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Abstract Large quantities of protein are degraded in the fer-
mentative parts of the gut to ammonia, which is absorbed,
detoxified to urea, and excreted, leading to formation of ni-
trogenous compounds such as N2O that are associated with
global warming. In ruminants, channel-mediated uptake of
NH4

+ from the rumen predominates. The molecular identity
of these channels remains to be clarified. Ruminal cells and
epithelia from cows and sheep were investigated using patch
clamp, Ussing chamber, microelectrode techniques, and
qPCR. In patch clamp experiments, bovine ruminal epithelial
cells expressed a conductance for NH4

+ that could be blocked
in a voltage-dependent manner by divalent cations. In the
native epithelium, NH4

+ depolarized the apical potential, acid-
ified the cytosol and induced a rise in short-circuit current (Isc)
that persisted after the removal of Na+, was blocked by verap-
amil, enhanced by the removal of divalent cations, and was
sensitive to certain transient receptor potential (TRP) channel
modulators. Menthol or thymol stimulated the Isc in Na+ or
NH4

+ containing solutions in a dose-dependent manner and
modulated transepithelial Ca2+ fluxes. On the level of messen-
ger RNA (mRNA), ovine and bovine ruminal epithelium
expressed TRPA1, TRPV3, TRPV4, TRPM6, and TRPM7,
with any expression of TRPV6 marginal. No bands were de-
tected for TRPV1, TRPV5, or TRPM8. Functional and mo-
lecular biological data suggest that the transport of NH4

+, Na+,
and Ca2+ across the rumen involves TRP channels, with
TRPV3 and TRPA1 emerging as prime candidate genes.

TRP channels may also contribute to the transport of NH4
+

across other epithelia.

Keywords Ammonium . TRP channel . Rumen . Climate
gas . Menthol . Thymol

Introduction

Rising emissions of ammonia represent an urgent problem of
global dimensions that is associated with eutrophication, cli-
mate change, and direct dangers to humans [53]. Livestock are
estimated to account for almost 50 % of global ammonia
emissions, cattle alone for about 30 % [8, 12]. The greater part
of these ammonia emissions are related to the rapid microbial
degradation of dietary protein into ammonia, with the amounts
absorbed exceeding 20 mol·day−1 in high yielding animals
[15]. Although a variable percentage of the urea that is formed
can be recycled to the gut, large quantities are renally excreted
and thus lost as a source of nitrogen for microbial protein
synthesis [23, 52]. Furthermore, absorption of ammonia from
the gastrointestinal tract can lead to life-limiting complications
in human patients suffering from hepatic or renal disease [22].
A better understanding of the mechanisms of ammonia trans-
port is thus necessary.

Typically, the permeability of most cellular membranes to
ammonia is high so that until recently, the uptake was thought
to occur via simple diffusion. However, the NH3 molecule is
highly polar, and today, there is little doubt that membrane
proteins such as Rh-glycoproteins [34, 61, 66] and aquaporins
[11, 37, 46] are involved in mediating membrane transport of
NH3. In addition, the protonated form, NH4

+, can substitute
for K+ in essentially every known K+ transporting protein,
facilitated by the strikingly similar biophysical properties of
the two cations [62].
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In the case of the rumen, ammonia uptake does not drop
with pH as might be expected, and accordingly, the lipid dif-
fusion model has been critically discussed for many decades
[10, 18]. Past studies have shown that at the pH found phys-
iologically in the rumen (<6.8), channel-mediated uptake of
NH4

+ greatly exceeds efflux in the form of NH3 [1] and efflux
of protons via this pathway may contribute to ruminal pH
homeostasis [4]. The purpose of the current study was to iden-
tify candidate genes for this conductance. In particular, we
tested the response of the native epithelium to a number of
monoterpenoids. These compounds are known for their highly
specific interaction with channels of the transient receptor po-
tential (TRP) channel family [14, 40], famously allowing
mammals to distinguish between the fragrance of a multitude
of herbal compounds in a highly selective manner [42, 60].

The TRP multigene superfamily consists of 28 known se-
quences that are subdivided into seven subfamilies, six of
which are found in mammalian tissues: TRPC (canonical),
TRPV (vanilloid), TRPM (melastatin), TRPP (polycystin),
TRPML (mucolipin), and TRPA (ankyrin) [41]. These genes
encode for integral membrane proteins consisting of six trans-
membrane spanning segments, the assembly of which as
homotetramers or heterotetramers results in the formation of
cation-selective channels [39, 43]. Channels of this family
were initially identified in sensory organs [36], where various
stimuli including light, heat, cold, or odorants lead to an open-
ing of the channels with influx of Ca2+ and Na+ [42, 60].
However, it is increasingly emerging that TRP channels also
play important functional roles in many nonsensory tissues
[39]. Thus, TRPV5 and TRPV6 are highly selective for Ca2+

and mediate the renal and intestinal transport of this cation
[27, 58], while TRPM7 is involved in the Mg2+ homeostasis
of multiple tissues including the ruminal epithelium [50]. We
now additionally report ruminal expression of the epithelial
Mg2+ channel TRPM6, which plays a decisive role in renal
Mg2+ transport [27].

In the current study, we present functional and molecular
biological evidence for the involvement of either TRPV3 or
TRPA1 or both in the transport of Na+, NH4

+, and Ca2+. To
our knowledge, evidence for the involvement of TRP chan-
nels in the transport of NH4

+ has not been reported previously
andmaymore generally provide clues for the function of these
channels in epithelial transport.

Methods

Ruminal epithelium

All animals were slaughtered in accordance with German laws
for the protection of animals (TierSchG) at a commercial
slaughterhouse. Removal of tissue occurred some 15min after
death, after which it was immediately stripped and transported

to the laboratory (∼1 h) in a warm (37 °C) and gassed (95 %
O2/5 % CO2) transport buffer containing (in mmol·l−1) the
following: 115 NaCl, 25 NaHCO3, 0.4 NaH2PO4, 2.4
Na2HPO4, 5 KCl, 5 Glucose, 1.2 CaCl2, and 1.2 MgCl2
(pH∼7.4) [33]. For cell culture, tissues were transported in
ice-cold buffer, isolated via trypsination and cultured as in
previous studies [17, 20].

Chemicals and modulators

All chemicals were obtained from Carl Roth (Karlsruhe,
Germany) or Sigma-Aldrich (Taufkirchen, Germany).
Commercially unavailable salts such as N-methyl-D-
glucamine (NMDG)–gluconate or NH4

+–gluconate were pro-
duced by titrating NMDG or ammonia with gluconic acid to a
pH of 7. 45Ca2+ for the flux measurements was obtained from
Hartmann Analytic (Braunschweig, Germany). All channel
modulators used in the study were protected from light and
solved in DMSO or ethanol so that the desired concentration
could be reached by dilution with the appropriate buffer at a
ratio of 1:1000. All channel modulators were stored at −20 °C
or prepared freshly and kept on ice until immediately before
use.

Patch clamp experiments

All whole cell patch clamp experiments were performed with
an EPC9 amplifier using TIDA or Patchmaster software with
automatic offset potential, capacitance, and series resistance
correction (HEKAElektronik, Lamprecht, Germany) [20, 55].
A DMZ-Universal-Puller (Zeitz-Instruments, Munich,
Germany) was used to pull pipettes to a resistance of ∼4 to
5 MΩ. The bath chamber was continuously perfused with
solutions at room temperature. Cations flowing into the pi-
pette correspond to a negative current.

Pipette solutions contained (in mmol·l−1) either 122 Na–
gluconate or 122 K–gluconate, to which was added: 15 NaCl,
5 KCl, 1 NaH2PO4, 0.9 MgCl2, 5 EGTA, and 10 Hepes (pH
7.2/Tris). Bath solutions contained either 137 NaCl, NMDG+–
gluconate, or NH4

+-gluconate in a background of 5 KCl, 1
NaH2PO4, 1.7 CaCl2, 0.9 MgCl2, and 10 Hepes (pH 7.4/
Tris). In NH4–gluconate EDTA solution, CaCl2 and MgCl2
were replaced by 5.2 NMDGCl and 5 EDTA. All solutions
were adjusted to 300 mosmol·l−1 using mannitol.

