,
where they present this antigen to naive T cells, leading to the T cells’ initial activation.
These antigen-experienced T cells acquire new homing properties (adhesion molecules
and chemokine receptors), enabling them to traffic back to the original site of insult,
and they polarize to characteristic functional subsets. Interactions between APCs and
T cells have been observed in nonlymphoid tissues [5], and recent in vitro data sug-
gests that antigen presentation to antigen-experienced T cells occurs in the arterial
wall [6, 7]. Unlike static methods, live cell imaging can uniquely take advantage of
changes in T cell behavior (slowing down) while interacting with an APC [8, 9]
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to demonstrate antigen presentation in the cells’ native microenvironment. Here, we
describe a technique to visualize leukocyte activity in the wall of healthy and athero-
sclerotic aorta explants using multiphoton microscopy [10].

7.1.2 Live Cell Microscopy

The choice of microscopy technique for imaging live cells in vivo or ex vivo
depends on the optical properties of the target tissue and the spatial and temporal
resolution needed to observe the phenomena in question. The four most common
microscopy techniques for imaging ex vivo or in vivo are epifluorescence, spinning
disk confocal, laser scanning confocal, and multiphoton [11, 12]. Each of these
techniques has unique advantages and disadvantages for live cell fluorescence
imaging (Table 7.1) [13, 14].

7.1.2.1 Epifluorescence Microscopy

Epifluorescence, or widefield, microscopy is frequently used for live imaging because
of its high frame rate (up to 50 frames/s for a 512x 512 pixel frame, depending on the
camera [15]). Another advantage is that this technique can acquire transmitted light
images, allowing for visualizing of tissue structure in combination with fluorescence.
Unlike a confocal, all light that reaches the objective is collected, and therefore excita-
tion intensity can be lowered to reduce photobleaching and phototoxicity. However,
this leads to diminished lateral resolution due to out-of-focus light in thick tissues and
explants. Epifluorescence microscopes cannot distinguish depth except via

Table 7.1 Advantages and disadvantages of common live cell imaging modalities

Method Advantages Disadvantages
Epifluorescence Fast Poor axial and lateral resolution
Lower photobleaching than Limited to thin tissues
confocal Limited control of excitation
wavelength
Spinning disk Fast Low excitation tissue penetration

confocal (SDCM)

Laser scanning
confocal (LSCM)

Multiphoton

Good axial and lateral resolution
Less photobleaching than LSCM

Best resolution and contrast in
XYZ

Deep tissue penetration

Low photobleaching of
out-of-focus planes

Good lateral resolution

Single laser can excite broad
range simultaneously

Lower intensity and contrast than
LSCM

Slow

Low excitation tissue penetration
High photobleaching

Slow

Poor axial resolution compared to
LSCM and SDCM

Difficult to sequentially excite
different fluorophores
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post-acquisition deconvolution [16] and so are inadequate for situations in which axial
resolution is important. Epifluorescence microscopes use broad-spectrum lamps and
control excitation wavelength through filter cubes. Filter wheels allow for rapid
switching of excitation wavelength; however, different fluorophores must be analyzed
sequentially, which decreases frame rate and may lead to poor registration between
different colors in rapidly moving cells. Therefore, this technique is typically only
used for samples with one or two fluorophores and only for thin tissues (<100 pm).

7.1.2.2 Confocal Microscopy

Confocal microscopy provides the best spatial resolution of the standard live cell
techniques and so is often chosen for applications requiring resolution of subcellu-
lar structures. Spinning disk confocal systems can image at very high speeds (theo-
retically up to 2,000 fps [17], in practice highly limited by the CCD camera), making
them ideal for imaging fast processes. If a very high speed is not necessary, laser
scanning confocal systems can provide higher lateral and axial resolution with less
noise (especially in weakly fluorescent samples), while still scanning up to 40 fps,
depending on the image size. However, laser scanning confocal systems typically
spend more time exciting each pixel, resulting in higher photobleaching and photo-
toxicity. Both types of confocal systems are limited by a small penetration depth
(two to three times smaller than the maximum of a multiphoton microscope [18])
due to high scattering of visible excitation light by the sample. Unlike epifluores-
cence systems which use similar excitation wavelength, confocal microscopes
retain high resolution in thick tissues by optically slicing with the confocal aperture.
However, the aperture blocks a portion of the emitted light that reaches the detector,
requiring more intense excitation and causing additional photobleaching than epi-
fluorescence or multiphoton microscopy. The use of lasers of defined wavelengths
makes it technically easier to image multiple fluorophores simultaneously, improv-
ing time resolution compared to epifluorescence microscopy. Typical imaging
depths achieved by confocal microscopy are 100-200 pm.

