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Abstract: Clostridium difficile is an anaerobic, gram positive, spore forming enteric pathogen that
is associated with increasing morbidity and mortality consequently posing an urgent
threat to public health. Recurrence with C. difficile infection (CDI) after successful
treatment with antibiotics is high, occurring in 20-30% of patients, thus necessitating
discovery of novel therapeutics against this pathogen. Current animal models of CDI
result in high mortality rates and thus do not approximate the chronic insidious disease
manifestations seen in humans with CDI. To evaluate therapeutics against C. difficile a
mouse model approximating human disease utilizing a clinically relevant strain is
needed. This protocol outlines the cefoperazone mouse model of CDI using a clinically
relevant and genetically tractable strain, R20291. Techniques for clinical disease
monitoring, C. difficile bacterial enumeration, toxin cytotoxicity, and histopathologic
changes throughout CDI in a mouse model are detailed in the protocol.  Compared to
other mouse models of CDI, this model is not uniformly lethal at the dose administered,
allowing for observation of a prolonged clinical course of infection concordant with
human disease. Therefore, this cefoperazone mouse model of CDI proves a valuable
experimental platform to assess effects of novel therapeutics on amelioration of clinical
disease and restoration of colonization resistance against C. difficile.

Author Comments: We have several items that we would like to include for the reader at the end of the
protocol.
* Vero Cell Calculation Worksheet
* Example Calculations
* Media Recipes (TCCFA and 1X DMEM)

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation



There was not a section to upload these, so we loaded them as supplements. Please
let us know if you have any questions.
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July 8, 2016 
 
 
Avital Braiman, PhD 
Director of Editorial of JoVE 
One Alewife Center, Suite 200  
Cambridge, MA  02140 
 
 
 
Dear Dr. Braiman, 
 
Enclosed, please find our revised manuscript (JoVE54850) entitled “Cefoperazone treated mouse 
model of clinically relevant Clostridium difficile strain R20291” that we are submitting for consideration 
for publication in JoVE.  We have addressed all the reviewers’ comments in the attached “Rebuttal 
Comments” section.  
 
Clostridium difficile is an anaerobic, gram positive, spore forming enteric pathogen that is associated 
with increasing morbidity and mortality consequently posing an urgent threat to public health. 
Recurrence with C. difficile infection (CDI) after successful treatment with antibiotics is high, occurring 
in 20-30% of patients, thus necessitating discovery of novel therapeutics against this pathogen. Current 
animal models of CDI result in high mortality rates and thus do not approximate the chronic insidious 
disease manifestations seen in humans with CDI. To evaluate therapeutics against C. difficile a mouse 
model approximating human disease utilizing a clinically relevant strain is needed. This protocol 
outlines the cefoperazone mouse model of CDI using a clinically relevant and genetically tractable 
strain, R20291. Techniques for clinical disease monitoring, C. difficile bacterial enumeration, toxin 
cytotoxicity, and histopathologic changes throughout CDI in a mouse model are detailed in the protocol.   
 
Successful execution of a murine model of CDI is challenging. Researchers struggle with certain 
aspects of CDI the mouse model and JoVE provides an excellent format to clarify some of the 
challenges researchers can encounter. In particular, we are interested in highlighting the most 
challenging and critical steps of the mouse model using JoVE’s video production including: calculation 
of the inoculum of C. difficile spores administered to mice, sterile collection of mouse feces, feces and 
cecal content bacterial enumeration of C. difficile, and completion of the Vero cell cytotoxicity assay.  
 
This manuscript would be the first that fully details all steps of the mouse model of CDI using a clinically 
relevant strain. Compared to other mouse models of CDI, this model is not uniformly lethal at the dose 
administered, allowing for observation of a prolonged clinical course of infection concordant with human 
disease. Therefore, this cefoperazone mouse model of CDI proves a valuable experimental platform to 
assess effects of novel therapeutics on amelioration of clinical disease and restoration of colonization 
resistance against CDI. We anticipate that researchers interested in C. difficile pathogenesis and the 
development of novel therapeutics against C. difficile would greatly benefit from the protocol outlined in 
this manuscript.  
 
This manuscript is the product of the team and all authors made substantial contributions to the 
conceptualization, acquisition, and interpretation of the data presented in this protocol. In addition, all 
authors contributed to the preparation of this manuscript for submission.  
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Thank you again for your consideration and I look forward to your response. 
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Casey M. Theriot, Ph.D. 
Assistant Professor Infectious Disease 
College of Veterinary Medicine 
Department of Population Health and Pathobiology 
North Carolina State University 
cmtherio@ncsu.edu 
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LONG ABSTRACT:  
Clostridium difficile is an anaerobic, gram-positive, spore-forming enteric pathogen that is 
associated with increasing morbidity and mortality and consequently poses an urgent threat to 
public health. Recurrence of a C. difficile infection (CDI) after successful treatment with 
antibiotics is high, occurring in 20-30% of patients, thus necessitating the discovery of novel 
therapeutics against this pathogen. Current animal models of CDI result in high mortality rates 
and thus do not approximate the chronic, insidious disease manifestations seen in humans with 
CDI. To evaluate therapeutics against C. difficile, a mouse model approximating human disease 
utilizing a clinically-relevant strain is needed. This protocol outlines the cefoperazone mouse 
model of CDI using a clinically-relevant and genetically-tractable strain, R20291. Techniques for 
clinical disease monitoring, C. difficile bacterial enumeration, toxin cytotoxicity, and 
histopathological changes throughout CDI in a mouse model are detailed in the protocol.  
Compared to other mouse models of CDI, this model is not uniformly lethal at the dose 
administered, allowing for the observation of a prolonged clinical course of infection 
concordant with the human disease. Therefore, this cefoperazone mouse model of CDI proves a 
valuable experimental platform to assess the effects of novel therapeutics on the amelioration 
of clinical disease and on the restoration of colonization resistance against C. difficile. 
 
INTRODUCTION:  
Clostridium difficile is an anaerobic, gram-positive, spore-forming bacillus that causes life-
threatening diarrhea1. C. difficile infection (CDI) is associated with increased human morbidity 
and mortality and results in over $4.8 billion in healthcare costs per year1-4. In 2013, the Centers 
for Disease Control and Prevention categorized C. difficile as an urgent antibiotic resistance risk, 
indicating that it poses an urgent threat to public health1. Currently, antibiotic treatment with 
vancomycin and metronidazole are considered the standard of care for CDI5. Unfortunately, 
recurrence of CDI after successful treatment with antibiotics is high, occurring in 20-30% of 
patients2,5-7. Therefore, the discovery of novel therapeutics against this enteric pathogen is 
necessary. To evaluate therapeutics against C. difficile, an animal model approximating the 
human disease in a clinically-relevant strain is needed.  
 
Initially, Koch’s postulates were established for C. difficile in 1977 using a clindamycin-treated 
Syrian hamster model8. This model is still utilized today to investigate the effects of C. difficile 
toxins on pathogenesis9,10. However, CDI in the hamster model results in high mortality rates 
and does not approximate the chronic insidious disease manifestations that can be seen in 
humans with CDI 10,11. Based on the accessibility and reagent availability of murine platforms in 
research, a mouse model of CDI is relevant.  
 
