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Abstract

both meals with simplicity and accuracy.

AC Biosusceptometry (ACB) was previously employed towards recording gastrointestinal motility. Our data show a
reliable and successful evaluation of gastrointestinal transit of liquid and solid meals in rats, considering the

methods scarcity and number of experiments needed to endorsement of drugs and medicinal plants. ACB permits
real time and simultaneous experiments using the same animal, preserving the physiological conditions employing
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Background

Gastrointestinal (GI) motor activity consist of an intri-
cate group of functions that are essential for life [1], and
disorders of GI transit and/or contractility are common
[2]. Gastric emptying is complex and reflects a variety of
functions which include accommodation and coordi-
nated relationship between the proximal/distal stomach
and antropyloroduodenal contractility [3]. The orocacae-
cal transit time is also multifaceted and depends on
gastric emptying, small intestine motility and ileocaecal
junction activity [4].

A number of techniques have been employed to evalu-
ate GI motility and transit, but few techniques are able
to evaluate more than one GI motility parameter simul-
taneously [3].

GI transit can be quantified in rats, by measuring the
movement of charcoal, dye, radiopaque markers or other
non-absorbable materials [5,6]. This procedure requires
the sacrifice of a large number of animals in order to de-
termine the propulsion of such markers within the gut
at predetermined time intervals and usually measure-
ments of gastric emptying and small bowel transit
involves separate groups of animals [5].

Scintigraphy is the gold standard method for gastric
emptying in humans [7,8]. Such investigations are
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performed employing radiolabeled meals; however the
costs, radiation exposure, licensing for handling radio-
active materials and approval by appropriate institutional
committee as well as limited temporal and spatial reso-
lution are some of the drawbacks of this technique,
especially when considering animal studies [9,10]. Breath
hydrogen test is a noninvasive technique that was uti-
lized in some animal studies despite of serious pitfalls in
data interpretation [2,11].

Alternating Current Biosusceptometry (ACB) is an in-
expensive, radiation-free and noninvasive method that
was previously employed as a reliable technique to rec-
ord GI transit and contractility in humans, dogs and
rats. ACB data showed accuracy and close agreement
with standard techniques in humans and dogs [12-15].
Recently, ACB was validated for monitoring gastric con-
tractility in rats using strain-gauges transducers as the
gold standard method [16]. These studies were per-
formed with solid or semisolid meal because there was
no liquid magnetic marker that could be used by that
time. Despite the importance of evaluating the GI transit
when medicinal plants and drugs are tested, the ACB
has not been employed for this purpose in rats yet.

The aim of this study was to monitor in real time GI
transit of liquid and solid magnetic meals by using ACB
technique in order to establish this biomagnetic method
as a reliable technique for multiple records of the GI
motility in the same rat.

© 2012 Quini et al, licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly cited.
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Results

Technique

A single ACB sensor works as a double magnetic flux
transformer without any nucleus and has two coaxial pairs
of coils separated by a baseline of 15 cm [13,17]. Each pair
is composed of an excitation coil (outer) and a detection
coil (inner) in a first-order gradiometric configuration that
provides good signal-to-noise ratio. One pair works as the
reference and the other as the detector probe. Basically, the
excitation coil works with a frequency of 10 kHz generated
by lock-in amplifiers and a current of 88 mA that produces
a magnetic field of 20 G (rms) and induces equal magnetic
flux in the detection coils. Hence, when the magnetic sam-
ple is nearest to the sensor an imbalance in the voltage
occurs, due to the changes in the differential flux between
the detection coils. The ACB sensor can locate the mag-
netic material through magnetic flux variation between
these coils. The signal intensity detected by the sensors
depends on the surface area of the detection coil, number
of turns, rate of change of the magnetic flux (i.e. applied
field and frequency), the amount of magnetic material as
well as the distance between the sensor and the magnetic
sample [16]. For this study, the ACB sensor was developed
with excitation coils (= 3.5 c¢cm; 200 turns of 26-AWG
wire) and detection coils (¢p = 2.9 cm; 500 turns of 32-
AWG wire) to improve spatial resolution and sensitivity for
laboratory animals.

