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Abstract
Acute in vivo measurements are often the initial, most practicable approach used to investigate the
effects of novel compounds or genetic manipulations on the regulation of gastric motility. Such
acute methods typically involve either surgical implantation of devices or require intragastric
perfusion of solutions, which can substantially alter gastric activity and may require extended
periods of time to allow stabilization or recovery of the preparation. We validated a simple, non-
invasive novel method to measure acutely gastric contractility, using a solid-state catheter pressure
transducer inserted orally into the gastric corpus, in fasted, anesthetized rats or mice. The area
under the curve of the phasic component (pAUC) of intragastric pressure (IGP) was obtained from
continuous manometric recordings of basal activity and in responses to central or peripheral
activation of cholinergic pathways, or to abdominal surgery. In rats, intravenous ghrelin or
intracisternal injection of the thyrotropin-releasing hormone agonist, RX-77368, significantly
increased pAUC while coeliotomy and caecal palpation induced a rapid onset inhibition of phasic
activity lasting for the 1-h recording period. In mice, RX-77368 injected into the lateral brain
ventricle induced high-amplitude contractions, and carbachol injected intraperitoneally increased
pAUC significantly, while coeliotomy and caecal palpation inhibited baseline contractile activity.
In wild-type mice, cold exposure (15-min) increased gastric phasic activity and tone, while there
was no gastric response in corticotorpin releasing factor (CRF)-over-expressing mice, a model of
chronic stress. Thus, the novel solid-state manometric approach provides a simple, reliable means
for acute pharmacological studies of gastric motility effects in rodents. Using this method we
established in mice that the gastric motility response to central vagal activation is impaired under
chronic expression of CRF.
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1. Introduction
Gastric motility has been widely investigated as an end point parameter to characterize
impaired patterns of gut activity associated with a variety of functional gastrointestinal
disorders in humans [47]. In experimental studies, the regulation of gastric motility and the
influence of drugs on gastric propagative events have been assessed using several animal
models and methodologies to record motility [45,46,70]. Among them, rodents are presently
preferentially selected over dogs or pigs for a variety of ethical and technical reasons, as
well as the availability of well-defined rodent brain atlases to investigate central neural
regulation of gastric motility and the availability of genetically-modified mice [32].

In rats, however, most acute preparations to monitor gastric motility are invasive and entail
surgical interventions to implant or introduce intragastric monitoring devices. Intra-gastric
pressure (IGP) recording using either an intraluminal pressure transducer, or balloon
positioned intragastrically requires laparotomy and opening of the stomach [12,53]. A stable
baseline intraluminal pressure is typically then established by intragastric injection of fluids
under conditions of pyloric or duodenal ligation [12,53]. Likewise, side-hole catheter
manometry requires a constant liquid perfusion into the stomach and implantation of the
catheter through a gastric fistula [31]. Non-manometric methods for measuring gastric
motility in rats include the use of strain-gauge force transducers [7,9,33], electromyography
electrodes [6,41] or ultrasonomicrometry piezoelectric crystals [1]. While all of these non-
manometric methods are useful, they involve the opening of the abdominal cavity for
surgical implantation of transducers, electrodes or piezoelectric crystals onto the gastric
wall. It is well-established that abdominal surgery and manipulation of the gut alter the
patterns of gastric motility and induce immunological changes [4,19]. More importantly,
although there is an increasing use of genetically modified mice to assess gut function
[32,67], gastric motility recording methods used in rats have been so far applied to mice
only in a few reports [43,62,73].

In mice the assessment of gastric propulsive activity is typically derived from the monitoring
of gastric emptying of liquid or solid meal [10,38,67], and from in vitro studies on gastric
relaxation by recording from isolated mouse stomach preparations [2,32,44] or motility from
isolated muscular strips [17,32]. Recent studies have recorded changes in gastric motility in
mice, however all required abdominal surgery either to implant electrodes or strain gauges
on serosal surface of the gastric antrum [57,73] or to insert a deflated balloon with tubing
into the stomach through a small incision into the fundus [43,62].

In the present study, we first validated the use of a novel non-invasive method to monitor
phasic gastric contractility using micro-tip pressure transducer catheter inserted into the
gastric cavity via oral intubation to avoid any surgical procedures in anesthetized rats. We
first tested treatments that are reproducibly known to stimulate gastric contractions in rats
through vagal and/or peripheral cholinergic pathways namely intracisternal (ic) injection of
the stable thyrotropin-releasing hormone (TRH) agonist, RX-77368 [9,21,55], and
intravenous (iv) ghrelin [40,48,66] and extended these treatment to mice. We then assessed
the inhibitory influence of abdominal surgery on basal gastric contractility in rats and mice
which so far has not been investigated in naïve rodent without prior surgical interventions to
record gastric motility. Lastly, we investigated in mice the gastric contractile response to
central vagal stimulation induced by acute cold exposure [39] in corticotropin releasing
factor overexpressing (CRF-OE) mice, an experimental model which displays behavioral,
endocrine, immunological, autonomic and visceral phenotype of chronic stress
[11,15,42,59,60].
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2. Material and methods
2.1. Animals

