
Toxicology and Applied Pharmacology 260 (2012) 65–69

Contents lists available at SciVerse ScienceDirect

Toxicology and Applied Pharmacology

j ourna l homepage: www.e lsev ie r .com/ locate /ytaap
A less stressful alternative to oral gavage for pharmacological and toxicological
studies in mice

Mary K. Walker a,⁎, Jason R. Boberg a, Mary T. Walsh a, Valerie Wolf a, Alisha Trujillo a,
Melissa Skelton Duke a, Rupert Palme b, Linda A. Felton a

a Department of Pharmaceutical Sciences, College of Pharmacy, University of New Mexico Health Sciences Center, Albuquerque, NM, USA
b Department of Biomedical Sciences/Biochemistry, University of Veterinary Medicine, Vienna, Austria
⁎ Corresponding author at: Department of Pharmaceu
macy, University of New Mexico Health Sciences Cente
Ave NE, Albuquerque, NM, USA 87131. Fax: +1 505 27

E-mail address: mwalker@salud.unm.edu (M.K. Wal

0041-008X/$ – see front matter © 2012 Elsevier Inc. All
doi:10.1016/j.taap.2012.01.025
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 22 November 2011
Revised 24 January 2012
Accepted 25 January 2012
Available online 2 February 2012

Keywords:
Oral gavage
Stress
Blood pressure
Alternative
Corticosterone
Oral gavage dosing can induce stress and potentially confound experimental measurements, particularly
when blood pressure and heart rate are endpoints of interest. Thus, we developed a pill formulation that
mice would voluntarily consume and tested the hypothesis that pill dosing would be significantly less stress-
ful than oral gavage. C57Bl/6 male mice were singly housed and on four consecutive days were exposed to an
individual walking into the room (week 1, control), a pill being placed into the cage (week 2), and a dose of
water via oral gavage (week 3). Blood pressure and heart rate were recorded by radiotelemetry continuously
for 5 h after treatment, and feces collected 6–10 h after treatment for analysis of corticosterone metabolites.
Both pill and gavage dosing significantly increased mean arterial pressure (MAP) during the first hour, com-
pared to control. However, the increase in MAP was significantly greater after gavage and remained elevated
up to 5 h, while MAP returned to normal within 2 h after a pill. Neither pill nor gavage dosing significantly
increased heart rate during the first hour, compared to control; however, pill dosing significantly reduced
heart rate while gavage significantly increased heart rate 2–5 h post dosing. MAP and heart rate did not differ
24 h after dosing. Lastly, only gavage dosing significantly increased fecal corticosterone metabolites, indicat-
ing a systemic stress response via activation of the hypothalamic–pituitary–adrenal axis. These data demon-
strated that this pill dosing method of mice is significantly less stressful than oral gavage.

© 2012 Elsevier Inc. All rights reserved.
Introduction

The advent of radiotelemetry in laboratory rodents has allowed for
direct and continuous measurement of blood pressure, heart rate, and
activity in conscious freely moving animals (Kramer et al., 2000; Mills
et al., 2000; Whitesall et al., 2004). Further, it is an ideal method for
measurements of baroreceptor function, avoiding the stress-related
increases in blood pressure observed when using an indirect method
such as tail cuff occlusion (Pickering et al., 2005). In addition, this
method is not limited to measuring blood pressure changes in physi-
ological or pre-clinical pharmacological studies, but is also used in
various toxicological studies of environmental xenobiotics (Aragon
et al., 2008; Kopf et al., 2008). Accumulating evidence suggests that
environmental pollutants contribute to the overall cardiovascular dis-
ease burden and thus changes in blood pressure, heart rate, and heart
rate variability are becoming increasingly important endpoints when
assessing cardiovascular toxicity of environmental pollutants
(O'Toole et al., 2008).
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Regardless of the type of study being conducted, any source of exter-
nal stress on the rodents, such as routine handling, can significantly in-
crease heart rate and blood pressure (Irvine et al., 1997; Brown et al.,
2000; Kramer et al., 2000; Balcombe et al., 2004), potentially confounding
the experimental measurements. One important source of stress is the
manner inwhich rodents are commonly exposed to drugs or xenobiotics.
Oral gavage is the principal method used to achieve consistent and accu-
rate dosing of rodents in both pharmacological and toxicological studies.
However, research has shown that dosing of rats andmice via oral gavage
can induce significant stress, including increased blood pressure, heart
rate, and plasma corticosterone levels (Brown et al., 2000; Bonnichsen
et al., 2005). This is of significant concern, since the standard route of
oral delivery used in most preclinical and toxicological studies could by
itself confound the results due to dosing-induced stress. Thus, we devel-
oped an oral dosing formulation to incorporate therapeutic drugs as well
as xenobiotics into a pill that mice would voluntarily consume when it
was placed into their cage. We then tested the hypothesis that this pill
dosing method would be significantly less stressful than oral gavage.