Ferrite powder (Imag, Brazil) utilized in solid meals
(FeoMnO, — microparticles 50 < ¢ < 100 pm) remained
completely inert in all pH solutions and cannot be absorbed
by GI tract due to its inter-molecular ligations and size.
The ferrofluid (fluidMAG-Chitosan, Chemicell, Germany)
employed in liquid meals (nanoparticles with diameter of
200 nm) consists of iron oxide magnetic particles that were
coated with chitosan by spray-drying method. Based on
earlier studies, it is reasonable to assume that these particles
are not absorbed by mucosa in the GI superior tract [18].
In both situations, signals have been obtained from mag-
netic material that was dispersed in the GI lumen.

Animals

Twenty-four individually housed male Wistar rats (weight-
ing 300—350 g) were used in the study. All procedures were
performed in accordance with the Guide of the Care and
Use of Laboratory Animals (Brazilian College of Animal
Experimentation) and were approved by the local Animal
Ethics Committee. Animals were fasted 20 h before experi-
ments, with free access to water. For comparison tests, six
groups with three animals each were killed at pre-
determined time intervals (10 min) after ingestion of solid
meal similarly as it is performed in activated charcoal test.
In vivo tests, the studies (liquid and solid meals) were per-
formed in the same animal in a randomized order and were
separated by an interval of 1 wk.
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Recording of gastrointestinal transit

Magnetic monitoring was achieved by measuring the in-
tensity values recorded by the single-sensor ACB (Br4-
Science®, Brazil) placed on abdominal surface. The
animals were handled gently by the neck and the sensor
was positioned on their gastric and cecum projection
after ingestion of either solid or liquid magnetic meals
(Figure 1).

Liquid meal: Ferrofluid (1.0 ml — 50 mg/mL) diluted
in 1.5 ml of distilled water was administered by gavage
to rats and five minutes later the abdominal surface was
scanned by ACB sensor. The point of maximum mag-
netic signal intensity was identified as corresponding to
the stomach and the magnetic value was registered.
After that, the ACB sensor was placed in the cecum pro-
jection (chosen on the basis of anatomical references)
and the magnetic signal intensity was also recorded.
Subsequent measurements were made in awake rats at
these two points at regular 10-min intervals for at least
7 hours [19].

Solid meal: Pellet (2 g) made of powder ferrite (0.5 g)
and laboratory chow (1.5 g) was quickly ingested by the
animals, 10 min before starting the experiments. The ab-
dominal surface was scanned by ACB sensor following
the same protocol described above for liquid meal.

Data analysis

All raw signals were analyzed in MatLab (Mathworks,
Inc., USA) by visual inspection and the statistical mo-
ment was calculated. The statistical moment was
obtained through the temporal average pondered by
magnetic intensity curves, normalized by area under
curve [20]. By using this approach, the following para-
meters were quantified: Mean Gastric Emptying Time
(MGET) was defined as the time t (min) when a mean
amount of magnetic meal was emptied of the stomach
and it was calculated by the area under emptying curve;
Mean Cecum Arrival Time (MCAT) was defined as the
time t (min) when occurred a increase in mean amount
of magnetic meal that arrived in cecum and it was calcu-
lated by the area between cecum arrival curve until max-
imal cumulative values; Mean Small Intestinal Transit
Time (MSITT) was quantified as the difference between
MCAT and MGET.

All the results are expressed as mean * standard devi-
ation (SD). Values of MGET, MCAT, and MSITT
obtained after ingestion of liquid or solid meal were cor-
related. By using paired Student’s t-test statistically
significant difference was considered at p < 0.05.

Comparison tests

A magnetic pellet (ferrite) was quickly ingested by ani-
mals (n=18) and 10 minutes later the experiments
starts. The animals have gastric magnetic intensity
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magnetic meals.

\

Figure 1 Diagram showing the positioning of the ACB single-sensor (open circles) on the rat abdominal surface. The animals were
handled gently by the neck and the sensor was positioned on their gastric (1) and cecal (2) projection after ingestion of either solid or liquid

recorded and immediately after that, at pre-determined
time intervals (10, 20, 30, 40, 50 and 60 min), they were
killed. The small intestine was carefully removed and the
distance traveled by ferrite (in analogy to activated char-
coal) up to the last portion that contained at least a
continuous 1 c¢cm trace of this marker was determined.
The results were expressed as intensity (mV) and dis-
tance (cm) traveled by ferrite.

