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PREFACE

Experts have
their expert fun
ex cathedra
telling one

just how nothing
can be done

(Piet Hein)

ALL scientists use models in their research work. Even those who persistently
deny it. It is hardly possible to design an experiment and to interpret its
results without any idea of how the system under investigation is functioning.
Such ideas or hypotheses can be regarded as models, i.e. the scientist’s

conception of the real world or some part of it.

Some years ago it appeared to me that most of the available knowledge in
physiology and biochemistry was not utilized to any great extent within
nutrition research in dairy cows. I then became interested in modelling as a
method to incorporate such knowledge into systematic and quantitative
descriptions of the biology of a lactating cow and to integrate details of
subunits into simulations of whole animal performance. Since that time
research work within endocrinology, cell biology and biochemistry, i.e.
metabolic regulation, has increased rapidly, and the need for intellectual

methods to systematize and integrate new data has increased even more.

Thanks to the advancing computer technology very large quantitative models can
be made operational and therefore can be used to simulate the behaviour of

Living systems.

For these and other reasons it became clear to me that a whole animal
simulation model of a lactating cow could be useful both in theoretical and in

more applied studies of dairy cow nutrition and metabolism.
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SUMMARY

Chapter 1: INTRODUCTION

The need for models. In the field of animal nutrition detailed
biochemical and physiological knowledge is accumulating. Efficient
utilization of new knowledge implies that it can be put into the
perspective of whole animal metabolism. Therefore, there is a
growing need for collection and integration of the revealed bio-
logical relationships in order to improve our current under-
standing of animal physiology and performance. The construction of
conceptual animal models is a method to organise existing know-

Ledge in a meaningful way.

Operational models of nutrient digestion and metabolism in an ani-
mal can provide integrated guantitative descriptions of major
metabolic pathways and important interactions of different nutri-
ents. The development and use of such models can contribute to

scientific progress in several ways:

- improvement of our understanding concerned with animal digestion
and metabolism

- jdentification of lacking or poor knowledge of quantitative
nutritional relationships

- improvement of the basis for development of hypotheses and for
designment of critical experiments to test them

~ improvement of procedures for a more precise evaluation of

experimental results.



Animal models can be provided with the property of simulating pro=

cesses of digestion and metabolism, and thereby be predictive of
animal performance. Use of such models - if they are sufficientliy
realistic - could reduce the future needs for feeding trials,

which are generally long lasting and costly.

Pefinition of models. A model §s a simplified symbolic representa-
tion of a system. In an animal model the system is the animal and

some specified part of its environment, e.g. its feed.

Quantitative or mathematical models consist of equations, which
describe the behaviour of the given system. Mathematical models

can be classified as:

- static or dynamic
~ stochastic or deterministic

- empirical or mechanistic.

Static models do not contain time as a variable, and therefore
cannot describe any time-dependent behaviour of the system. Dyna-
mic models do contain time as a variable, and are suited to simu~
late the continual changes and adaptations in the rates of proces-

ses occurring in Lliving animails.

Stochastic models contain probability distributions so that not
only expected values of rates and guantities, but also their vari-
ances, are predicted. Deterministic models can only give definite

quantitative predictions.
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Mechanistic models are explanatory as they are based on facts
and/or theories about mechanisms of the underlying behaviour of
the system. On the other hand, empirical models are only based on
exprimental data and not any causal relationships about the obser-

vations.

Some published dynamic models. During the last 15 years many dyna-
mic models of different biological systems have been published.
Within animal science systems of different hierarchical levels are
modelied: from individual pathways to the rumen and body tissues
of sheep, the cow mammary gland, the lactating cow, and cattle

herds.

Chapter 2: OVERALL DESCRIPTION OF THE MODEL

Mature and structure of the model. The purpose of the presented
work has been to develope a dynamic, deterministic and mechanistic
whole animai model of the lactating dairy cow. The objective of
that model s to simulate the conversion of nutrients through di-
gestive and metabolic processes in the cow into products of milk

and body gain.

The model is composed of 9 compartments (figures 2.1-2.6) repre-
senting different organs or tissues of the cow: the rumen, intes-
tinal Llumen, intestinal wall, liver, peripheral blood and extra-
cellutar fluid, mammary gland, muscle tissue, adipose tissue, and

other tissues.



Terminology of the model. The state variables in the model are

either carbon or nitrogen pools. The pools of carbon are labelled
€, and represent carbohydrates, lipids and other N-free organic
substances. The pools of nitrogen are representing protein, pep-
tides and amino acids (labelled A), NHz/NH4Y (labelled N), and
urea (labelled U).

The units of mass are moles of carbon (C) and nitrogen (¥) for the
carbon and nitrogen pools, respectively. ALl state variables of
the model with names, symbols, units and initial numerical values
are Listed in Tables 2.1-2.9.

The rates of carbon and nitrogen flow between pools are labelled
Ry (mol C/h) and Ry (mol N/R), respectively, starting at i = 100
and j=0. Flow rates integrated over 24 h are named fluxes (F; or

Fj) and are given as mol C/d or mol N/d.

General mathematical and biological principltes. The dynamic behav-
iour of the model is achieved by using differential equations to
describe the continual changes of the state variables. The rate
variables are described by equations which are mathematical formu-
lations of either Michaelis-Menten enzyme kinetics or first order

mass action kinetics.

In some of the rate equations describing enzyme kinetics the nu-
merical value of the affinity constant is regulated by the nume-
rical value of the substrate or product pool (state variable). In
this way the principle of allosteric enzyme regulation 3s simula-
ted by the model.
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Input parameters and output variables, Parameter values describing
chemical composition of the feed, live weight of the cow and stage
of lLactation are required as input data to the model. With this
information the model computes the numerical value of all state
variables, rate variables and fluxes of matter shown in figures
2.1-2.6 at any time of the '"model day”.

In order to relate the simulation results to terms of whole animal
performance the following output variables are calculated from re-

levant fluxes of matter:

- feed dry matter intake (kg/d?}
~ milk production (kg/d)

- milk composition (g/kg)

- Live weight gain (kg/d)

- tissue energy balance (MJ/d)
- gnergy in milk (MJ/d)

- gross energy intake (MJ/d)

- energy losses (MJ/d)

- net energy intake (MJy/d).

Model size and programming languages. The model consists of 77
state variables and a total of about 1500 eqguations of which about
340 are differential equations. The computer program is written in
the CSMP III simulation language, but a great deal of the computa-
tions are programmed in FORTRAN subroutines. Statistical treat-
ments and graphical presentations of output variables are perform=-

ed by means of auxiliary SAS programs.




Chapter 3: DETAILED DESCRIPTION OF THE MODEL

The procedure for constructing the model. A static model has been
used as a basis for the development of the dynamic model. The sta-
tic model is based on publications of Hvelplund (1983) and Danfer
(1983b), and describes the daily feed intake, nutrient flow
through the hody, milk production and live weight change of & cow
in early lactation. The assumed feed intake is 17.9 kg dry matter
per d of a specified composition, the milk yield is 30.0 kg/d, and
the live weight change is =0.5 kg/d. The feed is a complete mixed
diet offered ad Llibitum.

In the next step of the procedure differential equations and aux-
iliary equations have been defined in the dynamic model followed

by assignment of numerical values to state variables and equation
parameters. The numerical values are derived from literature data

or assumed as biologically probable.

Finally, the parameter values have been adjusted by means of re-
peated simulations until the dynamic model gave the same solutions
as the static model with regard to daily feed intake, nutrient
fluxes, milk production, lLive weight change and overall energy me-

tabolism.

The computer programs. The main framework of the model is formu-
lated in the CSMP III programming language and consists of 3
parts: the INITIAL, the DYNAMIC, and the TERMINAL segments.
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The INITIAL segment contains those statements which are executed
onty once at the beginning of each run. A run is a simulation per-
iod representing the time course of 24 h. In the DYNAMIC segment
FORTRAN subroutines with rate equations and regulatory equations
are called for execution, and integrations of differential equa-
tions are carried out in between the execution of subroutines. AlL
statements in the DYNAMIC segment and in the FORTRAN subroutines
are computed at each integration step untit the end of a run. Sta-
tements in the TERMINAL segment are only executed at the end of
each run. FORTRAN subroutines called from this part of the program
allow the state variables and regulated parameters to keep their
numerical values obtained at the end of a run as initial values

for the next run.

The cutput varjables from the CSMP III program are organized in a
data set created by means of an auxiliary SAS program. From this
data set another SAS program can perform statistical treatments,
further calculations, and graphical presentations of the output

variables.

The computer programs are shown in Appendices 1-4,

The individual equations, state variables and parameters. In this
section the model is described in detail, compartment by compart-
ment. The individual equations are defined, and numerical values
are assigned to state variables and parameters. The individual nu-
trient fluxes are derived primarily from the static model, and the
numerical values of state variables and parameters are assumed or
estimated from other Lliterature data. ALl state variables and
equation parameters together with their original as well as their

finally adjusted values are listed in Appendices 5-8.




Chapter 4: RESULTS OF HMODEL SIMULATIONS

Comparison of results from the dynamic and the static model. The
results from the static model are compared to daily fluxes of mat-
ter (Fy, Fij? computed by the dynamic model. Some of the results
from the dynamic model are further evaluated against literature

data, which have not been used for development of the model.

The presented results from the dynamic model are means of 10 runs
(run 26-35) as the first 25 runs are regarded as a period of egui-
Libration. A complete List of all nutrient and metabolite fluxes
simulated by the dynamic model is given in Appendix 9 together

with results from the static model.

ALL results simulated by the dynamic model are almost identical to
those of the static model. Daily feed dintake, milk yield, Llive
weight change and general energy metabolism are shown in Tables
4.1 and 4.2. Aspects of ruminal and intestinal digestion and ab-
sorption, liver metabolism, mammary gland metabolism, and body

tissue metabolism are given in Tables 4.3-4.9.

In order to achieve that solutions of the dynamic model would be
close to the results from the static model, the numerical values
of state variables and equation parameters have been adjusted du-
ring repeated simulations. By this procedure a relatively small
number of parameter values are changed more than 100% from the
originally derived ones. Those parameters are listed in Table
4.11.



Diurnal variations of pool sizes, affinity constants, and rates of

transaction. In this section examples of simulated within run var-
iations of state variables, rates and regulated affinity constants
are presented. The chosen examples are from the rumen compartment
(figures 4.1-4.19), the intestinal compartments (figures 4.20-
4.25), the liver compartment (figures 4.26-4.30), the peripheral
blood compartment (figures 4.31~4.41), and the mammary gland and
body tissue compartments (figures 4.42-4.47).

The very distinct diurnal variations in rumen nutrient pool sizes
and in absorption rates from the rumen caused by the pattern of
feed intake {figure 4.1) are more or less smoothed out in nutrient
pool sizes of the blood and in rates of nutrient uptake by the

tissues.

Although the simulated fluctuations during the "model day" of the
parameter values in some cases are very large and irregular, atl

parameters return to or approach their initial values at the end

of the "day".

Stability of the model. The dynamic model is evaluated with regard
to stability by examination of the reproducibility of the simula-
tions through seguential runs. Mean values, standard deviations,
and minumum and maximum values of some of the output variables
during 10 runs of simutation (run 26-35) are shown in Table 4.12.
The between run variations of the selected simulation results are
small and representative for all other output variables in the
model. In addition to this the model stability is evaluated after
500 runs of simulation. Mean values, standard deviations, maximum
and minimum values for dry matter intake, milk production and live

weight gain are given for every 50 runs as well as for all 500

%3



runs (Table 4.13). The trends of stability in these output variab-

les are illustrated in figure 4.48.

Chapter 5: USE OF THE MODEL

This chapter deals with the use of the dynamic model to simulate
situations different from those presumed in the definition of the
model (a nonpregnant cow at 44 days post partum fed ad Libitum on

a complete mixed diet of a specified compositionl.

Simulation of animal performance at different stages of lactation.
The altered nutrient partition during progressing lactational sta-
ges is regulated in the model by means of simulated changes of
plasma concentrations of metabolic hormones. In this way the model
can simulate declining milk yields and increasing live weight

gains during the ltactational period.

Results of 2 simulations are presented. In the first one, animal

performance (milk yield, Live weight gain and body weight) at dif-~
ferent stages of lactation is simulated by the original version of
the model as described in chapter 4. In the second simulation, the
numerical value of a few equation parameters are changed in order
to mimic an altered tissue responsiveness to metabolic hormones.

The changes imply that the performance of a cow with a higher po-
tential for milk yield and a lower potential for body gain is si-
mutated. The resulting curves of milk yield, Live weight gain and

body weight during lactation are shown in figure 5.1.



The differences between the 2 sets of simulated curves illustrate
how cows with different tissue sensitivity to metabolic hormones,
i.e., different genetic capacity for milk production, respond to

the same feed during lactation.

Simulation of growth hormone treatments. Short—term administration
of growth hormone is imitated by the model at 2 lactational sta-
ges, 73 and 257 days post partum. In these simulations milk yield
is increased by increasing levels of treatment in a curvilinear
fashion, both in early and in late lactation (figures 5.2 and
5.3). The relative responses in milk yield to increasing "doses"”
of growth hormone are much higher in late than in early lactation.
Other simulated treatment effects are: unchanged feed intake, de-
creased energy balance, decreased plasma glucose and insulin con-
centrations, and increased plasma concentration of free fatty

acids.

The efficiency of milk production (kg milk per unit of net energy
intake) can be regarded as a measure of nutrient partitioning be-
tween the mammary gland and the body tissues. It is therefore ex-
pected that this parameter 1is positively correlated to the ratio

of growth hormone and insulin concentrations. Such a relationship

is simulated by the model (figure 5.4).

Simulation of a feeding experiment. In this section the model is
used to simulate the results from one specific feeding experiment
published by Krohn & Konggaard (1987). The cows in that experiment
were offered a total mixed diet ad libitum. The results of 3 simu-

lations are presented. In the first simulation, the model is used



in its original version except for those parameter values concern-

ed with the specific experimental conditions. The second simula-
tion is performed after a change of some internal model parameters
to simulate a different nutrient partition. In the third simula-
tion, more parameter values concerned with nutrient uptake and

adipose tissue metabolism have been altered.

The first simulation underestimates the milk yield and overestima=~
tes the live weight gain. The second simulation underestimates the
rate of daily gain. In the final simulation, the deviations be-
tween the observed and the simulated results (feed intake, milk
yield, milk composition, live weight gain) are very small (Table
5.3).

Simulated regulation of gluconeogenesis. The significance of amino
acids as substrates for glucose synthesis is an important factor
in the utilization of protein for milk production., This aspect of
the intermediary metabolism is not fully clarified by the present
experimental knowledge. Therefore, the model is used to elucidate

the following questions:

- How much of the synthesized glucose is derived from propionate
and from amino acids when different diets are fed?
- How are the contributions of propicnate and amino acids tfo

glucose synthesis regulated?

For that purpose an experiment is simulated in which 3 different
rations are fed to dairy cows in early lactation. The experimental
diets are characterized (Table 5.4) by a high starch content (diet
HS), a high protein content (diet HP), and by starch and protein

partly protected against rumen fermentation {(diet BSP).
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The simulated results (Table 5.5) suggest that the rate of gluco~
neogenesis is higher with diet HS (16 mol glucose/d) than with the
other 2 diets (13-14 mol/d), that the contribution of propionate
to glucose synthesis is higher on diet HS (81%) than on the other
diets (H5%), and that the contribution of amino acids to glucose
synthesis is lowest on diet HS (3%) and highest on diet HP (20%).
The availability of propionate is highest with diet HS, whereas
the availability of amino acids is almost the same for all diets.
The ratio of glucagon to insulin concentrations in blood plasma is
highest on diet HP and lLowest on diet BSP.

In the model, the contributions of propionate and amino acids to
gluconeogenesis are regulated partly by the substrate availability
and partly by the metabolic hormones, glucagon and insulin. This

explainsg the simulated differences between the diets.

The inclusion of rumen bypass starch and protein in diet BSP in-
creases the simulated milk yield as well as the efficiency of
energy and protein utilization. In another simulated experiment
the effects of incremental degrees of dietary starch protection
are examined., The simulated effects {(figures 5.5-5.8) of increas-

ing levels of unfermentable starch can be summarized as follows:

= decreased feed intake, and decreased absorption of propionate
and amino acids

- increased absorption of glucose, and decreased rate of gluconeo-
genesis

- dincreased milk yield, but decreased milk energy secretion

- varying net energy content per kg feed dry matter of the same

chemical composition.



Chapter é: DISCUSSION AND CONCLUSIONS

#Hodel objectives and evaluation criteria. The chapter is initiated
with & brief review of the methodology of the modelling process

and the basic principles of model evaluation.

The main objective of the presented model is to simulate the con-
version of nutrients through digestive and metabolic processes in
the lactating dairy cow into intermediate substances, and further
into waste products, and products of milk and tissue constituents.
Several minor objectives can be attained with such a general mo-
del:

(i) Prediction of the effects of different diets on animal per-
formance at different lactational stages.

(ii) Evaluation of current physiological and bicchemical concepts
causal to animal performance.

(ii1) €valuation of new hypotheses about the regulations of nutri=-

ent digestion and metabolism in dairy cows.

The criteria for validation of the model depend on the modelling
objectives. The evaluation in relation to objective (i) can be
performed by comparing the simulation results with a wide range of
quantitative experimental data from feeding trials, digestibility
studies, and studies of visceral and peripheral tissue metabolism.
The model can be evaluated with regard to objective (ii) by exa-
mining subunit behaviour against data on the regulation of nutri-
ent metabolism in individual tissues. When these minor objectives
have been achieved, the model can be accepted as regards to its
main objective. The usefulness of the model in relation to objec~

tive (iii) will increase as the model is developed towards achie-



vement of the main objective.

Evaluation of the model. A number of simulated processes in the
digestive tract, the liver and the peripheral tissues are compared
to Literature data in order to evaluate the model in anticipation
of the predictive purpose (objective iY. The simulation results
are within ranges of experimental values for the following proces~-

ses

The digestive tract

- Apparent rumen digestibility of organic matter

- VFA production in the rumen

- Microbial net growth and protein synthesis in the rumen
- Degradation of dietary protein in the rumen

- Digestibility of amino acids in the small intestine.

The Lliver

- Contribution of propionate and amino acids to glucose synthesis
- Urea synthesis

- Heat production.

The mammary gland

-~ Glucose uptake and partition between intracellular pathways.

