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Abstract

Visual data collection is paramount for the majority of scientific research. The added transparency of the
zebrafish (Danio rerio) allows for a greater detail of complex biological research that accompanies seemingly
simple observational tools. We developed a visual data analysis and collection approach that takes advantage of
the cylindrical nature of the zebrafish allowing for an efficient and effective method for image capture that we
call Specimen in a Corrected Optical Rotational Enclosure imaging. To achieve a nondistorted image, zebrafish
were placed in a fluorinated ethylene propylene tube with a surrounding optically corrected imaging solution
(water). By similarly matching the refractive index of the housing (fluorinated ethylene propylene tubing) to that
of the inner liquid and outer liquid (water), distortion was markedly reduced, producing a crisp imagable
specimen that is able to be fully rotated 360°. A similar procedure was established for fixed zebrafish embryos
using convenient, readily available borosilicate capillaries surrounded by 75% glycerol. The method described
here could be applied to chemical genetic screening and other related high-throughput methods within the fish

community and among other scientific fields.

Introduction

ISUAL DATA CAPTURE is a major part of scientific docu-
mentation. The transparency of the zebrafish (Danio
rerio) has been an invaluable backdrop to the use of this sys-
tem for complex biological research based on relatively simple
and classically optical observation. One of the major hurdles
of the zebrafish researcher has been the capture and mean-
ingful representation of this visual data. Many aspects of
zebrafish biology are better expressed in images and other
digital media rather than in written descriptions. Examples
include assessment of morphological mutant phenotypes,
protein or nucleic acid expression patterns, and develop-
mental stages.'™
Part of the challenge in obtaining consistent, high-quality
images of the zebrafish arises from efforts in attaining static
two-dimensional images of a dynamic three-dimensional
sample. Additional difficulty comes from the shift of a largely
spherical early embryo (0-24 hour postfertilization [hpf]) to
the cylindrical shape of the larvae and adult fish. Tradition-
ally, this problem has been addressed by sectioning the fish

either physically or optically. However, preparation of the
sample is laborious and the depth of field can be lost. To
further increase the photographic challenge, beginning at
72 hpf the zebrafish larva inflates its swim bladder,® provid-
ing buoyancy, a challenge that adds difficulty in manipulating
and immobilizing specimens in a purely sagittal or coronal
plane (Cartoon, Fig. 2B). The issues of working with this un-
ique shape have inspired many methods that attempt to
remedy these problems and deliver consistent, high-quality
image capture.'™ However, all of these approaches still re-
quire substantial training to achieve proficiency, are labori-
ous, and thus are often not practical for high-throughput
screening or other applications. Quality imaging can be the
most critical bottleneck in using the fish for many scientific
areas.

We developed a simple and efficient method for holding
and photographing embryonic and larval zebrafish that we
termed Specimen in a Corrected Optical Rotational Enclosure
(SCORE) imaging. The SCORE method takes advantage of
the cylindrical nature of an embryo and allows a specimen
to be freely rotated about its longitudinal axis. This rotation, in
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FIG. 1. SCORE tools. (A) Anesthetized larval zebrafish are placed into a methylcellulose (pictured) or low-melting-point
agarose solution before being loaded into the capillary housing. (B) A pipette pump with capillary adaptor is used to facilitate
loading of zebrafish into the capillary housing. (C) Multiple larvae (arrows) can be imaged in a single capillary, allowing for
rapid screening of mutants. (D) A corrective solution (water pictured) is placed upon the capillary to reduce distortion. Foam
barriers, marked by arrows, are placed upon the glass slide to help contain corrective solution and to provide a friction

surface for ease of rotation.

turn, facilitates image capture of sagittal, coronal, or other
horizontally angled planes. To accomplish the rotation, larvae
are drawn into either a polymer or a borosilicate capillary
housing, and are immobilized using a viscous liquid either
low melting point (LMP) agarose or methylcellulose for living
larvae or glycerol for fixed embryos. If the fixed embryos are
placed in a permanent mounting solution, it is possible that
these embryos can be stored indefinitely. The SCORE method
uses a capillary tube to allow rotation about the longitudinal
axis and combines it with a solution that matches the refrac-
tive index of the capillary to eliminate distortion. This process
allows the user to quickly obtain publication-quality images
in multiple, perfectly aligned imaging planes.

