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Tetracycline (tet)-dependent regulatory systems have been 
commonly used in genetically modified mice since the mid1990s 
to study the function of genes that could not be studied by gene 
inactivation or transgene expression.18 These systems have 
been extensively reviewed.24,39,40 Doxycycline is preferable to 
tetracycline as an inducer in these systems due to doxycycline’s 
high potency, superior tissue penetration, and its widespread 
availability.23,3 It is commonly administered in feed or drinking 
water.39 Despite the widespread use of doxycycline-inducible 
constructs, no evidence-based dose of doxycycline for most 
of the conditional mutant mouse models currently used nor 
standards for its storage and use have been published.

Some sources report that the most commonly used doxycy-
cline concentration in feed is 200 ppm, on a dry-matter basis.39,40 
However, based on our experience and the concentrations ref-
erenced in the literature, 625 ppm is used at least as frequently, 
if not more often.31,37,41 High doses are administered to ensure 
maximal induction. Although high doses may be justified for 
distribution into tissues with poor penetration (for example, 
brain)26,31, doxycycline can readily penetrate and reach adequate 
concentrations in most tissues.1,38,47 For example, doxycycline 
began to inhibit cell proliferation and colony formation in in 2 
mammalian cell lines at 0.2 and 20 µg/mL.17

Doxycycline has biologic effects that extend beyond its 
antimicrobial activity.15,33,46 It is plausible that some of the con-
centrations of doxycycline commonly used, combined with its 
duration of administration, may have unanticipated biologic 
effects in vivo. Given at a dose of approximately 15 mg/kg daily 
for 21 d, doxycycline may inhibit tumor cell proliferation,15 and 
doses as low as 50 mg/kg daily (a lower dose than that achieved 
by using 625 ppm in feed or 2 mg/mL in drinking water) can 
reduce the size of abdominal aneurysms in mice.33 These find-
ings were attributed to doxycycline’s ability to inhibit matrix 
metalloproteinases.46

The dose–response curves published for a few specific tet-
racycline transactivator (tTA, ‘tet-off’) mutants indicated the 
minimal effective dose for those constructs was considerably 
lower (20 to 25 µg/mL in drinking water) than those currently 
used.10,22 To test the hypothesis that doxycycline doses lower 
than the high doses currently used (2 mg/mL in drinking water) 
can effectively trigger tet-inducible systems, we used 2 different 
conditional mouse mutants, each having a different promoter 
and transactivator (R26-rtTA /TG-Ren.713 and R26-CAGS-
rtTA3/TG-Ren.713), to determine the minimal doxycycline dose 
needed for gene activation. Both mutant lines incorporated a 
reverse tetracycline transactivator (rtTA, ‘tet-on’) system, which 
are more common than are tet-on systems and are far less sensi-
tive to doxycycline induction.3,10,14,17,22,40

In addition to differences in the dose administered, the man-
ner in which doxycycline is handled with regard to storage and 
replacement varies greatly. Although various sources suggest 
replacing doxycycline-containing water every 3 d,10,19,22 several 
researchers have reported changing the water every 48 h,8 and 
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and used in accordance with the recommendations provided 
in the Guide.21

Blood collection. Blood was collected at the same time each 
day. All blood samples were collected from mice in restrainers 
by venipuncture of the lateral tail vein after warming under a 
heat lamp for 2 to 5 min. A maximum volume of 100 μL of blood 
was collected into a conical tube containing EDTA (Microvette 
100, Kent Scientific, Torrington, CT).

Doxycycline-containing feed and water. Commercially avail-
able, γ-irradiated rodent feed containing doxycycline, purchased 
from 2 manufacturers (Harlan Teklad, Indianapolis, IN, and 
PMI), was received within 30 d of milling. Feed containing 
625 ppm doxycycline (catalog no. TD.01306, TestDiet 5053 
containing 625 ppm doxycycline, PMI) were used to evaluate 
doxycycline stability after milling, irradiation, shipping, and 
storage. Feed containing 625 ppm (TD.01306) and 200 ppm 
(TD.00502, Harlan Teklad) doxycycline were each used to evalu-
ate gene expression and plasma concentration in 2 genetically 
engineered inducible mouse strains.

