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 The gastrointestinal tract is a unique, multifunctional organ in the human body. It is 
responsible for intake, digestion, and absorption of food, and excretion of bodily waste. 
It also houses a myriad of commensal and potentially pathogenic microorganisms that 
have profound effects on host development and homeostasis. Since these microorgan-
isms have to be confi ned within the gut lumen, the gastrointestinal tract serves as the 
major impediment protecting internal tissues from invasion by harmful luminal microbes 
and exposure to their toxins. The gastrointestinal tract is also the largest organ of the 
immune system and is populated by specialized cells trained for border surveillance and 
recognition of external dangers. 

 Normal function of the gastrointestinal tract is frequently compromised by genetic fac-
tors, infections, stress, life habits, etc., that give rise to various diseases. Remarkably, 
impaired functions of this organ not only result in specifi c gastrointestinal disorders such as 
gastric ulcer, infl ammatory bowel disease, or gastrointestinal tumors but also contribute to 
the development of other human pathologies including certain neurological and cardiovas-
cular diseases, as well as diabetes. Collectively, these factors establish the study of the nor-
mal functions and disorders of the gastrointestinal system as one of the most important and 
exciting topics of modern biology and medicine. 

 The aim of  Gastrointestinal Physiology and Diseases: Methods and Protocols  is to provide 
an expert, step-by-step guide to a variety of techniques for examining the activity and regu-
lation of the gastrointestinal system and for modeling the most common digestive diseases. 
This book is intended to target a large cohort of physiologists, cell and developmental 
biologists, immunologists, and physician-scientists working in the fi eld of gastroenterology 
and beyond. This volume contains comprehensive and easy to follow protocols that are 
designed to be helpful to both seasoned researchers and newcomers to the fi eld. 

 The protocols included in this volume are separated into fi ve different parts. Part I 
(Chapters   1    –  9    ) describes in vitro and ex vivo techniques to study different aspects of the func-
tions and differentiation of the gut mucosa, with particular emphasis on modern approaches 
to the growth, differentiation, and study of complex intestinal and gastric organoids. Part II 
(Chapters   10    –  15    ) outlines powerful in vivo imaging approaches to study biochemical altera-
tions in epithelial cells, and to visualize leukocyte traffi cking of in the gut during tissue infl am-
mation and neoplasia. Part III (Chapters   16    –  20    ) presents protocols for the isolation, 
characterization, and therapeutic transfer of different types of intestinal immune cells. Part IV 
(Chapters   21    –  25    ) describes different animal models of gastrointestinal mucosal infl ammation 
and injury. It describes classical models of chemically induced and infectious colitis in mice 
and also presents examples of the use of other model organisms in studying digestive disor-
ders. Part V (Chapters   26    –  29    ) presents state-of-the-art animal models for studying tumor 
induction and development in the colon, stomach, and oral cavity. 

 I would like to thank all of the contributors for sharing their expertise and for carefully 
guiding readers through all the nuanced details of their respective techniques. I am very 
grateful to the series editor, Dr. John Walker, for his help during the editing process.  

  Richmond, VA, USA     Andrei I.     Ivanov     
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    Chapter 1   

 CRISPR/Cas9-Mediated Genome Editing of Mouse Small 
Intestinal Organoids                     

     Gerald     Schwank      and     Hans     Clevers      

  Abstract 

   The CRISPR/Cas9 system is an RNA-guided genome-editing tool that has been recently developed based 
on the bacterial CRISPR-Cas immune defense system. Due to its versatility and simplicity, it rapidly became 
the method of choice for genome editing in various biological systems, including mammalian cells. Here 
we describe a protocol for CRISPR/Cas9-mediated genome editing in murine small intestinal organoids, 
a culture system in which somatic stem cells are maintained by self-renewal, while giving rise to all major 
cell types of the intestinal epithelium. This protocol allows the study of gene function in intestinal epithe-
lial homeostasis and pathophysiology and can be extended to epithelial organoids derived from other 
internal mouse and human organs.  

  Key words     Small intestinal organoids  ,   Intestinal stem cells  ,   CRISPR/Cas9  ,   Genome editing  

1      Introduction 

   Clustered regularly interspaced short palindromic repeats (CRISPRs) 
are classes of repeated DNA sequences found in bacteria and archaea. 
Together with CRISPR-associated (Cas) genes they are part of an 
adaptive bacterial immune defense system, which confers resistance 
to foreign genetic elements such as phages [ 1 ]. The CRISPR/Cas 
immune defense process involves three steps. First, upon infection 
foreign DNA sequences are inserted as new spacers into the CRISPR 
locus. Second, the locus is transcribed into a single noncoding pre-
cursor CRISPR RNA (pre-crRNA) and is processed into short 
stretches of mature crRNA. Third, the mature crRNA forms a ribo-
nucleoprotein complex with Cas proteins, which specifi cally recog-
nizes and destroys the invading foreign DNA [ 2 ]. 

 So far, three types of CRISPR systems have been discovered. 
In contrast to the type I and type III CRISPR/Cas systems, the 
type II system relies on a single Cas protein for DNA interference, 
but—in addition to the crRNA—requires a tracrRNA bound to 
Cas9 [ 3 ]. The specifi city of the CRISPR/Cas9 ribonucleoprotein 

1.1  The CRISPR/
Cas9 Genome- Editing 
Tool
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complex to the invading DNA is mediated through Watson-Crick 
base pairing of a 20-nucleotide long stretch that is complementary 
between the crRNA and the invading DNA. The HNH and RuvC- 
like nuclease domains of the Cas9 protein then eliminate the for-
eign DNA by generating a double-strand break (DSB). In principle, 
any DNA sequence that is followed by a protospacer-associated 
motif (PAM), a conserved sequence of 2–5 nucleotides, can be 
recognized and cut by the CRISPR/Cas9 complex [ 3 ]. 

 In 2012, the labs of Emanuelle Charpentier and Jennifer 
Doudna together adapted the type II CRISPR system for genome 
editing [ 4 ]. By combining the tracrRNA with the scRNA, a syn-
thetic single guide RNA (sgRNA) was generated, which effectively 
targets Cas9 to a DNA sequence of interest and leads to the site- 
specifi c generation of a DSB [ 4 ]. Like in previously developed 
genome-editing tools, DSBs generated by CRISPR/Cas9 can 
modify the targeted DNA locus in two ways. First, in the absence 
of a homologous DNA template the DSBs can generate small 
insertions or deletions, as they are repaired by the error-prone 
non-homologous end-joining (NHEJ) pathway [ 5 ]. Second, in 
the presence of an exogenous homologous DNA template, the 
DSBs can be repaired by the homology directed repair pathway 
(HDRP), which allows to introduce specifi c DNA sequences and 
thus to precisely modify the genomic region [ 5 ]. In 2013, several 
research groups have demonstrated successful CRISPR/Cas9- 
mediated genome editing in a number of different organisms, 
ranging from plants to human cells [ 6 ,  7 ]. The easy design, high 
targeting effi ciency, and low off-target mutation frequency of the 
CRISPR/Cas9 system rapidly made it the most commonly used 
genome-editing tool [ 3 ].  

   Mouse small intestinal organoids are in vitro-grown three- dimensional 
epithelial structures that closely resemble the in vivo gut epithelium. 
They can be established from single Lgr5+ stem cells, which are 
embedded  in   Matrigel and supplied with a cocktail of tissue-specifi c 
growth factors [ 8 ]. Like the in vivo gut epithelium, intestinal organ-
oids contain a crypt-like compartment with self-renewing Lgr5+ 
stem cells, and a villus-like compartment with differentiated entero-
cytes, paneth cells, and enteroendocrine cells [ 8 ]. Minor changes in 
growth factor composition allow the growth of organoids from a 
range of human epithelial tissues [ 9 – 12 ]. Epithelial organoids are 
genetically and phenotypically stable [ 13 ] and can be genetically 
modifi ed by CRISPR/Cas9-based genome editing [ 14 – 16 ]. 

 In this protocol, we describe step by step how to edit the 
genomes of mouse small intestinal organoids using CRISPR/
Cas9 in combination with DNA templates for homologous recom-
bination (HR). In addition, we provide information on how to 
adapt the protocol for genome editing in organoids derived from 
different tissues.   

1.2  Mouse Small 
Intestinal Organoids

Gerald Schwank and Hans Clevers
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2    Materials 

       1.    ECM matrix ( see   Note 1 ).
   (a)    Corning ®     Matrigel ®  Growth Factor Reduced (GFR) 

Basement 
 Membrane Matrix, cat no. 356231, or   

  (b)    Cultrex ®  BME2 RGF organoid matrix, cat no. 
3533-005-02.    

      2.    Intestinal organoid medium ( see   Note 2 ).
   (a)    Advanced DMEM/F12 (Life Technologies).   
  (b)    GlutaMax (Life Technologies).   
  (c)    HEPES.   
  (d)    Penicillin-Streptomycin.   
  (e)    N2 supplement (Life Technologies, cat no. 17502–044).   
  (f)    B27 supplement (Life Technologies, cat no. 17504–044).   
  (g)     N –Acetylcysteine.   
  (h)    Murine recombinant EGF (Life Technologies, cat no. 

PMG8044).   
  (i)    Murine recombinant Noggin (PeproTech, cat no. 250–38).   
  (j)    Human recombinant R-spondin1 (PeproTech, cat no. 

120–38).    
      Preparation of the intestinal organoid medium: First supple-

ment 500 ml of Advanced DMEM/F12 with 5 ml 100× Glutamax, 
5 ml 1 M HEPES, and 5 ml 100× Penicillin-Streptomycin. This 
Advanced DMEM/F12+++ medium is stable at 4 C° for at least 
one month. To prepare 20 ml of intestinal organoid medium, sup-
plement the Advanced DMEM/F12+++ medium with 400 μl of 
50× B27, 200 μl of 100× N2, 50 μl of 500 μg/ml  N -acetylcysteine, 
2 μl of 500 μg/ml mouse EGF, 20 μl of 100 μg/ml mouse recom-
binant Noggin, and 20 μl of 1 mg/ml human recombinant 
R-spondin1. Intestinal organoid medium is stable for at least two 
weeks at 4 C°.

    3.    Recovery™ Cell Culture Freezing Medium (Life Technologies).   
   4.    Cryopreservation cell freezing containers.   
   5.    24-well and 48-well cell culture plates.    

         1.    Lipofectamine 2000 (Life Technologies).   
   2.    Opti-MEM (Life Technologies).   
   3.    Y-27632 dihydrochloride (Sigma-Aldrich).   
   4.    CRISPR/Cas9 plasmids: pSpCas9(BB)-2A-GFP(PX458), 

pSpCas9(BB)-2A-Puro (PX459) V2.0 (available via Addgene).   

2.1  Small Intestinal 
Organoid Culture 
Components

2.2  Transfection 
and Clonal Selection 
of Small  Intestinal 
  Organoids

CRISPR/Cas9 in Intestinal Organoids
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   5.    Trypsin replacement solution (TrypLE) (Life Technologies).   
   6.    Murine recombinant Wnt-3a (Millipore, cat no. GF154).   
   7.    4-Hydroxytamoxifen (Sigma-Aldrich).   
   8.    Purelink Genomic DNA Extraction kit.   
   9.    Puromycin.   
   10.    Nicotinamide.   
   11.    Parafi lm.   
   12.    Refrigerated centrifuge with microtiter plate carrier.   
   13.    Thermal cycler.       

3    Methods 

   For the design and the cloning of CRISPR/Cas9 vectors, we advise 
to follow the Nature Protocol from the Zhang lab [ 5 ]. We gener-
ally use the pSpCas9(BB)-2A-GFP CRISPR/Cas9 plasmid, and 
insert the specifi c target sequence as described in their protocol. 

 The design of the template DNA for homologous recombination 
depends on the application. We generally synthesize plasmids with a 
500 bp homology region up- and downstream of the desired nucleo-
tide change. Close to the modifi ed nucleotide (<50 bp), we insert a 
puromycin resistance cassette fl anked with loxP sites. This setup allows 
effi cient screening for homologous recombination events using anti-
biotics and subsequent cassette excision ( see   Note 3 ).  

   The establishment of organoid cultures from freshly isolated 
murine small intestinal crypts is described in Sato and Clevers, 
2013 [ 17 ]. This protocol explains all experimental steps in detail 
and lists all required reagents. Please follow this protocol to estab-
lish and passage murine small intestinal organoids.  

   After establishing a new organoid line, we recommend cryopre-
serving the line, and always starting from an early passage when 
gene-editing experiments are repeated.

    1.    After establishing a new organoid line, passage the culture 
once or twice prior to cryopreservation ( see   Note 4 ).   

   2.    Approximately 7 days after seeding, replace the mouse small 
intestinal organoid medium with 1–2 ml of cold basal culture 
medium, and  disrupt   Matrigel by gently pipetting with a 
p1000 pipette.   

   3.    Transfer organoids from one well into a 15 ml falcon tube, and 
disrupt them by gently pipetting 10–15 times with a fi re- 
polished Pasteur pipette.   

3.1  Design 
and Generation 
of CRISPR/Cas9 
Genome-Editing 
Vectors

3.2  Establishment 
of Small Intestinal 
Crypt Cultures

3.3  Cryopreservation 
of Organoids

Gerald Schwank and Hans Clevers
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   4.    Centrifuge organoids at 150 ×  g  for 5 min at 4 C°, remove the 
supernatant, and resuspend the cell pellet in 0.5 ml of ice-cold 
Recovery™ Cell Culture Freezing Medium.   

   5.    Transfer the cell suspension into 1.5 ml cryogenic storage 
tube and put the tubes in a CoolCell ®  cryopreservation con-
tainer. Immediately transfer the container to the −80 C° 
freezer, and keep it at −80 C° for 24 h. Afterwards tubes can 
be moved to the liquid nitrogen container for long-term 
storage.      

       1.    Start with organoids from an early passage. If cryopreserved 
organoids are used, thaw a vial in a 37 C° water bath and 
immediately suspend in 10 ml of basal culture medium con-
taining 10 % FBS. Centrifuge at 150 ×  g  for 5 min at 4 C°, 
remove supernatant, repeat the washing step with basal culture 
medium, and resuspend the pellet in 150 μl of ice- cold 
  Matrigel.   

   2.    Divide the Matrigel cell suspension as hemispheric droplets 
into three wells of a 24-well plate, and incubate in a 37 C° 
incubator for 10 min for Matrigel polymerization ( see   Note 5 ).   

   3.    Add mouse intestinal organoid medium supplemented with 
Wnt-3a (100 ng/ml) and nicotinamide (10 mM) to the wells, 
and change medium every 2–3 days ( see   Notes 6  and  7 ). 
Approximately once a week organoids can be passaged.   

   4.    After two passages organoids should be cystic, and are ready 
for transfection.   

   5.    Replace the intestinal organoid medium with 1 ml of cold 
basal culture medium, and  disrupt   Matrigel by gently pipet-
ting with a p1000 pipette. Transfer organoids from four 
wells (~100 organoids per well) into one 15 ml falcon tube, 
and break them by gently pipetting with a fi re-polished 
Pasteur pipette.   

   6.    Centrifuge at 150 ×  g  for 5 min, and wash the pellet with 5 ml 
of ice-cold basal culture medium to fully  remove   Matrigel ( see  
 Note 8 ).   

   7.    Resuspend the pellet in 4 ml of pre-warmed TrypLE and incu-
bate at 37 C° for 5 min in a water bath ( see   Note 9 ).   

   8.    Centrifuge at 150 ×  g  for 5 min at 4 C°, and resuspend the pel-
let in 450 μl mouse small intestinal organoid medium supple-
mented with Wnt-3a (100 ng/ml), nicotinamide (10 mM), 
and the Rho kinase inhibitor Y-27632 (10 nM).   

   9.    Transfer the cell suspension into one well of a 48-well plate, let 
the cells sink to the bottom, and analyze cell density under the 
microscope. Cells should be 70–90 % confl uent.      

3.4  Preparation 
of Organoids 
 for   Lipofection

CRISPR/Cas9 in Intestinal Organoids
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   We recommend also reading the Lipofectamine ®  2000 reagent proto-
col on the Life Technologies webpage:   http://tools.lifetechnologies.
com/content/sfs/manuals/Lipofectamine_2000_Reag_protocol.pdf    

    1.    Dilute 2 μl of Lipofectamine reagent in 25 μl of Opti-MEM ®  
medium.   

   2.    Dilute plasmids (0.5 μg CRISPR/Cas9 vector and 0.5 μg 
HDR plasmid) in 25 μl of Opti-MEM ®  medium.   

   3.    Mix diluted DNA and diluted Lipofectamine reagent, and 
incubate for 5 min.   

   4.    Add the 50 μl Lipofectamine-DNA complex gently to one well 
of dissociated organoids.   

   5.    Seal the plate with parafi lm, and centrifuge 60 min at 600 ×  g  at 
32 °C.   

   6.    Discard the parafi lm, and incubate the plate for another 2–4 h 
in a tissue culture incubator.   

   7.    Collect the transfected cells in a 15 ml falcon tube, spin at 
150 ×  g  for 5 min, and resuspend the pellet in 100 μl of ice-cold 
Matrigel.   

   8.    Divide the Matrigel cell suspension into two wells of a 24-well 
plate, and incubate in the 37 C° incubator for 10 min for 
Matrigel polymerization.   

   9.    Add mouse small intestinal organoid medium supplemented 
with Wnt-3a (100 ng/ml), nicotinamide (10 mM), and 
Y-27632 (10 nM), and place the plate into the tissue culture 
incubator.    

         1.    3 days after transfection start with the antibiotics selection 
(500 ng/ml puromycin) ( see   Note 10 ).   

   2.    When drug-sensitive organoids start to grow out, pick indi-
vidual organoids from  the   Matrigel under a binocular micro-
scope using a p200 pipette, transfer them individually into 
1.5 ml tubes, and split them by pipetting with the p200 pipette.   

   3.    Centrifuge for 5 min at 900 ×  g , resuspend in 100 μl ice- cold 
  Matrigel, and plate cells in a 24-well plate. After Matrigel 
polymerization add normal small intestinal organoid medium 
( see   Note 11 ).   

   4.    After expansion of clonal organoids, use 1–2 wells for genomic 
DNA isolation. For the isolation you can use the PureLink ®  
Genomic DNA extraction kit from Life Technologies or other 
standard genomic DNA isolation procedures.   

   5.    Analyze the genome  by   PCR and Sanger sequencing to identify 
clones with correct HR events. Use primer pairs that bind within 
the puromycin resistance cassette and up- or downstream of the 

3.5     Lipofection 
of Organoids 
with CRISPR/Cas9 
Plasmids

3.6  Selection 
of Genome- Modifi ed 
Organoids

Gerald Schwank and Hans Clevers

http://tools.lifetechnologies.com/content/sfs/manuals/Lipofectamine_2000_Reag_protocol.pdf
http://tools.lifetechnologies.com/content/sfs/manuals/Lipofectamine_2000_Reag_protocol.pdf
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HR arms. Alternatively, instead of using primers that bind within 
the puromycin cassette allele-specifi c primers for the inserted 
nucleotide change can be used. In general a 2bp difference at 
the 3′-end of the primer is suffi cient for specifi city.   

   6.    Remove the antibiotics resistance cassette by expressing the Cre 
recombinase. We usually use small intestinal organoids estab-
lished from mice expressing tamoxifen-inducible cre:ERT2 
(Villin-CreERT2), which allows cassette excision simply by add-
ing 4-Hydroxytamoxifen (100 nm) for 12 h to the culture 
media. Alternatively organoids can be transduced with a ready- 
to- use Cre recombinase adenovirus (Vector Biolabs), lipofected 
with a Cre-expressing plasmid (e.g., Addgene plasmid pCAG- 
Cre:GFP), or transduced with a CRE protein as described in 
D’Astolfo et al. [ 18 ].       

4    Notes 

     1.    Corning ®     Matrigel ®  and Cultrex ®  BME2 are both protein matri-
ces secreted by Engelbreth-Holm-Swarm (EHS) mouse sarcoma 
cells, which in our hands work equally well for culturing mouse 
small intestinal organoids. Both matrices can be bought in bottles, 
which should be thawed on ice and aliquoted into 1 ml vials. If 
possible don’t switch between batches within one experiment.   

   2.    Instead of preparing your own murine small intestinal organ-
oid medium, you can also use IntestiCult™ organoid growth 
medium (Stemcell Technologies, cat no. 06005).   

   3.    It is also possible to use the PiggyBac transposon system instead 
of the Cre-lox system. In that case use a puromycin cassette 
fl anked with PiggyBac sites, and a PiggyBac transposase for 
cassette excision [ 19 ]. The main advantage of the PiggyBac 
system is that after excision only a four bp TTAA sequence 
remains within the host genome.   

   4.    Intestinal organoids can be passaged 1:5 every 7 days. If this 
ratio cannot be achieved, try to dissociate organoids into 
smaller pieces by vigorous pipetting. After crypt isolation, two 
passages are usually enough to obtain a whole 24-well plate 
(with one 50 μl drop of Matrigel per well containing ~ 100 
organoids).   

   5.    It can be sometimes diffi cult to form hemispheric droplets with 
Matrigel. In that case organoids sink to the bottom and attach 
to the tissue culture plate. Overnight pre-incubation of the cell 
culture plate in a 37 °C tissue culture incubator helps to form 
hemispheric droplets.   

CRISPR/Cas9 in Intestinal Organoids
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   6.    Small intestinal organoid transfection media contains Wnt-3a 
and Nicotinamide, which drives organoids from the budding 
structure to spherical organoids that solely consist of Lgr5 pos-
itive stem cells. This step greatly increases the number of 
organoids grown from single cells  after   lipofection. It usually 
takes one to two weeks until organoids are fully spherical. 
Instead of recombinant Wnt-3a the medium can also be sup-
plemented with 50 % Wnt-3a conditioned medium [ 20 ].   

   7.       Lipofection and CRISPR/Cas9 plasmid delivery by lipofection 
has also been performed in organoids derived from other 
 tissues, such as the human small intestine, colon, and liver 
[ 14 – 16 ]. In principle the protocol described here can also be 
used to edit the genomes of these types of organoids. Human 
small intestinal and human colon organoids however are 
already grown in medium containing Wnt-3a and nicotin-
amide. Therefore no additional Wnt-3a and nicotinamide need 
to be added prior to lipofection. Also liver organoids consist 
solely of bipotent progenitor cells during expansion, and thus 
no extra growth factors are required before the transfection.   

   8.     If   Matrigel is not yet fully removed, repeat the washing step 
once more. Large amounts of Matrigel can block the single- 
cell dissociation in the next step.   

   9.    Check organoids after incubation under the microscope. If you 
have clumps of 1–10 cells you can proceed. If the clumps are 
still bigger, prolong the incubation for another 5 min. Be 
aware that overdigestion signifi cantly decreases cell survival.   

   10.    The concentration of puromycin needed for selection might 
vary from line to line. We therefore recommend determining 
the optimal antibiotics concentration for the line prior to the 
transfection.   

   11.    Withdrawal of Wnt-3a and nicotinamide from the media will 
revert the phenotype of small intestinal organoids from cystic 
structures to budding structures, which contain differentiated 
cell types. Organoids need approximately 1–2 weeks for full 
conversion back to the budding phenotype.         
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    Chapter 2   

 Lentivirus-Based Stable Gene Delivery into Intestinal 
Organoids                     

     Yoshiaki     Maru     ,     Kaoru     Orihashi    , and     Yoshitaka     Hippo      

  Abstract 

   Lentivirus-based gene delivery works effi ciently for the majority of mammalian cells cultured under stan-
dard two-dimensional conditions. By contrast, intestinal epithelial organoids embedded into three- 
dimensional extracellular matrix appear to be resistant to lentiviral transduction. We observed that Matrigel, 
a matrix that reconstitutes a basement membrane and is indispensable for cell survival and proliferation, 
prevents lentiviruses from binding to intestinal cells. In this chapter, we describe a simple method of a 
highly effi cient gene transduction into intestinal organoids. This method involves organoid dispersion into 
single intestinal epithelial cells, mixing these individual cells with lentiviral particles, plating on Matrigel, 
and subsequent re-embedding into Matrigel. Under these conditions, the majority of the cells are exposed 
to the virus in the absence of the matrix barrier while remaining attached to the matrix. Using a GFP- 
labeled lentivirus, we demonstrate that this method allows for highly effi cient infection of intestinal organ-
oids after overnight incubation of Matrigel-attached cells with lentiviral particles.  

  Key words     Matrigel  ,   3D culture  ,   Organoids  ,   Tumorigenesis  ,   Stem cells  ,   Viral transduction  

1      Introduction 

 Intestinal stem cells and organoids can be propagated over a long 
period of time in  a   Matrigel supplemented with defi ned factors [ 1 ]. 
This fi nding implies that functional analysis of specifi c genes in a 
physiological setting might become feasible, even without generat-
ing genetically engineered mice, if only stem cells could be trans-
duced with vectors encoding shRNA or cDNA. Lentiviruses can 
infect not only dividing cells but also nondividing cells, including 
dormant stem cells, resulting in very high infection effi ciency [ 2 ]. 
Moreover, genes delivered are readily integrated into the host 
genome. Assuming that these two features would also lead to sta-
ble gene transduction in 3D culture, we initially simply overlaid 
culture media  containing   lentiviral particles encoding GFP  on 
  Matrigel, in which organoids were embedded. To our surprise, 
 virtually no cells in organoids turned green by this approach. 
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Furthermore, either dissociation of organoids into single cells or 
mixing the viral particles with Matrigel did not improve transduc-
tion effi ciency, thereby indicating the inhibitory effect of Matrigel 
on lentiviral infection. However, in the absence of Matrigel, both 
intestinal organoids and single cells died before being infected, 
confi rming the requirement  of   Matrigel for primary cells survival 
[ 3 ]. Finally, we observed that mixing viral particles with single 
intestinal cells, but not with intact organoids, followed by over-
night incubation on Matrigel, resulted in extremely high infection 
effi ciency [ 4 ]. Based on this observation, we developed a simple 
experimental protocol to achieve a robust lentiviral-mediated gene 
delivery into intestinal organoids.  

2    Materials 

       1.    293FT cell line (Life Technologies).   
   2.    293FT culture medium: DMEM high glucose, supplemented 

with 10 % fetal bovine serum (FBS) without antibiotics.   
   3.    Opti-MEM ®  medium (Life Technologies).   
   4.    Lipofectamine ®  2000 (Life Technologies).   
   5.    Virapower™ Lentiviral Packaging Mix (Life Technologies).   
   6.    Lentiviral Vector ( see   Note 1 ).   
   7.    10 cm culture dish (uncoated and collagen coated).   
   8.    10 ml syringe.   
   9.    0.45 μm syringe fi lter.   
   10.    PEG-it™ (Systems Biosciences).   
   11.    50 ml tube.   
   12.    Cryotube.      

       1.       Matrigel ®  Matrix Basement Membrane (Corning, #354234). 
Store at 4 °C.   

   2.    1× Organoid culture media: Advanced DMEM/F12 supple-
mented with Penicillin, Streptomycin, Fungizone, L-glutamine, 
50 ng/ml EGF (Peprotech, #315-09), 250 ng/ml R-Spondin1 
(R&D Systems, #3474-RS), 100 ng/ml Noggin (Peprotech, 
#250-38), 1 μM Jagged-1 (ANASPEC, #61298), 10 μM 
Y27632. Store at 4 °C.   

   3.    12-well culture plate.   
   4.    Accumax™ (Innova Cell Technologies). Store at 4 °C 

( see   Note 2 ).   
   5.    Phosphate buffered saline for cell culture, pH 7.4. Store at 4 °C.   

2.1  Production 
and Concentration 
 of   Lentiviruses

2.2  Primary 
Organoid Culture 
and Preparation 
of Single Intestinal 
Cells

Yoshiaki Maru et al.
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   6.    2× Organoid culture medium: This medium has the same 
composition as the 1× Organoid medium, but contains two-
fold higher concentrations of all growth factors and inhibitors. 
Store at 4 °C.   

   7.    Cell scraper.   
   8.    5 ml Eppendorf tube.      

       1.    1.5 ml Eppendorf tube.   
   2.    TransDux™ (Systems Biosciences). Store at −20 °C ( see   Note 3 ).   
   3.    CHIR-99021 (FOCUS Biomolecules), 20 mM in 

DMSO. Store at −20 °C.       

3    Methods 

    Lentiviruses must be handled in an area with the biosafety level 2 
(BSL2). All nonviral cell culture experiments must be conducted 
on a clean bench. 

         1.    Propagate 293FT cells in the 293FT culture media.   
   2.    Plate 293FT cells on 10 cm collagen-coated dishes one day 

prior to transfection ( see   Note 4 ).   
   3.    Transfect 293FT cells at 90 % confl uence with a lentiviral vec-

tor and Virapower™ Lentiviral Packaging Mix. Use Opti-
MEM ®  and Lipofectamine 2000 for the transfection ( see   Note 
5 ).   

   4.    Replace the transfection mixtures with 293FT culture media 
after 8 h of transfection.   

   5.    Collect the supernatant with 10 ml syringe, 48 h after the 
medium change.   

   6.    Pass the supernatant through a 0.45 μm syringe fi lter to recover 
only viral particles into a 50 ml tube.   

   7.    Add 1/4 volume of PEG-it™ to the fi ltered supernatant. Invert 
several times and store at 4 °C for 24 h.   

   8.    Centrifuge the tube for 30 min at 2300 ×  g  in 4 °C to spin 
down viral particles. Discard the supernatant.   

   9.    Resuspend the pellet with 1 ml of Opti-MEM, divide the sus-
pension into four 250 μl aliquots, and place into cryo tubes. 
Store at −80 °C until use ( see   Note 6 ).      

         1.    Isolate intestinal crypts from 3- to 5-week-old mice using 
2 mM EDTA, as previously described [ 1 ,  4 ].   

2.3  Lentiviral 
Infection 
of Intestinal Cells

3.1  Production 
and Concentration 
of Lentiviral Particles

3.2  Primary 
Organoid Culture 
and Preparation 
of Single Cells

Lentiviral Infection of Organoids
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   2.    Dissociate crypts into single cells by adding 1 ml of Accumax 
to the pellet ( see   Note 7 ). Vortex for 3 s and incubate for 5 min 
at 37 °C in a water bath.   

   3.    Add 5 ml of cold PBS to wash out the enzyme. Centrifuge for 
5 min at 400 ×  g  to precipitate single cells and discard the 
supernatant.   

   4.    Resuspend single cells with 1× organoid culture media. 
Carefully disperse the cells by pipetting for 5–10 times with 
P1000 pipetman ( see   Note 8 ).   

   5.    Add 80 μl of ice-cold  liquid   Matrigel into each well of a 12-well 
plate and incubate at 37 °C for 20 min to completely solidify 
Matrigel ( see   Note 9 ).   

   6.    Plate 800 μl of single-cell suspensions into each well of the 
Matrigel-coated 12-well plate ( see   Note 10 ).   

   7.    Next day (~16 h later), remove the medium with dead cells by 
aspiration. Overlay 60 μl of fresh  cold   Matrigel on the attached 
cells and incubate at 37 °C for 20 min to solidify Matrigel ( see  
 Note 11 ).   

   8.    Overlay 800 μl of 1× organoid culture media to start 3D cul-
ture. Medium is changed every 3–4 days.   

   9.    When organoids become subconfl uent, collect the entire con-
tent of the well (organoids, Matrigel, and medium) into a 5 ml 
tube using a cell scraper ( see   Note 12 ).   

   10.    Centrifuge for 5 min at 400 ×  g . Carefully aspirate the medium 
and Matrigel ( see   Note 13 ).   

   11.    Dissociate organoids into single cells by adding 1 ml of 
Accumax to the pellet. Vortex for 3 s and incubate for 5 min at 
37 °C in a water bath.   

   12.    Add 5 ml of cold PBS to wash out the enzyme. Spin down the 
single cells and discard the supernatant ( see   Note 14 ).   

   13.    Resuspend single cells with 2× organoid culture media supple-
mented with 2.5 μM CHIR-99021. Thoroughly disperse the 
cells by pipetting 10–15 times with a P1000 Pipetman ( see  
 Note 15 ).   

   14.    Prepare a single-cell suspension at the concentration of 
4 ~ 6 × 10 5  cell/ml ( see   Note 16 ).      

          1.    Add 80 μl of cold  liquid   Matrigel into each well, and incubate 
at 37 °C for 20 min to solidify Matrigel ( see   Note 17 ).   

   2.    Combine 250 μl of a single-cell suspension in 2× organoid cul-
ture and 250 μl of viral particles in a 1.5 ml Eppendorf tube. Add 
2.5 μl of TransDux™ and mix well by tapping ( see   Note 18 ).   

   3.    Plate 500 μl of mixture of viral particles and single cells on 
solidifi ed Matrigel. Incubate overnight at 37 °C ( see   Note 19 ).   

3.3  Lentiviral 
Infection (See 
a Flowchart in Fig.  1 )

Yoshiaki Maru et al.
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   4.    Next day (~16 h later), remove the medium with dead cells by 
aspiration. Overlay 60 μl of ice- cold   Matrigel to cover the cells 
attached to Matrigel at the bottom. Incubate at 37 °C for 
20 min to solidify Matrigel ( see   Note 20 ).   

   5.    Resume 3D culture by overlaying 800 μl of 1× organoid cul-
ture media.   

  Fig. 1    Lentiviral infection of primary intestinal cells at glance. The fi gure depicts 
fl owchart of key procedures that are required for effi cient infection of intestinal 
organoids with lentiviruses       

 

Lentiviral Infection of Organoids
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   6.    If a GFP expressing vector is introduced, more than 90 % of 
the cells should turn green, as soon as 36 h after beginning of 
the infection (Fig.  2 ).

       7.    Start selection of transduced cells a few days after infection, if 
an introduced vector harbors a certain drug-resistant gene ( see  
 Note 21 ).       

4    Notes 

     1.    We always include a GFP-encoding vector such as pCDH- 
CMV- MCS-EF1-copGFP, so that infection effi ciency in each 
experiment can be monitored alongside by fl uorescence 
microscopy.   

   2.    Accumax has protease, collagenolytic and DNase activity, and 
gently disperses cells while infl icting a little damage. Normal 
cells do not tolerate dispersion by trypsin-EDTA.   

   3.    TransDux facilitates viral infection of mammalian cells similarly 
to polybrene, but it works more effi ciently for primary cells.   

   4.    If plated on uncoated dishes, 293FT cells could easily detach 
after transfection, leading to a low yield of viral particles.   

   5.    For Lipofectamine 2000-mediated transfection, we follow the 
manufacturer’s instructions.   

   6.    We usually make frozen stocks of lentiviruses, and rarely use 
freshly produced viral particles, because it is diffi cult to synchro-

  Fig. 2    Effi cient gene transduction of primary intestinal cells. Intestinal cells obtained from dispersed mouse 
organoids were incubated with a lentivirus bearing a GFP-encoding vector, pCDH-CMV-MCS-EF1-copGFP. The 
cells were re-embedded into Matrigel and images were acquired 36 h later. Note that nearly 100 % of newly 
formed intestinal organoids are GFP-positive       
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nize viral production with the organoid harvesting. This described 
virus production procedure results in tenfold concentration of 
viral supernatants, which compensates for approximately tenfold 
decrease of virus titer during the frozen stock thawing.   

   7.    The aim of this step is to separate an undifferentiated popula-
tion from differentiated or more committed populations that 
will never contribute to development of organoids.   

   8.    At this step, there is no need for thorough dispersion, which 
could reduce colony-forming capacity. As the magnitude of 
dispersion appears to signifi cantly vary among researchers, 
even with the same number of times of pipetting, the best 
number of times of pipetting for each researcher must be 
empirically determined.   

   9.    We initially rinse the surface of each well with cold PBS to 
more evenly spread liquid Matrigel before its polymerization.   

   10.    We typically divide a cell suspension obtained from the small 
intestine of a single mouse into six wells of the 24-well plate.   

   11.    Relatively undifferentiated cells easily attach to Matrigel and 
remain viable, while differentiated cells do not attach and die 
shortly. Accordingly, stem or progenitor cells are likely to be 
enriched at the beginning of the 3D culture.   

   12.    We observed that the timing of organoid harvest is critical for 
the effi cient infection. The best results can be obtained by 
using actively proliferating organoids with extensive budding 
of crypt-like structure and little debris or dead cells in the 
lumen. Typically, the best timing is around days 4–7 of primary 
3D culture and this time window lasts only 1–2 days.   

   13.    The organoids should be visible as a white pellet at the tube 
bottom. Softened Matrigel will form a middle layer, and the 
culture medium will form a top layer. At this step, medium 
should be completely removed, but some Matrigel may be still 
present in the pellet.   

   14.    Matrigel is no longer solid or visible as a pink pellet.   
   15.    To maximize the cell contact area with viral particles, it is 

imperative to thoroughly dissociate organoids into single cells 
and keep cell density at a low level because cell aggregation 
could hamper effi cient infection. However, we noted that overly 
long enzymatic treatment and excessive pipetting could eventu-
ally lead to a very low colony-forming capacity. Addition of a 
GSK3β inhibitor, CHIR-99021, which has been recently shown 
to signifi cantly improve the colony-forming capacity of single 
intestinal cells [ 5 ], will help to achieve both high infection effi -
ciency and formation of a large number of organoids (Fig.  3 ).

       16.    Accurate counting of viable cell numbers, with a hemocytometer 
and Trypan blue staining, may become diffi cult because organ-

Lentiviral Infection of Organoids
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oids contain many dead cells, and single cells keep dying during 
counting. Therefore counting must be performed very promptly.   

   17.    This step is identical to those described in Subheading  3.1 , 
 step 8 .   

   18.    Pre-mixing of cells and viruses before plating is critical because 
we observed lower infection effi ciency when these two compo-
nents were separately placed on polymerized Matrigel.   

   19.    This step is essentially the same as described in Subheading  3.1 , 
 step 9 . By attaching to Matrigel, individual cells can survive 
overnight incubation with lentiviruses, which is suffi cient for 
high effi ciency viral transduction.   

   20.    We observe that the majority of GFP-positive cells usually 
remain green, even at 3 weeks after infection, strongly suggest-
ing a stable transduction of stem cells [ 4 ].   

   21.    For a longer culture involving subculture, follow fi rst 
Subheading  3.2 ,  steps 9 – 14 , and then Subheading  3.2 , 
 steps 5 – 8 .         

  Fig. 3    A GSK3β inhibitor, CHIR-99021, enhanced the development of intestinal 
organoid. Addition of 2.5 μM CHIR-99021 to a single-cell suspension signifi -
cantly increased colony-forming capacity after re-embedding the cells into 
Matrigel. Images were taken at 24 h and 72 h after the re-embedding       
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    Chapter 3   

 Co-culture of Gastric Organoids and Immortalized Stomach 
Mesenchymal Cells                     

     Nina     Bertaux-Skeirik    ,     Jomaris     Centeno    ,     Rui     Feng    , 
    Michael     A.     Schumacher    ,     Ramesh     A.     Shivdasani    , and     Yana     Zavros       

  Abstract 

   Three-dimensional primary epithelial-derived gastric organoids have recently been established as an 
important tool to study gastric development, physiology, and disease. Specifi cally, mouse-derived fundic 
gastric organoids (mFGOs) co-cultured with Immortalized Stomach Mesenchymal Cells (ISMCs) refl ect 
expression patterns of mature fundic cell types seen in vivo, thus allowing for long-term in vitro studies of 
gastric epithelial cell physiology, regeneration, and bacterial-host interactions. Here, we describe the devel-
opment and culture of mFGOs, co-cultured with ISMCs.  

  Key words     Mouse fundic gastric organoids  ,   Co-culture  ,   Immortalized stomach mesenchymal cells  

1      Introduction 

   In vitro three-dimensional organoid culture systems  have   been 
developed to investigate the development, physiology, and disease 
of  multiple   organs including liver [ 1 ,  2 ], pancreas [ 3 ], Barrett’s 
esophagus [ 4 ], stomach [ 5 – 9 ],    small intestine [ 5 ,  10 ], and colon 
[ 4 ,  11 ]. In an effort to enhance our understanding of the develop-
ment of gastric disease, our lab has established a protocol to generate 
primary cultured whole fundic gland-derived gastric organoids [ 5 , 
 7 ,  8 ,  12 ,  13 ]. Cultures derived from whole dissected glands are 
distinct from similar corpus-derived cultures generated from single- 
cell preparations of Troy + ve populations [ 14 ]. Troy-positive cells 
are expressed at the corpus gland base in a subset of differentiated 
chief cells and generate long-lived gastric organoids that are differen-
tiated toward the mucus-producing cell lineages of the neck and pit 
regions. Here we report a culture method of fundic-derived gastric 
organoids devised for the maintenance of mature cell lineages observed 
throughout the fundic epithelium in vivo. Maintained in matrigel 
and gastric organoid growth media,  organoids  are   co- cultured 
with immortalized stomach mesenchymal cells (ISMCs) [ 15 ]. 
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Gastric organoids recapitulate the differentiated cell types normally 
found in the stomach and have a polarized epithelium with a 
defi ned lumen. These gastric organoids have been used as a model 
system for the study of  Helicobacter pylori -induced disease [ 8 ,  12 ], 
signaling pathways involved in proliferation of the epithelium [ 13 ], 
and gastric physiology [ 7 ].  

2    Materials 

       1.    Growth media: DMEM High Glucose, 10 % Fetal Calf Serum, 
and 1 % Penicillin/Streptomycin.   

   2.    Freezing medium: Recovery™ Cell Culture Freezing Medium 
(Life Technologies).   

   3.    Washing Solution: Dulbecco’s phosphate buffered saline 
(DPBS) without calcium or magnesium.   

   4.    Cell Releasing Solution: Trypsin-EDTA 0.25 % phenol red.   
   5.    Corning ®  75 cm 2  tissue culture treated fl asks.      

       1.    Storage and Washing buffer for gastric glands and organoids: 
ice-cold Dulbecco’s phosphate buffered saline (DPBS) with-
out calcium or magnesium.   

   2.    Conical tubes, 50 mL, 15 mL, and 5 mL volume.   
   3.    Chelation buffer for isolation of mouse gastric glands: ice-cold 

Dulbecco’s phosphate buffered saline (DPBS) without calcium 
or magnesium with 5 mM EDTA, pH 7.4.   

   4.    Dissociation buffer for isolation of mouse gastric glands: ice- 
cold Dulbecco’s phosphate buffered saline (DPBS) without 
calcium or magnesium with 43.4 mM Sucrose and 54.9 mM 
D-Sorbitol.   

   5.    Basement membrane for growth of organoids: Growth Factor 
Reduced, Phenol Red-free Matrigel™ (Fisher).   

   6.    Plates for growth of organoids: Costar™ Transwell™ Clear 
Polyester Membrane Inserts for 12-Well Plates.   

   7.    Growth and culture medium: Advanced Dulbecco’s modifi ed 
Eagle medium/F12 medium (Life Technologies, 12634–010) 
supplemented with 2 mM Glutamax, 100 U/ml Penicillin/
Streptomycin, 10 mM HEPES Buffer, 1 mM nAcetylcysteine 
(Sigma), 1× N2 (Life Technologies), 1× B27 (Life 
Technologies), 50 % Wnt-conditioned medium, 10 % 
R-spondin–conditioned medium supplemented with gastric 
growth factors including 100 ng/ml bone morphogenetic 
protein inhibitor Noggin (PeproTech), 10 nM [Leu-15]-
gastrin I (Sigma), 50 ng/ml epidermal grow factor (EGF) 
(PeproTech), and 100 ng/ml fi broblast growth factor 10 
(FGF10) (PeproTech).   

2.1     Immortalized 
Stomach Mesen-
chymal Cells (ISMCs)

2.2  Mouse-Derived 
Fundic Gastric 
Organoids (mFGOs)
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   8.    For staining: 4 % paraformaldehyde made up in regular 1× 
PBS,    EdU proliferation assay kit (Life Technologies).   

   9.    Hoechst (Life Technologies, H3570), 1:1000 solution in 
DPBS.       

3    Methods 

   All mouse studies were approved by the University  of   Cincinnati 
Institutional Animal Care and Use Committee (IACUC) that 
maintains an American Association of Assessment and Accreditation 
of Laboratory Animal Care (AAALAC) facility.

    1.    Euthanize mouse of at least 6 weeks of age. Using a pair of 
sterile surgical scissors, with the mouse stomach facing up, 
make an incision into the lower right abdominal cavity. Grasp 
the stomach (underneath the liver) with forceps, and use a 
small pair of scissors to cut the stomach from the esophagus 
and the duodenum. Open the stomach along the greater cur-
vature, all the way through both the opening to the esophagus 
and the duodenum, so that the stomach can be laid fl at. Wash 
the stomach twice in a weigh-boat fi lled with ice-cold DPBS 
without calcium or magnesium (w/o Ca/Mg), and then place 
into a 50 mL conical tube with 30 mL of ice-cold DPBS w/o 
Ca/Mg for transport to the micro-dissecting table.   

   2.    Remove the stomach carefully and pin the stomach (basolat-
eral side upwards, and luminal side down) open on a silicon 
fi lled dish so that the forestomach is pointing toward the top 
of the dish ( see   Note 1 ). Working quickly but carefully, use fi ne 
point curved forceps to lift the serosal muscle layer in segments 
and use micro-dissecting curved scissors to cut and remove the 
muscle from the epithelium ( see   Note 2 ).  See  Fig.  1a  for refer-
ence. For fundic-specifi c gastric organoids, cut and separate 
the fundic tissue with a wide margin from the forestomach and 
antrum to prevent gland contamination, and for antral specifi c 
organoids, isolate the antrum from any remaining pyloric 
sphincter tissue ( see   Note 3 ). Using scissors cut the fundus or 
antrum into small (less than 5 mm 2 ) pieces, and scoop into a 
sterile 15 mL conical tube prefi lled with 5 mL of chelation buf-
fer. Place tube on gentle rocker at 4 °C for 2 h.

       3.    Thaw desired volume  of   Matrigel™ on ice or at 4 °C during 
this 2 h EDTA incubation step ( see   Note 4 ).   

   4.    After incubation with EDTA chelation buffer, remove EDTA 
buffer after allowing tissue pieces to settle to the bottom of the 
tube. Replace this solution with 5 mL of dissociation buffer. 
Shake the tube by hand, with the bottom of the tube pointed 
toward the ground for 2 min ( see   Note 5 ).  See  Fig.  1b  for pic-
ture of the gland isolation.   

3.1  Isolation 
of Mouse 
Gastric Glands

Co-culture of Gastric Organoids
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  Fig. 1    Development of Mouse Fundic Gastric Organoids. Mouse stomach is har-
vested, serosal muscle layer is removed ( a ) and sections of the desired portion of 
the stomach are collected. The stomach glands (fundic depicted) are harvested 
( b ), embedded into Matrigel and provided with growth medium. Mouse organoids 
formation can be visualized by day six of culture ( c )       
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   5.    Set the tube back on ice briefl y to let larger fragments of tissue 
settle to the bottom of the tube, but not long enough for gas-
tric glands to settle. Using a 1000 μL pipet, remove the 5 mL 
of volume without disturbing the large tissue fragments at the 
bottom of the tube. Transfer this volume into a sterile 5 mL 
tube and centrifuge at 150 g for 5 min at 4 °C.   

   6.    Remove supernatant carefully, so as not to disturb the pellet of 
glands ( see   Note 6 ). Keeping the tube on ice, transfer desired 
volume  of   Matrigel™ to the glands ( see   Note 7 ) and mix gently 
to avoid air bubbles.   

   7.    Using a 200 μL pipet, pipet 40 μL of the glands in Matrigel™ 
directly onto the Transwell™ membrane ( see   Note 8 ). Incubate 
the plate at 37 °C for 15 min to allow Matrigel™ to solidify. 
After this incubation add 0.5 mL of growth media to the top 
of the transwell, and 1 mL of growth media to the bottom of 
the transwell. Allow organoids to grow for 4 days ( see   Note 9 ). 
 See  Subheading  3.3   for   co-culture technique  with   ISMCs.    

         1.    Prepare culture growth media with desired volume of DMEM 
Hi Glucose, 10 % Fetal Calf Serum, and 1 % Penicillin/
Streptomycin (PS).   

   2.    Thaw the Immortalized Stomach Mesenchymal Cells (ISMCs) 
stock at 37 °C.   

   3.    In a 75 cm 2  cell culture fl ask, add 29 mL of the growth media 
and pipette 1 mL of thawed ISMC stock solution for a total 
volume of 30 mL ( see   Note 10 ).   

   4.    After cell addition, slide the fl ask in forward and backward 
motion to mix the cells and media. Incubate cells at 37 °C.   

   5.    Cell adhesion should be visible after 24 h under light micro-
scope ( see   Note 11 ).   

   6.    After cells reach 95–100 % confl uence, to passage to 12-well 
plates for co-culture, wash cells with 5 mL of warm DPBS w/o 
Ca/Mg, remove by vacuum, and treat with 5 mL of 0.25 % 
trypsin at 30 °C to release cells from fl ask. Add 10 mL of cul-
ture medium to inactive trypsin. Transfer to 50 mL conical 
tube, and spin at 1000 rpm for 5 min. Remove supernatant, 
and resuspend in 10 mL growth medium.   

   7.    Count cells using a hemocytometer, and determine appropri-
ate dilution factor to suspend ISMCs to seed 12,000 cells per 
well in the 12-well plate ( see   Note 12 ). Let cells adhere over-
night (or 12–24 h) before culturing with organoids.   

   8.    Passage the rest of the ISMCs onto the T75 cm 2  fl asks for fur-
ther growth to continue providing fresh ISMCs to organoids.      

3.2  Growth 
 of   Immortalized 
Stomach 
Mesenchymal Cells

Co-culture of Gastric Organoids
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        1.    At day 4 of growth, transfer Transwell™ membrane inserts to the 
12-well plate seeded  with   ISMCs ( see   Note 13 ). Provide fresh 
organoid growth medium to both the top and bottom compart-
ment of the Transwell™, taking care to remove old media using 
a 1000 μL pipet, without disturbing the organoids.   

   2.    Every other day (every 48 h) the organoid culture must be 
supplied with a fresh 12-well plate of ISMCs; otherwise the 
organoids will not have enough growth factors to continue 
growth ( see   Note 14 ).   

   3.    Allow organoids to continue growing up to 7–10 days (post 
gland embedding in Matrigel™), and harvest for experimenta-
tion, staining, or passaging to maintain growth.      

       1.    To stain for proliferating cells, you must complete an EdU 
uptake step prior to fi xation. Otherwise, proceed directly to 
fi xation and staining ( step 3 ). Thaw EdU component at 37 °C, 
and prepare solution in DMEM basic medium with a ratio of 
1:500.   

   2.    For EdU uptake, remove half of the growth media volume in 
the Transwell™, 250 mkl from upper compartment and 
500 mkl from bottom compartment and replace with same 
volume of EdU-DMEM solution, incubate at 37 °C for 1 h.   

   3.    (Begin here if EdU uptake is not desired) For fi xation, remove 
all the liquid from the Transwell™, add prewarmed 4 % para-
formaldehyde 500 μL to upper and 1 mL to bottom compart-
ments and incubate for 15 min at room temperature ( see   Note 
15 ).   

   4.    Remove the 4 % paraformaldehyde from upper and bottom 
compartments and replace with the same volume of 
DPBS. Wrap with Parafi lm™ and store at 4 °C until staining.   

   5.    For EdU staining, follow manufacture’s directions.   
   6.    For permeabilization, incubate in 0.5 % Triton X-100 for 

20 min at room temperature, adding 1 mL liquid to the bot-
tom portion of the Transwell™, and 500 μL liquid to the insert 
with organoids ( see   Note 16 ).   

   7.    Wash 2 times with DPBS, adding 1 mL liquid to the bottom 
portion of the Transwell™, and 500 μL liquid to the insert 
with organoids, and resuspend in primary antibody solution 
(made up in DPBS) and incubate at 4 °C overnight, again add-
ing 1 mL of liquid to the bottom portion of the Transwell™, 
and 500 μL of liquid to the insert with organoids.   

   8.    Wash 2 times with 1 mL DPBS, and resuspend cells in sec-
ondary antibody at 4 °C overnight, using same volumes as in 
 step 7 .   

3.3     Co-culture 
 of   ISMCs with Mouse 
Gastric Organoids

3.4     Immuno-
fl uorescence  and   EdU 
Proliferation Assay

Nina Bertaux-Skeirik et al.
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   9.    Wash two times DPBS, and Hoechst solution if desired, and 
incubate for 30 min in the dark at room temperature, using the 
same volumes as in  step 7 .   

   10.    Wash two times with DPBS; leave membrane submerged in 
1 mL of DPBS to prevent cells from drying on the top insert, 
and in 2 mL of DPBS in the bottom portion of the Transwell™.   

   11.    For imaging, place the insert (with the organoids still sus-
pended in DPBS) on a glass coverslip. Store wrapped in 
Parafi lm™ in DPBS (1 mL in the insert, 2 mL in the bottom 
compartment) at 4 °C.       

4    Notes 

     1.    To prevent the tissue from drying out, you can pour 3–5 mL 
of ice-cold DPBS w/o Ca/Mg over the pinned down 
stomach.   

   2.    Be careful not to let the curved micro-dissecting scissors cut 
into the epithelium. To prevent this from happening, hold the 
scissors in parallel to the stomach as you are cutting away the 
muscle layer.   

   3.    The antrum will appear more translucent and thinner than the 
fundus, and thus this distinction will make it easier to delineate 
where to cut if making region-specifi c organoids. If making 
whole-stomach organoids, combine fundus and antrum 
tissue.   

   4.    If thawing a full bottle  of   Matrigel™, place in an ice bucket at 
4° overnight. Mix gently with a 1000 μL pipet, and aliquot 
into desired volumes, keeping all materials on ice to prevent 
Matrigel™ from solidifying.   

   5.    Shake up and down twice per one second for best results. If, 
after shaking, you do not see gastric glands under the micro-
scope, you can shake again for 1–2 min to increase the yield. 
This can be done by removing 50 μL from freshly shaken tube 
to check the density of the gastric glands, underneath a 10× 
objective on a light microscope. Extended shaking (>5–
10 min) will result in low organoid yield, as glands will frag-
ment into single cells.   

   6.    It is easiest to remove the supernatant by vacuum, and then 
pull off the remaining liquid with a 1000 μL pipet.   

   7.    It is important to avoid air bubbles by fi rst pipetting the desired 
volume, and then decreasing the volume on the pipet, making 
sure to completely dissolve the pellet of glands in  the   Matrigel 
evenly, while keeping the tube on ice.   

Co-culture of Gastric Organoids
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   8.    Do not pipet more than 40 μL on to the membrane because 
the Matrigel™ will spread instead of forming a domed bubble 
shape, and organoids will not form.   

   9.    Sphere formation should occur within 24 h of growth.   
   10.    Must pipette slowly to prevent cell breakage.   
   11.    Cells should be passaged after cells have adhered and reached 

95–100 % confl uence.   
   12.    To passage ISMCs onto the 12-well plate, add 1 mL of cell 

solution to each well. For example, to seed one plate of cells, 
create a suspension of 12 mL of volume, for 1 mL per well.   

   13.    To transfer, fi rst remove the DMEM growth medium from the 
12-well plate with  the   ISMCs, then carefully transfer the tran-
swell membrane to the 12-well plate containing the ISMCs, 
making sure to keep everything sterile in the hood. Make sure 
to provide fresh organoid growth medium on the top and bot-
tom of the transwell.   

   14.    This means that the organoid growth media will be fully 
replaced every other day, when the organoids on the Transwell™ 
inserts are switched to a fresh 12-well plate  of   ISMCs.   

   15.    The paraformaldehyde must be prewarmed; otherwise  the 
  Matrigel™ will dissolve, and the organoids will be lost during 
the washes for staining.   

   16.    Do not remove liquid by vacuum, instead take great care and 
use a 1000 μL pipet, always placing new volume down the side 
of the insert, not directly on top of the organoids  .         
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    Chapter 4   

 An Air–Liquid Interface Culture System for 3D Organoid 
Culture of Diverse Primary Gastrointestinal Tissues                     

     Xingnan     Li    ,     Akifumi     Ootani    , and     Calvin     Kuo      

  Abstract 

   Conventional in vitro analysis of gastrointestinal epithelium usually relies on two-dimensional (2D) culture 
of epithelial cell lines as monolayer on impermeable surfaces. However, the lack of context of differentia-
tion and tissue architecture in 2D culture can hinder the faithful recapitulation of the phenotypic and 
morphological characteristics of native epithelium. Here, we describe a robust long-term three- dimensional 
(3D) culture methodology for gastrointestinal culture, which incorporates both epithelial and mesenchy-
mal/stromal components into a collagen-based air–liquid interface 3D culture system. This system allows 
vigorously expansion of primary gastrointestinal epithelium for over 60 days as organoids with both pro-
liferation and multilineage differentiation, indicating successful long-term intestinal culture within a 
microenvironment accurately recapitulating the stem cell niche.  

  Key words     Gastrointestinal tissue culture  ,   Organoid  ,   Three dimensional culture  ,   Air–liquid interface  , 
  Stem cell niche  

1      Introduction 

  The intestine is one of the organs with the highest cell turnover, 
   with the intestinal epithelial lining undergoing complete regenera-
tion every 5–7 days. The rapid turnover of intestine is due to the 
presence  of   intestinal stem cell (ISC) populations at the crypt base 
and at other locations such as the crypt “+4” position [ 1 ,  2 ]. 
Similar to intestine, homeostatic cell renewal of the stomach and 
pancreas is supported by stem cell populations located in epithelial 
compartments, the pyloric glands and the pancreatic ducts [ 3 ,  4 ]. 
The stem cell niche of gastrointestinal organs provides a microen-
vironment composed of both epithelial and mesenchymal/stromal 
cells, in which stem cells undergo self-renewal or differentiation. 

 Because of inherent limitations of 2D epithelial cell culture, 
there has been increasing interest in  using   3D cell culture models to 
mimic multicellular morphological and functional features of the 
parental gastrointestinal epithelium. Embryonic organ culture has 
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demonstrated the 3D architecture and cellular differentiation pat-
tern of intestine. However, this in vitro methodology has been 
restricted to embryonic tissue and has shown limited cellular viabil-
ity for less than 14 days [ 5 ]. Recent studies have described method-
ology for 3D “organoid” culture of the epithelium from intestinal 
crypts, pancreatic ducts, stomach, liver, and/or stem cell popula-
tions isolated from primary gastrointestinal tissues. These  sub-
merged   Matrigel cultures requires various growth factor 
supplementation to supply paracrine signaling [ 3 ,  4 ,  6 – 9 ], possibly 
because of their purely epithelial nature. We have been able to 
robustly culture  intestinal   explants containing both epithelial and 
mesenchymal cells into spheroid-like organoids using an air–liquid 
interface (ALI) methodology that does not require exogenous 
growth factor supplementation [ 10 – 12 ]. In this system, we have 
obtained gastrointestinal organoids from neonatal or adult mouse 
tissues exhibiting multilineage differentiation and sustained growth 
for >60 days [ 10 – 12 ]. Furthermore, this ALI method allows robust 
culture from genetically engineered mice and in vitro Cre- dependent 
oncogene activation, tumor suppressor inactivation, or viral trans-
duction. This 3D ALI organoid system has tremendous potential 
for bridging the gap between 2D cell line-based research and ani-
mal model-based in vivo studies in gastrointestinal biology.  

2    Material 

 Prepare all solutions using milli-Q water. Filter solutions using vac-
uum driven fi lter (pore size: 0.22 μm). Store all reagents at 4 °C. 

       1.    Solution A: Cellmatrix type I-A (Porcine type I collagen, Nitta 
Gelatin Inc.) or (Cultrex ®  Rat Collagen I, Trevigen), ready to 
use. Store at 4 °C ( see   Note 1 ).   

   2.    Solution B: 10× concentrated sterile culture medium (Ham’s 
F-12). To make 100 ml solution B, dissolve one bag of Ham’s 
F-12 Nutrient Mix powder (Life Technologies) in 100 ml of 
sterile milli-Q water and fi lter through a 0.22 μm Corning fi l-
ter. Store at 4 °C.   

   3.    Solution C: sterile reconstitution buffer. Make up to 100 ml 
with sterile milli-Q water, 0.05 N NaOH, 200 mM HEPES, 
and 2.2 g NaHCO 3 . Filter through a 0.22 μm Corning fi lter. 
Store at 4 °C ( see   Note 1 ).      

       1.    Inner dish: Millicell culture plate inserts, 0.4 μm, 30 mm 
(PICM03050, Millicell-CM, Millipore) ( see   Note 2 ).   

   2.    Outer dish: Easy Grip tissue culture dish, 60 × 15 mm ( see  
 Note 3 ).      

2.1  Collagen Gel 
Matrix Components

2.2  3D Culture 
Assembly Components

Xingnan Li et al.
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       1.    Culture medium: Ham’s F12 supplemented with 20 % fetal 
bovine serum and 50 μg/ml gentamicin reagent solution (10 
mg/ml in distilled water).   

   2.    Freezing medium: 90 % fetal bovine serum and 10 % DMSO.   
   3.    Fixation buffer: 4 % PFA or 10 % buffered formalin phosphate.      

   Iris scissors, forceps (World Precision Instruments) sterilized by 
autoclaving within instant sealing sterilization pouch.  

   Intestine, stomach, and pancreas removed from neonatal mice 
using aseptic procedure ( see   Note 4 ).   

3    Methods 

         1.    Add ice-cold solution B to A at a volume ratio 1:8 (for total of 
10 ml collagen gel: 8 ml solution A, 1 ml solution B) and mix 
well by pipetting up and down in a 50 ml conical tube on ice.   

   2.    Add 1 volume of ice-cold solution C to the mixture of A and 
B (for total of 10 ml collagen gel: 1 ml solution C). Mix well 
on ice until the color of the mixture turns pink.   

   3.    Avoid air bubbles through the procedure. Pipet bubbles out if 
there are any.   

   4.    Keep the reconstituted collagen solution on ice (4 °C) until use.   
   5.    Pour 1 ml of reconstituted collagen solution into each 30 mm 

diameter Millicell insert in a tissue culture hood ( see   Note 5 ).   
   6.    Leave inserts in the hood at room temperature for 20–30 min 

until collagen solidifi es completely. To expedite solidifi cation, 
inserts with collagen can be placed in a 37 °C incubator.      

       1.    Following aseptic procedure, remove murine gastrointestinal 
tissues (intestine, stomach, or pancreas) and immediately 
immerse in ice-cold culture medium such as Ham’s F12 
medium (without serum) or PBS ( see   Note 6 ).   

   2.    For intestine and stomach, infl ate the removed tissue by inject-
ing ice-cold medium into the lumen or the body of stomach. 
Open the tissue lengthwise and wash in ice-cold culture 
medium or PBS to remove all luminal contents.   

   3.    Transfer the tissue to the hood. Rinse the tissue with ice-cold 
medium or PBS 2–3 times.   

   4.    Mince the thoroughly washed tissue with iris scissors on a ster-
ile area such as a tissue culture plate lid. The tissue should be 
fi nely minced until it shows viscous and almost homogenous 
appearance. The fi nal size suitable for culture is represented by 
tissue fragments approximately 0.3 mm 3  or under. This minc-
ing procedure should be fi nished on ice and should not exceed 
5 min to avoid cell damage and drying the tissue.      

2.3  Culture Medium 
and Buffer

2.4  Dissection 
Apparatus

2.5  Primary Tissues

3.1  Preparation 
of the Bottom Layer 
of Collagen Gel Matrix 
in the Inner Dish

3.2  Preparation 
of  Primary 
  Gastrointestinal 
Tissues

An Air–Liquid Interface 3D Culture System
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        1.    Prepare reconstituted collagen solution for tissue-containing 
top layer as described above (Subheading  3.1 ). We typically use 
1 ml of collagen solution for each 30 mm diameter Millicell 
insert.   

   2.    Pipette the minced tissue into collagen solution and mix well on 
ice. Pour 1.0 ml of the tissue-containing collagen gel onto the 
inner dish with bottom layer gel matrix prepared in Subheading 
 3.1 . A 0.5 cm length of  murine   gastrointestinal tissue is enough 
to prepare 1 ml of tissue-collagen gel mixture.   

   3.    Place the completed inner dish (total volume of collagen is 2.0 
ml) in a new empty 60 mm outer dish. Transfer the covered 
outer dish to a 37 °C incubator and allow the gel of the inner 
dish to solidify for 20–30 min.   

   4.    After solidifying of the top layer tissue-containing gel, add 
1.5 ml culture media into the outer dish in the hood. At this 
point, the culture media should not reach above the top 
cellular gel layer which allows the formation of the ALI micro-
environment ( see   Note 7 ) (Fig.  1 ).

       5.    Transfer the culture assembly to an incubator at 37 °C with a 
humidifi ed atmosphere of 5 % CO 2 .   

   6.    Change culture medium every 7 days. If desirable, growth fac-
tors or variable test compounds can be added in the culture 
medium.   

   7.    To check growth of primary gastrointestinal organoids, use a 
light microscope or a stereomicroscope. Typically, formation 
of cystic organoids from primary cells can be observed within 
3–7 days (Fig.  2 ).

          
 This procedure should be fi nished in tissue culture hood to avoid 
contamination.

    1.    Recover primary organoids from collagen gel by incubating 
organoid-containing collagen gel in PBS with 300 U/ml col-
lagenase IV at 37 °C for 20–30 min. Shake the sample every 
10 min to expedite disaggregation. Centrifuge at 1000 rpm for 
5 min, 4 °C.   

3.3  Assembly of ALI 
3D Primary Culture 
System

3.4  Disaggregation, 
Subculture, 
and Cryopreservation 
of Primary Organoids

  Fig. 1    Schematic representation of 3D culture assembly. The tissue explants are cultured in collagen gels 
under an air–liquid interface microenvironment       
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   2.    If single cell suspension is desired, resuspend and incubate the 
cell pellet in 0.05 % trypsin/EDTA for 5 min at 37 °C. The 
disaggregation procedure can be followed by fl ow cytometry 
or viral transduction ( see   Note 8 ).   

   3.    Add 5 ml of 100 % FBS to the cell suspension. Incubate the 
sample at room temperature for 5 min. Centrifuge at 1000 rpm 
for 5 min, 4 °C.   

   4.    Repeat  step 3  two times.   
   5.    If cryopreservation is desired, resuspend the fi nal cell pellet in 

freezing medium. Keep it in a Corning freezing vial at −80 °C.   
   6.    To subculture, resuspend the cell pellet in reconstituted collagen 

solution and replate on pre-made bottom layer collagen as 
described above (Subheading  3.3 ). We can usually expand one 
primary culture into 3–4 sub-cultures. Prepare 1 ml of collagen 
solution for each 30 mm diameter Millicell insert. Assemble 
the 3D culture system and transfer to a 37 °C incubator.      

       1.    Fix organoids by immersing the inner dishes in fi xation buffer 
overnight.   

   2.    Rinse inner dishes with PBS.   

   3.    Cut the organoid-containing collagen gel along with mem-
brane from inner dishes using a surgical blade. Place the gel/
membrane on a pre-wet paper towel and cut into 4–5 stripes 
(about 1 cm or thinner). Peel the stripes from paper towel and 
lay them fl at in a cassette. Keep the samples in PBS and pro-
ceed to paraffi n embedding or generation of frozen section  by 
  OCT ( see   Note 9 ).   

   4.    Cross sections can be applied for variable staining methods 
such as hematoxylin and eosin. The sections can also be used 
for immunohistochemistry for various antibodies (Fig.  3 ).

3.5  Embedding 
of Primary Organoids 
for Histological 
Analysis

  Fig. 2    Stereomicroscopy of mouse neonatal gastric organoid expansion at day 5 and day 15       
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4            Notes 

     1.    Different Cellmatrix type I-A gels may require different pH of 
solution C for proper reconstitution. For collagen gel from 
Trevigen (Cultrex ®  Rat Collagen I, Lower Viscosity (3 mg/
ml)), we still use the volume ratio 8:1:1 of Solution A, B, and 
C to prepare reconstituted collagen solution, but solution C 
needs to be adjusted to pH 11.0.   

   2.    The inner dish should have a permeable or pored membrane 
bottom. Besides the Millicell culture plate inserts we usually 
use, other culture plate inserts with variable size can be used as 
inner dishes, such as Corning 6.5 mm diameter transwell or 
HTS 96-well transwell plates. The scale of materials and 
reagents should be adjusted in accordance with the intended 
use.   

   3.    The 60 mm outer dish can be replaced by 6-well culture plates 
if desired. Scale down the culture medium to 1.0 ml.   

   4.    In general, growth from neonatal intestinal tissue (harvested at 
postnatal day 0-day 7) is most optimal. For wild-type tissue, we 
have had success with samples from small and large intestine up 
to 26 weeks of age. We recommend adding R-spondin1 (500 
ng/ml) or R-spondin conditional medium to improve initia-
tion of organoids from wild-type adult tissue. Cre activation 
elicited vigorous growth of adult Apc fl ox/fl ox  intestinal organoids 
with or without latent alleles of Kras or p53. Gender does not 
affect the effi cacy of culture. We typically add ~10 7  pfu of ade-
novirus Cre- GFP to the inner dish for excision of fl oxed loci.   

  Fig. 3    Hematoxylin and eosin staining of mouse neonatal pancreatic organoids at 
day 14 of culture       
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   5.    For HTS 96-well transwell plate, we fi nd it diffi cult to follow a 
two collagen layer procedure. We usually mix reconstituted 
collagen with minced tissue or disaggregated organoids and 
apply 50–60 μl of the mixture directly to each transwell. 120 μl 
of culture medium will be applied to each outer well.   

   6.    A 1 cm length of murine intestinal tissue is enough to make up 
to two inner dishes for culture. We don not use any extra steps 
to enrich epithelial cell population or crypts. The entire piece 
of tissue (including epithelial layer,    lamina propria, and mus-
cles) will be minced for primary plating.   

   7.    It is very important that the culture media in the outer dish 
does not cover the cultured cells in the inner dish. Compared 
to submerged culture, the ALI confi guration provides greater 
oxygenation for primary gastrointestinal tissue ( see  Ref.  13 ).   

   8.    Lentiviral or retroviral transduction are usually completed by 
spinoculation. Resuspend the cell pellets (Subheading  3.4 ) in 
0.5–1.0 ml of culture media (with 5 μg/ml polybrene) and 
add virus (~10–20 MOI) directly into the cell suspension. Spin 
at 2000 rpm, room temperature for 1 h. Leave the conical 
tubes with loosed cap in a 37 °C incubator for 4–6 h. Spin and 
replate the cells to collagen after the incubation.   

   9.    Since the sample will be sectioned from the bottom of the cry-
omold, the sample stripes should be placed in the cryomold 
accordingly. The samples must be placed on the bottom of the 
cryomold on the edge of the long side. This will allow genera-
tion of optimal cross sections .         
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    Chapter 5   

 Organotypical Tissue Cultures from Fetal and Neonatal 
Murine Colon                     

     Peter     H.     Neckel     and     Lothar     Just       

  Abstract 

   The complex functions of the gastrointestinal tract rely on the coordinated interplay of several cell and 
tissue types involving epithelium, connective tissue, smooth muscles as well as cells of the immune and 
nervous system. It is therefore obvious, that these functions can hardly be investigated suffi ciently using 
cell lines or two-dimensional cell cultures. 

 Here, we describe an easy to produce three-dimensional organotypical explants culture from fetal and 
neonatal murine colon. This model is suitable for in vitro testing of intestinal function or the evaluation of 
developmental or pathological processes.  

  Key words     Organotypical tissue culture  ,   Intestine  ,   Colon  ,   Explants  ,   In vitro model  ,   Organ culture  

1      Introduction 

 Two-dimensional culture systems of intestinal cells dominate the 
experimental design in biomedical research due to the advantages 
they offer in terms of handling, analysis, and interpretation of 
results. However, a major restriction of these techniques is the lack 
of three-dimensional interactions of cultured cells with the cellular 
partners they would encounter in vivo [ 1 ,  2 ]. Thus, the establish-
ment of three-dimensional cultures recapitulating structural and 
functional complexity of specifi c organs is one of the main chal-
lenges in the development of new cell culture models, especially for 
complex organs composed of many different tissue and cell types 
like the intestine. 

 The gut is organized in different distinct tissue layers and is 
composed of various cell types like epithelial cells, fi broblasts, 
smooth muscle cells, neurons, or glial cells. In order to establish an 
organotypical intestinal cell culture model, the different cellular 
partners have to be arranged in a topographically specifi c manner 
resembling the in vivo situation. Therefore, three-dimensional 
intestinal tissue cultures of various gut regions have been described 
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that were maintained as free-fl oating cultures [ 3 ,  4 ], cultured on 
different extracellular matrixes [ 5 – 9 ], or on chick chorioallantoic 
membrane [ 10 ] to provide an in vivo-like environment; for review 
 see  [ 11 ,  12 ]. 

 In this protocol, we describe an easy to produce three- 
dimensional culture model for fetal and neonatal murine colon. 
The intestinal tissues that are cultured on membrane inserts at  the 
  air–liquid interface maintain the three-dimensional organization of 
gut layers for at least 2 weeks without loss of autonomous contrac-
tility [ 7 ]. This in vitro model can be used to bridge the gap between 
two-dimensional or cell culture-based testing and animal experi-
ments by offering the advantages of both experimental setups: easy 
handling and affordability of cell culture and a complex three- 
dimensional microenvironment that models in vivo complexity of 
the organ. This model can be used to investigate the mechanisms 
underlying developmental processes, host–microbe interactions, or 
their pathological consequences, as well as have several other phys-
iological and toxicological applications.  

2    Materials 

       1.    Dissection medium: Hanks balanced salt solution (HBSS) 
without Ca 2+  and Mg 2+  supplemented with penicillin 
(100 units/ml) and streptomycin (0.1 mg/ml). 

 We have tested and used two different culture media: A 
complex culture medium with lower serum concentration and 
defi ned growth factors, and a simplifi ed and cheap culture 
medium that is supplemented with a higher concentration of 
horse serum ( see   Note 1 ).   

   2.    Complex culture medium: DMEM/F-12 medium supple-
mented with 10 % (v/v) horse serum, insulin/transferrin/sele-
nium mix (1:100, Life Technologies), 1 mg/ml albumax (Life 
Technologies), 1 μM hydrocortisone (Sigma-Aldrich), 14 nM 
glucagon (Sigma-Aldrich), 1 nM triiodthyronine (Sigma- 
Aldrich), 200 μM ascorbat-2 phosphate, 20 μM linolic acid 
(Sigma-Aldrich), 10 nM estradiol (Sigma-Aldrich), and 5 ng/
ml keratinocyte growth factor (Sigma-Aldrich).   

   3.    Simplifi ed culture medium with higher serum concentration: 
mix 50 ml of DMEM/F-12, 24 ml of HBSS with Ca 2+  and 
Mg 2+ , 25 ml of horse serum and supplement with 2 mM  l - 
glutamine and additional 0.9 mg/ml NaHCO 3 .   

   4.    To culture neonatal gut slices, add 100 units/ml penicillin, 0.1 mg/
ml streptomycin and optionally, 5 μg/ml ciprofl oxacin (Fresenius 
Kabi Deutschland GmbH) to the complex culture medium.   

   5.    70 % ethanol.      

2.1  Tissue 
Culture Media

Peter H. Neckel and Lothar Just
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       1.    Mcllwain tissue chopper (Mickle Laboratory Engineering CO, 
Guildford, UK).   

   2.    6-Well plastic cell culture plates.   
   3.    Millicell cell culture inserts with hydrophilic PTFE membrane 

(Merck Chemicals GmbH, Schwalbach, Germany) ( see   Note 2 ).   
   4.    Standard cell culture equipment (i.e., cell culture incubator, 

water bath, balances).   
   5.    Stereo microscope with minimum 50× magnifi cation.   
   6.    Dissecting set (at least one pair of scissors, a set of fi ne forceps, 

and two spatulas).       

3    Methods 

       1.    Add 750 μl of culture medium into each well of the plastic 
6-well plate and put a Millicell insert into the well ( see   Note 3 ).      

   All procedures involving animal  handling   and experimentation 
must be performed in agreement to international animal welfare 
guidelines and according to a protocol approved by the Institutional 
Animal Care and Use Committee.

    1.    Euthanize fetal and neonatal mice.   
   2.    Immobilize the bodies by pinning them to the substratum.   
   3.    Disinfect the skin of neonatal mice using 70 % ethanol to avoid 

contamination of the tissue culture.   
   4.    Cut open the skin and abdominal wall to get access to the vis-

ceral organs. Use two sets of forceps—one for opening the 
skin, the other to open the peritoneum and removal of the gut.   

   5.    Remove the entire bowel, transfer it into the Petri dish fi lled 
with dissection medium, and carefully remove mesenteries, fat, 
and other attached tissues in order to unfold the gut.   

   6.    Use the Mcllwain tissue chopper to cut the gut into 250 μm 
thick transversal slices (Figs.  1  and  2 ;  see   Notes 4  and  5 ). After 
slicing by the tissue chopper, the tissue tension of  each   intesti-
nal slice will alter localization of different tissue layers (Fig.  1 ).

