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Abstract: The objective of this study was to characterize the immunohistochemical localization of Na+/H+ exchanger
isoforms (NHE1 and NHE3) in the rumen epithelium of Sheep after changing the diet from hay (ad libitum) to a mixed
hay/concentrate diet. A total of 24 sheep were fed mixed hay/concentrate for different periods ranging from 0 weeks (control;
hay ad libitum) to 12 weeks (1-1.5 kg hay plus 780 g concentrate per day in two equal portions). NHE3-immunostaining was
found to be more intense at both stratum granulosum (deep layer) and stratum spinosum (superficial layer), with decreasing
intensity through stratum spinosum (deep or suprabasal layer) and stratum basal. Stratum corneum was negative. Distribution
of NHE3 isoform was different within the different strata. In stratum granulosum and stratum spinosum (superficial layer),
NHE3 isoform was distributed predominant at the apical surface /membrane of the cells. Meanwhile, in both stratum spinosum
(deep layer) and stratum basale, intracellular NHE3 isoform was predominantly. The degree of antibody reaction was weak in
hay-fed sheep and in all concentrate-fed groups, except in 2 and 4 weeks concentrate-fed groups, in which the degree of the
antibody reaction was moderate and strong, respectively. NHE1 isoform was not detected in the sheep-rumen epithelium.
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1. Introduction
Na+/H+ exchanger (NHE) of mammalian cells are plasma
membrane intrinsic proteins mediating exchange of Na and
H ions in various tissues. The NHE catalyzes the
electroneutral transport of extracellular Na+ for intracellular
H+. They play a major role in regulation of intracellular pH
(pHi) in addition to transcellular absorption of Na+, cell
volume regulation, cell proliferation, adhesion, shape
determination and migration (Grinstein et al., 1988; Yun et
al., 1995a; Lang et al., 1998; Putney et al., 2002). Nine NHE
isoforms have been cloned so far (Yun et al., 1995b; Noel
and Pouyssegur, 1995; Ritter et al., 2001; Masereel et al.,
2003; Goyal et al., 2003; de Silva et al., 2003). In the
gastrointestinal (GI) tract of multiple species, there are
resident plasma membrane isoforms including NHE1
(basolateral) and NHE2 (apical), recycling isoforms (NHE3),
as well as interacellular isoforms (NHE6, 7, 9). There are
many physiological evidences that support the existence of
NHE in the rumen. On the other hand, RT-PCR demonstrates

expression of multiple NHE family members in the rumen
tissue, including NHE1, NHE2, NHE3, and NHE8 (Graham
et al., 2007). Immunostaining showed that NHE1 was
predominantly localized to the stratum granulosum, with a
progressive decrease toward the stratum basale. Meanwhile
the study did not mention the localization of NHE3 (Graham
et al., 2007).
The primary purpose of the present study was to
investigate the effect of the different intervals of concentrates
feeding on the expression of NHE1 and NHE3 in adult sheep
rumen epithelium and to correlate the cell-specific
expression of NHE1 and NHE3 protein with the specific cell
types comprising the rumen epithelium.

2. Materials and Methods
2.1. Experimental Animal
A total of 24 of German dairy sheep of different sex were
used in this study. Animals were 9-10 months old at the time
of the experiment, and their weights ranged between 33.5-50
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Prior to the experiment the sheep were fed only hay ad
libitum for at least 8 weeks, in order to adapt them to a lowenergy food. Thereafter, the sheep were either solely fed hay
(1-1.5 kg hay/day) (control-group) or received, in addition to
that, 780 g concentrate (experimental-groups). The
experimental animals were assigned to 7 groups according to
the duration of concentrate feeding: 2, 4 days, 1, 2, 4, 6 and
12 weeks. Introduction of concentrate diet was preceded by
an adaptation period of 4 days in which the concentrate feed
was increased gradually. The concentrate diet was supplied
in equal portions at 07.00 am and 02.30 pm. All animals had
free access to tap water and salt block.