Materials and Methods
Immobilization of the zebrafish embryos

For all of our procedures, we have used the anesthetic tri-
caine (MS-222) at standard concentrations.® Fish were further
immobilized using either a 2% methylcellulose solution or an
LMP agarose solution (at ~0.5% in embryo water). If fixed
larvae were imaged (such as from a whole-mount in situ hy-
bridization [WISH] experiment), a 75% glycerol solution was
used due to its viscosity and similar refractive index to that of
borosilicate glass.

Preparation for SCORE imaging

After fish were immobilized (Fig. 1A), a capillary adapter
was placed in a pipette pump and used to draw an embryo into
an appropriate-sized borosilicate capillary (Fig. 1B). When
using LMP agarose, the capillary is then allowed to rest for
2min, letting the LMP agarose solidify. Multiple fish can be
loaded into a single capillary, allowing for greater variety in
sample choice and for data analyses (Fig. 1C). Note that the inner
liquid must almost fill the entire capillary to lessen the chance of
mixing with the potentially different external optical imaging
solution. A paraffin wax plug can be added to the end of the
capillary by way of scraping or a stick-and-twist method to
block this possible contamination and to eliminate sample drift.

Choice of capillary size

Embryos begin as a bulbous shape and straighten as they
age. Consequently, the size of the capillary opening depends

inversely on the age of embryonic, larval, and young fish. Ca-
pillaries with a 0.60 mm inside diameter work well for 48+ hpf
embryos (WPI #1B120-3 or WPI #TW100-3 for thin-walled ap-
plications). For younger embryos (048 hpf ), an inside diameter
of at least 1.12 mm was used (WPI #TW150-3). When choosing
the size of the polymer tubing, the smallest readily available
tubing (inside diameter of 0.8 mm; ColeParmer EW-06406-60)
was used for all embryos 24hpf and older; however, all
younger embryos needed to be dechorionated. Within the size
range of the capillaries tested, the outer diameter of the capillary
seems not to factor in any distortion of the embryo; however,
the width of the wall of the capillary may. Thus, it is re-
commended that thin-walled capillaries be used when possible.

Choice of plastic tubing to match
refractive index of water

We tested a variety of plastic tubing to best match the re-
fractive index of the tubing to that of water for the greatest
ease of use and image clarity. We determined that fluorinated
ethylene propylene (FEP) tubing is optimal for use with water
as an optical imaging solution and either LMP agarose or
methylcellulose as an immobilization medium (Table 1).

Matching the refractive index of borosilicate
glass using optical imaging solutions

We tested a variety of imaging solutions to match the re-
fractive index of borosilicate glass. We determined that a 75%
glycerol solution is best for use when paired with fixed em-
bryos. Due to a fear of harm to a living embryo, a 50% sucrose
solution is recommended if it is preferred to use a borosilicate
capillary over plastic tubing. A more in-depth analysis of
these choices is presented in Table 2.

SCORE imaging

The capillary containing the sample is placed onto a slide
with a channel with edges at least as high as the outer di-
ameter of the capillary, allowing at least one end of the cap-
illary to extend beyond this channel to allow rotation. This
barrier can be made by affixing capillaries of a slightly larger
diameter, or craft foam (Crafts Etc, 2 mm Funky Foam) onto a
glass slide. The appropriate optical imaging solution (water,
50% sucrose, or 75% glycerol) should be applied over the
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TABLE 1. REFRACTIVE INDICES OF POLYMER TUBING USED

Comments about use

Solution Refractive index
Water (surrounding fluid) 1.341%

FEP 1.338'¢

PFA 1.35"

PTFE 1.35-1.38'¢

Used to cover tubing; matched for tubing
Recommended for live embryos

Works well for live embryos

Not recommended

FEP, fluorinated ethylene propylene; PFA, perfluoroalkoxy; PTFE, polytetrafluoroethylene.

capillary so that the entire height of the capillary is covered
(Fig. 1D). Care must be taken to ensure that no excess optical
imaging solution spills onto the microscope optics. A cover
slip is then placed on top of the capillary immersed in the
corrective solution. Once the cover slip has been deployed, the
slide can be examined under a microscope. The orientation of
the embryo can be adjusted by simply rotating the capillary,
the ends of which extend past the viewing area. The slides
may be reused after the images have been obtained if cleaned
fully. To recover the embryos from the capillary, carefully
snap off the wax plugs and expel the embryos by apply-
ing pressure to the side of the capillary. All rotation of the
capillary is based off of 0° being a coronal image with the
dorsal side upward and the lens of the specimen aligned, from
this mark, sagittal is defined as a 90° counterclockwise rota-
tion and ventral is defined as a 180° rotation. Any other ro-
tational angle is approximate and is noted as such.

