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The establishment of the zebrafish as a prominent
model organism was largely driven by the desire of

developmental biologists for a genetically tractable system
for understanding early vertebrate embryogenesis.1 The
pioneering studies using zebrafish embryos were largely
focused on genetic analyses of early development and or-
ganogenesis during the first 3 days postfertilization (dpf).
During these early studies, a number of mutants displaying
defects in one of the key digestive organs—the intestine, li-
ver, and pancreas—were identified and have since been in-
tensively studied. Prior to these efforts, other researchers
utilized zebrafish larvae for toxicity studies as many of the
same reasons that make this system attractive to geneticists
also make them an excellent model for toxicology,2,3 in-
cluding their prolific breeding in captivity, transparency of
the embryos, and their simple culture systems. The collective
success of these studies led to an expansion of the commu-
nity of zebrafish researchers and the establishment of zeb-
rafish as a cornerstone model used by the broader
biomedical research community.

Zebrafish research in digestive organs began with early
large-scale genetic screens, one of which included a gas-
troenterologist (Michael Pack).4 The combined accom-
plishments of this and the efforts of other researchers
carrying out genetic and chemical screens5–7 clearly dem-
onstrate the utility of the zebrafish system to investigate
digestive system development and physiology. Patterning
and development of the individual digestive organs from
the endoderm largely begins after the first day of develop-
ment only after the major embryonic axes are established.
Digestive tract function ramps up after 5 dpf when yolk has
been completely utilized. This stage of development has
been viewed by classical zebrafish researchers as very late,
when much of larval patterning and pigmentation is al-
ready complete, limiting some of the advantages of imaging
embryos at earlier stages. Regardless, at these later larval
stages, many of the functions of the digestive organs are
analogous to their counterparts in mammals. Thus, the early

larvae can be used to study many processes that are asso-
ciated with mature organs that in other organisms can only
be studied in adults. Now many investigators take
advantage of the same attributes that make zebrafish a
powerful system for studying embryogenesis to understand
postembryonic processes and model human diseases. In-
deed, as the scope of zebrafish research has expanded in size
and sophistication, exciting new areas of postembryonic
biology have been explored, including the maturation,
function, and pathology of digestive organs.5,8–12 As illus-
trated in the articles included in this special issue of Zebra-
fish, research on the development of the zebrafish digestive
system includes many new exciting areas, such as enerva-
tion of the intestine and development of the biliary tract and
the endocrine and exocrine pancreas.

Diseases affecting the digestive system in humans range
from rare genetic disorders that impair gut motility and de-
velopmental defects such as Alagille’s syndrome that cause
atresia of the biliary tract to diseases attributed in part to
environmental exposures such as type II diabetes, alcoholic
liver disease, and inflammatory bowel disease. Remarkably,
the pathology of zebrafish with similar disorders often mir-
rors human diseases, making this an outstanding system to
study hepatobiliary, gastrointestinal, and pancreatic diseases.
For instance, many of the features of fatty liver disease, which
in humans is typically caused by metabolic syndrome or al-
cohol abuse, are similar in zebrafish, as described in this issue
by Howarth et al.13

The zebrafish has also been a useful model for investigating
the mechanisms underlying intestinal injury and inflamma-
tion. Oehlers and colleagues describe in this issue, diverse
methods for inducing and evaluating intestinal injury, pro-
viding new models of human inflammatory bowel disease.14

Another exciting translational area of zebrafish digestive
system research is in the relationship between the complex
community of microorganisms residing in the intestine (gut
microbiota) and host physiology. A study by Toh and col-
leagues (this issue) tests the ability of anaerobic bacteria de-
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rived from the human intestine to colonize the zebrafish gut,
suggesting that the zebrafish could be used as an experi-
mentally malleable system for modeling host–microbiota in-
teractions in humans.15

