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Abstract: The ceca play an important role in the physiology of the gastrointestinal tract in chickens.
Nevertheless, there is a gap of knowledge regarding the functionality of the ceca in poultry, especially
with respect to physiological cecal smooth muscle contraction. The aim of the current study is
the ex vivo characterization of cecal smooth muscle contraction in laying hens. Muscle strips of
circular cecal smooth muscle from eleven hens are prepared to investigate their contraction ex vivo.
Contraction is detected using an isometric force transducer, determining its frequency, height and
intensity. Spontaneous contraction of the chicken cecal smooth muscle and the influence of buffers
(calcium-free buffer and potassium-enriched buffer) and drugs (carbachol, nitroprusside, isoprenaline
and Verapamil) affecting smooth muscle contraction at different levels are characterized. A decrease
in smooth muscle contraction is observed when a calcium-free buffer is used. Carbachol causes
an increase in smooth muscle contraction, whereas atropine inhibits contraction. Nitroprusside,
isoprenaline and Verapamil result in a depression of smooth muscle contraction. In conclusion, the
present results confirm a similar contraction behavior of cecal smooth muscles in laying hens as
shown previously in other species.

Keywords: Gallus gallus; laying hen; smooth muscle; contraction; ceca

1. Introduction

The pairs of ceca in the avian intestine play a dominant role in digestion as they are the
major location of fermentation [1] with the highest bacterial diversity [2,3]. Furthermore,
they are responsible for water and electrolyte absorption [4–7] and are involved in the
nitrogen metabolism of the chicken [8]. Rectal antiperistaltic waves enable the transport of
urine in the ceca [9], which is a source of water, electrolytes and nitrogen for the synthesis
of microbial amino acids [10].

Intestinal peristalsis is further essential to mix the digesta and to move it along
the intestinal tube [11,12]. It plays an important role in microbial cell density and the
elimination of pathogens [13,14]. It was shown that the systemic inhibition of intestinal
contraction by morphine leads to bacterial overgrowth in the duodenum and jejunum [14].

Experiments with turkeys indicated that contractions of low frequency and amplitude
to mix the digesta and larger contractions for emptying the ceca are present [15,16]. In
broiler chickens, spontaneous cecal smooth muscle contraction differed with the extent
of cecal distension [17,18]. Furthermore, the polarity of the peristaltic reflex in birds is
different to mammals, as it expands in two-way directions, oral and aboral, and not in a
one-way, aboral direction [17].

Any kind of peristaltic motility in the intestinal tract depends on the contraction
and relaxation of the intestinal smooth muscle. The tunica muscularis of birds, which is
the outer layer of the intestinal wall, consists of four muscle layers: inner circular and
longitudinal and outer circular and longitudinal muscle [19]. Some of the muscle cells
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are connected to each other by gap junctions, building a functional syncytium. This is
an autonomous system as it also includes pacemaker cells, along with interstitial cells of
Cajal, which generate electrical activity (slow waves) [11,12]. Contractions are triggered
by the enteric nervous system as it modulates the membrane potential by inhibitory and
exhibitory neurotransmitters [12], as well as by the extrinsic autonomous nervous system,
including fibers of the sympathetic and parasympathetic nervous system [11]. Furthermore,
smooth muscle contraction in the gut is influenced by hormones [12].

The contraction of smooth muscles is calcium-dependent. Excitatory signals cause
the influx of Ca2+ from the extracellular space via calcium channels and the release of
intracellular Ca2+. Ca2+ is bound to calmodulin, a calcium-binding receptor protein, leading
to the activation of the myosin light chain kinase (MLCK) by the Ca-calmodulin complex.
MLCK phosphorylates the regulatory myosin light chain (MLC), which stimulates myosin
ATPase and thus facilitates cross-bridge cycling and the contraction of smooth muscle. The
dephosphorylation of MLC leads to a reduction of cross-bridge cycling and termination of
the muscle contraction [20].

Smooth muscle contraction can be measured ex vivo. The muscle is fixed in an organ
bath and the isometric contraction is recorded using a force transducer. This kind of
measurement was used before to investigate the physiological functions of the smooth
muscle in animals and humans [21–23] and the impact of different drugs on smooth muscle
contraction [24–26]. It was also successfully used to study the in vitro contractile activity
of intact cecal segments from Ross 308 broilers [18].

Shifts in the ion balance and different substances of the enteric and extrinsic au-
tonomous nervous systems can influence smooth muscle contraction, leading to physio-
logic and pathophysiologic changes to the contraction in vivo. These changes can also be
evoked in vitro.

Despite the major role of the ceca for digestion processes in chickens, there is still a
lack of knowledge about the physiology of contraction in the respective smooth muscle.
The aim of this study was the ex vivo characterization of physiological smooth muscle
contraction in the ceca, and the muscular response to different electrolytes and drugs in
laying hens.

