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Abstract We describe here the development and
application of non invasive in vivo methodologies
to the investigation of biological structure, func-
tion and xenobiotic response in see-through meda-
ka (STIIL; Oryzias latipes). In vivo studies in STII
medaka provided novel insights into hepatobiliary
architecture, development and toxic response,
in both 2 and 3 dimensions. As the presented
findings suggest, STII medaka provide a unique
means for high resolution in vivo study, and the
future opportunity to integrate mechanisms of
toxicity (e.g. genomic, proteomic information)
with phenotypic changes at the system level (the
overarching goal of our laboratory). While our
focus has been the hepatobiliary system, other
organ systems are equally amenable to in vivo
study, and we consider the potential for discovery,
within the context of in vivo investigation in STII
medaka, as significant.

Introduction

Exhibiting no expression of leucophores and
melanophores, and minimal expression of xan-
thophores and iridophores, see-through medaka
(STII) are essentially transparent throughout their
life cycle (Wakamatsu et al. 2001), and allow high
resolution (< 1um) non invasive in vivo imaging of
internal organs and tissues at the subcellular level.
By comparison, other medaka stocks develop der-
mal and visceral pigmentation that precludes high
resolution widefield and confocal imaging deep
within organisms. Employing widefield and confo-
cal microscopy technologies, in conjunction with
fluorescent probes, we developed methodologies
for high resolution in vivo imaging at the subcel-
lular level. In embryo, larval and juvenile STII
medaka (from 3 to 60 days post fertilization, dpf)

it is possible to view cells and tissues internally
(resolving features < 1 um in size), and to gener-
ate 3D reconstructions of organs and tissues under
study.

Because our focus was the hepatobiliary sys-
tem, we use as an example, and provide a sum-
mary of, our studies in this organ system in vivo,
from organogenesis through embryonic and larval
stages of development.

Materials and Methods
Medaka

See-through medaka (STII) were provided by
Prof. Y. Wakamatsu, Laboratory of Fresh Water
Fish Stocks, Nagoya University. Our STII medaka
colony, maintained at Duke University since 2002,
are housed in a charcoal filtrated, UV treated
re-circulating system (City of Durham, NC water)
maintained at 25 +/- 0.5°C. Water chemistries
were maintained at: pH (7.0-7.4), dissolved oxy-
gen (6—7 ppm), ammonia (0—-0.5 ppm), nitrite (0
—0.5 ppm) and nitrate (0-10 ppm). Water hard-
ness was maintained at 80-100 mg L™ CaCO3,
following guidelines of the US EPA (Horning and
Weber 1985). A diel cycle of 16:8 hr (light:dark)
was employed. Medaka larvae were fed ground
(pressed through a 60 pm sieve) Otohime B diet
(Ashby Aquatics, West Chester, PA) via an auto-
matic feeder 7 times per day. Because Otohime
3 has been shown to be free of estrogenic com-
plications (Inudo et al. 2004), we considered it
an optimal fish food. In addition, all brood stock
fish diets were supplemented daily with Artemia
nauplia (hatched brine shrimp). Egg clusters,
collected daily, were cleaned in embryo rearing
medium (ERM), and individual fertilized eggs
were separated and maintained in ERM at 25°C.
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Unconsumed diet, detritus and associated algal
material were removed from rearing and brood
stock tanks daily. Care and maintenance of meda-
ka were in accordance with protocols approved by
the Institutional Animal Care and Use Committee
(TACUC; A117-07-04; A141-06-04; A173-03-05).

Microscopy

A Zeiss Axioskopp equipped with DAPI/
TRITC/FITC fluorescence filter cube set (DAPI/
UV: Ex 360-380nm / Em All Vis >400nm, FITC:
Ex 450-490nm / Em 515-565nm, TRITC: Ex 528
-552nm / Em 578-632nm), Zeiss Plan Neofluars
5x/0.15, 10x/0.3, 20x/0.5, 40x/0.85 pol, and
100x/1.3 oil objectives, Photometrics CoolSnap
digital imaging system (2048 x 2048-element
array) and IP Lab (V. 3.0) image acquisition soft-
ware (Scanalytics) was used for widefield fluo-
rescence microscopy. A xenon lamp was used for
excitation. (DAPI-4’-6-Diamidino-2-phenylindole,
TRITC-tetramethylrhodamine isothiocyanate,
FITC-fluorescein Isothiocyanate).

For confocal fluorescence microscopy a Zeiss
510 Meta system with Zeiss LSM 5 Axiovision
image acquisition software, Argon and HeNe
laser and Carl Zeiss C-apochromatic 40x/1.2,
C-apochromatic 10x/0.45 objectives was used.

A Nikon Eclipse E600 with a Nikon DXM
1200 digital capture system, halogen light source,
Nikon plan neo-fluor 10x/0.3 wd16, plan neo-fluor
20x/0.5 wd2.1, plan neo-fluor 40x/0.75 wd0.72,
and plan apo 60x/1.4 wd0.21 (oil) objectives was
used for brightfield microscopy. A Nikon SZM
1500 (dissecting microscope) with a Nikon DXM
1200 digital capture system, Nikon HR plan apo
1x WD354 and Nikon HR 0.5x WDI136 objectives
was used for brightfield microscopy.

Software: Image analysis and compilation
were performed with EclipseNet (Nikon, USA),
Adobe Photoshop (Adobe, Inc.), Imagel (V1.32)),
IP Lab software (Scanalytics, Inc., version 3.55),
and Zeiss Image Browser (Carl Zeiss). All 3
dimensional reconstructions and analyses were
performed with Amira 3D (Mercury Computer
Systems, Berlin).

All transmission electron microscopy (TEM)
was performed at the Laboratory for Advanced
Electron and Light Optical Methods (LAELOM),
College of Veterinary Medicine, North Carolina
State University, on an FEI/Philips EM 208S
Transmission Electron Microscope.

Chemicals and fluorescent probes

A full list of fluorescent probes used is
shown in Table 1. The primary fluorescent
probes employed were; 7-benzyloxyresorufin,
B-Bodipy C5-HPC [BODIPY® 581/591 C5-HPC
(2-(4,4-difluoro-5- (4-phenyl-1,3-butadienyl)-
4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-
hexadecanoyl-sn-glycero-3-phosphocholine)],
Bodipy FL C5-ceramide [N-(4,4-difluoro-5,7-
dimethyl-4-bora-3a,4a-diaza-s-indacene-3-
pentanoyl) sphingosine], DAPI [4’,6-diamidino-
2-phenylindole, dihydrochloride], and fluorescein
isothiocyanate. All fluorescent probes were
administered to STII medaka via aqueous bath in
concentration ranges listed in Table 1. Duration of
exposure times (aqueous bath exposures) varied
for each fluorescent probe, and can be derived
from the values given in initial and peak exposure
column.

Embryo rearing medium (ERM) was prepared
as follows: 1.0 ml Hank’s Stock #1, 0.1 ml Hank’s
Stock #2, 1.0 ml Hank’s Stock #4, 1.0 ml Hank’s
Stock #5, 1.0 ml fresh Hank’s Stock #6, in 95.9 ml
distilled H20, pH 7.2 [Stock #1: 8.0 g NaCl, 0.4
g KCI, in 100 ml distilled H20, Stock #2: 0.358
mg Na2HPO4 Anhydrous, 0.60 mg KH2PO4, in
100 ml ddH20, Stock #4: 0.72 g CaCl2 in 50 ml
ddH20, Stock #5: 1.23 g MgSO4x7H20 in 50
ml distilled H20, Stock #6: 0.35 g NaHCO3 10.0
mls distilled H20]. Other chemicals employed:
Diethylnitrosamine (N-nitrosodiethylamine, Sigma,
N0756), ethinyl estradiol [(1,3,5 (10)-estratriene-3,
17B-diol), Sigma, E-8875], a-napthylisothiocyanate
(Sigma, N4525), B-napthoflavone (Sigma, N-3633),
tricaine-methane sulfonate (Sigma, E10521),
dimethylsulfoxide (DMSO) (Sigma, 276855),
Pronase (streptococcal protease, Sigma), Hank’s
balanced salt solution (Sigma, H5899), phosphate
buffered saline (PBS, sigma).

Statistics

Differences in fluorescence intensity in digital
image captures were analyzed statistically using
Statview software (SAS institute, Cary, NC). Two
way ANOVA with Fisher’s T-test was employed to
assess statistically significant differences in fluo-
rescence intensity. Background fluorescence and
autofluorescence was accounted for in statistical
analyses. Pearson’s Correlation Coefficient was
used for comparison of calculated versus measured
morphometric values in vivo. Equality of Variance
F-test was used for assessment of blood to bile
transport, which was assessed via comparison of
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Table 1. Fluorescent Probes

Initial/
Peak Exposure
Fluorophore Soluble Ex Em Assimila- Concent-
tion Time ration
(min)
7-benzyloxyresorufin DMSO 560 590 30/45 50 uM

In vivo CYP3A activity. Uptake via gill, in vivo metabolism in gill and gut, good for investigating blood to bile transport, IHBPs,
EHBPs and intestinal lumen.

