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Summary &mdash; In ruminants, the forestomachs, and especially the reticulorumen, have walls with
anatomical and histological properties that permit the exchanges of various metabolites, water and min-
erals between the rumen contents and the blood. The development of papillae on the walls and the local
blood circulation favour these exchanges. They depend to varying degrees on the food supply and the
concentrations of volatile fatty acids (VFA) produced by the microbial catabolism of polysaccharides.
The absorption of VFA and ammonia occurs essentially by a process of passive diffusion of their non-
ionised form through the epithelial cell membranes. For each of these substances, the existence of a
transport system for the ionised forms is also suspected, but its relative importance is unknown. Short-
term modifications in the absorption of these two substances are thus primarily determined by varia-
tions in their intraruminal concentrations and pH. Other factors may also be implicated, and it is known
in particular that the absorption of ammonia is enhanced when the intraruminal concentration of VFA
or the carbon dioxide (C02) level increases. The movement of urea through the wall occurs from the
blood towards the rumen content according to the concentration gradient. The main factors liable to influ-
ence the transepithelial flux of urea seem to be the blood urea levels and factors that act on the con-
tact surface between the blood compartment and the epithelium (C02, VFA). Ruminal ammonia con-
centration also affects the net urea transfer across the rumen wall but the mechanisms involved in this

regulation are not clearly understood. The absorption of water through the rumen wall results from
an osmotic pressure gradient between the rumen and the plasma. This is modified not only by factors
that modify the blood flow rates at the wall, but also by electrolyte concentrations. The absorption of min-
erals from the rumen has also been demonstrated (Mg, Ca, Na, Cl, K, sulphur and certain metals). This
occurs by mechanisms of varying complexity according to the element involved.
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Résumé &mdash; Échanges de métabolites, d’eau et de minéraux à travers la paroi du rumen : méca-
nismes et régulations. Chez les ruminants, les préestomacs, et plus particulièrement le réticulo-
rumen, ont une paroi dont les caractéristiques anatomo-histologiques permettent les échanges de
différents métabolites, d’eau et de minéraux entre le contenu ruminai et le sang. Le développement des
papilles de la paroi et l’importance de l’irrigation sanguine favorisent cette absorption et sont plus ou
moins dépendants des apports alimentaires et de la concentration en acides gras volatils produits
par le catabolisme microbien des polysaccharides. L’absorption des acides gras volatils et de l’ammo-
niaque s’effectue essentiellement selon un processus de diffusion passive de leur forme non ionisée
à travers les membranes des cellules épithéliales. Pour chacune de ces substances, l’existence d’un
système de transport pour les formes ionisées est également suspectée, mais on ne connaît pas
l’importance relative de cette voie de passage transmembranaire. Les modifications à court terme de
l’absorption de ces deux molécules sont donc en premier lieu déterminées par des variations de
concentration intraruminales et des variations de pH. D’autres facteurs peuvent également intervenir
et on sait notamment que l’absorption d’ammoniaque est accrue lorsque la concentration intraruminale
en acides gras volatils ou la teneur de C02 augmente. Le passage d’urée à travers la paroi s’effectue
du sang vers le contenu ruminai en fonction du gradient de concentration. L’urée étant rapidement et
totalement hydrolysée dans le rumen, les principaux facteurs susceptibles de faire varier ce flux tran-
sépithélial d’urée semblent être l’urémie et les facteurs agissant sur la surface de contact entre le
compartiment sanguin et l’épithélium (CO2, acides gras volatils). La concentration ruminale en ammo-
niaque joue également un rôle dans la régulation du transfert d’urée ; son mode d’action n’est cepen-
dant pas clairement déterminé. L’absorption d’eau à travers la paroi du rumen résulte d’un gradient de
pression osmotique entre le rumen et le plasma ; elle est modifiée, non seulement, par les facteurs qui
modifient le débit sanguin au niveau de la paroi, mais également par les concentrations en électrolytes.
Les minéraux peuvent également être absorbés à travers la paroi du rumen (Mg, Ca, Na, CI, K, soufre
et certains métaux) ; cette absorption s’effectue par des mécanismes plus ou moins complexes et
son intensité est variable selon l’élément considéré.

paroi ruminale / acide gras volatil / ammoniaque / urée / eau / minéraux

INTRODUCTION

The development of voluminous forestom-
achs, and in particular the development of
the reticulorumen, gives ruminants a highly
characteristic digestive physiology. Certain
aspects of this digestive physiology are well
known. Numerous studies have been
devoted to the motricity of the reticuloru-
men, its regulation and its effects on diges-
tive transit. Likewise, the biochemical
aspects of microbial digestion and its con-
sequences for nutrition and metabolism in

ruminants have been thoroughly studied. In n
contrast, the extent to which the reticuloru-
men is able to absorb and recycle materials
through its wall is less well known. It was

long assumed, as stated by Colin in 1853,
that &dquo;the epithelium of the rumen is less per-
meable than that of the mouth and oesoph-
agus, and is without doubt the main obsta-

de to absorption in the first stomach com-
partments&dquo;. Although it is now well estab-

lished that the mucosa of the reticulorumen

possesses an absorptive function, it is only
in recent years that significant progress has
been made in the quantitative evaluation of
the absorption processes, through the use of
isotopic dilution techniques that allow nitro-
gen flow rates to be estimated (Nolan and
Leng, 1972), and the development of meth-
ods for ruminal blood flow measurement

and ruminal vein catheterisation (Remond et
al, 1993c), which make it possible to mea-
sure net fluxes of metabolites across the

ruminal wall. The parallel use of in vitro tech-
niques (Martens et al, 1978) has generated
essential information for understanding the
mechanisms involved in these transepithe-
lial transport processes.

For certain substances derived from
microbial metabolism or present in the feed,



the rumen can represent the most impor-
tant absorption site in the digestive tract
(VFA, ammonia, magnesium, etc). The
quantitative extent of this absorption
depends primarily on the absorption capac-
ity of the rumen, which is determined by the
structure of the epithelium and the amount
of exchange surfaces between the diges-
tive contents and the blood. It also depends
on the mode of transport specific to each
substance.

