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Germ-free mice are used to examine questions about the role of the gut microbiota in development of diseases.
Generally these animals are maintained in semi-rigid or flexible-film isolators to ensure their continued sterility or, if
colonized with specific microbiota, to ensure that no new species are introduced. Here, we describe the use of a caging
system in which individual cages are hermetically sealed and have their own filtered positive airflow. This isopositive
caging system requires less space and reduces animal housing costs. By using strict sterile techniques, we kept mice
germ-free in this caging system for 12 weeks. We also used this caging system and approach to conduct studies
evaluating a) the stability of the microbiome in germ-free mice receiving a fecal transplant and b) the stability of
dietary-induced microbiota changes in fecal-transplanted mice. As has been shown in fecal transfer studies in isolators,
we found that the transferred microbiota stabilizes as early as 2 weeks post transfer although recipient microbiota did
not completely recapitulate those of the donors. Interestingly, we also noted some sex effects in these studies
indicating that the sex of recipients or donors may play a role in colonization of microbiota. However, a larger study will
be needed to determine what role, if any, sex plays in colonization of microbiota. Based on our studies, an isopositive
caging system may be utilized to test multiple donor samples for their effects on phenotypes of mice in both normal
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and disease states even with limited available space for housing.

Introduction

Intestinal commensal bacteria play significant roles in the
health and discase of their host organisms, in part by participat-
ing in nutrient metabolism, guiding proper immune system
development, and influencing immune responses to invading
organisms.'® Mounting evidence strongly associates particular
intestinal microbiota with diverse diseases, including obesity,
autoimmune disease and inflammatory bowel disease.” However,
due to the chronic nature of these diseases, it 1s ditficult to deter-
mine cause and effect. Hence, it is unclear whether changes in
the complexity and structure of the microbiome are the precur-
sors or sequelae of these diseases. Germ-free mice are a way to
address these questions as they provide an empty niche that can
be populated with different microbiota, including those from
human patients.”® Thus, germ-free mice offer an opportunity to
determine causality of certain bacterial communities for a specific
disease.”
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Studies utilizing germ-free mice are typically conducted in
semi-rigid or flexible film isolators designed to keep the animals
in a sterile environment. T'o house and maintain animals under
germ-free conditions, the introduction and removal of supplies
and samples to and from an isolator requires a time-consuming
and labor-intensive decontamination process before and after
opening of the port to the isolator. If colonization experiments
need to be carried out using multiple donor samples, cach isola-
tor can house only a group of mice receiving a single donor sam-
pIe, requiri ng |arge space and expense. In addition, expcrimcntal
manipulation of mice in the isolator is cumbersome due to the
barrier and thick gloves worn by the experimenter to prevent
introducrion of unwanted microbes.

During the establishment of a gnotobiotic facility at our insti-
tution, we developed standard operating procedures for the asep-
tic use of an alternative caging system to a flexible film isolator
for studies using germ-free mice. We hoped that this system
would save time, space, and money while providing ease of
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animal handling. In this system, individual cages are positively
pressurized, hermetically sealed, and have their own HEPA filter,
cstablishing barriers between cages so that cach cage serves as its
own individual isolator, Each isopositive cage (ISOcage P, Tecni-
pIast; referred to in this article as isopositive cages} can be han-
dled within a decontaminated biosafety cabinet using aseptic
techniques. In this report, we describe the methods we employed
to successfully keep mice germ-free for 12 weeks while housed in
the isopositive cages. In addition, we describe 2 studies com-
pleted using isopostive caging where 1) fecal transfer to germ-free
mice was used to determine the stability of microbiota over a
4 week period and 2) germ-free mice were colonized with micro-
biota from mice fed 2 different dictary regimens and microbiome
alterations determined over a 4 weck-period.

Results

Standard operating procedures for handling isopositive cages
in a biosafety cabinet

After discussions with researchers using gnotobiotic facilities,
we determined that the aseptic technique utilized by surgeons
could be adapted for maintaining the sterile environment of the
isopositive cages. For cage handling, 2 people were needed; one
person being strictly “sterile,” wearing a sterile surgical gown and
gloves and working inside the biosafety cabiner (Fig. 1A, B) and
the other bcing an “assistant,” ]‘landIing supplies and disinﬁ:c[ing
cages (Fig. 1C, D) before introducing them into the biosafery
cabinet. Gowning and gloving were performed following stan-
dard surgeon preparation procedures (without scrubbing hands
and arms with surgical scrub) with the assistant helping the sterile
person as a nurse would for a surgeon. For introduction of sup-
plies to the biosafety cabinet, supplies that can be autoclaved
were double-wrapped and provided by the assistant to the sterile
person by partially unwrapping the outer layer so that the sterile
person could grab the inner wrap-containing supplies without
contaminating his/her hands to bring them inside the biosafery
cabinet. Clean autoclaved cages containing bedding, food, and
an empty water bottle were submerged into a Clidox solution
(1:3:1) for 30 sec to sterilize the outer surfaces before being intro-
duced into the biosafety cabinet by the assistant (Fig. 1 C, D)
Large bottles of autoclaved water were similarly submerged in the
Clidox solution for 30 sec prior to introduction into the bio-
safety cabinet; this water was used to fill the water bottles during
cage setup or cage changes. Both individuals wore protective
respiratory masks to minimize exposure to the irritating Clidox
(1:3:1) solution. To begin an experiment, germ-free mice were
transferred from a flexible-film isolator to the biosafety cabinet
using a sterile Tupperware container. The Tupperware container
was sealed and quickly submerged in Clidox solution then placed
into the biosafety cabinet. The lid was immediately cracked to
allow adequate ventilation. Animals were then introduced into
the clean stenile (autoclaved) isopositive cages prepared as
described above using autoclaved forceps. For weekly cage
changes, cages containing germ-free mice were also submerged
under Clidox solution for 30 seconds before being introduced
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into the biosafety cabinet; submersion into the Clidox solution
was possible since these isopositive cages are hermetically scaled.