7-Ethoxyresorufin DMSO 30/45 10-50 uM
In vivo imaging of CYP1A activity. Uptake via gill, in vivo metabolism in gill and liver. CYP 1A2, 2E Substrate.
Acridine Orange H,0 500 526 1-5 uM

In vivo labeling of DNA, RNA. Good for apoptosis, interacts with DNA and RNA by intercalation or electrostatic attractions.
BODIPY 505/515: 4,4-difluoro-1,3,5,7-tetramethyl-4-bora-3a, 4a-dia-
za-s-indacene

Uptake via gill, active transport through hepatobiliary system, concentrative blood to bile transport, and secretion from gall bladder
into gut lumen. Good for elucidation of gill, IHBP, EHBP, intestinal lumen. Non-Polar, Lipophilic.

BODIPY FL C5-ceramide: N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,
4a-diaza-s-indacene-3-pentanoyl)sphingosine

DMSO 502 510 15/20 5 yM-100 sM

DMSO 358 461 20/45 5 uM-100 nM

Putative passive transport in vivo. Uptake via gill, transport through cardiovascular and hepatobiliary systems and secretion from
gall bladder into gut lumen.

Bodipy Verapamil DMSO 504 S11 20/60

In vivo Bodipy verapamil localized to hepatocytic cytosol in discrete vesicles. Transport to bile was not observed in the time frame
assayed, which was 90 minutes.

BODIPY® 493/503: 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,
4a-diaza-s-indacene (BODIPY® 493/503)

Uptake via gill, active transport through hepatobiliary system, concentrative blood to bile transport, and secretion from gall bladder
into gut lumen. Good for elucidation of gill, IHBPs, EHBPs, intestinal lumen. Lipophilic, amphiphilic.

BODIPY® 581/591 C5-HPC (Phosphocholine) PC: 2-(4,4-difluoro-5,
7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-pentanoyl)-1-hexa- DMSO 582 593 15/20 30 nM
decanoyisn-glycero-3-phosphocholine

In vivo labeling of intrahepatic and extrahepatic biliary system. Uptake via gill. Hepatobiliary transport to gut lumen. Diffuse fluores-
cence in hepatocyte cytosol.

DMSO 493 504 15/20 10 uM

CellTrace™ Oregon Green® 488 carboxylic acid diacetate, succinimi-

dyl ester (carboxy-DFFDA, SE) *cell permeant* *mixed isomers DMSO <300 none 15/20 10-100 uM
In vivo labeling of hepatic nuclei, potential for detection of apoptosis.

DAPI: 4’,6-diamidino-2-phenylindole, dihydrochloride giﬁ; 358 461 15/60 0.3-3.0 uM
In vivo nuclear labeling of virtually all cell types associated with gill, gut, liver, and cardiovascular system.

DAPI Diacetate: 4’,6-diamidino-2-phenylindole, diacetate ﬁng 358 461 15/60 0.3-3.0 uM

DAPI diacetate is water-soluble form. In vivo nuclear labeling.
Fluorescein-5-isothiocyanate (FITC ‘Isomer I') DMSO 494 519 10/30 1 uM - 50 nM

Excellent in vivo probe for elucidating biliary system. In vivo labeling of intrahepatic and extrahepatic biliary system. Hepatobiliary
transport to intestinal lumen. Uptake via gill.

MitoTracker® Green FM DMSO 490 516 20/30 25-200 nM
In vivo labeling of hepatocytes.

SYTO® 16 green fluorescent nucleic acid stain DMSO 488 518 15/30 10 nM-1 uM
In vivo nuclear labeling of epithelia and endothelia, putative in vivo probe for apoptosis.

SYTO® 27 green fluorescent nucleic acid stain DMSO 495 537 15/50 10 nM-1 pM
Apoptosis.

SYTOX® Orange nucleic acid stain DMSO 547 570 15/50 0.1-5 uM
Apoptosis

YO-PRO®-1 iodide (491/509) DMSO 509 15/60 1 M
Apoptosis

YOYO-1 lodide (491/509) DMSO 491 509 15/50 2-5n1M

In vivo accumulated in interstitial spaces, some labeling of vasculature. Typically used for assays for cell enumeration, cell prolifera-
tion and cell cycle.

28 fluorescent probes were selected for in vivo application based on their molecular weight, utility in elucidating desired struc-
ture/function, on their biocompatibility, and in vivo transport properties (18 probes are shown). The fluorescent probe, a descrip-
tion of findings, solvent used for stock preparation (solubility), fluorescence excitation and emission wavelengths (Ex/Em), initial
and peak fluorescence times, and effective aqueous exposure concentrations are given.
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fluorescence intensities across sinusoid, hepato-
cytic cytosol and canalicular spaces. Descriptive
statistics were used for morphometric analyses.

Histology and immunohistochemistry

All histological sections were prepared by the
Histopathology Laboratory, College of Veterinary
Medicine, North Carolina State University. For
histological studies medaka were fixed in 10%
formalin for 24 hrs. Medaka younger than 20 dpf
were fixed whole. For medaka older than 20 dpf, a
midline incision was made from the anal aperture
to the level of the head kidney, to allow saturation
of abdominal cavity with fixative. Cytokeratins
7, 8, 18 and 19 (Invitrogen) and alpha fetoprotein
(AFP) primary antibodies were used for inves-
tigation of hepatocyte, biliary epithelia and bile
preductular epithelia (cytokeratin profile, cell dif-
ferentiation). Secondary antibodies were; Alexa-
Fluor 488 goat anti-mouse IgG and Alexa-Fluor
488 IgG (Fab fragment). Cryo sections and paraf-
fin imbedded sections were incubated with prima-
ry antibodies at dilutions of 1:100 to 1:200 (PBS)
for 90 minutes at room temperature. Sections
were washed three times with PBS after incuba-
tion with primary antibodies, incubated with sec-
ondary antibodies for 90 minutes at room temp,
and subsequently washed three times with PBS.
Sections were mounted in Ultracruz mounting
medium and examined using a Zeiss Axioskopp
fluorescence microscope.

Xenobiotic exposures

ANIT and DEN exposures were in aqueous
bath at various stages of development, under
acute, chronic and serial exposure conditions.
Acute exposures: medaka were exposed once
to aqueous concentrations of 0.25 pM to 10 uM
ANIT, and assessed at 6, 12, 24, 48, 72 and 96
hrs, and at day 10, 30 and 60 post exposure.
Serial/chronic exposures: time points for expo-
sures are the same as described for acute exposure
conditions, however, for serial exposures, medaka
were re-dosed every 3 days, or once weekly, and
examined at the same points given for acute expo-
sure. For serial exposures static renewal was used
with replacement of solution every three days.
Controls received DMSO (ANIT, DEN solvent)
at same exposure concentrations given for ANIT,
DEN. DEN exposure was for 48 hrs at 200 ppm
in aqueous bath. All exposures were done in 750
ml wide-bottom glass rearing beakers. Aqueous
bath/exposure medium was ERM:deionized water

(1:3). Glass rearing beakers were kept on a 28° C
heating pad. Cohorts of medaka ranged from 10 to
30 fish, depending on the study. From each cohort
of medaka subpopulations were used for; in vivo
assessments, histological and immunohistochemi-
cal studies, and transmission electron microscopy
(TEM) studies.

Results and Discussion

As an overview: in vivo study (methodology) in
STII medaka can be considered to be comprised
of three primary components; (1) sedation, (2)
microscopy/imaging technologies, and (3) fluores-
cent probes. First, we describe each in the context
of methodology development, and then we give
examples of the application of these tools to inves-
tigating biological structure/function and adap-
tive/toxic responses of the hepatobiliary system, in
vivo.

Sedation

For optimal in vivo imaging of larval and
older STII medaka (> 8dpf) we found non lethal
sedation necessary, particularly when work-
ing/imaging at the cellular level. While an ice
bath proved effective for sedation of medaka at
all stages of development, optimal sedation was
achieved with 10 uM tricaine methane-sulfonate
(MS-222). Briefly; STII medaka were placed in a
solution of 10 uM MS-222 (ERM as solvent). As
soon as medaka were anaesthetized (immobile)
they were removed from the sedative bath to a
bath of fresh ERM:deionized water (1:3) for 1 — 2
minutes. Sedated medaka were then placed on a
glass depression well slide with ~ 400 ul of ERM:
deionized water, or enough solution to fill the
depression well, oriented in a desired anatomical
position, and cover-slipped with #2 glass cover-
slips. Sedated medaka were completely immersed
in an aqueous medium while cover-slipped on
the depression well glass slide. Careful attention
was paid to ensuring medaka were as close to the
cover-slip as possible. This entailed positioning
sedated medaka as close to the edge of the con-
cave depression well as possible, thereby ensuring
contact of the dermis with the cover-slip. Such
positioning minimized the fluid medium between
medaka and cover-slip. Even small distances of a
few microns between medaka and the cover-slip
greatly diminished optical resolution (clarity of
cells and tissues), due to diffraction of the image
through the intervening space.
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Figure 1. In vivo imaging of tumor formation in STII medaka: brightfield microscopy. Neoplastic response following early life
stage exposure of STII medaka to the reference hepatocarcinogen diethylnitrosamine (DEN). (A & C) In vivo imaging (bright-
field) of hepatic tumor formation (green arrowheads) in medaka exposed to DEN at an early life stage, showing enlargement of
total liver mass and altered vasculature. Histopathological assessment of the tumor showed mixed hepatocellular (B) and cholan-
giocellular carcinomas (D). Biliary hyperplasia (D) was characterized by a single layer of biliary epithelium lining large cystic
spaces in the liver. Opaque white tissue in brightfield images (A&B) is ovary, the gut occupies caudal most region of the abdomi-

nal cavity.

