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Abstract

We describe a microscope capable of both light sheet fluorescence microscopy (LSFM) and
differential interference contrast microscopy (DICM). The two imaging modes, which to the best
of our knowledge have not previously been combined, are complementary: LSFM provides three-
dimensional imaging of fluorescently labeled components of multicellular systems with high
speed, large fields of view, and low phototoxicity, while DICM reveals the unlabeled
neighborhood of tissues, organs, and other structures with high contrast and inherent optical
sectioning. Use of a single Nomarski prism for DICM and a shared detection path for both
imaging modes enables simple integration of the two techniques in one custom microscope. We
provide several examples of the utility of the resulting instrument, focusing especially on the
digestive tract of the larval zebrafish, revealing in this complex and heterogeneous environment
anatomical features, the behavior of commensal microbes, immune cell motions, and more.

Introduction

Embryonic and larval development occurs via the coordinated interactions of large numbers
of cells. Imaging developmental processes therefore presents significant technical demands,
calling for methods that can span organs, tissues, or even whole organisms with sufficient
resolution in three dimensions to track individual cells, sufficient speed to capture snapshots
unblurred by cellar motions, and sufficiently low phototoxicity to allow imaging for the long
durations of morphogenetic processes. In recent years, the technique of light sheet
fluorescence microscopy (LSFM), also known as selective plane illumination microscopy
(SPIM), has emerged as a powerful approach for three-dimensional live imaging, satisfying
the above requirements (Keller et al. 2008; Huisken & Stainier 2009; Santi 2011; Tomer et
al. 2012; Krzic et al. 2012; Schmid et al. 2013; Ahrens et al. 2013; Swoger et al. 2011) In
brief, LSFM involves illumination of a specimen with a thin sheet of fluorescence excitation
light, the emission from which is imaged onto a camera via a perpendicular lens (Figure 1).
Scanning the specimen in only one dimension, perpendicular to the sheet, rapidly generates
a three dimensional image. Moreover, in stark contrast to, for example, confocal
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microscopy, every part of the specimen that is illuminated is imaged, leading to very low
levels of photobleaching and phototoxicity (Keller et al. 2008; Jemielita et al. 2013).

Several research groups have extended the imaging capabilities of LSFM through, for
example, the integration of structured illumination (Keller & Stelzer 2010), localization-
based superresolution (Cella Zanacchi et al. 2011), stimulated emission depletion (Friedrich
et al. 2011), and multiphoton excitation (Truong et al. 2011). It is notable that all of these
methods, while certainly useful, rely on fluorescence, as does LSFM itself. Often in
biological imaging, fluorescently labeled cells or cellular structures of interest, by
construction, make up a subset of all the cells in their neighborhood. One can image, for
example, migrating sensory cells (Swoger et al. 2011),firing neurons (Ahrens et al. 2013), or
gut microbes (Taormina et al. 2012), but the function and behavior of these and other
specific cell types can be modulated by the cells and biomaterials of their local
neighborhood. In a complex multicellular organism, however, simple brightfield imaging is
insufficient to make sense of the unlabeled cellular environment.

Differential interference contrast microscopy (DICM) has a long history as a powerful
imaging method for generating optical contrast and sectioning using transmitted light (Allen
et al. 1969; Pluta 1989). In DICM, light from slightly spatially separated paths is
recombined such that the resulting intensity is a measure of the difference in optical path
length. Roughly, the image intensity is a measure of the gradient of the index of refraction in
the focal plane, and therefore provides contrast to edges in transparent structures like
collections of cells.

While DICM is a well-established technique, it has never been combined with light sheet
fluorescence imaging (In contrast, several groups have integrated DICM with confocal
imaging, e.g. (Cody et al. 2005; Amos et al. 2003)). We show here that combining DICM
and LSFM is straightforward to implement, and we provide examples illustrating that, as
claimed above, differential contrast imaging provides useful tissue-level context for light
sheet fluorescence microscopy. Our examples focus mainly on imaging of the digestive tract
of larval zebrafish, in which the existence of multiple tissue types and multiple species, fish
and microbes, provide a challenging imaging environment.