Current kinetics were observed at a sampling rate of 5 kHz;
changes in current amplitude were monitored continuously at
100 Hz between −120 and +100 mV from a holding potential
of −40 mV (Fig. 1a). In the tables, the current at +100 mV
(designated as I100) and the current at −120 mV (designated as
I−120) are given normalized to capacitance. Reversal potentials
(URev) were calculated via linear regression around 0 pA and
corrected for liquid junction potential [6, 7]. Relative perme-
ability ratios (Px/Py) were calculated for each cell from the
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corrected reversal potential Erev,X and Erev,Y in solutions BX^
and BY^ using:

Erev; X−Erev;Y ¼ −
R⋅T
F

⋅ln
PX ⋅ X½ �o
PY ⋅ Y½ �o

� �
ð1Þ

[X]o and [Y]o represent the concentrations of the ion X and
Y in the bath, PX and Py the corresponding permeability, while
R, T, and F have their usual meanings [24]. Alternately, an
estimate for the relative permeability ratio Px/Py between the
major cation in the pipette solution (with concentration [Y]i)
and in the bath (with concentration [X]o) was obtained from
the Goldman-Hodgkin-Katz equation by neglecting the (rela-
tively small) contribution of the other cations and anions so
that:

Erev; X ¼ −
R⋅T
F

⋅ln
PX ⋅ X½ �o
PY ⋅ Y½ �i

� �
ð2Þ

Microelectrode experiments

Bovine ruminal tissue was placed, apical side up, in a small
horizontal microelectrode chamber that was perfused contin-
uously with warm (37 °C) and gassed (O2) solution [55]. The
transepithelial voltage (PDt) and short-circuit current (Isc)
were measured via voltage clamp (Biomedical Instruments,
Munich, Germany) and recorded via Lab Chart 7 Pro (v.
7.3.3) for Windows (AD Instruments, Bella Vista, NSW,
Australia). Conductance was monitored briefly by a 10-mV
voltage pulse before each solution change.

Double-barreled pH-sensitive microelectrodes (for measur-
ing PDa and intracellular pH (pHi)) were used to measure
intracellular parameters via a FDA Dual Electrometer
(World Precision Instruments, Sarasota, FL, USA) as previ-
ously described in [33]. A majority of impalements rapidly
collapsed and only those recordings in which PDa returned
to the original level ±15 % at the end of the experiment were
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Fig. 1 Original whole cell recordings of bovine ruminal epithelial cells
exposed to the continuous pulse protocol depicted in a. Cells were filled
with K–gluconate pipette solution (b) or Na–gluconate pipette solution
(d). Cations flowing into the cell generate a negative current that is
depicted in the figures as going downward. The solutions in the bath

were consecutively changed as indicated. Exposure to NH4
+ resulted in

a stimulation of both inward current at −120 mV and outward current at
+100 mV, with further enhancement by a removal of divalent cations
(∅Ca2+ ∅Mg2+). All changes were essentially reversible upon washout.
The corresponding current–voltage relationships are given in c and e
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chosen for evaluation. All signals were referenced to the api-
cal side (SE 21-L, Sensortechnik Meinsberg, Germany) so
that a positive Isc, PDt, or PDa reflects a movement of cations
from the apical to the serosal side [32]. To allow an easier
comparison with patch clamp measurements, in which an op-
posite sign convention is used, positive currents reflecting
inward currents of cations into the tissue are depicted in fig-
ures as going downward.

For experiments, all solutions were gassed with
100 % O2 and warmed to 37 °C by an inline solution
heater before introduction to the perfusion chamber. The
serosal buffer contained (in mmol·l−1) the following: 70
NaCl, 0.4 NaH2PO4, 2.4 Na2HPO4, 5 KCl, 30 Na–glu-
conate, 1.2 MgCl2, 1.2 CaCl2, 2.5 glutamine, 40
NMDGCl, and 5 glucose, adjusted to pH 7.4 (8
MOPS). The mucosal side of the tissue was superfused
with variable solutions with a pH of either 7.4 or 6.4 (8
MES) (Bstandard NaCl buffer^, pH 7.4 or pH 6.4). In
addition, two mucosal NH4Cl solutions (pH 7.4 and 6.4)
were used in which 40 mmol·l−1 NMDGCl was replaced
by an equimolar amount of NH4Cl (Bstandard NH4

+

buffer^, pH 7.4 or pH 6.4). In some experiments, the
standard NaCl buffer was altered by replacing 70 mmol·
l−1 NaCl in the buffer above by an equimolar amount of
NMDGCl, resulting in a buffer designated as BNa+-free^
that contained 110 mmol·l−1 NMDGCl. As before,
40 mmol·l−1 NMDGCl was replaced by NH4Cl to yield
a NH4

+-containing buffer (BNH4
+-buffer, Na+-free^). In

solutions designated as divalent cation free, CaCl2 and
MgCl2 were replaced by 5 mmol·l−1 EDTA. All solu-
tions were adjusted to 300 mosmol·l−1 using mannitol.

TRP channel modulators were pipetted directly into
the 50-ml storage containers at the end of the thin sil-
icon tubing leading to the perfusion manifold so that no
switch in the perfusion lane was required. Since these
containers were strongly bubbled with 100 % O2,
mixing was very rapid.

Flux experiments in Ussing chambers

Tissues of ovine origin, in which a separation of the ruminal
mucosa from the submucosal layers is much easier than in the
bovine species, were mounted in Ussing chambers, resulting
in an exposure area of 3.14 cm2 [1]. Chambers contained
16 ml of serosal or mucosal buffer, and were circulated by a
gas lift system (5 % CO2/95 % O2). The serosal solution
contained (in mmol·l−1) the following: 70 NaCl, 0.4
NaH2PO4, 2.4 Na2HPO4, 5 KCl, 40 Na–gluconate, 1.2
MgCl2, 1.2 CaCl2, 25 NaHCO3, 5 glucose, and 8 MOPS
(pH 7.4). The mucosal buffer contained 70 NaCl, 0.4
NaH2PO4, 2.4 Na2HPO4, 5 KCl, 25 Na-acetate, 10 Na-propi-
onate, 5 Na-butyrate, 1.2 MgCl2, 1.2 CaCl2, 25 NaHCO3, 5
glucose, and 8 MES (pH 6.4). The agonist or solvant was

directly pipetted to the mucosal side of the tissue 25 min after
the beginning of the experiment.

All measurements were conducted in short-circuit
mode (Mussler Scientif ic Instruments, Aachen,
Germany). Transepithelial conductance Gt was deter-
mined from a 100-μA current pulse and monitored
throughout. As above, the equivalent short-circuit cur-
rent Isc represents the negative of the current required
to clamp potential to zero, so that cations transported
from the apical side to the basolateral side produce a
positive Isc = PDt×Gt that is represented in figures as
going downward.

To allow a direct comparison between the Isc value
and the expected conductance G correlated to this flux
of ions, the molar flux J (given in μeq·cm−2·h−1) was
calculated from the total flux Φt of ions (in A·cm−2)
using Faraday’s constant (F= 96 485 A·s−1·mol−1) and:

J ¼ Φt=F ⋅3600 s ⋅h−1 ¼ Φt=26:80 μeq ⋅cm−2 ⋅h−1 ð3Þ

According to Nernst diffusion theory [24, 25], the conduc-
tance (Gt) can be calculated from the corresponding flux of
ions (Φ, in amperes):

Gt ¼ F
.

R � Tð Þ �ΣΦi � zi ¼ Φt

.
26:7mVð Þ ð4Þ

Since at 310 K (37 °C) and by sheer coincidence, the con-
version factor of 26.8 is thus almost exactly identical to R·T/
F=26.73 mV, a tissue conductance of 1 mS·cm−2 reflects an
ion flow of ≅1 μeq·cm−2·h−1.

45Ca2+ (45 kBq per 16-ml chamber) was added to
either the mucosal or serosal side (Bhot^). Starting
100 min after the beginning of the experiment, three flux
periods of 30 min each were measured by taking a sample
from the opposite Bcold^ side. The sample volume was
then replaced by corresponding buffer. Radioactivity was
measured using a β-counter (LKB Wallace-Perkin-Elmer,
Überlingen, Germany). Ouabain was added serosally at
the end of the experiment (final concentration 100 μmol·l−1)
to block the Na+/K+-ATPase. Tissues were considered to
have passed this vitality test if Isc dropped by more than
0.05 μeq·cm−2·h−1 within 10 min.

For analysis, epithelia from the same animal were
paired after sorting for Gt values. Data from tissues that
did not pass the vitality test were rejected, as were flux
data that were more than twice the size of other fluxes
in the treatment group. All tissues paired to such epi-
thelia were also excluded, so that only complete sets
with data from the same animal in each treatment group
were evaluated. The net calcium flux (Jnet(Ca

2+)) was
calculated from the difference between mucosal to sero-
sal flux (Jms(Ca

2+)) and serosal to mucosal flux
(Jsm(Ca

2+)) for paired epithelia.
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Molecular detection of TRP channels in ruminal epithelial
tissue

Ruminal samples from six lactating cows and two sheep were
taken immediately after slaughter, rinsed and stripped from
the outer muscular layers. Pieces of approx. 1 cm3 were trans-
ferred into RNAlater® (Ambion, Austin, TX, USA) filled 1-
ml tubes and stored at −70 °C. For total RNA isolation, a
Nucleospin RNA II Kit was used (Macherey&Nagel,
Dueren, Germany), including a DNAse digestion step. RNA
integrity numbers (RINs) of the samples were checked using a
lab-on-a-chip technique (RNA 6000 n Kit, Agilent,
Waldbronn, Germany) to ensure a RIN> 7. An iScript®
cDNA synthesis kit (Bio-Rad Laboratories, Munich,
Germany) was applied according to the manufacturer’s in-
structions to perform reverse transcription by using 1 μg of
RNA of each sample. Reactions were diluted 1:10. For poly-
merase chain reaction (PCR) experiments, three samples were
subsequently pooled.

