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Over the last decade, interest in the role of the microbiome in health and disease has increased. The use of germ-free ani-
mals and depletion of the microbial flora using antimicrobials are 2 methods commonly used to study the microbiome in
laboratory mice. Germ-free mice are born, raised, and studied in isolators in the absence of any known microbes; however,
the equipment, supplies, and training required for the use of these mice can be costly and time-consuming. The use of anti-
biotics to decrease the microbial flora does not require special equipment, can be used for any mouse strain, and is relatively
inexpensive; however, mice treated in this manner still retain microbes and they do not live in a germ-free environment.
One commonly used antibiotic cocktail regimen uses ampicillin, neomycin, metronidazole, and vancomycin in the drinking
water for 2 to 4 wk. We found that the palatability of this mixture is low, resulting in weight loss and leading to removal
of mice from the study. The addition of sucralose to the medicated water and making wet food (mash) with the medicated
water improved intake; however, the low palatability still resulted in a high number of mice requiring removal. The current
study evaluated a new combination of antibiotics designed to reduce the gut microbiota while maintaining body weights.
C57BL/6NCrl mice were placed on one of the following drinking water regimens: ampicillin/neomycin/metronidazole/van-
comycin water (1 = 16), enrofloxacin/ampicillin water (n = 12), or standard reverse osmosis deionized water (RODI) (n = 11).
During an 8 day regimen, mice were weighed and water consumption was measured. Feces were collected before and after
8 d of treatment. Quantitative real-time PCR (real-time qPCR) for 16S bacterial ribosome was performed on each sample,
and values were compared among groups. The combination of enrofloxacin and ampicillin improved water intake, together

with a greater reduction in gut flora.
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Interest in the intestinal microbiome and its role in human
health has increased dramatically over the last decade. The mi-
crobiota has been implicated in metabolic, infectious, and in-
flammatory disease, and its role has been investigated not only
in the gut,>®*'%% but also in vasculature,>*** kidney," liver,
lung,®*** and brain.'*”® Animal models have been important
in furthering our understanding of the microbiota. Two ap-
proaches to studying microbiota in mice are the use of germ-free
mice”** and depletion of the flora with oral administration of
antibiotics.!*'”!8 Both approaches have advantages and disad-
vantages. Germ-free mice are bred in isolators and are free of
microorganisms from birth, allowing studies in mice with no
microbes present; mice can then be used to generate gnotobiotic
mice in which only known microbes are present. However, to
remain germ-free, mice must be maintained in isolators under
aseptic housing conditions, which is both costly and labor in-
tensive. In addition, alterations of microbiota in early life may
cause sustained effects on body composition'® and lasting nega-
tive consequences on the host immune system.* A more eco-
nomic approach has been to deplete mouse gut microflora using
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a combination of broad-spectrum antibiotics given either by oral
gavage or in the drinking water. The primary limitation with an-
tibiotic treatment of mice is that not all microbes are eliminated;
which can potentially make reproducibility in certain types
of studies such as those involving microbial transplantation®
very difficult. However, antibiotic-induced gut dysbiosis can
be used on conventionally raised mice without the limitations
imposed by maintaining a sterile living environment. Direct
handling of the mice is possible, allowing behavioral and imag-
ing assessments, which are not be feasible for mice housed in
isolators. Several broad-spectrum antibiotic treatment regimens
in the drinking water have been used for gut microbe deple-
tion.”1620252741 One of the more commonly used combinations
is comprised of 4 antibiotics (ampicillin, neomycin, metroni-
dazole, and vancomycin) added to the drinking water for peri-
ods ranging from 1 to 4 wk 5913192330234 This cocktail is effective
at depleting gut microbes; however, a previous study in our
laboratory found it to be highly unpalatable. Dehydration and
weight loss can occur in mice receiving antibiotics in the drink-
ing water, and the magnitude of the effect can be significant,
depending on the mouse strain.?’*** The weight loss can result
in a substantial number of mice being removed from studies
due to animal welfare concerns as reported in a previous study
in which 5 of 5 mice given ampicillin, neomycin, metronida-
zole, and vancomycin reached eighty percent of baseline body
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weight and were subsequently removed.* A reduction in wa-
ter consumption is also likely to interfere with effective antibi-
otic treatment and may prolong the time necessary to achieve
adequate microbial depletion. Palatability enhancers such as
glucose,*** sucrose,* and flavored water® are sometimes com-
bined with the antibiotics in drinking water. The aim of the cur-
rent study was to determine whether 8 days of treatment with
an alternative mixture comprised of 2 antibiotics (enrofloxacin
and ampicillin) was sufficient to deplete the gut flora as com-
pared with the widely used combination of ampicillin, neomy-
cin, metronidazole, and vancomycin. We hypothesized that the
combination of 2 antibiotics would be at least equivalent to the
combination of 4 antibiotics in reducing the gut flora while caus-
ing less weight loss.