Experimental Setup

Various designs for light sheet fluorescence microscopy have been developed in recent years
(Huisken & Stainier 2009; Krzic et al. 2012; Tomer et al. 2012; Schmid et al. 2013), all of
which involve the illumination of a specimen with a thin sheet of fluorescence excitation
light and the detection of emission along an axis perpendicular to the sheet. The light sheet
fluorescence design aspects of our home-built instrument (Figure 1) closely follow the
designs of Keller et al. (Keller et al. 2008)and are described in detail in Ref. (Taormina et al.
2012).In brief: One of several laser lines (Coherent Sapphire 561 and 488) is selected with
an acousto-optical tunable filter (AOTF) (Crystal Technologies, AODS 20160) and swept by
a rapidly scanning galvanometer mirror (frequency 500 Hz, Cambridge Technology 6210H).
A telecentric f-theta lens transforms the angular sweep into a translational sweep, which
then passes through a tube lens and objective lens (Mitutoyo M Plan APO, 5x) to reach the
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specimen. Emission light is filtered with a bandpass filter (Chroma Technology) and
magnified by an objective lens (Zeiss DICM M Plan Apochromat, 40x) and tube lens onto a
scientific CMOS camera (Cooke pco.edge). Typical exposure times for each image plane are
10-100 ms, which are long compared to the sweep frequency of the light sheet. Our setup is
illustrated in Figure 1.

Differential interference contrast microscopy is a method for transforming spatial variation
in the index of refraction or thickness of a sample into contrast in an image. DICM has been
a well-established imaging technique for decades, and detailed treatments of its optics exist
in the literature (Allen et al. 1969; Mehta & C. J. R. Sheppard 2010; Mehta & C. J. Sheppard
2008; Preza et al. 1999).In order to make this report self-contained, we provide a short
explanation of this method. Consider polarized light incident on a sample. In the infinity
space of the imaging light path, a Nomarski prism deflects light of orthogonal polarizations,
chosen to be oriented at 45 degrees relative to the incident polarization axis, along different
directions. This angular shear of the differently polarized transmitted rays is transformed by
the microscope’s tube lens into a lateral separation. The light also passes through a polarizer
(known as the analyzer) oriented at 90 degrees relative to the illumination polarization,
before being detected, typically by a camera. Note that light from a single point in the object
plane reaches two points at the camera plane, one corresponding to each polarization
generated the Nomarski prism. Equivalently, light from two spatially separated points in the
object plane will reach the same point in the camera plane, and the analyzer orientation
ensures that their interference will depend on the relative path length difference of the two
paths. DICM therefore effectively computes a directional derivative of the optical path
length of a specimen and displays the result as image contrast.

The argument above is valid if the light used to illuminate the sample is spatially coherent at
the object plane, so that there is a well-defined phase relationship between separated points.
It is therefore critical to maintain coherence over at least the shear distance. A standard
approach to achieving this is to add a Nomarski prism to the beam path between the
condenser lens, and the specimen. By separating components of the polarization of the
illumination light by exactly the desired shear distance in the object plane, one guarantees
that any phase difference acquired by the components was obtained via a difference in
optical path length through the sample (assuming temporal coherence). Another approach is
to use a light source that is coherent over distances greater than or equal to the shear
distance. It has been well known for decades that LEDs have limited spatial coherence, and
many researchers have made use of this property for microscopy. Bormuth et al. (2007)
specifically described and characterized the use of LEDs for DICM illumination, and we
adopt their approach. One could also use a highly coherent source, such as a laser, though
this has the practical disadvantage of easily generating speckle in images.

Our DICM setup uses a 447nm LED as an illumination source (Luxeon Star) and uses only
one Nomarski prism (Zeiss), as explained above (Figure 1). The microscope is designed
such that the same detection optics are used for light sheet fluorescence and DICM imaging.
The addition of a Nomarski prism to the beam path does not introduce noticeable optical
aberrations to the imaging of the incoherent fluorescent emission (quantified below).
Because the Nomarski prism and polarizer pairs are located in the infinity space separating
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the objective and tube lens, insertion and removal of these optical elements is
straightforward. Wavelength filtering or control of the LED power supply enable switching
between fluorescence and DICM imaging. In addition, since DICM and LSFM can be done
at different wavelengths, one can simultaneously acquire both DICM and LSFM images. We
demonstrate this (Supplementary Figure 1) by using a color camera (Thorabs, Moticam
2000), but one could also spatially split the colors and image onto two separate cameras, or
onto different regions of a single camera sensor. Notably, the combined LSFM and DICM
instrument (Figure 1) can incorporate various modifications to light sheet microscopy, such
as structured illumination and multiphoton excitation, as noted above, without requiring
redesign or alteration of the DICM optics.

All experiments performed with zebrafish were done according to protocols approved by the
University of Oregon Institutional Animal Care and Use Committee. The ages of all imaged
zebrafish were between 5 and 7 days post fertilization (dpf).

