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Chapter 2

A ROLE FOR MAGNESIUM IN THE REGULATION
OF RUMINAL SODIUM TRANSPORT

Friederike Stumpff and Holger Martens
Department of Veterinary Physiology, Free University of Berlin, Germany

ABSTRACT

The ruminal epithelium is a stratified squamous epithelium that has evolved to
display functions essential for the unique ability of cows and sheep to ferment dietary
components like carbohydrates and protein, and to selectively absorb nutrients and
minerals for the production of milk. A characteristic property of this tissue is its
pronounced ability to transport magnesium against an electrochemical gradient.
Absorption of magnesium is reduced by dietary elevation of ruminal potassium, leading
to hypomagnesaemia that can reach clinical significance. Studies of the intact tissue and
of isolated cells suggest that cellular magnesium uptake is decreased by apical
depolarization of the ruminal membrane, resulting in both a lower cytosolic concentration
and transepithelial transport of the element.

Another characteristic feature of this unusual epithelium is the expression of a
sodium-conducting channel with functional properties that are clearly distinct from the
epithelial sodium channel (ENaC) found in most mammalian epithelia. Thus, it has not
been possible to demonstrate direct regulation of ruminal sodium transport by
aldosterone, and the effects of amiloride are clearly limited to an inhibition of the sodium
proton exchanger (NHE3) expressed by this tissue. Studies at the level of the animal and
the tissue suggest that sodium conductance is enhanced by depolarization of the apical
membrane. Recent in vitro studies have demonstrated that ruminal epithelial cells express
non-selective cation channels in the apical membrane that are regulated by changes in
cytosolic magnesium. We propose that the reduction in ruminal magnesium uptake
observed after ingestion of high potassium fodder may be related to a role for magnesium
in a signaling cascade that leads to an increase in the permeability of this non-selective
cation channel for sodium, thus enhancing absorption of this ion from the rumen and
restoring ruminal osmolarity, while contributing to the retention of potassium.
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Oertzenweg 19b, 14163 Berlin, Germany (0049 30 838 62595 (Office); 0049 30 838 62610 (Fax); E-Mail Address:
stumpff@zedat.fu-berlin.de
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INTRODUCTION

Compared to the extensive research on various molecules involved in signal transduction,
Mg?* has not gotten much attention. One of the reasons for this may be that in man,
hypomagnesaemia is a fairly rare condition and one that is easily treated by magnesium
supplements when it does occur — as in pregnancy or lactation. Thus, the stimulus for research
in the area has been limited. Conversely and due to the large amounts of magnesium lost in
milk, hypomagnesaemia in cows and sheep continues to lead to deaths of afflicted animals or
even part of entire herds [32, 47, 92, 104, 118]. As a result, there has been ongoing interest in
the uptake of magnesium in this species.

In the following, the focus will be on the ruminant in general and on the very peculiar
organ that gives this species its name. Thus, this topic may not appear to be of general
interest. However, we feel that the story that is emerging from many decades of research on
how the ruminant has adapted to a dramatically altered nutritional situation by utilizing the
interactions of Mg*" with uptake of other cations may have implications for other
physiological situations.

THE RUMINANT SPECIES: ADAPTATION TO A ROUGHAGE DIET

The ruminant species and mankind evolved in parallel as survivors of a relatively short
period of mass extinction during which the forests of the Oligocene perished and were
replaced with vast grasslands [11]. During this era, the ancestral ruminant, a small and forest-
dwelling species [60], perfected its ability to utilize poorly digestible fiber and adapted to
uptake of grass and roughage for its nutritional requirements. This accomplishment has been
essential for the survival of these animals, and probably also for that of the humanoid apes
which left the dwindling forests and began to follow and hunt these herds of ruminants.

Central to the ability of ruminants to subsist on a diet of grass while excreting large
amounts of milk is the development of an advanced digestive system with several specialized
compartments (reticulum, rumen, and omasum) that precede the actual stomach (abomasum)
and the lower digestive tract (Figure 1). The largest of these forestomaches, the rumen, fills
almost half of the entire abdominal cavity of these animals with a volume reaching 60 to 100 |
in cows [138]. Lined with squamous, stratified epithelium which is keratinized and non-
glandular [48, 53], this pouch is probably of esophageal origin [98] and serves as both a water
reservoir [138] and a fermentation chamber in which poorly digestible forage is broken down
and reassembled into digestible nutrients by an abundant flora of microorganisms [8, 57, 58,
156]. Maintanance of a pH that should be slightly acidic (5.5 - 7.0) and an osmolarity that is
marginally hypotonic before or slightly hypertonic after a meal (to blood) is central to this
fermentation process. Ruminal homeostasis is ensured by a number of factors that include
production of ample amounts of saliva, continuous mixing of saliva with ruminal content by
ruminal contractions and rumination of roughage, and the ability of the rumen to serve as a
barrier between blood and rumen content while absorbing certain minerals and organic
compounds in a controlled manner.
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Fig 1: Schematic representation of the ruminant forestomach system: The glandular stomach (abomasum) is
preceded by three compartments lined with stratified, squamous epithelium: the reticulum, the rumen, and the
omasum. These forestomaches are involved in absorption of fermentation products and inorganic ions. Some 100
— 250 I/d of saliva are produced daily by the cow, representing 5 times the total plasma content of sodium, 50% of
which is reabsorbed by the forestomaches. Over 30% of plasma Mg?" content are excreted via saliva on a daily
basis and are absorbed primarily in the rumen. Substantial amounts of both elements are secreted in milk (40 1/d).

SALIVA

A striking difference between ruminants and most monogastric species is the ability to
produce an extremely large stream of well-buffered saliva that amounts to about 6-16 1/d in
sheep [67] and 100 — 200 I/d in cattle [9, 15] with values of up to 250 I/d in lactating cows
[23, 138] (Figure 1). This saliva is low in chloride (22 mmol/l) and contains large amounts of
pH buffers such as HCO3™ (120 mmol/l) and PO, (30 mmol/l). After feeding, the flow rate but
not the ionic composition of saliva increases, and can be so massive that the ADH and renin-
angiotensin mechanism is activated [138]. Postprandial stimulation of salivary flow can be at
least partially mimicked by the addition of volatile fatty acids to the rumen [15]. In contrast,
in experiments in which ruminal pH was altered by addition of HCI, or ruminal osmolarity by
addition of mannitol, no impact on the flow rate or composition of saliva could be observed in
the sense of a feedback mechanism [15], although salivary secretion dropped when pH
reached very low levels (<3.5) [15]. When strongly hypertonic solutions of sodium or
potassium salts were infused into the rumen, or sodium salts or urea were infused into the
blood, production of saliva decreased and the concentration of those substances increased in
the saliva. Other treatments including physiological elevations of ruminal potassium content
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had little effect on salivary composition [157]. Thus, evidence for sensors in the gut or rumen
are scarce and salivary flow appears to be regulated by the composition of the portal blood
[21, 138], possibly via hepatic sensors [119, 151].