For assessing the stability of doxycycline in water, we pre-
pared 500-mL solutions containing 2 mg/mL doxycycline 
(D9891, Sigma Aldrich, St Louis, MO) and 5% sucrose (S9378, 
Sigma Aldrich) by using either RO water (pH 6.0) or HCl-acid-
ified RO water (pH 2.7), placed 450 mL in either green-tinted or 
untinted, 473-mL, polysulfone bottles (Thoren Caging Systems), 
and analyzed as described. For studies evaluating effective 
doses, varying concentrations of doxycycline and sucrose were 
added to acidified RO water to achieve doxycycline:sucrose 
concentrations of 2 mg/mL:5%, 467 µg/mL:2%, 150 µg/mL:1%, 
and 25 µg/mL:0.23%.

Determination of doxycycline concentration. Feed. Pellets 
were ground individually in a coffee grinder (Fresh Grind, 
Hamilton Beach, Southern Pines, NC). Approximately 25 mg of 
ground pellet was placed in a 15-mL tube; 0.5 mL of a mixture 
of 75% water + 25% acetonitrile + 0.1% formic acid was added, 
and the mixture was vortexed for 5 min and then sonicated for 
an additional 40 min. The tube was centrifuged for 5 min at 180 
x g the supernatant was transferred into a new 15-mL tube, and 
a portion was filtered (0.45 µm; Sun SRI, Rockwood, TN) into 
another tube. A 50-µL aliquot was transferred into the well of a 
96-well plate for analysis by HPLC–tandem mass spectrometry 
(LC-MS/MS).

Plasma. Plasma (50 µL) was added to a 1.5-mL microcentri-
fuge tube (Eppendorf Safe-Lock, USA Scientific, Ocala, FL), 
followed by 250 µL of acetonitrile. The sample was vortexed for 
approximately 45 s, centrifuged for 5 min at 19,445 x g, and the 
supernatant transferred into another microcentrifuge tube. The 
sample was evaporated on a centrifugal evaporator (GeneVac, 
Stone Ridge, NJ), and the residue was dissolved in 100 µL of 
solvent (75% H2O + 25% acetonitrile + 0.1% formic acid). The 
solution was vortexed for approximately 15 s and centrifuged 
for 5 min at 19,445 x g; 50 µL of the supernatant was transferred 
into the well of a 96-well plate for analysis by LC-MS/MS.

Water. Each water sample (50 µL) was added to 950 µL of 
a mixture of 75% water + 25% acetonitrile + 0.1% formic acid 
(diluent) in a microfuge tube and vortexed for 10 s; 20 µL of 
this mixture was added to 980 µL of diluent and vortexed for 
10 seconds; 50 µL of the final mixture was transferred into the 
well of a 96-well plate for analysis by LC-MS/MS.

Doxycycline analysis. The concentrations of doxycycline in 
feed, water, and plasma were determined by using LC-MS/MS 
(model 6410 LC-MS/MS system, Agilent Technologies, Santa 
Clara, CA). Analysis was based on doxycycline (rather than its 
hyclate salt; 1 mg of doxycycline is equivalent to 1.154 mg of 

others replace water weekly.29 By extension, it is often recom-
mended to replace doxycycline-medicated feed at least weekly.8 
Researchers often use this requirement to justify keeping water 
and feed hopper levels low to minimize waste, necessitating in-
creased vigilance by animal care and investigative staff to ensure 
that animals always have access to sufficient food and water. 
Evidence-based recommendations are needed to minimize the 
amounts of food and water wasted during these experiments.