While most researchers are drawn to the ease of working
with zebrafish embryos and larvae, a number of important
studies have focused on processes that occur in adults. For
instance, several groups have made significant advances in
studying genetic models of a range of cancers (as reviewed
in16–18). In this issue, Paquette et al. describe a survey of
spontaneous gastrointestinal neoplasia across a range of
adult wild-type fish,19 which will serve as a benchmark for
assessing changes in tumor incidence in genetically modified
fish in the future. Moss and colleagues (this issue) overcome
one of the major barriers of using imaging to study adult
physiology by using transparent Casper adults20 to visualize
regenerative growth of cells in the pancreatic islets in adult
zebrafish.21

Although ex vivo studies have laid much of the ground-
work for our biochemical understanding of digestive organ
physiology, they do not replicate the complex interplay of
neural, chemical, hormonal, and environmental cues that
regulate digestive organ physiology in vivo. Historically, live
cells are often cultured on artificial surfaces, yet this lacks
input from adjacent cells and tissues—that is, the cell mi-
croenvironment. These limitations are overcome by using
zebrafish as a whole animal system, where digestive organs
such as the intestine contain microorganisms, bile, and mucus
that each influence physiology and, importantly, the devel-
opment of pathology.4,9,22–26 For these reasons, in vivo studies
are vital for answering many long-standing questions of di-
gestive organ physiology. While the small size of zebrafish
pose some limitations, such as collecting serum for metabolic
and physiological studies, a number of innovative approaches
are being developed to circumvent these limitations. Thus, as
highlighted by the exciting research in this issue, the tracta-
bility of zebrafish makes it the ideal system to tackle ques-
tions of digestive organ function at the cellular level. Despite
the immense potential of the zebrafish as a therapeutic
screening tool and system for physiological studies at the
subcellular level, it is currently underutilized by both the
academic and pharmaceutical research communities. The
work described in this special issue will hopefully contribute
to changing this state of affairs.

References

1. Nusslein-Volhard C. Of flies and fishes. Science. 1994;266:
572–574.

2. Battle HI, Hisaoka KK. Effects of ethyl carbamate (urethan)
on the early development of the teleost Brachydanio rerio.
Cancer Res 1952;12:334–340.

3. Skidmore JF. Resistance to zinc sulphate of the zebrafish
(Brachydanio rerio Hamilton-Buchanan) at different phases
of its life history. Ann Appl Biol 1965;56:47–53.

4. Pack M, Solnica-Krezel L, Malicki J, Neuhauss SC, Schier AF,
Stemple DL, et al. Mutations affecting development of zebra-
fish digestive organs. Development (Cambridge, England)
1996;123:321–328.

5. Ober E, Field H, Stainier D. From endoderm formation to
liver and pancreas development in zebrafish. Mech Dev
2003;120:5–18.

6. Farber SA, Pack M, Ho SY, Johnson ID, Wagner DS, Dosch R,
et al. Genetic analysis of digestive physiology using fluores-
cent phospholipid reporters. Science 2001;292:1385–1388.

7. Sadler KC, Amsterdam A, Soroka C, Boyer J, Hopkins N. A
genetic screen in zebrafish identifies the mutants vps18, nf2
and foie gras as models of liver disease. Development
(Cambridge, England) 2005;132:3561–3572.

8. Delous M, Yin C, Shin D, Ninov N, Debrito Carten J, Pan L,
et al. Sox9b is a key regulator of pancreaticobiliary ductal
system development. PLoS Genet 2012;8:e1002754.

9. Field HA, Dong PD, Beis D, Stainier DY. Formation of the
digestive system in zebrafish. II. Pancreas morphogenesis.
Dev Biol 2003;261:197–208.

10. Field HA, Ober EA, Roeser T, Stainier DY. Formation of the
digestive system in zebrafish. I. Liver morphogenesis. Dev
Biol 2003;253:279–290.

11. Ng AN, de Jong-Curtain TA, Mawdsley DJ, White SJ, Shin J,
Appel B, et al. Formation of the digestive system in zebrafish:
III. Intestinal epithelium morphogenesis. Dev Biol 2005;286:
114–135.