Adult male mice (C57BL/6) and Sprague Dawley rats (250–300 g) were obtained from
Harlan (San Diego, CA). The female and male CRF-OE mice (UCLA animal Core, Dr. M.
Fanzelow) were derived from the transgenic line generated on C57BL/6 X SJL background
by Stenzel-Poor et al. [59,60] and backcrossed over 10 generations onto C57BL/6. Their
wild type littermates were used as control. Animals were housed 3-4/cages and maintained
under controlled conditions of temperature (20–24 °C) and light (6AM on: 6 PM off) and
fed ad libitum with standard rodent chow (Prolab RMH 2500-5P14; Ralson-Purina LabDiet,
St. Louis, MO) and tap water. All protocols were approved by the Veterans Administration
Animal Component of Research Protocols 9906-820 in accordance with principles and
procedures outlined in the National Institute of Health (NIH) Guide for the Care and Use of
Laboratory Animals.

2.2. Substances and treatments
Aliquots of human ghrelin (Dept. of Chemistry, Québec University, Montréal, Canada) and
of the stable TRH analog, RX-77368 (Ferring Pharmaceuticals, Feltham, Middlesex, UK)
were stored at −80 °C and diluted in saline before use. Carbachol (Sigma, St Louis, MO) in
powder form was stored at 4°C and dissolved in saline immediately before use. Intravenous
(iv) injections in rats were made in 0.1 ml/rat followed by 0.1 ml flush. Intracisternal (ic)
injection in rats was performed through an ic catheter (Intramedics PE-10 polyethylene
tubing, 0.28 mm ID, 0.61 mm OD, and 4 cm length) introduced into the cisterna magna and
secured to the occipital brain membrane with instant Krazy® glue in rats positioned in a
stereotaxic instrument (Model 1404, David Kopf Instruments, Tujanga, CA, USA) as
previously described [9]. Occurrence of clear cerebrospinal fluid into the lumen of the
catheter ascertained successful intracisternal cannulation. The end of the catheter was
connected to a Hamilton microliter syringe and ic injection was made in a volume of 10 μl/
rat followed by 10 μl flush with saline (0.9% NaCl). In mice, intracerebroventricular (icv)
injection of 5 μl was performed manually with a 10 μl Hamilton syringe as detailed in our
previous studies [37] and intraperitoneal (ip) injection was delivered in 100 μl/mouse.

2.3. Intra-gastric pressure recording in rats and mice
2.3.1. Animal preparation—In urethane (25%, 1.5 g/kg, ip) anesthetized rats or mice, a
miniaturized solid-state pressure transducer catheter (Mikro-Tip catheter model SPR-524,
Millar Instruments, Houston, TX) was inserted into the gastric lumen through the mouth.
The catheter had a total length of 100 cm, a diameter of 0.75 mm, and was tipped with a
transducer capsule approximately 4.5 mm long, 1.1 mm in diameter, and having an active
transducer zone approximately 1 mm in length situated in the center of the capsule. The
capsule was placed ~ 0.5 cm and ~ 1 cm below the lower esophageal sphincter (LES), in
mice and rats respectively. The position of the LES was identified by observing the elevated
pressure registered by the transducer as it passed through it. Occasionally (1/10 cases),
phenomenon of high amplitude respiratory signal which we attributed to contact/shearing
between the gastric wall and the active zone of the transducer occurred which we addressed
by gently twisting the catheter until the respiratory excursions return to their typical signal.
In rat studies, the trachea was cannulated prior pressure catheter insertion (PE-240 catheter,
Intramedics), and an iv catheter (Intramedics PE-90 polyethylene tubing, 0.86 mm ID, 1.27
mm OD, and 8 cm length) was inserted into the right external jugular vein to allow
continuous sterile saline infusion (0.4 ml/h) to maintain hydration and perform iv injections.

2.3.2. Data acquisition and analysis—Each miniature pressure transducer catheter
(MPTC) was connected to a transducer control unit (model TCB-600; Millar Instruments,
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Houston, TX), whose output signal was subsequently amplified further using a transducer
amplifier in differential mode (TBM4, World Precision Instruments, Boca Raton, FL). This
output was acquired via a Micro1401 mk II A/D interface (Cambridge Electronic Design)
and recorded using Spike 2 version 5 data acquisition software. After smoothing raw traces
(2 s time constant) to reduce the contribution of the respiratory component of IGP, phasic
and tonic components of IGP were determined using a modification of methods previously
described [1,23].

The phasic component of IGP was obtained by removing the DC component of the trace
using the DC remove channel process available in Spike2, with a time constant of 10 s, after
first reducing the respiratory component of the original trace by smoothing with a 1 s time
constant. A 1 s time constant for smoothing is equivalent to taking the mean value over a 2 s
window centered around each point. The “area under the curve” (AUC) of this phasic
component (pAUC) was then determined every minute using the Spike2 “modulus”
function, within a custom script written by us (DWA) for the purpose. Thus, pAUC is a
reflection of the magnitude of excursions events whose rate of change is in the interval 2–20
s, which includes the period of the gastric pacemaker in each species. In rats, the high-
amplitude contractions (HAC) were defined as ≥ 10 mmHg as previously reported during
the fasted state [18]. In mice, we arbitrarily used the same HAC criteria as in rats, i.e., ≥10
mmHg. The tonic component in mice was assessed by calculating for each minute the mean
of the 20-s smoothed trace. Results are expressed either by the mean pAUC or the mean
tonic IGP before and after each treatment. In addition, the time course of the phasic as well
as the tonic components of IGP are represented for each minute by calculating the mean
pAUC or the mean tonic pressure for every minute from the rolling average of pAUC for the
period between 2 min before and 2 min after each minute’s pAUC. In experiments lasting
over 60 min, pAUC is expressed as the mean from a 10 min bin.