Materials and Methods

Animals and Housing. All animal procedures were reviewed
and approved by National Institute of Environmental Health
Sciences Animal Care and Use Committee. In this study, 6 to
8-wk old female C57BL/6 mice (n = 40) (Charles River Labora-
tories, Raleigh, NC) were identified by ear punch and housed 4
per cage in individually ventilated cages on a double-sided rack
(Techniplast, Exton, PA). Females were used due to availability,
as they were purchased from an investigator who had an excess
number of mice and could readily be cohoused. Prior to use,
each cage was autoclaved with hardwood bedding (Sani-chips,
PJ] Murphy, Montville, NJ), NIH-31 rodent diet (Harlan Labo-
ratories, Madison, WI), Enviro-dri nesting material (Shepherd
Specialty Papers, Watertown, TN) and cotton squares (Ancare,
Bellmore, NY). Autoclaved caging was used throughout the
study, with cages changed on day 0, day 4, and day 7. Cages
were changed on day 4 and day 7 to minimize bacteria in the
environment. Experiments were conducted in an AAALAC,
International accredited facility under constant environmental
conditions (70 to 73 °F, relative humidity 40% to 60%, 12:12 h
light:dark cycle (0700 to 1900 EST). All mice were negative on re-
ceipt from the vendor for rodent murine pathogens that include
EDIM, MHV, MNV, MPV, MVM, MS-1, M. pulmonis, PVM,
Reovirus, Sendai, TMEV, CARbacillus, Ectromelia, E. cuniculi,
Hantavirus, K virus, LCMV, LDEV, Adenovirus 1 and 2, MCMYV,
MTYV, POL, Helicobacter spp, and endo and ectoparasites. Senti-
nel mice remained negative during the experiment.

Antibiotics. Antibiotics were dissolved in autoclaved reverse
osmosed, deionized (RODI) water. All antibiotics used were
pharmaceutical grade except for neomycin, which we could not
find in a USP grade that would readily dissolve in water.

Three cages (n = 12 mice) received drinking water containing
0.575 mg/mL of enrofloxacin (Enroflox, Norbook Laboratories
Limited, Newry, Northern Ireland, UK) and 1 mg/mL ampicil-
lin (Putney, Portland, ME) (2-AB group).

Four cages (1 = 16 mice) received RODI containing 1mg/mL
each of ampicillin (Putney, Portland, ME) neomycin (Millipore,
Burlington, MA), metronidazole (Letco Medical, LLC, Deca-
tur, AL), and 0.5 mg/mL vancomycin (Mylan Pharmaceuticals,
Morgantown, WV) sweetened with the addition of 1:50 Medi-
Drop Sucralose (Clear H,O, Westbrook, ME) (4-AB group). The
4-AB group also received supplemental mash prepared daily
using ground feed and 4-AB water to counter poor palatability
and water consumption.

Three cages (1 = 11 mice) were the control group and received
autoclaved RODI water (RODI group). One mouse in the RODI
water control group died prior to the start of the study (nec-
ropsy did not reveal cause of death); therefore, 2 cages con-
tained 4 mice and one cage contained 3 mice.
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Body weight, water consumption, and feces collection. Body
weights were recorded on days 0, 1, 4, 5, 6, 7 and 8, and water
consumption was measured on days 1, 5, 6, 7 and 8. The volume
of water consumed was determined by taking the weight of the
bottle and subtracting it from the measurement obtained at the
previous measurement. Fresh feces were collected aseptically
from each mouse, flash frozen with liquid nitrogen and stored
at -80 °C on day 0 and day 8. On day 0, mice were manually
restrained, and feces were collected directly from the anus us-
ing forceps. Forceps were soaked in 70% EtOH and allowed to
dry between animals. On day 8, mice were euthanized by CO2
asphyxiation, cervically dislocated, and feces were collected
from the rectum and distal colon to ensure adequate volume
for DNA extraction and quantification. Sterile 2 mL screw cap
microtubes (Sarstedt, Niimbrecht, Germany) were used for flash
freezing and storage.