        7.    By, using two spatulas, carefully transfer the intestinal slices 
into a new Petri dish fi lled with the dissection medium. Avoid 
damaging the tissue with the spatula ( see   Note 6 ).   

   8.    Use a stereo microscope to evaluate the quality and homoge-
neity of the intestinal slices. Once you choose the best slices, 
gently remove rests of mucus and chyme from the intestinal 
lumen using fi ne forceps.   

2.2  Equipment

3.1  Tissue Culture 
Plate Preparation

3.2  Preparation 
of Intestinal Slices
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   9.    Carefully transfer the intestinal slices to the PTFE membrane 
using two spatulas (Fig.  2 ). The slices can be easily moved on 
and off the spatula with a second scoop by utilizing the 
 cohesion forces of medium surrounding the specimen. This 
prevents damage to tissue by rude contact with the used instru-
ments. Depending on size and form of your specimen, you can 
transfer several slices onto one membrane. On our experience, 
up to fi ve intestinal sections can be cultured on a single mem-
brane ( see   Notes 7  and  8 ).    

  Fig. 1    Generation and remodeling of the intestinal tissue sections. The upper 
panel illustrates the process of slicing of gut segments using a tissue chopper. 
The lower left panel depicts the anatomical diagram of the alignment of different 
tissue layers in the gut slices. Such layer alignment changes during tissue 
remodeling in cultured intestinal explants. Due to tissue tension of the gut slices, 
the intestinal mucosa dislocates to the upper and outer surface of the explants 
immediately after slicing (lower middle panel). After one week in culture, the 
majority of smooth muscle cells is positioned in the central lower part of the 
culture, covered by the connective tissue cells and superfi cial mucosal epithe-
lium (right lower panel)       
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         1.    Incubate the slices at 37 °C and 5 % CO 2  in a humidifi ed incu-
bator ( see   Note 9 ).   

   2.     Change   culture medium every second day ( see   Note 10 ). In order 
to do that, prewarm the culture medium in a water bath to 37 °C, 
lift the insert from the well using sterile forceps, add 750 μl of 
fresh medium into the well, and put back the insert trying to 
avoid trapping air bubbles under the PTFE membrane.   

   3.    Carefully wash the surface of the intestinal explants every 
fourth day with 1 ml of culture medium to remove mucus and 
shed epithelial cells.   

   4.    In order to study cell implantation into intestinal mucosa, add 
desired cells to the center of a freshly  cut   intestinal slice using a sterile 
micropipette (Fig.  3 ). Such cell implantation should be performed 
during the fi rst 24 h after preparation of intestinal slices [ 7 ]. During 
tissue remodeling in isolated slices, grafted cells become embedded 
into the intestinal explant. A similar protocol can be used to deliver 
drugs or nanoparticles into the organotypical tissue culture.

3.3  Culture 
of Intestinal Slices

  Fig. 2    Preparation of intestinal tissue slices. After cutting of gut segments with a tissue chopper ( a ), slices 
should be transferred on the membrane inserts using two spatulas ( b ). The cohesion forces of the medium 
surrounding the specimen can be used to gently move the sample onto the insert membrane, without risking 
any damage to the tissue. ( c ) Bright-fi eld view of four freshly prepared intestinal slices cultured on a mem-
brane insert. ( d ) Schematic cross-section view demonstrates the principle of tissue culturing at the air–liquid 
interface. ( e ) Bright-fi eld images of colon explants directly after slicing. The arrow points to the tissue-free area 
in the center of the culture. ( f ) Intestinal explant after one week in culture. Scale bars:  e  = 200 μm;  f  = 100 μm       
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4            Notes 

     1.    If your experimental setup interferes with high concentration 
of the serum, use the low serum complex culture medium.   

   2.    Since the PTFE membrane is very thin and transparent, intes-
tinal specimens cultured on this membrane can be examined 
and imaged using bright fi eld and phase contrast microscopy.   

   3.    It is important that the bottom surface of the PTFE membrane 
is uniformly wet and no air bubbles are trapped underneath the 
membrane insert.   

   4.    Slice thickness is a liming factor for the air–liquid tissue cul-
tures (on our experience, 250 μm is an optimal thickness; a 
good range is 200–400 μm). The insuffi cient supply of nutri-
ents and oxygen will lead to cell necrosis in the center of the 
slices that are too thick.   

   5.    Cutting extremely thin (<200 μm) slices has a disadvantage, 
since it produces asymmetric intestinal tissue sections that are 
diffi cult to examine and image.   

   6.    It is important that the freshly cut slices do not dry out on the 
plate of the tissue chopper. Avoid damaging the intestinal tis-
sue with the spatulas.   

   7.    Do not load too many samples onto one membrane. Closely 
located specimens could be pulled together by cohesion forces.   

   8.    After transfer of slices onto PTFE membrane, avoid any subse-
quent movement of the tissue.   

  Fig. 3    Implantation of cells into the center of freshly prepared intestinal slice using a micropipette. After tissue 
remodeling within the isolated slice, grafted cells (green) became incorporated into the intestinal tissue       
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   9.    The use of antibiotics in the culture medium is not necessary 
for fetal cultures. For neonatal specimens, we strongly suggest 
to add penicillin/streptomycin mixture and (optionally) cipro-
fl oxacin to the tissue culture medium.   

   10.    Change medium quickly to avoid drying intestinal tissue 
explants.         
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Chapter 6

Ussing Chamber Technique to Measure Intestinal Epithelial 
Permeability

Sadasivan Vidyasagar and Gordon MacGregor

Abstract

Epithelial cells are polarized and have tight junctions that contribute to barrier function. Assessment of 
barrier function typically involves measurement of electrophysiological parameters or movement of non-
ionic particles across an epithelium. Here, we describe measurement of transepithelial electrical conduc-
tance or resistance, determination of dilution potential, and assessment of flux of nonionic particles such 
as dextran or mannitol, with particular emphasis on Ussing chamber techniques.

Key words Tight junction, Paracellular permeability, Transepithelial resistance, Diffusion potential

1 Introduction

Epithelia are sheets of cells that line body cavities and external sur-
faces in multicellular organisms. Epithelial cells have tight junc-
tions that act as physical and chemical barriers to prevent seep of 
chemicals and maintain electrical gradients while allowing selective 
transport of solutes and water between internal and external com-
partments. The formation, quality, and permeability of tight junc-
tions determines the resistance and integrity of the epithelial tissue 
[1]. Barrier function is largely studied using three methods: [1] 
measurement of transepithelial electrical conductance (Gt); [2] 
measurement of dilution potential, in which transepithelial voltage 
changes are recorded after exposure to solutions of different ionic 
strength; and [3] measurement of junctional permeability involv-
ing measurements of fluxes of non-ionic particles.

The Ussing method of measuring active ion transport and leak-
ing resistance in epithelial tissues was first published in 1946. The 
method is nondestructive and label free and is an effective means of 
assessing barrier function. Epithelia can be classified as leaky or 
tight on the basis of electrical resistance measurements. For many 
years, the epithelium of choice for study of barrier function was 
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frog skin, which had negligible flux through the  intercellular space. 
The transepithelial resistance (Rt) for frog skin is typically 
~40,000 Ω · cm2. Such barriers are relatively impermeable and are 
called tight epithelia. However, epithelia lining the small intestine 
have very low R (~4–80 Ω · cm2) due to high intercellular perme-
ation; these epithelia are considered leaky. Unlike the tight epithe-
lia, leaky epithelia have a robust ability to transport water and 
electrolytes.

Transepithelial transport may occur via two routes: transcellular, 
in which molecules are transported through the cell, crossing the 
apical, and basolateral plasma membranes; and paracellular, which 
refers to transport between cells, via the cell junctions or the inter-
cellular space [2] (Fig. 1). Transepithelial resistance is the sum of the 
transcellular resistance (Rtc) and the paracellular resistance (Rpc). 
Transcellular resistance (Rtc) is the sum of the resistances from the 
apical cell membrane (Ra) and the basolateral cell membrane (Rb). 
Paracellular (Rp) resistance is equal to the sum of the apical tight 
junction resistance (Rtj) and the lateral space resistance (Rls).

Fig. 1 A schematic diagram of the electrical circuit model of the series resistances across the trans- and 
paracellular pathways of an epithelial cell monolayer. Transcellular transport is controlled by transporters in the 
apical and basolateral surfaces and is largely responsible for the transcellular conductance (Gt). The resistance 
of the transcellular pathway (Ra + Rb) series elements is typically much higher than that of the parallel elements 
of the paracellular pathway in a leaky epithelium like the small intestine. Thus, the overall resistance of an 
epithelium is defined by Rpc, which is defined by the composition of the tight junction (TJ)

Sadasivan Vidyasagar and Gordon MacGregor
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Leaky epithelia are those with a transepithelial resistance (Rt) 
less than 1000 Ω · cm2, those in which transcellular resistance (Rtc) 
is greater than paracellular resistance (Rpc), or those in which the 
paracellular conductance (Gpc) is greater than 50 % of the total tis-
sue conductance (Gt) [3]. In “leaky” epithelia such as those found 
in the intestine, the ionic conductance through the paracellular 
pathway (as opposed to the transcellular pathway) accounts for 
>90 % of total Gt [4].

Electrophysiological measurements based on the Ussing sys-
tem include transmembrane voltage (Vt), transepithelial membrane 
resistance (Rt), and short circuit current (Isc). Transepithelial con-
ductance (Gt) is calculated using Ohm’s law, with Gt = Isc/Vt. Isc is 
the sum of the charges carried per unit time through the mem-
brane by the actively transported ions (Fig. 2). This is equal to the 
current that must be applied to drop the membrane potential to 
zero, i.e., to equal concentrations of ions on either side of the 
membrane. Thus, the current is a direct measurement of the active 
transport ability for the membrane of interest. This measurement is 
called the short-circuit current, since it has exactly the same numer-
ical value as the current which could be expected to flow from one 
membrane surface to the other through an ideal short- circuiting 
connection [5]. When the epithelium is bathed in identical solu-
tions and is voltage clamped to zero, there is no net passive diffu-
sion of ions, and there is no driving force for paracellular transport 
of ions or water. The Gt, or its reciprocal Rt, is a useful measure of 
the leakiness of a tissue. As such, Gt (or Rt) is a good measure of 
tissue viability or integrity of the intestinal preparation. Gt mea-
surements also enable determination of net ion movement, based 
on the unidirectional fluxes of ions measured in individual tissues. 
Gt (or Rt) is also used to pair tissues based on similar conductance 
or resistance (~5 % difference is acceptable) during isotope flux 

Ussing Chambers Assay of Intestinal Permeability
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studies to calculate net flux (Jnet) from unidirectional mucosal-to-
serosal flux (Jms) and mucosal-to-serosal flux (Jsm), with Jnet = Jms − Jsm. 
Gt is further discussed below in relation to paracellular conduc-
tance (Rpc) across the intestinal epithelium.

The tight junction forms a semipermeable gate that restricts para-
cellular diffusion in a charge- and size-selective manner [6]. 
Measurements of paracellular flux of nonionic particles are often used 
to estimate intestinal permeability under a variety of conditions. The 
particles used for these assays are typically, fluorescent dyes conjugated 
to hydrophilic solutes (e.g., mannitol or dextran) that are not transcel-
lularly transported. These particles can be used directly in Ussing 
chambers or can be administered to laboratory animals such as rats or 
mice via gastric gavage. Particles of differing sizes can be used to assess 
paracellular permeability. For example, fluorescein isothiocyanate 
(FITC)-dextran particles at sizes of 4 kDa, 10 kDa, and 40 kDa can 
be used to determine the level of damage to intestinal villi.

2 Materials

 1. Rat colon.
 2. Ringer’s solution: 140 mM Na+, 119.8 mM Cl−, 25 mM 

HCO3
−, 2.4 mM HPO4

−, 0.4 mM H2PO4
−, 1.2 mM Mg2+, and 

1.2 mM Ca2+.
 3. Razor blades.

2.1 Harvesting 
and Mounting 
Intestinal Epithelial 
Tissue

Fig. 2 Electrical circuit showing the transepithelial electrical measurements in the Ussing chamber setup. The 
buffer reservoirs are water jacketed to maintain uniform temperature. The buffer is gassed and uniformly cir-
culated using a bubble lift system. The amplifier was used to perform the electrical measurements

Sadasivan Vidyasagar and Gordon MacGregor



53

 4. Glass slides.
 5. Ussing chambers.

 1. The VCC-MC8 Multichannel Voltage current clamp 
(Physiological Instruments, San Diego, CA) or the DVC-1000 
Dual voltage current clamp (WPI, Sarasota, FL) are instru-
ments that function as power supply, ammeter, voltmeter, 
rheostat, and switch.

 2. Silver/silver chloride electrodes (see Note 1): Dissolve 4 % agar 
in Ringer’s solution by boiling till the agar become golden 
brown. Pour the hot golden-brown agar into a silver/silver 
chloride pellet electrode for voltage sensing or into a silver 
chloride wire electrode, previously plated with chloride, for 
current sensing. To chloride plate, pass a current through the 
electrode and another silver wire, both immersed in a solution 
of 3 M potassium chloride, at a rate of 1 mA/cm2. This causes 
chloride ions to be deposited on the electrode. Electroplate till 
the electrode becomes dark gray/black (see Note 2). 
Alternatively, electroplating can be done by immersing the 
electrode in household bleach (see Note 3).

 3. Salt solutions: A simple NaCl-based solution can be used for 
measurements, containing: 150 mM NaCl, 2 mM CaCl2, 
1 mM MgCl2, 10 mM glucose, 10 mM HEPES, pH 7.2, 
osmolarity 300 mOsm/L. The solution is warmed to 37 °C 
and gassed with 100 % O2. In the case of the small intestine, 
the glucose can be replaced with glutamine to avoid transepi-
thelial potential generated by Na-dependent glucose transport. 
For NaCl0.5 solution, 75 mM of the NaCl is replaced with 
150 mM mannitol or sucrose to maintain equal chamber 
osmolarity.

 1. [3H] mannitol.
 2. FITC-dextran (molecular weight, 4 kDa, 10 kDa, or 40 kDa).

3 Methods

 1. We will describe using the distal part of the rat colon for study-
ing paracellular permeability of the intestinal epithelium. The 
entire procedure should be carried out at temperatures below 
4 °C by bathing the tissues in ice-cold Ringer’s solution until 
the Lucite chambers are fixed onto the reservoirs of the Ussing 
chamber. For use of cultured epithelial cells see Note 4.

 2. Create a midline incision and mobilize the distal colon of an 
adult rat from the surrounding tissues after cutting open the 
pelvic bones for easy approach.

2.2 Measuring Gt, Rt, 
and Dilution Potential 
of Intestinal Tissue

2.3 Assessing 
Epithelial Permeability 
to Nonionic Solutes

3.1 Harvesting 
and Mounting 
Intestinal Epithelial 
Tissue

Ussing Chambers Assay of Intestinal Permeability
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 3. Remove the colon and flush it with ice-cold Ringer’s solution 
to remove the colonic contents.

 4. Cut the colon along the mesenteric border with a small pair of 
scissors and fix it on a glass plate with a clip, with the serosal 
side facing up. Perianal skin can be used to fix the colon in 
order to maximize the length of the intact mucosa.

 5. Spread the colon uniformly on the side using a finger wetted 
with Ringer’s solution. Pull the proximal end of the colon with 
a glass slide to stretch the colon.

 6. Make a longitudinal cut to the level of the submucosa using 
sharp razor blades. Carefully remove the muscular and serosal 
layers along the length of the colon.

 7. Clip the remaining colon (partial strip; Fig. 3) to the glass plate 
with the mucosa facing up. Stretch the colon again lengthwise.

 8. Make longitudinal cuts across half the thickness of the remaining 
colon and remove the submucosal tissue from the mucosa using 
a razor blade. With a finger wetted in Ringer’s solution, slowly 
push the mucosa along its entire length, taking extreme care at 
Peyer’s patches (aggregated lymphoid nodules) to achieve a con-
tinuous strip of the colon. At the distal end, cut the submucosa 
from the mucosa, leaving an intact mucosal sheet (Fig. 4).

 9. Transfer the mucosa, mucosal side down, to a wax board cov-
ered with a clean plastic sheet. Stretch the mucosal layer in all 
directions and anchor it with pins. Push the Ussing chamber 
half containing its own pins into the stretched mucosa. Cut 
away the plastic sheet, leaving a wide margin around the perim-
eter of the Ussing chamber. Carefully remove the plastic sheet, 
taking care to leave the mucosa in place by holding the muco-
sal sheet against the Ussing chamber.

Fig. 3 Schematic drawing showing the layers of the colonic wall, indicating the layers that are removed in partial 
and total strips. Removal of the partial strip removes only the myenteric (Auerbach’s) plexus, whereas removal 
of the total strip removes both Auerbach’s and Meissner’s (submucosal) nerve plexuses. Removal of the total 
strip yields a mucosal sheet with the epithelium, lamina propria, and a small portion of muscularis mucosa
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 1. Mount epithelial tissue in an Ussing chamber so that both 
sides of the tissue are bathed with an equal volume of pre-
warmed Ringer’s solution (see Note 5). Maintain the tissue at 
37 °C, 5 % CO2, and 95 % O2. Gassing allows adequate oxy-
genation and also for continuous mixing of the solution in the 
reservoir—a bubble-lift technique for mixing.

 2. Connect a voltmeter in parallel and an ammeter in series with 
the tissue (Fig. 2).

 3. Note the transmural potential difference (PD) on the voltme-
ter when the switch is open. This is the Vt (Fig. 2).

 4. Close the rheostat and adjust the current till the voltmeter 
reads zero PD across the membrane.

 5. Note the current output on the ammeter. The current required 
to bring the potential difference to zero is the Isc.

 6. Calculate Gt by dividing the Isc by the Vt. Rt = 1/Gt. For con-
siderations in interpreting results, see Note 6.

 1. Configure the Ussing chamber so that V2 is in contact with 
solution bathing the apical membrane of the intestine, and V1 
is in the basolateral chamber (Fig. 5). The reported open-cir-
cuit voltage will be V2 − V1 with respect to the blood side of the 
epithelium. In open-circuit mode, adjust the transepithelial 
PD to 0 mV.

3.2 Measuring Gt 
and Rt 
of Intestinal Tissue

3.3 Measurements 
of the Dilution 
Potential

Fig. 4 Three strips from the distal colon of a rat, showing mucosa separated from 
underlying muscularis and serosa. Note the intact surface cells and crypts and 
lamina propria extending up to muscularis mucosa with no submucosa or under-
lying layers. These strips are mounted vertically between the two halves of the 
Ussing chamber

Ussing Chambers Assay of Intestinal Permeability
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 2. Replace the basolateral solution with one that contains twofold 
lower concentration of NaCl (NaCl0.5); five partial subtotal 
replacements of 5 ml is sufficient for a complete solution 
exchange. Wait for about 30 s or until voltage measurement 
has stabilized.

 3. Note transepithelial potential Vt, and immediately change the 
basolateral solution back to full NaCl solution (see Note 7). 
This transepithelial potential (Vt), is the sum of the potential 
difference generated by the transepithelial Na and Cl permea-
bility, called the diffusion potential (VD), and the liquid junction 
potential (VL) generated at the 3 M KCl agar silver/silver chlo-
ride electrode (V2) in contact with the basolateral NaCl0.5 bath 
solution. This liquid junction potential of the V2 electrode can 
be measured using the open circuit mode of the voltage clamp 
amplifier, using a 3 M KCl agar bridge to connect the sealed off 
hemi chambers of the Ussing apparatus (see Note 8).

 4. The ion permeability ratio (β) for the tissue can be calculated 
using the Goldman–Hodgkin–Katz equation [7], where β is 
the ratio of the permeability of the tight junctions to chloride 
over the permeability to sodium (β = PCl/PNa).

Fig. 5 Schematic diagram of the Ussing chamber, voltage electrodes, and epithe-
lium. (a) The gastrointestinal epithelium is shown with the apical membrane on 
the left and the basolateral membrane on the right. The voltage electrode V2 is 
placed in the apical compartment and V1 in the basolateral compartment, and the 
difference, VT, is calculated by V2 − V1. In the case of symmetrical 150 mM NaCl 
solutions, all electrode and junction potentials are nulled and VT = 0 mV. (b) 
Replacing the basolateral Ussing chamber compartment with 75 mM NaCl 
(NaCl0.5), will produce a measurable transepithelial potential (VT). This is mea-
sured as the difference between the potential difference produced by the 
inequalities in the permeability of sodium and chloride through the paracellular 
pathway, known as the dilution potential (VD), and the potential drop that occurs 
at the 3 M KCL electrode due to the different solution (VJ)
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 5. Calculate the dilution potential (VD) using the following 
equation:
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 The activity coefficient for 

150 mM NaCl is calculated at 0.752 and for 75 mM it is calcu-
lated as 0.797; therefore, α = 1.89 and RT/F = 26.71 mV at 
37 °C (see Note 9).

 6. Further analyses and the absolute tissue permeability of sodium 
(PNa) and chloride (PCl) can be calculated from the conductance 
measurement and a simplified Kimizuka–Koketsu equation [8].

 1. Add either fluorescent tracers (e.g., FITC dextran) or a small 
amount of radiolabeled substance (e.g., [3H] mannitol) to the 
Ringer’s solution for both the serosal and the luminal baths, in 
equal concentrations in separate sets of tissues. Optimal con-
centrations of the tracers should be determined experimentally 
based on the sensitivity of detection equipment.

 2. Equilibrate for 30–45 min, so that the labeled solute reaches a 
steady-state rate of flux into the opposite bath. Collect samples 
from the chamber opposite that to which the particles were 
added.

 3. Measure [3H] mannitol in samples using a liquid scintillation 
counter (Beckman LS6500, USA). For FITC-dextran, deter-
mine concentrations by spectrophotofluorometry, with an 
excitation wavelength of 485 nm (20 nm bandwidth) and an 
emission wavelength of 528 nm (20 nm bandwidth).

4 Notes

 1. Silver/silver chloride electrodes are universally used in physio-
logic techniques, as they have very stable potentials at a variety 
of currents and are therefore considered “nonpolarizable.” 
These electrodes are also reversible, meaning they can pass cur-
rent bidirectionally [9]. Only the silver chloride component 
may come into contact with the experimental solutions.

 2. A drift in junction potential and/or a change in the color of 
the silver/silver chloride electrode suggests degradation due to 
use or storage. Degraded electrodes should be replated. When 
electroplating a previously chloride-plated silver wire, care 
must be taken to ensure that the chloride is evenly distributed. 
To achieve uniform plating, complete removal of residual silver 

3.4 Measuring 
Permeability 
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chloride is necessary. This can be achieved by an electrical 
method or a mechanical method. With the electrical method, 
the polarity of the electrode is reversed prior to making the 
silver wire positive in the chloride solution. This polarity rever-
sal is maintained until the silver wire is stripped of all brown 
coating (~10 s). Electroplating then proceeds as described 
above. Mechanically, all previously coated chloride is scraped 
from the electrode with a blunt razor blade, taking care that 
the entire surface is again shiny.

 3. Electroplating can also be done by immersing the electrode in 
household bleach (Clorox) for 15–30 min until the dark brown 
color is obtained. The electrodes are then rinsed in Ringer’s 
solution prior to being filled with agar. In our hands, drifting 
junction potentials are more frequently observed with elec-
trodes made using bleach; we therefore prefer the current- 
plating technique.

 4. Chopstick electrodes (STX2 from World Precision 
Instruments, USA) in combination with an epithelial 
voltohmmeter (e.g., EVOM2 from World Precision 
Instruments, USA) can be used for measurements of tran-
sepithelial voltage and resistance in tissue culture wells. The 
lengths of these electrodes are unequal, so that the longer 
(external) electrode touches the bottom of the dish contain-
ing the external culture media while the shorter (internal 
electrode) ends above the membrane in the tissue culture cup 
or insert. The longer electrode ensures proper positioning 
between the electrode and the cell layer in the cup during the 
transmembrane measurement, critical if reproducible mea-
surements are to be made. Electrolytes are also added to a 
blank cup or insert to control for the resistance across the 
membrane of the tissue culture insert or cup. As the resis-
tance is inversely proportional to the area of the tissue, the 
resistance is reported as the product of resistance and area 
(Ω · cm2). Endohm chambers (World Precision Instruments) 
in combination with an epithelial voltohmmeter (EVOM2, 
World Precision Instruments) can be used in place of the 
chopstick electrodes. The chamber and the cap of an Endohm 
chamber each contain a pair of concentric electrodes: a volt-
age-sensing silver/silver chloride pellet in the center plus an 
annular current electrode. The height of the top electrode 
can be adjusted to fit cell culture cups made by different man-
ufacturers. Endohm’s symmetrically opposing circular disc 
electrodes, situated above and beneath the membrane, allow 
a more-uniform current density to flow across the membrane 
than is achieved with the STX2 electrodes. The background 
resistance of a blank insert is reduced from 150 Ω (when 
using the hand-held STX2 electrodes) to less than 5 Ω, as per 
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the manufacturer. Resistance measurements can also be made 
using special sliders for use with Snapwell chambers, e.g., 
P2302, Physiologic Instruments, USA or CHM5 from World 
Precision Instruments, USA using the classical Ussing 
chambers.

 5. Any effect of hydrostatic pressure on net ion movement is elimi-
nated by maintaining equal volumes of solutions on both sides of 
the tissue. Osmotic influences are removed by keeping concen-
trations of all individual ions equal on both sides of the tissue. 
Ion movement driven by transmural PD is eliminated by measur-
ing fluxes under short-circuit conditions (a current is passed 
through the tissues in the direction opposite to the current to 
bring the transmural potential difference to zero). Removal of 
these influences will eliminate contributions from leakage, facili-
tated diffusion, and simple diffusion, and thus the net ion flux 
will presumably reflect only the active transport mechanisms.

 6. It should be noted that while transepithelial resistance (Rt) 
measurements primarily reflect changes in paracellular conduc-
tance in a leaky tissue, ~10 % of the changes in resistance could 
be due to transcellular conductance of ions (i.e., mediated by 
apical and basolateral transporters under voltage clamp set-
tings). A final factor to keep in mind when interpreting Gt and 
Rt measurements is the volume of the lateral paracellular space. 
Ion conductance through the paracellular space is limited by 
both the tight junctional complex and the relative apposition 
of the basolateral membranes of adjacent epithelial cells. These 
factors determine the volume of the surrounding aqueous col-
umn, i.e., the lateral intercellular space. The fluid in the lateral 
intercellular space can be affected by active chloride secretion, 
e.g., in cAMP-activated chloride secretion, which decreases the 
volume of the lateral intercellular space, or by an absorptive 
state, e.g., in epithelial sodium channel (ENaC)-mediated 
sodium absorption, which increases the volume of the lateral 
intracellular space. Since paracellular resistance is the sum of 
the junctional resistance and the resistance along the paracel-
lular space, a collapse of the paracellular space can decrease 
paracellular permeability and alter Rt. Hence, it is important 
that the Gt measurements and the dilution potential measure-
ments described below be carefully correlated with morpho-
logical analysis.

 7. The dilution potential measurements can also be performed in 
the normal bicarbonate Ringer’s solution, however, in this case 
the chambers are gassed with 95 % O2/5 % CO2. This would 
also necessitate the use of transport inhibitors, such as 
bumetanide (100 μM, serosal), and inhibitors of basolateral 
potassium channels, to reduce the transepithelial PD to close 
to 0 mV. In complete bicarbonate Ringer’s solution there will 
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also be interference from other permeable cations and ions, 
such as bicarbonate, depending on how selective the paracel-
lular pathway is for the ions.

 8. Dilution potentials should also be measured by apical com-
partment replacement with the NaCl0.5 solution, although in 
this case the polarity of the diffusion potential and junction 
potential will be reversed.

 9. The paracellular permeability of gastrointestinal epithelia is 
usually moderately sodium selective with a NaCl0.5 dilution 
potential of around −7 mV (V2 − V1 with respect to the 
blood side of the epithelium), which corresponds to a 
PCl/PNa ≈ 0.4, which makes it about 2.5 times more perme-
able to sodium than chloride (Fig. 6). Experimental modu-
lations (i.e., radiation treatment, drugs, diet, disease) or 
genetically modified animals may show increased sodium 
permeability ratio or a switch in the epithelia resulting in 
the tight junctions being predominately chloride selective, 
i.e., +3.5 mV, which corresponds to a PCl/PNa ≈ 1.5, which 
makes the paracellular pathway about 1.5 times more per-
meable to chloride than sodium.

Fig. 6 Theoretical plot of the Goldman–Hodgkin–Katz equation for a 150 mM 

NaCl/75 mM NaCl dilution potential experiment. Equation V
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is used to calculate the PCl/PNa ratios for observed dilution potentials. Three typical 
data points are plotted, on the left, −7 mV, a usually observed dilution potential 
for gastrointestinal epithelia, showing about 2.5 times more permeability of 
sodium than chloride ions. The middle data point, +2.8 mV, would indicate that 
the paracellular pathways are water filled channels, being about 1.4 times more 
permeable to chloride than sodium ions, identical to the ratio observed for free 
water permeability. In the far right data point, a dilution potential of +5.5 mV 
would indicate a chloride selective transepithelial pathway, being about twice as 
permeable for chloride as sodium ions
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    Chapter 7   

 HPLC-Based Metabolomic Analysis of Normal 
and Infl amed Gut                     

     Daniel     J.     Kao    ,     Jordi     M.     Lanis    ,     Erica     Alexeev    , and     Douglas     J.     Kominsky      

  Abstract 

   The idiopathic inflammatory bowel diseases, which include Crohn’s disease and ulcerative colitis, 
are multifactorial chronic conditions that result in numerous perturbations of metabolism in the gastroin-
testinal mucosa. Thus, methodologies for the qualitative and quantitative analysis of small molecule 
metabolites in mucosal tissues are important for further elucidation of mechanisms driving infl ammation 
and the metabolic consequences of infl ammation. High-performance liquid chromatography (HPLC) 
is a ubiquitous analytical technique that can be adapted for both targeted and non-targeted metabolomic 
analysis. Here, protocols for reversed-phase (RP) HPLC-based methods using two different detection 
modalities are presented. Ultraviolet detection is used for the analysis of adenine nucleotide metabo-
lites, whereas electrochemical detection is used for the analysis of multiple amino acid metabolites. 
These methodologies provide platforms for further characterization of the metabolic changes that occur 
during gastrointestinal infl ammation.  

  Key words     High-performance liquid chromatography  ,   Electrochemical detection  ,   Adenosine  , 
  Tryptophan  ,   Infl ammatory bowel disease  ,   Intestinal epithelial cell  

1      Introduction 

  While   nuclear magnetic resonance (NMR) and liquid 
chromatography- mass spectrometry (LC/MS) are powerful tech-
niques for metabolic fi ngerprinting of complex samples,  traditional 
  high-performance liquid chromatography (HPLC) continues to 
be indispensable for profi ling of specifi c metabolites. HPLC retains 
its advantages as being a rapid, quantitative, adaptable, and readily 
accessible method for analysis of simple to moderately complex 
metabolite samples. In some cases, however,    HPLC may be inad-
equate to resolve complex mixtures or may be unable to resolve 
certain metabolites depending on their physicochemical properties. 
HPLC separates complex mixtures into individual compounds 
through partitioning of analytes between mobile and stationary 
phases. The quality of separation is determined by the differences 
in interactions of the analytes with each of the phases. Once 
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 compounds have been separated, they are then passed through a 
detector where an electrical signal corresponds to the amount of 
compound present [ 1 ]. The advantage  of   HPLC lies in its adapt-
ability, as this technique has the ability to separate, identify, and 
quantify compounds present in any sample that can be dissolved in 
liquid. HPLC is more versatile than gas chromatography since it is 
not limited to volatile and thermally stable samples, and the choice 
of mobile and stationary phases is wider [ 1 ]. In this chapter, we 
will discuss HPLC with ultraviolet (UV) detection and HPLC  with 
  electrochemical detection, both of which have been used for 
metabolomics studies  in   IBD. 

 The metabolism of adenine nucleotides has been carefully 
examined due to the important role of Ado in the infl amed gastro-
intestinal mucosa [ 2 ]. The analysis of the adenine nucleotide 
metabolites lends itself well to reversed-phase HPLC (RP-HPLC) 
with UV detection for multiple reasons [ 3 – 7 ]. First, purines are 
easily detected by UV absorbance and adenosine has an absorbance 
peak around 260 nm. This allows for UV detection of adenine 
nucleotides with less interference from protein absorbance peaks, 
which occur around 190–201 nm and 280 nm for peptide bonds 
and aromatic amino acids, respectively. Second, adenine nucleotide 
metabolites can be effi ciently separated by a number of chromato-
graphic methods, allowing for quantitative profi ling of the metab-
olites. Finally, the lower complexity of the extracellular metabolites 
allows for more straightforward species identifi cation of the metab-
olites, especially in the case of in vitro systems. 

  While   HPLC is an effective analytical technique for the profi l-
ing of adenine nucleotide metabolites, there are obstacles that 
need to be considered before applying this technique. While not a 
limitation of the technique itself, one consideration in the profi ling 
of adenine nucleotide metabolites is uptake of metabolites by cells. 
For example, adenosine is actively and passively transported intra-
cellularly by epithelial cells and red blood cells within minutes to 
seconds by equilibrative and concentrative nucleoside transporters. 
Therefore, when profi ling these metabolites, it may be desirable to 
either inhibit the transporters using dipyridamole and S-(4- 
nitrobenzyl)-6-thioinosine (NBTI) [ 8 ] or by using derivatized 
adenine nucleotide analogs that are not substrates for these trans-
porters [ 7 ]. Depending on the application, it may be preferable to 
use the endogenous metabolites and not interfere with the trans-
porters in order to determine a more relevant steady-state concen-
tration of the metabolites. 

 Derivatization of adenine nucleotide metabolites can be used 
to both enhance detection of the metabolites as well as block their 
transport in order to accurately determine their metabolism. Using 
the technique as described by Barrio et al., chloroacetaldehyde can 
be used to make 1,N 6 -etheno-derivatived adenine nucleotides [ 9 ]. 
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These can be used either as exogenous nucleotides to profi le the 
activities of the nucleotide-metabolizing enzymes or endogenous 
adenine nucleotide metabolites can be derivatized for analysis. In 
the method described in this chapter, exogenous 1,N 6 -etheno 
derivatives are used to monitor the extracellular metabolism of 
adenine nucleotides by  cultured   intestinal epithelial cells. 

 While UV detection of compounds is used in  traditional   HPLC 
methods, HPLC coupled  with   electrochemical detection (ECD) is 
an alternative detection platform affording signifi cant advantages 
compared to traditional detection methods. For instance, ECD is 
much more selective, providing the ability to measure metabolites 
that are diffi cult to separate [ 10 ]. Additionally, ECD represents an 
extremely sensitive detection platform with a broad dynamic range 
[ 11 ]. The  basic   HPLC principles are the same; analytes are separated 
using a column and eluted in a mobile phase before fl owing through 
a detector.  In   electrochemical detection, the detector is an electrode 
that applies a specifi c voltage to the passing compounds, causing 
them to be oxidized or reduced. Upon oxidation, compounds 
release electrons to the transfer of electrons create an electrical cur-
rent, which is relative to the concentration of the analyte. 

 Interest in simple quantifi able methods such as ECD-HPLC 
has increased as the signifi cance of tissue metabolism  during   infl am-
mation has been realized. This technique enables the detection of 
a number of compounds including amino acids, biogenic amines 
(dopamine, epinephrine), hormones and hormone metabolites, 
caratenoids, retinoids, vitamins (A, B6, folic acid, C, D, E, K), 
purines, pyridine, and sulfi des (glutathione). Metabolic processes 
through compounds such  as   tryptophan, creatine, vitamin metab-
olites, and catecholamines have been found to have a substantial 
role  in   IBD. Glover et al. found that the phosphocreatine–creatine 
kinase energy circuit is crucial for proper barrier function, and 
becomes dysregulated during infl ammation [ 12 ], while intestinal 
increases in the neurotransmitter norepinephrine can lead  to   
infl ammation through increased bacterial translocation [ 13 ,  14 ]. 
Additionally, use of this platform has been utilized to characterize 
the role of retinoic acid in regulatory T cell (T reg) differentiation 
[ 15 ]. Finally,    tryptophan catabolites can affect mucosal immunity 
through interaction with the aryl hydrocarbon receptor (AHR), 
which controls the production of the anti-infl ammatory cytokine 
IL-22 [ 16 ,  17 ]. 

 In this chapter, methods for the analysis of adenine nucleotide 
metabolites using HPLC with UV detection are presented. These 
are followed by methods utilizing HPLC  with   electrochemical 
detection for the analysis of an array of amino acids, biogenic 
amines including catecholamines, and other amino acid catabolites, 
 using   tryptophan and kynurenine as examples.  
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2    Materials 

       1.    Growth media: Maintain T84 human colonic carcinoma cells 
in Dulbecco’s Modifi ed Eagle Medium (DMEM)/Ham’s 
F-12 (1:1) media with  l -Glutamine and 15 mM HEPES 
supplemented with 10 % (v/v) iron-supplemented bovine calf 
serum (HyClone, Logan, UT, USA), 1 % (v/v) penicillin/
streptomycin and 1 % (v/v) GlutaMAX.   

   2.    Cell culture plates: 6-well polystyrene tissue culture-treated 
cell culture dishes.      

       1.    1,N 6 -Ethenoadenosine (Sigma-Aldrich, St. Louis, MO), 100 
mM in DMSO ( see   Note 1 ).   

   2.    1,N 6 -Etheno-5′-monophosphate (Sigma-Aldrich, 100 mM in 
DMSO.   

   3.    1,N 6 -Etheno-5′-triphosphate, 5 mM in 50 mM Tris–HCl, 
pH 7.5.   

   4.    Hank’s buffered salt solution (HBSS), modifi ed, without phe-
nol red and sodium bicarbonate with 10 mM HEPES, pH 7.4. 
Dissolve contents of packet in 900 ml ultrapure water. Add 
10 ml 1 M HEPES. Adjust pH to 7.4 with sodium hydroxide. 
Adjust fi nal volume to 1000 ml. Filter-sterilize using a bottle 
top 0.2 μm PES fi lter.   

   5.    Bottle top fi lter, 500 ml, 0.22 μm PES.   
   6.    1N Hydrochloric acid.   
   7.    Syringe fi lter, 0.2 μm PVDF.      

       1.    Instrument: Agilent Technologies liquid chromatography sys-
tem with Infi nity 1260 quaternary pump VL, Infi nity 1260 
ALS autosampler, Infi nity 1290 thermostat, Infi nity 1260 
thermostated column compartment, and Infi nity diode array 
detector (Agilent Technologies, Santa Clara, CA, USA).   

   2.    Column: Phenomenex Luna C18 [ 2 ] 150 × 4.6 mm ID, 5 μm 
particle size, 100 Å pore size ( see   Note 2 ).   

   3.    Method 1 (Isocratic): Buffer: Ultrapure water:Acetonitrile 
(96:4), 0.5 mM tetrabutylammonium bisulfate (TBAS). 
Dissolve 170 mg TBAS (FW 339.5 g/mol) in 900 ml ultra-
pure water. Add 40 ml HPLC grade acetonitrile and then add 
ultrapure water for a total volume of 1000 ml. Sterile fi lter 
using a bottle-top 0.2 μm PES fi lter.   

   4.    Method 2 (Gradient) [ 3 ]: Buffer A: 30 mM KH 2 PO 4  0.8 M 
TBAS, pH 5.45. Dissolve 4.8 g monobasic potassium phos-
phate (M.W. 136.1 g/mol) and 272 mg TBAS in 900 ml 
 ultrapure water. Adjust pH to 5.45 using 1 M potassium 
hydroxide (KOH). Add ultrapure water to make 1 L. Sterile 
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fi lter using a bottle-top 0.2 μm PES fi lter. Buffer B: 30 mM 
KH 2 PO 4  0.8 M TBAS, pH 7.0 in equal volume acetonitrile. 
Dissolve 2.04 g monobasic potassium phosphate and 136 mg 
TBAS in 450 ml ultrapure water. Adjust pH to 7.0 using 1 M 
KOH and adjust total volume to 500 ml. Sterile fi lter using a 
bottle top 0.2 μm PES fi lter into a 1 L bottle. Add 500 ml 
acetonitrile.   

   5.    Software: OpenLAB CDS, Chemstation Edition Rev C.01.06 
(Agilent Technologies).      

       1.    Perchloric acid diluted to 6 % with ultrapure H 2 O. Prepare 
100 ml.   

   2.    Potassium hydroxide, 3 M. Dissolve 16.83 g of KOH into 
100 ml of ultrapure water.   

   3.    MDTM buffer. Dissolve 20.67 g NaH 2 PO 4  and 0.735 g 
1-octanesulfonic acid into 1.5 L of ultrapure water. Add 
200 μl of triethylamine and 200 ml  of   HPLC grade acetoni-
trile. Mix and bring to pH 3.0 with phosphoric acid. Bring up 
to 2 L with H 2 O.   

   4.     L -Tryptophan standard, 100 μM. Dissolve 20.423 mg of 
reagent grade  L -tryptophan into 1 ml of 0.5 M HCl.   

   5.     L -kynurenine standard, 100 μM. Dissolve 20.821 mg of 
 L - kynurenine into 1 ml of 0.5 M HCl.   

   6.    Instrument: Coularray Model 5600A, 16-channel electro-
chemical detector with Coularray Data Station 3.00, ESA 584 
solvent delivery system, and ESA 540 autosampler ( see   Note 3 ).   

   7.    Column: Acclaim Polar Advantage II C18 column—5 μm 
120Å, 4.6 × 150 mm ( see   Note 4 ).       

3    Methods 

       1.    Grow T84 colonic epithelial cells to confl uence in T-75 fl ask. 
Feed every 2–3 days while in culture.   

   2.    Dissociate cells with 0.25 % trypsin using standard methods and 
seed in 6-well plate at an initial density of 2 × 10 5  cells/well.   

   3.    Feed every 3–4 days. Monolayers will be ready for 1,N 6 - 
ethenoadenosine assay when confl uent.      

       1.    Warm HBSS in 37 °C water bath for 30 min.   
   2.    Prepare 1 ml of working stock of eAMP for each well to be used 

in the assay and one additional ml to be used as a  standard. 
Dilute 100 mM stock eAMP solution 1:1000 in HBSS for a 
fi nal concentration of 100 μM. Keep working stock at 37 °C 
( see   Note 5 ).   

2.4  ECD-HPLC
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   3.    Prepare 1 ml of working stock of eATP for each well to be used in 
the assay. Dilute 5 mM stock eATP solution 1:1000 in HBSS for 
a fi nal concentration of 100 μM. Keep working stock at 37 °C.   

   4.    Aspirate media from each well of the 6-well plate.   
   5.    Carefully pipette 2 ml of pre-warmed HBSS into each well. 

Swirl and aspirate wash solution.   
   6.    Repeat wash step one additional time.   
   7.    Pipette 1 ml of the working stock of eAMP, eATP, or HBSS 

onto monolayer.   
   8.    Return plate to 37 °C incubator for 10 min, or for the desired 

length of time ( see   Note 6 ).   
   9.    Pipette 1 ml of supernatant in a fresh 1.5 ml microcentrifuge 

tube.   
   10.    Acidify each sample by adding 10 μl of 1N HCL. Invert to mix 

and put on ice.   
   11.    Filter each sample with a fresh 0.2 μm syringe fi lter.   
   12.    Analyze samples  on   HPLC immediately or store at −80 °C 

until time of analysis.      

       1.    Place appropriate mobile phase solvents in appropriate buffer 
compartment and place the appropriate inlet tubing in the 
bottles.   

   2.    Equilibrate column with at least 20 column volumes of buffer. 
For a 150 × 4.6 mm ID column, equilibrate for at least 35 min 
at a fl ow rate of 1 ml/min.   

   3.    Create method(s) as follows: Method 1—Flow rate: 1 ml/min. 
Isocratic method, 100 % buffer A 0–14 min. 5 min post-run. 
Temperature: 25 °C. Injection volume: 40 μl ( see   Note 7 ); Method 
2—Flow rate: 1 ml/min (constant). Gradient: Initial 10 % Buffer 
B. Starting at 0.5 min, start a linear gradient of 4 % B/min up to 
20 % B at 3 min. At 7 min, start a linear gradient of 7.5 % B/min 
up to 50 % B at 11 min. At 21 min, start a linear gradient of −10 % 
B/min down to 10 % B at 25 min. Post-run time 20 min at 10 % 
B, fl ow rate 1 ml/min. Temperature: 25 °C. Injection volume 
40 μl. Detection: 210 and 260 nm ( see   Note 8 ).   

   4.    Run the method without injecting any sample onto the column. 
If the baseline chromatogram is normal, proceed with analysis 
of samples.   

   5.    Pipette 60 μl of each sample into sample vials and place in 
autosampler tray, noting the location and identity of each sam-
ple. Include blank samples with acidifi ed HBSS for baseline 
subtraction later (Fig.  1 ,  see   Note 9 ).

       6.    Assign sample locations in the sequence table according to the 
positions of the samples in the sample tray.   

   7.    Run sequence.      

3.3  RP-HPLC-UV
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       1.    Using the data analysis software package included with the 
HPLC system, subtract the chromatogram tracing of the acidi-
fi ed buffer without analytes from each of the chromatograms 
to generate chromatograms with fl at baselines (Fig.  1 ).   

   2.    Integrate chromatograms according to the data analysis soft-
ware provided with the system ( see   Note 10 ).   

   3.    Using chromatograms of known standards, calculate concen-
trations of analytes for each chromatogram ( see   Note 11 ).      

       1.    Wash cells in ice-cold PBS and incubate cells with 6 % PCA, 
enough to just cover the cells, approximately 50–100 μl per 
cm 2 , on ice for 5 min. Scrape cells and pipette supernatant and 
debris into microfuge tubes. For tissue, mechanically homog-
enize tissue in 6 % PCA, followed by sonication ( see   Note 12 ).   

3.4  Analysis 
of RP-HPLC-UV 
Chromatograms

3.5  PCA Extraction 
of Metabolites 
from Cells and Tissues 
for ECD-HPLC Analysis

  Fig. 1    HPLC-UV chromatograms of adenine nucleotide metabolites. ( a ) Conversion of 1,N 6 -etheno-5′-adenosine 
monophosphate (eAMP) to 1,N 6 -ethenoadenosine (eAdo) by T84 colonic carcinoma cells. Monolayers were 
treated with 100 μM eAMP for 10 min at 37 °C. Supernatants were analyzed using Method 1. As shown, eAdo 
is retained on the C18 column RP-HPLC column, but eAMP is not retained. ( b ) Adenosine and its purine 
metabolites inosine (Ino) and hypoxanthine (Hx) analyzed using Method 1. ( c ) Conversion of 1,N 6 -etheno-5′-
adenosine triphosphate (eATP) to 1,N 6 -etheno-5′-adenosine diphosphate (eADP), eAMP, and eAdo by T84 
monolayers. Monolayers were treated with 100 μM eATP for 10 min at 37 °C. Supernatants were analyzed 
using Method 2. ( d ) Conversion of 1,N 6 -etheno-5′-adenosine monophosphate (eAMP) to 1,N 6 -etheno-5′-
adenosine diphosphate (eADP), eAMP, and eAdo by T84 monolayers. Monolayers were treated with 100 μM 
eAMP for 10 min at 37 °C. Supernatants were analyzed using Method 2       
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   2.    Centrifuge samples for 5 min at 12,000 ×  g  at 4 °C in order to 
remove the precipitated proteins and lipids ( see   Note 13 ).   

   3.    Add supernatant to 1/3 volume of 3M KOH (e.g. 100 μl of 
KOH added to 300 μl of PCA) and mix tubes by inverting 
gently. Centrifuge at 12,000 ×  g  for 5 min to separate the potas-
sium salts and transfer the supernatants to fresh tubes.      

       1.    Power on all instruments and manually set the minimum pres-
sure on the pumps to 10 Bar. This will help prevent any dam-
age to the electrodes in case of fl ow rate issues. Set the 
maximum pressure to 300 Bar using the Control tab within 
the data station program ( see   Note 14 ).   

   2.    Manually fl ush the pumps with MDTM buffer to ensure there 
are no bubbles in the system, then turn on the pumps using 
the data station and equilibrate the C18 column for 30 min at 
a fl ow rate of 1 ml/min.   

   3.    Set the voltages on the electrodes from 0 mV, with every channel 
50 mV higher than the previous channel, up to 750 mV on 
channel 16. Let the electrodes equilibrate until the voltages 
stabilize, at least 1 h ( see   Note 15 ).   

   4.    Meanwhile, prepare combined standards  of   tryptophan and 
kynurenine by serial dilution of the 100 mM stocks 1:1000 in 
MDTM to equal 100 μM, then serial 1:10 dilutions to 10, 1, 
0.1, and 0.01 μM.   

   5.    Set up and name your new “Study” in the data station. Create 
a new sample batch for the standards using an isocratic fl ow of 
MDTM buffer over 20 min at 1.5 ml/min, and detect the 
peaks with the electrodes set at the previously described volt-
ages (Fig.  2 ).

       6.    Using the data station analysis software, open up the chro-
matogram from the middle concentration, analyze, and label 
the peaks. Kynurenine is the fi rst peak at approximately 6 min, 
 and   tryptophan toward the end around 16 min (Fig.  2 ).   

   7.    Using the data station analysis software, create a calibration 
table and indicate the concentrations of the standards. Analyze 
the remaining standards. The standard peaks should now all be 
identifi ed and used to create the calibration curve. This infor-
mation will be used by the program to identify and measure 
the concentration of tryptophan and kynurenine in the 
unknown samples (Fig.  3 ).

       8.    Prepare to analyze the unknown samples by diluting the 
extracts 1:2 in MDTM buffer. Set up a new sample batch 
within the same study that contains the calibrated standards 
and label the unknowns as appropriate. Collect data from the 
unknowns using the same isocratic method: 1.5 ml/min over 
20 min, 0–750 mV in 50 mV increments (Fig.  4 ).

3.6  Separation 
and Identifi cation 
of Metabolites 
via ECD-HPLC
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       9.    Once the data have been recorded, use the data analysis 
software to analyze the unknown samples. Any peaks matching 
the retention time and voltage of the standards indicated in 
the calibration table will be labeled and the concentrations 
interpolated based on peak size (Fig.  5 ,  see   Note 16 ).

4            Notes 

     1.    If 1,N 6 -ethenoadenine compounds are not commercially avail-
able, they may be synthesized from adenine nucleotides  and 
  adenosine through a reaction with chloroacetaldehyde [ 3 ,  9 ].   

   2.    The method described is not dependent on the use of this 
specifi c RP-HPLC column. If another column is readily 
available, a set of standard etheno-derivatized compounds can 
be analyzed to test its suitability.   

   3.    This method is not dependent on the use of this specific 
solvent delivery system and detector, however, optimization 
may be necessary for use with other systems.   

   4.    This protocol has been optimized for use with this column. 
Use of a different C18 column could affect back pressure, fl ow 
rates, and retention time.   

  Fig. 2    ECD-HPLC chromatograms of tryptophan and kynurenine. 10 μM mixed 
standards of tryptophan and kynurenine in MDTM mobile phase were separated 
and identifi ed by ECD-HPLC. Each metabolite has a different retention time 
( x -axis) on the column and has a different redox potential from the electrodes. 
The chromatograms from channels 7–16 are shown and represent 300–750 mV, 
and the resulting current from the eluting compounds is reported as μAmps 
( y -axis). The peak representing kynurenine has the most specifi c peak at 650 mV 
with a retention time of 6 min and tryptophan has the strongest signal at 500 mV 
and is labeled at 16 min       
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  Fig. 3    Standard curve analysis of tryptophan and kynurenine by ECD-HPLC. 0.5, 
1, and 5 μM mixed standards of tryptophan and kynurenine in MDTM mobile 
phase were separated and identifi ed by ECD-HPLC. A simplifi ed chromatogram 
combining each compound’s peak detection potential (500, 650 mV) is shown for 
simplicity ( x -axis: retention time,  y -axis: μA). The Coularray data station calcu-
lates the peak height and area from these chromatograms, and uses the known 
concentrations of the standards to create a standard curve       

  Fig. 4    ECD-HPLC chromatograms of T84 IEC extracts. PCA extracts from T84 
cells were separated and identifi ed by ECD-HPLC. The chromatograms from 
electrode potentials of 300 mV through 750 mV are shown from  bottom to top , 
with the retention time on the  x -axis and current in μA on the  y -axis. Many more 
peaks are detected in the cell extract compared to the standards in Fig.  3 . The 
peak detection potentials of 500 mV for tryptophan and 650 mV for kynurenine 
are highlighted in  blue  and  red  respectively       
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   5.    Derivatized 5′-AMP or 5′-ATP (or both) can be used in this 
assay depending on the aspect of the metabolic pathway of 
interest.   

   6.    The time course of metabolism of adenine nucleotides will 
vary depending on the particular system and conditions being 
used. Typically, the reaction proceeds to a signifi cant degree 
within 5–30 min.   

   7.    While Method 1 is a rapid, isocratic method, there are limita-
tions under the described conditions. 1,N 6 -Etheno-5′-
monophosphate and 1,N 6 -Etheno-5′-triphosphate are not 
retained on the column. If quantifi cation of 1,N 6 - 
Ethenoadenosine alone is adequate, this method will suffi ce. If 
quantifi cation of adenine nucleotides is desired, Method 2 is 
recommended.   

   8.    In the described methods, a standard in-line UV diode array 
detector is used. To increase sensitivity and for complex samples, 
a fl uorescence detector is recommended with an excitation 
wavelength of 280 nm and emission wavelength of 410 nm.   
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  Fig. 5    Overlay ECD-HPLC chromatograms of T84 IEC extracts and standards. The chromatogram from this 
fi gure is simplifi ed to show only the peak detection potentials of tryptophan at 500 mV in  blue  and kynurenine 
at 650 mV in  red . A chromatogram from the standard curve has also been aligned, and the matching peaks for 
kynurenine and tryptophan in the T84 sample are labeled. The Coularray data station uses the peak potentials 
and retention time to match compounds in the unknown samples to those in the standard curve. The peak 
height and area are used to extrapolate the concentrations of analytes that correspond to the standards       
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   9.    Depending on the sensitivity of the HPLC and detector and the 
amount of reactants and products being analyzed, injection 
volume can be increased or decreased to produce chromato-
grams with adequate resolution and quantifi able detection.   

   10.    Details of the integration procedure will vary from one HPLC 
system to another. Typically, default parameters for integration 
will produce satisfactory results.   

   11.    Typically, the amount of nucleotide is normalized to protein 
content of the cell monolayer. This can be determined by 
harvesting the monolayer after completion of the assay and 
quantifying total protein using a Bradford assay or bicincho-
ninic acid assay.   

   12.    Tissue samples may be fl ash frozen in liquid nitrogen and 
stored at −80 °C before processing. Be sure to weigh the tissue 
before processing to ensure standardization.   

   13.    It is important to remove the supernatant quickly, as the 
proteins and lipids may begin to resolubilize.   

   14.    These maximum pressures are based off of the ESA solvent 
delivery system and Acclaim column. If using different 
equipment, adjust the max pressure accordingly.   

   15.    Always ensure that the pumps are running and mobile phase is 
fl owing through the cells when the electrodes are turned on. 
Operation of the cells without buffer fl ow can cause permanent 
damage to the electrodes.   

   16.    Occasionally, small peak size, drift, or other interferences can 
prevent the unknown peaks from being matched with the 
standards. In order to overcome this, the peak detection 
parameters can be adjusted, or in some cases it may be neces-
sary to manually fi t the peak.         

   References 

     1.    Hagan RL (1994) High-performance liquid 
chromatography for small-scale studies of drug 
stability. Am J Hosp Pharm 51:2162–2175  

     2.    Colgan SP, Fennimore B, Ehrentraut SF 
(2013) Adenosine and gastrointestinal infl am-
mation. J Mol Med 91:157–164  

      3.    Bhatt DP, Chen X, Geiger JD, Rosenberger 
TA (2012) A sensitive HPLC-based method 
to quantify adenine nucleotides in primary 
astrocyte cell cultures. J Chromatogr B 
Analyt Technol Biomed Life Sci 
889–890:110–115  

   4.    Chunn JL, Young HWJ, Banerjee SK, 
Colasurdo GN, Blackburn MR (2001) 
Adenosine-dependent airway infl ammation 
and hyperresponsiveness in partially adenosine 

deaminase-defi cient mice. J Immunol 167:
4676–4685  

   5.    Knudsen TB, Winters RS, Otey SK, Blackburn 
MR, Airhart MJ, Church JK, Skalko RG 
(1992) Effects of (R)-deoxycoformycin (pen-
tostatin) on intrauterine nucleoside catabolism 
and embryo viability in the pregnant mouse. 
Teratology 45:91–103  

   6.    Lennon PF, Taylor CT, Stahl GL, Colgan SP 
(1998) Neutrophil-derived 5′-adenosine 
monophosphate promotes endothelial barrier 
function via CD73-mediated conversion to 
adenosine and endothelial A2B receptor activa-
tion. J Exp Med 188:1433–1443  

     7.    Synnestvedt K, Furuta GT, Comerford KM, 
Louis N et al (2002) Ecto-5′-nucleotidase 

Daniel J. Kao et al.



75

(CD73) regulation by hypoxia-inducible fac-
tor- 1 mediates permeability changes in intesti-
nal epithelia. J Clin Invest 110:993–1002  

    8.    Ward JL, Tse CM (1999) Nucleoside transport 
in human colonic epithelial cell lines: evidence 
for two Na + -independent transport systems in 
T84 and Caco-2 cells. Biochim Biophys Acta 
1419:15–22  

     9.    Barrio JR, Secrist JA III, Leonard NJ (1972) 
Fluorescent adenosine and cytidine derivatives. 
Biochem Biophys Res Commun 46:597–604  

    10.    Tsunoda M (2006) Recent advances in meth-
ods for the analysis of catecholamines and 
their metabolites. Anal Bioanal Chem 386:
506–514  

    11.    Rozet E, Morello R, Lecomte F, Martin GB, 
Chiap P, Crommen J, Boos KS, Hubert P 
(2006) Performances of a multidimensional 
on-line SPE-LC-ECD method for the determi-
nation of three major catecholamines in native 
human urine: validation, risk and uncertainty 
assessments. J Chromatogr B Analyt Technol 
Biomed Life Sci 844:251–260  

    12.    Glover LE, Bowers BE, Saeedi B, Ehrentraut 
SF et al (2013) Control of creatine metabolism 
by HIF is an endogenous mechanism of barrier 

regulation in colitis. Proc Natl Acad Sci U S A 
110:19820–19825  

    13.    Green BT, Lyte M, Kulkarni-Narla A, Brown 
DR (2003) Neuromodulation of enteropatho-
gen internalization in Peyer’s patches from 
porcine jejunum. J Neuroimmunol 141:74–82  

    14.    Brown DR, Price LD (2008) Catecholamines 
and sympathomimetic drugs decrease early 
Salmonella Typhimurium uptake into porcine 
Peyer’s patches. FEMS Immunol Med 
Microbiol 52:29–35  

    15.    Collins CB, Aherne CM, Kominsky D, 
McNamee EN et al (2011) Retinoic acid 
attenuates ileitis by restoring the balance 
between T-helper 17 and T regulatory cells. 
Gastroenterology 141:1821–1831  

    16.    Monteleone I, Rizzo A, Sarra M, Sica G et al 
(2011) Aryl hydrocarbon receptor-induced 
signals up-regulate IL-22 production and 
inhibit infl ammation in the gastrointestinal 
tract. Gastroenterology 141:237–248  

    17.    Zelante T, Iannitti Rossana G, Cunha C, De 
Luca A et al (2013) Tryptophan catabolites 
from microbiota engage aryl hydrocarbon 
receptor and balance mucosal reactivity via 
interleukin-22. Immunity 39:372–385    

HPLC-Based Metabolic Analysis



77

Andrei I. Ivanov (ed.), Gastrointestinal Physiology and Diseases: Methods and Protocols, Methods in Molecular Biology,
vol. 1422, DOI 10.1007/978-1-4939-3603-8_8, © Springer Science+Business Media New York 2016

    Chapter 8   

 NMR-Based Metabolomic Analysis of Normal 
and Infl amed Gut                     

     Daniel     J.     Kao    ,     Jordi     M.     Lanis    ,     Erica     Alexeev    , and     Douglas     J.     Kominsky      

  Abstract 

   Crohn’s disease and ulcerative colitis, the two major forms of idiopathic infl ammatory bowel disease 
(IBD), are thought to occur through a loss of intestinal barrier leading to an inappropriate immune 
response toward intestinal microbiota. While genome-wide association studies (GWAS) have provided 
much information about susceptibility loci associated with these diseases, the etiology of IBD is still 
unknown. Metabolomic analysis allows for the comprehensive measurement of multiple small molecule 
metabolites in biological samples. During the past decade, metabolomic techniques have yielded novel and 
potentially important fi ndings, revealing insight into metabolic perturbations associated with these 
diseases. This chapter provides metabolomic methodologies describing a nuclear magnetic resonance 
(NMR)-based non-targeted approach that has been utilized to make important contributions toward a 
better understanding of IBD.  

  Key words     Metabolomics  ,   Nuclear magnetic resonance  ,   Infl ammatory bowel disease  ,   Intestinal 
epithelium  ,   Mucosa  

1      Introduction 

 Chronic infl ammatory and immune responses are characterized by 
signifi cant shifts in metabolic activity. These changes are exempli-
fi ed in  infl ammatory   bowel diseases (IBD). The two main subtypes 
of IBD,    Crohn’s disease (CD)  and   ulcerative colitis (UC), are cur-
rently areas of intense investigation. Though they may overlap in 
symptoms and disease location, both are distinct diseases with vari-
ations in clinical, pathological, and immunological features [ 1 ,  2 ]. 
These debilitating disorders of unknown etiology [ 3 ] are charac-
terized by  chronic   infl ammation of the human gastrointestinal 
tract, driven by aberrant interactions between the immune system 
and the intestinal microbiota [ 4 ,  5 ]. 

    IBD is characterized by the breakdown of the  intestinal   epithe-
lial barrier leading to increased exposure of the mucosal immune 
system to luminal antigens. It is thought that this exposure 
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 promotes   infl ammation and continued mucosal injury [ 1 ,  6 ]. Sites 
of  ongoing   infl ammation are associated with substantial changes in 
tissue metabolism that result in part from perturbations of vascula-
ture [ 7 ,  8 ], leading to the decreased supply of oxygen and deple-
tion of nutrients [ 9 – 11 ]. Further,  continued   infl ammation leads to 
the generation of large quantities of reactive nitrogen and oxygen 
intermediates [ 12 ]. 

 Several lines of evidence have implicated the involvement of 
metabolic changes in the pathogenesis  of   IBD. For instance, 
insults initiated by infl ammatory response result in decreased O 2  
supply, decreased ATP generation, and activation of intestinal epi-
thelial HIF-1α, a transcription factor that functions as a global 
regulator of oxygen homeostasis and is a central orchestrator of all 
cellular metabolism [ 13 ]. During  mucosal   infl ammation,    HIF 
plays a protective role [ 14 ]. Cultured epithelial cells subjected to 
hypoxia and animal models of infl ammation have shown that the 
HIF-regulated transcriptional profi le promotes  intestinal   epithe-
lial barrier function [ 15 ]. 

 Genetic information  concerning   IBD has grown rapidly, as 
there have been numerous associations between IBD and specifi c 
gene variants. Using genome-wide association studies (GWAS), 
more than 163 independent autosomal genetic risk loci have been 
identifi ed for IBD, specifi cally for the two major IBD subtypes CD 
and UC [ 16 ]. Further, there is considerable evidence of support 
that the dysregulation of the normally controlled immune response 
 to   commensal bacteria in genetically susceptible individuals drives 
IBD [ 17 ]. GWAS have helped support the idea that there are sev-
eral susceptible genes common in IBD; however, the etiology of 
the disease remains unknown. Consequently, it is vital to continue 
to explore more comprehensive analytical tools for studying 
IBD. Mass spectrometry  and   nuclear magnetic resonance are 
methodologies that allow for the analysis of multiple metabolites in 
biological samples and have become invaluable tools for metabolo-
mics analysis. 

 Mass spectrometry, in essence, measures the molecular mass 
of chemical compounds and their fragmentation products. This 
technique entails the ionization and fragmentation of com-
pounds into smaller molecules that are then detected and quan-
tifi ed [ 18 ]. Further, gas chromatography (GC) and liquid 
chromatography (LC) are commonly used interfaces for MS to 
enable the physical separation of metabolites prior to MS analysis 
and enhance the detection of individual analytes [ 19 ]. 
Technological advances have dramatically improved analyte 
detection and reduced overall cost, making LC/MS a widely 
available approach for metabolomic analysis that does not neces-
sarily require dedicated expertise. 
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    NMR measures the magnetic resonance of atomic nuclei in 
molecules. The resonance frequencies of nuclei are infl uenced by 
the nature and number of surrounding nuclei, and as a result, 
the frequency and pattern of resonance provides a spectroscopic 
signature for each metabolite based on its chemical structure 
[ 20 ]. Unlike MS, identifi cation of metabolites can be performed 
without prior separation of compounds in the sample. However, 
not all metabolites can be individually identifi ed if their signals 
overlap and signals of metabolites present at lower concentra-
tions may be overwhelmed by signals from more abundant 
metabolites [ 21 ]. 

 While MS  and   NMR are both useful methodologies for metab-
olomics analysis, each of these technologies has distinct advantages 
and disadvantages. To date,    NMR has been the dominant platform 
for metabolomic analysis and thus will be the focus of the methods 
presented here. The primary advantages of NMR are (1) minimal 
sample preparation; (2) non-selectivity in metabolite detection and 
ability to quantify multiple metabolites; (3) the ability to provide 
highly reproducible results; and (4) the non-destructive nature of 
the platform, allowing samples to be further analyzed. The most 
signifi cant drawbacks of the NMR platform are the lower level of 
sensitivity compared to MS as well as higher costs. 

 In the past decade, a number of studies have applied NMR- 
based metabolomics to the study of IBD. The most  utilized 
  NMR- active isotope in these studies is proton ( 1 H-NMR), 
which enables for detection of all proton-containing low molec-
ular weight metabolites with a limit of detection of approxi-
mately 10 μM. Additionally,  31 P-NMR allows for the detection 
of metabolites that provide insight into energy or phospholipid 
metabolism [ 22 – 24 ]. Finally,  13 C-NMR following incorpora-
tion of a labeled precursor enables the interrogation of cellular 
pathways such as glycolysis and the TCA cycle [ 22 – 24 ]. These 
studies include the analysis of in vitro infl ammatory models [ 25 ] 
and the interrogation  of   mouse models of IBD including the 
analysis of biofl uid (serum, urine) [ 26 ,  27 ], feces [ 26 ,  28 ], and 
intestinal tissue [ 25 ,  29 ]. Furthermore, metabolomic studies 
have also been carried out utilizing human specimens including 
biofl uids [ 30 ,  31 ], fecal samples [ 32 – 34 ], and human tissue 
specimens [ 35 – 37 ]. 

 In this chapter, we will review the methodologies for the prep-
aration of in vitro cell extracts and the extraction of intestinal tissue 
 for   NMR analysis. Additional extraction protocols for biofl uid or 
fecal samples for NMR analysis are beyond the scope of this 
endeavor but excellent protocols can be found elsewhere [ 32 ,  38 ]. 
Likewise, NMR sample run protocols and data analysis methods 
are only summarized here.  

NMR-Based Metabolic Analysis of Intestinal Tissue
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2    Materials 

       1.    Ice container.   
   2.    Liquid nitrogen.      

       1.    Dulbecco’s Modifi ed Eagle’s Medium (DMEM) without 
glucose.   

   2.    [1- 13 C]-labeled glucose (Cambridge Isotopes Laboratories).   
   3.    Phosphate-Buffered Solution (PBS).   
   4.    0.9 % sodium chloride (NaCl).   
   5.    Tefl on cell scrapers.      

       1.    Methanol   
   2.    Chloroform   
   3.    Perchloric acid (HClO 4 ).   
   4.    Potassium hydroxide (KOH).      

       1.    Deuterium oxide (D 2 O) (Cambridge Isotope Laboratories).   
   2.    Deuterated chloroform (CDCl 3 ).   
   3.    Deuterated methanol (CD 3 OD).   
   4.    Deuterated DCl and NaOD).   
   5.    Trimethylsilyl propionic-2,2,3,3,-d 4  acid (TSP).   
   6.    Methyl diphosphoric acid (MDP, Sigma-Aldrich).   
   7.    Ethylene diamine tetraacetic acid (EDTA).   
   8.    5 mm NMR tubes (Wilmad).   
   9.    1 mm NMR capillaries (Bruker Medical).       

3    Methods 

       1.    This protocol describes a 4 h incubation with 5 mmol/L 
[1- 13 C]-labeled glucose for glucose uptake and metabolism 
studies by  13 C-NMR. However, glucose can be replaced with 
other labeled compounds based on the study focus ( see   Note 1 ).   

   2.    Use 3–4 confl uent 15 cm Petri dishes. Aspirate culture medium, 
wash each dish with 5 ml sterile PBS, add 15 ml of glucose-free 
serum-free medium supplemented with 13.7 mg of [1- 13 C] 
labeled glucose (5 mmol/L).   

   3.    Incubate for 4 h under normal culture conditions.   
   4.    Pre-cool NaCl, 8 % PCA and bidistilled water in an ice bath. 

Pre-cool the centrifuge to 4 °C.   

2.1  Sample 
Collection

2.2  Cell Culture

2.3  Sample 
Extraction

2.4     NMR Analysis

3.1  Perchloric Acid 
Cell Extraction
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   5.    Transfer 5 ml of [1- 13 C] labeled medium from each Petri dish 
to a 50 ml conical tube and place in ice bath.   

   6.    Aspirate the remaining media.   
   7.    Wash cells with 6 ml of ice-cold NaCl; aspirate NaCl.   
   8.    Place the dish in liquid nitrogen until all cells are frozen 

(30–60 s).   
   9.    Add 2 ml ice-cold 8 % PCA to the frozen cells.   
   10.    Scrape the cells from the dish surface and transfer cell suspen-

sion into a 50 ml conical tube (ice bath).   
   11.    Add 2 ml of ice-cold water into the dish and transfer remaining 

cells from the dish in the same tube.   
   12.    Repeat with all four dishes.   
   13.    Place the tube containing cell PCA extract in an ultrasonic ice 

bath for 5 min.   
   14.    Centrifuge at 1300 ×  g  for 20 min at 4 °C.   
   15.    Transfer the supernatant into a new 50 ml conical tube and 

place in ice bath.   
   16.    Resuspend the pellet in 2 ml ice-cold 8 % PCA in the original 

50 ml tube. Vortex well to resuspend the pellet.   
   17.    Place the tube in an ultrasonic ice bath for 5 min.   
   18.    Centrifuge the resulting suspension at 1300 ×  g  for 20 min at 

4 °C.   
   19.    Collect the supernatant in the same 50 ml tube as before; save 

the pellet for  step 24  (ice bath).   
   20.    Neutralize the supernatant with KOH (fi rst using 8 M, then 

1 M and 0.1 M) so that it is at pH 7.0.   
   21.    Centrifuge at 1300 ×  g  for 10 min at 4 °C.   
   22.    Transfer the supernatant into a lyophilizer glass, freeze in 

liquid nitrogen, and lyophilize it in a freeze-dry system 
overnight.   

   23.    Re-dissolve the lyophilized sample in 0.5 ml D 2 O, centrifuge 
at 1300 ×  g  for 10 min, transfer into a 5- mm   NMR tube, and 
adjust the sample pH to 7.2 using DCl and NaOD, for NMR 
analysis.   

   24.    Re-dissolve the tissue pellet ( step 19 ) in 4 ml ice-cold water, 
vortex well, and place in an ultrasonic ice bath for 10 min.   

   25.    Neutralize the pellet suspension (containing tissue lipids) with 
KOH so that it is at pH 7.0, transfer into a lyophilizer glass (do 
not centrifuge), freeze in liquid nitrogen, and lyophilize it in a 
freeze-dry system overnight.   

   26.    Re-dissolve the lyophilized lipids in 0.6 ml deuterium metha-
nol/chloroform (1:2) solution, centrifuge at 1300 ×  g  for 
10 min, and transfer into a 5  mm   NMR tube for NMR analysis.   

NMR-Based Metabolic Analysis of Intestinal Tissue
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   27.    Centrifuge the collected 20 ml of  13 C-labeled medium at 
1300 ×  g  for 5 min at 4 °C (to remove cell debris).   

   28.    Lyophilize 10 ml of the labeled medium overnight.   
   29.    Re-dissolve the lyophilized medium in 1 ml of D 2 O, centrifuge 

at 1300 ×  g  for 10 min, and transfer into a 5 mm NMR tube for 
NMR analysis.      

       1.    Quickly remove 100–300 mg tissue and immediately snap 
freeze by wrapping sample in pre-cooled aluminum foil and 
immediately place in liquid nitrogen. Store all frozen tissue 
samples at −80 °C until extraction ( see   Note 1 ).   

   2.    Pre-cool 8 % PCA in an ice bath. Pre-cool a mortar, pestle, and 
spatula by immersing them in a liquid nitrogen bath. Set and 
pre-cool the centrifuge at 4 °C. Transfer 4 ml of 8 % PCA in a 
50 ml conical tube and pre-cool it in an ice bath.   

   3.    Weigh tissue and record weight. Place frozen tissue in the pre- 
cooled pestle and crush with the mortar, while periodically 
cooling the pestle and mortar in liquid nitrogen.   

   4.    Using the pre-cooled spatula, transfer the crushed tissue into 
the 50 ml conical tube containing 4 ml of pre-cooled 8 % 
PCA. Add an additional 2 ml of ice-cold 8 % PCA. Mix well 
using a vortex mixer and homogenize tissue sample using an 
electric tissue homogenizer (pre-cool the blade in the ice-cold 
water bath between the samples).   

   5.    Place the tube containing tissue/PCA extract in an ultrasonic 
ice bath for 5 min.   

   6.    Centrifuge at 1300 ×  g  for 20 min at 4 °C. Transfer the super-
natant into a new 50 ml conical tube.   

   7.    Resuspend the tissue pellet in 2 ml ice-cold 8 % PCA in the 
original tube. Vortex well to resuspend the pellet. Centrifuge 
the sample as before ( step 6 ). Transfer the supernatant in 
the same 50 ml conical tube as before, and save the pellet for 
 step 12 .   

   8.    Neutralize the supernatant with KOH (fi rst using 8 M, then 
1 M and 0.1 M) so that it is at pH 7.0.   

   9.    Centrifuge at 1300 ×  g  for 10 min at 4 °C.   
   10.    Transfer the supernatant to a lyophilizer glass, freeze in liquid 

nitrogen, and lyophilize it in a freeze-dry system overnight.   
   11.    Re-dissolve the lyophilized sample in 0.5 ml D 2 O, centrifuge 

at 1300 ×  g  for 10 min, transfer into a 5  mm   NMR tube and 
adjust its pH to 7.2 using DCl and NaOD, for NMR analysis.   

   12.    Re-dissolve the tissue pellet ( step 7 ) in 4 ml ice-cold water, 
vortex well, and put it in an ultrasound ice bath for 10 min.   

3.2  Perchloric Acid 
Tissue Extraction
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   13.    Neutralize the pellet suspension (containing tissue lipids) with 
KOH so that it is at pH 7.0, transfer it into a lyophilizer glass 
(do not centrifuge), freeze in liquid nitrogen, and lyophilize it 
in a freeze-dry system overnight.   

   14.    Re-dissolve the lyophilized lipids in 1 ml deuterium methanol/
chloroform (1:2) solution, centrifuge at 1300 ×  g  for 10 min, 
and transfer into a 5 mm NMR tube for NMR analysis.      

   The described acquisition parameters require the use of supercon-
ductive high-resolution NMR spectrometers with the proton 
resonance frequency of 300–600 MHz (magnetic fi eld strength: 
7.0–14.0 T) equipped with inverse (for proton detection) or QNP 
(for multinuclear detection) 5 mm probes. The described methods 
describe experimental parameters for one- dimensional   NMR 
metabolite quantifi cation only ( see   Notes 2 – 4 ).

    1.    Proton acquisition parameters ( 1 H-NMR). The following are 
possible acquisition parameters for  1 H-NMR spectra, which 
provide a linear correlation of metabolite concentration and 
signal integral. In order to calculate metabolite concentrations 
it is necessary to add the concentration standard TSP into D 2 O 
into thin sealed glass capillaries, which can be placed in the 
5 mm NMR tube as external concentration standard. Fully 
relaxed  1 H-NMR spectra of water-soluble metabolites and lip-
ids can be obtained at 500 MHz (11.7 T) using a 5-mm HX 
(or TXI) inverse probe using solvent presaturation pulses (such 
as “zgpr” for Bruker) and the following acquisition parame-
ters: 30° fl ip angle, 6000 Hz sweep width, 12.8 s repetition 
time, time- domain data points of 32 K, power level for solvent 
presaturation of 59 dB and 128 transients.  See  Fig.  1  for exam-
ples of generated  1 H-NMR spectra from both in vitro and 
murine colon tissue.