Figure 2 showed that displacement of material in small
intestine had high correlation (0.9) and linearity with de-
crease in gastric magnetic signal intensity, corroborating
the ACB technique.

In vivo tests

The GI transit times parameters for liquid and solid
meals are summarized in Table 1. As expected, gastric
emptying time was markedly different between both
meals in the same animal. MGET values quantified for
liquid and solid meals were 99.58 +13.50 min and
140.52 + 35.51 min, respectively. Statistically significant
differences were obtained between the liquid and solid
values of MGET (p < 0.04).

MCAT values for liquid and solid meals were
202.86 +16.31 min and 243.74 + 62.12 min, respectively.
MCAT also presented a significant increase for solid
meals (p < 0.04). The mean values of MSITT on both li-
quid and solid meals were 103.28 +18.73 min and
103.22 £ 37.26 min, respectively. There is no statistically

significant difference between the liquid and solid values
for MSITT.

Gastric emptying (MGET), cecum arrival (MCAT) and
small intestinal transit (MSITT) profiles obtained by

ACB (mV)

4.0

—

35
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Figure 2 Correlation between gastric magnetic intensity (mV)
recorded by ACB and the distance traveled by magnetic tracer
in small intestine (cm), before and after animals be killed,
respectively. Standard deviation was presented as error bar (vertical
and horizontal for intensity and distance, respectively) for both
measurements, assuming n=3 for each point that corresponding to
sequential measurements each 10 minutes. The gray line represents
the linear correlation between methods used to evaluate Gl transit.




Quini et al. Journal of Biological Engineering 2012, 6:6
http://www.jbioleng.org/content/6/1/6

Table 1 MGET (mean gastric emptying time), MCAT
(Mean cecum arrival time) and MSITT (mean small
intestinal transit time) in minutes for liquid and solid
meals calculated using statistical moments

Liquid meal Solid meal

Rat MGET MCAT MSITT MGET MCAT MSITT
1 119 209 90 118 263 145

2 100 194 94 125 181 56

3 83 194 m 111 173 62

4 91 184 93 158 284 126

5 92 231 138 203 334 131

6 112 206 94 129 228 99
Mean 100 203 103 141% 244* 103
SD 14 16 19 35 62 37

Mean = SD (min); * P < 0.04 vs. liquid meal.

ACB after ingestion of liquid (gray cicles) and solid
meals (black squares) are illustrated in the Figure 3.

A variability profile was obtained using the same ani-
mal (n=3) in three ACB recordings with one week of
interval among them. The biological variability in these
measurements was determined in around 6 % for MGET
and 11 % for MCAT.

Discussion

Our data show that ACB is useful for monitoring gastric
emptying, cecum arrival and small intestinal transit time
using both liquid and solid meals. The ACB is a flexible
method combining reliability assessment of GI transit

= GE Solid
—0— CA Solid

®— GE Liquid
CA Liquid

Normalized Intensity

T T T T T T T T T T T T T T T T 1
0 60 120 180 240 300 360 420 480
Time (min)

Figure 3 Typical gastrointestinal transit profiles represented by
the example obtained for rat number 4. Gray symbols
correspond to gastric emptying (closed circle) and colon arrival
(open circle) for liquid meal. Black symbols correspond to gastric
emptying (closed square) and colon arrival (open square) for solid
meal. The arrows indicate the MGET (mean gastric emptying time),
MCAT (Mean cecum arrival time) and MSITT (mean small intestinal
transit time).
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and does not require anesthesia or death for studies
using laboratory animals.

It is important to emphasize that there are specific
techniques for measurements of emptying, contractility,
accommodation and sensation [21], however ACB is
feasible to record more than one parameter simultan-
eously concerning GI motility. The comparison per-
formed after solid meal ingestion using magnetic
material instead of activated charcoal showed the rela-
tionship between gastric emptying and GI transit. The
linear correlation between distance traveled by magnetic
material on small intestine and decrease in gastric mag-
netic signal intensity was very strong (Figure 2), despite
the variation observed in both approaches. ACB and dis-
placement of material in GI tract have different princi-
ples, but our results suggested that gastric emptying of
magnetic material corresponds linearly to its displace-
ment in small intestine.