Microscopy/imaging techniques

Once mounted on a depression well glass slide
medaka were imaged live with brightfield, wide-
field and laser scanning confocal fluorescence
microscopy (LSCM). Each presented specific
advantages and disadvantages, which will be illus-
trated through the in vivo images presented here.
Following, we present an overview of consider-
ations for each imaging modality.

Brightfield microscopy (e.g. Nikon LSM dis-
secting microscope), due to optics and illumina-
tion source, was well suited for investigation at the
tissue and organ level of organization. An example
is shown in Figure 1; where hepatic tumor for-
mation, the result of early life stage exposure to
the carcinogen DEN, was imaged at 10 months
post exposure through the abdominal wall. The
ability to observe/image gross anatomy/whole
animal via brightfield microscopy also provided
a valuable comparative reference for fluorescence
based imaging studies (e.g. LSCM, examples

can be seen throughout the images presented).
Expectedly, brightfield microscopy (dissect-
ing microscope) was not suitable for deep tissue
observations in STII medaka, or for cellular level
investigation/imaging.

Both widefield and confocal fluorescence
microscopy proved excellent for high resolution (<
I pum) in vivo observation/imaging of individual
cells, tissues and organs in living individuals.
While confocal microscopy was superior to wide-
field in virtually all aspects, as will be shown in
the findings presented here, widefield microscopy
was not without merit and should be considered
a practical means by which to undertake in vivo
investigations in STII medaka. For instance,
widefield microscopy was at times employed as
a screening method, and for methodology refine-
ment, when access to a confocal microscope was
not possible (a problem not uncommon in many
research facilities). The fundamental drawback
to widefield was optical resolution; an undesired
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greater depth of field, and resolution inferior to
that obtained with confocal microscopes.

By example: in vivo investigations into hepato-
biliary transport (discussed later) necessitate the
spatial resolution provided by confocal imaging.
Because of the lack of resolution (depth of field
permitted with Xenon laser and standard Neo-
Fluar objectives, see materials and methods),
widefield fluorescence microscopy was limited
to qualitative studies (vs. quantitative in vivo
study/imaging). The depth of field with the 60X
Plan Neo-Fluar objective on our Zeiss Axioskopp
(widefield) was 0.65 um; technically, compa-
rable to confocal. However, this 0.65 pum depth of
field represents only the field of fine focus. Also
resolved, due to illumination by Xenon laser light-
ing source, were out of focus planes above and
below the plane of focus. It follows that due to
reflection and refraction from tissues above and
below the plane of imaging, optical resolution was
diminished, and fluorescence based studies were
limited to semi-quantitative and qualitative assess-
ments.

In contrast, confocal microscopy (LSCM), due
to limited depth of field and optical resolution,
proved optimal for quantitative in vivo investiga-
tions into hepatobiliary transport (transport of
fluorophores from blood to bile). Confocal micros-
copy also offered the advantage of acquisition of
confocal stacks of up 100 um in depth, at planes
of section from 0.5 ym to 2 pm. Further, individ-
ual confocal stacks could be coupled, allowing for
final in vivo confocal image stacks of up 200 um
in depth (the maximal depth, we found, at which
high quality in vivo imaging could be performed)
with the system used.

In summary, while widefield was sufficient for
qualitative study/imaging of hepatobiliary struc-
ture, function and transport, accurate quantitative
study/imaging required the finer spatial resolution
provided by LSCM. Confocal microscopy permit-
ted high resolution in vivo imaging of individual
cells, and subcellular organelles, and enabled 3
dimensional reconstructions (3D) of the hepato-
biliary system via acquisition of in vivo confo-
cal imaging stacks (described in detail below).
Examples illustrating the differences between
widefield and confocal microscopy can be seen
throughout the findings presented here.

Fluorescent probes and endogenous fluoro-
phores
Importantly, fluorescence-based microscopy

proved highly valuable to in vivo investigations.
The use of fluorescent probes in living medaka
greatly enhanced our ability to investigate
hepatobiliary structure/function and xenobiotic
response in vivo. While fluorescent probes have
been widely employed in vitro (e.g. cell culture
based investigations), few commercially available
fluorophores were (at the time the studies were
undertaken) characterized for in vivo use in fish.
Hence, a large part of our work was the explora-
tion of fluorophores that could be employed for in
vivo investigation in medaka (biocompatibility,
efficacy). 43 fluorescent probes were screened,
of these, 28 were found to be useful probes for
elucidation of biological structure and function.
Fluorophores selected for biocompatibility and
utility in analysis of hepatobiliary morphology
and transport are given in Table 1. Probes were
also selected on their ability to be administered
via aqueous bath, and to provide for evaluation of
in vivo transport dynamics/kinetics. That a probe
would exhibit uptake, transport and distribution
via aqueous bath was a priority for selection.
Other options for fluorophore administration were
via intra-peritoneal or intravenous injection (IP,
IV). Because many studies were carried out dur-
ing developmental phases, this would entail IP,
IV, or yolk sac injection in embryos and larvae,
requiring microinjection techniques; a route of
administration that would prove time consuming,
would significantly extend the time required for
in vivo investigations, and that in some instances
may prove harmful to medaka under study (e.g.
embryos, larvae). IP injections can also be incon-
sistent in delivery of the agent introduced (e.g.
injections may occur within the gut lumen, or
peritoneal cavity, thus altering uptake and trans-
port kinetics of fluorophore, toxicant introduced).
For these reasons aqueous bath exposures were
employed as the route of administration for all
fluorophores and toxicants described herein.

A descriptive overview of all probes is not
possible in one report. Hence, for clarity, the
properties of each probe are summarized in Table
1 and their efficacy can be derived from the find-
ings presented in following sections. However,
a discussion of selected fluorescent probes most
frequently employed for elucidation of cell/tis-
sue/organ structure and function is merited.
Metabolic substrates 7-benzyloxyresorufin (7-BR,
CYP3A substrate) and 7-ethoxyresorufin (7-ER,
CYPI1A substrate) were found to be valuable in
vivo probes for investigating CYP3A and CYP1A
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Figure 2. In vivo imaging of hepatobiliary metabolism, bile transport, and parenchymal architecture: widefield fluorescence
microscopy. Illustrated is utilization of tissue autofluorescence and the in vivo application of 7-benzyloxyresorufin (7BR) for
detection of CYP3A metabolic activity. Dechorionated embryos exposed (aqueous bath) to the CYP3A substrate 7BR exhibited
7T-benzyloxyresorufin-O-dealkylation (BROD) activity, which resulted in the generation of the fluorescent metabolite resorufin
(red). Transport of the metabolite through the intrahepatic biliary passageways (TL) of the embryonic liver (L), and concentration
in the gall bladder (GB), was imaged in vivo in living dechorionated embryos. Hence, utilizing autofluorescence properties of tis-
sues in tandem with fluorescent probes aided in vivo elucidation of biological structure and function. All in vivo images from an
individual STII medaka, 6 dpf. (A) Brightfield microscopy, illustrating liver (L) and gall bladder (GB). (B1) Same animal as in
frame A, imaged with widefield fluorescence microscopy (DAPI/UV) illustrating tissue autofluorescence. (B2) Same animal as
frame A: Widefield fluorescence (TRITC) image capture of resorufin (indicative of CYP3A metabolic activity) fluorescence in
the intrahepatic biliary passageways of the embryonic liver (L). Resorufin fluorescence is distinct and limited to the intrahepatic
biliary passageways and gall bladder. (B3) Color composite of Bl & B2, DAPI/TRITC image captures, illustrating resorufin fluo-
rescence (red) in the liver and gall bladder. (C1 & C2) In vivo imaging of hepatic parenchyma, 6dpf, revealing hepatic tubule phe-
notype. 6 to 8 hepatocytes were observed (in transverse section) to form a tubule lumen (TL) at their apical membranes. C2 shows
concentrative transport of resorufin from hepatocellular cytosol to tubule lumen (TL), indicated by increased fluorescence in the
tubule lumen. Red blood cells were observed actively circulating through hepatic sinusoids (S/r). Hepatocyte nuclei (HN).

