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Postnatal development of salivary
phosphate, sodium and potassium
secretion in calves
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Germany, ?Institute of Animal Nutrition, Friedrich-Loeffler-Institute, Federal Research Institute for
Animal Health, Braunschweig, Germany

The transition of young lambs and calves from a non-ruminating to a ruminating
animal include substantial, developmental changes to alter saliva production.
Due to the simultaneous development of the forestomach system, the
salivary glands must transfer more and more substances such as bicarbonate
and phosphate (Pi), but also sodium (Na), into saliva in order to create and
to maintain optimal environmental conditions for microbial metabolism. The
objective of the present study was to characterize the effects of different
dietary energy levels on the ability of the salivary glands to concentrate
minerals in young ruminants in more detail during the first 7weeks of life.
Blood and saliva samples were collected from twelve female calves of the
German Holstein breed fed different levels of milk replacer. Plasma and saliva
samples were collected over 7weeks postpartum and Na, Pi and potassium (K)
concentrations were measured. Salivary Na and Pi concentrations (p <0.001)
increased as a function of time and were not affected by varying energy intake,
while K concentration (p <0.001) decreased over the developmental period
and was also not affected by energy intake. This suggests that the ability to
specifically concentrate minerals such as Na and Pi in saliva follows a genetic
program in the salivary glands rather than being influenced by dietary factors
such as energy intake in young ruminants.
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1 Introduction

During postnatal development from preruminant to ruminant, mineral homeostasis in
calves is challenged by large-scale changes that have to be managed by effective adaptation
processes to ensure adequate development of the forestomach system and growth performance.
This particularly affects phosphorus (P) homeostasis, but also other minerals such as sodium
(Na) and potassium (K). Basic principles in maintaining mineral homeostasis include the
balance of inflow into and outflow from the blood compartment mainly through gastrointestinal
and kidney functions (1-3). In weaned ruminants, the endogenous phosphate (Pi) cycle includes
the salivary glands and primarily the parotid glands as a major regulatory part and its high
capacity for saliva production can be seen as a strategy for controlling mineral homeostasis (4,
5). In addition to Pi the salivary glands of ruminants are also involved in the maintenance of Na
and K homeostasis (6-11).
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The production of saliva is the result of secretion and mixing
of the parotid gland, submandibular gland, lingual gland, and
ventral buccal gland (12, 13). Salivary secretion depends on many
factors, such as gland type, stimuli, nervous system activity, animal
species differences as well as individual differences between
animals, feed composition, and organoleptic characteristics of the
feed (14-17).

The parotid gland of ruminants is physiologically and
histologically immature and only reaches maturity at the age of a few
months (18). Little information is available on the postnatal
ontogenesis of the mechanisms of mineral secretion and on potential
modulating factors that may play a role, such as the diet composition
or energy intake in young ruminants. Therefore, it was the aim of the
present study to characterize the postnatal development of Pi, Na and
K secretion in the saliva of calves over a period of 7 weeks after birth
under different feeding conditions.

2 Materials and methods
2.1 Animals and feeding

Twelve female calves of the German Holstein breed were assigned
to two groups with different feeding schedules over a period of 7 weeks
from the fourth day after birth (Table 1) carried out at a station in
Braunschweig, Germany. The mean initial body weights of the calves
in groups A and B 1day before the start of the experiment was
identical and resulted in 43.7+1.5 (mean+SEM) and 43.8+1.4kg,
respectively. Within each feeding system, six calves were housed
individually at approximately 20°C in stalls with solid floors, bedded
with straw, and had access to fresh water ad libitum.

Two different feeding plans for the dairy calves were compared
with regard to the postnatal development of the concentrations of
inorganic Pi, Na and K in saliva and plasma.

The animals in group A received 300 g of a commercially available
milk replacer in 3 L of body-warm water twice a day each until the end
of the experiment at day 49. Grass hay, concentrate and water were
available ad libitum, whereby the daily amount of concentrate was
limited to 2kg/day. The calves in group B were given 500g of the
commercially available milk replacer once a day until day 28. From
the first day of the trial, they were given concentrate and water ad
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2.2 Sample collection

Blood and saliva samples were collected three times a week from
the day after the experiment started. Heparinized blood samples were
obtained by puncturing a jugular vein. The plasma was separated by
centrifugation (2000 g at room temperature, 15 min). Saliva samples
were collected from conscious animals as previously described (19).
The method is non-invasive and has therefore little impact on animal’s
wellbeing. In detail, the calf is fixed for less than 5min and a sterile
cotton swab fixed with an artery clamp is inserted between the cheek
and the upper jaw along the side of the mouth in the direction of the
fifth molar. Due to the localisation of the saliva collection, it can
be assumed that the collected samples predominantly consist of
parotid saliva. Within a few minutes, 2 to 3mL of saliva can

TABLE 2 Composition of feedstuffs.