7.1.2.3 Multiphoton Microscopy

Multiphoton microscopes excite the sample with a high-intensity, pulsed femtosec-
ond laser with a long (infrared) wavelength to penetrate deeper into tissue with less
scattering than confocal or epifluorescence microscopes (up to 500 pm) [19].
Thanks to the two-photon excitation, which only takes place in the objective’s focal
point, true optical slicing is achieved so only a small volume is excited at one time,
minimizing the time each point in the sample is exposed to light while retaining
good spatial resolution. Because there is no need for a confocal aperture, all of the
emitted light that reaches the objective is collected, thus reducing the needed inten-
sity of the excitation. Together, these phenomena reduce photobleaching and
improve the signal intensity in thick tissues, making it a common choice for in vivo
imaging. Most fluorophores have a broader two-photon excitation range than single-
photon excitation [20], enabling the excitation of multiple fluorophores simultane-
ously. A disadvantage of this is that distinguishing fluorochromes by changing
excitation wavelength is generally not feasible. Multiphoton microscopy has lower
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resolution in all three axes than laser scanning confocal, dictated by the long excita-
tion wavelength (typically 800—1,000 nm). The use of low-noise, high-dynamic-
range photomultipliers improves sensitivity but drastically reduces acquisition
speed compared to spinning disk confocal and epifluorescence microscopy. Better
acquisition speeds can be realized by using a resonant scanner.

7.1.3 Choice of Multiphoton Microscopy for Studying
Atherosclerosis

Atherosclerotic plaques in mouse aortas can be more than 100 pm thick [21], mak-
ing two-photon excitation necessary for viewing the depth of the plaque. A low
frame rate is sufficient for visualizing leukocyte movement within the arterial wall,
because migration speeds are less than 1 pm/s. The low photobleaching inherent in
multiphoton microscopy enables acquisition of long (~1 h) movies, which is neces-
sary for quantifying slow migration. Multiphoton microscopy also uniquely enables
the visualization of unlabeled collagen in the wall through second-harmonic genera-
tion [22]. We used multiphoton microscopy to visualize antigen presentation in the
context of atherosclerosis [10].

7.2 Materials and Methods
7.2.1 Aorta Harvest

7.2.1.1 Background

Aortas can be obtained from healthy or atherosclerotic mice that have transgenically
labeled leukocytes. Mice deficient in apolipoprotein E (Apoe™), a protein involved in
lipoprotein transport, are a common model for atherosclerosis. They rapidly develop
plaques when fed a high-fat western diet (WD) [23]. To study the interaction between
antigen-presenting myeloid cells and T cells in atherosclerotic plaques, we used
CD1 1¢"F mice, which express yellow fluorescent protein under the CD11c¢ promoter
[24]. This mouse has CD11b+ CD11c+ macrophages and dendritic cells in the plaque
bright enough to be visualized with multiphoton microscopy. The precise relationship
between YFP brightness and cell phenotype, including CD11c expression, needs to be
established in each tissue and experimental setting. Non-atherosclerotic mice can be
injected with 30 pg of CpG class B oligonucleotides (ODN 1826, Integrated DNA
technologies), 2-3 h before sacrifice to induce myeloid cell recruitment to the aorta
wall. Within atherosclerotic plaques, myeloid cells phagocytose lipids, scavenge dead
cells, and secrete both pro- and anti-inflammatory cytokines [2].

7.2.1.2 Method

The mouse was killed by CO,, and 0.5-1 mL of blood was withdrawn via cardiac
puncture with a 25 G needle. The internal organs were removed, and then 10 mL of
PBS (containing 20 U/mL heparin) were perfused through the aorta through the



160 S. McArdle et al.

Fig.7.1 The aorta of an
Apoe™~ mouse that was fed
WD for 12 weeks. After
sacrifice, the aorta was
perfused with PBS with 20
U/mL heparin and the artery
was cleaned of fat (see