In 2008, a robust mouse model of CDI was established by treating mice with an antibiotic 
cocktail in drinking water (kanamycin, gentamicin, colistin, metronidazole, and vancomycin) for 
3 days followed by an intraperitoneal injection of clindamycin12. This rendered mice susceptible 
to CDI and severe colitis. Depending on the inoculum dose administered, a range of clinical 
signs and lethality can be observed using this model. Since this time, various antibiotic regimens 
have been investigated that alter the murine gut microbiota, decreasing colonization resistance 
to the point where C. difficile can colonize the gastrointestinal tract (reviewed in Best et al. and 
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Lawley & Young)13,14.  
 
More recently, a broad spectrum cephalosporin, cefoperazone, given in the drinking water for 5 
or 10 days reproducibly renders mice susceptible to CDI15. Since administration of third-
generation cephalosporins are associated with an increased risk of CDI in humans, use of the 
cefoperazone model more accurately reflects naturally-occurring disease16. Cefoperazone-
treated mice susceptible to C. difficile have been challenged with both C. difficile spores and 
vegetative cells of a variety of strains ranging in clinical relevance and virulence17. Despite some 
of the original studies utilizing C. difficile vegetative cells as the infectious form, C. difficile 
spores are considered the major mode of transmission18.  

 
In the last decade, C. difficile R20291, a NAP1/BI/027 strain, has emerged, causing epidemics of 
CDI19,20. We sought to determine the clinical course of disease when cefoperazone-treated mice 
were challenged with the clinically-relevant and genetically-tractable C. difficile strain, R20291. 
This protocol details the clinical course, including weight loss, bacterial colonization, toxin 
cytotoxicity, and histopathological changes in the gastrointestinal tract of mice challenged with 
C. difficile R20291 spores. Overall, this mouse model proves to be a valuable experimental 
platform for CDI approximating human disease. This characterized mouse model can thus be 
utilized to assess the effects of novel therapeutics on the amelioration of clinical disease and on 
the restoration of colonization resistance against C. difficile.   
 
PROTOCOL:  
Ethical Statement:  
The Institutional Animal Care and Use Committee (IACUC) at North Carolina State University 
College of Veterinary Medicine (NCSU) approved this study. The NCSU Animal Care and Use 
policy applies standards and guidelines set forth in the Animal Welfare Act and Health Research 
Extension Act of 1985. Laboratory animal facilities at NCSU adhere to guidelines set forth in the 
Guide for the Care and Use of Laboratory Animals. The animals’ health statuses were assessed 
daily, and moribund animals were humanely euthanized by CO2 asphyxiation followed by 
secondary measures. Trained animal technicians or a veterinarian performed animal husbandry 
in an AAALAC-accredited facility during this study.  
 
1. Administration of the antibiotic cefoperazone in drinking water to achieve susceptibility to 
C. difficile colonization and disease 
NOTES: 5- to 8-week-old C57BL/6 WT mice (females and males) were purchased and 
quarantined for 1 week prior to starting the antibiotic water administration. Following 
quarantine, the mice were housed with autoclaved food, bedding, and water. Cage changes 
were performed weekly by laboratory staff in a laminar flow hood.  
 
1.1) Prepare cefoperazone (0.5 mg/mL) in sterile distilled water 7 days prior to the targeted 
day of challenge (Figure 1). 
 
1.2) Fill autoclaved water bottles with cefoperazone water (0.5 mg/mL) and place them in 
each mouse cage.  
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NOTE: Freshly-prepared cefoperazone water should be made and changed out every 2 days 
during a 5-day period, as denoted in steps 1.1 and 1.2. Proper disposal of cefoperazone water 
following institutional environmental health and safety guidelines is recommended.  
 
1.3) After 5 days on cefoperazone water, replace the bottles with autoclaved water bottles 
filled with sterile distilled water. Give mice this drinking water for the duration of the 
experiment. 
 
2. Preparation of the C. difficile spore inoculum and the oral gavage of the mice 
NOTE: Before beginning, ensure that the following items are placed in the anaerobic chamber 
for at least 24 h: 1X phosphate-buffered saline (PBS; see Materials), taurocholate cycloserine 
cefoxitine fructose agar (TCCFA) plates (see Materials and the supplemental file), and a sterile 
L-shaped spreader. 
 
NOTE: Mice challenged with C. difficile spores should be housed in a Biosafety Level 2 animal 
facility.  
 
2.1) Obtain a C. difficile spore stock of the desired strain (in this case, R20291) that was 
prepared earlier and stored at 4 °C in sterile water21,22. Determine the enumeration of this 
spore stock prior to use.  
 
2.2) Based on the known concentration (spores/mL) of the spore stock, calculate the desired 
dilution to obtain 105 spores per 25 μL. Ensure the inoculum volume is adequate to inoculate all 
mice in the experiment (25 μL per mouse), to perform the enumeration of the inoculum 
(approximately 30 μL), and to account for pipetting error.  
 
2.3) Vortex the original C. difficile spore stock. Then, resuspend the calculated volume (from 
step 2.2) of the original C. difficile spore stock in sterile water within a screw-capped 
microcentrifuge tube. Perform this aerobically in a laminar flow hood. Identify this diluted 
mixture as the “spore inoculum.”  
 
2.4) Place the spore inoculum into a 65 °C water bath and heat it for 20 min.  
 
NOTE: This step will ensure that only active C. difficile spores remain after the heat treatment.  
 
2.5) Within the laminar flow hood, take 50 μL of heated spore inoculum, place it in a sterile 
microcentrifuge tube, and pass it into the anaerobic chamber23. Use this sample for spore 
enumeration.  
 
2.6) Within the laminar flow hood, load the remaining heated spore inoculum into a 1-mL 
syringe attached to a sterile bulb-tipped gastric gavage needle.  Utilize a manual syringe stepper 
to ensure accurate and rapid repeat dosing between mice. Ensure that the gavage needle is 
filled with the heated spore inoculum prior to use.  
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NOTE:  A new sterile gavage needle for each mouse is not required. However, if various doses 
of C. difficile spores are administered, a new gavage needle is recommended for each dose.  
 
NOTE: C. difficile spores are highly resistant to traditional disinfectants. Therefore, the use of a 
sporicidal disinfectant, such as #62 Perisept Sporicidal Disinfectant, is necessary. The 
manufacturer recommends a 2-min contact time to destroy C. difficile spores.  
 
2.7) Gavage each mouse with 25 μL of the spore inoculum. Restrain each mouse gently by 
grasping the animal by the loose skin of the neck and back in order to immobilize the head. 
Using the index finger further immobilize the animal’s head and to elongate the esophagus. 
Ensure that the animal does not vocalize or show other signs of distress during restraint.  
 
NOTE: The total volume given to mice by gavage should not exceed 10 mL/kg bodyweight (0.1 
mL/10 g). 
 
2.8) Maintain the mouse in an upright, vertical position and gently pass the gavage needle 
into the side of the mouth. Direct the gavage needle along the roof of the mouth and slowly 
advance the gavage needle into the esophagus.  
 
NOTE: If any resistance is encountered, the gavage needle may be entering into the trachea and 
thus should NOT be advanced, but rather removed and repositioned immediately.  
 
