
Coordinated gastric and sphincter motility evoked by
intravenous CCK-8 as monitored by ultrasonomicrometry in rats

David W. Adelson, Mulugeta Million, Koki Kanamoto, Tiffany Palanca, and Yvette Taché
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Adelson, David W., Mulugeta Million, Koki Kanamoto, Tiffany
Palanca, and Yvette Taché. Coordinated gastric and sphincter mo-
tility evoked by intravenous CCK-8 as monitored by ultrasonomi-
crometry in rats. Am J Physiol Gastrointest Liver Physiol 286:
G321–G332, 2004; 10.1152/ajpgi.00057.2003.—Gastric and sphinc-
ter motility evoked by intravenous injection of CCK-8 were investi-
gated in urethane-anesthetized rats. Digital ultrasonomicrometry was
used to monitor pyloric (PYL), antral (ANT), corpus (COR), and
lower esophageal sphincter (LES) movements while simultaneously
measuring intragastric pressure (IGP) and, in some experiments,
subdiaphragmatic intraesophageal pressure (sIEP). Intracrystal dis-
tances (ICD) were measured continuously between pairs of piezoelec-
tric crystals affixed to the serosa of PYL, ANT, COR (circular and
longitudinal), and LES. Consecutive intravenous injections of CCK-8
(0.3, 1, and 3 �g/kg) at 30-min intervals caused dose-dependent
simultaneous tonic contractions of PYL and ANT, LES opening, and
drops in IGP with peak changes at 3 �g/kg of �17.9 � 2.1, �7.7 �
2.5, 6.5 � 1.4, and �29.2 � 3.8%, respectively, whereas intravenous
saline had no effect. Rhythmic contractile activity was inhibited by
CCK-8. COR responses were not significantly different from vehicle
controls for most metrics, and the direction of response for circular
COR varied between preparations, although not for repeated trials in
a single preparation. During the LES response to CCK-8, sIEP rose in
parallel with drops in IGP, indicating formation of a common cavity.
Recovery of LES ICD after intravenous CCK occurred more rapidly
than recovery of PYL ICD, suggesting the importance of preventing
simultaneous patency of gastroesophageal and gastroduodenal pas-
sages. The CCKA receptor antagonist devazepide (500 �g/kg intra-
venous) inhibited motion responses evoked by intravenous CCK-8.
These data revealed CCK-8-induced gastric and sphincter activity
consistent with retropulsion of gastric content.

lower esophageal sphincter; pylorus; gastric intraluminal pressure;
antrum; devazepide

CCK THAT IS RELEASED FROM mucosal cells of the proximal
duodenum in response to the presence of lipid alters gastric
motility, inhibits gastric emptying, and produces sensations of
satiety (9, 10, 21, 27). Due to the importance of CCK in the
regulation of gastrointestinal (GI) motor function and feeding
behavior, a large number of studies have examined the motility
effects of CCK on the whole stomach or on specific regions
[antropyloric, fundus, and lower esophageal sphincter (LES)]
along with the pathways that mediate these effects. Intravenous
injection of active fragments of CCK has been shown to reduce
intragastric pressure (IGP) in duodenally ligated rats (20), to
contract the pylorus (PYL; 12, 17, 18), and to relax the LES in
cats (2) and humans (13) but not in opossums (6). Additionally,

CCK is believed to contribute to the forestomach accommo-
dation accompanying ingestion of a lipid-rich meal in experi-
mental animals and humans (15, 19, 26).

To date, temporal relationships between CCK-induced mo-
tility changes in different regions of the stomach have not been
described in detail, possibly because, in part, of methodologi-
cal constraints. In the present study, we applied digital ultra-
sonomicrometry as a novel technology to study GI motility.
Although sonomicrometry has been used in the field of car-
diovascular physiology since the mid-1950s (22), its applica-
bility to the study of GI motility has been little explored.

The objectives of the present study were: 1) to use digital
ultrasonomicrometry to investigate the coordinated movement
responses in PYL, antrum (ANT), corpus (COR) (circular and
longitudinal), and LES induced by increasing doses of CCK-8
injected intravenously in urethane-anesthetized rats; 2) to si-
multaneously monitor movement responses and IGP changes
and investigate the relationship between them; and 3) to de-
termine the role of the CCKA receptor in mediating motional
responses to intravenous CCK-8, using the selective CCKA

receptor antagonist devazepide (5).

MATERIALS AND METHODS

Animals

Male Sprague-Dawley rats (270–310 g; Harlan Laboratories, San
Diego, CA) were housed under controlled conditions of temperature
(22–24°C) and illumination (12:12-h light-dark cycle, starting at 6:00
AM) and maintained with Purina Chow and tap water ad libitum. All
experiments were begun between 9:00 and 11:00 AM in rats deprived
of food overnight (�14 h) but allowed free access to tap water up to
the beginning of the experiments. Rats were anesthetized by injection
of 25% urethane (1.5 ml/kg ip), followed by additional doses of �0.2
ml ip 25% urethane, if needed, to render the animal areflexic to strong
ear or tail pinch before surgery was initiated. Protocols were approved
by the Veterans Administration Institutional Animal Care and Use
Committee (ACORP 96–080–08).