Sect. 7.2.1.2) to reveal visible
atherosclerotic plaque
(opaque beige, white arrows).
IA innominate artery, LC
lesser curvature

heart. Using forceps and spring scissors, the fat and para-aortic lymph nodes were
removed from around the artery. To maintain cell viability, it is important to disturb
the wall of the aorta as little as possible, especially near the area that will be imaged,
and to keep the tissue moist with PBS. The aorta was harvested, from its origin from
the heart to above the renal arteries, including the branches to the innominate, left
common carotid, and left subclavian arteries. Solid plaques develop first at the
branch of the innominate artery from the aorta and also in the lesser curvature of the
aorta. Both areas are suitable for imaging (Figs. 7.1 and 7.2). The artery was incu-
bated overnight with T cells at 37 °C with 5 % CO, in complete RPMI 1640 media
containing 10 % FBS, 1 % pen/strep, 2 mM L-Glu, 1 % NEAA, 1 mM HEPES, and
1 mM sodium pyruvate before imaging.

7.2.2 T Cell Harvest

7.2.2.1 Background

Theoretically, every T cell in a mouse may express a unique TCR that is specific for
a different peptide. To investigate antigen-specific T cell activation, we used trans-
genic mice in which majority of CD4 T cells have a restricted TCR specificity to
well-defined exogenous antigenic peptides. These mice are useful tools for studying
antigen presentation because the presence of antigen can be easily controlled. We
employed two different strains of mice with transgenic TCRs: OT-II, which have T
cells specific for a peptide derived from ovalbumin [25], and SMARTA, which have
T cells specific for a peptide derived from lymphocytic choriomeningitis virus
(LCMYV) [26] (see Table 7.2). Having two distinct TCR transgenic mice allowed us
to image T cells with and without their cognate antigen in the same experimental
setup to more accurately assess the specificity of antigen presentation in the aorta.
Since neither antigen is present in a mouse, almost all T cells harvested from the
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Fig.7.2 Schematic timeline of procedure for imaging myeloid cells presenting antigen to T cells
in the aorta wall. (a) To image antigen presentation with a known, exogenous antigen, CD4+ T
cells with transgenic TCRs are harvested and purified from the spleen and restimulated in vitro.
YFP+ myeloid cells are recruited to the aorta with an injection of CpG, and after 2-3 h the aorta is
harvested. The T cells are labeled and incubated with the aorta in the presence of exogenously
added antigenic peptide, and then the tissue is imaged using two-photon microscopy. (b) To image
antigen presentation in the context of atherosclerosis, the aorta of an atherosclerotic mouse with
YFP+ myeloid cells is harvested. CD4+ T cells are harvested and purified from an atherosclerotic
mouse. The T cells are labeled and incubated with the aorta, and then the tissue is imaged using
two-photon microscopy

transgenic mice are naive. Naive cells must be activated in vitro with anti-CD3 and
anti-CD28 to maintain cell viability. To assay antigen presentation in the context of
atherosclerosis, we also used polyclonal T cells from WD-fed Apoe™ mice. The
specific peptide that these cells recognize is unknown, but it is likely to be
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Table 7.2 Sources of T cells and the peptides they recognize

Mouse strain | Antigen protein Peptide recognized by TCR
OT-1I Ovalbumin ISQAVHAAHAEINEAGR
SMARTA Glycoprotein P13 from LCMV GLNGPDIYKGVYQFKSVEFD
Apoe™- Unknown endogenous, possibly Unknown

ApoB100, HSP60, or oxLDL

endogenously found in the aortas of atherosclerotic mice (see Table 7.2) [27-29].
Many T cells isolated from WD-fed atherosclerotic mice are endogenously acti-
vated, and so these cells do not require additional stimulation in vitro.

7.2.2.2 Method

CD4* T cells were harvested from the spleens of atherosclerotic or TCR transgenic
mice using a Robosep-negative selection kit (Stem Cell Technologies). These cells
were stimulated for 48 h with 8 pg/mL anti-CD3 and 8 pg/mL anti-CD28 (eBiosci-
ence) in complete RPMI 1640 media containing 10 % FBS, 1 % pen/strep, 2 mM
L-Glu, 1 % NEAA, 1 mM HEPES, and 1 mM sodium pyruvate. T cells isolated
from WD-fed atherosclerotic mice were not restimulated in vitro. The cells were
differentially labeled with 2.5 pM SNARF (red fluorescent carboxylic acid, acetate,
succinimidyl ester, Molecular Probes) or 3 pM CMRA (CellTracker Orange,
Molecular Probes) for 10 min at 37 °C. 0.5 million labeled cells were incubated
with the explanted aorta in 750 pL media overnight. T cells from atherosclerotic
mice were incubated with an aorta from an atherosclerotic mouse, while T cells
from mice with transgenic TCRs were incubated with a healthy aorta with or with-
out 1 pM OVA peptide or SMARTA peptide (Table 7.2).