Tetracyclines absorb UVA light and are universally considered 
light-sensitive and unstable in water.11,46 These characteris-
tics result in the need to place doxycycline solutions in light 
protected (tinted bottles) and to replace the water every few 
days.3,39 One study found that doxycycline remained stable in 
37 °C water in tinted bottles for as long as 1 wk.20 Acidification 
of water has been reported to greatly improve doxycycline’s 
stability.27 In light of these findings, we sought to examine 
the stability of doxycycline in reverse-osmosis–purified (RO) 
water that is acidified or nonacidified at room temperature (23 
°C; the temperature at which water is commonly dispensed to 
mice) over a 14-d period. We selected this time frame in light 
of the recent trend toward replacing water bottles every 2 wk 
at several institutions, including ours.

Doxycycline has been shown to be widely distributed in tis-
sues after oral administration in various species,1,2,38 and there 
are some data regarding plasma concentrations of doxycycline 
after administration to mice in water,27 but there are no reported 
studies on plasma concentrations when the drug is provided 
to mice in feed. Because the concentrations of doxycycline in 
commercially available feed were not developed to achieve the 
doses commonly administered in water, whether the 2 methods 
of administration are comparable is unknown. Mice, in general, 
consume an average of 4.5 g of feed and 6 mL of water daily.4 
Using this information, we attempted to provide doxycycline 
in water in a way that yielded the same dose as 200- and 625-
ppm doses in feed and subsequently measured the plasma 
concentration of doxycycline achieved in mice.

Materials and Methods
Animals. R26-rtTA2/TG-Ren.713 (Rosa) and R26-CAGs-

rtTA3/TG-Ren.713 (Cags) homozygous breeding pairs were 
generously donated (Lowe lab, Memorial Sloan Kettering 
Cancer Center). Offspring from each strain were backcrossed to 
C57BL/6J mice (Jackson Laboratories, Bar Harbor, ME) to gen-
erate heterozygotes for the experiments described. Genotypes 
were confirmed by PCR analysis.13 Mice were free of mouse 
hepatitis virus, mouse rotavirus, lymphocytic choriomeningi-
tis virus, ectromelia virus, mouse parvovirus, minute virus of 
mice, pneumonia virus of mice, reovirus type 3, Sendai virus, 
Theiler mouse encephalomyelitis virus, mouse adenovirus, K 
virus, polyoma virus, mouse cytomegalovirus, mouse thymic 
virus, Haantan virus, lactic dehydrogenase elevating virus, 
cilia-associated respiratory bacillus, Mycoplasma pulmonis, 
ectoparasites, and endoparasites. All mice were housed in 
polysulfone IVC (Thoren Caging Systems, Hazelton, PA) on 
autoclaved hardwood chip bedding (Sani-Chips, PJ Murphy 
Forest Products, Montville, NJ); γ-irradiated feed (LabDiet 5053, 
PMI, St Louis, MO) and RO water acidified with HCl to a pH 
of 2.5 to 2.8 were provided without restriction when mice were 
not on study. Mice were weighed at 8 to 10 wk of age (that is, 
when they were placed on study), on the day that doxycycline 
administration began, and at 6 and 13 d afterward.

Animal use was approved by the IACUC of Memorial Sloan 
Kettering Cancer Center, where the animal care and use pro-
gram is AAALAC-accredited, and all animals are maintained 

jaalas15000076.indd   468 6/30/2016   10:36:42 AM



469

Doxycycline stability and effective doses

containers that fit within the food hopper (Figure 1) but were 
not accessible to the mice. Cages contained 4 or 5 mice of both 
strains and sexes that were 7 to 10 wk of age at the beginning of 
the study. To demonstrate that the doxycycline was biologically 
active at the last time point, feed collected for the last intracage 
doxycycline concentration (6 mo after milling date and stored 
inside a cage with animals for 5 mo) analysis was fed to 10 (5 
male and 5 female) naïve Rosa mice. Blood was collected just 
prior to the provision of doxycycline diet and again after receiv-
ing the doxycycline diet for 13 d. Samples were analyzed for 
GFP expression by flow cytometry as described. Once collected, 
all feed samples were stored at –80 °C until analyzed. During 
the production phases, feed samples were collected by each 
manufacturer and shipped immediately. The samples were then 
stored at –80 °C upon receipt.