The simulated contribution of amino acids to liver gluconeogenesis
is much higher than the lowest of the experimental values used for
the comparison. In the mammary gland, the simulated rates of up-
take and oxidation of acetate and ketone bodies are considerably

higher than corresponding experimental figures. These differences




between modelling results and literature data are discussed, and

it is guestioned, if the in vivo estimates have general validity.

The simulated diurnal variations of some output variables are eva-
Luated in relation to concepts used in the model about the behavi-
our of subunits {(objective i4). Comparisons with data from the Lli-
terature show that the diurnal variations in the rate of feed in-
take, and in the blood plasma concentrations of insulin, glucose,
ketone bodies, lactate, amino acids and urea are imitated in a re-
alistic way. Hence, the underlying physiological and biochemical
concepts are supported. The comparisons show further, that the mo-
del is somewhat insufficient in its concepts of free fatty acid

release from the adipose tissue.

The predictive ability of the model is evaluated further by simu-
Lation of results from a specific feeding experiment. After ad-
justment of some parameter values in the model, the simulated feed
intake, milk yield, milk composition and live weight gain are as

observed in the experiment.

Quantitative (objective i) as well as qualitative (objective ii)
aspects of model behaviour are evaluated by simulations of animal
performance at different stages of lactation, and by simulations

of animal performance after growth hormone treatments.

The simulated curves of milk yield and lLive weight gain during the
lactational period are similar to in vivo observations. The abili-
ty of the model to simulate different lactational milk yields and
weight gains of cows having the same feed intake points to the
possibility of using the model to formulate hypotheses about the

physiological background for different genetic capacities of milk
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yield,

The simulated effects of short-term growth hormone treatments on
animal performance are similar to in vivo observations with regard
to:

- dose-dependent, curvilinear responses in milk yield both in
early and late lactation

- relatively higher increases in milk yield in Llate than in early
Lactation

- unchanged feed intake and decreased energy balance

- increased plasma concentration of free fatty acids.

However, the simulated effects on the plasma concentrations of
growth hormone, insulin and glucose are not in accordance with ex-—
perimental findings. Within these aspects of hormonal regulation
the model can only be partly accepted in relation to its purpose
of prediction (objective i) and of concept evaluation (objective

iid.

Important questions concerned with the regulation of gluconeogene-
sis and the extent of amino acid contribution to glucose synthesis
have been identified. The model is used to elucidate these questi-
ons as they are not fully clarified in the literature. The results
of the performed simulations can be partly confirmed by experimen-

tal data, and suggest the following:

- amino acids can be quantitatively important as substrates for
glucose synthesis

~ the need for liver gluconeogenesis is reduced by inclusion of
protected starch and protein in the diet

- the efficiency of energy and protein utilization is increased by

inclusion of protected starch and protein in the diet
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- diets of identical chemical compositions, but with different

starch degradabilities, have different net energy values.

it is concluded from these results, that a sufficiently realistic
dynamic, mechanistic model could be the best tool for evaluation

of different feeds and diets for lactating cowus.

advantages and drawbacks of the model. Some of the gualitative
properties of the model are discussed in this section. A general
advantage is that with modelling it is possible to avoid a classi-
cal problem in animal science, namely that an object cannot be
studied in detail without affecting the object itself. It is ad-
mitted, however, that experimental data obtained by traditional
methods are requested for the construction and evaluation of mo-
dels. Other general gualities confined to dynamic models are the
great flexibility of such models, and further that guantitative
impacts of acute metabolic changes on whole animal performance
(i.e. metabolic regulations) can be simulated. In the present mo-
del a simple principle to simulate metabolic regulation is intro-
duced. This principle is based on the biological phenomena of al—-

Losteric enzyme regulation.

The defects of the model are related to the general structure of
the model, regulation of food intake, microbial growth in the
digestive tract, metabolism of minerals and vitamins, regulation
of hormone secretion, regulation of mammary gland capacity for
milk synthesis, and regulation of energy metabolism. The general
structure of the model is suffering from an improper weighting of
the description of the peripheral tissues compared to the visceral
tissues. Another problem is that the model is difficult to evalu-

ate completely because of its size and complexity. The rate of



feed intake in the model is regulated only by rumen fill and not

by products of digestion and metabolism. The simulated rate of
microbial growth is directly proportional to the rate of ATP syn-
thesis ignoring the ATP requirement for maintenance. The metabo-
Lism of minerals and vitamins are not included in the model, hence
these are not considered as Limiting factors. The levels of meta-
bolic hormones in the blood during the lactational period are 1in
the model based upon empirical data rather than being determined
by intrinsic and mechanistic elements. The model regulates the
rate of milk synthesis only by substrate avaijlability, and the
synthetic capacity within the mammary tissue is not changed with
progressing lLactation. A seriocus drawback of the model is that
rates of substrate oxidation are not regulated at the tissue level
by the requirement for energy in synthetic pathways. This means
that rates of synthetic processes are also not regulated by the
availability of ATP and reduced cofactors produced by substrate
oxidations. Therefore the model simulations are not expected to be
satisfactory in situations such as fasting or very low feed in-

takes, where energy supply is the limiting factor.

Perspectives for use of the model. In the future the model can be

used in two areas of scientific work:

1) Stimulation of thinking, formulation and evaluation of hypothe-

ses, and identification of lacking or false knowledge.

2) Prediction of animal performance.

Within the second area the model could be a useful tool in screesn-
ing of new feed rations, for finding the optimum composition of
feed rations, and for development of a complete feed evaluation

system based upon the metabolism of absorbed nutrients.
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Conclusions. The following can be concluded from the discussion of

the presented work:

- A dynamic, deterministic and mechanistic whole animal model has
been developed in accordance with its main objective: to simula-
te the conversion of nutrients through digestion and metabolism
in the cow into intermediate substances and further into waste
products and products of milk and tissue constituents. However,
this objective is not fully achieved, and the model needs fur-

ther development and adjustments.

= The model is based on a static model of nutrient digestion and
metabolism in the lactating dairy cow. The solutions of the dyn-
amic model are the same as those of the static model with regard

to daily flux rates of matter through all modelled transactions.

~ The results of a specific feeding experiment are simulated ac~

curately by the model after some parameter adjustments.

- A number of simulated results concerned with digestion, Liver
metabolism, mammary gland metabolism, hormonal regulations and
lactational performance are in agreement with independent Lite=-

rature data.

~ The simulated rates of glucose synthesis from amino acids in the
liver and acetate metabolism in the mammary gland differ from
some in vivo observations. The general validity of the experi-
mental results is doubtful, and more work should be devoted to

these guestions.

- The model is very flexible and possesses a new, simple principle
of modelling allosteric regulations of pool sizes and rates of

transaction.




In future work the model can be utilized in theoretical research

as well as for predictive purposes. This could lead to the de-
velopment of a complete feed evaluation system based on dynamic

modelling.

Knowledge of animal digestion and metabolism can be efficiently
improved by combining different experimental methods with the

modelling approach.




SAMMENDRASG

Kapitel 1: INDLEDRING

Er der behov for modeller? Detaljeret biokemisk og fysiologisk vi=
den inden for omr8det husdyrernaring gges mere og mere., En effek-
tiv udnyttelse af denne viden forudsztter, at den kan vurderes i
perspektivet af dyrenes totale stofskifte. Der er derfor et vok-
sende behov for at integrere nye erkendelser om biologiske sammen-
hange for dermed at forbedre forst8elsen af husdyrenes fysiclegt
og livsytringer. Opbygning af teoretiske dyremodeller er en metode

til at organisere eksisterende viden p8 en fornuftig m8de.

Operationelle modeller af nezringsstoffernes fordgjelse og omset~
ning i et dyr kan integrere kvantitative beskrivelser af vigtige
stofskifteprocesser samt vekselvirkninger mellem forskellige na-
ringsstoffer. Udvikling og brug af s8danne modeller kan bidrage

til videnskabelige fremskridt pd8 flere m8der:

- forbedring af vores forstfelse af husdyrernes fordgjelse og
naringsstofomsetning

- erkendelse af manglende eller mangelfuld viden om kvantitative
ernegringsmessige sammenhange

- forbedring af grundlaget for at opstille hypoteser samt for at
planlagge kritiske forsgg til at afprgve disse

- muligheder for en mere przcis tolkning af forsggsresultater.



31

Dyremodeller kan konstrueres s8ledes, at de kan simulere fordgjel-
ses= og stofskifteprocesser og dermed forudsige dyrenes livsytrin-
ger. Anvendelse af s8danne modelier -~ forudsat at de er tilstrak-
keligt realistiske - kunne formindske det fremtidige behov for

langvarige og kostbare fodringsforsgg.

befinition af modeller. En model er en simplificeret symbolsk af-
bildning af et system. Systemet, der reprasenteres af en dyremo-
del, er dyret selv samt en angivet del af dyrets milip, f.eks. fo-

deret,

Kvantitative eller matematiske modeller best8r af ligninger, som
beskriver det givne systems reaktioner pd forskellige stimuli el-

ler input. Matematiske modeller kan klassificeres som:

~ statiske eller dynamiske
- stokastiske eliler deterministiske

- empiriske eller mekanistiske.

Statiske modeller indeholder ikke tiden som en variabel og kan
derfor jkke beskrive tidsafhzngige reaktioner i systemet. Dynami=-
ske modeller indeholder tiden som en variabel og er velegnede til
at simulere de kontinuerte andringer og tilpasninger, som finder

sted i levende dyrs stofskifteprocesser.

Stokastiske modeller indeholder sandsynlighedsfordelinger s8ledes,
at modellerne forudsiger ikke blot de forventede vardier af mang-
der og hastigheder, men ogs8 disses varianser., Deterministiske mo-

deller kan kun give entydige kvantitative forudsigelser.




Mekanistiske modeller er forklarende, da de er baserede p8 viden

og/eller teorier om de mekanismer, der bestemmer systemets reak-
tioner. Empiriske modeller er derimod kun baserede p8 eksperimen-

telle observationer og ikke p§ disses 8rsagssammenhange.

Publicerede dynamiske modeller. Adskillige dynamiske modeller af
forskellige biologiske systemer er publiceret 1 lgbet af de sidste
15 8r. P8 husdyromr8det er der udarbejdet modeller med meget for-
skellig detaljeringsgrad (hierarkisk niveau): enkelte stofskifte-
veje, vommen og kropsvaev hos f8&r, melkekirtlen hos kger, den lak-

terende ko samt hele kvagbesztninger.

Kapitel 2: OVERORDNET BESKRIVELSE AF MODELLEN

Bodellens art og struktur. Hensigten med det prazsenterede arbejde
har varet at udvikle en dynamisk, deterministisk og mekanistisk
model af en lakterende ko. Modellens form8l er at simulere na-
ringsstoffernes omdannelse gennem koens fordgjelses—~ og stofskif-

teprocesser til malk og tilvakst.

Modellen er sammensat af 9 delmodeller (figurerne 2.1-2.6), som
representerer forsketfige organer og vav 1 koen: formaver, tarm-
Lumen, tarmvag, lever, blod og ekstracelliular veske, malkekirtel,

muskelvav, fedtvav samt andre vav.



Modellens terminologi. Modelilens tilstandsvariable er enten kul-

stof~ eller kvalstofpuljer. Kulstofpuljerne er maerkede med € og
reprasenterer kulhydrater, lipider og andre N~-fri organiske stof-
fer. Kvalstofpuljerne reprazsenterer proteiner, peptider og amino-

syrer {(mazrkede A), NH3/NH4+ {merkede N) samt urinstof (markede U).

De anvendte enheder for masse er mol kulstof (C) og mol kvalstof
(N) for henholdsvis kulstof- o0g kvalstofpuljerne. Alle modellens
tilstandsvariable med navne, symboler, enheder og initiale numeri-

ske vardier er anfgrt i tabellerne 2.1-2.9.

Strgmningshastighederne af kulstof og kvelstof mellem puljer er
merkede med henholdsvis Ry (mol C/time) og R; (mol N/time) begyn-
dende med 1 = 100 og § = 0. En strgmningshastighed integreret over
24 timer benavnes en flux (F§ eller Fj) og angives som mol (/dayg

eller mol N/dag.

Generelle matematiske og biologiske principper. Modellens dynami-
ske egenskaber opn8s ved anvendelse af differentialligninger til
at beskrive kontinuerte andringer i de tilstandsvariable., De ha-
stighedsvariable er beskrevet ved hjszlp af ligninger, som er mate-
matiske formuleringer af enten Michaelis-Menten enzymkinetik eller

fgrste ordens massevirkningskinetik.

I nogle af hastighedsligningerne, der beskriver enzymkinetik,
reguleres affinitetskonstantens numeriske vardi af den aktuelle
masse af substrat- eller produktpulien (en tilstandsvariabel).
Modellen kan p8 denne mide simulere princippet for allosterisk

enzymregulering.

[




Input parametre og output variable. Parametervardier til beskri-

velse af foderets kemiske sammensatning samt koens legemsvagt og
Laktationsstadium er ngdvendige som modellens input data. Ud fra
denne information beregner modellen p8 ethvert tidspunkt af et
"mode ldggn" den numeriske verdi af alle tilstandsvariable, hastig-

hedsvariable samt stofstrdmme (fluxer) vist i figurerne 2.1-2.6.

Fglgende variable beregnes herudover ud fra relevante stofstirgmme
far at relatere simuleringsresultaterne til dyrets samlede Livsyt-

ringer:

~ t@grstofoptagelse (kg/dag)

- malkeydelse (kg/dag?

- malkens sammensatning (g/kg)

- tilvakst (ka/dag)

- energibalance (MJ/dag)

~ energi i malk (MJ/dag)

- optagelse af bruttoenergi (MJ/dag)
- energitab (MJ/dag>

- optagelse af nettoenergi (MJ/dag).

Modellens stgrrelse og de anvendte programmeringssprog. Modellen
best8r af 77 tilstandsvariable og mere end 1500 ligninger, hvoraf
ca. 340 er differentialligninger. Det tilhodrende EDB-program er
formuleret i programmeringssproget CSMP III, men en stor del af
beregningerne er programmeret som FORTRAN subrutiner. Statistiske
beregninger og grafisk fremstilling af output variable udfgres ved

hjalp af serlige SAS programmer.
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ipitel 3: DETALJERET BESKRIVELSE AF MODELLEN

‘emgangsmdde for modellens opbygning. En statisk model er anvendt
m grundlag for udviklingen af den dynamiske model. Den statiske
del, der er baseret p8 publikationer af Hvelplund (1983) og Dan-
r (1983b), beskriver foderoptagelse, naringsstofstrgm gennem
oppen, melkeydelse og tilvakst hos en malkeko i tidlig lakta-
on. ben daglige foderoptagelse er 17.9 kg tgrstof af en given
mmensztning, malkeydelsen er 30 kg/dag, og vagtandringen er ~0.5

/dag. Foderrationen er et fuldfoder givet efter zdelyst.

fferentialliigninger og hjazlpeligninger i den dynamiske model er
rnast definerede, hvorefter tilstandsvariable og ligningsparame—
e er tildelt numeriske vardier. De numeriske verdier er udledt

a Litteraturen eller antaget som varende biologisk sandsynlige.

delig er parametervardierne justeret efter gentagne simulerip=
r, indtil den dynamiske model har givet de samme lgsninger scm
n statiske model med hensyn til foderoptagelse, naringsstof~

rgmme, melkeydelse og tilvaekst samt generel energiomsatning.

B-programmer. Modellens hoveddel er beskrevet 1 programmerings=-

roget CSMP III og best8r af 3 segmenter: INITIAL, DYNAMIC og
MINAL .

TIAL segmentet indeholder de ordrer (statements), som kun udfg-
én gang ved begyndelsen af hver simuleringskérsel {(run). En

rsel er en simuleringsperiode, der svarer til 1 "modeildggn.
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FORTRAN subrutiner med hastighedsligninger og regulerende Lignin-
ger kaldes til udfgrelse fra DYNAMIC segmentet, og integration af
differentialligninger foretages ind imellenm beregning af subruti-
ner. Alle ordrer i1 DYNAMIC segmentet og 1 FORTRAN subrutinerne ud-
fgres for hvert integrationstrin indtil afsliutningen af en kgrsel.
Ordrer i TERMINAL segmentet udfgres kun i slutningen af hver kgr-
sel. FORTRAN subrutiner, der kaldes fra denne del af programmet,
tillader tilstandsvariable o0g regulerede parametre at beholde de
ved slutningen af en kgrsel opnlBede numeriske vardier som begyn-

delsesvaerdier 1 den efterfglaende kgrsel,

Qutput variable fra CSMP III programmet organiseres i et datasazt,
som dannes ved hjslp af et SAS program. De variable kan fra dette
datasat underkastes statistiske behandlinger, yderligere beregnin-

ger samt grafisk fremstilling med et andet SAS program.

De anvendte programmer er vist 1 Appendiks 1-4.

pe enkelte ligninger, tilstandsvariable og parametre. I dette af-
snit er modellen beskrevet i detaljer, hver delmodel for sig. De
enkelte ligninger er definerede, og tilstandsvariable samt parame-
tre er tillagt numeriske verdier. De individuelle naringsstof-
strgmme er primert udledt fra den statiske model, og de numeriske
vardier af tilstandsvariable og parametre er bestemt ved skgn el-
Ler ud fra litteraturen. Alle tilstandsvariable og Ligningsparame-
tre med deres oprindelige s3vel som deres endeligt justerede var-

dier er vist i Appendiks 5-8.



Kapitel 4: RESULTATER AF MODELSIMULERINGER

Sammenligning af resultater fra den dynamiske og den statiske mo-
del. Resultaterne fra den statiske model er sammenlignet med de
stofstrgmme (Fi,Fj), som er beregnet af den dynamiske model. Nogle
af resultaterne fra den dynamiske model er yderligere vurderet i
forhold til eksperimentelle data, der ikke har varet anvendt som

grundlag for udvikling af modellen.

De prazsenterede resultater fra den dynamiske model er gennemsnit
af 10 simuleringskgrsler (run 26~35), idet de fgrste 25 kgrsler
betragtes som en perijode til dndstilling af modellens ligevegt. En
fuldstzndig fortegnelse over alie naringsstofstregmme simuleret af
den dynamiske model er vist i Appendiks 9 sammen med resultater

fra den statiske model.

Alle dynamiske simuleringsresultater er nasten identiske med de
tilsvarende beregnet i den statiske model. Daglig foderoptagelse,
melkeydelse, vagtandring samt generel energiomsatning er anfgrt i
tabellerne 4.1 o0g 4.2. Aspekter af fordgjelse og absorption fra
fordgjelseskanalen samt af nzringsstofomsztningen i lever, malke-

kirtel og kropsvaev er vist i tabellerne 4.3-4.9.