2. Materials and Methods
2.1. Animals and Feeding

The protocol for animal treatment was approved and its execution supervised by the
animal welfare officer of the University of Hohenheim, Germany (184/19 AP). Eleven
laying hens (Lohmann LSL-Classic (LSL; N = 4) and Lohmann brown classic (LB; N = 7), Fa.
Lohmann Tierzucht, Cuxhaven) were housed in the barn of the Institute of Animal Science
at the University of Hohenheim, Germany, in groups under free-range conditions. They
were fed ad libitum with a commercial diet based on maize, and eggs were removed daily.
All hens were in the laying period and a balanced selection of hens between the ages of 47
and 67 weeks was made. The animals were euthanized by CO2 anesthesia and decapitated
with scissors. After exsanguinating the animals, the abdomen was opened and the ceca
were removed on the basis ceci and immediately transferred to the lab in preheated and
carbogen-gassed Krebs-Henseleit-buffer (KH).

2.2. Buffers and Solutions

For the transport and preparation of the smooth muscle strips and for the incubation
in the organ bath, KH was used (in mmol/L: NaCl 115.0 (VWR International GmbH,
Darmstadt, Germany), 4.7 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 25.0 NaHCO3 (all
Carl Roth GmbH & Co. KG, Karlsruhe, Germany) and 11.0 glucose (VWR International
GmbH, Darmstadt, Germany)). Before use, the buffer was gassed with carbogen (95%
O2, 5% CO2) under constant temperature conditions (38 ◦C). The final pH of the buffer
was 7.4. Furthermore, two buffer variations were used for the experiments: a calcium-
free buffer (in mmol/L: NaCl 115.0 (VWR International GmbH, Darmstadt, Germany),
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4.7 KCl, 1.2 MgCl2, 1.2 NaH2PO4, 25.0 NaHCO3 (all Carl Roth GmbH & Co. KG, Karlsruhe,
Germany) and 11.0 glucose (VWR International GmbH, Darmstadt, Germany)) and a
potassium-enriched buffer, containing potassium chloride instead of sodium chloride (in
mmol/L: 123.4 KCl, 2.5 CaCl2, 1.2 MgCl2, 1.2 NaH2PO4, 25.0 NaHCO3 (all Carl Roth GmbH
& Co. KG, Karlsruhe, Germany) and 11.0 glucose (VWR International GmbH, Darmstadt,
Germany)).

2.3. Tissue Preparation

Apex ceca were removed from the intestine, cecal content was removed and the tissue
was washed using prewarmed KH. Ceca were stored for a maximum of 20 h in pre-gassed
(95% O2, 5% CO2) KH at 4 ◦C until further processing. Preparation of the smooth muscle
layer was made by opening the ceca along the mesenterial side and carefully removing the
mucosa and submucosa with forceps and scissors under a binocular light microscope (Carl
Zeiss AG, Oberkochen, Germany). Then, muscle strips were cut parallel to the circular
smooth muscle fibers, of about 2 mm width and 15 mm length, with a scalpel. A grid was
used to ensure that the muscle strips were mostly equal in size and weight. Each muscle
strip was then mounted in an organ bath filled with 5 mL KH and fixed on an isometric
force transducer (complete equipment from Hugo Sachs Elektronik—Harvard Apparatus
GmbH, March, Germany). Initial tension was adjusted at 20 mN, which was tested in
previous studies to be the optimal pretension to obtain maximal muscle contraction, and
the muscle strip was equilibrated for 30–60 min. Measurement started when spontaneous
muscle contractions occurred frequently for at least 2 min. One animal per day was used
for the experiments using four organ baths in parallel, measuring four to eight muscle
strips per animal. After the experiment, the muscle strips were dried at 60 ◦C for six days
to determine their dry weight.

2.4. Isometric Force Measurement of the Muscle Contraction

After the equilibration time, the spontaneous contraction of the smooth muscle was
measured for two minutes. Frequency, mean peak height and the intensity of the peak
as the area under the curve (AUC) were detected. Muscle strips not showing sponta-
neous contraction were discarded and replaced. Muscle contraction was then stimulated
using different buffers and solutions. First, KH was replaced by calcium-free buffer or
potassium-enriched buffer. Carbachol (VWR International GmbH, Darmstadt, Germany;
final concentration: 10−9 mol/L), nitroprusside (Alfa Aesar, Ward Hill, MA, USA; final
concentration: 2.5 × 10−3 mol/L), isoprenaline (Acros organics, Fair Lawn, NJ, USA; final
concentration: 10−6 mol/L) and Verapamil (VWR International GmbH, Darmstadt, Ger-
many; final concentration: 2 × 10−6 mol/L) were added to the organ bath in subsequent
steps. Furthermore, atropine was used (final concentration: 10−6 mol/L) 5 min before
carbachol was added. The tissue was washed with KH between the different treatments
and the organ bath was refilled with fresh KH. Except with Verapamil, all effects were
reversible when the substances were washed out. Treatments of the individual muscle
strips were chosen depending on the vitality of the muscle tissue. Muscle strips without
stable physiological contraction were discarded. This led to a subset of substances and
buffers with the minimum numbers of replicates defined as n ≥ 6 and N ≥ 4 (Table S1),
respectively. The influence on the muscle contraction was recorded for two minutes after
each treatment.