Macroscopic assessment of cecum. A photograph of the gas-
trointestinal tract was taken of one animal from each of the 3
groups after euthanasia and before feces collection on day 8 to
record gross changes after antibiotic treatment.

DNA Extraction and real-time qPCR. DNA extraction and
quantitative, real-time PCR (real-time qPCR) targeting the hy-
pervariable region 3 of the 16S ribosomal RNA (HV3-16S) gene
was done on collected feces. Total genomic DNA was extracted
from feces using the Qiagen QIAmp PowerFecal DNA Kit
(Hilden, Germany). DNA quantity was determined fluorometri-
cally using the DeNovix — dsDNA Broad Range — Fluorescence
Quantification Assay and the DeNovix DS-11+ Fluorometer
(Wilmington, DE). DNA samples were diluted to a final con-
centration of 1 ng/pL using UltraPure DNase/RNase-Free
Distilled Water (Invitrogen, Thermo Fisher Scientific, Waltham,
MA). Real-time qPCR was performed on each sample in trip-
licate using 8 puL (8 ng of total DNA template) in combination
with SsoAdvanced Universal Inhibitor-Tolerant SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA) in accordance
with the manufacture’s recommended guidelines. The forward
HV3-16S primer 5CCAGACTCCTACGGGAGGCAG-3" and
the reverse HV3-16S primer 5-CGTATTACCGCGGCTGCTG-3’
(10uM) were added to the supermix. Real-time qPCR was car-
ried out using a Bio-Rad CFX96 thermal cycler (Bio-Rad, Her-
cules, CA). Reaction mixtures (20 uL total volume) were held
at 98 °C for 3 min, followed by 40 cycles at 98 °C for 15 s and
60 °C for 30 s followed by a melting curve to verify nonspe-
cific amplification. Plasmids verified to carry a HV3-16S insert
for standard curve generation were constructed using a TOPO
TA Cloning Kit (Invitrogen, Thermo Fisher Scientific, Waltham,
MA) and gene inserts were obtained using genomic DNA from
E. coli strain ATCC 10536.

Mice/ Samples Removed from Study. One mouse from the
2-AB group and 3 mice from the 4-AB group exceeded the
weight loss limit of 20% of starting weight and were removed
from the study, therefore, fecal data for these 4 mice was not
included in the analysis. The mouse from the 2-AB group was
removed from study on day 5 and the 3 mice from the 4-AB
group were removed on day 7. DNA extraction was unsuccess-
ful for two 2-AB samples and one 4-AB sample on day 0, so
these samples were excluded from the analysis.

Statistics. Statistical analyses were performed with Prism ver-
sion 8.2.1 (GraphPad, La Jolla, CA). A 2-way repeated-measures
analysis of variance (ANOVA) was used to compare differences
in water consumption, and a mixed-effects model was used to
compare differences in body weights with group and day as the
main factors. Post hoc comparisons using Tukey test were done
to compare water consumption and body weights between



the groups. The number of copies of bacteria present in the fe-
ces were log-transformed before statistical analysis due to the
skewed distribution. An ordinary one-way ANOVA was used to
compare differences in the log-transformed numbers; post hoc
comparisons using Tukey test were done to compare differences
between and among the groups before and after antibiotic treat-
ment. Differences were considered significant at the 0.05 level
(P <0.05). Results are expressed as mean + SE.

Results

Water Consumption. Water consumption was monitored
throughout the study. Water consumption was used as an indirect
measure of the palatability of the water. Mice were group housed;
therefore, water consumption was monitored from the whole cage
rather than for individual mice. A significant difference in water
consumption (F ,., = 93.96; P < 0.0001) was detected among the
groups (Figure 1). The 4-AB group consumed significantly less wa-
ter than the RODI group at each timepoint (P < 0.05) and less water
than the 2-AB group on days 5 to 8 (P < 0.05). The 2-AB group con-
sumed less water than the RODI group on day 1 (P < 0.05) but this
decrease was not observed on subsequent days. These data show
that water consumption is higher in the 2-AB group than the 4-AB
group, suggestive of differences in palatability.

