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1. Introduction 
 
 
The digestive tract of poultry is, compared to mammals, relatively short. The duration 
time of feed passing the intestinal tract takes approximately four to six hours, while 
the duration of feed digestion in mammals requires at least twelve hours (Larbier and 
Leclercq, 1994; Hetland and Svihus, 2001; Engelhardt and Breves, 2009). The fast 
passage of feed through the gastrointestinal tract demands for very efficient nutrient 
digestion and absorption. For example, the apparent ileal digestibility of starch varies 
between 93 und 99% (Weurding et al., 2001; Lee et al., 2011). The physiology of this 
highly efficient digestive system is challenged in today´s animal production systems. 
Broiler chickens can be raised within 32 days in order to produce meat for human 
consumption. Therefore, the immature intestinal tract of young chickens is forced to 
digest high amounts of nutrients within a limited period of time. The fragility of this 
highly challenged intestinal system is of practical relevance to the livestock 
producers. Infections with intestinal bacterial pathogens result frequently in animal 
losses and require the use of antibiotics. Therefore, modification of feed is commonly 
used to support the health status of the flock. For example, compacting and thermal 
treatment of feed (e.g. pelleting) is a common method to reduce bacterial load of the 
feed and to maintain its gut health. Another approach is the use of organic acids as 
feed additives. Acidification of feed is commonly used in the feed industry, as it is 
known to preserve feed but also to improve weight gain, as well as the feed 
conversion ratio (Denli et al., 2003; Hernandez et al., 2006; Paul et al., 2007). 
However, the cause for those beneficial effects and its impact on the intestinal 
physiology of the chickens remains unknown.  

The use of the laying hen starts at the age of 18 weeks and lasts until the age 
of approximately 68 weeks. Laying hens are raised slower, resulting in an average 
body weight of approximately 1800 g when starting the laying period (depending on 
the genetic line of the bird). The structure of the feed (particle size, particle size 
distribution as influenced by the milling method and the use of thermal treatment) is 
known to affect the performance, the gastrointestinal organ weight, the pancreatic 
enzyme activity, and the microbial content of broiler chickens. The impact of feed 
structure on the digestive physiology of laying hens has not been extensively studied 
to date.  

Since cereals are the predominant energy source for chickens, starch 
digestibility and glucose transport is of highest impact to the chicken digestive 
system. The glucose uptake in the small intestine is predominantly transporter 
mediated (Kellett 2001). While up to 13 glucose transporters (GLUT) and 3 
electrogenic sodium-glucose co-transporter (SGLT) could be isolated in various 
organs of mammals, the glucose uptake in the intestine of the avian species is 
primarily explained by SGLT-1 und GLUT-2 transporters (Takata, 1996; Thorens and 
Joost, 2001; Humphrey et al., 2004; Drozdowski and Thompson, 2006). 

A high amylase activity and a large resorptive surface of the small intestine 
are held responsible for the efficient starch digestibility (Moran, 1985).  

The Ussing chamber method has been proven to be a valuable method for the 
evaluation of intestinal ion transport. While this method is well established for the 
investigation of ruminants and monogastric mammals, the intestinal tract in chickens 
has only rarely been assessed (Amat et al., 1999; Li et al., 2004; Awad et al., 2007; 
Clarke, 2009; Collins et al., 2007; Lennernas, 2007; Neirinckx et al., 2011). 
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1.1.Aim of the Study and Objectives 
 
Feed has a major impact on the digestive physiology of chickens. In practice, 
acidification of feed, as well as particle size, particle size distribution and the milling 
method are of relevance in poultry nutrition. However, the specific impact of these 
parameters on the physiology of the intestinal tract of chicken has not been widely 
studied.  
Therefore, the aim of this study was:  

(I) to modify the Ussing chamber method for reliable assessment of transport 
physiology of the intestinal mucosa of poultry 

(II) to evaluate the impact of acidified feed on apparent ileal digestibility of 
starch, the glucose transporter expression, and physiologic intestinal 
transport function in broiler chickens 

(III) to investigate the impact of the milling method, thermal treatment, and 
particle size of feed on performance, apparent ileal digestibility, and pH of 
digesta in laying hens. 

 1 

1. Introduction
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2. Literature Review 
 
 
2.1. The Impact of Feed on Digestive Physiology in Poultry  

 
The major function of the gastrointestinal tract is the interplay of digestion and 
absorption of nutrients, enabled by mechanical, chemical, and enzymatic dissociation 
and subsequent nutrient uptake. The continuous and direct contact of the digestive 
tract with feed and the environment highlights the function of the gastrointestinal tract 
as barrier against external influences (Yegani and Korver, 2008; Choct, 2009). Feed 
modulates the intestinal microbiota and subsequently the immune system of the host, 
it determines the development of the villi and epithelial surfaces, subsequently its 
gene expression as well as its endocrine regulation (Kraehenbuhl & Neutra, 1992; 
Dahlke et al., 2003; Williams et al., 2008; Amerah et al., 2009; Betscher et al., 2010). 
Subsequently, factors affecting the health status of the digestive system will affect 
animal health. The feed ingredients and feed structure including the structure of the 
feed before and after thermal treatment are affecting gut development. Intestinal 
weight, intestinal villus length and crypt depth can be modified by these parameters 
and intestinal resistance against pathogens as indicated in reduced pathogen 
colonization and delayed pathogen spreading was shown after the ingestion of 
coarser feed particles (Bjerrum et al., 2005; Huang et al., 2006; Santos et al., 2008; 
Moen et al., 2012).  

Compared to mammals, the digestive tract of avians is characterized by its 
relatively short length (Larbier and Leclercq, 1994; Engelhard and Breves, 2009). 
Amongst other peculiarities, the digestive tract of the avian species is absent of teeth, 
developed a crop for storage and moisturizing of the feed, two stomachs 
(proventriculus and gizzard), as well as two caeca.  

Especially the grinding mechanism of the gizzard are responsible for the 
impact of coarse feed structure on improved barrier function, improved nutrient 
digestibility, and improved animal performance (Svihus and Hetland 2001; Svihus et 
al., 2006; Williams et al., 2008; Denstadli et al., 2010). Gut development requires 
physical stimulation by dietary fiber and suitable feed particle size (Hetland et al., 
2003; Svihus et al., 2004b). Several studies determined a linkage between coarse 
feed structure and stimulation of the gizzard development as evaluated by organ 
mass and concurrent stimulation of the pancreatic mass (Engberg et al., 2002; Peron 
et al., 2005; Williams et al., 2008; Svihus, 2011). Higher gizzard and pancreas weight 
is accompanied by increased bile acid secretion, and increased enzymatic activity of 
the pancreatic amylase (Engberg et al., 2004; Svihus et al., 2004a). Coarse particles 
in feed improve apparent digestibility of starch (Svihus and Hetland 2001; Svihus et 
al., 2004b). With starch being the predominant energy source, these findings made 
feed structure of high interest to poultry nutrition. The natural demand of avians for 
gizzard stimulating diets can be observed by the uptake in grit stones, wood 
shavings, or other litter material when chickens were fed with finely ground feed 
(Hetland et al., 2005).  

However, dietary fiber and feed structure do not only promote the 
development of intestinal organs, both also affect animal behavior (Vilarino et al., 
1996; Hartini et al., 2002; Hetland et al., 2003; VanKrimpen et al., 2008). For 
example, chickens obtaining mash feed spend more time on feed ingestion, resulting 
in fewer stereotypes and less aggressive behavior (Vilarino et al., 1996). Reduced 
feather pecking was shown in laying hens fed with coarsely ground diets, diets of low 
energy, and diets with increased contents of non-starch polysaccharides 
(VanKrimpen et al., 2008).  
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2.2. The Characterization of Feed Particle Size  
 
In order to characterize the impact of feed particle size on digestive physiology, 

standardized evaluation of feed particle size is essential.  

For the evaluation of particles, methods including laser fractioning, mass 
spectrometry, imaging technique and sieve analysis can be used (Heidenreich and 
Sundermeier, 1996; Hetland et al., 2002). These methods are usually capable of 
analyzing wet or dry particle sizes varying between 0.02 - 2000 µM. The optic 
measurements are based on the fact that particles which are hit by a light reflect that 
light in a specific angle depending on their size. Additionally, the intensity of the 
reflected light provides information about the particle volume. These computer 
operated laser assisted systems are predominantly used in medical and industrial 
applications. Feed particle distribution is commonly determined by sieve analysis 
(Shaver et al., 1988; Giger-Reverdin, 2000; Logan and Sannson, 2000; Fritz et al., 
2011). 

Sieve analysis is performed by stacking several sieves of various mesh sizes 
regarding their descending mesh size on top of each other. The feed sample is 
rinsed though the sieves under continuous shaking. The fractions on top of each 
sieve are determined and serve for further description of the particle size distribution. 
Depending on the question addressed, the quality of the sample, or simply the 
method of the lab, various variants of sieving analysis have been described. For 
example, mesh size of the sieves may vary between 10 µm and 125 mm, the volume 
of feed samples may be between 10 g and 25 kg, the shaking intensity can be 
determined between 1 G and 15 G, the movement of the shaking might be strict 
horizontally or horizontal-vertically, and the duration of the sieving can vary between 
a few seconds or several hours. Varying those parameters results in different results 
obtained from the same sample (Wolf et al., 2012). Especially with pelleted feed, the 
originate structure that affects the gastrointestinal tract is of interest. Therefore, wet 
sieving analysis is often performed in those samples (Svihus et al., 2004b). 
Additionally to the variables that were mentioned above, in wet sieving analysis the 
amount of water that is used for soaking the feed, the duration of soaking the feed, 
the amount of liquid that is used for rinsing the suspension through the sieves, the 
water pressure that is used to rinse the feed through the sieves, the time for drying 
the sieved contents, as well as the temperature for drying the feed contents may be 
altered. While the American Society of Agricultural and Biological Engineers 
introduced a standardized analyzing system for feed samples, the lack of a 
standardized method for feed sieving performance is considered as major 
disadvantage for interstudy comparisons (ASAE 1983; ASABE 2008).  