Respiratory and Body Temperature Monitoring

Animals were tracheally cannulated with a Y-tube cannula to allow
free breathing through one branch while monitoring respiratory rate and
pattern (RESP) via a heated pneumotach (Hans Rudolph, Kansas City,
MO) attached to the output of the other branch. Rectal temperature was
monitored continuously via a thermistor probe and thermometer with
analog output (YSI, Yellow Springs, OH). An intravenous jugular can-
nula was inserted to allow continuous infusion of 0.4 ml/h sterile saline
to maintain hydration and for intravenous injection of test substances.
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Gastric Luminal Pressure Monitoring

Laparotomy was performed, and a small opening was also made in
the abdominal flank. The duodenum was ligated at least 1 cm distal to
the PYL and proximal to the bile duct. A small incision was made in
the nonglandular forestomach, and any residual gastric contents were
flushed out onto a gauze pad. To allow intragastric injection or
withdrawal of saline, a silicone rubber cannula (3 mm outer diameter;
1 mm inner diameter) was passed through the flank hole and inserted
via the gastric incision into the COR. The tip of the cannula, which
had large side holes to prevent clogging, was positioned at the distal
end of the COR, and the gastric incision was closed around the
cannula by using silk sutures. A catheter pressure transducer (SPR-
524 Mikro-Tip catheter; Millar Instruments, Houston, TX) extending
to the tip of the gastric cannula was used to record IGP.

Catheter pressure transducers were connected to a preamplifier
(model 600; Millar Instruments, Houston, TX), the output of which
was subsequently amplified via a single-ended connection to the
transducer amplifier.

Ultrasonometric Measurements of Gastric Motility

Piezoelectric crystals 1 mm in diameter (Sonometrics, London,
ON, Canada) were affixed to the serosal surface of the stomach using
a small drop of cyanoacrylate glue (Vetbond; 3M Animal Care, St.
Paul, MN). Crystals were placed as pairs 2–6 mm apart and oriented
parallel to the circular muscle in PYL, ANT, circular COR (CORci),
and LES (Fig. 1). LES crystals were placed along the line of the
esophagocardiac junction. CORci crystals were placed several milli-
meters aborad to the dividing line between the glandular and non-
glandular portions of the stomach, and ANT crystals were placed
0.5–1 cm orad to the PYL. PYL crystals were placed at the antroduo-
denal junction at its narrowest point. In several experiments, instead
of measuring the response of ANT, an additional crystal was placed in
the COR so as to allow recording of the longitudinal (i.e., parallel to
the rugae) motion of the longitudinal COR (CORln). In this arrange-
ment, one of the three COR crystals was a member of both the CORci
and the CORln crystal pairs. After the crystals were placed, the
abdominal cavity and skin flaps were reclosed using silk sutures and
cyanoacrylate glue.

Data Acquisition and Analysis

Sonometric distance measurement data were acquired digitally at
50 samples/s via a digital sonomicrometer (model TRX-13; Sonomet-
rics) connected to a Pentium III class computer running SonoLAB
software (Sonometrics). The level at which the arrival of the ultra-

sound wavefront was recognized (triggering) was set by observing the
arriving wavefront on an oscilloscope and adjusting the triggering
level so that the first peak in the wavefront was reliably marked.
Digitally acquired distance data were simultaneously output as analog
signals via an installed four-channel digital-to-analog converter.
These sonometric analog signals along with all analog physiological
data (rectal temperature, RESP, and IGP) were acquired using a
Micro1401 A/D interface (Cambridge Electronic Design) connected
to a Pentium II class computer running Spike 2 (Cambridge Electronic
Design) data acquisition software.

Sonometric distance signals contained two types of noise that were
removed via a Spike 2 software script: “digital noise” (Fig. 2A) and
transient “level shifts.” Both of these were characterized by rates of
rise 10-fold greater than the fastest signal occurring in the measured
signals. The script algorithm located such jumps and then searched for
another jump in the opposite direction within a maximum specified
period of time, usually 0.2 s, and then replaced the intervening points
with a straight line connecting the points on either side of the
discontinuity (deglitching). The deglitched sonometric traces (Fig. 2)
and the IGP trace exhibited a rhythmic component with a periodicity
of �1.5 Hz in perfect synchrony with the respiratory signal (Fig. 2,
inset), resulting from the movement of the diaphragm. This respira-
tory component of the signals was typically most prominent in the
LES trace and least well developed in the COR trace. During analysis,
it was removed by smoothing the trace with a 1-s smoothing window
(Fig. 2C).

Phasic and tonic components of the signals were analyzed sepa-
rately. The tonic component of the trace was obtained by replacing
each point in the deglitched smoothed trace with the median value of
the trace over the surrounding 10 s. The phasic component was
obtained by applying to the original trace the inverse operation of a
smoothing function with a 10-s window, i.e., by removing the “DC
component” with a time constant of 10 s.

Values of the following variables were calculated for the tonic
component of each response period: mean normalized value during
the response, 1-min maximum excursion from baseline, duration of
response, and integrated response (mean normalized response time
duration). Values were normalized by subtracting the respective
values during the 3-min basal period before treatment and dividing by
the basal value, yielding the percent change from initial conditions.
The onset of the tonic response to a stimulus was defined as time at
which the tonic component exceeded a threshold of two standard
deviations above (for increases) or below (for decreases) the mean
value during the 3-min basal period immediately preceding the stim-
ulus. The end of the tonic response was defined as the time at which
the trace returned within 10% of the threshold value relative to the
1-min maximum excursion from threshold (90% recovery). A zero
value was assigned for any trial in which the trace did not cross the
threshold within 3 min of intravenous injection or did not remain
beyond the threshold value for at least 45 s. Additionally, the duration
and integrated response were not tallied for a given trial if after
crossing the threshold the trace remained beyond threshold levels for
�30 min (e.g., due to a long-term trend in the trace).

Rate of contraction was determined by marking the peaks or
troughs (depending on the region) in the phasic component of the
signal. The threshold level for identifying a peak/trough was set at the
mean � 1.5 SD in the 3 min before treatment. Duration of inhibition
of phasic activity by CCK-8 was defined by setting as a threshold a
20% reduction in the contractile frequency compared with the 3 min
immediately preceding peptide injection. Onset of the inhibition of
phasic activity was defined as the center of the first minute during
which the contractile frequency fell below half of this threshold value.
The end of the response (i.e., recovery of phasic activity) was taken as
the beginning of the first minute during which contractile frequency
rose above the threshold frequency.