2.5. Data Analyses

The parameters were recorded and analyzed by ACAD software (Hugo Sachs Elek-
tronik, Harvard Apparatus GmbH, March, Germany). Contractions were evaluated
based on the height, duration and frequency of the peaks. The results are shown as
frequency (contractions/2 min), peak height as isometric force (mN) and total isometric
force (mN × 2 min−1), which represents the peak intensity measured as the area under
the curve. The data refer to an observation time of 2 min for each treatment. As rec-
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ommended by the company, a deflection of more than 3 mN above the basal line was
defined as a peak assuming that it was above an amplitude caused by vibrations in the
lab building. The baseline was calculated by the average of the basal values. Measure-
ments started directly after the substance was added. The comparability of the results
was determined by referring all values to a muscle weight of 1 mg and giving them as
means ± SEM with N = number of animals. The significance was calculated by JMP Pro
15 software (SAS Institute, Cary, NC, USA) using a Wilcoxon test and defined as p = 0.05.

3. Results
3.1. Weight of the Muscle Strips

The standardized preparation of the muscle strips yielded a mean dry weight of
1.2 ± 0.1 mg of each muscle strip.

3.2. Spontaneous Contraction

The contraction measures of the cecal smooth muscle strips are exemplified in Figures 1 and 2.
Spontaneous contractions of the muscle strips had a mean isometric force of 53.5 ± 16.9 mN
(Figure 3). The mean peak frequency was 6.2 ± 0.7 in two minutes (Table 1) with a total
isometric force of 1962.9 ± 604.3 mN × 2 min−1 (Figure 4). The data of the individual
animals are shown in Table S1.
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(light grey). The arrow shows the time when the buffers were changed. The contraction was detected for 2 min. The graph
is a typical example from a total of 36 measurements.
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36 measurements.
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Table 1. Frequency (contractions/2 min) of the physiological smooth muscle contraction of the cecum and changes in the
frequency as affected by electrolytes and drugs. The results show frequencies for the control conditions (physiological
contraction) and treatments. The values are given as mean and standard error of the mean (SEM). Significant differences
were defined as p < 0.05 between the treatments and the physiological contractions. n.s. = not significant. -= not defined.
N = number of animals.

Control Ca-Free
Buffer

K-Enriched
Buffer Carbachol Carbachol

+Atropine Nitroprusside Isoprenaline Verapamil

Frequency 6.2 1.3 1.5 2.2 5.6 3.5 0.8 3.9
SEM 0.7 0.3 0.2 0.9 1.1 0.8 0.4 0.8

p–Value - 0.0010 0.0004 0.0049 n.s. 0.0349 0.0004 n.s.
N 11 7 9 8 4 11 8 9
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3.3. Calcium-Free Buffer

Calcium-free buffer resulted in a significant decrease (p = 0.001) of the peak frequency
(1.3 ± 0.3) (Figure 1, Table 1). The mean isometric force was 23.5 ± 8.7 mN and the total
isometric force was 632.8 ± 268.2 mN × 2 min−1, which was significantly lower compared
to the control (Figures 3 and 4). Complete elimination of the contraction activity was
reached after a mean of 29.7 ± 6.8 s.

3.4. Potassium-Enriched Buffer

Potassium-enriched buffer significantly increased (p = 0.0334) the total isometric force
(6131.9 ± 2093.8 mN × 2 min−1) (Figures 1 and 4), but induced a significant decrease
(p = 0.0004) in frequency (1.5 ± 0.2) (Table 1) compared to the control condition. The mean
isometric force was 74.2 ± 18.5 mN (Figure 3).

3.5. Carbachol

The addition of carbachol to the KH buffer resulted in an isometric force of 63.7 ± 10.8 mN
(Figures 2 and 3) and a significant increase of the total isometric force (4907 ± 1006.9 mN
× 2 min−1) (Figure 4). The peak frequency was 2.2 ± 0.9 (Table 1). It must be noted that
the applied concentration (10−9 mol/L) was evaluated carefully as higher concentrations
of carbachol resulted in strong contractions, which were out of the measurement ranges of
the used equipment.

3.6. Carbachol and Atropine

Atropine was used to inhibit the carbachol reaction as it acts as an anticholinergic
drug [27] that binds to the muscarinic receptors. No response to carbachol was observed
when the tissue was pre-incubated with atropine for 5 min.

3.7. Nitroprusside

Nitroprusside significantly (p≤ 0.05) lowered the mean (17.2 mN± 6.8 mN) (Figures 2 and 3)
and the total isometric force (507.6 ± 192.9 mN × 2 min−1) (Figure 4) compared to the
control condition. The frequency (3.5 ± 0.8) was also significantly reduced (p = 0.0349)
(Table 1).

3.8. Isoprenaline

Isoprenaline caused a significant (p ≤ 0.05) depression of the muscle contraction,
resulting in a mean isometric force of 1.9 ± 1.0 mN, frequency of 0.8 ± 0.4 and total
isometric force of 48.2 ± 13.9 mN × 2 min−1 (Figures 3 and 4, Table 1).
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3.9. Verapamil

Verapamil significantly (p = 0.0185) inhibited the total isometric force (592.0 ± 199.4 mN
× 2 min−1) (Figures 2 and 4), but also seemed to inhibit (p = 0.0794) the frequency (3.9 ± 0.8)
(Table 1). The mean isometric force was 23.2 ± 7.2 mN (Figure 3).