       2.    Carbon acquisition parameters ( 13 C-NMR). For  13 C-NMR 
measurements, composite pulse (WALTZ-16) proton decou-
pling is required for the acquisition of  13 C-NMR spectra. The 
use of QNP or broad-band probes is recommended. Water- 
soluble and lipid  13 C-NMR spectra can be recorded with 30° 
fl ip angle, 29,411 Hz sweep width, 3 s repetition time, time 
domain data points of 16 K (zero fi lled to 32 K before Fourier 
transform), and 20,000 transients for water-soluble metabo-
lites or 6000 transients for lipids.   

   3.    Phosphor acquisition parameters ( 31 P-NMR). Addition of 
100 mmol/L EDTA is recommended for cell extract studies to 
chelate divalent cations which otherwise would cause signal 
broadening of the nucleoside tri- and diphosphate signals. A thin 
sealed capillary, containing methyl diphosphoric acid (MDP), is 
utilized as a concentration standard for  31 P- metabolite quanti-
fi cation. The following acquisition parameters can be used to 

3.3     NMR Data 
Acquisition
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acquire fully relaxed  31 P-NMR spectra (without saturation 
effects) of water-soluble metabolites and lipids using the fol-
lowing acquisition parameters: 30° fl ip angle, 10,000 Hz 
sweep width, 3.7 s repetition time, time-domain data points of 
16 K (zero fi lled to 32 K before Fourier transform), and 4000–
8000 transients.    

      For   NMR data processing, various NMR software platforms can be 
utilized such as TopSpin and XWINNMR. Likewise, a number of 
statistical analyses may be employed for these purposes. Perform 
exponential multiplication and Fourier transformation on acquired 
spectral FID (free induction decay) with the following line broad-
ening: LB = 0.2 Hz ( 1 H-NMR), 2 Hz ( 13 C-NMR), and 1 Hz 
 ( 31 P- NMR). Proceed further with phase and baseline correction. 
For calibration, set TSP to 0 ppm ( 1 H-NMR), C3-lactate to 

3.4  Data Analysis
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  Fig. 1    Metabolic analysis of modeled infl ammation and murine colonic infl ammation. Panels  a – b ; T84 
human colonic epithelial cells were exposed to IFN-γ at 10 ng/ml concentrations for 48 h. Representative 
proton spectra from control ( a ) and IFN-γ-treated T84 cells (10 ng/ml) ( b ). Numbered peaks are: 1, inositol; 
2, taurine; 3, betaine; 4, total cholines; 5, total creatine; 6, methionine; 7, total glutathione; 8, glutamine; 9, 
succinate; 10, lactate; 11, leucine, isoleucine, and valine. Panels  c – d ; wild type mice received DSS for 5 
days. Tissue was extracted and used for NMR analysis of endogenous metabolites. Representative proton 
spectra from control ( c ) and DSS-treated (3 %, 6 days treatment). ( d ) colonic tissue extracts. Numbered 
peaks are: 1, glucose; 2, inositol; 3, betaine; 4, total cholines; 5, total creatine; 6, total glutathione; 7, suc-
cinate; 8, lactate; 9, leucine, isoleucine, and valine. Reproduced from Ref.  25  with permission from the 
American Association of Immunologists       
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21 ppm ( 13 C-NMR), and MDP signal to 18.6 ppm ( 31 P-NMR). 
Perform peak integration and metabolite quantifi cation using an 
NMR postprocessing software.   

4    Notes 

     1.    It is critical to remember throughout the process of sample 
collection and extraction that procedures be performed at low 
temperatures in order to avoid metabolite loss due to sample 
degradation. Likewise, steps requiring pH adjustment must be 
performed with care as NMR spectra are pH-sensitive.   

   2.    All metabolites are characterized by their NMR chemical shift. 
The chemical shift is the normalized absorption frequency and 
is expressed in parts per million (ppm) (Fig.  1 ).   

   3.    Due to overlapping chemical shifts of two or more metabolites 
in one-dimensional NMR spectra, two-dimensional NMR 
techniques (such as  1 H/ 13 C-HSQC) can be used for precise 
metabolite identifi cation.   

   4.    The integral of a spectral peak is measured in arbitrary units. 
The value is obtained by computer integration,  using   NMR 
software as described above, and is proportional to the number 
of nuclei contributing to the resonance. The normalized inte-
gral values (divided by the number of nuclei) are proportional 
to the metabolite concentration.         
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    Chapter 9   

 Analysis of microRNA Levels in Intestinal Epithelial Cells                     

     Hang     Thi     Thu     Nguyen       

  Abstract 

   The fi eld of microRNA (miRNA) research is expanding rapidly with the crucial role of miRNAs in almost 
every biological process and their implication in many diseases. The role of miRNAs in modulating infl am-
matory responses in the gut has attracted many research groups including us. Here, we fi rst briefl y sum-
marize our current understanding of the role of miRNAs in maintaining and regulating gut physiopathology 
and in infl ammatory bowel diseases. We then describe in detail our techniques to analyze miRNA levels 
with notes that we have collected and summarized during our experiments.  

  Key words     microRNA  ,   Infl ammatory bowel disease  ,   Total RNA extraction  ,   cDNA analysis  , 
  qRT-PCR  

1      Introduction 

    MicroRNAs (miRNAs, miR) are small (approximately 20–22 
nucleotides), non-coding RNAs that post-transcriptionally regu-
late gene expression by binding to the 3′-untranslated region (3′-
UTR) of target mRNAs, leading to mRNA destabilization and/or 
inhibition of translation (1). 

 Each miRNA can target hundreds of mRNAs, and a single 
mRNA is often the target of multiple miRNAs. It is estimated that 
miRNAs regulate more than 60 % of protein-coding mRNAs [ 1 ], 
incorporating this post-transcriptional control pathway within vari-
ous important cellular functions such as differentiation, prolifera-
tion, signal transduction, and apoptosis [ 2 ]. 

 MiRNAs play a crucial role in regulation of the innate and 
adaptive immune systems, which has evolved to maintain self- 
tolerance and to recognize effi ciently specifi c pathogens. The 
innate immune system acts as a fi rst defense providing an immedi-
ate response to pathogens. It is activated via recognition of 
pathogen- associated molecular patterns (PAMPs) by extracellular 
receptor termed toll-like receptors (TLRs) or cytoplasmic nucleotide 
binding oligomerization domain-containing protein (NOD)-like 
receptors, promoting downstream signaling cascades through 
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pathways including nuclear factor-kappa B (NF-κB), mitogen- 
activated protein kinase, and interferon (IFN) regulatory factors. 
These processes are highly regulated by miRNAs. In addition to 
their role in regulating the innate immune system, miRNAs have 
been implicated in the complex network of signaling involved in 
maturation and activation of the adaptive immune system. This is 
mostly mediated via their role in controlling the development and 
activation of T and B cells. Key fi ndings of the role of miRNAs in 
the innate and adaptive immune systems have been reviewed else-
where [ 3 – 5 ]. 

 As miRNAs play a critical role in almost every biological pro-
cess, aberrant miRNA regulation has been associated with several 
human disorders  including   infl ammatory bowel disease (IBD). 
IBD, comprised  of   Crohn’s disease (CD)  and   ulcerative colitis 
(UC), is a chronic infl ammatory gastrointestinal disorder, of which 
the etiology is multifactorial and involves environmental, genetic, 
and microbial factors [ 6 ]. Recent studies using  quantitative 
  RT-PCR (qRT-PCR) and miRNA arrays have identifi ed distinct 
miRNA expression profi les in tissues and peripheral blood of 
patients  with   IBD versus control subjects and even UC versus CD 
[ 3 ,  7 ]. The results from these studies have been somewhat confl ict-
ing, due to at least in part differences in housekeeping genes and 
methods used to normalize miRNA levels, controls used (healthy 
individuals or “symptomatic control” patients), and disease dura-
tion and therapy which could infl uence miRNA levels [ 5 ]. The 
functional studies of miRNAs in  IBD   pathogenesis have only 
recently begun, however they have explored the link between miR-
NAs and defect in autophagy, epithelial barrier dysfunction, and 
infl ammatory responses [ 3 ,  5 ,  7 ], which are the hallmarks of IBD 
pathogenesis. The increasing evidence and knowledge of miRNA 
function and dysregulation in IBD have raised miRNAs as poten-
tial diagnostic and therapeutic targets for future clinical applica-
tions. To read more about the role of miRNAs  in   IBD, please refer 
to the recent reviews [ 3 ,  5 ,  7 ]. 

 In this chapter, we aim to describe our techniques with materi-
als required to analyze miRNA levels [ 3 ,  8 – 12 ]. Notes that we 
have collected and summarized during experiments will be dis-
cussed. We would like to emphasize that this is only one example 
of methods used to analyze miRNA levels which we routinely use 
for our research.  

2    Materials 

       1.    Phosphate-buffered saline (PBS).   
   2.    Chloroform.   
   3.    Ethanol 100 %.   

2.1  Isolation 
of Total RNA
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   4.    DEPC-treated water: Add 0.1 mL of diethylpyrocarbonate 
(DEPC, Sigma) to 100 mL of water and shake vigorously. 
Incubate the solution for 12 h at 37 °C, then autoclave to 
remove the DEPC and fi lter.   

   5.    MiRNeasy mini kit (Qiagen) including:

    (a)    QIAzol Lysis Reagent, store at 4 °C.   
   (b)     Buffer RWT and Buffer RPE are supplied as a concentrate. 

Add 2 and 4 volumes of 100 % ethanol to Buffer RWT and 
Buffer RPE, respectively, to obtain a working solution.   

   (c)    RNeasy MinElute spin column.          

       1.    1 mM Tris, pH 8.0 prepared in DEPC-treated water ( see   Note 1 ).   
   2.    DEPC-treated water.   
   3.    NCode™ miRNA fi rst- strand   cDNA synthesis (Invitrogen) 

inclu ding:
     5× miRNA reaction buffer.  
    25 mM MnCl 2 .  
    Poly A polymerase.  
    Annealing buffer.  
    Universal RT primer 25 μM.  
    2× First-strand reaction mix.  
    SuperScriptR III RT/RNaseOUT™ enzyme mix.      

   4.    0.2 mL RNAse-free individual PCR tubes.   
   5.    Thermocycler.      

       1.    Universal qRT-PCR reverse primer (10 μM) provided in the 
NCode™ miRNA fi rst-strand cDNA synthesis kit.   

   2.    Forward primer designed for each miRNA ( see   Note 2 ). 
 The sequence of forward primer is identical to the entire 

mature miRNA sequence, except that U is replaced by T. For 
example:

   Mature hsa-miR-130a sequence: CAGUGCAAUGUUAAAA
GGGCAU.  

  Forward primer sequence: CAGTGCAATGTTAAAAGGGCAT.      
   3.    SYBR Premix Ex Taq II (Takara).   
   4.    MilliQ water or nuclease-free water.   
   5.    96-well qRT-PCR plates (4titude).   
   6.    qRT-PCR optically clear adhesive fi lm for 96-well plate 

(4titude).   
   7.    Eppendorf Mastercycler® RealPlex 2  (Eppendorf).       

2.2  First-Strand 
cDNA Synthesis

2.3  Real-Time 
 Quantitative   RT-PCR 
Amplifi cation 
of miRNAs
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3    Methods 

       1.    Cell or tissue lysate preparation ( see   Note 3 ):

    (a)     For cells grown in a monolayer, cells are washed with 
PBS, and 700 μL QIAzol Lysis Reagent is then added to 
the cell- culture dish (up to 1 × 10 7  cells). Agitate the dish 
for 10 min at room temperature (RT). Pipet the lysate 
into an eppendorf. Vortex or pipet to mix and ensure that 
no cell clumps are visible.   

   (b)     For tissues (fl ash-frozen in liquid nitrogen and stored at 
−70 °C), ≤30 mg of tissue is homogenized in 700 μL of 
QIAzol Lysis Reagent.    

      2.    Incubate the homogenate at RT for 5 min. This step promotes 
dissociation of nucleoprotein complexes.   

   3.    Add 140 μL chloroform to the tube containing the homoge-
nate. Shake the tube vigorously for 15 s.   

   4.    Incubate at RT for 2–3 min.   
   5.    Centrifuge for 15 min at 12,000 ×  g  at 4 °C.   
   6.    After centrifugation, the sample separates into 3 phases: an 

upper, colorless, aqueous phase containing RNA; a white inter-
phase; and a lower, red, organic phase. Transfer the upper 
aqueous phase to a new collection tube ( see   Note 4 ).   

   7.    Add 1.5 volumes of 100 % ethanol and mix thoroughly by 
pipetting.   

   8.    Pipet up to 700 μL of the sample including any precipitate into 
an RNeasy MinElute spin column placed in a 2 mL collection 
tube. Centrifuge for 15 s at 10,000 ×  g  at RT. Discard the 
fl ow-through.   

   9.    Repeat  step 8  until the whole sample has been pipetted into 
the spin column. Discard the fl ow-through each time.   

   10.    Add 700 μL Buffer RWT to the RNeasy Mini spin column. 
Centrifuge for 15 s at 10,000 ×  g  at RT to wash the column. 
Discard the fl ow-through.   

   11.    Add 500 μL Buffer RPE onto the RNeasy Mini spin column. 
Centrifuge for 15 s at 10,000 ×  g  at RT to wash the column. 
Discard the fl ow-through.   

   12.    Add another 500 μL Buffer RPE to the RNeasy Mini spin col-
umn. Centrifuge for 2 min at 10,000 ×  g  at RT to dry the 
RNeasy Mini spin column membrane.   

   13.    Place the RNeasy Mini spin column into a new 2 mL collection 
tube, and centrifuge for 1 min at 10,000 ×  g  at RT to eliminate 

3.1  Isolation of Total 
RNA Including miRNAs
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any possible carryover of Buffer RPE or if residual fl ow-
through remains on the outside of the RNeasy Mini spin col-
umn after  step 12 . Transfer the RNeasy Mini spin column to a 
new 1.5 mL RNA-free collection tube.   

   14.    Pipet 30–50 μL DEPC-treated water directly onto the RNeasy 
Mini spin column membrane. Centrifuge for 1 min at 
10,000 ×  g  at RT to elute the RNA ( see   Notes 5  and  6 ).   

   15.    Assess RNA quality and quantity using NanoDrop ( see   Note 7 ).   
   16.    Check the integrity of  purifi ed   total RNA by electrophoresis 

on 1.2 % agarose gel ( see   Note 8 ).   
   17.    Store at −80 °C for further uses ( see   Note 9 ).      

         1.    Use 100 ng to 1 μg  of   total RNA. Based on the quantity of 
total RNA, dilute a volume of 10 mM ATP in 1 mM Tris (pH 
8.0) according to the following formula: 

 ATP dilution factor = 5000/____ ng of total RNA 
 Example: If 1 μg of total RNA is used, the ATP dilution fac-

tor is 5000/1000 ng = 5. Dilute the ATP 1:5 by adding 10 μL 
of 10 mM ATP to 40 μL of 1 mM Tris, pH 8.0.   

   2.    Dilute total RNA in 0.2 mL  individual   PCR tubes to 100 ng–1 
μg in 16 μL ( see   Note 10 ) using DEPC-treated water and place 
the tubes on ice.   

   3.    Prepare a master mix on ice ( see   Note 10 ).

 Component  Volume (for 1 reaction) 

 5× miRNA Reaction 
Buffer 

 5 μL 

 25 mM MnCl 2   2.5 μL 

 Diluted ATP (from  step 1 )  1 μL 

 Poly A Polymerase  0.5 μL 

 Total  9 μL 

       4.    Mix master mix by fl icking, centrifuge briefl y, and add 9 mL of 
master mix to 16 μL of total RNA (containing 100 ng–1 μg 
RNA) from  step 2 .   

   5.    Mix gently and spin the tube briefl y to collect the contents.   
   6.    Place the tubes in a thermocycler and run the following cycle: 

incubation at 37 °C for 15 min.   
   7.    After incubation, places the tubes on ice   

3.2  Generation 
of cDNA

3.2.1  Poly(A) Tailing 
Procedure
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   8.    Pipet 4 μL from each tube (25 μL in total) to a new 0.2 mL 
RNase-free PCR tube, and use this for fi rst-strand cDNA 
synthesis.   

   9.    Store the rest of polyadenylated RNA at −20 °C for further 
uses.      

       1.    Prepare mix A on ice.

 Component  Volume (for 1 reaction) 

 Annealing Buffer  1 μL 

 Universal RT Primer (25 μM)  3 μL 

 Total volume  4 μL 

       2.    Vortex mix A, centrifuge briefl y, and add 4 μL of mix A to 4 μL 
of polyadenylated RNA from  step 10  of Poly(A) tailing 
procedure.   

   3.    Mix gently and centrifuge the tubes briefl y to collect the contents.   
   4.    Place the tubes in a thermocycler and run the following cycle: 

incubation at 65 °C for 5 min with heated lid on PCR-block 
( see   Note 11 ).   

   5.    After incubation, place the tube on ice for 1 min, centrifuge the 
tubes briefl y to collect the contents, and replace them on ice.   

   6.    Prepare mix B on ice:

 Component  Volume (for 1 reaction) 

 2× First-Strand Reaction Mix  10 μL 

 SuperScriptR III RT/
RNaseOUT™ Enzyme 
Mix 

 2 μL 

       7.    Vortex mix B, centrifuge briefl y, and add 12 μL of mix B to the 
content in the tubes from  step 5 , for a fi nal volume of 20 μL.   

   8.    Mix gently and spin the tubes briefl y to collect the contents.   
   9.    Place the tubes in a thermocycler and run the following cycle 

with heated lid on PCR-block: 50 °C for 50 min, 85 °C for 5 
min, and hold at 4 °C.   

   10.    Store aliquots at −20 °C or proceed directly to  quantitative 
  RT-PCR.       

       1.    Dilute the cDNA (from  step 7  of B-First-strand cDNA syn-
thesis) 1:10 in nuclease-free water.   

   2.    Prepare the qRT-PCR mix:

3.2.2  First-Strand cDNA 
Synthesis

3.3  Real-Time 
Quantitative RT-PCR 
Amplifi cation 
of miRNAs
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 Component  Volume (for 1 reaction) 

 2× SYBR Premix Ex Taq II 
( see   Note 12 ) 

 5 μL 

 Forward primer (10 μM)  0.2 μL (200 nM fi nal concentration) 

 Universal qPCR Primer (10 μM)  0.2 μL (200 nM fi nal concentration) 

 MiliQ water  3.6 μL 

 Total  9 μL 

       3.    Mix gently and spin briefl y.   
   4.    Add 9 μL of the mix to each well of  a   qRT-PCR 96-well plate.   
   5.    Add 1 μL of cDNA (diluted 1:10 from  step 1 ) to each well. 

For  negative   qRT-PCR control, use 1 μL of total RNA (the same 
amount as used for cDNA synthesis) to ensure that the 
qRT-PCR does not amplify genomic DNA contaminants.   

   6.    Seal the plate with the adhesive fi lm, and spin gently so that all 
components are at the bottom of the plate.   

   7.    Place the plate in the Eppendorf Mastercycler® RealPlex and 
program the instrument. 

 We usually perform a first gradient qRT-PCR run to 
identify the optimal annealing temperature for the primers. 
For this purpose, the program is set up as below: 

 95 °C for 30 s. 
 40 cycles of: 95 °C—5 s; Gradient from 55 to 65 °C 

( see   Note 13 )—60 s. 
 Melting curve (See instrument documentation). 
 Hold the reaction at 4 °C

    (a)    For the Eppendorf Mastercycler® RealPlex, if a gradient 
50–60 °C is programmed for the annealing temperature, 
there will be 12 different temperatures for 12 columns of 
the qRT-PCR plate in the same run (Fig.  1 ). This means 
that samples in different columns will be run at different 
temperatures.

       (b)     We usually use one cDNA sample synthesized from total 
RNA extracted from untreated human/mouse cultured 
cells for this test. When there are several miRNAs to be 
analyzed, up to 8 forward primers specifi c to 8 mature 
miRNAs can be tested. Each row of  the   qRT-PCR plate 
will contain a different qRT- PCR mix with a different for-
ward primer to analyze a different miRNA (Fig.  1 ).   

   (c)    From melting curve analysis ( see   Note 14 ), determine the 
optimal annealing temperature, which gives one specifi c 
product.       

Intestinal microRNA Analysis
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   8.    Perform qRT-PCR to analyze expression of each miRNA at 
optimal annealing temperature ( see   Note 15 ).   

   9.    Perform qRT-PCR to analyze expression of the non-coding 
small nuclear U6 RNA, used as an internal control, using the 
forward primer GCAAGGATGACACGCAAATTCGT and 
annealing temperature = 59 °C.   

   10.    Calculate fold-induction of miRNA levels using the  Ct  method 
as follows: ΔΔ Ct  = ( Ct  miRNA  −  Ct  U6 ) treatment  − ( Ct  miRNA  −  Ct  U6 ) nontre

atment , and the fi nal data were derived from 2 −ΔΔ Ct  .     

 One example of our analysis of miRNA levels was presented in 
Fig.  3 , indicating changes in the levels of mature homo sapiens 
(has)-miR-30c and hsa-miR-130a in human intestinal epithelial 
T84 cells upon infection with Crohn’s disease-associated adherent- 
invasive  Escherichia coli  reference strain LF82 [ 8 ].    

4    Notes 

     1.    DEPC reacts with primary amines and cannot be used directly 
to treat Tris buffers. DEPC is highly unstable in the presence 
of Tris buffers and decomposes rapidly into ethanol and CO 2 . 
When preparing Tris buffers, treat water with DEPC fi rst, and 
then dissolve Tris to make the appropriate buffer.   

   2.    In most cases, we can amplify the miRNA of interest using the 
forward primer of which the sequence is identical to that of 
the entire mature miRNA except that U is replaced by 
T. However, for some GC-rich miRNA sequences, it may be 
necessary to design a truncated forward primer to ensure that 
its GC content is in the range of 40–60 %.   

   3.    When processing samples, do not exceed the maximum amount 
of starting material (up to 10 7  cells or 30 mg of tissues in 700 μL 
of QIAzol Lysis Reagent. Otherwise, homogenization will be 
incomplete and cellular debris may interfere with the binding of 
RNA to the RNeasy Mini spin column membrane, resulting 
in lower RNA yield and purity.   

  Fig. 1    Example of a qRT-PCR plate with a gradient annealing temperature 55–65 °C       
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   4.    When removing the upper aqueous phase containing RNA, 
avoid withdrawing contaminants. Leaving a little of the upper 
aqueous phase containing RNA can minimize the risk of car-
rying over contaminants.   

   5.    DNase digestion during extraction of total RNA is not required 
for detecting mature miRNAs.   

   6.    After RNA elution, do not put RNA samples into a vacuum 
dryer that may have RNase contamination.   

   7.    RNA purity is assessed by the ratio of the readings at 260 nm 
and 280 nm (A260/A280). A ratio of approximately 2.0 indi-
cates a good quality RNA sample. A lower ratio may indicate 
the presence of other contaminants potentially carried over 
from the RNA isolation procedure.   

   8.    Analysis of RNA integrity by electrophoresis on agarose gel: 
The respective ribosomal bands should appear as sharp bands. 
The 28S ribosomal RNA band should be present at approxi-
mately twice the amount of the 18S RNA band (Fig.  2 ). If the 
ribosomal bands appear as a smear toward smaller RNAs, it is 
likely that the RNAs are degraded during isolation.

       9.    The quality of the total RNA isolated using miRNeasy kit is 
suitable for our analyses of miRNA levels by qRT-PCR [ 8 – 12 ] 
or by miRNA array [ 9 ,  11 ].   

   10.    To economize the NCode™ miRNA fi rst-strand cDNA syn-
thesis kit, the amount of all components required for the 

  Fig. 2    Agarose gel electrophoresis analysis of total RNA isolated from human 
intestinal epithelial T84. Total RNA were isolated from T84 cells using the 
miRNeasy kit (Qiagen), and 500 μg of total RNA were migrated on 1.2 % agarose 
gel (lanes 1 and 2). M: DNA SmartLadder (Eurogentec)       
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master mix in Poly(A) tailing procedure could be divided by 2. 
In this case, dilute total RNA to 100 ng–1 μg in 8 μL using 
DEPC-treated water.   

   11.    When using the thermocycler, we usually select to heat lid to 
avoid the evaporation of samples at high temperature.   

   12.    Minimize exposure of 2X SYBR Premix Ex Taq II to direct 
light. Exposure to direct light for an extended period of time 
may result in loss of fl uorescent signal intensity.   

   13.    We have obtained optimal qRT-PCR results with the anneal-
ing temperature in the range of 55–65 °C. If this range of 
annealing temperature does not give good and specifi c qRT- 
PCR results, another gradient for annealing temperature (for 
example 50–60 °C or 55–68 °C) could be tested. Raising the 
annealing temperature may result in better discrimination of 
closely related miRNA sequences, but may decrease the 
 sensitivity of the reaction. If this still does not give good 
results, forward primer redesign needs to be considered.   

   14.    Melting curve analysis should always be performed after qRT- 
PCR to analyze the specifi city of the reaction. For more infor-
mation, visit   www.lifetechnologies.com/qpcr     and type in the 
search box “melting curve analysis”.   

  Fig. 3    Analysis of hsa-miR-30c and hsa-miR-130a levels in human intestinal epithelial T84 cells upon infection 
with Crohn’s disease-associated adherent-invasive  Escherichia coli  (AIEC). T84 cells were infected with the 
AIEC LF82 reference strain, the non-pathogenic  E. coli  K12 MG1655 or the commensal  E. coli  HS strain. MiRNA 
levels in uninfected and infected cells analyzed by qRT-PCR were shown. Data are means ± SEM of 6 repli-
cates and are representative of 3 independent experiments. * P  < 0.05; ** P  < 0.005; *** P  < 0.001 (Reproduced 
from Ref.  8  with permission from Elsevier)       
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   15.    When performing qRT-PCR, prepare duplicate wells per 
sample per miRNA. We usually perform 6 replicates per con-
dition for in vitro studies and ≥8 mice/group for in vivo stud-
ies, and the experiments are repeated at least 3 times.   
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    Chapter 10   

 Detecting Reactive Oxygen Species Generation and Stem 
Cell Proliferation in the  Drosophila  Intestine                     

     Liping     Luo    ,     April     R.     Reedy    , and     Rheinallt     M.     Jones       

  Abstract 

   The conservation of intestinal stem cell crypt dynamics between  Drosophila melanogaster  and mammals 
allows for the genetically tractable fl y model to be used for analyses of intestinal development, homeostasis, 
and renewal in relation to microbiota. The invertebrate fl y model is advantageous for genetic research due 
to its anatomical and genetic simplicity and short lifespan. Accordingly, experimental resources such as 
large numbers of mutant and genetically modifi ed fl ies have been developed. We have developed tech-
niques to generate germ-free  Drosophila , monoassociate them with candidate bacteria, and assess ensuing 
physiological responses within the gut tissue that include the generation of reactive oxygen species and cell 
proliferation.  

  Key words      Drosophila melanogaster   ,   Reactive oxygen species  ,   ROS  ,   Symbiosis  ,   Commensal bacteria  , 
  Cell proliferation  ,   Probiotics  ,   Germ-free  ,   Monoassociation  

1      Introduction 

   The    Drosophila melanogaster  model organism has been  integral   to 
biological research for more than a century. Its enduring attraction 
to researchers can be attributed to its ease of breeding and genetic 
tractability. Indeed,  Drosophila  has been used to study develop-
mental, cell, neuro, and behavioral biology. The  Drosophila  intes-
tine has been recently recognized to possess remarkable homology 
with the mammalian intestinal crypt-villus unit, permitting the fl y 
to be utilized as a model to study gut development. Comprehensive 
review articles comparing the development of the fl y and mamma-
lian gut, and detailing the fl y’s relevance as a model for human 
intestinal physiology have been recently published [ 1 – 4 ]. The 
 Drosophila  midgut is comprised of an epithelial monolayer, inter-
spersed with hormone- producing enteroendocrine cells. Adult 
 Drosophila  midgut cells are continuously replenished by a popula-
tion of  pluripotent   intestinal stem cells (ISCs) which adjoin the 
intestinal basement membrane [ 5 ,  6 ]. Similar to mammalian ISCs, 
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Notch and WNT signaling has been shown to be required for the 
differentiation of  Drosophila  ISC daughter cells into enterocytes or 
enteroendocrine cells [ 5 ,  7 ,  8 ]. Other signaling pathways such as 
EGFR signaling [ 9 ,  10 ], BMP ligand-mediated JAK/Stat signaling 
[ 11 ], JNK signaling [ 12 ], and the Warts/Yorkie/Hippo pathway 
[ 13 ] have been shown to  maintain    Drosophila  ISC homeostasis. 

 Physiological levels of reactive oxygen species (ROS) are increas-
ingly recognized in the transduction of intracellular signaling events 
in a wide variety of cell types including epithelial cells [ 14 – 18 ]. 
Interestingly, ROS has been shown to be required  for   cell prolifera-
tion and differentiation of  Drosophila  hematopoietic progenitors 
[ 19 ], in the control of the transition from proliferation to differen-
tiation in the plant root [ 20 ], and the regeneration of an amputated 
 Xenopus  tadpole tail [ 21 ]. At the molecular level, ROS- regulated 
signaling is mediated by “sensor” regulatory proteins, whose activity 
can be infl uenced by ROS. These redox-sensitive proteins are modi-
fi ed by reversible H 2 O 2 -mediated oxidation of active site cysteine 
residues [ 22 ]. However, the extent to which ROS participate as sig-
naling molecules in bacterial-induced gut developmental and 
homeostatic processes in the intestine remains understudied. 

 We previously used the  Drosophila  model to study host–pathogen 
interactions in epithelial tissues [ 23 ,  24 ]. In recent investigations, we 
employed the  Drosophila  model to investigate host–commensal 
bacterial interactions. We discovered that lactobacilli colonization 
 of   germ-free  Drosophila  can induce the NADPH oxidase-mediated 
cellular ROS generation, and induce ROS- dependent   cell prolif-
eration in the fl y intestine without any outward negative pathologi-
cal infl uences on cell health [ 25 ]. Here, we describe the methods 
we developed to generate germ-free  Drosophila , and to detect ROS 
generation and cell proliferation in the intestine following coloni-
zation with lactobacilli. We also describe the use of a novel ROS-
sensitive dye known as hydrocyanines which can function as 
fl uorescent sensors for imaging ROS generation in vivo [ 26 ].  

2    Materials 

     1.    Alcohol lamp.   
   2.    Aluminum foil.   
   3.    Bleach.   
   4.    Bovine serum albumin (BSA) in phosphate-buffered saline 

(PBS): 3 % BSA in PBS, pH 7.4.   
   5.    Cell strainer, 100 μm.   
   6.    Cell culture plate, 12 well.   
   7.    Click-iT® EdU Alexa Fluor® 488 Imaging Kit (Life 

Technologies).   
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   8.    18 × 18-mm Coverslips.   
   9.    Forceps.   
   10.        Lactobacillus plantarum  strain ATCC 14917.   
   11.     Lactobacillus plantarum Lactobacilli  growth medium (Difco).   
   12.    4 % Paraformaldehyde solution (PFA).   
   13.    Sterile PBS 1X diluted from 10X PBS.   
   14.    Permeabilization solution: 0.5 % Triton X-100 in PBS.   
   15.    Sterile Petri dishes.   
   16.    phospho-Histone H3 antibody (Cell Signaling Technology).   
   17.    PYREX® 3 Depression Glass Spot Plates (Corning).   
   18.    ROSstar 550 reactive oxygen species-sensitive dye (LI-COR 

Biosciences).   
   19.    Scalpels (sterile).   
   20.    TO-PRO-3 (Life Technologies).   
   21.    VectaShield (Vector Laboratories).   
   22.    Autoclavable Vials for  Drosophila  husbandry (Genesee Scientifi c).   
   23.    Fly Food: Weight dextrose 50 g/L, sucrose 25 g/L, yeast 

extract 15 g/L, cornmeal 60 g/L, agar 6.5 g/L, tryptone 30 
g/L, and molasses 65 g/L in a glass beaker, then add 1 L water 
and mix. Microwave for 3 min. Observe the beaker contents 
regularly. When food comes to a boil, stop the microwave and 
mix the food thoroughly. The liquid should resemble the con-
sistency of broth/soup. Aliquot 10 mL of the microwaved 
food to  Drosophila  husbandry vials, apply plugs to the vials, and 
cover the plugs with aluminum foil. Autoclave vials as liquid 
cycle (121 °C for 20 min). Store vials at 4 °C until required.   

   24.    DAPI nuclear stain.   
   25.    SYTO24 nuclear stain (Life Technologies).      

3    Methods 

       1.    Synchronize animals for egg collection by transferring (tap-
ping) adult fl ies into a bottle with fresh fl y food (without yeast). 
Incubate the bottle at 25 °C for about 12 h or overnight.   

   2.    Dissociate eggs collected in the bottle with a steady stream of 
PBS from a wash bottle ( see   Note 1 ) and transfer them into a 
sterile cell strainer. Wash collected eggs with PBS ( see   Note 2 ).   

   3.    Working in a sterile hood, place the entire cell strainer into a 
petri dish containing 50 % bleach solution ( see   Note 3 ). Bleach 
eggs for 5 min. Thoroughly rinse the sides of the cell strainer 

3.1  Generation 
of Germ-Free 
 Drosophila 
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with bleach. With sterile forceps agitate the cell strainer up and 
down a few times to expose all eggs to bleach.   

   4.    Move the entire cell strainer into a petri dish containing sterile 
PBS solution. Agitate the cell strainer in sterile PBS multiple 
times to wash the eggs.   

   5.    Repeat  step 4  with a new petri dish with fresh sterile PBS solu-
tion three times.   

   6.    Firmly grasp the top plastic lip of the cell strainer and cut the 
mesh out of strainer with a sterile scalpel ( see   Note 4 ).   

   7.    Grab the mesh along the edge with sterile forceps ( see   Note 5 ) 
and place it into an autoclaved vial containing autoclaved 
 Drosophila  food.   

   8.    Once the mesh harboring germ-free embryos ( step 7 ) has 
been transferred to the vial containing autoclaved  Drosophila  
food, incubate the vial at 25 °C.   

   9.    After 5 days incubation and the food is churned, work under a 
hood to test the food and larvae mixture for axenia by under-
taking standard 16S rDNA PCR analysis [ 27 ].      

        1.    The night before  the   experiment, inoculate 100 mL sterile 
MRS medium with the  Lactobacillus plantarum  (taken directly 
from glycerol stock). Culture  L. plantarum  in bottle with 
tightly closed lid and with no shaking at 37 °C overnight.   

   2.    Centrifuge the culture suspension (3200 ×  g , 15 min). Discard 
the supernatant. Wash the pellet twice by suspending in 25 mL 
of sterile PBS, centrifuging (3200 g, 15 min) then discarding 
the supernatant.   

   3.    Suspend the pellet in 1–2 mL of sterile PBS.   
   4.    Measure the colony forming units CFU/mL ( see   Note 6 ) then 

adjust the  L. plantarum  culture suspension volume with sterile 
PBS to 2 × 10 10  CFU/mL.   

   5.    Using sterile aseptic technique, puree/smash 1 g of solidifi ed 
germ-free food ( see   Note 7 ) in a petri dish.   

   6.    Mix 1 mL of the  L. plantarum  (2 × 10 10  CFU/mL), or 1 mL 
PBS control with the 1 g of pureed food. Final concentration 
of assayed bacteria should be 1 × 10 10  CFU/mL.   

   7.    Pick about 30 germ-free early third instar larvae ( see   Notes 8  
and  9 ) and place into the 12-well cell culture plate containing 
food/ L. plantarum  mixture.   

   8.    Incubate the plate at 25 °C for 4 h ( see   Note 10 ).   
   9.    Dissect gut (Subheading  3.4 ) and perform immunofl uores-

cence analysis (Subheading  3.5 ).      

3.2     Monoassociation 
of Germ-Free Third 
Instar  Drosophila  
with  Lactobacillus 
plantarum 
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   Carry out all procedures at room temperature unless otherwise spec-
ifi ed. Maintain sterile aseptic technique throughout manipulations.

    1.    Follow  steps 1 – 6  from Subheading  3.2  for  the   monoassocia-
tion of germ-free larvae with  L. plantarum .   

   2.    Place ~400 μL autoclaved and pureed fl y food with  L. planta-
rum  into a sterile 12-well plate ( see   Note 11 ).   

   3.    Add ROSstar 550 probe at 100 μM fi nal concentration to each 
well and mix.   

   4.    Select about 30 early germ-free third instar larvae ( see   Notes 8  
and  9 ) and place into wells.   

   5.    Keep the 12-well plate at 25 °C in the dark for 4 h ( see   Note 10 ).   
   6.    Dissect out the gut of the third instar larvae (Subheading  3.4 ).   
   7.    Transfer the guts into a depression of a glass spot plate contain-

ing 4 % PFA solution and fi x for 20 min ( see   Note 12 ).   
   8.    Wash the intestines three times (5 min each wash) by sequen-

tially transferring them to glass spot plate depressions fi lled 
with PBS.   

   9.    For DNA counter stain, dilute TO-PRO-3 solution 1:2000 in 
PBS. Place 1 mL into a depression. Incubate the intestines in 
TO-PRO-3 solution for 5 min at room temperature.   

   10.    Orient the intestines linearly on a slide in a small drop of PBS 
with forceps ( see   Note 13 ). Let the PBS drop completely evap-
orate, then place 1 small drop of glycerol or VectaShield on top 
of the intestines. Gently orient and drop a coverslip onto the 
slide. Seal around the coverslip with nail polish if necessary (for 
inverted microscopy).   

   11.    Visualize reacted ROSstar 550 probe by confocal microscopy 
with the Cy3 channel (Fig.  1 ).

                       1.    Fill the concave depressions of a glass spot plate with PBS.   
   2.    Pick 10–15 larvae into the fi rst depression/well with forceps 

( see   Note 14 ).   
   3.    Transfer one larvae to a new depression/well.   
   4.    Orient the larvae (anterior to the left, posterior to the right) by 

grasping the posterior spiracles with forceps held in your right 
hand and the pharyngeal apparatus with forceps held in your 
left hand.   

   5.    Move the left forceps within a few millimeters anterior to the 
right forceps at the posterior of the larvae.   

   6.    Firmly clamp the larvae with the left forceps, then move the 
right forceps laterally to forcibly remove the tail ( see   Note 15 ). 
The internal organs including the intestine should extrude 
from torn posterior ( see   Note 16 ).   

3.3  Detection 
of Bacterial- Induced 
ROS Generation 
in the Intestine 
of Third  Instar 
   Drosophila  Larvae

3.4  Dissection 
of  Drosophila  Larval 
and Adult Intestine

3.4.1  For Larvae
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   7.    Hold the pharyngeal apparatus with the left forceps and run 
the right forceps down the length of the larvae to squeeze out 
the internal organs from the torn posterior.   

   8.    Dissect the fat bodies away from the intestine ( see   Note 17 ).   
   9.    Transfer the dissected gut into a new depression containing 

PBS and perform fi xation step immediately.      

       1.    Fill the concave depressions of a glass spot plate with 1X PBS.   
   2.    Remove 10–15 abdomens from anesthetized adult fl ies ( see  

 Note 18 ) and place into the fi rst depression/well.   
   3.    Transfer one abdomen at a time to a new depression/well for 

dissection.   
   4.    Dissect away a little of the extreme posterior of the abdomen. 

The internal organs including the intestine should extrude 
from the large hole in the anterior abdomen.   

   5.    Holding the posterior region of the cuticle with the right for-
ceps, run the left forceps down the length of the abdomen to 
squeeze out the internal organs from the torn anterior.   

   6.    Dissect the fat bodies and eggs away from the intestine ( see  
 Note 17 ).   

   7.    Transfer the dissected gut into a new depression containing 
PBS and perform fi xation step immediately.       

        1.    Previously dissected intestines ( see  Subheading  3.4 ) are sequen-
tially transferred to depressions in glass spot plates containing 
sequential solutions to fi x, wash and antibody stain as described 
below ( see   Note 19 ).   

   2.    Transfer 10 dissected fl y intestines ( see  Subheading  3.4 ) from 
PBS into 4 % PFA solution. Fix at room temperature for 20 min 
( see   Note 12 ).   

3.4.2  For Adult 
 Drosophila 

3.5     Immuno- 
fl uorescence 
Detection of Phospho- 
Histone H3-Positive 
Cells in the  Drosophila  
Intestine

  Fig. 1    Detection of ROS generation in the posterior intestine of third instar  Drosophila  larvae following coloni-
zation of germ-free third instar larvae  with    Lactobacillus plantarum . ROS was detected by oxidation of the 
ROSstar 550 ROS-sensitive dye included in the media and ingested by the larvae. Note ROS generation within 
the cytoplasm but not within the nucleus of enterocytes       
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   3.    Wash the intestines twice by sequentially transferring them to 
depressions containing PBS.   

   4.    Transfer the intestines into a depression with PBS + 0.3 % 
Triton X-100 solution and permeate for 15 min.   

   5.    Wash the intestines twice with PBS + 0.1 % Triton X-100.   
   6.    Transfer the intestines into 50 μL of primary antibody solution 

(phospho-Histone H3 antibody is suspended at 1:100 in 
PBS + 0.1 % Triton X-100).   

   7.    Wrap the entire glass spot plate in parafi lm then incubate over-
night at 4 °C ( see   Note 21 ).   

   8.    Wash twice with PBS + 0.1 % Triton X-100.   
   9.    Transfer the intestines into 50 μL secondary antibody (sus-

pended 1:100 in PBS + 0.1 % Triton X-100) at room tempera-
ture for 1 h.   

   10.    Wash twice with PBS + 0.1 % Triton X-100.   
   11.    For DNA counter stain, dilute TO-PRO-3 solution 1:2000 in 

PBS. Place 1 mL into a depression. Incubate the intestines in 
TO-PRO-3 solution for 5 min at room temperature ( see  
 Note 20 ).   

   12.    Wash the intestines twice with PBS (as done in  step 3 ).   
   13.    Orient the intestines linearly on a slide in a small drop of PBS 

( see   Note 13 ). Place a small drop of glycerol or VectaShield on 
to each intestine. Gently orient and drop a coverslip onto the 
slide. Seal around the coverslip with nail polish if necessary (for 
inverted confocal microscope).   

   14.    Visualize the phospho-Histone H3-positive cells using confocal 
microscopy.      

       1.    For larvae, place 400 μL pureed food in a 12-well plate ( see  
 Note 11 ). Add EdU to food to a fi nal concentration of 0.4 
mM. Transfer larvae into the mixture and allow to feed on 
EdU-containing food for 4 h.   

   2.    For adults, starve the fl ies for 4–6 h in empty vials ( see  
 Note 23 ). Then transfer adult fl ies to a vial containing pureed 
food containing 1 mM EdU fi nal concentration. Let animals 
feed for 24 h.   

   3.    Follow the dissection procedure for 10 larvae or adults 
(Subheading  3.4 ). All dissected intestines are sequentially 
transferred to depressions in glass spot plates containing 
sequential solutions to fi x, wash, and immunolabel the tissues 
as described below.   

   4.    Transfer 10 dissected fl y intestines ( see  Subheading  3.4 ) from 
PBS into 4 % PFA solution. Fix for 20 min ( see   Note 12 ).   

3.6  Detection 
of the Incorporation 
of EdU 
into Proliferating Cells 
in the  Drosophila  
Intestine
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   5.    Wash the intestines in a depression containing PBS.   
   6.    Transfer the intestines into a depression with PBS + 3 % BSA.   
   7.    Wash the intestines twice with PBS + 3 % BSA.   
   8.    Permeabilize the intestines by incubating them in PBS + 0.5 % 

Triton X-100 for 20 min.   
   9.    Prepare 1X Click-iT® EdU buffer (according to the manufac-

turer’s protocol) by diluting the 10X solution 1:10 in deion-
ized water. Also prepare the Click-iT® reaction cocktail 
(according to the manufacturer’s instructions). Prepare 
enough volume of cocktail for 50 μL of solution per assayed 
intestine. Prepare both solutions fresh and use the solution on 
the same day as assay ( see   Notes 24 and 25 ).   

   10.    Wash the intestines twice with 1 mL PBS + 3 % BSA.   
   11.    Add 50 μL of Click-iT® reaction cocktail to each depression 

well that will contain an assayed intestine.   
   12.    Transfer the intestines into the Click-iT® reaction cocktail 

then incubate the plate for 30 min at room temperature ( see  
 Note 22 ).   

   13.    Wash the intestines twice with 3 % BSA in PBS.   
   14.    Perform DNA counter staining and mount intestines on slides 

as described in Subheading  3.4 . Detect EdU incorporation by 
confocal microscopy at 488 nm (Fig.  2 ).

  Fig. 2    Detection of EdU-positive cells in the midgut of third instar larvae. Note most EdU-positive cells are adult 
midgut progenitor (AMP) cells in clusters with smaller nuclei. Note also a few EdU-positive larger nuclei which 
are a result of endonuclear replication of enterocyte DNA       
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4            Notes 

     1.    Do not dislodge a large amount of agar.   
   2.    If the animals are not well synchronized it may be necessary to 

pick out the larvae underneath the dissecting scope.   
   3.    You can label the cell strainers to keep track of different fl y 

lines being made germ-free.   
   4.    Balance the cut mesh carefully in the cell strainer to not let it 

drop.   
   5.    Flame the forceps with an alcohol lamp inside the hood.   
   6.    One can correlate the turbidometric measure of the cells (mea-

sured by optical density (OD) at 550λ) with CFU/mL con-
centration and use this for future CFU/mL approximations.   

   7.    Coarsely smash the germ-free food with a sterile spatula, then 
pipette the mixture up and down with a sterile 1 mL pipette 
tip to further homogenize.   

   8.    Remove early third instar larvae by scooping food out from a 
populated vial/bottle on to a petri plate with PBS, then pick 
third instar larvae from the food/PBS solution. Third instar 
larvae that are crawling up the walls of the vial/bottle do not 
feed as well.   

   9.    Picking the larvae to a KimWipe fi rst can remove any excess 
PBS before exposure to experimental conditions.   

   10.    Cover the petri plate or 12-well plate with plastic wrap to 
prevent the larvae from escaping.   

   11.    The pureed food should be just enough to cover the larvae 
without drowning them.   

   12.    Perform this procedure under the hood.   
   13.    Orient the intestine in a small drop (3–5 μL) of PBS. Let the 

drop dry before adding mounting media.   
   14.    Carefully pick the larvae up by the posterior spiracles to 

minimize damage to the body.   
   15.    The hindgut is attached to the tail so it is necessary to forcefully 

remove the most posterior section of the larvae to separate the 
intestine.   

   16.    If the internal organs do not extrude from the posterior it may 
suggest tail removal was incomplete or ineffi cient. Reorient 
the larvae and remove the posterior again.   

   17.    The fat bodies look granulated and white in comparison to the 
more opaque/yellowish intestine.   

   18.    Remove all abdomens from fl ies anesthetized by carbon dioxide 
(CO 2 ) before proceeding further.   

Detection of ROS Generation in the Drosophila Gut
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   19.    The same 3-well glass spot plate is used for all solutions and 
processing of the same genotype. The wells are just washed 
and dried.   

   20.    Alternative DNA counter stains include DAPI (emission maxi-
mum at 461 nm) or SYTO24 (emission maximum at 515 nm).   

   21.    Intestines should remain stationary to reduce shearing.   
   22.    Wrap in tin foil to keep out light.   
   23.    Tap fl ies into empty vials or bottles to starve.   
   24.    This protocol uses 500 μL of Click-iT® reaction cocktail per 

glass depression. A smaller volume can be used as long as the 
remaining reaction components are maintained at the same 
ratios.   

   25.    It is important to add the ingredients in the order listed in the 
table; otherwise, the reaction will not proceed optimally. Use 
the Click-iT® reaction cocktail within 15 min of preparation.          
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    Chapter 11   

 Imaging Infl ammatory Hypoxia in the Murine Gut                     

     Alyssa     K.     Whitney     and     Eric     L.     Campbell       

  Abstract 

   The infl ammatory bowel diseases (IBD), including Crohn’s disease and ulcerative colitis, result in chronic 
infl ammation to the gastrointestinal tract. In ulcerative colitis, infl ammation tends to be more superfi cial 
and restricted to the colon; contrastingly, Crohn’s disease presents as patchy, more penetrative infl ammation 
that can occur throughout the gastrointestinal tract. Other differences between these diseases include the 
nature of their respective immune responses—Crohn’s disease presents as a Th1 and ulcerative colitis as a 
Th2-type infl ammation. During any infl ammatory episode, metabolic demand on the tissue increases 
accompanying the infl ux of infl ammatory cells, increasing the demand for ATP and oxygen. When avail-
ability of oxygen is limiting, tissues become hypoxic, which results in adaptive pathways to enable survival 
of hypoxic episodes. The primary pathway activated is the HIF (hypoxia inducible factor) transcription fac-
tor, which regulates adaptive pathways including genes controlling glycolytic metabolism and angiogenesis. 
In adequately oxygenated tissues (i.e. normoxia), the HIF protein is constantly produced, but oxygen- 
dependent enzymes called prolyl-hydroxylases utilize available oxygen to hydroxylate HIF on proline resi-
dues, targeting it for ubiquitination and subsequent degradation. Here we describe methods for inducing, 
visualizing, and quantifying in vivo “infl ammatory hypoxia,” using the murine gut as a model system.  

  Key words     Hypoxia  ,   HIF  ,   Hypoxyprobe  ,   ODD-Luc  ,   Infl ammation  

1      Introduction 

   The observation that infl ammation and hypoxia appear  to   coincide 
in the murine gut was described  in   a landmark publication  by 
  Karhausen et al. [ 1 ]. Since then, the concept that hypoxia  and 
  infl ammation are inextricably linked has gained much momentum 
[ 2 ]. Considering the steep oxygen gradient between the anoxic 
lumen of the gut and the highly vascularized mucosa, it would 
appear that not only during infl ammation is hypoxia evident—
indeed “physiologic hypoxia” has been reported in the epithelial 
cells adjacent to the colonic lumen [ 3 ,  4 ]. 

 A variety of methods have been employed to detect hypoxia 
in vivo. Varghese et al. fi rst reported that 2-nitroimidazole 
 compounds form adducts in hypoxic cells in vivo [ 5 ]. These 
adducts only formed in hypoxic cells exhibiting a pO 2  < 10 mmHg. 
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In normoxic cells, the nitroimidazole/pimonidazole compounds 
passively diffuse both into and out of cells without forming adducts. 
Later, antibodies were raised against these adducts [ 6 ]. The pimoni-
dazole compounds, including Pimonidazole-HCl (Hypoxyprobe-1), 
exhibit widespread bioavailability, with low toxicity and allow spe-
cifi c staining of regions of hypoxia in vivo. 

 In 2005, Bill Kaelin’s group developed a hypoxia reporter 
mouse by linking the oxygen-dependent degradation domain 
(ODD)  of   HIF to Firefl y  Luciferase   on the ROSA26 locus [ 7 ]. 
Thus, Luciferase is rapidly synthesized in all cells of the mouse’s 
body; however, in normoxic tissues, Luciferase is targeted for degra-
dation with similar kinetics to HIF (due to the HIF-ODD motif). 
Prolyl hydroxylase enzymes target the Luciferase for hydroxylation 
on proline residues and it is subsequently degraded with similar 
kinetics to HIF regulation. Following exposure to infl ammatory 
conditions, hypoxia–ischemia experiments, etc., Luciferase activity 
can be both quantifi ed and visualized by intraperitoneal injection of 
substrate ( d -Luciferin) followed by induction of anesthesia and 
imaging on an animal imager. A strong hypoxic signal appears in the 
kidneys, which can obscure visualization of colonic hypoxia. In order 
to get reliable visualization of colonic hypoxia, it is preferable to 
sacrifi ce the mouse, remove the colon, and transfer to a petri dish 
[ 8 ]. Other means of quantifi cation include homogenization of the 
tissues in passive lysis buffer (Promega) followed by in vitro addition 
of Luciferin substrate and data acquisition by Luminometer; this 
method is more convenient for high-throughput analysis.    ODD-
Luc mice can also be used to visualize tissue hypoxia by microscopy, 
similar to Hypoxyprobe-1. However, the antibody for detecting 
Firefl y Luciferase works better on frozen sections [ 8 ]. Here we 
describe methods for inducing murine colitis, processing tissue (fro-
zen and formalin fi xed paraffi n embedded) and visualizing colonic 
hypoxia in ODD-Luc mice (IVIS imaging and anti- Firefl y Luciferase 
staining) and wild-type mice (Hypoxyprobe-1 staining).  

2    Materials 

       1.    Appropriate institutional approval should be sought; delineat-
ing the proposed breeding, housing, experimental conditions 
and expected outcomes, prior to experimentation.   

   2.    Carefully select the appropriate murine model, based on the 
specifi c scientifi c question ( see   Notes 1 – 8 ).   

   3.       Dextran sulfate sodium (DSS) solution: dissolve DSS (MW 
36,000–50,000, MP Biomedicals) to the desired concentra-
tion (typically 2–3.5 % w/v) in tap water ( see   Notes 9  and  10 ).   

   4.    2,4,6-trinitrobenzenesulfonic acid (TNBS) skin-paint solu-
tion: dilute 5 % TNBS stock solution 1:5 v/v in 200 proof 

2.1  Murine 
Colitis Models

Alyssa K. Whitney and Eric L. Campbell
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EtOH (both Sigma) [fi nal concentration 1 % TNBS in 80 % 
EtOH] ( see   Note 11 ).   

   5.    TNBS enema solution: dilute 5 % TNBS stock solution 1:2 v/v 
in 200 proof EtOH to obtain a fi nal concentration 2.5 % TNBS 
in 50 % EtOH.   

   6.    Small gavage/feeding needle (~20 gauge).   
   7.    IVIS imager (Perkin Elmer) or similar bioimaging system.   
   8.    Luciferin solution: Prepare 30 mg/ml of  d -luciferin (Caliper 

Lifesciences) in PBS, pH 7.2.   
   9.    Hypoxyprobe-1 stock solution: Dissolve Pimonidazole-HCl 

(   Hypoxyprobe Inc.) to 10 mg/ml in PBS or normal saline. Stock 
solution is stable for 2–4 years at 4 °C, if protected from light.   

   10.    Dissection tools (scissors, forceps, fi ne scissors, fi ne forceps).   
   11.    Syringe (5 ml) with 20 g × 1.5″ blunt dispensing needle attached 

(Brico Medical Supplies) for fl ushing colonic contents.   
   12.    Scales and 500 ml plastic beaker to monitor animal weights.   
   13.    Institutional approved anesthetic (e.g. Isofl urane, Pento-

barbital, etc.).   
   14.    Biopsy foam pads.   
   15.    Neutral buffered formalin.   
   16.    Tru-fl ow tissue cassettes.   
   17.    70 % EtOH in distilled water (diH 2 O).      

       1.    Oven, hybridization chamber or microwave to melt paraffi n.   
   2.    Tissue-Tek slide staining system with baths set up for Xylene, 

100 % EtOH, 95 % EtOH, 85 % EtOH, 70 % EtOH, and PBS.   
   3.    Citric acid-based Antigen Unmasking Solution (Vector 

Laboratories).   
   4.    Decloaking chamber (Biocare Medical).   
   5.    Dylight™549-conjugated or FITC-conjugated monoclonal 

4.3.11.3 monoclonal antibody (   Hypoxyprobe Inc.).   
   6.    Tween permeabilization solution: 0.05 % Tween-20 in PBS, 

pH 7.2–7.4.   
   7.    PAP pen (Cosmo Bio).   
   8.    Blocking solution: 1 % bovine serum albumin (BSA) in PBS, 

pH 7.2–7.4.   
   9.    DAPI nuclear counterstain solution: Prepare 5 mg/ml stock 

solution of DAPI (Life Technologies) in diH 2 O and dilute it 
1:50,000 in PBS to make a working solution.   

   10.    ProLong Gold antifade reagent (Life Technologies).   
   11.    Coverslip glass and jewelers forceps to lower onto section.   

2.2     Hypoxyprobe 
Immunohisto-
chemistry

In Vivo Imaging of Hypoxia
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   12.    Epifl uorescent microscope with appropriate fi lter sets to visual-
ize fl uorescent conjugate.   

   13.    OPTIONAL: Sodium borohydride.   
   14.    OPTIMAL: ImageIT (Life Technologies).      

       1.    4 % paraformaldehyde (PFA) solution in PBS: mix equal vol-
umes of 8 % PFA and 2× PBS. To prepare 2× PBS: dissolve 
10.9 g Na 2 HPO 4 , and 3.2 g NaH 2 PO 4  in 400 ml of diH 2 O, 
adjust pH to 7.4 and bring up to 500 ml with diH 2 O. To pre-
pare 8 % PFA: weigh 40 g of prilled PFA, transfer to a beaker 
with magnetic stir bar ( see   Note 12 ). Add 500 ml of diH 2 O to 
the beaker and transfer to a hotplate with magnetic stirrer 
function in a fume hood. Monitor the temperature using a 
thermometer placed in the beaker. Maintain the temperature 
at 60–65 °C ( see   Note 13 ). Incubate the solution on hotplate 
with continuous stirring and add 2 N NaOH, dropwise until 
PFA suspension is transformed into a clear solution (~5 drops 
of 2 N NaOH). 

 Remove 8 % PFA from hotplate and allow to cool. Add 2× 
PBS (500 ml) and adjust pH to 7.4 with diluted HCl if neces-
sary. When cooled to room temperature, fi lter, and aliquot the 
fi nal PFA solution, protect it from light and freeze aliquots at 
−20 °C.   

   2.    Cork tiles cut into approximately ¼″ by 3″ sections, to enable 
submersion in 15 ml falcon tube.   

   3.    Insect pins (or 27-gauge needles, bent in the middle and with 
the plastic cautiously removed by pliers).   

   4.    30 % Sucrose/PBS solution: dissolve 30 g of sucrose in 100 ml 
of PBS.   

   5.       Optimal cutting temperature compound (OCT) and plastic 
tissue molds (Sakura).   

   6.    OCT:Sucrose/PBS solution: combine equal volumes (e.g. 
25 ml) of 30 % Sucrose/PBS solution with 25 ml of 
OCT. Vortex until solution is homogenous.   

   7.    Normal serum in PBS (Jackson Immunological).   
   8.    Anti-Firefl y Luciferase polyclonal antibody (MBL; PM016).   
   9.    Fluorescently conjugated secondary antibodies (raised in the 

same animal as used for normal serum), we prefer AlexaFluor 
488 (green) or AlexaFluor 568 (red) conjugated anti-rabbit, 
IgG (H + L) (ThermoFisher).       

2.3  Anti-Firefl y 
Luciferase 
Immuno-
histochemistry
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3    Methods 

       1.    One week prior to administration of TNBS, anesthetize and 
shave the bellies of the mice and skin paint with TNBS or vehi-
cle solutions. You will need ~200 μl of either TNBS skin-paint 
solution or vehicle (80 % EtOH) per mouse.   

   2.    On the day of the experiment, anesthetize the mice and 
administer an enema of 100 μl of TNBS solution or vehicle. 
Use either a fl exible catheter or a small gavage needle affi xed 
to a 1 ml syringe. To facilitate a more easy entry, lubricate 
the anus with a drop of solution, prior to insertion. You will 
need ~100 μl of either TNBS solution or vehicle (50 % 
EtOH) per mouse.   

   3.    Try to make all of your instillations a similar length of time. 
Following instillation, suspend the mouse by the tail for 
30–60 s. Before the mouse wakes take a baseline body weight 
measurement. Return the mouse to its cage and observe for 
recovery from anesthesia.   

   4.    Weigh the mice daily to plot a weight loss curve, which is a 
clinical correlate to disease severity. If the mice lose more than 
15 % of their body weight, they should be sacrifi ced.      

       1.    Weigh mice prior to administration  of   DSS (day 0).   
   2.    Provide between 2.5 and 3.5 % DSS to the drinking water of 

mice ( see   Note 14 ).   
   3.    Change the DSS/drinking water every two days during the 

experiment. Return the mice to drinking water on Day 5. 
Continue to measure body weight daily. It may also be benefi -
cial to track other signs of disease severity to compile a DAI 
(disease activity index). DAIs are typically arbitrary scores 
assigned by the investigator to aid in statistical discrimination 
of disease severity between experimental groups. For example: 
0 = no disease evident; 1 = decreased activity; 2 = soft stool; 
3 = trace of blood in stool; 4 = bloody stool; 5 = hypothermia/
matted fur/severe rectal bleeding.   

   4.    Typically peak disease does not occur until days 6–9, with reso-
lution occurring between days 12 and 15.   

   5.    Should any mouse lose >15 % body weight, sacrifi ce the 
animal.      

3.1  Induction 
of TNBS Colitis

3.2  Induction  of   DSS 
Colitis
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       1.    Administer 60 mg/kg of Hypoxyprobe-1 solution to mice at 
least 60 min before euthanasia.   

   2.    Harvest the entire colon in euthanized animals. Remove fecal 
material by fl ushing the lumen with PBS, using a 5 ml syringe 
with blunt dispensing needle attached.   

   3.    Pre-wet a biopsy foam pad with neutral buffered formalin, 
place in the bottom of a labeled histology tissue cassette.   

   4.    Transect colon and lay fl at into histology cassette. Cover with 
another pre-wetted biopsy foam pad and close the cassette.   

   5.    Fix in neutral buffered formalin overnight at 4 °C.   
   6.    After 24 h remove cassettes from formalin and transfer to 70 % 

EtOH.   
   7.    Process cassettes for embedding in paraffi n and sectioning.      

       1.    Transfer paraffi n-embedded slides to dipping apparatus from 
Tissue-Tek staining bath system and warm to 60 °C in an oven 
(for <20 min).   

   2.    Immediately immerse in Xylene bath for 10 min. After 10 min 
transfer to second Xylene bath ( see   Note 15 ).   

   3.    Gradually rehydrate the tissue by cycling down through 100 % 
EtOH, 95 % EtOH, 85 % EtOH, 70 % EtOH, and fi nally 
PBS. Dip slides at least 10 times in each solution.   

   4.    Replace PBS with 1× Antigen Unmasking Solution. Perform 
antigen retrieval by heating to 125 °C for 20 min in a decloak-
ing chamber.   

   5.    When chamber cools suffi ciently, remove slides and allow to 
cool on benchtop.   

   6.    OPTIONAL STEP: Following antigen retrieval, incubate 
slides in 1 % sodium borohydride in PBS (w/v) to remove 
unreacted aldehydes ( see   Note 16 ).   

   7.    Perform 3× washes in PBS (5 min each).   
   8.    Permeabilize sections with PBS-Tween for 5 min ( see   Note 17 ).   
   9.    Perform 3× washes in PBS (5 min each).   
   10.    Circle tissue sections with PAP pen.   
   11.    OPTIONAL STEP: Apply drop of imageIT to slides for 

30 min at room temp.   
   12.    Block with ~50 μl of blocking buffer for 20 min at room temp.   
   13.    Incubate with fl uorescently conjugated anti-Hypoxyprobe 

antibody (1:100 diluted in blocking buffer overnight at 4 °C). 

3.3  Administration 
of Hypoxyprobe-1

3.4  Hypoxyprobe-1 
Staining of Formalin- 
Fixed Paraffi n 
Embedded Tissue 
Sections

Alyssa K. Whitney and Eric L. Campbell
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Ensure slides remain hydrated ( see   Note 18 ) and protect from 
light for the remainder of the procedure.   

   14.    Wash slides 3 times by applying PBS for 5 min, followed by 
blotting on paper towels.   

   15.    Apply DAPI counterstain and incubate for 5 min.   
   16.    Wash slides 3 times with PBS for 5 min each.   
   17.    IMPORTANT: Wash slides once with diH 2 O [this prevents 

the formation of salt crystals during curing which can make 
images hazy].   

   15.    Air dry slides in the dark [do not allow to over-dry].   
   16.    Mount slides with a drop of antifade reagent and slowly lower 

a coverslip onto the slide using jeweler’s forceps.   
   17.    Allow slides to cure at room temperature in the dark for 24 h 

before visualization  (Fig.  1 , left panel).

  Fig. 1    Examples of different methods of in vivo imaging for “infl ammatory hypoxia.”  Top panels  were from 
vehicle (80 % EtOH)-treated mice and  bottom panels  were harvested from TNBS-treated mice 24 h post- 
induction.  Left panels  are from formalin-fi xed paraffi n embedded tissue processed for Hypoxyprobe-1 staining 
( red ) and nuclear DAPI ( blue ).  Middle panels  are from OCT-embedded frozen tissue stained with anti-Firefl y 
Luciferase ( green ) and DAPI ( blue ).  Right panels  depict Luciferase activity in  d -luciferin-treated mice, colons 
were removed prior to imaging to accurately visualize colitis-induced hypoxia.  Red box  indicates user-defi ned 
ROI (region of interest) for subsequent quantifi cation       
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              1.    For each experiment, prepare fresh 4 % PFA in PBS.   
   2.    Remove colons from sacrifi ced animals, fl ush the lumen with 

PBS and transect along the mesenteric line with scissors.   
   3.    Using insect pins and thin slices of cork board, pin tissue to 

cork board and immerse in 15 ml Falcon tube containing 7 ml 
of 4 % PFA in PBS.   

   4.    Fix overnight at 4 °C.   
   5.    Next day dispose of 4 % PFA according to facility chemical 

waste guidelines. Remove pins from cork board and fl oat tis-
sues in 30 % Sucrose/PBS. This step is essential to prevent cell 
rupture, the sucrose acts to cryoprotect the tissue. When tis-
sues become infi ltrated with sucrose they will sink to the bot-
tom of the tube.   

   6.    Transfer tissues to 50:50 solution of OCT:30 % Sucrose/PBS 
and incubate prior to embedding.   

   7.    Tissues can now be embedded in 100 % OCT.   
   8.    [Optional step] To aid with tissue orientation: fi rst fi ll the bot-

tom of a labeled plastic mold with OCT. Place mold briefl y 
onto a block of dry ice. Do not wait for it to freeze completely, 
but remove after it becomes tacky. Lay tissue in the desired 
orientation on the sticky OCT.   

   9.    Place tissue in plastic mold and fi ll with OCT until the mold is 
full and the tissue completely surrounded.   

   10.    Place mold on a block of dry ice until it is completely frozen 
(allows for slow and even freezing).   

   11.    Store frozen tissue blocks at −80 °C until ready for cryosec-
tioning. Blocks should be wrapped in foil or plastic to protect 
from drying out.   

   12.    Warm tissue blocks up slowly either by placing in a pre-cooled 
cyrotstat or a −20 °C freezer (at least 15–20 min). Affi x the 
block to the chuck with a drop of fresh OCT. Cut 5 μm sec-
tions and transfer to positively charged microscopy slides.   

   13.    Warm slides to room temperature and air dry (helps sections to 
adhere to slides).   

   14.    Fix in 100 % MeOH (at −20 °C) for 10 min.   
   15.    Wash sections in 0.05 % Tween in PBS for 5 min.   
   16.    Wash sections twice in PBS for 5 min.   
   17.    Block in 5 % normal serum in PBS for 20 min. (CRITICAL 

FACTOR: the source of normal serum depends on the source 
of the secondary antibody used. For example, if you use a goat-
derived anti-rabbit IgG secondary antibody, normal goat 
serum should be used.)   

3.5  Luciferase 
Staining in Frozen 
Tissue Sections
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   18.    Incubate with 1:200 dilution of anti-Firefl y Luciferase anti-
body in blocking solution at 4 °C in a humidifi ed chamber.   

   19.    Wash sections three times with PBS (5 min for each wash).   
   20.    Incubate in the dark with 1:1000 dilution of fl uorescently con-

jugated secondary anti-rabbit secondary in blocking solution, 
at room temperature for 1 h.   

   21.    Wash sections three times with PBS (5 min for each wash).   
   22.    OPTIONAL: Additional primary antibodies followed by 

appropriate secondary antibodies can be applied if desired.   
   23.    Counterstain with DAPI.   
   24.    Wash twice with PBS.   
   25.    Wash once with diH 2 O.   
   26.    Air dry and mount with anti-fade reagent. Allow to cure in the 

dark and seal edges with nail varnish.   
   27.    Visualize staining on epifl uorescent microscope (Fig.  1 , middle 

panel).      

       1.    Initialize IVIS or similar luminescent bioimager. Many systems 
may take up to 5 min to warm up.   

   2.    Inject each mouse twice by bilateral intraperitoneal injection 
with 100 μl of  d -luciferin using a 26-gauge needle.   

   3.    Wait 5 min ( see   Note 19 ).   
   4.    Sacrifi ce mouse by institutionally approved methods and har-

vest the cecum and colon.   
   5.     Steps 2 – 4  should take ~10 min, which is the optimal time for 

Luciferase activity.   
   6.    Place tissue in a petri dish in the center of the imaging chamber 

and close the door.   
   7.    Adjustment of exposure settings and binning may be neces-

sary, however, once set all mice in the experiment should be 
recorded using the same settings.   

   8.    Utilize bioimager software to defi ne ROI (regions of interest) 
and quantify luminescence (Fig.  1 , right panel).       

4    Notes 

     1.    Pimonidazole staining has the advantage that it can be used in 
any genetic background of mouse (i.e. wild-type or trans-
genic), however, staining is not quantitative.   

   2.       ODD-Luc mice can be used to quantify Firefl y Luciferase 
activity, however, these mice are commonly and incorrectly 

3.6  Quantitative 
In Vivo Imaging
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referred to as “   HIF reporter mice.” ODD-Luc mice stabilize 
Luciferase in an oxygen-dependent fashion,  similar to the post- 
translational  regulation of HIF. It is important to note that 
alterations in HIF levels due to negative/positive feedback 
loops (such as altered mRNA synthesis, microRNA-mediated 
regulation, etc.) can lead to differences between tissue 
Luciferase and tissue HIF levels.   

   3.       ODD-Luc mice are also raised on an FVB background, which 
limits immunological studies such as generation of bone  marrow 
chimeras, adoptive transfer, etc. into the more commonly used 
C57/B6. Should such studies be necessary, backcrossing of 
ODD-Luc onto the B6 background should be performed.   

   4.    Experimental considerations: Mice should be age- and sex- 
matched before undertaking a colitis experiment. Typically 
mice respond most consistently to colitis between 8 and 
12 weeks. If possible, test groups should have littermate con-
trols to minimize differences based on the microbiome. If pur-
chasing mice from a commercial vendor (e.g. Jackson 
laboratories or Charles River), we recommend that animals be 
housed in the facility for at least 2 weeks for their microbiome 
to adjust to the new facility.   

   5.    Experimental considerations: The choice of mouse line used 
will depend on the desired endpoints of the experiment. It is 
important to note that various commercially available mouse 
strains exhibit varying degrees of susceptibility to colitis [ 9 ]. 
For instance, if the investigators aim to elucidate the role of a 
transgenic animal, backcrossed to a C57/B6J background, 
wild-type C57/B6J mice should be used as a control for the 
transgene (e.g. BALBc mice would not be a suitable control).   

   6.    Choice  of   colitis-inducing agent: DSS colitis is the most com-
monly utilized chemically induced colitis model, supposedly 
modeling  human   ulcerative colitis. It relies on erosion of 
colonic mucus [ 10 ] which allows direct physical interactions 
between the luminal bacteria and the colonic epithelial cells. 
The  resulting   infl ammation is primarily granulocytic, with 
large numbers of neutrophils,    eosinophils, and monocytes. 
Widespread damage to the crypt architecture occurs, with 
shedding or damage to the epithelium. Damage extends proxi-
mally from the anus, approximately half-way up the colon. The 
DSS model is not self-resolving, removal of DSS from the 
drinking water is necessary to allow resolution of disease.   

   7.    Choice of colitis-inducing agent:    DSS has the advantage of 
being easy to perform by administration in drinking water.   

   8.    Choice of colitis-inducing agent: TNBS colitis is technically 
more challenging but results in a more Th1- type   infl ammation, 
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with eventual T-cell involvement, supposedly modeling  human 
  Crohn’s disease. It relies on prior exposure to a hapten- forming 
agent on the skin, one week prior to induction of colitis. 
Subsequently, rectal instillation of TNBS in ethanol results in 
haptenization of luminal contents, accompanied by a transient 
barrier breach. The profi le of immune cell infi ltration differs 
from DSS and mucosal damage occurring from TNBS is not 
continuous, like DSS, and recapitulates skip lesions seen in 
 human   Crohn’s disease. Under normal conditions TNBS colitis 
should be self-resolving.   

   9.    The percentage of DSS must be worked out empirically for 
each animal room and facility. Variability is thought to exist 
due to differing microfl ora between different locations.   

   10.    Use tap water, not distilled or ultrapure water, as these can 
have a lower pH.   

   11.    TNBS is explosive when dry. Consult your Environmental 
Health & Safety offi ce for guidelines on disposal of empty or 
old material.   

   12.    Prilled PFA minimizes health risk due to inhalation hazard 
while weighing. Non-prilled PFA can be used, however, ensure 
to wear appropriate respiratory protection.   

   13.    In order to dissolve, PFA needs to be heated to at least 60 °C 
and needs to be at an optimal pH of ~8. PFA will break down 
at temperatures exceeding 70 °C.   

   14.    Other sources and molecular weights are available, the only 
form that works for colitis is DSS MW 36,000–50,000 pur-
chased from MP Biomedical.   

   15.     Offi cial   Hypoxyprobe website recommends Clear-Rite 3 as a 
less toxic alternative to Xylenes.   

   16.    Warning: if mixing sodium borohydride in a closed container, 
be aware that hydrogen gas is rapidly released.   

   17.    Offi cial protocol recommends the use of PBS-Brij (0.2 % Brij 
35 in PBS).   

   18.    We use a 20-slide tray from Fisher scientifi c (cat#: 50-367- 
057). Place Kimwipes or blotting paper in the troughs and 
soak with water.   

   19.    Bioimagers can be used to visualize live anesthetized mice, 
however because parts of the GI tract (including the colon, 
cecum, stomach, etc.) are physically obscured by other 
organs and because of high background from hypoxic 
organs, such as the kidney; imaging hypoxia in the GI tract 
in a living mouse is diffi cult  .         

In Vivo Imaging of Hypoxia
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    Chapter 12   

 Label-Free Imaging of Eosinophilic Esophagitis Mouse 
Models Using Optical Coherence Tomography                     

     Aneesh     Alex    ,     Elia     D.     Tait Wojno    ,     David     Artis    , and     Chao     Zhou      

  Abstract 

   Eosinophilic esophagitis (EoE) is an immune-mediated disorder characterized by esophageal infl ammation 
and related structural changes causing symptoms such as feeding diffi culties and food impaction. The 
pathophysiological mechanisms underlying EoE remain poorly understood. Preclinical studies using 
mouse models have been critical in comprehending human disease mechanisms and associated pathways. 
In this chapter, we describe an experimental method using a noninvasive label-free optical imaging tech-
nique, optical coherence tomography, to characterize the pathophysiological changes in the esophagus of 
mice with EoE-like disease ex vivo.  

  Key words     Label-free imaging  ,   Optical coherence tomography  ,   Eosinophilic esophagitis  ,   EoE mouse 
models  ,   Optical imaging  ,   Gastrointestinal imaging  

1      Introduction 

   Eosinophilic esophagitis (EoE) is a food allergy-   associated chronic 
immune disease that affects  children   and adults [ 1 ,  2 ]. Hallmark 
features of EoE include esophageal eosinophilia  and   infl ammation, 
and structural esophageal changes such as strictures leading to 
feeding diffi culties, dysphagia, and food impaction [ 1 ,  3 ]. The inci-
dence of EoE has dramatically increased in the past two decades 
[ 4 ]. However, the current treatment strategies are nonspecifi c and 
impose signifi cant dietary restrictions on patients [ 5 ,  6 ]. As a com-
plex immune-mediated disorder, the underlying mechanisms 
involved in EoE pathogenesis are not clearly understood. Hence, 
there is an urgent need to understand signaling pathways contrib-
uting to EoE and pathophysiological changes associated with this 
disease in order to improve EoE diagnosis and management. 

 Current EoE diagnosis is based on three criteria: (1) clini-
cal symptoms of esophageal dysfunction; (2) an esophageal 
biopsy with a  maximum   eosinophil count ≥15 eosinophils per 
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high power field of view, with few exceptions; and (3) exclusion 
of other possible causes of esophageal eosinophilia [ 7 ]. 
However, no single symptom is a definitive indicator of EoE, 
and there are broad variations in the endoscopic appearance of 
the esophagus of EoE patients [ 8 ,  9 ]. These factors make EoE 
diagnosis very challenging for clinicians. As per current clinical 
guidelines, multiple biopsies are required to be taken from 
patients with EoE symptoms to confirm diagnosis and to assess 
response to treatment [ 10 ]. Hence, identification of more 
definitive indicators of EoE can tremendously improve the effi-
cacy of EoE diagnosis. 