De numeriske vardier af tilstandsvaribale og ligningsparametre er
blevet justeret under gentagne simuleringer med det form8l, at de
dynamiske modellgsninger skulle vare tattest muligt pd resultater~
ne fra den statiske model. Ved denne fremgangsmide er et relativt
Lille antal parametervardier andret mere end 100% fra de oprinde-

ligt udledte vardier. Disse parametre er anfgrt 1 tabel 4.11.




Dganvariationer i naringsstofpuljer, affinitetskonstanter og pro-

ceshastigheder. Eksempler p8 variationer inden for en simulerings=-
kgrsel af tilstandsvariable, hastighedsvariable samt regulerede
affinitetskonstanter er prasenteret i dette afsnit. De valgte ek-
sempler er fra delmodeller af formaverne (figurerne 4.1-4.19),
tarmkanalen (figurerne 4.20-4.25), leveren (figurerne 4.26-4.30),
det perifere blod (figurerne 4.31-4,47) samt melkekirtlen og
kropsvevene (figurerne 4.42-4.47).

De meget tydelige dggnvariationer i formavernes naringsstofpuljer
og absorptionshastigheder for8rsaget af foderoptagelsesmgnstret
(figur 4.1) er mere eller mindre udjavnede i blodets naringsstof~-

puljer samt i vavenes naringsstofoptagelse.

Alle parametervardier vender tilbage til eller narmer sig deres
begyndelsesvardier ved slutningen af en kgrsel, selv om de simule-
rede fluktuationer af parametrene i nogle tilfalde er meget store

og uregelmzssige i lgbet af "modeldggnet”.

Modellens stabilitet. Den dynamiske model er vurderet med hensyn
til stabilitet ved at undersgge simuleringernes reproducerbarhed i
flere p8d hinanden fglgende kgrsler. Middelvardier, standardafvi-
gelser samt minimum- og maksimumvardier af nogle output variable
fra 10 simuleringskgrsler (run 26-35) er vist i tabel 4.712. Varia-
tionerne mellem k@rsler af de udvalgte simuleringsresultater er
sm8 og reprasentative for alle andre output variable i modellen.
Modelstabiliteten er desuden vurderet efter 500 simuleringskgrs-
Ler. Middelvardier, standardafvigelser, minimum~ og maksimumvar-
dier for tgrstofoptagelse, malkeydelse samt tilvakst er anfgrt for
s8vel hver 50 som for alle 500 kgrster (tabel 4.13). Stabilitetens

udvikling for disse output variable er vist grafisk 1 figur 4.48.



Kapitel 5: ANVENDELSE AF MODELLEN

bette kapitel omhandler modellens anvendelse til simulering af si-
tuationer med andre forudsatninger end de, der ligger til grund
for modellens opbygning (d.v.s. en ikke-dregtig ko, der fodres ef~
ter adelyst med et fuldfoder af en given sammensatning, 44 dage
efter kelving).

Simulering af malkeydelse og tilvakst gennem laktationsperioden.
Den zndrede naringsstoffordeling hen igennem laktationsperioden er
i modellen reguleret ved hjalp af simulerede m=ndringer i koncen=
trationen af cirkulerende stofskiftehormoner. Modellen kan herved
simulere en faldende mazlkeydelse og stigende tilvakst med gget af~-

stand fra kazlving.

Der er prasenteret resultater af 2 simuleringer. I den fgrste er
malkeydelse, tilvakst og koens legemsvagt simuleret i forskellige
stadier af laktationsperioden med den oprindelige version af mo-
dellen, som den er beskrevet i kapitel 4. I den anden simulering
er de numeriske verdier af nogle f8 parametre andrede for at ef-
terligne en &ndret fglsomhed i vavene for de regulerende stof-
skiftehormoner. Disse #ndringer medfégrer, at modellen kan simulere
livsytringerne hos en ko med hgjere kapacitet for malkeydelse og
mindre kapacitet for tilvakst. De resulterende kurver for malke-
ydelse, tilvaekst og legemsvagt gennem laktationen er vist i figur
5.7.

De 2 sat simulerede kurver viser, hvordan kger med forskellig

vavsfglsomhed for stofskiftehormoner (forskellig genetisk kapaci=-
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tet for malkeproduktion) kan reagere p8 det samme foder i lgbet af

laktationsperioden.

Simulering af veksthormonbehandling. Kortvarig behandling med
vaksthormon pd 2 tidspunkter i laktationen, 73 og 257 dage efter
kelving, er simuleret med modellen., Malkeydelsen gges kurvilineasrt
med stigende "doser" wvaksthormon - bl8de 1 tidlig og sen laktation
{figurerne 5.2 o0g 5.3). Den relative stigning i malkeydelse er me~-
get hgjere 7 sen end i1 tidlig laktation. Andre simulerede virknin-
ger af behandlingen er: uandret foderoptagelse, lavere energiba-
lance, lLavere koncentraticner af glukose og insulin 3§ blodet samt

forgget koncentration af frie fedtsyrer.

Foderets udnyttelse til melkeproduktion (udtrykt som kg malk pr.
enhed nettoenergi) kan betragtes som et m8L for fordelingen af na-
ringsstoffer mellem maelkekirtel og kropsvav. Det kan derfor for=-
ventes, at denne parameter er positivt korreleret med forholdet
mellem koncentrationerne af vaksthormon og insulin i bledet. Figur

5.4 viser, at modellen kan simulere en s&dan sammenhang.

Simulering af et fodringsforsgg. Modellen er i dette afsnit an-
vendt til at efterligne resultaterne af et fodringsforsgg publti=-
ceret af Krohn & Konggaard (1987). Kgerne i dette forsgg blev tit-
budt et fuldfoder efter adelyst, Resultater af 3 simuleringer er
pregsenteret, I den fgrste simulering er modellen anvendt i sin op-
rindelige version med undtagelse af de parameterverdier, som be-
skriver forsdgsbetingelserne (foderets sammensztning samt kgernes
vegt og laktationsstadium). Den anden simulering er udfgrt efter
andringer af nogle interne modelparametre, der medfgrer en andret

neringsstoffordeling. Andre parametervardier, der har betydning
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for neringsstofoptagelse og fedtvavets stofskifte, er andret ved

den tredie simulering.

Den fgrste simulering undervurderer malkeydelsen og overvurderer

den opnfede tilvaekst. Den anden simulering underestimerer tilvak-
sten. I den tredie simulering {(tabel 5.3) er forskellene meget smd
mellem de eksperimentelle og de simulerede resultater (foderopta-

gelse, melkeydelse og -sammensatning samt tilvakst),

Simuleret regulering af glukoneogenesen. Aminosyrernes betydning
som substrater for syntesen af glukose er en vigtig faktor for
proteinudnyttelsen til malkeproduktion. Dette aspekt af det dinter=-
mediare stofskifte er ikke fuldt klarlagt af den nuvarende ekspe-
rimentelle viden. Modellen er p8 denne baggrund anvendt til at be-

lyse fdglgende spérgsm8Ll:

- Hvor meget glukose dannes i leveren ud fra henholdsvis propionat
og aminosyrer under forskellige fodringsbetingelser?
- Hvordan reguleres dannelsen af glukose fra henholdsvis propionat

og aminosyrer?

Med dette form&l er der simuleret et forsgg, hvori 3 forskellige
foderrationer er anvendt til malkekger i tidlig laktation. Disse
rationer (tabel 5.4) er karakteriserede ved 1) et hgjt stivelses~-
indhotd (HS), 2) et hgjt proteinindhold (HP), og ved 3) at stivel-
se og protein er delvist beskyttet mod forgering 1 formaverne
(BSP).

Simuleringsresultaterne (tabel 5.5) viser, at glukonecgenesens ha-

stighed er stdgrre med ration HS (16 mol glukose/dag) end med de 2



gvrige rationer (13~14 mol/dag), at bidraget fra propicnat til

dannelsen af glukose er hgjere med ration HS (81%) end med de an-
dre rationer (65%), samt at bidraget fra aminocsyrer er mindst med
ration HS (3%) og stgrst med ration HP (20%). Tilgengeligheden af
propionat er steérst med ration HS, hvorimod tilgangeligheden af
aminosyrer er nesten den samme ved alle 3 rationer. Forholdet mel-
Llem koncentrationerne af glukagon og insulin 1 blodet er hgjest

med ration HP og lavest med ration BSP.

Bidragene fra henholdsvis propionat og aminosyrer til syntesen af
glukose er i modellen reguleret dels af substrattilgengeligheden
cg dels af stofskiftehormonerne, glukagon og insulin. Dette for-

klarer de simulerede forskelle mellem de anvendte foderrationer.

Ration BSP, som indeholder beskyttet stivelse og protein, gger s&-
vel den simulerede malkeydelse som den simulerede udnyttelsesgrad
af energi og protein. Virkningerne af at pge stivelsens beskyttel-
sesgrad er undersggt 1 et andet simuleringsforsgg. Resultaterne

heraf er vist i1 figurerne 5.5~5.8 o0g kan resumeres som fglger:

- nedsat foderoptagelse samt nedsat absorption af propionat og
aminosyrer

- gget absorption af glukose og nedsat glukoneogenese

- gget malkeydelse, men nedsat energiudskillelse 1 malken

- forskelligt indhold af nettoenergi i tgrstof med samme kemiske

sammensa&tning.
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Kapitel 6: DISKUSSION 06 KOMKLUSIOMNER

Hodelform8l og vurderingskriterier. Kapitlet indledes med en kort
gennemgang af metodikken ved opbygningen af modeller samt af de

grundlaeggende principper for modelevaluering.

Hovedform8let med den prasenterede model er at simulere narings-
stoffernes omdannelse gennem fordgjelses- o0g stofskifteprocesser i
den lakterende ko til intermediare stoffer og videre til affalds-
stoffer samt til maelke- og vavskomponenter. En s8dan generel model
kan samtidigt opfylde flere delm38L:

(i) Forudsigelse af forskellige foderrationers virkning p8 koens
Livsytringer i forskellige laktationsstadier.

(i1} Vurdering af den fysiologiske o0g biokemiske forstfelse af
grundlaggende faktorer for dyrenes livsytringer.

{(ii1) Vurdering af nye hypoteser om regulering af naringsstoffer=-

nes fordgjelse og omsaetning hos malkekger.

Kriterierne for vurdering af modelten afhenger af dens form8l. En
vurdering i forhold til form8l (i) kan foretages ved at sammen-
Ligne simuleringsresultaterne med et bredt udsnit af eksperimen=-
telle data fra fodringsforsgg, fordgjelighedsforsgg samt stofskif-
teunderspgelser 1 viscerale og perifere vav. Modellen kan bedgmmes
med hensyn til form8l (i) ved at undersgge de simulerede delpro-
cessers funktioner i forhold til data om regulering af nerings-
stofomsetningen i individuelle vav. N8r disse delm8L er n8et, kan
modellen accepteres til sit hovedform8l. Modellens anvendelighed,
hvad form8l (ii1i) ang8r, vil forbedres efterhinden, som modellen

udvikles til at opfylde hovedformBlet.




Bedgmme Lse af modellen. Et antal simulerede processer i fordgjel-

seskanalen, leveren og de perifere vav er sammenlignet med data
fra Litteraturen for at vurdere modellens egenskaber med henblik
p8 forudsigelse af koens livsytringer (form8l ). Fglgende simule~
rede processer er 1 overensstemmelse med eksperimentelle resulta-

ter:

Fordgjelseskanalen

-~ Tilsyneladende fordgjelighed af organisk stof 1 formaverne
~ YFA-produktion 1 formaverne

- Mikrobiel vakst og proteinsyntese 1 formaverne

- Nedbrydning af foderprotein 1 formaverne

- Fordgielighed af aminosyrer i tyndtarmen.

Leveren

~ Dannelse af glukose ud fra propionat og aminosyrer
- Urinstofsyntese

~ Varmeproduktion.

Maelkekirtlen

- Optagelse af glukose

- Glukosens omsatning 1 forskellige stofskifteveje.

Det simulerede bidrag fra aminosyrer til syntesen af glukose i
leveren er meget stgrre end de laveste eksperimentelle vardier,
der er anvendt til sammenligning. ben simulerede optagelse ag
oxidation af acetat og ketonstoffer 1 malkekirtlen er betydelig
hgjere end tilsvarende eksperimentelle m8linger. Disse forskelle
mellem model~ o0g forsggsresultater er diskuteret, o0g de sidstnavn-

tes generelle gyldighed er draget 1 tviwvl.
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De simulerede dgonvariationer i nogle output variable er diskute-
ret med henblik p8 en vurdering af modellens mekanistiske esgenska-
ber p8 detajlniveau (form8l §i). Sammenligninger med data fra Llit-
teraturen viser, at dggnvariationerne er simuleret realistisk for
foderoptagelsen samt for koncentrationerne i blodet af insulin,
glukose, ketonstoffer, laktat, aminosyrer og urinstof. Modellens
fysiologiske og biokemiske forudsztninger kan derfor delvis accep-
teres. Sammenligningerne viser videre, at modellens funktion er
noget ufuldstandig med hensyn til fedtvevets mobilisering af frie

fedtsyrer.

Modellens egnethed til forudsigelser er yderligere bedgmt ved si-
mulering af et bestemt fodringsforsgg. De simulerede resultater
(foderoptagelse, malkeydelse og -sammensetning samt tilvaekst) er -
efter justering af nogle af modellens parametervardier - som fun-

det i forsdget.

Kvantitative (form8l i) s8vel som kvalitative (form8l ii) aspekter
af modellens egenskaber er belyst ved at simulere koens livsytrin-
ger, dels i forskellige laktationsstadier og dels som resultat af

behandling med vaksthormon.

Pe simulerede laktationskurver over melkeydelse og tilvekst ligner
virkelige observationer. Modellens evne til at simulere forskelli-
ge Laktationsydelser og tilvakster for kger med samme foderopta-
gelse peger pd muligheden af at anvende modellen som stgtte til
formulering af hypoteser om den fysiologiske bagarund for forskel-

lig genetisk ydelseskapacitet.

De simulerede virkninger af kortvarig behandling med veksthormon

er 1 overensstemmelse med eksperimentelle resultater med hensyn
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tilz

- kurvilinear stigning i melkeydelse med gget vaksthormondosis,
h8de 1 tidlig og sen Laktation

- relativt stérre effekt p8 malkeydelsen i sen end i tidlig lakta-
tion

~ uendret fodercoptagelse og faldende energibalance

- gget koncentration af frie fedtsyrer i blodet.

De simulerede virkninger p8 blodets indhold af vaksthormon, insu=-
Lin og glukose er imidlertid ikke som fundet i forsggene. De a-
spekter af modellen, der vedrgrer den hormonale regulering, kan
derfor kun delvis accepteres, hvad ang8r dens form8( til forudsi-

gelse (delm&l i) og dens mekanistiske forudsatninger (delm8L ii).

Der er fremsat nogle vigtige spgrgsmdl vedrgrende glukoneogenesens
regulering og omfanget af aminosyrernes bidrag til syntesen af
glukose. Modellen er anvendt til at belyse disse spgrgsm&l, da de
ikke er fuldt klarlagt § Llitteraturen. Resultaterne af de foretag-
ne simuleringer kan delvis bekraftes af eksperimentelle data og

antyder fglgende:

- amincsyrer kan have stor kvantitativ betydning som substrater
for syntesen af glukose

- behovet for glukoneogenese i leveren reduceres ved fodring med
beskyttet stivelse og protein

= koens energi- og proteinudnyttelse forbedres ved beskyttelse af
foderets stivelse og protein

~- foderrationer med identisk kemisk sammensatning, men med for-
skellig nedbrydningsgrad af stivelse, har forskelligt indhold af

nettoenergi.

Det konkluderes ud fra disse resultater, at en dynamisk, mekani-
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stisk model, der er tilstrakkeligt realistisk, kunne vare det bed~-
ste redskab til at vurdere vardien af fodermidler og foderrationer

til malkekger,

Hodellens fordele og mangler. Nogle af modellens kvalitative egen-
skaber er diskuteret i dette afsnit. Et generelt fortrin ved at
arbejde med modeller er, at det er muligt at undg8 et klassisk vi-
denskabeligt problem, nemlig at et objekt ikke kan studeres i de-
taljer, uden at objektet selv derved p8virkes. Eksperimentelle da-
ta opn8et ved traditionelle metoder er imidlertid ngdvendige for
modellers opbygning og efterfglgende afprgvning. Andre generelle
fordele ved dynamiske modeller er deres store fleksibilitet samt
deres mulighed for at simulere akutte stofskifteandringers kvanti-
tative virkninger p8 de samlede Llivsytringer {(d.v.s. regulering af
stofskiftet). Den prasenterede model indeholder et nyt, simpelt
princip til simulering af stofskifteregulering. Dette princip er

baseret pd allosterisk regulering af enzymaktivitet.

Modellens mangler vedrgrer dens generelle struktur, regulering af
foderoptagelsen, mikrobiel vakst i fordgjelseskanalen, mineral- og
vitaminstofskiftet, regulering af hormonsekretion, regulering af
malkekirtlens syntesekapacitet samt regulering af energistofskif-
tet. Svagheden ved modellens generelle struktur er, at der er Lagt
ulige vagt p8 beskrivelsen af processer i de perifere vaev sammen=-
lignet med de viscerale vav. Et andet problem er, at modellen er
vanskelig at bedgmme til bunds p8 grund af dens stgrrelse og kom-
pleksitet. Foderoptagelsens hastighed er i modellen kun reguleret
ved fysisk og ikke ved metabolisk kontrol. Den simulerede mikrobi-
elle vaeksthastighed er direkte proportional med syntesehastigheden
af ATP, idet der ikke tages hensyn til mikrobernes basale ATP~be-
hov. Omsatningen af mineralstoffer og vitaminer er ikke inkluderet

i modellen, og disse anses derfor ikke som begrensende faktorer.
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Koncentrationen af stofskiftehormoner i blodet gennem laktations-
perioden er i modellen baseret p8& empiriske data i stedet for at
vere bestemt af interne, mekanistiske faktorer. Syntesehastigheden
af melkekomponenter reguleres kun af substrattilgesngeligheden i
modellen, og syntesekapaciteten i selve malkekirtlen andres derfor
ikke 1 Lgbet af taktationsperioden. En alvorlig mangel ved model~
Len er, at oxidationsprocesser i vavene ikke reguleres af behovet
for energi til synteseprocesser. Dette betyder samtidigt, at syn-
teseprocessernes hastighed ikke er reguleret af tilgangeligheden
af ATP og reducerede cofaktorer dannet ved oxidationsprocesser.
Simuleringerne kan derfor ikke forventes at vare tilfredsstillende
i situationer som faste eller meget lav foderoptagelse, hvor ener-

giforsyningen er den begraznsende faktor.