A major fact that emerged from these studies is that if experimentally obtained saliva is
not returned to the rumen, flow rate decreases to 50% of the initial value within two hours
[15]. This decrease can be prevented by administration of NaHCO3 containing solution to the
rumen [14] and points towards the importance of ruminal reabsorption of these elements.

With the saliva, the animal secretes an amount of Na* that is 1.2-1.5 mol/d in sheep and
15 — 30 mol/d in cows [82] and is thus five times higher than the sodium content of the body,
and 15 times higher than the amount of sodium consumed with the fodder [139]. Salivary
secretion of HCO3™ reaches levels that can lead to acidaemia when salivary flow is high, as
after ameal [111, 112, 129, 139], stressing the importance of a rapid reabsorption of HCO3'.

Sodium content of saliva is strongly regulated by aldosterone, which is of considerable
importance given the fact that in the natural diet of the ruminant, sodium is a scarce element.
In sodium depleted sheep, salivary content of this mineral can fall dramatically from
concentrations of about 180 mmol/l to as low as 40 mmol/l. Potassium excretion rises
concomitantly from a normal level of 4 to 6 mmol/l to values of over 130 mmol/l [14].
Conversely, ruminal reabsorption of Na* is not regulated by aldosterone [85].

Crisis situations can occur in spring, when animals are quickly transferred from a diet of
hay, which is comparably low in potassium, to a diet of fresh spring grass which is rich in
potassium. In these situations, potassium levels in the rumen can rapidly peak to over 100
mmol/l, while sodium levels drop to lows of 30 mmol/l. To restore the balance for sodium,
animals thus have to be able to absorb sodium actively against this very high background of
potassium, while any absorption of potassium has to be tightly coupled to its excretion in the
kidney. Given the enormous surface area and volume of the rumen, and the huge quantities of
potassium rich roughage, the demands on this organ are thus clear: it has to prevent potassium
from entering the blood stream too quickly, and it has to be highly able to transport sodium,
bicarbonate, magnesium and calcium from the rumen to the plasma against an
electrochemical gradient.

THE RUMEN

Histology and Organogenesis

Interestingly, the esophagus of mammals including humans has been shown to posses
transporting properties in that it forms a tight barrier against the efflux of K* [68] and has
considerable potential for the active transport of Na* [109]. The physiological function of this
pronounced transport of electrolytes across the esophagus is unclear and probably merely
serves maintenance of cell equilibrium. However, it is tempting to speculate that these
transporting properties may have facilitated the adaptation of the esophageal wall to the
requirements of forming a chamber for fermentation in the evolutionary process.

Of course, dramatic differences between the two types of tissue predominate. From an
electrophysiological point of view, one pronounced difference is the fact that while
participation of the rumen in the total absorption of potassium is small [49, 113], the tissue is
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depolarized by high apical potassium [37, 38, 136]. This characteristic feature will be
discussed in more detail further down.

The histology of ruminal epithelium has been studied in some detail [48] and shows a
typical structure with stratum corneum, granulosum, spinosum and basale; tight junctions
(claudin 1 and Z0O1), gap junctions (connexin-43) and expression of increasing levels of the o
subunit of the Na'/K*-ATPase towards the basal membrane of the multilayered epithelium.
The surface area is enlarged by leaf-like papillae of 10 to 15 mm length in the cow.
Conversely, the abomasum is lined with a glandular epithelium which secretes hydrochloric
acid and pepsin and is comparable to the gastric mucosa of animal with simple stomachs.

Studies of organogenesis in ruminant embryos show that the forestomach system
develops from an extension of the primordial esophagus to the dorsal side of the primordial
stomach, and is subsequently separated from the proper esophagus by constriction [98].

Ruminal Osmoregulation

For short periods of time following the ingestion of a meal, an osmotic gradient between
blood and rumen fluid may develop that can exceed 200 mosmol/kg [139], with prefeed
values usually being reached within about 3 — 4 hours [129]. The survival both of the
microorganisms that digest the roughage, and of the cells lining the rumen depends on a rapid
restoration of ruminal osmolarity to the normal level and a number of mechanisms have been
described that may facilitate this process. While saliva plays a major role in elevating ruminal
osmolarity after drinking [139], hypertonicity cannot be restored by influx of saliva in a
reasonable amount of time since saliva is isotonic with blood.

Hyperosmolarity after ingestion of a meal is based in part on an increase in fermentation
products that can cross the membrane via lipid diffusion (Figure 1). These include short chain
fatty acids (SCFA) [6, 75, 87, 108, 120, 132], ammonia, [1, 16, 17, 41, 54, 87, 93] and CO,
[6, 87, 97]. Besides lowering ruminal osmolarity and preventing the influx of water and
ruminal distention, absorption of SCFA is of essential importance for the energy metabolism
of ruminants [12, 13].

Conversely, ruminal hyperosmolarity following ingestion of non-ionic, non-diffusible
substances or fermentation of easily digestible carbohydrates such as glucose or starch can
lead to problems such as loss of apetite or even ruminal damage in unadapted animals [22,
105]. In vitro and in vivo experiments have established that in these cases, osmolarity is
restored by an increase in water influx into the rumen [31, 42, 78, 122, 129, 158, 160].

Of the electrolytes, potassium shows the biggest rise in concentration [129]. Surprisingly
and in marked contrast to the problems that can occur when osmolarity rises after ingestion of
easily digestible carbohydrates, the rumen is highly able to deal with the osmotic challenge of
large amounts of fresh, potassium rich grass. As potassium in the rumen rises to values that
can reach 100 mmol/l, sodium concentration falls so that osmolarity within the rumen remains
constant (at about 130 mmol/l) (Figure 2). The inverse regulation of both ions seems to be a
constant factor under many different feeding regimes [24, 50, 59, 61, 80, 96, 113, 130, 131,
136, 149, 159, 160]. However, we are only beginning to understand the mechanism by which
this regulatory response occurs.
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Fig 2: Ruminal osmoregulation: When sheep are transfered from a low potassium diet (i.e. hay) to a high
potassium diet (i.e. grass), the concentration of potassium in the rumen continues to rise for a period of several
hours to days. Concomittantly, ruminal concentration of sodium falls, so that the sum of both ions remains
constant and ruminal osmolarity is restored. In vivo measurements show that the transepithelial potential
increases with the concentration of potassium. Simultaneously, sodium excretion in urine peaks, while potassium
excretion rises more slowly until maximum values are observed after about a week.