 Preclinical studies using experimental animal models that 
mimic human disorders have been instrumental in gaining deeper 
understanding of disease mechanisms. For investigating immune- 
mediated disorders, mouse models are of particular interest due 
to the similarities between murine and human immunological 
processes. The role of specifi c functional pathways can also be 
determined using transgenic mouse strains [ 11 ,  12 ]. EoE patho-
genesis has been linked to various immune cell types  including 
  eosinophils, mast cells and lymphocytes, and cytokines [ 1 ,  13 ]. 
Recent studies using mouse models have shown that EoE patho-
genesis is linked to a gain-of-function polymorphism in the gene 
that encodes the primarily epithelial cell-derived cytokine, thy-
mic stromal lymphopoietin (TSLP) [ 14 ,  15 ]. A mouse model of 
EoE-like disease associated with enhanced TSLP production 
exhibited pathophysiological changes in esophageal tissues simi-
lar to those observed in human EoE patients, when mice were 
challenged repeatedly with a model food antigen, ovalbumin 
(OVA) [ 16 – 19 ]. 

 Such characteristic EoE-associated pathophysiological changes 
in the esophagus of mouse models can be evaluated using label- 
free imaging tools. In this chapter, we describe the application of 
 an   optical imaging technique known  as   optical coherence tomog-
raphy (OCT) for visualizing and characterizing microstructural 
changes in the esophagus of mice with EoE-like disease.    OCT is a 
promising noninvasive in vivo imaging modality capable of provid-
ing 3D structural information with micron-scale resolutions and 
1–2 mm penetration depth in biological tissues [ 20 – 22 ]. It is a 
label-free technique obtaining structural images based on intrinsic 
scattering contrast of biological samples. OCT has been success-
fully used to demarcate different layers of mouse gastrointestinal 
(GI) tract [ 23 – 25 ]. We used OCT to study structural changes in 
the esophagus of mice with EoE-like disease ex vivo [ 16 ,  26 ]. 
Using OCT, we were able to accurately quantify structural param-
eters such as thickness of different esophageal layers in mice with 
EoE-like disease.  
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2    Materials 

       1.    Phosphate-buffered saline (PBS), pH 7.2.   
   2.    Vitamin D analog, MC903 (Calcipotriol, Tocris Bioscience, 

Bristol, UK).   
   3.    100 % ethanol (EtOH).   
   4.    Vitamin D analog sensitization solution: 2 nmol of MC903 in 

20 μL of 100 % EtOH.   
   5.    Ovalbumin (OVA). To make the OVA solution, dissolve 100 

μg of OVA in 20 μL of PBS for application on ears, and 50 mg 
of OVA in 100 μL of PBS for oral delivery.      

       1.    Wild-type (WT) BALB/c mice ( Tslpr  +/+  mice).   
   2.    Mice defi cient in the TSLP receptor ( Tslpr  −/−  mice).     

  Tslpr  +/+  mice and  Tslpr  −/−  mice were used in order to deter-
mine the role of the TSLP pathway in EoE pathogenesis. All mice 
were provided by Amgen Inc. (California, USA) through Charles 
River Laboratories Inc. (Massachusetts, USA). Mice were 8–12 
weeks old, and all experiments used age- and gender-matched con-
trols ( see   Note 1 ). As shown in Table  1 , 4 groups of animals were 
used in our experiments.

          1.    Plastic tube with an outer diameter of 0.75 mm.   
   2.    Petri dish.   
   3.    A custom-made OCT imaging system ( see   Note 2  for detailed 

system specifi cations).      

       1.    4 % paraformaldehyde (PFA).   
   2.    Paraffi n wax.   
   3.    A microtome for sectioning.   
   4.       Hematoxylin and eosin (H & E).       

2.1  Reagents 
for Development 
of EoE-Like Disease 
in Mouse Models

2.2  Mouse Models

2.3     OCT Imaging 
Components

2.4  Histology 
Components

   Table 1  
  Mice group classifi cation and sample size in each group   

  Tslpr  +/+    Tslpr  −/−  

 Ethanol + OVA   Tslpr  +/+  control ( n  = 6)   Tslpr  −/−  control ( n  = 4) 

 MC903 + OVA   Tslpr  +/+  treatment ( n  = 9)   Tslpr  −/−  treatment ( n  = 6) 

Label-Free Imaging of EoE Mouse Models Using OCT
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3    Methods 

       1.    Every day co-apply the vitamin D analog sensitization solution 
and OVA solution on the mouse ear. Continue this procedure 
for 14 days ( see   Note 3 ).   

   2.    In parallel, treat control mice with same volumes of 100 % 
EtOH and OVA solution.   

   3.    Challenge the mice intragastrically (IG) with 50 mg OVA dis-
solved in 100 μL PBS on days 14, 17.5, 18, 20, 22, 24, and 
26. Perform the IG challenge with OVA using standard oral 
gavage needles (Kent Scientifi c, Connecticut, USA) suitable 
for mice.   

   4.    After the fi rst IG OVA challenge, give the animals continuous 
access to water containing 1.5 g/L OVA.   

   5.    All the  Tslpr  +/+  mice should develop EoE-like disease following 
epicutaneous sensitization and repeated challenge with OVA 
by day 27.   

   6.    On day 27, fast each animal for at least 30 min prior to eutha-
nasia. Mice can be euthanized using carbon dioxide (using a 
protocol approved by the University of Pennsylvania or other 
Institutional Animal Care and Use Committee (IACUC) or 
regulatory body). Animals should be washed down with etha-
nol. The esophagus can be found under the trachea and is dis-
sected out using sharp surgical scissors and fi ne forceps. 
Remove the esophagus from the mouse ( see   Note 4 ) and 
examine the esophagus for the presence of impacted food.      

       1.    Carefully insert a plastic tube with an outer diameter of 
0.75 mm into the esophagus that has been removed from the 
mouse (Fig.  1a ;  see   Notes 5  and  6 ). The inserted plastic tube 
helps to identify the esophageal lumen surface in the OCT 
cross-sections.    

   2.    Place the esophagus in a petri dish. Immerse the esophagus in 
saline solution to keep the sample hydrated and to reduce light 
back-refl ections from the esophageal surface ( see   Note 7 ).   

   3.    Preview OCT cross-sectional images of the esophagus using a 
custom-written program in LabVIEW (National Instruments, 
Austin, USA) and select an appropriate imaging location. 
Obtain  3D   OCT images from different locations along the 
esophagus: anterior, middle, and posterior regions (Fig.  1b ). 
Each OCT volume covered approximately 3 × 1.5 × 1.5 mm 3  
(Fig.  2 ;  see   Notes 8  and  9 ).    

   4.    After OCT imaging, fi x the esophagus in 4 % PFA. Subsequently, 
embed the fi xed esophageal tissues into paraffi n, cut into 5 μm 
sections and stain with H & E for histopathology ( see   Note 10 ).      

3.1  Murine Models 
with EoE-Like Disease

3.2  Sample 
Preparation  and   OCT 
Imaging
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       1.    Measure the thickness values of different layers of esophagus 
from cross-sectional OCT images every 200 μm within each 
3D OCT dataset. As the thickness of different esophageal lay-
ers in the anterior and posterior regions showed signifi cant 
variations, only use the thickness values obtained from the 
middle regions of the esophagus (Fig.  3 ;  see   Note 11 ).    

3.3  OCT Image 
Analysis

  Fig. 1    ( a ) Photograph of esophagus isolated from mouse with plastic tube inserted. 
( b ) Schematic indicating various OCT imaging locations along the esophagus 
(reproduced from Ref.  26  with permission from Optical Society of America)       

  Fig. 2    ( a ) A representative OCT cross-sectional image and ( b ) its magnifi ed view obtained from a wild-type 
( Tslpr  +/+  control) mouse. Different esophageal layers can be clearly differentiated (EPI-epithelium, LP-lamina 
propria, MM-muscularis mucosae, SM-sub-mucosa, MP-muscularis propria, A-adventitia, T-plastic tube). ( c ) 
Representative histology of the normal esophagus from a wild-type mouse. ( d ) 3D rendering of an OCT volu-
metric dataset (3 × 1.5 × 1.5 mm 3 ) obtained from the middle region of the esophagus of a control mouse 
(reproduced from Ref.  26  with permission from Optical Society of America)       
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   2.    Calculate average thickness values for individual epithelial lay-
ers from each specimen (Fig.  4 ).    

   3.    Compare layer thickness values from different mice groups 
using Student’s  t -test.       

4    Notes 

     1.    Animals were bred and housed in specifi c pathogen-free condi-
tions at the University of Pennsylvania. A licensed veterinarian 
provided care to any animals requiring medical attention. All 
experiments were performed under protocols approved by the 
University of Pennsylvania IACUC.   

   2.    We developed a spectral  domain   OCT system, which employs a 
supercontinuum light source (SC-400-4, Fianium Ltd., UK) 
centered around 1300 nm with a bandwidth of ~200 nm, for 
imaging mouse esophagus ex vivo [ 26 ]. The OCT system was 
capable of providing axial and transverse resolutions of ~5 μm 
(in tissue) and ~10 μm, respectively. The OCT system consisted 
of a Michelson interferometer in which light was split into refer-
ence and sample arm beams, and the returning light was detected 
using a spectrometer. The spectrometer was comprised of an 
1145 lines/mm transmission grating (Wasatch Photonics, 
Logan, UT, USA) and a 1024-pixel line-scan camera (SUI 
Goodrich, Princeton, NJ, USA). The OCT system was operated 
at an axial-scan (A-scan) rate of 47 kHz. The incident power on 
the sample was ~12 mW. The sensitivity of the OCT system was 
determined to be 92 dB close to the zero delay position. It was 
possible to image the entire thickness of the esophagus using the 
OCT system, thus enabling the quantifi cation of the thickness of 
different esophageal layers noninvasively.   

  Fig. 3    Axial cross-sections showing structural differences between OCT images obtained from the ( a ) middle 
and ( b ) posterior regions of the esophagus in a wild-type ( Tslpr  +/+  control) mouse. Compared to the middle 
region of the esophagus, the layer thickness values at anterior and posterior regions appeared to be signifi -
cantly different (reproduced from Ref.  26  with permission from Optical Society of America)       
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  Fig. 4    Comparison of OCT images obtained from different mice groups and their representative histology. 
Representative OCT cross-section and histology obtained from ( a ,  b )  Tslpr  +/+  control, ( c ,  d )  Tslpr  +/+  treatment, 
( e ,  f )  Tslpr  −/−  control, and ( g ,  h )  Tslpr  −/−  treatment mice groups (EPI-epithelium, LP-lamina propria, 
MM-muscularis mucosae, SM-sub-mucosa, MP-muscularis propria). Scale bars denote 100 μm in OCT images 
and 50 μm in histology. T denotes the location of the inserted plastic tube (reproduced from Ref.  26  with per-
mission from Optical Society of America)       
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   3.    First, 2 nmol MC903 in 20 μL of 100 % EtOH is applied on 
the ears and allowed to dry. Subsequently, 100 μg OVA in 20 
μL PBS is painted on the ears and allowed to dry.   

   4.    The esophagus should be cut as far up as possible on the top 
and at the juncture with the stomach on the bottom.   

   5.    The plastic tube is inserted in order to differentiate the esopha-
geal lumen surface while imaging. The outer diameter (OD) of 
the plastic tube is a critical parameter. It should be narrow 
enough so that it goes through the esophagus comfortably. If 
the tube is too tight, it will apply pressure on the esophageal 
surface, which might compress the esophagus and affect the 
layer thickness measurements.   

   6.    Mice with EoE-like disease exhibit symptoms such as food 
impaction and esophageal strictures. Hence, additional care 
must be taken while inserting plastic tube in those esophagi.   

   7.    The esophagus must be placed in a stable position before imag-
ing. Fix the edges of the plastic tube to the bottom of the petri 
dish to prevent them from fl oating in the solution/moving 
around while imaging.   

   8.    It is better not use the layer thickness values obtained around 
the food impaction sites (Fig.  5 ). The impacted food will com-

  Fig. 5    Food impaction in  Tslpr  +/+  treatment group (mice with EoE-like disease). ( a–c ) OCT cross-sectional 
images obtained from the food impaction sites that occurred at different regions of esophagus in  Tslpr  +/+  treat-
ment mice.  Yellow markings  show trapped food particles. Scale bars denote 200 μm and T denotes the loca-
tion of the inserted plastic tube (reproduced from Ref.  26  with permission from Optical Society of America)       
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press the esophageal layers. Therefore, layer thickness values 
obtained from these regions may not be accurate.    

   9.    In some mice, especially the diseased ones, food particles might 
get stuck between the inserted tube and the esophageal sur-
face. If the impacted food is too large, it might limit the OCT 
beam from reaching the outer esophageal layers due to signal 
attenuation.   

   10.       Eosinophils on H & E stained histological sections can be 
readily identifi ed by their characteristic multi-lobular nuclei 
and faint pink staining in the cytoplasm. Eosinophils identifi ed 
in this manner can be enumerated, and counts per high- 
powered fi eld (light microscope) can be obtained to assess dis-
ease severity. Eosinophil clusters and infi ltration of other 
immune cells tend to occur in defi ned regions, rather than 
being diffuse throughout the esophagus, so it is necessary to 
obtain the counts per high-powered fi eld from each mouse by 
counting at least ten fi elds and taking an average. Some edema 
may also be present in the epithelial layer of the esophagus.   

   11.    Omit the layer thickness values obtained from the anterior and 
posterior regions of the esophagus, as these values tend to 
show a large variation with respect to the thickness values 
obtained from the middle region. However, we imaged these 
regions to check the presence of impacted food and to examine 
the microstructural features in these regions  .         
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    Chapter 13   

 Near-Infrared Fluorescence Endoscopy to Detect 
Dysplastic Lesions in the Mouse Colon                     

     Elias     Gounaris     ,     Yasushige     Ishihara    ,     Manisha     Shrivastrav    , 
    David     Bentrem    , and     Terrence     A.     Barrett     

  Abstract 

   Near-infrared fl uorescence (NIRF) endoscopy has a great potential for effi cient early detection of dysplas-
tic lesions in the colon. For preclinical studies, we developed a small animal NIRF endoscope and success-
fully used this device to identify dysplastic lesions in a murine model of chronic colitis. In this chapter, we 
present a step-by-step protocol for using NIRF endoscopy to examine the location, the size, and the bor-
ders of the dysplastic lesions developed in murine colitis. Our studies suggest that NIRF endoscopy is a 
specifi c and sensitive technique that provides a unique opportunity to analyze early stages of tumorigene-
sis in animal models of colon cancer and to perform surveillance colonoscopy in patients with colitis- 
associated colon cancer.  

  Key words     Near-infrared probes  ,   Endoscopy  ,   Cathepsin activity  ,   Mucosal infl ammation  ,   Mouse 
colon dysplasia  ,   Colon cancer  

1      Introduction 

  Early detection of dysplastic lesions is the cornerstone  for   effective 
colon cancer diagnosis and treatment [ 1 ,  2 ]. Over the past few 
decades, improvements in endoscope technology have enabled 
earlier therapeutic interventions [ 3 ] thereby achieving a marked 
reduction in the overall incidence of colon cancer [ 4 ]. However, a 
risk of colon cancer development in patients with a history  of 
  infl ammatory bowel diseases remains high and this requires devel-
opment of new effi cient imaging procedures for early cancer diag-
nosis and monitoring. 

 Conventional wide-angle high-defi nition (HD) white light 
endoscopy can detect dysplastic and/or neoplastic lesions based on 
observed structural changes to the lumen [ 5 ]. These structural 
changes most commonly correspond to the formation of dysplastic 
polyps; however, many structural aberrations, such as benign 
pseudo-polyps, remain diffi cult to accurately characterize with 
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white light endoscopy methods. Pseudo-polyps commonly result 
in false positives with no dysplastic lesions detected histologically 
after colectomy. It also remains particularly diffi cult to detect intra- 
epithelial neoplasia (fl at lesions) with white light endoscopy. These 
lesions do not produce gross structural changes to the lumen and 
thus evade detection with conventional endoscopy methods (detec-
tion frequency between 40 to 60 %) [ 6 ]. 

 Chromo-endoscopy involves topical intra-luminal application of 
either a methylene blue or indigo carmine solution to differentially 
alter the optical characteristics of normal and dysplastic tissues. 
Chromo-endoscopy can be more effective for detection of fl at 
lesions compared to white-light approaches. Random and/or the 
educated collection of biopsies can improve sensitivity for fl at lesion 
detection. However, recent studies suggest that >45 biopsy samples 
must be collected to achieve an 85 % probability of detecting a fl at 
lesion with a size on the order of 12 cm 2 . Additional studies compar-
ing the sensitivity and specifi city of chromo-endoscopy and random 
biopsy collection demonstrate that many lesions are left undetected 
by these individual modalities (i.e. some lesions detected with 
chromo-endoscopy but not random biopsy, and vice versa) [ 7 ]. 

 Confocal endoscopes were developed to improve specifi city 
during endoscopic surveillance of the colon. For confocal endos-
copy procedures, lesions continue to be detected based on the 
structural alterations observed with HD white light endoscopy 
methods; detected lesions are then examined within a small fi eld- 
of- view with confocal endo-microscopy [ 8 ]. The use of fl uorescein 
is advocated as this alters the optical properties of the lumen to 
improve sensitivity and specifi city. More recent studies suggest that 
topical application of indigo carmine solutions may permit the 
detection of intra-epithelial neoplasia with confocal endoscopy [ 9 ]. 
However, despite these developments, confocal endo-microscopy 
has failed to be clinically adopted for endoscopic surveillance of the 
colon because this technology a) remains principally dependent 
upon conventional HD white light endoscopy methods for lesion 
detection; b) requires much longer examination time; c) requires 
physical contact between the confocal endoscope tip and the 
lumen, which could distort luminal structures and complicate data 
interpretation [ 10 ]. 

 Recent efforts have been made to develop more sensitive and 
specifi c endoscopic approaches involving detection of the lesions 
after introduction of exogenous fl uorescent probes with either spe-
cifi c affi nity to colon cancer cells (peptides tagged with fl uorescein 
for human studies or with Cy5.5 dye for murine models [ 11 ]), or 
selective activation by biological activities that are specifi cally ele-
vated within dysplastic and/or neoplastic tissues [ 12 ]. However, this 
approach suffers from poor tissue penetration of the probes, which 
limits their binding to the cells directly exposed into the gut lumen. 
Such poor availability of fl uorescence probes limits the overall 
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sensitivity of the technique. Furthermore, the described approaches 
signifi cantly increase the examination time due to the requirement 
to wash out colonic mucus before spraying the fl uorescent probes 
and to wash out the unbound probe prior to imaging. 

 Cysteine cathepsins are lysosomal proteolytic enzymes. 
Cathepsins are more active in myeloid cells, which are the main 
cause of innate infl ammatory reactions against newly formed dys-
plastic lesions [ 13 ,  14 ]. In vivo endoscopic detection  of   cathepsin 
activity with intravenously administered NIRF probes may offer a 
highly sensitive and specifi c technique for detection of dysplastic 
lesions. 

    Cathepsin activity can be detected in situ using substrate-based 
probes (SBP). The intact probe does not emit fl uorescence, but 
their derivatives, produced by enzymatic reactions are  characterized 
by strong fl uorescence [ 15 ].  The   imaging of SBP involves moni-
toring accumulation of their products generated by specifi c enzy-
matic processes. For the cathepsin probes, the longer the substrate 
is exposed to the specifi c cathepsins, the stronger the fl uorescence 
signal during NIRF imaging studies. The cathepsin-targeting SBP 
are tagged with fl uorophores that emit at either the 680 or 750 nm 
wavelengths. ProSense 680 or 750 cathepsin probes are commer-
cially available, and they represent rather nonspecifi c substrates for 
a broad range of different cathepsins. However, alternative SBP 
have also been developed with increased affi nity toward specifi c 
cathepsins, such as cathepsins B or K [ 16 ]. 

 Our studies demonstrated that  NIRF   cathepsin activity probes 
can be used to detect polyps in  transgenic   mouse models by using an 
invasive intravital microscopy technique [ 13 ]. Most recently, we 
developed a single-channel NIRF endoscopic system that is able to 
discriminate colitis-induced dysplasia from the infl amed mucosa in a 
murine model of chronic colitis [ 14 ]. For this study, we used a NIRF 
endoscope with excitation light produced from a Xe light source 
(excitation at 680 nm after a spectral separation) and the ProSense 
680 cathepsin probe. This endoscopic system was able to detect pol-
ypoid lesions as well as intraepithelial fl at lesions with sensitivity and 
specifi city of 92 % [ 14 ]. In the present chapter, we report the devel-
opment and systemic evaluation of this new NIRF endoscope.  

2    Materials 

       1.    Phosphate Buffered Saline (PBS), pH 7.4 ( see   Note 1 ).   
   2.    Oxygen tank.   
   3.    OCT cryo-embedding medium.   
   4.     Fluorescent   cathepsin activity probes: ProSence 680, CathB 

680, and CathB 750 (Perkin Elmer).   
   5.    Vascular contrast enhancer, AngioSense 750 (Perkin Elmer).      

2.1  Chemicals

Detection of Mouse Dysplastic Lesions with NIRF Endoscope
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       1.    APC Δ468 —Center for Comparative Medicine (CCM); 
Northwestern University ( see   Note 2 ).   

   2.    TS4cre/APC lox/+  mice CCM, Northwestern University ( see  
 Note 3 ).   

   3.    IL-10 −/−  mice treated with piroxicam, CCM, Northwestern 
University ( see   Note 4 ).   

   4.    Tweezers.   
   5.    Blunt-end scissors.   
   6.    Gavage needles.      

       1.    Xenon light source ( see   Note 5 ).   
   2.    Laser light source ( see   Note 6 ).   
   3.    Fiberscopes ( see   Note 7 ).   
   4.    Isofl urane vaporizer ( see   Note 8 ).   
   5.    Temperature-regulated plate ( see   Note 9 ).   
   6.    A windows computer with the appropriate software for the 

image registration ( see   Note 10 ). A simplifi ed schematic repre-
sentation of the endoscope is shown in Fig.  1 .

3            Methods 

 According to the Animal Study Protocol approved by Northwestern 
University’s Center of Comparative Medicine, working with NIRF 
endoscope requires two trained scientists. One person should con-
trol animal anesthesia and operates the registration software, 
whereas the other person should operate the endoscope, controls 
the path of the fi berscope and the insuffl ation of the animal’s colon. 

       1.    Inject the mice with 2 nmoles of the fl uorescent probes before 
the imaging session. We routinely perform a retro-orbital 
injection of the probes ( see   Note 11&12 ).   

   2.    Deeply anesthetize the mice by exposing to 3 % isofl urane and 
maintain anesthesia by inhaling 2 % isofl urane in 1.5 L/h oxygen 
delivered by the nozzle ( see   Note 13 ).   

   3.    Wash the mouse colon using 5 ml of PBS ( see   Note 14 ). PBS 
additionally acts as lubricant for the insertion of the 
fi berscope.      

       1.    Place the mouse on the thermal regulated plate on its back.   
   2.    Secure the anesthesia nozzle.   
   3.    Switch on the BF-XP60 fi berscope ( see   Note 15 ).   
   4.    Observe both bright fi eld and fl uorescent images on the screen. 

The images are recorded with a rate of 10 frames per second.   

2.2  Animals 
and Surgical Tools

2.3  Endoscopy

3.1  Pre-endoscopy 
Preparation

3.2  Endoscopy
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   5.    Insert the fi berscope 6–7 cm (close to cecum).   
   6.    Record fl uorescence signal continuously from cecum to rectum 

by carefully pulling out the fi berscope (Figs.  2  and  3 ).
        7.    Collect biopsies as required.      

       1.    Use the plugin LOCI of Image J software to open either white 
light (WL) or fl uorescent (FL) images   

   2.    Use a square region of interest (ROI; 30 × 30 pixels).   
   3.    Use the function “measure” to calculate the mean fl uorescence 

intensity (MFI) of the high emissions part of the image, the 
tissue noise, and electronic noise. A low emission of the tissue 
area in the same frame can serve as tissue noise. Since the 
images we collect are circular and are placed in a square photo, 
the MFI of the electronic noise can be calculated by selecting 
the ROI of the non-tissue area.   

3.3  Data Analysis

  Fig. 1    A simplifi ed diagram of the NIRF endoscopic system. The excitation light 
going through a set of fi lters, passes through the fi berscope and the fl uorescent 
and refl ectance light is split through a dichroic fi lter. The color CCD camera detects 
the white or refl ectance light and the fl uorescence emission light is directed to the 
high-sensitivity CCD camera. Both images are projected simultaneously in the 
computer screen and registered in the computer at the rate of 10 frames/s       
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  Fig. 2    Different examination modes of NIRF endoscopy. The screenshot demonstrates: ( a ) a white light image; 
( b ) a fl uorescence image; and ( c ) a fl uorescence image with pseudo color       

  Fig. 3    A typical image of the polyp obtained with laser NIRF endoscope ( a ,  b ) and Xenon light endoscope ( c ,  d ). 
The polyp was imaged with refl ectance excitation ( a ,  c ) and fl uorescence excitation and detection ( b ,  d ). Note 
that the same polyp was used to produce all images       
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   4.    Calculate the signal-to-noise ratio using the formula: [Signal- 
to- noise ratio = {MFI of high emission-MFI of tissue noise}/
MFI of electronic noise.      

       1.    Flay open the excised colon.   
   2.    Wash the colon with ice-cold PBS.   
   3.    Image refl ectance fl uorescence of the colon (Fig.  4  and  see  

 Note 16 ).
       4.    Compare the size and the numbers of the lesions with the ones 

observed with the endoscope.   
   5.    Swiss roll the colon, fi x it in OCT and section it (5 μm) until 

completion ( see   Note 17 ).   
   6.    Stain every tenth sections with hematoxylin and eosin (H&E) 

to verify that each area with high emissions correlated to a 
dysplastic lesion (Fig.  5 ).

       7.    Alternatively, collect biopsies using a suitable biopsy scissor. 
Section the biopsies mounted in OCT and stain them with 
H&E for observation (Fig.  6 ).

4            Notes 

     1.    PBS is not required to be sterile although most of the companies 
offer it only in sterile form.   

   2.    APC Δ468  mice develop polyps mostly in the small bowel (~80 
polyps per mice). Additionally, 4–8 polyps could be found in 

3.4  Post-mortem 
Analysis

  Fig. 4    A typical refl ectance fl uorescence of a fl ayed opened colon. The image is 
pseudo colored using a smart color set of Image J       
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the colon. The useful age of these mice is 4 months, which is 
the animal age for the majority of our experiments.   

   3.    TS4cre/APC lox/+  mice represent the conditional equivalent of 
APC Δ468  mice. Since the Cre recombinase is expressing in the 
colon and in the terminal part of ileum though mice develop 
polyps in the colon only. We imaged the mice at the age of 4–6 
months.   

   4.    IL 10 −/−  mice are characterized by the constitutive deletion of 
an anti-infl ammatory cytokine IL-10. Piroxicam treatment 
triggers an acute infl ammatory reaction in the colon. In short, 
6–8 weeks old IL 10 −/−  mice were fed with a piroxicam con-
taining chow for 2 weeks. The dose is 60 mg/kg of the chow 
during the fi rst week and 80 mg/kg during the second. After 
these 2 weeks the mice were fed with regular chow. Due to the 

  Fig. 6    The NIRF endoscopy can direct a targeted biopsy. ( a ) White light image of a polyp; ( b ) NIRF endoscopy 
of the same tissue; ( c ) hematoxylin and eosin staining of the biopsy collected from the imaged site that 
histologically confi rms the existence of dysplastic polyp       

  Fig. 5    A typical hematoxylin and eosin staining of murine intestinal Swiss rolls.  Arrows  indicate dysplastic 
lesions       
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loss of function of IL-10 this  acute   inflammation at day 
14 becomes chronic at day 28 from the onset of the treatment. 
At day 56 more than 60 % of the mice develop dysplastic 
colonic lesions. Histological analysis showed that some of the 
lesions are invasive and intraepithelial [ 14 ].   

   5.    We modifi ed a conventional light source with a Xe lamp fol-
lowed by spectral separation by fi lters. Due to the spectral sep-
aration the intensity of the light at the end of the fi berscope is 
suffi cient to activate the NIRF probes at least at the 680 nm, 
but also reasonably low to avoid bleaching the probe.   

   6.    The laser source consists of two lasers, with 633 and 740 nm 
excitation lines. This laser source offers a superb spectral sepa-
ration and minimal cross talk between the channels. We used 
this light source to compare various probe in vivo in the same 
lesions. The light intensity at the end of the fi berscope is at 
least fi ve fold higher than the spectrally separated Xe light. The 
laser source is accompanied with two laser controllers, one for 
each laser, and two thermal controllers. For our experiments 
we used the 2/3 of the laser power (~10,000/15,000), while 
the two laser thermal controllers were operating in maximum 
power.   

   7.    During our studies, we used three fi berscopes that were linked 
with the Olympus Universal link. In short, these fi berscopes 
have a wide spectrum of insertion tube diameters varying from 
0.8 to 2.8 mm to provide a wide fi eld of view. Some fi ber-
scopes have bending sections to facilitate their insertion into 
bending colon sections. We mostly used the BF-XP60 fi ber-
scope, which although has larger tube diameter, also offers an 
instrument channel (1.2 mm diameter) for biopsy scissors, and 
insuffl ating the colon.   

   8.    We used a typical vaporizer with a mixture of 2–3 % of isofl u-
rane in oxygen. The fl ow of oxygen is 1.5 L/h. There are two 
isofl urane collectors that are close to the tip of the vaporizer. 
The weight of the collectors is measured frequently as a measure 
of isofl urane collected.   

   9.    Mice subjected to anesthesia and endoscopy session should be 
kept on a heated plate with temperature regulation (37 °C), 
since anesthesia impairs the ability of the animal to regulate 
body temperature.   

   10.    The software can operate in various modes:
   (a)     Registration  to register the newly obtained images. Images 

from both cameras are registered with a frame rate 10 
frames/s and stored as single fi les simultaneously   

  (b)     Examination  to examine old fi les (Fig.  2 ).   
  (c)     Calibration  to calibrate the two cameras of the endoscope.       
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(2008) Early detection of premalignant condi-
tions in the colon by fl uorescence endoscopy 
using local sensitization with hexaminolevu-
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vivo diagnostic accuracy of high-resolution 
microendoscopy in differentiating neoplastic 

from non-neoplastic colorectal polyps: a pro-
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Colonoscopic surveillance reduces mortality 
from colorectal cancer in ulcerative colitis. 
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    5.    Pineton de Chambrun G, Peyrin-Biroulet L, 
Lémann M et al (2010) Clinical implications of 
mucosal healing for the management of 
IBD. Nat Rev Gastroenterol Hepatol 7:15–29  

   11.    Inject the probes following the manufacturer specifi cations. 
In short:
   (a)    ProSense 680, 24 h prior the endoscopy session,   
  (b)    six hours for CathB 680 fast, CathK 680 fast, and   
  (c)    10 min for AngioSense 750. 

 All the SBPs we used have a peptide backbone comprising 
poly-  l - Lysine and can be diluted in sterile PBS (dilution 1:10, 
according to the manufacturer’s specifi cations). Other NIRF 
probes have a different scaffold and different mode of action as 
they act as suicide inhibitors. These probes require solvents of 
DMSO varying from 10 to 40 %.       

   12.    Retro-orbital injections are useful for water-soluble probes. 
For the probe solutions with high DMSO concentrations, we 
use a tail vein injection.   

   13.    A good method to check the anesthesia level is to apply pressure 
on the mouse paw. Anesthetized animal would not react to this 
pressure. Mice can remain anesthetized for more than 2 h.   

   14.    We use gavage needles for the colon washing. The needle can 
be inserted up to 3–4 cm in the colon.   

   15.    The BF-XP60 fi berscope has an instrument channel, which 
serves as a channel to insuffl ate the colon. To do that, we typi-
cally use a 5 ml syringe pressing air.   

   16.    For refl ectance fl uorescence, we use an Olympus OV100 
instrument modifi ed to produce NIRF excitation light and 
detect NIRF emissions. In general, the instrument operates 
like a low magnifi cation microscope. The whole mount of 
fl ayed open colon is placed on a glass plate and exposed to the 
excitation light. The emissions of the colon are recorded as 
photographs (tif fi les). With this refl ectance fl uorescence, we 
can detect areas of high emissions ex vivo and correlate them 
with our in vivo observation with the NIRF endoscope .   

   17.    Usually, more than 150 sections can be collected from an indi-
vidual Swiss roll.         
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    Chapter 14   

 Visualization of Signaling Molecules During Neutrophil 
Recruitment in Transgenic Mice Expressing FRET 
Biosensors                     

     Rei     Mizuno    ,     Yuji     Kamioka    ,     Yoshiharu     Sakai    , and     Michiyuki     Matsuda      

  Abstract 

   A number of chemical mediators regulate neutrophil recruitment to infl ammatory sites either positively or 
negatively. Although the actions of each chemical mediator on the intracellular signaling networks control-
ling cell migration have been studied with neutrophils cultured in vitro, how such chemical mediators act 
cooperatively or counteractively in vivo remains largely unknown. To understand the mechanisms regulat-
ing neutrophil recruitment to the infl amed intestine in vivo, we recently generated transgenic mice express-
ing biosensors based on FRET (Förster resonance energy transfer) and set up two-photon excitation 
microscopy to observe the gastrointestinal tract in living mice. By measuring FRET in neutrophils, we 
showed activity changes of protein kinases in the neutrophils recruited to infl amed intestines. In this chap-
ter, we describe the protocol used to visualize the protein kinase activities in neutrophils of the infl amed 
intestine of transgenic mice expressing the FRET biosensors.  

  Key words     FRET  ,   Two-photon microscopy  ,   Intravital imaging  ,   Neutrophil recruitment  ,   Intestinal 
infl ammation  

1      Introduction 

  The hallmark of  acute   infl ammation is the recruitment of neutro-
phils circulating in the blood vessels to the damaged tissues. This 
process, called  the   neutrophil recruitment cascade, is subdivided 
 into   the following fi ve steps: rolling, adhesion, crawling, transmigra-
tion, and chemotaxis to the damaged tissues [ 1 – 5 ]. Previous in vitro 
studies have revealed the molecular mechanisms regulating neutro-
phil recruitment by specifi c chemokines or cytokines; however, it has 
not been demonstrated that similar mechanisms operate in vivo. 
Although the recent advent of in vivo microscopy has enabled us to 
visualize the neutrophil recruitment to infl ammatory sites in living 
animals [ 2 – 4 ], the activity change of signaling molecules has not 
been examined because of technical constraints. To overcome this 
problem, we recently generated transgenic mice expressing FRET 



150

biosensors [ 6 ] and revealed the role of p42/44 extracellular signal-
regulated kinase (ERK) and protein kinase A (PKA) in neutrophil 
recruitment in vivo [ 7 ]. We used two-photon  excitation   microscopy 
(TPEM) for  the   intravital imaging for the following reasons: The 
infrared light used for TPEM enables us to image to a depth of at 
least 100 μm in most organs. Furthermore, in comparison to the 
conventional fl uorescent microscopy, two- photon excitation causes 
less photo-bleaching, allowing long-term time-lapse imaging. 

 Although blood vessels in the mesentery or cremaster have fre-
quently been used for the observation of neutrophil recruitment 
in vivo [ 8 – 11 ], we  prefer   small intestines for the following reasons. 
First, the intestinal wall is rich in postcapillary venules, where extrav-
asation of neutrophils occurs. Second,  intestinal   infl ammation, such 
as that caused by lipopolysaccharide (LPS), is more relevant to 
human diseases. Third, drugs or chemoattractants can be easily 
administered to the lumen of the gastrointestinal tract. However, 
   intravital imaging of the gastrointestinal tract has been a diffi cult task 
because of drifts caused by peristalsis, heart beat, and breathing. To 
minimize such drift, several researchers have reported methods  for 
  intravital imaging of the gastrointestinal tract using custom-made 
equipment [ 12 – 16 ]. Nonetheless, setting up such equipment 
requires much time and effort, and therefore intravital imaging of 
the gastrointestinal tract remains a challenge. In this chapter, we 
introduce a simple and easy method for observation of the  mouse 
  small intestine. We also introduce a method to visualize the activities 
of signaling molecules in the small intestine by intravital TPEM with 
transgenic mice expressing FRET biosensors. Specifi cally,  the   intra-
vital imaging procedure described in this chapter is for imaging of 
the infl amed  mouse   small intestine and is a modifi cation of a previ-
ously published method [ 7 ]. In conclusion, this chapter describes a 
method that can be used for analysis of the activities of signaling 
molecules during neutrophil recruitment in vivo using transgenic 
mice expressing FRET biosensors ( see  Fig.  1  for an overview).

CFP FRET

Objective lens

FRET/CFP
LPS and/or
Chemoattractant

Anesthetics

Cannulation 

1. Induction of intestinal inflammation 2. Intravital imaging of neutrophil recruitment

Transgenic mice expressing 
FRET biosensor

3. Image acquisition

4. Image processing

Two-photon excitation microscopy

  Fig. 1    Schematic view of the experimental setup of intravital imaging of molecular activities during neutrophil 
recruitment to the infl amed intestines       
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2       Materials 

   All reagents and equipment can be substituted with appropriate 
alternatives from other manufacturers.

    1.       FRET Mice: Transgenic mice expressing the ERK FRET bio-
sensor EKAREVnes, called Eisuke mice, the PKA FRET bio-
sensor AKAR3EVnes, called PKAchu mice, and other FRET 
biosensors, collectively called FRET mice, have already been 
reported [ 6 ] and are distributed by the JCRB Laboratory 
 Animal Resource Bank at the National Institute of Biomedical 
Innovation (Osaka, Japan).  Adult   FRET mice of either sex 
were used to visualize the activity of signaling molecules dur-
ing neutrophil recruitment. Mice were housed in a specifi c 
pathogen- free facility and received a routine diet of chow and 
water ad libitum. All animal studies must be reviewed and 
approved by the institutional committees.   

   2.    Isofl urane: 100 % solution for inhalation anesthesia (Abbott 
Laboratories, Abbott Park, IL, USA).   

   3.    Disinfectant: 70 % (vol/vol) ethanol in water.   
   4.    Qtracker 655 vascular labels (Life Technologies, Grand Island, 

NY, USA).   
   5.    Lipopolysaccharide (LPS).   
   6.    N-formyl-Met-Leu-Phe (fMLP).   
   7.    Phosphate-buffered saline (PBS).   
   8.    Intravenous fl ush solution: Heparin sodium (100 IU/ml; 

TERUMO, Tokyo, Japan).   
   9.    PE-conjugated anti-Gr1 antibody (Biolegend, San Diego, CA, 

USA).      

       1.    An inverted two-photon excitation microscope (e.g., IX83/
FV1200MPE inverted microscope; Olympus).   

   2.    Silicon oil-immersion objective lens (UPLSAPO 30×/1.05 
NA; Olympus).   

   3.    Optical fi lters used for dual emission imaging: BA685RIF-3 
IR-cut fi lter, two dichroic mirrors DM505 and DM570, and 
three emission fi lters, BA460-500 for CFP, BA520-560 for YFP, 
and 645/60 (Chroma) for Qtracker 655 (all from Olympus).   

   4.    Mercury arc lamp and power supply.   
   5.    InSight DeepSee Laser (Spectra Physics, Santa Clara, CA, USA).   
   6.    MetaMorph software (Molecular Devices LLC, Sunnyvale, 

CA, USA).   
   7.    Small animal clippers.   
   8.    OPSITE fi lm dressings (Smith & Nephew).   
   9.    Scissors.   

2.1  Reagents

2.2  Equipment 
and Supplies

Intravital Imaging of Neutrophil Recruitment to Infl amed Intestine
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   10.    Forceps.   
   11.    Surgical needle with suture (6/0 silk, Ethicon).   
   12.    Needle holder.   
   13.    Ligature (5/0 silk).   
   14.    Disposal syringes (1 ml) and insulin syringes with a perma-

nently attached 29-gauge needle.   
   15.    General lab supplies: sterile centrifuge tubes, pipettes, alcohol 

wipes, Kimwipes.   
   16.    Gas anesthesia vaporizer.   
   17.    Cotton swabs.   
   18.    Stereomicroscope (e.g., SZX16; Olympus).   
   19.    Heating pad.   
   20.    Coverslips.   
   21.    Adhesive tape.   
   22.    VASCU-STATT single-use bulldog clamps; straight mini 

(Scanlan International Inc., Saint Paul, MN, USA).   
   23.    Plastic wrap.   
   24.    Catheter for mice (PUFC-C20-10; Solomon Scientifi cs, San 

Antonio, TX, USA).       

3    Methods 

   Preoperative preparations such as fasting and mechanical  bowel 
  preparation are not required. Ensure that there is suffi cient isofl u-
rane in the vaporizer to perform surgery. 

       1.    Anesthetize a mouse in an induction chamber using 2 % isofl u-
rane inhalation.   

   2.    Place the mouse in the supine position with the nose in a facemask 
and reduce the isofl urane to 1.5 %. Ensure that the mouse is on a 
heating pad to maintain the body temperature during surgery.   

   3.    Shave the abdominal hair with a small animal clipper.   
   4.    Disinfect the abdominal area with 70 % ethanol.   
   5.    Put fi lm dressing on the abdominal wall after the disinfectant 

dries (Fig.  2a ).
       6.    Make a vertical incision (10 mm) in the right side of the 

abdominal wall ( see   Note 1 ).   
   7.    Pull  the   small intestine of interest out of the abdominal cavity gen-

tly using forceps and wet cotton swabs (Fig.  2b , and  see   Note 2 ).   
   8.    Make small holes in the mesentery and thread two ligatures of 

5/0 surgical suture through the holes ( see   Note 3 ).   

3.1  Operation 
 for   Intravital Imaging 
of the Small Intestine

3.1.1  Surgery 
for the Induction 
of  Intestinal   Infl ammation

Rei Mizuno et al.
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   9.    Ligate the proximal side of the small intestine with one of the 
ligatures of 5/0 surgical suture. Leave the remaining ligature 
in place, but do not ligate the distal side of the intestine.   

   10.    Clamp the small intestine with a bulldog clamp at the more 
distal point to the distal ligature (Fig.  2c ).   

   11.    Administer 1 μg/ml LPS and/or 100 nM fMLP into the intes-
tinal cavity with an insulin syringe with a permanently attached 
needle ( see   Note 4 ). Make sure that the point of puncture is 
between the distal ligature and clamped point. Then, ligate the 
distal intestine with the distal ligature before pulling the needle 
from the intestine (Fig.  2d , and  see   Note 5 ).   

   12.    Return  the   small intestine to the abdominal cavity ( see   Note 6 ).   
   13.    Close the abdominal wound with 6/0 silk suture.   
   14.    Put the mice back into the home cage to recover.      

       1.    Two hours after surgery, anesthetize the mice with 2 % isofl u-
rane again.   

   2.    Place the unconscious mouse in the supine position on a heat-
ing pad.   

   3.    Disinfect the skin of the left neck with 70 % ethanol ( see   Note 7 ).   
   4.    Make a longitudinal incision of about 15 mm in the neck of 

mice, just above the left front leg.   
   5.    Carefully remove the connective tissue surrounding the jugu-

lar vein.   
   6.    Place the two ligatures of 5/0 surgical suture at the caudal and 

rostral side of the vein.   
   7.    Ligate the rostral ligature to prevent bleeding.   
   8.    Make a small incision between the ligatures using micro-scis-

sors and insert the catheter with a syringe (1 ml) fi lled with 

3.1.2  Cannulation 
of the Jugular Vein

  Fig. 2    Surgical procedures for the induction of intestinal infl ammation and intravital imaging. ( a ) The shaved 
mouse is placed in the supine position and covered with sterile fi lm dressing. ( b ) The small intestine is pulled 
out of the abdominal cavity. ( c ) Two ligatures of 5/0 surgical suture are placed at the proximal ( white arrow-
head ) and distal side ( yellow arrowhead ) of the small intestine. Only the proximal side is ligated. The small 
intestine is clamped with a bulldog clamp at the caudal side of the distal ligature. ( d ) Intraluminal injection of 
1 microgram LPS and/or 100 nM fMLP in 1 ml PBS. Extreme care is required not to damage the mesenteric 
vessels. ( e ) The distal ligature is ligated and the insulin syringe is removed. The small intestine will be dilated       
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heparin sodium solution in the caudal direction into the vein. 
Make sure that the blood fl ows back into the catheter.   

   9.    Ligate the caudal ligature and fi x the catheter.      

       1.    Re-open the abdominal cavity and pull out  the   small intestine 
on a coverslip placed in a heat-stage of TPEM maintained at 
37 °C ( see   Note 8 ).   

   2.    Fix a mouse in the right decubitus position on the microscope 
stage with adhesive tape. Fix the catheter and syringe on the 
stage with adhesive tape so that it can be handled easily during 
time-lapse imaging.   

   3.    Place cotton swabs on the ligated points of the small intes-
tine, stretch the small intestine in the longitudinal direc-
tions, and fi x the cotton swabs on the stage with adhesive 
tape ( see   Note 9 ).   

   4.    Hang ligatures of 5/0 surgical suture on the stick of cotton 
swabs and pull the ligatures in the longitudinal directions of 
 the   small intestine to fi ne-tune the tension of the small intes-
tine. In this way, the movement of small intestine can be 
adjusted mechanically (Fig.  3a, b , and  see   Note 10 ).

       5.    Through the eyepieces, observe the intestine by epi- fl uorescence 
illumination. Make sure that the view fi eld is minimally affected 
by peristalsis, heart beat, or breathing ( see   Note 11 ).   

   6.    Cover the intestine with plastic wrap to prevent drying.       

   TPEM was performed with an FV1200MPE inverted microscope 
(Olympus) equipped with a 30×/1.05 NA silicon oil-immersion 
objective lens (UPLSAPO 30×S) ( see   Note 12 ) and an InSight 

3.1.3  Positioning 
to the Microscope Stage

3.2  Microscopy 
Settings

  Fig. 3    Fixation of the mouse and small intestine on the stage of a two-photon excitation microscope. ( a ) A 
mouse is fi xed on the heat-stage in the right decubitus position. Strings ( arrowheads ) are hung over the sticks 
of cotton swabs for the adjustment of the tension of the small intestine to minimize peristalsis. ( b ) The tension 
of the small intestine is fi ne-tuned by pulling the ligature in the longitudinal directions ( arrow )       
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DeepSee Laser. The laser power used for observation was from 4 
to 8 %. Scan speed was set between 12.5 and 20 μs/pixel. The 
excitation wavelength for CFP and Qtracker 655 was 840 nm. We 
used an IR-cut fi lter, BA685RIF-3, two dichroic mirrors, DM505 
and DM570, and three emission fi lters, BA460-500 for CFP, 
BA520-560 for YFP, and 645/60 for the Qtracker 655.  

       1.    By epi-fl uorescence illumination,    observe  the   lamina propria of 
the small intestine, fi nd an appropriate postcapillary venule 
with a diameter of 30–50 μm, and register the XY position of 
the fi rst fi eld of view (Fig.  4a ).

       2.    Change the observation mode to two-photon excitation and 
start scanning. Focus the postcapillary venules and set the 
high- voltage (HV) values of photomultipliers and laser inten-
sity to obtain a suffi cient signal. Take a snapshot of the view 
fi eld as a reference. Typically, the HV values of photomultipli-
ers are 500–550 V and the laser power used for observation is 
from 4 to 8 %.   

   3.    Start data acquisition, for example, every 20 s (Fig.  4b ).   
   4.    If necessary, adjust the Z position manually during the time- lapse 

imaging by referring to the reference snapshot ( see   Note 13 ).   
   5.    For the time-lapse imaging longer than 2 h, administer 50 μl 

PBS intravenously every hour.   
   6.    Inject 4 μl Qtracker 655 with inhibitors or other drugs intrave-

nously to visualize the drug delivery ( see   Note 14 ).   
   7.    Sacrifi ce the mice after time-lapse imaging.      

3.3  Time-Lapse 
Imaging of Neutrophil 
Recruitment 
to the Infl amed 
Intestines by Two-
Photon Excitation 
Microscopy

  Fig. 4    ( a )  Lamina propria  of the infl amed intestine of a transgenic mouse under epi-fl uorescence illumination. 
The  dark region  indicates the venule. The  small dots  within the venule are white blood cells. Confi rm that 
peristalsis is minimal and select an appropriate postcapillary venule under epi-fl uorescent illumination. ( b ) The 
same region visualized by two-photon excitation microscopy. Bar: 100 μm       
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         1.    Launch the MetaMorph software.   
   2.    Create FRET/CFP ratio images in the intensity-modulated dis-

play (IMD) mode as follows. Find the “Ratio images” function in 
the “Process” menu of the MetaMorph program. Set each param-
eter as follows: numerator, the FRET stack fi le; denominator, the 
CFP stack fi le; IMD display and 8 ratios with 32 intensities. 
Minimum and maximum ratios should be set in a trial-and-error 
manner so that the image fully uses the eight hues (Fig.  5 ).

       3.    If required, make the movie using the “Make Movie” function 
in the “Stack” menu of the MetaMorph program.      

3.4  Data Processing

3.4.1  Generation 
of FRET/CFP Ratio Images

Rolling1 Rolling2 Adhesion3 Adhesion4 Adhesion5

Adhesion6 Crawling7 Crawling8 Crawling9 10Transmigration

Low High
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ERK activity (FRET/CFP) CFP

Blood flow
Neutrophil

Endothelium
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Crypt

Rolling

Adhesion
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  Fig. 5    An example of intravital imaging of molecular activity during neutrophil recruitment in the lamina propria 
of the intestinal mucosa. ( a ) A representative FRET/CFP image of the lamina propria of the infl amed intestine 
of an Eisuke mouse, which was subjected to LPS and fMLP 2 h before imaging, is shown in intensity- modulated 
display mode using 8 ratios with 32 intensities and a CFP image in grayscale, with a schematic view of this 
region. Cr, crypt; Ve, venule. ( b ) Schematic of the four steps of extravasation.  Arrowheads  indicate the same 
neutrophil at different time points. ( c ) Time-lapse FRET/CFP and CFP images of neutrophil extravasation. The 
boxed region ( a ) was magnifi ed and shown in a time series. Bars: ( a ) 100 μm; ( c ) 10 μm. Reproduced from 
Mizuno R. et al., J Exp Med 2014, 211: 1123–1136       
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       1.    Open the stack fi les of the FRET and CFP images. Set ROIs 
over the cells in the fi rst plane of the FRET stack fi le. Transfer 
the ROIs to the CFP stack fi le ( see   Note 15 ).   

   2.    Measure the average intensity of FRET and CFP by the 
“Region measurements” function in the “Measure” menu of 
the MetaMorph program, and export the values in an ASCII 
or an Excel format.   

   3.    Open the data fi le in Excel. Plot the FRET/CFP value versus 
time (Fig.  6 ).

4             Notes 

     1.    Make an incision in the lateral side, not in the middle, of the 
abdominal wall in order to pull the shortest possible length  of 
  small intestine over the lens. Excessive tension on the mesen-
tery impairs the blood fl ow of mesenteric vessels. Make an inci-
sion on the left side, if the mouse is placed in the left lateral 
decubitus position during imaging. It is important to make a 
small incision and pull out as little of the intestine as possible, 
because an excess of extra-abdominal intestine will cause drift-
ing during imaging.   

   2.    The jejunum is appropriate for  the   intravital imaging because 
vessels are more abundant in the mesentery than the ileum. Be 
careful not to damage the mesenteric vessels.   

3.4.2  Quantifi cation 
of the FRET/CFP Ratio
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  Fig. 6    An example of the quantifi cation of molecular activity in neutrophils during 
extravasation. ERK activities in three representative neutrophils are plotted 
against time. The transition point from the adhesion to crawling steps was set as 
time 0. The rolling, adhesion, crawling, and transmigration steps are indicated by 
different colors. The numbers in the graph correspond to the numbers in Fig.  5c . 
Reproduced from Mizuno R. et al., J Exp Med 2014, 211: 1123–1136       
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   3.    Make sure that the feeding artery is located in the middle of 
the two small holes used to ligate the intestine. The distance 
between the two holes is about 1 cm. Extreme care is needed 
not to damage the marginal artery.   

   4.    Be careful not to dilate  the   small intestine excessively, because 
excessive dilation interrupts the blood fl ow. Make sure that the 
small vessels on the intestinal surface remain bright red. When 
the small intestine is dilated excessively, the small vessels will 
turn a pale color due to the interruption of blood fl ow.   

   5.    This process is important to prevent the leakage of injected 
reagents from the puncture hole.   

   6.    This incubation period in situ keeps the intestine in physiologi-
cal condition and activates the neutrophil recruitment cascade. 
Keeping the intestine out of the abdominal cavity for a long 
period of time will perturb neutrophil recruitment.   

   7.    Decide the side of cannulation depending on the position of 
the mouse during imaging. Use the right jugular vein if the 
mouse will be placed in the left lateral decubitus position. 
Retro-orbital injection [ 17 ] is an alternative, for those who are 
not familiar with surgical operations. However, it may be 
 necessary to interrupt time-lapse imaging for a few minutes for 
the retro-orbital injection.   

   8.    If  the   small intestine is defl ated, add PBS into the intestinal 
lumen with an insulin syringe.   

   9.    Be careful not to extend  the   small intestine excessively. 
Excessive tension stops the blood fl ow of the small vessels. The 
stretching strength will be fi ne-tuned as described in the next 
step.   

   10.    It has been reported that  the   small intestine can be fi xed with 
ligatures connected to the small intestine [ 7 ]. However, in our 
experience, it is often diffi cult to adjust the tension by pulling 
the small intestine. Scopolamine butylbromide was used in 
some previous studies to minimize peristalsis; however, it did 
not suppress peristalsis very effectively in our hands.   

   11.    Fine-tune the tension of the stretched small intestine by check-
ing for small intestine drift under epi-fl uorescent illumination. 
If  the   small intestine drifts at this time, stretch the small intes-
tine slightly by pulling the 5/0 suture hung over the stick of 
the cotton swab. Repeat this adjustment until the drift in the 
XY directions is minimized. It is also important to confi rm that 
the blood fl ow of the small vessels is not perturbed. If pertur-
bation occurs, loosen the ligature. If the blood fl ow is not 
restored after loosening the ligature, the small intestine may 
have been set in upside-down. Check the direction of the small 
intestine.   
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   12.    To  perform   intravital imaging by TPEM, an objective lens with 
a high numerical aperture, such as a 30× NA1.05 silicon oil-
immersion lens or 25× NA1.05 water-immersion lens, is desir-
able. If a water immersion lens is used, the water must be 
replenished to prevent drying during the imaging. This is one 
reason why we prefer a silicon oil-immersion lens.   

   13.    Even when  the   small intestine is fi xed to the stage successfully 
to minimize the drift in the XY directions, the small intestine 
will still drift slightly in the Z direction over the course of the 
experiment. Therefore, it is necessary to adjust the Z position 
to maintain the imaging plane during time-lapse imaging. 
Although there are some programs to track the same Z posi-
tion, it may take a few minutes to perform the correction. 
When the software-based focusing is too slow, the Z position 
must be adjusted manually.   

   14.    Pay particular attention to the volume and the speed of the 
intravenous injection. Although intravenous bolus injection 
achieves high peak concentrations of drugs, it also induces 
fl uid overload and heart strain, resulting in the death of mice. 
In addition, bolus injection sometimes induces drifting of 
images in the Z direction. Therefore, it is better to inject the 
reagents as slowly as possible.   

   15.    Granulocytes can be distinguished from the other cell types by 
their characteristic segmented nuclei. The cell types may be 
confi rmed by intravenous injection of PE conjugated anti-Gr1 
antibody (0.15 mg/kg), which is a marker of granulocytes. 
However, anti-Gr1 antibody may attenuate the neutrophil 
invasion into the infl ammatory site  [ 18 ].         
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    Chapter 15   

 In Vivo Myeloperoxidase Imaging and Flow Cytometry 
Analysis of Intestinal Myeloid Cells                     

     Jan     Hülsdünker     and     Robert     Zeiser       

  Abstract 

   Myeloperoxidase (MPO) imaging is a non-invasive method to detect cells that produce the enzyme MPO 
that is most abundant in neutrophils, macrophages, and infl ammatory monocytes. While lacking specifi city 
for any of these three cell types, MPO imaging can provide guidance for further fl ow cytometry-based 
analysis of tissues where these cell types reside. Isolation of leukocytes from the intestinal tract is an error- 
prone procedure. Here, we describe a protocol for intestinal leukocyte isolation that works reliable in our 
hands and allows for fl ow cytometry-based analysis, in particular of neutrophils.  

  Key words     Neutrophil granulocytes  ,   Leukocyte isolation  ,   Graft-versus-host disease  ,   Myeloperoxidase  , 
  In vivo bioluminescence imaging  

1      Introduction 

   Allogeneic hematopoietic stem cell transplantation (allo-HSCT)  is 
  often  accompanied    by   graft-versus-host disease that occurs when 
donor immune cells react with allo-antigen deriving from the host. 
Proliferation and activation of the donor cells lead to massive tissue 
damage in various organs. One important target organ is the gas-
trointestinal tract that includes the small and large intestine, both 
containing a robust mucosal immune system. In our previous work 
[ 1 ], we demonstrated that large numbers of neutrophil granulo-
cytes are recruited to the intestine following total body irradiation 
and chemotherapy. Therefore, we could identify neutrophils as a 
novel cell type with a major contribution to GvHD. In the described 
study, we used a non-invasive in vivo method to detect localization 
of myeloid cells in the gut [ 2 ]. Furthermore, we modifi ed a previ-
ously developed intestinal tissue digestion protocol involving a 
combination of dispase, collagenase D, and DNAse I [ 3 ] to isolate 
intestinal leukocytes including neutrophils and analyze them in 
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more detail by fl ow cytometry. We found that these two methods 
provide different types of information. MPO imaging shows the 
activation status of myeloid cells while fl ow cytometry is the 
 state- of- the-art method for quantifi cation of different subsets of 
myeloid cells (neutrophils versus macrophages versus infl amma-
tory monocytes and others). The combination of these methods is 
essential not only to study GvHD, but have general application for 
various  intestinal   infl ammation models where neutrophils and 
other myeloid cells are involved.  

2    Materials 

       1.    Cell Dissociation (CD) Buffer: Hank’s buffered salt solution 
(HBSS without Ca 2+ , Mg 2+ ), HEPES (10 mM), EDTA 
(5 mM), pH 7.2 ( see   Note 1 ).   

   2.    Digestion mix: HBSS (with Ca 2+ , Mg 2+ ), dispase (0.5 U/ml), 
collagenase D (0.5 mg/ml), DNAse I (0.5 mg/ml), fetal calf 
serum (FCS, 2 %), pH 7.2 ( see   Note 2 ).   

   3.    Stop solution: RPMI 1640 medium, FCS (10 %), Penicillin 
(100 U/ml), Streptomycin (100 μg/ml).   

   4.    FACS Buffer: Phosphate buffered saline (PBS), FCS (2 %), 
EDTA (5 mM), NaN 3  (0.02 %), pH 7.2.   

   5.    Antibodies for FACS: Fluorescently labeled anti-mouse CD45, 
anti- mouse   CD11b, anti-mouse Ly-6G diluted in FACS buffer 
at a previously titrated concentration.   

   6.    Fc-Blocking solution: Fc-Block (anti-mouse CD16/CD32) 
dissolved at 0.02 mg/ml in FACS Buffer.   

   7.    Dead cell staining solution: Amine reactive fi xable dye diluted 
in PBS in a previously titrated concentration.   

   8.    FACS fi xation solution: Paraformaldehyde (1 %) in PBS,   
   9.    V-bottom microtiter well plate (96-well), 5 ml round bottom 

tubes, 15 ml tubes, 50 ml tubes, cell strainer, 70 μm.   
   10.    Flow Cytometer.      

       1.    Luminol solution: luminol sodium  salt   dissolved in sterile 
deionized water at 20 mg/ml. Prepare this solution directly 
before use.   

   2.    0.5 ml syringe with a 30G needle.   
   3.    Isofl urane vaporizing system for anesthesia.   
   4.    Bioluminescence imaging system.   
   5.    Software for analysis: Living image.       

2.1     Neutrophil 
Isolation and Analysis 
by Flow Cytometry

2.2  Myeloperoxidase 
Imaging

Jan Hülsdünker and Robert Zeiser
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3    Methods 

       1.    This protocol is optimized to analyze intestinal segments up to 
5 cm of length.   

   2.    All steps have to be performed fast and on ice.   
   3.    Open the abdominal cavity of euthanized mouse and dissect 

the entire intestine, distally from the stomach and proximally 
from the anus.   

   4.    Cut out the segment of interest and remove the surrounding 
fat and  the   Peyer patches ( see   Note 3 ).   

   5.    Open the intestinal segment longitudinally and transfer to a 
petri dish with ice-cold PBS.   

   6.    Wash out the feces using a 5 ml syringe with a 25G needle and 
ice-cold PBS.   

   7.    Shortly place the intestine on a tissue paper to dry from excess 
PBS and transfer to a 50 ml Falcon tube containing 10 ml of 
cold CD-Buffer.   

   8.    Incubate for 15 min at 37 °C with a constant shaking at 
200 rpm.   

   9.    Keep CD-Buffer at RT now.   
   10.    Vortex rigorously.   
   11.    Transfer the gut segment into a new 15 ml Falcon tube con-

taining 5 ml CD-Buffer equilibrated at room temperature.   
   12.    Repeat incubation for 10 min at 37 °C with a constant shaking 

at 200 rpm.   
   13.    Vortex rigorously.   
   14.    Repeat  steps 11 – 13  one more time.   
   15.    Shorty rinse the segment in PBS and remove the excess of liq-

uid using tissue paper.   
   16.    Cut the tissue segment into very small pieces using a scalpel.   
   17.    Transfer the smashed intestine to a 10 ml Falcon containing 

2.5 ml ice-cold Digestion Mix ( see   Note 4 ).   
   18.    Incubate for 15 min at 37 °C with a constant shaking at 

200 rpm.   
   19.    Keep the Digestion Mix at RT now.   
   20.    Vortex rigorously.   
   21.    Add 2.5 ml fresh Digestion Mix.   
   22.    Incubate for 15 min at 37 °C with a constant shaking at 

200 rpm.   
   23.    Vortex rigorously.   
   24.    Repeat  steps 21 – 23  one more time.   

3.1   Neutrophil 
  Isolation and Analysis 
by Flow Cytometry

Methods for Monitoring of Intestinal Myeloid Cells



164

   25.    Filter the digestion suspension through a 70 μm cell strainer 
into a 50 ml Falcon tube ( see   Note 5 ).   

   26.    Add 15 ml stop solution to stop digestion.   
   27.    Spin down at 700 ×  g  for 10 min.   
   28.    Resuspend the pellet in PBS and count the cells if necessary 

( see   Notes 6  and  7 ).   
   29.    Resuspend the cells in PBS and spin them down at 700 ×  g  for 

10 min ( see   Note 8 ).   
   30.    Resuspend the cells in 150 μl PBS and transfer to a v-bottom 

microtiter (96-well) plate.   
   31.    Spin down at 450 ×  g  for 5 min at 4 °C.   
   32.    Discard supernatant and add 50 μl of the Dead cell staining 

solution.   
   33.    Incubate for 20 min at 4 °C in the dark.   
   34.    Add 120 μl of the FACS buffer and spin down at 450 ×  g  for 

5 min at 4 °C.   
   35.    Wash using 170 μl of the FACS buffer and spin down at 450 ×  g  

for 5 min at 4 °C.   
   36.    Add 25 μl of the Fc-Block solution and incubate for 10 min at 

4 °C in the dark.   
   37.    Add the FACS antibody mix.   
   38.    Incubate for 30 min at 4 °C in the dark.   
   39.    Add 120 μl FACS buffer and spin down at 450 ×  g  for 5 min at 

4 °C.   
   40.    Wash using 170 μl FACS buffer and spin down at 450 ×  g  for 

5 min at 4 °C.   
   41.    Repeat  step 40  one more time.   
   42.    Resuspend the cells in 200 μl of the FACS Fix and transfer into 

a 5 ml round bottom tube.   
   43.    Perform the analysis using a Flow Cytometer.   
   44.    A representative gating scheme for intestinal leukocytes iso-

lated 48 h after total body irradiation is shown in Fig.  1 .

              1.    Prepare the anesthetics—an  isofl urane   ventilated chamber and 
isofl urane ventilation during analysis is recommended.   

   2.    Open the software Living image and initialize the system using 
the following settings: Exposure time: 300 s; no optical fi lter, 
Fstop: 1; Binning small.   

   3.    Inject 200 μl of the luminol salt solution per 25 g mouse intra-
peritoneally (200 mg/kg of the body weight).   

   4.    Anesthetize the mice and place them into the bioluminescence 
imaging system with their abdomen facing up to the camera.   

3.2  Myeloperoxidase 
Imaging

Jan Hülsdünker and Robert Zeiser
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   5.    Start the analysis 10 min after injection using the settings men-
tioned above.   

   6.    After image acquisition draw a region of interest (ROI) and 
place it to the gut region ( see   Note 9 ).   

   7.    Photons per second in the ROI are calculated by the software 
( see   Note 10 ).   

   8.    Figure  2  shows a representative image of an untreated Balb/c 
mouse (left) and a Balb/c mouse 72 h after total body irradia-
tion (right) after setting the ROIs.

4            Notes 

     1.    EDTA chelates Ca 2+  which is necessary for strong adhesions 
between epithelial cells. Losing the cell contacts leads to the 
dissociation of the epithelial layer from  the    lamina propria . 
Dithiothreitol (DTT) is sometimes included in various proto-
cols in the fi rst step of epithelial cell dissociation to remove the 
mucus. In our hands, the epithelial cells dissociate well after 
three steps of washing without DTT.   

  Fig. 1    FACS gating strategy. Cells were isolated from the small intestine 48 h after total body irradiation. ( a ) 
Debris exclusion, ( b ) doublet exclusion, ( c ) dead cell exclusion, ( d ) CD45 +  cells, ( e ) neutrophils defi ned as 
CD11b +  Ly-6G +  cells       
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   2.    The addition of FCS reduces the activity of the digestion 
enzymes but enhances the viability of the cells.   

   3.       Peyer patches are rich in leukocytes and have to be cut out 
before digesting the intestine for  the    lamina propria  leuko-
cyte/neutrophil analysis.   

   4.    It is necessary to keep the digestion mix cold until all samples 
are processed. This makes it possible to start the digestion at 
the same time for all samples when the enzymes are active near 
37 °C.   

  Fig. 2    In vivo MPO bioluminescence imaging of intestinal neutrophils. The  left  image shows an untreated 
mouse; the  right  image shows a mouse 72 h after total body irradiation       
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   5.    Connective tissue remnants remain in the cell strainer when 
fi ltering after the third digestion step.   

   6.    Leukocyte yield varies a lot depending on the mouse strain, 
age, treatment, length and localization of the intestinal seg-
ment chosen, and it can be between 2 × 10 5  and 3 × 10 6  cells.   

   7.    Performing enrichment of leukocytes by a percoll gradient 
reduces the cell yield and we eliminated this step. Contamination 
of isolated leukocytes by epithelial cells is quite low, although a 
high proportion of dead cells can be seen in the analysis (10–
50 %). A viability staining is highly recommended to exclude 
dead cells by gating.   

   8.    The amine reactive dyes are membrane-impermeable dyes that 
react with free amines in the cytoplasm of dead cells. It can also 
react with free amines that are in FCS which makes the wash-
ing step with PBS necessary.   

   9.    It is important to draw the same-sized ROI for every mouse. 
To ensure the same size, duplicate the fi rst ROI and place it 
over the image of the second mouse.   

   10.    Luminol is oxidized by  the   myeloperoxidase or its products 
and emits light that are detected by the camera. The signal is 
quantifi ed as photons/second and equivalent to MPO 
activity  .         
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    Chapter 16   

 Macrophage Isolation from the Mouse Small 
and Large Intestine                     

     Akihito     Harusato    ,     Duke     Geem    , and     Timothy     L.     Denning      

  Abstract 

   Macrophages play important roles in maintaining intestinal homeostasis via their ability to orchestrate 
responses to the normal microbiota as well as pathogens. One of the most important steps in beginning to 
understand the functions of these cells is the ability to effectively isolate them from the complex intestinal 
environment. Here, we detail methodology for the isolation and phenotypic characterization of macro-
phages from the mouse small and large intestine.  

  Key words     Intestine  ,   Antigen-presenting cell  ,   Macrophage  ,   Dendritic cell  

  Abbreviations 

   APC    Antigen-presenting cells   
  DC    Dendritic cell   
  LI    Large intestine   
  LP    Lamina propria   
  SI    Small intestine   

1        Introduction 

 The mammalian intestine is constantly exposed to a variety of 
microbes and food antigens [ 1 ].    Antigen-presenting cells (APCs), 
comprised primarily of macrophages  and   dendritic cells (DCs), are 
central components of the mucosal immune system that foster 
homeostasis in the intestine [ 2 – 9 ]. Just beneath the intestinal 
epithelial layer,  the   lamina propria (LP) contains a large population 
of macrophages that are ideally positioned to sample luminal con-
tents and perform surveillance activity [ 10 – 12 ]. The positioning of 
macrophages in the LP suggests these cells have an important role 
in modulating innate and adaptive immune responses toward the 
microbiota [ 10 – 19 ]; however, the mechanisms by which these cells 

Andrei I. Ivanov (ed.), Gastrointestinal Physiology and Diseases: Methods and Protocols, Methods in Molecular Biology,
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interact with foreign antigens and orchestrate effective immune 
reactivity remains as area of active investigation [ 20 – 25 ]. Paramount 
to identifying the functions of intestinal  macrophages is the ability 
to effi ciently isolate these cells from a complex cellular environ-
ment [ 26 ]. While many studies have begun to defi ne the function 
of intestinal macrophages, continued advancements in the identifi -
cation and characterization of these cells in the steady state and 
during infl ammatory processes in mouse and humans are desired. 
Here, we summarize detailed methodology for the isolation and 
purifi cation of intestinal macrophages that may be employed to 
investigate these important cell types and the role they play in reg-
ulating mucosal immunity.  

2    Materials 

       1.    MaxQ 4450 benchtop orbital shaker; any orbital shaker with 
suffi cient capacity should suffi ce.   

   2.    LS MACS columns and a QuadroMACS separator (Miltenyi 
Biotec).   

   3.    LSR II benchtop fl ow cytometer (BD) or other analyzer.   
   4.    FACSAria II benchtop cell sorter (BD) or other sorter.      

       1.    1× PBS, Ca 2+ - and Mg 2+ -free (CMF PBS).   
   2.    Hank’s balanced salt solution (HBSS) with phenol red, Ca 2+ - 

and Mg 2+ -free (CMF HBSS); HBSS is commonly used for iso-
lation of intestinal immune cells.   

   3.    CMF HBSS with 5 % FBS (CMF HBSS/FBS) and 2 mM EDTA.   
   4.    Sodium bicarbonate.   
   5.    1 M HEPES in 0.85 % NaCl.   
   6.    Fetal bovine serum, heat-inactivated.   
   7.    0.5 M EDTA (pH 8.0).   
   8.    Collagenase type VIII.   
   9.    DNase I; Stock solution: 100 mg/mL.   
   10.    Working Collagenase VIII/DNAse I solution: 1.5 mg/mL of 

collagenase VIII and 40 μg/mL of DNase I in CMF HBSS/
FBS.      

       1.    Ice-cold staining buffer: CMF PBS + 5 % FBS.   
   2.    LIVE/DEAD Fixable Aqua Dead Cell Stain Kit for 405 nm 

excitation; Use at 1:1000 in ice-cold PBS.   
   3.    CD45-PerCP mAb (30 F11); Use at 1:100 dilution in ice-cold 

staining buffer.   

2.1  Equipment

2.2  Reagents 
and Solutions

2.3  Antibodies 
and Staining Reagents

Akihito Harusato et al.
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   4.    CD103-PE mAb (M290); Use at 1:100 dilution in ice-cold 
staining buffer.   

   5.    FcγRIII/II mAb (2.4G2); Use at 1:200 dilution in ice-cold 
staining buffer.   

   6.    CD11c-APC mAb (N418); Use at 1:100 dilution in ice-cold 
staining buffer.   

   7.    MHC-II (I-Ab)-Alexa Fluor 700 mAb (M5/114); Use at 
1:100 dilution in ice-cold staining buffer.   

   8.    CD11b-eFluor 450 mAb (M1/70); Use at 1:200 dilution in 
ice-cold staining buffer.   

   9.    F4/80-PE-Cy7 mAb (BM8); Use at 1:200 dilution in ice-cold 
staining buffer.   

   10.    CD11b microbeads.   
   11.    CD11c microbeads.      

       1.    50 mL conical tubes.   
   2.    Single mesh wire strainer.   
   3.    Small weigh boat.   
   4.    100 μm cell strainer.   
   5.    40 μm cell strainer.   
   6.    5 mL polystyrene round-bottom tubes.       

3    Methods 

         1.    Prepare the following reagents and equipment:

 ●    Warm Ca 2+ /Mg 2+ -free PBS (CMF PBS) to room 
temperature.  

 ●   Warm Ca 2+ /Mg 2+ -free HBSS with 5 % FBS (CMF HBSS/
FBS) and 2 mM EDTA to room temperature.  

 ●   Warm Orbital shaker to 37 °C.      
   2.    Euthanize mice and spray 70 % ethanol onto the abdomen 

( see   Note 1 ).   
   3.    Make a horizontal incision in abdomen with a scissor and peel 

back the skin and cut open the peritoneum.   
   4.    Cut the intestine at the pyloric sphincter to separate the stom-

ach from the  upper   small intestine ( see   Note 2 ).   
   5.    Carefully remove the mesentery using forceps and cut at the 

ileo- cecal valve to separate the small intestine from the large 
intestine.   

   6.    Continue to tease apart the mesentery from the large intestine 
and make a cut at the anal verge. Place the large intestine in 
CMF PBS on ice while fi rst attending to the small intestine.   

2.4  Disposable 
Reagents

3.1  Isolation 
of Mouse Small 
and Large Intestine

Intestinal Macrophage Isolation
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   7.    Place the  entire   small intestine on paper towels pre-wet with 
CMF PBS. Remove the Peyer’s patches along the anti-mesenteric 
side of the small intestine and cut open longitudinally using 
scissors and forceps ( see   Note 3 ).   

   8.    Place the intestine in a Petri dish containing room temperature 
CMF PBS and rapidly move the intestine around using forceps 
until the PBS becomes cloudy with luminal contents. Move 
the intestine into a new Petri dish with fresh CMF PBS and 
repeat this process until the PBS no longer becomes cloudy 
(usually 3–5 Petri dishes).   

   9.    Cut the small intestine into approximately 1.5 cm pieces and 
place into a 50 mL conical tube containing 30 mL of pre-
warmed CMF HBSS/FBS and 2 mM EDTA ( see   Note 4 ).   

   10.    Cut open the colon longitudinally using scissors and wash off 
feces and mucus in CMF PBS at room temperature as per  steps 
7  and  8  of Subheading  3.1  ( see   Note 5 ).      

         1.    Place each 50 mL conical tube horizontally into an orbital 
shaker and stabilize using tape. Shake at 250 rpm for 20 min at 
37 °C in order to begin removing epithelial cells and intraepi-
thelial lymphocytes.   

   2.    After the shaking is done, pour the contents of each 50 mL 
conical tube through a wire mesh strainer to recover the 1.5 cm 
pieces of intestine while allowing the epithelial cells and 
intraepithelial lymphocytes pass through. If analyses of epithe-
lial cells and/or intraepithelial lymphocytes are desirable place 
a collection tube under the wire mesh strainer during this step.   

   3.    Repeat  steps 1  and  2  of Subheading  3.2  one additional time 
for a total of two shaking cycles.     

 At this stage, the intestine is stripped of most of the epithe-
lial cell layer and is ready for tissue digestion.  

        1.    Prepare the following reagents and equipment:

 ●    Pre-warmed working Collagenase VIII/DNAse I solution 
(see  Note 6 ).  

 ●   Pre-warmed CMF HBSS/FBS and 2 mM EDTA.  
 ●   Pre-warmed orbital shaker at 37 °C.  
 ●   Ice-cold CMF HBSS/FBS.      

   2.    Transfer the 1.5 cm pieces of intestine to a small plastic weigh 
boat after dabbing away excess media using a paper towel 
( see   Note 7 ).   

   3.    Rapidly mince the 1.5 cm pieces of intestine using sharp dissec-
tion scissors directly in the weigh boat for approximately 
10–20 s and then add minced intestine to 20 mL of pre-warmed 
collagenase solution ( see   Note 8 ).   

3.2  Removal 
of Epithelial Layer

3.3  Digestion 
of Intestinal Tissue

Akihito Harusato et al.
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   4.    Horizontally place each 50 mL conical tube into an orbital 
shaker and digest at 200 rpm for 10–20 min at 37 °C 
( see   Notes 9  and  10 ).   

   5.    Vortex remaining intestinal tissue for 5–10 s to ensure thor-
ough dissociation and then fi lter through a 100 μm cell strainer 
directly into a 50 mL conical tube ( see   Note 11 ).   

   6.    Add CMF HBSS/FBS to top off each 50 mL conical tube and 
then centrifuge at 300 ×  g  for 5 min at 4 °C ( see   Note 12 ). 
Repeat this wash step once more.   

   7.    After pouring off the supernatant, resuspend the cell pellets in 
ice- cold CMF HBSS/FBS and place samples on ice ( see   Notes 13  
and  14 ).      