4. Discussion

The current study investigated cecal smooth muscle contraction in physiological
conditions, detecting spontaneous muscle contraction. Further to that, the contraction was
stimulated by different buffers and solutions. Thereby, calcium-free buffer and Verapamil
were used to test the calcium dependency of the contraction. Potassium-enriched buffer
was applied to induce hyperpolarization of the cell membrane and to investigate the effect
on muscle contraction. The influence of the sympathetic and parasympathetic nervous
systems was tested using carbachol, atropine and isoprenaline. Nitroprusside was used to
study the influence of the neurotransmitter nitric oxide (NO).

The mean isometric force, total isometric force and frequencies of the muscle tissue in
physiological conditions and during the treatments were measured. These parameters are
important indicators of intestinal motility, as this depends on the interaction of individual
muscle fibers. The contraction and relaxation of the muscle fibers influence the mixture and
transport of the digesta and thus stimulate the digestion of nutrients. The mean isometric
force is a parameter for the contraction force of the muscle fibers. A higher contraction
force could enable better mixture and faster transport of the digesta. The duration of a
contraction is considered by the total isometric force, which is important for the transport
velocity of the digesta. The frequency evidences the abundance of contractions in a defined
period. Depending on the direction of the contraction, a high frequency can imply an
improved mixture of the digesta or faster transport. Nevertheless, the muscle fibers are
working as a syncytium and the parameters described above should always be analyzed
as a whole as they also affect each other. Comparison of the present measurements to
literature data is difficult as there is a lack of data about cecal smooth muscle contraction
in chickens. Therefore, most of the presented data will be compared to similar studies in
other species. As different species differ in their nutrition and gastrointestinal physiology,
a true comparison is not possible.

An in vitro study using whole cecal segments from broilers showed an average fre-
quency of 14 contractions (physiological conditions) per minute using longitudinal smooth
muscles instead of circular smooth muscles [18]. A true comparison to the present data is
not possible as circular and longitudinal smooth muscles differ in their contraction and
behavior, and larger amounts of muscle cells generate different measures. Thus, more
research is needed to compare and evaluate the results and to provide more information
about cecal contraction and motility. In the jejunum of horses, a frequency of five contrac-
tions/min was observed with a mean isometric force of 25 mN [26]. In the small intestine
of dogs, a maximal frequency of 14 contractions/min in the ileum and 18 contractions/min
in the duodenum was detected [28]. These data showed that the contraction frequency
differs between different species and intestinal sections, and a frequency of six contractions
in two minutes in the ceca of laying hens seems to be realistic.

The replacement of KH by calcium-free buffer led to a depression of the total isometric
force and frequency in the muscle strips. Calcium plays a major role in the activation
of smooth muscle contraction. Without calcium, cross-bridge cycling cannot take place,
resulting in declining and an end to muscle contraction. Studies in mammals and bufos
confirmed the absence of spontaneous smooth muscle contractions during incubation in
calcium-free solution [29].

In contrast, potassium-enriched buffer increased the total isometric force but also
induced a significant decrease in frequency. An increased concentration of extracellular
potassium causes continuous depolarization of the electrical potential across the cell mem-
brane. This results in a lasting opening of the potential-dependent Ca2+ channels and
cell contracture, which is defined by an initially decreased frequency of contractions and
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complete absence of contractions at later stages. The same effect was shown before in
circular and longitudinal muscle strips of the small intestine [30] and in the gastric smooth
muscle of dogs [31,32].

Carbachol is a parasympathomimetic drug, which binds on the muscarinic acetyl-
choline receptors M2 and M3 of the muscle cells, and consequently leads to contraction of
the smooth muscles of the gastrointestinal tract [33,34]. Thereby, stimulation of M3 leads to
an initial contraction of the smooth muscle cells, as it stimulates the mobilization of Ca2+.
The activation of M2 does not directly lead to muscle contraction but has a potentiating
effect on the M3 receptor and other receptors mediating the release of Ca2+ by initiating a
parallel signaling pathway [34,35]. Atropine acts as an anticholinergic drug [27] that binds
to the M2 and M3 receptors and blocks the carbachol reaction, as was shown in the present
experiments.

Nitroprusside lowered the isometric force and frequency compared to control condi-
tions. Nitroprusside is an NO donator inducing relaxation of the smooth muscle. NO is a
non-adrenergic and non-cholinergic neurotransmitter that increases the cyclic guanosine
monophosphate (cGMP) level, especially in the intestinal smooth muscles [12,36]. cGMP
activates an intracellular molecular cascade, resulting in a depletion of free Ca2+ in the
cytosol, which leads to an inhibition of smooth muscle contraction. Thereby several mech-
anisms are involved: the activation of protein kinase G (PKG) causing phosphorylation
of the proteins that are responsible for the intracellular Ca2+ concentration, such as ion
channels and ion pumps; the activation of K+ channels causing hyperpolarization of the
cell membrane and thus inhibition of the Ca2+ channels and activation of the Ca2+/ATPase
pump in the plasma membrane and sarcoplasmic reticulum. Furthermore, cGMP leads
to reduced Ca2+ sensitivity [37]. However, different studies of extra-intestinal smooth
muscles indicated that part of the NO-induced smooth muscle relaxation is independent of
cGMP [38–42].

