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Abstract

Background: As fluorescent microscopy has developed, significant insights have been gained into the estab-
lishment of immune response within secondary lymphoid organs, particularly in draining lymph nodes. While
established techniques such as confocal imaging and intravital multi-photon microscopy have proven invalu-
able, they provide limited insight into the architectural and structural context in which these responses occur. To
interrogate the role of the lymph node environment in immune response effectively, a new set of imaging tools
taking into account broader architectural context must be implemented into emerging immunological questions.
Methods and Results: Using two different methods of whole-organ imaging, optical clearing and three-
dimensional reconstruction of serially sectioned lymph nodes, fluorescent representations of whole lymph nodes
can be acquired at cellular resolution. Using freely available post-processing tools, images of unlimited size and
depth can be assembled into cohesive, contextual snapshots of immunological response. Through the im-
plementation of robust iterative analysis techniques, these highly complex three-dimensional images can be
objectified into sortable object data sets. These data can then be used to interrogate complex questions at the
cellular level within the broader context of lymph node biology.
Conclusions: By combining existing imaging technology with complex methods of sample preparation and
capture, we have developed efficient systems for contextualizing immunological phenomena within lymphatic
architecture. In combination with robust approaches to image analysis, these advances provide a path to inte-
grating scientific understanding of basic lymphatic biology into the complex nature of immunological response.

Imaging Lymph Node Dynamics

As imaging techniques have become increasingly so-
phisticated, significant progress has been made in the

imaging of cellular populations and architectural components
within secondary lymphoid organs. While the earliest studies
relied largely on light microscopy in conjunction with tradi-
tional histological techniques, the development of fluorescent
technology has revolutionized our ability to interrogate spe-
cific cellular populations, and in conjunction with flow cy-
tometry, has proven invaluable in establishing basic concepts
of lymphoid activation within the context of the lymph node
(LN) macro-environment.1–5 The further development of
confocal microscopy into a widely available, basic immuno-
logical technique has allowed the inclusion of spatial context
and cellular interactions into studies that had previously been
limited to in vitro and biochemical investigation.

A major leap in the ability to address spatial questions
within biological tissue came with the introduction of multi-
photon microscopy (MPM), and eventually, intravital MPM
(IV-MPM).6–13 Where traditional confocal analysis can image
depths nearing 40 lm, current MPM allows for cellular reso-
lution at depths approaching 250 lm. Equally important, the
decreased illumination time of individual z planes has sig-
nificantly reduced fluorophore bleaching, allowing longer
image acquisition sessions, and opening the door for live,
in vivo fluorescent imaging analysis. As a result, the last de-
cade has seen an explosion in the understanding of cellular
migration and interactions within draining lymph nodes and
has provided a view of secondary lymphoid organs as dy-
namic, responsive environments.14–19

While the application of IV-MPM has been critical in es-
tablishing the kinetics of immune activation within draining
lymph nodes, limitations in the technology still exist, and
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contextualizing cellular information within the greater lymph
node environment has remained difficult. The use of trans-
genic murine reporter systems, in vivo labeling with mono-
clonal antibodies, and the adoptive transfer of fluorescent
cells has extended live imaging capacity into complex three-
dimensional environments. However, even with optimal im-
aging conditions and a skilled operator, the existing limits of
MPM allow, at best, the capture of approximately one-fifth of
an average murine popliteal LN (PLN; a common model for
studies of LN dynamics). Because the resolution required to
track migrating cells requires high magnification, global in-
formation about lymph node dynamics and structure is often
lost in the pursuit of high definition images of specific cellular
processes. New imaging techniques allowing the imaging and
analysis of population-level dynamics have been required to
further the understanding of the lymph node response to
immunological challenge.

Fluorescent Whole-Mount Imaging

Although whole-mount imaging has been widely used,20–22

attempting to capture a complete set of data reflecting intact
LNs is technically challenging and requires special consider-
ation during sample preparation. A LN (such as the PLN or
lung-draining mediastinal LN; MLN) from a naı̈ve mouse has
a diameter of approximately 1 mm, and this size can double or
triple within hours of infection or vaccination (Fig. 1a). As a
result, traditional whole-mount imaging by MPM, with an
average penetration depth of 150 lm, is inadequate to provide
large-scale contextual information (Fig. 1b). This fundamental
challenge has three potential solutions: 1) generate new im-
aging technology; 2) alter sample preparation in ways that

increase the imaging depth of the existing technology; or 3)
separate the tissue into smaller components that can be im-
aged sequentially using the current technology. As the first
option is usually outside the investigator’s control, the second
and third options are more feasible, although extensive de-
velopment and optimization are still required.