        1.    Transfer cells into a 5 mL polystyrene round-bottom (FACS) 
tube or if staining multiple samples use a 96-well V-bottom 
plate.   

   2.    Wash cells twice using ice-cold CMF PBS.   
   3.    Incubate samples with LIVE/DEAD Fixable Aqua Dead Cell 

Stain for 15 min on ice in the dark ( see   Note 15 ).   
   4.    Wash cells twice in 200 μL ice-cold CMF PBS.   
   5.    Block non-specifi c binding of antibodies to cells by using 

2.4G2 anti-FcγRIII/II in ice-cold staining buffer for 10 min 
on ice.   

   6.    Wash cells in ice-cold staining buffer.   
   7.    Incubate samples with specifi c antibody staining cocktail for 

20 min on ice in the dark.   
   8.    Wash cells with ice-cold staining buffer twice and resuspend 

samples in 400 μL of ice-cold staining buffer and pass through 
40 μm fi lter cap on FACS tubes.   

   9.    Acquire samples on LSR II cytometer (BD) or other appropri-
ate FACS analyzer and analyze as defi ned by gating strategy in 
Subheading  3.5  and Fig.  1 .

                1.    After gating out dead cells, create another dot plot and further 
gate on CD45 +  and I-Ab +  cells, which encompasses both mac-
rophages  and   DCs (Fig.  1a ).   

   2.    Next, using a separate dot plot, gate cells that express  either 
  CD11b and/ or   CD11c. When this population is further ana-
lyzed for CD103 and F4/80 expression, two major subsets of 
cells (R1 and R2; Fig.  1a ) will be evident. Cells in the R1 gate 
are CD103 +  F4/80 dull/−  cells, which are mostly DCs, while 
cells in region R2  are   CD103 - F4/80 +  cells, which are mostly 
macrophages.   

3.4  Antibody 
Staining  for   Multi-
Color Flow Cytometric 
Analyses

3.5  Antibody 
Staining  for   Multi-
Color Flow Cytometric 
Analyses

Intestinal Macrophage Isolation
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   3.    Analyze regions R1 and R2 further  for   CD11c and CD11b 
expression to further differentiate macrophage and DC sub-
sets, respectively [ 27 ]. CD103 + F4/80 dull/−  cells in R1 univer-
sally express high levels of CD11c and are either CD11b + or 
CD11b dull/− . Alternatively, CD103 - F4/80 +  cells in R2 univer-
sally express high levels  of   CD11b and are either CD11c hi  or 
CD11c int  (Fig.  1b ).   

   4.    Recently several additional markers including CD14, CD26, 
and CD64 have been used to discriminate intestinal macro-
phages  and   DCs [ 28 ,  29 ]. As shown in Fig.  1c , these markers 
can be used to further confi rm the DC and macrophage sub-
sets ( see   Note 16 ).      

  Fig. 1    Representative analysis for macrophages and DCs in the intestine by multi-color fl ow cytometry. ( a ) 
Small intestinal lamina propria living CD45 + MHCII+ cells were analyzed for CD11c and CD11b expression and 
consequently the resulting populations were separated for CD103+ DCs (R1) and F4/80+ macrophages (R2). 
( b ) CD103+ DCs (R1) and F4/80+ macrophages (R2) were divided by CD11c and CD11b expression. ( c ) 
Expression of CD14, CD26, and CD64 was analyzed for CD11b- DC, CD11b + DC, CD11c + macrophages, and 
CD11c- macrophages with colors corresponding to the populations defi ned in panel  b        

Akihito Harusato et al.
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   (Optional—only if more highly-purifi ed cells are desired for func-
tional studies). 
 Prepare the following reagents and equipment:

 ●    Ice-cold staining buffer (CMF PBS + 5 % FBS).
    1.    Incubate the cell suspension obtained from  step 7  of 

Subheading  3.3   with   CD11b and/ or   CD11c MACS beads 
according to the manufacturer’s instructions ( see   Note 17 ).   

   2.    Wash cells with ice-cold staining buffer followed by 
centrifugation.   

   3.    Discard supernatant and resuspend the cell pellet in 1 mL ice- 
cold staining buffer and pass through a 100 μm cell strainer 
followed by a 40 μm cell strainer ( see   Note 18 ).   

   4.    Enrich for magnetic bead-attached cells by positive selection 
using MACS LS magnetic column.   

   5.    Repeat step  3.2  and discard supernatant.   
   6.    Incubate cells with surface marker antibodies as described in 

Subheadings  3.4  and  3.5 .   
   7.    Wash magnetic bead-enriched cells twice with ice-cold staining 

buffer. Resuspend cell pellets in 500 μL ice-cold staining buffer 
without sodium azide, and pass through 40 μm cell strainer 
into a FACS tube ( see   Note 19 ).   

   8.    Proceed to FACS-sorting on the BD ARIA II Cell Sorter to 
sort intestinal macrophage (or DC) subsets of interest.          

4    Notes 

     1.     Steps 1 – 9  of Subheading  3.1  must be performed as quickly as 
possible to minimize the extent of cell death and to achieve 
maximum cell yield.   

   2.    Be careful when removing the mesentery from the gut wall. 
Hold the intestine with one pair of forceps while gently pulling 
the mesentery with another pair.   

   3.    To easily visualize Peyer’s patches for removal, begin removing 
them from the ileum fi rst and push darker luminal contents 
toward the jejunum and duodenum in order to contrast the 
light Peyer’s patches from the lumen.   

   4.    Each small intestine after being cut into 1.5 cm pieces is placed 
into a single 50 mL conical tube. When isolating more than  1 
  small intestine, it is important to not place more than one small 
intestine per single 50 mL conical tube. This prevents increased 
cell death.   

   5.    When isolating more than one colon, up to three colons can be 
combined per single 50 mL conical tube.   

3.6  Magnetic 
Bead- Based 
  Enrichment 
of Intestinal 
Macrophages

Intestinal Macrophage Isolation
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   6.    We have had success with both type VIII and type IV collage-
nase from Sigma-Aldrich. While optimized lots of type VIII and 
type IV collagenase can both provide excellent digestion of the 
 mouse   small intestine, in our experience, collagenase type IV 
provides superior digestion of the mouse large intestine.   

   7.    Make sure that as much excess media is dabbed away to ensure 
the most uniform cutting of tissue.   

   8.    It is important to use sharp scissor that effi ciently and thor-
oughly mince intestinal tissue. Also, it is important that the 
minced intestine is added into the collagenase solution imme-
diately before placing in the orbital shaker. If more than one 
intestine is being processed, minced intestines can be left in the 
plastic weigh boats until they are all ready to be placed into 
their respective collagenase tubes.   

   9.    Optimizing the concentration of collagenase and the duration 
of tissue digestion is important to obtain optimal cell yield 
without compromising viability and surface antigen expres-
sion. Under- digestion yields a low total cell number while 
over-digestion dramatically increases the number of dead cells 
and the quality of the FACS staining is compromised. Overall 
cell yield, viability, and surface antigen expression are affected 
by several factors including the source, type, concentration and 
enzymatic activity of collagenase, the duration of tissue diges-
tion, the degree of mincing, the temperature of media, and the 
status of infl ammation in the intestine [ 26 ]. Based on our 
experience, the concentration of collagenase is usually in the 
range of 1–1.5 mg/mL, and optimization of the different fac-
tors mentioned above for tissue digestion is important to 
ensure the highest quality and reproducibility of data.   

   10.    One of the most important parameters for consideration in this 
protocol is the manufacturer, type, and specifi c lot of collage-
nase. Extreme variability in collagenase activity exists between 
different manufacturers, types of collagenase, and production 
lots, thus the potency of digestion may vary greatly and requires 
optimization.   

   11.    If intestinal tissue is already dissociated after this step there is 
no need to perform vortexing.   

   12.    If a solid pellet is not observed for colon samples after centrifu-
gation, invert the sample several times and centrifuge again for 
5 min.   

   13.    Pouring off the supernatant is an important checkpoint for the 
quality of the cell digestion. The goal is a tightly packed cell 
pellet with a small ring of RBCs.   

   14.    In our experience, use of a ~45/70 % Percoll gradient to fur-
ther enrich for macrophages and dendritic cells leads to reduced 
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cell yield, likely as a result of a fraction of these cells residing on 
top of the upper 45 % layer.   

   15.    Make sure to perform live/dead staining in PBS without 
serum. For a positive control for dead cell staining, we place a 
separate aliquot of cells into a 100 °C heat block for 1 min and 
then place these “dead” cells on ice and add in an equal amount 
of cells that were not heat-killed to ensure nice positive and 
negative peaks for live/dead staining. For all FACS staining, 
unstained intestinal cells may be utilized as a negative control 
to assist in the proper placement of the gates to separate posi-
tive and negative populations.   

   16.    DC subsets express high levels of CD26, while macrophage 
subsets express high levels of CD14 and CD64. Other markers 
such as CD68, CX3CR1, and CD272 may also be used to 
identify DCs and macrophages [ 3 ,  4 ,  30 ].   

   17.    If simultaneous enrichment of macrophages and DCs is 
desired, magnetic beads  targeting   CD11b  and   CD11c can be 
added at the same time. We have had success using 50 μL of 
beads + 450 μL buffer per each intestine.   

   18.    In order to prevent clogging of the MACS LS columns, it is 
incredibly helpful to pass cells fi rst through a 100 μm cell 
strainer followed by a 40 μm cell strainer before adding cells 
onto the column.   

   19.    For functional studies where healthy, live cells are required, it is 
imperative to use ice-cold staining buffer  without sodium azide .         
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    Chapter 17   

 Isolation and Functional Analysis of Lamina Propria 
Dendritic Cells from the Mouse Small Intestine                     

     Naoki     Takemura     and     Satoshi     Uematsu      

  Abstract 

   Dendritic cells (DCs) are the most professional antigen-presenting cells that are indispensable for the 
initiation of adaptive immune responses. DCs are heterogeneous in terms of their origin, anatomical 
location, cell-surface markers, and functions. Previous studies have demonstrated that there exist several 
groups of DCs in the lamina propria (LPDC) of gastrointestinal tract, which collectively contribute to the 
maintenance of gut homeostasis through the regulation of the balance between active immunity and toler-
ance. However, although intestinal LPDCs are attractive research target for understanding the immuno-
logical mechanisms in the gut, isolation of the LPDCs is complicated and technically diffi cult for unskilled 
people. Therefore, establishment of the method to isolate intestinal LPDCs is a major obstacle in this 
research. Here, we describe the methods that we have established for the isolation of primary DCs from 
the LP of mouse small intestine. Our isolation method provides high yield of viable LP leukocytes (LPLs) 
including DCs. Combination with FACS sorting allows for the selective isolation of CD103 + CD8α +  DCs 
and CD103 + CD8α −  DCs from the LPLs. Furthermore, isolated LPDCs can be subjected to immuno-
logical assays, such as measurement of cytokine productions following stimulation of Toll-like receptors. 
Thus, our methods would be useful for studying the functions of LPDCs of mouse small intestine.  

  Key words     Mouse small intestine  ,   Lamina propria  ,   Dendritic cell  ,   Flow cytometry  ,   CD8α  ,   CD11b  , 
  CD11c  ,   CD103  ,   Toll-like receptor  

1      Introduction 

   Dendritic cells (DCs) are  specialized   antigen-presenting  cells   and 
are highly heterogeneous population with the various subsets 
defi ned by their  distinct   surface marker profi les, localization, and 
functions [ 1 ,  2 ]. DCs exist as immature cells in the resident tis-
sues, where they sample foreign and self-antigens. Following rec-
ognition of antigens, DCs mature and migrate to T cell area in the 
draining lymph nodes, where they interact with naïve T cells. 
Through antigen presentation and cytokine production, DCs reg-
ulate differentiation of naïve T cells into effector and regulatory 
T cells. Thus, DCs are essential mediators of active immunity and 
tolerance. 
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 The luminal surface of gastrointestinal tract is constantly 
exposed to foods and commensal microorganisms. Although the 
gut immune system has evolved mechanisms to maintain immuno-
logical tolerance to innocuous exogenous antigens derived from 
foods and commensal microorganisms, it also senses the invasion of 
pathogens and properly induces protective immune responses 
against them. DCs play critical roles in distinguishing between 
commensal microorganisms and potentially harmful pathogens and 
in regulating the balance between immune tolerance and active 
immunity in the gut. In the intestine, DCs are present not only in 
gut-associated lymphoid tissues, such as the isolated lymphoid fol-
licles and Peyer’s patches, but also in  the   lamina propria (LP) [ 3 ,  4 ]. 
CD103 +  DCs are representative DCs in the intestinal LP (LPDCs). 
CD103 +  DCs constitutively migrate from the LP to the mesenteric 
lymph nodes (MLNs) in a CCR7-dependent manner, where they 
interact with and induce differentiation of recirculating naïve T cells 
[ 5 – 8 ]. Interestingly, CD103 +  DCs specifi cally produce retinoic acid 
and thereby induce regulatory T cells [ 7 ,  8 ]. Retinoic acid-produc-
ing CD103 +  DCs in MLNs confer gut tropism to naïve lympho-
cytes through the induction of α4β7 integrin and CCR9 expression 
[ 9 ]. Thus, CD103 +  DCs have critical functions in regulating 
acquired immune responses in gut, and their roles in the mainte-
nance of gut homeostasis are still being actively investigated. 

 Although intestinal DCs are attractive research target for under-
standing the immunological mechanisms in gastrointestinal tract, 
isolation of the DCs from intestinal LP is complicated and techni-
cally diffi cult. Therefore, establishment of the methods to isolate 
intestinal LPDCs is a major obstacle in this research. In this proto-
col, we introduce reproducible and robust methods that we estab-
lished for the isolation of LPDCs from mouse small intestine [ 10 ]. 
Using the isolation methods, we have previously reported that 
CD103 +  DCs in the LP of small intestine are divided into two sub-
sets distinguished by the presence or absence of CD8α +  expression, 
and also showed the various functions of these two LPDC subsets 
for the induction of immune responses, such as expression  of 
  Toll-like receptors (TLR) [ 10 – 12 ]. Our methods would be helpful 
for investigators who will study on the functions of intestinal LPDCs.  

2    Materials  

       1.    Phosphate-buffered saline without Ca 2+  and Mg 2+  (PBS).   
   2.    500 mM EDTA in PBS.   
   3.    Isolation buffer: PBS supplemented with 10 % (vol/vol) fetal 

calf serum, 20 mM HEPES, 100 U/ml penicillin, 100 μg/ml 
streptomycin, 1 mM sodium pyruvate, 10 mM EDTA, and 
10 μg/ml polymyxin B.   

2.1  Isolation of LPLs 
from Mouse Small 
Intestine

Naoki Takemura and Satoshi Uematsu



183

   4.    90 % (vol/vol) Percoll solution: a 9:1 mixture of Percoll (GE 
Healthcare Life Sciences) and ×10 Hank’s Balanced Salt 
Solution (HBSS).   

   5.    75 % (vol/vol) Percoll solution: a 3:1 mixture of 90 % Percoll solu-
tion and Isolation buffer (approximately density, 1.093 g/ml).   

   6.    40 % (vol/vol) Percoll solution: a 2:3 mixture of 90 % Percoll 
solution and Isolation buffer (approximately density, 1.058 
g/ml).   

   7.    DNase I solution: 1 mg/ml DNase I (Roche) in PBS, sterile 
with 0.45 μm fi lter ( see   Note 1 ).   

   8.    Collagenase solution: 4000 Mandl units/ml collagenase D 
(Roche) in PBS, sterilized by passage through a 0.45 μm 
membrane fi lter ( see   Note 1 ).   

   9.    Tissue culture medium: RPMI 1640 supplemented with 10 % 
(vol/vol) fetal calf serum (FCS).   

   10.    Digestion medium: a 1:1:8 mixture of DNase I solution, 
collagenase solution, and 10 % FCS-supplemented RPMI 
1640 medium.   

   11.    100 μm cell strainer.      

       1.    Isolation buffer.   
   2.    Antibodies: fl uorescein isothiocyanate-conjugated anti- mouse 

  CD8α antibody (clone: 53-6.7), purifi ed anti-mouse CD16/32 
(clone: 2.4G2), phycoerythrin–cyanine 7-conjugated anti- 
 mouse   CD11b (clone: M1/70), allophycocyanin-conjugated 
anti- mouse   CD11c (clone: HL3), and phycoerythrin- conjugated 
anti- mouse   CD103 antibody (clone: M290) (all from BD 
Bioscience).   

   3.    Flow cytometry tube with cell strainer cap.      

       1.    Culture medium: RPMI 1640 medium supplemented with 10 
% FCS, 100 U/ml penicillin, 100 μg/ml streptomycin.   

   2.     TLR   ligands: poly I:C (InvivoGen), fl agellin (InvivoGen), 
R-848 (InvivoGen), CpG oligodeoxynucleotide (ODN1668), 
purifi ed as previously described [ 10 ].       

3    Methods 

   Our experimental procedures are specialized  to   isolate the LPLs 
that maximally  contain   DCs from mouse small intestine. Although 
other leukocytes including macrophages, eosinophils, and lympho-
cytes are also isolated, it would be necessary to modify the experi-
mental conditions in order to more effi ciently collect cell 
populations other than DCs. Briefl y, we treat small intestinal 

2.2  Flow Cytometry 
of LPLs

2.3  Culture of LPDCs

3.1  Isolation of LPLs 
from Mouse Small 
Intestine

Isolation and Culture of Intestinal Lamina Propria Dendritic Cells
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segments with isolation buffer containing EDTA to remove 
epithelial cells and then wash extensively with PBS. We digest small 
intestinal segments with collagenase D and DNase I. After removing 
tissue residues with cell strainer, we collect single cells by centrifuga-
tion and subject them to density-gradient centrifugation using 
Percoll. Cells collected from the interface are used as LPLs. We 
usually obtain 3–5 × 10 6  cells of viable LPLs from  a   small intestine.

    1.    Excise small intestines from mice ( see   Note 2 ).   
   2.    Remove mesenchymal adipose tissue, pancreas, MLNs, and 

Peyer’s patches  from   small intestines using tweezer and surgical 
scissors ( see   Notes 3 – 5 ).   

   3.    Cut open small intestines longitudinally.   
   4.    Remove luminal contents from small intestines by rinsing in 

PBS twice ( see   Note 2 ).   
   5.    Wash small intestines in 30–35 ml of PBS in a 50 ml tube by 

vortex ( see   Note 6 ).   
   6.     Cut   small intestines into 1–2 cm of length pieces.   
   7.    Incubate small intestinal segments in 50 ml of isolation buffer 

with continuous stirring in a conical fl ask at 37 °C for 20 min 
( see   Notes 7 – 9 ).   

   8.    Filter with strainer to collect small intestinal segments 
( see   Notes 8  and  10 ).   

   9.    Put small intestinal segments into 30–35 ml of PBS in a 
50 ml tube.   

   10.    Wash extensively by vortex.   
   11.    Repeat  steps 8 – 10  fi ve times.   
   12.    Put small intestinal segments into the tissue culture medium.   
   13.    Transfer small intestinal segments to a glass vial and add 

0.5–1 ml of digestion medium ( see   Notes 8  and  9 ).   
   14.    Mince small intestinal segments into small pieces (~1 mm).   
   15.    Add 5–10 ml of digestion medium and resuspend the small 

intestinal segments.   
   16.    Leave for 1–2 min and remove the fl oating adipose tissues by 

aspiration.   
   17.    Transfer the suspension to a conical fl ask and add rest of diges-

tion medium ( see   Note 11 ).   
   18.    Incubate the suspension with continuous stirring at 37 °C for 

45–90 min ( see   Notes 12  and  13 ).   
   19.    Add 500 mM EDTA/PBS (10 mM fi nal concentration) and 

incubate the suspension for an additional 5 min at 37 °C.   
   20.    Remove tissue residues with 100 μm cell strainer and collect 

the fl ow-through.   
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   21.    Remove medium after centrifugation at 440 ×  g  for 5 min.   
   22.    Resuspend the cell pellet with 5 ml of 75 % Percoll solution and 

layer equal volume of 40 % Percoll solution on top of the cell 
suspension, being careful to minimize mixing of the solutions.   

   23.    Centrifuge at 800 ×  g  for 20 min at room temperature with 
brake off.   

   24.    Remove all liquid and debris 2 cm above the 40–75 % Percoll 
interface.   

   25.    Collect cells at the 40–75 % Percoll interface.   
   26.    Wash cells with isolation buffer twice.   
   27.    Resuspend cells with isolation buffer (or other preferred 

medium).    

     LPDC subsets can be sorted using an FACSAria system (BD 
Biosciences). As we have previously reported [ 10 ], LPLs are 
divided into four subsets on the basis of their expressions  of 
  CD11b and CD11c:  CD11c hi CD11b low    DCs (R1), CD11c hi CD11b hi  
DCs (R2), CD11c int CD11b int  macrophages (R3), and 
 CD11c int CD11b hi    eosinophils (R4) (Fig.  1a ). After drawing a gate 

3.2  Flow Cytometry 
of LPLs

  Fig. 1    Flow cytometry analysis of small intestinal CD11c +  LPLs. Small intestinal LPLs were labeled with anti-
bodies for CD8α, CD11b, CD11c, and CD103. ( a ) Flow cytometry analysis of small intestinal LPLs stained for 
CD11b and CD11c. ( b ) Separation of CD103 + CD8α +  and CD103 + CD8α −  DCs. CD11c +  LPLs were gated by 
CD103 versus CD8α expression ( left  panel). CD11c + CD103 + CD8α +  and CD11c + CD103 + CD8α −  cells were fur-
ther analyzed for the expression of CD11b ( right  panels)       
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that include CD11c +  populations, CD11c +  populations are further 
separated on the basis  of   CD103  and   CD8α expression (Fig.  1b ). 
CD103 + CD8α +  and CD103 + CD8α −  populations are equivalent to 
CD11c hi CD11b low  and CD11c hi CD11b hi  DC subsets, respectively 
[ 12 ]. The purity of the  sorted   DCs is routinely >95 %.

     1.    Resuspend LPLs in the isolation buffer.   
   2.    Incubate LPLs with anti-mouse CD16/32 antibody (0.5 μg/ml) 

on ice for 15 min for blocking of non-specifi c Fc receptor- 
mediated antibody binding.   

   3.    Incubate LPLs with fl uorescence-labeled anti-CD8α (0.5 μg/
ml), anti-CD11b (0.2 mg/m), anti-CD11c (0.2 μg/ml), and 
anti-CD103 antibodies (0.2 μg/ml) in the dark on ice for 
20–30 min.   

   4.    Centrifuge at 440 ×  g  for 5 min.   
   5.    Remove the supernatant and wash LPLs with isolation buffer.   
   6.    Repeat  steps 4 – 5  again.   
   7.    Resuspend LPLs in the isolation buffer and transfer to fl ow 

cytometry tube.   
   8.    Sort DCs on the bases of the expressions of their specifi c 

markers by FACS and collect in isolation buffer or 10 % 
FCS- supplemented RPMI1640 (Fig.  1b ).    

     If CD103 + CD8α +  LPDCs and CD103 + CD8α −  LPDCs are prop-
erly collected, these LPDCs produce infl ammatory cytokines  fol-
lowing   TLR ligand stimulation based on their expression patterns 
of TLRs. CD103 + CD8α +  LPDCs produce IL-6 and IL-12p40 but 
not TNF-α, IL-10, or IL-23 upon stimulation with ligands for 
TLR3, TLR7, and TLR9 [ 12 ]. CD103 + CD8α −  LPDCs express 
TLR5 and TLR9 and similarly produce infl ammatory cytokines 
following their respective ligand stimulation [ 11 ,  12 ]. Isolated 
CD103 + CD8α +  LPDCs and CD103 + CD8α −  LPDCs are also 
 applicable to other immunological assays as we previously 
described [ 11 ,  12 ].

    1.    Resuspend LPDCs into the culture medium ( see   Note 14 ).   
   2.    Seed the LPDCs at 5 × 10 4  cells/100 μl/well in a 96-well plate.   
   3.    Add 100 μl of the culture medium  containing   TLR ligands. 

Stimulate CD103 + CD8α +  LPDCs medium alone, poly I:C (50 
μg/ml), R-848 (100 nM), or CpG ODN (1 μM) and 
CD103 + CD8α −  DCs with medium alone, fl agellin (1 μg/ml), 
or CpG ODN (1 μM), respectively.   

   4.    Incubate at 37 °C for 24 h in a 5 % CO 2  incubator.   
   5.    Resuspend the LPDCs in the cell culture medium and transfer 

the suspension to 1.5 ml tube.   

3.3  Culture of LPDCs
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   6.    Centrifuge at 440 ×  g  for 5 min.   
   7.    Collect the supernatant and store at −80 °C until use.   
   8.    Measure the levels of cytokines by Bio-plex system or ELISA.    

4       Notes 

     1.    We normally store the reconstituted collagenase and DNase 
stock solutions at −20 °C until use.   

   2.    We normally keep resected and washed small intestines in ice- 
clod PBS during the collection and washing treatment of 
 another   small intestine.   

   3.    We normally place a small intestine on paper towel moistened 
with PBS to prevent the drying during this process.   

   4.    Adipose tissues should be thoroughly removed, because adipo-
cytes easily die and form cell aggregation involving other cells, 
which causes decrease of cell yield.   

   5.    There are several populations  of   DCs in MLNs and Peyer’s 
patches differing from LPDCs of small intestine. To prevent 
the contamination of other DCs from MLNs and Peyer’s 
patches, these tissues should be completely removed.   

   6.    We normally wash up to six small intestines in a single tube.   
   7.    We normally use 50 ml of isolation buffer for up to  six   small 

intestines.   
   8.    All equipment, including fl asks, glass vials, and steel strainers 

should be sterilized by autoclaving.   
   9.    We normally pre-warm isolation buffer and digestion medium 

to 37 °C before use.   
   10.    We normally use a commercial tea strainer.   
   11.    We normally use 40 ml of digestion medium for up to  three 

  small intestines.   
   12.    Collagenase D can be substituted by other products. In our 

experience, cell yields when Liberase (0.425 mg/ml, Roche) 
or collagenase (0.6 mg/ml, crude type, Wako) is used are 
almost equivalent to that in the case of using collagenase D.   

   13.    Be careful of excessive digestion of small intestinal segments 
owing to high concentrations of digestive enzymes and/or 
long-time incubation. It would result in substantial decrease in 
cell viability and yield.   

   14.    If necessary, addition of GM-CSF (granulocyte macrophage 
colony-stimulating factor) to the culture medium (10 ng/ml 
fi nal concentration) would improve viability of LPDCs during 
incubation  .         

Isolation and Culture of Intestinal Lamina Propria Dendritic Cells
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    Chapter 18   

 Purifi cation and Adoptive Transfer of Group 3 Gut Innate 
Lymphoid Cells                     

     Xiaohuan     Guo     ,     Kevin     Muite    ,     Joanna     Wroblewska    , and     Yang-Xin     Fu     

  Abstract 

   Recent studies have identifi ed several related but distinct innate lymphoid cells (ILCs) populations that are 
relatively enriched in the intestinal mucosal and protect the host from various infections. Among ILCs, 
group 3 ILCs (ILC3s) produce lymphotoxin and IL-22, and play important roles in the development of the 
immune system and host–bacteria interactions. Here, we describe methods for the isolation and purifi cation 
of ILC3s from the mouse intestine, and the adoptive transfer of purifi ed ILC3s into recipient mice.  

  Key words     Group 3 Innate lymphoid cells  ,   Intestine  ,   Purifi cation  ,    Rag1   ,   Adoptive transfer  

1      Introduction 

  Innate lymphoid cells (ILCs) represent a novel  family   of immune 
cells that resemble adaptive lymphocytes in effector function, yet 
lack rearranged antigen receptors. Within the past few years, based 
on cytokine production and transcription factors associated with T 
helper 1, 2, and 17 cell, three different ILCs population have been 
defi ned, including group 1 ILCs, group 2 ILCs, and group 3 ILCs 
(ILC3s) [ 1 ]. Although they are a tiny of lymphoid population, 
ILCs are enriched in mucosal areas and play essential roles in 
mucosal homeostasis, initiation of immune responses against 
pathogens, and tissue repair [ 2 ,  3 ]. 

 ILC3s are Lineage − , RORγt + , IL-7Rα + , and LTα1β2 + , with 
variable expression of NK receptors (NCR), and upon IL-1β and 
IL-23 stimulation, ILC3s have the ability to produce an array of 
effector cytokines, including but not limited to IL-17 and IL-22, 
that correspond tightly with their T helper cell counterpart, Th17 
cells. To date, three ILC3 subsets have been described, including 
lymphoid tissue inducer (LTi) cells, NCR −  ILC3s and NCR +  ILC3s 
[ 2 ,  4 ]. LTi cells play a critical role in the development of secondary 
lymphoid organs, such as lymph nodes, Peyer’s patches, and iso-
lated lymphoid follicles in the intestine. ILC3s are located in  the 
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  lamina propria of the intestine, have an important role in intestinal 
homeostasis and host defense against gut pathogens. Defects in the 
development or function of ILC3s result in increased susceptibility 
to infection, infl ammatory bowel disease, tumor development, and 
allergies [ 5 – 9 ]. Our and others’ recent studies have shown that 
adoptive transfer of ILC3s could result in homeostatic regulation 
of the gut microbiota and rescue susceptible mice from the gut 
pathogen  Citrobacter rodentium  [ 6 ,  7 ,  10 ]. Therefore, we will 
describe our detailed protocols for the isolation, purifi cation, and 
adoptive transfer of ILC3s.  

2    Materials 

   C57BL/6  and    Rag1  − / −  mice were purchased from Harland Teklad 
and kept under specifi c pathogen-free conditions. Animal care and 
use should be in accordance with protocols approved by the appro-
priate Institutional Animal Care and Use Committee.  

       1.    Phosphate buffered saline (PBS), pH 7.2–7.4.   
   2.    Washing Buffer I: 1× Hank’s buffered salt solution (HBSS) 

without Ca 2+  and Mg 2+ , 10 mM HEPES, 5 mM EDTA, 1 mM 
Dithiothreitol (DTT) ( see   Note 2 ), 3 % FBS ( see   Note 3 ), 
pH 7.2–7.4.   

   3.    Washing Buffer II: 1× HBSS without Ca 2+  and Mg 2+ , 10 mM 
HEPES, pH 7.2–7.4.   

   4.    Digestion Buffer: RPMI-1640, 10 mM HEPES, 100 U/ml 
Penicillin-Streptomycin, 0.1 mg/ml Liberase TL (Roche) ( see  
 Note 4 ), 0.05 % DNase I ( see   Note 5 ), 3 % FBS, pH 7.2–7.4.   

   5.    RPMI-1640 medium: RPMI-1640, 10 mM HEPES, 100 U/
ml Penicillin-Streptomycin, 3 % FBS.   

   6.    DMEM medium: DMEM, 10 mM HEPES, 100 U/ml 
Penicillin- Streptomycin, 3 % FBS.   

   7.    Complete RPMI-1640 culture medium: RPMI-1640, 10 mM 
HEPES, 100 U/ml Penicillin-Streptomycin, 20 % FBS.   

   8.    100 % Percoll solution: Percoll, 10 mM HEPES, 100 U/ml 
Penicillin-Streptomycin, 10 % 10× HBSS with Ca 2+  and Mg 2+ .   

   9.    80 % Percoll solution: 80 % of 100 % Percoll solution and 20 % 
of PBS.   

   10.    FACS buffer: 1× PBS, 2 % FBS, 0.02 % Sodium azide (NaN 3 ) 
( see   Note 6 ).   

   11.    Anesthetic Agent: ketamine (60 mg/kg), xylazine (2.5 mg/kg) 
( see   Note 7 ).   

   12.    Antibodies: anti-mouse CD16/32 purifi ed (clone number: 
2.4G2), anti-mouse CD90.2 (clone number: 30-H12), and 

2.1  Animals

2.2  Reagents 
( See   Note 1 )

Xiaohuan Guo et al.
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anti-mouse CD45 (clone number: 30-F11). Dilute the 
antibodies in FACS buffer with one million cells to fi nal con-
centrations 0.2 μg/100 μl for anti-CD16/32 and CD45 anti-
bodies and 0.1 μg/100 μl for CD90.2 antibody.   

   13.    7-Aminoactinomycin D (7-AAD) stock solution: 50 μg/ml in 
PBS with 0.09 % sodium azide, pH 7.2.      

       1.    Dissecting scissors.   
   2.    Forceps.   
   3.    Metal mesh cell strainer or kitchen strainer.   
   4.    70 μM cell strainer.   
   5.    Constant-temperature incubator/shaker.   
   6.    6-well plate (for manual dissociation).   
   7.    Centrifuge.   
   8.    Microscope.   
   9.    Hemocytometer.   
   10.    FACS Aria (BD Biosciences) for cell sorting.   
   11.    (Optional) GentleMACS dissociator and gentleMACS C tubes 

(Miltenyi Biotec).       

3    Methods 

   Since there are more ILC3s in the  small   intestine than the colon, 
this procedure mainly describes the isolation of ILC3s from small 
intestine. Compared to wild type mice,     Rag1  −/−  mice lack adaptive 
lymphocytes and the total number of ILC3s is greatly increased in 
the gut. Thus, if adoptive transfer of ILC3s is desired, isolating 
ILC3s from  Rag1  −/−  mice is a good choice ( see   Note 8 ).

    1.    Make the Washing Buffer II freshly and pre-warm the Washing 
Buffers I and II in a 37 °C incubator.   

   2.    Euthanize the mouse with CO 2  and surface-sterilize the skin 
with 70 % ethanol. Open the peritoneal cavity and extract the 
small intestine. Carefully remove all the mesenteric material and 
fat. Then remove the Peyer’s Patches with dissecting scissors 
while pushing out fecal material from the intestine. The white 
Peyer’s Patches could be easily seen in contrast to the brown-
colored luminal contents within intestine. The total number of 
Peyer’s Patches in wild type C57BL/6 mice is between 6 and 
10 and occur in increasing frequencies toward the  terminal 
  small intestine. For the preparation of small intestine from 
 Rag1  −/−  mice or colon, there is no need to remove the Peyer’s 
Patches or Colonic Patches respectively ( see   Note 9 ).   

   3.    Cut the intestine open longitudinally and cut into 1 cm pieces.   

2.3  Equipment

3.1  Isolation of ILC3s 
from the Lamina 
Propria Compartment 
of the Intestine

Purifi cation and Transfer of ILC3s
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   4.    Transfer all the pieces into 50 ml conical tubes with 15 ml 1× 
PBS buffer in room temperature. Then shake vigorously with 
a vortex for 30 s to remove the remaining feces and mucus 
( see   Note 10 ).   

   5.    Strain the sample through a kitchen strainer or metal mesh 
strainer, retaining the tissue fragments. Transfer the tissue to 
50 ml conical tubes with 15 ml of pre-warmed Washing Buffer 
I. Then Shake the tubes for 20 min on a platform shaker at 
200 rpm at 37 °C to remove the intestinal intraepithelial 
fraction.   

   6.    Shake vigorously for 10 s using a vortex and strain the sample 
through a kitchen strainer, retaining the tissue fragments.   

   7.    Repeat  steps 5  and  6 .   
   8.    Transfer the tissue to 50 ml conical tubes with 15 ml Washing 

Buffer II. Shake for another 20 min on platform shaker at 
200 rpm and 37 °C. Shake vigorously for 10 s using a vortex 
and apply the sample onto a kitchen strainer ( see   Note 11 ). 

 *If using gentleMACS C tubes and a gentleMACS 
Dissociator proceed to  step 10 . If using manual dissociation 
proceed to  step 9  and skip  step 10 .   

   9.    Transfer the intestinal tissues into a 6 wells plate and mince into 
1–2 mm pieces with surgical scissors (about 2 min). Then add 
2.5 ml of pre-warmed Digestion Buffer. Shake for 20 min on a 
platform shaker at 150 rpm, 37 °C. Shake for 30 min for colon 
ILCs isolation. Very few tissue pieces should remain after 
digestion and the solution should be a cloudy cell suspension.   

   10.    (Alternatively, if available) Transfer the intestine tissues from 
 step 8  into the gentleMACS C Tube containing 2.5 ml 
Digestion Buffer. Shake for 20 min on a platform shaker at 150 
rpm, 37 °C. Then tightly close C Tube and attach it upside 
down onto the sleeve of the gentleMACS Dissociator. Run the 
gentleMACS Program m_intestine_01. No tissue pieces should 
remain and the solution should be a cloudy cell suspension.   

   11.    Add 5 ml of RPMI-1640 medium, and apply the sample sus-
pension to a 70 μm cell strainer placed on a 50 ml conical tube 
to remove cellular debris. Manually homogenize the tissue 
pieces in the strainer with the fl at end of the plunger from a 
1-ml syringe. Wash the strainer once with 5 ml of RPMI-1640 
medium. Discard the strainer and centrifuge cell suspension at 
300 ×  g  for 7 min at room temperature.   

   12.    Aspirate the supernatant completely. Resuspend the cells in 
4 ml DMEM medium and add 4 ml of the 80 % percoll solu-
tion (for a fi nal percoll concentration of 40 %). Mix well by 
pipetting and transfer into a new 15 ml conical tubes. Carefully 
underlay with 4 ml 80 % percoll solution. A clear separation of 
layers should be observed.   

Xiaohuan Guo et al.
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   13.    Centrifuge at 1200 ×  g  for 20 min at room temperature with 
no break (this is essential). At the end of the spin the ILC3s 
will appear as an opaque ring between the 40 and 80 % percoll 
fraction. A top layer of epithelial cells will rest on top of the 
40 % fraction. Aspirate and discard top layer of epithelial cells. 
Carefully collect the lymphoid cells at the interphase using 
1 ml pipet and transfer to a fresh 15 ml tube. Wash the cells 
once with cold FACS buffer and spin down at 400 ×  g  for 5 min 
at 4 °C.   

   14.    Resuspend the cells in FACS buffer and place it on ice. Count 
the cells with a hemocytometer ( see   Note 12 ).    

     In the intestine, the ILCs are identifi ed  as   Lineage − , CD45 + , and 
IL-7Rα + . Compared to other ILCs, all ILC3s are positive for 
RORγt. Because there is not a distinct panel of surface marker to 
identify ILC3s vs. other ILCs, the sorting of ILC3s mainly relies 
on  Rorc  gfp/+  mice, in which the RORγt +  ILC3s were GFP-positive 
cells. However, because of extremely low number of ILC3s in wild 
type mice and the dim GFP of  Rorc  gfp/+  mice, it was diffi cult to 
obtain enough pure ILC3s for adoptive transfer or other purposes. 
Our recent study has found that ILC3s from the intestines could 
be strictly identifi ed by their differential surface expression of 
bright CD45 and CD90 in both C57BL/6 wild type mice  and 
   Rag1  − / −  mice. As shown before and in Fig.  1 , the intestinal RORγt +  
ILC3s are all CD90 high  CD45 low  cells [ 7 ].

     1.    Resuspend the cells from  step 14  in FACS buffer (without azide) 
containing anti-mouse CD16/CD32 (2.4G2) at a concentration 
of 1 × 10 7  cells/ml to block Fc receptor internalization.   

   2.    Stain the ILC3s with fl uorescence conjugated antibodies 
against CD45 and CD90. Incubate the cells for 20 min at 4 °C 
in the dark. Wash the cells with FACS buffer by centrifugation 
at 400 g for 5 min at 4 °C.   

   3.    Resuspend the cells with FACS buffer and fi lter the cell sus-
pension using a 70 μm cell strainer to remove cell debris. Add 
5 μl of 7-AAD stock solution per million cells in 0.5 ml of 
FACS buffer to gate out dead cells, and then keep the cells on 
ice until the cell sorter is ready for separation.   

   4.    To sort ILC3s, fi rst select cells within the lymphocyte gate 
on the basis of forward-scatter (FSC) and side-scatter (SSC) 
properties. Then gate out dead cells: 7-AAD-positive cells. 
ILC3s can be identifi ed as CD90 high  CD45 low  lymphoid cells. 
Place 5 ml collection tubes with cold complete RPMI-1640 
culture medium in the appropriate position of the cell sorter 
and sort ILC3s ( see   Note 13 ).   

   5.    Wash the sorted ILC3s twice with 1× PBS buffer by centrifu-
gation at 400 g for 5 min at 4 °C. Resuspend the cells in the 

3.2  Sorting ILC3s 
from the Lamina 
Propria Cells by Flow 
Cytometry

Purifi cation and Transfer of ILC3s
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PBS buffer at a concentration of 2 × 10 6  cells/ml. It might be 
important to have confi rmation of purity or identity of the cells 
while keeping the cells on ice until adoptive transfer.    

         1.    Anaesthetize the recipient mouse with ketamine (60 mg/kg) 
and xylazine (2.5 mg/kg) solution via intraperitoneal injection.   

   2.    Wait until the mouse is fully anaesthetized and then adoptive 
transfer 2 × 10 5  ILC3s (100 μl per mouse) via retro-orbital 
injections.   

3.3  Adoptive 
Transfer of ILC3s 
into Recipient Mice

105 19.4%

4.40%

96.8%

0 0

99.1%

43.9%

4.73%

Small intestine

CD90

RORγt

Large intestine
C

D
45

C
ou

nt
s

105

104

104

103

103

102

102

0

105

104

103

102

0

0

101 104103102 101 104103102

1051041031020

  Fig. 1    Intestinal CD90 hi CD45 lo  LPLs are RORγt +  ILC3s. LPLs were isolated from both the large intestine and 
small intestine of  Rag1  −/−  mice and gated by CD45 and CD90 expression. Two separate populations, 
CD90 high CD45 low  and CD90 low CD45 high  were further analyzed with the expression of RORγt       
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   3.    After the injection is complete, place the mouse back into its 
cage for observing recovery.   

   4.    Confi rm and compare the effi cacy of adoptive transfer by fl ow 
cytometry analysis or functional study.       

4    Notes 

     1.    If sorting and adoptive transfer of cells is desired, prepare all 
the solutions under sterilize conditions and perform all the 
experiments after  step 11  in a sterile space such as biosafety 
cabinet.   

   2.    Make a stock solution of DTT and add it freshly into the washing 
buffer immediately before use.   

   3.    Heat-inactivate FBS in a water bath at 56 °C for 30 min 
before use.   

   4.    If Librase is not available, it can be replaced by Collagenase D 
(0.5 mg/ml) and Dispase (0.5 mg/ml).   

   5.    DNase I could remove the DNA from digested samples to pre-
vent the clumping of cells.   

   6.    NaN3 is toxic. Avoid contact with skin, eyes, and mucous 
membranes.   

   7.    Access to anesthetic is regulated by US state and federal law. 
The anesthetics should be locked up and the using of anesthet-
ics should be recorded.   

   8.    This method describes isolation of ILC3s from  the   small intes-
tine of one mouse. If you are using multiple mice, do not pool 
the intestines until you get  the   lamina propria leukocytes at 
 step 13 .   

   9.    Peyer’s Patches are enriched in adaptive lymphocytes, thus it is 
necessary to remove Peyer’s Patches in order to obtain an 
enriched population of ILCs from the lamina propria.   

   10.    It is important to remove luminal contents and mucus, which 
may infl uence the effect of the digestion buffer.   

   11.    After this step, the small intestine pieces should be pink in 
color. If the intestinal tissue contains white segments, which 
suggest dead tissues, you should discard the white tissues.   

   12.    Usually, total 3–10 ×  10 6    lamina propria leukocytes could be 
isolated from  the   small intestine of one naïve C57BL/6 mouse, 
and about 2 × 10 6  cells from  Rag1  −/−  mouse.   

   13.    Usually, around 1 × 10 4  ILC3 can be sorted from the small 
intestine of one naïve C57BL/6 mouse, and about 5 × 10 5  cells 
from one  Rag1  −/−  mouse .         

Purifi cation and Transfer of ILC3s
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    Chapter 19   

 Immunotherapy with iTreg and nTreg Cells in a Murine 
Model of Infl ammatory Bowel Disease                     

     Dipica     Haribhai    ,     Talal     A.     Chatila    , and     Calvin     B.     Williams      

  Abstract 

   Regulatory T (Treg) cells that express the transcription factor Foxp3 are essential for maintaining tolerance 
at mucosal interfaces, where they act by controlling infl ammation and promoting epithelial cell homeosta-
sis. There are two major regulatory T-cell subsets, “natural” CD4 +  Treg (nTreg) cells that develop in the 
thymus and “induced” Treg (iTreg) cells that develop from conventional CD4 +  T (Tconv) cells in the 
periphery. Dysregulated Treg cell responses are associated with autoimmune diseases, including infl amma-
tory bowel disease (IBD) and arthritis. Adoptive transfer of Treg cells can modulate innate and adaptive 
immune responses and cure disease in animal models, which has generated considerable interest in using 
Treg cells to treat human autoimmune disease, prevent rejection of transplanted organs, and to control 
graft-versus-host disease following hematopoietic stem cell transplantation. Herein, we describe our modi-
fi cations of a treatment model of T-cell transfer colitis designed to allow mechanistic investigation of the 
two major Treg cell subsets and to compare their specifi c roles in mucosal tolerance.  

  Key words     Natural regulatory T cells  ,   Induced regulatory T cells  ,   Foxp3  ,   Adoptive T-cell transfer  , 
  Infl ammatory bowel disease  ,   Immunotherapy  

1      Introduction 

     Natural CD4 +  regulatory T (nTreg) cells that express the  transcrip-
tion    factor   Foxp3 arise  during   T-cell development  in   the thymus 
[ 1 ]. Foxp3  expression   depends on a strong TCR activation signal 
(agonist ligand) delivered by self-antigens [ 2 ,  3 ]. Following com-
pletion of the Treg developmental program, nTreg cells migrate to 
the periphery where they function by keeping immune responses 
in check. In contrast to this central pathway, induced regulatory 
T (iTreg) cells differentiate from conventional CD4 +  T (Tconv) 
cells in peripheral lymphoid organs and tissues. These iTreg cells 
also express Foxp3 and act to control immune responses, particu-
larly those that are directed toward foreign antigens [ 4 ,  5 ]. Both 
Treg cell subsets are necessary to maintain mucosal tolerance [ 6 – 8 ]. 
In humans and mice, loss-of-function mutation  in    Foxp3  results in 
a multi-organ autoimmune lymphoproliferative syndrome [ 9 – 12 ]. 
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Importantly, dysregulation of Treg function is associated with 
many autoimmune diseases [ 13 ]. 

 A variety of experimental conditions have been described that 
induce Tconv cells to express Foxp3 [ 4 ]. T-cell receptor (TCR) 
and TGFβR signaling appear to be common requirements. TCR 
transgenic iTreg cells develop in the gastrointestinal tract following 
oral administration of their cognate antigen [ 14 ]. Similarly, chronic 
administration of intravenous antigen drives polyclonal and TCR 
transgenic CD4 +  Tconv cells to express Foxp3 [ 15 ,  16 ]. 
Environmental factors such as agonists of the aryl hydrocarbon 
receptor, all-trans retinoic acid, and polysaccharides derived  from 
  commensal bacteria have been shown to increase the generation of 
iTreg cells [ 17 – 19 ]. In treatment models of Foxp3 defi ciency and 
colitis, the iTreg cells that develop in vivo from Tconv cells are 
essential for reestablishing mucosal tolerance [ 6 ,  7 ]. In vitro- 
derived iTreg cells can substitute for those iTreg cells that arise 
in vivo [ 7 ]. In these treatment studies, both nTreg and iTreg cells 
share similar gene expression profi les. These gene expression data 
suggest that two major Treg subsets share suppressive mechanisms. 
Consistent with this hypothesis, IL-10 produced by either Treg 
subset is suffi cient to suppress immune responses in a model of 
colitis [ 20 ]. In contrast to this functional reciprocity linked to sup-
pressive mechanisms, the TCR repertoires of iTreg and nTreg cells 
are distinct [ 7 ,  21 ]. Thus any “division of labor” between iTreg 
and nTreg cells may well be based more on differences in the pools 
of antigens that they recognize rather than on unique suppressive 
mechanisms [ 7 ,  22 ,  23 ]. These data support the notion of large- 
scale in vitro production of iTreg cells for use in human immuno-
therapy as a supplement to the endogenous Treg pool [ 24 – 26 ]. 

 Heritable expression  of   Foxp3 is linked to demethylation of 
CpG motifs in the conserved non-coding region 2 (CNS2) of the 
Foxp3 promoter [ 27 ]. The CNS2 region of the Foxp3 promoter 
in nTreg cells is highly demethylated, consistent with their stability 
as a cell lineage. In contrast, demethylation of the CNS2 region in 
iTreg cells is variable, which indicates comparatively unstable 
Foxp3 expression [ 20 ,  28 ,  29 ]. Loss of Foxp3 expression by iTreg 
cells over time can result in the development of a population of ex- 
iTreg cells that produce pro-infl ammatory cytokines such as IL-17 
and IFN-γ [ 20 ]. 

 Although many aspects of Treg biology remain to be explored, 
immunotherapy of established autoimmune diseases using  Treg 
  cell transfers holds great promise. Here, we describe a method to 
re-establish mucosal immune tolerance by treating established coli-
tis with nTreg and iTreg cells in a preclinical model of infl amma-
tory bowel disease [ 6 ,  20 ]. Powrie and colleagues fi rst developed 
this model of colitis [ 30 ,  31 ], which we have modifi ed to allow 
tracking, isolation, and analysis of both iTreg and nTreg  populations 
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from treated mice. We describe two different options that utilize 
different sources of iTreg cells. In the fi rst option,  Foxp3  EGFP  mice 
[ 32 ] are used as the donor of naïve T cells. Most transferred CD4 +  
EGFP −  CD45RB hi  cells become proinfl ammatory effector T cells 
that drive disease. However, some of the transferred cells will 
 express   Foxp3 and become iTreg cells in vivo. Successful treatment 
of mice with colitis requires these in vivo-derived iTreg cells as well 
as the subsequent adoptive transfer of nTreg cells [ 6 ]. In the sec-
ond option, we use  Foxp3  ΔEGFP  mice as donors of naïve T cells [ 33 ]. 
Here the CD4 +  EGFP −  CD45RB hi  cells carry a non-functional 
 Foxp3  allele ( Foxp3  ΔEGFP ), where EGFP replaces the nuclear trans-
location signal and forkhead domain of Foxp3. The Foxp3–EGFP 
fusion protein remains in the cytoplasm and these EGFP +  “wanna 
be” Treg cells lack suppressive function. In this second option, 
both iTreg and nTreg are supplied through adoptive transfer 
immunotherapy [ 20 ]. This strategy allows the iTreg cells to be 
produced in vitro under a variety of conditions, permitting direct 
manipulation of the quantity and quality of the iTreg compart-
ment. As in the fi rst option, both iTreg and nTreg cells are required 
for complete recovery from disease.  

2    Materials 

 Prepare all solutions using ultrapure water (deionized water purifi ed 
to 18 MΩ cm at 25 °C). Use analytical grade reagents prepared and 
stored at room temperature, and fi lter-sterilized as noted. 

       1.    Donor mice: 6- to 12-week-old Thy1.2 +   Foxp3  EGFP  BALB/c 
( options 1 and 2 ,  see   Note 1 ), Thy1.1 +   Foxp3  EGFP  BALB/c 
(options 1 and 2), and rescued Thy1.1 +   Foxp3  ΔEGFP  BALB/c 
( option 2 ,  see   Note 2 ).   

   2.    Recipient mice: 7-week-old  Rag1  −/−  BALB/c mice.      

       1.    Heat-inactivated fetal bovine serum (FBS): Thaw FBS under 
cold running tap water. Place FBS in 56 °C water bath for 
45 min. Cool on ice for 1 h and aliquot into desired volumes. 
Freeze at −20 °C.   

   2.    PBS (Mg 2+ /Ca 2+  free).   
   3.    Red blood cell lysis buffer: 8.25 g NH 4 Cl, 1 g KHCO 3 , 100 

nM EDTA, 900 ml sterile milliQ water, pH to 7.2 and add up 
to 1 L H 2 O. Filter sterilize.   

   4.    Complete medium: RPMI 1640 (with  l -glutamine) supple-
mented with 10 % heat-inactivated FBS, 20 nM Glutamax, 
50 μM 2-mercaptoethanol, 50 μg/ml gentamicin, 50 U/ml 
penicillin, and 50 μg/ml streptomycin. Filter sterilize.   

2.1  Mice

2.2  Buffers, Media, 
and Other Reagents
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   5.    FACS buffer: PBS, 0.1 % sodium azide, and 0.5 % bovine 
serum albumin (BSA); pH 7.2–7.4.   

   6.    Modifi ed FACS buffer: PBS, 0.1 % sodium azide, 0.5 % BSA, 
and 10 μg/ml Brefeldin A; pH 7.2–7.4.   

   7.    Human IL-2: 1000 U/ml IL-2 in complete medium.   
   8.    Triton X-100 buffer: FACS buffer, and 0.1 % Triton X-100.      

       1.    Sterilized glass slides with frosted ends.   
   2.    5 cm sterile cell culture dishes.   
   3.    14 and 50 ml sterile polypropylene tubes.   
   4.    5 ml sterile polystyrene tubes.   
   5.    Cell strainers: 70 and 30 μM pore size.      

       1.    For cell sorting: anti-CD4 (clone RM4), anti-CD45RB (clone 
C363.16A), and anti-Thy1.2 (clone OX-7).   

   2.    For FACS analysis: anti-CD4 (clone RM4), anti-TCRβ (clone 
H57-597), anti-CD25 (clone PC61 5.3), anti-CD103 (clone 
2E7), anti-KLRG1 (clone 2 F1), anti-CD62L (clone MEL-
14), anti-CD44 (clone IM7), anti-Thy1.2 (clone OX-7), anti-
IFN-γ (clone XMG1.2), and anti-IL-17A (clone TC11-18 
H10.1).      

       1.    14 ml polypropylene tubes.   
   2.    Cell strainer: 30 μM pore size.   
   3.    FACSAria (BD Biosciences).      

       1.    Syringes: 1 ml.   
   2.    Needles: 27 G ½.   
   3.    Ethanol swabs.      

       1.    Cell culture plates: 6 wells.   
   2.    Anti-CD3 (clone 145-2C11) and anti-mouse CD28 (clone 

37.51).   
   3.    Human TGF-β1.   
   4.    Incubator at 37 °C, 5 % CO 2 .   
   5.    14 ml polypropylene tubes.      

       1.    Micro-hematocrit capillary tubes-heparinized.   
   2.    Serum separator tubes.   
   3.    Syringe: 1 ml.   
   4.    Needle: 27 G ½.      

2.3  Cell Preparations

2.4  Antibodies

2.5  Cell Sorting

2.6  Cell Transfer

2.7  Generation 
of Induced Regulatory 
T Cell In Vitro

2.8  Serum Collection
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       1.    Zinc formalin.   
   2.    Histology cassettes.   
   3.    Storage containers for histology cassettes.      

       1.    Media 1: PBS (Mg 2+ /Ca 2+  free).   
   2.    Media 2: RPMI 1640.   
   3.    Media 3: RPMI 1640, 10 % FBS, 5 mM EDTA, 1 mM DTT, 

50 μg/ml gentamicin, 50 U/ml penicillin, and 50 μg/ml 
streptomycin; pH 7.2–7.4.   

   4.    Media 4: RPMI 1640, 20 % FBS, 1 mg/ml Collagenase D, 50 
U/ml DNase I, 50 μg/ml gentamicin, 50 U/ml penicillin, 
and 50 μg/ml streptomycin; pH 7.2–7.4.   

   5.    Media 5: DMEM high glucose, 10 % FBS, 50 μg/ml gentami-
cin, 50 U/ml penicillin, and 50 μg/ml streptomycin; pH 
7.2–7.4.   

   6.    Percoll 90 %: Percoll, and 10 % 1.5 M NaCl.   
   7.    Percoll 67 %: 90 % Percoll diluted in DMEM high glucose.   
   8.    Percoll 44 %: 90 % Percoll diluted in DMEM high glucose.      

       1.    Phorbol Myristate Acetate (PMA).   
   2.    Ionomycin.   
   3.    GolgiPlug: aliquot into 50 μl vials and freeze at −20 °C.   
   4.    Brefeldin A.       

3    Methods 

     1.    We present two methods for inducing colitis and treating mice 
with a combination of iTreg and nTreg cells. The major differ-
ence between the two methods is the source of the iTreg cells. 
In  option 1 , the iTreg cells are derived in vivo through normal 
endogenous mechanisms, while in  option 2  the iTreg cells are 
derived in vitro using exogenously added reagents. In both 
methods, serum and tissue samples are collected at investigator- 
defi ned time points. FACS is performed on lymphocytes to 
determine their expression of proinfl ammatory molecules, and 
these multi-parameter data sets are correlated with histological 
grading of colitis severity.     

  Option 1 . Naïve CD4 +   CD45RB hi    conventional T (Tconv) 
cells sorted  from    Foxp3  EGFP  mice are used to induce colitis [ 6 ,  32 ]. 
Some CD4 +  Tconv cells will express Foxp3 and become EGFP +  
iTreg cells in vivo. In vivo-derived iTreg cells delay colitis but do 
not prevent colitis from occurring, as both iTreg and nTreg cells 
are needed to treat disease and reestablish tolerance. When the 

2.9  Histology

2.10     Lamina Propria 
Lymphocyte Isolation

2.11  Intracellular 
Cytokine Staining
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mice begin to lose weight, nTreg cells are provided through adop-
tive transfer immunotherapy. Congenic markers and EGFP expres-
sion are used to identify the two Treg populations. 

  Option 2 . Naïve CD4 +  CD45RB hi  Tconv cells sorted from 
rescued  Foxp3  ΔEGFP  mice are used to induce colitis [ 6 ,  7 ,  20 ,  33 ]. 
Transferred CD4 +  Tconv cells cannot express a functional Foxp3 
protein and iTreg cells do not develop in vivo. The adoptive trans-
fer of iTreg and nTreg cells is used to treat the mice when they 
begin to lose weight, and the iTreg cells can be conveniently pre-
pared from Tconv cells in vitro. As in  option 1 , both iTreg and 
nTreg cells are needed to treat colitis and reestablish tolerance. 
Congenic markers and EGFP expression are used to identify the 
two Treg populations. 

       1.    All mice are euthanized according to institutional guidelines.   
   2.    Dissect and pool peripheral lymph nodes (inguinal, axillary, 

brachial, mesenteric) and spleen from Thy1.2 +   Foxp3  EGFP 
BALB/c ( option 1 ) or rescued Thy1.1 +   Foxp3  ΔEGFP 
( option 2 ).   

   3.    Prepare single-cell suspensions in a sterile tissue culture hood 
by disrupting tissues between sterilized frosted slides in 5 cm 
culture dishes ( see   Note 3 ).   

   4.    Filter cells with a 70 μm cell strainer into a newly labeled 50 ml 
conical tube. Fill tube up to 50 ml and spin at 400 ×  g , 5 min 
at 4 °C.   

   5.    Discard supernatant and resuspend cells in appropriate volume 
of red blood cell lysis buffer (5 ml/spleen). Incubate for 30 s 
and add PBS up to 50 ml ( see   Note 4 ).   

   6.    Spin cells down as above, discard supernatant and resuspend in 
10 ml PBS. Add this cell suspension to lymph node cell 
suspension ( see   Note 5 ).   

   7.    Add up to 50 ml PBS and spin as above. Discard supernatant 
and add complete medium: 1 ml/mouse (if two mice were 
taken, add 2 ml complete medium). Add antibodies: anti-CD4, 
anti-CD45RB for Thy1.2  Foxp3  EGFP  BALB/c mice ( option 1 ), 
or anti-CD4, anti-CD45RB and anti-Thy1.2 for rescued 
Thy1.1 Foxp3  ΔEGFP  BALB/c. The concentration of the antibod-
ies needs to be titrated depending on the dye to which the 
antibody is conjugated. We frequently fi nd that 2 μg/ml of 
each antibody is an appropriate concentration for staining cells 
prior to cell sorting due to the large number of cells.   

   8.    Incubate cells on ice and protected from light for 10 min. Add 
10 ml of complete medium and spin as above. Discard the 
supernatant, resuspend in 10 ml complete medium, and fi lter 
the cells with a 30 μm cell strainer. For  option 1 , purify CD4 +  
EGFP −  CD45RB hi  naïve Tconv cells by cell sorting. For  option 2 , 

3.1  Naïve T-Cell 
Sample Preparation
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purify CD4 +  EGFP −  Thy1.2 −  CD45RB hi  naïve Tconv cells by 
cell sorting (Fig.  1 ). Note that in  option 2 , Thy1.2 +  cells are 
the donor cells used to rescue newborn  Foxp3  ΔEGFP  mice that 
are not needed in the colitis experiments ( see   Note 6 ).

              1.    Resuspend the sorted naïve T cells in PBS at 4 × 10 5  cells/ml.   
   2.    Induce colitis in  Rag1  −/−  BALB/c mice by the intra-peritoneal 

injection of 4 × 10 5  sorted naïve T cells: CD4 +  EGFP −  CD45RB hi  
from Thy1.2 +   Foxp3  EGFP  mice ( option 1 ) or CD4 +  EGFP −  Thy1.2 −  
CD45RB hi  from rescued Thy1.1 +   Foxp3  ΔEGFP  mice ( option 2 ).      

       1.    Weigh mice twice-weekly beginning on the day that naïve T 
cells are transferred (day zero).   

   2.    Euthanize the mice when they lose 20 % of their initial weight 
or become moribund. Weight loss of 20 % is considered evi-
dence of severe colitis and is used as the end point of the 
experiment.   

   3.    Calculate weight change: ((current weight − initial weight)/
initial weight) × 100.      

        1.    Sort CD4 +  EGFP −  Thy1.2 +  naïve Tconv cells from Thy 1.2 +  
 Foxp3  EGFP  BALB/c mice. Culture 1 × 10 6 /ml purifi ed Tconv 
cells in anti-CD3 mAb (clone 14-2C11 at 2.5 μg/ml)-coated 
dishes in the presence of soluble anti-CD28 mAb (clone 37.51 
at 1 μg/ml), 100 U/ml IL-2 and 5 ng/ml TGF-β1.   

   2.    After 72 h in culture, purify the newly generated Foxp3 +  iTreg 
cells by cell sorting on the basis of CD4 and EGFP expression 
(CD4 +  EGFP + ).      

3.2  Adoptive 
Transfer of Naïve T 
Cells

3.3  Measure Change 
in Weight

3.4  In Vitro 
Generation of iTreg 
Cells

  Fig. 1    Isolation of naïve T cells. Flow cytometry plots showing the gating strategy for acquiring naïve T lympho-
cytes (CD4 +  EGFP −  CD45RB hi ) for adoptive transfer into  Rag1  −/−  mice to initiate colitis. T cells are isolated from 
Thy1.1 +   Foxp3  EGFP  BALB/c mice ( option 1 ) or rescued Thy1.1 +   Foxp3  ΔEGFP BALB/c mice ( option 2 ). Single-
cell suspensions from spleen and lymph nodes were stained with anti-CD4 and anti-CD45RB, and with anti-
Thy1.2 antibodies. Cells were sorted on the basis of CD4, EGFP, and CD45RB expression. A FACSAria (BD 
Biosciences) was used for all cell sorting       

 

Treatment of Colitis with Treg Cell Subsets



204

       1.    In  option 1 , when the  Rag1  −/−  host mice have lost 5–7 % of 
their initial weight (indicative of active colitis), transfer 1 × 10 6  
nTreg cells by IP injection to treat the disease. The nTreg cells 
are purifi ed by cell sorting from Thy1.1 +   Foxp3  EGFP  mice (Fig.  2 ). 
In this version of the experiment, iTreg cells are EGFP +  
Thy1.2 + , nTreg cells are EGFP +  Thy1.1 + , and ex-nTreg cells 
that have lost Foxp3 expression are EGFP −  Thy1.1 + . Note that 
ex-iTreg cells cannot be distinguished from the Thy1.1 +  effec-
tor T cells that drive bowel infl ammation using this congenic 
marker arrangement.

       2.    In  option 2 ,  Rag1  −/−  host mice received naïve T cells from res-
cued Thy1.1 +   Foxp3  ΔEGFP  mice to induce colitis. When the  Rag1  −/−  
recipient mice have lost 5–7 % of their initial weight (indicative of 
active colitis), treat the mice with Thy1.1 +  nTreg cells purifi ed by 
cell sorting from Thy1.1 +   Foxp3  EGFP  mice, together with Thy 1.2 +  
iTreg cells derived in vitro ( see  Subheading  3.4 ) and purifi ed by 
cell sorting (Fig.  3 ). The Treg subsets are mixed at 1:1 ratio, 
and a total dose of 1 × 10 6  Treg cells is suffi cient to cure colitis 
( see   Notes 7  and  8 ).

       3.    Weigh mice twice weekly for up to 125 days.      

       1.    Anesthetize mice according to institutional guidelines.   
   2.    Collect blood in a serum collection tube through retro-orbital 

bleed using a capillary tube. Cardiac puncture is also an option 
for collecting blood if the mice will be sacrifi ced.   

3.5  Adoptive 
Transfer of Treg Cells 
for Immunotherapy

3.6  Collection 
of Blood for Serum 
Cytokines

  Fig. 2    Isolation of nTreg cells. Flow cytometry plots showing the gating strategy for isolating nTreg cells from 
 Foxp3  EGFP  mice by cell sorting. Single-cell suspensions from spleen and lymph nodes were stained with anti-
 CD4. The nTreg cells were sorted based on CD4 and EGFP expression       

  Fig. 3    Isolation of iTreg cells. Flow cytometry plots showing the gating strategy for isolating iTreg cells by cell 
sorting. The iTreg cells were generated in vitro from CD4 +  Tconv cells that were sorted from  Foxp3  EGFP  mice. 
After 72 h of TCR cross-linking in the presence of TGF-β1, the cultures were re-stained with anti-CD4, and the 
newly generated iTreg cells were isolated by cell sorting based on CD4 and EGFP expression       
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   3.    Spin down the blood.   
   4.    Collect serum and freeze aliquots at −20 °C.      

       1.    Collect colons in a zinc formalin fi xative ( see   Note 9 ).   
   2.    Process and stain the tissue with hematoxylin and eosin (H&E).   
   3.    Use a colitis scoring system to grade disease (e.g. ref.  34 ). We use 

a pathologist blinded to the experimental conditions and a scor-
ing system based on a 4-point semi-quantitative scale (Fig.  4 ). 
The following features are considered: severity, depth and chronic 
nature of the infl ammatory infi ltrate, crypt abscess formation, 
 granulomatous   infl ammation, epithelial cell hyperplasia, mucin-
producing goblet cell depletion, ulceration, and crypt loss.

3.7  Histology 
and Colitis Scores

Epithelial cell hyperplasia Leukocytic infiltrate Goblet cell depletion Crypt abscess

Recipient

Donor of naive
T cells

Rag1 Rag1 Rag1

None Foxp3EGFP Foxp3ΔEGFP

Recipient

Donor of naive
T cells

Rag1 Rag1

Foxp3EGFP Foxp3 EGFP

Treatment nTreg cells nTreg + in vitro iTreg cells

a

b

c

  Fig. 4    Scoring of colon histopathology. ( a ) Representative H&E stained slides of colons from colitic mice show-
ing features of disease that are scored including epithelial cell hyperplasia with villus elongation, leukocyte 
infi ltrate, goblet cell depletion, and crypt abscess formation. ( b ) Representative H&E stained slides of colons 
from controls and mice with colitis, where colitis was induced with naïve cells from  Foxp3  EGFP  or rescued  Foxp3  
ΔEGFP mice. ( c ) Representative H&E stained slides of colons from mice treated with nTreg cells (plus those 
iTreg cells that were derived in situ), or with combination of nTreg and iTreg cells generated in vitro       
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              1.    Prepare single-cell suspensions in the tissue culture hood by 
disrupting spleens and lymph nodes between sterilized frosted 
slides in 5 cm culture dishes. The lymph node cell suspension 
is ready to be used.   

   2.    Spin splenocytes at 400 ×  g  for 5 min at 4 °C.   
   3.    Discard supernatant and resuspend cells in 5 ml of red blood 

cell lysis buffer.   
   4.    Incubate for 30 s and add PBS up to 15 ml.   
   5.    Spin cells down as above, discard supernatant and resuspend in 

10 ml PBS.   
   6.    Count cells from spleen and lymph nodes.   
   7.    Stain up to 5 × 10 6  cells per sample for cell surface antigens.   
   8.    For intracellular cytokine staining, take 2–4 ml of the cell sus-

pension, spin down and add media containing PMA, Ionomycin, 
and Golgi Plug. Plate cells in 12-well plates (one tissue sam-
ple per well), and follow the protocol in Subheading  3.10  
( see   Note 10 ).      

       1.    Take colon and small intestine (SI—last 15 cm) and open by 
cutting lengthwise.   

   2.    Place organs in ice-cold Media 1 (Mg 2+ /Ca 2+  free PBS) and 
shake vigorously.   

   3.    Place tubes on ice.   
   4.    Transfer organs into new tube containing ice-cold Media 1 (10 

ml/ tube).   
   5.    Shake and transfer into another tube containing ice-cold Media 

1. Repeat this procedure three more times.   
   6.    Shake and transfer into another tube containing ice-cold Media 

2 (10 ml/ tube).   
   7.    Colon and SI should now be clean.   
   8.    Cut colon and SI into 0.5 cm pieces and place them into tubes 

containing 40 ml Media 3 per sample.   
   9.    Place tubes in shaker at 300 rpm, 37 °C for 30 min.   
   10.    Take samples and fi lter into new conical tube using a 100 μM 

fi lter.   
   11.    Keep this for intra-epithelial lymphocytes (IEL) isolation.   
   12.    Follow  steps 21 – 35  to further isolate IEL.   
   13.    Take the fi lter and the remaining gut tissue and wash with 

Media 5.   
   14.    Chop tissue fi nely with razor blade.   
   15.    Add tissue into tubes containing 24 ml Media 4.   
   16.    Place tubes in shaker at 300 rpm, 37 °C for 60 min.   

3.8  Isolation 
and Analysis 
of Lymphocytes 
from the Spleen 
and Mesenteric Lymph 
Nodes

3.9  Isolation 
and Analysis 
of Lymphocytes 
from  the   Lamina 
Propria of the Colon 
 and   Small Intestine
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   17.    Filter samples into new conical tube using a 100 μM fi lter.   
   18.    Use syringe plunger for macerating left over tissue.   
   19.    Wash fi lter with Media 5 and fi ll tube with Media 5.   
   20.    Spin down cells at 400 ×  g , 4 °C for 5 min.   
   21.    Discard supernatant.   
   22.    Add Media 5 and resuspend the cell pellet.   
   23.    Spin down cells at 400 ×  g , 4 °C for 5 min.   
   24.    Discard supernatant.   
   25.    Add 8 ml of 44 % Percoll to each sample to resuspend cell 

pellet.   
   26.    Slowly layer cell suspension onto 67 % Percoll placed in 15 ml 

conical tube (5 ml of 67 % Percoll per tube).   
   27.    Spin at 308 ×  g , 35 min at room temperature, with  NO  centri-

fuge brake.   
   28.    Collect lymphocytes (between top and bottom layers) with a 

transfer pipette and place in 15 ml conical tube.   
   29.    Add 10 ml Media 5.   
   30.    Spin down cells at 400 ×  g , 4 °C for 5 min.   
   31.    Discard supernatant.   
   32.    Resuspend cells in 2–3 ml Media 5.   
   33.    Count cells.   
   34.    Cells are ready for cell surface staining or ex-vivo stimulation 

followed by intracellular cytokine staining for effector cytokines.      

        1.    Perform intracellular cytokine staining after 5-h of re- stimulation 
with 5 ng/ml PMA and 0.5 μM ionomycin in the presence 
of 1 μl/ml Golgi Plug.   

   2.    Perform surface staining of cells using a modifi ed FACS buffer 
containing 10 μg/ml brefeldin A.   

   3.    Stain cells on ice for 20 min with primary antibodies: 0.1–0.3 
μg/ml anti-CD4 and anti-TCRβ. Wash cells with the modi-
fi ed FACS buffer and fi x with 1 % paraformaldehyde overnight 
at 4 °C.   

   4.    Wash cells with 1 ml PBS and permeabilize with 1 ml 0.1 % 
Triton-X buffer by centrifugation.   

   5.    Perform intracellular staining for 30 min at room temperature 
with 0.1–0.4 μg/ml anti-IL-17A and anti-IFN-γ.   

   6.    Add 4 ml FACS buffer and spin down cells. Discard 
supernatant.   

   7.    Re-fi x cells with 1 % paraformaldehyde and refrigerate until 
analyzing by FACS (Fig.  5 ).

3.10  Intracellular 
Staining and Cytokine 
Analysis
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4            Notes 

     1.     Foxp3  is X-linked. Keep  Foxp3  EGFP  female mice homozygous for 
the EGFP-tagged allele to increase the number of Treg cells in 
female mice that express EGFP. Also note that all experiments 
are performed in the BALB/c background. There are differ-
ences between strains in the kinetics of colitis development, and 
in both the frequency and number of iTreg cells that develop 
in vivo. Strain differences in iTreg generation can affect the 
results of adoptive transfer immunotherapy with nTreg cells. 
 Foxp3  EGFP  mice on the BALB/c background are commercially 
available (The Jackson Laboratory— C.Cg-Foxp3tm2Tch/J ).   

   2.     Foxp3  ΔEGFP  mice lack functional Treg cells and develop uncon-
trolled T-cell activation resulting in autoimmune lymphoprolif-
erative disease [ 33 ]. To create a source of naïve T cells that carry 
the non-functional  Foxp3  ΔEGFP  allele ( option 2 ), newborn 
Thy1.1 +   Foxp3  ΔEGFP  BALB/c mice are given 4–6 × 10 6  unfrac-
tionated splenocytes isolated from Thy1.2 +  BALB/c mice by IP 
injection within 48 h of birth. The splenocytes are washed and 
resuspended in PBS, then placed in a 1 cc syringe with a 29G 
needle. The volume delivered should not exceed 200 μl per pup. 
It is important to include bedding material from the cage when 
holding the pup, and to angle the needle down toward the blad-
der and away from the liver for the injection. The splenocytes 
contain a suffi cient number of Treg cells and Tconv cells with a 
functional Foxp3 allele (source of iTreg cells) to treat the mice. 
Note that in Fig.  1 , Thy1.2 −  cells are the host T cells that carry 
the  Foxp3  ΔEGFP  allele.  Foxp3  ΔEGFP  mice are commercially available 
(The Jackson Laboratory—  C.129X1- Foxp3tm3Tch /J    ).   

  Fig. 5    Analysis of T-cell cytokine production. Flow cytometry analysis of ex-vivo 
stimulated MLN lymphocytes by intracellular staining for IFN-γ and 
IL-17A. Production of these cytokines by Tconv cells isolated from mice with 
colitis is shown       
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   3.    Work with cells using sterile conditions. Cells are being used 
for transfer into mice and for in vitro stimulation in cell 
culture.   

   4.    When processing spleen and lymph nodes, keep splenocytes in 
separate tube until red blood cell lysis has been performed. 
Otherwise, yields will decrease dramatically.   

   5.    Once RBC lysis buffer has been washed away, pool splenocytes 
and lymph node cell suspension for cell sorting. For phenotyp-
ing by fl ow cytometry, do not pool splenocytes and lympho-
cytes from lymph nodes.   

   6.    Keep cells on ice until ready to sort, otherwise yields decrease. 
Sort Treg cells into IL-2 media (1000 U/ml). By the time all 
cells are sorted the fi nal IL-2 concentration will be 100 U/ml. 
Expect up to 1 × 10 6  nTreg cells per mouse. Note that such 
“peripheral” Treg cells may contain ~5–10 % iTreg cells that 
were generated in vivo and cannot be readily distinguished 
from the nTreg cells derived in the thymus.   

   7.    In this confi guration, effector T cells are EGFP −  Thy1.1 + , 
nTreg cells are EGFP +  Thy1.1 + , iTreg cells are EGFP +  Thy1.2 + , 
and iTreg cells that lose Foxp3 expression (Thy1.2 +  EGFP − ) 
can be clearly distinguished from the effector T cells that drive 
colitis. This enables mechanistic study of iTreg stability, as well 
as the fate of iTreg cells that  lose   Foxp3 expression.   

   8.    Pre-enrichment of CD4 +  T cells by magnetic bead isolation 
using negative selection will help reduce sorting time on the 
fl ow cytometer. This strategy will yield untouched CD4 +  T cells 
that can be used for downstream applications.   

   9.    When collecting the colon for histology, also check small intes-
tine, lungs, and liver. In some mice the small intestine is 
enlarged due to infl ammatory infi ltrates. Infi ltrates can also 
occur at other mucosal sites and in the liver.   