7.2.3 Tissue Maintenance During Imaging

To visualize realistic cell motion, it is necessary to keep the tissue under physiological
temperature, pH, oxygen tension, and osmolarity throughout imaging. Immediately
before imaging, we secure the aorta to a coverslip by gluing the ends of the tissue with
Histoacryl glue (TissueSeal LLC) or Vetbond (3 M). Tissue that touches the glue is
unsuitable for imaging, so only the ends of the aorta should be glued down and only
the middle used for imaging. A system (Fig. 7.3) was built to keep the tissue warm and
superfused with recirculating, oxygenated media throughout the imaging procedure.
A reservoir of oxygenated media was created by bubbling gas (95 % oxygen, 5 %
CO,) through ~25 mL of complete RPMI 1640 without phenol red, with 2 mM
L-glutamine, 1 % pen/strep, and 1 % FBS, in a 50 mL conical tube. The sample glued
to the coverslip was placed in a 60 mm dish with the same solution. A peristaltic pump
(Harvard Apparatus, MPII) circulated media at approximately 10 mL/min from the
reservoir through an in-line solution heater (Warner Instruments, SF-28) to the dish.
The dish was heated by a warmer (Warner Instruments, QE-2 Quick Exchange
Platform), and both this and the in-line heater were controlled by a dual feedback
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objective

7

Heating control unit

Fig. 7.3 Schematic diagram of recirculating superfusion and heating system to maintain aorta
under physiological conditions during imaging. An aorta explant is incubated with T cells for 12 h
to allow the T cells to migrate into the tissue. The artery is glued to a coverslip, and placed in a dish
with complete RPMI 1,640 without phenol red, with 2 mM L-glutamine, 1 % pen/strep, and 1 %
FBS. (1) A peristaltic pump (2) circulates the media from an oxygenated reservoir, (3) through an
in-line solution heater (4), to the dish and back to the reservoir. The sample is warmed by a dish-
warmer (5). The media temperature is monitored by a thermometer (6), and a control unit (7) regu-
lates both heaters to maintain a solution temperature of 37 °C. Arrows show the direction of fluid
flow

control unit (Warner Instruments, TC-334B) that maintained the liquid near the tissue
at 37 °C. The peristaltic pump also returned the media from the dish to the reservoir
so that the media constantly recirculate. The inlet and outlet to the dish must be as far
as possible from the tissue to not disturb the imaging.

7.2.4 Microscopy and Hardware

Imaging was performed on a Leica TCS SP5 multiphoton system. This system utilizes
a DM 6000 upright microscope with a 20x (NA=0.95) water-dipping objective
(Olympus, XLUMPLFL), attached to a piezo-controlled objective holder (Piezosystem
Jena, NV 40/1 CLE and MIPOS 500 SG) to set the focal plane. A Coherent Chameleon
Ultra II Ti:sapphire-pulsed femtosecond laser excites the sample with wavelengths
between 680 nm and 1,080 nm. Emitted light is split through a series of three dichroic
mirrors and four filters up to four non-descanned photomultiplier tube detectors
(PMT-NDD) (Fig. 7.4). The optical path to the detectors does not return through the
scanning mirror, improving the sensitivity of detection. Laser scanning is accom-
plished with either a conventional or resonant scanner, depending on the needs of the
experiment. The resonant scanner scans each line faster than the conventional scanner
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SNARF (593-644)
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Fig.7.4 Optical path with dichroic mirrors and filters to simultaneously detect emitted light from
an aorta with YFP+ myeloid cells, CMRA-labeled T cells, and SNARF-labeled T cells as well as
collagen via SHG. All dichroic mirrors are long-pass, and all filters are band-pass (width/middle).
Each PMT is labeled with the fluorophore detected and the approximate wavelength range that
reaches the detector

(8,000 lines/s compared to 200-1,400 lines/s). The speed can be effectively doubled
in the bidirectional mode which allows for horizontal scanning in both directions,
though this can lead to interlacing errors. The pixel dwell time of the resonant mode
is shorter, which leads to a higher frame rate and less photobleaching, but more noise.
Line or frame averaging can reduce this noise and may still allow for better time reso-
lution than with a conventional scanner.