Isoprenaline caused a significant depression of muscle contraction. This belongs to the
catecholamines and acts as a β-sympathomimetic drug [43]. The effect of catecholamines
on intestinal smooth muscle contraction was shown to be caused by two mechanisms. First,
the presynaptic release of acetylcholine in the intramural plexuses was inhibited [44,45],
which consequently led to downregulation of smooth muscle contraction. Second, it
is assumed that catecholamines interact directly on smooth muscle cells via α- and β-
adrenoceptors [43,46]. Both mechanisms cause relaxation of the smooth muscle, associated
with decreases in frequency, amplitude and peak intensity. The same reaction can be
induced by the sympathetic nervous system. The effect was already shown in other
animals, including guinea pigs and dogs [45,47].

Verapamil resulted in a decline up to a complete stop in muscle contraction as it blocks
the calcium channels in the smooth muscle cell membranes [48].

In the current study, spontaneous contraction of the chicken circular cecal smooth
muscle was recorded. Furthermore, the influence was tested of electrolytes and drugs
that stimulate smooth muscle contraction via different physiological pathways, such as
the cross-bridge-cycling mechanism, the membrane potential and the sympathetic and
parasympathetic influence. High inter-individual variation regarding smooth muscle
activity has to be considered, as indicated by the standard error of the mean, even if hens
are kept and fed under the same conditions. Nevertheless, the results of the present study
provide the first key characterization of the contraction of cecal smooth muscle in chickens.

5. Conclusions

Smooth muscle contraction is important for gut motility and the overall digestive pro-
cess. In this study, the contraction of the cecal smooth muscle was studied and stimulated
by the addition of different electrolytes and drugs. The general effects were comparable to
studies in other animals. Confirmation of the present results and comparison with other
studies in chickens’ cecal smooth muscles was not possible as almost no data are available.
Hence, more research is required to verify the present findings. Furthermore, the relevance
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of the responses to the applied electrolytes and drugs on intestinal motility and digestion
in hens is still unclear. However, the current data represent the first important findings and
can be used as a basis for further research regarding the physiology of chickens’ digestive
tract. This could also offer the chance to investigate new medical options for intestinal
dysfunctions in the birds as modern animal welfare and protection strategies strive toward
sustainable animal production.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/vetsci8060091/s1: Table S1, All measurement data obtained through the experiments.

Author Contributions: Conceptualization, J.S. and K.H.; methodology, K.R. and K.H.; formal anal-
ysis, K.R.; investigation, K.R.; resources, J.S. and K.H.; data curation, K.R.; writing—original draft
preparation, K.R. and J.S.; writing—review and editing, all authors; supervision, J.S., K.H. and M.D.;
funding acquisition, J.S. and K.H. All authors have read and agreed to the published version of the
manuscript.

Funding: This project (SE 2059/4-1) was funded by the Deutsche Forschungsgemeinschaft (DFG)
within the research unit FOR 2601 (P-Fowl).

Institutional Review Board Statement: Ethics approval for the experiments using laying hens was
provided by the animal welfare officer of the University of Hohenheim, Germany (184/19 AP).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets generated and/or analyzed during the current study are
available from the corresponding author on reasonable request.

Acknowledgments: We are thankful to Petra Miller-Rostek for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Scanes, C.G.; Pierzchala-Koziec, K. Biology of the Gastrointestinal Tract in Poultry. Avian Biol. Res. 2014, 7, 193–222. [CrossRef]
2. Gong, J.; Forster, R.J.; Yu, H.; Chambers, J.R.; Sabour, P.M.; Wheatcroft, R.; Chen, S. Diversity and phylogenetic analysis of bacteria

in the mucosa of chicken ceca and comparison with bacteria in the cecal lumen. FEMS Microbiol. Lett. 2002, 208, 1–7. [CrossRef]
3. Yeoman, C.J.; Chia, N.; Jeraldo, P.; Sipos, M.; Goldenfeld, N.D.; White, B.A. The microbiome of the chicken gastrointestinal tract.

Anim. Health Res. Rev. 2012, 13, 89–99. [CrossRef]
4. Son, J.H.; Ragland, D.; Adeola, O. Quantification of digesta flow into the caeca. Br. Poult. Sci. 2002, 43, 322–324. [CrossRef]
5. Thomas, D.H. Salt and water excretion by birds: The lower intestine as an integrator of renal and intestinal excretion. Comp.