The Role of the Rumen in the Potassium Balance of Ruminants

Due to the large amounts of plant material that ruminants have to ingest to meet their
energy requirements, daily intake of potassium can exceed 30 % of the total amount to be
found in the body and is thus more than ten times higher than the dietary potassium intake of
man (as related to body weight) [46, 69, 130]. As in man, about 90% of total potassium intake
is absorbed [25, 46, 69, 112, 130, 149]. To prevent a rise to toxic concentrations in the
plasma, potassium absorbed by the gut is rapidly redistributed to the cytosolic compartment
of muscle, bone, liver and red blood cells, while the much slower renal corrections of
disturbances in potassium balance require several hours [46, 70]. Thus, it should not come as
a surprise that after a rapid transfer from a low potassium diet to one rich in potassium, the
rumen is used as an additional storage space for this mineral [136] until urinary excretion of
potassium has reached the level of intake. In the ruminant, this can take several hours or even
days [149] (Figure 2).

Conversely, excretion of Na’ sets in almost immediately after ingestion of a high
potassium meal (1-3 hours) [25, 111, 112, 137, 149, 158, 160]. The sodium content of the diet
does not appear to be related to this effect as natriuresis of sheep switched to a high



A Role for Magnesium in the Regulation... 7

potassium, low sodium diet is larger than that of sheep switched to a medium potassium,
medium sodium diet [30]. The kidney of the sheep may retain sodium even when there are
ample amounts in the diet, and lose sodium when intake is severely reduced [160], thus
reflecting the replacement of Na* by K* due to ruminal osmoregulation.

From what is known about renal potassium excretion [46], an increase in the delivery of
sodium to the distal nephron should stimulate uptake via ENaC, leading to a more lumen
negative potential, and enhanced potassium excretion. Therefore, the sodium absorbed from
the rumen should help to stimulate renal potassium excretion before ruminal K™ reaches the
gut and plasma potassium levels begin to rise. The ability of the rumen to absorb sodium thus
appears central both for potassium balance and ruminal osmoregulation after ingestion of
large amounts of potassium rich fodder.

Transport of Sodium and Chloride across the Rumen

Considering that the ability of ruminants to extract scarce sodium from grass and
concentrate it in milk has been known for a long time, studies of Na* transport across the
ruminal epithelium came relatively late. However, and perhaps for this reason, the ruminal
epithelium was among the first tissues in which active transport of ions was investigated
[143] following Hans Ussing’s discovery of active sodium transport in frog skin [152]. The
reasons for this interest are obvious: the ruminal epithelium is a moderately tight tissue [109]
and thus, very suitable for determining active transport. An additional advantage of this organ
is that due to its enormous size, experiments can easily be performed on animals in vivo by
surgical fistulation of the rumen. Ruminal content can be removed by hand from such fistulas
and exchanged for other solutions. It appears that animals adapt to this procedure reasonably
well and will continue to ingest hay, if provided, during manipulations of the rumen. The
solutions applied should not be dramatically out of the (considerable) physiological range and
should contain appropriate amounts of Na*, HCO3, Ca®* and Mg?* if influx of saliva into the
rumen is prevented in the technique of the isolated rumen.

The first study of ruminal transport was performed on goat rumen pouches in situ and left
no doubt that chloride was being transported against a chemical gradient from rumen to blood
[143]. In the same paper, and five years prior to the discovery of the Na'/K*-ATPase [142],
the authors also noted absorption of Na® against an electrochemical gradient, and the
secretion of a small amount of K* into the ruminal pouch. Subsequently, Dobson [27-29]
published results from in vivo experiments in the sheep demonstrating that sodium is actively
transported across the tissue. In these studies, electrodes were used to measure the potential
difference, PDy, generated across the ruminal epithelium. A mean PD; of 30 mV with the
blood side positive was observed, and many subsequent studies have confirmed the
hypothesis that this potential is generated by active transport of sodium across the ruminal
epithelium, with chloride following along the electrochemical gradient generated by this
transport [36-39, 53, 81, 83, 85, 86, 128, 131, 136, 160]. Half of the sodium that is secreted
by saliva is thus absorbed by the rumen [27], corresponding to a recirculation of total body
sodium 2-3 times a day across this tissue [138]. Thus, water and electrolyte balance in the
ruminant cannot be understood without taking the ruminal-portal-salivary exchanges into
account (Figure 1).
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It has since been demonstrated that the major part of ruminal Na" transport takes place by
apical uptake of Na* via NHE3 exchange [42, 82, 83, 145], blockable by amiloride (1 mmol/I)
(Figure 3). Conversely, bumetanide and furosemide have no effect on Na* transport across the
intact ruminal epithelium, and there is no other indication of Na'-K*-CI" cotransport in the
rumen [83, 87].

N S O — 3 Na*
Na*
- |
cl R
I < S
G| o=
CoO, H,CO;
G R K A |
2
Rumen j Blood
0 mV + 15 mV

Fig 3: Current model of Na* transport across the ruminal epithelium: Na* transport from the rumen can occur
both via sodium-proton exchange (NHE) coupled to chloride-bicarbonate exchange and via an electrogenic
pathway. On the basolateral side, active transport of sodium occurs via the Na*/K*-ATPase which generates a
potential (blood side positive) that drives basolateral efflux of chloride through a channel. This, in turn, stimulates
apical uptake of CI via CI /HCO-; exchange and Na* via NHE. Carbondioxide and short chain fatty acids (HSCFA)
are thought to diffuse freely through the lipid membrane and stimulate electroneutral sodium transport. (It should
be noted that the ruminal epithelium consists of more than two layers. Potential levels are for orientation and can
vary considerably from tissue to tissue.)