Perspektiver for modellens anvendelse. Modellen kan i fremtiden

anvendes inden for 2 omr8der af videnskabeligt arbejde:

1) Stgtte for teoretiske overvejelser, formulering og vurdering

af hypoteser samt erkendelse af manglende eller "falsk" viden.

2) Forudsigelse af malkekoens samlede livsytringer.

P8 det sidstnavnte omr8de kunne modellen blive et nyttigt hjelpe=~
middel til en fgrsteh8ndsvurdering af nye foderrationer, til at

optimere foderrationers sammensatning og til at udvikle et fuld-
steandigt system til fodervardibestemmelse baseret p3 omsatningen

af de absorberede naringsstoffer.
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Konklusioner. Diskussionen af det prasenterede arbejde fgrer til

fglgende konklusioner:

Der er udviklet en dynamisk, deterministisk og mekanistisk model
af en lakterende ko i overensstemmelse med hovedform8let: at

kunne simulere naringsstoffernes omdannelse ved fordgjelses~ og
stofskifteprocesser til intermediere stoffer, affaldsprodukter,
mealk og vavsbestanddele. Dette m8l er imidlertid ikke fuldt op-

n8et, og modellen m8 yderligere udvikles og justeres.

Modellen er baseret p8 en statisk model af nzringsstoffordgjelse
og ~omsatning 1 en lakterende ko. Den dynamiske models lgsninger
er de samme som den statiske models med hensyn til daglig strgm

af stof gennem alle modelbeskrevne stofskifteveje.

Resultater fra et bestemt fodringsforsgg er simuleret korrekt af

modellen efter justering af nogle parameterverdier.

Et antal simuleringsresultater vedrgrende fordgjelse, omsatning
i lever og malkekirtel, hormonal regulering samt laktationsydel-

ser er i overensstemmelse med uafhengige eksperimentelle data.

Simuleringsresultater vedrgrende glukoneogenese fra aminosyrer i
leveren samt omsatning af acetat i melkekirtlen afviger fra nog-
Le forsggsresultater. Disses generelle gyldighed er draget i
tvivl, og yderligere forskning i disse sp#rgsm8L anses for p8-

kravet.

Modellen er meget fleksibel og indeholder et nyt, simpelt prin-
cip til simulering af allosterisk regulering af puljestgrrelser

og proceshastigheder.

Modellen kan 7 fremtiden udnyttes dels ved teoretisk forskning
og dels til forudsigelse af malkekgers produktion, Dette kunne
fédre til udviklingen af et fuldstendigt system til fodervardibe-



stemmelse baseret p8 dynamisk modelarbejde.

VYiden om husdyrenes fordgjelse og stofskifte kan forbedres mere
effektivt, hvis forskellige eksperimentelle metoder kombineres

med anvendelsen af modeller.



1 INTRODUCTION

1.1 The need for models

As detailed biochemical and physiological knowledge in the field
of animal nutrition increases it becomes increasingly difficult to
obtain a comprehensive view of whole animal metabolism. The in-
crease in knowledge is followed by a growing need for collection
and integration of the revealed biological relationships in order

to improve our understanding of animal physiology and performance.

One method to organise knowledge is to construct conceptual models
of the system in question. Models of nutrient digestion and meta=-
bolism in an animal can provide integrated quantitative descrip=-
tions of the major metabolic pathways and of the most important
interactions between different nutrients. Working to develop such
models is a way to a better understanding, but besides this there

are some more specific advantages to the scientific process:

- discovery of weak points in the knowledge of quantitative,
nutritional relationships

- improvement of the basiszs for construction of hypotheses
and critical experiments to test them

- improvement of procedures for a more precise evaluation

of experimental results.



The usefulness of animal models increases further when they are

made to simulate the key processes of digestion and metabolism. In
this way models can be predictive of animal performance, and if
sufficiently realistic models are obtained, the need for tong las-—

ting and expensive feeding trials could be reduced.

1.2 bpefinition of models

A model is a simplified symbolic representation of a system - the
system being for instance an animal and some specified part of its

environment.

Quantitative or mathematical models are composed of equations re-
presenting the behaviour of the given system. According to Thorn-
ley & France (1984) mathematical models can be classified $ntoc the

following, distinct types:

- static or dynamic
- stochastic or deterministic

- empirical or mechanistic.

Static models do not take time into explicit consideration, but
can only describe a system of constant rates within the observed
period of time - e.g. the daily feed intake of an animal. Dynamic
models on the other hand are well suited for simulation of the
continual changes (regulation) of processes occurring in living
animals. Use of differential eqguations provides the mathematical

tool for the description of such dynamic behaviour.
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Stochastic models contain probability distributions so that not
only expected values but also variances of rates and quantities
are predicted. Deterministic models do not contain probability

distributions and therefore give definite and unigue answers.

Empirical models are based on experimental observations, typically
from feeding trials designed to reveal input-output relationships.
They do not reveal causal relationships. The predicitive tools of
these models are often regression eguations fitted to observed
data. Mechanistic models are explanatory, because they are based
on facts and/or theories of biological events in compartments and

subcompartments of the whole model,

A mechanistic whole animal model could for instance contain de-
scriptions of imterorgan nutrient transport, processes in indivi=-

dual tissues and regulation of pathways in subcellular organelles.

1.3 Some published dynamic wmodels

buring the last 15 years many dynamic models in biological scien-
ces have been published. Some are concerned with the regulation of
individual pathways (Dibrov et al. 1982, Phillipson 1982, Schauer
& Heinrich 1983, Okamoto & Hayashi 1984, Reichl & Reiser 1984) and
of hormone concentrations {(Smith 1983). Some deal with ruminal
digestion in sheep (Baldwin et al. 1977, Black et al. 1980-81,
Beever et al. 1980-81, France et al. 1982, Murphy et al., 1986),
with body tissue metabolism in sheep (Gill et al. 1984), and with
nitrogen utilization in grazing ruminants (Morris et al. 1975).

The lactating cow has also been a subject for modelling = the



mammary aland alone (Neal & Thornley 1983, Waghorn & Baldwin 1984}

and the whole animal (Koong et al. 1982, Baldwin & Bauman 1984,
Baldwin et al. 1987 a,b&c¢). In addition to this, simulation models
for lLarger systems such as cattle herds are available (Kahn &
Spedding 1983, Kahn & Spedding 1984).

These few references do not represent a complete review of the
subject, but are mentioned to give an impression of the different
biclogical systems that have been modelled. The level of detail
and description differs widely between models. It ds clear that
models of biochemical pathways are normally much more detailed
than whole animal models, otherwise the latter would be enormous.
Some models of rather large systems have many biochemical details
- e.g. the rumen model of Baldwin et al. (1977), while others -
e.g. the whole animal model of Koong et al. (19823 - represent the

main digestive and metabolic routes much more simply.
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2 OVERALL DESCRIPTION OF THE MODEL

2.1 Wature and structure of the model

The purpose of the work presented here has been to construct a dy-
namic, deterministic and mechanistic whole animal model simulating
the conversion of nutrients through digestive and metabolic pro-
cesses in the cow into products of milk and body gain. The model
is outlined below and described in full detail in the following

chapter.

The model is composed of 9 compartments (figures 2.1 - 2.6) repre-
senting different organs or tissues of the cow: the rumen, intes-
tinal (umen, intestinal wall, liver, peripheral blood and extra-
cellular fluid, mammary gland, muscle tissues, adipose tissues,
and other tissues. A subcompartment in the rumen represents the

rumen microbes (figure 2.71).

The small boxes within the compartments are state variables repre-
senting metabolic pools. Arrowed lines show the bicchemical tran-
sactions =~ that is the flow of nutrients and metabolites between
the different pools. The "clouds"” shown outside and inside com=-
partments are reservoirs of matter supplying or draining the
model: feed, faeces, urine, milk and gases of fermentation and
oxidation. In the ruminal and intestinal compartiments ATP from mi-

crobial fermentations is shown in small ellipses.
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2.2 Terminology of the model

The state variables of the model are either carbon or nitrogen
pocols. The pools of carbon are labelled ¢ and represent carbohy-
drates, lipids and other N-free organic substances. There are
three types of nitrogen pools to represent amino acids, peptides
and protein (labelled AJ, NH3/NH1++ {labelled W)} and urea (labelled
ul.

The units of mass are moles of carbon (C) and nitrogen (N) for the
carbon and nitrogen pools, respectively. A total Llisting of the
state variables with names, symbols, units and initial numerical

values in the model is given in Tables 2.1 - 2.9.

The rates of carbon and nitrogen flow between pools are labelled
Rj Cmol C/h) and Ry (mol N/hd, respectively, starting at 100 for i
and at 0 for j. Flow rates integrated over 24 h are named fluxes
(Fi or F;j? and are given in mol C/d or mol N/d. Names, symbols and
simulated flux rates of all transactions in the model are Listed

in Appendix 9.
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Table 2.1 State variables in rumen compartment

Initial numerical

Substance Symbol value in model Unit
Unfermentable

carbohydrates and Llipids c1 261.1 mol €
Fermentable sugars su2 3.847 "
Fermentable starch sST2 0.4336 v
Fermentable cell wall

carbohydrates CE2 29.99 "
Fermentable carbohydrates cz 1 34,27 "
Microbial

carbohydrates and lipids c3 19.77 "
Acetate AC4 10.49 '
Propionate PR& 6.684 "
Butyrate BU&4 3.837 "
Methane CH4 0.9331 "
Carbon dioxide C04 2.055 B
Microbial fermentation

end products c4 2 24.00 “
Unfermentable protein Al 7.308 mol N
Fermentable protein,

peptides and amino acids A2 2.194 "
Microbial

amino acids and peptides A3 0.0010 "
Microbial

protein and nucleic acids Ab 11.25 "
Ruminal NH3/NH4t N1A 0.7349 "
Microbial NH3z/NH4* N1B 0.1165 "
Ruminal urea u1 0.2175 "

1) €2
2) €&

su2 + ST2 + CE2

([}

AC4 + PR4 + BU4 + CH4 + CO4




FEED

Figure 2.1.

Diagram of the rumen compartment
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Petails of the rumen compartment
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Table 2.2 State variables in intestinal lumen compartment

Inttial numerical

Substance Symbol value in model Unit
Indigestible

carbohydrates and Lipids c7 29.58 mol €
Digestible carbohydrates c8 0.07452 v

Digestible Lipids c9 0.9132 "

Undigested + microbial

carbohydrates and Llipids c108 56.65 "

Indigestible protein Ab 1.531 mol N
Digestible protein A7 0.8568 "

Undigested protein

(feed, microbial, endogen.)

in hind gut AB 3.825 "

Indigestible

endogenous protein A10 0.07762 o

Digestible

endogenous protein A1 0.2821 "

NHz/NH4* in

small intestine NZA 0.05850 '

NH3/NH4Y in hind gut NZB 0.2607 "

Urea in hind gut uz 0.03928 "

Nutrient pools which are not state variables:

Unfermented + microbial carbohydrates and Llipids (C5)

Volatile fatty acids in portal blood ((é)

Volatile fatty acids, methane and carbon dioxide in hind gut(C104)
Unfermented feed protein, microbial protein and NH3/NH4+ in small

intestine (AS5)
Endogenous protein (A9)
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Table 2.3 State variables in intestinal wall compartment

Initial numerical

Substance Symbol value in model Unit
Acetate + ketone bodies c11 0.01430 mol €
Glucose €12 0.02556 "
Amino acids A2 0.9393 mol N
Intestinal protein A13 55.95 "
Nutrient pool which is not a state variable:
Fatty acids (C13)
Table 2.4 State variables in liver compartment

Initial numerical
Substance Symbol value 1in model Unit
Propiocnate C14 0.1846 mol C
Glucose + glycogen c16 1.154 "
Keto acids c17 0.1168 "
Glycerol + lLactate c18 0.09737 "
Fatty acids c19 0.1684 "
Triglyceride in liver fat c20 15.04 "
Triglyceride in lipoproteins (€21 5.307 "
Acetate + ketone bodies cz22 0.03738 "
Amino acids Al 0.1994 mol N
Liver protein A1S 19.82 ”
NHZ/NHg* N3 D.04838 "
Urea u3 0.3509 "

Nutrient pool which

Butyrate (C15)

is not a state variable:
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Figure 2.5. Diagram of the Liver compartment
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Table 2.5 State variables

in peripheral blood compartment

Initial numerijcal

Substance Symbol value in model Unit
Acetate + ketone bodies €23 0.9192 mol ¢
Glucose C24 3.252 "

Glycerol + lactate £25 0.2542 "

Fatty acids c26 1.355 "

Triglyceride in

chylomicrons c27 0.4959 "

Triglyceride in

Liver lipoproteins €28 0.6487 "

Amino acids to

peripheral tissues Alé 0.5023 mol N
Amino acids fronm

peripheral tissues A7 0.5226 B

Urea Us 2.048 "




Table 2.6

State variables in mammary gland compartment

Initial numerical

Substance Symbol value in model Unit
hcetate + ketone bodies ce9 0.1485 mol €
Glucose 30 0.1782 "
Fatty acids 31 0.1230 ”
tactose €33 1.010 "
Triglyceride
milk fat C34 55.87 "
Amino acids A18 0.5780 mol N
Milk protein A19 0.2320 "
Nutrient pool which is not a state variable:
Glycerol (C327
Table 2.7. State variables in muscle tissue compartment

Initial numerical
Substance Symbol value in model Unit
Acetate + ketone bodies €35 1.550 mol C
Glucose €36 1.860 "
Fatty acids c37 0.3490 "
Lactate €33 3.270 "
Amino acids A20 4.251 mol N
Muscle protein A21 498.0 ”

Nutrient pool which

NH3/NH4T (N&D

is not a state variable:
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Table 2.8. State variables in adipose tissue comparitment

Initial numerical

Substance Symbol value in model Unit
Acetate + ketone bodies 39 0.2210 mol €
Glucose &g 0.2650 "
Fatty acids C41 3,040 *
Triglyceride in

depot fat C43 2030 "
Glycerol C46 0.0460 '

Nutrient pool which is not a state variable:

Glycerol=P (L42)

Table 2.9. State variables in other tissue compartment

Initial numerical

Substance Symbol value in model Unit
Acetate + ketone bodies C45 0.2000 mol €
Glucose C46 0.2400 "
Fatty acids C47 0.0450 "
Amino acids Az2 2.817 mol N

Tissue protein 423 330.0 "
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2.3 General mathematical and biological principles

The dynamic behaviour of the model is achieved by using differen-
tial equations to describe the continual changes of the state va-
riables. The simplified example below will illustrate the prin-

ciple:

RO R1 RZ

Two state variables €1 and C2 are given. Material from C1 s
transferred to €2 with the rate R1 = R1(pay)*C1/(K14+C1) and ma-
terial is transferred from (2 with the rate R2 = K2%(2, where
R1{max), K1 and K2 are parameters with constant values. The 2 rate
equations are mathematical formulations of biological processes
with different kinetics: the description for R1 is analogous to
that for Michaelis-Menten enzyme kinetics and R2 follows first

order mass action kinetics.

At time = t the state variables have the numerical values C](t)

and C2(t), and the rates at time = t can be calculated:

R1CL)
RZ(L)

it

RT (max)*€1(£) 7 (KT+C1(t))
K2%C2(t)

i

In the next time interval (dt) such that accumulated time = t+dt,
the values of the state variables change according to the diffe-

rential eguations:

dC1(t) /dt ROCEI-RT(ED
dC2{t)/dt = R1{t)-R2(¢t)

B



New values of €1 and €2 at time = tq are then found by integra-

tion:
ty
C1(tq) = CT(t)i/((RD(t)—R1(t))dt
t
te
C2(tq9) = C2()+J (R1(I-R2{(t)Jdt
t
The reaction rates R1 and R2 at time = t4 are now calculated from

the new values of €1 and €2, and the procedure goes on throughout
the simulation period. In this way reaction rates are continually

regulated by the changing size of substrate pools.

Another example will show how rates and pools can be regulated by
feed-back inhibition. Consider the rate R1 = Rl(pay)*C1/(K1+C1Y in
the same system as above, The following conditions about the pro-

duct pool C2 are introduced:

if C2epmayy < C2 then K1 = K1+dK1
if C2¢max) > €2 > €C2¢(min) then K1 = Ki
if €2 < C2(pin) then K1 = K1-dK1

In this system the value of R1 will depend not only on C1, but al-
so on C2. If C2 increases to or above C2(payx), the increase in Ki

will decrease the rate R1 and in turn decrease the input to C2. If
€2 decreases to or below C2(pin), the smaller value of K1 will in-

crease the rate R7T and thus the input to C2.

The biological parallel to this principle is that of allosteric
enzyme regulation where some modifying factors can change an

enzyme’ s affinity for its substrate.



2.4 Input parameters and output variables

The model requires as input data parameters describing chemical
composition of the feed, lLive weight of the cow and stage of lac-
tation. From this information the model calculates, at any time of
the "model day", the value of all state variables, rates and

fluxes shown in figures 2.1 - 2.6.

In order to relate the simulation results to terms of whole animal
performance the following output variables are computed from rele-

vant fluxes:

- feed dry matter intake (kg/d}

- feed unit intake (SFU/d>

- milk production (kg/d)

- milk lactose production {(g/d)

- milk fat production {g/d)

- milk fat content {(g/kg milk)

- milk protein production {(g/d)

- milk protein content (g/kg milk)

- live weight gain (kg/d)

- maintenance requirement for net energy (MJ/d)
- tissue energy balance (MJ/d)

- energy in milk (MJ/d)

- gross energy intake (MJ/d)

- faecal energy (MJ/d)

- digestible energy (MJ/d)

- methane energy (MJ/d)

- urinary energy (MJ/d)

- metabolizable energy intake (MJ/d)
- heat production (MJ/d}

- net energy intake (MJ/d),
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2.5 Hodel size and programming languages

The model consists of 77 state varijables and a total of more than
1500 eguations of which 341 are differential equations. The com-
puter program is written in the CSMP III simulation language
($Speckhart & Green 1976), but some of the computations are pro=
grammed in FORTRAN subroutines, because the size of the model
exeeds the maximum capacity of CSMP III. Because of its special
facilities SAS (Statistical Analysis System) is used for statisti-

cal treatment and presentation of the output variables.