In the present study, the built-in “channel processes” of smoothing and DC removal present
in the Spike 2 software were used to allow rapid processing of the traces and extraction of
the appropriate components. The limitations of this computational approach should,
however, be kept in mind. For example, if the component of the signal changing more
rapidly than the width of the smoothing window (e.g. the respiratory component) is
symmetrical, i.e. excursions above the more slowly changing component of the signal are
the same magnitude as excursions below it, then the more rapidly changing components will
be effectively removed by the smoothing operation. If, however, the more rapidly changing
component is asymmetrical, then after smoothing, a “DC offset” will exist in the resulting
smoothed curve, whose magnitude will be related to the magnitude of this asymmetry. Such
an offset will not typically be important, as long as it is constant throughout the recording.
But if the size of this offset changes over time due to a change in the magnitude of
respiratory excursions, for example, resulting from some treatment, and if the magnitude of
this asymmetry is substantial compared to the changes being measured in the more slowly-
changing components of the trace, then it may be necessary to use the more involved
procedures available in Spike 2 for digital filtering. Similar concerns apply to the invasion of
asymmetric components of the phasic component of IGP into the tonic component.

2.4. Experimental protocols
All experimental studies were conducted in adult overnight fasted rats and mice which were
anesthetized with urethane (25%,1.5 g/kg, intraperitoneal, ip) and thereafter kept on a
thermostatically controlled electric heating pad for rodents to maintain rectal temperature
within 35.5–37.5° C except as otherwise stated. Animals were left undisturbed for at least 30
min after intragastric placement of the MPTC. At the end of the experiment and after
euthanasia by an overdose of iv urethane, laparotomy and opening of rat and mouse
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stomachs were performed to verify the exact position of the tip of the probe, which was
always located in the gastric corpus.

2.4.1. Intragastric pressure changes in response to central vagal activation,
ghrelin, and surgery in rats—The basal IGP profile was recorded by MPTC for 1 h
(n=56) or 3 h (n=7). To assess the effects of ic RX-77368, a stable TRH agonist [25] or iv
ghrelin, rats were first acutely implanted with an ic cannula and/or with iv catheter
respectively, followed by the oral insertion of MPTC into the gastric corpus cavity.
RX-77368 (30 ng, ic, n=4), ghrelin (30 μg/kg, iv, n=6) or vehicle (saline 0.9%, iv, n=10)
was injected after 30 min basal recording and changes in IGP were monitored for the
subsequent 30 min post-injection. Rats with low basal gastric motility were selected for
these studies Doses of peptides used were based on previous dose-response studies showing
maximal gastric motor response in urethane-anesthetized rats [40,52,68]. To examine the
influence of abdominal surgery and bowel manipulation, in rats with ongoing basal activity
(n=6), basal recording was performed for 30 min, then laparotomy (~ 4 cm) was performed
after which IGP was monitored for an additional 30 min. Thereafter, caecal palpation for 1
min was performed as previously described [22,58] and IGP was recorded for another 30
min.

2.4.2. Intragastric pressure changes induced by carbachol and central vagal
activation in mice—Mice (22.1 ± 0.8 g; 3 months old) were injected ip with carbachol (6
μg/kg) or saline (n=4 in each group). In a separate experiment, mice (26.7 ± 1.8 g, 6 months
old), were injected icv with RX-77368 (30 ng; n=5). IGP was recorded for 15 min before
and 30 min after the ip or icv injection.

2.4.3. Intragastric pressure changes induced by cold exposure in WT and
CRF-OE mice—Littermate wild type (WT, n=8 [4 males, 4 females]; 27.2 ± 1.1 g; 6
months old) and CRF-OE mice (n=8 [4 males, 4 females]; 31.1 ± 2.0 g; 6 months old) were
first placed on a heating pad to maintain the core temperature between 35.5–37.5° C, while
basal IGP was recorded for at least 30 min. Then, mice were placed in supine position on an
impermeable pad under which ice was placed (refrigerant pack). A drop in rectal
temperature to 26°C was achieved within 2 to 3 min in each mouse. Mice were maintained
at 26 ± 0.5°C using a heating lamp to prevent further decline in rectal temperature. The
pAUC was measured for 5 min before cold exposure and for 15 min after reaching 26 ±
0.5°C. In a few animals, after 15 min cold exposure, mice were returned to a heating pad
and, with additional warming provided by the heating lamp, so the recovering of body
temperature above 33°C was reached within 5 min and gastric motility was monitored for 30
min thereafter. Rectal temperature was monitored continuously in WT and CRF-OE mice
using a lubricated thermistor probe (YSI, Yellow Springs, OH) inserted 2 cm into the
rectum.