Intron-spanning primer pairs were designed to detect the
target genes TRPA1, TRPM6–M8, and TRPV1–V6 of both
sheep and cattle according to the predicted sequences of both

species (Primer3 software, http://bioinfo.ut.ee/primer3-0.4.0/
primer3, for primer sequences see Table 1). Pooled
complementary DNA (cDNA) (9.5 μl) was added to 12.5 μl
Taq PCRMaster Mix Kit (QIAGEN, Venlo, the Netherlands),
with 1.5 μl of the forward and revers primer each (20 pmol). A
40-cycle two-step PCR protocol (30 s at 58 °C and 15 s at
94 °C) was performed on a thermocycler (Eppendorf,
Hamburg, Germany). Reaction products were analyzed in a
1.5 % agarose gel electrophoresis, using Midori Green
Advanced DNA Stain (Biozym Scientific, Hessisch
Oldendorf, Germany) to detect DNA bands under UV illumi-
nation. To ensure binding to the correct target, all amplicons
were subsequently sequenced (GATC Biotech, Konstanz,
Germany). To prevent false negative results, all primer pairs
listed in Table 1 were successfully tested in control tissues
(e.g., bovine medulla oblongata, kidney, or testis). TRPV2
was omitted since no staining was observed in any sample
using two different pairs of primers.

For quantitative PCR (qPCR) experiments using SYBR
green, intron flanking primer pairs for target genes TRPA1,
TRPM6–M8, TRPV1, and TRPV3–V6 and the reference
gene YWHAZ were designed as described above (for some

Table 1 Primer sequences and amplicon length of the target genes

Gene Primers for PCR Primers for qPCR

Primer PCR Length (bp) SYBR green Dual labeled probes

TRPA1 fwd tgtcacccttgttcatcagg 403 gatgatgtgaatgcctca gatgatgtgaatgcctca

TRPA1 rev atgaggacaattgggacgaa ccacctggttttttcctgc ccacctggttttttcctgc

TRPA1 probe tgatggatgattacggaaataccccactgcac (FAM/BHQ1)

TRPV3 fwd gtgcagatgctgatggagaa 265 gtgcagatgctgatggagaa ctacaacaccaacattgacaac

TRPV3 rev tgatctcacggctgagaatg tgatctcacggctgagaatg agcagaaggacaggaagaac

TRPV3 probe cacacgctgctgcatatgaagtggaaga (FAM/BHQ1)

TRPM6 fwd accatgaaaagccttggttg 339 acattggtctcctgcttc

TRPM6 rev cctggctgtccaaagacaat acttttccacacactgttcttc

TRPM7 fwd ttggccagagtgaagcagtt 704 tcaacaggcaggaccttatg

TRPM7 rev ctttggtcggtagggctgt caagagtccaagatggtg

TRPM8 fwd tgctgatcgacgtgttcttc 382 tgctgatcgacgtgttcttc

TRPM8 rev acctggtcgttgttttcctg acctggtcgttgttttcctg

TRPV1 fwd cacgtacatcctcctgctca 255 cacgtacatcctcctgctca

TRPV1 rev gtgttccaggtggtccagtt gtgttccaggtggtccagtt

TRPV4 fwd gacggggacctatagcatca 346 cgagatcatcacactcttcac

TRPV4 rev catgttaaggagcagcacga gagacaatcaccagcacag

TRPV5 fwd gatgctggagaggaagatgc 384 gatgctggagaggaagatg

TRPV5 rev tgataaacccgatcgtctcc tgataaacccgatcgtctcc

TRPV6 fwd gcacctttgagctgttcctc 275 gcacctttgagctgttcctc

TRPV6 rev aaacttgtgcccacagatcc aaacttgtgcccacagatcc

YWHAZ fwd agagagaaaatagagaccgagc agagagaaaatagagaccgagc

YWHAZ rev agccaagtagcggtagtag agccaagtagcggtagtag

YWHAZ probe ccaacgcttcacaagcagagagcaaa (FAM/TAMRA)
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target genes, the same primers could be used as in the PCR
experiments). A 40-cycle two-step PCR protocol (30 s at
90 °C and 2 min at 58 °C) was performed on a thermocycler
(iCycler IQ, Bio-Rad, USA) with 5 μl cDNA and three repli-
cates per reaction. SYBR Green (IQ SYBR Green Supermix,
Bio-Rad, USA) and primers were added according to the man-
ufacturer’s instruction in total assay volumes of 15 μl.
Thresholds were automatically calculated by the cycler soft-
ware. Dilution series-based gene-specific amplification effi-
ciency was determined for every primer pair and subsequently
included in the statistical evaluation. Negative controls (ab-
sence of template or retrotranscriptase) were routinely inclu-
ded. Ct values of all samples were cleared by the primer-
specific amplification efficiency before target gene expression
of each animal was related to the associated expression level
of the reference gene YWHAZ.

In a second approach, the expression levels of the target
genes TRPA1 and TRPV3, and the reference genes YWHAZ,
RPS19, and β-actin were analyzed using self-designed gene-
specific intron spanning primers and dual-labeled probes syn-
thesized by Eurofins MWG Operon, Germany. A 40-cycle
two-step PCR protocol (20 s at 60 °C and 1 s at 95 °C) was
performed on a ViiA7 thermocycler (Applied Biosystems/Life
Technologies, USA). Reactions were carried out in triplicates
with 4.5 μl cDNA and iTaq® Universal Probes Supermix
(Bio-Rad, USA) in a total assay volume of 10 μl.
Thresholds were automatically set by the cycler software. As
before, dilution series-based gene-specific amplification effi-
ciencies were determined for every primer/probe pair; nega-
tive controls were again included routinely. Reference genes
were examined for expression stability using the software
qbasePLUS (Biogazelle NV, Zwijnaarde, Belgium). From
the three reference genes tested, YWHAZ was recommended
as the most stable and was therefore used to benchmark target
gene expression within all samples. Mean target gene Ct

values of six animals were averaged and calibrated to yield
the mean Ct value of YWHAZ. Resulting relative expression
levels were used for statistical analysis.

Statistics

All evaluations were carried out by using Sigma Plot program
version 11.0 for Windows (Systat Software, San Jose, USA).
Results are given as means±SEM. P values of <0.05 were
considered significant. N refers to the number of experimental
animals, and n refers to the number of measurements on indi-
vidual cells or tissues. Data were tested for normal distribution
using the Kolmogorov–Smirnov test. Multiple comparisons
were performed using one-way (repeated measures) analysis
of variance (ANOVA) or ANOVA on ranks, as appropriate,
followed by post hoc testing using the Student–Newman–
Keuls (SNK) method to isolate the group or groups that dif-
fered from the others.

Results

Patch–clamp experiments

The purpose of the patch clamp experiments was to assess
whether (a) cells of the bovine rumen express a conductance
for NH4

+ and (b) whether this conductance or part of it is
modulated by divalent cations in a manner resembling the
nonselective cation channel previously described [31, 49].

K–gluconate pipette solution

Cultured bovine ruminal epithelial cells were brought into the
whole cell configuration and filled with a low calcium K–
gluconate solution and consecutively superfused with various
extracellular buffers (Table 2 and Fig. 1b, c). Mean capaci-
tance was 35.60±8.93 pF (n=6). When NaCl in the bath was
replaced by the largely impermeable NMDG, the current at
−120 mV (I−120) became less negative (p<0.05), while the
reversal potential dropped to a more negative value
(p<0.001), reflecting a decreased influx of cations. No signif-
icant effects on I100 were observed, which suggests that K+-

Table 2 Summary of whole cell patch clamp data from primary cultures of bovine ruminal epithelial cells

Pipette KGlu (n = 6) NaGlu (n = 8) p value NaGlu vs. KGlu

Bath Urev (mV) I−120 (pA·pF
−1) I100 (pA·pF

−1) Urev (mV) I−120 (pA·pF
−1) I100 (pA·pF

−1) Urev I−120 I100

NaCl −19.18 ± 5.63 a −4.92 ± 1.93 a 7.06± 1.99 a −24.28 ± 5.99 a −2.81 ± 0.91 a 7.74± 3.52 a n.s. n.s. n.s.

NMDG-Glu −44.08 ± 6.01 b −3.52 ± 1.56 b 6.64± 2.19 a −23.25 ± 12.13 a −1.85 ± 0.74 b 3.12± 0.74 b n.s. n.s. n.s.

NH4-Glu 4.45 ± 2.80 c −12.9 ± 5.72 c 20.85 ± 3.64 b 22.75 ± 4.97 b −4.17 ± 1.08 c 7.49± 2.14 a <0.05 n.s. <0.01

NH4-Glu EDTA 13.88± 0.83 c −72.31 ± 13.7 d 26.29 ± 6.9 b 23.36 ± 1.60 b −31.69 ± 8.0 d 9.85± 3.51 a <0.01 <0.05 <0.05

NaCl (wash) −14.44 ± 3.83 a −13.36 ± 7.23 a 16.52 ± 5.42 c −0.49± 4.49 c −6.45 ± 4.75 a 10.41 ± 7.14 a <0.05 n.s. n.s.

