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Abstract

 

According to their feeding habits, ruminants can be classified as grazers, concentrate selectors and those of inter-
mediate type. The different feeding types are reflected in distinct anatomical properties of the forestomachs. The
present study was designed to investigate whether the intrinsic innervation patterns of the rumen (the main part
of the forestomach) differ between intermediate types and grazers. Myenteric plexus preparations from the rumen
of goats (intermediate type), fallow deer (intermediate type), cattle (grazer) and sheep (grazer) were analysed by
immunohistochemical detection of the following antigens: Hu-protein (HuC/D), choline acetyltransferase (ChAT),
nitric oxide synthase (NOS), vasoactive intestinal peptide (VIP), neuropeptide Y (NPY), substance P (SP), calbindin
(CALB) and somatostatin (SOM). Myenteric ganglia of cattle contained 73 

 

±

 

 6 neurons per ganglion, whereas the
ganglia of sheep were significantly smaller (45 

 

±

 

 18 neurons per ganglion). The ganglion density of the myenteric
plexus was highest in fallow deer (15 

 

±

 

 3 ganglia per cm

 

2

 

) and lowest in cattle (6 

 

±

 

 1 ganglia per cm

 

2

 

). All myenteric
neurons were either ChAT or NOS positive. The proportion of NOS-positive neurons was significantly lower in sheep
(29.5 

 

±

 

 8.2% of all neurons) than in goats (44.2 

 

±

 

 9.8%). In all species, additional analysis of the different neuro-
peptides revealed the following subpopulations in descending order of percentile appearance: ChAT/SP 

 

>

 

 NOS/VIP/
NPY 

 

>

 

 ChAT/– 

 

>

 

 NOS/NPY. Expression of CALB was detected in a minority of the ChAT-positive neurons in all species.
Somatostatin immunoreactive somata were found only in preparations obtained from fallow deer and sheep.
These data suggest that the rumen of grazers is under stronger cholinergic control than the rumen of species
belonging to the intermediate type, although most subpopulations of neurons are present in all species. However,
whether the strong mixing patterns of low quality roughage during digestion are enabled by the prominent excitatory
input of the rumen of grazers requires elucidation in further studies.
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Introduction

 

All ruminant species are able to digest herbaceous feed
via microbial fermentation in their forestomachs. Despite
this common digestive principle, feeding habits differ and
ruminants can be classified according to their preferred
feed. With regard to feeding preferences, Hofmann (1989)
described three large groups: grazers, concentrate selectors
and animals of an intermediate type. All domesticated
ruminants belong to grazers or to the intermediate type.
Grazers are able to digest low quality roughage, in parti-
cular different kinds of grass. The intermediate type, in

contrast, select leaves and young plants with high energy
content, if available (Hofmann, 1989). The different feed-
ing habits are accompanied by different passage rates of
digesta through the gastrointestinal tract, with the longest
retention times found in the group of grazers (Huston et al.
1986). These different particle retention times are mainly
caused by anatomical properties of the forestomachs.
Grazers possess a larger rumen and a smaller omasal
orifice than intermediate types and concentrate selectors
(Hofmann, 1989). The two latter groups can use their reti-
cular groove to bypass the forestomach and to lead the
food directly into the abomasum (Hofmann, 1989). These
findings imply that the motility patterns in the forestomachs
show adaptations depending on the feeding type.

In general, forestomach motility is controlled by both
intrinsic and extrinsic neural control mechanisms. The intrinsic
neural control of motility is provided by neurons of the
enteric nervous system (Ruckebusch, 1989). Only sparse
data are available on the control of forestomach motility
by enteric neurons in different ruminant species. However,
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it is a general rule in both monogastric animals and
ruminants that intrinsic neurons controlling motility are
located in the myenteric plexus and express specific com-
binations of excitatory and inhibitory neurotransmitters
(Kitamura et al. 1986; Groenewald, 1994; Brookes, 2001;
Pfannkuche et al. 2002; Franco et al. 2004; Pfannkuche et al.
2004b). The combination of neurotransmitters synthesized
by one neuron is named the neurochemical code of the
neuron. In monogastric species, the neurochemical codes
of enteric neurons are strongly related to their functions
(Brookes, 2001). In small laboratory animals, for example,
choline acetyltransferase (ChAT) and substance P (SP) are
colocalized in excitatory motor neurons of the myenteric
plexus (Brookes, 2001). In contrast, the codes ChAT/SP/
calbindin and ChAT/SP/SOM have been described for intrinsic
primary afferent neurons and interneurons, respectively
(Brookes, 2001; Brehmer et al. 2004).