Basolateral extrusion of Na’ takes place via the Na'/K'-ATPase mentioned above.
Substantial evidence suggests that K* is mainly recycled via basolateral potassium channels,
since apical potassium secretion is small [16, 39, 53, 73, 76]. The resulting negative cytosolic
potential drives CI" out of the cell through a basolateral CI" channel [1, 74] and into the blood.
This, in turn, may generate a chemical gradient for apical uptake of CI" via CI/HCO3
exchange [27, 82], utilizing HCO3" that is continuously produced from CO, diffusing into the
cell across the apical membrane. Accordingly, CI" transport is sensitive to acetazolamide in
the manner known from many other transporting epithelia [36]. It should be noted that
electroneutral coupling of chloride with bicarbonate exchange ensures that the potential
gradient built up by the Na'/K'-ATPase does not break down. In line with this model,
changes in chloride concentration do not lead to large changes of PD; [52], although smaller
effects of exchanging chloride for sulfate have been noted [37, 80]. However, any apical or
paracellular conductance for chloride appears to be relatively small, or blocked by other ions
under most circumstances.

Apical Na'/H" exchange is stimulated both by CO, (<> H,COs) and by the large amounts
of short chain fatty acids (SCFA) found in the rumen. Both diffuse through the apical
membrane in their lipophylic form, and donate a proton for exchange with Na' after
dissociation [40, 43, 45, 75, 133-135].
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In contrast, the response of ruminal epithelium to the third major fermentation product of
the rumen, ammonia, depends on ruminal pH [1, 2]. At an (unphysiologically high) pH of 7.4,
addition of ammonia to the ruminal epithelium in vitro inhibits the uptake of Na" via NHE
due to the influx of NHs with subsequent reconstitution to NH," [1] and an increase of
cellular pH [97]. At the more acidic values to be found physiologically (5.5-7.0), the amount
of NHs is reduced greatly due to protonation, and the dominant observation is a stimulation of
Na" uptake due to uptake of NH," with subsequent cytosolic release of protons for exchange
in NHE [1]. Thus, in the healthy rumen with physiological pH values, the major products of
fermentation, short chain fatty acids, bicarbonate and ammonium, all stimulate sodium
reabsorption as a requirement for the postprandial stimulation of salivary flow.

Electrogenic Na* Conductance in the Rumen

The epithelial sodium channel (ENaC) is the channel that is responsible for the
conductance of sodium across most mammalian transporting epithelia in the lung, gut and
kidney [71, 115]. Characteristic features are block by low doses of amiloride in the
micromolar range, stimulation by aldosterone and lack of voltage dependence (although a
slightly higher open probability after hyperpolarization of the cell has been observed [114]).

In contrast, amiloride given in a dose as high as 1 mmol/l does not significantly affect the
PD; and the short circuit current across the ruminal epithelium, although Na* transport via
NHE is significantly reduced. In addition and contrary to expectations, extensive in vivo [85]
and in vitro experiments (unpublished results) by our laboratory failed to show any regulation
of ruminal sodium transport by aldosterone. Likewise, adrenalectomy did not affect the PDy
of the ruminal epithelium in vivo [131]. In micropuncture experiments on the intact
epithelium, it was found that depolarization of the apical membrane decreases the fractional
apical resistance [72, 122] and increases the conductance of the ruminal epithelium for
sodium. Thus, the electrogenic Na® conductance of ruminal epithelium has none of the
properties associated with the expression of epithelial sodium channels (ENaC).

In an attempt to find further characteristics of the electrogenic sodium conductance of
forestomach epithelia, it was observed in Ussing chamber experiments that removal of
mucosal Ca?*, Mg2+ or both increased the PD; and the short circuit current across the omasal
[121] and ruminal epithelium [73]. At physiological concentrations of both divalent cations,
the conductance saturates at a Na™ concentration of about 30 mmo/I [116]. In light of the great
physiological variability of ruminal Na* content (which varies from 25 mmol/l to above 100
mmol/l), this property is essential for maintaining sodium conductance at low levels of Na’,
while preventing a massive Na* influx at higher concentrations which might damage cell
homeostasis.

It should be noted that these experiments were performed in absence of an
electrochemical gradient for sodium and can thus not be explained by opening of a
paracellular shunt pathway due to removal of divalent cations. Since both short circuit current
and potential difference rose almost immediately after removal of divalent cations, it can also
be concluded that the Na*/K*-ATPase is not the rate limiting step in sodium transport across
the ruminal epithelium.

In microelectrode experiments on intact epithelia, removal of mucosal divalent cations
led to a depolarization of the apical membrane [72], while paracellular conductance was not
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affected. Maneuvers that have been shown to reduce cytosolic Mg?* concentration in isolated
cells such as the elevation of CAMP [77, 126], magnesium deprivation [73, 124], or reduction
of serosal Na* [121], can also increase Na" conductance through forestomach epithelia.

In patch clamp experiments on isolated cells of the ruminal epithelium, we have observed
similar effects: conductance for both Na* and K™ increases when external divalents cations are
removed. Interestingly, a further opening could be achieved by hyperpolarization, and it was
found that the voltage dependence of this conductance was altered by the cytosolic level of
Mg?" [77, 147]. A residual sodium conductance can also be observed in physiological
solutions with normal concentrations of external divalent cations (Figure 4 A and B).
However, when the Mg?* concentration in the pipette is set to values at the upper end of the
range reported for intact ruminal epithelial cells [123, 124, 126], no significant conductance
for Na* can be seen (Figure 4 C). Under these high Mg** conditions, sodium conductance
could be stimulated by elevation of cytosolic cAMP, either by direct application to the cytosol
via the patch pipette, or via PGE2 [146]. The latter effect may rest both on a reduction of
cytosolic magnesium [126], and/or upon direct effects on the channel protein. It is noteworthy
that an endogenous production of prostaglandins has been observed in intact ruminal
epithelium [40].

Although the precise nature of the Na* conducting channel in ruminal epithelium has yet
to be identified, our experiments suggest that electrogenic uptake of Na™ by the sheep rumen
is regulated by voltage dependent binding of external and internal magnesium to sites in the
pore of a non-selective cation channel.
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Fig 4: Sodium conductance of ruminal epithelial cells is blocked by external and internal Mg?*: Original
patch clamp recordings. Cells were filled with different pipette solutions, and currents in response to various
voltages (pulse protocol) were measured. Removal of Na* from a bath solution with physiological concentrations of
Ca?* and Mg?* resulted in a visable reduction of inward currents (A) and significant depolarization of the cells (B)
when filled with a pipette solution that contained no Mg?*. When Mg?* was added to the cytosolic medium in a
concentration of 0.9 mmol/l, effects of removing sodium from the bath solution were not significant. Removal of
external Ca?*, Mg?, or both increased both sodium and potassium conductance of the cells.
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Mg?* Gating of lon Channels

Regulation of channel conductance by intracellular or extracellular magnesium is known
from a large number of ion channels, such as the inwardly rectifying potassium channel, the
NMDA receptor, a number of non-selective cation channels from the TRP family [3, 100,
154] or the epithelial sodium channel, ENaC [26].