To observe interactions between YFP* antigen-presenting cells and SNARF- or
CMRA-labeled T cells, the excitation laser was set to 920 nm. This wavelength
allows for imaging of all three colors as well as collagen in the arterial wall via
second-harmonic generation. The emitted light was split by three long-pass dichroic
mirrors (495, 560, and 593 nm) into four bands and passed through three band-pass
filters (535/22, 585/40, and 624/40 nm) (Semrock) (Fig. 7.4, Table 7.3). A large
field of view (pixel size of ~1 pm) was chosen to capture as many cells as possible,
although this does not allow for maximum spatial resolution as calculated by the
Nyquist sampling frequency. The Nyquist frequency, which is the pixel size neces-
sary to capture two points that are just optically resolved, is approximately 120 nm
for two-photon excitation under our imaging conditions. Due to the inherent low
axial resolution of two-photon excitation, 10-15 pm between z-planes was



7 Live Cell Multiphoton Microscopy of Atherosclerotic Plaques in Mouse Aortas 165

Table 7.3 Typical hardware settings on Leica TCS SP5 multiphoton system with conventional
scanner for imaging YFP + APCs, SNARF-labeled T cells, and CMRA-labeled T cells. See
Fig. 7.4 for mirror and filter name explanations

Settings
Dichroic 1

Dichroic 2
Dichroic 3

Filter A
Filter B
Filter C
Filter D
PMT voltage

PMT offset
Excitation
wavelength
Emitted laser
power

Excitation neutral

density filter
Laser gain
Laser offset

Frame size (pixels)

Zoom

Frame length (pm)

Pixel size (nm)
Scan speed
Scan direction

Line/frame
averaging
z-step

Number of z-steps

Stack frequency

Output format

Value

560 nm long
pass

495 nm long
pass

593 nm long
pass

535/22

None

585/40

624/40
1,000-1,250 V

-10-0 %
900-920 nm

2,200 mW

3% [97 %
blocked]

90-100 %
50-60 %
512x512

I1x-2x
375-750 pm
730-1,460 nm
400 lines/s

1

None
10-15 pm

8-20
1/min

LIF

Comments

Optimized for simultaneous detection of YFP, SNARF,
CMRA, and second-harmonic signal. Must be changed
for any other color combination

Detects YFP

Detects second harmonic — no filter needed
Detects CMRA

Detects SNARF

Set each PMT gain to almost the maximum and
minimize laser power to reduce photobleaching

Set such that tissue background is at or near 0

Optimized for combination of YFP, SNAREF, and
CMRA

Determined by wavelength

Highly dependent on individual laser and alignment.
Blocking more reduces photobleaching

Keep as low as possible while detecting signal
Set such that there is no signal at 0 % laser gain

Higher for better spatial resolution, lower for faster
scan speed and less photobleaching

Zoom is a balance between improving spatial
resolution by decreasing pixel size and increasing
frame size to image more cells

Higher for faster frame rate, lower for less noise

Bidirectional scanning raises scan speed, but can lead
to interlacing artifacts

Averaging improves picture quality, but reduces frame
rate and increases photobleaching

Lower for better axial resolution but more
photobleaching

From the adventitia to the deepest T cell

Faster scan rates lead to more photobleaching and
shorter movies, but better time resolution

Can be read by Imaris and ImageJ, or converted to TIF

sufficient for capturing cell location and shape while minimizing photobleaching. A
full stack of 10-20 z-planes was acquired once per minute. Most of the exogenously
added T cells were located in the adventitia, so typically only the outer layer of the
artery was imaged. Taking advantage of the motorized stage, two to three locations
were imaged concurrently by moving the sample between stacks. Aortas were
imaged for roughly an hour, at which photobleaching became noticeable (Table 7.3).
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These experimental settings were optimized for imaging with the conventional
scanner. The spatial or temporal resolution of the movies could be improved with
the resonant scanner by acquiring more z-planes or by acquiring stacks faster with-
out a significant increase in photobleaching.