MORPHOLOGICAL AND FUNCTIONAL
CHARACTERISTICS OF THE RUMEN
WALL

Structure of the ruminal mucosa

The reticulorumen is a highly voluminous
compartment (80 to 100 L in the cow, 10 to
15 L in the sheep). It is subdivided into sev-
eral compartments by various folds of its
wall, which has the effect of increasing the
amount of surface area contacting the
digesta. The surface area of the rumen
mucosa is further increased by the pres-
ence, over practically the entire inner wall, of
numerous conical or tongue-shaped papil-
lae. The distribution, size and number of
these papillae depend on the species and
also on diet. In cattle, 80 to 85% of the inner
surface are covered with papillae; in sheep,
the papillae are irregularly distributed, and
the ruminal pillars and the dorsal sac are
usually devoid of papillae, or bear papillae of
small size. The differentiation of papillae
observed in different parts of the rumen
appears to be linked to the layering of the
digestive contents in the rumen.

The papillae, as well as the entire inner
rumen wall, are covered with a mucous
membrane composed of a keratinised multi-
layer epithelium, a richly vascularised con-
junctive tissue, crossed by nerve fibres and
lymph ducts, and a fine layer of smooth

muscle separating the mucosa from the
underlying tissues.

The epithelium is formed of four cell lay-
ers: the stratum basale, the stratum
spinosum, the stratum granulosum and the
stratum corneum (Steven and Marshall,
1970). The cells of the stratum basale
appear to be the most metabolically active
since they contain numerous mitochondria
and free ribosomes. A large proportion of
the assimilation and metabolism of the sub-
stances absorbed from the rumen may thus
occur in this cell layer. It is here that the cell
division takes place. Thereafter, the cells
differentiate as they migrate towards the
stratum corneum.

According to Steven and Marshall (1970),
the fusion of the cell membranes (tight junc-
tions) in the stratum granulosum leads to
an obliteration of the intercellular spaces
and thus causes this cell layer to act as a
barrier controlling the movement of materi-
als between the blood and the rumen. The

presence of this barrier in the stratum gran-
ulosum was not, however, observed by Hen-
rikson (1970), and Henrikson and Stacy
(1971) later observed that the barrier to dif-
fusion through the epithelium of different
markers was located in the inner layers of
the epithelium corneum. According to these
authors, the selective permeability of the
epithelium may be explained by the coat-
ing of mucopolysaccharide on the kera-
tinised cells, and by the succession of dif-
ferent types of membrane junctions
(desmosomes, tight junctions) beneath the
cornified layer, rather than by an actual bar-
rier in the stratum granulosum.

The stratum corneum is made up of ker-
atinised cells (the cell nuclei have vanished).
The keratinisation of the surface layer pro-
tects the mucosa against the abrasive action
of the rumen contents and the penetration of
microorganisms. Although intercellular
spaces are once more visible in this layer,
they are sufficiently narrow to prevent bac-
teria from passing through (Steven and Mar-



shall, 1970). The biosynthesis of keratin in
the epithelial cells during their movement
from the stratum granulosum to the stratum
corneum is accompanied by a decrease in
cell permeability (Fell and Weekes, 1975).
The keratin formed softens, however, to
some extent, on contact with the rumen con-

tents, which should make it more perme-
able. The stratum corneum of the epithe-
lium is thus a complex system containing
both strongly keratinised cells that offer a
high resistance to abrasion, and partly ker-
atinised mucus-producing cells with absorp-
tive capacity (Sydney and Lyford, 1988).

The efficiency of nutrient transport across
the epithelium thus depends to a large
extent on the integrity and degree of kera-
tinisation of the stratum corneum. This layer
can display various anomalies: parakerato-
sis, which leads to an incomplete keratini-
sation of the cells of the stratum corneum

and a disappearance of the stratum gran-
ulosum, or hyperkeratosis, characterised
by excessive thickening of the stratum
corneum, sometimes associated with a

thickening of the stratum granulosum.
The thickness of the ruminal epithelium

depends on the rate of cell division in the
basal layer of the epithelium, the speed of
migration of the cells from the deep layers to
the surface layers, and the rate of cell shed-
ding from the stratum corneum. Many stud-
ies have been conducted on the regulation
of cell proliferation in the epithelium (Galfi
et al, 1991 It is known that the mitotic activ-
ity of the epithelium can be depressed by
fasting, and restored by the subsequent re-
feeding (Tamate et al, 1974). In addition, it

is very strongly stimulated by intermittent
feeding (Sakata and Tamate, 1974). Injec-
tion of acetate, butyrate and propionate into
the rumen stimulates the proliferation of
epithelial cells in fasting sheep (Sakata and
Tamate, 1978, 1979). Butyric acid has a
stronger stimulating effect than either pro-
pionic or acetic acid. The replacement of a
forage-based diet by one based on con-

centrate also causes a rapid rise in the
mitotic index of the ruminal epithelium
(Goodlad, 1981 Diets that produce an
abundant production of VFA with a high pro-
portion of butyric acid are considered, there-
fore, to be promotors of cell proliferation in
the rumen.

The structure of the epithelium is also
affected by the rate of cell shedding from
the surface layers of the epithelium. Accord-
ing to McGavin and Morrill (1976), the grat-
ing effect of rough forage is necessary to
prevent an excessive accumulation of ker-
atinised cells at the surface of the ruminal

mucosa. The abrasive action of the rumen

contents thus plays an important role in the
rate at which cells are shed from the stratum

corneum. The contribution of adhering bac-
teria colonising the surface cells of the
epithelium should not, however, be under-
estimated. Their action can accelerate the

breakdown of keratinised cells, and thereby
their shedding (Cheng and Costerton, 1980).
The distribution of these bacteria at the sur-

face of the ruminal epithelium indicates that
they are also affected by food abrasion
(McCowan et al, 1980). The breakdown of
epithelial tissue by bacteria may thus be
more efficient at locations where the rumen

wall is less affected by physical erosion.

The lumen surface area of the epithe-
lium can vary widely according to the num-
ber, size and shape of the papillae that
develop on the inner surface of the rumen.
When the diet is changed, the morphologi-
cal adaptations of the ruminal epithelium
are rapid (2 to 3 weeks), and are particularly
evident in the atrium. In adult ruminants, the
mass of the mucosa increases linearly with
the amount of food ingested daily (Fell and
Weekes, 1975). This weight increase is
accompanied by an increase in the length of
the papillae. The diet can also modify the
shape and number of these papillae. A diet
rich in concentrate, generally associated
with high concentrations of VFA in the
rumen, results in a stronger development



of rumen papillae than is observed with a
diet based on forage (Wiegand et ai, 1975).
Gabel et al (1987) observed that the outer
surface of the ruminal papillae can be
increased by 200 to 400% by a change from
a hay-based diet to one containing 64 to
90% concentrate.