In the sheep forestomach, region- and age-related
neurochemical codes have been described for the myenteric
plexus (Pfannkuche et al. 2003a,b). The findings obtained
in these studies point to a correlation between neurochemical
codes and the functions of the forestomach regions. There-
fore, we hypothesized that the neurochemical codes of
myenteric neurons might also differ between ruminants
belonging to different feeding types. Thus we analysed
the expression of ChAT, SP, calbindin, somatostatin and the
putative inhibitory transmitters nitric oxide (NO), vaso-
active intestinal peptide (VIP) and neuropeptide Y (NPY) in
myenteric plexus preparations from the rumens of grazers
and intermediate types.

 

Materials and methods

 

Tissue preparation

 

Specimens were taken from 26 grazers (15 Merino sheep and 11
Holstein–Friesian cattle) and 24 intermediate type ruminants
(12 goats: Weiße Deutsche Edelziege, Bunte Deutsche Edelziege,
and 12 fallow deer). Animals of both sexes with an age of 12–
48 months were used. The experiments described in this report
comply with the current legislation covering the protection of
animals. The sheep had been housed in a stable of the faculty
and had free access to hay and water. Additionally they received
concentrate feed (200 g per sheep) once daily. The sheep were
slaughtered at the slaughterhouse of the veterinary faculty.
Tissues from cattle (dairy cows or fattened bulls) were obtained
at the local commercial abattoir. Detailed information regarding
their housing and feeding was not available. Goats came from a
local producer and were home slaughtered. They had been fed with
straw and water 

 

ad libitum

 

 and twice daily with hay (400 g day

 

–1

 

)
and concentrate for dairy goats (2000 g day

 

–1

 

). Fallow deer were
housed in large enclosures where they had free access to pasture.
Deer were slaughtered at the slaughterhouse of the veterinary
faculty.

From all animals, the forestomach was removed and pieces of
the ventral rumen sac were dissected. The forestomach contents
were rinsed off by washes using ice-cold Krebs–Ringer solution of

the following composition (in m

 

M

 

): 117 NaCl, 4.7 KCl, 1.2 MgCl

 

2

 

,
1.2 NaH

 

2

 

PO

 

4

 

, 25 NaHCO

 

3

 

, 2.5 CaCl

 

2

 

, 11.5 glucose and 1 nifedipine,
pH 7.4, gassed with 5% CO

 

2

 

/95% O

 

2

 

. Some of the tissues were
pinned flat in a Sylgard-covered petri dish and fixed for 24 h at
4 

 

°

 

C in 0.1 

 

M

 

 phosphate buffer containing 4% paraformaldehyde
and 0.2% picric acid. The fixed tissues were washed in 0.1 

 

M

 

 phos-
phate buffer and stored in phosphate-buffered saline (PBS 0.1 

 

M

 

)
containing 0.1% NaN

 

3

 

.
To enhance immunoreactivity of the neuropeptides SP, NPY and

VIP in myenteric neurons, tissues were incubated with colchicine.
For that purpose, tissues were pinned out in a Sylgard-covered
petri dish and the mucosa and submucosa were completely dissected
off. After several washes in sterile Krebs–Ringer solution, specimens
were transferred to a tissue culture petri dish and cultured for 24 h
at 37 

 

°

 

C in culture medium (Dulbecco’s modified Eagle medium F12)
supplemented with 40 

 

μ

 

M

 

 colchicine, 10% heat-inactivated fetal calf
serum, 100 IU mL

 

–1

 

 penicillin, 100 

 

μ

 

g mL

 

–1

 

 streptomycin, 1.24 

 

μ

 

g mL

 

–1

 

amphotericin B, 20 

 

μ

 

g mL

 

–1

 

 gentamicin, 2.1 mg mL

 

–1

 

 NaHCO

 

3

 

 and
1 

 

μ

 

M

 

 nifedipine, pH 7.4 (all chemicals from CC-Pro, Neustadt,
Germany, or Sigma, Deisenhofen, Germany). During the culture
period, the tissues were continuously agitated using a rocking
tray. After organotypic culture, the specimens were fixed for 24 h
at 4 

 

°

 

C in 0.1 

 

M

 

 phosphate buffer containing 4% paraformaldehyde
and 0.2% picric acid. During the fixation process, the specimens
were pinned maximally stretched. The fixed tissues were washed
in 0.1 

 

M

 

 phosphate buffer and stored in PBS (0.1 

 

M

 

) containing
0.1% NaN

 

3

 

.