7.2.5 Image Processing

Autofluorescence signal was extracted from low-intensity pixels from YFP, CMRA,
or SNARF channels, which were then combined and converted to a new channel.
Autofluorescence comes mainly from the elastic lamina in the media layer [30] and
can be used to distinguish the adventitia and intima. Collagen, visible through
second-harmonic generation, is found in both the adventitia and media. Cell motion
was quantified in three dimensions using an automated spot-tracking algorithm in
Imaris (Bitplane) with occasional manual correction. The software detects cells
based on difference in pixel intensity compared to background and then calculates
the centroid of the cell. The cell centers are automatically tracked between frames
using an auto-regressive motion algorithm, which assumes mostly random motion
that tends towards the velocity and direction calculated in the previous frame.
Dendritic projections of myeloid cells are often too thin (width <1 pm) or dim to be
detected, so contact between T cells and APCs could not always be directly visual-
ized. T cells were manually determined to be interacting with an APC when the T
cell remained in the vicinity of a YFP+ cell for at least 5 min. Interaction times often
ranged from 5 min to 1 h. Instantaneous velocity was calculated for each tracked
cell between each pair of adjacent frames. Average velocity was calculated for inter-
acting and noninteracting cells separately. Cells which did not move during the
entire movie were presumed to be dead and not included in the statistics.

7.3 Results

Ex vivo multiphoton imaging of an explanted aorta allows for the visualization of
live, active lymphocytes and myeloid cells within the intima and adventitia of the
arterial wall. Collagen and elastin autofluorescence separates the intima from the
adventitia. YFP+ myeloid cells were found in both the adventitia and intimal plaque
of the aorta of atherosclerotic mice (Fig. 7.5). These cells move at approximately
1-3 pm/min, with significant deformation in cell shape as they travel.
Exogenously added T cells were typically only seen in the adventitial layer,
although they can be found in intimal plaques when the plaque was exposed to the
cells during the overnight incubation. These T cells migrate through the tissue at
typical speeds of 10 pm/min (range 1-30 pm/min). When cognate antigen

>
>

Fig.7.5 (a) Three different views of an aorta from an Apoe”~ CD11cYFP mouse fed WD to show
localization of YFP+ cells to the intimal plaque and adventitia. Green, YFP+ cells; Red, SHG;
Blue, autofluorescence from the internal elastic lamina (Adapted from Andor Technology [15]).
(b) Cartoon depicting the anatomy of the aorta seen in (a)
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(exogenous or endogenous) is present, more T cells interact with YFP+ APCs, and
the average velocity of the T cells decreases to 1-3 pm/s [9], suggesting antigen
presentation is occurring within the arterial wall.

7.4 Conclusion and Future Work

This novel approach provides new opportunities to study cell activity that cannot be
investigated with traditional static methods. This protocol could be expanded to the
study of other questions relevant to disease pathology through the use of other trans-
genic reporter mice with a variety of fluorescently labeled cells or proteins. For
instance, imaging cell migration can reveal novel information about chemokine
function or the mechanism of how leukocytes enter and leave the aortic wall.
Currently, ex vivo multiphoton imaging is the most suitable tool for probing these
dynamic processes in their native environment to elucidate inflammatory mecha-
nisms in atherosclerosis.

However, explanted tissue cannot completely mimic the native microenviron-
ment that the leukocytes experience in vivo. Specifically, the absence of pulsatile
blood flow [31], the disruption of the extracellular matrix in the adventitia [32, 33],
and the alteration of oxygen concentration [34] or other changes from physiological
conditions can influence cell motion [8]. Certain questions can only be accurately
studied by imaging live mice, such as recruitment of monocytes from the blood to
the plaque. New technical challenges are introduced when imaging leukocytes in
arteries in vivo, because the blood vessel pulses with each heartbeat. This motion
leads to distortion of still images, misalignment of z-stacks, and inconsistency in
time series. These artifacts make tracking cells infeasible.

To circumvent these problems, we are currently developing a new technique that
will minimize these motion artifacts and enable imaging of the carotid artery in vivo.
Custom circuitry will trigger image acquisition based on the cardiac cycle, mea-
sured noninvasively through pulse oximetry. This ensures that the artery is in a
consistent position for each frame acquired, so that z-stacks and time series can be
reassembled accurately. Imaging only a small field of view with a fast acquisition
speed after each trigger helps minimize in-frame deformation. These small sections
can be stitched together in post-processing to assemble a large three-dimensional
reconstruction of the cells in the artery. This system will enable us to image athero-
sclerotic plaques in vivo and to study various questions involving cell motility,
including leukocyte recruitment from blood, antigen presentation, phagocytosis,
chemokine function, and the role of cell subsets in disease progression.
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