In order to describe and interpret the complex information of the sample 
fraction retained by every sieve, the results may be expressed in frequency plots 
(describing the percentage of feed obtained at each given mesh size), cumulative 
curves (adding up the various sample sizes), or the comparison of samples obtained 
above to a defined threshold. However, for comparison of feed groups or for 
correlation of results to particle size, reducing the information obtained from analysis 
to a single characteristic value is crucial, even though it is leaving the information 
about the homogeneity of the sample behind. For example, a homogenous sample 

2. Literature Review

Several approaches can be used. Due to the three dimensional nature, the single 
particle is characterized by its specific surface and shape. The sum of particles in a 
feed or digesta sample can be characterized by its uniformity and particle size 
distribution. According to the experimental approach and the quality of the sample 
various methods of evaluation, mathematical descriptions, and comparisons have 
been developed.  

that results in evenly distributed particle fractions on every sieve will result in the 
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same average particle size compared to feed that has a very large amount of coarse 
particles and a very high amount of small particles, but no medium-sized particles.  

 Various mathematical approaches have been developed in order to characterize 
data obtained from sieving analysis. Some of the most common methods are the 

 

• Module Of Fineness (MOF). This approach is based on multiplying the 
proportion of particles retained on the sieve with lowest mesh size with 1, the 
proportion of particles retained on the sieve with a mesh size larger than the 
smallest mesh size with 2, the one on the next larger with 3, then adding up 
all these data (Poppi et al., 1980). While the resulting values have no unit, 
studies can only be compared when using exactly the same set of sieves with 
identical mesh sizes (Poppi et al., 1980; Okamoto, 1997; Clauss et al., 2002).  
 

 
 
For example, four sieves with mesh sizes of 6, 2, 0.5, and 0.125 mm were 
used for feed analysis. After sieving, the dry mass of the particles obtained on 
top of each sieve was 25, 30, 35, and 10 g. Therefore, the particle proportion 
(p) was 0.25, 0.30, 0.35, and 0.10. Multiplying the values with 4, 3, 2, or 1 
results in the following numbers: 0.25 x 4 = 1; 0.3 x 3 = 0.90; 0.35 x 2 = 0.7; 
0.1 x 1 = 0.1. Adding up all these sums results in the value of 2.7, which can 
be used for comparison (Poppi et al., 1980; Okamoto, 1997; Clauss et al., 
2002) ). While all the resulting values have no unit, studies can only be 
compared when using exactly the same set of sieves with identical mesh 
sizes. 
 

• Discrete Mean Particle Size (dMEAN). This method is based on the sums of 
the arithmetic mean weight of particles that are obtained between the sieves 
collecting the particle fraction and the sieve above that particle fraction.  

 
 

For example, four sieves with mesh sizes (S) of 6, 2, 0.5, and 0.125 mm were 
used for feed analysis. After sieving, the dry mass of the particles obtained on 
top of each sieve was 25, 30, 35, and 10 g. Therefore, the particle proportion 
(p) was 0.25, 0.30, 0.35, and 0.10. Now multiplying these proportions with the 
average sieve mesh sizes of the sieve below and above the feed mass is 
performed. In order to obtain a value of the feed mass above the sieve with 
the largest mesh size, the coarsest particle on top of the largest sieve was 
determined and serves for calculation of the first value. For the present 
example, the largest particle obtained on the 6 mm sieve was 8 mm. 
Therefore, the following calculation is performed: 0.25 x (8 mm + 6 mm)/2 = 
0.25 x 7 = 1.75 mm; 0.3 x (6 mm+2 mm)/2 = 0.3 x 4 = 1.2 mm; 0.35 x (2 mm 
+ 0.5 mm)/2 = 0.35 x 1.25 = 0.4375 mm; 0.1 x (0.5 mm + 0.125 mm)/2 = 0.1 x 
0.3125 = 0.03125 mm. Adding up all these sums will result in a dMEAN of 
3.42 mm. 
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• Discrete Median Particle Size (dMED). The median particle size can be 
obtained by summarizing the median weight of the cumulative proportion of 
particles obtained between two sieve sizes.  

 
 

For example, four sieves with mesh sizes (S) of S(4) = 6 mm, S(3) = 2 mm, 
S(2) = 0.5 mm, and S(1) = 0.125 mm were used for the feed analysis. After 
sieving, the dry mass of the particles obtained on the sieves was 25, 30, 35, 
and 10 g. Therefore, the particle proportion p(i) is p(4) = 0.25, p(3) = 0.3, p(2) 
= 0.35, and p(1) = 0.1 and the cumulative proportions pcum(4) = 0.25; 
pcum(3) = 0.55, pcum(2) = 0.9, and pcum(1) = 1. By inserting those results in 
the equation, the following term is calculated: dMED = 2+(6-2)x(0.55-
0.5)/(0.55-0.25)=2.667.  

 
• Continuous Median Particle Size (cMED). This value is obtained by plotting 

the values obtained from dMED expressed as cumulative curve against a 
regular scale or a log scale that reflects the mesh sizes of the sieves. The 
calculation of cMED requires a special software.  
 

• Continuous Mean Particle Size (cMEAN). This value is obtained by plotting 
the values obtained from dMEAN expressed as cumulative curve against a 
regular scale or a log scale that reflects the mesh sizes of the sieves. The 
calculation of cMEAN requires a special software program.  
 

 
      Fritz et al. (2011) analyzed 580 fecal samples of various species, including 
mammals, reptiles, and birds by wet sieving and calculated MOF, dMEAN, dMED, 
cMEAN and cMEAD for comparison. The authors used nine sieves to determine the 
fractions of particle sizes. Additionally, they simulated the use of different sieve series 
(only six sieves, only odd-numbered sieves, only even-numbered sieves) and 
calculated MOF, dMEAN, dMED, cMEAN and cMEAD for comparison. Their results 
indicated, that dMEAN, dMED, cMEAN and cMED values are more suitable to 
compare values obtained from the experiments using different sets of sieves than 
MOF. In agreement with that study, Steuer at al. (2010) showed a good correlation of 
dMEAN compared to cMEAN for a broad range of particle sizes, cMED and dMED 
overestimate the large particles in samples of high proportions of very large particles. 
This observation was most likely due to the asymmetry in the particle size 
distribution. Additionally, irregularities were noted with large particles, therefore this 
measure appears less suitable for the particle size range. A major advantage of 
cMEAN compared to MOF or cMED, was the lesser susceptibility to the influence of 
sieve sets used as the results were most consistent using all nine sieves, only odd-
numbered sieves or only even-numbered sieves. Even more, dMEAN values showed 
an accurate fit with the cMEAN values that varied only slightly when different sieves 
sets were compared. One further advantage of dMEAN is the simple calculation from 
the original sieving data without specialized curve fitting software. While dMEAN is 
considered as a specific variant of the cMEAN calculation, its predominant difference 
is the assumption of particle size distribution of particles obtained from the particular 
sieves. For dMEAN, by definition, a normal distribution of particle sizes on the sieve 
is assumed. However, an asymmetric particle size distribution might be more 

2. Literature Review
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common in practice. This discrepancy becomes evident when focusing on the 
lower/higher particle size range, where cMEAN differs from dMEAN. Therefore, 
dMEAN and cMEAN appear to be useful parameters for particle size estimation. Due 
to the practicability of calculating dMEAN and its consistent results when using 
various mesh sizes for sieving, dMEAN was proposed for the description of the feed 
particles size (Fritz et al., 2011). 

 
 
2.3. Grinding of Feed  
 
Grinding of poultry feed is performed for various reasons. Smaller and therefore more 
homogeneous particles prevent demixing of the diet and an uniform and balanced 
nutritional support of the animals (Axe, 1995; Koch, 1996; Löwe, 2013). Breaking up 
the macrostructure of the grains enables a more efficient digestion of nutrients by the 
intestinal enzymes due to the increased surface area as well as the enhanced 
access through the cracked hull. Furthermore, if thermal treatment (pelleting, 
expanding, extruding) of the diet is warranted due to various reasons (hygienization 
of the feed, increased energy density of the feed, reduced demixing of the diet), 
grinding is mandatory due to technical aspects. Grinding improves the adhesive 
functions of the ingredients and subsequently the pellet stability (Goihl, 1995; 
Behnke, 2001; Löwe, 2007). The feed ingredients and the feed composition 
determine the resulting particle size at a given grinding intensity and milling method 
(Audet, 1995). While primary grinding of the feed is accomplished by various milling 
methods, secondary diminution of the feed results due to successional technologies 
such as thermal treatment or crumbling (Svihus et al., 2004; Wolf et al., 2012).  