Periodicity of rhythmic contraction after vehicle and devazepide
treatment was determined by performing an autocorrelation of the

Fig. 1. Schematic representation of piezoelectric crystal positions on the
stomach and sphincters. Dashed lines indicate crystal pairs from which
distance data were recorded and are not physical structures.
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pressure signal for a 5-min interval beginning 25 min after vehicle or
devazepide and marking the position of peaks in the autocorrelogram.
The amplitude of rhythmic contraction was measured as the root mean
square (RMS) amplitude of the phasic component of the trace over the
same interval.

Treatments

Sulfated CCK-8 (1 �g/�l in physiological saline; Peninsula Labs,
Belmont, CA) was stored at �80°C. Stock solutions were diluted in
0.1% fetal BSA in sterile pyrogen-free phosphate-buffered saline, pH
7.4 (Sigma, St. Louis, MO) immediately before each experiment.
Devazepide (L-364718; Merck Sharpe and Dohme, St. Louis, MO)
was dissolved in DMSO/Tween 80/saline at a ratio of 1:1:8, respec-
tively, just before administration. All compounds were given intrave-
nously in 0.1 ml and were chased with 0.15 ml of saline.

Experimental Design

After completing the surgery, urethane-anesthetized rats were left
undisturbed for 30 min, after which 1 ml of saline was delivered into
the stomach via the intragastric cannula. This usually raised IGP
initially to 4.0–5.5 cmH2O. If IGP was below this level, an additional
�0.5 ml of saline was added. After recording basal levels of all
physiological variables for 30 min, vehicle (saline � 0.1% BSA) was
injected intravenously followed by consecutive, increasing doses of
CCK-8 (0.3, 1, and 3 �g/kg) at 30-min intervals. Thirty minutes after
this series of injections, the stomach was distended via intragastric
injection of saline in increasing volumes (0.5, 0.7, and 1.0 ml) for 3
min per distension followed by withdrawal of the injected volume and
a 3-min rest period.

In a subset of experiments, 30 min after these distensions, the
following four injections were made at 30-min intervals: vehicle (10%
DMSO:10% Tween 80:80% saline), CCK-8 (3 �g/kg), devazepide
(500 �g/kg), and CCK-8 (3 �g/kg). The dose for devazepide was
chosen based on a recent study (7).

In an additional set of experiments (n � 4), subdiaphragmatic
intraesophageal pressure was also monitored, as well as responses to
intravenous injection of vehicle and CCK (3 �g/kg). In these animals,
after the placement of the piezoelectric crystals and the closing of the
abdominal incision, an additional catheter pressure transducer was
placed immediately subdiaphragmatically in the esophagus via the
mouth. The subdiaphragmatic position of this catheter was determined
by observing the inversion of the excursion in pressure during each
respiratory cycle when crossing the diaphragm. Additionally, when
initially positioning the intraesophageal pressure transducer, it was
pushed through the LES high-pressure zone (LES-HPZ) and then
slowly withdrawn to ensure that it was located proximal to the
LES-HPZ. The catheter was fixed in position by taping the body of the
catheter to the incisors of the rat.

At the end of each experiment, the abdominal cavity was opened
and digital photographs were taken to record the crystal placement
(Fig. 1), after which animals were euthanized by intracardiac urethane
injection followed by section of the abdominal aorta.

Statistics

Unless otherwise noted, all values reported are means � SE.
One-way repeated-measures ANOVA using a post hoc Tukey’s test
for individual comparisons were used to analyze statistical signifi-
cance of pressure or motion responses to successive doses of CCK-8
in each region (PYL, ANT, COR, and LES). Values from traces for
which data were not obtained for all trials were excluded when
calculating statistical significance due to the inability of the test to
accommodate missing values. The same test was used to compare
durations of response between traces for each treatment. Mean percent
reductions in response (relative to vehicle controls) after devazepide
were calculated by averaging the percent reduction occurring in each
preparation individually. Statistical significance of devazepide-in-
duced reductions in CCK-8-evoked responses was calculated using a
one-tailed repeated-measures Student’s t-test comparing the response

Fig. 2. Signal processing sequence. A: raw data trace [lower
esophageal sphincter (LES) during basal period] containing
“digital noise” transients. B: trace “deglitched” by a soft-
ware script that recognizes and removes transient digital
noise and level shifts. C: smoothing applied to deglitched
trace to remove respiratory rhythm. Inset: comparison of
LES and respiratory traces. Downward deflection on the
respiratory trace indicates inhalation, whereas upward de-
flection indicates exhalation.
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after vehicle to that after devazepide for each preparation. Statistical
significance of devazepide-induced changes in amplitude of rhythmic
activity was determined using the Wilcoxon signed-rank test. P values
�0.05 were considered significant. All statistical tests were performed
using the software program Prism version 3.0 (GraphPad Software,
San Diego, CA).

RESULTS

Under basal conditions after inflation of the stomach with
�1 ml saline, mean recorded IGP was 3.9 � 0.2 cmH2O (n �
9) and mild rhythmic contractile activity with a periodicity of
5.7 � 0.3 per minute (n � 9) was observed. These rhythmic
events were usually episodic and asymmetric in form, rather
than continuous and sinusoidal. During asymmetric events,
IGP and LES intracrystal distance (ICD) rose, whereas ANT
and PYL ICD typically fell, indicating circumferential short-
ening. When rhythmic activity could clearly be distinguished
in CORci and CORln, ICD increased with each rhythmic event.
Saline injection (iv) did not alter either the motion traces or
the IGP.