Grass
hay

Commercial
milk replacer
for calves

Concentrate

feed

Components (g/kg as fed)

Oats 305
Barley 180
Wheat 170
Soy bean meal with hulls 300
Soy oil 15
Ca-carbonate 10
Minerals and vitamins 20

Calculated composition (g/kg DM)

Dry matter (g/kg) 880 960 870
Crude protein 180 225 140
Crude fat 40 150 18
Crude fibre 80 290
aNDFom 229 722
Metabolizable energy 12.58 16.15 8.76
ME [M]/kg DM]

Analyzed composition (g/kg DM)

libitum, with the amount of concentrate limited to 2 kg/day. Grass hay Dry matter (g/kg) 876 963 853
was offered ad libitum after finishing milk replacer. The composition Crude protein 176 234 157
of the concentrate feed and the calculated and analyzed chemical
. . . Crude fat 43 146 20

composition of concentrate feed, milk replacer and grass hay are given
in Table 2. Body weight was monitored weekly. Crude fibre 76 302
TABLE 1 Experimental design and feeding of the animals.

Group A (non-weaned) B (weaned)

Commercial milk replacer for 2 % 300g per calf and day, mixed with 2 x 3 litres of water (approx. 1 x 500g per calf and day, mixed with 1 x 4 litres of water (approx.

calves: 38°C) 38°C)

Length of liquid feeding: 49 days 28 days

Grass hay feeding: Ad libitum from day one

No grass hay during the liquid feeding period, then ad libitum

Concentrate feeding

From the first day ad libitum up to a maximum of 2.0kg per calf per day

Water: From day one ad libitum via nipple drinkers

Housing: Individual in boxes with straw bedding
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be collected from the swabs in sterile tubes, which are centrifuged
(10,000 g at room temperature, 20 min). Plasma and saliva samples are
stored at —20°C until analysis.

2.3 Chemical analysis

The concentrations of inorganic Pi in plasma and saliva samples
were determined colorimetrically using a standard spectrometric
method (20). The concentrations of Na and K were measured by
standard atomic absorption spectrometry.

Milk replacer, grass hay and concentrate feed samples were
ground to pass a 0.5mm screen and analyzed for crude nutrients
according to the methods of the VDLUFA (Verband Deutscher
Landwirtschaftlicher Untersuchungs- und Forschungsanstalten 1976)
(21). In particular, methods no. 3.1 for dry matter (DM), no. 4.1.1 for
Kjeldahl nitrogen, no. 5.1.1 for ether extract (crude fat), and no. 6.1.1
for crude fiber were determined according to the following methods.
The Kjeldahl nitrogen was converted to crude protein by multiplication
by a factor of 6.25.

2.4 Statistical analysis

Statistical calculations were performed using GraphPad Prism 8
(GraphPad Software, San Diego, CA, USA, www.graphpad.com) and
in the environment of RStudio, R version 4.2.1 (22). The sample size
(n 6/group) was determined based on metabolic data from previous
unpublished work with a statistical power of 0.8 and an « error of 0.05
using GPower 3.1.9.6. The data were tested for normal distribution
using the Shapiro-Wilk test and for homogeneity using the Brown-
Forsythe test. A two-way analysis of variance (ANOVA) was
performed to test the fixed effects of dietary “group,” “days” and
“group x day”

All values are given as arithmetic mean values with their SEM of
the corresponding number of animals. Two-sided p-values <0.05 (*),
< 0.01 (**) and<0.001 (***) were considered significant. Besides
analysis of variance, regression analysis was additionally performed
to investigate the group-specific relationships between the
concentrations of Na and K in saliva, and the dependency of the
concentrations of the sum of Na and K on time. For this, the linearity
of the relationships between features was tested using the raintest
function, which performs the rainbow test implemented in the
R-package Imtest (23).

Next, the relationships between the response variables (K in saliva,
or sum of Na and K concentrations in saliva) and the predictor
variables (Na in saliva, or time) were further evaluated using the Im
procedure of the R-package stats (22) whereby the group as categorial
variable, and the interactions between group and predictor variables
were included in the models.

3 Results
3.1 Animal performance

As shown in Figure 1, the time course of body weight in group
B showed a smaller weekly increase compared to group
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FIGURE/ 1
Time curves of body weight in calves with different commercial milk

replacer supply (means + SEM, n = 6 animals per group; * p<0.05, #
p=0.06).
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FIGURE 2

Pi concentrations in plasma (A) and saliva (B) during the experimental
period in group A and B (means + SEM, n = 6 animals per group; n.s.
not significant).