Grinding feed is energy-consuming and the choice of diminution technologies 
can have a substantial impact in this regard (Wondra et al., 1995). In order to reduce 
the amount of energy needed for feed production, innovative energy-saving milling 
methods have been developed (Hoffmann et al., 2011). However, the energy 
consumption of a mill is not only determined by the milling type, but depends also on 
the way of installation, the set up of the mill, the material of the mill components, and 
other factors (Audet, 1995). The use of the hammer mill is still common, however, 
alternative milling methods such as the roller mill or the wedge-shaped disc mill are 
becoming more customary in practice (Hoffmann et al. 2011). The milling technology 
affects not only feed particle size but also the particle shape (Reece et al., 1985; 
Koch 1996). Therefore, the use of milling methods may have an impact on the 
intestinal health status of chickens.  

 
 
2.3.1. Roller Mill 
The roller mill is designed of two horizontal cylinders that rotate with various speeds 
against each other (figure 1). The feed is rinsed through the gap between these 
cylinders. Depending on the rotation speeds, the width of the milling gap, the 
diameters of the cylinders, the length of the cylinders, and the surface of the 
cylinders, the feed is exposed to various squeezing and shearing forces. Particles 
obtained by the roller mill are cubically and irregularly shaped (Koch, 1996). The use 
of this milling method is characterized by its relatively low operating energy 
(approximately 3 kWh/t) and its diminished operating noise (Koch, 1996). The use of 
the roller mill results in a relatively uniform particle size distribution with subsequently 
reduced fractures of small particles that were exposed to relatively low temperatures 
(e.g. room temperature) (Koch, 1996; Löwe, 2011). A disadvantage of this milling 
technique may be the fractions of unprocessed small grains that rinse through the 
milling gap without any treatment (Douglas et al., 1990). 
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Figure 1. Roller mill. Feed is processed by two grinding cylindric rolls. The milling 
gap between the rolls can be adjusted and determines the squeezing forces applied 
to the particles. The various speeds of the cylinders determine the shearing forces 
that are applied to the grains.  
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2.3.2. Hammer Mill 
The hammer mill is designed of a hollow round metal jacked equipped with a 
centrally located rotor with several hammers being attached to the rotor (figure 2). 
The feed is rinsed towards the rotating hammers and leaves the system through a 
sieve on the outer surface. Therefore, only particles that are small enough to pass 
the pore sizes of the sieve are enabled to leave the system. The impingement 
demolition of the feed results in a broad spectrum of particle fractions and the 
liberation of intracellular substances, such as fat (Svihus et al., 2004b; Wolf et al., 
2012). The particles obtained from this grinding method are characterized by 
spherical form and furbished surface (Reece et al., 1985; Koch, 1996). Hammer mills 
are capable to grind fibrous material. Therefore, the hammer mill is considered as 
method of choice when cereals rich on spelt, such as oats or barley need to be 
processed (Koch, 1996). The energy required for feed processing is dependent on 
the number of hammers, the shape of the hammers, the rotation speed, the area of 
the die, the numbers and shape of the die holes, the feed ingredients and the feed 
composition (Amad, 2001; Löwe and Mohrig, 2013). In general, the hammer mill is 
characterized by its relatively high energy consumption (approximately 5-15 kWh/t) 
and dust pollution. The advantages include its universal application to various feed 
components, as well as its relatively low acquisition costs, easy operation and 
maintenance (Audet, 1995; Koch, 1996).  
 

 

 
Figure 2. Hammer mill. Feed is supplied into a hollow metal jacked, in which 
rotating hammers force the grains to leave through the surrounding die. Due to the 
impingement demolition, fibrous ingredients can be grinded.  
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2.3.3. Disc Mill 
The disc mill is designed of two horizontally oriented structured metal discs where the 
feed is distributed in between (figure 3). While one disc is fixed, the second one 
rotates providing the grinding activity. The gap between the discs can be adjusted by 
the operator, additionally the form and size of the discs, and the speed of the rotating 
disc can be varied. At slow rotation speed, shearing and pressure are the 
predominant forces affecting the feed, at high rotation shearing and punching are the 
predominant forces. The advantage of this milling method includes the obtainment of 
coarse particles without high fractions of small particle sizes and its relatively low 
operating energy (Löwe and Mohrig, 2013). 
 

 

 

 

 
Figure 3. Disc mill. Disc mills can vary in shape and surface structure of the discs. 
Usually one disc rotates while the complementary one is immobilized.  
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2.3.4. Wedge-Shaped Disc Mill 
The wedge-shaped disc mill is characterized by two horizontal cylinders that rotate 
with various speeds against each other. In contrast to the roller mill, the cylinders 
consist of wedge shape discs that not only extend the milling gap but also serve as 
cutting blades (figure 4). Therefore, a major advantage is a low operating energy (<3 
kWh/t) that is comparable to the roller mill, but depending on the profile of the wedge 
discs, the angles of the wedge discs, the curvature of the wedge discs, the rotation 
speeds, and the milling gap, the wedge-shaped disc mill is also capable of grinding 
spelt materials (Hoffmann et al., 2011).  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. Wedge-shaped disc mill. Feed is distributed between two rolling 
cylinders, which are wedge-shaped. Therefore, the milling gap is prolonged 
compared to the roller mill.  
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2.4. Thermal Treatment of Feed 
 

Commonly, poultry are fed with a complete diet composed of all ingredients required 
for a balanced animal nutrition. However, the macrostructure of the feed varies 
depending on the production type. While feed for laying hens is commonly provided 
in mash form, broiler feed is mostly provided in pellets. Several factors (particle size, 
particle number, particle shape, flowability, moisture content, etc.) affect demixing of 
a diet, it can hardly be prevented in mash feed (Axe, 1995; Löwe and Mohrig, 2013). 
Chickens receiving an unbalanced diet exhibit poor performance (Behnke, 2002).  
Therefore, the beneficial effects of compacting on the uniformity of the mixture are of 
great impact to the poultry industry. Furthermore, thermal treatment of the feed 
reduces selective feed ingestion, results in thermal modification of starch and 
proteins, reduces microbial contamination and decreases feed wastage (Mossel et 
al., 1967; Fancher et al., 1996; Behnke 2001; Peisker, 2006).  
 
2.4.1. Pelleting 
Pelleting of feed can be described as mechanical process, where small particles are 
agglomerating depending on the moisture, heat, and pressure applied. Commonly, 
steam pressure is applied to the mash feed (conditioning) and dozed into the heated 
pelleting chamber. In the pelleting chamber, the feed is forced to leave the pelleting 
press through a metal die. The resulting threads can be cut to various length and are 
finally cooled and dried. Pelleting results due to mechanical interlocking, diffusion, 
and adsorption of the microstructure (Behnke, 2001). Therefore, the pellet quality can 
be affected by diet formulation. The pellet quality is especially determined by the 
protein, fat, and wheat content of the feed, the grinding intensity (particle size) of the 
feed, the grinding method (particle size distribution, particle shape) of the feed, the 
application of steam conditioning, as well as the cooling process after pelleting 
(Goihl, 1995; Briggs et al., 1999; Fairfield, 2003). Usually 3 to 6% moisture is added 
to the mash during conditioning at temperatures that can range from 60 to 90°C for 
several seconds (Fairfield, 2003). Long term conditioning can last 20 minutes or 
more (Fairfield, 2003). Extremely high temperatures can also develop during pellet 
formation due to friction with the die walls as the conditioned mash is forced through 
die openings (Fairfield, 2003). The physical advantages of pelleting include the ease 
of handling, reduced ingredient segregation, reduced feed wastage, and increased 
energy density (Behnke, 2001).  
 
2.4.2. Expanding 
Similar to the pelleting machine, the expander forces pre-conditioned mash feed 
through a die of various sizes. However, the end-temperature in the feed at the end 
of the expanding chamber is higher and reaches up to 130°C. The feed is subjected 
to a short treatment time with a maximum of 3 seconds. The structure of the resulting 
final product breaks up when leaving the expander. Therefore, expandate is 
characterized by a porous surface and lower density, compared to firmly pressed 
pellets (Heidenreich and Michaelsen, 1995; Thomas, 1997). While the impact on feed 
hygiene is non-controversial, the consequences for nutrient digestibility are less clear 
and will be described in detail in section “2.5. Effect of Particle Size and Thermal 
Treatment of Feed on Poultry” (Thomas, 1997; Peisker, 2006; Lundblad et al., 2011). 
 
2.4.3. Extruding 
Similar to pelleting and expanding, the extruder forces the conditioned mash feed 
through a die of various sizes. However, higher levels of moisture, pressure, and 
heat are used for extruding, which results in feed of a high density, pressed into firm 
structures (Fancher et al., 1996; Heidenreich and Michaelsen, 2001). Therefore, this 
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method is relatively expensive and primarily used in the pet food or fish feed industry. 
Depending on the number of screws, single-, double-, or multiple-screw extruders 
can be used. Double screw extruders are designed of two parallel or anti-parallel 
running screws. Depending on the different speeds, the shape, diameters and 
distance of the augers, the feed is transported with various speed and exposed to 
various mixing and cutting forces (Jämlich, 2010). The use of these extruders is 
primarily of importance in the food industry and is capable of the production of 
specialized items, such as highly viscous foods (e.g. chewing gums, fatty products). 
Multiple screw extruders serve the same purpose, however, the processing speed is 
increased by the amount of screws used.  
 