expression in organs and tissues, and for elucidat-
ing the intra and extrahepatic biliary system, as
well as gut lumen. Both probes, non-fluorescent in
their native state, are metabolically activated (de-
alkylation of 7-BR, de-ethylation of 7-ER) by their
respective CYP enzymes to the anionic fluores-
cent metabolite resorufin. Each have been widely
employed in vitro in microsome and cell culture
based assays (Miller er al, 2000; Schlenk et al,
1997; and others). 7-ER has also been employed
for in vivo CYP1A activity in Fundulus heterocli-
tus and medaka (Willett et al. 1995; Meyer et al.
2002; Nacci et al. 2002; Kashiwada et al. 2007).
Examples of in vivo applications of 7-BR, eluci-

dating in vivo metabolism, transport, and hepatic
tubule phenotype are given in Figure 2.
Sphingolipids, a structurally diverse class
of compounds composed of a polar head group
and two nonpolar tails (akin to phospholipids),
are naturally-occurring compounds found in all
plants and animals. As such, there is potential for
fluorescently-labeled sphingolipids to be incorpo-
rated into live cells. Two fluorescent sphingosines,
B-Bodipy C5-HPC and Bodipy FL C5 Ceramide,
were explored. B-Bodipy C5-HPC, a fluorescently-
labeled phosphocholine, proved biocompatible
and exhibited in vivo properties that were optimal
for elucidating epithelia, endothelia, and hepato-
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Figure 3. Differential uptake and transport of fluorescent probes 8-Bodipy C5-HPC, Bodipy FL C5 and Bodipy 505/515:
widefield and confocal fluorescence microscopy. (A -C) B-Bodipy C5 Ceramide uptake and distribution: (A & B) The ceramide
fluorophore (green) exhibited properties consistent with passive diffusion across cell membranes, with distinct uptake over the
gill (GL) and transport through the cardiovascular system. The fluorophore was not observed to cross the blood-brain barrier
(C), though it persisted in vasculature, with a residence time of hours to days (depending on exposure regime). (D) In contrast,
B-Bodipy C5 phosphocholine (HPC) was observed to label neurons in the hind brain of STI medaka. (D) STII medaka, 18dpf,
confocal fluorescence microscopy (from 3D projection) of B-Bodipy C5 phosphocholine labeling neural bundles in the corpus
cerebelli, crista cerebellaris and medulla, 90 minutes post fluorophore exposure (aqueous bath). Corpus cerebelli, crista cerebel-
laris and medulla are region of interest indicated by gray rectangle in frame C. (E1 & E2) Widefield fluorescence microscopy of
Bodipy 505/515 secretion (red fluorescence) from gall bladder (GB) through the cystic duct (CD) and common bile duct (CBD)
into the gut lumen. Mucosol folds of the gut (MF) elucidated with B-Bodipy C5 Ceramide (green fluorescence; co-administered
with Bodipy 505/515). Ventral aorta (Va), Heart Ventricle (Hv), Heart Atrium (Ha), Liver (L), Pineal Gland (P), Optic Tectum

(01, Otic Vesicle (Ov), Vasculature (V).

biliary transport. B-Bodipy C5-HPC labeled the
majority of all epithelia throughout the body of
STII medaka. While in vivo dynamics/kinetics for
fluorescently-labeled sphingosines like B-Bodipy
C5-HPC and Bodipy FL C5 Ceramide are not
currently known, and little information exists on
their in vivo metabolic properties, in vivo observa-
tions suggest the fluorescently labeled B-Bodipy
C5-HPC behaves as an endogenous sphingolipid,
as B-Bodipy C5-HPC was readily incorporated
into virtually all cell membranes under aque-
ous exposure conditions. For instance, 3-Bodipy
C5-HPC was not only taken up by virtually all
epithelia, but observed to cross the blood brain
barrier, labeling neural bundles in the medulla of
medaka (Figure 3). 8-Bodipy C5-HPC appeared
to be taken up across gill epithelium, and trans-

ported through the cardiovascular system to the
liver and gut. As a small organic cation the in
vivo kinetics of this probe suggested concentra-
tive transport of the fluorophore from blood to
bile (hepatic), with fairly rapid (15 minutes post
exposure) accumulation of the fluorophore in bile.
While empirical and preliminary quantitative
studies suggest concentrative vectorial transport of
this fluorophore, further study will be necessary to
elucidate the mechanisms of transport.

In contrast, the in vivo kinetics of Bodipy FL
C5 ceramide appeared more consistent with pas-
sive diffusion across cell membranes. Uptake and
distribution of the fluorophore was observed to
be substantially slower (15-30 minutes slower)
than B-Bodipy C5-HPC. Whereas the fluorescent
phosphocholine (HPC) saw uptake and concentra-
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Figure 4. In vivo imaging of nuclear labeling. Evidence for in vivo metabolism and nuclear labeling of an experimental anti-
malarial pro-drug, DB289, demonstrates non invasive in vivo imaging of nuclear binding of exogenous compounds. The anti-
trypanosomal diamidine was used for preliminary investigation into the study of absorption, distribution, metabolism and
excretion (ADME), as well as toxicity, in STII medaka. Preliminary results with two DB compounds (DB289 and DB75) suggest
metabolism of the parent compound DB289 and nuclear binding of the active fluorescent metabolite (DB75) to olfactory tissues
and hepatocytes within 15 minutes of aqueous exposure. ADME assessments showed temporal variation in nuclear binding, with
distribution proceeding from liver (L), to gut (Gt) and pancreas (P), and eventually systemic tissues, over a 24 hr period. In rodent
and primate models DB289 is metabolized (activated) to DB75 via a complex pathway involving CYP1A1, 1A2, 3A4, 4F2, 4FB,
2J2 and bS5, prior to nuclear binding. Hence, it is suggested that a similar or homologous metabolic pathways exist in medaka. (A)
STII medaka, 20 dpf: Widefield fluorescence microscopy, control liver (L) at 45 minutes. (B) STII medaka, 24 dpf: 45 minutes
post exposure to DB289 fluorescence of the active metabolite DB75 (confirmed with analytical chemistry) was detected in the
liver and gut (Gt). (C) STII medaka, 26 dpf: 24 hours post exposure fluorescence in the gut lumen was markedly increased. (D &
E) STII medaka, 26 dpf: Higher magnification image showing DNA binding in hepatocytes 72 hrs post exposure. Red cells can be
seen in the lumen of the hepatic vein (Hv/r). (F) STII medaka, 34 dpf: Shown is in vivo image of medaka brain 5 hrs post DB289

exposure. No nuclear binding was observed in the brain up to 10 days of exposure. Optic tectum (Ot), Corpus cerebelli (Ce).

tion in intrahepatic biliary passageways as early
as 15 minutes post administration (aqueous bath),
the fluorescent ceramide was not observed: to
accumulate (peak fluorescence) in the hepatobili-
ary system until ~60 minutes after dosing. Like
B-Bodipy HPC, Bodipy FL C5 ceramide appeared
to be taken up across gill epithelia, and transport-
ed through the cardiovascular system to the liver
and gut (Figure 3). Cardiovascular transport of
Bodipy FL. C5 ceramide was much more distinct
than that of Bodipy HPC, with marked labeling
of endothelium and red blood cells. Bodipy FL
C5 ceramide, because of its apparently slower,
passive uptake, and accumulation in the cytosol
of virtually all cell types, was found optimal for
investigating epithelial cell morphology in vivo.

This fluorophore showed near even distribution
within blood plasma, the cytosol, and intrahepatic
bile passageways. Hence, Bodipy FL C5 ceramide
was the fluorophore of choice for elucidating cell
morphology in vivo; allowing imaging of hepa-
tocellular space, biliary space, and vasculature,
simultaneously.

In summary, both Bodipy FL. C5 Ceramide and
B-Bodipy C5-HPC showed differential transport;
where Bodipy C5-HPC, an organic cation, exhib-
ited kinetics and differential distribution between
blood and bile that suggested active transport, C5
ceramide exhibited slower uptake with an even
distribution through the vasculature, hepatocel-
lular, and bile spaces, consistent with passive dif-
fusion of the fluorophore across cell membranes.
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Table 2. Endogenous Fluorophores

Ex (nm) Em (nm)
Flavoproteins: flavine adenine dinucleotide (FAD), flavin mononucleotide (FMN) 450 550
I?yridine Nucleotides: nicotinamide dinucleotide (NAD), nicotinamide dinucleo- 336 450
tide phosphate (NADP). *The reduced states fluoresce -~ NADPH, NADH
Tryptophan 295 329
Hydroxykynurenine glucoside (3-HGK) 520 550
Serotonin (5-HT) 290/366 340-440/510
5 HIAA 300 350
a-napthol 340 460
Bilirubin 435 500
Protoporphyrin 424/408 594/630
Collagen | 340/500 410/520
Elastin 330 405
Lipofuscin 300 420
Vitamin A 345 490
Vitamin E 295 335
Thiamin (B1) 366 430
Riboflavin (B2) 440 514
Salicylic Acid 319 408

Examples of some the known endogenous fluorophores and their excitation/emission wavelengths are listed.

Overall, both probes were found to be efficacious
for elucidating biological structure/function in
vivo, and thereby, morphological changes (e.g.
cytotoxicity) in response to xenobiotic exposure
(see Figures 3, 6, 8 and 9 for comparison).

The highly lipophilic Bodipy 505/515 and 493,
like B-Bodipy C5-HPC, were also found to be
excellent fluorophores for investigating hepatobili-
ary transport and bile secretion (Figure 3). Both
probes allowed elucidation of the intrahepatic
biliary passageways, extrahepatic biliary passage-
ways, gut lumen, and intestinal lumen (e.g. muco-
sal folds of the gut).