2.9) After the gavage needle is approximately halfway into the esophagus, inject 25 μL of the 
heated spore inoculum and gently withdraw the gavage needle from the esophagus.  
 
NOTE: Forceful advancement of the gavage needle may lead to the rupture of the esophagus or 
stomach. Therefore, if resistance is encountered when advancing the gavage needle, it is best 
to immediately remove and reposition the gavage needle.  
 
2.10) Return the animal to its cage and observe it for any coughing or signs of respiratory 
distress, as this may indicate inadvertent tracheal administration or aspiration of the heated 
spore inoculum.  
 
NOTE: Mice are extremely susceptible to C. difficile following antibiotic treatment; therefore, 
precautions to prevent cross-contamination between cages is essential.  This is especially 
important when managing antibiotic-treated but unchallenged mice as controls.  
 
2.11) After inoculating all mice, place the remaining heated spore inoculum into a sterile 
microcentrifuge tube and pass it into the anaerobic chamber for spore enumeration.  
 
2.12) For enumeration of the heated spore inoculum (from step 2.4) and the remaining 
gavaged heated spore inoculum, make 1:10 serial dilutions of each inoculum in 1X PBS.  It is 
recommended to make and plate 4-5 dilutions (i.e., 10-1 through 10-5).   
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2.13) Using aseptic technique, transfer 100 μL of each serial dilution onto an individual TCCFA 
plate.  
 
2.14) Using a sterile L-shaped spreader, evenly spread the dilution applied to the medium 
across the plate. Even spreading of the diluted inoculum is essential for the accurate 
enumeration of spores.  
 
2.15) Incubate the plates anaerobically for 24 h at 37 °C. After 24 h, C. difficile colony-forming 
units (CFUs) can be enumerated to obtain the infective dose administered to mice in the 25 μL 
(0.025 mL) volume (see the supplemental file “Example Calculations”). C. difficile colonies are 
flat and pale yellow and have irregular edges and a ground glass appearance24.  
 
NOTE: The limit of detection for bacterial enumeration is 102 CFU.  
 
3. Monitoring mouse weight loss and clinical signs of disease throughout C. difficile 
infection  
3.1) Weigh animals before and after the 5-day cefoperazone antibiotic treatment, after the 2-
day recovery off of antibiotics (day 0), and then for the duration of the experiment.  
 
NOTE: Obtain weights at a consistent time each day. Weights obtained the day of challenge 
(day 0) should be used as the initial baseline weight for comparison throughout C. difficile 
infection.  
 
3.2) Place a digital scale into a laminar flow hood. Place a sterile plastic beaker onto the scale 
and tare the weight of the plastic beaker. Then, gently pick up the mouse by the base of the tail 
and place it into the plastic beaker.  
 
3.2.1) Place the beaker back on the scale. Hover a hand over the top of the beaker to ensure 
that the mouse does not escape. It may take 2-3 s to obtain a stable weight. Then, gently place 
the mouse back into its cage. Record this weight and repeat the process for each mouse in that 
cage.  
  
NOTE: It is imperative that precautions are taken to prevent cross-contamination between 
cages when obtaining weights. Each cage of mice should have its own plastic beaker for 
weighing. The plastic beakers should be disinfected with a sporicidal agent between each use 
and covered with sterile aluminum foil.  
 
3.3) Monitor the challenged animals twice daily (at a minimum) for signs of clinically-severe C. 
difficile infection, including lethargy, loss of appetite, diarrhea, and hunched posture.   
 
3.4) Humanely euthanize animals that lose 20% of their initial baseline bodyweight and/or 
develop severe clinical signs of C. difficile infection (listed in step 3.3).  
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NOTE: Mice that display clinical signs of C. difficile infection should be weighed as needed 
during the experiment to ensure that they have not lost 20% of their initial baseline 
bodyweight. During early time points in the experiment, this might mean twice-daily 
measurements.  
 
4. Bacterial enumeration of C. difficile from mouse feces and cecal content 
NOTE: Before beginning, ensure that the following items are placed into the anaerobic chamber 
for at least 24 h: 1X PBS (see Materials), TCCFA plates (see Materials), a sterile L-shaped 
spreader, and sterile microcentrifuge tubes and/or PCR plates for dilutions. 
 
 4.1) Obtaining samples for C. difficile enumeration 
NOTE: Prior to obtaining feces or cecal content, weigh sterile microcentrifuge tubes on an 
analytical scale. Record the tube weight on the side of the tube, rounding to four decimal places 
(e.g., 0.9864 g). Denote this weight as the “tube weight.” Each sample collected should be 
placed in a sterile, weighed microcentrifuge tube.  
 
4.1.1) Sterile collection of mouse feces 
4.1.1.1) Gently restrain each mouse by grasping the animal by the loose skin of the neck and 
back in order to immobilize the head. Use the pinky finger to gently restrain the animal’s tail, 
thus exposing the anus. Ensure that the animal does not vocalize or show other signs of distress 
during restraint.  
 
4.1.1.2) Hold a sterile, weighed microcentrifuge tube directly under the animal’s anus. It is 
imperative that the tube does not come into direct contact with the mouse.  
 
4.1.1.2.1) As the animal defecates, collect the fecal pellet into the tube. Keep the tube at room 
temperature until all fecal samples are collected. It can take several minutes for a mouse to 
defecate, thus necessitating repeat attempts to collect feces.  
 
4.1.1.3) Weigh the tubes containing feces on the analytical scale. Record the tube weight, 
rounding to four decimal places (e.g., 1.0021 g). Denote the obtained weight as the “final tube 
weight.”  
 
4.1.1.4) Pass the fecal samples into the anaerobic chamber for bacterial enumeration directly 
after stool collection.  
 
4.1.2) Sterile collection of mouse cecal content at the time of necropsy 
4.1.2.1) After humane euthanasia by CO2 asphyxiation followed by secondary measures, 
perform a necropsy to obtain the cecum25.  The cecum is the large, comma-shaped section of 
the gastrointestinal tract.  
 
4.1.2.2) Place the cecum onto a sterile plastic petri dish. Use a disposable, sterile no. 10 scalpel 
blade to cut the cecum open from the blind end of the pouch to expose the cecal contents.  
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4.1.2.2.1) Gently extract the cecal contents by applying light pressure with the scalpel blade and 
sweeping the contents toward the incised portion of the cecum.  
 
NOTE: Care should be taken to not disrupt the cecal tissue, which will be submitted for 
histopathological examination. 
 
4.1.2.3) Place the cecal contents into a sterile, weighed microcentrifuge tube immediately 
following collection. Only about 10 mg of cecal content is required for bacterial enumeration.  
 
4.1.2.4) Weigh the tubes containing cecal content on the analytical scale.  Record the tube 
weight, rounding to four decimal places (e.g., 1.0021 g). Denote the obtained weight as the 
“final tube weight.”  
 
4.1.2.5) Pass the cecal content samples into the anaerobic chamber for bacterial enumeration.  
 
4.2) Bacterial enumeration of C. difficile 
4.2.1) Calculate the final weight of the contents (feces or cecal) that will be enumerated for C. 
difficile. Performed this by subtracting the “final tube weight” from the “tube weight.”  
 