 
2.5. Effect of Particle Size and Thermal Treatment of Feed on Poultry  
 
In order to ensure optimized nutrition of poultry, it is not only important to provide the 
correct amount of ingredients, but also to secure the intake of structured feed 
(Yegani and Korver, 2008). The structure of compound feed has an impact on animal 
health and performance (Maxwell et al., 1970; Villarino et al., 1996; VanKrimpen et 
al., 2008; Yegani and Korver, 2008; Grosse Liesner et al., 2009; Betscher et al., 
2010). Chicken discriminate their feed intake by the size, color, and form of the feed. 
Larger feed particles are preferred and more rapidly ingested (Nir et al., 1994; Yasar, 
2003; Amerah et al., 2004). Feed with high fractions of small particle sizes (<500 µm) 
results in decreased feed intake, increased feed selection, dust pollution, increased 
feed waste and may result in malnutrition of animals (Safaa et al, 2009). Additionally, 
the impact of feed particle size on chicken behavior has been proven. Hens fed with 
coarse particles exhibit less aggressive and stereotype behavior (Vilarino et al., 
1996; Hartini et al., 2002; VanKrimpen et al., 2008). 
The impact of feed particle size on the performance and nutrient digestibility of laying 
hens has not been widely studied. Safaa et al. (2009) investigated the effect of 
particle size on performance parameters and egg quality in 960 laying hens. The only 
effect that could be detected was an increased feed intake of hens that were fed with 
larger feed particles. In contrast, for broilers specific particle sizes are recommended 
(Nir et al., 1994; Denstadli et al., 2010). It has been proposed, that at least 20% of 
the cereal particles should be larger than 1.5-2.0 mm (Svihus, 2011). Chickens are 
well known for their high ability of digesting coarse feed (intact maize and wheat 
particles, particles ≥ 3.1 mm) (Dozier at al., 2006; Lundblad, 2009; Rougiere et al., 
2009).  

Even though study results differ, there is increasing evidence supporting the 
use of coarse feed particles. Several studies demonstrated the positive impact of 
coarser particle size on performance and ileal nutrient digestibility in broilers 
(Leibetseder, 1987; Amad, 2001; Amerah et al., 2007b; Svihus et al., 2010). 
Additionally, the impact of coarse particle size is considered beneficial for the 
intestinal development and intestinal microbiota of the animals, and thereby on 
product safety (Engberg et al., 2002; Bjerrum et al., 2005; Santos et al., 2008; Moen 
et al., 2010). For example, coarse feed particles are essential for gizzard 
development and reduce intestinal colonization of pathogens (Engberg et al., 2002; 
Bjerrum et al., 2005; Santos et al., 2008; Moen et al., 2010). A well-developed 
intestinal barrier is essential for the ability of the animal to resist pathogens and its 
concurrent diseases. Coarse feed particles affect intestinal development and are held 
responsible for reduced Salmonella spp. and Clostridium spp. concentrations in the 
intestine and reduced pathogen spreading (Bjerrum et al., 2005; Huang et al., 2006; 
Santos et al., 2008; Yegani and Korver, 2008; Moen et al., 2010).  
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Thermal treatments are commonly used in broiler feed production in order to 
reduce antinutritive factors (e.g. trypsin inhibitors), and to increase the apparent ileal 
nutrient digestibility (Kilburn and Edwards, 2001; Jia and Slominski, 2010). Since 
pelleting or expanding prevents demixing of the diets, a reduced feed selection by 
the animals results in an optimized feed conversion ratio compared to mash feed 
(Amerah et al., 2008). Therefore, an improved performance can be expected when 
broiler chickens are given pelleted diets (Hamilton and Proudfoot, 1995). In order to 
reduce energy requirements for grinding and pelleting, 35% of the corn could be 
added after pelleting without adversely affecting growth performance of broilers 
(Dozier et al., 2006). 

However, when comparing feed processed by various thermal treatments 
including pelleting, expanding, and extruding for broiler chickens, hydro-thermal 
processing increased total apparent starch digestibility, but due to reduced feed 
intake of the expanded and in particular of the extruded diets, only pelleting improved 
growth rate and feed utilization (Lundblad et al., 2011). The reduced bulk density of 
expanded and extruded feed was held responsible for these effects. Additionally, 
extruded feed had the highest extract viscosity, while starch gelatinization was 
improved (Lundblad et al., 2011).  

A possible disadvantage of thermal treatment of feed is the potential negative 
impact on protein utilization. While moderate temperatures and short term treatment 
showed no effects on amino acid availability, intensive thermal treatment significantly 
reduced amino acid availability (Panigrahi et al., 1996; Dänicke et al, 1998; 
Mavromichalis and Baker, 2000; Amezcua and Parsons, 2007). Autoclaving of diets 
for 40-60 min at 121°C and 105 kPa reduced amino acid digestibility which 
subsequently led to lower growth performance of the animals (Achinewhu and Hewitt, 
1979; Fernandez et al., 1994).  

Due to the more mature digestive system of laying hens, transferring data 
obtained from studies in broiler chickens to laying hens seems questionable. 
Additionally, the combination of milling methods with thermal treatment and its 
possible interactions has not been studied in laying hens.  

 
 

2.6. Use of Organic Acids in Poultry Nutrition 
 
Acidification of feed is known to preserve feed but also to improve weight gain of 
animals as well as the feed conversion ratio (Denli et al., 2003; Hernandez et al., 
2006; Paul et al., 2007). The cause for the beneficial effects remains controversial. 
One proposed mode of action of organic acids in the intestinal tract is based on their 
antimicrobial activity (Roy et al., 2002; Chaveerach et al., 2002). Acidification of feed 
reduces unfavorable bacterial contamination, resulting in a positive impact on animal 
health and improved carcass hygiene (Izat et al., 1990; Thompson and Hinton, 
1997). Organic acids are able to enter the microbial cells in their undissociated form 
by diffusion as well as carrier-mediated. In the microbial cell, the acids dissociate 
leading to an intracellular accumulation of hydrogen ions and the respective anions 
which subsequently impair the bacterial metabolism (Ricke, 2003). Even though the 
antibacterial mechanisms of organic acids are not completely understood, it has been 
proposed, that the active export of the accumulated hydrogen ions results in 
depletion of the cellular adenosine triphosphate levels (Davidson, 2001). Additionally, 
the accumulation of hydrogen ions may have a direct toxic effect on the bacterial 
organisms, resulting in damage of the bacterial walls and a negative impact on 
macromolecular synthesis (Russell, 1992; Alakoni et al., 2000; Davidson, 2001). 
Another hypothesis includes the interference of organic acids with membrane 
proteins, which uncouples electron transport and subsequently reduces ATP 
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production (Davidson, 2001). Furthermore, the use of organic acids enhances 
microbial phytase activity due to its low pH optimum (Jongbloed et al., 2000; Dibner 
and Buttin, 2002; Liem et al., 2008). Additionally, the use of organic acids in feed 
results in an increased pancreatic enzyme secretion which is mediated by the 
accumulation of hydrogen ions and the involvement of secretin release (Harada et 
al., 1986; Dibner and Buttin, 2002). It is also known that organic acids in chicken feed 
can affect epithelial cell proliferation and results in enhanced villus height (Hernandez 
et al., 2007). A direct stimulation of cell proliferation (especially of butyric acid, acetic 
acid and propionic acid) is hypothesized (Sakata, 1987; Dibner and Buttin, 2002; 
Hernandez et al., 2007). Additionally, indirect cell proliferation due to the influence on 
the intestinal microbiota is also considered (Hernandez et al., 2007). An increased 
epithelial surface might be accompanied by an increased number of intestinal 
nutrient transporters and may lead to higher nutrient transport capacity. Thirteen 
glucose transporters (GLUT) and three electrogenic sodium-glucose co-transporters 
(SGLT) could be isolated in various organs of mammals. The glucose uptake in the 
intestine of avian species seems to be primarily provided by the apical SGLT-1 and 
the basolateral GLUT-2 transporters (Takata 1996; Thorens and Joost, 2001; 
Humphrey et al., 2004; Drozdowski and Thomson, 2006). 

To our knowledge, it has not been investigated whether the dietary inclusion 
of organic acids affects the nutrient absorption capacity or the reactivity of the 
intestinal epithelium in the upper digestive tract of chickens.  
 
 
2.7. Characterizing Intestinal Nutrient Transport by the Ussing Chamber 
 
The Ussing chamber technique enables qualitative and quantitative evaluation of 
absorption and secretion of ions and nutrients that are taken up in electrogenic co-
transport with ions (Stevens 1964; Wright, 1993). Furthermore, the use of the Ussing 
chamber technique enables the evaluation of intestinal conductance and short circuit 
current, which can serve as parameters for tissue integrity and barrier function 
(Ruhnke et al., 2014).  

The assessment of mucosal transport processes using the Ussing chamber 
technique is a standard method to study the intestinal function and ion transport in 
many species (Amat et al., 1999; Li et al., 2004; Awad et al., 2007; Collins et al., 
2007; Lennernas, 2007; Clarke, 2009; Neirinckx et al., 2011). 

In detail, heated and oxygenated buffer reservoirs provide physiologic support 
to an epithelial membrane (e.g. intestinal tissue). Applying an electrical potential 
difference to the membrane allows for the determination of the current that is 
generated by the membrane due to active ion transportation. The electrical 
measurements of voltage and current allow for the determination of the membrane 
resistance and subsequently its conductance. Additionally, application of chemical 
compounds such as glucose, phloridzin, a selective inhibitor of SGLT-1, histamine or 
carbachol (both are mediators of chloride secretion), can be used in order to evaluate 
functional tissue traits (Ruhnke et al., 2013).  