The inner surface area of the epithelium
also varies according to the development
of the mucosa (Tamate and Sakata, 1979).
For a ruminal mucosa with well developed
papillae, the basal membrane of the epithe-
lium is not flat and parallel to the outer sur-
face of the epithelium, but displays irregu-
larly-sized folds. These increase the surface
area of the epithelium-conjunctive tissue
interface and reduce the effective thickness
of the epithelium. This type of interface is
associated with well developed papillae
known to be very important sites of absorp-
tion (Tamate and Sakata, 1979).

In summary, the ruminal epithelium
responds to an increase in ingested food
quantities, an increase in levels of highly
fermentable substrates in the rumen, and

to any other factor that induces an increase
in VFA production (especially butyrate), by
a change in the number and shape of the
papillae present on the walls, accompanied
by an increased proliferation of basal layer
cells, which causes an increase in the sur-
face area of the epithelium-conjunctive tis-
sue interface. These structural modifica-
tions of the epithelium result in an increase
of the luminal surface area of the rumen

wall, and an increase in the exchange sur-
face between the capillaries and the epithe-
lium, thereby giving the rumen a higher
absorption capacity.

Diets rich in concentrate often result in

hyperkeratosis of the epithelium. The thick-
ening of the stratum corneum may result in
lowered nutrient absorption rates (Nocek et
al, 1980) and the increase in the absorption
surface area observed with this type of diet
would then act as a corrective to the hyper-
keratinisation in order to maintain the

absorptive capacity of the epithelium (Syd-
ney and Lyford, 1988). Thorlacius and
Lodge (1973) even observed an increase
in the VFA absorption through the rumen
wall despite an apparent hyperkeratinisa-
tion.

Irrigation of the rumen wall

The ruminal mucosa is richly vascularised
and presents a complex network of anas-
tomosed vessels in the subepithelial con-
junctive tissue (Cheetham and Steven,
1966). The basal layer of the epithelium is in
contact with a dense network of capillaries,
and loops of capillaries also run through the
folds at the interface of the epithelium and
the conjunctive tissue of the ruminal papillae.
The presence of vascularisation in these

folds can double the exchange surface
between the capillaries and the interstitial
tissue relative to the lumen surface of the

epithelium (Cheetham and Steven, 1966).
The rate of rumen blood flow can vary

widely according to the ruminant’s feeding
pattern and diet. Throughout a feeding cycle
it may account for 15 to 40% of the blood
flow in the portal vein (Barnes et ai, 1983).
For sheep fed one meal per day, the blood
flow rate could multiply by three or four
between the beginning and the end of the
meal (Barnes et at, 1983; Rémond, 1992).
This increase in flow rate during ingestion
depends on the amount of dry matter
ingested; when the same amount of feed is
split up into 16 daily meals, these flow rate
variations fall to about 35% (R6mond, 1992).
The rumen blood flow also increases dur-

ing rumination, but far less markedly
(Remond, 1992; Meot and Boivin, 1994). It

also depends on the type of diet, and prob-
ably too, on the feeding level. By supple-
menting a hay-based diet with starch,
Rémond et al (unpublished data) observed
an increase in daily ruminal blood flow of
about 50%.



The injection of labelled microspheres
has shown that the blood flow (per unit
weight of tissue) in the ruminal mucosa is 8
to 17 times greater than in the parietal
smooth muscles (Engelhardt and Hales,
1977; Barnes et al, 1983). During ingestion,
the flow rate rises rapidly in the parietal mus-
cle layers, concurrent with the increase in
the contractile activity of the rumen. The
subepithelial blood flow rises more gradu-
ally, and peaks only towards the end of food
intake (Barnes et al, 1983). Apparently then,
the blood flow in these two parietal areas is
controlled by distinct mechanisms. While the
blood flow in the muscle layers seems to be
regulated via parasympathetic innervation,
the subepithelial flow appears to be con-
trolled locally by the end products of intraru-
minal fermentation, independently of inner-
vation (Barnes et al, 1986). VFA (especially
butyric acid) and C02 are known to bring
about a marked rise in the subepithelial blood
flow (Dobson et al, 1971; Dobson, 1979).

Increased blood flow can raise the rate of

absorption of substances through the rumen
epithelium by reducing their concentrations
in the interstitial space (washout effect),
thereby increasing the concentration gradi-
ent between the lumen and blood. This

effect of blood flow on absorption is minor for
substances that require active transport pro-
cesses for absorption (their movement
through the epithelium is relatively inde-
pendent of the concentration gradient), and
for substances whose absorption is limited
by their low transmembrane diffusability. In n
contrast, for substances that diffuse very
rapidly through the epithelium, the absorp-
tion rate is closely dependent on the blood
flow rate (Mailman, 1982).

In conclusion to this first section, it is evi-
dent that the permeability of the epithelium
(degree of keratinisation and thickness of
the cell layers) and the area of the exchange
surface between the digestive compartment,
the epithelium and the blood compartment,
can vary markedly according to diet, and

most particularly to the rate of VFA produc-
tion. These adaptations of the epithelium
have a marked impact on the quantitative
extent of transepithelial exchange. The
intensity of these exchanges, particularly
for those substances that diffuse passively
across the epithelium, is also affected by
the subepithelial blood flow and the rumen
motricity, which respectively ensure renewal
of the blood and rumen contents in contact
with the epithelium, thereby maintaining a
high transepithelial gradient.

MECHANISMS AND REGULATION OF
THE TRANSEPITHELIAL MOVEMENTS
OF SOME METABOLITES

Volatile fatty acids

The microbial fermentation of polysaccha-
rides (cellulose, hemicellulose, starch, etc)
in the rumen produces mainly VFA. Depend-
ing on the food composition, this produc-
tion represents 50 to 75% of the ingested
metabolisable energy (Siciliano-Jones and
Murphy, 1989; Bergman, 1990). The absorp-
tion of VFA, therefore, makes a very large
contribution to meeting the ruminant’s
energy needs. VFA absorption through the
rumen wall, first demonstrated by Barcroft et
al in 1944, represents 65 to 85% of the
intraruminal production (Weston and Hogan,
1968; Peters et al, 1990, 1992). The vari-
ability of this proportion is chiefly accounted
for by wide-ranging renewal rates for the
liquid phase of the rumen contents.