Gastric Responses to intravenous CCK-8

Onset of the response to intravenous CCK-8 occurred im-
mediately, i.e., during injection. The pattern of changes com-
prised a dose-related tonic reduction in ICD of PYL, ANT, and
CORln, opening of LES, and a drop in IGP (Figs. 3 and 4).
CORci responses varied in direction (contraction or stretching)
between preparations but were consistent for repeated trials
within a single preparation. Tonic responses were accompanied
in all traces by an inhibition of prevailing rhythmic activity that
recovered as the tonic component of the traces returned to
baseline levels. The amplitude and frequency of this rhythmic
activity were greatest immediately after the end of the tonic
response to intravenous CCK-8 and decayed somewhat there-
after, although they remained elevated above prestimulus lev-
els (Figs. 3 and 4). The responses of IGP, PYL, ANT, LES, and
COR are described individually below, after which the tempo-
ral relationships between traces during CCK responses and
during rhythmic contractions are detailed.

IGP. Injection of CCK-8 (0.3, 1, and 3 �g/kg iv) dose-
dependently reduced IGP. Duration of response, 1-min maxi-
mal drop in IGP, and the integrated response to CCK-8 were
significantly different from the vehicle control at all doses (Fig.
4). At 3 �g/kg iv CCK-8, IGP tonic activity and inhibition of
phasic activity lasted 6.6 � 1.1 and 5.2 � 0.7 min (n � 8),
respectively.

PYL and ANT. Injection of CCK-8 (0.3, 1, and 3 �g/kg iv)
caused a dose-related contraction of PYL and of ANT, as
indicated by a reduction in the ICD within each crystal pair
(Figs. 3 and 4). The 1-min maximum of PYL contraction was
similar at the 1 and 3 �g/kg doses (�17.1 � 2.2 vs. �17.9 �
2.1%) suggesting saturation of the peak response, whereas the
period over which the maximum contraction was maintained
was significantly greater at 3 than at 1 �g/kg (e.g., Fig. 4A).
The magnitude of the integrated PYL contractile response to
CCK (0.3, 1, and 3 �g/kg) and the duration of response were
also dose related and significantly different from the saline
response at all doses (Fig. 4, B and C). At 3 �g/kg, tonic
activity and inhibition of phasic activity lasted 9.3 � 1.2 and
4.2 � 0.5 min (n � 6), respectively. During the return to basal
tone after maximal CCK-8-evoked PYL contraction, we com-
monly observed one or more abrupt separations and “recon-
tractions” (e.g., Fig. 4A).

ANT contractile responses to intravenous CCK-8 were sim-
ilar to PYL responses, although they were smaller in magni-
tude and somewhat less consistent in profile (shape) between
preparations. Peak and integrated responses were significantly
different from vehicle controls only at the highest dose of
CCK-8 (3 �g/kg iv) (Fig. 4). At 3 �g/kg, ANT tonic activity
and inhibition of phasic activity lasted 6.5 � 1.1 and 5.3 � 0.6
min (n � 3), respectively.

LES. Intravenous CCK-8 caused a dose-related separation of
LES crystals (LES opening). The peak LES response to CCK-8
was significantly greater than the response to vehicle at all
doses of CCK-8 tested, whereas the integrated response
showed greater variability and was therefore only significantly
different from controls (no response) at 3 �g/kg (Fig. 4). At 3
�g/kg, phasic activity was inhibited for 4.4 � 0.6 min (n � 9)

Fig. 3. Pattern of response to intravenous injection of CCK-8 (3 �g/kg
iv) in urethane-anesthetized rats. Intragastric pressure (IGP) dropped, as
pylorus (PYL), circular corpus (CORci), and longitudinal corpus
(CORln) contracted and LES separated. Prevailing rhythmic activity
was inhibited during the tonic response and increased in both frequency
and amplitude on recovery. Note that LES closed well before PYL
reopened to preinjection levels.
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and thereafter returned to levels at or above preinjection
amplitudes and frequencies essentially concomitant with the
return of the tonic LES ICD to baseline levels (Figs. 4 and 5A).

Values for tonic duration and integrated response of LES do
not include those trials in which the ICD did not return
uniformly to within 90% of pretrial baseline levels but in which
instead a secondary prolonged plateau occurred in the LES
response (Fig. 5B). This latter type of opening response,
designated a type II response, was observed in two of nine
preparations at all doses of CCK-8 tested and in an additional
two preparations only at the 3 �g/kg dose. The form of the
profile was essentially the same for both the more typical
(designated type I) and the type II opening responses (Fig. 5).
Type II responses did not differ significantly from the usual
LES opening response in terms of 1-min maxima or latency to
1-min maxima [6.9 � 2.4% at a latency of 2.0 � 0.1 min (n �
5) for type I vs. 6.0 � 1.4% at a latency of 1.9 � 0.9 min (n �
4) for type II at 3 �g/kg] nor duration of inhibition of phasic
activity [4.3 � 0.5 min (n � 5) vs. 4.5 � 1.3 min (n � 4),
respectively]. However, durations of type I and type II tonic
responses formed distinct, statistically significantly different
populations [4.9 � 0.5 vs. 18.2 � 3.1 min at 3 �g/kg (n � 5
and 4), respectively] and thus so too did the integrated re-
sponses. Recovery of phasic activity of type II response coin-
cided with the inflection in the shoulder of the tonic response.

To determine whether the separation of the LES crystals was
indicative of LES opening, in a separate set of experiments
(n � 4) a pressure sensor was placed in the esophagus imme-
diately below the diaphragm. CCK-8 injection (3 �g/kg iv)

caused an increase in intraesophageal pressure (Fig. 6). The
major rising slope of the immediately subdiaphragmatic intra-
esophageal pressure often corresponded to the shoulder in the
LES crystal separation curve as shown in Fig. 6.