The tissue preparation for Ussing chamber experiments is crucial, since the 
mucosa of the intestine needs to be removed from the muscularis mucosae and/or 
the underlying serosa (“stripping”) (Clarke, 2009). Preparation techniques vary 
between the species and the age of the animal, since development of the intestinal 
layers differ. Additionally, the definition of the technical term “stripping” varies 
amongst the authors. While some authors (Yunus et al., 2011) consider stripping as 
the removal of the serosa and the lamina muscularis mucosae, others use this term 
for any manipulative removal of an intestinal layer, such as the tunica serosa (Awad 
et al., 2007).  
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Additionally, buffer compositions vary within the experiments. In Ussing 
chamber experiments performed with poultry intestine, buffers have not been widely 
studied for their optimized composition. However, the benefit of glutamine on the 
gastrointestinal function of poultry and mammals has been shown (Smith and 
Wilmore, 1990; Watford and Wu, 2005). Glutamine is a precursor for many metabolic 
functions such as the synthesis of amino acids, proteins and nucleotides as well as 
essential metabolic pathways such as anaerobic glycolysis (Fleming et al., 1997; 
Newsholme et al., 2003). Amongst other effects, the absence of glutamine in long 
term parenteral nutrition is associated with atrophy of the intestinal mucosal cells in 
humans (McCauley et al., 1996). In broilers, enhanced levels of glutamine in feed 
improved growth performance, gastrointestinal development and also humoral 
immune response (Bartell and Batal, 2007). It also increased heat stress tolerance of 
broilers as evaluated by growth performance and meat quality (Dai et al., 2009).  
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6. Discussion 
 
6.1. Assessment of the Ussing Chamber Method (Part I) 
 
In order to determine the influences of acidified feed on transport physiology, the 
Ussing chamber method was optimized for studying the transporter function of 
chicken intestine.  

The results of part I of this thesis indicate that the use of net-supported tissue 
preparation allows a reliable assessment of electrogenic transport processes of 
stripped jejunal mucosa in laying hens. Conductance of stripped jejunum from laying 
hens in this study ranged from 4.7 to 20.3 mS/cm2. These values are comparable to 
previously reported data for stripped ileum from laying hens and broilers (mean 
values varying between 3.16 mS/cm2 and 60.6 mS/cm2) (Amat et al., 1999; Awad et 
al., 2005; Rehman et al., 2006; Rehman et al., 2009). The impact of the collection 
and stripping procedure on the variability of tissue resistance has been reported and 
may also have played a role in our experiments (Stevens, 1964). The duration of our 
experiments varied between 30-45 minutes and was relatively short. In contrast, 
Ussing chamber experiments in other species are usually performed for up to 180 
minutes (Clarke, 2009).   

The histological evaluation (figure 6) of the samples used in this study 
indicated an evenly dissected muscularis mucosae and an intact mucosal 
architecture, visualizing the suitable tissue separation by the stripping method. 
Physiologic variations of tissue conductance might be caused by individual 
alterations in tissue stretching, tight junction expression, individual thickness of the 
intestinal mucosa, or varying thickness of the different intestinal regions. However, 
mean basal tissue conductance of both groups was not significantly different. 
Additionally, when comparing basal Isc values between samples of the control group 
to those exposed to glutamine, no statistical significant difference could be detected 
(p = 0.580).  

All stripped jejunum samples from both, control and glutamine group 
responded to the absorptive stimulus and its inhibitor (glucose and phloridzin). This 
indicates that the mucosal SGLT-1 transporter in laying hens was involved in the 
glucose uptake. Such findings are supported by previous studies which identified the 
jejunum as main site of carrier mediated glucose transport in chicken (Ferrer et al., 
1994; Awad et al., 2007). The ability of the samples of both groups to maintain 
functioning glucose transport ex vivo indicates the ability of physiologic response and 
therefore the quality of the prepared tissue samples. A functional response could also 
be observed when testing phloridzin and carbachol. Mean ∆Isc did not differ 
significantly when comparing the control group and the glutamine group (p = 0.712, p 
= 0.450). Therefore, it can be concluded that the results of this study indicate no 
beneficial effect of 5 mM glutamine on mucosal transporter function. A competitive 
inhibition between glucose and some individual amino acids in the rat intestine was 
described (Vinardell et al., 1990). These mechanisms include a theory of 
“competition for energy” that hypothesizes, that the energy of the enterocyte is not 
sufficient to transport both substrates at maximal level, a mechanical interaction of 
the substrates at the brush border membrane, and a competition due to the limited 
capability of the sodium-potassium ATPase in order to obtain the ion gradient 
necessary for electrogenic nutrient uptake (Vinardell et al., 1990). To our knowledge, 
studies in chickens regarding the influence of glutamine on glucose uptake have not 
been performed to date.  
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inducer of chloride secretion in the intestine, varied between 94.0% in the control 
group and 87.0% in the glutamine group. It has been demonstrated that the 
application of carbachol increases the short circuit current of stripped jejunum from 
laying hens, suggesting a stimulation of electrogenic chloride secretion (Yunus et al., 
2010). The velocity until maximum Isc reached was shorter compared to the response 
to glucose and phloridzin (table 1). Compared to the number of responding samples 
exposed to compounds affecting absorptive transporter function (glucose and 
phloridzin: 100%), a decreased number of responding samples was observed after 
application of carbachol (94 % and 87 %). This reduced response indicates that 
some samples were unable to maintain physiologic secretory function, probably as 
the experimental conditions might have damaged the tissue integrity. While 
carbachol was the third reagent added in sequence to the tissue, the samples might 
have been too long maintained under ex vivo conditions to maintain sustained 
physiologic function. The diminished response in both groups indicates a short life 
span of the tissue. Especially in stripped epithelia the capacity of the tissue to provide 
the enterocytes with nutrients and energy is limited. In order to prolong the life span 
in the Ussing chamber of enterocytes of the stripped jejunum from laying hens, 
further studies with additionally modified buffers are warranted. Despite these 
possible limitations, the magnitude of the responses to glucose and carbachol 
observed in this study was higher than observed formerly (Yunus et al., 2010).  

Histologic evaluation showed no evidence of damage from stripping on the 
enterocytes of the intestinal mucosa (figure 6). However, changes of tissue structure, 
in particular edematous phenomena and villus shortening were observed after 
incubation in the Ussing chamber (figure 6a). The evaluation of the histologic 
structure of tissue that has been in the Ussing chamber remains challenging. While 
being in the buffer solution, the cell connectivity becomes fragile subsequently 
predisposing for edema and a loss of membrane integrity caused by fixation 
chemicals. In conclusion, part I of this thesis demonstrates the feasibility of using a 
net supported Ussing chamber for the evaluation of transport physiology in isolated 
mucosa from laying hens. The stripped jejunum from laying hens can successfully be 
obtained and reliably transferred into the Ussing chamber, when handled as 
described.  

 
 

6.2. Evaluating the Impact of Acidified Feed on Intestinal Physiology of Broiler 
Chickens (Part II) 
 
The second part of this thesis focused on the impact of acidified feed on the intestinal 
function of broiler chickens. In detail, the effects on apparent ileal starch digestibility, 
glucose transporter expression, and physiologic intestinal transport function were 
determined.  

The results of the present study indicate no influence of 1.5 % organic acids in 
feed on the measured traits. Additionally, the performance (body weight, feed intake, 
feed conversion ratio) of the animals was not affected by the use of 1.5 % organic 
acids in the diet; these data is reported in a different publication (Goodarzi Boroojeni 
et al., 2014b).  

The application of organic acids as feed additives has a long history of use and 
both, positive or indifferent results have been obtained in broilers. The benefits of 
using propionic and formic acid on broiler performance, nutrient digestibility and the 
intestinal microbiota have been shown in some previous studies (Izat et al., 1990; 
Hernandez et al., 2005). Acid concentrations between 0.15-3 % were tested in former 
studies (Dibner and Buttin, 2002). An impact of organic acids on the intestinal 
microbiota could frequently be observed when used at concentrations between 0.5-

6. Discussion 

Electrophysiological reactions of all samples exposed to carbachol, a potent 
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1.5 % in the feed (Roy et al., 2002). The use of 1.25 % propionic acid could suppress 
the growth of bacteria associated with turkey poult enteritis and mortality syndrome 
most effectively (Roy et al., 2002). On the other hand, formic acid and propionic acid 
concentrations at 2% had adverse effects including decreased feed intake and 
reduced body weight gain in broilers (doVale et al., 2004; Isabel and Santos, 2009).  

Various studies investigated the effect of organic acids in the intestinal tract. 
The highest concentrations of organic acids as well as strongest impact on the 
intestinal microbiota are known to occur in the proximal intestine of broilers (Hume et 
al., 1993; Thompson & Hinton, 1997). Supplemented acids can usually be detected 
in the crop and stomach, but the concentrations are decreasing rapidly in the upper 
intestinal tract (Hume et al., 1993; Thompson & Hinton, 1997). In broilers of this 
study, the use of organic acids was of relevance to the intestinal microbiota, affecting 
the composition and the metabolic activity of the intestinal microbiota mainly in the 
upper digestive tract (Goodarzi Boroojeni et al., 2014a in press). Similar to the results 
obtained in the present thesis, no effect of organic acids on nutrient digestibility 
(ileal protein digestibility) could be observed (Goodarzi Boroojeni et al., 2014b). 