A. However, this effect was not significant until day 30 when the
application of milk replacer in group B was stopped. In the last
3 weeks of the experimental period, the mean daily weight gain in
the weaned group (680 g) was about 13% significantly lower than
in the non-weaned group (780¢g) (data not shown). The total
consumption of milk replacer, concentrate and grass hay during
the experimental period was 29.4, 23.8 and 5.6kg (mean
per animal) in the unweaned group A and 15.0, 36.6 and 0.9 kg in
of the weaned group B. From the data given in Table 2, the energy
consumption of the animal was calculated over the experimental
period of 7 weeks and resulted in 761.4 and 653.3 MJ ME in groups
A and B.

3.2 Pi concentrations in plasma and saliva

As a tendency the plasma Pi concentrations decreased slightly
over time (mean / range during the 1st week: 2.8/2.5-3.1 mmol1™’
versus 2.6/2.3-2.8 mmoll1™' during the last week; Figure 2A). No

differences between both experimental groups could
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be determined. In both feeding groups, the initial salivary Pi
concentrations were slightly higher than respective plasma Pi
concentrations. Throughout the experimental period, salivary Pi
concentrations increased significantly and reached values
approximately between 8 and 10mmoll™ after 7weeks
(Figure 2B). The salivary Pi concentration in the older calves thus
reached values, which were at least three times as high as

respective plasma values.

3.3 Na and K concentrations in plasma and
saliva

Plasma Na concentrations were not significantly affected over
time, but there was a significant group effect. This was mainly due to
slightly (8%) lower Na concentrations in the plasma in the early phase
of the experiment in group A compared with group B (1st week,
mean/range  132.0/126.1-139.9mmoll™"  versus 143.5/139.5-
145.4mmoll™, Figure 3A). At least during the 2nd week this difference
had disappeared (i.e., 7th week: group A 142.1/135.5-148.0 mmoll™
versus group B 143.5/142.0-144.1 mmoll™"). Regardless of the feeding
group, the salivary Na concentrations increased from 69.7/55.0-
77.3mmoll™ in the 1* week by about 30% to 90.3/85.6-100.4 mmol1™
in the 7" week (Figure 3B).

As for plasma Pi concentrations, a different feeding scheme
had no significant effect on the postnatal development of the
plasma K values. However, the plasma K concentrations decreased
during the first two weeks (mean /range during week 1: 5.8/4.9—
6.6mmoll™" versus 4.7/4.5-4.9mmoll™" during the 5th week;
4A). 'The
age-dependently and were even lower in group B after the end of

Figure salivary K concentrations decreased
milk replacer supply. In contrast to salivary Na levels, the K
concentrations decreased over time (mean /range during the 1st
week: 16.3/13.9-18.4 mmoll™' compared to 12.0/10.9-14.5 mmol1™
during the 4th week; Figure 4B). During the following period,
group A showed a mean plasma K concentration of
13.7+0.6 mmoll™ compared to 10.4+0.3mmoll™" in group B
(mean = SEM from last 8 samples, p <0.001).

The rainbow test revealed no significant departures from linearity
for the relationships between K and Na concentrations in saliva
(Pgroup A =0.506, Pgroup B=0.732), and between the sum of K and
Na concentrations in saliva and time (Pgroup A=0.952, Pgroup
B=0.4).

concentrations decreased by 0.09 mmoll™ per each increase of one

The corresponding regressions suggested that K
mmoll™ of Na in group A, and by 0.17 mmoll™" in group B (Figure 5A;
group A: y=2211 P<%-009 P<%%, r’=0.33, p<0.01,
RSE=1.63mmoll™" and group B: y=26.5P<01-(.17 P<0'x, 1?=0.48,
p<0.0001, RSE=1.97mmoll™"). Further evaluation of the data
revealed no significant interactions between group and Na
concentrations (p=0.14) suggesting that the slopes were not
significantly different for both groups.

The sum of Na and K concentrations in saliva increased by 0.55
and 0.41 mmoll™ per day for groups A and B, respectively (Figure 5B;
group A: y=82.6 P<"+0.55 P<*Vx, ?=0.54, p<0.001, p<0.01,
RSE=7.52mmoll™, and group B: y=83.1 P<*%'+0.41 P<*'x, 1*=0.42,
p<0.01, RSE=7.07 mmoll™). Interactions between the sum of Na and
K concentrations and group failed to reach significance (p=0.14)
hinting at a common slope for the relationship.
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FIGURE 3

Na* concentrations in plasma (A) and saliva (B) during the
experimental period in group A and B (means + SEM, n = 6 animals
per group; n.s. not significant).
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FIGURE 4

K* concentrations in plasma (A) and saliva (B) during the
experimental period in group A and B (means + SEM, n = 6 animals
per group; n.s. not significant).