Body Weight. The percent weight loss was monitored to com-
pare the effects of the 4-AB and 2-AB antibiotic water combina-
tions on changes in body weight. On day 0, mice in the RODI
group had a mean body weight of 17.8 g, mice in the 4 AB group
weighed 18.4 g, and the 2 AB group weighed 17.9 g. On day 8,
mice in these groups had mean weights of 18.7 g, 17.1 g, and
19.1 g, respectively. A significant difference in body weight (F
030 = 47.09; P < 0.0001) was detected among the groups (Figure
2). The 4-AB group lost significantly more weight than did the
RODI group on day 1 (P < 0.0001) and on days 4 to 8 (P < 0.05).
The 4-AB also lost significantly more body weight than the 2-AB
group on day 1 (P < 0.01) and days 4 to 8 (P < 0.05). The 2-AB
group lost significantly more weight than did the RODI group
onday 1 (P <0.0001). No differences were detected between the
RODI and 2-AB groups on days 4 to 8. Weight loss associated
with the 4-AB water was not observed with the 2-AB water after
day 1.

Real-time qPCR for Microbial Flora. Real-time gPCR was con-
ducted using feces collected on day 0 and day 8 to compare the
efficacy of the 2 AB and 4 AB antibiotic combinations in reduc-
ing the microbial flora in the gut. Due to the skewed distribu-
tion, the copy numbers per mg of feces were log-transformed
before comparison. A significant difference (F .. = 34.08; P <
0.0001) was detected in the number of bacteria in the feces be-
tween and among groups (Figure 3). Mice in the 2-AB group
(P <0.0001) and 4-AB group (P < 0.0001) both had significant
reductions in bacteria as compared with the RODI group on day
8. A significant reduction in bacteria was also found in the 2-AB
group on day 8 compared with day 0 and in the 4-AB group on
day 8 as compared with day 0 (both P < 0.0001). The 2-AB group
had significantly fewer bacteria than the 4-AB group on day 8
(P < 0.01). No changes were detected in microbial flora in the
RODI group on day 8 compared with day 0, and no differences
observed in bacterial load among the 3 groups on day 0.

Macroscopic assessment of cecum. Cecum enlargement
was observed at necropsy on day 8 in both the 2-AB and 4-AB
groups as compared with the RODI group (Figure 4).
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Figure 1. Water consumption in a cage housing 4 mice day 1 and days
5-8. Mice were placed on antibiotic water on day 0. Mice given the 4
AB cocktail consumed significantly less water than mice given either
the 2 AB cocktail or RODI water (P < 0.0001). A significant decrease
in water consumption was observed in mice given the 2 AB cocktail
compared with mice given RODI water on day 1. No difference was
observed between these 2 groups on days 5-8. Mice given the 4AB
cocktail consumed significantly less water than mice given the RODI
water on day 1 and days 5-8. The 4AB group also consumed less water
than the 2 AB group on days 5-8. *P < 0.05, comparison between RODI
water control group and 4 AB group. ¥P < 0.05, comparison between
RODI water control group and 2 AB group. #P < 0.05, comparison be-
tween 2 AB group and 4 AB group. Data represents mean + SEM.