Within columns, values with different lowercase letters are significantly different (p< 0.05, ANOVA, SNK). Means ± SEM

I−120 current density at −120 mV, I100 current density at +100 mV, Urev reversal potential
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efflux exceeded any influx of Cl−. Subsequent replacement of
extracellular NMDG+ byNH4

+ led to a more negative value of
I−120 (p<0.05), while the reversal potential shifted into the
positive range (p<0.001), with both changes reflecting an
influx of NH4

+. As previously seen [1], a simultaneous rise
in I100 was observed (p<0.05). Since gluconate was used to
replace chloride in the bath, this reflects enhanced efflux of
K+. Removal of Ca2+ and Mg2+ (NH4–gluconate EDTA) in-
duced a further reversible increase in the absolute size of I−120
to more negative values (p<0.05) and a slight rise in the
reversal potential to more positive values (p=0.07), reflecting
a further increase in the influx of NH4

+. Any effects on I100 did
not test for significance.

Relative permeability ratios according to Eq. 2 were
p(NH4

+)/p(NMDG)=7.82±1.85, rising to p(NH4
+ (EGTA))/

p(NMDG)=11.57 ± 2.57 after removal of Ca2+ and Mg2+

(p<0.001). The reversal potential in NMDG–gluconate solu-
tion was used to calculate p(K+)/p(NMDG) = 7.02 ± 1.45,
which was not different from p(NH4

+)/p(NMDG) (p=0.38).
Calculation of p(NH4

+)/p(K+) from the reversal potential in
NH4

+–gluconate solution yielded a value of 1.14±0.11.

Na–gluconate pipette solution

A further series of experiments was performed using a low
calcium Na–gluconate pipette solution (Table 2 and Fig. 1d,
e). Capacitance was 34.45± 5.01 pF (n=8). Since all ions
except Ca2+ were in equilibrium across the membrane, the
negative reversal potential reflects a significant contribution
of chloride to total current [20, 55]. Accordingly, I100 was
significantly reduced by the subsequent replacement of Cl−

by gluconate (p<0.05). Since simultaneously, Na+ was re-
placed by NMDG+, no significant effect on the reversal po-
tential was observed. Again, replacement of NMDG–gluco-
nate by NH4

+–gluconate resulted in a more negative value of
I−120 (p < 0.05), while the reversal potential increased
(p<0.001), suggesting an enhanced influx of NH4

+ as before.
The increase in I100 (p<0.05) suggests an increased efflux of
Na+ at +100 mV. Removal of Ca2+ and Mg2+ resulted in a
further shift in I−120 to more negative values (p<0.05). The
reversal potential remained the same due to a concomitant
increase in the efflux of Na+. Interestingly, the reversal poten-
tial was significantly higher after a return to the NaCl solution
than at the beginning of the experiment (p<0.05), possibly
reflecting a decrease in Cl− conductance by the pretreatment
with NH4

+–gluconate.
Relative to NMDG, the permeability to NH4

+ was
p(NH4

+)/p(NMDG) = 10.54 ± 5.16 and p(NH4
+-EGTA)/

p(NMDG) = 13.76 ± 7.50 (p = 0.64). Both values did
not differ from those found for K–gluconate filled
cells. Calculation of p(NH4

+)/p(Na+) from the reversal
potential in NH4

+–gluconate solution yielded a value
of 2.84 ± 0.60.

Measurements with pH sensitive microelectrodes (open
circuit mode, bovine rumen)

The response of the intact bovine ruminal epithelium to NH4
+

was investigated by measuring the transepithelial potential,
PDt of the tissue in toto, and by measuring the apical potential
PDa and the intracellular pH (pHi) of cells within the tissue via
double-barreled pH-sensitive microelectrodes (Fig. 2 and
Table 3). If ammonia enters the tissue primarily as NH3, no
effect on either PDt or PDa is expected, while pHi should
change toward a more alkaline value. Conversely, entry pri-
marily in the ionic form as NH4

+ should result both in changes
in transepithelial and in apical potential.

To prevent interference with the measurement of PDa,
these experiments were performed in open circuit mode.
However, brief voltage pulses of 10 mV were applied prior
to every solution change to allow an assessment of
transepithelial conductance Gt (arrow in Fig. 2).

PDt

Measurements commenced with both sides superfused
by standard NaCl buffer, pH 7.4. Lowering the apical
pH to 6.4 had no effect on the PDt (ΔPDt = −0.01 ±
0.08 mV, p= 0.8, N/n = 6/12), which only rose in re-
sponse to addition of NH4

+ (by ΔPD t = +2.77 ±
0.37 mV, p< 0.05, N/n = 6/12) (Fig. 2 and Table 3). In
theory, this may reflect transport of NH4

+. Alternately,
NH3 may induce changes in pHi or cell volume with
induction of currents mediated by other ions (e.g., Na+

absorption or Cl− secretion). For this reason, apical pH
was subsequently increased to 7.4 in the continued pres-
ence of NH4

+, which should increase the concentration
of NH3 by a factor of almost 10 with negligible impact
on the concentration of NH4

+. This maneuver had no
impact on PDt (ΔPDt=+0.26±0.25 mV, p=0.3, N/n=6/12),
arguing against effects of NH3. Conversely, removal of NH4

+

at pH 7.4 (standard NaCl buffer) rapidly led to a return of PDt

to values near the starting point (ΔPDt=−2.53 ± 0.12 mV
(p<0.05, N/n=6/12)).

PDa

Changes in the transepithelial potential can reflect a
transfer of ions across the paracellular pathway, the
transcellular pathway, or a combination of both. For this
reason, the potential difference PDa between the cytosol
and the apical side was measured via an impaled micro-
electrode. Both at pH 6.4 and at pH 7.4, the PDa was
depolarized by application of NH4

+ by ΔPDa = 2.12 ±
0.50 mV and ΔPDa= 2.18 ± 0.40 mV, respectively (both
p< 0.05, N/n = 6/12) (Table 3).
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pHi

Reducing mucosal pH from 7.4 to 6.4 resulted in a significant
intracellular acidification by ΔpHi=−0.26±0.07 (p=0.002,
N/n=6/12) (Table 3). Apical exposure to standard NH4

+ buff-
er at constant pH 6.4 led to a further significant drop of pHi by

ΔpHi=−0.13±0.03 (p<0.001, N/n=6/12). Effects were par-
tially reversible after removing protons by switching to pH 7.4
(ΔpHi=+0.23±0.07 (p=0.009, N/n=6/12)). After removal
of NH4

+ and return to the standard NaCl buffer, pHi increased
by ΔpHi=0.18±0.05, returning to the value at the beginning
of the experiment (p=0.65).

The short-circuit current across the bovine rumen: NH4
+,

bumetanide, verapamil, and divalent cations

The effect of 40 mmol·l−1 NH4
+ on the transepithelial

short-circuit current

In a second series of experiments, the short-circuit current (Isc)
necessary for clamping the transepithelial potential to 0 mV
was measured without parallel impalement of the tissue, but in
the same, continuously perfused microelectrode chamber as
before. A switch from NaCl to standard NH4Cl buffer (with
40 mmol·l−1 NH4

+ instead of NMDG+) led to a significant
increase in Isc, reflecting an absorption of cations. The effect
was reversible upon washout (Table 4, Exp 1).

Table 3 Measurements of native bovine ruminal epithelium:
transepithelial potential PDt, apical potential PDa, and intracellular pHi

Mucosal solution PDt (mV) PDa (mV) pHi N/n

NaCl 7.4 −0.11 ± 0.46 a −13.92 ± 2.10 a 6.80± 0.05 a 6/12

NaCl 6.4 −0.10 ± 0.42 a −14.10 ± 1.37 a 6.53± 0.07 b 6/12

NH4Cl 6.4 2.68 ± 0.74 b −11.97 ± 1.34 b 6.40± 0.06 c 6/12

NH4Cl 7.4 2.42 ± 0.52 b −12.91 ± 1.44 b 6.63± 0.06 b 6/12

NaCl 7.4 0.32 ± 0.47 a −13.74 ± 1.67 a 6.81± 0.06 a 6/12

Values reflect means ± SEM of n= 12 tissues from N= 6 animals consec-
utively exposed to the solutions in column 1. All values were measured
10min after the change to the respective solution.Within columns, values
with different lowercase letters are significantly different (p < 0.05,
ANOVA, SNK)
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Fig. 2 Original recording from a measurement of native bovine ruminal
epithelium in a continuously perfused horizontal microelectrode chamber.
Before each change in solution, transepithelial tissue conductance was
checked via brief voltage pulses (arrows in the figure). As the pH-
sensitive microelectrode entered the tissue (Bin^), PDa could be seen to
drop sharply from a value ∼0 mV to ∼−20 mV, while the pH remained
essentially as in the microclimate formed by the stratum corneum
covering the transporting epithelium. The tissue was subsequently

exposed to various solutions in succession. At both pH 6.4 and pH 7.4,
the PDt and the PDa were higher, the pHi lower in solutions containing
NH4

+ than in control solutions at the same pH. At the end of the
experiment, the microelectrode was completely withdrawn from the
tissue (Bout^), resulting in a sharp increase in PDa to ∼0 mV, while pH
increased to ∼7.4. Subsequently, the ion-selective microelectrode was
recalibrated by switching the apical solution from pH 7.4 to pH 6.4 and
back (Bcalibration^)
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The NH4
+-induced current may reflect both transport of

NH4
+ in the ionic form or NH4

+-induced contributions of oth-
er conductances (e.g. Na+). Therefore, a further series of ex-
periments was performed using Na+-free NMDGCl buffers on
the apical side. In this configuration, a negative Isc was ob-
served, possibly reflecting paracellular leak of Na+ from the
serosal to the mucosal side. Replacement of 40 mmol·l−1

NMDG by NH4
+ again led to a reversible increase in Isc

(Fig. 3a and Table 4, Exp 2).