In spite of the rapid disappearance, effects of added organic acids on the 
microbiota of the small and large intestine were detected (Rehman et al., 2007; 
Wang et al., 2010). Therefore, direct effects of organic acids might be relevant in the 
upper small intestine, while indirect “downstream” effects by microbial interaction 
might be present also in the more distal parts of the gut.  

The current Ussing chamber study was performed with jejunal samples, as the 
jejunum is considered as main site of nutrient absorption. The results indicate no 
influence of acid supplementation on the apparent ileal starch digestibility. Therefore, 
the effect and mode of action of organic acids on broiler performance, mainly 
improved feed conversion and higher weight gain, seems to be related to other 
interfering factors, including feed composition, hygiene and animal health status. 
Favourable effects have been shown including increased intestinal length, increased 
villus height and the modulation of the intestinal microbiota (Denli et al., 2003; 
Hernandez et al., 2006; Paul et al., 2007). Organic acids might affect epithelial cell 
proliferation and mucosal cell turnover which affect villous height. A consequence of 
increased epithelial surface might be an increased intestinal transport capacity. In the 
present study, no differences in glucose transporter expression and glucose transport 
capacity could be observed between chickens of the control and the treatment group. 
Since grain starch is the traditional and most important source of carbohydrates in 
poultry nutrition, a high glucose uptake is the prerequisite for dietary tolerance and 
performance. Organic acids can increase the height of intestinal villi which is 
assumed to be related to the proposed microbial effects (Paul et al., 2007). Bacterial 
concentration (lactic acid bacteria and coliforms) in the ileum and caecum has been 
reduced by diets containing 0.5-1.5% of fumaric and sorbic acids (Pirgozliev et al., 
2008). Therefore the intestinal mucosal barrier may be maintained more efficiently, 
and the invasion of pathogens that would subsequently lead to chronic inflammation, 
reduced villus height and decreased absorptive capacity may be efficiently prevented 
(Podolski, 1993; Paul et al., 2007). Broilers fed with antibiotics showed an increased 
number of villi in the duodenum and jejunum, greater villus height and enhanced 
crypt depth compared to broilers fed without antibiotics (Miles et al., 2006).  

Other investigators found a thinner tunica muscularis mucosae of the ileum in 
chicken fed with organic acids, antibiotic feed additives were also able to reduce the 
relative intestinal weight by the reduction of muscularis thickness in jejunum and 
ileum (Henry et al., 1987; Gunal et al., 2006; Miles at al., 2006). Similar to antibiotics, 
feed supplemented with probiotics and organic acids resulted in a numerically lower 
thickness of the ileal tunica muscularis mucosae in 21 and 42 day old broilers (Miles 
et al., 2006).  
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Organic acids have been shown to reduce mortality in experimentally infected 
chickens and to decrease the cell count of Escherichia coli, Salmonella spp. and 
coliforms in the small intestine (Izat et al., 1990; Sun et al., 2005; Gunal et al., 2006; 
Van Immerseel et al., 2006). As pathogens can affect the gastrointestinal barrier 
function, the use of organic acids might have an impact on tissue physiology. In 
broiler chickens suffering from enteritis, organic acids used at concentrations of 1.25 
and 2.5% significantly reduced colonization of various Enterobacteriaceae resulting 
in significantly reduced mortality (Roy et al., 2002). Speculatively, the physiological 
effects of organic acids might therefore depend on the general health status of broiler 
chickens. 

In conclusion, the addition of organic acids to broiler feed had no impact on 
small intestinal function under the experimental conditions using healthy broilers. The 
ability of organic acids to sustain physiologic digestive function under different 
hygienic conditions or in the presence of gastrointestinal pathogens is of high interest 
and to our knowledge has not been characterized to date.  
 
 
6.3. Investigating the Impact of Feed Processing on Intestinal Physiology of 
Laying Hens (Part III) 
 
Part III of this thesis was performed in order to investigate the impact of the milling 
method, thermal treatment and particle sizes of feed on performance, apparent ileal 
digestibility, and pH of digesta in laying hens.  

The present study shows that the various diets produced by different milling 
methods and treated with heat had only minor effect on the performance of the 
animals. The positive impact of feeding mash (and subsequently smaller particle 
sizes) on feed intake observed in week one and two were limited to this time period. 
Since the chickens were obtained from a commercial hatchery, hens were fed mash 
feed before assignment to this study. The reduced intake of expanded feed might be 
caused by the sudden change of feed form. The adaption period of one week might 
not have been sufficient to fully adapt the hens on the new housing conditions. Long-
term studies by other investigators found no influence of feed confectioning on 
animal performance. However, one study observed that feed intake correlated with 
higher particle sizes (Safaa et al., 2009). In broilers, the effect of coarse feed 
particles on intestinal physiology was described and included higher gizzard weight 
and improved animal performance. These findings have resulted in 
recommendations for feed particle sizes (Nir et al., 1994; Denstadli al., 2010). One 
recommendation is, that at least 20 % of the cereal particles should be larger than 
1.5-2.0 mm (Svihus et al., 2011). In broilers, pelleting and thermal treatment of feed 
is used frequently. The pellet structure provides a higher energy density compared to 
mash feed and broilers fed with pellets are known to consume more feed resulting in 
an increased body weight (Svihus and Hetland, 2001). Laying hens increase energy 
intake with pelleted feed resulting in luxury consumption and higher body weight gain 
(Safaa et al., 2009). Only one study could demonstrate an impact of the milling 
method on the feed intake (Amad, 2001). The investigators showed that 27 day old 
broilers fed with particles obtained with a roller mill had a lower feed intake than 
broilers fed with feed of the same particle size obtained with a hammer mill. The 
underlying cause of feed structure influencing feed intake was assumed to be the 
effects on energy density when further feed processing such as pelleting is 
performed (Amad, 2001).  

The positive correlation of apparent ileal digestibility of starch with dMEAN 
analyzed by wet sieving is in agreement with previous observations that showed that 
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starch digestibility was improved by feeding coarse particles (Svihus et al., 2001; 
Svihus et al., 2004a; Denstadli et al., 2010). In broilers, coarse feed particles are 
known to stimulate gizzard activity, resulting in larger amounts of small particles of 
the digesta in the small intestine (Hetland et al., 2002). In contrast, smaller feed 
particles lead to minor stimulation of the gizzard activity, which consequently 
increased larger particle fractions in the digesta (Hetland et al., 2002; Amerah et al., 
2007a; Amerah et al., 2008;). In contrast to fine particles, the intake of coarse feed 
particles increases not only the gizzard weight but also the pancreas mass, indicating 
increased digestive activity and enzyme secretory capacity (Williams et al., 2008). 
However, studies regarding the effect of particle size on starch digestibility in broilers 
revealed equivocal results. Kilburn and Edwards (2001) compared feed based on 
corn with an average particle size of 1 or 3.5 mm. Under these conditions, ileal starch 
digestibility was significantly increased in feed with smaller particle sizes. Peron et al. 
(2005) observed similar effects when feeding wheat based diets with particle sizes of 
380 µm GMD and 955 µm GMD (dry sieving analysis). The influence of the milling 
method on starch digestibility was evident in one study: feed produced with a roller 
mill increased starch digestibility compared to feed obtained with a hammer mill 
(Svihus et al., 2004). In the present study, we could not observe milling effects on 
starch digestibility. It has been demonstrated, that not only the particle sizes, but also 
the use of whole grain instead of crushed grain seems to have an impact on the 
apparent starch digestibility. Several studies have been performed in broilers 
demonstrating that feeding whole grains subsequently resulted in higher grinding 
intensity of the ingesta in the gizzard compared to feed with processed grains 
(Svihus and Hetland 2001; Hetland et al., 2002; Svihus et al., 2004a; Svihus et al., 
2010).  

Starch digestibility is additionally determined by other factors, including 
digesta viscosity. Non-starch polysaccharides are mainly responsible for the impact 
of different cereals on the viscosity of the digesta (Choct and Annison, 1990). The 
viscosity of intact wheat decreased the ileal digesta viscosity in one study (Yasar, 
2003), other investigators found a significant increase in ileal viscosity when intact or 
coarse wheat was fed compared to fine particle sizes (Engberg et al., 2004). In the 
present study, viscosity of feed was analyzed. Feed containing coarse particle sizes 
indicated by higher dMEAN obtained by wet sieving analysis had a lower extract 
viscosity compared to feed variants comprised of finer particles (table 7). This might 
be an additional explanatory factor why coarse feed with lower viscosity improves 
starch availability and subsequently higher starch digestibility. However, the viscosity 
of the digesta of birds from the present study was not determined. Additionally, the 
effect on the ileal viscosity is also related to the dietary ingredients. A high content of 
soluble non-starch polysaccharides is considered as most important antinutritional 
factor. Varieties of wheat and barley are known to increase gut viscosity, 
subsequently leading to negative effects on body weight gain and feed conversion 
(Peisker, 2006). In the present study, the diets were based on wheat and corn. Corn, 
in contrast to other cereals, is considered as a nutrient source that does not increase 
the digesta viscosity (Carre´ et al., 2013). Therefore, effects on starch digestibility 
might have been more pronounced in diets based on cereals having more non-starch 
polysaccharides. Digesta viscosity is also influenced by the intake of heat-treated 
feed (Sun et al., 2013). Depending on the processing conditions (duration, water 
saturation, temperature), thermal treatment of feed is known to affect starch 
gelatinization and might be the reason why the digestibility of starch was decreased 
in chickens fed with the expanded diet in this study. Starch digestibility was improved 
in previous studies using feed produced with a roller mill compared with feed 
produced with a hammer mill (Svihus et al., 2004). Higher apparent ileal digestibility 
of proteins and of the essential amino acids threonine, methionine and cysteine was 
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observed in broilers fed with feed produced with a roller mill compared to broilers fed 
with feed produced with a hammer mill (Amad et al., 2001). This finding may be 
explained by obtaining different particle size distributions and particle shapes from 
the various milling methods. The spectrum of particle sizes influences not only the 
feed digestibility by endogenous enzymes, but also the pellet stability, which 
subsequently affects feed intake and the feed conversion ratio (Briggs et al., 1999; 
Fairfield, 2003; Svihus et al., 2004). Similar to starch, the protein digestibility is not 
only influenced by particle size rather than by particle size in combination with the 
ingredients used in the diet. For example, coarse maize particles induced an 
improved ileal amino acid digestibility compared to fine maize particles, while 
soybean meal was more efficiently utilized as fine particles (Ganzer et al., 2007). In 
the present study, the apparent ileal digestibility of crude protein was not affected by 
the milling methods, thermal treatments or particle sizes.  