COR. Of the four regions investigated, the amplitude of
motional responses of the COR to iv CCK-8 was smallest.
COR responses, which were defined as increases or decreases
in ICD exceeding two standard deviations of the pretrial mean
beginning within 3 min of injection and lasting at least 45 s
were observed in all preparations. However, the combination
of the small mean amplitude and large variance in amplitude of
response resulted in pooled values not significantly different
from no response other than for the 1-min peak contraction of
CORln. In contrast to the other regions, the CCK-induced
changes in CORci were not in the same direction for all
preparations. However, the direction of the response (contrac-
tion or expansion) was consistent and CCK-8 dose-related for
repeated trials within each preparation. In four of seven prep-
arations a reduction of CORci ICDs was observed, whereas in
three of seven preparations either separation of CORci crystals
or separation followed by contraction occurred (e.g., Fig. 4). In
neither group, however, were the aggregate responses signifi-
cantly different from vehicle controls.

Effect of Devazepide on Motional and Manometric
Responses to intravenous CCK-8

Devazepide (500 �g/kg iv) treatment significantly reduced
the 1-min maximum response, the duration of response, and the

Fig. 4. A: dose-related responses to repeated intravenous injection of CCK-8 in a single preparation. Increasing thickness of the
traces after intravenous CCK-8 is due to the increase in the amplitude of rhythmic contractions. B–D: dose-related duration of
response, integrated response, and peak response (1 min maximum) to CCK-8. *P � 0.05 relative to saline; #P � 0.05 relative to
0.3 �g/kg CCK-8; @P � 0.05 relative to 1 �g/kg CCK-8 (repeated-measures ANOVA with Tukey’s post test; n � 3–9 rats).
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integrated response of ANT, PYL, and LES to CCK-8 (3 �g/kg
iv) relative to the response to CCK-8 after vehicle (Fig. 7).
Devazepide also significantly reduced both the duration of the
CCK-8 (3 �g/kg iv)-evoked drop in IGP and the integrated IGP
values by 64 � 6.6 and 36 � 19.8%, respectively (n � 6, Fig.
7). However, devazepide did not reduce the 1-min maximum
drop in IGP induced by CCK-8 (Fig. 7, B and E).

Devazepide itself increased the RMS amplitude of rhythmic
contraction in all preparations (0.20 � 0.03 cmH2O 25 min
after vehicle vs. 0.61 � 0.26 cmH2O 25 min after devazepide,
n � 6), whereas it had no effect on the periodicity of rhythmic
contraction in any preparation. Devazepide also significantly
increased the baseline IGP, from 5.3 � 0.3 cmH2O 25 min after
vehicle to 7.2 � 0.5 cmH2O 25 min after devazepide (n � 6).

Temporal and Quantitative Relationships Between Responses

Onsets of response to CCK-8 for PYL, ANT, and LES
motion traces and changes in IGP pressure were simultaneous
(Fig. 8A). Latencies from the onset of response to the maximal
excursion of the tonic response demonstrated that the maximal
drop in IGP preceded the maximal excursion in all motion
traces at all doses, with the exception of the LES trace at the
0.3 �g/kg dose of CCK-8 (Table 1).

Tonic response durations measured for each trace were com-
pared with all other simultaneously recorded traces to determine
whether any consistent relationships exist. Statistically significant
differences were found in the durations of PYL and LES re-
sponses but not between any other pairs of traces (repeated-
measures ANOVA with post hoc Tukey’s test; for the purposes of
this comparison, only type I LES responses were considered). In
18 of 18 trials from 7 experiments, the PYL response lasted longer
than the LES response (P � 0.001). This difference reflected the
clearly visible more rapid return toward baseline levels from the
peak response of LES compared with that of PYL (Fig. 8B). The
difference in duration of response of PYL relative to LES was
2.4 � 0.7, 2.0 � 0.5, and 3.3 � 1.2 min after CCK injection at
0.3, 1, and 3 �g/kg, respectively. In contrast to the case for tonic
responses, no statistically significant difference was found be-
tween the times of recovery of phasic activity in the various traces.
Increases in the amplitude of rhythmic contractions in all regions
often occurred coincident with the apparent closure of the LES
(e.g., Figs. 3, 4, and 6).

Responses to Gastric Distension

Gastric distension (0.5, 0.7, and 1.0 ml) reliably caused
marked stretching of CORci [2.0 � 0.4 (n � 4), 2.9 � 1.1 (n �

Fig. 5. LES responses to CCK-8 (3 �g/kg iv). A–B: the original
LES trace, the separated tonic and phasic components of the
trace, and a marker trace indicating the rate of phasic activity.
Vertical dotted lines indicate calculated onset, peak, and recov-
ery times on the basis of the tonic trace. A: type I response; B:
type II response.
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5), and 3.5 � 1.0% (n � 8), respectively] and increased IGP
[32.9 � 75.5 (n � 6), 46.5 � 7.2 (n � 8), and 60.1 � 8.2%
(n � 8), respectively]. This stretching of CORci occurred in all
preparations, regardless of the direction of response to CCK-8,
and the magnitude of the response was greater by more than a
factor of 10 than the maximal response to CCK-8. Responses
of other regions (PYL, ANT, and LES) varied between prep-
arations, although within a given animal they were dose related
and consistent in direction for repeated trials (Fig. 9).

