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ABSTRACT

REGULATION OF THE RUMINAL ENVIRONMENT
BY LACTATING DAIRY COWS

By

Charles Steven Mooney

The ruminal environment must be regulated for the health and productivity of ruminants.
Sodium is the most abundant cation in the ruminal solution and is the most likely
candidate as the regulated ion. Three experiments were conducted to evaluate the role of
strong ions in the ruminal environment. If sodium compounds are infused into the
ruminal solution, rumination time is reduced markedly, however, these infusions may
generate ruminal conditions that are not representative of normal physiological or
nutritional conditions. In the first experiment, we hypothesized that additional dietary
sodium at normal concentrations would reduce rumination time of dairy cows.
Additional dietary sodium decreased rumination time as did additional dietary potassium
indicating that the general decrease in rumination was caused by a tonic increase in
ruminal osmolality. Sodium is often added to lactating dairy cow diets in the form of
sodium bicarbonate. The benefits of sodium bicarbonate addition are well documented
but the mechanism of its action has not been defined. In experiment two, addition of
dietary sodium increased total tract neutral detergent fiber digestibility probably by an
expansion of ruminal contents and slowing of passage of digesta from the rumen. These
effects are likely only a component of the mechanism of sodium bicarbonate action in
lactating dairy cows. In this experiment, the addition of dietary sodium bicarbonate did

not affect ruminal pH or alter the site of starch digestion. Sodium is a strong ion and
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strong ions are one of the determinants of the pH of a solution. In experiment three, we
hypothesized that strong ion concentrations in the ruminal solution would be related to
ruminal pH. Ruminal pH was correlated positively with ruminal sodium concentration,
the sum of ruminal sodium and potassium, and ruminal strong ion difference, and was
correlated negatively with total volatile fatty acid concentration, ruminal ammonium, and
the sum of ruminal ammonium plus potassium. Also, ruminal sodium concentration was
negatively related to the sum of ruminal potassium plus ammonium concentrations.
Therefore, the total concentration of cations is controlled, balancing ruminal acidity and
limiting ruminal osmolality. A uniform, alkalizing strong ion difference was maintained
in the ruminal solution across animals and dietary treatments and this plus the charge
balance in the rumen are likely regulated by modifying sodium flux across the ruminal
epithelium. Sodium, as well as bicarbonate, are likely key in the whole body regulation
of the volatile fatty acid load. These experiments suggest that lactating dairy cows

actively regulate the ruminal environment especially sodium in the ruminal solution.
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CHAPTER 1: Literature Review

THE LACTATING DAIRY COW AS A RUMINANT

Overview

Lactating dairy cows are unique among domestic ruminants for their ability to
consume feed, commonly consuming 4% of their BW on a daily basis (NRC, 2001). This
consumed feed ferments in the forestomach and leads to a significant acid load which
cows must regulate to maintain homeostasis. In this regulation, the production of copious
sodium bicarbonate by the salivary glands is a key control. Total salivary sodium

bicarbonate is proportional to total saliva flow which is influenced by many factors.

Ruminants

Ruminants have a symbiotic relationship with the microbes of their foregut
(Russell and Rychlik, 2001). The ruminant provides water, warmth, substrate, and
endproduct removal to a dense, diverse, and interacting collection of suitable bacteria
(>10'° cells per gram of contents), protozoa (=10° cells per gram of contents), and fungi
(Russell and Rychlik, 2001). In return, the ruminant obtains nutrients (energy from VFA,
microbial protein) from plant fiber (cellulose etc.) unavailable by mammalian digestion
(Russell and Rychlik, 2001).

Ruminants are characterized by a fermentation of feed in a highly specialized
four-chambered stomach (Van Soest, 1994). Feed is ingested and fermented to volatile

fatty acids (VFA) by microbes in the forestomach (Hofmann, 1988). Consumed sugars,
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starches, cellulose, hemicellulose and pectin are fermented to VFA and gases (Stevens
and Hume, 1995). In the forestomach, acetic, propionic, and butyric acids usually
account for 95% of the VFA in solution and, of the gases, carbon dioxide predominates
with half as much methane and much smaller amounts of hydrogen and hydrogen sulfide
(Leek, 2004). Proportions of VFA and gases are dependent on substrate and microbes
(Stevens and Hume, 1995).