Following the feeding trial and at the end of each
experimental period, Full thickness mucosa or rumen
papillae isolated directly with scissors from identical site of
the rumen (left wall of the recessus ruminis ventral sac;
adjacent to the left longitudinal groove) (Gäbel et al, 1987).
The ruminal mucosa was cleaned by immersion in a
transportation buffer solution (see table 3). Fresh rumenmucosal tissues were fixed in 4% formalin solution for 24
hours (Romeis, 1989). After rinsing with water, samples
were stored in 0.1 mmol / L phosphate buffer (pH 7.2). They
were then dehydrated in graded series of ethanol alcohol,
cleared with xyline, saturated with and embedded in paraffin.
Tissue blocks were then cut at 5-7µm thickness and collected
on microscope slides precoated with Silane solution. Tissues
were deparaffinized, hydrated, rinsed twice with distilled
water before immunostaining.

2.3. Compositions of Diet

2.5. Antibodies

The nutrient content of both concentrate and hay rations
were shown in tables 1 and 2, respectively.

2.5.1. Primary Antibody
Rabbit Na+/H+ exchanger-3 (NHE3) polyclonal antibody
(Fa.Chemicon, USA and Canada) Catalog Nr.AB
3085(incubation with antibodies was done in a humid
chambers).
This
antibody
was
not
tested
immunohistochemically before, so there is no any
recommended dilution.

kg. The animals were divided into 8 groups of three animals
in each group.
2.2. Feedings

Tab. 1. Composition of the concentrate diet
Nutrients
Dry matter
Crude ash
Crude protein
Crude fiber
Calcium
Phosphorus
Magnesium
Potassium
Sodium
Chloride
Sulfur

%
89.1
6.42
18.03
9.65
0.65
0.59
0.27
1.35
0.42
0.46
0.21

Nutrients
Organic ADF
Organic NDF
ADL
Vitamin A
Vitamin D3
Selenium
Copper
DCAB
Net energy lactation (NEL)
Metabolic energy (ME)

%
13.28
25.46
3.99
7200 Iu
1800 Iu
0.5 mg
10 mg
+299 meq/kg DM
6.7 MJ/kg
10.41 MJ/kg

Tab. 2. Composition of hay diet
Nutrients
Dry matter
Crude ash
Crude protein
Crude fiber
Potassium
Sodium
Organic ADF
Organic NDF

%
93.5
4.9
8.8
29.3
1.44
0.032
34
56.5

Nutrients
ADL
Non fibers carbohydrates (NFC)
Metabolizable energy (ME)
Net energy lactation (NEL)
Usable crude protein (nXP)
Degradable crude protein (UDP)
Ruminal nitrogen balance (RNB)

2.4. Tissue Collection and Preparation
Tab. 3. Composition of the transport buffer
Compound
Sodium
Potassium
Calcium
Magnesium
Bicarbonate
Chloride
Dihydrogenphosphate
Hydrogenphosphate
Glucose
pH value
Osmolarity