DISCUSSION

The present study shows that digital ultrasonomicrometry
provides an effective way to measure simultaneous motional
changes in multiple sites without extensive gastric surgical
manipulation and is particularly useful in the study of sphincter
motility. Ultrasonometric measurements can detect muscle
shortening or lengthening, both tonic and phasic, and permit
discrimination of longitudinal and circular movements. It
should be emphasized that observation of a change in ICD does
not provide information on the associated changes in force
developed within the muscle.

The present ultrasonomicrometry and manometry data dem-
onstrated a consistent pattern of response to intravenous
CCK-8 that includes contraction of PYL and ANT, simulta-
neous with opening of the LES and a drop in IGP. Inhibition of
prevailing rhythmic contractions occurred concomitantly. Ef-
fects of intravenous CCK-8 on gastric motion were signifi-
cantly inhibited by pretreatment with the CCKA receptor an-
tagonist devazepide, demonstrating that the responses are
CCKA-receptor mediated. These observations are consistent
with a number of prior reports in rats and other species that
have investigated separately either pyloric, antropyloric, LES,

and/or IGP responses to intravenous CCK (1, 2, 18–21). The
present sonomicrometric data extend prior observations by
permitting comparison of the temporal relationships between
motility changes in different portions of the stomach and a
comparison of this motion with IGP changes. The most signif-
icant observation of the present study concerns the coordinated
activity of LES and PYL.

PYL and ANT

Intravenous CCK-8 caused significant reduction of PYL and
ANT tonic ICD. Circumferential shortening of the muscle
could be accompanied by maintenance of constant tension
during a drop in IGP (resulting from accommodation occurring
in more proximal parts of the stomach), decreases in wall
tension offset by greater decreases in the opposing force of
IGP, or increases in wall tension, i.e., active contraction oc-
curring simultaneously with the drop in IGP. Prior studies
using sleeve manometry, force measurements, or electromyo-
graphy (1) support the view that the circumferential shortening
observed in PYL and ANT results from active contraction (11,
12, 14, 23). Pyloric contractile responses were more consistent
in shape and were larger in magnitude (as a percent change
from preinjection values) than changes occurring in the other
gastric regions monitored. Consistency of response between
preparations may be due, in part, to the small size of the PYL
and the reliability with which crystals could be placed at the
same position in every preparation due to the clear anatomic
landmarks. Furthermore, the functional role of the PYL is to
constrict to closure, and the movements of the PYL are thus
likely to be simpler than movements in the body of the
stomach, which can include longitudinal, circular, and oblique
components. ANT responses were typically similar to pyloric

Fig. 6. Subdiaphragmatic esophageal pressure (ESO-P) rises after intravenous CCK-8 injection, suggesting formation of a common
cavity between stomach and subdiaphragmatic esophagus. The arrow indicates the time of injection, whereas the dotted vertical line
marks the onset of a rapid rise in ESO-P measured immediately below the diaphragm, which coincides with the shoulder in the LES
trace. The large transient in ESO-P midway through the response was accompanied by a simultaneous small rise in IGP, along with
small increases in LES, ANT, and PYL intracrystal distances (inset: vertical dotted line marks onset of esophageal pressure
transient).
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responses, although they were smaller in magnitude and some-
what less consistent in profile between preparations. Pyloric
and ANT responses to intravenous CCK-8 consisted of tonic
contraction accompanied by inhibition of phasic activity fol-
lowed by a recovery to baseline tone, during which phasic
activity also recovered to levels that exceeded prestimulus
amplitude and frequency. In some preparations, the recovery of
PYL to baseline tone was interrupted by a sharp return to the
baseline level followed immediately by recontraction (e.g., Fig.
4). The pyloric ultrasonometric profile was remarkably similar,
if not identical, to a published trace of strain gauge recordings
of isolated pyloric sphincter responses to bath application of
CCK-8 in vitro (18). This marked similarity between the
features of the in vitro strain gauge and in vivo sonometric
recordings suggests that the pathways responsible are intrinsic
to the pyloric smooth muscle.

LES

In response to CCK-8, the LES ICD increased significantly,
suggesting opening of the LES. Visual inspection of the traces
suggested that in most cases increased amplitude of phasic
activity coincided closely with recovery of initial LES ICD.
This was reflected in the greatest similarity between the dura-
tion of the tonic response and the duration of phasic inhibition
in the LES compared with other regions. Intraesophageal
pressure measurements indicated that separation of LES crys-

tals was accompanied by creation of a common cavity between
stomach and subdiaphragmatic esophagus, presumably due to
relaxation of the LES and the presence of a pressure gradient
between the stomach and esophagus. Relaxation of the LES in
response to intravenous CCK-8 has been demonstrated in the
cat (2). An intact nerve supply is necessary because tetrodo-
toxin pretreatment reverses this effect leading to LES contrac-
tion in response to intravenous CCK-8 (2). Similarly, a variety
of human studies indicate that exogenous (13) or endogenous,
postprandially released CCK (25, 28) causes LES relaxation,
whereas CCK-8 contracts isolated human LES muscle strips in
vitro (8). In contrast, in the opossum intravenous CCK-33
causes LES closure and an increase in IGP (6). To the best of
our knowledge, the present study provides the first demonstra-
tion in rats of LES opening in response to intravenous CCK.