Microbial fermentation occurs in the rumen and reticulum, the first two of the
three forestomach chambers (Hofmann, 1988). As the rumen and the reticulum are only
partially separated by the reticuloruminal fold, these two organs can be considered
together as the reticulorumen (RR; Van Soest, 1994). The RR is major site of absorption,
absorbing water, VFA, and ions (Van Soest, 1994) and, with its contents, can represent
15% of the body weight but the percentage is highly variable (Stevens and Hume, 1995).
The omasum, the third chamber of the forestomach, controls the flow of the water and
particles from the RR and absorbs water and VFA from the passed digesta (Hofmann,
1988). Cows have a more prominent omasum having twice the relative surface area when
compared to sheep and goats (Engelhardt and Hauffe, 1975). The papillated lamellae of
the omasum can constitute one-third of the surface area of the entire forestomach in
domestic cattle (Stevens and Hume, 1995). This surface area absorbs water, VFA, sodium
and potassium and can start the gastric secretion of chloride (Engelhardt and Hauffe,
1975). This absorption reduces the digesta volume and changes solute concentrations in
preparation of HCI digestion in the abomasum, the fourth chamber and true stomach

(Stevens and Hume, 1995).
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The forestomach chambers are lined on the luminal side with nonglandular
stratified squamous epithelium with slight keratinization (Stevens and Hume, 1995) and
are not secretory tissues (Leek, 2004). The forestomach’s three compartments have
structures that increase the surface area. The rumen has papillae, the reticulum has a
“honeycomb” network of low ridges and the omasum has papillated lamellae (Leek,
2004).

The four-chambered stomach of dairy cows is well vascularized and innervated.
The stomach receives blood from the branches off the abdominal aorta and is drained by
the hepatic vein (Leek, 2004). The stomach is innervated by parasympathetic and
sympathetic pathways (Leek, 2004). The parasympathetic pathways along the vagus
nerve collect sensory input from the forestomach (monitoring tension, mechanical and
chemical stimulation) which is integrated in the gastric centers of the brain (Leek, 2004).
Motor signals return from the brain and are essential for the primary and secondary
contraction cycles of the forestomach and also rumination and eructation (Leek, 2004).
The sympathetic pathways along the splanchnic nerve can inhibit gastric motility (Leek,
2004).

Tension receptors and epithelial receptors have been found in the RR (Iggo and
Leek, 1970; Leek and Harding, 1975; Leek, 1984). Tension receptors are located in the
smooth muscle layer of the RR (Iggo and Leek, 1970; Leek and Harding, 1975; Leek,
1984) and appear to monitor the tension the RR wall (Leek, 2004). They are most
apparent in the medial walls of reticulum, cranial ruminal sac, ruminorecticular fold, in
the cranial pillar, outside of the lips of the reticular fold, and around the cardia and the

reticulo-omasal orifice (Leek, 1984; Leek, 2004). These receptors are excited by passive
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distention caused by luminal contents and by active contraction of smooth muscle (Leek,
1984; Leek, 2004). Low to moderate excitation of these receptors increases the rate and
amplitude of primary and secondary contractions and an increase in flow rate of saliva
also follows (Leek, 1984; Leek, 2004). High excitation has the opposite effects (Leek,
1984; Leek, 2004).