The main VFA present in the rumen are
acetic, propionic and butyric acids. Their
molar proportions range from 70:20:10 with
a hay-based diet to 50:35:15 with a con-
centrate diet. The VFA are weak acids with

pKa values of 4.75, 4.87 and 4.81 for acetic,
propionic and butyric acids, respectively.
Calculations, using the Henderson-Hassel-
bach relation, indicate that for the pH val-



ues generally observed in the rumen (pH
6-7), more than 95% of the VFA will occur
in their ionised form. Lowering the intraru-
minal pH, and thereby increasing the pro-
portion of non-ionised VFA, increases the
VFA absorption rate (Dijkstra et al, 1993). As
non-ionised VFA diffuse much more readily
across the double lipid layer of the cell mem-
branes than their ionised forms, it is gener-
ally considered that VFA absorption takes
place mainly by simple diffusion of the non-
ionised form across the epithelium of the
rumen (Bergman, 1990). The absorption of
VFA in their ionised form cannot be ruled

out, however. Using the Ussing chamber
technique, Kramer et al (1994) showed that
a proportion of the VFA could be absorbed
in their ionised form, and that this absorption
interacted with that of chloride, which is
absorbed in exchange for intracellular bicar-
bonate. A system of electroneutral trans-
port in which the VFA ions are exchanged
with intracellular bicarbonate has already
been observed in a teleostean herbivore

(Titus and Ahearn, 1992). The absorption

of VFA across the ruminal epithelium seems
to occur, therefore, by a combination of pas-
sive diffusion of the non-ionised form and
of facilitated diffusion of the ionised form

(fig 1 The relative extents of these two
transmembrane transport processes are not
yet known. According to Titus and Ahearn
(1992), for organs such as the rumen, in
which VFA concentrations are high, the VFA
anion transport system would only make a
small contribution to the total VFA absorp-
tion, acting more as an intracellular bicar-
bonate excreting system.

Making the assumption that VFA are
mainly absorbed by diffusion of the non-
ionised form, their absorption rate will
depend on the concentration gradient of this
form between the digestive contents and
the epithelium, and between the epithelium
and the blood (the three compartments
involved in the absorption process). These
gradients are determined by the total VFA
concentration in each compartment, and by
the pH, which governs the equilibrium
between the ionised and non-ionised forms.



As the concentration of non-ionised VFA
in the rumen contents is low, conversion of
the ionised to the non-ionised form close to

the rumen wall will favour absorption. A ’pH
microclimate’ has been observed near the

epithelium of the distal colon of the guinea
pig and rat (Rechkemer et al, 1979; McNeil
and Ling, 1980). This local pH is stable and
independent of the pH in the lumen bulk
phase, but is close to neutral (pH 6.4-6.9).
Even if such a ‘pH microclimate’ exists near
the rumen wall, the fraction of non-ionised
VFA will still be tiny. Most of the models pos-
tulated for VFA absorption across the rumen
wall involve protonation of VFA before they
cross the apical pole of the epithelial cells.
The protons may derive either from the
hydration of C02 from microbial fermenta-

tion, yielding HC03 and H+, or from the
Na+/H+ exchanger present at the apical pole
of the cells (Stevens et al, 1986). A link
between the absorption of weak acids and
the Na+/H+ antiport has been observed by
Gabel and Martens (1991 ).

Inside the epithelial cells, a new equilib-
rium between the ionised and non-ionised
forms of the VFA is set up in the local pH
conditions. This tends to increase the non-
ionised VFA gradient across the apical
membrane of the cells. This concentration

gradient is accentuated by the intense intra-
cellular catabolism of the VFA.

VFA output from the basal pole of the
epithelial cells may take place by the same
process as the input at the apical pole, that
is, passive diffusion of the non-ionised form
and assisted diffusion of the ionised form.

Studies in isolated rumens have shown
that at acid pH (4.5-5.5), the VFA absorption
rate increases with increasing chain length,
or acetic < propionique < butyric acid,
whereas at a pH close to neutral, the
absorption rates of these three acids are
very similar (Thorlacius and Lodge, 1973;
Dijkstra et al, 1993). The absorption rates
of VFA with branched chains also seem to
be lower than those of their straight-chain

isomers (Oshio and Tahata, 1984). These
differences in absorption rates may be due
to solubility differences in the lipid layers of
the cell membranes, differences in VFA

absorption mechanisms (different degrees of
carrier involvement) and differences in the
extent of VFA metabolism in the epithelial
cell (cf review Remond et al, 1995).

Ammonia

The ammonia in the rumen derives mainly
from deamination of amino acids released

during the breakdown of food, microbial and
endogenous proteins, together with the
hydrolysis of endogenous urea and any pre-
sent in food. Loss of ammonia from the
rumen can occur by incorporation into micro-
bial proteins or absorption through the
rumen wall (35 to 65% of the ammonia loss
from the rumen), or by export from the
rumen with the digestive contents (10% of
the loss) (Nolan and Stachiw, 1979; Sid-
dons et al, 1985; Obara et ai, 1991 Loss of
ammonia by absorption through the rumen
wall can thus be quantitatively very high.
This absorption was first clearly demon-
strated by McDonald in 1948. Since then,
numerous studies have been carried out to

try to determine the mechanisms govern-
ing this absorption.

Ammonia is a weak base with a pKa of 9
(Leng and Nolan, 1984). The Henderson-
Hasselbach equation shows that at pH val-
ues between 6 and 7, practically all the
ammonia will be in its ionised form (99.9
and 98.7%, respectively), that is, in the form
that will diffuse poorly across the lipid layers
of the cell membranes. At pH values near
neutral, the ammonia absorption increases
with the intraruminal ammonia concentra-
tion (Hogan, 1961; B6deker et ai, 1990;
Remond et al, 1993b). When the intrarumi-
nal pH is lowered (at constant ammonia
concentration), the ammonia flux across the
rumen wall is depressed (Hogan, 1961;



Chalmers et al, 1971; Bodeker et al, 1990).
At an acid pH, the ammonia absorption
remains stable despite the increase in
intraruminal ammonia concentration (Hogan,
1961 These findings are generally taken
as evidence that ammonia absorption
across the epithelium of the rumen occurs
by simple diffusion of the non-ionised form
(NH3). The possibility of ammonium ion
(NH4+) absorption from the digestive con-
tents has also been considered (Hogan,
1961; Siddons et al, 1985) but as this form
is weakly lipid-soluble, its movement across
the membranes of the epithelial cells would
require the assistance of carriers. According
to B6deker (1994), a system able to trans-
port NH4+ is present in the rumen epithe-
lial. The quantitative importance of this
absorption route remains to be assessed.