 

Immunohistochemistry

 

For immunohistochemistry of the myenteric plexus, whole mount
preparations were obtained by dissecting off circular and longitu-
dinal muscle layers. After dissecting, the tissues were preincubated
and permeabilized in PBS containing 4% horse serum and 0.5%
Triton X-100. The primary antibodies were diluted in the same
solution. The tissues were incubated for 40 h at room temperature
in the solution containing the primary antibodies. The following
antisera were used in the respective dilutions: rabbit anti-choline
acetyltransferase (ChAT, 1 : 1000, P3YEB) (Schemann et al. 1993),
mouse anti-nitric oxide synthase (NOS, 1 : 40, N31020, Transduction
Laboratories, USA), rat anti-substance P (SP, 1 : 1000, 10-S015,
Fitzgerald, USA), guinea-pig anti-vasoactive intestinal polypeptide
(VIP, 1 : 1000, GHC7161, Peninsula, USA), rabbit anti-neuropeptide
Y (NPY, 1 : 1000, T-4453 Peninsula, USA), rabbit anti-calbindin (CALB,
1 : 2000, CB-38, Swant, Bellinzona, Switzerland), rabbit anti-
somatostatin (SOM, 1 : 1000, T-4102, Peninsula, USA) and mouse
anti-HU neuronal protein (HuC/D, 1 : 200, A-21271, MoBiTec,
Göttingen, Germany). Two to three primary antibodies raised in
different host species were simultaneously used for each tissue.

After incubation with the primary antibodies, the specimens
were washed three times and were incubated for 5 h in buffer
solution containing the secondary antibodies. Affinity-purified
secondary anti-rabbit, anti-mouse, anti-rat and anti-guinea-pig
antibodies raised in donkeys, conjugated to carbocyanine (Cy2),
indocarbocyanine (Cy3), biotin or indodicarbocyanine (Cy5) were
used (all purchased from Dianova, Hamburg, Germany). The final
dilutions of secondary antibodies were 1 : 200 (Cy2 conjugates),
1 : 500 (Cy3 and Cy5 conjugates) and 1 : 50 (biotin conjugates).
The biotin-conjugated secondary antibodies were visualized using
streptavidin conjugated with aminomethylcoumarin acetate
(AMCA) in a dilution of 1 : 50. Finally, the specimens were washed
in PBS, mounted on poly-

 

L

 

-lysine-covered slides and coverslipped with
a solution of NaHCO

 

3

 

/Na

 

2

 

CO

 

3

 

 (0.5 

 

M

 

, pH 7.0) containing 0.1 NaN

 

3

 

and 80% glycerol.
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Although all myenteric neurons in the rumen of adult sheep are
either ChAT-positive or NOS-positive neurons (Pfannkuche et al.
2002), it is not known whether this is also true for other ruminant
species. Therefore some specimens initially labelled against ChAT
and NOS were restained to visualize the general neuronal marker
HuC/D. The ChAT and NOS immunoreactive neurons had been
visualized using secondary antibodies labelled with Cy2 and Cy3,
respectively. The primary mouse-anti-HuC/D antibodies were
labelled with secondary antibodies conjugated with biotin, which
was visualized using streptavidin-AMCA conjugates.

The preparations were examined using an epifluorescence micro-
scope (IX50, Olympus, Japan). Appropriate filters were applied to
visualize the fluorophores separately (Pfannkuche et al. 1998). Pictures
were acquired with a black-and-white video camera (Mod. 4910,
Cohu, San Diego, CA, USA) controlled by image analysis process-
ing software (Olympus Hamburg, Germany).

 

NADPH staining

 

In some preparations (10 preparations from goats, 7 from fallow
deer, 10 from cattle, 8 from sheep) nitric oxide synthase was
detected by the NADPH-diaphorase reaction. To visualize NADPH-
diaphorase, tissues were incubated at 37 

 

°

 

C in 0.1 

 

M

 

 phosphate
buffer (pH 8) containing 0.5% Triton X-100, 

 

β

 

-NADPH-D (0.5 mg
10 mL

 

–1

 

, N-1630, Sigma) and 4-nitrotetrazoliumblue (1 mg 10 mL

 

–1

 

,
N-6876, Sigma). The reaction was stopped after 30 min to 3 h by
several rinses with PBS.