   10.    EGFP staining for fl ow cytometry analysis of Treg cells is not 
necessary. We routinely acquire 50,000 CD4 +  T-cell events in 
order to characterize the different subsets    .         
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    Chapter 20   

 Isolation of Eosinophils from the Lamina Propria 
of the Murine Small Intestine                     

     Claudia     Berek     ,     Alexander     Beller    , and     Van     Trung     Chu     

  Abstract 

   Only recently has it become apparent that eosinophils play a crucial role in mucosal immune homeostasis. 
Although eosinophils are the main cellular component of the lamina propria of the gastrointestinal tract, 
they have often been overlooked because they express numerous markers, which are normally used to 
characterize macrophages and/or dendritic cells. To study their function in mucosal immunity, it is impor-
tant to isolate them with high purity and viability. Here, we describe a protocol to purify eosinophils from 
the lamina propria of the murine small intestine. The method involves preparation of the small intestine, 
removal of epithelial cells and digestion of the lamina propria to release eosinophils. A protocol to sort 
eosinophils is included.  

  Key words     Eosinophils  ,   Lamina propria  ,   Small intestine  ,   Epithelial cells  ,   Peyer’s patches  ,   Digestion  

1      Introduction 

    The mucosal lamina propria (LP) is a loose  connective   tissue 
underlying the layer of epithelial cells  lining   the gut [ 1 ]. Within the 
LP one fi nds many cell types of  the   immune system, including B 
and plasma cells, T cells, macrophages,    dendritic cells, and also 
eosinophils. Of central importance are plasma cells producing IgA 
antibody, which is secreted into the mucosal tissues and trans-
ported into the gut lumen, where it has an important function in 
shaping the repertoire of intestinal bacteria [ 2 – 4 ]. 

 Recently, it was demonstrated that eosinophils are required for 
the maintenance of IgA-producing plasma cells in the LP and 
hence for the establishment of normal levels of IgA antibody in 
mucosal tissues and in serum [ 5 ,  6 ]. Furthermore it was shown 
that eosinophils are essential for the effi cient generation of IgA +  B 
cells in the germinal centers of Peyer’s patches (PP), a surprising 
result since eosinophils are practically absent from PP [ 5 ]. In 
eosinophil- defi cient mice germinal center B cells in PP switch pref-
erentially to IgG [ 5 ]. As a consequence, a strong reduction of IgA +  
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B and plasma cells is observed in the LP of eosinophil-defi cient 
mice [ 5 ]. These fi ndings suggest a crucial role of eosinophils for 
immune homeostasis in the gastrointestinal tract [ 5 ,  6 ]. 

 Only recently has the use of antibodies highly specifi c for 
eosinophils, such as anti-Siglec F antibodies [ 7 ], demonstrated the 
abundance of eosinophils in the gastrointestinal tract [ 8 ,  9 ]. 
Indeed, in contrast to lymphocytes, eosinophils home to the LP 
before birth and before the gut is colonized by the microbiota and 
thus their presence in the LP of the gastrointestinal tract is inde-
pendent of infl ammatory processes [ 10 ,  11 ]. When tissue sections 
are stained with antibodies specifi c for the major basic protein, 
which is expressed only in eosinophils (rat monoclonal antibody 
developed by Lee NA and Lee JJ, Mayo Clinic, Scottsdale, Arizona, 
USA), the distribution of eosinophils within the small intestine is 
seen to vary. Whereas in the duodenum they are found associated 
with the entire basal surface of the villi, in the jejunum and the 
ileum they are mainly localized to the crypt region at the base of 
the villi [ 10 ]. While a specifi c subset of T cells is present as intraepi-
thelial cells, eosinophils are not. 

 Here, we describe a protocol to isolate eosinophils from the 
murine LP. The protocol focuses on the isolation from the LP of 
the small intestine [ 5 ,  6 ,  8 ,  12 ], however, using the same methods 
eosinophils may also be isolated from the LP of the large intestine 
[ 13 ]. In the LP about 6 % of total cells are eosinophils (Fig.  1 ), 
 after   Percoll density centrifugation they are enriched to about 20 % 
and after sorting eosinophils, to more than 95 %.

  Fig. 1    Abundance of eosinophils in the LP of the small intestine of BALB/c mice. 
The small intestine was dissected, epithelial cells removed by predigestion and 
a cell suspension prepared by enzymatic digestion. Cell suspension was stained 
with GR-1 and Siglec-F ( a ) or CD11b and Siglec-F ( b ) specific antibodies. 
The percentages of eosinophils (5.7 % GR-1 lo , CD11b +  Siglec-F +  cells) and of 
neutrophils (0.03 % GR-1 hi , CD11b −  Siglec-F −  cells) are indicated (reprinted from 
ref.  3  with kind permission of Elsevier)       
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2       Materials 

       1.    EDTA, 0.5 M: Add 186.1 g of EDTA to 800 ml of distilled 
water in a 1 l graduated glass beaker. Stir and adjust the pH to 
8.0 by slowly adding 5 N NaOH. Add deionized water to a 
fi nal volume of 1 l.   

   2.    10× phosphate buffered saline (PBS).   
   3.    1× PBS/BSA: 1× PBS containing 0.5 % bovine serum 

albumin.   
   4.    Fetal calf serum (FCS).   
   5.    Antibiotics: 10,000 IU/ml penicillin, 10 mg/ml streptomycin 

( see   Note 1 ).   
   6.    1 M HEPES.   
   7.    HBSS: Hanks’ Balanced Salt Solution, Calcium and Magnesium 

free.   
   8.    RPMI culture medium: RPMI containing 10 % FCS, 0.01 M 

HEPES, 100 IU/ml penicillin, and 100 μg/ml streptomycin c 
( see   Note 1 ).   

   9.    Isotonic Percoll separation solution: Percoll 1.130 g/ml den-
sity (GE Healthcare). Add one part (v/v) of 10× PBS to nine 
parts (v/v) of Percoll.      

       1.    Ice bucket.   
   2.    Vortex.   
   3.    Cell centrifuge (e.g. Megafuge, Heraeus).   
   4.    15 and 50 ml Falcon tubes.   
   5.    1 ml Eppendorf tubes.   
   6.    Shaking water bath or incubator (rotation 120–130 rpm).      

       1.    Petri dishes 10 cm in diameter.   
   2.    Forceps, normal and with curved tips, scissors, scalpel.   
   3.    5 ml syringes and needles (18 G × 1 1 / 2 ).      

       1.    Ice-cold 1× PBS for washing the small intestine.   
   2.    Pre-digestion buffer (HBSS containing 10 % FCS, 0.01 M 

HEPES, 5 mM EDTA, 100 IU/ml penicillin, and 100 μg/ml 
streptomycin c): Add 10 ml of FCS, 1 ml 0.5 M EDTA (pH 
8.0), 1 ml 1 M HEPES, 1 ml Pen/Strep to 100 ml HBSS. Mix 
the reagents shortly before use and warm to 37 °C.   

   3.    Digestion buffer: 100 ml RPMI culture medium containing 
1 mg/ml Collagenase D (Roche), 1 mg/ml Dispase II (Sigma) 
and 0.1 mg/ml DNase I (Sigma) ( see   Note 2 ).   

2.1  Stock Solutions

2.2  Equipment

2.3  Preparation 
of the LP

2.4  Digestion 
of the LP

Isolation of Intestinal Eosinophils 
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   4.    Metal sieve.   
   5.    70 μm cell strainer (Falcon, BD).   
   6.    10 ml syringes and needles (18 G × 1 1 / 2 ).      

       1.    Percoll 40 % (vol/vol): Use 44.5 ml isotonic Percoll separation 
solution and dilute with 55.5 ml of RPMI culture medium.   

   2.    Percoll 75 % (vol/vol): Use 83 ml of isotonic Percoll separa-
tion solution and dilute with 17 ml of 1× PBS ( see   Note 3 ).      

       1.    Resuspending and antibody dilution buffer: PBS/BSA.   
   2.    Blocking reagent: anti-FcγR (clone 2.4G2, BD Life Science) 

antibody and rat IgG serum (Sigma).   
   3.    Staining antibodies: antibodies specifi c for CD45 (anti-CD45- 

PE-Cy7, clone 30-F11), Ly6G (anti GR-1-PE, clone RB6- 8C5), 
MHCII (anti MHCII-APC-Cy7, clone M5/114.15),    CD11b 
(anti-CD11b-FITC, clone M1/70).   

   4.    Control antibody specifi c for Siglec-F (clone E50-2440, BD 
Pharmingen).   

   5.    DAPI: DAPI nuclei staining solution (1 μg/ml) diluted in 
PBS/BSA.   

   6.    Fluorescence-activated cell sorter.       

3    Methods 

 Isolation of eosinophils from the LP of the small intestine is time- 
consuming, because each of the small intestine preparations 
should be handled separately. If large numbers of eosinophils are 
required, it is therefore advisable that a second person helps with 
the preparation of the LP cell suspension, as the yield of eosino-
phils is higher when cells are rapidly isolated. One person can 
handle 4–6 animals. 

 From a single intestine 3 × 10 5  to 8 × 10 5  eosinophils can be 
isolated. The number is variable with each preparation. In addi-
tion, the yield of eosinophils depends on the age of the animals. 

       1.    Open the abdomen of the mouse, slowly pull out the intestines 
and dissect the small intestine (Fig.  2 ). Move each sample of 
small intestine tissue separately into a petri dish containing 10 ml 
ice-cold 1× PBS. Remove carefully and discard all  mesenteric fat. 
Lift PP from the surface of the small intestine using forceps with 
curved tips and collect separately ( see   Note 4 ).

       2.    Rinse the gut lumen by fl ushing using a syringe fi lled with 
ice- cold 1× PBS.   

   3.    Open the intestine longitudinally and cut into 1–2 cm pieces.   

2.5  Density 
Centrifugation

2.6  Sorting 
of Eosinophils

3.1  Preparation 
of the Small Intestine
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   4.    Wash the pieces in ice-cold HBSS.   
   5.    Repeat washing several times by transferring the pieces into 

new petri dishes fi lled with fresh ice-cold HBSS.      

       1.    Move the pieces recovered from one intestine into a 50 ml Falcon 
tube containing 5 ml pre-warmed, pre-digestion solution.   

   2.    Incubate for 15 min at 37 ° C in an incubator or water bath 
under rotation (120–130 rpm/min). Take out of the incuba-
tor and put immediately on ice.   

   3.    Briefl y vortex (10 s) each tube and pour the pre-digestion 
mixture into a metal sieve ( see   Note 5 ). Rinse the sieve three 
times with ice-cold HBSS buffer and move the remaining 
pieces from the sieve into fresh pre-digestion solution. Repeat 
 steps 2  and  3 .   

   4.    After pre-digestion ( steps 1 – 3 ) collect the pieces from one 
intestine into a new 50 ml tube and wash twice by adding 
20 ml ice-cold HBSS ( see   Note 6 ). After each wash the tissue 
pieces are collected by centrifugation at 400 ×  g  at 4 °C.      

       1.    Move the washed pieces of intestine into a petri dish containing 
1 ml of ice-cold RPMI culture medium. Macerate the tissue 
using scissors and/or a scalpel and transfer the fi nely divided 
tissue into a fresh 50 ml Falcon tube on ice. Use a separate 
tube for each  individual   small intestine.   

   2.    Add 5 ml pre-warmed digestion buffer to each LP homogenate 
and incubate at 37 °C for 20 min with gentle shaking.   

   3.    After incubation, vortex the cell solution at full speed for 20 s 
( see   Note 7 ) and pass through a 70 μm cell strainer (Falcon, 
BD). Collect the LP cell suspension in a 50 ml Falcon tube in 
an ice bucket.   

   4.    Undigested tissue pieces held back on the cell strainer are taken 
up in 5 ml fresh pre-warmed digestion buffer and incubated 
for another 20 min at 37 ° C.   

3.2  Removal 
of Epithelial Cells

3.3  Preparation 
of Cell Suspension

  Fig. 2    Preparation of small intestine. ( a ) Schematic presentation indicates the different parts of the gut. ( b ) PPs 
on the outer surface of the small intestine. Prepare the small intestine by cutting the gut about 1 cm down-
stream from the stomach and 1 cm upstream from the cecum, as indicated. Using forceps with curved tips, 
carefully remove PP and attached mesenteric fat       
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   5.    Disaggregate tissue pieces remaining after  step 5  by passing several 
times through an 18-gauge needle attached to a 10 ml syringe and 
fi lter the cell suspension through a 70 μm cell strainer (Falcon, 
BD) into a 50 ml Falcon tube in an ice bucket ( see   Note 8 ).   

   6.    Combine cells from all digestion steps in a fresh 50 ml tube 
and centrifuge for 7 min at 400 ×  g  at 4 ° C. Discard the 
supernatant.   

   7.    Resuspend the cell pellet in 20 ml of culture medium. Pass the 
suspension through a 70 μm cell strainer and collect the cells in a 
50 ml Falcon tube in an ice bucket. Recover the cells by centri-
fuging for 7 min at 400 ×  g  at 4 ° C. Discard the supernatant.   

   8.    Discard the supernatant and repeat this washing step ( step 8 ) 
one more time ( see   Note 9 ).      

       1.    Resuspend the cell pellet of each LP cell preparation in 10 ml 
isotonic 40 % Percoll.   

   2.    Add 5 ml isotonic 70 % Percoll in a 15 ml Falcon tube. Using 
a Pasteur pipette carefully overlay the cell suspension in 40 % 
Percoll.   

   3.    Centrifuge the discontinuous Percoll gradient for 20 min at 
800 ×  g  at room temperature. Make sure the brake on the cen-
trifuge is switched off.   

   4.    Aspirate debris, which has collected on the top of the gradient 
and carefully collect the cells from the interphase between the 
40 and 75 % Percoll layers using a Pasteur pipette. Transfer the 
cells into a fresh 15 ml Falcon tube ( see   Note 10 ). Add ice-cold 
RPMI medium to fi ll the tube to 15 ml. Recover the cells by 
centrifuging for 10 min at 400 ×  g  at 4 °C.   

   5.    Resuspend cell pellet and wash cells for a second time with ice- 
cold RPMI culture media.   

   6.    Final yield is around 2–5 × 10 6  LP mononuclear cells per small 
intestine. Approximately 20 % of the mononuclear cells are 
eosinophils (Fig.  3 ).

3.4  Isolation 
of Mononuclear Cells 
by Percoll 
Discontinuous Density 
Gradient 
Centrifugation

  Fig. 3    Gating strategy to isolate eosinophils. LP cell suspension was stained with CD45, GR-1 CD11b, and 
MHCII-specifi c antibodies. Before sorting, approximately 20 % of leucocytes are eosinophils (SSC hi ). CD45 + , 
GR-1 lo  CD11b + , and MHCII −  cells were sorted. Control staining of sorted cells with Siglec-F specifi c antibodies 
showed that after sorting 99 % of cells are eosinophils. DAPI was used to exclude dead cells       
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              1.    Resuspend the cell pellet in 1 ml ice-cold PBS/BSA.   
   2.    Count cells and adjust the concentration to 2 × 10 6  cells per 

100 μl PBS/BSA.   
   3.    Add 10 μl blocking reagent for 1 ml of cell suspension. Mix 

gently.   
   4.    Incubate for 10 min on ice.   
   5.    Add 10 μl diluted antibody combination. Mix gently and 

incubate for 20 min on ice ( see   Note 11 ).   
   6.    Wash cells twice with ice-cold PBS/BSA. After each wash the 

cells are collected by centrifugation for 10 min at 400 ×  g .   
   7.    Resuspend cell pellet in 1 ml ice-cold PBS/BSA and add 

directly before sorting 3 μl DAPI solution.   
   8.    Sort eosinophils as SSC hi , CD45 + , MHCII - , Gr-1 lo , and 

CD11b +  cells ( see   Note 12 ). For the gating strategy  see  Fig.  3 . 
Collect the cells into 1 ml RPMI culture medium. Pre-rinse 
the collecting tube with RPMI culture medium.   

   9.    Each small intestine yields approximately 3–8 × 10 5  eosinophils, 
which have a purity of >95 % ( see  Fig.  3 ). The numbers vary 
with each preparation.       

4    Notes 

     1.    Antibiotics should be added to control bacterial contamina-
tion, in particular, when eosinophils are isolated for in vitro 
cultures.   

   2.    Prepare digestion buffer immediately before use.   
   3.    Changes in the Percoll gradient concentrations between 35 and 

45 % for the upper layer and 65–75 % for the lower layer 
produced similar results, indicating that small differences in 
the density centrifugation step do not substantially infl uence 
the yield of cells.   

   4.    PP are practically free of eosinophils. PP may be used for isola-
tion of lymphocytes.   

   5.    The fl ow-through contains epithelial cells and remaining intes-
tinal content. It may be decanted or stored for the isolation of 
intraepithelial lymphocytes (IEL) ( using   Percoll density cen-
trifugation) or for the analysis of epithelial cells.   

   6.    Carefully washing with EDTA-free HBSS is important, as pro-
teases require divalent ions for effi cient digestion.   

   7.    Short, vigorous vortexing is required to release leukocytes 
from the connective tissue.   

   8.    If necessary repeat the digestion step for a third time. Ideally, 
all of the intestine pieces should be digested to a single cell 
suspension.   

3.5  Isolation 
of Eosinophils

Isolation of Intestinal Eosinophils 



220

   9.    Cells can be resuspended in PBS/BSA to directly sort eosino-
phils. If eosinophils are needed for tissue culture analysis, it is 
better to purify cell suspension by performing a Percoll density 
gradient. The fi nal yield of eosinophils will be lower, however 
the viability of eosinophils is higher, when enriched by Percoll 
density gradient centrifugation.   

   10.    Viable LP cells are visible in a white ring at the interphase 
between the two different Percoll concentrations. Erythrocytes 
should be visible in a red ring below the interphase.   

   11.    Siglec-F antibodies are highly specifi c for eosinophils [ 7 ]. 
Injection of mice with Siglec-F specifi c antibodies results in 
depletion of eosinophils by the induction of apoptosis [ 5 ,  14 ]. 
Nevertheless, a recent paper described an isolation protocol of 
peritoneal murine eosinophils by magnetic cell sorting (MACS, 
Miltenyi) using Siglec-F specifi c antibodies. Although this 
antibody induces apoptosis, its brief application for magnetic 
sorting yielded viable eosinophils [ 15 ].   

   12.    To maximize the yield of eosinophils and to improve the viabil-
ity of sorted cells, it is important to decrease the fl ow rate and 
to use a nozzle with a wide opening  .          
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    Chapter 21   

 Investigation of Host and Pathogen Contributions 
to Infectious Colitis Using the  Citrobacter rodentium  
Mouse Model of Infection                     

     Else     S.     Bosman    ,     Justin     M.     Chan    ,     Kirandeep     Bhullar    , 
and     Bruce     A.     Vallance      

  Abstract 

    Citrobacter rodentium  is used as a model organism to study enteric bacterial infections in mice. Infection 
occurs via the oral–fecal route and results in the pathogen forming attaching and effacing lesions on infected 
epithelial cells. Moreover, infection leads to a subsequent host-mediated form of colitis.  C. rodentium  infec-
tion is thus an excellent model to study infectious colitis in vivo, while the ability to genetically manipulate  C. 
rodentium  virulence genes provides the opportunity to develop clear insights into the pathogenesis of this 
and related infectious microbes. This chapter outlines the basic techniques involved in setting up a  C. roden-
tium  infection in mice and several different methodologies to assess the severity of the infection.  

  Key words      Citrobacter rodentium   ,   Mouse infection model  ,   Intestinal pathology  ,   Infectious colitis  , 
  Epithelial barrier  ,   Permeability  

1      Introduction 

  The gram-negative bacterial pathogens enteropathogenic  Escherichia 
coli  (EPEC) and enterohemorrhagic  E. coli  (EHEC) belong to the 
 Enterobacteriaceae  family and are  leading   causes of infantile diarrhea 
and hemorrhagic colitis respectively. Although EPEC/EHEC are 
highly virulent in humans, they are poorly infectious in mice, result-
ing in signifi cant diffi culty studying infection dynamics and serving as 
a poor in vivo model of infectious colitis [ 1 ]. Therefore, the natural 
murine pathogen,  Citrobacter rodentium , which expresses similar 
virulence factors as EPEC/EHEC and shares 67 % genetic homol-
ogy, has been widely adopted by the research community and has 
proven to be an excellent model to study EHEC/EPEC virulence 
mechanisms in mice [ 2 ,  3 ]. 

 The pathogenicity of these microbes is dependent on their 
formation of attaching and effacing (A/E) lesions on the surface of 
 infected   intestinal epithelial cells. This ability is encoded within the 
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Locus of Enterocyte Effacement (LEE), a pathogenicity island car-
rying the genes responsible for the structural components of a type 
three secretion system (T3SS) along with several effector proteins 
[ 4 ,  5 ]. Upon T3SS assembly, and its penetration into host cells, 
effector proteins are manufactured and translocated into the host 
cell, ultimately resulting in actin rearrangement, formation of the 
attaching/effacing lesion [ 5 ], as well as a number of other actions 
that subvert the normal functions of the cell. The functions of 
these different effector proteins have been extensively investigated 
by mutagenesis of the different virulence genes to study their role 
during each stage of infection. 

  C. rodentium  is transmitted via the fecal–oral route resulting in 
initial colonization of the cecal patch (specialized lymphatic tissue 
at the tip of the cecum) and later, of the distal colon [ 6 ]. Bacterial 
load peaks at 7–10 days post-infection at roughly 10 9  colony form-
ing units (CFU) g −1  and subsequently diminishes, beginning in the 
cecum until fi nally  C. rodentium  is no longer detectible in the 
colon at approximately 21–28 days post-infection [ 6 ]. The bacteria 
that are excreted in the stool of the infected mice are representative 
of the colonizing bacteria, this is also called bacterial shedding [ 6 ] 
( see  below: Subheading  3.1 ). The bacterial load (measured by 
CFUs) can be assessed in the stool and tissue homogenates after 
oral infection with  C. rodentium . The bacterial load represents the 
susceptibility of the mouse to the bacterial strain and should be 
compared to the bacterial load following infection with a wild-type 
strain of  C. rodentium  [ 7 ]. 

 Various tools and techniques are available for studying the col-
onization dynamics of  C. rodentium . For example,  C.    rodentium  
  deletion mutants can be made using homologous recombination. 
This system promotes recombination between the bacterial chro-
mosome and double-stranded DNA molecules introduced in the 
bacterial cell via electroporation ( see  below: Subheading  3.2 ). In 
addition, bioluminescent imaging (BLI) has emerged as an impor-
tant tool for studying biological processes in vivo [ 8 ,  9 ].  C. roden-
tium  can be engineered to express the luminescence phenotype 
through mini-Tn5 transposon mutagenesis [ 10 ] and imaged 
throughout infection using in vivo imaging systems (IVIS) 
(reviewed by Prescher and Contag [ 8 ]) ( see  below: Subheading 
 3.3 ). As well, the cecal-loop model, adapted from previously 
described rabbit ileal loop models [ 11 ], creates a temporarily 
ligated cecum, forming a controlled in vivo environment to study 
early colonization dynamics of  C. rodentium  infection ( see  below: 
Subheading  3.4 ). This model allows researchers to study infection 
dynamics at specifi c time points post-infection in the cecal 
environment. 

 Infection with  C. rodentium  causes colitis, characterized by 
colonic hyperplasia, histologically visible between 5 and 14 days 
post-infection [ 12 ]. Transmissible murine colonic hyperplasia 
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(TMCH) causes thickening of the colonic tissue through  epithelial 
  cell proliferation and crypt elongation, while immune cell infi ltra-
tion, goblet cell depletion, and edema are also evident. Damage to 
the infected tissues triggers intestinal barrier dysfunction, allowing 
for increased passage of luminal bacterial products across  the   epi-
thelial barrier [ 13 ]. A FITC-dextran assay quantifi es the transloca-
tion of FITC-labeled sugar from the intestine into the peripheral 
blood, providing an assessment of intestinal barrier permeability 
( see  below: Subheading  3.5 ) [ 7 ].    Histological assessment of tissues to 
identify and assess the severity of disease can be performed through 
histological scoring on hematoxylin and eosin (H&E) stained tis-
sue sections.    Immunofl uorescence staining can also be used to 
characterize the infl ammatory/immune processes associated with 
 C. rodentium -induced colitis ( see  below: Subheading  3.6 ). 

 Environmental factors such as commensal microbial composi-
tion play an important role in the  C. rodentium  infection outcome. 
For example, treatment with antibiotics, such as streptomycin, 24 h 
prior to infection skews the microbial composition and results in a 
10- to 50-fold increase in intestinal  C. rodentium  burdens [ 14 ]. 
Different mouse knock out strains could harbor different microbi-
ota and therefore could account for variation in susceptibility to 
infection with  C. rodentium  [ 15 ]. Changes in the number of com-
mensals or the relative proportions of  C. rodentium  shed in the 
stool can be assessed using DAPI staining of the stool ( see  below: 
Subheading  3.7 ). It can also be used for monitoring commensal 
depletion, a common characteristic of  C. rodentium  infection [ 16 ]. 
Finally, another technique to localize the bacteria in the infected 
tissues  is   fl uorescence in situ hybridization (FISH). The high sensi-
tivity and specifi city (DNA specifi c probes) of FISH allow for spatial 
localization and visualization of  C. rodentium  and commensals in 
this model [ 17 ] ( see  below: Subheading  3.8 ). Taken together, the 
 C. rodentium  infection mouse model is a very useful tool to study 
intestinal colitis and pathology as well as the infection dynamics of 
attaching and effacing bacterial pathogens.  

2    Materials 

       1.     Citrobacter rodentium , DBS100; a gift from Dr. Brett Finlay.   
   2.    Luria Bertani (LB) broth: weigh 10 g tryptone, 5 g yeast 

extract, 10 g NaCl and dissolve in 1 l dH 2 O.   
   3.    LB agar plate: supplement LB with 1.5 % agar.   
   4.    37 °C incubator.   
   5.    Sterile culture tube.   
   6.    Spectrophotometer.   
   7.    Oral gavage needle with bulbous tip.   

2.1   Oral   Gavage 
and Measuring 
Bacterial Colonization

C. rodentium Mouse Model of Infection
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   8.    1 ml syringe.   
   9.    Metal beads.   
   10.    Mixer mill MM 400 (Retsch).      

       1.       PCR Thermocycler.   
   2.    Agarose gel apparatus.   
   3.     C. rodentium  electrocompetent cells.   
   4.    Electroporator (e.g. Bio-Rad MicroPulser).   
   5.    0.1 cm Electrocuvette (Bio-Rad).   
   6.    Gel imaging system.   
   7.    PCR Clean up kit (e.g. Qiagen PCR Purifi cation kit).   
   8.    LB agar plates and antibiotics.      

       1.     C. rodentium  DBS100 expressing luxCDABE (for biolumines-
cence imaging).   

   2.    Preclinical In vivo Imaging System (IVIS).   
   3.    Isofl urane.      

       1.    Dulbecco’s Modifi ed Eagle Medium.   
   2.    Ketamine and Xylazine.   
   3.    1 ml syringes.   
   4.    25-gauge needle.   
   5.    Electrical fur trimmer.   
   6.    Surgical forceps.   
   7.    Hemostat.   
   8.    Surgical thread.   
   9.    Surgical scissors.      

       1.    4 kDa FITC-dextran.   
   2.    Acid-citrate dextrose: 38 mM citric acid, 107 mM sodium 

citrate, 136 mM dextrose.   
   3.    Black 1.5 ml microcentrifuge tubes.   
   4.    Gavage needle.   
   5.    22-gauge needle.   
   6.    Black 96-well fl at-bottom plate.   
   7.    Spectrofl uorometer.      

       1.       Hematoxylin and Eosin (H&E) for histological staining.   
   2.    Sealed coplin jar.   
   3.    Xylene and ethanol.   

2.2  Making  C.  
  rodentium    Deletion 
Mutants Using 
Homologous 
Recombination

2.3     Luciferase- 
Based Reporter 
Assays for  C. 
rodentium 

2.4     Cecal-Loop 
Model for Studying 
Early Colonization 
Dynamics

2.5  FITC-Dextran 
Assay for  Measuring 
  Epithelial Barrier 
Permeability

2.6  H&E  and 
  Immunofl uorescence 
Staining of Formalin-
Fixed Tissues
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   4.    Sodium citrate buffer: 10 mM Sodium citrate, 0.05 % Tween 
20, pH 6.0.   

   5.    Blocking buffer: 2 % goat serum, 1 % bovine serum albumin 
(BSA), 0.2 % Triton X-100 (TX-100), 0.05 % Tween-20 in 1× 
phosphate-buffered saline (PBS).   

   6.    Primary antibody dilution buffer: 1 % BSA, 0.2 % TX-100, 
0.05 % Tween-20 in 1× PBS.   

   7.    Secondary antibody dilution buffer: 0.2 % TX-100, 0.05 % 
Tween-20 in 1× PBS.   

   8.    Primary antibodies: Rat antiserum against  C. rodentium  Tir 
(1:500, gift from W. Deng) and Rabbit anti-Muc2 (H-300, 
1:100, Santa Cruz).   

   9.    Secondary antibodies: AlexaFluor 488-conjugated goat anti- rat 
IgG (1:5000, Life Technologies) and AlexaFluor 568- conjugated 
goat anti-rabbit IgG (1:5000, Life Technologies).   

   10.    PBS azide: 0.02 % sodium azide in 1× PBS.   
   11.    DAPI Prolong Gold mounting medium (Life technologies).   
   12.    Liquid blocker PAP pen.   
   13.    Slides and coverslips.   
   14.    Nail polish.   
   15.    Steamer for antigen retrieval protocol.      

       1.    Stool samples.   
   2.    Mixer mill (Retsch MM 400).   
   3.    Vacuum fi ltration system.   
   4.    Whatman fi lter circles (size, 185 mm).   
   5.    Nucleopore membrane fi lter (size, 25 mm).      

       1.       FISH hybridization buffer: 0.1 M Tris, 0.9 M NaCl, 0.1 % 
SDS, pH 7.2.   

   2.    FISH washing buffer: 0.1 M Tris, 0.9 M NaCl, pH 7.2.   
   3.    Microscope slides and coverslips.   
   4.    DNA probes.   
   5.    Glass staining dish.       

3    Methods 

         1.    Use a sterile inoculation loop to recover viable  C. rodentium  
from −80 °C frozen 10 % glycerol stock ( see   Note 1 ) by plating 
bacteria onto a LB agar plate. Incubate the plate overnight at 
37 °C. For all steps related to bacterial culture, use aseptic 
technique to prevent contamination (Fig.  1 ).

2.7     DAPI Commensal 
Staining

2.8  Fluorescence 
In Situ 
Hybridization (FISH)

3.1     Oral Gavage 
and Measuring 
Bacterial Colonization

C. rodentium Mouse Model of Infection
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       2.    The next day, pick 3–5 colonies with a sterile inoculation loop 
and dilute in minimum 3 ml of sterile LB broth and grow at 37 
°C overnight for stationary phase bacteria in a laboratory incu-
bator shaker at 200 rpm ( see   Notes 2  and  3 ). The LB broth 
should look clear at inoculation and turbid after the incubation 
period ( see   Note 4 ).   

   3.    Measure the optical density of the culture with a spectropho-
tometer at 600 nm. The OD 600  should be approximately 1.7, 
equivalent to 1.3–1.4 × 10 9  CFU/ml ( see   Note 5 ).   

   4.    Prepare a 1 ml syringe for gavage. Swirl the bacterial culture to 
ensure a homogenous mixture before loading the syringe. 
Firmly attach the bulbous oral gavage needle onto the syringe 
and remove air bubbles by fl icking the syringe and push liquid 
through until it exits the tip.   

   5.    Restrain the mouse with thumb and middle fi nger by gently 
pulling the skin of the neck upwards and back. Use index fi n-
ger to immobilize the head and to straighten the esophagus of 
the mouse. Use your pinky (little) fi nger to press the tail toward 
your palm for a more secure grip. Hold the mouse in an upright 
position.   

   6.    Slowly insert the gavage needle along the side of the oral cavity 
and circumvent the tongue. Gently progress the tip of the gavage 
needle into the esophagus. If you notice any resistance, withdraw 
the needle and check for secure restraint before reattempting.   

  Fig. 1    LB agar plate with  C. rodentium  culture. Representative image of LB agar 
plate streaked with  C. rodentium  colonies grown overnight at 37 °C. Ensure that 
all colonies have uniform morphology and color. Contamination can be circum-
vented by using selective antibiotics in the agarose media if the  C. rodentium  
strain contains antibiotic resistance genes       
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   7.    Slowly inject 100 μl of the culture into the esophagus and remove 
the gavage needle at the same angle ( see   Notes 6  and  7 ).   

   8.    Monitor mice during the course of infection, typically 6–10 
days.   

   9.    On the fi nal day post-infection, prepare 2 ml tubes, each with 
1 ml sterile PBS and an autoclaved metal bead. Label and 
weigh all tubes individually (one tube for each tissue from each 
mouse that will be analyzed).   

   10.    After euthanasia of the mice, open the abdominal cavity and 
dissect the cecum and colon and separate them. Tissues for 
histology can be removed and fi xed in 10 % buffered formalin 
or other fi xative of choice ( see   Note 8 ).   

   11.    Remove luminal contents by cutting the tissues open longitu-
dinally and gently scrape off the stool with forceps and collect 
this in the designated 2 ml tube.   

   12.    Wash the tissues in a separate dish with PBS and collect tissues 
in the labeled 2 ml tube ( see   Note 9 ).   

   13.    Weigh the individual tubes again to determine the weight of 
tissue collected for analysis and homogenize the tissues in a 
mixer mill for 6 min at 30 Hz.   

   14.    Prepare 6 serial dilutions in a round-bottomed 96-well plate 
with PBS using an aseptic technique. Start the dilutions with a 
minimum of 20 μl from the homogenized tissues ( see   Note 10 ). 
Plate 10 μl of each well in triplicate on a square LB agar plate 
containing selective antibiotics. Incubate the plates O/N in a 
37 °C incubator.   

   15.    Count the number of individual colonies from the dilution 
that shows between 10 and 50 colony forming units (CFU). 
Calculate the average CFU per ml (average CFU × dilution 
factor × 100) and calculate the CFU per gram of tissue (CFU 
ml −1 /g tissue).      

        1.    Design primers fl anking your target gene ( see   Note 12 ). Decide 
which drug-resistant cassette to use for replacing your target 
gene.   

   2.    Streak out the bacteria to generate single colonies and inocu-
late in LB (as previously described).   

   3.    Isolate genomic DNA (template DNA) using a genomic DNA 
Isolation Kit (e.g. QIAamp DNA Mini Kit) ( see   Note 13 ).   

   4.    Set up  a   PCR reaction with primers for target gene and tem-
plate DNA. Examine the PCR product through agarose gel 
electrophoresis and gel-purify the desired/amplifi ed band ( see  
 Note 14 ). Purify the PCR product through ethanol precipita-
tion ( see   Note 15 ).   

3.2  Making  C. 
rodentium   Deletion 
  Mutants Using 
Homologous 
Recombination

C. rodentium Mouse Model of Infection
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   5.    Prepare electrocompetent  C. rodentium  DBS100 cells carrying 
pSIM9 recombineering plasmid with recombinase ( see   Note 16 ) 
(as previously described [ 18 ]) ( see   Note 17 ).   

   6.    Transform the resulting PCR fragment (from  step 4 ) into  C. 
rodentium  DBS100 electrocompetent cells carrying pSIM9 
recombineering plasmid (through electroporation) ( see   Note 18 ).   

   7.    In labeled cuvettes on ice, add 50 μl of recombinant cells. Mix 
1 μl of  clean   PCR fragment to the electroporation cuvettes and 
mix up and down several times ( see   Notes 19  and  20 ).   

   8.    Transfer the DNA into the cells through electroporation 
(voltage—1.8 kV).   

   9.    Immediately after transformation, add 1 ml of pre-warmed LB 
media to cuvette and transfer the 1 ml mix into a sterile culture 
tube.   

   10.    Incubate the culture tubes while shaking at 37 °C for 1 h. This 
facilitates the recombination process and transcription of drug 
resistance genes. Following recombination, the recombinant 
genes carried by the recombineering plasmid exchange the tar-
get gene with the resistant marker fl anked by FRT (Flippase 
Recognition Target) sites, hence resulting in a deletion mutant.   

   11.    Antibiotic-resistant transformants are selected on LB agar 
plates supplemented with the desired antibiotic. The resis-
tance cassette can be eliminated using a plasmid that expresses 
Flp recombinase gene (to remove DNA that is fl anked by two 
FRT sites) [ 19 ].   

   12.    Confi rm the deletion mutant  through   PCR. Design a set of 
primers—one primer in the DNA region fl anking the target 
gene and one primer in the drug-resistant cassette. Also design 
a set of fl anking primers to confi rm the loss of the deleted gene.   

   13.    Grow the antibiotic-resistant colonies in 2 ml LB broth and 
isolate genomic DNA. Screen ~20 colonies for deletion 
mutants by PCR analysis (using primers from the  step 12 ).   

   14.    Run 5–10 μl of the PCR products on an agarose gel along with 
molecular weight size markers. If the products are of the 
expected size, the target gene is successfully deleted and the 
knockout strain is ready for use. Purify the positive colonies and 
make a freezer stock in 20 % glycerol for the deletion mutant.   

   15.    Infect mice through oral gavage with overnight culture of 
luciferase expressing  C. rodentium  construct (as previously 
described).      

        1.    On day 2 post-infection, take the mice from the cage and gently 
place them in an anesthesia chamber connected to an anesthesia 
vaporizer linked to isofl urane and oxygen cylinders. Adjust the 
isofl urane concentration between 2 and 5 % and O 2  concentra-
tion between 0.5 and 1 %.   

3.3  Luciferase- 
 Based   Reporter 
Assays for  C. 
rodentium 
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   2.    Mice inactivity indicates successful anesthesia. Place mice in 
the light-tight chamber of the CCD camera system (IVIS 
machine) ( see   Notes 21  and  22 ).   

   3.    Grayscale (reference) image is taken at low illumination. After 
switching off the light source, photons emitted from lucifer-
ase expressing  C. rodentium  are quantifi ed using LIVING 
IMAGE software during the set exposure time (Xenogen) ( see  
 Notes 23  and  24 ).   

   4.    Colour bar is based on the signal intensity—red corresponds to 
higher signal intensity (heavy  C. rodentium  colonization) 
whereas blue corresponds to lower signal intensity (less  C. 
rodentium  colonization).  C. rodentium  colonization is pre-
dominantly seen in cecum and distal colon (Fig.  2 ).

       5.    Return the live mice to their cages and monitor for any abnor-
mal activity/breathing. Mice should recover and be moving 
within 1–2 min. Repeat the same procedure at desired time 
points ( see   Notes 25  and  26 ).      

        1.    Activate the bacterial T3SS for  accelerated   infection by trans-
ferring 50 μl of prepared overnight  C. rodentium  inoculum 
into 3 ml of DMEM and incubate at 37 °C and 5 % CO 2  for 3 h 
without shaking ( see   Note 27 ).   

   2.    Anesthetize the mouse using an intraperitoneal injection of 
ketamine and xylazine cocktail and wait for mice to exhibit 
surgical plane ( see   Note 28 ).   

   3.    Shave the mouse abdomen and the proposed area of incision 
using an electrical trimmer and sterilize the area with 70 % 
ethanol.   

3.4  Cecal-Loop 
Model for Studying 
Early Colonization 
Dynamics
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  Fig. 2    Bioluminescent imaging of  C. rodentium  expressing luciferase. Bioluminescent image of luciferase 
expressing  C. rodentium  at 7 days post-infection in ( a ) mice (1 min exposure) and ( b ) exteriorized colons 
(1 s exposure). The  colour bars  displayed on the  right   indicate high signal intensity ( red ) and low signal intensity 
( blue ) with corresponding units of light measurement (photons s −1  cm −2  steradian −1 )       
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   4.    Make a 1 cm incision along the midline of the abdomen and 
gently exteriorize the cecum beginning from the tip until 1 cm 
of the proximal colon is exteriorized.   

   5.    Using a pair of surgical forceps, a hemostat and surgical thread, 
tie a surgical knot at the cecal-colonic junction ( see   Note 29 ). 
It is not necessary to tie the cecum off proximally, as the cecal-
ileal valve should be suffi cient to prevent leakage.   

   6.    Take a 1 ml syringe and inject 300 μl of activated  C. rodentium  
inoculum directly into the cecum, 1 cm from the dorsal tip.   

   7.    The cecum and colon can be replaced into the abdominal cavity 
and the cavity closed with discontinuous sutures.   

   8.    Mice can be euthanized at various time points following recovery 
and tissues collected for histological processing and assessment 
( see   Notes 30 – 32 ).      

        1.    Infect the mice as previously described until you reach the 
desired time point to assess intestinal barrier integrity ( see  
 Notes 33  and  34 ).   

   2.    Dissolve 4 kDa FITC-dextran to 80 mg/ml and prepare 
enough for 150 μl per mouse and enough for creation of the 
standard curve (10 μl)( see   Note 35 ).   

   3.    Prepare black 1.5 ml tubes by adding 20 μl acid-citrate dextrose, 
one for each mouse, for blood collection.   

   4.    Orally gavage the mouse (as previously described) with 150 μl 
of FITC-dextran and remove food from cage.   

   5.    4 h post-gavage, euthanize the mice and collect approximately 
500 μl of circulating blood via cardiac puncture into the pre-
pared black 1.5 ml tubes containing acid-citrate-dextrose.   

   6.    Centrifuge blood at 1000 ×  g  for 12 min at 4 °C and transfer 
serum into a black 96-well plate for dilution into 1/10 and 
1/100 samples with PBS in triplicates. Ensure a fi nal volume 
of 100 μl per sample.   

   7.    Create a standard curve using the 80 mg/ml FITC-dextran at 
0, 6.25, 12.5, 25, 50, 100, 200, 400, and 800 μg/ml concen-
trations and add 100 μl of each to the 96-well plate.   

   8.    Read the plate using a spectrofl uorometer at excitation wave-
length of 485 nm and an emission wavelength of 535 nm.   

   9.    Analyze data by plotting the standard curve and apply to samples. 
Use either the 1/10 or 1/100 dilution for analysis of samples.      

         1.    Collect tissues as described in Subheading  3.1  and store in 10 % 
formalin overnight followed by storage in 70 % ethanol (up to 
2 weeks at 4 °C). Embed tissues in paraffi n, arranging them 
to be cut in cross-section at 5 μm thickness. For histological 
scoring, perform H&E staining (Fig.  3a, b ).

3.5  FITC-Dextran 
Assay for  Measuring 
  Epithelial Barrier 
Permeability

3.6  H&E  and 
  Immunofl uorescence 
Staining of Formalin-
Fixed Tissues
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       2.     For   immunofl uorescence staining, deparaffi nize tissues by 
placing slides in a sealed coplin jar which is then placed in a 
water bath at 65 °C for 20 min.   

   3.    Wash slides in a series of xylene and ethanol baths to complete 
deparaffi nization and rehydration:
   (a)    4 washes of xylene, each for 3 min.   
  (b)    2 washes of 100 % ethanol, each for 5 min.   
  (c)    1 wash of 95 % ethanol for 5 min.   
  (d)    1 wash of 75 % ethanol for 5 min.   
  (e)    1 wash of distilled water for 5 min.       

   4.    Place slides into the sealed coplin jar and cover with preheated 
antigen retrieval buffer (sodium citrate buffer) and place into a 
steamer for 30 min to maintain sample at 95 °C without boiling. 
Allow samples to cool to room temperature ( see   Note 36 ).   

   5.    Wash slides three times with PBS azide, each for 5 min ( see  
 Note 37 ).   

   6.    Draw a hydrophobic border around tissue using a PAP pen to 
minimize required reagents.   

   7.    Cover tissues with blocking buffer for 1 h at room temperature 
( see   Note 38 ).   

   8.    Dilute primary antibody in dilution buffer. Remove blocking 
buffer and cover tissues with primary antibody and incubate at 
4 °C overnight or 2 h at room temperature.   

   9.    Wash three times with PBS azide, each for 3 min.   
   10.    Add diluted secondary antibody solution to tissues and incubate 

in the dark for 1 h at room temperature.   
   11.    Wash two times with PBS azide followed by 1 wash with distilled 

water, each for 5 min. Allow slides to dry.   

  Fig. 3    H&E and immunofl uorescence staining of uninfected and  C. rodentium -infected mice. 200× magnifi ca-
tion images of ( a ) H&E stained uninfected C57BL/6 mouse distal colon, ( b ) H&E stained  C. rodentium - infected 
C57BL/6 mouse distal colon, and ( c ) immunofl uorescently stained  C. rodentium -translocated effector Tir 
( green ), Muc2 ( red ), and DNA ( blue ) 12 days post-infection. H&E staining enables pathological assessment of 
tissue while immunofl uorescence visualizes  C. rodentium  and specifi c proteins found in the tissue       
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   12.    Remove the hydrophobic border with a laboratory wipe.   
   13.    Add a single drop of DAPI prolong gold mounting media and 

seal with coverslip.   
   14.    Seal coverslip with clear nail polish or other sealant along the 

edges and view slides with a fl uorescence microscope (Fig.  3c ).      

        1.    Add 1 ml sterile PBS and  an   autoclaved metal bead to a round- 
bottomed 2 ml centrifuge tube using an aseptic technique. 
Collect stool samples from each mouse and place them in sepa-
rate PBS tubes ( see   Note 39 ). Weigh the tubes prior to and 
after the addition of stool samples. This is considered as the 
baseline stool sample/control sample (day 0, uninfected mice). 
Collect stool samples in a similar manner on day 2, day 4, and 
day 6 (etc.) post-infection with  C. rodentium.    

   2.    Homogenize the stool samples using a mixer mill for 6 min at 
30 Hz. Dilute 1:10 in sterile PBS.   

   3.    Add 450 μl of diluted stool sample in 50 μl 37 % Formalin 
(fi nal Formalin concentration is 3.7 %). Dilute 1:100 in PBS.   

   4.    Place Whatman fi lter (185 mm) disc on the washer connected 
with a vacuum pump and wet the fi lter paper with 1 ml PBS. 
Place nucleopore membrane fi lter (25 mm) on top of the 
Whatman fi lter. Add a glass tube and assemble the entire appa-
ratus with a clip.   

   5.    Vortex diluted sample and pipet the sample on the top of the 
nucleopore fi lter and turn on the vacuum pump. Remove the 
nucleopore membrane fi lter and let it dry ( see   Note 40 ). Use a 
new nucleopore membrane for each stool sample.   

   6.    Place the dry nucleopore membrane fi lter on a microscope 
slide and stain with DAPI Prolong Gold mounting medium. 
Apply a coverslip and let the slides dry.   

   7.    Count the DAPI-positive bacteria and enumerate total bac-
teria/gram in the stool using a fluorescence microscope 
( see   Notes 41  and  42 ).      

        1.    Deparaffi nize  the   slides (as previously described in Subheading 
 3.6 ) ( see   Note 43 ).   

   2.    Dry slides and draw a hydrophobic border around the tissue 
with a PAP pen.   

   3.    Use 100 μl FISH hybridization buffer ( see   Note 44 ) and add 
1:100 dilution of probes in the hybridization buffer. Mix it 
well. If you want to largely differentiate  C. rodentium  from 
non- C. rodentium , use EUB (recognizes all bacteria with 16S 
rDNA) and GAM42 (recognizes gamma-proteobacteria that 
includes  C. rodentium ) ( see   Notes 45  and  46 ).   

3.7  DAPI Commensal 
Staining

3.8  Fluorescence 
In Situ 
Hybridization (FISH)
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   4.    Incubate slides overnight at 37 °C (make sure the tray is wet to 
prevent the buffer from evaporating overnight). Cover the tray 
with aluminum foil.   

   5.    Next day, wash slides with FISH hybridization buffer for 
2 × 5 min.   

   6.    Place the slides in the glass staining dish with 50 ml FISH 
washing buffer. Cover the container with aluminum foil and let 
it shake slowly for 15 min. Wash with dH 2 O for 1 min.   

   7.    Add a drop of DAPI Prolong Gold mounting medium, apply a 
coverslip and let it dry.   

   8.    Visualize staining under fl uorescence microscope.       

4    Notes 

     1.    A backup stock of the bacterial strains should be stored in liquid 
nitrogen.   

   2.    Before inoculating colonies from the agar plate, check if the 
morphology of the bacteria is uniform to exclude 
contamination.   

   3.    While starting the bacterial culture in LB, approximately two- 
thirds of the tube should be empty in order to grow the bacte-
ria aerobically. Ensure that the cap of the culture tube is loose, 
letting oxygen enter.   

   4.    To ensure the stock of LB broth is not contaminated, include 
a tube with only LB media in the incubator as a control (i.e. 
growth in control tube indicates contamination).   

   5.    Optional: plate 10 μl of serial dilutions on a LB agar plate in 
triplicate to determine the bacterial density of the inoculate 
more precisely.   

   6.    After the oral gavage, return mouse to the cage and monitor 
for any abnormal behavior (heavy breathing, etc.). Monitor 
the mice regularly throughout the infection to ensure that the 
mice do not experience any unnecessary morbidity.   

   7.    Besides the commonly used oral gavage technique, a natural 
infection route can be used. In this model, one mouse per cage 
receives an oral dose of bacteria. At specifi c time point post-
infection (often 2 days), additional mice are added to the cage, 
and they will become infected through coprophagia of the 
infected mouse’s feces. Unfortunately the researcher is unable 
to measure the exact number of bacteria that will be ingested by 
the exposed mice, which is a drawback to this model. On the 
other hand, this approach is most similar to the natural entry 
route of bacteria in mice [ 20 ].   

C. rodentium Mouse Model of Infection
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   8.    Other commonly used fixatives besides formalin are 4 % 
paraformaldehyde or Carnoy’s solution (60 % ethanol, 30 % 
chloroform, 10 % acetic acid).   

   9.    It is useful to cut the colon into smaller pieces before collecting 
it in the 2 ml tube to enhance the homogenization.   

   10.    Cut the pipette tips before starting the serial dilution, as the 
homogenate is often too dense for accurate pipetting.   

   11.    The majority of laboratory mouse strains are able to clear  C. 
rodentium  infection (C57BL/6, NIH Swiss and Balb/c mice) 
however infection of C3H/HeJ mice (as well as other select 
strains) results in accelerated colitis and by day 10 post- infection, 
frequent mortality is seen in these susceptible mice [ 21 ].   

   12.    Polarity effect—knocking out a gene may affect the polarity of 
downstream genes which will alter their expression. Ensure 
that primers are designed carefully. Primer sets should have 
similar annealing temperatures.   

   13.    Instead of isolating genomic DNA template, a well-isolated 
single colony may be used as a template for PCR. Inoculate a 
single colony directly  into   PCR mixture and mix it well.   

   14.    Avoid overexposing the DNA gel during gel extraction. Too 
much exposure to UV light may cause DNA mutations.   

   15.    Check the purity of DNA samples using a micro-volume UV–
Vis spectrophotometer (a 260/280 ratio of ~1.8 is generally 
accepted as pure for DNA).   

   16.    While making recombinant cells, keep everything cold and 
sterile. Use freshly made competent  C. rodentium  cells because 
the effi ciency will be 10- to 100-fold higher than pre-frozen 
competent cells.   

   17.    Heat-shock may be required to induce recombination func-
tions before making electrocompetent cells. After the O/N 
culture reaches desired OD 600  for preparation of electrocom-
petent cells, transfer half of the culture into Erlenmeyer fl ask 
and place this culture in the 42 °C water bath (for inducting 
recombination activity). Leave the remaining culture at 37 °C 
as an un-induced control. Make electrocompetent cells using 
both induced and un-induced cultures.   

   18.    Different kinds of recombineering plasmids may be used for 
homologous recombination. pSIM9 recombineering plasmid 
is used as an example.   

   19.    During electroporation, it is important to mix the template 
and recombinant cells.   

   20.    Salt contamination may interfere with the electroporation reac-
tion. Lowering the amount of DNA used for electroporation 
may help in solving this issue. Setting up fi ve electroporation 
reactions with varying amounts of plasmid DNA is advised.   

Else S. Bosman et al.
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   21.    This imaging procedure can be done on the dorsal or ventral 
side of the mouse.   

   22.    Ensure that the plastic nose cones are placed properly to allow 
for continued anesthesia of mice during imaging.   

   23.    Expression of the luciferase operon can be either plasmid- based 
or chromosomal. If a plasmid-based construct is used, the plas-
mid may be not be stable or may be lost over the course of 
infection (especially true for longer infections). In that case, 
chromosomal constructs are advised. However, the advantage 
of plasmid-based luciferase construct is that the luciferase will 
be expressed to a much higher level than chromosomally 
expressed luciferase.   

   24.    Different mouse strains (with different fur color) may require 
different exposure times for optimal signal detection. This may 
require some optimization. It is important to use a  consistent 
exposure time for data analysis. For the fi rst experimental run, 
it is necessary to determine the optimal exposure time for peak 
distribution/peak signal.   

   25.    It can be diffi cult to differentiate between luminal bacteria, 
loosely attached bacteria, and adherent bacteria. Euthanizing 
the mice and separating the luminal contents from tissue and 
washing the tissue with PBS may help determine bacterial 
localization.   

   26.    This is a low-throughput method as only fi ve mice can be imaged 
at a time. It can thus be a time-consuming procedure. However, 
BLI imaging is a powerful tool as it allows for non- invasive live 
imaging without requiring of euthanizing the animals.   

   27.    Pre-grown bacteria are exposed to DMEM for 3 h in order to 
activate the expression of the T3SS for accelerated bacterial 
effector delivery.   

   28.    Surgical plane of anesthesia is exhibited when the mouse is 
unconscious and does not respond to any external stimuli (i.e. 
pinching the hind leg paw).   

   29.    For the highest level of consistency among experiments, it is 
recommended to fast the mice (with-hold food) for 12–24 h 
prior to the procedure.   

   30.    Because of the invasiveness of the procedure, the cecal-loop 
model is only suitable for partial recovery. Though the proce-
dure can be modifi ed for complete recovery, the listed protocol 
should only be used for up to 12 h infections.   

   31.    Soft food and easily accessible water should be provided for the 
mice following the cecal-loop procedure. It is recommended 
to house mice in separate cages during recovery.   

   32.    Monitor mice every hour post-infection and record physiolog-
ical and behavioral observations.   

C. rodentium Mouse Model of Infection
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   33.    The optimal timeframe for measuring epithelial barrier integ-
rity varies based on the mouse strain and the strain of  C. 
rodentium . Typically, 6–7 days post-infection yields represen-
tative results, as infection is widespread but it is before peak 
tissue damage.   

   34.    All experiments should include control uninfected mice in the 
study design.   

   35.    FITC is light-sensitive so ensure that all tubes and plates are 
black and/or covered in aluminum foil to prevent sample 
bleaching.   

   36.    Antigen retrieval is optional but highly recommended as it 
removes formalin-associated protein linkages that may interfere 
with antigen sites.   

   37.    It is recommended to use a laboratory wipe to draw off extra 
liquid following washes to prevent dilution of antibodies and 
mounting media.   

   38.    Add 2 % goat serum to the blocking buffer if the secondary 
antibody is retrieved from this animal. Adjust if the secondary 
antibody is retrieved from another animal.   

   39.    Collect 1–2 pellets/mouse for uniform stool 
homogenization.   

   40.    Be careful when handling the small fi lter. Avoid touching the 
surface as it may result in loss of fi ltered bacteria.   

   41.    For  C. rodentium , day 6 post-infection is optimal as infection 
is well established by this time. Signifi cant changes in commen-
sal depletion are noted by this time-point.   

   42.    This method can be used to determine relative proportions of 
 C. rodentium  as well as different commensal populations. After 
 step 5 , pass the nucleopore membrane fi lters through ethanol 
gradient (50 %, 80 %, 100 %, 3 min each). Let the fi lter discs 
dry and place them on microscope slides. Follow the FISH 
staining protocol as previously described.   

   43.    Carnoy’s or formalin-fi xed tissues can be used for staining. 
Mucus is best preserved in Carnoy’s fi xed tissues.   

   44.    SDS in FISH hybridization buffer can precipitate out of the 
solution. Ensure that FISH hybridization buffer is warmed up 
with continuous stirring to clear the solution before usage.   

   45.    Avoid prolonged exposure to light as the probes are 
light-sensitive.   

   46.    This staining method can also be used for  visualizing   commensal 
bacterial populations ( Bacteriodes ,  Firmicutes ,  Lactobacillus ). 
Design specifi c DNA probes complementary to the target 
sequence (16S rDNA sequence) .         
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    Chapter 22   

 Murine Trinitrobenzoic Acid-Induced Colitis 
as a Model of Crohn’s Disease                     

     John     F.     Kuemmerle      

  Abstract 

   Infl ammatory Bowel Diseases, Crohn’s disease and ulcerative colitis, result from the uncontrolled infl am-
mation that occurs in genetically susceptible individuals and the dysregulation of the innate and adaptive 
immune systems. The response of these immune systems to luminal gut microbiota and their products 
results in altered intestinal permeability, loss of barrier function, and mucosal infl ammation and ulceration. 
Animal models of experiment intestinal infl ammation have been developed that leverage the development 
of spontaneous infl ammation in certain mouse strains, e.g. Samp1/Yit mice, or induction of infl ammation 
using gene-targeting e.g. IL-10 null mice, administration of exogenous agents e.g. DSS, or adoptive trans-
fer of T-cells into immunodefi cient mice, e.g. CD4 +  CD45Rb Hi  T-cell transfer. Colitis induced by rectal 
instillation of the haptenizing agent, 2,4,6 trinitrobenzene sulfonic acid, is one of the most commonly 
used and well-characterized models of Crohn’s disease in humans.  

  Key words     T Cell-mediated colitis  ,   Infl ammatory bowel disease  

1      Introduction 

  Crohn’s disease  and   ulcerative  colitis   are the two main forms of 
infl ammatory bowel disease. Both diseases are characterized by 
 uncontrolled   infl ammation in the GI tract. Recent advances in the 
pathogenesis  of   infl ammatory bowel disease infl ammatory bowel 
disease have identifi ed over 160 genetic variants conferring risk of 
disease [ 1 ]. Analysis of the intestinal microbiome has also revealed 
diminished diversity in the composition of commensal and patho-
genic bacteria comprising the gut microbiome [ 2 – 4 ]. The combined 
effects of genetic polymorphisms and dysbiosis combine to result in 
altered activation and regulation of the intestine’s innate immune 
and adaptive immune systems that result in  sustained   infl ammation. 
   Ulcerative colitis is characterized by mucosal infl ammation. Crohn’s 
disease is a transmural process with patients expressing an infl amma-
tory phenotype, Montreal B1, fi brostenotic phenotype, Montreal 
B2, or a penetrating phenotype, Montreal B3 [ 5 ]. 
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 In order to investigate the immunopathogenesis  of   infl amma-
tory bowel disease, animal models of experimental enterocolitis have 
been developed that can be used to understand the pathogenesis and 
examine the effi cacy of putative anti-infl ammatory strategies. A 
number of animal models have been developed using spontaneous 
infl ammation in mouse strains, or induction  of   infl ammation using 
gene-targeting, administration of exogenous agents, or transfer of 
T-cells into immunodefi cient mice [ 6 ]. 

 One of the most commonly used models is rectal administra-
tion of the haptenizing agent,    2,4,6 trinitrobenzene sulfonic acid 
(TNBS).    Colitis can be induced in strains of mice susceptible to 
TNBS-induced colitis once the mucosal barrier is disrupted by the 
co-administration of ethanol vehicle. TNBS-induced hapteniza-
tion of colonic microbiota proteins or autologous proteins renders 
them immunogenic to the host immune system. This process is 
mediated by CD4 +  T-cells, and as such, the TNBS model is useful 
to understand the role of CD4 +  T-cell-mediated immune responses. 
The initial injury induced by TNBS/ethanol is followed by an 
acute infl ammatory phase, after 7 days, which can be followed by 
 chronic   infl ammation and development of fi brosis using appropri-
ate TNBS administration protocols. 

 In mice, the specifi c infl ammatory process that develops in 
response to TNBS is highly strain-dependent and requires indi-
vidual optimization of TNBS concentrations, especially when used 
to generate chronic colitis and fi brosis. Murine TNBS-induced 
colitis was initially described in SIL/J mice with high susceptibil-
ity and developed a Th1 predominant infl ammatory milieu [ 7 – 9 ]. 
BALB/c mice are also readily susceptible to TNBS-induced coli-
tis, and with chronic administration, develop a sequential Th1, 
Th2, and Treg-patterned immunologic response [ 10 ,  11 ]. 
C57BL/6J mice are more resistant to TNBS, but with administra-
tion of higher escalating doses develop the  concomitant   Th1, 
Th17, and Treg- patterned immunologic response that is seen 
clinically in patients with Crohn’s disease and recapitulates the 
development of transmural fi brosis in the 30–50 % of patients sus-
ceptible to fi brostenosis [ 12 ,  13 ]. The differences in susceptibility 
to TNBS have been shown to result from a genetic difference in 
IL-12 response [ 14 ]. 

 TNBS-induced colitis can be used in three types of investiga-
tion. (1) Acute TNBS-induced colitis can be used to investigate 
the initial priming of Th1-patterned nonspecifi c infl ammatory 
response. (2) Intermediate duration colitis can be used to investi-
gate the delayed hypersensitivity response and the specifi c Th1 the 
responses that result. (3) Chronic TNBS-induced colitis can be 
used to investigate the mechanisms of fi brosis that involve specifi c 
Th1, Th17, and Treg responses and share a similar pathobiology as 
that in fi brostenotic Crohn’s disease [ 15 – 18 ].  

John F. Kuemmerle
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2    Materials 

       1.    2,4,6-Trinitrobenzenesulfonic acid (TNBS) stock solution: 
5 % w/v in H 2 O (Sigma-Aldrich, St. Louis, MO). Caution: 
handle with appropriate safety equipment.   

   2.    Absolute EtOH.   
   3.    50 % EtOH v/v in distilled water.   
   4.    Isofl urane or other inhaled anesthetic. Caution: use in appro-

priate vented hood with scrubber.   
   5.    Phosphate buffered saline, pH 7.2.   
   6.    Calcium- and Magnesium-free Hank’s balanced salt solution, 

pH 7.2.   
   7.    Bouin’s solution (Sigma-Aldrich).   
   8.    Sirius Red Collagen Assay (Sircol) (Chondrex, Inc, Redmond, 

WA).   
   9.    Tissue protein extraction reagent (T-PER) buffer (Thermal 

Science, Amarillo, TX).   
   10.       Hematoxylin and eosin staining solution (Sigma-Aldrich).   
   11.    Iron hematoxylin Stock Solution A: dissolve 1 g of Hematoxylin 

in 99 ml of 95 % EtOH.   
   12.    Iron hematoxylin Stock Solution B: Mix 4 ml of 29 % w/v 

solution of ferric chloride in water with 95 ml of distilled water, 
and 1 ml of concentrated HCl.   

   13.    Weigert’s Iron Hemotoxylin Solution: prior each experiment, 
mix equal volumes of Stock solutions A and B.   

   14.    Biebrich Scarlet-Acid Fuchsin Solution: mix 90 ml of 1 % aque-
ous Biebrich scarlet solution with 10 ml of 1 % aqueous acid 
fuchsin solution and 1 ml of glacial acetic acid.   

   15.    Phosphomolybdic-Phosphotungstic Acid Solution: mix 25 ml 
of 5 % phosphomolybdic acid solution with 25 ml of 5 % phos-
photungstic acid solution in distilled water.   

   16.    Aniline Blue Solution: dissolve 2.5 g of Aniline Blue in 90 ml 
of distilled water, add 2 ml of glacial acetic acid, adjust fi nal 
volume to 100 ml. Alternatively, the pre-maid Masson’s 
Trichrome stain solution can be purchased from Sigma Aldrich.   

   17.    Acetic acid solution, 1 % (v/v): mix 1 ml of glacial acetic acid 
with 99 ml of distilled water.      

       1.    6–8-week old sex- and age-matched mice of your strain of 
choice (SIL/J, BALB/c, or C57BL/6J). All animals must be 
housed and handled according to local, national, and interna-
tional animal care and use guidelines.      

2.1  Reagents

2.2  Animals

Murine TNBS Colitis
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       1.    Vortex mixer.   
   2.    3.5 Fr polyethylene catheter tubing.   
   3.    1 ml syringe.   
   4.    Anesthesia apparatus with scrubber with rodent mask (SurgiVet, 

Smith Medical, Dublin OH).       

3    Methods 

     1.    Prepare TNBS solution: Mix appropriate volume of 5 % TNBS 
(w/v) in H 2 O TNBS solution with the appropriate volume of 
absolute EtOH to obtain the desired TNBS dosing. Caution: 
Handle with appropriate safety equipment.   

   2.    Adequately anesthetize each mouse ( see   Note 1 ).   
   3.    Fit the 3.5 Fr tubing to the 1 ml syringe and fi ll with TNBS 

working solution or 50 % EtOH solution.   
   4.    Insert the tubing 4–6 cm into the colon via the rectum taking 

care to advance the catheter gently to avoid perforating the 
colon.   

   5.    Slowly deliver 0.1 ml of solution of your intended concentra-
tion into the colon ( see   Note 2 ).   

   6.    Remove the catheter slowly while keeping the animal in a verti-
cal head down position for 1 min. For consistent result, it is 
important that all of the TNBS solution be retained in the 
colon.   

   7.    Return mouse to its cage and assure it recovers from 
anesthesia.   

   8.    Repeat the instillation of TNBS solution or EtOH solution on 
a weekly basis for 8 weeks using escalating doses of TNBS to 
establish chronic fi brosis ( see   Note 3 ).   

   9.    Record daily or every other day weights ( see   Note 4 ).   
   10.    Record the presence of loose stools and presence of blood ( see  

 Note 5 ).   
   11.    At the desired end point: 1 week for acute colitis, or 3–8 weeks 

for chronic fi brosis, the animals can be euthanized adhering 
strictly to local, national, and international requirements for 
animal care and use.   

   12.    At the time point of choice after mice have been euthanized, 
harvest the colon via a midline laparotomy.   

   13.    Place the isolated colon into a petri dish fi lled with cold phos-
phate buffered saline or calcium and magnesium-free Hank’s 
balanced solution.   

2.3  Equipment
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   14.    The layers of the colon and specifi c cell types can be isolated by 
dissection and enzymatic digestion for preparation of protein 
lysates, mRNA, or initiation of primary cells if desired [ 12 ,  13 , 
 19 ,  20 ] ( see   Notes 6  and  7 ).   

   15.    Remove the mesenteric lymph nodes and remove to cold 
buffer [ 20 ].   

   16.    Pass the collected mesenteric lymph nodes through a 100 nm 
nylon mesh into a 15 ml tube fi lled with calcium and 
magnesium- free Hank’s balanced solution with 20 % fetal calf 
serum. Disrupt the lymph nodes mechanically on the mesh 
with a pair of forceps. Wash the collected cells and store them 
in the same buffer on ice until use.   

   17.    Determine and record the gross macroscopic damage scores 
(Table  1 ).

       18.    Prepare histologic sections prepared for either frozen section 
or formalin-fi xed paraffi n-embedded sections to assess micro-
scopic damage scores with hematoxylin and eosin staining 
 (Table  2  and Fig.  1 ).

   Table 1  
  Gross macroscopic damage score [ 13 ,  15 ,  22 ]   

 Symptom  Score 

 Presence and severity of adhesions (none—0, 
few—1, many—2) 

 0–2 

 Maximum bowel wall thickness  Millimeters 

 Presence or absence of diarrhea (none—0, 
diarrhea ± blood—1) 

 0–1 

   Table 2  
  Microscopic damage score [ 13 ,  15 ,  22 ]   

 Histological parameter  Score 

 Extent of destruction of normal architecture  0–3 

 Presence and degree of cellular infi ltration  0–3 

 Extent of muscle thickening  0–3 

 Presence or absence of goblet cell mucus  0–1 

 Presence or absence of crypt abscesses  0–1 

 Maximum score  11 

Murine TNBS Colitis
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  Fig. 1    Progressive development of colonic thickening and fi brosis over the course of TNBS-induced colitis in 
C57BL/6J mice       

        19.    The average thickness of the subepithelial space and the mus-
cularis propria can be measured directly using image scanning 
micrometry at fi ve villous bases per section and reported in μm 
( see   Note 8 ).   

   20.    Collagen deposition can determined in Masson’s Trichrome- 
stained sections (Fig.  2 ). This stain is used for the detection of 
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collagen fi bers on formalin-fi xed, paraffi n-embedded sections 
or frozen sections as well. The collagen fi bers will be stained 
blue and the nuclei will be stained black, while the background 
is stained red. Fixation in Bouin’s solution improves the quality 
of the stain. Deparaffi nize PFA-fi xed tissue sections and rehy-
drate them passing through 100 % alcohol, 95 % alcohol, 70 % 
alcohol, or use frozen sections. Stain in Weigert's iron hema-
toxylin working solution for 10 min. Rinse in running tap water 
for 10 min. Wash in distilled water. Stain in Biebrich scarlet-acid 
fuchsin solution for 10–15 min. Wash in distilled water. 
Differentiate in phosphomolybdic-phosphotungstic acid solu-
tion for 10–15 min or until collagen is not red. Transfer sec-
tions without washing to Aniline Blue solution and stain for 
5–10 min. Rinse briefl y in distilled water and differentiate in 
1 % acetic acid solution for 2–5 min. Wash in distilled water. 
Dehydrate very quickly through 95 % ethyl alcohol, absolute 
ethyl alcohol (these step will wipe off Biebrich scarlet-acid fuch-
sin staining), and clear in xylene. Mount tissue sections.

       21.    Quantify the area positive  for   collagen staining in microscopic 
images by red-green-blue (RGB) segmentation using fi xed 
threshold values [ 13 ,  15 ,  21 ].   

   22.    Collagen content could be quantitated using a Sirius red colla-
gen (Sircol) assay [ 15 ]. Homogenize mesenchymal tissue of 
mouse colon in T-PER buffer, incubate on ice for 15 min, and 
centrifuge for 5 min at 10,600 ×  g  at 4 °C. Dilute each protein 
sample in 0.5 M acetic acid to a fi nal concentration of 100 mg/
ml. Follow instructions in the Sircol kit and read optical density 
at 530 nm. Calculate the results as amount of collagen per 
100 mg of total protein [ 15 ].      

  Fig. 2    Representative Masson’s trichrome-stained section of TNBS-induced colitis in C57Bl/6J mice       
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4    Notes 

     1.    Plan for additional mice in the TNBS arm of your experiment. 
In general, the younger the animals, the greater is their suscep-
tibility to TNBS. However, high mortality can be expected in 
mice younger than 4 weeks. While both genders develop coli-
tis, male mice tend to develop a more chronic colitis in response 
to TNBS administration [ 9 ].   

   2.    The dosing of TNBS to achieve the desired effect, acute or 
chronic colitis, is dependent on the mouse strain being 
used and on local vivarium factors, i.e. microbiome. 
Investigators with established TNBS dosing protocols 
when moving to a new vivarium may encounter difficulties 
with inadequate or excessive colitis necessitating the need 
to re-titrate dosing to the desired effect. Suggested dose 
ranges for various commonly used mouse strains are out-
lined in Table  3 .

       3.    Troubleshooting  for   TNBS colitis is summarized in Table  4 .
       4.    The progress and severity of TNBS-induced colitis can be 

easily monitored by the weight loss that refl ects disease 
severity.   

   5.    Diarrhea and rectal bleeding caused by TNBS administration 
represent other characteristic symptoms that refl ect severity of 
the disease.   

   6.    To separate the tissue layers of mouse colon, slip 5 cm colon 
sections over a 3–5 mm glass rod, and with gentle tangen-
tial stroking with a moistened wipe, peel off the muscularis 
propria. The mucosal and submucosal section still remain 

   Table 3  
  TNBS doses required to induce colitis in different mouse strains [ 23 ]   

 Mouse strain  TNBS dose (mg/kg, ~30 g mouse)  Day administered  Day of death 

 BALB/C  Variable 1–5 mg  0  7 

 BALB/C  Escalating 1.5–2.5 mg 
 Subsequent dose: 3.375 mg 

 Weekly  49 

 C57  3–5 mg  0  7 

 C57  Escalating 4–6 mg  Weekly  56 

 SJL/J  0.5–5  0  7 

 SJL/J  0.5  0  56 
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on the glass rod and can be used for isolation of epithelial 
cell, subepithelial myofibroblasts,  or   lamina propria mono-
nuclear cells [ 13 ].   

   7.    Preparation of protein lysates or mRNA extraction from whole 
thickness colon results in data that cannot be attributed to 
either specifi c regions or cell types, or may yield mixed results 
that tend to negate each other.   

   8.    Generally, the muscularis propria is ~80 μm-thick in naïve or 
EtOH vehicle-treated mice, and its thickness can increase up 
to twofold over the course of 8 weeks of chronic TNBS-
induced colitis .         
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   Table 4  
  Troubleshooting TNBS colitis   

 Problem  Possible reason  Possible solution 

 No or weak colitis  Mouse strain has low 
susceptibility to TNBS colitis 

 Increase TNBS dose 

 Excessive colitis and death  Mouse strain has high 
susceptibility to TNBS colitis 

 Colonic perforations are 
occurring 

 Decrease TNBS dose 
 Take care to avoid colonic injury 

 Variable extent of colitis 
develops between groups 

 TNBS is not retained in the colon 
 TNBS is outdated 

 Remove catheter more gently and 
maintain inversion for 60 s 

 Replace TNBS with fresh 
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    Chapter 23   

 Oxazolone-Induced Colitis as a Model of Th2 Immune 
Responses in the Intestinal Mucosa                     

     Benno     Weigmann      and     Markus     F.     Neurath     

  Abstract 

   Murine models of intestinal infl ammation have been widely used in biomedical research. Similarities in 
anatomy and physiology between such murine models and patients with infl ammatory bowel diseases may 
allow a better understanding of the pathogenesis of Crohn’s disease and ulcerative colitis. Additionally, 
models of intestinal infl ammation may be used for the analysis of potentially new therapeutic agents. One 
key class of models consists of chemically induced infl ammation models. Within this group, colitis induced 
by the haptenizing agent oxazolone is an important model that results in induction of acute or chronic 
infl ammation of the large bowel. Here, we describe the induction and the analysis of this experimental 
colitis model.  

  Key words     Infl ammatory bowel disease  ,   Ulcerative colitis  ,   Experimental colitis models  ,   Intestinal 
mucosa  ,   Oxazolone  

1      Introduction 

     Crohn’s disease  and   ulcerative colitis  are   chronic infl ammatory dis-
orders of the intestine [ 1 ]. The etiology of IBD is still not exactly 
understood, but there is strong evidence that immunocompetent 
cells, especially T-cells in  the   lamina propria, contribute to disease 
initiation and progression. Much of the recent progress in the 
understanding of mucosal immunity has been achieved by analyz-
ing experimental animal models of  intestinal   infl ammation [ 2 ,  3 ]. 
One group of these models is based on a chemical induction of the 
infl ammatory response, which resembles human gut infl ammation. 
It should be noted that these models do not fully represent the 
complexity of the human disease. However, they are valuable tools 
for understanding the pathophysiological mechanisms. Intestinal 
immune cell populations and cytokines have been characterized in 
humans over a long time period and studies of animal models 
emphasized the role of immune cell activation resulting in the 
induction of  mucosal   infl ammation. 
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 T-Lymphocytes, in particular CD4 +  T-cells, play an important 
role in all immune regulatory processes in the gastrointestinal tract 
[ 4 ]. Production of proinfl ammatory cytokines such as IFN-γ, 
TNF-α, and IL-12p40 has been observed in the infl amed mucosa 
 of   Crohn’s disease patients, which is consistent with  a   Th1-related 
cytokine response. Interestingly, the cytokine profi le in ulcerative 
colitis is characterized by the increased production of several Th2 
cytokines such as IL-5, IL-13, and IL-9 [ 4 – 6 ]. However, IL-4 
production  in   ulcerative colitis is low, demonstrating that not all 
classical Th2 cytokines are induced in this disorder. Therefore, the 
cytokine response in human ulcerative colitis has been described as 
a “modifi ed Th2 response”. Consequently, an animal model with 
exaggerated production of Th2 cytokines would be ideal to study 
the pathogenesis of ulcerative colitis. 

 Interestingly, a Th2-type cytokine response has been described 
in the oxazolone-induced colitis model. This model was fi rst char-
acterized by the development of an acute T cell- dependent   infl am-
mation limited to colonic mucosa and submucosa, especially the 
distal colon [ 7 ]. Rectal administration  of   oxazolone dissolved in 
30–50 % ethanol was found to cause marked colitis associated with 
weight loss and diarrhea. Histopathological analysis of the colon 
obtained from mice with active disease revealed superfi cial colonic 
infl ammation, epithelial cell erosions, ulcerations, infi ltration of 
lymphocytes, and an elevated production of IL-13 by NK T-cells 
[ 8 ]. Clinical manifestations of infl ammation included the body 
weight loss and diarrhoea. Investigation of molecular mechanisms 
underlying this model of colitis revealed that treatment with neu-
tralizing anti-IL-4 or anti-TNF-α antibodies or with a decoy 
IL-13R2α-Fc protein attenuate development of mucosal infl am-
mation in oxazolone-treated animals [ 7 ,  8 ]. Therefore, oxazolone- 
induced colitis recapitulated many important features of human 
ulcerative colitis. 