4.2.2) Calculate a 1:10 dilution of the contents into 1X PBS and resuspend accordingly.  For fecal 
pellets, use the tip of the pipette to gently disrupt the pellet into solution (see the 
supplemental file “Example Calculations”).  
   
4.2.3) Anaerobically incubate these resuspended samples at room temperature for 30 min, 
allowing the contents to settle.   
 
4.2.4) Make serial dilutions for each sample in 1X PBS for enumeration of the CFU per g of 
content (feces or cecal). Perform this anaerobically.  
 
4.2.5) Using aseptic technique, transfer 100 μL of each serial dilution to TCCFA plates. Using a 
sterile L-shaped spreader, spread the dilution applied to the media to evenly spread it across 
the plate. Even spreading of the dilution is essential for accurate enumeration of colonies.  
 
4.2.6) Incubate the plates anaerobically for 24 h at 37°C. At this time, enumerate C. difficile 
colonies to obtain the CFU per g of content (feces or cecal). C. difficile colonies are flat and pale 
yellow and have irregular edges and a ground glass appearance24.  
 
NOTE: This protocol can be used to enumerate C. difficile from other murine GI content, 
including ileal and colonic content. PCR plates can be used for making serial dilutions.  
 
5. Vero cell cytotoxicity assay to quantify C. difficile toxin cytotoxicity 
NOTE: It is recommended that this assay be performed after completion of the mouse model 
on samples collected at necropsy and stored at -80 °C. Aseptic cell culture techniques are 
essential for preventing contamination of Vero cells during this assay. This protocol takes 2 days 
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to perform. All feces and intestinal content utilized in this assay must be stored in a weighed, 
sterile microcentrifuge tube (denoted with the “tube weight,” see section above). The final tube 
weight (including the contents) is measured via an analytical scale to the nearest four decimal 
places (see section above). Use of a multi-channel pipette is recommended for this assay.  
 
NOTE: Before beginning, ensure that the following items are available: Vero Cells, Dulbecco’s 
modification of Eagle medium (DMEM) 1X with 10% heat-inactivated fetal bovine serum (FBS) 
and 1% penicillin/streptomycin media (denoted as “DMEM 1X media;” see Materials and the 
supplemental file), 0.25% Trypsin-EDTA, 1X PBS, 0.4% Trypan Blue, a 96-well cell culture flat-
bottom plate, a 96-well filter plate, Clostridium difficile Toxin A (aliquot in 3 μL at 1 μg/μL in 
Ultra-Pure water and store at -80 °C), Clostridium difficile Antitoxin,  a worksheet (for 
calculations and plate maps; see supplemental files). 
 
NOTE: Caution should be taken during this assay for personnel exposure to C. difficile and its 
toxin.  
 
5.1) Splitting the Vero cells (day 1) 
5.1.1) Preheat the DMEM 1X media, 0.25% Trypsin-EDTA, and 1X PBS in a 37 °C water bath.  
 
5.1.2) Obtain a flask of Vero cells from the cell culture incubator (37 °C and 5% CO2) and place it 
in the sterile cell culture laminar flow hood. Use 70% ethanol to wipe down the hood and 
equipment prior to use. Using a serologic pipette, aspirate the media from the tissue culture 
flask to remove it from the Vero cells and discard it into a waste container.  
 
5.1.3) Rinse the Vero cells with 5 mL of 1X PBS (preheated) in the tissue culture flask. Aspirate 
the PBS and discard it into a waste container.  
 
5.1.4) Add 5 mL of 0.25% Trypsin-EDTA to the tissue culture flask. Allow a contact time of 2-3 
min. During this time, observe the cells begin to come off the flask surface. Gently rock the 
tissue culture flask side to side to loosen the Vero cells.  
 
5.1.5) After contact time with Trypsin-EDTA, immediately add 5 mL of DMEM 1X media into the 
tissue culture flask. This will neutralize the Trypsin-EDTA. Use this solution to gently wash any 
unattached Vero cells off the back of the flask. Then, use a serological pipette to transfer this 
mixture into a 15-mL conical tube.  
 
5.1.6) Centrifuge the Vero cells in the conical tube for 5 min at 180 x g and 25°C. Ensure that the 
centrifuge is properly balanced. After centrifuging, observe a visible pellet of Vero cells at the 
bottom of the conical tube. Be careful not to disrupt this pellet. Aspirate off the supernatant 
from the conical tube and discard it.  
 
5.1.7) Resuspend the Vero cells in 3 mL of DMEM 1X media.  
 
5.2) Counting the Vero cells 
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5.2.1) Add 100 μL of the Vero cell suspension (made in Step 5.1.7) to 100 μL of 0.4% Trypan 
Blue. Gently mix by pipetting the solution up and down.  
 
5.2.2) Add 10 μL of this mixture to each chamber of a hemocytometer.  
 
5.2.3) Count the number of viable cells within the four quadrants of the hemocytometer.  Dead 
Vero cells will take up the Trypan Blue and thus will be stained blue (these cells should not be 
counted). Record these numbers in the “Vero Cell Worksheet,” provided.   
 
5.2.4) Sum the total number of viable Vero cells in all four quadrants and calculate the average. 
Multiply by the dilution factor, which is 2 since 100 μL of cells are in a total of 200 μL of liquid. 
 
5.2.5) Multiply by the correction factor to give the “number of cells/mL.” When using a 
hemocytometer, the correction factor is always 104.  Multiply by the total volume to give the 
“total number of cells.” 
 
5.3) Determining the number of wells required for each experiment 
NOTE: A single sample (either feces or intestinal content) requires 24 separate wells to be 
performed in duplicate. A concentration of 105 Vero cells per well (total volume of 90 μL) is 
required.  
 
NOTE: If one desires to incubate the Vero cell 96-well plates overnight at 37 °C, a concentration 
of 103 Vero cells per well is recommended to account for the extended incubation time. 
Calculations within the Vero Cell Worksheet would need to be adjusted to account for this 
change.  
 
5.3.1) Determine the number of wells that can be utilized based on the amount of Vero cells 
available (from Step 5.2; use the Vero Cell Worksheet, provided).  
 
5.3.2) Determine the volume of Vero cell suspension needed to fill the number of desired wells 
(based on the number of samples being tested). Ensure that any additional volume is added in 
to account for pipetting error (use the provided Vero Cell Worksheet).  
 
5.3.3) Dilute the Vero cell suspension (obtained in Step 5.1.7) in DMEM 1X media to obtain the 
volume required for the experiment. 
 
5.4) Seeding Vero cells into a 96-well cell culture plate 
5.4.1) Using the Vero cell resuspension from Step 5.3.2, use a multi-channel pipette to add 90 
μL of the Vero cell suspension to each well of a 96-well cell culture flat-bottom plate.  
 
5.4.2) Incubate the plate with the Vero cells in a cell culture incubator at 37 °C and 5% CO2 for a 
minimum of 4 h before adding toxin (samples) to the wells. This incubation time will allow the 
Vero cells to adhere to the bottom of each well.  
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5.5) Creating stock solutions from the samples (feces or intestinal content) 
NOTE: All samples should have the “tube weight” and “final tube weight” measured via an 
analytical scale.  Use Vero Cell Worksheet for calculations.  
 