The histochemical reaction product quenched the signals from
the fluorescent dyes. Therefore, photomicrographs of the immuno-
histochemical results were taken prior to the NADPH staining.

 

Specificity of antibodies and antisera

 

The specificity of the antibodies against ChAT, SP, VIP, NPY and
SOM was tested for all species. Adsorption of the respective diluted
antibodies with 1 

 

μ

 

M

 

 of ChAT, SP, VIP, NPY or SOM for 24 h at 4 

 

°

 

C
prior to application to the tissue resulted in no positive staining of
the preparations.

Specificity of the CALB antibodies has been published previously
(Reiche et al. 1999). We assume that these antibodies recognize
the appropriate antigens in ruminants. However, this has not
been directly tested in this study.

Specificity of the mouse anti-NOS antibody was determined by
detecting NADPH-diaphorase reaction in tissues stained first against
NOS. The mouse anti-NOS antibody and the NADPH-diaphorase
reaction marked identical myenteric neurons.

To prove specificity of secondary antisera, they were applied
without use of primary antibodies. No staining was seen after
omitting the primary antibodies.

 

Data analysis and statistics

 

The number of myenteric ganglia per cm

 

2

 

 were counted in a 1 

 

× 

 

1 cm
square of the whole mount preparations. All ganglia included in
this square or touching the left or bottom margin were counted.
The mean value was calculated from all preparations counted in
one species.

For all markers, the number of cells per ganglion was counted
using 20 ganglia in each preparation. For each preparation, median
values of the number of neuronal somata per ganglion were calcu-
lated. The proportion of the different neurochemical subpopula-
tions was calculated for each species by computing the mean from
corresponding median values.

To analyse whether all myenteric neurons express either immuno-
reactivity for ChAT or NOS, 300 neurons per preparation were

analysed for their immunoreactivity for ChAT and NOS in tissues
restained with HuC/D.

Results are expressed as means 

 

±

 

 standard deviation (SD; 

 

n

 

 

 

=

 

number of specimens; 

 

N

 

 

 

=

 

 number of animals).
The number of ganglia per cm

 

2

 

 and the number of neurons per
ganglion were compared between the species by using a one-way

 

ANOVA

 

 with subsequent multiple comparisons (Student–Newman–
Keuls test). Two-way 

 

ANOVA

 

 with subsequent multiple comparisons
(Student–Newman–Keuls test) was used to compare the size of
neuronal subpopulations with a distinct neurochemical code
between the different species.

Differences were considered to be statistically significant when

 

P 

 

<

 

 0.05.

 

Results

 

General innervation pattern

 

The antibodies used in this study strongly labelled the
myenteric neurons and/or nerve fibres in all preparations
analysed. Staining against HuC/D revealed a ganglionated
myenteric plexus in all ruminant species examined. Ganglia
of cattle contained more neurons than ganglia of the other
species (Fig. 1). The number of ganglia per cm

 

2

 

 of mye-
nteric plexus also differed between the species (Fig. 1).
The density was highest in fallow deer and lowest in cattle.
From the values for ganglion size and for number of
ganglia per cm

 

2

 

, the innervation density (neurons per cm

 

2

 

)
was calculated. The innervation density was highest in
fallow deer and lowest in sheep (Fig. 1).

 

Cholinergic and nitrergic neurons

 

All myenteric neurons examined could be divided in two
large populations (Fig. 2). One population was immuno-
reactive for ChAT. In the following sections, neurons immuno-
reactive for ChAT are referred to as cholinergic neurons.
The other population was immunoreactive for NOS.
Neurons immunoreactive for NOS could also be marked
by NADPH-diaphorase staining (Fig. 3). The neurons that
were immunoreactive for NOS or NADPH-diaphorase
positive are referred to hereafter as nitrergic neurons.

In all species, the proportion of nitrergic neurons was
significantly smaller than the proportion of cholinergic
neurons (Table 1). In fallow deer, cattle and sheep the
absolute number of nitrergic neurons per ganglion was
also smaller than the number of cholinergic neurons per
ganglion (Table 1).

Although in general there was a greater proportion of
nitrergic neurons than cholinergic neurons, the ratio of
the populations differed between the species. The largest
amount of nitrergic neurons was found in goats (44.2 

 

±

 

9.8% of all myenteric neurons) and the smallest amount in
sheep (29.5 

 

±

 

 8.2% of all myenteric neurons, Table 1).
Consequently, the relative amount of cholinergic neurons
was largest in sheep and smallest in goats.
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Not only the proportion but also the distribution of
nitrergic neurons in the myenteric ganglia differed between
the species. In goats and cattle, nitrergic neurons were
clustered in groups at the margins of the ganglia. In con-
trast, in sheep and fallow deer the nitrergic neurons were
distributed over the surface of the ganglia (Fig. 2).