We constructed an integrated DICM / LSFM microscope to augment information on the
positions and dynamics of fluorescent cells in live specimens, especially embryonic and
larval zebrafish, with information about the local environment. Zebrafish are a popular and
important model organism due to their physiological similarity with other vertebrates, their
fecundity, their amenability to genetic manipulation, and their transparency at young ages
(Grunwald & Eisen 2002; Dooley & Zon 2000). Like all vertebrates, however, they are
composed of many types of tissues, organs, and extracellular materials, often making simple
brightfield imaging of specimens confusing or uninformative. We provide examples of the
utility of our instrument focusing especially on the larval zebrafish gut, both because of its
importance as a model for studying bacteria-host interactions in vertebrates (Taormina et al.
2012; Semova et al. 2012; Rawls et al. 2007) and because its complexity highlights the
utility of DICM imaging. We first show brightfield and DICM images of a region of the gut
(Figure 2A,B). In the DICM image, important features such as the gut boundary and
individual cells are evident.

The interferometric nature of DICM also generates well-known optical sectioning, as only a
thin region around the focal plane contributes coherently to image formation. To compare
the depth of field of fluorescence, brightfield, and DICM imaging we captured images of
100 nm diameter fluorescent microspheres (Invitrogen, 488nm FlouSpheres), immobilized
in agar, at a series of depths along the detection optical axis. We determined the central pixel
of a bead from the in-focus two-dimensional image, and examined the intensity of this pixel
as a function of image depth, plotted in Figure 2C for a single bead. The fluorescence
intensity of the microsphere decays to half its maximal value within approximately 10
microns from the focal plane. This width is largely determined by the excitation sheet
thickness, which can be tuned via the illumination optics and which determines the Rayleigh
length of the illuminating beam. While we are capable of achieving a near diffraction limited
beam waist with our setup, the corresponding Rayleigh length associated with this width
would be much smaller than the field of view we wish to image, specifically large sections
of the larval zebrafish gut. We therefore use a beam waist of roughly 10 microns, which
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gives a uniform sheet thickness over a roughly 500 micron extent. For different applications,
different beam waists and Rayleigh lengths will be optimal. The DICM intensity of the
microsphere exhibits a characteristic bright and dark pattern relative to the background, with
a sharpness similar to that of the fluorescence trace, indicating section capabilities well-
matched to integration with LSFM. The brightfield image is noisy, has low contrast, and its
peak decays over a depth of approximately 30 microns, considerably larger than the DICM
or LSFM traces.

Figure 3 shows an example of the quantitative information that can be derived from DICM
imaging of the zebrafish digestive tract. Gut bacteria (Vibrio cholerae, introduced into an
initially microbe-free fish (Milligan-Myhre et al. 2011) are evident (Figure 3B,C and
Supplementary Video 1). Not only can we distinguish individual bacteria (Figure 3C), we
can also extract quantitative information about their motility. Figure 3D shows velocity
distributions of gut bacteria obtained by the two different imaging modes of our microscope.
The green curve was obtained from LSFM images of V. Cholerae expressing green
fluorescent protein. The black curve was obtained from DICM images taken shortly after the
LSFM images of the same region of the same fish. In both cases, bacteria were tracked using
custom software that localizes bright spots in images (Parthasarathy 2012). For DICM,
images were spatially and temporally filtered to extract non-stationary signals with the size
characteristic of bacteria, mean-subtracted, and smoothed to generate processed images with
bright features on dark backgrounds that could then be tracked. The velocity distributions
are essentially identical to one another. The mean velocities from DICM- and LSFM-derived
trajectories are 55 um/s and 60 um/s, respectively, consistent with expected in vitro values
for these microbes (McCarter 2001).

DICM can be used to monitor particular eukaryotic cell types or behaviors. To demonstrate
this in a live animal, we show LSFM and DICM images of neutrophils, highly motile
immune cells, imaged with both DICM and LSFM in a transgenic fish (MPO:GFP) in which
green fluorescent protein expression is driven by a neutrophil-specific promoter (Renshaw et
al. 2006). DICM images in Figure 4 show the motion of particular individual cells over 6
minutes (see also Supplemental Video 2), and LSFM images indicate that these cells are, in
fact, neutrophils. The use of DICM to follow specific cells should be especially useful in
cases in which LSFM is devoted to imaging other, different cells. Specific fluorescent
transgenic animals are often unavailable or difficult to construct, and the combination of
DICM and LSFM expands the set of cell types that can be examined in one experiment.