Perhaps the most utilized probe for elucidating
the biliary architecture was the widely employed
fluorophore fluorescein isothiocyanate (FITC).
This small organic cation showed rapid branchial
uptake, with marked differential distribution
between blood and bile. Because of the difference
in concentration of FITC in blood and bile on a
temporal scale, this allowed for high resolution in
vivo investigation into biliary morphology, bile
transport, and xenobiotic response. Examples of
the application of FITC to in vivo investigations
can be seen in Figures 7 & 8.

Several probes were found to be useful for
in vivo nuclear labeling, these were: DAPI 4,
6-diamidino-2-phenylindole, dihydrochloride;

DAPI DiAcetate 4’,6-diamidino-2-phenylindole,
dilactate; CellTrace Oregon Green 488 carboxylic
acid diacetate, succinimidyl ester; and the SYTO®
series of fluorescent probes from Invitrogen (e.g.
SYTO® 16 green fluorescent nucleic acid stain).
An additional example of in vivo investiga-
tion of nucleophilic fluorophores can be seen in
preliminary studies examining the absorption,
distribution, metabolism and excretion, as well
as toxicity (ADME/Tox), of an experimental pro-
drug for treatment of trypanosomiasis (Figure 4).
Preliminary results with two anti-trypanosomal
compounds, termed DB compounds (DB289 and
DB75), revealed metabolism of the parent com-
pound, DB289, and nuclear binding of the biologi-
cally active fluorescent metabolite, DB75, to gill
epithelia and hepatocytes within 15 minutes of
exposure. Temporal assessment of distribution and
metabolism showed nuclear binding of the metab-
olite increased with time, peaking at 90 minutes,
with distribution expanding to the gut, pancreas
and systemic tissues over a 24 hr period. In rodent
and primate models DB289 is metabolized via
a complex pathway involving CYPIA1l, 1A2,
3A4, 4F2, 4FB, 2J2 and b5 (Dr. J.Ed. Hall, UNC
Chapel Hill, personal communication). Hence,
similar or homologous metabolic pathway(s) like-
ly exist in medaka, though such pathways remain
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to be elucidated.

The ability to label and visualize nuclei of
individual cells in organs and tissues proved
valuable not only for structural elucidation, but
for differentiation between nuclei and cellular
lesions (described later in the xenobiotic response
section), where nuclei were differentiated from
hydropic vacuoles. The efficacy of the nuclear
labeling fluorophores is illustrated in Figure 4 and
0.

In addition to the utilization of exogenous
fluorophores, autofluorescence of live cells also
proved useful in delineation of cellular and tissue
morphology in vivo. Autofluorescence is an innate
a property of living cells (*note, we observed the
autofluorescence of non viable cells and tissues
was diminished relative to their viable counter-
parts). A variety of endogenous compounds are
known to exhibit autofluorescence under a variety
of excitation/emission spectra (Table 2). Among
these, endogenous fluorescence of nicotinamide
adenine dinucleotide phosphate (NADPH), ribo-
flavin, flavin co-enzymes and flavoproteins, as
well as porphyrins, are each used as indicators of
enzyme activity and physiological state in living
cells (Boonacker and Van Noorden 2001). For
instance, NADPH fluoresces in its reduced state,
but not in its oxidized state (e.g. NADP). In con-
trast flavin adenine dinucleotide fluoresces in its
oxidized state (FAD), while fluorescence is unde-
tectable when reduced to FADH,. Because each of
these endogenous fluorophores is widely employed
in a variety of cellular processes, they, by their
fluorescence, can be good indicators of cell viabil-
ity and function. For instance, Ramanujam et al
(1994) reported that dysplastic cells exhibited
greater fluorescence, likely due to increased meta-
bolic rate of altered cell types. From these find-
ings UV light excitation has been used to differ-
entiate neoplastic cervical tissue from normal tis-
sues, in vivo (Ramanujam et al. 1994). Similarly,
differential fluorescence has been employed to dis-
tinguish normal, hyperplastic, and adenomatous
human colonic mucosa epithelia cells (primary
cell cultures) (DaCosta et al. 2005).

Of the endogenous fluorophores, NADPH is a
likely candidate for much of the tissue autofluores-
cence observed in vivo in the findings presented
here (where we employed excitation of ~350-400
nm, DAPI/UV). Excitation at this wavelength
resulted in autofluorescence in virtually all cell
types in medaka. The same has also been reported
for mammalian and other piscine species (see

review by Boonacker and Van Noorden, 2001).

While UV/DAPI can be phototoxic to cells,
it was at times of value to utilize this excitation
wavelength (autofluorescence of tissues) to eluci-
date morphological features otherwise difficult to
visualize. For instance, UV/DAPI excitation was
highly useful for visualizing the vasculature of
medaka liver, and vasculature throughout the body
(blood plasma was relatively non fluorescent com-
pared to individual epithelial, endothelial and red
blood cells). UV/DAPI was also useful for visu-
alizing individual cells in vivo (e.g. hepatocyte
morphology). Hence, by utilizing the autofluores-
cence properties of cells/tissues savings in time
and materials may be realized, negating the need
to administer exogenous fluorophores to elucidate
cellular/tissue morphology in vivo.

At other excitation/emission wavelengths
(TRITC/FITC) tissue autofluorescence was less
distinct, and less widely distributed in cell/tis-
sues, than that observed with DAPI/UYV. However,
autofluorescence of bile fluid was very distinct
under both TRITC & FITC illumination. Because
of this TRITC/FITC excitation/emission could
be employed to detect the onset of bile synthesis
(endogenous bile fluorescence), and to observe
bile transport in vivo. Of interest, we observed
bile autofluorescence to vary on a temporal scale,
a fact which merits further detailed study. While
TRITC/FITC excitation resulted in distinct
autofiuorescence of intra- and extrahepatic bile
passageways, as well as gall bladder, it was not
consistently observed, suggesting variations in
bile composition, perhaps due to varying concen-
trations of endogenous fluorophores (in bile) pre-
viously discussed (e.g. NADP, FADH, porphyrin
compounds). For this reason, it was not possible to
fully utilize bile autofluorescence alone as an indi-
cator of transport of specific bile constituents.

In vivo description of hepatobiliary development

In vivo observation/imaging permitted detailed
study and description of development of the
medaka hepatobiliary system. This included
observation/description of hallmark events such
as organogenesis, the onset of bile synthesis and
transport, and metamorphosis of the liver from
an embryonic to adult phenotype (Figure 5). The
ability to make in vivo investigations at various
stages of hepatobiliary development led to impor-
tant insights (e.g. parenchymal architecture during
embryonic, larval and juvenile stages of develop-
ment) (Hardman et al. 2007). While a lengthy dis-



54

R. C. Hardman et al.

100 pm
11 dpf

B

20 dpf



In vivo imaging in STII medaka (Oryzias latipes) 55

cussion of these events is beyond the scope of the
article, Figure 5 provides an overview of results
from these studies.

Quantitation of hepatobiliary transport in vivo

Perhaps the more salient examples that best
illustrate the utility of in vivo investigation in STII
medaka are those that characterized the 3D archi-
tecture of the medaka liver, and elucidated hepato-
biliary transport and xenobiotic response.

Transport of solutes from blood to bile is a
vital liver function. It is through bile synthesis and
transport that xenobiotics of environmental origin
(e.g. environmental toxicants/toxins, pharmaceu-
ticals), and endogenous metabolic by-products,
are either safely removed from the system, or,
with systemic accumulation, result in morbidity/
mortality. Inhibition/impairment of bile transport
(cholestasis) commonly results in morbidity/mor-
tality in mammals, and little is known about bile
transport in piscine species and the relationship of
impaired transport function in these organisms to
disease and toxicity. While it is becoming increas-
ingly apparent that many piscine species share
bile synthetic and transport mechanisms with their
mammalian counterparts (Hagey 1992; Moschetta
et al. 2005; Hinton er al. 2007), no studies on fish
cholestasis in response to disease and toxicity
exist.

Our preliminary investigations show in vivo
quantitation of hepatobiliary transport in STII
medaka is possible. Using fluorescent probes
success was achieved in establishing methods
for quantifying blood to bile transport in vivo
(Figure 6). For accurate quantitation of transport
several key elements were necessary. Most of
the hurdles to quantitation were found to be digi-

tally based, or rather, lay in microscopy/imaging
technologies, rather than limits imposed by the
STII animal model itself. For instance, one of the
primary issues was standardization of micros-
copy techniques (Taylor and Wang 1989; Webb et
al. 1990; St. Croix et al. 2005). Exposure times
while imaging (e.g. fluorophore quenching), laser
intensity (excitation), fluorophore concentration
in the exposure bath, and imaging depth in vivo
(e.g. how deep into the tissues you are imaging),
were all found to influence and define the digital
image information captured in vivo, and this, is
turn, affected quantitation of digital information.
Hence, an important consideration was the type
of software used for digital image acquisition
and quantitation. This was/is a potential source
of error if not well understood. For instance, for
some software programs, such as Imagel, digi-
tal image format (whether the digital image was
8, 16 or 32 bit, color or grayscale) potentially
affected quantitative analysis. These parameters,
pixel depth and color profile, are determined by
the image acquisition software (software that
interfaces with digital CCD cameras on confo-
cal or widefield microscopes; in this case IP Lab
was the software acquisition program for the
widefield microscope, Zeiss LSM 5 Axiovision
image acquisition software for the confocal micro-
scope). Hence, while digital image acquisition,
in our case, occurred in IP Lab and Zeiss LSM 5
Axiovision programs, quantitation was performed
using third party software (ImagelJ, Zeiss Image
Browser 5 and Amira 3D, see materials and meth-
ods). Hence, it was often necessary to convert the
original image (acquired) to a pixel depth and
color profile that was optimal and/or compatible
with the quantitation software employed. Perhaps

Figure 5.