ALL computations have been performed at UNI-C, a computing centre

at the Technical University of Denmark.
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3 DETAILED DESCRIPTION OF THE MODEL

The objectives of the model are 1) to describe gquantitatively the
continous processes of nutrient metabolism and interactions be-

tween different nutrients in individual tissues, and 2) to predict
the feed intake, milk production and change in live weight of cows
in a specified lactational stage given a diet of a specified che-

mical composition.

3.1 The procedure for constructing the model

The essential feature of a dynamic model is a set of differential
equations describing the rates of flow of matter in the system.
When the equations are defined, numerical values must be assigned
to the equation parameters. Two principially different methods can
be applied for this process. One is that all parameters are trea-
ted as unknown guantities, the values of which are found by compu-
ter iterations for given model inputs and ocutputs. Another method
is to assign experimental or estimated values to the parameters in
advance and then use the resulting output as a test of how well

the model is constructed,

For the present model a combination of these 2 methods was used.
Firstly, a static model of a lactating dairy cow was made, This
static model describes the daily amounts of feed consumed, nutri-
ent flow through the body, milk production and Live weight change.

Secondly, differential equations and auxiliary equations were de-




fined, and thirdly, state variables and equation parameters were

given numerical values derived from the literature or assumed as
biologically probable. Finally, the parameters were adjusted by
means of repeated simulations until the dynamic model gave the
same solutions as the static model with regard to daily feed in-
take, nutrient fluxes, milk production and Llive weight change.
The static model is based on publications of Hvelplund (1983) and
pDanfar (1983b) and describes the processes of digestion and meta-
bolism in a 600 kg cow in early Llactation consuming 17.9 kg dry
matter, producing 30 kg milk and loosing 0.5 kg body weight per
day. The ration chosen had a fixed composition of fodder beets
(37%), grass silage (15%), beet top silage (12%), barley straw
(9%) and concentrates (27% of feed dry matter). Calculations of
energy utilization (see figure 3.1) based on the amounts of meta-
bolized nutrients show that the energy losses (in methane, faeces,
urine and heat) are in good agreement with corresponding experi-
mental values from the literature (Coppock et al. 1964, Flatt et
al. 1969).

The energy value of the feed ration chosen for the model was 16.0
Scandinavian Feed Units (SFU) calculated from the chemical compo-
sition of the feed, but only 14.8 SFU when estimated on the basis
of the production and (ive weight of the model cow. The lower va-
lue is an expression of the true net energy content in the fesed,
and the ratio of the 2 values, 14.8/16.0 = 0.92 is the same as
that found by Danfar (1983a) in an analysis of results from 2 lar-
ge Danish feeding experiments (@stergaard 1979, Kristensen 1983).
This analysis showed that the ratioc is 1 at a feeding level of
10-12 SFU per cow per day -~ the level of feed intake where most
feeding experiments used to determine the SFU value of feedstuffs
have been performed - but at higher feeding levels the ratio de-

creases according to a second degree polynomial (Danfar 1983a).
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From these and other calculations it was concluded that, for the
chosen ration, the static model developed by Hvelplund (1983’ and
panfar (1983b) gave realistic predictions of the nutrient and
energy metabolism in a high-yielding dairy cow in early lactation,

and therefore could be used as a basis for the dynamic model.

Gross energy: 328 MJ (100%)

Energy in faeces: 97 MJ (30%)

v

Digestible energy: 231 MJ (70%)

N $ Energy in methanes: 21 MJ (6.4%)
N $ Energy 1in urine: 15 MJ (4.6%)
A\

Metabolizable energy: 195 MJ (59%)

N p Total heat production: 113 MJ (34%)

Thermal energy: 78 MJ (23%)

A

Net energy for Net energy for

production: + maintenance: = Total net energy:
82 mg (25%) 35 M4 (114 117 MJ (36%)
Energy in milk: Energy in body gain:

95 MJ -13 MJ

Figure 3.1. Energy utilization of a lactating 600 kg cow consuming
17.9 kg dry matter and producing 30 kg milk according
to the static model (Danfazr 1983b)




3.2 The computer programs

This section will describe briefly the construction and function
of the CSMP III, FORTRAN and SAS computer programs. The programs
are shown in full in the Appendices.

%.2.1 The main program and the subroutines

The main framework of the model is formulated in the CSMP III pro-
gramming language (Speckhart & Green 1976) and consists of 3
parts: the INITIAL, the DYNAMIC, and the TERMINAL segments (see
Appendix 1).

The INITIAL segment contains those statements which are executed
only at the heginning of each run - a run being one simulation pe-
ricd terminated when the chronological variable TIME reaches the
numerical value of the symbol FINTIM. In this model FINTIM is de-~
fined as 24 h, and therefore a run represents the time course of 1

day.

The eguation parameters and state variables which are given ini-
tial numerical values are grouped under PARAM, CONSTANT and INCON.
The initial values are those assigned at the beginning of each
run, when TIME = 0 h., In the PARAM group are equation parameters
(e.g. K106I, K6I) whose values are regulated and therefore vari-
able during a run, and eguation parameters (KCA, KATF, YATPM)
which are necessary for computations in the INITIAL segment. The
state variables (e.g. €11, SUZI) are listed in the CONSTANT group,



and in the INCON group there are 3 parameters giving the live

weight of the cow (BW, kg), the rate of feed intake during periods
of eating (FT, kg dry matter/h) and a factor for esterification of
milk fat (L179).

The segment is completed with a List of equations, which transfer

the initial values of parameters and state variables to their pro-
per names in the respective rate equations (e.g. K106 = K1061I, C1

= £11), together with some parameters which are derived from state
varijables (C2, CA3, YATP, X1, X2, X3, CA20).

In the DYNAMIC segment FORTRAN subroutines (see Appendix 2 with
rate equations and regulatory equations are called for execution,
and in between the execution of subroutines, integrations of dif-~

ferential equations are carried out in the DYNAMIC segment.

The first subroutine, RATE1, contains the rate equations of the
rumen compartment (e.g. RSUT0D = FT*KSU*LSU, RST100 = FT*KST*LST),
and after the subroutine has been called and executed, the main
program continues with the integration of rate equations from the
rumen compartment in order to find new values for its state vari-
ables (e.g. €1 = CT1I+INTGRL(D.0, DC1), where DC1 = R101-R103). The
same procedure is then used for the other compartments: intestinal
lumen and intestinal wall (subroutine RATEZ2), liver and extracel-
tular fluid {(subroutine RATE3), and mammary gland, muscle tissue,

adipose tissue and other tissues (subroutine RATE4).

The DYNAMIC segment continues with the integration of individual
flow rates {(e.g. RI00, R103, mol C/h) calculated in the subrouti-
nes, leading to daily fluxes of matter (e.g. F100 = INTGRL

(0.0, R1003, F103 = INTGRL(0.0, R103), mol C/d).



After these integrations other FORTRAN subroutines are called.
Subroutines POOL1, POOL2, POOL3 and POOL4 prevent numerical wvalues

of the state variables becoming zero or negative

(e.g. IF(SUZ.LT.0.01) su2 = 0.01), while subroutines REGULY,
REGULZ and REGUL3 regulate the numerical values of variable
parameters and prevent these parameter values becoming zero or
negative (e.g. IF(K106.LT.0.00001) K106 = 0.00001). The variable
parameters are those given initial values in the INITIAL segment
and the principle behind their regulation during a run is as
illustrated by the example in section 2.3. The following sequence
shows the FORTRAN formulation:

R106 = RI1D6M*C2/(K106+C2)
IF(C2.LT.C2MX) 60 TO 1
K106 = K106-0.1

GO T0 2

1 IF(C2.6T.C2MN) GO TO 2
K106 = K106+0.1
GO TO 2

2 CONTINUE

The variable parameter K106 is thus decreased by 0.1 when the sta-
te variable (€2 becomes equal to or greater than (2MX, and K106 is
increased by 0.1 when C2 becomes equal to or Less than C2MN. As a
consequence of this the rate R106 will increase or decrease re-—

spectively.

The subroutine REGULT also regulates when and how much the cow

will eat:

IF(NIGHT.EG.0.) GO TO 11
FT = 0.0
GO0 TO 13
11 IFCUNFERMLLT.MAX) GO TO 12
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FT = 0.0
GO0 T0 13
12 IFCUNFERM.GT.MIN) GO TO 13
FT = 3.3
G0 70 13
13 CONTINUE

The variable NIGHT = STEP(1.3-STEP(5.) is defined in the DYNAMIC
segment and will have the value 1 when TIME is between 1 and 5 h,
and the value 0 at all other times. When NIGHT = 1 the cow will
not eat because FT = 0. When NIGHT = { the value of FT will be
3.3, if the variable UNFERM is equal to or less than MIN, and FT
will be 0 when UNFERM becomes equal to or greater than MAX. This
means that except for a period between 1 and 5 h the cow will eat
at a rate of 3.3 kg dry matter per h when the amount of unfermen-
ted organic matter in the rumen (UNFERM = AT+A*¥A2+C14C*C2) decrea=~
ses to or below a lower Limit (MIN). But the cow will stop eating
when the unfermented matter increases to or above an upper Limit
(MAX2.

AlLL statements in the DYNAMIC segment and in the subroutines cal-
led from it are executed at each integration step until the end of
a run, when the variable TIME equals the preset value of FINTIM.

The TERMINAL segment contains statements that are only executed at
the end of each run. The first 4 of these statements are specifi-
cations about the integration method, number of runs, and output
presentation. FINTIM = 24 means that each run represents 24 h;
PRDEL = 24 means that results can be printed for each run at TIME
= 0 and TIME = 24 h in the CSMP III program output; OUTDEL = (.05
means that results at 0.05 h intervals can be printed or plotted
as output from a SAS data set generated from the CSMP III program;
and DELT = 0.05 means that the integration time dinterval is 0.05 h
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or 3 min. METHOD ADAMS defines a second order integration method:

Yt+dt = Yt+dt/2*(3*<dY/dt)-t"(dY/dt)t...dt),

and IF(RUN.GT.35.3 GO T0 50 means that the simulations stop when
35 runs have heen performed.

The FORTRAN subroutines named ENDT, END2, END3 and END4 called
from the TERMINAL segment allow the state variables and the regu-
lated parameters to keep their numerical values obtained at the
end of a run as initial values for the subsequent rumn, when the
statement CALL RERUN initiates a new run (e.g. C1I = €1, K106I =
K106 .

The variables listed after PREPARE in the main program (e.g. RUN,
F100) are transferred to and presented as ocutput from a S5AS data
set. The statement RANGE will give the minimum and maximum values
in each run of the listed variables (e.g. (1, SUZ) as an output
from the CSMP III program.

X.2.2 Auxiliary programs

The SAS program shown in Appendix 3 1is connected to the CSMP IIIL
program and creates a data set containing the cutput variables Li~-
sted after the PREPARE statement in the TERMINAL seament of the
main program,. From this data set another SAS program (see Appendix
4) can perform statistical treatments, further calculations, and

graphical presentations of the output variables.
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3.3 The individual equations, state variables and parameters

In this section the compartments of the model will be described in
detail by the definition of equations and the assignment of nume-
rical values to state variables and equation parameters. The ori-
ginal values estimated from the Literature or otherwise assumed
are given as well as the values finally adopted after repeated si-
mulations. The individual rates of nutrient metabolism are derived
primarily from the static model of Hvelplund (1983) and Danfar
(1983b). It is assumed that all nutrient pools are in a steady

state.

3.3.1 The rumen compartment

Diagrams of state variables and flows of nutrients in the rumen
compartment are shown in figures 2.1 and 2.2. Numerical values and
dimensions of the state variables and equation parameters are

shown in Appendix 5.

The chemical composition of the feed - a complete diet offered ad
Libitum - is calculated on the basis of the individual feedstuffs
(see section 3.1) according to Hvelplund (1983):

Per cent of feed dry matter

Sugar 22.35
Starch 3.13
Cell wall carbohydrates 42 .68
Glycerol 0.47

Fatty acids 4.00

6



Protein (N*§.25)
Ashes
Total

Carbon transactions

The equations describing the intake
are:
RSUTO0D = FT*KSU*LSU {intake
RST100 = FT*KST*LST {intake
RCETD0 = FT*KCE#LCE (intake
mol C/h
RGL100 = FT*KGL*LGL (intake
RLITC0 = FT*KLI*®LLI (intake

ing from 3.15 to 3.38 kg DM per hour
from 16.0 to 18.1 kg DM per day:

FT = 3.3 kg DM/h.

diet:

KSU = 0.2235 kg sugar/kg DM
KST 0.0313 kg starch/kg DM

i

of

of
of
of
)

of
of

in

17.88
9.49
100.00

carbohydrates and lipids

sugar, mol C/h?
starch, mol C/hJ
cell wall carbohydrates,

glycerol, mol C/h}
fatty acids, mol C/h)

R100 = RSUT00+RST100+RCETQ0+RGLIOO+RLIT00
(intake of carbohydrates and
lipids, mol C/h)

The assumed rate of feed intake during periods of eating (FT) is
based on the work of Tibor (1980), who found rates of eating vary=-

lactating cows consuming

The contents of nutrients in the feed are described as fractions

of the dry matter according to the chemical composition of the
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KCE

0.4268 kg cell wall carbohydrates/kg DM
KGL = D.0047 kg glycerol/kg DM
KLI = 0.0400 kg fatty acids/kg DM.

The carbon content in the dietary nutrients is calculated as the
number of carbon atoms per mole divided by the respective mole-

cular weights:

LSU = 1000*12/342 = 35,087 mol C/kg sugar

LST = 1000%6/162 = 37.037 mol C/kg starch

LCE = 1000*6/162 = 37.037 mol C/kg cell wall carbohydrates
LGL = 1000%3/92.1 = 32.573 mol C/kg glycerol

LLI = 1000%16/256.4 = 62.402 mol C/kg fatty acids.

As the dry matter intake is 17.9 kg/d according to the static
model (see section 3.1), the simulated rate of carbohydrate and

Lipid intake is:

R100 = 17.9*(0.2235%35.087+(0.0313+0.4268)%37.037+
0.0047%32,573+0.0400%62.402) =
491.49 mol C/d = 20.479 mol C/h.

The time used to consume this amount of food is: 17.9/3.3 = 5.42

h.

The individual groups of nutrients are divided into unfermentable

and fermentable fractions by the parameters MSU, MST, MCE and MLI:

RSUTO1 = MSU*RSU1T00O (unfermentable sugar, mol C/h)
RST101 = MST*RST100 (unfermentable starch, mol C/h)
RCE101 = MCE*RCET00 (unfermentable cell wall

carbohydrates, mol C/h)
RGL101 = MSU*RGLT00 (unfermentable glycerol, mol C/h)



RLIT0T = MLI*RLITO0O0 (unfermentable fatty acids, mol C/h)
R101 = RSUTO0T+RSTI01+RCETOT+RGLICT+RLITO

(unfermentable carbohydrates and
Lipids, mol C/h)

RSUT0Z = (1-MSUI*(RSUTD0+RGLTIOD)
(fermentable sugar and glycercl,
mol C/h)

RST102 = (1-MSTI*RST100 (fermentable starch, mol C/h)

RCET102 = (1-MCE)*RCE100 (fermentable cell wall
carbohydrates, mol C/h)

RLIT02 = (1-MLIJ*RLIT100 (fermentable fatty acids, mol C/h)

R102 = RSUT02+RST102+RCETD02+RL 1102
(fermentable carbohydrates and
Lipids, mol C/h)

Sugar, starch and glycerol are assumed to be totally fermentable:

MSU = MST = 0.

Cell wall constituents are 60X fermentable (Mertens & Ely 1979),
and fatty acids are 10X fermentable (Hvelplund 1983):

MCE = 0.40
MLI = 0.90.

The pool of unfermentable carbohydrates and lipids is represented
by the state variable €1, and the rate of nutrient outflow (R103)
from this pool to the intestinal compartment is described as a
first order mass action process. Outflow rates of the individual
nutrients in the pool are calculated in proportion to their occur=-

rence in the feed:
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R103 = K103x(C1 (outflow of unfermentable carbohy~
drates and lipids, mol C/h)

RSU103 = R103%RSUT01/R101 (outflow of unfermentable sugar,
mol C/h)

RST103 = R103*RSTT101/R101 (outflow of unfermentable starch,
mol C/h)

RCE103 = R103*RCET01/R101 (outflow of unfermentable cell wall
carbohydrates, mol C/h)

RGLT03 = R103+RGL101/R101 (outflow of unfermentable glycerol,
mol C/h)

RLIT03 = RI103*RLITD1/R101 (outflow of unfermentable fatty
acids, mol C/h)

In the FORTRAN subroutine (see Appendix 2) these rates are expres—
sed by the parameters KSU, L5U, MSU etc., because the rate R107
will be zero in periods with no feed intake. The outflow rate of
unfermentable carbohydrates and Lipids is calculated on the basis
of the static model (Hvelplund 1983):

R103 = 6.39 mol C/h.
The fractional turnover rate constant (K103) is assumed to be 2.5%
per h - a value estimated by Lindberg (1981) and used by Kristen-
sen (1984) in a dynamic simulation of feed intake of cows on
pasture:

K103 = 0.025 h~1,

The size of the pool is then derived as:

€1 = RT03/K103 = 6.39/0.025 = 255.6 mol C.




The pools of fermentable (but not necessarily fermented) sugar,

starch and cell wall carbohydrates are represented by the state

variables SU2,

572 and CEZ2.

Nutrients from these pools are either

incorporated into microbial carbohydrates and Lipids (R105), fer-

wented to volatile fatty acids, methane and carbon dioxide (R106),

or transported out of the rumen in the liquid phase (R107):

RSU105
RST105
RCE105

RLITOS

R105 =

RSUT0G7

RST107

RCEN07

R107 =

K105%s5U2
K105%872
K105#CE2

RLIT02

(microbial uptake of sugar, mol (/h)
{microbial uptake of starch, mol C/hJ
(microbial uptake of cell wall
carbohydrates, mol C/h)

(microbial uptake of fatty acids,

mol C/h)

RSUT05+RSTI105+RCETD5+RLITOS

(microbial uptake of carbohydrates
and Lipids, mol C/h)

= K107 +502 (outflow of fermentable sugar,
mol €/h)

= K1074S87T2 (outflow of fermentable starch,
mol C/h)

= K107+*CE2 (outflow of fermentable cell wall
carbohydrates, mol C/h)

RSU1T07+RST107+RCE107

€2 = SU2+ST2+CE2

(outflow of fermentable carbohy-
drates, mol C/hJ

(pool of fermentable carbohydrates,
mol €2

The estimation of pool sizes in the rumen is based on the follow=

ing assumptions:
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1) The mass of total rumen contents is 85.0 kg of which 11.0 kg is
dry matter, and 10.0 kg is organic matter (Meissner et al.
1979, Egan et al. 1983, Hvelplund 1984a).