COR

CORci was unique among the motional traces in that CCK-8-
evoked changes varied in direction (expansion or contraction) in
different preparations, although within a single preparation the
direction of response was consistent for repeated trials. Due to the
variability in the magnitude of response and the small amplitude
of response, as a group, the amplitudes of CORci responses
(1-min maximum and integrated response) did not differ signifi-
cantly from zero response. A contributing factor to the small
amplitude of CORci ICD changes may be the much larger

Fig. 7. Devazepide pretreatment inhibits motional responses to intravenous CCK-8 in all traces and reduces the integrated
magnitude and duration of the IGP response. However, the peak IGP drop is not reduced. A: CCK-8 response 30 min after
intravenous vehicle injection. B: CCK-8 response in the same preparation 30 min after devazepide (500 �g/kg iv). C–E: response
duration, integrated response, and peak response to CCK-8 (3 �g/kg iv) for vehicle � CCK-8 and devazepide � CCK-8 (n � 3–6
rats). *P � 0.05 relative to vehicle � CCK-8.
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circumference of the stomach at its midpoint than in the hind-
stomach, such that smaller percent changes in midstomach cir-
cumference displace greater volume than do larger percent
changes in hindstomach circumference. Because three of three
CORln responses and four of seven CORci responses to CCK-8
were contractions, it appears that most of the volume displaced by
hindstomach contraction is accommodated in the forestomach of
the rat stomach in this preparation and not in the midstomach
region. If, in response to intravenous CCK-8, the hindstomach
contracts circumferentially, whereas accommodation occurs in the
forestomach, at some point along the longitudinal axis of the
stomach there will be a region that is transitional between circum-
ferential contraction and circumferential expansion, and there
must be a position in this transition zone in which there is no net
change in circumference. It is possible that the site we selected for
measuring circumferential COR movements is positioned in such

a transition zone, leading to both the small amplitudes of response
observed and to the variability in the direction of response be-
tween preparations. Further work using more crystals placed in
this region will be necessary to determine whether this is indeed
the case.

Our finding of variability in the direction of COR motion in
response to intravenous CCK-8 is similar to the findings of
Takahashi and Owyang (24), who measured COR motility using
strain gauges sutured to the body of the stomach parallel to the
circular muscle of ketamine/xylazine-anesthetized rats. They ob-
served variable responses (contraction, relaxation, and biphasic
responses or no response) to intravenous CCK-8 that were influ-
enced by adrenergic antagonists. After 	-receptor blockade, in-
travenous CCK-8 relaxed the stomach body in 40 of 40 rats,
whereas after 
-receptor blockade, intravenous CCK-8 contracted
the stomach body in 7 of 8 rats tested. These authors (24)
hypothesized that the variability they observed might result from
differences in the balance of autonomic activation in different
preparations.

The small CORci changes in response to intravenous CCK-8
contrasted with the large CORci changes in response to dis-
tension. In all preparations, including those in which CORci
contracted in response to CCK-8, intragastric injection of
saline (0.5–1 ml) caused stretching of the both CORci and
CORln, and the magnitude of the median response of CORci to
distension was 10–15 times greater than the maximum re-
sponse to CCK-8 for those trials in which CORci stretched.

Relationships Between Traces

The onset of response for all motion traces and for IGP was
essentially simultaneous. The overall pattern of response com-

Fig. 8. Temporal relationships between traces during responses to intravenous CCK-8 (3 �g/kg). A: onset of response for PYL,
ANT, and LES motion traces and for the change in IGP pressure were simultaneous. CORci responses appear to begin up to 10 s
after that in other traces. B: LES returns to baseline levels (reclosure) before PYL (reopening). Vertical dotted lines indicate
software-determined onset of response (both LES and PYL), recovery of LES (90% of pre-CCK-8 tonic level), and recovery of PYL
(90% of pre-CCK-8 tonic level).

Table 1. Latencies to maximum response
to intravenous CCK-8

CCK, �g/kg

0.3 1 3

LES 1.2�0.4† 1.4�0.4*‡ 2.0�0.1*†
COR 2.1�0.4* 1.8�0.5* 4.7�1.3*
ANT 1.7�0.7* 1.7�0.3* 1.9�0.6*†
PYL 1.5�0.2*† 2.1�0.2* 2.7�0.3*†
IGP 1.0�0.2† 0.9�0.1† 0.9�0.1†

Values are means � SE in minutes. *Significantly different from intragastric
pressure (IGP) (P � 0.05, n � 5–9); †significantly different from circular
corpus (CORci); ‡significantly different from pyloric (PYL); LES, lower
esophageal sphincter; ANT, antrum.
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prised pyloric and hindstomach contraction, LES opening, and
minimal COR movement, concomitant with a drop in IGP.
This pattern of activity is consistent with retropulsion of gastric
contents away from the pyloric region, in keeping with the
physiological role of CCK in delaying gastric emptying (27).
The maximal drop in IGP occurred significantly sooner than
the maximal tonic motional response in any other region. IGP
reflects an integral of activity in all regions of the stomach,
including forestomach accommodation, LES relaxation, and
hindstomach contraction. Although we did not measure fore-
stomach motion in our experiments, other studies indicate that
CCK-8 causes forestomach accommodation, i.e., an increase in
forestomach volume (15, 19, 26). The time at which the
maximal drop in IGP occurs may coincide with the point of
maximal forestomach accommodation, or it may represent the
point at which further volume increases in the forestomach are
offset by corresponding reductions in hindstomach volume.
Venting of pressure through the relaxed LES may also con-
tribute to reduce the IGP.

Duration of response did not differ significantly between any
pair of traces, with the exception of PYL and LES. LES
reclosure consistently occurred more rapidly than PYL reopen-
ing after CCK-8 injection. LES typically appeared to close
approximately midway during the return of PYL from maxi-
mum contraction toward pre-CCK-injection levels.