In vivo investigations of hepatobiliary development. (Al:First Row) Brightfield microscopy. (A2:Second Row)

Widefield fluorescence microscopy, DAPI and TRITC composites revealing gall bladder (GB, red) position. (A3:Third Row)
Widefield fluorescence microscopy, DAPI autofluorescence elucidating vasculature. At day of hatching, 8 dpf, the liver was found
as the L5 phenotype, left lateral and ventral to the 3rd somite (A1-A3 1st column). From 8 to 11 dpf the L5 liver and gall blad-
der descended to the ventral abdomen, with marked restructuring of the associated vasculature. (A4, A5) Translocation of the
L5 liver and gall bladder to the ventral abdomen was characterized by: descent of the liver and GB, which remain in longitudinal
position, yolk resorption, the disappearance of the stomatodeal and proctodeal membranes (not shown), the onset of peristalsis,
and the beginning of respiration. (A4) Brightfield microscopy, 11 dpf, ventral view, showing liver (L), gall bladder (GB) and lipid
droplet (LD). (AS5) Widefield fluorescence microscopy, DAPI/TRITC composite, ventral view, elucidating liver, gall bladder and
vasculature. The onset of metamorphosis of the hepatobiliary system to a transverse position in the rostral abdominal cavity (adult
phenotype) began at 11 dpf. (B) Widefield fluorescence microscopy, DAPI image capture, ventral view. By 20 dpf the liver and
gall bladder were transverse in the ventro-rostral abdominal cavity, marking the attainment of the adult phenotype. As can be
discerned from the images shown, marked restructuring of the vasculature accompanied metamorphosis of the liver and gall blad-
der from an embryonic to adult phenotype. While such observations are purely descriptive, they permitted elucidation of hallmark
events in hepatobiliary development and helped characterize normalcy in vivo. Liver (L), Gall Bladder (GB), Heart Atrium (Ha),
Heart Ventricle (Hv), Sinus Venosus (Sv), Hepatic Vein (Hv), Left Duct of Cuvier (Ldc), Median Yolk Vein (Myv), Lipid Droplet
(ID)
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Figure 6. In vivo quantitation of hepatobiliary transport. Fluorophores such as B-Bodipy C5 phosphocholine, shown here,
enabled in vivo elucidation of the biliary system and quantitation of blood to bile transport. (Al) Brightfield microscopy of STII
medaka at 30 dpf. Green algae can be seen in transport through lumen of the gut. (A2) Widefield fluorescence microscopy of
region of interest indicated by gray square in Al, showing B-Bodipy C5 phosphocholine fluorescence in intrahepatic biliary pas-
sageways (IHBPs) of the liver (L) and gall bladder (GB). (B1) STII medaka, 9 dpf, confocal DIC microscopy. In longitudinal sec-
tion 2 rows of hepatocytes and their nuclei (HN) characterize parenchymal architecture. Stacked ovate structures are red blood
cells in circulation through the sinusoids (S/r). Red cells appear flattened due to active circulation of cells through sinusoids,
and resulting distortion during imaging. (B2) Same as Bl, single frame from in vivo confocal image stack capturing B-Bodipy
CS5 phosphocholine (green fluorescence) in transport from blood to bile, through intrahepatic biliary passageways (IHBP) of the
liver. The fluorophore was imaged in vivo 30 minutes post administration (aqueous bath). (B3) Composite of frames Bl and B2
localizing fluorophore transport to area between apical membranes of adjacent hepatocytes, suggesting active transport of the
fluorophore into THBPs. (C & D) Frame C is surface map of region of interest (white square) in frame B2, illustrating concentra-
tive transport of the fluorophore from sinusoidal space (S) to bile space (BP). The white rectangular region of interest in frame
B2, spanning an 18.3 um area from blood to bile (sinusoid to canaliculus), was quantitatively assessed (frame D), and suggested
B-Bodipy C5 phosphocholine concentration (fluorescence intensity) to be ~20 times greater in the biliary passageway (IHBP) than
in sinusoidal space (S). Also evident is an increase in cytosolic (Cyt) concentration of the fluorophore, while no fluorescence was
detected in the nucleus (HN). These types of studies demonstrated concentrative transport of fluorescent probes from blood to
bile can be imaged and quantitatively evaluated in vivo. Also illustrated is the utility of fluorophores such as f-Bodipy C5 phos-
phocholine in elucidating bile canaliculi, ductules and ducts. Confocal images captured with C-apochromatic objective, 1.2 NA
w/correction, 488 nm excitation, Zeiss LSM 510.
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Blood to Bile Transport In Vivo: B-Bodipy C5 Phosphocholine (HPC), Bodipy C5 Ceramide,
Fluorescein Isothiocyanate (FITC), Area Averages, STIl Medaka 12 dpf
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Figure 7. Quantitative analysis of blood to bile transport in vivo: B-Bodipy C5 phosphocholine (HPC), fluorescein isothiocya-
nate (FTIC) and Bodipy C5 ceramide. Quantitative analysis of differential blood to bile transport between B-Bodipy C5 phos-

phocholine (HPC), fluorescein isothiocyanate (FTIC) and Bodipy C5 ceramide. All fluorophores were imaged in vivo at peak

uptake times (Table 1). Differences in blood to bile transport between all three fluorophores are suggested when measured values
(means) of fluorescence intensity across sinusoid, cytosol and canalicular spaces were assessed. The most marked differences
were between -Bodipy C5 phosphocholine and fluorescein isothiocyanate, and Bodipy C5 ceramide. This was considered to
be due to (based on in vivo observations) active transport of both B-Bodipy C5 phosphocholine and fluorescein isothiocyanate
vs. passive transport of Bodipy C5 ceramide. Interestingly, while there was clear concentration of the ceramide fluorophore in
the canaliculus, transport of the fluorescent ceramide saw decreased fluorescence intensity in the cytosol, as compared to both
sinusoid and canaliculus. Equality of variance F-test comparing measured values (repeated measures, which varied from 30 to 70
depending on number of stacks and available fields) in cytosol, sinusoid and canalicular spaces are given with P-values.
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Figure 8. In vivo imaging of hepatobiliary response to ANIT exposure: canalicular attenuation & dilation. (A) In vivo confocal
image of untreated medaka liver (30 dpf), note uniformity of diameter of IHBPs. (B-B1) In vivo confocal image of ANIT treated
medaka liver (24 dpf) showing dilated and attenuated bile canaliculi (red arrowhead points to attenuation, white to dilation) at 48
hrs post exposure to 2.5 uM ANIT. Only the intrahepatic biliary passageways are fluorescent (FITC, green). Parenchyma is large-
ly non fluorescent, aside from weak and diffuse fluorescence of hepatocellular cytosol. (B1) Dilated canaliculi (black arrowhead,;
elucidated with FITC) were found to be up to approximately 3 times normal diameter (e.g. 3.9 um diameter in dilated vs. 1.3 ym
average diameter in normal canaliculi). Attenuated canaliculi were distinct, appearing as fine sinuous passageways measuring 0.4
um to 0.8 pm in diameter (*canalicular attenuation/dilation was not readily apparent in histological and ultrastructural studies).
(C) Non invasive in vivo confocal image 10 days post exposure to 2.5 pM ANIT (chronic exposure) illustrating bile preductu-
lar lesions (red arrowheads), characterized by loss of preductule membrane integrity and loss of uniformity in lumen diameter.
Intrahepatic biliary passageways elucidated here with Bodipy C5 Ceramide. Black arrowhead illustrates appearance of normal
bile preductule. (C1) Transmission electron micrograph illustrating changes to bile preductular epithelia (BPDEC) associated with
preductular lesions, which showed increased cytosolic area and vacuolation (red arrowhead). In vivo observations helped lead to
the hypothesis that ANIT induced BPDEC toxicity is responsible for bile preductular lesions observed, and that these cells are
early targets of ANIT toxicity, with hepatocellular responses observed subsequent to BPDEC response. (D) Example of 3D recon-
struction of damaged preductule reveals the damaged bile passageway (green) was blind ending, not interconnected with other
segments of the intrahepatic biliary network. Also shown are bile preductular epithelial cells (purple), suggesting the damaged
area was a canaliculo-preductular junction. In (A, B, B1) IHBPs elucidated with FITC, in (C) with Bodipy C5 ceramide.