4 Discussion

The aim of the present study was to characterize the postnatal
development of Pi, Na and K secretion in saliva of calves over a
defined period after birth under different feeding conditions.

In fully developed ruminants, the function of salivary glands is
characterized by several major differences in comparison with
monogastric species. Firstly, ruminants have high flow rates which,
may range between 200 and 300 liters per day in lactating cows, and
these flow rates are the major factor mediating the high fluid turnover
of the forestomach region (24, 25). Secondly, their ability to
concentrate bicarbonate and Pi compared with respective plasma
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FIGURE 5
K concentrations as a function of the Na concentrations in saliva
(A) and the sum of Na and K over time for both experimental groups
(B).

concentrations in combination with high flow rates result in high
bicarbonate and Pi flow rates as the major buffering compounds into
the rumen. In addition, since the nitrogen:P ratio of microbial cell
mass is rather constant and ranges around 6:1 (26) P is also an
essential element for microbial growth. Thirdly, the salivary glands
represent one component of the rumino-hepatic cycle.

Apart from mechanical stimuli, research in other species has
shown that taste and smell play an important role in the activity of
salivary glands (27). Addition of phytogens modulated salivary flow
and physicochemical composition of saliva in cattle fed high-
concentrate diets (28).

Only little is known on the early ontogenesis of saliva secretion.
Therefore, the aim of the present study was to determine the postnatal
development of salivary Pi, Na and K secretion over a period of
7weeks after birth and the influence of early and late weaning
in ruminants.

Regardless of the feeding system, the average daily weight gains
during the sampling period were comparable with the respective data
from other studies, which indicate normal development of the animals
(29, 30). The slightly lower weight gain in group B after stopping the
milk replacer might have been due to the lower content of ME in the
concentrate compared with the milk replacer.

For salivary Pi concentrations, a characteristic profile could
be demonstrated during the first 7weeks of life. They increased
continuously throughout the experimental period from about
4mmoll™ at the beginning up to values between 8 and 10 mmoll™’
in the seventh week of life. This clearly indicates that the ability to
concentrate Pi compared with plasma Pi develops as a function of
age, which is most likely associated to the functional development
of the forestomach system, which could not be investigated in the
present study. These data confirm findings by (19), however, in their
study Pi concentrations were in a lower range during the first weeks
of life. Therefore, further basic research could focus on the
identification of potential regulatory factors which are involved in
salivary Pi secretion.
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The molecular basis for salivary Pi transport is not yet fully
understood. By RT-PCR, a NaPi II-specific fragment was detected
from the parotid gland of growing goats (6). The deduced amino acid
sequence showed a homology of about 98% with the bovine NaPi ITb
(SLC34A2) sequence. The NaPi II mRNA expression correlated
positively with the Pi concentrations in saliva, suggesting that this
system is involved in the mechanism for Pi secretion (6). In addition,
the presence of other Na-dependent Pi transporters such as PiT1
(SLC20A1) cannot be excluded, since they have already been detected
in salivary glands of monogastric species such as rats (31). However,
it is currently not clear how this system could function at the cellular
level, given the existing transmembrane Na gradients.

For both, Na and K physiological plasma concentrations were
reached after the 3rd experimental week and this was similarly
reflected for respective salivary Na and K concentrations. Whereas
salivary Na concentrations slightly increased during the first three
weeks, an inverse profile could be seen for K. The inverse relation
between salivary Na and K is well documented from studies on dietary
Na deficiency (32). In comparison with other studies in calves (12),
slightly lower salivary Na and K concentrations were documented in
the present study. This might be due to the technique of saliva
collection, as Kay (1960) used animals with cannulated parotid ducts.

The limitations of the present study are that only three minerals
(Pi, Na and K) were studied in detail and therefore a comprehensive
picture of salivary gland function in young ruminants cannot
be provided. In addition, molecular characterization of the presence
and localization of involved mineral transporters in the salivary gland
should be considered.

In conclusion, from the present study it could be demonstrated
that in calves the ability for endogenous Pi secretion develops within
the first weeks of life. Further studies are needed to identify the
molecular basis for this mechanism, as well as its modulation and to
clarify to what extent this is associated with the functional
development of the forestomach system. This would also include the
typical characteristics of ruminant saliva such as bicarbonate and
urea secretion.
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