5.5.1) Calculate the weight of the contents. Convert g to mg, then mg to μL. Calculate the final 
total number of μL of solution needed to make a 1:10 dilution in 1X PBS. Calculate the total 
amount of 1X PBS to add to the sample. 
 
5.5.2) Add the total volume of 1X PBS (calculated above) to the sample. Perform this 
aerobically, and using aseptic technique. For fecal pellets, use the tip of the pipette to gently 
disrupt the pellet into the solution. 
 
5.5.3) Vortex the samples and then centrifuge them at 3,522 x g for 5 min at room temperature. 
Ensure that the centrifuge is properly balanced. Be careful not to disrupt the pellet and 
resuspend the sample into solution. 
 
NOTE: During Step 5.5.3, if only a few samples are being processed, contents can be sterilized 
by passing them through a single 0.22-μm filter instead of using a 96-well filter plate. Some 
samples may require multiple filters to sterilize the entire volume content using this technique.  
 
5.5.4) Sterilize the sample/PBS mixture by taking 150 μL of supernatant and placing it into 
separate wells on a 96-well filter plate. Place the filter plate securely on top of a 96-well cell 
culture flat-bottom plate so that the contents will filter into this plate.  
 
5.5.5) Centrifuge the filter plate/cell culture plate stack at 431 x g for 5 min at room 
temperature. Ensure that the centrifuge is properly balanced and that the filter plate/cell 
culture plate stack are tightly aligned and will not shift during centrifugation.   
 
NOTE: These filtered contents are the 10-1 stock that will be utilized in the dilution plates.  
 
5.5.6) Place plate with filtered samples onto ice.  
 
5.6) Creating Dilution Plate #1 
NOTE: Dilution Plate #1 (DP#1) will require 6 wells per sample, including positive (C. difficile 
Toxin A) and negative (1X PBS) controls (see the DP#1 layout on the Vero Cell Worksheet).  
 
5.6.1) To prepare the positive control (C. difficile Toxin A) for this assay, obtain 3-μL aliquots (1 
μg/μL) from -80 °C and add 297 μL of ultrapure water, yielding a final concentration of 0.01 
μg/μL. Place on ice.  
 
5.6.2) Label the wells with their dilutions (10-1 to 10-6) for each sample and indicate the positive 
and negative controls (see the DP#1 layout). 
 
5.6.3) Add appropriate amounts of 1X PBS to each well. In the 10-1 wells, add NO PBS. For the 
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10-2 to 10-6 wells, add 90 μL of 1X PBS.  
 
5.6.4) Add appropriate amounts of the samples to each well.  In the 10-1 wells, add 100 μL of 
the 10-1 stock for each sample (see Step 5.5.7 from the filter plate). For the 10-2 to 10-6 wells, 
make serial dilutions; start by taking 10 μL from the 10-1 well and adding it to the 10-2 well. 
Continue the serial dilutions out to the 10-6 dilution.  
 
5.6.5) Cover the DP#1 plate with a clear plastic adhesive seal and place it on ice.  
 
5.7) Creating Dilution Plate #2 
NOTE: Dilution Plate (DP#2) will require 2 lanes of 6 wells for each sample, including positive 
and negative controls (see the DP#2 layout on the Vero Cell Worksheet).  
 
5.7.1) Label the wells with their dilutions (10-1 to 10-6) for each sample and indicate the positive 
and negative controls (see the DP#2 layout). Label the wells with the sample name (denoted as 
“sample wells”) or the sample name with antitoxin (denoted as “antitoxin wells”).  
 
5.7.2) Calculate the amount of antitoxin required for this assay. NOTE: The antitoxin is a 25X 
stock solution that needs to be diluted 1:25 in 1X PBS. Place the prepared antitoxin 1X solution 
on ice.  
 
5.7.3) For “sample wells,” add 20 μL of 1X PBS to each well for all dilutions (10-1 to 10-6) of that 
sample.  For “antitoxin wells,” add 20 μL of 1X Antitoxin to each well for all dilutions (10-1 to 
10-6) of that sample.  
 
5.7.4) Transfer 20 μL of the diluted sample in wells from DP#1 into the designated wells on 
DP#2 for rows 1-6 and rows 7-12 (see the DP#2 layout on the Vero Cell Worksheet). Mix the 
solution gently by pipetting up and down.  
 
5.7.5) Cover DP#2 with a clear plastic adhesive seal and allow 40 min of incubation at room 
temperature. This incubation is to allow the antitoxin to bind and thus inactivate and neutralize 
the C. difficile toxin.  
 
5.7.6) After the incubation, add 10 μL of mixture from DP#2 to the appropriate Vero cell wells 
(see the Vero Cell Plate layout on the Vero Cell Worksheet). Gently mix the solution by pipetting 
up and down, taking care to not disrupt the Vero cells that are adhered to the bottom surface 
of the wells.  
 
5.7.7) Incubate the Vero cell plate overnight in a cell culture incubator at 37 °C and 5% CO2.  
 
5.8) Assess Vero cells for rounding using a light microscope (day 2) 
NOTE: Recall that the dilution factor changes by a factor of 10 when adding the sample 
mixtures to the Vero cell plate (e.g., 10-3 is now 10-4). Wells that have antitoxin present should 
have little to no Vero cell rounding noted. Vero cell rounding (cytotoxicity) will be noted in 
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samples that contain C. difficile toxin. If the cytotoxic activity is neutralized in a dilution 
containing the sample and the antitoxin, the presence of C. difficile toxin resulting in Vero cell 
cytotoxicity is confirmed. 
 
5.8.1) Examine for Vero cell rounding using a light microscope at 200X magnification. For 
sample wells (including the positive control), record the dilution of the well that is the last to 
have 80% Vero cell rounding noted.  
 
5.8.2) Calculate the cytotoxic titer, which is defined as the reciprocal of the highest dilution that 
produced 80% Vero cell rounding per g of sample. For example, if the highest dilution is 10-5, 
then the dilution factor would be 10-6 for this sample. Thus, the log[final dilution factor]/g of 
sample would be log[106], which yields a reciprocal titer of 6.  
 
NOTE: Vero cells need to have undergone at least 3-4 passages and no more than 30 passages 
prior to their use in this assay26.  
 
REPRESENTATIVE RESULTS:  
During a representative study, 5-week-old C57BL/6 WT mice were pretreated with 
cefoperazone in their drinking water (0.5 mg/mL) for 5 days and allowed a 2-day wash out with 
regular drinking water. Mice were challenged with 105 spores of C. difficile R20291 via oral 
gavage on day 0 (Figure 1A). Mice were monitored for weight loss and clinical signs (lethargy, 
inappetence, diarrhea, and hunched posture) of CDI for 14 days. The challenge of C57BL/6 WT 
mice with C. difficile R20291 spores resulted in diarrhea within 24 h and significant weight loss 
within 48 h post-challenge (Figure 1B). Although not observed in this experiment, mice 
challenged with a higher dose of C. difficile R20291 can become severely ill or have greater than 
20% weight loss by 48-72 h post-challenge, thus necessitating humane euthanasia. Therefore, 
mice require a minimum of twice-daily monitoring after challenge with C. difficile spores.  

 
In this representative study, a significant amount of weight loss and clinical signs of disease in 
mice were also observed on days 2-7 post-challenge (Figure 1B). At 7 days post-challenge, mice 
began to gain weight, and clinical signs of disease subsided. By the last week of the experiment, 
the mice appeared clinically normal, with no evidence of the clinical signs of CDI, including 
diarrhea.  