One fundamental technical concern in biological imaging is
the highly inconsistent refractive index within mammalian tis-
sue. This inconsistency causes an extremely high degree of
scattering as light passes through the tissue, limiting both the
penetration depth of the laser and the resolution of light emitted
from excited fluorophores. While the longer wavelengths used
in MPM can increase the penetration depth substantially due to
decreased excitation scattering, emission scattering is not ad-
dressed and still results in substantial imaging limitations. To
bypass these issues, various methods of optically clearing
whole-mount tissue have been developed.23 Fundamentally, the
clearing process involves the fixation of the tissue, followed by
the ‘‘replacement’’ of the cell cytoplasm with an optically neutral
buffer, finally resulting in an intact, clarified organ.

Using a recent technique described by Ertürk et al. (2012),
LNs can be effectively cleared following in vivo labeling of
the LN architecture. This method produces transparent tissue
that can be effectively imaged at greatly increased depths due
to reduced light scattering (Fig. 2a). By combining optical
clearing with in vivo labeling and confocal microscopy, full
LNs can be imaged, allowing striking resolution of vascular
and lymphatic structures throughout the node (Fig. 2b). This
approach has led to a better understanding of vascular and
medullary complexity within the PLN, which is difficult to
glean from existing literature, and has provided a clearer view
of 3D LN structure. The schematic in Figure 2c illustrates the

FIG. 1. Inflammation of murine LNs following administration of influenza. (a) Size increase in the lung-draining medi-
astinal lymph node (MLN) at 0, 24, 48, and 72 h following infection with influenza strain A/H1N1 Puerto Rico 8 (PR8).
(b) Weight increases in popliteal LNs (PLNs) collected from mice injected SC in the footpad with PBS or UV-inactivated PR8
and in MLNs from mice administered PBS or PR8 intratracheally. Both PLNs and MLNs were collected at 72 h post-injection/
infection. (c) Comparison of confocal and MP imaging of whole-mount LN tissue. PLNs from CD11c-eYFP reporter mice were
isolated and imaged at depths from 0–200 lm to demonstrate comparative tissue penetration. A color version of this figure is
available in the online article at www.liebertpub.com/lrb
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differences in tissue penetration depth using various imaging
approaches.

While optical clearing is advantageous in that it allows for the
acquisition of whole LNs in a single z-stack, the clearing process
can be time-consuming and may not be suitable for protein
fluorophores (i.e., PE, APC) subject to rapid bleaching. Ad-
ditionally, any fluorophore residing in the cytoplasm of the cell
(i.e., not bound to a membrane) can be washed away during the
process of cell permeabilization. These considerations make op-
tical clearing extremely useful in the analysis of stable architec-
tural components such as the vasculature, but render this method
less feasible for high-definition analysis of dynamic populations
requiring transgenic models. To address this issue, an alternative

approach has been developed to obtain population-level data
within the LN: whole-organ image reconstruction.

Whole Organ Image Reconstruction

Because optically clearing tissue does not always allow the
tissue fluorescence to be preserved, this technique can be in-
compatible with experimental designs requiring transgenic
reporter systems. Instead, by sectioning biological tissue into
smaller components more amenable to imaging, and then
stitching individual images together to create a single re-
constructed image, fluorescence data can be acquired more
easily, albeit with a loss of continuity in the z plane.

FIG. 2. Optical clearing of whole LNs. (a) Confocal micrograph of optically cleared PLN. mAb specific for the subcapsular
sinus (anti-CD169, shown in green) and medulla (anti-F4/80; shown in blue) were injected SC 4h prior to LN harvest. (b)
Confocal micrograph of optically cleared PLN, illustrating the complexity of the vascular and follicular architecture within
the PLN. C57BL/6 mouse was injected IV with antibodies specific for blood vessels (anti-CD31; shown in red) 4h prior to LN
harvest and was injected IV with antibodies specific for follicular dendritic cells (anti-8C12; shown in white) 24h prior to LN
harvest. (c) Cartoon of approximate tissue penetration depths achievable through different imaging approaches. A color
version of this figure is available in the online article at www.liebertpub.com/lrb

FIG. 3. Serial imaging and whole LN reconstruction of the PLN. (a) Serial images used for reconstruction of in vivo labeled
PLN. CD11c-eYFP mice were pre-injected SC with antibodies specific for CD169 (green) and CD35 (red), and PLNs were
harvested 1 h after PBS injection into the footpad. PLN was sectioned (50 lm cryosections) and imaged for reconstruction. (b)
Reconstructed image of a PLN from (a).
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In attempting to clarify cellular dynamics, several groups
have turned to 3D reconstruction to resolve complex inter-
actions, although this approach is generally limited as im-
plementation can be tedious and technically challenging.24,25

By serially cryosectioning LNs into thin sections (*10–20 lm)
that are then imaged by confocal microscopy, captured im-

ages can be combined effectively into serial stacks to give
expanded views of 3D structure. Although this approach has
been effective in approaching several questions,18,26 compil-
ing enough images to reconstruct whole organs is a daunting
task.