Discussion

As the role of the microbiome and its effects on human health
and disease continue to be investigated, studies in animals will
likely increase in the coming years. Germ-free mouse models
are generally considered to be the gold standard in human gut
microbiota research, but due to the significant limitations of this
approach, including the expense associated with housing and
contamination monitoring? alternate models including oral
administration of antibiotics are often used. Two commonly
used oral administration routes are delivering the antibiotics
via gavage and adding them to the drinking water. Gavage al-
lows for a higher, more precise dose of antibiotics than admin-
istration through the drinking water; however, this approach is
more labor intensive and the process, especially when repeated,
can be stressful for the mice.> One investigation showed that
antibiotic administration via oral gavage effectively depleted
intestinal microbiota, producing a similar phenotype to that
found in germ-free mice but required twice daily dosing for a
17 d period.® The germ free-like phenotype was not observed
in mice placed on antibiotic water.*® However, discrepancies in
research findings have been identified when using germ-free
and antibiotic models.*> Administration of antibiotics through
the drinking water does not produce as robust a response in gut
flora depletion as does delivery via gavage, nor will it neces-
sarily produce the same phenotypes seen in germ-free mice.
However, it has nonetheless been an acceptable complimen-
tary model to germ-free mice* and is the most common way
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Figure 2. Percent weight change on day 1 and days 4-8 compared with
starting weight (day 0). Mice were placed on antibiotic water on day 0.
Mice given the 4 AB cocktail lost significantly more weight than mice
given either the 2 AB cocktail or the RODI water (P < 0.0001). Mice
given the 4AB cocktail lost significantly more weight than mice given
RODI water and the 2 AB cocktail on day 1 and days 4-8. Mice given
the 2 AB cocktail lost a significant amount of weight compared with
mice given RODI water on day 1. *P < 0.05, comparison between RODI
water control group and 4 AB group. #P < 0.05, comparison between 2
AB group and 4 AB group. ¥P < 0.05, comparison between RODI water
control group and 2 AB group. Data represents mean + SEM.

of administering gut flora depleting cocktails in mice at our
institute.

Ampicillin, neomycin, metronidazole, and vancomycin are
frequently used as a broad-spectrum oral antibiotic treatment
and are bactericidal against gram positive (ampicillin and van-
comycin), gram negative (ampicillin and neomycin), and anaer-
obic bacteria (ampicillin and metronidazole). A 4 wk regiment of
oral antibiotics is necessary for our investigators to get adequate
depletion of the microflora. In our experience, mice can exhibit
severe weight loss under these circumstances. The weight loss
observed in mice placed on drinking water containing these 4
antibiotics raises welfare concerns that reduced water and food
intake necessitates placing enough mice on study to offset those
removed due to weight loss limits.

The aim of the current study was to compare the commonly
used 4-AB cocktail in the drinking water to a 2-AB cocktail in
the drinking water in terms of depleting the number of microbes
and determining how many days would be required to reduce
the number of microbes to a level acceptable to our investiga-
tors. For this study we included an extra cage of mice (n = 4) to
the 4-AB group because we anticipated having to remove mice
due to weight loss and wanted to ensure that we had at least
12 mice for day 8 feces collection. We also wanted to identify
a combination of antibiotics that was more readily consumed
by mice. Water consumption has been used as an indicator of
palatability.'*!® Preliminary work in our laboratory found that
enrofloxacin and ampicillin were well tolerated in the drink-
ing water. The combination of enrofloxacin and ampicillin is
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effective against gram negative and gram-positive species and
some anaerobes. We compared the efficacy of this 2-antibiotic
combination to the ampicillin, neomycin, metronidazole, and
vancomyecin cocktail with regard to decreasing the number of
gut microbiota.

In this study we found a significant reduction in water con-
sumption in mice given the 4-AB cocktail compared with the
control group at all time points. The 2-AB group consumed less
water than did the control group during the first 24 h. This may
have been due to neophobia, as the water consumption was not
different from the control group at all other time points. The
4-AB group consumed less water than the 2-AB group on days
5 to 8. As water consumption was used as an indirect measure
of palatability;* these results suggest the 4-AB cocktail was less
palatable than the 2-AB cocktail. The reduced water consump-
tion by the 4-AB group coincided with a reduction in body
weight. The 4-AB group lost a significant amount of weight
compared with the RODI group on all days and the 2-AB group
on day 1 and days 4 to 8. This weight loss occurred despite ac-
cess to supplemental mash that was not provided to the other
2 groups. The observed weight loss was likely a result of di-
minished food consumption and dehydration associated with
reduced water intake. Our data show that improving the pal-
atability of the water will not only reduce the need to remove
mice from study due to weight loss but also improves overall
animal welfare.