Doses of doxycycline. The effective doses of doxycycline 
in both feed and water were determined by measuring GFP 
expression by flow cytometry. To determine efficiency of feed 
compared with water as vehicles, doses in water that were 
comparable to those commercially available in feed (200 and 
625 ppm) were calculated based on published consumption 
averages for 10-wk-old C57BL/6J mice (4.5 g feed and 6 mL 
water per mouse daily);3 the calculated comparable low dose in 
water was 150 µg/mL, and the high dose was 467 µg/mL. Two 
additional doses in water were chosen to assess doses above and 
below those readily available in feed: the ultralow dose (25 µg/
mL) was chosen based on doses published for tTA systems,10,40 
and the ultrahigh dose (2 mg/mL) is the dose cited most often 
in the literature.39,40

Doxycycline dose required to stimulate GFP expression. Ten 
mice (5 male and 5 female) from each of 2 conditionally mutant 
strains were placed into 1 of 6 doxycycline treatment groups: 
25, 150, or 467 µg/mL or 2 mg/mL in water or 200 or 625 ppm 
in feed. When mice were 8 to 10 wk of age, a baseline blood 
sample was analyzed by flow cytometry for GFP expression 
(day –6). Doxycycline was administered in either food or water 
beginning on day 0 and ending on day 13. Blood for immedi-
ate analysis was collected on days 2, 6, and 13. Feed and water 
were replaced every 7 d.

Plasma concentration of doxycycline. To determine the plasma 
concentrations achieved with various doses of doxycycline, 
groups of 10 mice (equal representation of Rosa and Cags) were 
assigned to receive 25, 150, or 467 µg/mL or 2 mg/mL in water 
or 200 or 625 ppm in feed. Blood was sampled as described for 
GFP expression analysis and then immediately centrifuged to 
separate plasma. Plasma samples were stored at –80 °C until 
analysis. Feed and water were replaced every 7 d.

Statistical analysis. Analysis was performed by using compu-
tational software (SAS version 9, SAS Institute, Cary, NC). All 
analyzed variables (6 mo time point under all storage condi-
tions compared with baseline, day 7, and final water samples 
in untinted compared with tinted bottles for each water type; 
plasma concentrations achieved in different dosage groups; and 
MFI for each dosage group compared with negative controls 
and baseline values) were continuous, and differences between 
groups were evaluated by using the Wilcoxon rank sum test or 
Kruskall–Wallis test. P values less than or equal to 0.05 were 
considered significant.

Results
Animal weights. All animals gained weight during the 2 wk 

on study, with male mice weighing approximately 5 g more 
than female mice by the end of the study (data not shown). Mice 
that received 2 mg/mL doxycycline gained the least amount 

doxycycline hyclate). Analysis was performed in the multiple-
reaction monitoring mode using positive-ion electrospray 
ionization. The HPLC separation was conducted on a 4.6 mm 
× 50 mm, 5 µm column (Zorbax Eclipse XDB-C18 column, Agi-
lent Technologies), and the analyte was eluted under isocratic 
conditions (75% H2O+0.1% HCOOH:25% CH3CN) for 5 min at 
a flow rate of 0.5 mL/min. Doxycycline hyclate standards were 
used to generate a standard curve with a detection limit of 50 
pg/mL for all types of samples collected.