While voltage gated channels respond to a change in membrane voltage by changes in the
conformation of the channel protein, in magnesium gated ion channels, removal of Mg?®* in
the solution eliminates the voltage dependence. Inwardly rectifying potassium channels have
been studied extensively for many decades [10, 56, 117], and it appears that voltage
dependence is related to binding of Mg?* to a binding site on the intracellular side (Figure 5
A). When the interior of the cell is hyperpolarized versus the outside, the resulting potential
gradient will tend to push positively charged ions into the cell and away from the cell
membrane. If the binding of Mg®" to the internal mouth of the channel is weak, the
probability that Mg?®* will dissociate and move into the cell lumen rises, and thus, the number
of channels that are open at any given moment will increase. A characteristic and distinctive
property of the inward rectifier is that the conductance change is a function not of the absolute
potential E, but of the potential difference E — E(K") [56, 66] where E(K") is the reversal
potential for potassium. The reason for this is that as the external potassium concentration
rises, influx of potassium ions will push the blocking Mg®* ion out of internal mouth of the
channel pore [55] and the channel will open at voltages where it would otherwise have been
closed. Thus, paradoxically, a channel that normally only opens when it is hyperpolarized to
low levels will also open when the external side is exposed to a high concentration of
potassium. The relatively simple mechanism of Mg2+ block allows depolarization of the cell
when extracellular potassium concentration rises and allows influx of potassium when the
membrane voltage is below the Nernst potential for this ion, but prevents efflux of potassium
out of the cell at higher voltage levels.

NMDA receptors of neurons are channels with a high permeability for calcium and have
been studied extensively, facilitated undoubtedly in part by the low resting conductance of the
neuron’s cell membrane. These channels are opened by certain agonists, but conduct poorly
in normal bathing medium with physiological concentrations of magnesium, even in the
presence of an agonist [55]. However, when the cell is depolarized in the presence of an
agonist, their conductance increases [4, 62]. In these channels, the binding sites for Mg?* are
thought to be inside the channel pore, within the region where transmembrane voltage drops
from the external level to the level found on the internal side of the cell membrane. As above,
it has been established that the affinity to Mg?" changes as a function of membrane voltage
(Figure 5 B). However, at depolarized membrane voltages, the probability of Mg®* occupying
these external sites is lower, the block is less pronounced, and the conductance of the NMDA
receptor increases. Interestingly, this block appears to be modulated by binding of permeant
monovalent cations to the external channel vestibule of NMDA receptors [110]. A further
feature is an additional block with different binding affinity by internal Mg2+ [63]. It has been
suggested that Mg®* can permeate the channel at a low, voltage dependent rate and would
thus impede the flow of other ions through the pore, with the number of channels blocked in
this manner rising with the concentration of Mg?". The different blocking properties of
external or internal Mg?* can be explained by channel models in which several ions move in
single file through a long narrow pore with asymmetrical energy barriers [63], [56]. Note that
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the electrical field within the channel pore and thus, the forces that bind and repel the
blocking Mg?* ion, depend on the other ions within the pore. It has been proposed that the
combination of block by internal and external Mg?* make the NMDA-activated channel a
bidirectional rectifier with an optimal voltage range for conductance [63] (Figure 5 C).

A) Block by internal Mg?*

cytosol cytosol

Hyperpolarization: opens channel Depolarization: blocks channel

B) Block by external Mg?*

+ —

+
+
cytosol cytosol
Hyperpolarization: blocks channel Depolarization: opens channel

C) Hypothetical models for opening of bidirectional block

+ +
cytosol cytosol cytosol
Depolarization: Fall in cytosolic Mg?*: High electrochemical driving
relieves outside block relieves inside block force extrudes blocking ion

Fig 5: Voltage dependent block of ion channels by Mg?*: some models (see text)

The epithelial calcium channels ECaC 1 (TRPV6) and ECaC 2 (TRPV5) are known for
their extremely high Ca*" selectivity (Pca/Pna >100) in vitro, and appear to be involved in
Ca?* reabsorption in kidney and intestine [106, 154]. When divalent cations are removed, they
become permeable to monovalent cations and open at negative potentials with strong inward
rectification. As with the inward rectifier, this rectification depends at least in part on the
presence of intracellular Mg?*. Block by external divalent cations is decreased when
intracellular Mg2+ levels drop. As with the NMDA receptor, interaction with permeant cations
has been observed. At high potentials, Mgz+ block is relieved, indicating that Mg2+ may be
able to permeate the selectivity filter of the channel if the driving force is high enough [154].

In terms of conductance for sodium and block by divalent cations, the ruminal
conductance for sodium has striking similarity to channels belonging to the TRP family
[106]. However, in isolated cells of the ruminal epithelium, the blocking effects of divalent
cations are much larger than any currents that might be attributed to a conductance for Ca**
and Mg*", even if the electrochemical driving force is set to very high levels in patch clamp
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experiments [148]. This is in line with the in vitro and in vivo observation that influx of Mg**
into the cells and across the rumen saturates [85, 86, 123], although initial uptake rates are
high and fast. Thus, while it cannot and should not be excluded that Mg®* uptake by the
rumen may involve channels from this group, these channels do not display the high rates of
Mg?* conductance reported for channels such as TRPM7 [95, 99].

Interestingly, low levels of messenger RNA of both TRPV5 and TRPV6 have been found
in the rumen of sheep [162] where functionally, they may be involved in the transport of ca®
[120]. In the same study, a higher expression of both channels not just on the mRNA but also
on the protein level was found in other parts of the gut of the sheep where absorption of Ca**
is thought to play a minor role, and thus, the physiological role of these channels in the
gastrointestinal tract needs to be clarified.