Methods

Pill formulation. The foundation for the pill formulation was a
bacon-flavored, transgenic dough diet (BioServ, Frenchtown, NJ
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USA) that had the consistency and color of standard cookie dough. To
formulate a batch of 500 (~125 mg) pills, 62.5 g of transgenic dough
was placed into a petri dish. Bromophenol blue (7.5 μl of 2% w/v in
water, Fisher Scientific, Pittsburgh, PA, USA) was folded into the
dough until the blue color became visually uniform (Figs. 1A and B).
In experimental studies, the drug or xenobiotic would be added to
the dough simultaneously and the use of the dye ensures that the
chemical is evenly distributed throughout the dough. Our previous
studies have shown that incorporation of bromophenol blue into
the pills does not affect blood pressure, heart rate, or activity of
mice (unpublished data). The die cavities of a pill mold base plate
(Gallipot, St. Paul, MN USA) were then filled with the dough mixture
and the pills were ejected out of the die by placing the base plate on
top of the pill mold punch pins (Figs. 1C and D). The pill mold with
the pills resting on the top of the punch pins was placed in a labeled,
ventilated container, and stored in the chemical fume hood for
18–24 h to allow the pills to dry (Fig. 1E). The pills were then trans-
ferred into a glass vial and stored at 4 °C. Unused pills were discarded
after 6 months, based on the reported shelf life of the transgenic
dough diet when stored at 4 °C. After a pill was placed into a cage,
the mouse quickly investigated it and typically consumed it within
30 min (Fig. 1F). The cage in the photograph is shown without stan-
dard bedding and enrichment items for clarity purposes only.
Fig. 1. Pill preparation and consumption. (A) A solution containing bromophenol blue is ad
color appears uniform. (C) The die cavities of the pill mold are filled with the dough mixture;
punch pins, and (E) pills are allowed to dry for 18–24 h while sitting on top of the pill mo
consume it. The bedding and enrichment items were removed from the cage solely for the
moved from the cage.
Blood pressure, heart rate, and activity analysis. Three month old
C57BL/6 male mice were surgically implanted with blood pressure/
activity telemeters (PA-C10, Data Sciences International, St. Paul,
MN USA) as previously described (Kopf et al., 2008). Briefly, mice
were anesthetized with isoflurane, telemeter catheter inserted into
the left carotid artery, and body of the transmitter placed subcutane-
ously. Blood pressure, heart rate, and activity were recorded begin-
ning seven days after surgery. These values were captured directly
to computer software for 10 s every 15 min for 24 h/day.

Animal treatments. A total of nine mice were used in the study;
n=5 with telemeters and n=4 without telemeters and the study
was conducted over three weeks. In week 1 (control), a person wal-
ked into the mouse room and passed the mouse cages at 0700 on
four consecutive days. In week 2 (pill), a person walked into the
mouse room and placed a pill into each cage at 0700 on four consec-
utive days. In week 3 (gavage), a person walked into the mouse room
and administered a 3 ml/kg dose of water by oral gavage to each of
the mice at 0700 on four consecutive days. Blood pressure, heart
rate, and activity were recorded by radiotelemetry continuously for
5 h after treatment. Then, each mouse from each treatment group
was placed into a cage with a wire mesh bottom to collect feces.
Feces were collected for 4 h, 6–10 h after treatment (i.e.
ded to the transgenic dough diet and (B) the dough is folded repeatedly until the blue
(D) pills are ejected from the die cavities by placing the pill mold on top of the pill mold
ld punch pins. (F) After placing a pill into the cage, a mouse would readily handle and
purpose of taking the picture. For all experimental studies the bedding was never re-



Fig. 2. Effects of pill or oral gavage dosing on stress responses in the mouse. (A) Mean
arterial pressure, (B) Mean heart rate, and (C) Activity measured by radiotelemetry in
mice at 0–1, 1–3, 3–5, and 22–24 h after dosing; and (D) Fecal corticosterone metabo-
lites from feces collected 6–10 h after treatment. The control values are those recorded
when a person walked into the mouse room and past the cages without opening them.
Blood pressure data were analyzed by one-way, repeated measures analysis of vari-
ance, n=5, and fecal corticosterone metabolites were analyzed by one-way, repeated
measures analysis of variance, n=9. *pb0.05 compared to control, #pb0.05 compared
to pill dosing, ╪pb0.05 compared to oral gavage.
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1300–1700 h) and stored at −20 °C until analyzed for corticosterone
metabolites.