The epithelial receptors in the RR are located near basement membrane of luminal
epithelium (Iggo and Leek, 1970; Leek and Harding, 1975; Leek, 1984; Leek, 2004).
These receptors respond to both mechanical and chemical stimulation (Leek and Harding,
1975; Leek, 1984; Leek, 2004). Mechanically, these receptors are excited by lightly
moving tactile stimuli (i.e. “rapid light brushing”) with a very low threshold (Leek, 1984,
Leek, 2004). This excitation stimulates rumination which is likely the primary function
of these receptors (Leek, 1984; Leek, 2004). Chemically, these receptors respond to a
range of chemical stimuli (Leek and Harding, 1975). These receptors are stimulated by
increases in “tritratable acidity” and this excitement inhibits the primary contraction cycle
(Leek and Harding, 1975). In the extreme, the high acidity of acidosis will lead to
ruminal stasis (Leek and Harding, 1975). In addition, a pH below 6 seems required for
“significant epithelial receptor excitation” (Crichlow and Leek, 1981). Lower molecular
weight acids evoke a quicker response and high molecular weight acids are ineffective
(Leek and Harding, 1975). Of the VFA, butyric acid is particularly potent (Leek and
Harding, 1975). Hypertonic and alkali solutions will also excite these receptors but at
concentrations tested were outside the normal physiological range (Leek and Harding,

1975). Water and hypotonic solutions also excite these receptors (Leek and Harding,

1975).
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Rumination

Rumination is one of the defining behaviors of a ruminant. It aids in the
regulation of ions and pH in the forestomach and is defined as the post prandial
regurgitation of ingesta (Van Soest, 1994) and is a highly coordinated, highly rhythmic,
cyclical process characterized by regurgitation, remastication, and reswallowing (Welch
and Hooper, 1988). To ruminate, the central nervous and enteric nervous systems
integrate ruminal and reticular stimuli and coordinate the diaphragm, rumen, reticulum,
esophagus, and mouth (Van Soest, 1994). Rumination begins with the regurgitation of a
bolus of ingesta from the reticulum to mouth (Beauchemin, 1991). Excess liquid is
reswallowed and the remaining bolus is rechewed for about 60 seconds while salvia is
added (Van Soest, 1994). The bolus is reswallowed to the RR and another will be
regurgitated after a short pause (Beauchemin, 1991).

Dairy cows will normally spend more time ruminating than eating during a day
(Van Soest, 1994). They will spend 5 to 9 h per d ruminating and 4 to 7 h per d eating
(Beauchemin, 1991). Actual amount of time depends on physical form and composition
of diet and the total amount ruminating time per d seems to have an upper limit of about
10 h per d (Welch, 1982). Cows will spend 10 to 20 periods per d ruminating
(Beauchemin, 1991). The 30,000 to 50,000 chews per d occur with a lateral motion on
the jaw that crushes not cuts the ingesta with the molars exposing the plant flesh to
microbial attack (Beauchemin, 1991).

Rumination behavior is influenced by many factors. Rumination is inhibited by
low pH, anorexia, high ruminal osmolality, and high VFA concentration (Welch, 1982;

Welch and Hooper, 1988; Beauchemin, 1991; Van Soest, 1994; Leek, 2004). Rumination
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can be completely stopped by osmolality above a threshold (suggested as 350 mOsm in
sheep; Welch, 1982). Rumination is stimulated by increased particle size, dietary fiber
and feed intake, and decreased forage quality (Welch and Smith, 1969; Sudweeks et al.,
1980; Welch and Hooper, 1988; Beauchemin, 1991; Van Soest, 1994). These stimulatory
factors are associated with greater mechanical stimulation of the rumen wall (Baumont et

al, 1990) and, therefore, excitation of tension and epithelial receptors of RR (Leek, 2004).

Salivation

The increase in saliva production is one of the important aspects of rumination.
Compared to other species, ruminants secrete large quantities of saliva with enhanced
quantities of buffer (Herdt, 2002). Ruminant saliva is more basic and contains more
sodium and bicarbonate than other species (McDougall, 1948; Table 1.1) This saliva
functions to aid in lubrication of ingested feed, in taste, in forming and swallowing a
bolus of food, to provide some nutrients to rumen microorganisms (urea, minerals), to
add fluid for proper microbial actions in RR, and to supply bicarbonate and phosphate
buffers to the rumen (Bartley, 1976; Church, 1988a; Beauchemin, 1991; Ruckebusch et
al., 1991).