Flow cytometry. GFP expression in peripheral blood T cells 
was determined using flow cytometry. Fresh whole-blood 
samples were depleted of RBC by incubating with 1 mL of 
ammonium–chloride–potassium (ACK) lysis buffer (Lonza, 
Walkersville, MD) at room temperature for 5 min. Samples were 
then centrifuged for 4 min at 667 x g and the supernatant dis-
carded. Another 1 mL of lysis buffer was added and the sample 
immediately centrifuged for 4 min at 667 x g . The supernatant 
was again discarded. The remaining cells were resuspended in 
150 μL PBS containing 1% BSA (PBS-BSA) and 0.3 μL Fc block 
(BioLegend, San Diego, CA). Cell suspensions were plated in 
50-μL aliquots, with a replicate aliquot plated and used as an 
unstained control. Samples were stained by using 50 μL of a 
freshly prepared mix of antimouse CD45 and Thy1 antibodies 
(1:200 each; BioLegend) in PBS-BSA, yielding a final antibody 
concentration of 1:400 per test well. Samples were incubated 
on ice for 60 to 90 min in the dark, 100 μL PBS-BSA was then 
added to each well, and the plate centrifuged for 4 min at 166 
x g at 4 °C. The supernatant was discarded, and 2 more wash 
cycles of 180 μL PBS-BSA and centrifugation were performed. 
Cells were suspended in 180 μL of PBS-BSA and analyzed by 
flow cytometry (Guava Easycyte 8HT, EMD Millipore, Billerica, 
MA). Data were analyzed by using FlowJo software (Tree Star, 
Ashland, OR). GFP-negative mouse samples were used to set the 
negative control gate; positive cells had a fluorescence intensity 
greater than the 99th percentile of the negative control cells. The 
mean fluorescence intensity (MFI) was used to compare groups.

Experimental plan. Stability of doxycycline in water. To evalu-
ate the extent to which room lighting conditions (750 ± 110 lx 
during lights on; 12:12-h light:dark cycle) affect doxycycline 
in water bottles within mouse cages, samples were collected 
from green-tinted polysulfone bottles and standard, untinted 
polysulfone bottles (Thoren Caging Systems). On day 0, doxy-
cycline-containing water was prepared by using either RO or 
acidified RO water, as described. Each solution was divided 
among 3 tinted and 3 untinted bottles. A 1-mL sample was taken 
from each bottle before its placement into a cage. Thereafter, a 
1-mL water sample was collected from each bottle 7 and 14 d 
after placement or earlier (if the water became unfit for con-
sumption; for example, presence of mold or precipitates). Water 
samples were stored at –80 °C until analyzed.

Stability of doxycycline in feed during milling and after stor-
age. The doxycycline concentrations in 2 commercially available 
(vendor A: Harlan Teklad, Madison, WI; vendor B: Purina Mills 
International, Richmond, IN) high-dose doxycycline diets (625 
ppm; 5 pellets or equivalent volume per sample) collected dur-
ing 5 stages of production (meal, wet pellet, dried pellet, and 
before and after γ-irradiation) and monthly until 6 mo after 
milling were analyzed by LC-MS/MS. Postirradiation samples 
were collected on receipt of the diet (approximately 1 mo after 
milling), at which time each batch of feed was divided and 
stored at 4 °C (refrigerated), 22 °C (room temperature), or within 
animal cages. The first monthly storage samples were evaluated 
beginning 2 mo after milling. For intracage storage, feed was 
placed into mouse cages within small, ventilated aluminum 
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other doses induced a much greater difference (P ≤ 0.008) in the 
level of expression.

In the Cags line, MFI did not differ between mice given 625 
ppm and 467 μg/mL doxycycline but did differ (P = 0.03) be-
tween the 200-ppm and 150-μg/mL groups. The opposite was 
observed for the Rosa line: MFI differed (P = 0.03) between mice 
given feed containing 625 ppm compared with water contain-
ing 467 μg/mL.