 

Expression of neuropeptides

 

More than 99% of nitrergic neurons colocalized with NPY
in all species (Fig. 4). The vast majority (

 

>

 

 97%) of the NOS/
NPY immunoreactive neurons also expressed VIP immuno-
reactivity (Fig. 4). Therefore, two nitrergic populations could
be defined: a large population referred to as NOS/NPY/VIP,
and a very small population encoding NOS/NPY (Fig. 5).
The relative number of neurons encoding NOS/NPY/VIP was
larger in goats than in sheep, reflecting the differences
found in the overall nitrergic population. The proportion
of the NOS/NPY immunoreactive populations did not differ
between the species (Fig. 5).

Cholinergic neurons did not express immunoreactivity
for NPY or VIP, but the majority of cholinergic neurons were
immunoreactive for SP (Figs 5, 6). Consequently, the largest
population in all species had the code ChAT/SP (Fig. 5). The
proportion of ChAT/SP immunoreactive neurons was larger
in sheep than in fallow deer (Fig. 5). Some neurons were
immunoreactive for ChAT but not for SP. The proportion
of these ChAT/– encoded neurons did not differ between
the species (Fig. 5).

 

Expression of somatostatin and calbindin

 

Besides analysing the cholinergic or nitrergic phenotype
and the expression of distinct neuropeptides, the immuno-
reactivity for somatostatin (SOM) and calbindin (CALB) in
the myenteric neurons was evaluated.

CALB immunoreactivity of myenteric neurons could be
detected in similar amounts in sheep (0.91 

 

±

 

 0.52 neurons
per ganglion), goats (1.04 

 

±

 

 0.17 neurons per ganglion)
and fallow deer (1.80 

 

±

 

 0.61 neurons per ganglion). In con-
trast, the number of CALB-immunoreactive neurons in the
myenteric ganglia of cattle was significantly higher (7.51 

 

±

 

4.20 neurons per ganglion) than in the other species exam-
ined. In all species, the vast majority of CALB-positive
neurons expressed a cholinergic phenotype (goats: 93.0 

 

±

 

12.2% of CALB-positive neurons; fallow deer: 79.0 

 

±

 

 20.8%;
cattle: 96.7 

 

±

 

 5.8%; sheep: 97.9 

 

±

 

 3.6%). Immunoreactivity
for SP was also detected (goats: 41.9 

 

±

 

 10.3% of the ChAT/
CALB population; fallow deer: 29.3 

 

±

 

 18.4%; cattle: 62.1 

 

±

 

24.8%; sheep: 18.3 

 

±

 

 20.2%, Fig. 6) in a subpopulation of
the ChAT/CALB immunoreactive neurons.

Somatostatin immunoreactive nerve fibres were found
in myenteric plexus preparations of all species examined.
In contrast, SOM-positive somata could only be detected
in tissues from sheep (11.0 

 

±

 

 5.0 neurons per ganglion)

Fig. 1 Ganglion size (A) and ganglion density (B) in the rumen of 
different species. *Asterisks in (A) and (B) indicate significant (P < 0.05) 
differences between species (one-way ANOVA with subsequent Student–
Newman–Keuls test). Data were obtained from 12–24 preparations from 
8–15 animals. Columns in (C) are calculated from the respective mean 
values of columns in (A) and (B).
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and fallow deer (4.1 

 

±

 

 5.9 neurons per ganglion) but not
in preparations from goats and cattle (Fig. 7). SOM-
immunoreactive somata expressed a cholinergic phenotype
(100% of SOM immunoreactive neurons in sheep; 99.2 

 

±

 

 1.4%
in fallow deer). Of the ChAT/SOM-positive neurons, most
were also immunoreactive for SP (sheep: 86.1 

 

±

 

 5.6% of
the ChAT/SOM population; fallow deer: 79.4 

 

±

 

 16.7%).

 

Discussion

 

The aim of the present study was to investigate whether
the feeding type of ruminants is associated with distinct

patterns of intrinsic innervation of the rumen. Our study
revealed specific innervation patterns in the ruminal
myenteric plexus in the four ruminant species examined.
Most differences between the species appeared to be
correlated with the feeding types and/or with body size of
the different species.