As previously demonstrated, gastric emptying profile
can be obtained by ACB because when magnetic mater-
ial moves into duodenum the intensity of magnetic sig-
nal decreases in a point representative of the stomach.
Likewise, signal intensity increases when material arrives
to the cecum and it is also possible to evaluate the oro-
caecal transit time [19].

In this study, ACB was employed for the first time to
evaluate magnetic liquid meal since this was greatest
challenge for this biomagnetic technique for several
years. Hereafter, the nanotechnology provides an evalu-
ation of liquid transit that can be compared with solid
allowing to establish a complete profile for GI transit
times.

The gastric emptying of noncaloric liquids meal has usu-
ally been exhibited as exponential pattern, while after solid
meal the emptying have been characterized by a significant
delay [22,23]. Typically, for gastric emptying, the average
time (tsp) is adopted and consists of the signal decay by
half-intensity. This procedure has been severely criticized
because is associated with a pure exponential model, which
is not realistic for most of the processes of emptying [20].
Meanwhile, for the analysis of cecum arrival time, each
method employs a measurement procedure, which is ex-
tremely variable and dependent on the analysis adopted. In
order to quantify the gastric emptying and orocaecal transit
time, we used the statistical moment that was previously
utilized mainly in pharmaceutical approaches. The statis-
tical moments provide accurate and less subjected informa-
tion about the parameters analyzed because the mean
values obtained representing the whole process. These
values are obtained by analyzing the entire curve formed
during the experimental procedure and also by the area
under curve [20].

As expected, gastric emptying for liquid meal has a
shorter time than solid; the arrival process of food to the
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cecum is not concurrent with the emptying, as occurs
for solid meal. Even before of the complete gastric
emptying, magnetic material have already been detected
on caecum region. This profile can be explained by the
time it takes for meal leaving the stomach and travel
through the bowel of the animal. Still, it is important to
note that the average time of arrival of meal in the
cecum (MCAT) for liquid meal is considerably less than
the same coefficient for solid meal (p=0.04). As
reported by others, our data showed that small intestinal
transit time (MSITT) of both meals exhibited essentially
the same transit rates [23].

Several physiological conditions can be responsible for
an altered GI transit [24]. A slow orocaecal transit dur-
ing pregnancy was extensively documented but poorly
understood [25]. Several disorders can be associated
with abnormal gastric emptying rate such as diabetes
mellitus and with GI transit changes such as diarrhea
and colitis [26,27]. Recently, medicinal plants have
received more and more attention aiming its clinical ap-
plication, despite concerns about their reliability and
safety analysis [6]. The endorsement of drugs and medi-
cinal plants requires several assessments, and using the
traditional methods can lead to death of several animals
in each of them. Our technique has potential to demon-
strate both enhancement and inhibition of gastric
emptying and orocaecal transit time and helps to under-
stand better all these situations. ACB uses much smaller
number of animals and had accuracy comproved by the
displacement of material.

The potential weaknesses of the current study are the
multiple handling of the animal that is known to increase
plasma cortisol and catecholamines which potentially may
confound stress effects with the chosen experimental stim-
uli [5]. However, the animals were trained for months by
the same researcher being handled gently several times a
day minimizing these unwanted effects. This approach
ensures good care and minimizes the handling impact on
experimental results [28].

Animals have been used as experimental models for cen-
turies and their use has enabled researchers to make signifi-
cant advances in many areas of human health and disease
[29]. Nowadays, is essential to take into account ethical
considerations carefully before starting an experimental de-
sign [30]. The experimental procedure described here
allows multiple measurements of GI transit in the same
animal with simplicity and accuracy. The improvement of
ACB sensor for laboratory animals (rats) in association with
new magnetic fluids can contribute for real-time evaluation
of important parameters concerning the GI motility.

Conclusions
Our magnetic technique allows the in vivo experiments,
have a high correlation with standard technique for GI
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transit in rats and preserving the physiological condi-
tions. Also, both liquid and solid magnetically marked
meals may be used paralleling a normal diet and this
protocol can be applied in drugs and medicinal plant
tests without unnecessary animal death.
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