2) Total rumen N is 0.278 kg {(Ibrahim & Ingalls 1972, Holter et
al. 1982) of which 0.013 kg is NHz=-N (Armstrong 1976), and

0.265 kg is non—ammonia N.

3) Microbial N mass is 0.143 kg (Hungate 1966, Maeng & Baldwin
1976a), and microbial organic matter is 1.5 kg of which 40%

(= 0,6 kg) is carbohydrates and lipids (Hvelplund 1983, Hvelp-
Lund 1984a, Ngrgaard 1984).

4) The amount of carbohydrates and Llipids in the rumen is derived
as organic matter less protein, amino acids and nucleic acids:

10.0-0.265%6.25 = 8,3 kg.

5) Total volatile fatty acids 1in rumen Lliquor are 0.5 kg (Hvelp-
Lund 1983).

6) Unfermented carbohydrates and lipids (state variables (1 and
C2) are therefore: 8.3-(0.6+0.5) = 7.2 kg.

7) Unfermented protein, amino acids and nucleic acids (state vari-

ables A1 and A2) are: (0.265-0.143)*6,25 = 0.8 kg.

The daily feed intake in the static model is 17.9 kg dry matter of
which 13.0 kg is carbohydrates and lipids (R100). Carbohydrates
and Lipids taken together are 63.9% digested in the rumen (Hvelp-
lund 1983) and the unfermented part is therefore:

R103+R107 = 13.0%0.361 = 4.69 ka/d equivalent to 7.91 mol C/h.

The outflow rate of unfermentable carbohydrates and lipids (R103)

o
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is 6.39 mol C/h equivalent to 2.70 kg/d, and the outflow rate of

fermentable carbohydrates is estimated as:

R107 = 4.69-3.70 = 0.99 kg/d equivalent to
7.91-6.39 1.52 mol C/h.

The mass of the unfermentable pool of carbohydrates and Llipids
(C1) and the mass of the fermentable carbohydrate pool (L2) are:

¢1
ce

i

R103/K103 = (3.70/243/0.025 = 6.2 kg
F.2=6.2 = 1.0 kg.

it

The rate constant for fermentable carbohydrate ocutflow is then

derived as:
K107 = R107/C2 = (0.99/24)/1.0 = 0.041 h-1,
The fraction of sugar and starch digested in the rumen is taken as

0.98 (Armstrong & Smithard 1979), and the ocutflow rates of the

individual groups of fermentable carbohydrates are estimated as:

RSUTO7 = (1-0.98)*RSU102 = 0.02*5.96 = 0.12 mol C/h
RST107 = (1-0.98)*R57T102 = 0.02%0.86 = 0.02 mol ¢/h
RCE107 = 1.52-(0.12+0.02) = 1.38 mol C/h.

The pool sizes of the individual groups of fermentable carbohy~

drates are then derived as:

su2 = RSUT07/K107 = 0.12/0.047 = 2.93 mol €
§T2 = RST107/K107 = 0.02/0.047 = 0.49 mol ¢
CEZ2 = RCE107/K107 = 1.38/0.041 = 33.66 mol ¢
€2 = 2.93+0.49+33.66 = 37.08 mol C.

The rates of carbohydrate utilization in microbial syntheses and

fermentations are:
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R105-RLIT05+R106 = RSUT02+RST102+RCEI102~R107 =
13.90-1.52 = 12.38 mol C/h.

The microbial incorporation of carbohydrates is 21% of the total
utilization (Czerkawski 1978, Danfar 1979):

R105-RLIT05 = RSUTOS5+RSTT105+RCET05 = 12.38%0.21 =
2.60 mol C/h,

and the rate constant for microbial uptake of carbohydrates is

derived as:

K105 = (RSUTOS5+RST105+RCET05)/C2 = 2.60/37.08 = 0.070 h-1,

The simutated rate of carbohydrate fermentation (R106) is expres=
sed as an enzymatic process, where the maximal rate (RID6M)

depends on the mass of the microbial poputation (A4):

R106 = R106M*C2/(K106+C2) (fermentation of carbohydrates,
mol C/h)

R106M = L106*A4

RSUT06 = RI06*XT1*EXP(~-G*X3) (fermentation of sugar, mol C/h)

RST106 = RTI06*X2*EXP(~G*X3) (fermentation of starch, mol C/h)

RCET106 = RI06%(1-EXP(~G*X3)) (fermentation of cell wall
carbohydrates mol C/h)

X1 = SU2/(3U2+sT2)
X2 = ST2/(sSU2+5T2)
X3 = CE2/(SU2+5T2)

The rates of fermentation of the individual groups of carbohydra-
tes depend on the proportions of sugart+starch and cell wall car-

bohydrates in the rumen so that the digestion of cell walls is re~



duced when the Level of sugar+starch is increased (Themsen & Ngr-

gaard 1983, Ternrud & Neergaard 1986). In the above mathematical
formulation the ratio (X3) of cell wall carbohydrates {(CEZ) and
easily fermentable carbohydrates (SU2+5T2) will affect the rela-
tive fermentation rates of these groups. If the amount of sugar
and/or starch is increased, the ratio X3 decreases, and the cell
wall fermentation rate will decrease exponentially, reaching zero
when X3 = 0.

The carbohydrate fermentation rate is derived as the total utili-

zation rate lLess the rate of microbial incorporation:

R106 = 12.38-2.60 = 9.78 mol C/h.

This rate is assumed to be 80% of the maximal rate:

R106M = 9.78/0.80 = 12.23 mol C/h,

and as the mass of the microbial protein pool (A4) is estimated to

be 10.04 mol N (see later), the maximal fermentation rate factor

is:

L106 = RID6M/AL = 12.23/10.04 = 1.218 mol C/(mol Nxh).

The affinity constant for carbohydrate fermentation is then calcu-
Lated:

K106 = (RI06M/R106-1)%C2 = (12.23/9.78-1)*37.08 = 9.270 mol C.

The rates of fermentation of the individual carbohydrate groups

are estimated as:

RSUT02~-(RSUTO5+RSUI107) = 5.64 mol C/h
RST102~(RST10S+RST107) = 0.81 mol C/h

RSU1T06
RST106
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RCE106 = RCET102-(RCET05+RCETI07) = 3.33 mol C/h.

From these values a preliminary estimate of the parameter 6 is:
D.04.

The simulated fraction of cell wall carbohydrates digested in the
rumen is: (RCETO5+RCENDSI/RCEIND = (2.36+3.333/11.79 = 0.48 - as
reported by Thomsen (1980).

The rates of formation of fermentation products: volatile fatty
acids, methane, carbon dioxide and ATP, from each class of carbo-

hydrates are defined as follows:

SUAC1T = ACSU%RSU1T06 (formation of acetate Trom sugar,
mol C/h)

SUPR1T = PRSU*RSUT06 (formation of propionate from
sugar, mol C/h)

SUBUT = BUSU%RSU1T06 (formation of butyrate from sugar,
mol C/h)

SUCHT1 = CHSU*RSU106 (formation of CHg4 from sugar,
mol C/h)

SUCOT = COSUXRSUT06 (formation of CO2 from sugar,
mol C/hd

SUATPT = ATPSU*RSUT(O6 (formation of ATP from sugar,
mol ATP/h)

STACT = ACST*RST106 (formation of acetate from starch,
mot C/hd

STPRT = PRST*RST106 (formation of propionate from
starch, mol C/h)

STBU1 = BUST*RST1064 {formation of buityrate from

starch, mol C/h)
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STCHT = CHST=*RST106 (formation of CHy from starch,
mol C/h)

STCOT = COST*RSTI06 (formation of COz from starch,
mol €/h)

STATFT = ATPST*RST106 (formation of ATP from starch,
mal ATP/hR)

CEACT = ACCE*RCE106 (formation of acetate from cell
wall carbohydrates, mol C/h)

CEPRT = PRCE*RCET06 {formation of propionate from cell
wall carbohydrates, mol (/h)

CEBUT = BUCE*RCE106 (formaticn of butyrate from cell
wall carbohydrates, mol £/h)

CECHY1 = CHCE*RCE106 (formation of CHg from cell wall
carbohydrates, mol C/h)

CECOT = COCE#RCE106 (formation of €02 from cell wall

carbohydrates, mol C/h)
CEATP1 = ATPCE*RCE106 (formation of ATP from cell wall
carbohydrates, mol ATP/h)

Numerical values of the parameters (ACSU, PRSU, ...., ATPCE) are
derived from fermentation egquations given by Baldwin et al. ¢1970)
(see Appendix 5).

The simulated rate of protein fermentation is defined as an en-
zymatic process (R112), and the substrate pool is the carbon of
microbial amino acids and peptides (CA3 = KCA*A3):

R112 = R112M*CA3/(K112+CA3)

In estimating the masses of microbial pools the following assump-



tions are made:

1) Mass of microbial nitrogen pools (A3, N1B and A4) is D.143
kg N equivalent to 10.21 mol N.

2) Protein concentration in microbial dry matter is 51%
(Hvelplund 1983).

3) The concentration of intracellular free amino acid N and
peptide N (A3) is 80 mmol per kg microbial dry matter (Blake

et al. 19833,

4) The concentration of dintracetlular ammonia N (N1B) is 15
mmol per kg microbial dry matter (Blake et al. 1983).

5) The molar ratio (KCA) of carbon and nitrogen in proteins is
taken as 3.8 mol C/mol N (Reichl & Baldwin 1975, banfar
19793 .

Hence pool sizes of A3, N1B, A4 and CA3 can be derived as:

A3 (amino acids and peptides) = 0.7143%6,25%80/¢(0.51*%1000)

= 0.140 mol N
N18 (NHz/NHz*) = 0.143%6.25*%15/(0.51+1000) = 0.026 mol N
A4 (protein) = 10.21-(0.14+0.03) = 10.04 mol N
CA3 (carbon in amino acids and peptides) = 3,8%x0.140

= 0.532 mol C.

The overall fermentation of carbon from carbohydrates and protein
into VFA, CH4 and €0 (R106+R114) is 281.5 mol C/d or 11.73 mol
€C/h in the static model (Hvelplund 1983). The contribution to this
from protein (R114) is: 11.73-9.78 = 1.95 mol C/h, but the total

fermentation of protein (R112) is higher, because it is assumed
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that some of the protein is fermented to branched~-chain fatty
acids (BCFA) which are taken up and wused in microbial synthetic

processes (R113),

The content of carbon in protein dis: 3.8/(6.25%14.01) = 0.043 mol
C/g, and the formation of VFA, CH4 and €0p by protein fermentation
is 0.037 mol C/g preotein (Baldwin et al., 1970). The simulated rate
of total protein fermentation can therefore be estimated as:

R112 = 1.95%0.043/0.037 = 2.26 mol (/h,
which is assumed to be 85% of the maximal possible rate:

R112M = 2.26/0.85 = 2.66 mol C/h.

The affinity constant for protein fermentation is then calculated:

K112 = 0.0939 mol C.

The rates of formation of VFA, BCFA, CHg, COp and ATP from protein

fermentation are defined as follows:

PRACT = AC*R1T112 (formation of acetate, mol C/h?
PRPR1 = PR*R112 (formation of propionate, mol C/h)
PRBUT = BU*R112 (formation of butyrate, mol C/h)
PRBCT = BC*R1T112 (formation of BCFA, mol C/h)

PRCH1 = CH*R112 (formation of CHy, mol C/h)

PRCOT = CO*R112 (formation of C03, mol C/h)

PRATPT = ATPPR*RT112 (formation of ATP, mol ATF/h)

Numerical values of the fermentation parameters (AC, PR,....,



ATPPR) are derived from Baldwin et al. (1970) (see Appendix 53.

The rates of formation of the individual VFA, BCFAR, CHg, €07 and
ATP from the overall fermentation of carbohydrates and protein are

found by summations:

RAC = SUACT+STACT+CEACT+PRACYT (formation of acetate, mol C/h)
RPR = SUPR1+STPR1I+LEPR1+PRPR1 (formation of propicnate,

mol C/h)
RBY = SUBUT+STBUT+CEBUT+PRBUT (formation of butyrate, mol C/h)
RCH = (SUCHT+STCHI+CECHT+PRCHTI*K

(formation of CHg4, mol C/h)
RCO = SUCOT+STCOT+CECOT+PRCOT-RCH*(1-1/K)

{formation of COp2, mol C/h)

R108 = SUATRI+STATPI+CEATPY (formation of ATP from carbohy-
drates, mol ATP/h)

R113 = PRBCI (formation of BCFA from protein,
mol C/h)

R114 = R112-R113 (formation of VFA, CHg and COp
from protein, mol C/h)

R115 = PRATP1 (formation of ATP from protein,

mol ATP/h)

The amount of CHy4 produced according to the fermentation equations
is reduced by 25%4 (K = 0.75), and the amount of (0 produced ac-
cording to the fermentation eguations is correspondingly increa-
sed, because some hydrogen is used for reduction of coenzymes and
hydrogenation of unsaturated fatty acids rather than for methane
formation (Hvelplund 1983).

The net fermentation of carbon (R112-R109) from the pool of amino



acids and peptides (A3) is equal to the amount of carbon from the

net deamination of amino acids (R11-R17):

R109 = R112-K(CA®*{(R11-R17 (use of microbial carbohydrates
and Llipids for amino acid

synthesis, mol {/h)

As the net fermentation rate of amino acids to NHz-N (R11-R17) is
0.147 mol N/h (see later), the rate of conversion of microbial

non—-protein carbon into amino acids will be:

R109 = 2.26~3.8*D.147 = 1.70 mol C/h.

The outflow rate of microbial carbohydrates and Lipids (R110) s
proportional te the pool size (C3):

R110 = K110=%C3 (gutflow of microbial carbohy~
drates and lipids, mol C/h)

RST110 = LT10%R110 (outflow of microbial starch,
mol C/h)

RCETIO0 = MT10*R110 (outflow of microbial cell watl
carbohydrates, mol C/hJ

RLIT10 = NT10%R110 (outflow of microbial Llipids,
mol C/h)

The simulated outflow rate of microbial carbohydrates and lipids

from the rumen is found by balancing the pool (C3):

R110 = R105+R113-R109 = 2.79+0.16476%2.26-1.70 = 1.46 mol C/h.



The rate constant is (see later):

K110 = 0.0828 h™1,

and the pool size of microbial carbohydrates and lipids can be
calcutated as:

€3 = R110/K110 = 1.46/0.0828

it

17.5% mol C.

The proportions of starch (L1110 = 0.08), cell wall carbohydrates
{(M110 = D.44), and Lipids (N110 0.48) in the microbes are esti-
mated from the work of Hvelplund (1983).

it

The rates of YFA absorption and disappearance of fermentation

gases from the rumen are defined as:

RACTTT = KACT11*ACS {outflow of acetate, mol C/h)
RPR111 = KPR111*PR& {outflow of propionate, mol C/h)
RBUTTIT = KBUT11*xBUS (outflow of butyrate, mol C/h)
RCHT11 = KCH111*CHS (outflow of CHg, mol C/7h)

RCOT11 = KCOT11*%C04& (outflow of COp, mol C/h)

R111 = RACHTI1+RPRIT1+RBUTTT1+RCHITT+RCOT 11
(outflow of VFA, CHy4 and COp,
mol C/hd

The VFA absorption constants are assumed to be proportional to the
pKy values of the individual acids because it is suggested that
the undissociated acids are absorbed more easily than their anions
(Phillipson 19703):

KACT11 0.4504 h-1
KPR111 = 0.4627 n~1

i
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KBUT11 = D.4561 h™1.

The absorption rates of VFA are presumed to be equal to their pro-

duction rates:

RAC111 = RAC = 4.23 mol C/h
RPR111 = RPR = 2.50 mol C/h
RBUT11 = RBU = 1.71 mol C/h.

From these figures the YFA pool sizes can be calculated:

it

4.23/0.4504 = 9.39 mol ¢
2.50/0.4627 5.40 mol ¢
1.71/0.4561 3.76 mol C.

AC4 = RACT11/KACTT1
PR4 = RPRIT1/KPR111
BU4 = RBU111/KBU111

it
L]

Consequently, the total amount of VFA (AC4+PR4&+BU4) 1in the rumen
is 7.4 moles of acids eguivalent to: 7.4/74 = 0.1 moles per L
rumen Liquor as found in many experiments (Hungate 1966, Bauman et
al. 1971, Chamberlain et al. 1983, Counctte et al. 1983).

The amount of methane forms 30-40% of the total gas present in the
rumen (Phillipson 1970), and it is suggested here that CH& =
0.5%C04. As the disappearance rates of fermentation gases are

equal to their production rates:

RCHT11 = RCH = 0.92 mol C/h
RCO111 = RCO = 2.32 mol C/h,

it can be deduced that KC01171 = 1.263*KCH111. It is assumed that
the value of KCH111 is higher than the VFA absorption constants
and is assessed at 1.0 h™'. Then the rate constants for fermenta-

tion gas disappearance are:

KCHT11 = 1.000 h~1




KCo111 = 1.263 h™?,

and the fermentation gas pool sizes are:

RCH1T1/KCHTT 0.92/1.000 0.92 mol C/h
RCOT1T/KCOT1T = 2.32/1.263 = 1.84 mol C/h.

it

CH4
Co4

]
n

i

Nitrogen transactions

The rate of crude protein intake is defined as:

RO = RCO+RRO (intake of crude protein, mol N/h)

RCO = FT*KC*LC (intake of crude protein in
concentrates, mol N/h)

RRO = FT®*KR*LR (intake of crude protein in
roughages, mol N/h)

The parameters KC and KR give the concentration in ration dry mat-
ter of crude protein in concentrates and roughages, respectively,
while LC and LR are the nitrogen content in protein from concen-

trates and roughages, respectively. According to the static model:

KC = 0.1000 kg crude protein in concentrates/kg ration DM
KR
LC = LR = 11.423 mol N/kg crude protein,

0.0788 kg crude protein in roughages/kg ration DM, and

Hence, the simulated rate of protein intake is:

RD = 17.9*%(0.100+0.0788)*11.423 = 36.56 mol N/d =
1.523 mol N/h.