Mice can be kept germ-free in isopositive cages for an
extended period of time

In order to test the validity of the isopositive caging system for
use in germ-free and gnotobiotic animal studies in our facility,
gcrm—ﬁ'ﬂe mice were h.a.rld.lcd W(-:Ekly fﬂr cage ﬂ.ﬂd water Chﬂ.rlgcs
for 12 weeks following the SOP described above. Pooled fecal
samples from each cage were tested weekly with bacterial acrobic
and anaerobic culture and monthly with 16S rRNA PCR. All
test results were negative for bacterial growth in all samples tested
(Table 1). These data suggest that isopositive cages can be used
to maintain mice germ-free for at least 12 weeks when proper
sterile techniques are used.

Fecal transfer from SPF mice fed a regular rodent chow
results in changes in feces and cecum of germ-free mice

After confirming that our SOPs successfully maintain mice
housed in isopositive cages germ-free for an extended period of
12 wecks, we performed fecal transfer studies to evaluate coloni-
zation and stability of microbiota over time. Mice (two cages of
males and onc cage of females, n = 3/cage) were housed in iso-
positive cages and gavaged with a fecal slurry prepared from SPF
mouse fecal pellets. Personnel wore sterile surgical gowns and a
single pair of sterile gloves and worked in the biosafery cabinet
disinfected with Clidox as described above. Mice were manually
restrained with sterile gloved hands for oral gavage. Prior to fecal
transfer, baseline fecal samples were collected from germ-free
mice and germ-free status was confirmed by 16S rRNA PCR
(Fig. 2A). Fecal samples were collected from each individual
mouse at 1, 2 and 4 weeks post fecal transfer. We noticed signifi-
cant changes in the consistency of fecal pellets of recipient mice
as carly as onc weck after the fecal transfer. Fecal pellets from
mice transferred with microbiota of SPF mice were firm and had
similar consistency to those from SPF mice. By comparison, fresh
fecal pellets from germ-free mice were noticeably soft and thus
difficult to pick up with forceps. Four weeks after fecal transfer,
ceca of the colonized mice were significantly smaller and the con-
tents firmer compared to germ-free mice (Fig. 3A). As previously
noted,” the length of the small intestine was significantly shorter
in fecal transplant recipient mice than in germ-free mice

(Fig. 3B).

Microbiome analysis of serial fecal samples collected from
fecal transplant recipient mice

We probed the bacterial community in the donor fecal slurry
and in feces from transplant recipients by 165 rRNA sequencing
of the V1-V3 regions using 454 and Illumina sequencing plat-
forms. A hear map, constructed from the normalized log read
counts with samples clustered by their relative species abundance
profiles, revealed that the donor sample was well separated from
the recipients (Fig. 4). Two OTUs, OTU_5 (Allobaculum) and
OTU_2 (Lactobacillus), showed substantial increases in relative
abundance in the recipients over the donor, while OTU_1 (Bac-
teroides) showed the opposite trend. Samples from fecal
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Figure 1. Procedure for working aseptically with isopositive cages. To minimize the risk of contamination when performing procedures on germ-free or
colonized mice housed in isopositive cages, personnel donned sterile gowns and gloves, and cages were disinfected with Clidox solution (1:3:1). (A) The
sterile person donning sterile surgical gown and gloves, (B) The sterile person working within the biosafety cabinet following aseptic technique. Only
autoclaved or Clidox disinfected materials are intreduced into the biosafety cabinet and handled by the sterile person. (C) Dunk tank and rubber gloves
used by the assistant to completely submerge isopositive cages in Clidox. (D) Assistant submerging the hermetically sealed isopositive cage into 1:3:1
Clidox prior to placing the cage into a previously disinfected biosafety cabinet.

Table 1. Testing results for bacterial growth using pooled fecal samples from mice housed in isopositive cages

Methods
Thioglycollate medium
Weeks {anaerobic and
in isocage Anaerobic culture plate Aerobic culture plate aerobic culture) 165 rRNA PCR
Cagel Cage2 Cagel Cage2 Cagel Cage2 Cagel Cage2
1 Neg Neg Neg Neg Neg Neg ND ND
2 Neg Neg Neg Neg Neg Neg ND ND
3 Neg Neg Neg Neg Neg Neg ND ND
4 Neg Neg Neg Neg Neg Neg Neg Neg
5 Neg Neg Neg Neg Neg Neg ND ND
6 Neg Neg Neg Neg Neg Neg ND ND
7 Neg Neg Neg Neg Neg Neg ND ND
8 Neg Neg Neg Neg Neg Neg Neg Neg
9 Neg Neg Neg Neg Neg Neg ND ND
10 Neg Neg Neg Neg Neg Neg ND ND
1 Neg Neg Neg Neg Neg Neg ND ND
12 Neg Neg Neg Neg Neg Neg Neg Neg
ND, not done.
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