Bumetanide

In various epithelia of the gut, basolateral Na+–K+–2Cl− trans-
port (NKCC) drives secretion of Cl− which in turn modulates

Table 4 Measurements of native bovine ruminal epithelium: short-circuit current (Isc) (continuously perfused chamber)

Exp Bath solutions Short-circuit current Isc (μA·cm
−2) N/n

Solution 1 Solution 2 Solution 3 Solution 1 Solution 2 Solution 3

1 NaCl NH4Cl NaCl 2.43 ± 2.28 a 25.73 ± 2.14 b 2.68 ± 1.95 a 15/35

2 Na+-free NH4Cl Na+-free −20.84 ± 7.42 a 7.51± 6.64 b −15.49 ± 7.53 a 4/10

3 NH4Cl NH4Cl EDTA NH4Cl 16.18 ± 13.35 a 26.35 ± 15.28 b 19.36 ± 12.3 a 3/5

4 NH4Cl +1 mM Verapamil NH4Cl 21.22 ± 1.68 a 16.73 ± 1.53 b 20.51 ± 1.83 a 3/7

Each row represents means ± SEM from a series with consecutive application of solutions 1, 2, and 3, all measured 10min after solution change. In Na+ -
free buffers, NMDGCl was used to replace NaCl. Within rows, values with different lowercase letters are significantly different (p < 0.05, ANOVA,
SNK)
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Fig. 3 Original recordings of
ruminal epithelium. The same
chamber was used as in Fig. 2, but
PDt was clamped to zero, so that
the short-circuit current (Isc) could
be measured. As before, tissue
conductance was checked via
brief voltage pulses before each
solution change. In analogy to the
patch clamp experiments, positive
currents reflecting an influx of
cations into the tissue are depicted
as going downward. a Replacing
NMDG+ by an equimolar amount
of NH4

+ in a Na+-free solution
induced a strong rise in Isc,
corresponding to movement of
cations from the apical to the
basolateral side (bovine rumen). b
Currents could be partially
blocked by verapamil (here: ovine
rumen). c Removal of divalent
cations enhanced the NH4

+-
induced current (bovine rumen)
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the Isc. Serosal application of the Na+–K+–2Cl− blocker bu-
metanide (100 μmol l−1) to bovine rumen showed no effect
(4.2±0.65 to 3.74±1.33 μA·cm−2,ΔIsc=0.38±0.85 μA·cm

−2,
p=0.7, N/n=2/4).

The effect of verapamil and divalent cations

Verapamil blocks cation transport by various channels but not
across the paracellular pathway. In standard NH4

+ buffer (pH
6.4), verapamil reversibly blocked the current induced by
NH4

+ in bovine ruminal epithelium (ΔIsc=−4.49±0.93 μA·
cm−2, Table 4, Exp 4). In preparations from sheep, verapamil
(1 mmol·l−1) blocked current in standard NH4

+ buffer (pH 6.4)
by ΔIsc =−10.73±0.48 μA·cm−2 (p<0.01, N/n=2/4, from
42.91±5.23 to 32.18±5.02 μA·cm−2 with partial washout to
34.63 ± 4.34 μA·cm−2) (Fig. 3b). At 100 μmol·l−1, the
blocking effects of verapamil were less clear (ΔIsc=−2.92±
0.94 μA·cm−2, p = 0.055, N/n = 2/5). The corresponding
values were 40.62 ± 4.66 μA·cm−2 (NH4

+) and 37.69 ±
4.30 μA cm−2 (NH4

++100 μmol·l−1 verapamil).
In analogy to the patch clamp experiments above, removal

of Ca2+ and Mg2+ from the mucosal, Na+-free NH4
+ buffer

resulted in a significant and reversible increase of the
transepithelial current across bovine ruminal epithelium
(Fig. 3c and Table 4, Exp 3).

The effect of various terpenoids on the Isc across bovine rumen
in NH4

+ and Na+ containing buffer solution

The previous results suggest that NH4
+ may be conducted by

the same divalent sensitive, nonselective cation channels that
are also involved in the transport of various cations such as
Na+, K+, Rb+, and Cs+ across the ruminal epithelium [30, 31,
49]. For further characterization, fragrant monoterpenoids that
are known to interact with TRP channels of olfactory epithelia
were added to the mucosal side of the tissue [60]. The serosal
side of the epithelium was superfused with the standard NaCl
buffer (pH 7.4) during all experiments.

Effect of menthol on NH4
+-induced currents

Menthol is known to modulate the activity of TRPM8 [5],
TRPV3 [59], and TRPA1 [28]. The mucosal addition of
1 mmol·l−1 menthol to the standard 40 mmol·l−1 NH4

+ con-
taining buffer led to a transient increase of the transepithelial
current by ΔIscPeak = 4.53 ± 0.94 μA·cm−2 (N/n = 3/12;
p=0.002). After this peak, current level dropped continuous-
ly, so that 10 min after washout, current level had dropped to a
level that was ΔIscWash =−7.84±2.42 μA·cm−2 below that
measured initially (N/n = 3/12; p = 0.085) (Fig. 4a and
Table 5, Exp 1). Given in isolation, the solvent alone
(ethanol) had no effect. Effects of 200 μmol l−1 menthol were
similar, with current transiently rising by ΔIscPeak = 5.35±

0.97 μA·cm−2 (N/n = 4/11; p=0.006) before subsequently
dropping by ΔIscWash =−9.92 ± 2.25 μA·cm−2 (N/n = 4/11;
p=0.016) (Table 5, Exp 2).

All solutions in these experiments contained a back-
ground of 70 mmol·l−1 of Na+. Two further experiments
were carried out in Na+-free buffer, showing the same
biphasic effects of menthol (Fig. 4b).

Effect of menthol on Na+-induced currents

In the entire series of experiments, we avoided raising
basolateral NH4

+ concentration to unphysiological and poten-
tially toxic levels. Accordingly, a chemical gradient for NH4

+

was present. Two hypotheses were thus possible: (a) menthol
stimulates ion channels within the epithelium, stimulating
transcellular NH4

+ flux, and (b) menthol initiates signaling
with an impact on tight junctions, stimulating paracellular
NH4

+ flux. For this reason, the next series of experiments
was performed with the same physiological NaCl buffer solu-
tion on both sides of the tissue. Since no chemical gradient
was present as a driving force for paracellular transport, the
stimulation of Isc by menthol in these experiments clearly
proves an effect on the transcellular passage of ions (Fig. 4c
and Table 5, Exp 3). As before, a biphasic response was ob-
served to a peak value by ΔIscPeak = 6.95 ± 2.44 μA·cm−2

(N/n=3/12; p<0.05), with a subsequent continuous drop by
ΔIscWash=−13.91±3.00 μA·cm−2 to a value significantly be-
low zero (p=0.016). Possibly, this negative current reflects a
secretion of K+ through nonselective cation channels opened
by menthol.