2.3.4. Intragastric pressure change to coeliotomy and caecal palpation in mice
—In mice (n=6; 22.3 ± 1.2 g; 3 months old), IGP was monitored for a 30 min basal
recording period, after which a midline coeliotomy (~ 2 cm) was performed, abdominal
tissues were covered with saline-soaked gauze, and IGP was recorded for an additional 30
min. Within 30 – 35 min after the coeliotomy, caecal palpation was performed for 1 min as
previously described [24,34] and the IGP response was monitored for the subsequent 30
min.

2.5. Statistical analysis
Intra-individual pairwise comparisons (baseline vs post-treatment) were analyzed using a
non-parametric Wilcoxon paired-test while inter-individual pairwise comparisons were
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performed using a non-parametric Mann-Whitney test. Interaction between genotypes and
treatments was analyzed by two-way repeated ANOVA followed by Bonferroni post-test.
Values are expressed as mean ± SEM and a P value <0.05 was considered significant.

3. Results
3.1. Gastric contractile activity monitored with a non-invasive method in fasted urethane
anesthetized rats

3.1.1. Basal phasic gastric contractile activity patterns—Spontaneous IGP was
monitored for 1 h after the non-invasive insertion of miniaturized pressure transducer
catheter into the gastric corpus in a total of 56 fasted urethane anesthetized rats. Three types
of spontaneous activity patterns were observed under these conditions (Fig. 1B). In the first
group 1, (n=11, 20%), spontaneous activity consisted of phasic high-amplitude (> 10 mm
Hg) contractions occurring in clusters at a rate of 0.5–1 per min (0.66 ± 0.08 min−1, n=287)
which prevailed from the start of the recording period (Fig. 1A, B). Such a pattern lasted
throughout the 60-min experimental period (Fig. 1). In group 2 (n=36, 64%), spontaneous
activity comprises low amplitude contractions (<10 mmHg) that occurred at a rate of 4–6
min−1 from the onset of the recording period for the following 30 min (Fig. 1B); thereafter
the phasic contractile pattern described in group 1 developed to reach a plateau at 40 to 60
min period post the start of recording (Fig. 1B). Group 3 (n=9, 16%) did not display any
spontaneous phasic activity during the first 1-h period of recording (Fig. 1B). Recordings of
IGP for 170 min showed the occurrence of high amplitude contractions organized in cyclic
activity (Fig. 1A) that occurred immediately (group 1: n=1), or within 30 min (group 2; n=5)
(Fig. 1C).

3.1.2 .Stimulation by intravenous injection of ghrelin and intracisternal
injection of TRH agonist—The effects of iv ghrelin and ic RX-77368 injection was
investigated in group 3 which did not display any spontaneous phasic contractility during the
first 1-h period of recording in fasted urethane anesthetized rats. Baseline activity was not
significantly different between the treatment groups (Fig. 2B). Injection of iv saline did not
modify the phasic component of IGP (pAUC, mmHg×min = 36 ± 18 at baseline vs 32 ± 12,
p>0.05, Fig. 2C). Ghrelin (30 μg/kg, iv) produced a sustained increase in the phasic
component of IGP for the 30-min period post injection (pAUC, mmHg×min = 17 ± 4 at
baseline vs 215 ± 40; p<0.05, Fig. 2A,C). The peak response occurred within 8 min (316 ±
45 mmHg×min) and thereafter, values declined but still remained significantly elevated at
30 min (148 ± 26 mmHg×min) (Fig. 2B). Likewise, RX-77368 injected ic at 30 ng/rat
induced a sustained increase in the phasic activity for the 30-min period post injection
(pAUC, mmHg×min = 35 ± 13 at baseline vs 170 ± 31; p=0.05, Fig. 2C) with a plateau
response reached at 11 min (211 ± 27 mmHg×min) that was maintained throughout the
following 15-min recording period (Fig. 2B).

3.1.3. Inhibition by coeliotomy and caecal palpation—Under conditions of on going
basal gastric contractile activity, midline coeliotomy produced a significant decrease in the
phasic component of the IGP compared to baseline (pAUC, mmHg×min = 206 ± 56 at
baseline vs 75 ± 21; p<0.01) that lasted for 30 min (Fig. 3C) with a rapid onset and peak
inhibition occurring during the 5–15 min period post coeliotomy (Fig. 3A,B). Caecal
palpation performed 30 min after the laparotomy induced a further rapid in onset drop in the
phasic component of the IGP compared to baseline (Fig. 3AB), which lasted throughout the
30-min recording period (pAUC, mmHg×min = 47 ± 9 at baseline vs 27 ± 11; p<0.05, Fig.
3C).
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3.2. Gastric contractile activity monitored with a non-invasive method in fasted urethane
anesthetized mice