Alternatively, by replacing confocal capture with MPM,
larger LNs can be broken down into thick sections (*50–
100 lm), which greatly increases the efficiency of imaging and
processing. By serially cryosectioning PLNs into 50 lm slices
and imaging the tissue by MPM, complete or partial LN re-
constructions can be obtained relatively quickly and ef-
ficiently (Fig. 3a,b). Because of this increased efficiency,
population and architectural questions can be addressed
within the broader context of whole LNs from any tissue that
is supportive of confocal imaging.

Automatic Acquisition of Tiled Stacks
in the XY Plane and Post-Acquisition Stitching

While 3D reconstruction of full LNs has shown promise, a
clear limitation has arisen in the size of LNs following vacci-
nation or live infection. As shown in Figure 1b, there is a
significant increase in the size of the lung-draining mediasti-
nal LN (MLN) over the course of several days following in-
fection. Manual imaging of multiple fields of view can be used
to overcome these size increases, but two potential problems
are introduced: 1) large sections of the LN can be missed, due
to insufficient overlap between fields of view, and 2) the
time required for imaging can quickly become prohibitive if

FIG. 4. Automatic tiling and whole LN reconstruction ap-
proach.Thick tissue sections, either labeled in vivo with an-
tibodies injected prior to LN harvest or labeled post-
sectioning, are imaged as individual fields of view, or ‘‘tiles.’’
The tiles are then stitched together, resulting in an xy pan-
orama for each tissue section. The sections are then compiled
in the z direction, resulting in a fully reconstructed LN, ready
for subsequent examination and analysis. A color version of
this figure is available in the online article at www.lie-
bertpub.com/lrb

FIG. 5. Object identification and multiparameter analysis in the PLN. (a) Sample of a data analysis pipeline identifying DCs
in contact with collagen within the PLN. (i) Raw image is loaded into the CellProfiler pipeline; (ii) Image is separated into its
component channels, and DCs are identified using pre-defined algorithms; (iii) DCs are analyzed for multiple parameters,
and are gated on co-localization of the DC perimeter with collagen signal; (iv) DCs are sorted based on the displayed gate,
and are visually classified as collagen-associated DCs (green) or as nonassociated DCs (blue) superimposed on the original
collagen channel image. (b) Sample of combinatorial analysis from multiple XY planes showing DC form factor (a measure of
the spherical nature of each object) as a function of collagen association. (i) Scatter plot of the analysis for a single XY plane,
showing DC form factor as a function of collagen association. (ii) Combined data from (3) XY planes, representing 150 lm of
contiguous imaging data from (1) PLN gated on collagen associated DCs. (iii) DC form factor analysis from (ii) of collagen
associated vs. nonassociated DCs. A color version of this figure is available in the online article at www.liebertpub.com/lrb
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the operator images unnecessarily large degrees of overlap
between the fields of view.

As motorized imaging stages have developed, automated
‘‘tiling’’ options (the capture of multiple, adjacent xy tiles
which can subsequently be stitched into a single image) has
become available in imaging packages such as Fluoview
by Olympus. Using various methods of automated xy ac-
quisition, sequential tiled stacks can be captured and then
recombined in the xy plane, followed by the z reconstruction
of multiple stitched planes to form a single recombined image
(Fig. 4). When using this approach, it is important to consider
that the center of each section must be accurately identified,
and that sufficient imaging overlap (usually 10–15%) is nee-
ded to ensure reliable stitching by available open source

processing modules,27 although reconstruction alignment
tools have begun to address these issues in high end imaging
software.