In the case of TRPV5, both high Ca®* selectivity and sensitivity to extracellular divalent
cations appear to depend on a single aspartate residue in the pore region between
transmembrane domains 5 and 6 [101]. Point mutations can be expected to dramatically alter
the conductance of ion channels, and the TRP family is no exception. Associated proteins
may lead to further differences [153]. It should be noted that buffering of Ca** and Mg** in
physiological solutions is by no means trivial [51, 79]. Since the cytosolic concentration of
these ions has impacts on the selectivity of these channels, a prediction of their conductance
in vivo from in vitro experiments has to be done with care. In most patch clamp studies [101]
including our initial experiments with ruminal epithelial cells, [1, 101], the concentration of
Mg?* in the pipette solution is higher than the free concentration of the ion that is found in
resting intact cells [123, 127], and the situation in the intact epithelium in vivo may be even
more complex.

A recent study has shown that the esophageal epithelium of the rabbit possesses a sodium
conductance with similar properties, and it has been suggested that in this tissue, ENaC
subunits assemble to form a non-selective cation channel that is not blockable by amiloride
[7]. Data from RT-PCR experiments in our laboratory suggest that alpha subunits of ENaC
are expressed in ruminal epithelium (personal communication, Jatti Priesnitz). As mentioned,
regulation of ENaC by intracellular Mgz+ has been demonstrated [26]. However, attempts to
demonstrate other subunits have not been convincing so far, and while this is certainly an
intriguing possibility, we do not feel that at this point that the involvement of other
cation channels (i.e. TRP channels [100]) in ruminal sodium transport should be ruled out in
light of the failure of aldosterone or amiloride to show any effects on electrogenic sodium
conductance in the forestomach.

It may be argued that since the greater amount of sodium absorbed by the rumen is
transported by the NHE as outlined above, any interest in a further mechanism is purely
academic. However, the apical electrogenic entry of sodium determines the magnitude of the
transepithelial potential (blood side positive), [27, 37-39, 82], and is thus an essential
contributor to the total driving force for the basolateral efflux of choride and other anions
such as bicarbonate [27]. Basolateral efflux of chloride drives apical uptake of chloride,
which, in turn, should stimulate Na* uptake via coupling of NHE with CI'7HCOj3; exchange.
More importantly, perhaps, stimulation of electrogenic sodium transport should have a
negative impact on the electrochemical driving force for potassium efflux from the rumen.
The central importance of electrogenic sodium transport for transruminal potential thus makes
it a gate-keeper for the transport of ions across the rumen, and since the electrogenic Na*
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conductance of ruminal epithelium is regulated by changes in cytosolic magnesium, the
uptake of this ion by the ruminal epithelium should be of some interest.

ABSORPTION OF MAGNESIUM

Interest in the uptake of magnesium by the ruminant is old and related to a surge of cases
of an affliction known as “grass tetany” that led to widespread loss of cattle in the last century
[90, 125]. After sudden transfer from normal winter rations to young spring grass, animals
became afflicted with excitability, salivation, ataxia, recumbency, and tetanic muscle spasms
[140, 141]. Despite normal magnesium content of the fodder, the animals were apparently
unable to absorb this mineral and thus suffered from hypomagnesaemia. Sjollema’s
hypothesis that the surge in frequency was related to the introduction of fertilizers containing
potash has since been confirmed by a solid body of evidence which has been reviewed
elsewhere [34, 90]. It should be noted that a number of other factors are known to contribute
to malabsorption of magnesium that include sodium deficiency [118] and high protein content
of the diet with subsequent high levels of ruminal ammonia [41].

Absorption of magnesium from the rumen has been studied extensively at the level of the
animal, the tissue, and the cell. It has been established that the main site for absorption of
magnesium in the ruminant is the forestomach [107]. When the rumen is bypassed, decreased
plasma Mg?* concentrations, decreased urinary Mg** excretion and increased fecal Mg®*
excretion is observed. This negative magnesium balance cannot be compensated for by post-
ruminal infusion of Mg?* [150].

Given that the serosal side of the rumen is positive versus the mucosal side (30 mV), any
paracellular transport will move Mg?* from blood into the rumen [20]. Transport must thus be
transcellular and active and was first demonstrated by Martens and Harmeyer in 1978 [86]. In
the same study, it was shown that the transport is ouabain sensitive and saturable. The
presence of basolateral Na'/ Mg?* exchange coupled to Na'/K*-ATPase has since been
established [77, 126] as the mechanism underlying the active step of absorption (Figure 6 A).

In contrast, it has been shown that apical uptake depends on the electrochemical driving
force for Mg?* across the apical membrane (Figure 6 B). Depolarization of this membrane by
potassium was found to reduce transport of Mg?* across the rumen in vivo using various
approaches that include the temporary isolation of the rumen from influx of saliva [19, 50, 80,
85, 87, 89, 94, 164]. Experiments across isolated ruminal epithelium in the Ussing chamber
established that the potential difference, and not potassium concentration, were central to the
reduction in the uptake of Mg®* [76, 84]. Likewise, exposure of isolated cells of the ruminal
epithelium in culture to high potassium solution resulted in a reduced uptake of Mg?*[123,
124]. It has been shown that this maneuver depolarizes isolated cells of the ruminal
epithelium via potassium channels [1]. In contrast, plasma magnesium concentration had no
influence on the rate of Mgz+ absorption [91], and the effects of K* on Mg2+ absorption are
not attributable to high levels of absorbed K*, but rather to the concentration of K* present in
the rumen [113]. From these experiments, a model has emerged that resembles that developed
for the distal convoluted tubule, where absorption occurs via an apical Mg channel in
conjunction with a basolateral Na*/ Mg?* exchanger [65, 161]. In the context of this review, it
is tempting to point out that in humans, a fall in plasma magnesium is known to lead to
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kaliuresis [161] [64] [105], and that reduction in plasma Mg?* levels should thus help with
excretion of potassium.

It should be noted that there is evidence for a second transporting process that is not
potential dependent and which facilitates uptake of magnesium into depolarized cells at
higher ruminal potassium concentrations of this mineral [61, 76, 124]. In addition, a number
of factors are known to stimulate absorption of magnesium from the rumen, including a rise
in bicarbonate, short chain fatty acids, and a low but physiological pH of around 6.4 [90].

A) Low ruminal potassium

Rumen

B) High ruminal potassium

K+ T

Rumen

Fig 6: Reduction of Mg?* uptake by elevation of ruminal potassium: Apical Mg?* influx occurs down the
electrochemical gradient, driven by the negative potential across the apical membrane (A). Basolateral efflux
occurs in exchange for sodium. The stochiometry has not been identified.

After elevation of ruminal potassium (B), the apical membrane is depolarized and the gradient for uptake of Mg?*
decreases. Cytosolic Mg?* concentration drops, and thus, also basolateral extrusion. Note that the relative
contribution of the potassium conductance to total membrane permeability may rise as ruminal potassium levels
increase.