The general innervation patterns described by the para-
meters (1) number of neurons per ganglion, (2) ganglia
per cm

 

2

 

 and (3) calculated number of neurons per cm

 

2

 

 seem
to depend on both body size and feeding type.

A positive correlation with body size was found parti-
cularly for the average number of neurons per ganglion.

Fig. 2 Cholinergic and nitrergic neurons in the 
rumen. Immunohistochemical detection of 
ChAT (A) revealed a subpopulation of all 
myenteric neurons in goat rumen stained 
against HuC/D. Neurons that were ChAT 
negative and HuC/D positive were labelled 
by NADPH-diaphorase reaction [dark stained 
neurons in (C), indicated by arrows]. NADPH/D-
positive neurons were clustered at the margins 
of ganglia in goat (C) and cattle (D) or were 
equally distributed in the ganglia of fallow 
deer (E) and sheep (F).

Table 1 Absolute number and relative proportion of cholinergic and nitrergic neurons in the rumen of different species

Goats 
(n = 15; N = 9)

Fallow deer
(n = 13; N = 8)

Cattle 
(n = 13; N = 9)

Sheep 
(n = 14; N = 9)

Number of cholinergic neurons per ganglion 28.8 ± 10.4a 33.6 ± 13.3ab 41.3 ± 15.5b 32.6 ± 11.6ab

Number of nitrergic neurons per ganglion 23.4 ± 5.3a 20.4 ± 8.4ab 23.7 ± 8.5a 13.4 ± 5.3b

Proportion of cholinergic neurons (%) 52.4 ± 11.3a 61.6 ± 10.9b 62.1 ± 13.3b 71.5 ± 9.2c

Proportion of nitrergic neurons (%) 44.2 ± 9.8a 38.4 ± 10.2ab 36.9 ± 11.2ab 29.5 ± 8.2b

a,b,c Values with different letters in one row are significantly (P < 0.05) different (two-way ANOVA with subsequent Student–Newman–Keuls 
test).
In fallow deer, cattle and sheep, the number of cholinergic neurons per ganglion was significantly (P < 0.05) larger than the number of 
nitrergic neurons per ganglion. In all species, the proportion of cholinergic neurons was significantly larger than the proportion of 
nitrergic neurons (two-way ANOVA with subsequent Student–Newman–Keuls test).
n = number of tissues, N = number of animals.
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This value was higher in cattle than in the other ruminant
species. This size dependency of ganglion properties con-
firms the results of Gabella (1987), who demonstrated a
positive correlation between body size and the number of
neurons in myenteric ganglia by comparing small intes-
tines of mouse, guinea pig and sheep.

Innervation density is not only determined by size of
ganglia but also by other factors such as the number of
ganglia per cm2 or axonal sprouting. Regarding the number
of ganglia per cm2, the study by Gabella (1987) showed a
negative correlation between body size and the number
of myenteric ganglia per cm2. Comparing cattle with the
three smaller ruminant species we could confirm the
observation of Gabella (1987). The number of myenteric
ganglia per cm2 in the rumen of cattle was lower than in
the rumen of the three other ruminant species examined.

From the mean values of (1) the number of neurons per
ganglion and (2) ganglia per cm2, the innervation density
(= number of neurons per cm2) was calculated. The inner-
vation density was not correlated with body size but was
correlated with the feeding type of the different species.
The number of neurons per cm2 was highest in the rumen
of both intermediate-type species. This high innervation
density might be related to lower retention times for

particles and higher turnover rates of undigested residues
in intermediate types compared with grazers (Huston et al.
1986). Huston et al. (1986) showed that the reticuloruminal
turnover of undigested particles was nearly twice as high
in goats compared with sheep. A high turnover, together
with a low retention time, requires effective transit through
the reticulorumen, possibly facilitated by a dense intrinsic
innervation.

In addition to the innervation density, the expression of
excitatory and inhibitory neurotransmitters in the myenteric
neurons was correlated with feeding type. Regarding the
control of ruminal smooth muscle activity, acetylcholine
and SP are considered to be neurotransmitters that act in
an excitatory manner. This assumption is supported by the
observations that (1) neurons expressing ChAT and SP
directly innervate the forestomach muscle layers and not
the epithelium (Pfannkuche et al. 2002, 2004b) and (2) both
acetylcholine and SP evoke contractions of the isolated
ruminal muscle (Vassileva et al. 1978; Veenendaal et al.
1982; Wong & McLeay, 1988).