Plasma concentrations. For all groups except the 467-µg/
mL and 2-mg/mL groups, plasma concentrations increased 
rapidly after the initiation of doxycycline treatment (day 0) and 
then plateaued between days 2 and 6 (Figure 4). The plasma 
doxycycline concentration in the 467-µg/mL group dropped 
(albeit nonsignificantly) between days 2 and 6 and in the 2-mg/
mL group between days 6 and 13. On day 13, the mean plasma 
doxycycline concentrations were: 64.3 ± 22 ng/mL with 25 μg/
mL in water, 235.1 ± 70.1 ng/mL with 200 ppm in feed, 311.1 ± 
63.4 ng/mL with 150 μg/mL in water, 810.7 ± 204.3 ng/mL with 
625 ppm in feed, 937.3 ± 347.4 ng/mL with 467 μg/mL in water, 
and 1591.5 ± 411.4 ng/mL with 2 mg/mL in water.

When the plasma concentrations achieved with each feed 
dose were compared with their expected comparable doses in 
water, there was no significant difference between the high-dose 

of weight by the end of the experiment (mean ± 1 SD, 0.9 ± 0.7 
g), and those in the 150-μg/mL group gained the most weight 
(1.5 ± 0.7 g).

Stability of doxycycline in water. The doxycycline con-
centrations measured in water are summarized in Table 1. 
Concentrations in untinted bottles with acidified and nonacidi-
fied water at day 7 were the same as those measured on day 0 
and then declined to 94% and 88%, respectively, of the initial 
concentration by day 14. Tinted bottles with acidified and 
nonacidified water had average day-14 doxycycline concentra-
tions that were 98% and 95%, respectively, of that measured 
on day 0; these declined further to 85% and 84%, respectively, 
on the last day of collection. Due to fungal contamination, 
tinted bottles with nonacidified water were evaluated on day 
12 rather than 14. This same contamination was seen, although 
to a much lesser extent, in tinted bottles containing acidified 
water and in untinted bottles with nonacidified water. No 
contamination was grossly visible in the untinted bottles with 
acidified water. Percentage change in doxycycline concen-
tration on day 7 did not differ between tinted and untinted 
bottles; day 14 values were not compared, due to fungal growth. 
Comparing the day 0 doxycycline concentrations with the 
final concentrations in each group revealed that doxycycline 
concentrations only remained stable for 14 d when in acidified 
water in untinted bottles.

Stability of doxycycline in feed. Pellet drying had the greatest 
effect on the doxycycline concentration. Measured concentra-
tions in meal averaged 562 ± 130 ppm in feed A and 535 ± 110 
ppm in feed B, and dropped to 463 ± 27 ppm and 412 ± 75 ppm, 
respectively, after drying (Figure 2). Doxycycline concentration 
did not differ between any of the 3 storage conditions for feed 
produced by either vendor at any of the time points or between 
the 6- and 1-mo samples of feed A. When comparing 1- and 
6-mo samples of feed B, those stored refrigerated or at room 
temperature did not differ, but the doxycycline concentrations 
in the cage-stored samples were significantly (P = 0.02) lower 
at 6 mo than 1 mo. In addition, the MFI of mice given feed A 
from the last intracage storage time point was similar to that of 
mice fed fresh, refrigerated feed.

Doxycycline dose needed to stimulate GFP expression. For 
all groups, T-cell MFI values were similar between days 6 and 
13 (Figure 3). All doxycycline doses resulted in greater (P ≤ 
0.003) GFP expression at day 13 in Cags mice compared with 
GFP−/− controls. In the Rosa line, the 25-µg/mL dose did not 
result in a difference in GFP expression as compared with that 
of negative controls. GFP expression in the 2-mg/mL group of 
the Cags line was not significantly different from that in either 
the 625-ppm or the 467-µg/mL group. Rosa mice displayed only 
a marginally significant (P = 0.05) difference when comparing 
the 2-mg/mL group with the 467-µg/mL dosage group, whereas 

Figure 1. To ensure that the same group of pellets was sampled each month, aluminum containers containing feed were placed in feed hoppers, 
without restricting mice’s access to feed for consumption.