The ileal digestibility of fat is also known to be influenced by feed particle size. 
In a study with broilers, fine particles significantly increased the ileal fat digestibility 
by 5% (Jia and Slominski, 2010). These observations have been confirmed by other 
investigators (Stolle et al., 2011). An intense milling process resulting in higher 
release of cellular fat content that would otherwise be preserved by cell wall fraction 
of the grains can be responsible for these effects. The results of this thesis are in 
agreement with the previous studies, as apparent ileal digestibility of ether extract 
correlated negatively with increased dMEAN obtained by wet sieving analysis.  

The results of this thesis indicate, that thermal treatments had only 
occasionally effects on pH of digesta. While the effect of smaller feed particles on the 
pH of the digesta has been described in the literature, contrary findings were 
observed in the present study based on the positive correlation of dMEAN to 
increasing pH of the digesta (Nir et al., 1994; Huang et al., 2006). In general, the 
acidification of feed and intestinal content is considered to be beneficial as it may 
reduce colonization of pathogens (Engberg et al., 2002; Engberg et al., 2004; 
Bjerrum et al., 2005). Comparing the pH of the gizzard contents of hens in this study 
(pH 4-5) to the pH of the gizzard content of hens from previous studies, similar 
values could be obtained (Mirzaie et al., 2012). The high buffering capacity of the 
calcium carbonate added to the diets as required for laying hens may be held 
responsible for the relatively high pH observed in laying hens and the inconsistent 
ability to be influenced by coarse feed particle size. 

Comparing the results of various studies previously investigated to data 
obtained from the present study remains challenging in many ways. Sieve analysis is 
a common method for investigating particle size distribution (Ehle, 1984; Giger-
Reverdin, 2000). However, no standardized method for feed particle size analysis is 
validated to date. The lack of a standardized method challenges the comparison of 
particle sizes of feed or digesta between studies and experiments from different 
investigators. For broilers, feed is heat treated which results in conglomerated 
particles of various sizes forming a larger pellet. As a consequence, effects of feed 
particle size on the physiological digestive function should be related closer to 
particle sizes obtained by wet sieving analysis. Results obtained from the wet sieving 
analysis uncovered an additional shearing of the particles caused by the extrusion 
process resulting in lower dMEAN values for the expanded feed variants (table 7). In 
order to avoid subjective classification of feed in “fine” and “coarse” particles, we 
decided to correlate the results to a discrete value characterized by dMEAN. 
However, the use of dMEAN reduces the complex information of particle size 
distribution to a single value and could have been evaded by characterizing the feed 
using frequency plots or cumulative curves of particle sizes. Each milling method 
results in a characteristic spectrum of particle size distributions and particle shapes. 
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By obtaining feed of similar particle sizes by different milling methods, we tried to 
overcome the disadvantage using characteristic dMEAN values.  

In conclusion, the results of part III of this thesis indicate, that unconventional 
energy-saving milling methods may be used for the feed production of laying hens 
without affecting animal performance. As mash feed with inherently coarser structure 
improved the apparent ileal starch digestibility, further studies regarding the impact 
feed particle size on the gastrointestinal physiology of laying hens are warranted.  
 
 
6.4. Conclusion 
 
In conclusion, the Ussing chamber technique was successfully modified for the 
specific conditions in the poultry intestine, which allowed the evaluation of the effects 
of acidified feed in broiler chickens. The use of 1.5 % organic acids in broiler 
chickens had no negative impact on intestinal barrier function, starch digestibility or 
glucose uptake, and can be considered as safe. In laying hens, the use of coarse 
particle sizes was beneficial for ileal starch digestibility, whereas the milling method 
had only minor impact on the parameters investigated. Therefore, unconventional 
milling methods may be used without negatively impacting laying performance and 
the digestive function of laying hens.   

The laying hens used in this study were also evaluated for ileal glucose 
uptake via Ussing chamber experiments, as well as for their changes in intestinal 
organ weight and intestinal microstructure (Röhe, 2014; Röhe et al., 2014 - in press). 
The results of the present study correlate to the concurrent investigations: For 
example, while this thesis revealed a beneficial impact of coarse particle size on 
starch digestibility, Röhe et al., demonstrated enhanced intestinal glucose uptake in 
those animals. Furthermore, the access to coarse feed particles significantly 
increased gizzard and pancreatic organ weight (Röhe et al., 2014 - in press). 
Therefore, one may assume, that the beneficial impact of coarse particles on the 
intestinal barrier function may be comparable to the effects observed in broiler 
chickens (Huang et al., 2006; Williams et al., 2008; Svihus et al., 2011). 
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7. Summary 
 
Summary of the PhD thesis “Studies on the Impact of Acidified Feed and Feed 
Processing on Digestive Physiology in Broiler Chickens and Laying Hens”. 
 
The intestinal tract of chickens is characterized by efficient nutrient digestion. 
Disturbances of this fragile system results frequently in reduced animal health and 
welfare and subsequently increased use of antibiotics. Feed additives and various 
feed processing technologies can be used in order to affect intestinal function of the 
chicken. The goal of this study was to study the impact of acidification and thermal 
treatment of feed, the use of various feed particle sizes, and the impact of milling 
methods on intestinal physiology of poultry. 
 
The aims of this thesis were:  

I) to adapt the Ussing chamber method for reliable assessment of transport 
physiology of the intestinal mucosa of poultry, 

II) to evaluate the impact of acidified feed on apparent ileal digestibility of starch, 
the glucose transporter expression, and intestinal transport function in broiler 
chickens, 

III) to investigate the impact of the milling method, thermal treatment and particle 
size of feed on performance, apparent ileal nutrient digestibility, and pH of 
digesta in laying hens. 
  

Part I was performed by stripping the tunica mucosa from a total of 104 jejunal 
samples from 10 hens and using a net device for stabilizing support. In order to 
investigate the benefit of glutamine, 50 samples were maintained with a conventional 
buffer (group 1), and 54 samples were maintained with additional 5 mM glutamine 
(group 2). Mean short circuit current (∆Isc) of samples exposed to 10 mM glucose in 
group 1 and group 2 was 17.0 ±2.47 µA/cm2 and 14.6 ±1.54 µA/cm2 (p = 0.836), of 
samples exposed to 100 µM phloridzin -13.3 ±1.63 µA/cm2, and -11.8 ±1.22 µA/cm2 
(p = 0.712) and of samples exposed to 100 µM carbachol 4.7 ±0.70 µA/cm2, and 3.7 
±0.43 µA/cm2 (p = 0.450), respectively. While glutamine had no beneficial effect on 
tissue response, the method described here allowed for reliable investigation of the 
intestine. 
Part II of this thesis was performed by feeding broilers a standard diet without or with 
1.5 % Lupro-Cid® (64 % formic acid, 25 % propionic acid, 11 % water) for 32-35 
days. Apparent ileal starch digestibility was determined using 0.2 % titanium dioxide 
as indigestible marker. Intestinal transporter function was analyzed in Ussing 
chamber experiments where jejunal samples were sequentially exposed to 10 mM 
glucose, 100 µM phloridzin, 100 µM histamine, and 100 µM carbachol. Additionally, 
gene expressions of SGLT-1 and GLUT-2 transporters were analyzed using qPCR 
analysis. Apparent ileal starch digestibility of the control group (97.5 ±0.35 %) and 
the acid-treated group (97.0 ±0.59 %) did not differ significantly (p = 0.674). Tissue 
conductance of intestinal samples obtained from the control group and the acid-
treated group was 10.6 ±0.68 mS/cm2, and 9.4 ±0.80 mS/cm2, respectively (p = 
0.147). The mean short circuit currents (∆Isc) of the samples exposed to glucose, 
phloridzin, histamine, and carbachol did not differ (p = 0.209, p = 0.296, p= 0.498, 
and p = 0.640, respectively). Additionally, no differences in the expression of SGLT-1 
and GLUT-2 could be observed (p = 0.942, p = 0.431).  
Part III of this thesis was performed using twelve variants of a complete diet that 
were produced by four different milling techniques including hammer mill, roller mill, 
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disc mill, and a wedge-shaped disc mill. Coarse feed particles were obtained from all 
mills, additional fine feed particles were obtained from the hammer mill and the roller 
mill. Each of this six feed variants was offered as mash or expandate, resulting in 
twelve treatments in total. Laying hens at 20 weeks of age were kept for three weeks 
in eight replicates with six hens per feeding group. Performance parameters (feed 
consumption, laying performance, feed conversion ratio) and apparent ileal 
digestibility of crude protein, amino acids, ether extract, and starch were determined. 
The pH of the digesta was determined along the gastrointestinal tract. In week 1 and 
2 of the experiment, feed intake was significantly increased in hens fed with mash 
feed compared to hens fed expanded feed (p = 0.003 and p = 0.023). The apparent 
ileal digestibility of starch was improved (p < 0.001) by feeding mash and correlated 
positively to increased particle size (p-linear = 0.001; p-quadratic = 0.006; r = 0.363). 
The apparent ileal digestibility of ether extract correlated negatively to increased 
particle sizes (p-linear = 0.003; p-quadratic = 0.225; r = -0.311). The pH of the ileum 
content (p-linear = 0.044; p-quadratic = 0.146; r = 0.212) and feces (p-linear = 0.010; 
p-quadratic = 0.016; r = 0.267) correlated with increased particle sizes.  