3.2.1. Basal and stimulated pattern by intraperitoneal injection of carbachol—
Spontaneous IGP was mainly composed of low amplitude phasic contractions (<10 mmHg)
occurring at a rate of 5–6 min−1, and no high amplitude contractions was observed under
basal conditions in fasted urethane anesthetized mice (Fig. 4A). Injection of carbachol (6 μg/
kg, ip) induced a rise in the phasic component of IGP with a peak response occurring within
the first 3 min (pAUC, mmHg×min = 10.2 ± 1.2 at baseline vs 72.9 ± 10.1; p = 0.05). There
was a progressive return to basal values after 30 min while ip injection of saline had no
effects on basal pAUC throughout the 30 min experimental period (Fig. 4A–B). The values
of the pAUC (mmHg×min) induced by ip carbachol for the 30 min-post injection period
reached 45.5 ± 19.7 from 10 ±1.2 at baseline (p=0.05) (Fig. 4C). Furthermore, carbachol
administered ip increased significantly the tonic component of IGP from 2 min post
injection with a peak response reached at 5 min and a return to ip vehicle value at 8 min
(Fig. 4C). During the 30 min after carbachol injection, the mean gastric pressure increased
significantly during the first 15 min period post injection and not thereafter compared with
basal or saline ip which had no effect (Fig. 4E).

3.3.2. Stimulation by intracerebroventricular injection of TRH agonist or cold
exposure: differential responses in wild type and CRF-OE mice—The icv
injection of RX-77368 (30 ng) induced a rapid onset (50.1 ± 9.3 sec) occurrence of HAC at
a rate of 0.71 ± 0.20 min−1 with a mean amplitude of 81.6 ± 3.2 mmHg and duration of 1.50
± 0.05 s over the 30 min post injection period while the phasic AUC component was not
significantly modified due to the short duration of the event (Fig. 5).

Mice either WT or CRF-OE exposed to ice cold pad for 15 min dropped their rectal
temperature within 5 min which was thereafter maintained at 26.0 ± 0.5°C with manual
heating control. Compared to baseline at room temperature, cold exposure induced a rapid
onset (2–3 min, Fig. 6A–B) increase in the phasic component of the IGP in WT mice that
lasted for the 15 min period of cold exposure (pAUC, mmHg×min = 4.6 ± 1.1 at baseline vs
11.0 ± 3.1; p<0.05, Fig. 6B–C) with a return to basal activity when cold exposure ended
(Fig. 6A). In contrast, no significant change in pAUC was observed in CRF-OE mice during
the 15 min of cold stress exposure compared to baseline (pAUC, mmHg×min = 3.9 ± 0.5 at
baseline vs 5.0 ± 1.1; p>0.05, Fig. 6B–C).

3.3.3. Inhibition of gastric contractile activity by coeliotomy and caecal
palpation in mice—Coeliotomy resulted in a short lasting (15 min) significant reduction
of the phasic and tonic components of the IGP compared to baseline (Fig. 7A). The plateau
decrease occurred at 5 min after the intervention (pAUC: mmHg×min, 18.3 ± 4.8 at baseline
vs 12.8 ± 3.3; mean pressure: mmHg, 15.3 ± 2.7 vs 12.5 ± 2.7; p<0.05, Fig. 7A–C) and was
maintained for 15 min with a return to basal values during the 15–30 min time period (Fig.
7A–D). Cecal palpation for 1 min performed 30–35 min after the coeliotomy resulted in a
similar pattern of inhibition of phasic and tonic components of IGP (pAUC: mmHg×min,
19.3 ± 4.8 at baseline vs 14.0 ± 6.0; mean pressure: mmHg, 13.6 ± 2.8 vs 9.8 ± 1.9; 0–15
min post caecal palpation; p<0.05, Fig. 7A–D).

4. Discussion
In the present study, we validated a novel non-invasive still-manometry method to measure
acutely the phasic components of IGP in fasted urethane anesthetized mice and rats. We
positioned the pressure transducer of the Mikro-Tip catheter into the gastric corpus through
insertion into the oral cavity and monitored the well-established stimulatory effect of iv
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injection of ghrelin and central vagal cholinergic activation in rats. Similarly we
demonstrated for the first time in mice that icv TRH agonist or acute cold exposure induced
a rapid onset stimulation of gastric phasic contractile activity and that CRF-OE mice are not
responsive to central vagal stimulation. In addition we delineated the different components
of gastric motility inhibition induced by coeliotomy alone followed by bowel manipulation
in rats and mice naïve of prior surgery.