In the short term, the absorption of ammo-
nia thus depends mainly on the concentra-
tion of NH3 near the epithelium. The VFA
and the C02 in the rumen can modulate this

dependency and favour ammonia absorp-

tion (B6deker et al, 1992b, Rémond et al,
1993b). Several suggestions have been
made concerning the action of these two
variables. For B6deker et al (1992a, b; fig 2),
the interaction between the VFA and the

absorption of ammonia may occur after the
apical membrane of the epithelial cells. Since
the pH inside these cells is close to 7, the
VFA absorbed in their non-ionised form will

dissociate and release protons which can
be used to form NH4+ from the absorbed

NH3. This process would result in a decrease
in the intracellular NH3 concentration and

thereby favour its absorption. Likewise, the
intracellular release of HC03 and H+ from

C02 and H20 by the action of carbonic anhy-
drase could serve as a proton source for
NH4+ formation (Bbdeker et al, 1992a). At
each stage in its diffusion across the epithe-
lium, the NH3 thus equilibrates with NH4+
according to the prevailing pH, right through
to the blood compartment.

The effects of VFA and C02 on ammonia

absorption may also be explained by their





action on the subepithelial blood flow (Dob-
son, 1979) and irrigated capillary surface
area (Thorlacius, 1972). Remond et al
(1993b) observed that when butyric acid
was supplied to the rumen contents or when
C02 was blown in, the increase in ammonia
flux across the rumen wall was always lower
than the increase in ruminal blood flow pro-
duced by either of the two treatments. The
increase in blood flow rate favours the

absorption of substances by reducing their
concentration in the interstitial fluid steep-
ing the capillaries. It is therefore highly likely
that the effect of VFA and C02 on ammonia

absorption involves both biochemical reg-
ulation linked to the NH3-NH4+ equilibrium
within the different cell layers in the epithe-
lium, and regulation linked to ammonia elim-
ination in the interstitial fluid via capillary cir-
culation.

The daily absorption of ammonia from
the rumen has been recorded in sheep
under various feeding conditions (table I).
The quantitative data available in the litera-
ture are, however, too sparse to accurately
predict the daily fluxes from quantities of
ingested nitrogen or intraruminal ammonia
concentrations. In contrast to what the

results of Siddons et al (1985) might sug-
gest, it is difficult to establish a linear rela-

tionship between ammonia absorption and
NH3 concentrations in the rumen. Given the
extent of the modifications to the absorp-
tion capacity of the rumen (surface area x
permeability of epithelium) according to diet,
particularly when this is rich in rapidly fer-
mentable energy sources, it is not surprising
that under these conditions, the variations in

absorption cannot be wholly explained by
variations in the concentration gradient
between the rumen and the blood, and
hence the variations in intraruminal NH3-

Urea

Since the work of Simmonet et al (1957),
numerous studies have shown that blood

urea can diffuse across the rumen epithe-
lium. This process is nutritionally beneficial
for the ruminant, since the bacteria present
in the rumen are able to use the urea nitro-

gen to synthesise proteins, the amino acids
of which will subsequently be available for
postruminal absorption. The quantities of
nitrogen recycled in this way vary widely
(1 to 9 gN/day in sheep), and may account
for 5 to 25% of the nitrogen ingested (table I).

The work of Houpt and Houpt (1968)
showed that urea transfer across the rumen

wall was linearly related to the rumen-blood
concentration gradient, and it has been gen-
erally accepted that urea crosses the rumi-
nal epithelium by simple diffusion. Intraru-
minal hydrolysis of urea by bacterial ureases
therefore facilitates the movement of urea

through the rumen wall by maintaining a
concentration gradient favourable to diffu-
sion. Hence, it has been shown that the inhi-

bition of urease activity in the rumen causes
a decrease in the transepithelial flux of urea
(Houpt and Houpt, 1968; Rémond et al,
1993b). In addition, the urea flux is depen-
dent on the permeability of the epithelium.
Since damage to the structure of the stratum
corneum results in a marked increase in

urea transport, urea diffusion seems to be

strongly limited by the low permeability of
this epithelial layer (Houpt and Houpt, 1968).
Modifications to the exchange surfaces
between the blood and rumen contents may
also affect the quantitative extent of urea
transport.
When the feed is supplemented with a

rapidly fermentable energy source (sucrose,
extruded barley, wheat starch), the daily flux
of urea across the rumen wall can be dou-

bled (table I), and the capacity of the epithe-
lium to eliminate blood urea (the transep-
ithelial urea flux relative to arterial urea flux)
can be multiplied by four (Remond et al,
unpublished data). As the blood urea level
decreases when these energy supplements
are added, the increase in urea flux must
be mainly due to modified epithelial surface



area and permeability, in response to intraru-
minal VFA levels. The intraruminal urease

activity increases when the feed is supple-
mented with rapidly fermentable carbohy-
drates (Cook, 1976); it could thus also be

implicated in the long-term regulation of urea
flux. Kennedy et al (1981) observed an
increase in the number of facultative anaer-
obic bacteria adhering to the rumen wall
when the diet was supplemented with glu-
cose. However, a regulating effect of the
epithelial urease activity on urea transfer
still has not been firmly demonstrated. In
addition, the intraruminal urease activity
always seems to be in excess relative to
the influx of urea in the rumen (Norton et
al, 1982a; Whitelaw et al, 1991). Since the
urease activity associated with the epithe-
lium is generally greater than that of the
rumen fluid (Wallace et al, 1979; Rybosova
et al, 1984), its involvement in the long-term
regulation of urea flux is controversial.

The transfer of urea across the rumen
wall varies in the course of a feeding cycle
(Rémond et al, 1993a), and so is evidently
governed by a system of short-term regu-
lation. Bubbling C02 in the rumen signifi-
cantly increases urea flux across the rumen
wall (Thorlacius et al, 1971; Engelhardt et
al, 1978; Remond et al, 1993b). Likewise,
increasing the butyric acid concentration in
an isolated pouch of the rumen favours urea
transfer (Engelhardt et al, 1978). The action
of these two intraruminal factors does not
involve modifications to the ruminal urease

activity (Thorlacius et al, 1971; Remond et
al, 1993b). Although C02 and butyric acid
stimulate subepithelial blood flow (Dobson,
1984), the permeability of the capillary walls
to urea is too low for the blood flow to affect
urea diffusion (Landis and Pappenheimer,
1963). In addition, according to the results
of Dobson et al (1971 urea clearance
seems virtually independent of blood flow.
VFA and C02 could affect the amount of

epithelial surface irrigated by acting on the
closing of anastomoses between arterial

and venous capillaries, and the opening of
precapillary sphincter. This suggestion of
a regulation of urea flux by the amount of
exchange surface is supported by the
results of Thorlacius (1972), according to
which C02 and VFA considerably increase
the volume of blood present in the ruminal
papillae.