Digital photography and editing

Images were obtained using a Nikon D3 (Fig. 2), a Canon
Powershot A640 digital camera (Fig. 3), a Zeiss ApoTome
Grid Microscope (Fig. 4), or a Canon G10 (Figs. 1 and 5).
Videos were captured using a Sony HDR-HC9 video camera
and edited using iMovie 09 (Apple, Inc.). Bright-field images
were captured using a shutter speed of 1/200 (Figs. 2 and 3).
Green fluorescent photographs were captured using a shutter
speed of 1/60 (Fig. 2). Red fluorescent photographs were
captured using a shutter speed of 1/25 (Fig. 2). Photographs
were edited with Keynote 09 for Macintosh OSX (Apple, Inc.)
to allow for differing focal planes and to remove shadow
caused by the capillary housing; no parts of the image of the
fish were removed in this editing process.

Zebrafish collection and preservation

Embryos were collected at day zero, ~1hpf, and placed
into 100 x15 mm Petri dishes with no more than 100 embryos

per dish. These dishes were then stored in a 30°C incubator.
At 3 day postfertilization, larvae were then transferred
into 60x15mm Petri dishes with no more than 20 fish per
dish for fluorescent-based genotyping according to Davidson
et al.®

Transgenic fish

The doubly transgenic Tg(fli-1:eGFP)y1” /Tg(gata-1:DsRed)
sd2® fish were as described by Pickart et al.” Protein trap fish
line Tg(SEC0124)mn124 shown in Figure 4 was generated in a
similar manner to that described previously."’ Zebrafish were
injected with 25 ng of plasmid containing the gene-break pro-
tein trap transposon GBT-R14.5. This construct is the same as
GBT-R15'"! with a full-length Tol2 right inverted terminal re-
peat instead of the mini Tol2 end found in GBT-R15.

Microscope ease of use

To facilitate longer hours on a fluorescent microscope re-
quired for high-throughput screening without producing the
eyestrain of a traditional microscope, we employed the
camera port of an inverted Zeiss fluorescent microscope to
its fullest potential by connecting a Sony HDR-HC9 high-
definition video camera (camera, Fig. 5A; microscope, Fig.
5B). The output of the high-definition video camera can be
run directly into either a video screen (Fig. 5C) or a computer
for video capture (Fig. 5D). Notably, we have removed the
eyepieces of the microscope to ensure that no unwanted light
bleaches the image when working with fluorescence (Fig. 5E)
and to vastly improve access to the samples (Fig. 5F). This
microscope setup also allows colleagues to easily and si-
multaneously observe phenotypes and patterning in the
zebrafish, an environment that facilitates scientific discussion
in real time. Although not necessary for the SCORE ap-
proach, this microscope setup vastly improves the accessi-
bility to embryos in SCORE and eases high-throughput
imaging.

TABLE 2. REFRACTIVE INDICES OF BOROSILICATE GLASS CAPILLARIES AND OPTICAL IMAGING SoLuTIONS USED

Comments about use

Solution Refractive index
Borosilicate glass capillary 1.47-1.49™
Water 1.34%
Vegetable oil (soybean) 1.47™
Mineral oil 1.48'

75% Glycerol 1.46

Light corn syrup (Brix =80) ~1.5'®

50% Sucrose 1.464'®

Used for housing

Slight distortion, but can work if needed (not shown)

Not much distortion; slight GFP background

No distortion creates bubbles easily

High viscosity; may harm living fish; best for fixed larvae

High viscosity

Recommended optical imaging solution for live embryos
if using borosilicate glass