 
Fecal pellets were collected prior to the challenge with C. difficile spores and every 48 h post-
challenge (Figure 1C). Prior to the antibiotic treatment, mice were not colonized with C. difficile. 
Within 24 h post challenge with C. difficile spores, mice were colonized with 107 CFUs of C. 
difficile per g of feces (Figure 1C). Mice remained persistently colonized with C. difficile 
throughout the experiment, despite no evidence of weight loss or clinical signs of CDI for the 
last 7 days of the experiment.  
 
[Place Figure 1A, 1B, and 1C here] 

 
Four mice (2 males and 2 females) were humanely euthanized and prepared for necropsy on 
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day 0, prior to infection, to serve as uninfected controls. In addition, one mouse from each cage 
was humanely euthanized and prepared for necropsy on days 2, 4, 7, and 14 post-challenge 
(Figure 1A). Enumeration of C. difficile within the cecal content was performed at each 
necropsy. In concordance with fecal enumeration, no C. difficile was detected in the cecal 
content of mice prior to the challenge with C. difficile. At 48 h post-challenge, mice were 
colonized with approximately 108 CFUs of C. difficile per g of cecal content (Figure 2A). All mice 
remained persistently colonized throughout the experiment.  
 
Cecal content was also assessed throughout the infection for the presence of C. difficile toxin 
using the Vero cell cytotoxicity assay. No evidence of C. difficile toxin cytotoxicity was detected 
in cecal contents prior to the challenge (Figure 2B). C. difficile cytotoxicity was detected 2 days 
after the challenge with C. difficile spores and persisted throughout the infection. Despite fairly 
uniform colonization with C. difficile, variation in the levels of C. difficile cytotoxic activity is 
evident in individual mice (Figure 2B).  

 
The majority of mouse cecal content neutralized with C. difficile antitoxin during the Vero cell 
cytotoxicity assay and had no evidence of cytotoxicity (Vero cell rounding) in the dilutions 
performed. However, a few individual mice, despite retesting, had evidence of 50-100% 
cytotoxicity in the 10-1 dilution (dilution where the sample is most concentrated), with no 
evidence of Vero cell rounding in the other dilutions. The antitoxin utilized in this assay is a 
neutralizing polyclonal antibody to C. difficile toxin, prepared in goats27. Therefore, this 
antitoxin may not neutralize the C. difficile binary toxin that is produced by strain R20291. 
However, the C. difficile binary toxin is not considered to be cytotoxic10. Excessive C. difficile 
toxin unable to be neutralized by the antitoxin or the presence of another cytotoxic agent other 
than C. difficile toxin could be contributing to this finding. This observation did not affect the 
determination of the cytotoxicity titer for these samples, since each sample’s last dilution with 
the 80% Vero cell rounding had no evidence of cytotoxicity when combined with the antitoxin 
at the specified dilution.  
 
[Place Figure 2A and B here] 
 
It is recommended that histologic evaluation is conducted by a board-certified veterinary 
pathologist in a blinded manner. For tissue scoring, a 0-4 numerical scoring system should be 
employed to separately assess edema, inflammatory cell infiltration, and epithelial cell damage 
in the ileum, cecum, and colon based upon a previously-published scoring scheme17. 
 
Upon blinded histopathologic examination of the murine ileum, cecum, and colon following 
challenge with C. difficile R20291, the most significant pathologic changes were noted in the 
cecum (Figure 3). The total cecal histologic scores were significantly different between day 0 
and days 2 and 4 post-challenge. No significant lesions were noted in the ileum throughout 
infection (Figure 3). Milder lesions were noted in the colon. The total colonic histological scores 
were significantly different between day 0 and days 2 and 7 post challenge (Figure 3).  

 
Representative H&E sections of the ileum, cecum, and colon throughout infection are available 
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in Figure 4. Each image has its respective total histological score and individual scores for 
epithelial damage, inflammation, and edema, as determined by a blinded board-certified 
veterinary pathologist (SAM).   
 
[Place Figure 3 and Figure 4 here within a single panel] 
 
FIGURE LEGENDS 
Figure 1: Cefoperazone treated mice challenged with C. difficile R20291 exhibit weight loss 
and are colonized with C. difficile. 
A. 5-week-old C57BL/6 WT JAX mice (n = 3M/3F per group) were pretreated with cefoperazone 
in their drinking water (0.5 mg/mL) for 5 days and allowed a 2-day wash out with regular 
drinking water. Mice were challenged with 105 spores of C. difficile R20291 via oral gavage on 
day 0. Mice were monitored for weight loss and clinical signs (lethargy, inappetence, diarrhea, 
and hunched posture) of CDI for 14 days. Feces was collected and used for bacterial 
enumeration prior to starting cefoperazone, immediately after finishing the antibiotic, and on 
days 0, 1, 2, 3, 4, 5, 7, 9, 11, 13, and 14 throughout infection. Necropsy was performed on days 
0, 2, 4, 7, and 14.  B. The mice lost a significant amount of their baseline weight after challenge 
with C. difficile R20291. The average bodyweight of mice was measured daily from day 0. 
Significant weight loss was seen on days 2 through 7 when compared to day 0, the baseline 
weight.  C. C. difficile R20291 bacterial load in the feces after the challenge. Within 24 h after 
the challenge with C. difficile spores, all mice were colonized with 107 CFUs (colony-forming 
units) per g of feces. No significant differences in these parameters were seen between females 
and males. Significance was determined by the non-parametric Kruskal-Wallis one-way ANOVA 
test followed by Dunn’s posttest, (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001). 
Error bars represent the standard deviations from the mean.   
 
Figure 2: Colonization of the cecum and cytotoxicity during infection with C. difficile R20291.  
A. Mice ceca remained persistently colonized with C. difficile throughout the experiment, 
despite resolution of clinical signs and observed weight gain. All mice were colonized with 
greater than 108 CFUs per g of cecal contents when assessed at 2 days post-challenge.  B. Vero 
cell cytotoxicity assay from cecal content throughout infection with C. difficile R20291. 
Following the challenge with C. difficile spores, mice had significant levels of cytotoxicity, as 
measured in log10 reciprocal dilution of toxin per g of cecal content on days 2, 4, and 7 post-
challenge compared to day 0 (medians represented by the line). Significance was determined 
by the non-parametric Kruskal-Wallis one-way ANOVA test followed by Dunn’s posttest, (*, p ≤ 
0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001). Error bars represent the standard 
deviations from the mean. 
 
Figure 3: Histological scoring of the murine ileum, cecum, and colon during infection with C. 
difficile R20291.  
Total histological scores were calculated by adding all three scores from the parameters 
assessed: epithelial damage, inflammation, and edema. No significant histopathological 
changes were noted in the ileum throughout infection. Cecal tissue contained the most 
significant histological lesions during CDI. The total cecal histological scores were significantly 
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different from day 0 on days 2 and 4 post-challenge.  Milder lesions were noted in the colon. 
The total colonic histological scores were significantly different from day 0 on days 2 and 7 
post-challenge. Significance was determined by the non-parametric Kruskal-Wallis one-way 
ANOVA test followed by Dunn’s posttest (*, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 
0.0001). Error bars represent the standard deviations from the mean. 
 