Based on the results of this thesis, organic acids had no impact on ileal starch 
digestibility and intestinal nutrient uptake. Therefore, the investigation of the mode of 
action needs further studies. Feeding coarse particle sizes improved ileal starch 
digestibility. Unconventional, energy saving milling methods enabling coarse particle 
sizes of feed may be used without negative impact on laying performance and the 
digestive function of laying hens.   
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8. Zusammenfassung 
 
Zusammenfassung der PhD-Arbeit „Studien über den Einfluss von organischen 
Säuren sowie der Futterverarbeitung auf verdauungsphysiologische Parameter 
bei Broilern und Legehennen”. 
 
Der Verdauungstrakt des Geflügels zeichnet sich durch eine effiziente 
Nährstoffnutzung aus. Durch Störungen kommt es zu unerwünschten Konsequenzen 
für die Tiergesundheit und das Wohlbefinden, sie können den Einsatz von Antibiotika 
erforderlich machen. Futteradditive und technologische Verfahren können Einfluss 
auf den Gesundheitsstatus von Hühnern nehmen. In vorliegender Dissertation sollte 
die Verwendung von organischen Säuren, der Hitzebehandlung des Futters, die 
Darreichung verschiedener Futterpartikelgrößen, sowie der Einsatz von 
verschiedenen Mahlmethoden zur Futterherstellung untersucht werden. Der Einfluss 
dieser Maßnahmen auf die Physiologie des Magen-Darm-Traktes des Geflügels ist 
bisher nicht umfassend untersucht worden.  
 
 
Das Ziel dieser Arbeit war daher:  

I) die Ussingkammermethode zur Charakterisierung von Absorptions- und 
Sekretionsprozessen im Geflügeldarm zu verbessern,  

II) den Einfluss von organischen Säuren als Futteradditive auf die ileale 
Stärkeverdaulichkeit, die intestinale Expression von Glukosetransportern 
sowie die jejunale Transport- und Barrierefunktion zu erfassen,  

III) die Bedeutung verschiedener Mahlmethoden, der Hitzebehandlung des 
Futters sowie der Futterpartikelgröße auf die Leistung, die scheinbare 
ileale Nährstoffverdaulichkeit und den pH der Digesta bei Legehennen zu 
bestimmen.  
 

Teil I der Fragestellung wurde durchgeführt, indem die Tunica Mucosa von 
insgesamt 104 Jejunumproben aus 10 Legehennen mit einem Netz stabilisiert und in 
die Ussingkammer verbracht wurden. Während 50 Proben mit einem konventionellen 
Puffer behandelt wurden (Gruppe 1), wurde 54 Proben zusätzlich 5 mM Glutamin 
zugesetzt (Gruppe 2). Nach Zugabe von 10 mM Glukose betrug die durchschnittliche 
Höhe des Kurzschlussstromes (∆Isc) der Gruppe 1 17,0 ±2,47 µA/cm2 und der 
Gruppe 2 14,6 ±1,54 µA/cm2 (p = 0,836). Nach Zugabe von 100 µM Phloridzin betrug 
der ∆Isc -13,3 ±1,63 µA/cm2 bzw. -11,8 ±1,22 µA/cm2 (p = 0,712), nach Zugabe von 
100 µM Carbachol 4,7 ±0,70 µA/cm2 bzw. 3,7 ±0,43 µA/cm2 (p = 0,450).  
Teil II der Dissertation wurde durchgeführt, indem Masthähnchen einer 
Kontrollgruppe mit Masthähnchen einer Versuchsgruppe verglichen wurden. Die 
Tiere der Versuchsgruppe hatten während der gesamten Aufzucht von 32-35 Tagen 
1,5 % Lupro-Cid® (64 % Ameisensäure, 25 % Propionsäure, 11 % Wasser) über das 
Futter aufgenommen. Die ileale Stärkeverdaulichkeit wurde mittels 0,2 % Titandioxid 
ermittelt. Die jejunale transmembranale Transporterfunktion wurde mittels 
Ussingkammermethode bestimmt, indem die Darmproben nacheinander mit 10 mM 
Glukose, 100 µM Phloridzin, 100 µM Histamin und 100 µM Carbachol behandelt 
wurden. Zusätzlich wurde die Genexpression der Glukosetransporter SGLT-1 und 
GLUT-2 mittels qPCR-Analyse bestimmt. Die scheinbare ileale Stärkeverdaulichkeit 
der Kontrollgruppe betrug (97,5 ±0,35 %), die der Säuregruppe (96,0 ±0,59 %). Der 
Unterschied war statistisch nicht signifikant (p = 0,674). Die mittlere (±SEM) 
Leitfähigkeit des Gewebes betrug für die Kontroll- und Säuregruppe 10,6 ±0,68 
mS/cm2, bzw. 9,4 ±0,80 mS/cm2 (p = 0,147). Die mittleren Kurzschlussströme (∆Isc) 
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der Gruppen nach Behandlung mit Glucose, Phloridzin, Histamin und Carbachol 
waren statistisch nicht signifikant unterschiedlich (p = 0,209, p = 0,296, p = 0,498 und 
p = 0,640). Weiterhin konnten keine Unterschiede in der relativen Genexpression der 
SGLT-1 und GLUT-2 Transporter nachgewiesen werden (p = 0,942, p = 0,431).  
Teil III der Dissertation wurde ausgeführt, indem zwölf Varianten derselben 
Futterrezeptur mit vier Mahlmethoden (Hammermühle, Walzenstuhl, Scheibenmühle, 
Keilscheibenzerkleinerer) hergestellt wurden. Die Mühlen wurden so eingesetzt, dass 
relativ grobe Partikelgrößen hergestellt wurden. Zusätzlich wurden mittels 
Hammermühle und Walzenstuhl feine Futterpartikel gefertigt. Jede der sechs 
Varianten wurde entweder als Mehl oder als Expandat verfüttert, wodurch insgesamt 
12 Versuchsgruppen entstanden. 
Legehennen im Alter von 20 Wochen wurden für jeweils drei Wochen mit dem 
Versuchsfutter gefüttert. Dazu wurden in acht Versuchsdurchgängen je sechs 
Hennen/Gruppe gehalten. Neben den Leistungsdaten (Futteraufnahme, 
Legeleistung, Futteraufwand) wurde die scheinbare ileale Verdaulichkeit von 
Rohprotein, Aminosäuren, Rohfett und Stärke sowie der pH-Wert der Digesta in 
verschiedenen Abschnitten des Magen-Darm-Traktes ermittelt. Während der ersten 
beiden Versuchswoche war die Futteraufnahme der Hühner bei Gabe des 
mehlförmigen Futters höher verglichen mit den Hühnern, die expandiertes Futter 
erhielten (p = 0,003; p = 0,023). Die scheinbare ileale Verdaulichkeit der Stärke war 
bei den Hühnern, die mehlförmiges Futter erhielten, gegenüber Expandat erhöht (p < 
0,001) und korrelierte positiv mit der Partikelgröße des Futters (p-linear = 0,001; p-
quadratisch = 0,006; r = 0,363). Die scheinbare ileale Verdaulichkeit von Rohfett 
korrelierte hingegen negativ mit der Partikelgröße (p-linear = 0,003; p-quadrat = 
0,225; r = -0,311). Auch der pH-Wert des Ileuminhaltes (p-linear = 0,044; p-quadrat = 
0,146; r = 0,212) und der Exkremente (p-linear = 0,010; p-quadratisch = 0,016; p = 
0,267) korrelierte positiv mit der Partikelgröße. 
Als Schlussfolgerung ergibt sich aus den durchgeführten Studien, dass hinsichtlich 
der in der Literatur beschriebenen positiven Wirkungen organischer Säuren als 
Futterzusatzstoffe hinsichtlich der physiologischen Mechanismen weiterer 
Untersuchungsbedarf besteht, da sich unter den vorliegenden experimentellen 
Bedingungen kein Effekt auf die Stärkeverdaulichkeit und die intestinale 
Nährstofftransportfunktion abzeichnete. Es konnte bestätigt werden, dass eine 
gröbere Futterstruktur unabhängig von der Zerkleinerungsmethode günstige Effekte 
auf die scheinbare Stärkeverdaulichkeit bei Legehennen hatte. Insofern sollten 
innovative energiesparende Mahlverfahren weiter entwickelt werden, die gleichzeitig 
eine gröbere Partikelstruktur ermöglichen. Die ernährungsphysiologischen 
Konsequenzen sollten bei technologischen Weiterentwicklungen überprüft werden.     
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