Brix, measurement of the fraction of sugar per hundred parts of aqueous solution as measured by mass.
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FIG. 2. Specimen in a Corrected Optical Ro-
tational Enclosure (SCORE) imaging of living
animals. Zebrafish imaging is facilitated by use
of a fluoro-carbon tube for housing. (A) Zeb-
rafish images taken in polymer tubing produce
a distorted image (arrows) due to the change
in refractive index between the tubing and the
air. Cartoon images representing a fish im-
mobilized using traditional techniques on a
skewed plane (B), a larval fish within a polymer
tube without a corrective solution producing
distortion (C), and within a corrective solution
to produce a clear image (D). Fluorinated eth-
ylene propylene (FEP) tubing produces a clear
image at 50x (E ) (also see Supplemental Movie
S1, available online at www .liebertonline.com),
100x (F), and 200x (G) of a 5 day postfertiliza-
tion (dpf) larvae. A 5 dpf Tg(gata-1:DsRed)sd2
larvae in FEP tubing produces a clear back-
ground-free image at 50x (H) (also see Supple-
mental Movie S2, available online at www
liebertonline.com) and 100x (I). A 5 dpf
Tg(fli:eGFP)yl in FEP tubing produces a clear
background-free image at 50x (J) (also see
Supplemental Movie S3, available online at
www.liebertonline.com) and 100x (K).
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FIG. 3. SCORE imaging of a fixed specimen. Imaging of a
pax2a whole-mount in situ hybridization embryo and capil-
lary housing in 75% glycerol. (A) Cartoon depicting the use
of glycerol both inside and outside of the glass tube pro-
ducing an undistorted image of a fixed embryo. (B) Sagittal
image of embryo with pax2 staining at 50x magnification
shows no distortion (also see Supplemental Movie S4,
available online at www liebertonline.com). Note the edges
of the capillary (arrow) that can be readily cropped for
publication presentation. Sagittal embryo image of pax2
staining at 100x (C) or 200x (D) magnification shows no
distortion. (E) Coronal image of embryo at 50x magnifica-
tion. (F) Angled image of pax2 staining at 50 x magnification.
Rotation is angled slightly (~30°) to show a more detailed
view of kidney tubule staining (arrows).
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FIG. 4. SCORE imaging of fluorescent, living zebrafish.
Imaging SEC0124 of a 5 dpf mRFP-labeled protein trap
zebrafish housed in FEP tubing. (A) Sagittal image of an
mRFP-labeled protein trap zebrafish shows enhancement in
specific locations in the neural region as well as a bright
kidney (Arrow). (B) Coronal image of an mRFP-labeled
protein trap zebrafish includes ubiquitous neural expression
with enhancement in specific locations. (C) Sagittal image of
an mRFP-labeled protein trap zebrafish shows a general
neural haze with enhancement in specific locations at 100x
magnification (also see Supplemental Movie S5 [showing the
spatial location of RFP patterning], available online at
www.liebertonline.com).
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FIG.5. Ease-of-use microscope—the “headless” microscope
setup. (A) A Sony HDR-HC9 high-definition video camera is
attached to the camera port of the (B) Zeiss inverted micro-
scope to facilitate a greater ability to view, record, and
present visual data. (C) A high-definition monitor allows for
reduced eyestrain and ease of presentation to other workers.
(D) Attaching the video camera to a computer allows for
direct recording of the sample in a purely digital format. (E)
X-Cite light source allows for fluorescent microscopy. (F)
Removal of the eye-pieces of the Zeiss inverted microscope
allows for a reduction in the light bleaching of the sample
and provides a less cluttered working area with no ob-
structions to the stage. (G) The microscope has been placed
on a BostonTec adjustable lab table (controls indicated with
arrows) to facilitate the ease of movement of the entire scope
system for greater ability of access.

Results

The idea to put a specimen into a capillary tube is not a
unique one*'*™' with references to similar approaches dating
to the late 1920s (see Ref.!* and citations therein). Such a
method addresses the holding aspect of photography, facili-
tating the alignment for potentially a full 360° view of the
specimen. However, without modification this approach ad-
ded major distortion to the light path, especially near the
periphery, making the image unfit for data analysis or pub-
lication (Fig. 2A; arrows). Using the principles of optics as a
guide, the main cause of distortion was determined to be the
difference in refractive index between the curved outer sur-
face of the capillary and the air surrounding it, creating a bend
in light as described previously.'® Normalizing the refractive
index of the capillary housing to the liquid surrounding the
housing and the fish greatly reduced this effect (cartoon
diagrams Fig. 2C and D; example images are Fig. 2E [also
see Supplemental Movie S1, available online at www
liebertonline.com] 2F, and 2G). To accomplish a nearly
complete refractive index correction, we tested a variety of
polymer-based tubes with a refractive index similar to that of
water (n=1.33" for matching; see Table 1). We evaluated
these materials based on four criteria: (1) distortion present,
(2) autofluorescence in common wavelengths of light such as
deployed in fluorescence microscopy, (3) biocompatibility,
and (4) ease of use.