Saliva is secreted from several glands. Ruminants have five bilateral and 3
unpaired glands(Kay, 1960). The five bilateral glands are the parotid, submaxillary,
inferior molar, sublingual, and buccal (Kay, 1960). The three unpaired are the labial,
pharyngeal, and palatine (Kay, 1960). These glands fall into 3 histological groups:
serous, mucous, and mixed (Kay, 1960). The parotids secrete 40-50% of the daily saliva
(Kay, 1960). The total flow from all glands is referred to as the “mixed” flow (Stevens

and Hume, 1995).
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Saliva Composition

Ruminant saliva has an alkaline pH of near 8.2 (McDougall, 1948) and buffers
well between pH 6 and 7 (Turner and Hodgetts, 1955b) but not well above pH 7.5 or
below pH 5.5 (Bartley, 1976). Mixed saliva contains sodium, potassium, chloride and
phosphate from the blood and bicarbonate from the salivary cell (Stevens and Hume,
1995) and is near isotonic with serum at standard ranges of secretion (Kay, 1960).
Ruminant saliva contains higher concentrations of bicarbonate, phosphate and sodium
and a lower concentration of chloride when compared to serum (Herdt, 2002). It also has
some N containing compounds, mostly in the form of urea (Bartley, 1976). Saliva also
contains an antifoaming agent to prevent bloat and an limited amount of the digestive
enzymes lipase and amylase (Church, 1988a). Overall, the DM of saliva is very low at 1
to 1.5% (McDougall, 1948; Bailey and Balch, 1961b).

Saliva composition is relatively constant at higher rates of secretion under normal
conditions (Bailey and Balch, 1961b) and the sum of cations (mEq/L) will equal the sum
of anions (mEq/L) (McDougall, 1948; Bailey and Balch, 1961b). At resting flows, mixed
saliva composition is about equal to parotid saliva composition (Bailey and Balch,
1961b). However, at mixed saliva flow rates below 30 ml/min, bicarbonate concentration
decreases and phosphate concentration increases (Bailey and Balch, 1961b). Saliva
composition has been measured in several experiments (Table 1.2).

The primary cation of mixed saliva of the ruminant is sodium (Kay, 1960).
Sodium is usually present at more than ten times the potassium concentration (Kay,
1960). When the body is depleted of sodium (either by prolonged dietary sodium

deficiency or by an artificial sodium draw), potassium can replace sodium in mixed saliva
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so that the sum of sodium and potassium concentrations remains constant (Kay, 1960;
Bailey and Balch, 1961a; Bailey and Balch, 1961b; Hawkins et al., 1965). The parotid,
inferior molar, and submaxillary glands affect this change (Kay, 1960). The sum of Na
and K in cows saliva is likely constant (166 mEq/L; Bailey and Balch, 1961b). Saliva
concentrations of sodium, potassium and urea can be influenced by intake (either dietary
or infusion) with the greater ingestion leading to higher saliva concentrations (Warner
and Stacy, 1977). Sodium concentration of saliva appears constant over a range of flow
rates (Carter and Grovum, 1990a; Table 1.2 for more detail.)

The primary anion of mixed saliva of the ruminant is bicarbonate with phosphate
then chloride following in concentration (Kay, 1960). Saliva bicarbonate concentration is
about four times, saliva phosphate is about fifteen times, and saliva chloride is about 1/6
of concentrations found in serum (McDougall, 1948). These anions of mixed saliva tend
to remain proportional (Bailey and Balch, 1961a) and are not affected strongly by the
animal, diet or experimental treatment (Bailey and Balch, 1961b). (Table 1.2 for more
detail.)

Total flow of bicarbonate and phosphate into the RR will be proportional to the
total salivary flow (Erdman, 1988a) and can be predicted to provide buffering of 19.0 and

6.6 Eq/d, respectively, for a typical lactating dairy cow on a typical diet (Allen, 1997).

Saliva Flow

Cows secrete saliva continuously with increases in flow rate during eating and
ruminating (Church, 1988a). Several experiments have measured saliva flow at rest and
during eating. (Table 1.3) Earlier work determined that saliva flow rate during eating

was two to four times the flow rate at rest (Bailey, 1961a). More recent work with
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