Effect of thymol on NH4
+-induced currents

Thymol is known to have stimulatory effects on TRPV3
[41, 59, 68]. In further experiments, the effect of thymol
(1 mmol·l−1) on NH4

+-induced currents was tested in
Na+-free buffer. In five bovine tissues from four ani-
mals, the response resembled that observed with men-
thol , with a transient act ivat ion of current by
ΔIscPeak = 6.12 ± 1.99 μA·cm−2 (p < 0.001) followed by
a subsequent reduction to ΔIscWash =−10.43 ± 2.35 μA·
cm−2, significantly below the baseline (N/n = 4/5,
p= 0.01, Fig. 5a). Four tissues from two further animals
only showed this reduction (ΔIscWash = −12.38 ±
4.89 μA·cm−2, N/n = 2/4, p= 0.01, Fig. 5b). Despite a
trend (p= 0.078), the transient activation of current level
did not pass testing for significance when all data were
pooled (Table 5, Exp 4). At a concentration of
100 μmol·l−1, only subtle effects could be observed that
again did not pass testing for significance (Table 5,
Exp 5).
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Table 5 Measurements of native bovine ruminal epithelium: effect of various TRP channel modulators on the short-circuit current (Isc) (continuously
perfused chamber)

Exp Bath solutions Short-circuit current Isc (μA·cm
−2) N/n

Buffer Modulator μmol·l−1 Before Peaka Washb

1 NH4Cl Menthol 1000 24.20± 4.51 a 28.73 ± 4.83 b 20.88 ± 3.68 ac 3/12

2 NH4Cl Menthol 200 30.99± 3.70 a 36.34 ± 3.66 b 26.42 ± 2.71 c 4/11

3 NaCl Menthol 1000 00.90± 2.32 a 7.86 ± 4.05 b −06.05± 1.99 c 3/12

4 NH4Cl Thymol 1000 08.39± 6.62 a 11.61± 6.95 ac 02.59 ± 5.55 b 6/9

5 NH4Cl Thymol 100 22.47± 3.87 a 22.19 ± 4.00 a 15.82 ± 9.60 a 2/4

6 NH4Cl Cinnam -aldehyde 1000 31.53± 3.15 a 28.39 ± 3.26 ad 28.30 ± 4.81 a 2/8

7 NH4Cl Capsaicin 100 23.10± 5.69 a 19.85 ± 5.33 b 21.54 ± 5.88 a 4/6

8 NH4Cl (Na
+-free) Menthyl Salicylate 1000 25.44± 1.80 a 21.06 ± 2.97 a 21.51 ± 4.09 a 3/4

Each row represents means ± SEM from a series of experiments in which one channel modulator was added to the mucosal buffer solution as indicated.
Within rows, values with different lowercase letters are significantly different (p < 0.05, ANOVA, SNK)
aMaximal or minimal value of Isc after addition of modulator
b Value measured 10 min after washout
c Trend for significant difference (p < 0.1, ANOVA, SNK) (see text)
d The power of the performed test was below the desired power; a difference may exist (see text)

45
40
35
30
25
20

I s
c 

(µ
A

·c
m

-2
)

35302520151050
time (min)

25.6.12RdPa5

NaCl + 40 mM NH4Cl

1 mM cinnamaldehyde

45

40

35

30

25

I s
c 

(µ
A

·c
m

-2
)

403020100
time (min)

7.3.12RdPa1

NaCl + 40 mM NH4Cl
100 µM capsaicin

32

28

24

20

I s
c 

(µ
A

·c
m

-2
)

302520151050
time (min)

26.2.13RdPa3

NaCl + 40 mM NH4Cl
1 mM methyl salicylate

a

b

c

Fig. 6 Original recordings of
bovine ruminal epithelium as in
Fig. 3, showing the effects of
cinnamaldehyde (a), capsaicin (b)
and methyl salicylate (c). Details
in text

1344 Pflugers Arch - Eur J Physiol (2016) 468:1333–1352



Effects of cinnamaldehyde, capsaicin, methyl salicylate,
camphor, icilin, and capsazepine

Cinnamaldehyde is a modulator of TRPA1 [2], with both ac-
tivation and inhibition reported depending on the concentra-
tion applied. Cinnamaldehyde (1 mmol·l−1) visibly inhibited
NH4

+-induced currents across bovine ruminal epithelium
(ΔIscPeak = −3.14 ± 1.29 μA·cm−2) (Table 5, Exp 6 and
Fig. 6a).

Capsaicin is known as a specific TRPV1 agonist [13, 60].
Application of 100 μmol·l−1 to the mucosal standard NH4

+

buffer solution resulted in a significant decrease in current

(ΔIscPeak =−3.25 ± 1.16 μA·cm−2; N/n = 4/6; p<0.05) with
subsequent washout (N/n=4/6, Fig. 6b and Table 5, Exp 7).

Given in Na+-free NH4
+ buffer, the TRPA1 agonist methyl

salicylate induced a clearly visible and reversible drop in Isc
that did not pass testing for significance at N/n=3/4 (Fig. 6c).

Responses to application of camphor, an agonist of
TRPA1, TRPV1, and TRPV3 channels, also showed clearly
visible but highly variable responses, which overall did not
pass testing for significance (N/n=3/6). Icilin is known as a
strong and highly specific agonist of TRPM8 channels. Given
in a concentration of 100μmol·l−1, it showed no visible effects
on Isc at N/n=2/3. Capsazepine reportedly blocks TRPV1 and

Table 6 Measurements of native ovine ruminal epithelium: effect of menthol on the short-circuit current (Isc), the conductance (Gt), and the flux of
Ca2+ (Ussing chambers)

Menthol (μmol·l−1) 0 10 100 1000 N/n p value

Isc (μEq·cm
−2·h−1) (before) 0.86 ± 0.14 a 0.88± 0.16 a 0.93± 0.16 a 0.84 ± 0.16 a 4/18 0.675

Isc (μEq·cm
−2·h−1) (after) 0.68 ± 0.14 a 0.81± 0.17 a 0.75± 0.12 a 0.41 ± 0.08 b 4/18 0.004

ΔIscPeaka (μEq·cm−2·h−1) 0.04 ± 0.01 a 0.05± 0.01 a 0.07± 0.02 a 0.51 ± 0.10 b 4/18 <0.001

Gt (mS·cm−2) (before) 5.20 ± 0.68 a 5.94± 0.83 a 5.33± 0.73 a 5.56 ± 0.83 a 4/18 0.138

Gt (mS · cm−2) (after) 5.74 ± 0.49 a 5.83± 0.55 a 6.18± 0.62 a 7.32 ± 0.70 b 4/18 <0.001

ΔGtPeak
b (mS·cm−2) 0.22 ± 0.04 a 0.34± 0.13 a 0.14± 0.03 a 0.64 ± 0.10 b 4/18 0.007

Jms (nmol·cm−2·h−1) (Ca2+) 15.03 ± 1.22 a 17.86 ± 0.79 ac 17.39 ± 1.77 ac 16.31 ± 1.64 a 4/9 0.296c

Jsm (nmol·cm−2·h−1) (Ca2+) 6.42 ± 0.86 a 4.62± 0.73 b 6.04± 0.81 a 9.50 ± 1.41 c 4/9 0.010

Jnet (nmol·cm−2·h−1) (Ca2+) 8.60 ± 1.43 a 13.24 ± 0.91 b 11.35 ± 2.10 b 6.47 ± 1.01 a 4/9 0.004

Experiments were performed using Na+ buffers (no chemical gradient, details see text). Within rows, values with different lowercase letters are
significantly different (p < 0.05, ANOVA, SNK). Note that J (in μeq·cm−2 ·h−1 ) =Φt (in μA·cm−2 )/26.80≈Gt (in mS) (see BMethods^)
a Size of Isc peak after addition of agonist or solvant
b Simultaneous change in Gt (see Fig. 7a)
c The power of the performed test was below the desired power; a difference may exist (see text)

Table 7 Measurements of native ovine ruminal epithelium: effect of thymol on the short-circuit current (Isc), the conductance (Gt), and the flux of Ca
2+

(Ussing chambers)

Thymol (μmol l−1) 0 10 100 1000 N/n p value

Isc (μEq·cm
−2·h−1) (before) 0.91 ± 0.08 a 0.82± 0.07 a 0.93± 0.08 a 0.83± 0.08 a 3/18 0.601

Isc (μEq·cm
−2·h−1) (after) 0.80 ± 0.14 a 0.86± 0.10 a 0.87± 0.11 a 0.08± 0.14 b 3/18 <0.001

ΔIscPeaka (μEq·cm−2·h−1) 0.11 ± 0.02 a 0.08± 0.01 a 0.32± 0.11 b 0.79± 0.20 c 3/18 0.001

Gt (mS·cm−2) (before) 3.85 ± 0.44 a 4.07± 0.52 a 3.95± 0.44 a 3.84± 0.47 a 3/18 0.452

Gt (mS·cm−2) (after) 3.84 ± 0.35 a 3.82± 0.41 a 3.91± 0.41 a 8.83± 0.54 b 3/18 <0.001

ΔGtPeak
b (mS·cm−2) 0.17 ± 0.03 a 0.20± 0.11 b 0.50± 0.13 c 0.72± 0.17 d 3/18 0.002

Jms (nmol·cm−2·h−1) (Ca2+) 13.95 ± 1.94 a 12.66 ± 1.87 a 13.52 ± 2.00 a 15.06± 1.50 b 4/9 0.024

Jsm (nmol·cm−2·h−1) (Ca2+) 5.26 ± 0.38 a 3.63± 0.42 b 4.30± 0.48 ab 13.81± 1.25 c 4/9 <0.001

Jnet (nmol·cm−2·h−1) (Ca2+) 8.68 ± 1.68 a 9.03± 1.80 a 9.22± 1.98 a 1.95± 1.00 b 4/9 0.004

Experiments were performed using Na+ buffers (no chemical gradient, details see text). Within rows, values with different lowercase letters are
significantly different (p < 0.05, ANOVA, SNK). Note that J (in μeq·cm−2 ·h−1 ) =Φt (in μA·cm−2 )/26.80≈Gt (in mS) (see BMethods^)
a Change to Isc peak after addition of agonist or solvant
b Simultaneous change in Gt (Fig. 7a)
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TRPM8. When tested on two epithelia at 20 μmol·l−1, no
effect on current was observed (N/n=2/2).