12. Wallace K, Pack M. Unique and conserved aspects of gut
development in zebrafish. Dev Biol 2003;255:12–29.

13. Howarth DL, Yin C, Yeh K, Sadler KC. Defining hepatic
dysfunction parameters in two models of fatty liver disease
in zebrafish larvae. Zebrafish 2013;10:199–210.

14. Oehlers SH, Flores MV, Hall CJ, Okuda KS, Sison JO, Crosier
KE, et al. Chemically induced intestinal damage models in
zebrafish larvae. Zebrafish 2013;10:184–193.

15. Toh MC, Goodyear M, Daigneault M, Allen-Vercoe E, Van
Raay TJ. Colonizing the embryonic zebrafish gut with
anaerobic bacteria derived from the human gastrointestinal
tract. Zebrafish 2013;10:194–198.

16. Liu S, Leach SD. Zebrafish models for cancer. Annu Rev
Pathol 2011;6:71–93.

17. Jing L, Zon LI. Zebrafish as a model for normal and malig-
nant hematopoiesis. Dis Model Mech 2011;4:433–438.

18. Amatruda JF, Patton EE. Genetic models of cancer in zebra-
fish. Int Rev Cell Mol Biol 2008;271:1–34.

19. Paquette CE, Kent ML, Buchner C, Tanguay RL, Guillemin
K, Mason TJ, et al. A retrospective study of the prevalence
and classification on intestinal neoplasia in zebrafish (danio
rerio). Zebrafish 2013;10:228–236.

20. White RM, Sessa A, Burke C, Bowman T, LeBlanc J, Ceol C,
et al. Transparent adult zebrafish as a tool for in vivo
transplantation analysis. Cell Stem Cell 2008;2:183–189.

21. Moss LG, Caplan TV, Moss JB. Imaging beta cell regenera-
tion and interactions with islet vasculature in transparent
adult zebrafish. Zebrafish 2013;10:249–257.

22. Moschetta A, Xu F, Hagey LR, van Berge-Henegouwen GP,
van Erpecum KJ, Brouwers JF, et al. A phylogenetic sur-
vey of biliary lipids in vertebrates. J Lipid Res 2005;46:2221–
2232.

23. Kruit JK, Groen AK, van Berkel TJ, Kuipers F. Emerging
roles of the intestine in control of cholesterol metabolism.
World J Gastroenterol 2006;12:6429–6439.

24. Titus E, Ahearn GA. Vertebrate gastrointestinal fermenta-
tion: transport mechanisms for volatile fatty acids. Am J
Physiol 1992;262:R547–R553.

130 SADLER ET AL.



25. Martin FP, Wang Y, Sprenger N, Yap IK, Lundstedt T, Lek P,
et al. Probiotic modulation of symbiotic gut microbial-host
metabolic interactions in a humanized microbiome mouse
model. Mol Syst Biol 2008;4:157.

26. Semova I, Carten JD, Stombaugh J, Mackey LC, Knight R,
Farber SA, et al. Microbiota regulate intestinal absorption
and metabolism of fatty acids in the zebrafish. Cell Host
Microbe 2012;12:277–288.

Address correspondence to:
Kirsten C. Sadler, PhD

Department of Medicine/Division of Liver Diseases
Department of Developmental and Regenerative Biology

Ichan School of Medicine at Mount Sinai
1 Gustave L. Levy Place

Box 1020
New York, NY 10029-6574

E-mail: kirsten.edepli@mssm.edu

John F. Rawls, PhD
Department of Molecular Genetics and Microbiology

Duke University
Box 3580 DUMC

Durham, NC 27710

E-mail: john.rawls@duke.edu

Steven A. Farber, PhD
Department of Embryology

Carnegie Institution for Science
3520 San Martin Drive

Baltimore, MD 21218

E-mail: farber@ciwemb.edu

GETTING THE INSIDE TRACT 131