 Similarly to other rodent models of infl ammation, develop-
ment of the oxazolone-induced colitis depends on mice strain and 
the commensal microfl ora at different animal facilities. Initially, the 
oxazolone-induced colitis model was performed in SJL/J or C57/
BL10 mice, but later it was found that other mice stains like 
BALB/c are susceptible as well [ 9 ]. Furthermore, depending on 
the experimental setup, oxazolone colitis may also result in a mixed 
Th1/Th2-dependent colitis [ 10 ] or infl ammation in immunodefi -
cient NOD-SCID-IL2R mice [ 11 ]. 

 A number of studies have demonstrated the major advantage 
of the oxazolone-mediated colitis as a simple and reproducible 
model of  colonic   infl ammation. The presented protocol describes 
an acute model of the diseases that can be easily transformed into 
chronic infl ammation via repetitive administration of low doses of 
oxazolone [ 12 ].  
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2    Materials 

 All solutions should be freshly prepared under sterile conditions at 
the beginning of the experiment (unless indicated otherwise). 

       1.    Olive oil.   
   2.    Acetone.   
   3.       Oxazolone (4-Ethoxymethylene-2-phenyl-2-oxazolin-5-one).   
   4.    The sensitization solution: Mix acetone and olive oil in a 

4:1 v/v ratio by vortexing. Dissolve a 60 mg oxazolone pow-
der in 2 ml of this solution to obtain a 3 % (w/v) oxazolone 
sensitization solution. Mix the solution by carefully vortexing 
( see   Note 1 ).   

   5.     The   oxazolone challenge solution: Dissolve 20 mg oxazolone 
in 2 ml of 50 % ethanol to obtain a 1 % (w/v) solution. Mix the 
solution by careful vortexing. The oxazolone powder should 
be completely dissolved before use ( see   Note 2 ).      

       1.    Vortex.   
   2.    Electric clipper for animals.   
   3.    Balances.   
   4.    Centrifuge.   
   5.    Flexible catheter (3.5 F, length 20 cm) with soft tip.   
   6.    Syringe (1 ml).   
   7.    Murine colonoscopy system.      

       1.    Mice; usually 8–16 weeks old.       

3    Methods 

 The procedure is divided in three phases: the sensitization, the 
challenge, and fi nally the analysis of the  intestinal   infl ammation. 
The described protocol requires up to 9 days for the induction of 
acute colitis, starting with animal sensitization on day 0. Chronic 
colitis takes usually 4–5 weeks (Fig.  1 ,  see   Note 3 ).

         1.    On day 0, shave an approximately 2 cm × 2 cm fi eld on the skin 
of the back of the mouse by using an electric clipper. Be careful 
to avoid open wounds. Animals will then be  given   oxazolone 
as detailed below. Some mice should be treated with sensitiza-
tion solution without oxazolone as a control ( see   Note 4 ).   

   2.    To apply the solution, hold the mouse with one hand and use 
the other hand to a 150 μl of the oxazolone sensitization 

2.1  Reagents

2.2  Equipment

2.3  Animals

3.1  Sensitization

Oxazolone Colitis Model
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 solution on the shaved skin. The solution is absorbed by the 
skin quickly.   

   3.    Return the animals to their cages.      

       1.    On day 6, weigh and label the sensitized animals.   
   2.    Anesthetize the mice before oxazolone challenge. To achieve 

this, use an intraperitoneal injection of 80 μl of a ketamine/
xylazine solution per 10 g body weight. Alternatively, use an 
isofl urane inhalation anesthetic system ( see   Note 5 ).   

   3.    Connect a 3.5 F catheter to a 1 ml syringe and fi ll the syringe 
with the oxazolone challenge solution.   

   4.     Before   oxazolone administration, carefully position the cathe-
ter into the murine colon (insertion depth about 3–4 cm prox-
imal to the anus). If necessary, remove stool pellets by fl ushing 
the colon carefully with a pipette fi lled with water ( see   Note 6 ).   

   5.    Administer approximately 100 μl of the oxazolone challenge 
solution into the colonic lumen via the catheter. Administration 
should be performed slowly and should take 10–30 s ( see   Note 
7 ).   

   6.    Remove the catheter and keep the mouse in a vertical position 
(head down) for 60 s to avoid spilling out the injected 
solution.   

   7.    Return the animals to their cages.      

       1.    Measure animals body weight using balances and record the 
weight daily in order to monitor for body weight changes 
(Fig.  2a ).

       2.    Examine the appearance of the colonic mucosa by using the 
murine colonoscopy system [ 13 ]. This technique allows to 

3.2  Challenge

3.3  Analysis

  Fig. 1    Time schedule for the  acute   oxazolone colitis model. The experiment starts at day 0 with animal sensi-
tization, following by the challenge step on day 6 and subsequent analysis of the infl ammatory response       

Fig. 2 (continued) pictures illustrating erosion of the colonic mucosa in two dif-
ferent mouse strains (C57BL/6 and BALB/C) on day 2 post-oxazolone challenge; 
( c ) the decrease in the colon length; ( d ) histological evidence of tissue damage 
and infl ammation in H&E-stained colonic sections, on day 3 post-oxazolone 
challenge       
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  Fig. 2    Analysis  of   mucosal infl ammation during oxazolone-induced colitis. The 
fi gures show different clinical and histological manifestation of colonic infl amma-
tion in oxazolone-treated mice that include: ( a ) body weight loss; ( b ) endoscopic 
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visualize the architecture of colonic mucosa and to detect early 
symptoms of  mucosal   infl ammation (Fig.  2b ,  see   Note 8 ).   

   3.    Euthanize the animals at the end of the experiment. The devel-
opment of colonic infl ammation starts immediately after  the 
  oxazolone challenge and reaches its nadir approximately on 
day 8 post-sensitization. Open the abdominal cavity by using 
surgical scissors and remove the entire colon. This can be done 
by cutting the colon directly below the cecum and around the 
anus.   

   4.    Lay the entire colon carefully on a paper and measure the 
length of the colon without stretching. Signs  of   infl ammation 
are the shortening of the colon and thickening of the bowel 
wall (Fig.  2c ).   

   5.    Carefully cut the colon into several segments and clean them 
from the fecal material by squeezing the pellets out. Snap 
freeze some segments in liquid nitrogen. These segments can 
be used to obtain colonic cryo-sections for the histopathologi-
cal analysis (e.g., calculation of the tissue injury score using 
hematoxylin and eosin-stained sections) (Fig.  2d ,  see   Note 9 ).   

   6.    Store the remaining colonic segments either in the RNA stabi-
lization solutions for further analysis of mRNA expression, or 
in cold phosphate-buffered saline for subsequent isolation of 
different cell types from the intestinal mucosa.   

   7.    Collect the blood to measure infl ammatory cytokine level in 
the blood serum. This procedure should be performed shortly 
after euthanizing the animal in order to avoid rapid blood 
coagulation. The best approach for the blood collection is a 
cardiac puncture using a 10 ml syringe with the 18 G needle. 
This cardiac puncture allows collecting 1–2 ml of blood. Place 
a tube with collected blood in an upright position at room 
temperature followed by incubation for 30–45 min (no longer 
than 60 min) to allow clotting. If using a clot-activator tube, 
invert carefully 5–6 times to mix clot activator and blood 
before incubation.   

   8.    Centrifuge the blood samples for 15 min at 400 ×  g  at 4 °C. Do 
not use brake to stop centrifugation.   

   9.    Carefully aspirate the supernatant (serum) at room tempera-
ture and pool into a centrifuge tube, taking care not to disturb 
the cell layer or transfer any cells. Use a clean pipette for each 
tube.   

   10.    Inspect serum for turbidity. Turbid samples should be centri-
fuged and aspirated again to remove remaining insoluble 
matter.   

   11.    Aliquot the serum into cryo-vials and store at −80 °C for the 
subsequent analysis of cytokine levels by ELISA.       
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4    Notes 

     1.    Both acetone  and   oxazolone are chemical hazards. Therefore, 
caution is needed to avoid potential toxic effects of these 
reagents.   

   2.    To completely dissolve oxazolone crystals in 50 % ethanol, 
warm up the ethanol to 35 °C/95 °F and shake the solution 
on a tumbler till the entire pellet is dissolved. This may take 
some time.   

   3.    Typically, signs of the  acute   infl ammation will develop on day 
8 of the protocol (2 days post-oxazolone administration), 
whereas the  chronic   infl ammation develops within 3–4 weeks. 
To induce chronic colitis, the sensitization step with 3 % oxa-
zolone solution is required, followed by three challenge steps 
with 0.5 %    oxazolone challenge solutions [ 6 ]. Considering the 
sensitization step as day 0, the challenge steps should be per-
formed on days 6, 20, and 34, allowing for approximately 2 
weeks recovery phases between them. After each challenge, 
analyzing signs  of   infl ammation (body weight or colonoscopy) 
will be helpful in order to evaluate the effi ciency of colitis 
induction. Each investigator should experimentally determine 
the working concentration of oxazolone, given the differential 
sensitivity of different mouse strains and distinct composition 
of the commensal microfl ora of the local animal facilities.   

   4.    All animal experiments must be performed in accordance with 
approved institutional animal care and use protocols that are 
based on national and international guidelines about humane 
care and use of the laboratory animals.   

   5.    The isofl urane inhalation anesthetic system should not be used 
together with cyclosporine A, because cyclosporine infl uences 
the blood level of isofl urane.   

   6.    Proceed very carefully to avoid damage or perforation of the 
colon wall by the instillation of the catheter. Colon perforation 
may result in lethal peritonitis.   

   7.    In order to obtain reproducible results, it is important to 
ensure that  the   oxazolone solution remains trapped in the 
colon lumen.   

   8.    The severity  of   infl ammation is commonly judged based on a 
MEICS (   murine endoscopic index of colitis severity) score. 
This score includes fi ve different features of the colonic mucosa 
evaluated by endoscopy: translucency, granularity, fi brin, vas-
cularity, and stool [ 13 ].   

   9.    A blinded analysis should be performed for histological evalua-
tion of H&E-stained colonic sections. The Tissue Injury Index 
should be calculated by scoring the following parameters: 
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mucosal erosion and ulceration, loss of crypt architecture, sub-
mucosal spread and transmural involvement, loss of goblet 
cells, and infi ltration of neutrophils. The lowest score (grade 0) 
should be given for the normal tissue architecture. The grade 1 
is associated with minimal scattered mucosal infl ammatory cell 
infi ltrates, with or without minimal epithelial hyperplasia. The 
grade 2 is given when a mild scattered to diffuse infl ammatory 
cell infi ltrates, sometimes extending into the submucosa and 
associated with erosions, with minimal to mild epithelial hyper-
plasia and minimal to mild mucin depletion from goblet cells is 
observed. The grade 3 involves a mild to moderate infl amma-
tory cell infi ltrate, sometimes transmural and often associated 
with ulceration, with moderate epithelial hyperplasia and mucin 
depletion. The grade 4 is linked with a marked infl ammatory 
cell infi ltrate that is often transmural and associated with ulcer-
ation, with a marked epithelial hyperplasia and mucin deple-
tion. Finally, the grade 5 is given when a marked  transmural 
  infl ammation with severe ulceration, loss of intestinal glands, 
and massive infi ltration of neutrophils is observed .         
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    Chapter 24   

 The Mongolian Gerbil: A Robust Model of  Helicobacter 
pylori -Induced Gastric Infl ammation and Cancer                     

     Jennifer     M.     Noto    ,     Judith     Romero-Gallo    , 
    M.     Blanca     Piazuelo    , and     Richard     M.     Peek       

  Abstract 

   The Mongolian gerbil is an effi cient, robust, and cost-effective rodent model that recapitulates many features 
of  H. pylori -induced gastric infl ammation and carcinogenesis in humans, allowing for targeted investiga-
tion of the bacterial determinants and environmental factors and, to a lesser degree, host constituents that 
govern  H. pylori -mediated disease. This chapter discusses means through which the Mongolian gerbil 
model has been used to defi ne mechanisms of  H. pylori -infl ammation and cancer as well as the current 
materials and methods for utilizing this model of microbially induced disease.  

  Key words      Helicobacter pylori   ,   Mongolian gerbil  ,   Gastric infl ammation  ,   Gastric cancer  

1      Introduction 

   Gastric adenocarcinoma is the third leading cause  of   cancer-related 
death worldwide, accounting  for   over 700,000 deaths each year 
[ 1 ]. There are two main histologically distinct forms of gastric ade-
nocarcinoma, diffuse- and intestinal-type. Diffuse-type cancer is 
characterized by non-cohesive neoplastic cells that infi ltrate the 
stroma and is not associated with histological precancerous lesions, 
while intestinal-type cancer progresses through a series of well- 
defi ned pathological steps from normal gastric mucosa to chronic 
superfi cial gastritis, atrophic gastritis, intestinal metaplasia, and 
fi nally dysplasia and adenocarcinoma [ 2 ] (Fig.  1 ).

   Chronic gastric infl ammation induced  by    Helicobacter pylori  is 
the strongest known risk factor for the development of gastric pre-
malignant lesions and cancer, and  H. pylori  eradication signifi cantly 
reduces the intensity of premalignant lesions and the subsequent 
incidence of gastric adenocarcinoma [ 3 – 5 ]. Despite more than half 
of the world’s population being colonized with  H. pylori , only a frac-
tion of individuals ever develop gastric dysplasia or adenocarcinoma. 

1.1     Helicobacter 
pylori  
and Gastric Cancer
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The discrepancy in overall  H. pylori  infection rates versus disease 
outcomes is governed by specifi c relationships among host infl am-
matory responses, strain-specifi c bacterial virulence determinants, 
and environmental factors, which ultimately infl uence interactions 
between  H. pylori  and its human host.  

Normal gastric
mucosa

Gastritis

Atrophic
gastritis

Dysplasia

Adenocarcinoma

Human Gerbil

  Fig. 1    Chronological steps in the progression to gastric cancer in humans and gerbils. Representative hema-
toxylin and eosin (H&E)-stained human ( left ) or gerbil ( right ) gastric tissue sections showing the various stages 
in the progression and transformation from normal gastric mucosa to gastric adenocarcinoma, including gas-
tritis, atrophic gastritis, dysplasia, and adenocarcinoma at 20× magnifi cation       
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    The   Mongolian gerbil ( Meriones unguiculatus ) is a small rodent 
member of the  Cricetidae  family (Table  1 ). The gerbil has been 
increasingly used in research focused on  H. pylori  pathogenesis as 
it represents an effi cient and cost-effective rodent model that reca-
pitulates many features of  H. pylori -induced gastric infl ammation 
and carcinogenesis in humans (Fig.  1 ). The fi rst published descrip-
tion of this model in 1991 reported that  H. pylori  colonized gerbils 
and induced mild gastritis following a 2-month infection [ 6 ]. 
Numerous other studies demonstrated that  H. pylori -infected ger-
bils developed gastric ulcers, duodenal ulcers, and intestinal meta-
plasia following experimental challenge [ 7 – 11 ]. Subsequent studies 
showed that gerbils develop gastric carcinoma following co- 
administration of  H. pylori  and chemical carcinogens such as 
N-methyl-N-nitrosourea (MNU) or N-methyl-N-nitro-N- -
nitrosoguanidine (MNNG) [ 12 – 15 ]. In 1998, two seminal studies 
demonstrated that Mongolian gerbils developed gastric adenocar-
cinoma following long-term  H. pylori  infection in the absence of 
additional chemical carcinogens [ 16 ,  17 ], which was subsequently 
confi rmed by other groups [ 18 ,  19 ]. Carcinomas that developed in 
 H. pylori -infected gerbils typically occurred in the distal stomach 
and the pyloric region and contained well-differentiated intestinal- 
type epithelium, refl ecting many features of intestinal-type gastric 
adenocarcinoma in humans. Consistent with reports in humans, 
 H. pylori  eradication in the gerbil model signifi cantly reduces the 
severity of gastritis, premalignant lesions, and incidence of gastric 
adenocarcinoma [ 8 ,  20 – 25 ].

   Similar to the human disease, the colonization of the gerbil 
gastric mucosa by  H. pylori  elicits a mixed infl ammatory infi ltrate 
in  the   lamina propria consisting of neutrophils and mononuclear 
leukocytes. Severe infl ammation may be accompanied by pit 

1.2  Mongolian 
Gerbils

   Table 1  
  Characteristics of the Mongolian gerbil model   

 Characteristic  Description 

 Family   Cricetidae  

 Genus species   Meriones unguiculatus  

 Coat  Agouti 

 Weight  70–100 g as adult 

 Activity  Nocturnal, burrowing 

 Water  ~4 mL/day 

 Food  ~8 g/day 

 Breeding  Monogamous, pair 10–12 weeks of age 

 Disposition  Friendly, not prone to fi ghting or biting 

Mongolian Gerbil Model of H. pylori Gastritis
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abscesses, formation of lymphoid follicles, and epithelial hyperplasia. 
In the Mongolian gerbil, infl ammation is usually more pronounced 
in the transitional mucosa between the corpus and the antrum and 
spreads proximal and distally as the disease progresses. Over time, 
there is loss of parietal and chief cells that usually starts in distal 
corpus and progresses towards the proximal mucosa. The loss of 
these specialized cells in the oxyntic mucosa is usually accompanied 
by hyperplasia of mucous neck cells (sometimes called mucous 
metaplasia) and the base of fundic glands may show features of 
spasmolytic polypeptide expressing metaplasia (also known as 
pseudopyloric metaplasia). In more advanced stages of  H. pylori  
infection, epithelial dysplastic changes may be observed, which 
usually start in the deep portion of the glands in the transitional 
mucosa. These changes are characterized by epithelial nuclear 
crowding and by irregularity, budding, and branching of the 
glands. Dysplastic glandular epithelium tends to spread laterally, 
parallel to the muscularis mucosa. The penetration of dysplastic 
glands through the muscularis mucosa into the submucosa is char-
acteristic of invasive adenocarcinoma. However, one caveat of 
using the Mongolian gerbil model  of   gastric cancer is that there has 
been some diffi culty in distinguishing herniation of non-neoplastic 
mucosa from invasive carcinoma, particularly within the setting of 
infl ammation. To address this issue, guidelines have been estab-
lished for pathological interpretation of these lesions [ 26 ]. 
Although these guidelines were originally formulated for evalua-
tion of intestinal tumors, they have been applied to gastric lesions 
by numerous investigators [ 27 – 29 ], and in many studies of  H. 
pylori -induced cancer in gerbils, several features have been used to 
distinguish invasive carcinoma from mucosal herniation (Table  2 ).

      Although limited due to their outbred nature, Mongolian gerbils 
have been used to study the role of a subset of host constituents 
on the development of gastric cancer. IL-1β is a Th1-type 

1.3  Host 
Constituents

   Table 2  
  Features that distinguish invasive carcinoma from herniated mucosa   

 Feature  Description 

 1  Invasive cells differ from overlying mucosa with atypia exceeding low-grade dysplasia 

 2  Desmoplasia, unassociated with a predominant infl ammatory infi ltrate 

 3  Irregular, sharp, or angulated glands in the invasive component 

 4  Invading glands spread laterally deep to the surface mucosa 

 5  Loss of epithelial cells from invading glands 

 6  Greater than 2 invading glands in submucosa 

 7  Absence of basement membrane around invading glands 
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cytokine that inhibits acid secretion and is increased within gastric 
mucosa of  H. pylori -infected individuals [ 30 ]. In humans, poly-
morphisms in the IL-1β gene cluster are associated with increased 
IL-1β production and a signifi cantly increased risk for hypochlor-
hydria, gastric atrophy, and distal gastric adenocarcinoma, but 
only among  H. pylori -infected individuals [ 31 – 33 ]. These rela-
tionships were  investigated in gerbils infected with  H. pylori  by 
quantifying changes in gastric acid secretion that were mediated 
by IL-1β. Compared to uninfected animals, gerbils infected with 
 H. pylori  exhibited elevated levels of IL-1β expression within the 
gastric mucosa, which was accompanied by decreased gastric acid-
ity. Treatment of  H. pylori -infected gerbils with an IL-1β antago-
nist abolished loss of acid secretion, implicating IL-1β in the 
development of achlorhydria within an  H. pylori -infected gerbil 
stomach [ 34 ]. 

 Other groups have also developed novel reagents specifi c for 
analyses in gerbils. Numerous primers targeting chemokines and 
cytokines have been developed based on species-specifi c gerbil 
cDNA to assess  H. pylori -induced infl ammatory responses in gerbils 
[ 35 – 41 ]. In addition to chemokines and cytokines,  H. pylori  has 
been shown to alter expression of other infl ammatory mediators in 
gerbils including iNOS and COX2 [ 37 ,  42 ]. The role of NF-κB 
activation has also been assessed in gerbils within the context of 
 H. pylori -induced infl ammation. One group developed a gastric cell 
line derived from a gerbil gastric cancer specimen and demonstrated 
that  H. pylori  can activate NF-κB signaling in an in vitro, species-
specifi c model [ 43 ], while another group demonstrated that activa-
tion of NF-κB was essential for  H. pylori -induced infl ammation in 
gerbils [ 44 ].  H. pylori  infection of gerbils has also been shown to 
increase serum levels of gastrin, which can promote cell growth, 
and increased gastrin levels were directly related to heightened gas-
tric  epithelial   cell proliferation [ 45 ,  46 ]. Furthermore, a recent 
study demonstrated that a gastrin antagonist prevents  H. pylori -
induced gastritis in gerbils [ 47 ]. Overall, despite the fact that the 
gerbil model is not genetically tractable, many host responses have 
been successfully investigated and targeted in this system.  

   In contrast to constraints regarding the study of host factors, the 
gerbil model is particularly robust for studying cancer-associated 
microbial determinants. The  cag  pathogenicity island ( cag  PAI), 
one of the most well-studied  H. pylori  virulence determinants, 
encodes a bacterial type IV secretion system (T4SS) that allows for 
the delivery of the bacterial effector protein, CagA, into host gas-
tric epithelial cells [ 48 ,  49 ]. Transgenic mice that overexpress 
CagA develop gastric epithelial cell hyperproliferation and gastric 
adenocarcinoma [ 50 ], implicating this molecule as a bacterial 
oncoprotein. One limitation of using murine models of  H. pylori  
infection is that  cag   +   strains frequently lose function of the  cag  

1.4  Bacterial 
Determinants
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island following chronic infection [ 51 ,  52 ]. In contrast,  cag  +  strains 
of  H. pylori  effi ciently colonize gerbils and maintain a functional 
 cag  T4SS secretion system [ 45 ], which allows for examination of 
the role of this key virulence determinant in the context of  H. 
pylori -induced infl ammation and cancer. Compared to gerbils 
infected with  cag   −    H. pylori , gerbils challenged with  cag   +   strains 
develop signifi cantly more severe gastritis [ 18 ,  53 – 56 ], indicating 
the importance of the  cag  island in  H. pylori -mediated infl amma-
tion. Rieder et al. investigated alterations not only in the intensity 
but also in the topography of infl ammation in gerbils infected with 
wild-type  H. pylori  compared to isogenic  cagA   −   mutants. Loss of 
 cagA  resulted in an infl ammatory response primarily restricted to 
the gastric antrum, and which did not signifi cantly involve the 
acid-secreting corpus [ 57 ]. Cumulatively, these results indicate 
that a functional  cag  T4SS is required for  H. pylori -induced corpus- 
predominant gastritis, a precursor in the progression to intestinal- 
type gastric adenocarcinoma, which can be easily evaluated in the 
Mongolian gerbil model. 

 As previously demonstrated by Watanabe et al., gerbils  develop 
  gastric cancer in response to  H. pylori  [ 16 ]; however, the prolonged 
time-course required for transformation in these early studies pre-
cluded large-scale analyses that comprehensively evaluate mediators 
that are critical to gastric carcinogenesis. Since serial passage of  H. 
pylori  in rodents can increase colonization effi ciency, Franco et al. 
investigated whether in vivo adaptation of a human  H. pylori  strain 
(B128) would enhance its carcinogenic potential [ 58 ]. A single ger-
bil was infected with a human  H. pylori  isolate B128 and then sac-
rifi ced 3 weeks post-challenge. A single colony output derivative 
( H. pylori  strain 7.13) was isolated and used to infect an indepen-
dent population of gerbils. Although the levels of infl ammation 
induced by both the parental strain B128 and output strain 7.13 
were similar, gastric dysplasia and adenocarcinoma only developed 
in gerbils infected with the output strain 7.13 [ 58 ]. These fi ndings 
indicated that in vivo adaptation of  H. pylori  strains can increase the 
virulence potential of  H. pylori  strains in the gerbil model.  

   Host constituents and/or  H. pylori  virulence determinants are not 
solely responsible for the development  of   gastric cancer in humans 
or animal models, as environmental factors, such as diet, are also 
important risk factors for disease [ 59 ]. However, epidemiologic 
studies of diet in humans are subject to many limitations, including 
a reliance on patient reporting and diffi culty in ascertaining diets 
that were consumed decades prior to the development of gastric 
cancer. Moreover, it is diffi cult to determine whether dietary 
parameters are causally linked to the development of gastric cancer 
or merely represent markers for other factors that are important in 
gastric cancer pathogenesis. To further investigate potential rela-
tionships between diet and gastric cancer risk, several studies have 

1.5  Environmental 
Factors
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examined the role of dietary factors in the gerbil model of  H. 
pylori -induced gastric carcinogenesis. 

 Increased salt consumption has been shown to increase the risk 
for gastric cancer in humans [ 60 ], and the effects of high-salt diets 
on  H. pylori  infection and gastric cancer have been investigated 
using the gerbil model. One study reported that  H. pylori  infection 
and a high-salt diet could independently induce gastric atrophy and 
intestinal metaplasia in Mongolian gerbils [ 61 ]. Other studies have 
demonstrated a synergistic effect of  H. pylori  infection and high-salt 
diets on gastric carcinogenesis in the presence of a chemical carcino-
gen, MNU [ 62 – 64 ]. To further investigate the direct effect of a 
high-salt diet on  H. pylori -induced carcinogenesis in gerbils, Gaddy 
et al. maintained Mongolian gerbils on high-salt or normal-salt 
diets and then challenged gerbils with  H. pylori . Compared to 
infected gerbils maintained on normal-salt diets, the incidence of 
gastric adenocarcinoma was signifi cantly increased among  H. pylori -
infected animals maintained on a high-salt diet [ 65 ]. 

 Another dietary factor that increases the risk for gastric cancer 
is iron defi ciency [ 66 ]. To address the effect of dietary iron deple-
tion on  H. pylori -induced gastric carcinogenesis, Noto et al. main-
tained gerbils on iron-replete or iron-depleted diets and then 
challenged gerbils with  H. pylori  [ 67 ].  H. pylori  induced more 
severe gastritis and increased the incidence and frequency of gastric 
dysplasia and gastric adenocarcinoma among gerbils maintained on 
iron-depleted diets compared to gerbils maintained on iron-replete 
diets [ 67 ], phenotypes that were abrogated in animals infected 
with an  cagA   −   isogenic mutant strain.  H. pylori cagA   −   strains also 
exhibited a signifi cant decrease in colonization density [ 68 ] and 
altered colony morphology [ 69 ], but only among gerbils main-
tained on iron-depleted diets. Cumulatively, these data demon-
strate that dietary factors, including high salt and low iron, 
signifi cantly increase the severity and frequency of  H. pylori - 
induced premalignant and malignant lesions in the gerbil model  of 
  gastric cancer.   

2    Materials 

       1.    Personal protective equipment (PPE).   
   2.     Helicobacter pylori  strains ( see   Note 1 ).   
   3.    Sterile cotton-tipped applicators.   
   4.    Trypticase soy agar plates with 5 % sheep blood.   
   5.    Baffl ed-bottom fl asks.   
   6.    Sterile Brucella broth with 10 % fetal bovine serum and vanco-

mycin (10 μg/mL fi nal concentration).   
   7.    Spectrophotometer.   

2.1      Helicobacter 
pylori  Culture

Mongolian Gerbil Model of H. pylori Gastritis
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   8.    37 °C incubator with 5 % CO 2  with platform shaker.   
   9.    Glass slides.   
   10.    Gram stain reagents.   
   11.    Oxidase test.   
   12.    Catalase test.   
   13.    Microscope.      

       1.    50 mL conical tubes.   
   2.    Tabletop centrifuge.   
   3.    1 mL syringes with 18 G feeding needles.   
   4.    Sterile Brucella broth (control).   
   5.     H. pylori  resuspended in Brucella broth (2 × 10 9  CFU/mL).   
   6.    Biosafety cabinet.   
   7.    Male Mongolian gerbils ( see   Note 2 ).      

       1.    Dissecting tray with pins.   
   2.    70 % ethanol.   
   3.    1 mL syringes with 27 G needles.   
   4.    Sterile blunt forceps.   
   5.    Sterile blunt scissors.   
   6.    Sterile sharp forceps.   
   7.    Sterile sharp scissors.   
   8.    Sterile scalpel.   
   9.    Sterile surgical blades.   
   10.    100 % ethanol for tool sterilization.   
   11.    Sterile petri dishes.   
   12.    Sterile 1× phosphate-buffered saline (PBS).   
   13.    Pencil or solvent-resistant marker for labeling histology cassettes.   
   14.    Histology cassettes.   
   15.    Sponges for histology cassettes.   
   16.    10 % formalin for histology.   
   17.    Microcentrifuge tubes.   
   18.    Freezer tubes.   
   19.    Dry ice.      

       1.    Microcentrifuge.   
   2.    Digital scale.   
   3.    Sterile tissue homogenizer.   
   4.    Tryptic soy agar with 5 % sheep blood.   

2.2  Gerbil Challenge 
with  H. pylori 

2.3  Gerbil Dissection

2.4  Sample 
Preparation 
After Dissection
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   5.    Antifungal/antibiotics (amphotericin, bacitracin, nalidixic acid, 
vancomycin; Table  3 ).

       6.    GasPak™ Campy Container sachets.   
   7.    100 % ethanol for histology.   
   8.    Equipment for paraffi n embedding and sectioning.   
   9.    Hematoxylin & eosin (H&E).   
   10.    Microscope.       

3    Methods 

        1.    Recover minimally passaged  H. pylori  strains from −80 °C freezer 
stocks onto trypticase soy agar plates with 5 % sheep blood. 
Incubate at 37 °C with 5 % CO 2  for 2–4 days ( see   Note 3 ).   

   2.    Expand  H. pylori  strains onto 1–2 trypticase soy agar plates 
with 5 % sheep blood and incubate at 37 °C with 5 % CO 2  for 
24–48 h.   

   3.    Continue expanding  H. pylori  strains onto trypticase soy agar 
plates with 5 % sheep blood and incubate at 37 °C with 5 % 
CO 2  for 24 h until desired amount is obtained ( see   Note 4 ).   

   4.    Collect  H. pylori  from the 24-h plates using sterile cotton- tipped 
applicators. Using sterile technique, inoculate Brucella broth cul-
ture ( see   Note 5 ) with a starting OD 600  > 0.15 ( see   Note 6 ). 
Incubate on a platform shaker at 37 °C with 5 % CO 2 , ~150 rpm 
for 16–18 h.   

   5.    The next day, harvest  H. pylori  broth cultures. Remove 1 mL 
of  H. pylori  broth culture to measure OD 600  and a small sample 
to perform Gram stain, oxidase, and catalase tests.  H. pylori  
should be in the log phase of growth and typically OD 600  > 1.0 
(range = 1.0–2.0) ( see   Note 6 ).   

   6.    Transfer broth culture into 50 mL conicals and subject to 
centrifugation at 4000 rpm for 10 min.   

   7.    Discard supernatants and resuspend bacterial pellets to a 
concentration of 2 × 10 9  CFU/mL. To do so, multiply the fi nal 

3.1   Helicobacter 
pylori  Culture

    Table 3  
  Antifungal/antibiotic concentrations for isolation of  H. pylori  by quantitative culture   

 Antifungal/antibiotic  Stock concentration (mg/mL)  Final concentration (μg/mL) 

 Amphotericin  20  2 

 Bacitracin  30  30 

 Nalidixic acid  10  10 

 Vancomycin  20  20 

Mongolian Gerbil Model of H. pylori Gastritis
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OD 600  measurement to determine CFU/mL (1 
OD 600  = 5.5 × 10 8  CFU/mL). Multiply total CFU/mL by the 
total culture volume to determine total CFU. Next, divide 
total CFU by the desired concentration of bacteria needed per 
gerbil (2 × 10 9  CFU/mL). This calculation will provide the 
volume required to resuspend the bacterial pellet so that there 
are 2 × 10 9  CFU/mL. The following example calculation 
would result in enough inoculum to infect 41 gerbils.    

   Example calculation : 

 50 mL culture, fi nal OD 600  = 1.50 

 OD 600  × 5.5 × 10 8  CFU/mL × total volume (mL) 

 1.50 × 5.5 × 10 8  CFU/mL × 50 mL = 4.125 × 10 10  CFU 

 4.125 × 10 10  CFU/2 × 10 9  CFU/mL = 20.6 mL 

          1.    Order male Mongolian gerbils (36–49 days old or 41–50 g) 
( see   Note 2 ). Adapt gerbils to new environment in the animal 
housing facility for at least 1 week prior to challenge.   

   2.    Fast the gerbils for 8–12 h prior to fi rst challenge ( see   Note 7 ).   
   3.    Orally gavage gerbils with 0.5 mL of Brucella broth as a con-

trol or 0.5 mL of  H. pylori  (1 × 10 9  CFU) using sterile feeding 
 needles (one feeding needle per strain of  H. pylori ). For oral 
gavage, hold the gerbil by the ears and support and straighten 
the body. Guide the feeding needle along the roof of the 
mouth to the back of the throat and pass it through the esoph-
agus into the stomach. Dispense 0.5 mL of bacteria (1 × 10 9  
CFU). After challenging, fast the gerbils for an additional 2–4 h 
( see   Note 8 ). Reintroduce food and wait 24–48 h before the 
second challenge ( see   Note 9 ).   

   4.    Fast the gerbils for 8–12 h prior to second challenge.   
   5.    Orally gavage gerbils with 0.5 mL of Brucella broth as a con-

trol or 0.5 mL of  H. pylori  (1 × 10 9  CFU) using sterile feeding 
needles. After challenging, fast the gerbils for an additional 
2–4 h and then reintroduce food.   

   6.    Monitor gerbils throughout the course of infection to address any 
health concerns, such as changes in body weight ( see   Note 10 ).      

       1.    Prepare and autoclave tryptic soy agar. Prepare enough plates 
to have approximately 3–4 per gerbil ( see   Note 11 ).   

   2.    Once media has adequately cooled to ~56 °C, add 5 % sheep 
blood and antifungal/antibiotics (Table  3  and  see   Note 12 ).

    3.    Pour plates and allow them to solidify overnight. Store plates 
at 4 °C for short-term storage.   

   4.    Prepare collection tubes and histology cassettes for gerbil 
dissection and tissue collection (Table  4 ).

3.2  Gerbil Challenge 
with  H. pylori 

3.3  Preparation 
for Gerbil Dissection
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                  1.    Euthanize gerbils according to the practices and procedures 
designated by the Institutional Animal Care and Use 
Committee (IACUC) and individual animal housing facility. 
Following euthanasia, perform cervical dislocation.   

   2.    Secure gerbil in the supine position on the dissecting tray. 
Drench the anterior chest and abdomen in 70 % ethanol.   

   3.    Using a 27-G syringe, collect blood by cardiac puncture and 
place in fi rst collection tube, Tube 1 (Table  4  and  see   Note 13 ).   

   4.    Using sterile blunt forceps and scissors, open the top layer of 
skin to expose the peritoneum.   

   5.    Using sharp forceps and scissors, open the peritoneum to 
expose the stomach.   

   6.    Excise the stomach, including a portion of the duodenum. 
Discard the forestomach lined with squamous epithelium and 
place the stomach in a sterile petri dish (Fig.  2 ).

       7.    Cut the stomach along the greater curvature so that it lies fl at 
(Fig.  2 ) and remove any remaining food.   

   8.    Cut the stomach, extending from the squamocolumnar junc-
tion through the proximal duodenum, in half longitudinally 
and place one-half into a histology cassette (Fig.  2 ) and sub-
merge in 10 % formalin ( see   Note 14 ).   

   9.    Cut the remaining half of the stomach in half, creating two 
one- quarter sections (Fig.  2 ). Place one-quarter of the stomach 

3.4  Gerbil Dissection

    Table 4  
  Collection tubes and histology cassettes required for gerbil dissection and tissue collection   

 Collection tube/cassette  Purpose 

 Tube 1  Microcentrifuge tube for blood collection 

 Tube 2 a   Microcentrifuge tube with 1 mL of sterile 1× PBS with antifungal/
antibiotics for gastric tissue collection for quantitative culture a  

 Tube 3  Freezer tube for gastric tissue collection for long-term storage at −80 °C 

 Cassette  Histology cassette labeled with pencil or solvent-resistant marker for 
gastric tissue collection for histology 

 Tube 4  Microcentrifuge tube with 900 μL sterile 1× PBS with antifungal/
antibiotics for 1:10 serial dilution 

 Tube 5  Microcentrifuge tube with 900 μL sterile 1× PBS with antifungal/
antibiotics for 1:100 serial dilution 

 Tube 6  Microcentrifuge tube with 900 μL sterile 1× PBS with antifungal/
antibiotics for 1:1000 serial dilution 

   a Weigh tube 2 prior to collection of tissue to ultimately determine CFU per gram of gastric tissue.  
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into the second collection tube with sterile 1× PBS and 
antifungal/antibiotics (Tube 2) for quantitative culture. Place 
the other one-quarter of the stomach into the third collection 
tube (Tube 3) and place on dry ice.      

       1.    For blood samples, subject samples to centrifugation for 5 min 
at 5000 rpm. Transfer serum/supernatant to a new microcen-
trifuge tube and repeat centrifugation for 5 min at 5000 rpm or 
2400 ×  g . Transfer serum/supernatant to a fresh microcentri-
fuge tube and store at −20 °C until needed ( see   Note 15 ).   

   2.    For gastric tissue samples temporarily stored on dry ice, transfer 
and store gastric tissue samples at −80 °C for long-term storage 
until needed ( see   Note 16 ).      

3.5  Blood Samples 
and Frozen Gastric 
Tissue Samples

  Fig. 2    Gerbil dissection and isolation of gastric tissue. Perform cardiac puncture for blood collection. Open the 
peritoneum to expose the stomach. Excise the stomach, including a portion of the duodenum. Cut the stomach 
along the greater curvature so that it lies fl at. Cut the stomach, extending from the squamocolumnar junction 
through the proximal duodenum, in half longitudinally and place one-half into a histology cassette. Cut the 
remaining half of the stomach in half, creating two one-quarter sections. Place one-quarter of the stomach into 
a collection tube for quantitative culture. Place the other one-quarter of the stomach into a collection tube for 
long-term storage       
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       1.    Weigh the microcentrifuge tube containing gastric tissue to 
determine the weight of each gastric tissue section. Subtract 
the initial tube weight to determine weight of each piece of 
tissue to ultimately determine CFU per gram of gastric tissue 
by quantitative culture.   

   2.    Transfer each gastric tissue sample into a sterile tissue homoge-
nizer containing 1 mL sterile 1× PBS + antifungal/antibiotics.   

   3.    Homogenize the gastric tissue and plate 100 μl of homogenate 
onto tryptic soy agar plates containing 5 % sheep blood and 
antifungal/antibiotics.   

   4.    Perform serial dilutions and plate 100 μL of each serial dilution 
out to a 1:1000 dilution (Tubes 4, 5, and 6).   

   8.    Incubate plates at 37 °C with 5 % CO 2  for 5–7 days in GasPak™ 
Campy Container sachets and then count colonies to deter-
mine CFU per gram of gastric tissue.   

   9.    Isolate and expand  H. pylori  single colony isolates. Perform 
Gram stain, oxidase, and catalase tests on single colonies and 
then freeze for future analyses of in vivo-derived strains ( see  
 Note 17 ).      

       1.    Incubate histology cassettes in 10 % formalin overnight and 
then transfer to 100 % ethanol.   

   2.    Paraffi n embed and section gastric tissue.   
   3.    Stain gastric tissue sections with H&E and have a pathologist 

assess acute and chronic infl ammation, and determine disease 
diagnosis based on the most advanced lesions present within 
the gastric tissue sections.       

4    Notes 

     1.    Some strains of  Helicobacter pylori  are commercially available 
through ATCC.   

   2.    Due to the higher incidence of disease among males, male ger-
bils are typically used for assessing  H. pylori -induced infl amma-
tion and gastric disease. Mongolian gerbils are classifi ed as a 
USDA animal and are subject to different restrictions than 
murine models. Mongolian gerbils are commercially available 
from Charles River Laboratories.   

   3.    Wait until single colonies are clearly visible on plate. Passing 
plates too early will lead to insuffi cient growth and not enough 
inoculum for broth cultures.   

   4.    At least 2–3 plates per  H. pylori  strain are required for a 50 mL 
broth culture. Some laboratory strains of  H. pylori  grow very 
well, while clinical strains frequently do not, so adjust the 

3.6  Gastric Tissue 
Samples 
for Quantitative 
Culture

3.7  Gastric Tissue 
Samples for Histology
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number of plates depending on the growth rates of individual 
 H. pylori  strains.   

   5.    Choose the appropriate volume of broth culture depending 
on the number of gerbils in the experiment. A 50 mL volume 
should be enough for approximately 20 animals, depending 
on the fi nal OD 600 .  See  example calculation ( Subheading 3.1 , 
 step 7 ).   

   6.    Optical density readings can differ between spectrophotometer 
instruments. For reference: 1 OD 600  = 5.5 × 10 8  CFU. If the 
starting OD 600  is too low,  H. pylori  will not grow. Determine 
the best starting OD 600  based on individual spectrophotome-
ters and CFU. Some laboratory strains of  H. pylori  grow very 
well, while other clinical strains do not, so adjust the starting 
OD 600  based on spectrophotometer readings as well as growth 
rates of individual  H. pylori  strains.   

   7.    Fasting gerbil prior to infection allows for more effi cient  H. 
pylori  colonization.   

   8.    Oral gavage is usually performed when the gerbils are awake 
and not sedated; however, the gerbils can be sedated for this 
procedure, but it is a much more time-intensive process.   

   9.    The amount of time between challenges is due to the require-
ment for fasting. Fasting the gerbils for extended periods of 
time can have adverse effects on the health; therefore, adequate 
time is needed for re-feeding between infections.   

   10.    Typically a 12-week infection with a gerbil-adapted  H. pylori  
strain, such as 7.13, should be adequate to observe gastric 
dysplasia and adenocarcinoma. Longer infection times may be 
necessary for less well-adapted  H. pylori  strains.   

   11.    One liter should yield approximately 30–40 plates.   
   12.    If media is not adequately cooled prior to the addition of blood 

or antifungal/antibiotics, blood will lyse and antifungal/anti-
biotics will be inactivated.   

   13.    Regarding cardiac puncture, collect blood with a single attempt 
to avoid lysis of red blood cells. However, if unsuccessful, more 
attempts can be made or blood can be collected immediately 
after the animal has been dissected, exposing the heart. 
Remove the needle following blood collection for dispensing 
into the microcentrifuge tube. This will prevent further red 
blood cell lysis.   

   14.    For histology, harvest both the gastric antrum and corpus in 
each section because indices of infl ammation are scored in 
both the antrum and corpus. The strips of tissue for paraffi n 
embedding should be no greater than 3 mm wide.   

   15.    The serum should be clear to yellow in color. Serum that is 
pink or red indicates lysis of red blood cells in the sample.   

Jennifer M. Noto et al.



277

   16.    Frozen samples can be used for a variety of purposes, including 
but not limited to fl ow cytometry, quantitative PCR, and 
Western blotting.   

   17.    If no colonies are isolated from serial dilutions, collectively sweep 
each plate onto a new tryptic soy agar plate with 5 % sheep blood 
and antifungal/antibiotics to determine if  H. pylori  can be 
isolated. This is not quantitative, but will provide information on 
whether the animal was successfully colonized. PCR can also be 
performed to determine  H. pylori  colonization  .         
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    Chapter 25   

 A Rapid Screenable Assay for Compounds That Protect 
Against Intestinal Injury in Zebrafi sh Larva                     

     Jason     R.     Goldsmith    ,     Sarah     Tomkovich    , and     Christian     Jobin      

  Abstract 

   This chapter describes a method to assay compounds modulating NSAID-induced intestinal injury in 
zebrafi sh larvae. The assay employs the NSAID glafenine, which causes intestinal epithelial cell damage and 
death by inducing organelle stress responses (endoplasmic reticulum and mitochondrial) and blocking the 
unfolded protein response pathway. This epithelial damage includes sloughing of intestinal cells into the 
lumen and out the cloaca of the zebrafi sh larvae. Exposing larvae to acridine orange highlights this injury 
when visualized under fl uorescence microscope; injured fi sh develop intensely red-staining intestines, as 
well as a “tube” or cord of red color extending through the intestine and out the cloaca. Using this rapid 
visually screenable method, various candidate compounds were successfully tested for their ability to prevent 
glafenine-induced intestinal injury. Because this assay involves examination of larval zebrafi sh intestinal 
pathology, we have also included our protocol for preparation and analysis of zebrafi sh histology. The protocol 
includes numerous steps to generate high-quality zebrafi sh histology slides, as well as protocols to establish 
accurate anatomic localization of any given tissue cross-section-processes that are made technically diffi cult 
by the small size of zebrafi sh larvae.  

  Key words     Zebrafi sh  ,   Intestinal injury  ,   NSAIDs  ,   ER stress  ,   UPR  ,   Drug screen  

1      Introduction 

  An important component of intestinal homeostasis is the mainte-
nance  of   a functional barrier composed of a single layer  of   intestinal 
epithelial cells (IEC) that separates the host from the highly anti-
genic luminal milieu [ 1 ]. Conditions leading to an impaired muco-
sal barrier function are diverse and include erosive gastritis and 
enteritis from medications (   non-steroidal anti-infl ammatory drugs 
or NSAID use being the most common culprit [ 2 ]), radiation 
exposure [ 3 ], ischemic episodes [ 4 ],  and   infl ammatory bowel 
diseases (IBD) [ 1 ,  5 ]. Notably, genes that disrupt  the   unfolded 
protein response (UPR) and autophagy following cellular stress 
have recently been implicated in the pathogenesis of IBD [ 6 ,  7 ]. 
The disease etiology remains unclear; however, genetic evidence 
 and   experimental models suggest that intestinal cell death due to 
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improper responses to endoplasmic reticulum (ER) stress leads to 
impaired barrier function [ 8 ]. Because of the importance of the 
epithelium in maintaining intestinal homeostasis, the identifi cation 
of compounds that promote epithelial restitution could lead to 
new therapeutic strategies for IBD, as well as NSAID-induced gas-
troenteritis, chemotherapy-induced diarrhea, and ischemic colitis. 

 Zebrafi sh ( Danio rerio ) possess several features that make it an 
attractive model for in vivo investigation of intestinal injury. They 
are transparent through early adulthood, allowing for the use of 
in vivo imaging techniques, and the anatomy and physiology of 
their digestive tract is similar to mammals, with a pancreas, liver, 
gall bladder, and intestine [ 9 – 11 ]. The zebrafi sh intestinal epithe-
lium displays proximal-distal functional specifi cation and contains 
most of same cell lineages found in mammals including absorptive 
enterocytes, goblet cells, and enteroendocrine cells [ 9 ,  11 ]. Their 
digestive tract develops rapidly to permit feeding and digestive 
function by 5 days post-fertilization (dpf) and zebrafi sh also pos-
sess innate and adaptive immune systems homologous to those of 
mammals [ 12 ,  13 ], enabling interrogation of host–diet–microbi-
ome interactions [ 14 ], especially given the development of gnoto-
biotic zebrafi sh [ 12 ]. 

 This model employs  the   NSAID glafenine to induce intestinal 
injury in zebrafi sh larvae, and then uses the vital  dye   acridine 
orange (AO) to visualize this injury. NSAIDs are known to disrupt 
the intestinal epithelium, leading to ulceration and infl ammation in 
both humans and mice [ 2 ,  15 ]. Additionally, zebrafi sh have homo-
logs for both cyclooxygenase (COX) isoforms (the targets of 
NSAIDs) that function similarly and display the same responses to 
prototypical pharmacological inhibitors as seen in mammals [ 16 ]. 
In this model, injury is thought to occur  through   enhancement of 
ER stress, with blockade of downstream compensatory pathways, 
specifi cally the unfolded protein response (UPR) [ 17 ]. This injury 
leads to apoptosis of the IECs, a fatal effect known to be caused by 
 other   NSAIDs [ 18 ]. These dead cells can be easily visualized using 
AO. The model of injury is responsive to several intestinal- 
protective compounds, including the long-acting prostaglandin 
dmPGE2, R-spondin (a β-catenin activator via Lgr5), and the cas-
pase inhibitor Q-VD-OPh [ 17 ]. Co-administration of the NSAID 
and an intestinal-protective drug lead to a lack of positive AO sig-
nal [ 17 ], making this model appealing for rapid drug screens. 
Using our drug screen, we found that the mu opioid agonist 
DALDA prevented intestinal injury, with further investigation 
demonstrating a mechanism of action involving re-establishment 
of the UPR [ 17 ]. 

 The protocol involves rearing zebrafi sh larvae in the standard 
fashion to 5.5–6 days post-fertilization. Administration of glafenine 
and any therapeutic interventions occur concurrently for 12 h. 
Acridine orange is then statically added to the zebrafi sh culture dish 
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and then the larvae are visualized using a fl uorescence microscope 
with a dsRed fi lter. In average trained hands, six compounds per 
hour can be screened with suffi cient power to achieve statistical 
signifi cance ( see   Note 1 ).  

2    Materials 

       1.    Instant Ocean Stock solution: a sea salt aquarium mix, avail-
able from   www.instantocean.com    , product SS15-10.   

   2.    Bullseye 7.0: a pH regulator for aquariums, manufactured by 
Wardley Wellness, and available from numerous online ven-
dors, including Amazon ®  and Petco ® .   

   3.    Gnotobiotic Zebrafi sh Medium (GZM): Mix 7.5 mL 
Instant Ocean stock solution and 1.25 mL Bullseye 7.0, adjust 
to 1 L with dH 2 O and sterilize by autoclaving [ 19 ]. Store at 
room temperature.   

   4.    0.017 % Tricaine: 0.017 % tricaine (w/v) in sterile GZM media, 
fi ltered with a 0.22 μm fi lter. Store at room temperature.   

   5.    0.083 % Tricaine: 0.083 % tricaine (w/v) in sterile GZM media, 
fi ltered with a 0.22 μm fi lter. Used for euthanization. Store at 
room temperature.   

   6.    Acridine Orange Solution, 20 mg/mL: dissolve 20 mg of 
Acridine orange in 1 mL of sterile Phosphate-Buffered Saline 
(PBS, pH 7.2) ( see   Note  2). Store at −20 °C covered in an 
Eppendorf tube-covered aluminum foil.   

   7.    Glafenine Solution, 50 mM: dissolve 20.5 mg glafenine hydro-
chloride in 1 mL of DMSO ( see   Note 2 ). Store at −20 °C.   

   8.    3 % methylcellulose: Dissolve 3 g of methylcellulose in 100 mL 
of house fi sh water ( see   Note 3 ), place on a rocker overnight to 
dissolve ( see   Note 4 ). Aliquot into 50 mL tubes and freeze the 
solution until needed. Store the solution in a light- opaque tube, 
or cover the tube in aluminum foil at room temperature.   

   9.    4 % paraformaldehyde in PBS: Add 4 g of paraformaldehyde to 
100 mL of pre-made sterile PBS (pH 7.2), heat gently until 
the paraformaldehyde is dissolved and then store at 4 °C to 
cool and until ready for use. The solution should be made the 
same day it is used.   

   10.    Agarose, low-melting point.      

       1.    Non-sterile incubator capable of maintaining fi sh at 28.0 ± 0.5 
°C. Does not need an extra water bath for humidity or precise 
CO 2 -tension.   

   2.    Fluorescence stereomicroscope with a dsRed fi lter and camera 
for image capture.   

2.1  Reagents

2.2  Equipment 
and Supplies
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   3.    Light microscope of choice for H&E histology.   
   4.    Metal dissection probe.   
   5.    Water bath, set to 60 °C.   
   6.    Aluminum alloy block (typically used to hold eppendorf tubes 

in a sand block heater), approximately 4 × 4 × 10 cm in size. 
The exact size and specifi cations are not important; rather the 
block must be easily heated and moved around in a water bath 
and it must have a fl at side large enough for a 15 × 15 × 5 mm 
plastic cryomold to rest on it.   

   7.    Disposable 15 × 15 × 5 mm cryomold.   
   8.    Cloth towel.   
   9.    Small forceps.   
   10.    Glass pipette   
   11.    Razor blade or scalpel       

3    Methods 

   These protocols uses wild-type TL strain zebrafi sh ( see   Note 5 ) 
maintained under a 14 h light/10 h dark cycle at a constant tem-
perature of 28.0 ± 0.5 °C using standard, published protocols for 
zebrafi sh husbandry [ 20 ].

    1.    For each experiment, setup breeding pairs using standard pro-
tocols [ 20 ].   

   2.    Place fertilized eggs into 10 cm diameter petri dishes at a den-
sity no greater than 50 eggs/plate using standard house media 
to grow until ready for the experiment.    

     This assay is performed on zebrafi sh that are 5.5–6 days post- 
fertilization (dpf).

    1.    The morning before the experiment ( see   Note 6 ), anesthetize 
zebrafi sh with 1–2 drops of tricaine solution and transfer them 
to a new 10 cm diameter petri dish containing 20 mL of GZM, 
to a maximum density of 20 fi sh/plate ( see   Note 7 ).   

   2.    Store the fi sh in a 28.0 ± 0.5 °C incubator used for experimental 
plates of fi sh for the remainder of the experiment ( see   Note 8 ).      

   For this assay, both glafenine (the intestinal-injury-inducing com-
pound) and all therapeutics are administered simultaneously, with 
12 h of incubation time.

    1.    Add 10 μL of glafenine stock to each 20 mL plate, for a fi nal 
concentration of 25 μM. After administration, swirl the plate 
in both the clockwise and counter-clockwise directions to 
ensure adequate mixing of the glafenine into the fi sh media.   

3.1  Zebrafi sh 
Husbandry

3.2  Zebrafi sh Plating

3.3  Glafenine 
and Drug 
Administrations
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   2.    Add other drugs as desired [ 17 ]; dosing volumes should be 
kept to under 20 μL per compound to minimize effects/toxicity 
from the drug vehicles. Swirl each plate after the administration 
of any compound, as above.   

   3.    Create appropriate plates of zebrafi sh with isovolumetric vehicle 
controls ( see   Note 9 ).      

       1.    After the 12 h incubation, remove the plates with the zebrafi sh 
from the incubator and add 1 μL of acridine orange solution to 
each plate ( see   Note 10 ), for a fi nal concentration of 1 μg/mL, 
using the same swirling protocol as described above to mix in 
the reagent. The fi sh should be exposed  to   acridine orange for 
at least 10 min before proceeding to the next step.   

   2.    Anesthetize the fi sh with 0.017 % tricaine and mount them in 
3 % methylcellulose ( see   Note 11 ) for visualization using the 
Leica fl uorescence stereomicroscope with a dsRed fi lter. All fi sh 
from one plate should be mounted simultaneously and oriented 
in the same manner ( see   Note 12 ).   

   3.    Analyze fi sh by eye one-by-one to determine if a “fl uorescent 
tube” is present ( see   Note 13 ). A zebrafi sh larvae is considered 
positive if there is an AO-positive tube extending from the 
intestine out of the cloaca, or if a strong, red signal is present 
in intestinal segment 2 (the distal half of the intestine). Figure  1  
shows an image of a zebrafi sh with both of these traits, as well 
as an uninjured fi sh for comparison. Any images can also be 
captured if desired, provided the microscope has a camera.

              1.    To prepare the larvae for histology, euthanize 5.5–6 dpf 
zebrafi sh with 0.083 % tricaine and quickly fi x in 4 % parafor-
maldehyde in PBS overnight at 4 °C, typically in a 15 mL 
conical tube.   

   2.    After fi xing overnight in paraformaldehyde (minimum of 12 h, 
but no more than 24), transfer larvae to 70 % ethanol for 
another 24 h at 4 °C.      

   Because of their small size, zebrafi sh cannot simply be embedded 
with paraffi n as they will be lost in most embedding machines. Thus, 
they must fi rst be embedded in 1 % agarose, and then this agarose 
block can go through the typical paraffi n-embedding process like 
normal tissue. Embedding zebrafi sh in 1 % agarose is similar in many 
ways to mounting them in methylcellulose, but must be done with 
some expedience before the agarose has a chance to cool.

    1.    Make fresh 1 % agarose (low-melting point) in PBS (w/v, 
pH 7.2); once the solution is heated, keep it stored in its fl ask 
in the 60 °C water bath ( see   Note 14 ). Do not proceed until 
the solution has cooled to reach a temperature of 60 °C, as 
higher temperatures could damage the tissue.   

3.4  Assessment 
of Intestinal Injury 
 via   Acridine Orange 
“Tube Assay”

3.5  Zebrafi sh Larvae 
Fixation for Histology

3.6  Paraffi n 
Embedding 
of Zebrafi sh Larvae 
Tissue
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   2.    Remove the heated metal block from the hot water bath and 
quickly dry it off with a towel.   

   3.    Place the cryomold on the metal block (mold side up) and 
pour agarose into the cryomold until it is 80 % full.   

  Fig. 1    Uninjured and injured zebrafi sh stained  with   acridine orange. The uninjured 
fi sh represents what is typically seen on control or in a zebrafi sh successfully 
protected from injury by a drug. In the injured zebrafi sh,  white arrows  indicate 
contiguous areas of positive red staining, extending from segment 2 of the intes-
tine to a tube extruding out of the cloaca of the fi sh. Scale bar is 1 mm       
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   4.    Transfer zebrafi sh using a glass pipette to the mold in columns 
in the standard orientation ( see   Note 12 ), using the dissection 
probe to position the fi sh ( see   Note 15 ). The depth of the 
zebrafi sh in a given column does not need to be uniform, but 
you want the fi sh fl at on the z-axis (not angling across multiple 
depths). Thus, it is often easiest to push the fi sh to the bottom 
of the mold. In a given column, the zebrafi sh need only 1 mm 
of space between each fi sh. However, each column of fi sh 
should have a minimum of 5 mm of space between them and 
often 1 cm is more ideal working space to prevent movement 
of one fi sh from perturbing the position of other columns of 
fi sh.  See  Fig.  2a  for an example.

       5.    Allow the metal block and agarose to cool in the air. Once the 
agarose starts to solidify, you can gently remove the cryomold 
from the metal block and place the block back in the water 
bath to reheat.   

   6.    Carefully cut each column of fi sh from the cryomold using the 
razor blade/scalpel and forceps (Fig.  2b ). Make sure there is a 
border of 1–2 mm of solid agarose on each edge that is cut to 
ensure integrity of each block.   

   7.    Using your columns of fi sh, a new, fi nal agarose block is con-
structed. For axial images, the column is re-oriented so that the 
heads are facing upwards and the tails are placed down into the 
cryomold. Multiple columns of fi sh are stacked side-by-side next 
to each other, and then liquid agarose is added to these stacked 
columns to bind them together and make a new solid block. 
A little space between each solid block is necessary so that the 
liquid agarose can fl ow between them and bind the strips 
together (Fig.  2c ). Extra agarose can be added to the top of the 
block to ensure cohesion. For longitudinal/sagittal views (which 
can be included in a block of other fi sh oriented axially or in 
their own block), the column of fi sh are simply kept in their 
original orientation and placed in a new mold with the addition 
of liquid agarose as needed to make a new, fi nal block.   

   8.    Once the fi nal blocks are formed and the agarose has solidifi ed, 
carefully remove the agarose block and place it in a large histo-
logical cassette. Label the cassette and place it in a container 
with 70 % ethanol for 24 h.   

   9.    Embed tissues with paraffi n using your standard lab or core 
protocol.      

   Beyond the issues of scale, a second diffi culty with zebrafi sh larvae 
gut histology is knowing your anatomic location when viewing the 
intestine; specifi cally if you are in segment one, two, or three. 
This can be sorted out by knowing how far from the cloaca any 
given slice of intestine is, which is the objective of this sub-protocol. 
This protocol assumes axially oriented zebrafi sh.

3.7  Zebrafi sh Larvae 
Histology Tissue 
Sectioning 
and Orientation
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    1.    Start sectioning each block of zebrafi sh from the head. Take 
serial 10 μm slices, with each slide holding three slices of tissue. 
Stain every third slide, including the fi rst, with H&E. Thus, each 
set of three slides (1 with H&E staining and 2 unstained) is 

  Fig. 2    Preparation of larval zebrafi sh for histological staining. ( a ) Fixed larvae are 
laid into liquid, but not hot, 1 % agarose with all heads oriented in the same 
direction, in parallel columns, using a cryomold. ( b ) The agarose is allowed to 
cool and these columns of fi sh are cut out. ( c ) The rows of fi sh are reoriented 
head-up in a new cryomold and more agarose is added to form the fi nal block       
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90 μm of tissue advancement. Section each block until all tissue 
is captured on slides. Make sure all slides are serially numbered.   

   2.    Using the light microscope, screen your H&E slides to fi nd a 
slide that captures all (or most) of one column of zebrafi sh 
with all their heads in the fi eld of view. Make a note that cap-
tures the slide number, the relative orientation of this row of 
fi sh relative to the tissue block, and assign a number (or letter) 
to each fi sh.   

   3.    Now skip forward about 750 μm of slides and fi nd the same 
row of fi sh. You should be seeing images that capture the intes-
tine at this point and are likely in segment 2. More slowly, scan 
caudally with your H&E slides until you fi nd the last slide for 
any given fi sh that has the intestine captured in the H&E stain. 
On your note/diagram from step 2, write this slide number 
down. Now, for any given fi sh, a slide 200–300 μm proximal 
to this slide number will be in segment 2 ( see   Note 16 ). 
Remember that each section of each H&E slide is 90 μm apart 
from the corresponding section of another H&E slide. Thus, 
going to the third H&E slide proximal to this “last intestine” 
slide will get you to the caudal portion of segment 2.   

   4.    Analyze the slides for intestinal damage ( see  Fig.  3  for examples 
of uninjured—control or treated—fi sh and injured fi sh); you can 
use the scoring system that we validated during the development 
of this method [ 17 ], or any other intestinal scoring system. 
Proper scoring involves a blinded scorer. For IHC or immuno-
fl uorescence staining, standard protocols apply, although there 
may be some limitations given the paucity of antibodies available 
for zebrafi sh studies. Of note, 5-ethynyl-2′-deoxyuridine (EdU) 
staining can be performed using a fi nal EdU concentration of 
15 μg/mL and an exposure time of ~12 h.

4            Notes 

     1.    Because this model is designed to be a rapid screen, promising 
compounds typically need verifi cation of protective effects. 
One of the most powerful methods to confi rm tissue injury  is 
  histological assessment, and a protocol for zebrafi sh larvae his-
tology preparation is included. Because of their small size, ori-
entation of the zebrafi sh for histological sectioning can be 
diffi cult. Our method involves the use of 1 % agarose as a tem-
porary mounting media to help orient the zebrafi sh larvae 
prior to paraffi n embedding. A second diffi culty is accurate 
localization of a given slide—specifi cally if a cross-sectional 
slide is in segment 1, 2, or 3 of the intestine. While there are 
anatomical landmarks (specifi cally the liver) that can help 
 differentiate between proximal segment 1 and more distal 
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segments, distinguishing between various segments of the 
intestine by eye alone can be challenging. Thus, it is important 
to ensure that any observed changes between treatment groups 
are due to a therapeutic effect and not simply an incorrect 
comparison between different intestinal segments.   

   2.    Keep frozen at −20 °C between uses, withstands multiple 
freeze–thaw cycles.   

   3.    This is the circulating fi sh water used in the zebrafi sh aquarium.   
   4.    You can also heat the solution to 60 °C and then add the meth-

ylcellulose to help it dissolve.   

  Fig. 3    Histology of uninjured and injured zebrafi sh.  Arrow heads  point to apical, 
disorganized enterocyte nuclei that are typical of intestinal damage in this model 
[ 17 ]. More rarely,  sloughing   intestinal epithelial cells can be seen (not shown) 
[ 17 ]. Scale bar is 12.5 μm       
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   5.       Glafenine-induced intestinal injury has also been observed in a 
variety of transgenic strains on the TL background [ 17 ], as 
well as the AB background, specifi cally AB-background 
 Tg(mpo:GFP)  zebrafi sh.   

   6.    The experimental setup is designed such that chemicals are 
added 12 h before analysis. Typically, this is done at night. 
Thus, fi sh are plated in the morning, treated with chemicals in 
the evening, and then analyzed the next morning.   

   7.    Zebrafi sh are best transferred using a glass pipette; they tend to 
stick to plastic pipettes.   

   8.    This is a separate incubator from where the larvae are grown 
up prior to being treated with various agents. This prevents 
any accidental contamination of experimental larvae stock with 
experimental reagents.   

   9.    Thus, a no-glafenine control would receive 10 μL of DMSO. 
A glafenine-only group would similarly receive whatever vol-
ume of vehicle that the treatment compound was dissolved in. 
For experiments with multiple different therapeutic interven-
tions, simplicity can be maintained by attempting to use the 
same vehicle for all agents (typically sterile water, GZM media, 
or DMSO).   

   10.     The   acridine orange solution typically takes 10 min to thaw, so 
it is advisable to remove the frozen stock 10 min ahead of 
removing the fi sh from the incubator.   

   11.    To mount fi sh, fi rst use a disposable plastic pipette to place a 
postage stamp-sized patch of methylcellulose onto an inverted 
lid of a 10 cm petri dish (the raised rim of the petri dish lid is 
pointing upward, and can thus contain liquid). For each fi sh, 
gently transfer the anesthetized fi sh using a glass pipette from 
its petri dish into the top of the methylcellulose. The fi sh should 
be barely submerged into the methylcellulose. It should not be 
on top of the methylcellulose and able to slide around, nor 
should the fi sh be deeply submerged in the methylcellulose.   

   12.    Convention in zebrafi sh research is to have the fi sh oriented 
head towards the left and dorsum “upwards.” In other words, 
if the plate was a compass, the head would point towards the 
west and the spine would be northwards, with the belly of the 
fi sh southwards.   

   13.    For proper data analysis, the scorer should be blinded as to the 
nature of each group being scored. In our studies, 20 fi sh per 
group was more the suffi cient to achieve adequate power and 
distinguish between healthy-control, glafenine-only, and 
 treatment groups. In our hands, healthy-controls had a false- 
positive tube rate of about 15 %, glafenine injured fi sh had a 
tube rate of 80–90 %, and treatment groups had tube rates of 
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    Chapter 26   

 AOM/DSS Model of Colitis-Associated Cancer                     

     Bobak     Parang    ,     Caitlyn     W.     Barrett    , and     Christopher     S.     Williams       

  Abstract 

   Our understanding of colitis-associated carcinoma (CAC) has benefi ted substantially from mouse models 
that faithfully recapitulate human CAC. Chemical models, in particular, have enabled fast and effi cient 
analysis of genetic and environmental modulators of CAC without the added requirement of time- intensive 
genetic crossings. Here we describe the Azoxymethane (AOM)/Dextran Sodium Sulfate (DSS) mouse 
model of infl ammatory colorectal cancer.  

  Key words     Colitis-associated cancer  ,   Colon cancer  ,   AOM  ,   DSS  ,   Infl ammatory carcinogenesis  

1      Introduction 

  Colorectal cancer (CRC) is the fourth most  common   cancer in the 
world [ 1 ]. It is well established that colitis predisposes individuals 
to colorectal tumorigenesis [ 2 – 4 ]. Patients  with   infl ammatory 
bowel disease, for example, are at an elevated risk for  developing 
  colon cancer, although the magnitude of this risk has recently 
come under debate [ 5 – 11 ]. While the molecular pathogenesis  of 
  colitis-associated cancer ( CAC ) remains incompletely understood, 
signifi cant advances have been made from studying murine models 
of CAC. Here we outline the application of  the   Azoxymethane 
( AOM )/Dextran sodium sulfate ( DSS ) model of CAC. The AOM/
DSS model is a powerful, reproducible, and relatively inexpensive 
initiation-promotion model that utilizes chemical induction of 
DNA damage followed by repeated cycles of colitis [ 12 – 15 ]. 

    AOM (Methyl-methylimino-oxidoazanium, CH 3 N = N(→O)
CH 3 ) is a procarcinogen that is metabolized by cytochrome p450, 
isoform CYP2E1, converting it into methylazocymethanol 
(MAM), a highly reactive alkylating species that induces O 6  meth-
ylguanine adducts in DNA resulting in G → A transitions [ 16 ]. 
After excretion into the bile, it is taken up by colonic epithelium 
and induces mutagenesis. DSS is a heparin-like polysaccharide that 
is dissolved in the drinking water and infl icts colonic epithelial 
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damage, inducing colitis mimicking some of the features of IBD 
[ 17 ]. Combining AOM and DSS provides a two-step tumor model 
 of   CAC. 

 Key features of the AOM/DSS model include its relatively 
short timeline and accurate modeling of CAC. Tumor develop-
ment can occur in as short as 10 weeks [ 12 ]. Moreover, the histo-
pathology of AOM/DSS-induced tumors recapitulates key facets 
of human CAC such as distally located tumors and invasive adeno-
carcinomas [ 13 ]. Application of the AOM/DSS model has been 
critical in unraveling the pathogenesis of CAC: from the role of 
signaling pathways (e.g. Toll-like receptor 4, IKKβ, and IL-6 [ 18 –
 20 ]) and antioxidant machinery (e.g. glutathione peroxidase [ 21 ]) 
to the infl uence of the microbiota [ 22 ] and transcriptional core-
pressors (e.g. Myeloid translocation genes [ 23 ]). Thus, the AOM/
DSS model is a powerful platform to employ when studying the 
pathogenesis of infl ammatory colorectal cancer.  

2    Materials 

     1.    Azoxyemethane solution: 1 mg/ml. Dissolve 10 mg of AOM 
(Sigma-Aldrich, Cat# A4586) in 10 ml of sterile Phosphate- 
buffered saline (PBS). Filter the solution using a 0.45 μm cel-
lulose acetate fi lter and aliquot into 1 ml sterile Eppendorf 
tubes. Aliquots can be stored at −20 °C for up to a year.   

   2.    0.5 ml Tuberculin Syringe with 28 1/2  G needle.   
   3.       Dextran Sodium Sulfate solution: 3 % (w/v). Weigh 30 g of 

DSS (Affymetrix Cat# 14489, MW 40–50 kDa) and dissolve 
into 1 l of water. Once the DSS is dissolved, fi lter-sterilize the 
solution using 0.45 μm cellulose acetate fi lter.   

   4.    Scale for weighing mice (Model SP402, Ohaus Scout Balance).   
   5.    10 % Buffered Formalin.   
   6.    70 % Ethanol. Dilute 190 proof ethanol to 70 % ethanol with 

sterile, deionized water.   
   7.    Isofl urane, USP (Phoenix Pharmaceuticals, Inc.).   
   8.    Tissue Pathology Macrosette Cassettes.   
   9.    20 G Straight feeding needle.   
   10.    Dissection Scissors Sharp/Blunt Tip (VWR International, 

Cat# 82027-588).   
   11.    Waugh Forceps (VWR International, Cat# 82027-428).   
   12.    27 1/2  G Precision Glide Needle.   
   13.    Whatman Blotting Paper.   
   14.    Carbon Fiber Composites Digital Caliper.   
   15.    Nalgene Surfactant-Free Cellulose Acetate (SFCA) Filter 

(Cole-Palmer, Cat# EW-06731-2).   
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   16.    RNA later  solution (Life Technologies).   
   17.    RIPA buffer (Thermo Scientifi c).   
   18.    Sterile Phosphate-Buffered Saline (PBS).      

3    Methods 

       Day 1: Injecting Azoxymethane 

    1.    Ensure experimental groups are age-  and   gender-matched with 
control mice ( see   Note 1 ). Weigh 8- to 12-week old C57BL/6 
( see   Note 2 ) mice and record weights. Accurate weights are 
required in order to ensure uniform dosing of AOM ( see   Note 3 ). 
We recommend weighing each mouse three times to increase 
precision. Calculate the volume of AOM (1 mg/ml) to inject 
to achieve a dose of 12 mg/kg. For example: a 25 g mouse 
would receive a 300 μl injection of 1 mg/ml AOM solution. It 
may be necessary to reduce the dosage if substantial toxicity is 
observed ( see   Note 4 ).   

   2.    Once you have recorded weights and injection volumes, anes-
thetize mice using isofl urane in accordance with your institu-
tion’s IACUC protocols. Using a 28 1/2  G tuberculin syringe, 
inject each mouse intraperitoneally with the appropriate vol-
ume of AOM.   

   3.    Place the mice back in their cages. Weigh and monitor them 
over the next 48 h.   

   4.    If your mouse facility provides lixit drinking valves or other 
automatic watering systems, be sure to cap or disengage this 
water supply to ensure each cage only has one water supply. It 
is important for mice to become accustomed to drinking only 
from a water bottle, as this will be the source of DSS ( see   Note 5 ). 
We recommend disengaging automatic watering systems for 
the duration of the experiment ( see   Note 6 ).    

   Day 3: Start DSS cycle 1 

    5.    Replace drinking water in cages with 3 % DSS formula.    

   Day 3–8: Monitoring Animals: DSS cycle 1 

    6.    Weigh mice daily to evaluate response to DSS-induced colitis.   

3.1  Treating mice 
with AOM/DSS ( See  
Fig.  1  for an Example 
of a Typical 
Experimental 
Timeline)

  Fig. 1    Schematic timeline for AOM/DSS-induced infl ammatory carcinogenesis       

 

AOM/DSS Model of Colon Cancer



300

   7.    During treatment with DSS, mice can lose signifi cant body 
weight depending on strain and genotype (Fig.  2 ). If mice lose 
substantial body weight (between 10 and 20 % weight loss 
relative to the day prior to DSS administration), it is advisable 
to administer up to 1 ml of sterile saline via IP injection or 
provide wet food ( see   Note 7 ).

       8.    If mice lose greater than 20 % body weight, demonstrate 
hunched posture, or move in a limited fashion, then it may be 
necessary to euthanize the animal. Be sure to follow all appro-
priate IACUC protocols.    

   Day 8:    End     DSS Cycle 1 

    9.    Replace 3 % DSS with sterile drinking water.    

   Day 9–12: Initial Recovery 

    10.    It is important to continue to monitor the mice, especially in 
the 3–5 days after replacing the 3 %    DSS with water. It is not 
unusual for mice to continue to lose weight several days after 
3 % DSS administration.    

   Day 13–24: Recovery 

    11.    Weigh mice every 2–3 days.    

   Day 25: Start DSS cycle 2 

    12.    Replace water with 3 % DSS and weigh mice daily.    

   Day 25–30: Monitoring Animals:      DSS cycle 2 

    13.    Monitor and weigh mice as exactly as detailed in Day 3–8.    

   Day 30: End DSS cycle 2 

  Fig. 2    Example of weight loss during repeat cycle DSS treatment       
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    14.    Replace 3 % DSS with water.   
   15.    Tumor burden can be safely monitored via endoscopy (Fig.  3a ) 

throughout the duration of the experiment. We recommend 
using endoscopy 1 week after completion of the second cycle 
of DSS ( see   Note 8 ).

        Day 30–44: Recovery 

    16.    Weigh mice every 2–3 days.    

   Day 45: Start DSS cycle 3 

    17.    Replace drinking water in cages with 3 %    DSS formula.    

   Day 45–50: Monitoring Animals: DSS cycle 3 

    18.    Monitor and weigh mice as exactly as detailed in Day 3–8.    

   Day 50: End DSS Cycle 3 

    19.    Replace 3 % DSS with sterile drinking water.    

   Day 51–65: Recovery   

  Fig. 3    Endoscopic analysis of murine colon. ( a )  Above : Endoscopy image of normal colon.  Below : Endoscopy of 
colon after AOM injection followed by two cycles of DSS.  White arrows  indicate tumors. ( b )  Above : Colons 
harvested and oriented with the distal end toward the dissector.  Below : Example of gross tumor burden. 
Images are reproduced from prior report [ 23 ]       
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       1.    Weigh mice before euthanizing. Euthanize mice by a combina-
tion of inhalational isofl urane overdose and cervical dislocation 
or other institutionally, IACUC-approved protocols. Expose 
the ventral side of the mouse by placing the mouse on a surgi-
cal dissection table with its abdomen facing up. Secure legs for 
unobstructed access to the abdomen. Cover the abdomen with 
70 % ethanol to prevent fur from interfering with dissection.   

   2.    Using forceps pinch and pull the abdomen up at the midline 
(thus forming a “tent”). Using scissors incise the pinched 
abdominal tissue to access the peritoneum. Then extend the 
incision to the xyphoid process at the midline (away from the 
dissector) and to the costal margins bilaterally (toward the dis-
sector). Gently push peritoneal fat and small intestine to the 
side and locate the cecum ( see   Note 9 ).   

   3.    Once the cecum is identifi ed, cut immediately distal to isolate 
proximal colon. Follow the colon using forceps and gently dis-
sect away the mesentery. Cut through the pelvis to allow removal 
of the distal colon including the anus ( see   Note 10 ). Because 
DSS-induced colitis damages the distal colon, it is critical to 
remove the entire colon to accurately assess tumor burden.   