Fecal corticosterone metabolite analysis. Samples were homoge-
nized and 0.05 g feces were extracted with 1 ml of 80% methanol.
Subsequently, the samples were analyzed with a 5α-pregnane-
3β,11β,21-triol-20-one enzyme immunoassay, previously established
and successfully validated to measure corticosterone metabolites in
mice (Touma et al., 2003, 2004).

Statistical analysis. The treatment responses in telemetry measure-
ments and in fecal corticosterone metabolites were measured on four
consecutive days for each mouse. These values were averaged for
each mouse. These weekly averages were then averaged for all mice
(n=5 telemetry data, n=9 fecal corticosterone metabolites) and
expressed as mean±SE. The data from each treatment were then
compared by one way, repeated measures analysis of variance,
using Holm–Sidak posthoc comparisons and pb0.05 was considered
significant.

Results

We compared blood pressure, heart rate, and activity for the first
5 h after pill (week 2) or oral gavage (week 3) dosing to those values
recorded after an individual walked in the mouse room (week 1, con-
trol). Both pill and gavage dosing significantly increasedmean arterial
pressure (MAP) in the first hour, compared to control; however, the
increase induced by gavage was significantly higher than that in-
duced by a pill (Fig. 2A). MAP values of all groups declined over the
next 4 h, reflecting the inactive/sleep period for the mice. While
MAP in the pill dosing group returned to control values, MAP of the
gavage dosed group remained significantly elevated up to 5 h. MAP
of all three groups was similar 22–24 h after treatment. Systolic and
diastolic blood pressure values mirrored those observed for MAP
(not shown).

In contrast to changes in MAP, heart rate was not significantly dif-
ferent among the three groups during the first hour after treatment
(Fig. 2B). While heart rate declined for all three groups over the
next 4 h, reflecting the inactive/sleep period for the mice, heart rate
for the pill dosed group was significantly lower than control and
heart rate for the gavage dosed group was significantly higher than
control up to 3 h. As with MAP, heart rate of all three groups was sim-
ilar 22–24 h after treatment. Since activity can have a significant in-
fluence on MAP and heart rate, we also compared activity levels of
mice after pill and gavage dosing to the control. Notably, activity of
mice following pill dosing was significantly increased in the first
hour, compared to both control and gavage dosing (Fig. 2C), but
returned to normal in the next 2 h. Activity declined in all groups
with time, reflecting the inactive/sleep period for the mice, and no
other differences were apparent at any time points.

Lastly, we measured fecal corticosterone metabolites as a non-
invasive index of activation of the hypothalamic–pituitary–adrenal
axis, indicative of a systemic stress response and increased corticoste-
rone secretion. We found that only gavage dosing significantly in-
creased fecal corticosterone metabolites, compared to control and
pill dosing (Fig. 2D).

Discussion

We have developed a pill formulation method for oral dosing of
laboratory mice that is significantly less stressful than oral gavage as
demonstrated by multiple indices, including blood pressure, heart
rate, and activation of the hypothalamic–pituitary–adrenal axis. We
found that oral gavage induced a significant increase in MAP and
heart rate that remained elevated for 3–5 h and a significant increase
in fecal corticosterone metabolites, reflecting activation of the adrenal
stress response. In contrast, pill administration had no effect on fecal
corticosterone metabolites, reduced heart rate, and modestly in-
creased MAP only in the first hour after dosing.

image of Fig.�2
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Although oral gavage is a well accepted method for drug or toxi-
cant administration, evidence from the literature shows that it can
be stressful to the animal and can significantly increase heart rate
and blood pressure (Bonnichsen et al., 2005), and plasma corticoste-
rone (Brown et al., 2000). Using radiotelemetry to measure blood
pressure and heart rate, Bonnichsen et al. (2005) found that oral ga-
vage of rats significantly induced increases in blood pressure and
heart rate 30 min after dosing, but that the effects did not persist.
While we also found that oral gavage of mice significantly increased
blood pressure during the first hour, in contrast to the rat study we
found that blood pressure in the mice remained significantly elevated
for at least 5 h. Further, we found that heart rate remained signifi-
cantly elevated for 3 h. The persistent effect of oral gavage on blood
pressure and heart rate in mice may reflect a greater sensitivity of
mice than rats to stress induced by this dosing method. In another
study, oral gavage of rats was shown to significantly increase plasma
corticosterone (Brown et al., 2000). Corticosterone is secreted by the
adrenal gland as a result of activating the hypothalamic-pituitary-
adrenal axis by stress. In our study, we found that oral gavage of
mice significantly induced fecal corticosterone metabolites 6–10 h
after dosing. Touma et al. (2004) have established that measuring
fecal corticosterone metabolites 6–10 h after a stress event is an accu-
rate and noninvasive technique for monitoring increases in stress
hormones. The use of this noninvasive technique allowed us to com-
pare different potential stressors in the same animals and reduce the
total number of animals needed for study.