~



The dietary crude protein is divided into unfermentable (R1}) and

fermentable protein (R2), ammonium—~N (R3), and urea~N (R4):

RT = MC*RCO+MR*RRO (unfermentable protein, mol N/hJ
R3 = M3*RQ (ammonium, mol N/h)

R& = ML=RD (urea, mol N/h)

82 = RO-R1-R3-R& {fermentable protein, mol N/h)

Based on the composition of the feed and factors of protein degra-
dability given by Armstrong (197%9), the dietary protein is assumed
to be 80% fermentable. As the ration contains no ammonium salts or
urea, M3 = M4 = 0, and R3 = R4 = 0 mol N/h. Hence, the flows of

fermentable and unfermentable protein are:

R2 0.80%R0 = 0.80%1.523 = 1.218 mol N/h
R1 = RO-R2 = 1.523-1.218 = 0.305 mol N/h.

i

The unfermentable fraction of roughage protein is assumed to be:
MR = (0.10,

and the unfermentable fraction of concentrate protein can then be

calculated as:

MC = (RT1-MR*RROX/RCO = (0.305-0.10#0.671)/0.852 = 0.2788.

The étate variables A1 and A2 represent the unfermentable and fer-
mentable protein pools, respectively. The protein escaping degra-
dation in the rumen is removed at a rate, R53+R7, which is 35% of
the protein intake {(Hvelplund 1983):
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RS = KS5=a1 Coutflow of unfermentable protein,
mol N/h)

R7 = K7*A2 (outflow of fermentable protein,
mol N/h)

The simulated outflow rate of unfermentable protein is found by

balancing the pool (A1):
R5 = R1T = 0.305 mol N/h, and
the outflow rate of fermentable protein is found by difference:
R? = (D.35%*R0J~-R5 = (0.35%1.523)~0.305 = 0.228 mol N/h.
The turnover rate constant for the ligquid phase in the rumen has
been estimated at 11% per hour (Hartnell & Satter 1979, Tamminga
1979). The outflow rate of fermentable protein is believed to
follow closely the outflow rate of rumen liquor, and the rate con-
stant for fermentable protein outflow is therefore:
K7 = 0.11 n~1,
The pool size of fermentable protein is derived as:
A2 = R7/K7 = (.228/0.11 = 2.077 mol N.
As stated previously the mass of unfermented protein in the rumen
{(A1+A2) is 0.80 kg or 9.138 mol N. Hence, the pool size of unfer-—
mentable protein is:

AT = 9.138-2.077 = 7.061 mol N, and

the rate constant for unfermentable protein ocutflow will bhe:
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R5/a1 = 0.305/7.0671 = 0.043 h=1,

The rates describing microbial N metabolism in the rumen are as

follows:

R&

R8

RS

R9M
R10

R20

0

Hi

R6M*AZ/ (K6+AZ)

R8M*A3/ (KB8+A3)

RIM*AZ/ (KI+A3)

YATP*M9#*(R108+R115)
K10%A3

R11M=A3/(K11+A3)

K12%A4

K13%A4

RISMANTA/ (KI5+NTA)D

RI7M*N1B/(K17+N18B)

K18 *N1B

R10+R13+R18

R20M*N1B/ (K20+N1B)

(microbial uptake of amino acids
and peptides, mol N/h)
{microbial excretion of amino
acids, mol M/h)

(microbial protein synthesis,

mol N/h)

(mol N/h)

(outflow of microbial amino acids
and peptides, mol N/hJ
(degradation of microbial amino
acids, mol N/h)

(degradation of microbial protein,
mol N/h)

(outflow of microbial protein,
mol N/h)

(microbial uptake of NH3/NH4*,
mal N/h)

{microbial amino acid synthesis,
mol N/h)

(outflow of microbial NHZ/NH4T,
mol N/h)

(outflow of microbial total
nitrogen, mol N/h)

(microbial excretion of NH3/NH4Y,
mol N/h)

The masses of the nitrogen pools are as estimated previously:
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A3 (microbial amino acids and peptides) = 0.140 mol N
A4 (microbial protein and nucleic acids) = 10.04 mol N
N1B (microbial NH3/NHg*) = 0.026 mol

NTA (extracellular rumen NH3/NHz*) = 0.013 kg N = 0.928 mol N.

Free amino acids which are not utilized for protein synthesis in
protozoa are excreted to the rumen liguor (Tamminga 1979). The
rate of this proces (R8 in the model) is estimated from Coleman
(1975) to be 10%4 of the rate of microbial uptake of amino acids
and peptides (R6 in the model). Balancing the pool of fermentable

protein and amino acids in the rumen liquor (A2) gives:

R6-R& = R2-R7 = 0.990 mol N/h, and
R6 = 0.990/(1-0.10) = 1.100 mol N/h.

The rate of amino acid excretion is then derived as:
R8 = R&6*0.10 = 1.100%0.10 = 0.7110 mol N/h.

The transport of N-compounds through microbial cell walls and mem-
branes is assumed to be by carrier-mediated processes following
Michaelis-Menten (saturation) kinetics (Eckert & Randall 1978,
Russel & Hespell 1981). The microbial amino acid transport mecha-
nisms are assumed to be 70% saturated, which means that the maxi-
mal rates of microbial uptake and excretion of amino acids and

peptides are:

R6M 1.100/6.70
R8M = 0.1106/0.70

1.572 mol N/h
0.157 mol N/h.

i

The affinity constants for microbial amino acid exchange are

finally calculated:

Ké6 = 0.890 mol N
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K8 = 0.060 mol N.

The total yield of microbial ¥ from the rumen has been estimated
by banfer (1979), Hvelplund (1983) and Robinson & Sniffen (1985).
The following value for this rate has been adopted in the model:

R19 = 0.845 mol N/h.

The microbial N pools (A3+A4+N1B) are 10.206 mol N, and the rate

constant for microbial outflow from the rumen is consequently:
K10 = K13 = K18 = K110 = 0.845/10.206 = 0.0828 h~1,

Hence, the simulated outflow rates of microbial amino acids and

peptides (R10), protein (R13), and NH3/NHi* (R18) are:

R10 = 0.0828%0.140 = 0.012 mol N/h
R13 = 0.0828%10.04 0.8317 mol N/h
R18 = 0.0828%0.026 0.002 mol N/h.

i

i

Eighty per cent of the synthesized microbial protein passes from
the rumen to the intestines, and 20 per cent is turned over within
the rumen (Armstrong 1976). The simulated rate of protein synthe-

sis can therefore be calculated as:
RY = R13/0.80 = 0.831/0.80 = 1.039 mol N/h.

The maximal rate (R9M) is assumed to depend on ATP availability
(R108+R115) and on the efficiency of ATP utilization (YATP*M9).
YATP depends in turn on the concentrations of amino acids (AZ2) and
NH3/NH4+ (N1A) in the rumen fluid (Maeng & Baldwin 1976 bé&c,
Mehrez et al. 1977, Owens & Bergen 1983):
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YATP = YATPM*AZ*NTA/ (KATP+A2*N1A).

As stated, A2 = 2.077 mol N and N1A = D.928 mol N. YATP is, on
average, 26 g cell DM/mol ATP for mixed rumen microbial popula=-
tions, and YATPM is approximately 8% higher: 28 g cell DM/mol ATP
(Hespell & Bryant 1979). The affinity constant can then be estima-
ted as: KATP = 0.1483 (mol N)2. The concentration of crude protein
in cell DM is 50% (Hvelplund 1983), and the nitrogen content in
microbes is accordingly:

M9 = 0.50/¢6.25%14.0) = 5.742%10"3 mol protein-N/g cell DM.

The simulated rate of ATP formation (R108+R115) is 7.2%94 mol

ATP/h, and the maximal rate of protein synthesis is derived as:
ROM = 26%5.742+7.294/1000 = 1,089 mol N/h.
Hence, the affinity constant is calculated as:
K9 = (0.0068 mol N.
This value is low compared to the substrate pool size (A3), which
is also the case for the affinity constants of most rumen bacteria
(Russell & Hespell 1981).
The rate of microbial protein degradation in the model is:
R12 = R9-R13 = 1.039-0.831 = 0.208 mol N/h,
and the rate constant for the process will be:

K12 = R12/A4 = 0.208/10.06 = 0.0207 h-1,




Contrary tc protozoa rumen bacteria are not able to transport free

amino acids through their cell walls into the rumen fluid. Excess
amino acids are therefore degraded intracellularly and the nitro-
gen is excreted to the medium as NH3/NH4+ (Tamminga 1979). In
order to simulate this situation the model requires both an extra-
cellular (N1A) as well as an intracellular (N1B) pool of NH3/NHz'.
The rate of net incorporation of ammonium=N into microbial protein
is 230 g/d equivalent to 0.684 mol/h (Hvelplund 1983). This is
assumed to be 80% of the gross rate of microbial amino acid syn-—
thesis from intracellular NH3/NH4+ (Armstrong 1976, Tamminga
19793 :

R17 = 0.684/0.80 = 0.855 mol N/h.

Kp values of the two known enzymes for utilization of ammonium=-N
by rumen microbes: glutamate dehydrogenase and glutamine synthe-
tase, are 5mM and 0.2 mM, respectively (Baldwin & Denham 1979).

Using an average value (2.6 mM) the affinity constant for micro-

bial amino acid synthesis can be estimated as:
K17 = 2.6%1.75%0.8/(0.2*1008) = 0.0182 mol N,

when microbial cell bM is 1.75 kg (Hvelpltund 19833, and microbial
metabolic water is 80¥% of the total cell mass (Blake et al. 1983).

The maximal rate of microbial amino acid synthesis is then derived

from the rate equation:

R17M = 1.4654 mol N/h.
Now, the simulated rate of microbial amino acid degradation is
catculated by balancing the pool A3:

R11 = R6+R12+R17-(R8+RI+R10) = 1.002 mol N/h.
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This is assumed to be 70%4 of the maximal rate:

R11M = R11/0.70 = 1.002/0.70 = 1.432 mol N/h,

and the affinity constant for degradation of microbial amino acids

is consequently:

K11 = 0.06 mol N.

Processes of urea uptake and ammonia absorption are defined as

follows:
R14 = K14*N1TA Coutflow of NH3/NH4Y, mol N/h)
R16 = K164 (N1A/VT) Cabsorption of NHz/NH %, mol N/h)
R21 = R2TM*xU1T/(K21+U1) (hydrolysis of urea, mol N/RD
RE5 = KSS#(U&/V4~-UT/¥1) (uptake of urea, mol N/h)

The rumen ammonia flux rate (R14+R15+R16 = R20+R21) is 276 g N/d
equivalent to 0.8271 mol N/h (Oldham et al. 1980). The rate of urea
hydrolysis (R21) equals the rate of urea uptake (R55), which is
taken from Hvelplund (1983) as 62 g N/d:

R21 = R55 = 62/(14.01%24) = 0.184 mol N/h.

The simulated rate of microbial NHz/NH,% excretion to the rumen

fluid is then:
R20 = 0.821-0.184 = 0.637 mol N/h,
which is assumed to be 85% of the maximal rate:

R20M = R20/0.85 = 0.637/0.85 = 0.749 mol N/h.
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From this the affinity constant for excretion of intracellular
HHz/NH,? is derived as:

K20 = 0.0046 mol N.

The simulated rate of microbial NHz/NHiY uptake from the rumen
fluid is found by balancing the intracellular NH3/NH¢+ pool (N1BJ:

R15 = RI7+R18+R20-R11 = 0.492 mol N/h.

Affinities of ruminal bacteria for ammonium-N range from 5 to 45
uM (Russell & Hespell 1981). An average value (25 puM) is used in
the model for estimation of the affinity constant (rumen water:
V1 = 85-11 = 74 kg):

K15 = 25107674 = 0.002 mol N,

and the maximal rate of microbial NH3/NH,Y uptake is calculated

as:

R15M = 0.493 mol N/h.
The outflow of NHz/HHiY from the rumen (R14) follows the Liquid
turnover rate (K7):

K14 = K7 = 0.11 h~1
R14 = 0.11%0.928 = 0.102 mol N/h.

#

Ammonium is absorbed from the rumen by diffusion and depends
therefore on the ruminal concentration, i.e. NTA/V1 (Houpt 1970,
Huntington 1986). The simulated rate of NH3/NH4+ absorption is
found by balancing the pool NTA:



R16 = R204R21-{(R14+R15) = 0.227 mol N/h,

and the rate constant for absorption will be:

K16 = R16/(NTA/V1) = 0.227/0.0125 = 18,154 Ll/h.

Ruminal urea-N concentration is about 3 mM (Houpt 1970}, and the

uyrea pool in the rumen is then:

Ut = 3%74/1000 = 0.222 mol N.

The maximal capacity of ruminal bacteria for urea degradation is 1
g per L per h (Jones 1967, c¢.f. Owens & Bergen 1983). From this
information the maximal rate of urea hydrolysis can be estimated

as.:

RZ1M = 1*x74%2/60.7 = 2.463 mol N/h,

and the affinity constant for urea hydrolysis is accordingly:

K21 = 2.743 mol N.

The high ureolytic activity of rumen wall bacteria is inversely
related to the level of ammonia in the rumen fluid (Wallace et al.
19795, and according to this the affinity constant K21 is regula-
ted by the size of N1A (see subroutine REGUL1, Appendix 2).

Urea transport from the blood into the rumen is proportional to
the concentration gradient (Houpt 1970), and in the model formula~
tion this is assumed to be valid for transport via saliva as well
as directly through the rumen wall (R55). The urea=N concentration
in the blood is 14 mM (Mgtller 1973, Harmeyer & Martens 1980,
Holter et al. 1982, Oltner & Wiktorsson 1983). The volume of the



extraceliular fluid compartment is assumed to be 25% of the Live
weight (600 kgi:

Vé = 0.25%600 = 150 L,
and, hence, the urea pocl in the extracelliular fluid is:

U4 = 150*14/1000 = 2.100 mol N.
The rate of urea uptake into the rumen (R55) is estimated
previously as 0.184 mol N/h, and the diffusion constant is finally

calculated:

K55 = R55/(U4/V4-U1/V1) = 0.184/(0.014-0.003) = 16.765 L/h.

Feed energy content

The gross energy content in the feed is calculated by the last

eguations of the rumen compartment subroutine:

ESUT00 = (RSUTO00/LSUYXCSU {energy intake in sugar, MJ/h)

EST100 = (RSTIOO0/LSTYACST (energy intake in starch, MJ/h)

ECE100 = (RCETO00/LCE)I*CCE {energy intake in cell walls,
MJd/h)

ELIT00 = (RGLICO*(1/LGL=-18.02/1000)+RLI/LLID*CLI

(energy intake in Llipids, MJ/h)
EPRQ = ((R1+RZ2)/LLCI*CPR (energy intake in protein, MJ/h)
RGE = ESUTQO0+EST100+ECET100+ELI1C0+EPRD

(gross energy intake, MJ/h)

The parameters CSU, CST, CCE, CLI and CPR are factors describing
heats of combustion of the individual nutrients: CSU = 16.6 MJI/kg
sugar, (ST = 17.6 MJ/kg starch (Bach Knudsen 1986), CCE = 18.8



Md/kg cell wall carbohydrates, CLI = 39,75 MJ/kg fat and CPR =
23.93 MJi/kg protein (Schiemann et al. 1972). According to the

above equations the rate of gross energy intake can be calculated:

RGE = 13.596 MJ/h = 326.30 MJ/d.

3.3.2 The intestinal compartments

Diagrams of state varijables and the flow of nutrients in the inte-
stinal compartments are shown in figures 2.3 and 2.4. Numerical
values and dimensions of the state variables and equation parame-

ters are shown in Appendix 6.

Carbon transactions

The nutrients passing from the rumen into the intestines are un-
fermented feed carbohydrates and fatty acids (R103+R107), micro-
bial carbohydrates and Lipids (R110), unfermented feed protein
(R5+R7), microbial crude protein (R19), and ruminal NH3/NH[,+
(R14) .

The rates of digestion and hind gut fermentation of carbohydrates

and Lipids are defined as follows:

R116 = RCET03+RCETO7+RCETT10+KTT6*(RLITO3+RLITTIO*48/51)
(indigestible cell wall carbohydrates
and fatty acids, mol C/h)

R117 = RSUT03+RSTI103+RGL103+RSUT07+RSTI07+RSTT110+RLIT10%3/51
(digestible sugar, starch and
glycerol, mol C/hJ




R118 = (1-KT116)%x(RLITO3+RLINT10*48/51)
(digestible fatty acids, mol C/h

R119 = K119=*L7 (intestinal flow of indigestible cell
wall carbohydrates and fatty acids,
mol €/hd

R119F = L119*R119 (hind gut fermentation of cell wall
carbohydrates and fatty acids,
mol C/h)

R120 = K120%C8 (intestinal flow of digestible sugar,
starch and glycerol, mol C/h)

R120F = L120*r120 (hind gut fermentation of sugar,

starch and glycerol, mol C/h)
R121 = R121M*C8/(K121+C8) (uptake from the Lumen of glucose,

mol C/h)

R122 = K122%(9 (intestinal flow of digestible fatty
acids, mol C/h)

R123 = K123%(C9 (uptake from the lumen of fatty

acids, mol C/h)

The values of the state variables, €7 (indigestible cell wall car-
bohydrates and fatty acids), (8 (digestible sugar, starch and gly=-
cercl), and €9 {(digestible fatty acids) are estimated as follows:

1) The volume of digesta fluid in the small intestine is assum-
ed to be 21.3 L (Phillipson 1970, Crampton & Lloyd 1959 c.f.
Neimann~Sgrensen 1983): V24 = 21.3 L.

2) Digesta in the small intestine contains 4.4% dry matter
(Hvelplund et al. 1976, Hvelplund 1984b) and 95.6% water

(equivalent to VZA = 21.3 L},

3) Hence, the volume of digesta in the small intestine 1is cal-



culated as: 21.3/0.956 = 22.3 L, and digesta dry matter 3s:
22.3-21.3 = 1.0 kg.

4) Digesta organic matter is assumed to be = as in the rumen -
90% of the dry matter, i.e. 0.90 kg organic matter in the

small intestine.

5) Protein content in the digesta is 25% of dry matter
(Agergaard et al, 1984), i.e. 0.25 kg protein in the small

intestine.

6) Consequently, the amount of carbohydrates and lipids in the
small intestine ds: C7+C8+4C9 = D.90~0.25 = 0.65 kg, equi=-
valent to 29.8 mol C.

According to the static model (Hvelplund 1983) fatty acids are
digested in the small intestine at a rate (R123) of 46.6 mol ¢/d
equivalent to 1.942 mol C/h, representing 90% of the entry rate of
the digestible (but not digested) fatty acids (R118) from the
rumen (Brumby et al. 1979). The simulated total entry rate of
fatty acids (indigestible and digestible) into the small intestine
(RLITO3+RLIT10%48/51) is 2.332 mol C/h, and therefore the fraction

of indigestible fatty acids can be calculated as:

K116 = (2.332~1.942/0.903/2.332 = 0.0745.