Effects of menthol and thymol on the Isc, the Gt,
and on 45Ca2+-fluxes across the ovine rumen

Given the well-known role of the ruminal epithelium in the
absorption of Ca2+ [26, 47, 56], the effect of menthol and
thymol on the flux of 45Ca2+ was subsequently investigated
in ovine epithelia in classical Ussing chambers. The ruminal
epithelium of sheep, which represents an established model
for transport across the rumen of cattle, can be more easily
stripped from the submucosal layers so that tissue damage is
less likely. All experiments were performed using a standard
rumen buffer with SCFA but without NH4

+ and gassed with
95 % O2/CO2 [56]. Since the concentrations of Na

+, K+, and
Cl− were equal on both sides of the epithelium, any change in

Isc should reflect transcellular transport. Tissue conductance
Gt was monitored throughout.

The values given in Tables 6 and 7 reflect measurements
5 min before and 80 min after application of the agonist (re-
ferred to as Isc (before) and Isc (after), and Gt (before) and Gt

(after), respectively). In addition, the size of the maximal pos-
itive change in Isc after application of the agonist (ΔIscPeak)
and the corresponding change in Gt (ΔGtPeak) until that
timepoint are given in the tables (Fig. 7a). Values of Isc are
given inμEq·cm−2·h−1, which allows a direct comparisonwith
the Gt in mS·cm−2 (see BMethods^). To test for epithelial
vitality, ouabain was given at the end of each experiment.
The effect of menthol and thymol was tested in concentrations
of 10, 100, and 1000 μmol·l−1 in paired tissues from the same
animal versus an equivalent amount of the solvent (ethanol)
(Table 6 and Table 7). Sixty minutes after application of the
test substance, mucosal to serosal flux of 45Ca2+ (Jms(Ca

2+))
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Fig. 7 Original recordings from pieces of ruminal epithelium from one
sheep, measured in 24 conventional Ussing chambers in parallel (NaCl on
both sides; no cation gradient). a Detail from one epithelium: after
addition of menthol to the mucosal bath solution, a transient rise in Isc
(in μEq·cm−2·h−1) by ΔIscPeak was observed that was coupled to an
almost identical change in the conductance by ΔGtPeak (in mS·cm−2). b

Overlay of the raw data from all 24 chambers with 6 epithelia in each
treatment group (time relative to start of measurement in each individual
chamber; no current offset). Note the difference in the Gt response of the
epithelia tomenthol and thymol, whichmay reflect significant differences
in the pharmacological interaction of these agonists with the tissue
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and serosal to mucosal flux of 45Ca2+ (Jsm(Ca
2+)) were mea-

sured for three flux periods of 30 min each. Values did not
change significantly over time and were subsequently pooled
to yield one mean value for that epithelium.

Figure 7 shows an additional experiment in which menthol
and thymol were tested in parallel on the tissues of one further
sheep. Since this experiment did not include data for all treat-
ment groups, the data are not included in the tables or the
statistics.

Menthol

As in bovine ruminal epithelia, application of menthol in a
concentration of ≥100 μmol·l−1 led to a biphasic response in
the level of Isc, with an initial rise in Isc by ΔIscPeak (Table 6
and Fig. 7). The conductance Gt increased sharply in parallel
to the Isc value, with a mean change of ΔGtPeak measured at
the time of the Isc peak (Fig. 7a). As before, Isc subsequently
declined to a value significantly lower than that measured
initially for that epithelium, while Gt continued to rise.
Application of ouabain (100 μmol·l−1) led to a reduction of
Isc to a level not significantly different from zero. The value of
Gt was not affected (Fig. 7).

The net absorption of Ca2+ (Jnet(Ca
2+)) increased signifi-

cantly versus control after application of menthol at the two
lower concentrations (Table 6). Two components contributed

to this effect: Firstly, the two lower concentrations of menthol
suppressed Jsm(Ca

2+) in a highly significant manner (ANOVA,
p<0.001). Secondly, there was a certain trend for a stimulation
of Jms(Ca

2+) by menthol. When values of Jms(Ca
2+) were test-

ed in isolation versus the control group (paired t test), p values
of 0.088 and 0.043 emerged for concentrations of 10 or
100 μmol·l−1 menthol, respectively, although testing of all
groups via ANOVA did not yield a reliable result (Table 6).

Thymol

Effects of thymol were similar to those seen with menthol,
with a concentration dependent, significant biphasic response
in Isc, a monophasic increase in Gt, and corresponding re-
sponses to ouabain (Fig. 7 and Table 7). At a concentration
of 1000 mmol·l−1, thymol significantly stimulated both
Jms(Ca

2+) and Jsm(Ca
2+), resulting in a corresponding signif-

icant decline in Jnet(Ca
2+) versus control. As in the case of

menthol, thymol reduced Jsm(Ca
2+) at the two lower

concentrations.

Identification of mRNA encoding for candidate genes
from the TRP channel family

After amplification using the primers in Table 1, a strong
signal for TRPA1, TRPV3, TRPV4, TRPM6, and TRPM7
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Fig. 8 a Gel electrophoresis
loaded with PCR products from
pooled cDNA from three cows
using primers for TRPA1, V3,
V4, V6, M6, and M7 (from left to
right). Prominent bands were
detected for target genes TRPA1,
V3, V4, M6, and M7, indicating
strong expression levels.
Conversely, only discrete bands
for TRPV6 emerged. b The figure
shows the means (±SEM) of
mRNA expression of ruminal
samples from six individual cows,
normalized to the reference gene
YWHAZ. No significant
differences emerged between the
expression levels of TRPA1, V3,
V4, V6, M6, and M7, although
there was a clear trend for lower
expression of TRPA1 versus all
other channels. Any expression of
TRPM8, TRPV1, TRPV5, and
TRPV6 was below the detection
threshhold (details: see text)
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was detected in gel electrophoresis of both ovine and bovine
samples, indicating a strongmessenger RNA (mRNA) expres-
sion of the target genes by the ruminal epithelium (Fig. 8).
TRPV6 was only very weakly expressed, while bands for
TRPV1, TRPV5, and TRPM8 were only evident in bovine
medulla oblongata, kidney, or testis, but not in the ovine or
bovine ruminal epithelium (data not shown). It thus appears
that any expression of TRPV1, TRPV5, or TRPM8 by the
ruminal epithelium is either nonexistant or very discrete. For
TRPV2, no reliable band was detected in either ruminal tissue
or control tissues using two different primer sequences.

In the subsequent qPCR analysis, target gene expression of
six animals was compared semiquantitatively using a SYBR
Green setup. Relative to the housekeeping gene YWHAZ, the
expression levels of TRPV3, V4, M6, and M7 were remark-
ably similar in all tissues studied (expression levels approxi-
mately 0.8-fold, Fig. 8). Expression of TRPV1, TRPV5,
TRPV6, and TRPM8 was not detected, confirming the results
of the PCR approach. The Ct values for TRPA1 exceeded
30 cycles and were considered insufficiently reliable. To en-
sure the validity of the results, a primer/probe setup was
established for TRPA1 and TRPV3 relative to three house-
keeping genes, among which YWHAZ emerged as the most
stable (see BMethods^). Evaluation of the data showed that in
every sample, the relation of TRPV3 and YWHAZwas nearly
identical using both setups (average relation of mean Ct value
YWHAZ/ mean Ct value TRPV3=0.80). Conversely, aver-
age TRPA1 expression was only 0.57-fold of YWHAZ, al-
though this difference did not pass testing for significance.

Discussion

A channel-mediated uptake route for ammonia in the form of
NH4

+ from the rumen has been postulated for over a decade
[1, 10], but both the molecular identity of these channels and
that of the divalent nonselective cation channels that mediate
the uptake of Na+ by the ruminal epithelium have remained
obscure [31]. In the current study, we provide functional and
molecular biological evidence for the involvement of mem-
bers of the TRP channel family in the uptake of NH4

+, Na+,
and Ca2+. The functional effects of specific modulators point
toward TRPV3 and TRPA1 as prime candidates. This result is
supported by the finding that both channels are expressed on
the level of mRNA in ovine (PCR) and bovine (PCR, qPCR)
samples. However, it should be stressed that other TRP chan-
nels, in particular TRPV4, are robustly expressed at the level
of mRNA in both sheep and cattle. While a functional signi-
ficance for transport remains to be demonstrated, these chan-
nels may play additional roles. For both species, we further
confirm that any ruminal expression of mRNA encoding for
TRPV6 is very weak [63, 64], while no bands for TRPM8,
TRPV1, TRPV2, or TRPV5 were detectable. Finally, we

demonstrate that, in addition to the ubiquitous Mg2+ channel
TRPM7 previously identified in sheep [50], both the ovine
and the bovine rumen express mRNA encoding for the epi-
thelial Mg2+ channel TRPM6.