Biochem. Physiol. Part A Physiol. 1982, 71, 527–535. [CrossRef]
6. Thomas, D.H.; Skadhauge, E. Transport function and control in bird caeca. Comp. Biochem. Physiol. Part A Physiol. 1988, 90,

591–596. [CrossRef]
7. Thomas, D.H.; Skadhauge, E. Functions of the flow of urine and digesta in the avian lower intestine. Acta Vet. Scand. Suppl. 1989,

86, 212–218. [PubMed]
8. Karasawa, Y.; Son, J.H.; Koh, K. Ligation of caeca improves nitrogen utilisation and decreases urinary uric acid excretion in

chickens fed on a low protein diet plus urea. Br. Poult. Sci. 1997, 38, 439–441. [CrossRef]
9. Duke, G.E. Relationship of cecal and colonic motility to diet, habitat, and cecal anatomy in several avian species. J. Exp. Zool.

1989, 252, 38–47. [CrossRef] [PubMed]
10. Svihus, B.; Choct, M.; Classen, H. Function and nutritional roles of the avian caeca: A review. World’s Poult. Sci. J. 2013, 69,

249–264. [CrossRef]
11. Olsson, C.; Holmgren, S. The control of gut motility. Comp. Biochem. Physiol. Part A Mol. Integr. Physiol. 2001, 128, 479–501.

[CrossRef]
12. Sanders, K.M.; Koh, S.D.; Ro, S.; Ward, S.M. Regulation of gastrointestinal motility—Insights from smooth muscle biology. Nat.

Rev. Gastroenterol. Hepatol. 2012, 9, 633–645. [CrossRef] [PubMed]
13. Vantrappen, G.; Janssens, J.; Hellemans, J.; Ghoos, Y. The interdigestive motor complex of normal subjects and patients with

bacterial overgrowth of the small intestine. J. Clin. Investig. 1977, 59, 1158–1166. [CrossRef] [PubMed]
14. Nieuwenhuijs, V.B.; Verheem, A.; van Duijvenbode-Beumer, H.; Visser, M.R.; Verhoef, J.; Gooszen, H.G.; Akkermans, L.M. The

role of interdigestive small bowel motility in the regulation of gut microflora, bacterial overgrowth, and bacterial translocation in
rats. Ann. Surg. 1998, 228, 188–193. [CrossRef]

15. Duke, G.E.; Evanson, O.A.; Epstein, D.R. Coordination of cecal motility during cecal evacuation. Poult. Sci. 1983, 62, 545–550.
[CrossRef]

https://www.mdpi.com/article/10.3390/vetsci8060091/s1
https://www.mdpi.com/article/10.3390/vetsci8060091/s1
http://doi.org/10.3184/175815514X14162292284822
http://doi.org/10.1111/j.1574-6968.2002.tb11051.x
http://doi.org/10.1017/S1466252312000138
http://doi.org/10.1080/00071660120121562
http://doi.org/10.1016/0300-9629(82)90201-8
http://doi.org/10.1016/0300-9629(88)90672-X
http://www.ncbi.nlm.nih.gov/pubmed/2699780
http://doi.org/10.1080/00071669708418017
http://doi.org/10.1002/jez.1402520507
http://www.ncbi.nlm.nih.gov/pubmed/2575126
http://doi.org/10.1017/S0043933913000287
http://doi.org/10.1016/S1095-6433(00)00330-5
http://doi.org/10.1038/nrgastro.2012.168
http://www.ncbi.nlm.nih.gov/pubmed/22965426
http://doi.org/10.1172/JCI108740
http://www.ncbi.nlm.nih.gov/pubmed/864008
http://doi.org/10.1097/00000658-199808000-00007
http://doi.org/10.3382/ps.0620545


Vet. Sci. 2021, 8, 91 10 of 11

16. Duke, G.E.; Evanson, O.A.; Huberty, B.J. Electrical potential changes and contractile activity of the distal cecum of turkeys. Poult.
Sci. 1980, 59, 1925–1934. [CrossRef]

17. Hodgkiss, J.P. Peristalsis and antiperistalsis in the chicken caecum are myogenic. Q. J. Exp. Physiol. 1984, 69, 161–170. [CrossRef]
18. Janssen, P.W.; Lentle, R.G.; Hulls, C.; Ravindran, V.; Amerah, A.M. Spatiotemporal mapping of the motility of the isolated chicken

caecum. J. Comp. Physiol. B 2009, 179, 593–604. [CrossRef]
19. Gabella, G. Structure of the musculature of the chicken small intestine. Anat. Embryol. 1985, 171, 139–149. [CrossRef]
20. Perrino, B.A. Calcium sensitization mechanisms in gastrointestinal smooth muscles. J. Neurogastroenterol. Motil. 2016, 22, 213–225.