Concentration (mmol / L)
145.2
5
1
1
25
120
0.4
2.4
5
7.4
300 mosmol/L

%
4
22.5
9.3 MJ/Kg
5.5 MJ/Kg
120.3 g/Kg
17.6 g/Kg
-5.2 g/Kg

2.5.2. Secondary Antibody
Peroxidase labelled polymer conjugated to goat anti-rabbit
immunoglobulins in Tris-HCl buffer containing carrier
protein and an anti-microbial agent, Code N0. K0492 (Fa
DakoCytomation, Carpinteria, USA) at room temperature.
2.5.3. Negative Controls
The specificity of the staining reaction was determined in
control experiments. These comprised either normal mouse
or rabbit control serum 1:200 (negative control Ig GI Cat, No.
X0931, Fa DakoCytomation, Carpinteria, USA), or omission
of the primary antibody; in all cases, sections were negative.
2.5.4. Procedure of Immunohistochemistry
For immunolabeling of Hydrogen-Exchanger type 1 and 3
(NHE1, NHE3), both frozen and deparaffinized sections
were stained according to the protocol Dako
Envision+System, Peroxidase (DAB) (Fa DakoCytomation,
Carpinteria / USA). NHE3 was detected in deparaffinized
sections. Although both frozen and deparaffinized sections in
different antibody-dilutions have been used, NHE1 was not
detected. All immunohistochemistry was repeated for
material obtained three animals and examined directly under
a light microscope (Leica DM LB, Leica Microsystems,
Wetzlar, Germany).
Tissues were deparaffinized, hydrated, rinsed twice with
distilled water for 5 min each, washed twice in PBS (PBSPuffer to Dulbecco Cat. No.47302 , Fa. Serva, Heidelberg,
Deutschland) for 5 min each. Dewaxed and rehydrated
sections were subjected to inactivation of endogenous
peroxidases by an incubation at room temperature in 0.03%
hydrogen peroxide containing sodium azide for 5 minutes.
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Then, the sections were rinsed twice with distilled water for
3 min each, washed in PBS for 10 min. The sections were
incubated either with the primary antibody at dilutions of
1:100 in PBS buffer or with control serum at dilutions of
1:200 (control experiments) for 30 min in a humidified
chamber. The sections were washed three times in PBS
(twice for 3 min each and once for 10 min). Then, sections
were incubated with the secondary antibody for 35 min at
room temperature. The sections were washed three times in
PBS (twice for 3 min each and once for 10 min), and color
was developed by incubation with DAB + Chromogensubstrate solution (1ml of buffered substrate solution, pH 7.5,
containing hydrogen peroxide and a preservative + one drop
of 3, 3-Diaminobenzidin Chromogen solution) for 5-10 min.
Sections were rinsed twice with ice cold- distilled water for 5
min each. Then, sections were counterstained with Mayer’s
Haematoxylin for 5 min, rinsed in distilled water and washed
with running tap water for 5 min. Then sections were
dehydrated through 70% ethanol alcohol for 5 min and 100%
ethanol alcohol three times for 5 min each, cleared three
times in xyline for 5 min each, and mounted with Canada

balsam permanent mounting media (Sigma-Aldrich).

3. Results
NHE1 isoform was not detected in the sheep-rumen
epithelium. NHE3 transporter protein isoform was localized
at both apical plasma membrane (more dense) and
intracellular locations (Table. 4; Fig.1). NHE3 was found to
be more intense at both stratum granulosum and stratum
spinosum (superficial layer adjacent to stratum granulosum),
with decreasing intensity through stratum spinosum (deep or
suprabasal layer) and stratum basale. Stratum corneum was
negative (Fig.1). Distribution of NHE3 isoform was different
within the different strata. In stratum granulosum, NHE3
isoform was presented at apical and basolateral cell
membrane. In stratum spinosum (superficial layer), NHE3
isoform was distributed predominant at the apical surface
/membrane of the cells. Meanwhile, in both stratum
spinosum (deep layer) and stratum basale, the expression of
the intracellular NHE3 isoform was predominant (Fig. 1).

Table 4. The effect of type and duration of concentrate feeding on the expression of NHE3 at different strata of the rumen epithelium. (N = 3 animals for each
treatment)
Animals
CF0W
CF2 D
CF4 D
CF1W
CF2W
CF4W
CF6W
CF12W

Str. granulosum
++
++
++
+
+++
++++
++
++

Str. spinosum (superficial)
++
++
++
++
+++
++++
++
++

Str. spinosum (deep or suprabasal layer)
+
+
+
+
+
+++
+
+/ 0

Str. basale
+/0
+/0
+/0
+/0
+
++
+
+/ 0

0= no reaction += very weak ++= weak +++= moderate ++++= strong

Fig. 1. Micrographs of the ruminal epithelium showing different
immunoreactivity for NHE3 staining among sheep groups a. Hay-fed group
(weak-reaction) b. 2 weeks concentrate-fed group (moderate-reaction)
(Scale 50µm) c. 4 weeks concentrate-fed group (strong-reaction) d. Negative
control. Notice: the intense staining of the NHE3 at both deep layer of
stratum granulosum (SG) and superficial layer of stratum spinosum (SS),
with decreasing intensity through the suprabasal spiny cells and cells of
stratum basale (SB). Stratum corneum (SC) was negative. Arrows (→)
pointed to the apical staining of the NHE3. L: lamina propria. (Scale 25µm)