Figure 4: Histopathology during infection with C. difficile R20291.  
This panel contains representative H&E sections of ileum, cecum, and colon throughout 
infection with C. difficile R20291. The total histological scores are in parentheses ( ) for the 
corresponding day and tissue listed: for the ileum day 0 (0), day 2 (1), day 4 (0), day 7 (0), and 
day 14 (0); for the cecum day 0 (0), day 2 (5), day 4 (4), day 7 (3), and day 14 (3); and for the 
colon day 0 (0), day 2 (4), day 4 (1), day 7 (4), and day 14 (2).  Photomicrographs were obtained 
on a light microscope with a 5 megapixel digital camera and its accompanying software (the 
scale bar represents 200 μm).  
 
DISCUSSION:  
This protocol characterizes the clinical course, including weight loss, bacterial colonization, 
toxin cytotoxicity, and histopathological changes in the gastrointestinal tract, of antibiotic-
treated mice challenged with C. difficile R20291 spores. There are several critical steps within 
the protocol where attention to detail is essential. Accurate calculation of the C. difficile spore 
inoculum is critical. This calculation is based on the original C. difficile spore stock enumeration, 
which should be consistent over multiple spore enumerations prior to starting this protocol. If 
the inoculum calculation is erroneous, it will result in an inaccurate inoculation dose of the 
mice. On the same note, preparation and dilutions of C. difficile spores based on these 
calculations should be prepared with care. Any dilution errors will result in an inaccurate 
starting spore inoculum. Lastly, precautions should be taken to avoid contamination of 
antibiotic-treated control mice (not inoculated with C. difficile spores). Cefoperazone-treated 
mice are extremely susceptible to C. difficile colonization and thus should not be in direct 
contact with C. difficile-infected mice28-30. If the aforementioned critical steps are recognized, 
successful execution of the CDI mouse model is expected.        
 
Modification of the dose or strain of C. difficile spores administered to the mice may alter the 
outcomes of this model. Increasing the spore inoculum administered to mice could increase the 
morbidity and mortality observed, depending on the strain of C. difficile administered. A dose 
response experiment, evaluating a range of several inoculum doses, is recommended if using 
other C. difficile strains in order to characterize the clinical course of CDI.  
 
This protocol uses TCCFA medium for C. difficile enumeration of spores and vegetative cells 
collectively. However, if distinct phases (such as germination and outgrowth) of the C. difficile 
lifecycle are desired, differential plating is required. Non-heat-treated contents, as described in 
this protocol, will yield the CFU per g content of spores and vegetative cells together. If the 
same GI content is heat-treated (20 min at 65 °C) and then plated on TCCFA media, this will 
yield a CFU of spores only, since C. difficile vegetative cells are destroyed by heat. Comparison 
of C. difficile enumeration using these two plating techniques allows for more detailed 
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information about the C. difficile lifecycle in vivo.    
 

One major limitation of this mouse model is that the results may not be reproducible in mice 
from different strains or vendors. Recall that disruption of the gut microbiota following 
cefoperazone treatment renders mice susceptible to CDI28. Variations in the initial composition 
of the gut microbiota between different murine strains from different vendors could alter the 
mouse model of CDI31. Once researchers have successfully completed this model, it is 
recommended that the mouse strain and vendor from where the mice are acquired stay 
consistent for additional studies to limit variations in the gut microbiota composition, which 
could alter the outcomes of the model.  

 
Another limitation of the protocol is that the Vero cell cytotoxicity assay does not quantitatively 
measure C. difficile toxin levels in vivo. Instead, epithelial (Vero) cell cytotoxicity represents a 
qualitative approach that measures relative cytotoxicity of C. difficile toxins present in samples. 
Other techniques such as qRT-PCR and immunoblotting would be helpful to determine the 
amount of toxin present in the samples.  

 
Various models of CDI are currently being used, including the Syrian hamster model, ex vivo 
models, and human intestinal organoid models13,14,30,32. However, the mouse model of CDI 
provides the increased availability of commercially-available murine reagents and assays to 
further examine the pathogenesis of C. difficile. Other mouse models of CDI have used different 
strains of C. difficile, such as VPI 10463, which results in substantial mortality and thus does not 
recapitulate human CDI12,17,29. In this model, C. difficile R20291 was selected for its genetic 
tractability and clinical relevance as a recent 027 epidemic strain33,34. Compared to other 
murine models of CDI, R20291 was not uniformly lethal at the dose administered, allowing for 
observation of a prolonged clinical course of infection concordant with human disease. Overall, 
this mouse model proves to be a valuable experimental platform of CDI. This fully-characterized 
C. difficile mouse model can be utilized to assess the effects of novel therapeutics on the 
amelioration of clinical disease and on the restoration of colonization resistance against C. 
difficile. 
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Author’s response to reviews: We appreciate the time and effort of the reviewers to provide constructive 
feedback on our manuscript. We have revised the manuscript in response to the reviewers’ comments. We are 
happy to resubmit our revised manuscript for consideration in JoVE.  
 
Specific responses to reviewer’s comments (non-bolded) are below. 
Italicized sections indicate text that was added to the final revised manuscript. 

Editorial comments: 

•Formatting: 
-Please include the state in the affiliation address. 

The author’s have made the requested change to the text on lines 8, 14, 21, and 27.  
 
-Please define all abbreviations at first occurrence (ie TCCFA). 
 
All abbreviations have been defined.  
 
-Please number steps consecutively. For instance, 4.2.6 is missing. 
 
All numbers has been confirmed.  
 
-Please remove the word “you” from all documents, including supporting documents. 
 
Supporting documents have been modified to remove the word “you”.  
 
-References – Please abbreviate all journal titles. 
We are using EndNote and have formatted the bibliography based on JoVE settings.  
 
•Grammar: 
-Please copyedit the manuscript for grammatical errors, which is required prior to acceptance. Some 
example errors are listed below. 
We have corrected the grammatical errors in the manuscript.  
 
-4.1.2.1 – This should be reworded so that the mice are “undergoing a necropsy.” 
The text has been edited as follows: “After humane euthanasia by CO2 asphyxiation followed by secondary 
measures, mice should undergo a necropsy to obtain the cecum.” See lines 309-310.  
 
-4.2.7 – “At this time enumerated” 
The text has been edited as follows: “4.2.6) Incubate the plates anaerobically for 24 hr at 37°C. At this time 
enumerate C. difficile colonies to obtain CFU per gram content (feces or cecal content).” See lines 352-353.  
 
-Section 5 note – “for personnel expose” 
The text has been edited as follows: “NOTE: Caution should be taken during this assay for personnel exposure 
to C. difficile and its toxin.”  See lines 378-379.  
 
-Line 557 – “Feces was” 
The text has been edited as follows: “Fecal pellets were collected prior to challenge with C. difficile spores and 
every 48 hours post challenge (Figure 1C).” See lines 582-583.  
 