Consistency of the relationship between LES and PYL
suggests a potentially important physiological principle,
namely that in general both sphincters should not be open at the
same time. Simultaneous patency of both the gastroesophageal
and the gastroduodenal openings would make it difficult to
control the pressure gradients across each sphincter and thus
difficult to control the direction of flow of material through
them. It may be speculated that improper coordination of the
activity of the two sphincters could be responsible for coinci-
dence of gastroduodenal and gastroesophageal reflux in some
patients (16). If this were the case, investigation of either PYL
or LES function alone might not reveal an obvious flaw.
Instead, the problem might arise from dysregulation of the
timing of action of each relative to the other. In discussing the

relationship of the PYL to the LES activity, Bremner (4) has
commented that, “although the two sphincters have a relation-
ship in disease, the physiological association has not been
clearly demonstrated.” To our knowledge, this study is the first
in which both gastric sphincters were monitored simulta-
neously. Further ultrasonomicrometry studies may aid in pro-
viding the necessary physiological data to understand a variety
of gastric motility disorders.

Effects of Devazepide on CCK-8 Responses

CCKA receptors are believed to play the predominant role in
CCK-mediated effects on gastric motility, including nutrient-
evoked inhibition of gastric emptying (3, 19). The CCKA receptor
antagonist devazepide inhibited CCK-evoked motion in all re-
gions measured. However, although the 1-min maximum motion
response was significantly reduced in all motion traces, devaz-
epide did not reduce the magnitude of the 1-min maximum drop
in IGP in response to CCK-8. This may be due to the combination
of several factors. The peak drop in IGP occurs before the peak
motional changes in the regions we measured. The inhibitory
effects of the competitive antagonist are most successfully over-
come at the initial postinjection peak serum concentrations of
CCK-8. It is also possible that EC50 for forestomach accommo-
dation is lower than that for motional changes in the regions we
measured. Concomitant reduced hindstomach contraction may
offset the effect of reduced forestomach accommodation on fall-
ing IGP. Finally, although the duration and magnitude of LES
motion are reduced by devazepide, it remains possible that a
common cavity between stomach and esophagus might still be
created briefly during the early part of the response to CCK-8 after
devazepide. The effect on percentage drop in IGP due to the
common cavity would be enhanced by the relatively higher basal
IGP after devazepide pretreatment compared with that after vehi-
cle treatment.

Methodological Considerations

Ultrasonomicrometry allows measurement of the straight-
line path between piezoelectric crystals affixed to soft tissue

Fig. 9. Responses to successive 3-min distension with 0.5, 0.7, and 1.0 ml saline intragastrically in urethane-anesthetized rats.
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and offers a number of advantages for the study of GI motility.
It provides a direct means of detecting motion. It combines the
high spatial resolution of electromyography (EMG) and strain-
gauge measurements with the capacity to detect either expan-
sion or contraction, to track both tonic and phasic components
of motion, and to distinguish circular and longitudinal axes of
motion. It is suitable for use in small animals and on small
structures such as sphincters, and can be applied to simulta-
neously monitor the activity of adjacent and nonadjacent struc-
tures. The placement of crystals on the serosal surface of GI
tissues using cyanoacrylate glue for acute experiments is min-
imally invasive by comparison to the methods for placement of
EMG electrodes or strain gauges. Sonomicrometry measure-
ments can be made in fed or fasted animals, and the ease with
which crystals can be placed at multiple locations makes it
suitable for studying the organization of activity across large
expanses of the GI tract. Sonometric signals can also be used
to perform three-dimensional (3-D) reconstructions, thus al-
lowing the measurement of enclosed volume and, in combina-
tion with simultaneous pressure measurements, of compliance.

In considering the interpretation of sonometric data, several
issues must be kept in mind. The data obtained do not provide
information on the intramuscular forces giving rise to the
observed motional changes. Care must be used in crystal
placement. It is important to have consistent landmarks to
allow consistent crystal placement between preparations. Also,
although in this paper we have used the terms circular and
longitudinal to describe the orientation of the crystal pairs,
which we placed in similar positions in each preparation, these
designations are likely too simplistic in the GI system. The
terms assume that crystals are oriented precisely parallel to the
respective muscle layers, which in practice is never fully
achievable. But more importantly, changes in muscle length
need not be uniform along the entire circumference along
which a pair of circularly oriented crystals is placed, nor along
all parallels to a longitudinally oriented pair of crystals. The
stomach has both a greater and lesser curvature, and motion
along or across these curvatures may not be identical under all
conditions and in fact is unlikely to be so. Furthermore, the
stomach is invested with an oblique muscle layer, and the state
of oblique muscle tone when placing crystals may influence the
initial apparent orientations. Given the potential complexity of
the motions of the stomach suggested by the vast intrinsic
neuronal network and the multiple muscle layers, as well as the
impacts of studying a 3-D motion using two-dimensional
measurements, ultrasonometric data must be interpreted with
care. In the case of complex motions, the use of a number of
crystals in the region of interest and possibly the use of 3-D
reconstruction methods may be necessary. However, taking
into account these caveats, ultrasonomicrometric measure-
ments can provide valuable information on the coordinated
motion of the GI tract and should prove to be a powerful
complement to methods such as manometry and EMG record-
ing.

In summary, the ultrasonometric recordings demonstrate a
consistent, dose-related pattern of gastric responses to intrave-
nous CCK-8, comprising tonic contraction of PYL and ANT,
opening of the LES, and minimal motion of the COR near the
dividing line between the nonglandular and glandular portions
of the stomach, midway between the greater and lesser curva-
tures. The simultaneity of the measurements permitted discrim-

ination of a consistently more rapid reclosure of LES than
reopening of PYL after CCK-8. This pattern of response may
have physiological relevance for avoiding simultaneous conti-
nuity of the gastric lumen with both the esophageal and
duodenal lumens, thus permitting appropriate control of the
direction of flow across each sphincter. These observations
may have implications for understanding reflux pathologies.
Given its methodological strengths and its usefulness in com-
plementing existing techniques for monitoring GI function, it is
likely that the use of ultrasonomicrometry in the study of GI
motility will increase in coming years.
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