Increasing intraruminal ammonia con-
centration decreases the urea flux across
the rumen wall (Engelhardt et al, 1978;
Remond et al, 1993b). According to Remond
et al (1993b), the ammonia absorption may
be responsible for reducing urea flux. The
effect of ammonia on urease activity is long
term (Cheng and Wallace, 1979) rather than
short term, and the mechanism by which
ammonia regulates the transepithelial flux
of urea during short-term variations is not
yet known. The work of H6rnicke et al

(1972) showed that the ammonia absorp-
tion can modify haemodynamics in the rumi-
nal mucosa; this could also explain the effect
of ammonia on urea transfer.

The main factors acting on urea transfer
through the ruminal epithelium, and their
modes of action, are summarized in figure 3.
Other factors may also be involved in the

regulation of transepithelial urea flux.
Increasing osmotic pressure in an isolated
pouch of the rumen with mannitol (Houpt,
1970) stimulates urea transfer. However,
Rémond et al (1993b) raised the intrarumi-
nal osmotic pressure with NaCl injections,
and observed no effect on urea flux despite
a lowering of the water absorption from the
rumen. Under normal feeding conditions,
the osmotic pressure seems to have little

effect on urea transfer. Hormonal regula-
tion of the urea flux has also been consid-
ered. According to Houpt (1970), vaso-
pressin may modify the permeability of the
rumen wall to urea. However, Thorlacius et
al (1971) observed no modification of the
urea clearance in response to a vasopressin
injection. The work of Harrop and Phillip-
son (1970) and Remond et al (1993b) also



suggests that gastrin might play a role in
the regulation of the urea flux across the
rumen wall.

Amino acids

The absorption of free amino acids across
the rumen wall was first observed by
Demaux et al (1961 The permeability of
this epithelium to amino acids has since
been confirmed, with different methods, by
Cook et al (1965) and Leibholz (1971 a, b).
The work of Webb et al (1992) even sug-
gests permeability to peptides of a small
size.

The concentrations of free amino acids in
the rumen are generally very low (Annison,
1956; Williams and Cockburn, 1991 They
vary during the course of a feeding cycle,
peaking 1 h after ingestion of a meal (Leib-
holz, 1969; Williams and Cockburn, 1991 ).
During this period, for diets rich in nitrogen,
free amino acid concentrations in the rumen
can exceed those in the plasma, resulting in
passive diffusion through the ruminal epithe-
lium (Leibholz, 1969). For most diets, the

absorption of free amino acids from the
rumen is, however, slight, given their very
low levels there.

The concentrations of peptides in the
rumen are higher than those of free amino
acids. These concentrations vary accord-

ing to the origin of the food proteins, peak-
ing about 1 h after feeding (Williams and
Cockburn, 1991). The possibility of peptide
absorption from the rumen by passive dif-
fusion cannot, therefore, be ruled out (Webb
et al, 1992).

Vitamins

The work of R6rat et al (1958b) has shown
that the rumen wall is also permeable to B-
group vitamins. Permeability to vitamin B1
seems extremely low, however (Hbller et
al, 1977). Although the vitamin concentra-
tions in the rumen are high under normal
feeding conditions, it is unlikely that the
rumen is a major absorption site for B vita-
mins (R6rat et al, 1958a) since these are
mainly located inside microorganisms and
so are not available for absorption (R6rat



et al, 1958b). With heavy supplementation,
this absorption can become significant, as
shown for niacin, which is absorbed mainly
as nicotinamide (Erickson et al, 1991 ).

TRANSEPITHELIAL MOVEMENT
OF WATER AND MINERALS

Water

There is very little quantitative data con-
cerning the net water transfer across the
rumen wall. From the differences observed
between inflow through the oesophagus and
outflow through the reticulo-omasal orifice,
Warner and Stacy (1968) estimated that
water absorption from the rumen could vary
in the sheep from 50 ml/h at rest to 300 mUL
during the hours following water intake.
Using the isolated rumen method, combined
with the use of tritiated water, Willes et al

(1970) observed that for sheep fed cut
lucern hay twice daily, this absorption
ranged from 300 to 800 mUh, the highest
values being observed 2 to 3 h after feeding.
Comparable results (360 to 720 mUh peak-
ing 1 h after feeding) were obtained by
Remond et al (1993a) in sheep fed chopped
dactylis hay, calculating the water flux from
the haemoglobin levels in the arterial and
venous blood and the ruminal blood flow.
The daily net flux of water during this exper-
iment showed an absorption of 10 L/day.
For sheep fed continuously with compressed
feed, Faichney and Boston (1985) estimated
the ruminal water absorption at 5 L/day.
Ingestion of compressed feed results in a
markedly lowered mastication time (inges-
tion plus rumination), which in turn results in
a lower saliva secretion. The differences in

saliva flow between the experiments of
Faichney and Boston (1985) and Remond et
al (1993a) probably explain the differences
in water flux observed through the rumen
wall.

It is generally agreed that the main factor
responsible for water movement through
the ruminal epithelium is the osmotic gra-
dient between the blood in the subepithe-
lial region and the rumen contents. In con-
trast, the mechanism by which increasing
ruminal butyric acid concentration causes
an increase in water absorption through the
rumen wall (Dobson et al, 1976; Remond
et al, 1993a) is controversial. The absorption
of butyric acid may increase the rate of water
absorption across the epithelium by causing
an increase in ruminal blood flow (Dobson et
al, 1976). Increasing the subepithelial blood
flow, by a washout effect, would, however,
tend to lower the concentration of solutes
absorbed in the interstitial fluid and so

reduce the osmotic pressure gradient
between the digestive contents and the
blood. The coupling of the absorption of
sodium with that of VFA (Gabel and
Martens, 1991) may also explain the stim-
ulating effect of butyric acid on water flow.
This effect may thus be linked to modifica-

tions to the osmotic pressure gradient via
regulation of the absorption of electrolytes
such as sodium. By lowering the intrarumi-
nal pH with hydrochloric acid, Willes et al
(1970) also observed an increase in water
absorption across the rumen wall. This could
also be explained by an increased VFA
absorption (linked to the fall in pH) or an
increased absorption of CI- supplied by HCI.
On injecting into the rumen two acids
(butyric and acetohydroxamic) that can be
absorbed through the rumen wall, increased
water absorption was observed with or with-
out increased blood flow (Remond et al,
1993b). Variations in water movement
across the wall thus appear to be more

closely linked to variations in electrolyte
movement than to fluctuations in blood flow.