[CrossRef]
21. Bolton, T.B.; Lang, R.J.; Takewaki, T. Mechanisms of action of noradrenaline and carbachol on smooth muscle of guinea-pig

anterior mesenteric artery. J. Physiol. 1984, 351, 549–572. [CrossRef]
22. Hirsbrunner, G.; Knutti, B.; Liu, I.; Küpfer, U.; Scholtysik, G.; Steiner, A. An in vitro study on spontaneous myometrial contractility

in the cow during estrus and diestrus. Anim. Reprod. Sci. 2002, 70, 171–180. [CrossRef]
23. Otto, B.; Steusloff, A.; Just, I.; Aktories, K.; Pfitzer, G. Role of Rho proteins in carbachol-induced contractions in intact and

permeabilized guinea-pig intestinal smooth muscle. J. Physiol. 1996, 496, 317–329. [CrossRef] [PubMed]
24. Nieto, J.E.; Rakestraw, P.C.; Snyder, J.R.; Vatistas, N.J. In vitro effects of erythromycin, lidocaine, and metoclopramide on smooth

muscle from the pyloric antrum, proximal portion of the duodenum, and middle portion of the jejunum of horses. Am. J. Vet. Res.
2000, 61, 413–419. [CrossRef] [PubMed]

25. Tappenbeck, K.; Hoppe, S.; Hopster, K.; Kietzmann, M.; Feige, K.; Huber, K. Lidocaine and structure-related mexiletine induce
similar contractility-enhancing effects in ischaemia-reperfusion injured equine intestinal smooth muscle in vitro. Vet. J. 2013, 196,
461–466. [CrossRef] [PubMed]

26. Tappenbeck, K.; Hoppe, S.; Reichert, C.; Feige, K.; Huber, K. In vitro effects of lidocaine on contractility of circular and longitudinal
equine intestinal smooth muscle. Vet. J. 2013, 198, 170–175. [CrossRef] [PubMed]

27. Ignarro, L.J.; Kadowitz, P.J. The pharmacological and physiological role of cyclic GMP in vascular smooth muscle relaxation.
Annu. Rev. Pharmacol. Toxicol. 1985, 25, 171–191. [CrossRef]

28. Sarna, S.K. Gastrointestinal longitudinal muscle contractions. Am. J. Physiol. Gastrointest. Liver Physiol. 1993, 265, G156–G164.
[CrossRef] [PubMed]

29. Evans, E.D.; Mangel, A.W. Depolarization-stimulated contractility of gastrointestinal smooth muscle in calcium-free solution: A
review. ISRN Gastroenterol. 2011, 2011, 692528. [CrossRef] [PubMed]

30. Hara, Y.; Szurszewski, J.H. Effect of potassium and acetylcholine on canine intestinal smooth muscle. J. Physiol. 1986, 372, 521–537.
[CrossRef] [PubMed]

31. Morgan, K.G.; Szurszewski, J.H. Mechanisms of phasic and tonic actions of pentagastrin on canine gastric smooth muscle. J.
Physiol. 1980, 301, 229–242. [CrossRef]

32. Morgan, K.G.; Muir, T.C.; Szurszewski, J.H. The electrical basis for contraction and relaxation in canine fundal smooth muscle. J.
Physiol. 1981, 311, 475–488. [CrossRef]

33. Mitsui, M.; Karaki, H. Dual effects of carbachol on cytosolic Ca2+ and contraction in intestinal smooth muscle. Am. J. Physiol. Cell
Physiol. 1990, 258, C787–C793. [CrossRef]

34. Murthy, K.S. Signaling for contraction and relaxation in smooth muscle of the gut. An. Rev. Physiol. 2006, 68, 345–374. [CrossRef]
35. Ehlert, F.J. Contractile role of M2 and M3 muscarinic receptors in gastrointestinal, airway and urinary bladder smooth muscle.

Life Sci. 2003, 74, 355–366. [CrossRef]
36. Sanders, K.M.; Ward, S.M. Nitric oxide and its role as a non-adrenergic, non-cholinergic inhibitory neurotransmitter in the

gastrointestinal tract. Br. J. Pharmacol. 2019, 176, 212–227. [CrossRef]
37. Carvajal, J.A.; Germain, A.M.; Huidobro-Toro, J.P.; Weiner, C.P. Molecular mechanism of cGMP-mediated smooth muscle

relaxation. J. Cell Physiol. 2000, 184, 409–420. [CrossRef]
38. Kanagy, N.L.; Charpie, J.R.; Dananberg, J.; Webb, R.C. Decreased sensitivity to vasoconstrictors in aortic rings after acute exposure

to nitric oxide. Am. J. Physiol. 1996, 271, H253–H260. [CrossRef]
39. Onoue, H.; Katusic, Z.S. The effect of 1H-[1,2,4]oxadiazolo[4,3-a]quinoxalin-1-one (ODQ) and charybdotoxin (CTX) on relaxations

of isolated cerebral arteries to nitric oxide. Brain Res. 1998, 785, 107–113. [CrossRef]
40. Plane, F.; Hurrell, A.; Jeremy, J.Y.; Garland, C.J. Evidence that potassium channels make a major contribution to SIN-1-evoked

relaxation of rat isolated mesenteric artery. Br. J. Pharmacol. 1996, 119, 1557–1562. [CrossRef]
41. Stuart-Smith, K.; Warner, D.O.; Jones, K.A. The role of cGMP in the relaxation to nitric oxide donors in airway smooth muscle.