Not only neurons encoding ChAT/SP but also neurons
immunoreactive for NOS and VIP have been found to
project to the circular and longitudinal muscle layers in the
sheep ruminal wall (Pfannkuche et al. 2002, 2004b). In
contrast to ACh and SP, NOS and VIP have been found to
relax the smooth muscle layers in different parts of the
ovine forestomach (Denac et al. 1987; Schneider & Eades,
1998). Therefore a function of NOS/VIP/NPY-positive
neurons as inhibitory motor neurons can be suggested for
the ruminant forestomach.

With regard to the relative amount of (presumably)
excitatory ChAT/SP and (presumably) inhibitory NOS/VIP/
NPY immunoreactive neurons, we found the most obvious
differences between sheep (grazers) and goats (belonging
to the intermediate type). In sheep, the ChAT/SP immuno-
reactive neurons outnumbered the NOS/VIP/NPY-positive
neurons by 2.6 to 1, whereas the proportion was 1.5 to 1
in goats. Consequently, the ovine ruminal muscle may be
under stronger excitatory control than the caprine ruminal
muscle. Sheep are able to digest lower quality roughage
than goats and fallow deer (Hofmann, 1989). Microbial
fermentation of this feed requires strong mixing contrac-
tions. It can be hypothesized that these contractions have
to be stronger in sheep than in intermediate-type species
such as goats because of the different mechanical properties
of their feed.

Fallow deer belong to the intermediate type but they
show tendencies similar to those of grazers (Hofmann,
1989). Consequently, in this species the ratio of ChAT/SP
immunoreactive neurons to NOS/VIP/NPY immunoreactive
neurons (1.7 : 1) was between those of sheep and goats, as
expected.

In cattle, one would expect the relative amounts of
ChAT/SP and NOS/VIP/NPY neurons to be comparable to
those in sheep because their physiological and anatomical

Fig. 3 NADPH-diaphorase reaction (A) and immunohistochemical 
staining against NOS (B) marked the same neurons.



Species specific ruminal innervation, J. Münnich et al.

© 2008 The Authors
Journal compilation © 2008 Anatomical Society of Great Britain and Ireland

448

properties are similar. However, in cattle we found a ratio
of ChAT/SP immunoreactive neurons to NOS/VIP/NPY
immunoreactive neurons of 2.0 : 1. This unexpected pro-
portion may be attributable to the fact that tissues were
taken from Holstein–Friesian cattle in this study. This breed
is primarily used for milk production, and high-yielding dairy
cows require a high energy intake relative to concentrate
selectors or intermediate types. Intake of high dietary
energy levels may modify the proportion of cholinergic
and nitrergic neural populations in the myenteric plexus in
such a way that the relative amount of nitrergic neurons
increases because of a selective loss of cholinergic neurons.
Such a diet-related loss of cholinergic neurons has already
been shown in monogastric animals (Cowen et al. 2000;
Phillips & Powley, 2007).

In all species examined, a small subpopulation of cho-
linergic neurons expressed immunoreactivity for CALB. The
expression of CALB was not related to the feeding type,
but to the body size, with the highest expression found
in cattle. Not only the number of CALB immunoreactive
neurons but also the co-expression of SP in these neurons
differed between the species. In the sheep rumen, more
than 80% of CALB immunoreactive neurons were SP
negative. This finding is in accordance with results from

Fig. 4 Complete colocalization of NOS and 
NPY in the rumen is shown in (A) and (B). The 
majority of NPY (C) and NOS (E) 
immunoreactive neurons colocalized with VIP 
(D,F). Only a small proportion of neurons 
[indicated by arrows in (C–F)] expressed 
immunoreactivity for NPY (C) or NOS (E), 
respectively, but not for VIP (D,F).

Fig. 5 Proportion of neurochemically defined subpopulations in the 
rumen of different species. Within all four species, the proportion of 
the subpopulation was in descending order: ChAT/SP > NOS/NPY/
VIP > ChAT/– = NOS/NPY (the significant differences between the 
relative sizes of the subpopulations are not indicated in the figure). 
*Asterisks indicate significant (P < 0.05) differences within one 
subpopulation between species (two-way ANOVA with subsequent 
Student–Newman–Keuls test). Data were obtained from 5–11 
preparations from 4–10 animals.
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previous studies in sheep (Pfannkuche et al. 2004a). In the
rumen of goats and fallow deer, the majority of CALB-
positive neurons were also SP negative. Only in cattle was
the population of ChAT/CALB/SP immunoreactive neurons
larger than the population immunoreactive for CALB and
ChAT alone.