Cecum enlargement has been previously reported in mice
treated with antibiotics."”** We saw similar changes in the cecum
in both antibiotic groups as compared with the RODI group.
Cecal distention has also been reported in germ-free rats.* Pro-
longed gastric emptying has been reported in germ-free mice
as compared with conventionally raised mice' which likely ac-
counts for the gross observations. The mechanisms affecting in-
testinal motility are speculated to include the release of bacterial
substances or end products of bacterial fermentation, intestinal
neuroendocrine factors, and mediators released by the gut im-
mune system.*

Real-time qPCR analysis of feces showed a significant re-
duction in gut microbiota in both the 2-AB and 4-AB groups
as compared with the RODI group after 8 d of treatment with
antibiotics in the drinking water. This depletion was more ro-
bust in the 2-AB group than in the 4-AB group, suggesting that
the 2-AB cocktail is more efficient at depleting gut microbiota
than is the widely used 4-AB cocktail. Significant reductions
were also found in the 2-AB and 4-AB groups on day 8 as com-
pared with day 0. A longer course of treatment using the 4-AB
cocktail would likely be necessary to achieve reductions simi-
lar to those seen in the 2-AB group. Most of the protocols we
reviewed using the 4-AB cocktail in the drinking water ranged
from 2 to 4 wk.?1319%323 Based on our findings, we would not
recommend using the 4-AB cocktail for 8 d. Although signifi-
cant reductions in bacteria were achieved in the 4-AB group
on day 8 as compared with day 0, levels may not have been
sufficiently depleted for certain microbiome studies, depend-
ing on the hypothesis being tested. We achieved a significantly
greater reduction using the 2-AB cocktail within the 8 day
timeframe due to greater antibiotic consumption ass compared
with the 4-AB group. However, further reduction of the micro-
biome might be achieved in the 4-AB. In our experience, mice
are removed from study due to extreme weight loss (greater
than 20%), resulting in poor animal welfare and requiring the
use of more mice. A more extended treatment with 2-AB cock-
tail could further reduce the microflora and may be examined
in the future. Finding a shorter treatment period to allow our
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Figure 3. Number log copies of HV3-16S ribosomal RNA gene per 1mg feces in mice before and after 8 d of antibiotic water treatment. Feces
were collected on the day antibiotic treatment began (day 0) (RODI n = 11;4 AB n = 12; 2 AB nn = 9) and after 8 d of antibiotic treatment (day 8)
(RODI n =11; 4 AB n = 13; 2 AB n = 11). Microbial numbers were significantly lower in the 4 AB group (P < 0.0001) and 2 AB group (P < 0.0001)
compared with the RODI group on day 8. A significant reduction in microbial numbers was also found within the 2 AB and 4 AB groups on day
8 compared with Day 0 (P < 0.0001). On day 8, the 2 AB group had significantly fewer bacteria in their feces than the 4 AB group (P = 0.0033).
No differences were observed within the RODI group between day 0 and day 8 and no differences between any groups on day 0. *P < 0.05; Data

represents mean + SEM.

Figure 4. Gross examination of the cecum in the RODI water control group (A), 2 AB group (B), and 4 AB group (C). Enlargement was observed
in both (2 AB and 4 AB) antibiotic treated groups compared with the control group following 8 d of treatment through the drinking water.

investigators to shorten their experimental timeline was one
aim of this study. In addition, a shorter treatment regimen may
be preferential because prolonged antibiotic administration is
a significant risk factor for the emergence and colonization of
antibiotic-resistant bacteria."

We did not examine specific phyla of bacteria that were re-
duced. 16S does not identify the bacterial species, nor does it
differentiate between live and dead bacteria. The species ratio
(anaerobes: aerobes) of remaining microflora may be altered
between the 2 treatment groups, as metronidazole is included
in the 4-AB cocktail to target anaerobic bacteria.

This study has shown that a 2-antibiotic combination (enro-
floxacin and ampicillin) can be used to reduce the number of
microbial flora more effectively than does the commonly used
4-antibiotic cocktail (ampicillin, neomycin, metronidazole, and
vancomycin) when administered in the drinking water for
8 d. In addition, we have shown that this 2-antibiotic cocktail
is more readily consumed by mice with minimal changes in
body weight and fluid consumption. With improved palatabil-
ity, mice more readily drank the water, increasing their daily

dose and decreasing the time required to achieve sufficient mi-
crobiota depletion. This 2-AB regimen is recommended over the
4-AB regimen for laboratories using antibiotics to reduce the gut
flora, as the 2-AB regimen quickly reduces the microbial flora
with minimal animal welfare issues.
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