Eur J. Pharmacol. 1998, 341, 225–233. [CrossRef]
42. Wong, W.S.; Roman, C.R.; Fleisch, J.H. Differential relaxant responses of guinea-pig lung strips and bronchial rings to sodium

nitroprusside: A mechanism independent of cGMP formation. J. Pharm. Pharmacol. 1995, 47, 757–761. [CrossRef] [PubMed]
43. Jenkinson, D.H.; Morton, I.K.M. The role of α- and β-adrenergic receptors in some actions of catecholamines on intestinal smooth

muscle. J. Physiol. 1967, 188, 387–402. [CrossRef] [PubMed]
44. Beani, L.; Bianchi, C.; Crema, A. The effect of catecholamines and sympathetic stimulation on the release of acetylcholine from the

guinea-pig colon. Br. J. Pharmacol. 1969, 36, 1–17. [CrossRef]
45. Paton, W.D.M.; Vizi, E.S. The inhibitory action of noradrenaline and adrenaline on acetylcholine output by guinea-pig ileum

longitudinal muscle strip. Br. J. Pharmacol. 1969, 35, 10–28. [CrossRef]

http://doi.org/10.3382/ps.0591925
http://doi.org/10.1113/expphysiol.1984.sp002777
http://doi.org/10.1007/s00360-009-0342-8
http://doi.org/10.1007/BF00341408
http://doi.org/10.5056/jnm15186
http://doi.org/10.1113/jphysiol.1984.sp015262
http://doi.org/10.1016/S0378-4320(01)00198-1
http://doi.org/10.1113/jphysiol.1996.sp021687
http://www.ncbi.nlm.nih.gov/pubmed/8910218
http://doi.org/10.2460/ajvr.2000.61.413
http://www.ncbi.nlm.nih.gov/pubmed/10772106
http://doi.org/10.1016/j.tvjl.2012.11.011
http://www.ncbi.nlm.nih.gov/pubmed/23265867
http://doi.org/10.1016/j.tvjl.2013.07.027
http://www.ncbi.nlm.nih.gov/pubmed/23973159
http://doi.org/10.1146/annurev.pa.25.040185.001131
http://doi.org/10.1152/ajpgi.1993.265.1.G156
http://www.ncbi.nlm.nih.gov/pubmed/8338165
http://doi.org/10.5402/2011/692528
http://www.ncbi.nlm.nih.gov/pubmed/21991526
http://doi.org/10.1113/jphysiol.1986.sp016023
http://www.ncbi.nlm.nih.gov/pubmed/3723417
http://doi.org/10.1113/jphysiol.1980.sp013201
http://doi.org/10.1113/jphysiol.1981.sp013599
http://doi.org/10.1152/ajpcell.1990.258.5.C787
http://doi.org/10.1146/annurev.physiol.68.040504.094707
http://doi.org/10.1016/j.lfs.2003.09.023
http://doi.org/10.1111/bph.14459
http://doi.org/10.1002/1097-4652(200009)184:3&lt;409::AID-JCP16&gt;3.0.CO;2-K
http://doi.org/10.1152/ajpheart.1996.271.1.H253
http://doi.org/10.1016/S0006-8993(97)01393-0
http://doi.org/10.1111/j.1476-5381.1996.tb16072.x
http://doi.org/10.1016/S0014-2999(97)01455-6
http://doi.org/10.1111/j.2042-7158.1995.tb06737.x
http://www.ncbi.nlm.nih.gov/pubmed/8583389
http://doi.org/10.1113/jphysiol.1967.sp008145
http://www.ncbi.nlm.nih.gov/pubmed/6032206
http://doi.org/10.1111/j.1476-5381.1969.tb08298.x
http://doi.org/10.1111/j.1476-5381.1969.tb07964.x


Vet. Sci. 2021, 8, 91 11 of 11

46. Bülbring, E.; den Hertog, A. The action of isoprenaline on the smooth muscle of the guinea-pig taenia coli. J. Physiol. 1980, 304,
277–296. [CrossRef]

47. Groisman, S.D.; Krasilschikov, K.B. Investigation of catecholamine effects on stomach and duodenum motor functions in
unanaesthetized dogs. J. Auton. Nerv. Syst. 1986, 17, 33–44. [CrossRef]

48. Wróbel, J.; Michalska, L. The effect of verapamil on intestinal calcium transport. Eur. J. Pharmacol. 1977, 45, 385–387. [CrossRef]

http://doi.org/10.1113/jphysiol.1980.sp013324
http://doi.org/10.1016/0165-1838(86)90042-1
http://doi.org/10.1016/0014-2999(77)90279-5

	Introduction 
	Materials and Methods 
	Animals and Feeding 
	Buffers and Solutions 
	Tissue Preparation 
	Isometric Force Measurement of the Muscle Contraction 
	Data Analyses 

	Results 
	Weight of the Muscle Strips 
	Spontaneous Contraction 
	Calcium-Free Buffer 
	Potassium-Enriched Buffer 
	Carbachol 
	Carbachol and Atropine 
	Nitroprusside 
	Isoprenaline 
	Verapamil 

	Discussion 
	Conclusions 
	References