One unexpected result of our study was the increase in MAP in the
first hour after pill administration. We hypothesize that this resulted
from the significant increase in activity that was also observed in the
first hour after pill administration. After a pill is placed into a cage, the
mouse quickly investigates it, handles and smells it, and often buries
it in the bedding within the first few minutes. The mouse returns to it
frequently, moves it from one spot to another, and finally eats it in
about 30 min. Thus, the significant increase in activity could easily ac-
count for the modest increase in MAP observed during the first hour.
In support of this, both activity and MAP returned to control levels in
the next 2 h, suggesting that the increases in these two parameters
maybe interrelated. In contrast, the increase in MAP and heart rate
observed following oral gavage cannot be explained by an increase
in activity. In fact, activity levels of mice receiving oral gavage were
comparable to controls at all time points measured.

We have applied this pill formulation method successfully to in-
corporate both therapeutic drugs and xenobiotics into pills, including
the angiotensin converting enzyme inhibitor, captopril (Zhang et al.,
2010); the endothelin A receptor antagonist, PD155080 (de Frutos
et al., 2010; Zhang et al., 2010), and the environmental pollutant,
2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) (Kopf et al., 2010). We
have used various solvents to dissolve the drugs or xenobiotics, in-
cluding water, dimethyl sulfoxide, p-dioxane, and corn oil, and no
problems were observed when incorporating any of these solvents
into the transgenic dough. In the case of PD155080, we needed to
use a large amount of water due to the limited solubility of the
drug. As a result, we modified our procedure by adding pregelatinized
corn starch to thicken the dough mixture and coating the pill molds
with 5% (w/w) magnesium stearate in ethanol suspension to reduce
sticking (Zhang et al., 2010). It is worth noting that the final concen-
tration of chemical achieved in the pill formulation should be con-
firmed, particularly when incorporating a volatile pharmaceutical or
xenobiotic, since loss could occur during the pill drying phase. Cer-
tainly, one disadvantage of this method would be if the xenobiotic
or solvent left a residual unpleasant odor or taste that would discour-
age voluntary consumption. We have not observed this in the studies
we have conducted.

Additionally, results from our previously published studies dem-
onstrate that therapeutic drugs and xenobiotics are bioavailable after
being incorporated into pills and consumed orally by mice. For
example, PD155080 reached a therapeutic concentration in the plas-
ma and exhibited significant efficacy in reducing blood pressure
(Zhang et al., 2010). For TCDD, hepatic accumulation was not signifi-
cantly different when mice were exposed via pills (6.3±0.7 ng
TCDD/g, n=12) versus oral gavage (6.8±1.6 ng TCDD/g, n=4)
(Kopf et al., 2008) and both routes of exposure resulted in a similar de-
gree of increase in blood pressure (Kopf et al., 2008, 2010). Interest-
ingly, however, TCDD administered by oral gavage resulted in
oscillatory increases in blood pressure that eventually plateaued in a
hypertensive phenotype (Kopf et al., 2008). In contrast, TCDD admin-
istration using pills resulted in a very uniform increase in blood pres-
sure that reached a hypertensive plateau and did not change further.
These differences in the pattern of blood pressure changes could re-
flect differences in the stress response of mice to the dosing regimens.

This pill formulation method also has advantages over other
routes of oral delivery such as incorporation into the food or drinking
water. Only small amounts of drug are needed and this can be partic-
ularly important when drugs are expensive or when limited amounts
are available from chemical synthesis. Further, the drugs do not need
to be water soluble, which allows for considerable flexibility in the
types of drugs that can be incorporated into a pill form. Other benefits
include that oral administration is the preferred route of delivery or
exposure to mimic that in humans and is preferred for administration
of chemicals in transplacental studies. Further, this method allows for
the specific amounts of the drug consumed by individual animals to
be calculated rather than estimated. Although this would require an-
imals to be housed individually, it would be feasible to separate the
animals by use of a cage divider for a short period (~10–15 min) dur-
ing administration and consumption of the pills.

Our approach is similar to that reported by others where a drug or
xenobiotic was pipetted onto a food wafer (Schantz and Bowman,
1989; Ferguson and Boctor, 2009); however, our method uses an
established rodent diet formulation, ensures uniform incorporation
of the drug or xenobiotic throughout the pill, and establishes a uni-
form size of the pill. Finally, although the pill process was developed
for mice, it could easily be adapted to make smaller or larger pills suit-
able for other species since pill molds of various sizes are commercial-
ly available. In conclusion, we have developed a pill formulation that
mice will quickly and voluntarily consume and that fails to induce any
significant stress responses, compared to the traditional method of
oral gavage.
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