Table 1. Quantities of doxycycline under various conditions

Day
Concentration (mg/mL; 

mean ± 1 SD) % Recovered

Untinted bottle, acidified water
0 1.5 ± 0.1 100

7 1.5 ± 0.1 100

14 1.4 ± 0.2 93.8b

Untinted bottle, nonacidified water
0 1.5 ± 0.0 100

7 1.5 ± 0.0 100

14 1.3 ± 0.2 88

Tinted bottle, acidified water
0 1.6 ± 0.1 100

7 1.6 ± 0.1 98

14 1.4 ± 0. 2 85

Tinted bottle, nonacidified water
0 1.7 ± 0.2 100

7 1.6 ± 0.1 95

12a 1.4 ± 0.1 84
aThis sample was collected on day 12 due to the appearance of fungal 
growth.
bThis group is the only one that demonstrated no significant decrease 
in doxycycline concentration over 14 d.
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have not been investigated. This study revealed that protecting 
doxycycline solutions from light at the levels in mouse cages in a 
vivarium setting is unnecessary. Our findings did not substanti-
ate the need to replace doxycycline-containing feed weekly and 
indicate that storing irradiated doxycycline-containing feed at 
room temperature is adequate. Even though the ultrahigh dose 
we used here was required to obtain maximal gene expression 
in Rosa mice, maximal expression is not necessary in all mouse 
models or constructs. Until recently, Rosa had been the most 
commonly used ubiquitous promoter, but this frequency is 
changing with the advent of more potent promoters, such as 
Cags.9,34,35 Therefore, using a lower dose of doxycycline likely 
is more appropriate, given that doing so likely would avoid 
the potential for adverse effects that may be associated with 
the administration of high doses.

Although tinted bottles has been recommended protect 
doxycycline solutions from light,39,40 our results show that the 
light levels present within the animal cage do not significantly 
alter the stability of doxycycline solutions for at least 7 d; in fact, 
doxycycline was more stable in untinted bottles. This outcome 
may be due in part to the finding that the green-tinted bottles 
seemed to promote the growth of fungi, even in acidified water. 
Accordingly, weekly doxycycline water changes may be appro-
priate when acidified RO water is used. Although we did not 
assess the use of amber-colored bottles, our results show that 
untinted polysulfone bottles are a viable option for delivering 
doxycycline solutions. A previous study assessing doxycycline 
stability in water evaluated only low therapeutic concentrations 
that did not require the addition of sucrose to enhance palat-
ability.27 In that study, doxycycline concentrations declined over 
a 7-d period in both acidified and nonacidified tap water, in 
contrast to what we observed.27 One explanation might be our 
use of RO water, given that tap water might contain minerals 
or other substances that could accelerate the degradation of 
doxycycline.11,44,47

Prior studies showed that, in our hands, there is considerable 
variability in drug levels between individual feed pellets as a 
result of inadequate mixing of the diet prior to pelleting28,36. 
These studies also revealed that this variability did not translate 
to significant variability in the resulting plasma concentrations 
of the compounded drug.28,36 We noted increasing variability 
in the concentration of doxycycline in sera with increasing 
doxycycline concentrations. Because this trend also occurred 
in doxycycline-treated water, which is presumed to be a ho-
mogenous mixture, this finding likely was not due to variation 
of doxycycline concentrations in the pellets. A more plausible 
explanation is variability between individual mice regarding 
tolerance to the bitter taste of doxycycline. With both delivery 
methods, as the concentration of doxycycline increases, small 
differences in consumption would translate to greater differ-
ences in the ingested dose.

We underestimated the degree to which doxycycline degrades 
during feed processing. Therefore the doses administered in 
feed and the expected comparable doses in water were quite dif-
ferent, at least in the low-dose groups. However, the decreased 
water consumption in the high-dose water group, although not 
statistically significant, was sufficient to result in the ingested 
dose approximating the dose administered in feed. We also 
found that differences in the plasma concentration of doxycy-
cline did not consistently translate to biologic significance, as 
evidenced by GFP expression, which may be due to a plateau 
in effect in most cases.