Interestingly, reductions in the absorption of Mg?" were also observed after acute
exposure to ammonia [18, 41, 54, 87, 89]. For reasons that are not clear at present,
compensatory mechanisms set in after a few days [41] in this case, so that hypomagnesaemia
is transient. It is possible to speculate about the role that the electrogenic vacuolar H-ATPase
might play in this regulatory response [124] or about up-regulation of enzymes which are
involved in ammonia metabolism in the rumen epithelium [102, 103].

The practical implications of these physiological background facts are clear and have led
to a reduction in the frequency of the affliction. Adjusting cattle to a high potassium and high
protein diet with production of ammonia must be done slowly. Mg®* concentration in the
rumen must be elevated by feeding Mg salts to activate the non-potential dependent
magnesium uptake mechanism. Fertilization techniques which greatly raise potassium intake
should be avoided. In addition, care has to be taken that animals are not sodium depleted,
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since this increases aldosterone levels, salivary excretion of potassium and thus, elevates
ruminal levels of potassium [90] [118] with the detrimental effect on Mg?* absorption from
the forestomachs described above [88].

RUMINAL TRANSPORT OF POTASSIUM

Given the high concentration of potassium in the ruminant diet and that the volume of the
rumen can exceed that of the plasma, it is clear that any absorption of potassium from this
organ has to be slow. When total potassium absorption is related to feed intake and
recirculation of saliva is not considered, the contribution of the rumen to total potassium
absorption is marginal, and most studies regard the small intestine as the major site for the
absorption of dietary potassium [69, 164].

However, when the rate of absorption is related to the concentration found in the rumen,
a certain permeability of the ruminal wall for potassium becomes apparent. Secretion of
potassium under experimental conditions with very low ruminal potassium concentration was
first noted by Sperber and Hyden [143], and this finding has been confirmed many times [35,
59, 80, 130, 160]. The simplest explanation for this observation is to assume a leak of
potassium into the rumen paracellularly from the blood side (4-5 mmol/l K*), driven by the
positive PD; of about 30 mV (blood side positive). In this case, an increase in ruminal
potassium should lead to an increase in the potential across the ruminal wall, and such a
potential was, indeed, measured in feeding experiments [136]. Subsequent parallel in vivo
and in vitro investigations [37, 38] confirmed that the potential rose strongly with the luminal
concentration of potassium both in the completely isolated rumen in anaesthetized sheep, and
in isolated ruminal epithelium in the Ussing chamber. Conversely, raising Na* from a basal
level of 20 mmol/l had little (in vivo) or no (in vitro) effect [37, 38]. Later in vivo studies
(under more physiological conditions with HCO3™ and acetate instead of CI as the major
anions [18, 80]) confirmed the finding that K* concentration contributes more to overall
transepithelial potential than concentrations of Na* exceeding 20 mmol/l. However, it should
be noted that the increasing transepithelial potential with falling ruminal sodium
concentration in these experiments suggests that any paracellular leak of sodium into the
rumen has to be small. Thus, the simple model of a hypothetic “leak” pathway postulated
above cannot be quite so simple after all and must, at the very least, be highly selective for
potassium over sodium.

At first glance, these results seem to suggest that the efflux of potassium has to be
considerable since the transruminal potential has to be continuously maintained by a
corresponding flux of ions under in vivo non-equilibrium conditions. This is very clearly not
the case. The ability of the rumen to concentrate potassium has already been outlined above
(Figure 2). When sheep are transferred from a low potassium diet of hay and meals to a diet
of high potassium grass from a heavily fertilized meadow, ruminal potassium concentrations
can rise from levels of about 30 mmol/l to peaks of 100 mmol/l [136]. Concomitantly, the
concentration of sodium falls from levels as high as 100 mmol/I to values of 25 mmol/Il. Thus,
while there can be no doubt about the coupling of potassium and transruminal potential [37,
38, 61, 76, 80, 84, 131, 155], and while a small passive flux of potassium down its
electrochemical gradient has been demonstrated [59,160], the major ion being absorped under
these conditions is sodium [59, 130, 144, 158, 160]. In line with this, a complete removal of
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sodium (or application of ouabain) abolished the potential and the short circuit current across
the ruminal epithelium [53], establishing Na* as the major ion responsible for the potential
across the ruminal wall.  An explanation for the failure to observe changes in transepithelial
potential in response to the elevation of ruminal sodium above 20 mmol/l [37, 38] has since
emerged: in vitro, electrogenic sodium conductance saturates at 30 mmol/l of Na* [116].
Thus, raising Na* concentration from 20 mmol/I to higher values should only have marginal
effects.

These data do not support the originally proposed model of a major paracellular leak
pathway for potassium and suggest a transcellular electrogenic uptake pathway highly
selective for potassium over sodium, with potassium channels being ideal candidates. In line
with this, a high concentration of potassium was found to depolarize the apical membrane of
ruminal epithelium and decrease the fractional apical resistance [76]. In vitro studies showing
that active, ouabain sensitive potassium secretion can take place under equilibrium conditions
[39, 53, 76, 163], with evidence for the existence of additional basolateral potassium channels
[76], support the model of channel mediated transcellular uptake.

A similar notion of apical potassium channels evolved independently from in vivo
experiments on sheep, demonstrating that ruminal uptake of ammonia cannot be explained
exclusively by assumption of lipophillic diffusion of NH3 [17]. In vitro experiments in the
Ussing chamber followed, that postulated electrogenic uptake of NH," via a quinidine
sensitive potassium channel [16]. This suggestion is supported by a recent study
demonstrating stimulating effects of NH," on sodium transport, thus establishing that
transport of NH," has to be transcellular [1]. Using the patch clamp technique, it was possible
to directly demonstrate corresponding quinidine sensitive potassium channels with a
conductance for both potassium and NH," in isolated ruminal epithelial cells [1].
Interestingly and typically [5, 33, 55, 56, 165], the open probability of these channels [1] rose
with the concentration of the permeant ion. This property of potassium channels may help to
explain why the cell is depolarized with increasing levels of potassium and falling levels of
sodium [39, 53, 76] despite the fact that in low potassium ringer, the conductance for sodium
exceeds that for potassium.