In fasted urethane anesthetized rats, spontaneous IGP recorded under these conditions
exhibited phasic contractile activity, composed of high amplitude contractions over 10
mmHg at a frequency of 0.5–1/min in 84% of the case. Such activity is compatible with the
pattern of gastric motility previously reported using mechanical, myoelectrical or
manometric methods for recording motility in conscious rats chronically implanted with
strain-gauges or electrodes in the corpus, or side hole perfused manometry catheters in the
gastric lumen respectively [18,20,49]. For instance in fasted conscious rats, the frequency of
high-amplitude contractions was reported in the range of 0.4–1/min contractions/min in the
proximal corpus [20,49]. In the present study, we found that high amplitude contractions
were organized in cyclic activity, although during the first 30 min there was no clear return
to basal activity between cycles. In the fasting state, migrating motor complex (MMC) has
been characterized in human and dog stomachs as well as the small intestine of most
mammals [28,35]. It remains, however, controversial whether rats have a similar MMC in
the stomach under fasting conditions [3,9,16,49,65]. For instance, Tatewaki M et al. [65]
found no cyclic grouping of strong antral contractions in 57% of fasted rats while
contractions were organized in cyclic phase III-like activity in the remaining 43% while in
others report, no obvious gastric MMC in fasted rats was observed [30,49]. In the other 16%
of cases, no spontaneous activated phasic motility was observed during the first 1-h period
of recording basal activity.. In previous studies, a low basal activity with an amplitude <10
mmHg was the main pattern observed in urethane anesthetized rats when gastric motility
was monitored using a water filled balloon-catheter assembly that was inserted acutely into
the stomach through laparotomy and incision into the forestomach [40]. As we demonstrated
using pressure microsensor catheter inserted orally that each step of abdominal surgery (i.e.
laparotomy and gut manipulation) inhibits the phasic component of IGP, these data suggest
that the commonly used gastric pressure measurements methods under acute conditions
involving surgery induce confounding factors for IGP measurement. Under our conditions
without surgery, the low basal gastric motility was observed only in 16% of animals and
may be related to differential sensitivity of rats to increased sympathetic activity induced by
urethane [8,36].

Under low basal gastric contractility, intravenous injection of ghrelin induces a rapid in
onset and sustained pattern of phasic IGP activity characterized by regular high amplitude
contractions similar to phase III-like contractions [3] throughout the 30 min experimental
period. These data are in line with the initial report showing that rat ghrelin injected iv at a
similar dose range as used in the present study, evoked a rapid increase in the amplitude and
frequency of gastric contractions lasting 50 min as monitored by a manometric method with
a water filled balloon-catheter acutely inserted into the stomach through an incision in the
duodenum of urethane anesthetized fasted rats [40]. Similarly in conscious rats, iv injection
of ghrelin was reported to induce a rapid onset increase in antral phase-III like contractions
when recorded using chronically implanted manometric catheter into the antrum to measure
pressure changes [18], strain gauge sutured on the serosal surface of the antrum to measure
antral wall motion [64] or with chronically implanted wire electrode on the surface of the
stomach (electrogastrography) [66]. In addition, we showed that central vagal activation
induced by the ic injection of stable TRH agonist, RX-77368 induced a rapid increase in
phasic gastric contractions that lasted during the 30-min recording period. The pattern of
response to RX-77368 is similar to that described in urethane anesthetized rats by recording
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from acutely implanted strain gauges on the gastric corpus or manometrically by fluid filled
catheter placed into the stomach through the pylorus or in conscious rats using strain gauges
[9,13,52]. Previous time course studies established that RX- 77368 injected intracisternally
at a similar dose as used in the present study (30 ng) stimulates gastric motility for 70 min
post injection [9,52]. Both gastric motility stimulatory response to iv ghrelin and ic
RX-77368 have been characterized to be vagal dependent and atropine sensitive in
conscious or anesthetized rats [21,40,66]. Collectively the data obtained in rats using
prokinetic peptides such as iv ghrelin and central vagal cholinergic activation in fasted
urethane anesthetized rats validate the sensitivity and reliability of the novel non surgical
acute method with pressure microsensor catheter inserted orally. Of note is that urethane
anesthesia was used to conduct the validation of the non-invasive method for comparison
purpose to a number of reports showing that iv injection of ghrelin or central vagal
activation stimulates high amplitude phasic contractions monitored by different recording
approaches in urethane anesthetized rats [1,9,27,40,55,55]. In addition, the stimulation
induced by central vagal activation and ghrelin or other transmitters initially observed in
urethane anesthetized rats have been largely reproduced in conscious rats [18,21,63,64].
However urethane results in the activation of sympathetic outflow [8], hyperglycemia [27]
and gastric somatostatin release [71] that can impact on gastric motor function [51].
Therefore it will be relevant to expand this non-invasive pressure microsensor method under
other anesthetic conditions (inactin, pentobarbital) also used to record gastric motility.

Next we applied this approach to mice and report for the first time a new method to monitor
IGP in anesthetized mice without any surgical involvement. Interestingly, we did not
observed any high amplitude phasic contractions (i.e. >10 mmHg) compared with rats when
anesthetized with the same dose/kg of urethane. Basal activity was composed of low
amplitude contractions (<10 mmHg) occurring at a rate of 5–6 min−1. However, urethane
mice preparation was responsive to stimulation by cholinergic mechanisms, which resulted
in a marked rapid (<3 min) increase in phasic and tonic components of IGP and to inhibition
by abdominal surgery. Only one report so far has monitored gastric contractility in urethane
anesthetized mice [43]. Under central and peripheral cholinergic stimulated conditions,
gastric motility increased as measured using a balloon surgically placed within the gastric
lumen and similar changes were produced in un-anesthetized decerebrated mice [43].
However, the use of a miniaturized barostat only allowed the recording of changes in IGP at
a rate of 1Hz, which is not sensitive enough to monitor precisely phasic changes in IGP as
observed in the present study. More recent studies developed methods to record motility in
conscious mice using miniaturized perfused manometry system inserted into the antrum
through an intragastric incision or implanting miniature strain gauge transducer on the
antrum or greater curvature [57,62,73]. Under these conditions, fasted mice showed a basal
phase-III like activity in the antrum characterized by high amplitude contractions occurring
at a rate of 8/h [62] or every 12–15 min [73]. The absence of spontaneous high amplitude
contractions in the present method may be related to the greater sensitivity of the mice vs
rats to urethane anesthesia as urethane can exert suppressant effect on contractile activity
[36]. Recent studies provided evidence that endogenous ghrelin regulates the occurrence of
phase III-like contractions in freely moving fasted mice [73]. We previously established that
urethane is a potent releaser of gastric somatostatin which inhibits gastric endocrine
hormone secretion such as gastrin [71] and ghrelin [14,56].