Dobson et al (1970) observed that C02
stimulated water re-absorption from the ven-
tral sac of the washed isolated rumen. Its

mode of action was discussed by Dobson
(1984), who suggested the existence of a



counter-current exchange system that main-
tains high concentrations of bicarbonate and
C02 in the capillary blood, resulting in a high
osmotic pressure. However, Remond et al

(1993b) showed that in a normally filled
rumen, increasing the C02 did not signifi-
cantly modify the water flux across the wall. l .

It may therefore be concluded that varia-
tions in C02 concentration in the rumen
have minimal impact on transepithelial water
flow.

Finally, the rate of water absorption from
the rumen is liable to vary according to the
animal’s state of hydration. Several
researchers have shown that in dehydrated
ruminants, the absorption is paradoxically
much lower than in hydrated animals,
despite an osmotic gradient that is particu-
larly favourable to absorption (Silanikove,
1994). However, these observations are
controversial and have not yet been satis-
factorily explained.

Minerals

As in single-stomach animals, the intestine,
and particularly the small intestine, was
long considered to be the main or even
exclusive site of mineral absorption from
ruminants. Over the last 15 years, this

assumption has been challenged for mag-
nesium, for which the forestomachs are the
main absoptive site in the gastrointestinal
tract, and also for phosphorus, calcium,
copper, iron and zinc for which absorption
can occur before the duodenum (Kirk et al,
1994; Rahnema et al, 1994). Most of the
quantitative results were obtained from cal-
culating ruminal input/duodenal output bal-
ance. This type of method has the disad-
vantage of giving no indication of the exact
absorptive site (reticulorumen, omasum,
abomasum) and does not take into account
the minerals introduced by the saliva which
could mask possible absorption from the
forestomachs.

The absorption of minerals in the diges-
tive tract can involve several pathways.
Practically all the mineral elements that are
present in bioavailable forms can cross the
walls of the digestive tract along an elec-
trochemical gradient. This process is usually
nonsaturatable and is not subject to any
physiological or nutritional regulation. This
transfer can also be facilitated by transport
systems (Mg, Na, Cl, P). It can also involve

primary (Ca, Na) or secondary (Mg) active
transport involving energy consumption.

Magnesium

Magnesium absorption from the reticuloru-
men accounts for about 80% of its absorp-
tion from the entire digestive tract (Tomas
and Potter, 1976). Many studies have shown
that the efficiency of Mg absorption is
strongly influenced by the physical and
chemical conditions prevailing in the rumen.
Thus, increasing intraruminal K concentra-
tion, or reducing that of Na produces a
marked decrease in Mg absorption (reviews
by Fontenot et al, 1989; Leonhard et al,
1989). Increasing the phosphate concen-
tration favours Mg absorption (Beardsworth
et al, 1989b). The results for the effect of
increasing ammoniacal nitrogen are con-
flicting: a decrease, sometimes marked, in
Mg absorption (Martens and Rayssiguier,
1980; Care et al, 1984; Martens et al, 1988)
or no effect (Moore et al, 1972; Grings and
Males, 1987). The experimental methods
used probably partly account for these dif-
ferences; the results of Moore et al (1972)
and Grings and Males (1987) were obtained
by the balance method on animals accus-
tomed to a nitrogen-rich diet, while the stud-
ies showing an effect of NH3 concentration
on Mg absorption were carried out by per-
fusing buffer solutions in isolated rumen
pouches. The effect of NH3 concentration

on Mg absorption therefore appears to be
limited in time and it may occur at the time of



the postprandial ruminal NH3 peak. The
absence of any effect due to changes in diet
may be linked to the adaptive mechanisms
of the epithelium (Martens et al, 1991 ).

A fall in pH causes a drop in Mg absorp-
tion, which is less marked, however, in ani-
mals that have received a concentrate-rich
diet (G5bel et al, 1987). Increasing the
intraruminal osmotic pressure from 240 to

367 mosmol/L (Martens, 1985) or from 315 5
to 422 mosmol/L (Gabel et al, 1987) does
not affect the Mg absorption, although it

modifies the transepithelial flux of water.

The available energy in the rumen is a

factor favouring Mg absorption. In particular,
the VFA concentration is positively corre-
lated with Mg absorption (Martens and
Rayssiguier, 1980; Martens et al, 1988).
Forage supplementation with starch (Thom-
son et al, 1984; Giduck and Fontenot, 1987),
lactose (Rayssiguier and Poncet, 1980;
Giduck and Fontenot, 1987) or glucose

(Giduck and Fontenot, 1987; Giduck et al,
1988), causes an appreciable increase in
the ruminal Mg absorption. This effect
observed in vivo is difficult to interpret since
supplementation with fermentable energy
substrates simultaneously produces modi-
fications to pH, and to VFA and NH3 con-

centrations, and modifications to the mor-

phology of the epithelium.
In vitro studies of the mechanisms of Mg

absorption have shown that this absorption
results both from paracellular and transcel-
lular diffusion of Mg along an electrochem-
ical gradient, and from electroneutral trans-
port that may take place via a Mg++/2H+
exchanger in the apical membranes
(Martens et al, 1991; fig 4). The existence of
an electrogenic diffusion mechanism pro-
vides an explanation for the inhibiting effect
of K on Mg absorption. In vitro methods,
which allow the K concentration and the

transmembrane potential (ddpt) to be varied



independently, have shown that the effect of
K is linked to an increase in the ddpt and
not to a direct K effect (Martens et al, 1987,
1991 An increase in intraruminal K may
have several effects, reducing the para-
cellular diffusion of Mg by raising the ddpt,
and reducing the transcellular diffusion by
lowering ddpt in the apical membranes
(Martens et al, 1991). Reduced Mg absorp-
tion resulting from a drop in intraruminal pH
may also be explained by a decrease in
ddpt linked to a decrease in Na/K-ATPase
activity (Gäbel et al, 1987).

The electoneutral transport of Mg in the
apical membranes depends on the intra-
cellular proton concentration, itself partly
determined by the amount of intracellular
dissociation of the absorbed VFA and the

hydration of C02 (Martens et al, 1991). The
absorption of Mg is therefore partly deter-
mined by the operation of the Na/K pump
in the basal membranes, which influences
the ddpt values, and the operation of the
electroneutral exchangers that evacuate
intracellular HC03 (Martens et al, 1991). ).

Calcium

The possibility of a net absorption of cal-
cium by the ruminal epithelium is now firmly
established. The quantitative importance of
this absorption seems to depend on the con-
centration, form and solubility of the Ca, and
on the nutrient/Ca interactions.