Regarding the putative function of CALB immunoreac-
tive neurons, variations between regions and species have
been demonstrated repeatedly. In the guinea pig stomach
and rabbit ileum, CALB-positive neurons belong to the
functional population of interneurons (Reiche et al. 1999;
Dénes & Gábriel, 2004). In contrast, CALB-positive neurons
are classified as intrinsic primary afferent neurons in the
guinea pig small and large intestine (Furness et al. 1998;
Neunlist et al. 1999; Brookes, 2001).

In ruminants the function of the CALB immunoreactive
neurons has not yet been clearly demonstrated. Some
studies point to afferent innervation of the ruminal
epithelium by CALB-expressing neurons. In this regard,
Lee & Nam (2006) suggested that CALB immunoreactive
neurons were intrinsic primary afferent neurons in the goat
forestomach. In cattle, SP immunoreactive neurons were
thought to have intrinsic afferent functions (Kitamura et al.
1993). This is consistent with our finding that in cattle
the majority of CALB immunoreactive neurons co-localize
with SP. We have previously suggested that CALB-positive
neurons may project to the ovine ruminal epithelium,
although these neurons did not have morphological
characteristics of intrinsic afferent neurons (Pfannkuche
et al. 2004a). However, it has to be kept in mind that in
monogastric animals no population of gastric myenteric
neurons resembles the immunohistochemical, morphological
and electrophysiological properties of intrinsic afferent
neurons in the guinea pig intestine (Schemann & Wood,

Fig. 6 Neurons immunoreactive for NOS (A) 
did not show immunoreactivity for SP (B) and 
vice versa. Consequently, SP immunoreactive 
neurons had a cholinergic phenotype. In cattle, 
the majority of CALB immunoreactive neurons 
[arrows in (C)] expressed SP [arrows in (D)].
One neuron immunoreactive for CALB but not 
for SP is marked by an arrowhead.

Fig. 7 Immunoreactivity for SOM in the ruminal myenteric plexus of 
fallow deer (A) and goat (B). In fallow deer not only fibres but also 
neuronal somata were immunoreactive for SOM [arrows in (A)]. In goats, 
no SOM-positive neuronal somata but various fibres [marked by arrows 
in (B)] could be detected.
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1989a,b; Brookes et al. 1998; Van Nassauw et al. 2005).
Therefore it is possible that intrinsic afferent neurons of the
forestomach express CALB but show unknown, forestomach-
specific, morphological and electrophysiological characteristics.

In contrast to all findings discussed in the previous
sections, the expression of SOM seemed not to be related
either to feeding type or to body size.

SOM immunoreactive myenteric neurons were found in
sheep and fallow deer. These neurons had the code ChAT/
SP/SOM. In goats and cattle, SOM immunoreactive fibres,
but no neuronal somata, were detected.

The function of the SOM immunoreactive neurons remains
speculative. Vergara-Esteras et al. (1990) demonstrated SOM
immunoreactive fibres in both the myenteric plexus and
the muscle layers of the ovine rumen. The findings imply
that ChAT/SP/SOM encoded neurons project to the ruminal
muscles. Supporting this view, ChAT/SP/SOM immunoreac-
tive neurons have been suggested to be excitatory moto-
neurons in the guinea pig stomach (Schemann et al. 1995).
However, the code ChAT/SP/SOM is not highly conserved
between region and species. This combination of neuro-
transmitters is absent from the guinea pig ileum, for example.
In the human small intestine, ChAT/SP/SOM encoded neurons
can be detected, but this neuronal population has been
classified as sensory neurons (Brehmer et al. 2004).

In our study, we found neurochemically different popu-
lations of myenteric neurons in the rumen of goats, fallow
deer, cattle and sheep. Apart from SOM immunoreactivity,
all populations could be detected in all ruminant species.
This leads to the conclusion that the basal circuits in the
myenteric plexus controlling ruminal functions are conserved
between ruminants of different feeding types. However,
the relative amounts of putative inhibitory and excitatory
myenteric neurons differed between the species. From this
finding it is suggested that the rumen of grazers is under
a stronger excitatory control than the rumen of inter-
mediate type species. Whether the strong excitatory input
to the ruminal muscle of grazers is a prerequisite for the
control of strong mixing patterns during ruminal fermenta-
tion remains speculative. The functional significance of
our findings should be analysed in further studies.
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