Our findings support our hypothesis that doxycycline feed 
can be handled similarly to standard feed, because doxycycline 

groups, but the low-dose feed group yielded lower (P = 0.01) 
plasma concentrations than those in the low-dose water group.

Additional findings. Soon after initiation of the study, mice on 
the high and ultrahigh doses of doxycycline appeared to con-
sume less feed and water than did other groups. At that point, 
water intake was measured by using a graduated cylinder, and 
feed was weighed at each blood collection time point. Only the 
2-mg/mL dose group showed a significantly (P = 0.002) lower 
daily consumption of water than that of controls on regular 
water. According to the average measured water consumption, 
actual dose of doxycycline consumed daily by the different 
water-dosed groups was approximately 113 μg (25-μg/mL 
group), 660 μg (150 μg/mL), 2 mg (467 μg/mL), and 6.4 mg (2 
mg/mL). Animals on 625-ppm feed showed a trend (P = 0.07) 
toward lower feed consumption, compared with those receiving 
either untreated or 200-ppm feed.

A small subset of animals (4 female Rosa mice in the 2-mg/
mL dose group and 3 female Rosa controls) were submitted for 
complete necropsy to further investigate the decreased food 
and water intake. Tissues were evaluated microscopically by a 
board-certified veterinary pathologist. There were no significant 
findings in the control animals. In contrast, 3 of 4 the mice from 
the 2-mg/mL group showed a moderately distended cecum on 
gross examination. Histologically, these animals also displayed 
multifocal, moderate, neutrophilic gastritis.

Discussion
Doxycycline has been used to manipulate gene expression 

for over 20 y, yet recommendations for its handling and storage 

Figure 2. The measured concentration of doxycycline in feed from 
(A) vendor A and (B) vendor B during storage under 3 conditions (re-
frigerated, room temperature, and intracage). Mean concentrations of 
doxycycline in feed (n = 5 pellets) were measured by using LC-MS/
MS. Bars represent 1 SD. The postirradiation (1 mo) sample served 
as the baseline for comparison over time. *, P < 0.05 when compared 
with baseline.
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Figure 3. The number of T cells (y axis) and the respective mean fluorescence intensity (MFI) expressed as log10 (x axis) for the Rosa (left) and 
Cags (right) promoters. MFI was determined by using flow cytometry and gating on the T-cell population. From top to bottom: GFP-negative 
population (included to show where the histogram lies in the absence of GFP expression), GFP expression at 25 µg/mL doxycycline, 200 ppm, 
150 µg/mL, 625 ppm, 467 µg/mL, and 2 mg/mL. Data of a representative sample from each group on day 13 are shown. As the histogram shifts 
to the right, GFP expression increases. *, Lowest concentration of doxycycline that yields MFI values higher (P < 0.05) than GFP- negative controls.

concentration did not differ between feed stored at room 
temperature or when refrigerated. Furthermore at 6 mo after 
milling, no difference in doxycycline concentrations were  

detected between any of the storage conditions. When compar-
ing the 6-mo samples with the postirradiation feed B samples, 
the intracage pellets had a significantly lower concentration of 
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and ulcerative gastritis reported in dogs.4 The few mice that 
were screened for potential side effects in our study prevents 
comparison of these data. However, higher doses of doxycycline 
might induce gastrointestinal inflammation, which, had it oc-
curred, might have contributed to the reduced food and water 
consumption noted anecdotally in the 467-μg/mL doxycycline 
groups. Further study is required to ascertain whether the  
467-μg/mL dose consistently induces gastritis, as this effect 
might confound data interpretation. Another point of interest 
that is beyond the scope of the current study is the effect of 
various doxycycline doses on the microbiome.
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