To determine the best imaging housing for the photogra-
phy of larval zebrafish, we tested FEP tubing (n=1.338"%),
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perfluoroalkoxy (PFA; n=1.34") tubing, and polytetra-
fuoroethylene (PTFE; n = 1.35'%) tubing. Although these tubes
perform equally well under most levels of magnification in
bright-field applications (FEP shown in Fig. 2E [also see Sup-
plemental Movie S1, available online at www liebertonline
.com] 2F, and 2G; PFA and PTFE not shown), they tend to differ
when using red and green fluorescence. We noted that the FEP
tubing produced little autofluorescence in either the green
fluorescent protein (eGFP filter set; Fig. 2H [also see Supple-
mental Movie S2, available online at www .liebertonline.com]
and 2I) or red fluorescent protein (such as an mRFP filter set;
Fig. 2] [also see Supplemental Movie S3, available online at
www liebertonline.com] and 2K) channels. In contrast, PFA
and PTFE tubing showed a higher level of autofluorescence
especially with dimmer transgenic fish lines. In addition to the
polymer tubing, we also tested a common zebrafish lab reagent,
a borosilicate glass capillary (1 = 1.48'°). For live embryos, the
glass capillary was optically matched to a surrounding solution
of 50% sucrose (Table 2). This combination provided a clear and
crisp image in bright-field applications, but also produced a
dark shadow on the edge of the capillary. In fluorescent ap-
plications there was no autofluorescence, however. Overall,
when photographing a live embryo, we recommend the use of
FEP tubing due to its modest cost, lack of autofluorescence, and
crisp optical imaging.

SCORE imaging is also an excellent method for imaging
fixed embryos, such as commonly generated for WISH.
Seventy-five percent glycerol is commonly used to image
WISH embryos and is a suitable optical imaging solution
using borosilicate glass capillaries (Cartoon, Fig. 3A). Use of
the SCORE method on fixed samples is ideal for obtaining
images in both the sagittal (Fig. 3B [also see Supplemental
Movie S4, available online at www liebertonline.com], 3C,
and 3D) and coronal (Fig. 3E) planes. Additionally, the in-
tricacies of the expression pattern can be displayed in alter-
native planes of view. For example, if one were to be
studying the nephric duct staining shown by pax2a using
WISH, the sagittal view does not show both ducts, and the
coronal view is obstructed by additional neural staining (Fig.
3B-E). A ~30° rotation counterclockwise view off the cor-
onal plane (Fig. 3F), however, provides the optimal view of
the nephric ducts (Fig. 3F, arrows). Use of the SCORE
method also allows for a full rotation of a single embryo to be
captured using a video camera attached to the microscope
(Fig. 3B [also see Supplemental Movie 54, available online at
www liebertonline.com]). If needed, a precise angle of ro-
tation can be attained with the use of a mechanical aid to
ensure reproducibility.

The SCORE method is also a simple and efficient system for
creating high-quality wide-field images using standard mi-
croscopes at 50x and 100x magnifications. With the ease and
speed of preparation of samples, this procedure, for example,
allows the user to quickly obtain maximum intensity projec-
tions of z-stacks in the major planes (sagittal, Fig. 4A; dorsal,
Fig. 4B) using a single zebrafish and an ApoTome Grid
Microscope. The image was of high quality up to 100x
magnification using this imaging setup (sagittal, Fig. 4C
[also see Supplemental Movie S5, available online at www
Jiebertonline.com]). The greatest limitation to deploying the
SCORE method of imaging for whole-animal imaging at higher
magnification is the available working distance of most com-
mon objectives.
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Discussion

The key to the SCORE approach is optical correction of an
easy specimen housing method. This approach could be applied
to chemical genetic testing and other related high-throughput
screens. In addition, the use of this method with smaller capil-
laries could be used for imaging single cells, especially over time
with a biocompatible housing solution. Deploying larger
capillaries opens the door to the imaging of many other speci-
mens, including synthetic samples where a full 360° viewing
would be desirable. Finally, the housing method developed here
could be adapted for use in precisely aligning fixed samples for
downstream study such as histological preparation.

Applying the SCORE method at higher magnification is
largely limited by two issues—the distortion by air between
the samples’ cover slip and the lens, and the moderate to low
working distance of traditional lenses, including oil immer-
sion optics. One potential option would be the use of optical
imaging solution compatible immersion lenses, such as those
that work with glycerol and those that work with water. The
main limitation will be the thickness of the specimen in rela-
tion to the working distance of the objective.

Finally, the ready ability to generate high resolution and
multimedia content for scientific articles challenges the con-
temporary publishing paradigm. The current patch solution is
normally a form of supplementary material provided by the
publisher, the authors, or both. Instead, we strongly feel that
moving forward means the use of a new generation of sci-
entific format that directly integrates such imaging data in the
main manuscript.
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