•Visualization: Protocol is discontinuous. The filmed portion should focus on the creation of the mouse 
model, including antibiotic treatment and gavage if possible. Alternatively, the title should be changed 
to reflect what will actually be filmed. In addition, a cohesive story should be highlighted rather than 
the few steps scattered throughout each section. For instance, the highlighting in section 2 would only 
require that some CFU counts are performed, which leaves out the bulk of the protocol. 
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The authors have modified the highlighting to create a more synchronous visual presentation to reflect the 
main purpose of the protocol.  
 
•Additional detail is required: 
-4.1.2.1 – Please provide a citation for the dissection or describe in more detail. 
The authors have modified the text as follows: “After humane euthanasia by CO2 asphyxiation followed by 
secondary measures, mice should undergo a necropsy to obtain the cecum.  The cecum is the large, comma 
shaped section of the gastrointestinal tract.” See lines 309-311.  
 
-5.1.3 – Is the flask centrifuged? 
The authors have modified the text as follows: “Wash Vero cells with 5 ml of 1X PBS (preheated) in the tissue 
culture flask. Aspirate PBS and discard into waste container.” See lines 389-390. Centrifugation is described in 
steps 5.1.4 to 5.1.6.  
 
-5.6.4 – There is no step 5.5.7. 
All step numbering has been confirmed.  
 
•Branding: 
-Please removing branding from supporting documents (like Milli-Q). 
The authors have removed Milli-Q and other branding from the supplemental materials.  
 
-Results – Jackson Laboratories; mice should appear in the materials table. 
The authors have added this to the materials excel spreadsheet.  
 
-Figure 4 legend - Olympus BX43F, cellSens Dimension, DP27 – all of these items should appear in the 
materials table. 
The authors have added these items to the materials excel spreadsheet.  
 
•If your figures and tables are original and not published previously, please ignore this comment. For 
figures and tables that have been published before, please include phrases such as “Re-print with 
permission from (reference#)” or “Modified from..” etc. And please send a copy of the re-print 
permission for JoVE’s record keeping purposes.     
The figures in the manuscript are original.  
                                                  
•JoVE reference format requires that DOIs are included, when available, for all references listed in the 
article. This is helpful for readers to locate the included references and obtain more information. 
Please note that often DOIs are not listed with PubMed abstracts and as such, may not be properly 
included when citing directly from PubMed. In these cases, please manually include DOIs in reference 
information.          
All references have DOIs when available.                             
 
•IMP: Please copyedit the entire manuscript for any grammatical errors you may find. The text should 
be in American-English only. This editing should be performed by a native English speaker (or 
professional copyediting services) and is essential for clarity of the protocol and the manuscript. 
Please thoroughly review the language and grammar prior to resubmission. Your JoVE editor will not 
copy-edit your manuscript and any errors in your submitted revision may be present in the published 
version.                                                
 
•NOTE: Please include a line-by-line response letter to the editorial and reviewer comments along with 
the resubmission. 

Reviewer comments: 

Reviewer #1 
 



Manuscript Summary: 
N/A 
 
Major Concerns: 
Fig 1c, no significant difference in C diff CFU in feces collected on postinfection days of 7, 9, 11, 13 
when compared to day of infection.  
 
This is correct. There is no statistical significance noted in fecal CFU over the last week of the experiment. We 
used a more conservative statistical test (non-parametric Kruskal-Wallis one-way ANOVA test followed by 
Dunn’s posttest), which did not find this statistical significant. 
 
Fig 2a 2b, postinfection days 7 and 14 significant difference? It looks to me yes. 
 
Again, based on the conservative statistical test performed (non-parametric Kruskal-Wallis one-way ANOVA 
test followed by Dunn’s posttest) there is no statistical significance noted at these time points.  
 
Minor Concerns: 
 
The use of cefoperazone to develop a mouse model of CDI should be further scientifically justified. 
Mice pretreated with antibiotic mixture (Chen et al.,) can also develop no-severe diseases depending 
on C diff challenging doses. 
 
The authors agree with the reviewer that depending on the inoculum dose administered that non-lethal illness 
can be observed. We have added the following sentence to the manuscript to address this comment: 
“Depending on the inoculum dose administered, a range of clinical signs and lethality can be observed using 
this model.” See lines 86-87.  
 
Additional justification for the use of the cefoperazone model to study CDI were added into the introduction 
section as follows: “Since administration of third generation cephalosporins are associated with increased risk 
of CDI in humans, use of the cefoperazone model more accurately reflects naturally occurring disease16.” See 
lines 93-95.  
 
Additional Comments to Authors: 
N/A 
 
Reviewer #2 
 
Manuscript Summary: 
The authors presented a mouse model of CDI with modified antibiotic regimen and a clinical relevant C 
difficile strain based on previous published models. Although the absolute advantage of this model 
version is debatable, the protocol is clearly written with great details, which will be helpful for CDI 
investigators. A few comments and suggestions are attached below; hopefully useful enough to make 
the protocol even better serve the CDI community. 
 
1) The article used the term "antitoxin" multiple times based on a commercial kit. A brief description of 
the antitoxin or a reference would be helpful for readers to understand the principle. Is it an anti-toxin 
antibody derived from animals? (Polyclonal or monoclonal) Or is it Clostridium sordellii antitoxin? 
 
Based on this comment the authors have added the following text to the protocol: “The antitoxin utilized in this 
assay is a neutralizing polyclonal antibody prepared in goats to C. difficile toxin26.” See lines 614-15.   
 
2) Since the title of this article is "A clinically relevant platform for testing therapeutics". Therefore, an 
experimental example to test a therapeutic drug using this model would help validate the platform. Any 
data or previously published paper using this model to test a therapeutic drug would be supportive. 
 



The authors agree with the reviewer that based on the current title that it implies that a therapeutic has been 
administered in the protocol. Based on this feedback we have modified the title as follows: 
“Cefoperazone treated mouse model of clinically relevant Clostridium difficile strain R20291” 
 
3) The mice were listed as male or female at 5-8 weeks old. The exact age used in the experiments of 
this article needs to be specified, since there are big variations in terms of size, weight and gut length 
in mice between 5 and 8 weeks old. 
 
The author’s have specified the exact age (5 weeks old) of the mice used in this protocol (see line 539).  
 
4) Either a reference or a brief description of the histology scoring system would be helpful for the 
readers to adopt the system. 
 
The authors included a brief description and reference for histologic scoring in the original submission. Please 
see text in lines 625-628 (including reference 17).  
 
5) Recurrent CDI model is often used by investigators to examine their drug candidates. Have the 
authors tried that in this model setting? 
 
The authors intend to use this model and another model that approximates recurrent CDI to evaluate drug 
candidates against this clinically relevant C. difficile R20291 strain. However, this is outside of the scope of the 
current protocol, which is to show researchers how to run the CDI mouse model.  
 
6) In Figure 1b, the animal weights appear to recover after day 2, and drop a second time on day 6 and 
7. Is that a repeatable phenomenon in this model? 
 
Yes, this fluctuation in weight loss over the first week of the experiment is repeatable across multiple 
experiments.  
 
7) In Figure 1c, what control value did the authors compare and reach the significant P values for day 
1, 3, 5? 
 
The authors compared all days to day 0 in the non-parametric Kruskal-Wallis one-way ANOVA test followed by 
Dunn’s posttest.   
 
Major Concerns: 
N/A 
 
Minor Concerns: 
N/A 
 
Additional Comments to Authors: 
N/A 
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