However the low basal activity can be stimulated by cold which induced a rapid onset (2–3
min) increase in the phasic component of the IGP in wild type mice that lasted for the 15
min period of cold exposure while CRF-OE mice had no change in gastric motility in
response to cold. Consistent with increased gastric motility, functional studies showed that
acute cold exposure stimulates gastric emptying in conscious mice [26]. Acute cold
exposure is known to activate preganglionic vagal motor neurons through brainstem TRH
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receptor dependent mechanisms resulting in a vagal cholinergic stimulation of gastric
secretory and motor function in rats [61]. In the present study, we demontrate that icv
injection of TRH agonist also induces a rapid onset increase in high amplitude gastric
contractions expanding to mice previous reports in rats [61]. We previously demonstrated a
central action of CRF to inhibit cold-induced activation of neurons in the dorsal motor
nucleus of the vagus and interaction between exogenous injection of CRF and TRH at this
site whereby CRF suppressed TRH-induced increase in gastric motility in rats [29,69]. In
mice, icv injection of CRF results in a delayed gastric emptying of liquid or solid meal
[37,54]. Therefore the lack of gastric motility response to cold exposure in CRF-OE mice
may reflect such interaction between endogenous brainstem TRH released by cold exposure
[72] and CRF under conditions of CRF overexpression.

All previous methods to measure gastric motility in rodents required abdominal surgery and
manipulation of the gut to implant the recording device, thus rendering them
disadvantageous to study the influence of surgery itself in animals naïve of previous surgery.
In the present study, the positioning of miniaturized pressure transducer catheter into the
gastric corpus through oral insertion allowed to assess changes in gastric contractile activity
without a confounding surgery effect. Under this non invasive condition, both anesthetized
rats and mice undergoing midline coeliotomy had a significant acute decrease in the phasic
component of IGP compared to baseline. Caecal palpation performed 30 min after the
laparotomy induced a further drop in the phasic component of the IGP compared to baseline.
These data provide insight to changes in gastric contractile events underlying functional
studies showing delayed gastric emptying in rats and mice immediately following similar
surgical intervention [34,58]. In particular the rapid onset of changes in gastric motility
induced by midline coeliotomy and caecal palpation provide additional support for neurally
mediated mechanisms initiating the post operative gastric ileus as shown by the role of
capsaicin sensitive afferent and activation of brain CRF signaling pathways in the delayed
gastric emptying observed within 2 h of coeliotomy and caecal palpation in rats or mice
[5,34,50,74].

Interestingly, we also demonstrated in mice that our method could capture changes in the
tonic component of IGP which is usually not possible using catheter manometry in higher
species, including rats. This is most likely due to the smaller size of the gastric cavity. The
responsiveness of our assay to monitor tonic component of IGP in mice was assessed using
coeliotomy and caecal palpation that induced a decrease in gastric tonic activity, while
injection of ip carbachol increased the tonic component of IGP.