In a first step, we demonstrate that, as previously shown for
the ovine rumen [1, 10] and the porcine cecum [54], applica-
tion of NH4

+ increased both the transepithelial potential and
the short-circuit current across the bovine ruminal epithelium
(Figs. 2 and 3, Tables 3 and 4). The NH4

+-induced Isc persisted
after replacement of all Na+ by NMDG+, which suggests that
basolateral efflux may also involve NH4

+ via a mechanism
that remains to be clarified. Since protons are removed from
the rumen together with ammonia, the large losses of NH4

+

from the rumen of cattle fed high concentrate diets may rep-
resent a strategy that helps the animals to cope with the aci-
dotic ruminal pH value that typically develops in this feeding
scenario [29].

Transcellular transport of NH4
+ is supported not only by

the blocking effect of the nonselective cation channel blocker
verapamil but also by the results of experiments using pH-
selective electrodes, showing that as in sheep, exposure to
NH4

+ depolarizes the apical membrane and acidifies the cyto-
sol [33] (Fig. 2 and Table 3). Since the cytosol is more alkaline
than the apical solution (∼6.4), a certain fraction of the NH4

+

that enters will deprotonate to NH3 and leave in that form. In
line with this, a previous study has shown that exposure to
NH4

+ stimulates Na+ uptake via NHE, with the stimulatory
effect blockable by amiloride [1]. An apical recirculation of
ammonia (in as NH4

+, out apically as NH3) is conceivable and
may explain why the stimulation of Na+ transport via NHE
exceeded the total net transport of ammonia in that study.

There is currently no reason to believe that chloride secre-
tion as seen in the colon contributes significantly to the Isc
across the ruminal epithelium. Thus, bumetanide, which
blocks Na+-K+-2Cl− transport, had no effect in this study,
while past attempts to stimulate CFTR by elevating cAMP
have failed [16, 67]. Current models suggest that chloride is
absorbed by the rumen via an electrically silent process [35]
that involves apical Cl−/HCO3

− exchange coupled to Na+/H+

exchange [3, 20] and basolateral efflux via an anion channel
[20, 45, 55], driven by the Na+/K+-ATPase.

A central clue toward identifying the apical uptake path-
way for NH4

+ comes from the observation that both in bovine
tissues and in isolated cells in patch clamp experiments, the
NH4

+-induced current could be strongly enhanced by removal
of Ca2+ and Mg2+ (Figs. 1 and 3, Tables 2 and 4). In the patch
clamp experiments and as previously observed [1], applica-
tion of NH4

+–gluconate stimulated not only influx of NH4
+ at

−120 mV but also efflux of K+ or Na+ from the pipette solu-
tion at +100 mV. Such effects are typically seen when a
permeant ion enters the pore of a multi-ion channel [24] and
suggests that K+, Na+, and NH4

+ permeate the pore of a joint
nonselective cation channel. As previously observed for Na+
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and K+ [31], the block by divalent cations (Ca2+, Mg2+) was
voltage dependent, with effects maximal at −120 mV. In con-
junction, these observations argue for a permeation of NH4

+

through the pore of a nonselective cation channel with char-
acteristics resembling those of the TRP family [40].

In further attempts to characterize the NH4
+ conductance of

the native ruminal epithelium, menthol and thymol emerged as
potent agonists eliciting a biphasic current response when ap-
plied in solutions containing either cation. Menthol is known for
its specific effects on TRPM8 [5], TRPV3 [59], and TRPA1
[28], and thymol primarily for its stimulatory effects on
TRPV3 [41, 59, 68]. Of these candidate genes, only TRPA1
and TRPV3 were expressed by the rumen at the level of
mRNA, excluding TRPM8 as a potential candidate. This find-
ing is supported by the lack of a functional effect of the tissue in
response to the TRPM8 agonist icilin. Both TRPA1 and TRPV3
discriminate poorly between different cations, with competition
between monovalent and divalent cations in the channel pore
leading to an apparent Bblock^ of the monovalent current.

A closer look at the effects of menthol and thymol reveals
interesting insights. Applied apically at a concentration
≥100 μmol·l−1 and in solutions containing either NH4

+ or
Na+ or both, menthol or thymol induced a biphasic activation
of short-circuit current with an initial stimulation to a peak
value followed by a decline to values below the original level.
It may be argued that since the mobility for NH4

+ (∼1) is
higher than that of Na+ (0.682) [6], the current peak reflects
a transient opening of the paracellular pathway with
paracellular efflux of NH4

+. However, in experiments with
Na+, no chemical gradient was present so that an opening of
the paracellular pathway should have resulted in a drop in
current rather than a rise. Instead, the same current profile
was observed, arguing for the opening of a channel.

Several different explanations are possible for the biphasic
response. Since a thick stratum corneum covers the apical,
transporting layer of cells in the rumen, the current profile
may reflect a gradual increase in the concentration of the ago-
nist, with an initial stimulation by low concentrations followed
by subsequent inhibitory effects [2, 28]. If this were the case,
only the stimulatory effect should have been seen at lower
concentrations of the agonist, which was not the case.
Alternately, time-dependent desensitizationmay have occurred,
as reported after short-term exposure of a cell line expressing
TRPV3 [51]. A third hypothesis is possible: An initial stimula-
tion of Na+ or NH4

+ influx into the epithelium with depolari-
zation of the apical membrane is followed by a gradual increase
in the efflux of K+ through the nonselective pore, leading to an
inversion of the direction of current in our experiments. With
due caution, this interpretation is supported by the observation
that after the initial menthol-induced peak, the Isc values of
bovine epithelia in symmetrical NaCl Ringer declined to values
significantly below zero (Table 5, Exp. 3), while tissue conduc-
tance continued to rise (Tables 6 and 7, Fig. 7).

The last series of experiments was performed using sheep
ruminal epithelia incubated in conventional Ussing chambers
(Tables 6 and 7, Fig. 7). As before, we observed a marked
change in Isc (ΔIscPeak) at the two higher concentrations of
both menthol and thymol, as discussed above. Since Na+

was in equilibrium across the tissue in these experiments,
the menthol-induced peak is clearly caused by transcellular
processes. In parallel to ΔIscPeak, a rise in Gt (by ΔGtPeak)
was observed (Fig. 7a). An old electrophysiological Brule of
the thumb^ states that at 37 °C, the flux of an ion (in
μeq·cm−2·h−1) is numerically identical to the conductance (in
mS·cm−2) (for derivation, see BMethods^). At the highest con-
centration applied, ΔGtPeak thus corresponds almost
completely to ΔIscPeak and consequently appears to primarily
reflect current through a transcellular pathway.

The ruminal epithelium also contributes to the gastro-
intestinal absorption of Ca2+ in the ruminant. Carefully
done recent studies of Ca2+ transport across the ovine
rumen clearly show that mucosal to serosal flux of Ca2+

(Jms(Ca
2+)) is primarily transcellular [64] and involves

both electroneutral and electrogenic mechanisms [65].
However, as confirmed in this study, attempts to detect
mRNA encoding for the classical epithelial Ca2+ chan-
nels TRPV5 and TRPV6 were not successful [48, 63,
64].

TRPA1 and TRPV3 both have a considerable conductance
for Ca2+, with values of p(Ca2+)/p(Na+) in the range of 7 to 10
and 1 to 12 for TRPV3 and TRPA1, respectively [19, 38, 69],
with an influx of Ca2+ observable after stimulation with ap-
propriate agonists [21]. Accordingly, the effects of menthol
and thymol on Ca2+ fluxes were studied. At the two lower
concentrations applied, menthol tended to increase
Jms(Ca

2+), with effects approaching significance level in
paired testing versus control tissues. The significant effect of
1000 μmol l−1 thymol on Jms(Ca

2+) may reflect an action on
both transcellular and paracellular pathways. Somewhat un-
expectedly, the serosal to mucosal flux of 45Ca2+ (Jsm(Ca

2+))
dropped significantly after application of either menthol or
thymol at the lowest concentration (10 μmol·l−1). Since rumi-
nal Jsm(Ca

2+) has been shown to correlate significantly to the
flux of mannitol as a marker of paracellular transport [64], the
most likely explanation for this observation is a closing of the
paracellular pathway. In conjunction, the two lower concen-
trations of menthol (10 and 100 μmol·l−1) significantly en-
hanced the net absorption of Ca2+ by the ruminal epithelium,
via mechanisms that probably involve both a direct action on
TRP channels and secondary effects on barrier-forming pro-
teins of the paracellular pathway. Both effects may be linked,
since a number of studies have shown that calcium entry
through TRP channels modulates barrier integrity [9, 44,
57]. An involvement of TRPA1 or TRPV3 and possibly
TRPV4 in the apical uptake of Ca2+ should thus be consid-
ered, although further work is clearly warranted.
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