one of the most important factors was the tempo-
ral scale of study, or the time of image acquisition.
Most fluorophores used for investigation of blood
to bile transport were observed to be assimilated
by medaka fairly rapidly (15-20 minutes for ini-
tial uptake from aqueous bath). Peak uptake (or
saturation), occurred some 15 to 90 minutes later,
depending on the fluorophore used (Table 1).
Hence, in developing in vivo methodology for
quantifying hepatobiliary transport, several key
elements were/are required. First, uptake, distri-
bution and transport of individual fluorophores

should need full characterization for standardiza-
tion of protocols. This entails characterizing tem-
poral changes, as well as the effect of fluorophore
concentration (aqueous bath) on uptake and trans-
port dynamics/kinetics. In our investigations rig-
orous study and thorough determination of fluoro-
phore dynamics/kinetics in vivo was not possible
due to the lack of a dedicated confocal instrument,
and time. In lieu of this type of characterization,
peak uptake times, and a time frame subsequent to
peak uptake time that allows for in vivo imaging
and quantitation of transport, was determined for
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Figure 9. In vivo imaging of hepatobiliary response to ANIT exposure: hydropic vacuolation. ANIT concentrations (aque-
ous bath exposures) of 2 to 8 uM resulted in a marked “pebbling” of the liver. This terminology was used due to morphological
appearance of the liver, first observed in vivo with widefield fluorescence microscopy. (A) STII medaka control, 16 dpf, show-
ing the normal smooth appearance of the parenchyma in vivo as viewed with widefield fluorescence microscopy at 24 hrs. Liver
(L), Gut (Gt). (B&C) STII medaka, 20 dpf, widefield fluorescence FITC image captures illustrating the distinct parenchymal
pebbling in response to ANIT. Non invasive in vivo imaging elucidated what appeared to be ovate structures within the cytosol
of hepatocytes, giving a pebbled appearance to the plane of focus in the liver. This phenotype was observed with the aid of auto-
fluorescence alone (DPAP/UV, TRITC), no fluorophores were necessary for visualizing this cellular response. Gall bladder (GB,
Sinusoid (S). (D) ANIT exposed medaka were simultaneously treated with the nuclear stain DAPI (aqueous bath) to label hepato-
cyte and biliary epithelial cell nuclei. After 1 hr of DAPI exposure the hepatobiliary systems of medaka were imaged in vivo via
widefield fluorescence microscopy. These investigations revealed intracellular ovate structures (black arrowhead) did not label
with DAPI, and were distinguishable from hepatic and biliary epithelial nuclei (gray arrowhead). (E&F) Experiments investigat-
ing apoptosis were performed with YO-PRO-1, a nucleic acid stain. Image E shows uptake of YO-PRO-1 into cells with com-
promised cell membranes. (F) In vivo confocal image of YO-PRO-1, a DIC and TRITC composite. In the grayscale DIC image
hydropic vacuoles (black arrowhead) are readily apparent. Associated with hydropic vacuolation was a slight increase in apopto-
sis, suggested by green fluorescence of YO-PRO-1 (cell type not known). (G) Semi-thin section (toluidine blue) showing hydropic
vacuolation (black arrowhead) at 24 hrs, 4 pM ANIT dose. Numerous vacuoles are present in a single field. (H & I) Transmission
electron micrographs further elucidated hydropic vacuoles in both hepatocytes (black arrowhead, H) and bile preductular epithelia
(black arrowhead, I). Vacuoles ranged from 2 to 10 pm in diameter and were found to be partially to completely filled with elec-
tron dense cellular infiltrate.
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Figure 10. In vivo imaging of hepatobiliary response to ANIT exposure: passive hepatic congestion. (A) Widefield fluorescence
DAPI/UV, control liver (L), 20 dpf, 24 hrs post ANIT exposure, showing the normal in vivo appearance of hepatic vasculature
(black arrowhead). Hepatic vasculature appears dark (non fluorescent). Epithelia of parenchyma appears light gray. (B &C) At 4
uM ANIT, 24 hrs post exposure, modest dilation of hepatic vasculature (black arrowhead) was observed throughout the liver, as
early as 6 hrs post exposure. Image B is DAPI/UV (autofluorescence), image C is TRITC (autofluorescence). (D) At 8 uM ANIT,
24hrs, marked dilation of the intrahepatic vasculature was observed (DAPI/UV). (E) In vivo confocal imaging, acquired at 48
hrs post ANIT exposure, confirmed dilation of intrahepatic vasculature (black arrowhead) was a pan-hepatic response, occurring
uniformly throughout the liver. Vasculature is dark gray, hepatocytes and their nuclei fluoresce green. (F) Transmission electron
micrograph (8 uM, 20 dpf, 48 hrs post exposure) of an intrahepatic vessel in ANIT treated medaka, revealing abnormal sinu-
soid/endothelial cell morphology (S). A single red blood cell can be seen in the sinusoid lumen. Endothelium is highly attenuated.
In tandem with morphological changes were changes to cardiovascular function; decreasing heart rate and motility along with

increase in vasodilation, in medaka exposed to 0.5 uM to 8 puM ANIT, was observed.

each fluorophore employed. We provide in Table
1 times at which fluorescence was first observed
in the biliary passageways of the liver (uptake),
and the time when fluorescence peaked (satura-
tion). After peak fluorescence was achieved, fluo-
rescence (fluorophore concentration in vivo) was
assumed to be at a steady state as long as medaka
remained under constant exposure to the fluoro-
phore in aqueous medium. At this point, transport
kinetics were assumed to have reached equilib-
rium (at the exposure concentrations given).

For these studies, it was decided that image
acquisition would occur during the time frame
that sees initial maximal uptake (saturation), or
the time when fluorescence intensity peaks at a
given exposure concentration, and for a predefined
period of time following the onset of peak fluo-

rescence, determined prior to study. These char-
acteristics were found to be unique for each fluo-
rophore. Hence, in these studies, in vivo imaging
was done at the onset peak fluorescence and for,
on average, no more than 30 minutes post peak
fluorescence.

Lastly, quantitation is based on a measure of
fluorescence intensity, the units of which can vary
depending on pixel depth and color profile (e.g.
brightness, saturation, grayscale value). Hence,
there are multiple variables (potentially confound-
ing factors) that need to be controlled for in order
to accurately quantify transport of exogenously-
administered fluorophores in vivo.

With the above factors accounted for, prelimi-
nary findings on quantitation of in vivo transport
suggest quantitation of hepatobiliary transport in
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Hepatocellular
Space

Figure 11.Example of 3D reconstruction of hepatic parenchyma from in vivo confocal image stack: bile preductules and pre-
ductular epithelial cells. Shown is an isolated section of the parenchyma showing the 3D characteristics of bile preductular epi-
thelia (BPDEC) and bile preductules (BPD), the latter a unique morphological feature created by junctional complexes between
BPDECs and hepatocytes. Hepatocytes, which occupy the negative/empty space, are not rendered for visual clarity. A canaliculus
(C) is shown joining a bile preductule. The background grayscale image is a single frame from a confocal image stack. Red blood
cells are seen captured in circulation through sinusoids of the liver (S/r). To our knowledge this was the first rendering of this
junctional complex (bile preductule) in 3 dimensions, the evaluation which provided novel insights into parenchymal organiza-

tion.

STIH medaka is possible. For instance, empirical
observations suggested differential uptake and
transport dynamics/kinetics between B-Bodipy
C5-HPC, Bodipy C5 Ceramide and fluorescein
isothiocyanate. For quantitation, digital image
captures from in vivo investigations were con-
verted to both RGB 32 bit color, and 8 bit gray-
scale. These were then analyzed in Imagel using
the following techniques: regions of interest
(ROIs) were defined for sinusoid lumen, hepa-
tocyte cytosol, and canalicular/bile preductular
lumens. ROIs were measured for fluorescence

intensity (brightness value) in both RGB 32 bit
color, and 8 bit grayscale images. In any given
image multiple ROIs were randomly selected, for;
sinusoidal space, cytosol space and bile space.
For instance, in a single confocal stack multiple
ROIs were measured in each of the three com-
partments, resulting in repeated measures. These
values (fluorescence intensity), as well as the total
area measured for sinusoid, cytosol and bile space,
were imported to MS Excel and Statview for sta-
tistical analyses. Means were taken for each set of
measures (sinusoid, cytosol, bile space) and used
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for plots/graphs. Descriptive statistics as well as
bivariate analyses were used for quantitation of
blood to bile transport. While differences between
Bodipy C5 ceramide, and 3-Bodipy C5-HPC and
fluorescein isothiocyanate were expected, the
more subtle, statistically significant differences
between B-Bodipy C5-HPC and fluorescein iso-
thiocyanate (Figure 7) were especially interesting.
In contrast to C5 ceramide, which exhibits kinet-
ics more consistent with passive diffusion across
cell membranes, the latter two fluorophores exhib-
ited kinetics more consistent with active transport.
That these differences are putatively indicated
here in quantitative results is promising for future
investigations into quantifying transport of solutes
from blood to bile in vivo.