The assumption of transcellular flux via potassium channels integrates certain
observations in a satisfactory way, since uptake of NH," is favored by the electrochemical
gradient across the apical membrane of the rumen, whereas passive influx of K into the
cytosol is not possible except at high ruminal potassium concentrations due to the high
cytosolic concentration of potassium. This is very much in line with the in vivo observations
of ammonia transport at low pH and low concentrations of ammonia [17], while very high
concentrations of potassium are necessary in order to observe sizable transport rates for
potassium [160]. However, the failure to observe a clear effect of quinidine on potassium
transport across the rumen in vivo does leave some room for a debate that should include the
very wide range of quinidine effects on cellular metabolism [35]. Despite this caveat, the in
vivo and in vitro evidence for the existence of potassium channels with a substantial
contribution to total conductance of the apical and basolateral membrane of the ruminal
epithelium is solid, and a viable model is needed to explain why nevertheless, potassium
movements across the ruminal wall remain small [69, 136, 160].

An attempt to integrate the various observations can be made by considering the
interaction of the electrogenic sodium conductance with potassium transport (Figure 7). As
stated before, this pathway is stimulated by the depolarization of the apical membrane [72]
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and part of the potential generated by an increase of potassium in the rumen should be due to
stimulation of this sodium conductance. Now, the paradoxical observations fall into place:
potassium depolarizes the apical membrane, opens the sodium conductance [72, 77], the
transepithelial potential increases, the electrochemical driving force for the efflux of
potassium from the rumen falls. Therefore, we see an increase in sodium transport, a rise in
transepithelial potential, but potassium efflux from the rumen remains limited.

A) Low ruminal potassium
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B) High ruminal potassium
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Fig 7: Uptake of K* by the ruminal epithelium: Flux of K* across the ruminal epithelium is passive and
proportional to the transepithelial electrochemical driving force. With increasing concentration of ruminal K*, the
efflux of K* from the rumen into the plasma increases. However, stimulation of electrogenic Na* transport with
depolarization of the apical membrane and generation of a strong, lumen positive transepithelial potential limits the
amount of K* that leaks out of the rumen. In vivo, transepithelial potential can reach values of 60 — 70 mV.

A ROLE FOR MAGNESIUM IN RUMINAL OSMOREGULATION

Numerous studies demonstrate that rising levels of potassium stimulate the absorption of
sodium across the rumen in vivo [59, 130, 144, 158, 160]. Harrison notes that in vitro
stimulation of Na* transport by elevation of K* only succeeded under open circuit conditions
[52], and thus, a potential dependent mechanism appears to be involved. This effect cannot be
attributed to a rise in osmotic pressure, since the effects of urea or mannitol on sodium
absorption were discrete [160]. As has been outlined above, a high increase in osmotic
pressure due to administration of non-ionic osmotic agents can even reduce Na* absorption,
and induce water influx into the rumen [44, 78, 122]. Conversely, potassium stimulates
absorption of sodium even in the absence of an osmotic gradient [85].

In light of the information we have at this point, it is possible to develop a fairly
consistent model that may describe the events that occur when sheep or cows are transferred
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from a low potassium diet of hay to a diet higher in potassium, such as fresh spring grass
(Figure 8). As the concentration of potassium in the rumen increases, the conductance of the
apical membrane for potassium rises [1, 55] and the apical membrane is depolarized [76], the
binding affinity of divalent cations at the external mouth of the non-selective cation channel is
loosened, and simultaneously, uptake of magnesium decreases. Now, the non-selective cation
channel begins to open [77, 147].
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Fig 8: Stimulation of ruminal sodium transport by elevation of ruminal potassium: A) Divalent cations block
many of the non-selective cation channels in the apical membrane, limiting electrogenic sodium influx. Despite a
large concentration of apical Na*, total sodium flux is low. After elevation of the ruminal K* concentration (B), the
apical membrane is depolarized, uptake of Mg?* decreases and cytosolic Mg?* concentration drops. In addition,
depolarization relieves the block of the non-selective cation from the external side. Electrogenic Na* transport
rises creating an additional depolarizing stimulus and reducing the electrochemical gradient for the uptake of K *.

As Na' rushes in, the apical membrane is depolarized even further and a catastrophic
cascade of events would unfold but for the fact that at a certain potential level, residual
internal Mg?®* begins to block the pore from the inside, thus limiting a further depolarization.
It appears conceivable that at elevated cytosolic concentrations of sodium, basolateral Na'/
Mg2+ exchange slows down so that internal Mgz+ levels begin to rise again despite reduced
uptake. And thus, this model can predict that at medium levels of potassium, sodium transport
is stimulated, while at very high levels of potassium, sodium transport is depressed [160].

An intriguing feature of this model is that as the transepithelial potential depolarizes due
to the electrogenic efflux of sodium, the driving force for the flux of potassium through leaks
from the rumen such as the paracellular pathway is decreased. Again, we can predict what
happens when potassium levels rise: as sodium transport is depressed, potassium conductance
begins to rise and this is, indeed, what is observed [160]. Thus, the introduction of potassium
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channels in the apical membrane of the rumen does make “sense” from an evolutionary point
of view — or did, until potash fertilizers came up [140].

CONCLUSION

Ruminants can deal with abrupt and extremely large rises in potassium intake due to their
ability to utilize the rumen as an additional reservoir for buffering K* until renal excretion of
K" has set in. Ruminal concentrations of potassium can rise to values of 100 mmol/l in these
situations, with sodium content decreasing in proportion so that osmolarity remains constant
throughout. This is essential since rising osmolarity would interfere with ruminal
fermentation processes and food uptake by the animal.

In contrast to the pronounced ability to maintain physiological ruminal osmolarity and
plasma potassium levels, hypomagnesemia is a known complication with economic
significance after transfer of ruminants to a high potassium diet. The pathogenesis of this
condition has been shown to involve a decrease in Mg?* absorption by the rumen after
exposure to high ruminal potassium.

We feel that the two phenomena may be causally linked via a signaling cascade that
involves depolarization of the apical membrane by high potassium, reduced uptake of
magnesium, and opening of a sodium conductance with subsequent rise in sodium transport
out of the ruminal pouch (Figure 9). In evolutionary terms, the potassium-induced reduction
in digestibility of Mg®* may be balanced by the increased ability to quickly ingest very large
amounts of fresh grass after a longer period of famine.
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Fig 9: A role for magnesium in ruminal osmoregulation: The adverse effects of an inhibition of transcellular
ruminal Mg?* transport are balanced by the positive effects of a stimulation of Na* efflux from the rumen, namely,
inhibition of K* efflux into the plasma, stimulation of renal K* excretion, and regulation of ruminal osmolarity.
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