Whole LN Image Analysis

As imaging has been increasingly used to answer complex
biological questions, robust image analysis and quantification
strategies have become critical to achieve the significance and
reproducibility demanded by other, more established tech-
niques. Although imaging is often been viewed as a subjective
approach to answering biological questions, advances in
image analysis and processing (a field in its own right)
available in various software formats have allowed for

FIG. 6. Quantitative demonstration of lymphangiogenesis following influenza infection. Whole MLN reconstructions of
mice administered PBS (left, 0 h) or influenza strain A/H1N1 Puerto Rico 8 (right, 72 hpi). The MLN tissue was thick-sectioned
(50 lm), stained with antibodies specific for B220 (red), CD3 (green), and Lyve-1 (blue), imaged by confocal microscopy, and
reconstructed by the approach shown in Figure 4. Lymphatic vessels (LVs) were then identified as objects within single xy
planes and quantified across a total of (6) nonsequential xy planes for each reconstructed LN. XY planes were analyzed
sequentially as outlined in Figure 5 to identify LVs within the T cell cortex. Quantitation of the numbers of identified LVs
within each plane is shown with statistical analysis (Student’s t test, n = 6 XY planes). A color version of this figure is available
in the online article at www.liebertpub.com/lrb
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increasingly objective measurements of cellular behavior
within the LN.28 Nonetheless, due to the sheer size of the data
involved in whole-organ analysis, processing can quickly
become cumbersome and overwhelming using traditional
analysis techniques.

Since the establishment of IV-MPM, commercial software
packages (i.e., Imaris and Volocity) have attempted to stay
ahead of the imaging field by introducing comprehensive
software suites designed for complex analysis of 3D systems.
These packages are resource intensive, often requiring dedi-
cated processing machines, and are frequently cost-prohibitive.
While these analysis options are usually robust, they can have
difficulty processing large numbers of events in three di-
mensions, as required by whole-organ analysis, and offer
little flexibility outside of built-in functions. Where flexibility
is required, open source software such as ImageJ is often
utilized, although there is little functionality in the third di-
mension and iterative analysis/data assembly can be chal-
lenging without programming expertise.

A third option, utilizing open source software designed for
the development of large-scale imaging screens, has recently
become available. Developed by the Broad Institute, Cell-
Profiler29 is a particularly powerful 2D image analysis tool
that offers almost unlimited flexibility in image analysis,
highly functional iterative processing, and coherent data as-
sembly. The use of CellProfiler and similar software has led to
the emergence of histocytometry, the process of identifying
individual objects within imaging data, which can then be
sorted and analyzed much like flow cytometric data (Fig. 5a).
Although this technique depends on high-quality imaging
and 2D analysis, its ability to process large data sets quickly
and provide extensive, flexible quantification makes it ideal
for whole LN analysis on a cellular level. By isolating repre-
sentative xy planes from reconstructions, and establishing
parameters for object identification and analysis, multiple
LNs can be analyzed efficiently, allowing for direct compar-
ison between treatment groups at the cellular, image plane,
and ultimately, whole LN levels (Fig. 5b).

Application of Whole LN Imaging/Analysis

The rapid development of fluorescent imaging techniques
has had a profound impact on the kinds of biological ques-
tions that can be asked. Investigating the interactions of dif-
ferent cell populations within the LN, the duration of time that
such contacts last, and where these events occur, cannot be
accomplished with traditional laboratory techniques such as
flow cytometry. However, as we have expanded our knowl-
edge of cellular events that occur in the LN, it has become
increasingly clear that traditional, thin-section imaging is in-
sufficient to address questions requiring a broader spatial
context. Although biologists have obtained tantalizing
glimpses of cell–cell interactions during early immune events
within the LN,4,30–32 it has become equally important to de-
termine in what architectural context these events occur.

The 3D representation of secondary lymphoid organs has
initiated a new chapter in the arena of biological imaging. The
ability to image whole LNs provides the considerable ad-
vantage of preserving the tissue integrity, thereby resulting in
a clearer, more global picture of the LN structure and orga-
nization, and illustrating where specific cell types fit within
this structural scaffold. By expanding the field of view to

encompass half, it not more, of the total volume of the LN,
regions of interest can be defined within an architectural
context, and more informed questions can then be addressed
through specific quantitative analysis (Fig. 6). As imaging and
analysis software continues to become more flexible, exciting
new questions can not only be addressed globally, but also
objectively quantified.

Some of the most intriguing questions that will be best
addressed by these imaging techniques include: how does
the structure of the LN change in the early aftermath of vac-
cination or infection? Where in the LN do the major players
in the immune response localize, and for what purpose? What
are the kinetics of cellular arrival to different compartments
of the overall LN? And perhaps most importantly, how can
our newfound knowledge of cell migration and localization
be exploited to better inform vaccine design and disease
treatment?

The use of whole-organ imaging is quickly proving in-
valuable to both confirm and challenge existing views of LN
architecture and the role of LN-resident cell types. Future
advances in both imaging and analysis techniques stand to
illuminate the dynamic, exquisitely sensitive nature of sec-
ondary lymphoid organs and their positions as command
centers for the initiation of immunity.
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