Another example of the utility of combined DICM and LSFM is provided in Figure 5, which
shows a DICM image of the gut and LSFM images of enteric neurons (transgenic
phox2b:GFP) that line the gut and coordinate peristaltic motions (Holmberg et al. 2007;
Field et al. 2009; Holmberg et al. 2004) With the two imaging modes, the dynamics of
peristalsis (see Supplemental Video 3) can be correlated with the location and the
connectivity of the enteric neural network (see Supplemental Video 4) relative to the gut
boundary, enabling previously inaccessible quantitative studies of the control of gut motility.
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Conclusion

Three-dimensional imaging in live specimens presents many technical challenges due to its
demands of large fields of view, high speeds relative to timescales of cellular motion, and
low phototoxicity. We have shown that the integration of light sheet fluorescence
microscopy and differential interference contrast microscopy is a valuable methodology for
live imaging, as it combines the specificity of fluorescence-based three-dimensional
microscopy with the contextual information of DICM. The appeal of the speed and light
efficiency of LSFM relative to, for example, confocal microscopy for live imaging is
increasingly well appreciated (Huisken & Stainier 2009; Swoger et al. 2011; Jemielita et al.
2013; Truong et al. 2011), and its straightforward integration with DICM should motivate
even more applications to optically and biologically heterogeneous systems such as three-
dimensional cell cultures, developing organs and tissues, and whole animals.

It is worth noting that part of the appeal of adding DICM to LSFM stems from the difficulty
and laboriousness of creating fluorescent transgenic organisms, even with modern molecular
methods. Being able to use DICM to quantify the motility of bacteria (Figure 3) or
neutrophils (Figure 4) — each of which provide information on chemotaxis and other
response behaviors in a wide variety of contexts — frees fluorescence channels to be used for
other cell types. In principle, one can create a wide range of multicolored fluorescent
reporters. In practice, however, the labor of designing new fluorescent microbes or animals
is significant — for bacteria, it typically involves engineering appropriate plasmids,
controlling the cloning, insertion, and expression of new genes, and tedious assessments of
insertion and viability, which typically take weeks to implement in new species, not always
successfully. The creation of transgenic zebrafish is even more labor and time intensive.
Therefore, the combination of high contrast fluorescence-based and non-fluorescent imaging
modes is useful for circumventing these challenges. Integrating DICM with LSFM in
particular combines two imaging methods that are ideally suited to the visualization of
complex multicellular systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A Combined Light Sheet Fluorescence and Differential Interference Contrast Microscope.

(A) Schematic. Laser excitation light (green) is filtered with an acousto-optic tunable filter
(AOTF) and formed into a sheet using a galvanometer-scanned mirror, G. The sheet plane is
perpendicular to plane of the page. Fluorescence emission light is indicated in red.
Transmitted light for DICM is indicated in blue. LED = light emitting diode for DICM
illumination. P = polarizers; NP = Nomarski prism L = lenses; OL = objective lens; C =
specimen chamber; F = filter wheel; Cam. = Camera. As described in the text, the right-side
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Nomarski prism is optional. Inset: the specimen chamber, highlighting a larval zebrafish
specimen, the excitation light sheet, and the DICM light source. (B) A three-dimensional
schematic rendering, with the same abbreviations and inset features as in (A). (C) A
photograph of the setup.
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Figure 2.
Characterization of various imaging techniques. (A) Brightfield and (B) DICM images of
the same region of the intestine of a 7 dpf (days post fertilization) larval zebrafish. In the
DICM image, features such as the gut edge (arrows) are clearly evident. (C) Pixel intensity,
i_> normalized to a peak value of 1, as a function of depth relative to the focal plane from
= images of a fluorescent polystyrene microsphere embedded in agar imaged with BF
S (brightfield), DICM, and LSFM, providing a measure of the depth of focus, and optical
QZ_) sectioning ability, of each method.
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Figure 3.
(A) Schematic illustration of a larval zebrafish, with the intestine highlighted in green. The

scale bar is approximately 0.5 mm. (B) DICM image of a section of the intestine of a 6 dpf
zebrafish. The gut boundaries are clearly evident. (C) Part of the image in (B), showing
individual rod-like Vibrio cholerae bacteria. (D) Velocity distribution of Vibrio choleraein
the gut, obtained from either LSFM or DICM imaging.
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Figure 4.
Motile immune cells. (A) Simultaneous DICM and LSFM image of fluorescent neutrophils

(transgenic mpo:GFP) in a 5 dpf larval zebrafish. (B, C) DICM images at times 185 seconds
and 380 seconds before the image of panel (A), showing neutrophil motility.
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Figure5.
(A) DICM image of a 5 dpf larval zebrafish gut. (B) False-color maximum intensity

projection of a three dimensional LSFM image of enteric neurons. (C) Overlay of the DICM
and LSFM images. Image contrast has been enhanced for clarity. (D) A time series of DICM
images, separated by 1 second, showing a peristaltic wave of gut motion. Scale bar: 10
microns.
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