In summary, we validate a novel and accurate method to monitor acutely the phasic
component of gastric contractility in both in rats and mice, using a solid-state micro-tip
pressure transducer catheter positioned through oral intubation into the gastric corpus. In
addition, this technique does not require surgical procedure or gastric filling with any liquids
contrasting with present methods employed to measure acutely gastric pressure in rats. Such
method appears therefore particularly useful to investigate acutely gastric motility in
rodents, especially in mice in the context of the increasing availability of transgenic models.
Such an approach has allowed us to demonstrate that chronic overexpression of CRF in mice
suppressed central vagal activation-induced rapid increased in high amplitude gastric
contractions and the rapid onset decrease in gastric phasic contractions in response to
laparotomy and the additive effect of intestinal manipulations in mice and rats.
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Figure 1.
Basal patterns of gastric phasic contractile activity monitored with a novel non-invasive
miniaturized pressure transducer method in fasted urethane anesthetized rats. A.
Representative trace of spontaneous intragastric pressure showing phase III-like activity of
long duration occurring from the start of the recording (group 1). B. Phasic component of
the intragastric pressure represented as the mean ± SEM area under the curve (pAUC) over
the time for 1h of group 1 (n=11), 2 (n=36) and 3 (n=9). C. Phasic component of the
intragastric pressure represented as the mean ± SEM area under the curve (pAUC) over 3-h
time monitored in 6 rats (group 1: n=1; group 2: n=5). *P<0.05 vs group 3; # p<0.05 vs
group 1; ‡ p<0.05 vs group 2 (2-way ANOVA for repeated measures).
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Figure 2.
Stimulation of gastric phasic contractility induced by intravenous ghrelin and intracisternal
TRH agonist, RX-77368 monitored with a non non-invasive miniaturized pressure
transducer method in fasted urethane anesthetized rats. Representative traces of intragastric
pressure in rats after intravenous (iv) injection of ghrelin (A) and intracisternal (ic) injection
of RX-77368 (B) (injection time shown by the arrow). C. Area under the curve of the phasic
component of intragastric pressure (pAUC) over 30 min after the injection of either iv
ghrelin (n=6), or vehicle (n=10) and ic injection of RX77369 (n=4). The pAUC is expressed
as the mean ± SEM of the 2 min preceding and following each time point (injection made at
time 0). D. Mean pAUC for the 15 min of baseline and 30 min response after iv injection of
either ghrelin or vehicle and ic injection of RX77369. * P<0.05 vs baseline (Wilcoxon test).
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Figure 3.
Inhibition of gastric phasic contractility induced by abdominal surgery monitored with a non
non-invasive miniaturized pressure transducer method in fasted urethane anesthetized rats. A
representative trace of intragastric pressure (A) and its phasic component (pAUC) (B) over
the time in rats after coeliotomy (as shown by the arrow) and caecal palpation (as shown by
the black line) realized 30 min later. The pAUC is expressed as the mean ± SEM of the 2
min preceding and following each time point. C. Mean pAUC ± SEM (n=6) for the 15 min
of baseline and 30 min response after coeliotomy and caecal palpation * P<0.05 vs baseline
(Wilcoxon test).
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Figure 4.
Basal pattern of basal or carbachol-stimulated gastric phasic and tonic contractile activity
monitored with a non non-invasive miniaturized pressure transducer method in fasted
urethane anesthetized mice. Representative traces of intragastric pressure (A) after either
intraperitoneal (ip) injection of carbachol (6 μg/kg, ip) or saline (ip). B Phasic component of
the intragastric pressure (pAUC) in mice after injection of carbachol (6 μg/kg, ip) or saline
(ip) made at time 0. The pAUC is expressed as the mean ± SEM of the 2 min preceding and
following each time point. C. Tonic component of the intragastric pressure in mice
expressed as the mean pressure ± SEM over the time after injection of carbachol (6 μg/kg,
ip) or saline (ip) made at time 0. D. Quantification of the phasic (mean pAUC ± SEM)
components of intragastric pressure during baseline and 30 min after ip injections of either
carbachol or saline. E. Quantification of the tonic (mean pressure ± SEM) components of
intragastric pressure during baseline (B) and the consecutive 15 min periods after ip
injections of either carbachol or saline. * P<0.05 vs baseline (Wilcoxon test). #: P<0.05 vs
saline (Mann & Whitney test)
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Figure 5.
Stimulation of phasic gastric contractions induced by intracerebroventricular (icv) injection
of TRH agonist monitored with a non non-invasive miniaturized pressure transducer method
in fasted urethane anesthetized mice. A. Representative trace of intragastric pressure change
in fasted mice induced by icv injection of RX-77368. Time of injection is represented by a
black line. B. Large scale representation of intragastric pressure recording from shaded area
in A. High amplitude contractions (shown by black arrows) occurred at a frequency of about
1/min as monitored 30 min after icv injection.
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Figure 6.
Acute exposure to cold induces increase in phasic gastric contractions in fasted urethane
anesthetized wild type mice but not in CRF-OE mice as monitored with a non non-invasive
miniaturized pressure transducer method. A. Representative trace of intragastric pressure
before, during and after cold exposure in wild type (WT) mice; the cold exposure (period
during which the animal body temperature was at 26 ± 0.5°C) is represented as a black line.
B. Area under the curve of the phasic component of intragastric pressure (pAUC) over the
time in WT (open square line) or CRF overexpressing (CRF-OE; filled square line) mice
before and during cold stress exposure for 15 min. The pAUC is expressed as the mean ±
SEM of the 2 min preceding and following each time point. C. Mean pAUC ± SEM pAUC
15 min before and during cold exposure in WT and CRF-OE mice (n=8/per group), *
P<0.05 vs baseline. #: p<0.05 vs saline (Two-Way Repeated Measure ANOVA.)
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Figure 7.
Both coeliotomy and caecal palpation inhibit phasic and tonic gastric contractile activity
monitored with a non non-invasive miniaturized pressure transducer method in fasted
urethane anesthetized mice A. Representative traces of intragastric pressure in mice after
coeliotomy (as shown by the arrow) and caecal palpation (as shown by the black line). B.
Area under the curve of the phasic component of intragastric pressure (pAUC) over the time
in mice after coeliotomy (left) and caecal palpation (right) realized 30 min later. pAUC
expressed as the mean ± SEM of the 2 min preceding and following each time point. C.
Tonic component of the intragastric pressure expressed as the mean pressure ±SEM over the
time in mice after coeliotomy (left) and caecal palpation (right) realized 30 min later. D.
Quantification of the phasic (mean pAUC ± SEM per 15 min period) and tonic (mean
pressure ± SEM per 15 min period, n=6) components of intragastric pressure during baseline
(B) and the first consecutive 15 min periods after coeliotomy and caecal palpation. * p<0.05
vs baseline (Wilcoxon test).
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