   4.    Flush the colon with PBS using a 10 ml syringe. Place the 
colon lengthwise on Whatman paper (Fig.  3b ) with the distal 
end (anus end) nearest to the dissector and the proximal 
(cecum end) furthest away. Cut the colon longitudinally along 
the proximal–distal axis so that the colon is splayed open 
length- wise and the distal most portion of the colon is located 
nearest to the dissector.   

   5.    Assess and record tumor burden grossly. Tumor size can be 
measured using digital calipers. If desired, isolate tumor tissue 
or adjacent tissue for RNA or protein analysis using a scalpel. 
Place tissue for RNA analysis directly into RNA later ; for pro-
tein analysis, place tissue directly in lysis buffer with protease 
and phosphatase inhibitors. We recommend doubling the nor-
mal concentration of protease and phosphatase inhibitors to 
preserve protein integrity ( see   Note 11 ).   

   6.    Using two fi ne-tipped forceps held in two hands, grasp both 
lateral sides of the distal edge of the colon and roll the colon. 
The end product should be a rolled colon resembling a Swiss 
roll and the distal colon will be in the center and the proximal 
colon will be the outermost layer (Fig.  4  and  see   Note 12 ). 
Once the colon is rolled, place a 27 ½  G needle through the roll 
to secure it. Place the Swiss-rolled colon into a labeled tissue 
cassette.

       7.    Immerse the cassette into 10 % buffered formalin for 24 h.   
   8.    Process samples for histological analysis according to your lab’s 

preferred method ( see   Note 13 ).       

3.2  Sacrifi cing Mice

Bobak Parang et al.



303

4    Notes 

     1.    If possible, it is ideal to use control and experimental mice that 
are littermates. This will control for any environmental differ-
ences, including microbiota variability. If this is not possible, 
then it is strongly recommended that the control and experi-
mental mice be  housed  in the same room.   

   2.    Different strains of mice will have different sensitivities to 
AOM/   DSS treatment. Tumor penetrance and multiplicity as 
well as colitis damage can all vary based on strain [ 15 ]. Thus, 
it is critical to adjust your AOM and DSS doses according to 
your genetic strain.   

   3.    As mentioned, AOM is metabolized by cytochrome p450, iso-
form CYP2E1 [ 16 ]. Consider the possibility that if using geneti-
cally modifi ed mice and the gene is expressed in the liver, activation 
of AOM may be impaired thus confounding the results.   

   4.    AOM concentration is an important variable to adjust. 
Depending on the lab, mouse facilities, and mouse  background, 
AOM can have varying effects. In preparation for your experi-
ment, we suggest performing trial experiments using three dif-
ferent doses of AOM (7.5, 10, and 12.5 mg/kg) on three 
different cohorts (3–5 mice) of wild-type mice. Mortality from 
AOM is often observed between 24 and 72 h after the 
injection.   

  Fig. 4    Hematoxylin and eosin stain of Swiss-rolled colon. The most distal portion 
of the colon is located in the innermost segment of the roll. A large polyp can be 
seen in the distal colon surrounded by infl ammatory infi ltrate       
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   5.    Consistent DSS dosing is critical and the volume of DSS- 
containing water should be monitored to ensure uniform 
exposure across all cages. This can be done by measuring the 
initial volume of 3 % DSS placed into the cages on Day 1 and 
measuring the fi nal volume on Day 5 before replacing with 
water.   

   6.    We recommend that the investigator disengage automatic 
watering systems or cap lixit valves for all of the mice to be 
used as soon as they are weaned. This allows them to become 
accustomed to only one water source.   

   7.    If mice lose signifi cant body weight, they will often become 
too weak to access their water or food supply. If a mouse dem-
onstrates signs of discomfort or weakness such as hunched pos-
ture, lethargy, or decreased grooming as indicated by soiled or 
rough hair coat, we recommend administering up to 1 ml of 
sterile saline by IP injection after weighing the animal. In our 
experience, this is an insuffi cient volume to affect mouse 
weights 24 h later. Alternatively, wet chow is a good way to 
provide food and hydration. A medium-sized weigh boat can 
be fi lled with standard rodent chow, soaked in water for 30 s, 
and then drained and placed in the cage.   

   8.    Endoscopy can be performed to visualize tumor incidence dur-
ing the experiment. We recommended conducting this 1 week 
after completion of the second cycle of DSS (Fig.  3a ). This 
allows suffi cient time for tumor development. Moreover, 
allowing the mice to recover for 1 week after DSS  reduces 
  infl ammation, making tumors more visible. In our experience, 
mice do not need to be given an oral purgative or laxative to 
evacuate the colonic contents. When performing endoscopy, 
encountered stool can be gently pushed toward the proximal 
regions of the colon, so as not to obscure the luminal view. If 
obstruction persists, 1 ml of sterile PBS can be administered as 
an enema to expel contents.   

   9.    The cecum is the junction at which the small intestine ends and 
the colon begins. The cecum can be easily identifi ed as a large 
intestinal pouch containing stool and located in the right lower 
quadrant of the mouse.   

   10.    AOM/DSS produces tumors primarily located in the distal 
colon ( see  Fig.  3b  for an example of a distal colon with a high 
tumor burden). Thus, it is critical to cut through the pelvis in 
order to remove the entire colon. This will allow you to isolate 
the colon with the anus intact and provide the most accurate 
accounting of tumor number.   

   11.    When isolating tissue from AOM/DSS-treated colons, it is 
important to work as quickly as possible to preserve tissue 
integrity. Preparation of all reagents and recording documents 
should be performed prior to sacrifi cing the mice. When har-
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vesting tumor or colonic tissue, place the tissue directly into 
350 μl of RNA later  in a pre-labeled eppendorf tube for RNA 
analysis. For protein analysis, we recommend preparing 500 μl 
of RIPA buffer with twice the amount of protease and phos-
phatase inhibitors as recommended. When isolating tissue for 
RNA or protein, it is imperative to place the tubes immediately 
on ice. As soon as you have completed sacrifi cing the mouse, 
recording tumor number and size, and rolled the colon, place 
the preserved tissue into −80 °C (for protein) or −20 °C (for 
RNA later ).   

   12.    While Swiss rolling can be technically challenging, especially in 
the presence of tumors, it is important to roll colons properly 
in order to obtain well-oriented samples for histological analy-
sis. A video demonstration of proper rolling technique is avail-
able if needed [ 24 ].   

   13.    We recommend Hematoxylin and eosin (H&E) staining to 
assess crypt and tumor pathology (Figs.  4  and  5 ). H&E stain-

  Fig. 5    Representative histology of a distal colonic tumor isolated from a mouse 
treated with the AOM/DSS protocol. Pathology features indicating injury include 
infl ammatory infi ltrates that are observed at low power ( top panel ) and intratu-
moral crypt abscesses ( middle panel ). Features of neoplasia such as hyperchro-
matic nuclei and increased nuclei/cytoplasmic ratios are identifi ed at higher 
magnifi cation ( middle  and  bottom panels )       
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ing of a well-aligned colon rolls allows microscopic examina-
tion of tumors and their location within the colon. The severity 
of infl ammatory injury can be observed with identifi cation of 
infl ammatory infi ltrates and presence of crypt abscess. Tumor 
pathology such as hyperchromatic nuclei, increased nuclei/
cytoplasmic ratio, and eccentric nuclei placement are all fea-
tures of dysplasia and can be seen in the representative images. 
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    Chapter 27   

 Characterization of Colorectal Cancer 
Development in  Apc    min/+   Mice                     

     ILKe     Nalbantoglu     ,     Valerie     Blanc    , and     Nicholas     O.     Davidson     

  Abstract 

   The  Apc   min/+   mouse provides an excellent experimental model for studying genetic, environmental, and 
therapeutic aspects of intestinal neoplasia in humans. In this chapter, we will describe techniques for study-
ing colon cancer development in  Apc   min/+   mice on C57BL/6J (B6) background, focusing on the roles of 
environmental modifi ers, including Dextran Sulfate Sodium (DSS), high fat diet, and bile acid supplemen-
tation in the context of experimental colorectal cancer. This chapter also includes protocols describing 
extraction and purifi cation of DSS-contaminated RNA, as well as sampling, harvesting, and tissue processing. 
The common pathologic lesions encountered in these animals are described in detail.  

  Key words      Apc   min/+    ,   Colorectal cancer  ,   Adenoma  ,   Dextran sulfate sodium  ,   High fat  ,   Bile acids  

1      Introduction 

 Colorectal cancer (CRC) is the third most commonly diagnosed 
cancer as well as the third most common cause of death from can-
cer in the United States [ 1 ]. An estimated 132,700 men and 
women will be newly diagnosed with the disease and 49,700 will 
die from colorectal cancer in 2015 [ 2 ]. Approximately 30 % of 
colorectal cancers have a familial or genetic component, yet less 
than 10 % are related to well-defi ned syndromes [ 3 ]. In addition to 
genetic alterations, several environmental factors, including con-
sumption of red meats, high fat diet, obesity, insulin resistance [ 4 ], 
chronic infl ammation [ 5 ], and smoking [ 6 ] have been associated 
with a higher risk for developing sporadic colorectal cancer. 

 Among the pathways to colorectal cancer is the adenoma- 
carcinoma sequence.    Adenomas develop both in humans and mice 
as a result of chromosomal instability initiated by inactivation of 
APC (Adenomatous Polyposis Coli), a tumor suppressor gene 
located on chromosome 5q [ 7 ] and which is mutated in the over-
whelming majority of sporadic CRC [ 8 ]. The APC gene is an 
essential component of β-catenin and Wnt signaling pathways, 
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regulating cell adhesion, differentiation, polarity, migration, and 
apoptosis [ 7 ]. Germline APC mutations cause FAP (Familial 
Adenomatosis Polyposis), making this an important target to study 
the genetic and environmental modifi ers of CRC. 

 The laboratory mouse has proven useful in the study of CRC 
[ 9 ]. The Min (Multiple intestinal neoplasia) mutant arose follow-
ing treatment of mice with ethylnitrosourea (ENU) [ 10 ]. Crossing 
ENU-treated mice with wild-type controls yielded offspring with 
the min phenotype.  Apc   min/+   is an autosomal dominant allele char-
acterized by development of multiple intestinal tumors and anemia 
[ 11 ].  Apc   min/+   mice in the C57BL/6J (B6) genetic background 
develop more than 50 tumors by 90 days of age, mostly through-
out  the   small intestine, and although these tumors rarely become 
invasive, they cause death around 150 days of age as a result of 
intestinal obstruction and anemia due to bleeding from the larger 
polyps [ 11 ]. Other models, including conditional APC mutant 
alleles, have also been described [ 12 ]. 

  Apc   min/+   mice share many genetic and phenotypic similarities to 
humans with FAP. The mouse and human APC orthologs are 
approximately 90 % identical [ 13 ], but colonic tumors are more 
common and have much greater malignant potential in humans, 
whereas small intestinal tumors are more prevalent in mice [ 13 ]. 
Unlike the human phenotype, desmoid tumors and epidermoid 
cysts are rarely observed in the mouse model [ 13 ]. 

 The  Apc   min/+   mouse provides an excellent experimental model 
for studying genetic, environmental, and therapeutic aspects of 
intestinal neoplasia in humans. In this chapter, we will describe 
techniques for  studying      colon cancer development in  Apc   min/+   mice 
on a C57BL/6J (B6) genetic background, focusing on Dextran 
Sulfate Sodium-induced (DSS) [ 14 – 17 ], high fat diet- induced 
[ 18 – 20 ], and bile acid supplementation [ 21 ,  22 ] as environmen-
tally modifi able models of colorectal cancer. This chapter also 
includes protocols describing extraction and purifi cation of DSS-
contaminated RNA [ 23 ], as well as sampling, harvesting, and tis-
sue processing. The common pathologic lesions encountered in 
these animals are described in detail.  

2    Materials 

       1.     Apc   min/+   mice, 4 weeks old, commercially purchased from 
Jackson Laboratories (Bar Harbor, ME) ( see   Notes 1 – 4 ).   

   2.       Dextran Sulfate Sodium (DSS), molecular weight of 40,000 
(Affymetrix): 2–2.5 % (w/w) solution in water.   

   3.    Teklad Mouse Breeder diet, 10.5 % fat.   
   4.    Ketamine/Xylazine cocktail: 100 μl/10 kg solution containing 

8 mg/ml ketamine and 3 mg/ml Xylazine.   

2.1  Dextran Sulfate 
Sodium Model 
of Colorectal Cancer 
in  Apc   min/+   Mice

ILKe Nalbantoglu et al.
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   5.    Insulin syringe, 1 ml.   
   6.    Scale, 0.1 (g) digits.   
   7.    BrdU solution: 18 mg/ml BrdU and 1.8 mg/ml 5 Fluoro- 

2deoxyuridine in deionized water.      

       1.    High fat diet, 20.5 % protein, 36 % fat, and 35.7 % carbohydrate.   
   2.    Contour TS Glucometer.   
   3.    Heat lamp.   
   4.    Rodent restrainer.   
   5.    Scalpel blade.   
   6.    Alcohol swap.   
   7.    Insulin Syringe.   
   8.    Heparin.      

       1.    Sodium deoxycholate (≥ 97 % titration): 0.2 % (w/v) solution 
in drinking water.      

       1.    Agar.   
   2.    PBS (Phosphate Buffered Saline, 1×): 137 mM NaCl, 2.7 mM 

KCl, 10 mMNa 2 HPO 4 , 1.8 mM KH 2 PO 4 , pH 7.4.   
   3.    Dissecting PenWax (1 lb is enough for ten wax boards).   
   4.    Square dish with grid (ten dishes per bag).   
   5.    Ethanol, 70 %.   
   6.    Scalpel blade Scissors (5 in. surgical scissors).   
   7.    Razor blade.   
   8.    Pins.   
   9.    Formalin solution, 10 % buffered.   
   10.    Fisherbrand, Tru-Flow tissue cassette.   
   11.    Solvent resistant cassette marking pen.   
   12.    Eppendorf tubes (1.7 ml).   
   13.    Liquid nitrogen.   
   14.    Nikon Stereomicroscope.   
   15.    MetaVue software (Molecular Devices).   
   16.    Photometrics CooLSNAP camera (ROPER Scientifi c).      

       1    Tissue homogenizer.   
   2.    Trizol Reagent.   
   3.    UV spectrophotometry or Agilent 2100 Bioanalyzer.   
   4.    Dynabeads mRNA purifi cation kit (Invitrogen, Life Technology).   

2.2  High Fat Diet 
and Colorectal Cancer 
in  Apc   min/+   Mice

2.3  Bile Acids 
and Colorectal Cancer 
in  Apc   min/+   Mice

2.4  Tissue Collection 
and Processing

2.5  Magnetic 
Bead-Based Poly-A 
Purifi cation 
of DSS- Exposed mRNA

Study of Colorectal Cancer in Apcmin/+ mice
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   5.    Magnet Dynal:DynalMPC-S.   
   6.    High Capacity Reverse Transcription Kit (Applied Biosystems).   
   7.    Binding Buffer: 20 mM Tris–HCI pH 7.5, 1 M LiCI, and 2 

mM EDTA.   
   8.    Washing buffer: 10 mM Tris–HCI pH 7.5, 0.15 M LiCI, and 

1 mM EDTA.      

       1.    Tissue lysis buffer (TLB): 20 mM Tris pH 7.5, 1 mM sodium 
vanadate, 150 mM NaCl, 2 mM EDTA, 100 mM sodium fl uo-
ride, 50 mM beta-glycerophosphate, 5 % glycerol, protease 
inhibitors cocktail.   

   2.    Detergent buffer (10×): 10 % Triton X-100, 1 % Sodium 
Dodecyl Sulfate in tissue lysis buffer.       

3    Methods 

       1.    House 4-week-old  Apc   min/+   mice (male and female) in groups 
and maintain on a 12 h light/dark cycle ( see   Notes 1 – 4 ).   

   2.    Feed mice with Teklad Mouse Breeder diet ad libitum.   
   3.    Weigh all animals before the start of DSS exposure.   
   4.    Expose mice (experimental group-4 week old) to 2–2.5 % DSS 

in drinking water for 1 week ( see   Notes 5 – 7 ).   
   5.    Follow this cycle by normal drinking water for 2 weeks.   
   6.    Give the control group tap water ad libitum throughout the 

experiment.   
   7.    Weigh animals twice a week. If multiple cycles  of   DSS are being 

administered, taking weight measurements once a week during 
consecutive water and DSS cycles is suffi cient.   

   8.    Record the mortality rate and the weight of the animals 
throughout the experiment.   

   9.    Sacrifi ce animals with weight loss of 20 % or more by injecting 
100 μl/10 kg of a Ketamine/Xylazine solution, followed by 
cervical dislocation ( see   Note 8 ).   

   10.    Euthanize all other surviving animals at weeks 2, 3, 4, and 
ultimately 5 to follow the progression of the pathology.   

   11.    Two hours before sacrifi cation, inject 200 μl of BrdU solution 
(a marker of proliferation) per mouse.   

   12.    Perform gross examination, imaging of the intestines including 
assessment of tumor number and size and tissue collection 
following sacrifi ce ( see  Subheading  4 ).      

       1.    House 4-week-old  Apc   min/+   mice (male and female) in groups 
and maintain on a 12 h light/dark cycle ( see   Notes 1 – 4 ).   

   2.    Give regular tap water ad libitum.   

2.6  Protein Extract 
Preparation

3.1  Dextran Sulfate 
Sodium Model 
 of   Colorectal Cancer 
in  Apc   min/+   Mice

3.2  High Fat Diet 
and Colorectal Cancer 
in  Apc   min/+  
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   3.    Give the experimental group a high fat diet for 8 weeks ad 
libitum ( see   Note 9 ).   

   4.    Give the control group Teklad breeder diet ad libitum.   
   5.    Weigh both the experimental and control group animals weekly 

( see   Note 10 ).   
   6.    Collect blood samples from tail following 5 h fasting at 8 and 

12 weeks of age for glucose concentrations ( see   Note 11 ).   
   7.    At week 12, sacrifi ce all animals by injecting 100 μl/10 kg of 

a Ketamine/Xylazine cocktail solution followed by cervical 
dislocation ( see   Note 8 ).   

   8.    At the time of sacrifi ce, obtain approximately 200–300 μl 
blood from inferior vena cava using a 1 ml heparinized syringe 
( see   Note 12 ). Collect plasma by centrifugation (1500 ×  g  for 
10 min at 4 °C) and store at −80 °C (Optional).   

   9.    Collect and weigh mesenteric, retroperitoneal, and epididymal 
fat pads.   

   10.    Perform lipidomic profi ling on the intestinal mucosa 
(optional) [ 24 ].   

   11.    Perform gross examination, imaging of the intestines includ-
ing assessment of tumor number and size and tissue collection 
following sacrifi ce ( see  Subheading  4 ).      

       1.    House 4-week-old  Apc   min/+  mice (male and female) and main-
tain on a 12 h light/dark cycle ( see   Notes 1 – 4 ).   

   2.    Feed mice with Teklad Mouse Breeder diet ad libitum.   
   3.    Weigh all animals before the start of the experiment.   
   4.    Give 0.2 % sodium deoxycholate in drinking water to experi-

mental group for 12 weeks ad libitum.   
   5.    Give regular tap water to the control group ad libitum.   
   6.    Monitor both the control and experimental groups daily and 

weigh them weekly.   
   7.    Measure  fecal   bile acid output from stool (collected for 72 h 

from individually housed mouse) [ 15 ] if desired. This step is 
optional.   

   8.    At week 16, sacrifi ce all animals by injecting 100 μl/10 kg of a 
Ketamine/Xylazine solution, followed by cervical dislocation 
( see   Note 8 ).   

   9.    Determine bile acid pool size from total content  of   small 
intestine, gallbladder, and liver following sacrifi ce (optional) if 
desired [ 15 ].   

   10.    Perform gross examination, imaging of the intestines includ-
ing assessment of tumor number and size and tissue collection 
following sacrifi ce ( see  Subheading  4 ).      

3.3  Bile Acids 
and Colorectal Cancer 
in  APC   min/+   Mice
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         1.    Melt 1 g of agar in 50 ml of water in microwave.   
   2.    Place the fl ask containing agar in a Becker containing H 2 O 

maintained at 55 °C.     

 At this temperature, agar remains liquid but is not too hot and 
won’t damage tissue.  

       1.    Completely melt the block of PenWax in a container immersed 
in boiling water ( see   Note 13 ).   

   2.    Once melted, pour the wax into square dishes up to 1 cm thick 
and let it solidify.   

   3.    Wax plates can be kept at room temperature for unlimited time 
( see   Note 14 ).      

       1.    Euthanize animals by Ketamine/Xylazine injection followed 
by cervical dislocation.   

   2.    Swab the abdominal skin with alcohol and open the abdominal 
cavity with scissors using caution not to lacerate abdominal 
organs.   

   3.    Dissect the spleen, located right under the stomach, from the 
surrounding adipose tissue and viscera with scissors. Record 
the dimensions and weight.   

   4.    Place the tissue in an Eppendorf tube and snap freeze in liquid 
nitrogen.   

   5.    Expose and dissect the small and large intestines.   
   6.    Remove and discard the cecum, which is a small saccular 

structure between small and large intestine ( see   Note 15 ).   
   7.     Separate   small intestine from colon.   
   8.    Measure and record the length of large and small intestine with 

a ruler.   
   9.    Dissect off the mesenteric adipose tissue and attached vessels 

from the small and large intestines.   
   10.    Cut small intestine in three equal sections (proximal, mid, distal). 

Depending on the size of the wax plate, further cut proximal, 
mid, and distal sections  of   small intestine into two equal pieces. 
Colon usually remains as a single piece, but can be cut into two 
equal pieces to fi t on the wax plate.   

   11.    Flush each segment with cold PBS, open longitudinally and 
pin down on a wax plate (Fig.  1  and  see   Note 16 ).

       12.    Perform the gross imaging using a Nikon SMZ800 microscope 
and photograph the tissues using a Photometrics CooLSNAP 
camera.   

   13.    Place the intestines in 10 % formalin, enough to cover and 
submerge the tissue completely (1:10 ratio of tissue and formalin 
solution). Fix overnight at room temperature.   

3.4  Tissue Collection 
and Processing

3.4.1  Preparation of 2 
% Agar

3.4.2  Preparation 
of Wax Boards

3.4.3  Tissue Collection 
and Image Analysis
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   14.    Rinse the intestines with PBS and keep in PBS at 4 ° C until 
embedding ( see   Note 17 ).   

   15.    Use MetaVue software for width, length, and total area 
measurements.   

   16.    Before starting further dissection, make sure that all the mate-
rials are ready and are located within reach for further tissue 
sectioning and preparation (Fig.  2a ). This will streamline the 
process and prevent tissue from drying.

       17.    Cut each pinned tissue segment into pieces approximately 
2 cm in length ( see   Note 18 ).   

   18.    Cut each segment longitudinally with a razor blade and separate 
each half (Fig.  2b, c ).   

   19.    Cover the mucosal sides of the cut sections with 55 ° C agar 
and set aside until the agar solidifi es (Fig.  2d ).   

   20.    Cut excess agar around tissue (Fig.  2e ).   
   21.    Each 2 cm section results in two sister strips with mucosa facing 

each other (Figs.  2f  and  3 ).
       22.    Maintain proximal–distal orientation (Fig.  3  and  see   Note 19 ).   
   23.    While maintaining the proximal–distal orientation, align strips 

and cover with 55 °C agar to form a single block (Fig.  2g ).   
   24.    Label each tissue cassette with animal type/number, experiment, 

and tissue type (i.e.  Apc   min/+   DSS, small intestine) with special 
marker pen ( see   Note 20 ).   

  Fig. 1    Small intestines of  Apc    min/+   pinned on a wax board.  Red arrows : intestinal 
polyps.  Blue arrow : Grossly normal mucosa. Note grossly normal mucosa may 
have adenomas on microscopic examination       

 

Study of Colorectal Cancer in Apcmin/+ mice



  Fig. 2    Tissue embedding process. ( a ) Required material. ( 1 ) heat block maintaining the agar solution at 55 °C. 
The Becker containing the agar solution ( 2 ) is placed in a larger Becker ( 3 ) fi lled with water kept at 55 °C. 
The temperature is monitored with a thermometer ( 4 ). Cutting and embedding of tissue is done on a cutting 
board ( 5 ) with razor blades ( 6 ). Once processed, the embedded tissue is placed in a tissue cassette ( 7 ) and 
kept in 70 % ethanol ( 8 ) at room temperature. Embedding process ( B-I ). Each tissue section is cut transversally 
to generate a ~2 cm long piece ( b ). For each section, two pieces are thus generated ( p1  and  p2 ). Each frag-
ment is then cut longitudinally into two pieces ( c ) ( p1a ,  p1b ,  p2a ,  p2b ). The sections are then covered with agar 
solution ( d ). Once the agar has solidifi ed, the excess agar is removed ( e ). Each section is positioned as shown 
in Fig.  3  and covered with agar ( f ). Once the block has solidifi ed and the excess agar removed ( g ), the tissue 
block is placed into a tissue cassette ( h ) and kept in 70 % ethanol ( i )       
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   25.    Once solidifi cation is completed, place the tissue blocks into a 
tissue cassette (Fig.  2h ).   

   26.    Keep the cassettes in 70 % Ethanol, enough to cover all the cas-
settes and keep at room temperature (Fig.  2i  and  see   Note 17 ).   

   27.    Submit the cassettes for tissue processing and hematoxylin and 
eosin (H&E) staining right after the tissue is placed in the cas-
sette, or keep longer in 70 % Ethanol or formalin if submitting 
more than one batch.   

   28.    Collect tissue from “lesional” and “normal” areas of colon  and 
  small intestine from separate animals within the same experi-
mental group after the intestines are pinned on a formalin- free 
wax plate. Flash freeze this tissue in liquid nitrogen for RNA 
and protein analysis ( see  Subheading  3.5 ).       

     This is a crucial step since any exposure of cells or tissues to DSS 
will severely impair the ability to extract RNA suitable for reverse 
transcription [ 23 ]. 

       1.    Homogenize 50–100 mg of harvested organs at maximum speed 
for 10 s using tissue homogenizer in 1 ml of Trizol agent.   

   2.    Extract RNA in Trizol following Manufacturer’s protocol. Five 
to ten microgram of total RNA will be used for binding to 
Dynabeads.   

   3.    Adjust the volume of RNA to 100 μl with H 2 O, heat the solu-
tion to 65 °C for 2 min to disrupt secondary structures.   

   4.    Place the RNA solution on ice.      

   All the following steps are performed at room temperature.

    1.    Transfer 50 μl of beads to a 1.7 ml microcentrifuge tube.
    2.    Place the tube on the Magnet Dynal for 30 s.   

3.5  Magnetic 
Bead-Based Poly-A 
Purifi cation 
of DSS- Exposed mRNA

3.5.1  RNA Preparation

3.5.2  Preparation 
of Dynabeads

  Fig. 3    Embedding scheme for small and large intestine.  M  mucosal side       
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   3.    Pipette off the supernatant, remove the tube from the magnet, 
and add 100 μl of Binding Buffer to equilibrate the beads.   

   4.    Place the tube back to the magnet and remove the supernatant.   
   5.    Remove the tube from the magnet and add 100 μl of Binding 

Buffer ( see   Note 21 ).          

   All the following steps are performed at room temperature.

    1.    Add the total RNA (100 μl) (Subheading  3.5 ,  step 5 ) to the 
Dynabeads/Binding Buffer suspension.   

   2.    Mix thoroughly manually until all the beads are re-suspended 
and rotate the tube on a wheel 3–5 min at room temperature 
to allow binding of the RNA to the oligo(dT) beads.   

   3.    Place the tube on the magnet until the solution is cleared 
within seconds and remove supernatant.   

   4.    Remove the tube from the magnet and wash the mRNA-beads 
complex twice with 200 μl Washing Buffer.   

   5.    Remove the supernatant between each wash by placing the 
tube back on the magnet.   

   6.    Elute the RNA with 20 μl of 10 mM Tris–HCl pH 7.5.   
   7.    Heat the tube to 65–80 °C for 2 min and place it immediately 

on the magnet.   
   8.    Transfer the eluted RNA to a new Eppendorf tube in ice.      

       1.    Use the eluted RNA directly in the cDNA reaction carry out 
using the Applied Biosystems High Capacity Reverse transcrip-
tion kit.   

   2.    Thaw 10× Reverse Transcriptase (RT) buffer, 10× random 
primers and 25× dNTPs on ice to preserve reagents stability.   

   3.    Prepare Master Mix on ice as follows: per reaction (10 μl): 2 μl 
10× RT buffer, 0.8 μl 25× dNTPs, 2 μl 10× Random primers, 
1 μl MultiScribe Reverse transcriptase, 4.2 μl H 2 O.   

   4.    Combine, RNA (~1 μg) with 10 μl Master Mix in thin-walled 
PCR tube and complete to 20 μl with autoclaved H 2 0 ( see  
 Note 22 ).   

   5.    Perform the reaction as follows: 10 min at 25 °C, 120 min at 
37 °C, 5 s at 85 °C.   

   6.    Keep cDNAs at −80 °C until further used for analysis of RNA 
expression by PCR [ 24 ].      

       1.    Homogenize 100 mg of tissue in 600 μl of tissue lysis buffer 
for 10 s.   

   2.    Place the homogenate in an Eppendorf tube and keep in ice.   
   3.    Add 1/10 of the volume of 10× detergent to the homogenate.   
   4.    Vortex for 20 s and keep on ice for 15 min.   

3.5.3  mRNA Purifi cation

3.5.4  cDNA Synthesis

3.5.5  Protein Extract 
Preparation
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   5.    Centrifuge the homogenate at maximum speed (18, 000 ×  g ) at 
4 °C for 15 min in tabletop Eppendorf centrifuge.   

   6.    Transfer the supernatant into a new Eppendorf tube and keep 
at −80 °C until further analysis by Western Blot.       

         1.       Hematoxylin and Eosin (H&E) staining is the standard 
method for evaluating the morphology of tissues. Make sure 
that the reviewer is blinded to the experimental and control 
groups. The normal wall structures from mucosa to serosa 
(serosal side towards exterior) as well as pathologic changes 
can be easily identifi ed in well-oriented sections. If the sections 
are not oriented correctly, it may cause errors in histopatho-
logic examination and lesions may be missed. All fi gures pro-
vided in this chapter represent well-oriented sections.   

   2.    Identify wall structures and cellular components of small 
(Fig.  4a  and  see   Note 23 ) and large intestine (Fig.  4b  and 

3.6  Assessment 
of Histology and 
Immunohisto-
chemistry
3.6.1  Hematoxylin & 
Eosin Assessment 
of Normal Mucosa 
and Common Pathologic 
Lesions

  Fig. 4    Hematoxilin and Eosin staining of normal mouse small and large intestine. Note that small intestine 
mucosa has villi ( a , 200×), whereas colonic mucosa is fl at ( b , 400×). The Goblet cells lining the surface 
epithelium are present in both small and large intestine. Lamina propria is the space between crypts. Muscularis 
interna and externa are thicker bundles of muscle and have ganglion cells and nerve bundles in between the 
muscle layers.  V  villus,  G  goblet cells,  Lp  lamina propria,  Mm  muscularis mucosae,  Mi  muscularis interna,  Gng  
Ganglion cells,  Me  muscularis externa       
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 see   Note 24 ). This will help recognize any pathologic lesions 
that may occur.

       3.    Identify and count the adenomas in both small and large 
intestine including single crypt adenomas (Figs.  5a, b ,  6a  and 
 see   Note 25 ). Remember that single crypt adenomas are small 
and are not visible by gross examination.

        4.    Identify and count the adenomas with high-grade dysplasia in 
both small and large intestine (Fig.  6b  and  see   Note 26 ).   

   5.    Identify and count intramucosal (not shown) and invasive 
carcinomas (Fig.  6c ). Note the depth of invasion for invasive 
tumors ( see   Note 27 ).      

       1.    Obtain 4-μm sections from each tissue on a charged slide ( see  
 Note 28 ).   

   2.    Follow the antibody staining per manufacturer’s protocol. 
Have positive and negative controls for each immunohisto-
chemistry run ( see   Note 29 ).   

3.6.2  Immunohisto-
chemistry and Assessment

  Fig. 5    Hematoxilin and Eosin staining of single crypt adenoma and tubular adenoma in mouse small intestine. 
Single crypt adenomas (Ad) are commonly seen on microscopic examination ( a , 400×). A classic tubular adenoma 
in mouse small intestine ( b , 200×). Note the single dilated adenomatous gland lined with pencillate nuclei. This 
one gland adenoma displays classic features of an adenoma with nuclear crowding, and pseudostratifi cation. 
Apoptosis can also be seen (not shown in fi gure). Adenomas can reach bigger sizes. Note the larger adenoma in 
small intestine shows similar histologic features with involvement of the surface epithelium ( b )       
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   3.    The evaluation of immunohistochemistry depends on the type 
of antibody that is used. The manufacturer’s manual is the best 
source for staining evaluation.   

   4.    Ki67, BrdU, and TUNEL are nuclear markers; therefore count 
the number of positive nuclei.   

   5.    Evaluate intestinal proliferation by scoring full longitudinal 
sections of crypts and report it as number of BrdU-positive 
cells normalized to the total number of cells per crypt ( see  
Fig.  7a, b ).

       6.    Beta-catenin normally stains cytoplasmic membrane, but when 
mutated nuclear staining is observed ( see  Fig.  7c, d ).   

   7.    Evaluate the apoptotic index similarly by counting the number 
of TUNEL-positive cells normalized to the total number of 
cells in crypts and villi ( see  Fig.  7e ).        

  Fig. 6    Hematoxilin and Eosin staining of adenoma in mouse small intestine, adenoma with high-grade dyspla-
sia, and adenocarcinoma in mouse small intestine. Adenomas are low-grade dysplastic lesions ( a , 400×). Note 
the sharp transition between normal (N) and adenomatous crypts (Ad). Adenoma with high-grade dysplasia is 
characterized by cribriform glands (*,  b ) and loss of nuclear polarity ( b , 400×). Prominent nuclear pleomor-
phism and luminal necrosis (*,  b ) are commonly seen. Invasive carcinomas are characterized by irregular 
glands and desmoplasic stroma ( c , 200×)       
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4       Notes 

     1.    If the animals are going to be bred in house, maintain the 
 Apc    min/+   mice as heterozygous breeding pairs. Homozygosity 
for this gene is lethal.   

   2.    In the event that they are purchased commercially, acclimate the 
animals to the animal facility for at least a week so that the fl ora 
and intestinal microbiome of animals are similar. Therefore, 
purchase mice that are 2 weeks old and keep them in the animal 
facility for a week or two before the experiments begin.   

   3.    Keep experimental and control groups to a minimum of 8–10 
animals to ensure statistical power. It is understood that some 
animals will expire during the experiment, and having a larger 
group will yield enough data points and samples for additional 
studies.   

  Fig. 7    Immunohistochemical staining of BrdU, β-catenin, and TUNEL in mouse intestine. Normal BrdU staining in 
 Apc   min/+   small intestine ( a , 100×) and BrdU staining in  Apc   min/+   adenoma ( b , 100×). Note the positive brown col-
ored nuclear staining. Normal β-catenin staining in mouse small intestine shows cytoplasmic membranous stain-
ing ( c , 400×), whereas β-catenin mutation in an adenoma displays dense nuclear positivity ( d , 600×). TUNEL 
staining shows positive nuclei in a small intestine adenoma ( arrow , brown nuclear staining) ( e , 600×)       
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   4.    Conduct experiments on both genders of mice to eliminate 
possible gender selection/susceptibility. In our experience, 
there is no gender effect  in   adenoma or carcinoma incidence.   

   5.    Use the same batch  of   DSS (record lot number) throughout 
all experiments when possible as the potency of DSS may vary 
lot to lot.   

   6.    The percentage of DSS depends on the experimental model 
and the additional genetic traits of the animals. Expose a small 
batch of animals to different percentages of DSS as an initial 
test run. If multiple cycles of DSS are involved in the experi-
mental model [ 11 ], it is likely that most animals will die within 
the fi rst two cycles. Depending on the mortality rate, either 
decreasing the DSS concentration or increasing the length of 
water cycle is suggested.   

   7.    Induction of neoplasia in animals can be accelerated by injec-
tion of azoxymethane (10 mg/kg/kg body weight adminis-
tered by intraperitoneal injection at 8 weeks of age) [ 15 ].   

   8.    Another method for sacrifi cing mice is isofl uorane overdose. In 
this method, soak a cotton ball with isofl uorane and keep the 
animals in a closed chamber until they expire. Cervical disloca-
tion can also be carried out after isofl uorane anesthesia is 
established.   

   9.    There are several commercially available high fat diet regimens. 
Adjusted calories diet (60 % saturated fatty acid, milk fat and 
butter fat, sucrose 34 % per weight and cholesterol 0.2 %, 
Harlan Teklad) is most commonly used in our laboratory.   

   10.    If necessary, body composition can be measured at 4-, 8-, and 
12-week endpoints by DEXA scan under isofl uorane anesthesia.   

   11.    Expose the animals to a heating lamp for 10 min. This will 
cause vascular congestion and the tail blood sampling will be 
much easier. Place the animal in a mouse restrainer, make a 
small nick at the 1/3 distal end of the tail at 12 o’clock position 
where the vessel is visible on the dorsal site. Clean with alcohol 
and make a small cut with the blade. Other methods for collect-
ing blood are retro-orbital approach and cardiac puncture.   

   12.    The heparinized syringes are commercially available and are 
more standardized. Another way to make a heparinized syringe 
is to wash a regular syringe with heparin. Pull a small amount 
of heparin into the injector and “wash” the barrel of the injec-
tor by moving the plunger back and forth a few times.   

   13.    Melting the Penwax may take up to several hours. Dishes come 
in bag of ten and one case contains ten bags. One pound of 
wax is suffi cient to prepare ten wax plates. One plate can be 
used several times. These can be kept at room temperature and 
can be melted and poured again if needed.   
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   14.    Keep at least one or two wax boards free of formalin contami-
nation. This is necessary for gross examination/imaging and 
dissection of normal and tumor tissues that will be processed 
for protein and RNA extraction.   

   15.    This step is optional. Cecum is a small sac-like structure at the 
intersection of small and large intestine. It is diffi cult to orient 
and pin on a wax plate. If the investigators would like to include 
this for histologic examination, marking it with tissue dyes is 
recommended, since it is histologically identical to the rest of 
the colon.   

   16.    Use ten pins per intestinal section. Approximately 70 pins are 
used per animal. These pins are re-usable. Keep a set of pins 
free of formalin contamination.   

   17.    The fi xed tissue can also be stored in formalin solution.   
   18.    A tissue cassette is approximately 2 cm in greatest dimension. 

Further section the intestines after fi xation into 2 cm segments. 
This will enable the tissues to fi t in the cassette and prevent 
tissue waste.   

   19.    Tissue dyes can be utilized to mark proximal, mid, and distal 
intestine. Designate and apply different color dyes to serosal 
surface of the intestines (i.e. red-proximal, blue-distal, mid- 
unstained). This way, the investigators can tell which piece 
belongs to which segment. Apply the tissue dyes with a cotton- 
tip, make sure it does not overrun between the segments. Use 
small amounts of dye and blot the excess with a paper towel.   

   20.    The labeling done with regular marker pens will fade during 
tissue processing. Therefore, use a solvent-resistant pen. 
Another cost-effective alternative is to use a regular pencil (not 
a sharp writer).   

   21.    Obtain optimal hybridization conditions in Binding Buffer by 
adding in a 1:1 ratio relative to sample volume.   

   22.    As little as 0.2 μg of RNA can be used in the reverse transcrip-
tion reaction.   

   23.    The wall of the small intestine in mouse is identical to humans 
and is composed of mucosa, muscularis mucosae, submucosa, 
muscularis interna, muscularis externa, and serosa [ 25 ] (Fig.  4a ). 
It is important to recognize and document all the components 
of normal small intestinal mucosa, which is mainly composed of 
crypts lined by Goblet, absorptive, Paneth, and endocrine cells 
forming villiform structures protruding into the lumen. Lamina 
propria is the space between crypts that has  minimal   infl amma-
tion but contains vessels and lymphatics supported by a connec-
tive tissue (Fig.  4a ). Muscularis mucosae is a thin layer of 
smooth muscle that separates mucosa from submucosa. 
Muscularis mucosae can be diffi cult to recognize in poorly ori-

ILKe Nalbantoglu et al.



325

ented sections (not shown in Fig.  4a ). The submucosa is the 
small space between muscularis mucosae and muscularis interna; 
it contains blood vessels and lymphoid aggregates (Peyer’s 
patches). Lymphoid aggregates can sometimes extend into the 
mucosa. In contrast to human bowel, submucosa is not well-
visualized in mouse intestine. Muscularis interna and externa are 
thicker bundles of muscle and have ganglion cells and nerve 
bundles in between (Fig.  4a ). These (muscularis interna and 
externa) correspond to the muscularis propria in humans. Serosa 
is the most outer layer, mostly lined by peritoneum.   

   24.    In contrast  to   small intestine that has villi, the colonic (large 
intestine) mucosa is fl at and does not have villi. In proximal 
mouse colon mucosal folds are most commonly seen as hori-
zontal ridges. The colonic mucosa is composed of crypts lined 
by Goblet cells, enterocytes, and rare endocrine cells. Lamina 
propria has minimal to no infl ammation (Fig.  4b ). Scattered 
lymphoid aggregates can be seen. The remainder of the wall 
components in colon is identical to small intestine, but muscu-
laris mucosae is very poorly formed and not well-visualized in 
most cases (Fig.  4b ) [ 25 ].   

   25.    The histologic lesions in the  Apc   min/+   mouse closely mimic 
the FAP lesions in humans [ 13 ,  26 ]. The morphologic spec-
trum of the intestinal lesions that can be seen in  Apc   min/+   
mice varies from adenoma to invasive carcinoma. In  Apc   min/+   
models of colorectal cancer, adenomas develop mostly in 
small intestine, and colonic lesions are rare. An adenoma 
is characterized by cigar-shaped nuclei with an increased 
Nucleus–Cytoplasmic ratio populating the crypts (Figs.  5a, 
b  and  6a ). Adenomas are low-grade dysplasia by defi nition. 
   Adenoma and tubular adenoma terms are used interchange-
ably. Microadenomas, which are single crypt adenomas, can 
be seen in both FAP patients and  Apc   min/+   mice. Single crypt 
adenomas (Fig.  5a ) will not be visible to naked eye with 
gross examination, whereas larger lesions will be grossly vis-
ible (Fig.  5b ). Therefore, both gross and microscopic exami-
nations of the intestines are important.   

   26.    Adenomas can be divided into low- and high-grade dysplastic 
lesions. High-grade lesions are characterized by architectural 
complexity including cribriform glandular structures, dirty 
luminal necrosis, and loss of nuclear polarity (Fig.  6b ).   

   27.    Intramucosal carcinomas are characterized by single cells 
invading into lamina propria. In contrast to colon, intramuco-
sal carcinomas in  human   small intestine have a potential to 
metastasize to lymph nodes. Submucosal invasion is character-
ized by invasion of the tumor through muscularis mucosae and 
the presence of desmoplasia (Fig.  6c ).   
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   28.    Even though ideal for both H&E and immunohistochemistry 
applications, you must use charged slides for immunohisto-
chemical staining.   

   29.    Select proper positive and negative tissue controls for each 
antibody run. This information is available at antibody manu-
facturer’s website.         
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    Chapter 28   

 Modeling Murine Gastric Metaplasia Through Tamoxifen- 
Induced Acute Parietal Cell Loss                     

     Jose     B.     Saenz    ,     Joseph     Burclaff    , and     Jason     C.     Mills      

  Abstract 

   Parietal cell loss represents the initial step in the sequential progression toward gastric adenocarcinoma. In 
the setting of chronic infl ammation, the expansion of the mucosal response to parietal cell loss character-
izes a crucial transition en route to gastric dysplasia. Here, we detail methods for using the selective estro-
gen receptor modulator tamoxifen as a novel tool to rapidly and reversibly induce parietal cell loss in mice 
in order to study the mechanisms that underlie these pre-neoplastic events.  

  Key words     Tamoxifen  ,   Parietal cell loss  ,   Metaplasia  ,   Oxyntic atrophy  ,   Spasmolytic polypeptide- 
expressing metaplasia (SPEM)  

1      Introduction 

   Gastric adenocarcinoma remains one of the leading  causes   of 
cancer- related  deaths   worldwide [ 1 ]. The sequence of events lead-
ing to the development of gastric dysplasia and neoplasia begins 
with the loss of acid-secreting parietal cells, a process known as 
oxyntic atrophy, followed by the expansion of pre-neoplastic 
changes in the setting of chronic infl ammation [ 2 ]. The early 
mucosal response to oxyntic atrophy includes reorganization of the 
gastric unit, characterized initially by an increased proliferation of 
gastric progenitor cells and the reprogramming of post-mitotic 
chief cells at the base of  the   gastric gland into a proliferating popu-
lation of metaplastic cells [ 3 ]. Overall, the pattern of gastric unit 
reorganization that characterizes the response to oxyntic atrophy is 
known  as   spasmolytic polypeptide-expressing metaplasia (SPEM), 
as the metaplastic chief cells express spasmolytic polypeptide (also 
known as trefoil factor family 2; TFF2). SPEM can either be a tran-
sient alteration in the gastric landscape, followed by repair and res-
toration of normal architecture, or it can represent a crucial 
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pre-neoplastic event en route to gastric dysplasia in the setting of 
 chronic   infl ammation. The study of the mechanisms underlying 
the development and evolution of SPEM has been accelerated by 
recently developed tools [ 4 – 6 ] which rapidly  induce   SPEM in ani-
mal models of gastric dysplasia. Here, we describe the discovery 
and use of the selective estrogen receptor modulator,    tamoxifen, as 
a model for studying SPEM. 

 In addition to its widespread therapeutic use as hormonal 
therapy, tamoxifen has recently found a role in conditional gene 
targeting in the mouse [ 7 ]. Notably, the development of 
a ligand-dependent Cre-ER recombinase, in which the Cre 
enzyme is fused to a mutated hormone-binding domain of the 
estrogen receptor, has allowed for the use of tamoxifen to 
 modulate gene expression in a spatiotemporal fashion [ 8 ]. As a 
result, tamoxifen now serves as a tool for regulating tissue-spe-
cifi c Cre activity. 

 However, the use  of   tamoxifen for induction of the Cre-ER 
recombinase led to a serendipitous discovery in the mouse stom-
ach that has broadened its role beyond the Cre-ER system and 
implicated tamoxifen as a unique agent for studying the early 
events following oxyntic atrophy [ 9 ,  10 ]. Serial intra-peritoneal 
injections of various strains of wild-type mice with tamoxifen 
induced apoptosis in the vast majority of parietal cells, metaplas-
tic changes in the chief cells at the bases of  the   gastric glands, and 
an increased proliferation of gastric progenitor cells, changes 
characteristic of and consistent with SPEM. This effect is repro-
ducible [ 11 ], estrogen- independent, and reversible, with a 
 normalization of gastric histology within weeks of tamoxifen dis-
continuation [ 10 ]. The tamoxifen administration protocol 
described below therefore offers a unique method for reproduc-
ing oxyntic atrophy and dissecting early pre- neoplastic events 
leading to gastric dysplasia.  

2    Materials 

       1.    Tamoxifen ( see   Note 1 ).   
   2.    Sterile sunfl ower seed oil ( see   Note 2 ).   
   3.    Ethanol (200 proof).   
   4.    Sonic dismembrator with microtip (2 mm).   
   5.    Eppendorf tubes (1.5 mL).   
   6.    Benchtop vortex machine.   
   7.    Pipettor.   
   8.    Protective headphones.      

2.1  Preparation 
 of   Tamoxifen Stock
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       1.    Insulin syringe with needle (0.5 mL, 27 G × 0.5 in.).   
   2.    Balance.   
   3.    Alcohol wipes.       

3    Methods 

 Carry out all procedures at room temperature unless otherwise 
specifi ed. 

 The following protocol corresponds to  a   tamoxifen solution 
dissolved in 10 % ethanol and 90 % sunfl ower seed oil ( see   Note 3 ). 

       1.    Weigh mice ( see   Note 4 ).   
   2.    Weigh out 25 mg of  dry   tamoxifen and place it in a 1.5 mL 

Eppendorf tube ( see   Note 5 ).   
   3.    Slowly add 100 μL of 100 % ethanol, trying to keep the tamox-

ifen at the bottom of the tube. Do not shake, mix, or pipet.   
   4.    Measure 900 μL of sterile sunfl ower seed oil in a separate 

1.5 mL Eppendorf tube.   
   5.    Sonicate the tamoxifen/ethanol mixture in the Eppendorf 

tube at 40 % amplitude in 20-s pulses until the tamoxifen is 
completely dissolved ( see   Note 6 ).   

   6.    Immediately combine the tamoxifen/ethanol mixture with the 
sunfl ower seed oil. Cap and vortex the solution to ensure ade-
quate mixing ( see   Note 7 ).   

   7.    The tamoxifen mixture can be stored at 4 °C for up to 3 days 
or at −20 °C indefi nitely ( see   Note 8 ). Allow the mixture to 
warm to room temperature prior to injection.      

       1.    Using the insulin syringe needle, measure out the appropriate 
amount of the tamoxifen mixture so as to inject 5  mg   tamoxi-
fen for every 20 g mouse body weight ( see   Note 9 ).   

   2.    Sanitize the injection site by wiping the mouse abdomen with 
an alcohol wipe. Intra-peritoneally inject the vehicle (10 % 
ethanol/90 % sunfl ower seed oil) or tamoxifen mixture 
( see   Note 10 ).   

   3.    Repeat the injection for 3 consecutive days using the same 
tamoxifen stock, stored at 4 °C.   

   4.    Mouse stomachs can be harvested at any time following the 
fi rst injection or thereafter, and tissue can be processed accord-
ingly (Figs.  1  and  2 , and  see   Note 11 ).

2.2  Mouse Injection

3.1  Preparation 
of Tamoxifen Stock

3.2  Tamoxifen 
Treatment

Tamoxifen Induces Acute Parietal Cell Loss in Mouse Stomach
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  Fig. 1    Tamoxifen treatment results in acute parietal cell loss. Representative 
hematoxylin and eosin stain of gastric corpus from wild-type C57BL/6 mice after 
intra-peritoneal injection with 3 days of either vehicle ( a ; Control) or 5 mg/20 g 
body weight tamoxifen ( b ; HD-TAM). Note the relative decrease in parietal cells 
( black arrowhead ) compared to the vehicle-treated mouse. An apoptotic body 
( yellow arrowhead ) adjacent to a dying parietal cell is highlighted ( inset )       

Fig. 2 (continued) are highlighted by  dashed lines . ( b ) A representative immunos-
tain of the gastric corpus from a mouse intra-peritoneally injected with 5 mg/20 g 
body weight tamoxifen for 3 days (HD-TAM) shows an acute loss of parietal cells, 
as demonstrated by the relative paucity of VEGFb-staining cells ( green ). 
Fragments of parietal cells are highlighted by the  white arrowheads . In addition, 
note the shift in GSII expression ( red ) toward the bases of glands in tamoxifen-
treated mice compared to the vehicle-treated controls. Nuclei are stained with 
Hoescht ( blue ), and representative gastric units are highlighted by  dashed lines        
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  Fig. 2    Tamoxifen treatment causes acute parietal cell loss and alters the GSII 
expression pattern in gastric units. ( a ) Representative immunostain of the gastric 
corpus of a mouse intra-peritoneally injected with vehicle alone (Control) for 3 
days demonstrates normal-appearing gastric units, highlighted by abundant 
parietal cells (stained with H + /K +  ATPase;  green ) and neck cells (stained with 
GSII;  red ). Nuclei are stained with Hoescht ( blue ), and representative gastric units 
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4             Notes 

     1.    The source  of   tamoxifen has no appreciable effect on the ability 
to induce parietal cell loss. Tamoxifen stocks from three separate 
commercial suppliers, Sigma (St. Louis, MO), Cayman Chemical 
Company (Ann Arbor, MI), and Toronto Research Company 
(Toronto, Canada), have demonstrated similar effi cacy [ 10 ]. In 
addition, parietal cell toxicity is specifi c to tamoxifen and not a 
general toxic effect of selective estrogen receptor modulators, as 
treatment with raloxifene, a member of the estrogen receptor 
modulator family with pro- and anti-estrogenic effects, had no 
appreciable toxicity at a comparable dose [ 10 ].   

   2.    To sterilize the sunfl ower seed oil, heat an appropriate amount 
in  an   Erlenmeyer fl ask on a hot plate to 85–90 °C for 
15–20 min. Do not boil. Allow the fl ask to cool and store 
40-mL aliquots at room temperature. Alternatively, the sun-
fl ower seed oil can be autoclaved prior to use.   

   3.    The free base form of tamoxifen and one of its commonly used 
active metabolites, 4-hydroxytamoxifen ( see   Note 12 ), are 
largely insoluble in water. The original formulation for intra- 
peritoneal injection was found to be soluble in 60 % ethanol 
[ 12 ], and its solubility has since been optimized in a sunfl ower 
seed oil/ethanol mixture ( see   Note 13 ). Tamoxifen citrate, an 
oral formulation that has been developed for administering 
tamoxifen to mice via chow ([ 13 ];  see   Note 10 ), is soluble in 
water at 0.3 mg/L at 20 °C. Tamoxifen-free base powder 
should be stored at −20 °C in the dark.   

   4.    Our experience has shown that three different wild-type mouse 
strains ( C57BL/6 ,  BALB/c , and  FVB/N ; all purchased from 
the Jackson Laboratory) have similar gastric mucosal responses 
to tamoxifen treatment [ 10 ]. In our limited experience with 
the strain,  BALB/c  mice are particularly sensitive  to   tamoxifen 
treatment, with mice commonly dying of unknown causes dur-
ing treatment. Mice are typically used at 6–8 weeks of age, but 
SPEM is effectively induced in mice as old as 6 months of age. 
The effects on older mice are less obvious, potentially due to 
increased body fat causing changes in tamoxifen metabolism 
and distribution.   

   5.    An injection dose of 5 mg/20 g mouse weight over 3 days 
results in a dramatic phenotype, with >90 % loss of parietal 
cells, a signifi cant increase in gastric progenitor cells, and 
 morphologic changes in the chief cells at the bases of glands 
in the gastric corpus, histologic changes consistent with the 
induction  of   SPEM ([ 10 ], Figs.  1b  and  2b ). However, we 
have previously shown that tamoxifen injections at lower 
doses (≤1 mg/20 g body weight) can be used for effi cient, 

Jose B. Saenz et al.



335

inducible Cre-mediated recombination in the context of the 
Cre- ERT/ loxP  system, without the development of SPEM 
[ 9 ]. It is thus possible to obtain specifi c recombination of 
fl oxed alleles in tamoxifen-inducible Cre lines in a dose-
dependent manner, while avoiding the stomach-altering 
effects seen at  higher   tamoxifen doses. Interestingly, though 
this has not been formally tested, SPEM induction by tamoxi-
fen seems to have an all-or-none response, where no detect-
able damage can be seen at ≤1 mg/20 g mouse body weight, 
but ≥3 mg/20 g mouse body weight causes near complete 
SPEM, without an intermediate phenotype.   

   6.    Make sure to wear protective headphones when using the 
sonicator.   

   7.    Vortex the solution for at least 20 s. Allow the solution to sit at 
room temperature for several minutes. Proper mixing is  crucial, 
and the mixture should be homogeneous. If it looks cloudy or 
layered, discard the mixture and start over.   

   8.    No appreciable decline in the ability of tamoxifen to induce 
SPEM has been seen for tamoxifen mixtures stored at 4 °C 
over the duration of injections. Similarly, the tamoxifen stock 
can be stored at −20 °C until further use. Our lab, however, 
makes a fresh tamoxifen stock prior to each treatment regimen 
and uses this stock for the duration of the treatment.   

   9.    Given the viscosity of  the   tamoxifen mixture, aspiration into 
the syringe can take 10–15 s.   

   10.    Various tamoxifen formulations and numerous modes of 
tamoxifen administration have been reported. We focus here 
on intra-peritoneal administration, which we use most com-
monly, though we also  observe   SPEM induction with oral 
gavage. It is worth noting that other methods, in addition to 
oral gavage [ 14 ], for inducing Cre recombinase activity via 
tamoxifen have been used, including via drinking water [ 15 ], 
chow [ 13 ,  16 ], and subcutaneous implantation [ 17 ]. In that 
respect, we can only attest that oral gavage and intra- peritoneal 
administration of tamoxifen cause SPEM and have not tested 
the effects of other modes of tamoxifen administration.   

   11.    The effects  of   tamoxifen on the mouse stomach can be seen 
within 12–24 h of the fi rst intra-peritoneal injection [ 10 ]. Our 
laboratory nomenclature designates the fi rst day of tamoxifen 
injection as day 0 (D0), with the last day of injection corre-
sponding to day 2 (D2). A recent report found that a single 
intra-peritoneal injection at 4 mg/25 g mouse body weight 
induced a 57 % loss of parietal cells in the gastric corpus [ 11 ]. 
In our experience, the peak effect (i.e., maximal parietal cell 
loss,  see  Figs.  1b  and  2b ) is seen at 1 day following the third 
tamoxifen injection (D3). We have also achieved ≥90 % loss of 
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parietal cells at D3 even after a single injection of tamoxifen at 
5 mg/20 g mouse body weight. The single-injection protocol, 
however, shows more variability between mice than the 3-day 
injection protocol. A recovery of the gastric epithelium and a 
return to normal histology are seen within 14–21 days [ 10 ]. 
Like previously described pharmacologic induction of SPEM 
( see   Note 14 ), the effects of tamoxifen on the mouse stomach 
are transient. Many studies using tamoxifen- inducible Cre lines 
wait at least 2 weeks prior to assessing recombination, by which 
point parietal cells have largely recovered. This may explain 
how tamoxifen-induced parietal cell loss is often missed by 
investigators using tamoxifen to induce gene recombination in 
the stomach.   

   12.       Tamoxifen is a prodrug that is hepatically metabolized to pro-
duce two predominant active metabolites, 4- hydroxytamoxifen 
and  N -desmethyl-4-hydroxytamoxifen [ 18 ]. Multiple studies 
have used 4-hydroxytamoxifen for induction of the Cre-ERT2 
system. It is worth noting that 4-hydroxytamoxifen has shown 
higher affi nity for the estrogen receptor than tamoxifen in vitro 
[ 19 ] and a greater inhibitory effect on proliferation of normal 
human breast cells as well as breast cancer cell lines in culture 
[ 20 – 22 ]. Differential effects between tamoxifen and 4-hydroxy-
tamoxifen have also been reported in apoptosis of human 
mammary epithelial cells [ 23 ] and uterine gene expression in 
rats [ 24 ]. In our limited experience, intra-peritoneally admin-
istered 4-hydroxytamoxifen, at commonly used doses for Cre 
recombinase induction, induces less SPEM in mice compared 
to similar doses of tamoxifen.   

   13.    It has been speculated that the observed effects of intra- 
 peritoneal   tamoxifen administration could be unrelated to the 
tamoxifen itself and rather an effect of the ethanol solvent on 
parietal cells. Though the effect of ethanol on parietal cell 
membranes and H + /K +  ATPase function has been reported 
[ 25 ], our experience has shown that intra-peritoneal injection 
of mice with ethanol does not induce substantial parietal cell 
loss. On the other hand, excluding ethanol as a solvent results 
in poor solubility of tamoxifen. Oral gavage or intra-peritoneal 
injection of the resulting suspension, rather than solution, 
might cause suboptimal absorption and less substantial and/or 
consistent SPEM induction. Differences in solubilization 
methods may also explain why some investigators using tamox-
ifen for Cre recombinase induction may not have  observed 
  SPEM in their control mice.   

   14.    Previous methods for inducing oxyntic atrophy and SPEM 
have been described, varying in their mechanism of action, 
onset of effect, and degree of infl ammation (Table  1 ). Chronic 
infection of mice  with    Helicobacter felis  [ 26 ] or  of   Mongolian 
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gerbils with  Helicobacter pylori  [ 27 ] results in the emergence of 
SPEM within months of infection. In contrast to these chronic 
infectious models, pharmacologic induction of SPEM has pro-
vided a more rapid and reversible means for achieving the same 
result. The neutrophil elastase inhibitor DMP-777 has been 
shown to cause a rapid loss of parietal cells in rats and mice 
within 3–4 days of daily dosing [ 4 ,  5 ]. Treatment with this 
parietal cell-specifi c apical membrane protonophore leads to 
the emergence of SPEM within 7–10 days, in the absence of 
infl ammation. Like tamoxifen [ 10 ], the effects on parietal cell 
loss can be mitigated by pretreatment with omeprazole. More 
recently, a related variant of DMP-777, known as L-635, was 
found to produce a more rapid onset of SPEM in mice within 
3 days of treatment [ 6 ]. The mechanism of action of L-635 is 
similar to that of DMP-777, though, unlike  DMP- 777, the 
onset of SPEM is accompanied by an exuberant infl ammatory 
response  .
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   Table 1  
  Characteristics of various inducers of SPEM   

 Agent  Route of administration 
 Time to onset of 
SPEM 

 Infl ammatory 
response?  Reversibility 

  Helicobacter pylori  a   Oral gavage  Months  Yes  No 

  Helicobacter felis  a   Oral gavage  Months  Yes  No 

 DMP-777  Oral gavage  10-14 days  No  Yes 

 L-635  Oral gavage  3 days  Yes  Yes 

 Tamoxifen  Intra-peritoneal, oral 
gavage b  

 3 days  Scant  Yes 

  See text and associated references for more details 
  a Reported in C57BL/6 mice and Mongolian gerbils 
  b Other forms of tamoxifen administration have been described and are referenced in the text  
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    Chapter 29   

 The Hamster Buccal Pouch Model of Oral Carcinogenesis                     

     Siddavaram     Nagini      and     Jaganathan     Kowshik     

  Abstract 

   The hamster buccal pouch (HBP) carcinogenesis model is one of the most well-characterized animal 
tumor models used as a prelude to investigate multistage oral carcinogenesis and to assess the effi cacy of 
chemointervention. Hamster buccal pouch carcinomas induced by 7,12-dimethylbenz[a]anthracene 
(DMBA) show extensive similarities to human oral squamous cell carcinomas. The HBP model offers a 
number of advantages including a simple and predictable tumor induction procedure, easy accessibility for 
examination and follow-up of lesions, and reproducibility. This model can be used to test both chemopre-
ventive and chemotherapeutic agents.  

  Key words     Carcinogenesis  ,   Chemointervention  ,   DMBA  ,   Hamster  ,   Oral cancer  

1      Introduction 

   Oral squamous cell carcinoma (OSCC) is one of the major global 
 health   problems with 300,000 cases  diagnosed   every year [ 1 ]. 
Asians are at high risk for oral cancer because of various factors 
such as environmental, social, and behavioral effects [ 2 ]. Tobacco 
consumption has been reported as the single most important risk 
factor accounting for 90 % of oral cancer [ 3 ]. Despite several 
advances in molecular diagnostics and therapeutics, the 5-year sur-
vival rate of oral cancer is among the lowest of the major cancers 
[ 3 ,  4 ]. Biologically and clinically relevant animal tumor models 
that closely mimic events in the development and progression of 
human OSCC are therefore of paramount importance to identify 
early biomarkers and to evolve therapeutic strategies. The hamster 
buccal pouch (HBP) carcinogenesis model, one of the most well- 
characterized tumor effi cacy models, functions as a paradigm for 
oral oncogenesis [ 5 ]. 

 The hamster has one pouch under the cheek muscles on each 
side of the mouth that opens into the anterior part of the oral cav-
ity. The pouches are extended backwards along the oral cavity and 
lined with keratinizing squamous epithelium similar to the human 
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palate or the gingiva. HBP carcinomas induced by 
7,12-   dimethylbenz[a]anthracene (DMBA) exhibit extensive simi-
larities to human OSCC with respect to the morphology, histol-
ogy, pre-neoplastic lesions, propensity to invade and metastasize, 
expression of biochemical and molecular markers, and genetic and 
epigenetic alterations [ 5 – 8 ]. 

 The HBP model fi rst developed by Salley in 1954 [ 9 ] was sub-
sequently modifi ed and standardized by Morris [ 10 ] and Shklar 
[ 11 ]. In the original protocol adopted by Salley [ 9 ], DMBA dis-
solved in acetone or benzene was painted on the pouch three times 
a week for 16 weeks. Morris [ 10 ] demonstrated that a 0.5 % solu-
tion  of   DMBA in acetone produced maximum tumor yield with 
minimum latency and morbidity. The HBP model has been exten-
sively used in our laboratory for chemointervention studies [ 6 ,  12 , 
 13 ]. Topical application of 0.5 % DMBA in liquid paraffi n induces 
SCCs in 14 weeks. The HBP mucosa progresses sequentially 
through four histologically discernible stages: hyperplasia, dyspla-
sia, carcinoma in situ, and squamous cell carcinoma [ 14 ]. Recently, 
Bampi et al. [ 15 ] reported that application  of   DMBA together 
with carbamide peroxide gel signifi cantly reduced the latency 
period in inducing HBP carcinomas. 

 The HBP model offers a number of advantages as an animal 
model system for oral cancer. The tumor induction protocol is 
simple, reproducible, and the lesions are grossly visible at all stages. 
The hamster cheek pouch is easily accessible for tumor induction 
and application of test agent without the need for anesthesia. The 
pouch can be readily subjected to macroscopic examination and 
follow-up of lesions. This model is ideal for analyzing the stepwise 
evolution of oral cancer and the effect of chemointervention [ 6 –
 8 ]. Sequential changes in the vascular architecture and the effect of 
anti-angiogenic therapies can be recorded using a variety of tech-
niques [ 15 – 17 ] .  Most importantly, HBP carcinomas show a num-
ber of similarities to human OSCC. DMBA, the carcinogen used 
to induce HBP tumors, is a prototype of the polycyclic aromatic 
hydrocarbons (PAH) implicated in the development of human oral 
cancer.    DMBA is a procarcinogen that is metabolized to form elec-
trophilic diol epoxides that can form adducts with DNA causing 
mutations and oncogenic transformation [ 6 – 8 ]. This chapter 
describes in detail the protocol utilized to induce oral cancer in the 
HBP model.  

2    Materials 

       1.    Five- to eight-week old male or female golden Syrian hamsters 
weighing 80–120 g ( see   Note 1 ).      

2.1  Animals
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       1.    DMBA solution: Prepare 0.5 % DMBA by weighing 0.5 g in 
100 ml of liquid paraffi n ( see   Note 2 ). Mix the solution prop-
erly to  dissolve   DMBA and store in a brown bottle ( see   Note 
3 ). DMBA is toxic and adequate precautions should be taken 
while handling (s ee   Note 4 ).   

   2.    Neutral buffered formalin, 10 %: This can be purchased as a 
prepared solution or made from stock solutions. A standard 
stock solution of unbuffered formalin is 37–40 % formaldehyde 
( see   Note 5 ). Prepare a 10 % formalin solution by dissolving 1 
part of stock formalin with 9 parts of distilled water. Neutralize 
the unbuffered formalin by adding 4 g of NaH 2 PO 4  and 12 g 
of Na 2 HPO 4  to 1 l of 10 % formalin solution ( see   Note 6 ).   

   3.    Harris Hematoxylin.   
   4.    Eosin Phloxine stain.   
   5.    Acid Ethanol: Add 1 ml of concentrated HCl to 400 ml of 

70 % ethanol.   
   6.    Mounting medium .       

       1.    Paint brush, No. 4.   
   2.    Cotton.   
   3.    Forceps.   
   4.    Vernier caliper.   
   5.    Brown bottle.   
   6.    Polylysine-coated glass slides.       

3    Methods 

   The Syrian or Golden hamsters are stocky, primarily granivorous 
animals have been used for experimental studies more recently 
compared to guinea pigs, rats, and mice. Maintenance and handling 
of hamsters differs slightly from other laboratory animals [ 18 ]. 

       1.    House the hamsters three or four to a cage and provide stan-
dard pellet diet and water ad libitum.   

   2.    Ensure that hamsters have cages of appropriate size for free 
mobility, enough feed and water, and other essentials for stress- 
free housing ( see   Note 7 ).   

   3.    Label the cages clearly with the following details: group name 
and number, control or experimental, date  of   DMBA painting, 
chemopreventive/chemotherapeutic agent administered. Do 
not interchange the cages.   

   4.    Monitor the health of the hamsters regularly during the study. 
Any health problems should be addressed immediately to avoid 
mortality.      

2.2  Reagents

2.3  Supplies

3.1  Maintaining 
and Handling 
Hamsters

3.1.1  Housing

A Hamster Model of Oral Cancer
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       1.    Give a week or so for the hamsters to get used to their new 
surroundings before they are handled.   

   2.    Males are generally more docile than females.   
   3.    Cannibalism is often encountered among hamsters. Isolate 

aggressive animals at the earliest.   
   4.    To remove hamsters from the cage, make them enter into a 

small can or cup, or scoop out with cupped hands or grasp by 
the abundant loose skin over the dorsal cervical region.   

   5.    You can restrain a hamster by placing the palm over it with the 
thumb near the head, and gathering the excess skin into the 
hand. This will immobilize the animal preventing it from turn-
ing its head and biting.       

       1.    Restrain the hamster with the left hand and paint the buccal 
pouch with DMBA using the right hand ( see   Note 8 ).   

   2.    Apply DMBA to either the right or left buccal pouch using the 
wiped brush method. After dipping the brush into the DMBA 
solution (0.5 %), wipe the brush once against the side of the 
container before painting the buccal pouch of the hamster. 
The side selected for painting should be constant throughout 
the experimental period [ 14 ].   

   3.    Paint the DMBA solution in a slow and steady circular motion 
on the anterior wall of the buccal pouch. This will ensure uni-
form distribution of the carcinogen and also prevent damage 
to the buccal mucosa. Each application leaves approximately 
0.4 mg DMBA.      

       1.     Apply   DMBA as described above three times a week for 14 
weeks and monitor changes in the buccal pouch once in 2 weeks 
( see   Note 9 ). Topical application of DMBA induces hyperplasia 
in 4–6 weeks, dysplasia in 6–8 weeks, and well-differentiated 
SCCs in 12–14 weeks [ 14 ] ( see   Note 10  and Figs.  1  and  2 ).

        2.    Note the type of changes observed and the area of alteration in 
an animal’s individual record together with photographs. This 
will enable correlation with subsequent changes. The data will 
be helpful for standardization of the experiment and result 
interpretation.   

3.1.2  Handling

3.2     DMBA Painting

3.3  Tumor Induction 
Protocol

  Fig. 1    Gross appearance of control (A) and hamsters painted with DMBA for 4 (B), 8 (C), 12 (D), and 16 (E) 
weeks       
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   3.    At the end of the experiment, fast the hamsters overnight 
before euthanasia.   

   4.    Calculate the tumor volume, multiplicity, and burden 
( see   Note 11 ).      

       1.    The mode of administration of the chemopreventive/thera-
peutic agent may be decided based on the agent selected.   

   2.     For   chemoprevention studies, paint 0.5 %    DMBA three times 
a week for 14 weeks for tumor induction. Administer the puta-
tive chemopreventive agent prior to or concurrently with the 
carcinogen or even at 8 weeks when dysplastic lesions appear as 
illustrated in Fig.  3  [ 6 ,  19 ,  20 ].

       3.    Administer the putative chemotherapeutic agent after 12–14 
weeks when tumors are visible and continue up to 18 weeks 
[ 21 ,  22 ]. At the end of the 18th week, in addition to tumor 
multiplicity and tumor burden calculate the tumor growth 
delay ( see   Note 12 ). Table  1  shows a typical protocol for induc-
tion of HBP carcinomas and testing a putative chemothera-
peutic agent.

              1.    After sacrifi ce, immediately fi x the tissues in 10 % formalin, 
embed in paraffi n, and mount on polylysine-coated glass slid.   

   2.    Deparaffi nize and rehydrate the sections by the following 
sequence of steps:

    (a)     Dry the sections in a 60 C oven for 30 min to 1 h (s ee  
 Note 13 ).   

   (b)     Place the slides in xylene for 5 min. Repeat the process 
three times. Remove the excess of xylene before going into 
ethanol.   

   (c)    Dip the slides in 100 % ethanol three times for 3 min each.   
   (d)     Place the slides three times for 1 min each in 95 % ethanol. 

Repeat the process in 80 % ethanol.   
   (e)     Rinse the slides in deionized water for 5 min. Remove 

excess of water before going into hematoxylin.       
   3.    Stain the slides with hematoxylin for 3 min ( see   Note 14 ). 

Rinse in deionized water followed by tap water for 5 min.   

3.4  Chemo-
intervention Protocol

3.5  Histopathology

  Fig. 2    Histopathological images of control and DMBA painted hamsters       
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   4.    Destain in acid ethanol. Rinse in tap water followed by deion-
ized water. Remove excess of water before staining with eosin.   

   5.    Stain the slides with eosin for 30 s ( see   Note 15 ).   
   6.    Dehydrate with 95 % ethanol three times for 5 min each, fol-

lowed by 100 % ethanol three times for 5 min each. Remove 
excess of ethanol.   

   7.    Dip the slides in xylene for 15 min (three times).   
   8.    Place coverslips on the slides and add a drop of Permount. Dry 

the slides overnight.   
   9.    Observe the H&E-stained slides under a microscope for basal 

cell hyperplasia, dysplasia, and squamous cell carcinoma 
( see   Note 16 ).       

  Fig. 3    Protocol for DMBA-induced HBP carcinogenesis and chemoprevention       
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4    Notes 

     1.    Five- to eight-week old hamsters are best suited for the induc-
tion of tumor. Older animals tend to be resistant to tumor 
induction by DMBA.   

   2.    While preparing 0.5 % DMBA solution, proper mixing is 
required, otherwise the volume of DMBA will tend to differ 
with each painting.   

   3.       DMBA must be stored in a brown bottle and exposure to light 
must be avoided.   

   4.     DMBA   is a potent mutagen and carcinogen after metabolic 
activation. It is absorbed through the skin and respiratory and 
intestinal tracts; and by intravenous and intraperitoneal injec-
tion, ingestion, and inhalation. Care should be taken to avoid 
contact with the skin or breathing of dusts during preparation. 
Wash hands thoroughly after handling DMBA, animals painted 
 with   DMBA, or soiled bedding.   

   5.    Formalin is formaldehyde gas dissolved in water that reaches 
saturation at 37–40 % and therefore regarded as 100 % forma-
lin. The exact amount of dissolved formaldehyde in the 10 % 
formalin is only 3.7–4.0 % because it represents 10 % of the 
37–40 % stock.   

   6.    Unbuffered formalin can convert hemoglobin in the tissues to 
produce dark brown acid formaldehyde hematin precipitates 
that can interfere with histological interpretation.   

   7.    Hamsters navigate with their noses and strong smells tend to 
cause distress. The bedding should be changed thrice a week 
to avoid distress and infection.   

   8.    Three or four hours prior to the painting, food should be 
removed from the cage and the buccal pouch.  Painting   DMBA 
in the presence of food in the pouch will lead to experimental 
errors.   

   9.    The cage bedding, where hamsters painted with DMBA are 
housed, may be contaminated with the carcinogen. Because of 
this, it should be disposed carefully.   

   10.    Care should be taken, while painting after the eighth week to 
avoid bleeding from the buccal pouch. In case of bleeding, 
stop the painting and return the animal back to the cage.   

   11.    The mean tumor burden is determined by multiplying the 
number of tumors in each group by the mean tumor volume in 
millimeters. Tumor volume is calculated using 4/3 πr  3 , where r 
represents ½ tumor diameter in mm. Tumor multiplicity refers 
to the number of tumors per hamster.   
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   12.    Tumor growth delay (TGD) used as treatment outcome can 
be calculated by the formula. %TGD = Q1/D1 × 100. Q1 is the 
difference between tumor volume measured at the end of the 
18th week and at the end of the 12th week in DMBA painted 
hamsters administered the putative chemotherapeutic agent 
(Group 3). D1 is the difference between tumor volume mea-
sured at the end of the 18th week and at the end of the 12th 
week in hamsters painted with DMBA alone (Group 2).   

   13.    Xylene is immiscible in water. Sections must therefore be dried 
before being placed in xylene. Inadequate drying will hamper 
deparaffi nization with xylene as well as staining.   

   14.    Hematoxylin should be fi ltered or the surface of the solution 
wiped with a paper towel to remove oxidized particles that 
could precipitate on the sections. Hematoxylin is a basic dye 
that stains nucleic acids blue.   

   15.    Eosin is a red or pink acidic stain that binds to proteins.   
   16.    Hyperplasia of the buccal pouch epithelium is indicated by 

increased number of basal cells. Irregular epithelial stratifi ca-
tion, increased number of mitotic fi gures, increased nuclear- 
to- cytoplasmic ratio, and loss of polarity of basal cells 
characterize oral dysplastic lesions. SCC is diagnosed by the 
invasion of underlying tissues, nuclear pleomorphism, and 
increased mitoses  .         
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