Immunohistochemical staining for NHE3 in ruminal
epithelium showed different degrees of staining among sheep
groups (Table. 4). Ruminal epithelium of hay-fed group, 2-4
days and 1 week concentrate-fed groups showed weak
antibody reactions. Positive NHE3-immunostaining was
observed at granular cells and superficial spiny cells (apical
surface) and decreased in intensity through stratum spinosum
(suprabasal layer) to stratum basale (Fig. 1). Ruminal
epithelium from 2 weeks concentrate-fed group showed
moderate antibody reaction. Ruminal epithelium from 4
weeks concentrate-fed group, showed strong antibody
reaction compared to the previous mentioned groups (Fig. 1).
The intense staining included all strata of the epithelium
except stratum corneum. It was more intense at granular cells
(at apical and basolateral membrane) and superficial spiny
cells (at apical surface). Some basal cells showed apical
staining for NHE3 isoform. Ruminal epithelium from 6 or 12
weeks concentrate-fed groups, showed weak and very weak
antibody reactions, respectively (Table. 4). Weak local
reaction for NHE3 isoform was seen at both stratum
granulosum and stratum spinosum (superficial layer adjacent
to stratum granulosum), with decreasing intensity throughout
stratum spinosum (suprabasal layer) and stratum basale.
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4. Disscusion
Feeding concentrate diet leads to excessive production of
SCFA and as a consequence of the transport of these products
the intracellular pH (pHi) could be sharply reduced. Therefore,
an efficient pH regulatory mechanism(s) is required to keep
the intracellular pH within the physiological value; one of
these mechanisms could be mediated by NHE (Graham et al.,
2007). Schweigel et al. (2005) demonstrated the presence of
mRNA for both NHE1 and NHE3 in the rumen.
The present findings showed that NHE3-immunostaining
exists in almost all strata of the epithelium except stratum
corneum, with higher intense expression at both stratum
granulosum (deep layer) and stratum spinosum (superficial
layer) ; predominantly at the apical surface of the cells. This
is in consistent with many previous studies in other tissues,
which reported the localization of NHE3 to be restricted to
the apical membrane (Hoogerwerf et al., 1996; Biemesderfer
et al., 1997). Because the stratum corneum is a dead layer, it
showed negative reaction for this isoform.
Nevertheless, the degree of antibody reaction was weak in
hay fed-sheep and in all concentrate-fed groups, with
exception of 2 and 4 weeks concentrate-fed groups, in which
the degree of the antibody reaction was moderate and strong,
respectively. Transepithelial Na transport is only mediated by
apical uptake via NHE3 in connection with extrusion of Na by
the basolaterally located Na-K-ATPase (Rabbani et al., 2011).
Moreover, the trafficking capability of NHE3 from the
intracellular vesicles to the plasma membrane in response to
challenge caused by reduction in the intracellular pH is well
known (Kurashima et al. 1998; Chow et al. 1999).
Furthermore, the enhancement of Na transport across the
ruminal epithelia due to the presence of SCFA has been also
reported, probably takes place by NHE (Gäbel et al. 1991;
Sehested et al. 1996). SCFA, in particularly butyrate, induces
NHE3 activity and its protein and mRNA expression both in
vivo and in vitro (Kiela et al., 2007). Therefore, the increase in
the expression of NHE3 with increasing the duration of
feeding concentrate could be due to the high concentration of
SCFA. On the other hand, the time course of functional rumen
epithelium adaptation after a change from hay feeding (ad
libitum) to a mixed hay/concentrate diet was monitored by
measuring Na+ transport rates in Ussing chamber experiments
(Etschmann et al., 2009). According to these authors, the net
Na transport significantly rose after one week of mixed
hay/concentrate diet, reached peak levels after four weeks and
levelled out after 12 weeks of mixed feeding. The transport
capacity of the ruminal epithelia could reach its maximum and
the continuous accumulation of SCFA could increase the
osmolarity of the ruminal contents. Wakabayashi et al. (1997)
found that NHE3 activity is decreased by the hyperosmolarity.
Since, the hyperosmolarity decreases intracellular pH and
inhibits Na transport in the rumen, probably by inhibition of
NHE3 (Schweigel et al., 2005), the weak antibody reaction
observed in 6 and 12 weeks concentrate-fed animal can be
justified in this context. The delay in response to feeding
concentrate until 1 week (low antibody reaction against NHE3)
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could show that the expression of this isoform may require this
period to be strongly expressed. This study is the first one
which identifies NHE3 in the rumen using immunohistochemistry technique.
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