The net transport of calcium through the
rumen wall depends on the concentration
of Ca++ in the rumen: net secretion up to

about 1 mmol of Ca++ per L, and net absorp-
tion for higher concentrations (H61ler et al,
1988a; Beardsworth et al, 1989a). Under
physiological conditions, this concentration
is situated between 1 and 4 mmol/L (Grings
and Males, 1987; Holler et al, 1988a).

In addition, the net absorption of Ca is
closely linked to the concentration of inor-
ganic phosphate (Pi) in the rumen (Holler

et al, 1988b; Beardsworth et al, 1989b). A
concentration of about 15 mmol/L of Pi is

optimal for Ca absorption (Care et ai, 1989).
This corresponds to the usual physiologi-
cal values in animals with no P deficiency. In
contrast, the absorption of Ca is correlated
negatively with the Mg concentration in the
rumen; an increase in the Mg concentration
from 1 to 5 mmol/L, spanning the normal
physiological range of 2.6 to 3.5 (Grace et al,
1988), causes an appreciable decrease in
Ca absorption (Care et al, 1989).

The absorption of Ca in the digestive tract
takes place simultaneously by diffusion in
the intercellular spaces and by transcellu-
lar movement. In the small intestine, the lat-
ter makes use of a three-stage process: dif-
fusion through the apical membranes,
transport inside the cytosol by a vitamin D-
dependent Ca binding protein and primary
active transport in the basal membranes.
Less is known about the mechanisms of Ca

absorption from the ruminal epithelium than
about that of Mg. In vitro studies indicated
that the net flux of Ca is dependent upon
active Na transport accomplished by the
Na/K-ATPase system, and that the transep-
ithelial fluxes consisted in both ddpt-depen-
dent and ddpt-independent components
(Holler et ai, 1988a). Adding 1-25-dihy-
droxycholecalciferol increases the net
absorption of Ca without, however, reducing
serous-mucous transport in goats (Breves et
al, 1989), suggesting, as at intestinal sites,
a regulation of active Ca transport by this
vitamin D metabolite.

Sodium and chloride

Large quantities of Na enter the rumen as
sodium bicarbonate contained in saliva (from
3 to 3.5 g/L of Na in animals with no defi-
ciency); about 50% of the salivary Na is
reabsorbed before the duodenum (Pfeffer
et al, 1970; Gabel and Martens, 1991 ). All
the epithelia of the forestomachs display
high Na absorptive capacities, but this



capacity seems to be greatest in the rumen.
Chloride is also absorbed in the rumen

(Martens and Blum, 1987). The amount of Cl
absorbed is about half that of Na (Gabel et
al, 1987).

The mechanisms of the preintestinal
absorption of Na and Cl (fig 4) gave rise to
a review (Gabel and Martens, 1991 The
absorption of Na in the rumen takes place
against an electrochemical gradient (Gabel
et al, 1987). In vivo studies have not
demonstrated any such mechanism for Cl
insofar as the electrochemical gradient
favours its passive absorption (Gabel et al,
1989). The transfer of Na and Cl across the
apical membrane of the epithelial cells
responds to Na+/H+ and CI-/HC03-
exchanges, respectively. The transfer of
Na across the basal membrane involves
an Na/K-ATPase system. The mechanism
of the CI- exit remains to be ascertained

(Gabel and Martens, 1991 ). In the rumen,
the Na+/H+ exchange may be stimulated
by the absorption of weak acids, which
would consequently affect the efficiency of
Na absorption.

Phosphorus

For P, most of the work done in vivo in

sheep reports a net secretion of 1 to

15 g/day before the duodenum (Grace et
al, 1974; BenGhedalia et al, 1975; Dillon
and Scott, 1979; Greene et al, 1983; Wylie
et al, 1985). These results vary widely
according to the level of feeding and the
P return by the saliva. This abundant
endogenous return by the saliva can mask
a net P absorption through the ruminal
epithelium (Breves et al, 1988; Yano et al,
1991), although this seems minor (Yano
et al, 1991). The absorption of P through
this epithelium does not make use of active
transport; it may take place via elec-
troneutral transport or by simple transcel-
lular or paracellular diffusion (Breves et al,
1988).

Potassium

The absorption of K in the different com-
partments of the ruminant’s stomach is
slight; K is absorbed mainly in the small
intestine (Kirk et al, 1994; Rahnema et al,
1994). This absorption does occur passively,
the quantity absorbed being proportional to
concentration. Inversion of flow can even
occur if the K concentration is greater in the
plasma than in the rumen.

Sulphur

A large fraction of the absorbed S is
absorbed from the rumen, mainly as sul-
phides derived from the reduction of food
sulfates, or as inorganic S resulting in par-
ticular from the breakdown of sulphur-con-
taining amino acids by rumen microorgan-
isms, especially sulphate-reducing bacteria.
At the usual plasma pH, the sulphides are
very weakly dissociated. Absorption there-
fore concerns the nondissociated form

(hydrogen sulphide), which is liposoluble.
This absorption is rapid; the half-life of sul-
phides in the rumen is 10 to 22 min (Bray,
1969). It is a simple diffusion, directly related
to the sulphide concentration in the medium
(Bray and Till, 1975; Doyle and Moir, 1980).
The quantity of S absorbed as sulfate can be
considered as negligible.

Copper, iron and zinc

The in vivo balances indicate that the absorp-
tion of Cu, Fe and Zn mainly takes place
before the duodenum (Kirk et al, 1994). The
quantitative importance of this absorption
through the rumen epithelium, and the mech-
anisms involved are still unknown.

CONCLUSION

This review shows that the rumen cannot

be reduced to a simple microbial fermenta-



tion compartment, but that it is also the site
for the exchange of numerous substances
through the rumen wall. This exchange can
take the form of either absorption from the
rumen or, less often, diffusion into the rumen
from the blood. Numerous studies have
shown that the anatomical, histological and
functional characteristics of the rumen

mucosa enable these exchanges.
The most recent studies have focused

in particular on evaluating the extent of these
transfers in vivo, and, using in vitro meth-
ods, on ascertaining the mechanisms
involved in these transfers through the
rumen wall.

Through the absorptive capacities of its
wall, the rumen thus plays an important role
in helping to provide some of the ruminant’s
energy (absorption of VFA), water and min-
eral needs. In addition, the absorption pro-
cess ensures a certain homeostasis of the

rumen contents, by preventing excessive
build-up of VFA and ammonia. This also
enables the rumen to participate in recy-
cling processes of varying complexity, for
example, of urea or certain minerals, through
rumen-saliva cycles.

Finally, it is quite clear that absorption
through the rumen wall can constitute a
good in vivo and in vitro model for the study
of general mechanisms of digestive absorp-
tion.
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