3 Dimensional hepatobiliary architecture: in
vivo studies

Non invasive in vivo imaging allowed the gen-
eration of 3D models of the medaka hepatobiliary
system. Using confocal fluorescence microscopy
(LSCM), in tandem with exogenous fluorophores,
we were able to elucidate hepatocellular, biliary
and vascular components of the liver. Briefly; the
fluorescent probes 7-benzyloxyresorufin (7-BR),
Bodipy C5-HPC, Bodipy FL C5-ceramide, DAPI,
and fluorescein isothiocyanate (FITC) were
administered to living STII medaka in aqueous
bath to elucidate specific elements of the hepato-
biliary system (e.g. hepatocytes, endothelial cells,
biliary epithelia, bile passageways). Individual
medaka were exposed to fluorophores (aqueous
bath) at the following concentrations and dura-
tions: 7-BR (10-50 uM, 10 to 30 minutes), Bodipy
C5-HPC (30 nM-10 uM, 10 to 30 minutes),
Bodipy FL C5-ceramide (500 nM-5 uM, 10 to 44
minutes), FITC (1 nM-50 uM, 10 to 30 minutes).
After 15-45 minutes of fluorophore exposure STII
medaka were sedated, mounted on depression well
glass slides with cover slip and imaged live using
confocal fluorescence microscopy (LSCM), at
various stages of development (8—60 dpf).

Confocal stacks from in vivo imaging of the
hepatobiliary system were then imported into the
3D rendering and analytical software, Amira 3D.
Confocal stacks were comprised of 0.5 um to 2
um sections (space between individual images/
scans), though 0.5 was most commonly employed.
Stacks were typically 90 to 120 pm thick (depth of
scan), though in some instances these were com-
bined to create stacks of up to 200 pm in thick-
ness. 3D reconstructions were then used for archi-

tectural, morphometric and volumetric analyses.
3D analyses yielded important insights, which
may not have been possible using standard 2
dimensional histological and ultrastructural
methodologies alone (Hardman et al. 2007). For
instance, 3D analyses revealed that: (1) the hepatic
parenchyma is organized as a hexagonal structural
motif (polyhedral tessellation), evident in the fine
structure of the biliary system; (2) the biliary sys-
tem is an interconnected network of canaliculi and
bile preductules that perfuses the majority of the
liver corpus (~95%) uniformly, with equidiameter
intrahepatic biliary passageways (IHBPs) (1-2
pum) observed throughout the liver; (3) larger bile
ductules and ducts were observed only at the liver
hilus, and consequently an arborizing biliary tree
was absent, seen only in the rudimentary branch-
ing of intrahepatic ducts from the hepatic duct;
(4) parenchymal architecture is a predominantly
2 cell thick muralium, though tubule-like forma-
tions may also comprise the muralium; (5) the
livers of these small fish are replete with BPDECs,
the putative mammalian corollary of bipotential
progenitor/stem cells; (6) BPDECs and hepato-
cytes form unique junctional complexes that cre-
ate bile passageways (bile pre-ductules). The latter
findings were of particular interest given impor-
tance of these cell types, and were made pos-
sible by 3D investigation of BPDEC-hepatocyte
junctional complexes. By example; when exposed
to the complete carcinogen diethylnitrosamine
(DEN), hepatocytes and biliary epithelial cells
give rise to tumors of the medaka liver (Okihiro
and Hinton 1999). Both partial hepatectomy and
bile duct ligation followed by high resolution
light and electron microscopic findings in trout
(Okihiro and Hinton 2000) have shown small
diameter biliary epithelial cells that form junc-
tional complexes with hepatocytes. Furthermore,
the cells lining portions of the intrahepatic biliary
system between canaliculi and biliary ductules/
ducts proliferate as response to bile duct ligation
or partial hepatectomy. These cells, termed bile
preductular epithelial cells (BPDECs) (Hampton
et al. 1988; Hampton ef al. 1989), may be the tele-
ost equivalent of mammalian oval cells (Golding
et al. 1996; Fausto and Campbell 2003). Due to
their small size, these cells are not easily seen
in survey light micrographs of medaka liver. By
coupling this transparent organism with specific
fluorophores, we are able to “see inside” living
organisms to record normal structure and toxic
alterations. Examination of 3D models revealed
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BPDECs to occupy the center of unique morpho-
logical formations created by bile preductular epi-
thelial cells and hepatocytes (Figure 11).

Findings from 3 dimensional studies also sug-
gest the hepatobiliary system in medaka can be, as
a conceptual model, considered a single functional
unit of the vertebrate liver, akin to individual unit
of the mammalian lobule (Hardman et al. 2007).
While our focus was the hepatobiliary system, it
should be evident from the findings presented here
and previously (Hardman er al. 2007) that these
types of investigations (3D) in other organ sys-
tems, using the same or similar methodologies, is
possible.

In vivo investigation xenobiotic response

Because the ability to investigate xenobi-
otic response in vivo is one of the most valu-
able features of the STII medaka animal model,
and imaging at the cellular level had not been
described, characterization of normalcy (in
vivo structure/function) was essential. This was
accomplished by describing the in vivo phe-
notypes of individual cells/tissues (e.g. hepa-
tocytes, biliary epithelia, endothelium) of the
hepatobiliary and related organ systems, and 3D
structure of the hepatic parenchyma. With nor-
malcy characterized we were then able to apply
this experimental system to investigate toxicity
in vivo. To do so we used the reference hepa-
totoxicants o-napthylisothiocyanate (ANIT),
and diethylnitrosamine (DEN). ANIT has been
employed in rodent studies to investigate biliary
toxicity including cholestasis and arborization of
finer diameter passageways (Masyuk et al. 2003;
Palmeira and Rolo 2004; Ferreira et al. 2005).
DEN has been widely employed to investigate
neoplastic response (Ishikawa and Takayama
1979; Teh 1993; Okihiro and Hinton 1999). In
vivo investigations (responses to xenobiotic expo-
sure) were correlated with histopathology, ultra-
structure and immunohistochemistry for valida-
tion of xenobiotic response/toxicity. An example
of non invasive in vivo serial analysis of the adult
consequence of early life stage exposure to DEN
is given in Figure 1. Shown is an in vivo assess-
ment of neoplastic response of the liver 10 months
post exposure to DEN. Histopathology revealed
the tumor to be comprised of mixed neoplasms of
hepatocellular and biliary origin, and with foci of
biliary hyperplasia..

In vivo examinations of responses of the
liver to ANIT exposure revealed distinct dose

dependent phenotypic changes. By example:
acute exposures to 1-3 uM ANIT (aqueous bath)
resulted in canalicular attenuation and dilation
while chronic exposures to 1-5 uM ANIT resulted
in bile preductular lesions. Lesions appeared, in
vivo, as markedly dilated (up to 6 um) and dys-
morphic canaliculi/bile preductules, suggesting
loss of hepatocellular/bile preductule membrane
integrity (Figure 8). ANIT concentrations of
3-6 uM resulted in a “pebbling” phenotype, the
result of hydropic vacuolation of hepatocytes
and biliary epithelial cells (Figure 9). Aqueous
ANIT concentrations of 6 pM to 8 uM resulted
in a phenotypic changes consistent with passive
hepatic congestion. In vivo investigations revealed
a marked cardiovascular response, where all liver
vasculature, both afferent and efferent vessel and
sinusoids, showed increasing dilatory response to
increasing concentrations of ANIT (Figure 10).
This response was observed under both acute and
chronic exposure regimes. In tandem with vaso-
dilation of hepatic vasculature, was a concomitant
dose dependent decrease in heart rate and motil-
ity. Hence, the magnitude of both the vasodilation
and heart rate responses were dose dependent, and
appeared to be coupled.

Summary

We have presented here the development and
application of non invasive in vivo methodologies
to the study of biological structure, function and
xenobiotic response in STII medaka. The develop-
ment of this in vivo investigatory “system” encom-
passed the validation of 23 fluorescent probes for
in vivo use in STII medaka, and showed for the
first time the application of fluorescent probes to
in vivo study of cells and tissues in STII medaka.
With confocal microscopy, high resolution (<
lum) in vivo imaging was achieved, permitting
full observation of intracellular vesicular traf-
ficking of fluorophores such as Bodipy FL C5
Ceramide. With an expanding array of molecular
probes coming available, including quantum dots,
STII medaka hold significant potential for future
in vivo study. The findings presented here also
suggest that in vivo quantitation of hepatobiliary
transport is possible. While transport studies are
preliminary, these findings show STII medaka
provide a unique and invaluable model organism
to investigate hepatobiliary transport in piscine
species.

Lastly, and significantly, is the ability to inves-
tigate biological structure/function relationships,



64 R. C. Hardman er al.

and xenobiotic response, in 3D. While work over
the last decade has markedly advanced high
resolution 3D elucidation of structure/function
relationships at the molecular and protein levels
of biological organization, similar information
on organ system structure and function at the
cellular level has lagged. The ability to elucidate
biological structure/function relationships in a 3D
context is invaluable to: (1) advance our interpre-
tive/diagnostic understanding of normalcy and
disease in cells, tissues and organs, (2) further our
comparative understanding of organ system ontog-
eny/structure/function, and (3) integrate genetic
and molecular information with system levels of
biological organization. The latter is particularly
important, as one of the main challenges over
the next several decades will be the integration
and interpretation of subcellular information (e.g.
genomic, proteomic, metabolomic) in relation to
the complex physiological system in which “omic”
mechanisms operate. As these findings suggest,
STI medaka provide a unique means by which
to integrate mechanism of toxicity (e.g. genomic,
proteomic information) with physiological system
level responses and phenotypic changes in vivo
(the overarching goal of our laboratory). While
our focus has been the hepatobiliary system, other
organ systems are equally amenable to in vivo
study, and we regard the potential for discovery,
within the context of in vivo investigation in STII
medaka, as significant.
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