The entry rates of indigestible and digestible carbohydrates and
Lipids are then estimated:

R116 = 6.738(indig. carbohydrates)+

0.0745%2.332(indig. fatty acids) = 6.912 mol C/h
R117 = 0.119(dig. sugar)+0.134(dig. starch)+

0.041(dig. glycerol) = 0.294 mol C/h
R118 = (1-0.07453%2,332 = 2.158 mol C/h.



Ninety per cent of the digestible carbohydrates are actually dige-

sted in the small intestine (Pehrson & Knutson 1980, Hvelplund
1983), and therefore the rate of glucose uptake from the inte-

stinal lumen will be:

R121 = 0.90%R117 = 0.90%0.294 = 0.265 mol C/h,

and the remaining 10% are transported to the hind gut, i.e. the
intestinal flow of digestible carbohydrates is:

R120 = R117-R121 = 0.294-0.265 = 0.02% molC/h.

The simulated rate of fatty acid uptake from the intestinal lumen

is:

R123 = 0.90%R118 = 0.90%2,158 = 1.942 mol C/h,

and the intestinal flow of digestible fatty acids to the hind gut

is then:

R122 = R118-R123 = 2.158-1.942 = 0.216 mol C/h.

The rate of intestinal flow of indigestible carbohydrates and fat-

ty acids to the hind gut is:

R119 = R116 = 6.912 mol C/h,

and the rate constant for digesta flow in the small intestine is

calculated as:

K119 = K120 = K122 = (R119+R120+R122)/(C7+C8+C9) =
(6.912+0.029+0.216)/29.8 = 0.24 h~1,

Now, the pools in the small intestine of indigestible carbohydra-



tes and fatty acids (C7), digestible carbohydrates and glycerol
(£8), and digestible fatty acids ((9) can be estimated:

€7 = R119/K119 = 6.912/0.24 = 28.800 mol C
C8 = R120/K120 = 0.029/0.24 = 0.123 mol C
€9 = R122/K122 = 0.216/0.24 = 0.899 mol C.

Twenty-two per cent of the cell wall carbohydrates and 100% of the
sugar and starch present in the hind gut are fermented (Hvelplund
1983). Hence, the values used in the model for the fermented
fractions of cell wall carbohydrates and of starch are, respect-

ively:

L119 = 0.22
L120 1.00.

Consequently, the simulated fermentation rates of carbohydrates

and fatty acids in the hind gut are:

R119F = 0.22%6.912 1.521 mol C/h
R120F = 1.00%0.029 = 0.029 mol C/h.

The maximal capacity for carbohydrate digestion is estimated by
Pehrson & Knutsson (1980) as 1200 g glucose per d. The transport
of glucose from the Lumen into the intestinal epithelium is an

active process mediated by a carrier protein (Stryer 1981, Chri-
stensen 1984) leading to saturation (Michaelis—-Menten) kinetics.

The maximal rate of glucose uptake from the lumen is then:

R121M = 1200%6/(180%24) = 1.667 mol C/h,

and the affinity constant can be calculated as:

K121 = 0.6515 mol C.



The rate constant for fatty acid uptake from the Lumen is finally

derived:

K123 = R123/€9 = 1.942/0.899 = 2.160 h~1,

The formation of fermentation products from hind gut fermentations

of starch and cell wall carbohydrates is described by the following

eguations:

STACZ = ACST*R120F (formation of acetate from starch,
mol C/h)

STPRZ = PRST*R120F (formation of propionate from
starch, mol C/h)

STBUZ = BUST#R120F (formation of butyrate from
starch, mol C/h)

STCHZ2 = CHST*R120F (formation of CHy from starch,
mol C/h)

STC02 = COST*R120F (formation of CO02 from starch,
mol C/h)

STATP2 = ATPST*R120F (formation of ATP from starch,
mol ATP/h)

CEACZ = ACCE*R119F (formation of acetate from cell
wall carbohydrates, mol C/h)

CEPRZ2 = PRCE*R119F (formation of propionate from
cell wall carbohydrates, mol C/h)

CEBUZ = BUCE*R119F (formation of butyrate from cell
wall carbohydrates, mol C/h)

CECH2 = CHCE*R119F (formation of CHg from cell wall
carbohydrates, mol C/h)

CECO02 = COCE*R119F (formation of CO2 from cell wall
carbohydrates, mol (/h)

CEATP2 = ATPCE*R119F (formation of ATP from cell wall

carbohydrates, mol ATP/h)



R125 = STATP2+CEATP2 (formation of ATP from starch and
cell wall carbohydrates, mol ATP/h)

Numerical values of the parameters (ACST, PRST, =--- , ATPCE) are
derived from fermentation equation§ given by Baldwin et al. (1970)
(see Appendix 5).

The rate of faecal excretion of carbohydrates and lipids is defined

as:

R126& = K126 *C108 (excretion of undigested
carbohydrates and lipids, mol C/h)

The rate constant and the pool size are, respectively, (see later):

0.114 h~1
55.756 mol C.

K126
c108

The following equations are concerned with intestinal wall meta-

bolism, and absorption of glucose and fatty acids:

R128 = R128M*C11/(K128+C11) (oxidation of acetate and
- ketone bodies, mol C/h)
R129 = R129M*C12/(K129+4C12) (oxidation of glucose, mol C/h)
R130 = R130M*C12/(K1304C12) (absorption of glucose, mol C/hJ
R131 = K131%R123 (formation of glycerol for
esterification of fatty acids,
mot C/h)
R132 = R123+R131 (absorption of Lipids, mol C/h)



R155 = K155%(C23/V4) (uptake of acetate and ketone
bodies from the blood, mol C/h)

The rate of acetate and ketone body oxidation (R128) is assumed to
be equivalent to the basal metabolism in the digestive tract, which
according to Webster et al. (1975) can be estimated as
0.062+(0,90%60030.75 = 7.0 MJ4/d in a 600 kg cow. The amount of sub-
strate which must be oxidized to produce this quantity cof heat is
calculated by using heat combustion values for acetate and 3-0OH-bu-
tyrate, and the relative amounts of these nutrients available fronm
absorption as well as from endogenous production (see section
%.3.3). In this way the oxidation rate of acetate and ketone bodies

is calculated as:
R128 = 0.642 mol C/h,

which is assumed to be 90% of the maximal rate of oxidation:
R128M = 0.642/0.90 = 0.713 mol C/h.

The intracellular concentration of acetate and ketone hbodies
(€11/¥yD) 4in the intestinal wall is assumed to be only 20% of the
concentration in the extracellular fluid (€23/V4), which is taken to
be 5.8 mmol €/L {(Bickerstaffe et al. 1974, Annison et al. 1974,
Lomax & Baird 1983, Ray et al. 1983, Rulquin 1983). The intracellu-

lar concentration is therefore:
C11/vD = 5.8%0.20 = 1.16 mmol C/L.

The volume of the intraceltular fluid (VD) is derived from the tis-

sue weight = 14.5 kg (Lobley et al. 1980, Crampton & Lloyd 1959 c.f.
Neimann-Sgrensen 1983), and from the tissue dry matter content = 150
g/kg (Rothschiid & Reichl 1983). Hence,



VD = 14.5%0.85 = 12.3 L.

Consequently, the intracellular pool size of acetate and ketone

bodies is calculated as:

€11 = 1.16%yD = 1.16%12.3/1000 = 0.014 mol C,

and the affinity constant is:

K128 = 0.00156 mol C.

Fatty acids are esterified with glycerol during their absorption
through the intestinal wall. The glycerol moieties are synthesized
from glucose with a rate (R131) proportional to the rate of fatty
acid uptake (R123). The proportionality factor is:

K131 = 3/(3%16) = 0.0625,

and the formation rate of glycerol is therefore:

R131 = 0.0625%1.942 = 0.121 mol C/h.

The amount of glucose not used in glycerol synthesis is: R129+R130D

R121-R131 = 0.265-0.121 = 0.144 mol C/h, and the rate of glucose

oxidation is assumed to be 5% of this:

R129 = 0.144%0.05 = 0.0072 mol C/h,

which in turn is assumed to be 50% of the maximal glucose oxidation

rate:

R129M = 0.0072/0.50 = 0.0144 mol C/h.



The intracellutar glucose concentration in the intestinal wall

(C12/¥D) is further assumed to be a Little higher than the glucose
concentration in the digesta (CB/VZ2A), which is: 0.123/21.3 = 0.0058
mol (/L. According to this the intracellular glucose concentration

iz taken to be:

C12/¥D = 0.007 mol C/L,

and the pool size of intracellular glucose is therefore:

€12 = 0.007=*vdp = 0.007212.3 = 0.086 mol C.

The affinity constant for glucose oxidation is then calculated as:

K129 = 0.086 mol C.

Hence, the simulated rate of glucose absorption is:

R130 = R121-R131~R129 = 0.144-0.0072 = 0.137 mol C/h.

The maximal rate of glucose transport across the intestinal epithe-

tuim is:

R130M = R121M = 1.667 mol C/h,

and the affinity comstant can then be derived as:

K130 = 0.9665 mol C.

The membrane transport of acetate and ketone bodies is independent
of carriers (Giesecke 19B3), and is assumed to be proportiocnal to
their concentrations in the blood (King et al. 1985). The rate of
acetate and ketone body uptake from the blood equals the rate of

oxidation:
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R155 = R128 = 0.642 mol C/h,
and the rate constant is:

K155 = R155/(C23/V4) = 0.642/0.0058 = 110.60 U/h.
The volume of the extracellular fluid (V4) is 150 L (see section
3.3.1), and the pool size of acetate and ketone bodies is conse-

quently:

€23 = D.0058*V4 = 0.0058%*150 = 0.87 mol C.

Nitrogen transactions

The digestion and hind gut fermentations of nitrogenous compounds

are described as follows:

R22 = (1-K23*L23)*x(R5+R7)+(1-M23*L23)+(R10+R13)
{indigestible dietary and microbial
protein, mol N/h)

R23 = K23*L23*(R5+R7)I+M23#N23*(RT10+R13)
(digestible dietary and microbial
protein, mol N/h)

R24 = R14+R18 (NH3/NH4* from rumen Liquor and
from rumen microbes, mol N/h)

R25 = K25%*A6 (intestinal flow of indigestible
dietary and microbial protein,
mol N/h)

R26 = K26%A7 (intestinal flow of digestible
dietary and microbial protein,
mol N/h)

R27 = R27TM*AT7/(K27+A7) (uptake from the Llumen of dietary

and microbial amino acids, mol N/h)




R29 =

R32 =

R33 =

R34 =

R35 =

R36

i

R36M
R127

R127A

R2BM* A8/ (K2B+A8)D

K29*A8

K32%A10

K33*A11

R34LM*ATT/ (K346+A1T)

K35%x(N2A/V2A)

R36M*N2B/ (K36+N2B)

L36*R125
KCA*x(R28-R36)

= K127A*R127

(protein degradation in the hind
gut, mol N/h)

(faecal excretion of undigested
protein, mol N/h)

(intestinal flow of indigestible
endogenous protein, mol N/hJ
(intestinal flow of digestible
endogenous protein, maol N/hl
(uptake from the Llumen of endogenocus
amino acids, mol N/h)

(absorption of NH3/NHsiY from the
small intestine, mol N/h)
(microbial amino acid synthesis in
the hind gut, mol N/hJ

{(mol N/hJ

(net protein degradation in the
hind gut, mol C/h)

(fermentation of protein=-C in the
hind gut, mol C/h)

The proportions of amino acids in undegraded dietary protein and in

microbial protein are taken to be 0.80 and 0.70, respectively
(Hvelplund 1983):

K23 =
M23 =

0.80
0.70.

Both dietary and microbial amino acids are assumed to be 100% dige-
stible (although not 100% digested):

L23 =

According to these values and the rate of N inflow from the rumen,

the flow rates of indigestible protein, digestible protein, and



WHz/NHLY can be calculated:

R22 = 0.20%0.533+0.30%0.843 = 0.360 mol N/h
R23 = 0.80*0.533+0.70%0.843 1.016 mol N/h
R24 = 0.102+0.002 = 0.104 mol N/h.

The total amount of crude protein in the digesta of the small inte-

stine is 245 g (Agergaard et al. 1984). This amount is equivalent to
the pools of dietary and microbial protein (A6+A7), endogenous pro-

tein (A10+A11), and NH3z/NHzt (N2A):

AG+AT+AT0+AT1+N2A = 245 g protein = 2.79 mol N.
The content of NH3/NH4+ is taken as 2.4% of total digesta nitrogen
(Teller et al. 1979, Brandt & Rohr 1981, Brandt et al. 1981), which
means that

N2A = 2.79+*0.024 = 0.067 mol N.

The indigestible protein of dietary and microbial origin is trans-—
ported down the small intestine at the rate, R25 = R22 = 0.360
mol N/h. The rate constant for this intestinal flow has been

estimated previously:
K25 = K26 = K32 = K33 = K119 = 0.24 h~1,
and the pool size of indigestible protein can be derived as:
A6 = R25/K25 = 0.360/0.24 = 1.50 mol N.
Undegraded dietary amino acids and microbial amino acids are dige-

sted with an efficiency of 86% and 75%, respectively (Hvelplund

1983). The rate of amino acid uptake from the lumen across the
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mucousal membrane can therefore be expressed as:

R27 = 0.86#K23*(RS+R7I+0.75*M23*(R10+R13) = 0.809 mol N/h.

The flow rate of digestible protein to the hind gut can then be
calculated by difference:

R26 = R23-R27 = 1.016~-0.809 = 0.207 mol N/h,

and the pool size of digestible protein frem the rumen will be:

A7 = R26/K26 = 0.207/0.24 = 0.863 mol N.

Amino acids are taken up into cells by facilitated transport mecha-
nisms showing Michaelis-Menten kinetics (Munck 1976, Bergen 1978,
Eckert & Randall 1978, Christensen 1982). Rothschild & Reichl (1983)
have investigated the kinetics of aminc acid uptake in intestinal
tissue from cattle, and they found Vygy values for individual amino
acids ranging from 36 to 206 umol/h per g tissue dry matter. Using
an average value of 120 pumol/h, the previously estimated intestinal
tissue weight (14.5 kg) and its dry matter content (150 g/kg), a
maximal rate of uptake (Vp,,) for 20 amino acids can be calculated:

R27M = 20%120%14.5%150%10~6 5.22 mol amino acids/h
6.98 mol N/h.

H]

i

The affinity constant for amino acid uptake is then derived as:

K27 = 6.581 mol N,

which for a single amino acid is equivalent to: 6.581%1000/¢20%21.3)
= 15.4 mmol N/UL = 11.6 mmol amino acids/lL. This latter value falls
in the middle of the range of Ky values for 13 individual amino
acids experimentally determined by Rothschild & Reichl ¢(1983):

0.7 - 22.1 mmol/L.



The rate of protein degradation in the hind gut (R28) is estimated
as 0.364 mol N/h (see Later), and the ratio R28/R28M is assumed to

be the same as the ratio R11/R11M for the corresponding process in
the rumen (see section 3.3.1). The maximal rate of protein degrada-

tion in the hind gut (R28M) is therefore:
R28M = R28*RI1IM/R11 = 0.364%1.432/1.002 = 0.5205 mol N/h.

The digesta volume in the hind gut dis 14.1 L (Phillipson 1970,
Crampton & Lloyd 1959 c.f. Neimann-Sgrensen 1983), and the nitrogen
content is 4 g/l digesta (Phillipson 1970, Hvelplund 1984b)>. Conse-
guently, the total amount of nitrogen in the hind gut is:

AB+N2B = 14.1%4/14.01 = 4.03 mol N.

As 6.5% of this is made up of NH3/NH4+ {Ben-Ghedalia et al. 1974
the pool size of NH3Z/NH4* in the hind gut is:

N2B = 4.03%0.065 = 0.262 mol N,
and the pool size of undigested protein in the hind gut is:
A8 = 4.03-0.262 = 3.77 mol N.

The affinity constant for protein degradation in the hind gut is

then estimated:

K28 = 1.616 mol N.

The apparant protein digestibility is 71.7% in the static model
(Hvelplund 1983), and according to this the rate of nitrogen excre~—

tion in the faeces is:

R29 = RO*(1-0.717) = 1.523%0.283 = 0.431 mol N/h.



Hence, the faecal excretion rate constant is calculated as:

K29 = K126 = R29/A8 = 0.431/3.77 = 0.114 a1,

The pools of endogencus protein in the small intestine (A10+A11) is
found by subtraction from the total amount of crude protein: A10+AN
= P T9~(AGFATI=N2A = 2.79-2.36~0.067 = 0.363 mol N. As K32 = K33 =
0.24 h“1, the flow rate of undigested endogenous protein can be
derived as:

R32+R33 = (A10+A11)%0.24 = 0.363%x0.24 = 0.087 mol N/h.

The amount of endogenous protein actually digested (R34) is estima-

ted by banfer (1979) as 77% of the endogenous protein secreted

(R41): R34 = 0.77*R41, and (R32+R33) = (1-0.77)*R4&1. Solution of

these equations gives the rate of secretion of endogenous protein:
R41 = 0.087/0.23 = 0.379 mol N/h,

and the rate of uptake of endogenous amino acids:

R34 = 0.77+0.379 = 0.292 mol N/h.

The maximal rate and the affinity constant for amino acid uptake

from the intestinal Lumen have been estimated previously:

R34M = R27M = 6.98 mol N/h, and
K34 = K27 = 6.581 mol N.

The pool size of digestible endogenous protein is then derived as:
A11 = 0.287 mol N,

and the pool size of indigestible endogenous protein is found by
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difference:

A10 = 0.363-0.287 = 0.076 mol N.

The intestinal flow rates of undigested (indigestible (R32) as well
as digestible (R33)) endogenous protein are finally calculated:

R32 = 0.076*0.24 = 0.018 mol N/h
R33 0.287%0.24 = 0.069 mol N/h.

)

The rate of NH3INH4+ absorption from the small intestine equals the
rate of inflow from the rumen:

R35 = R24 = 0.104 mol N/h,

and the absorption rate constant is derived as:

K35 = R35/(N2A/V2A) = 0.104/(0.067/21.3) = 33,142 L/h.

The metabolism of microbial N in the hind gut is quantified as fol-

lows:

1) The difference between rates of protein degradation and amino
acid synthesis in the hind gut is found by balancing the pool
of undigested protein (AB): R28B-R36 = R25+RZ26+R3I2+R33-R29 =
0.222 mol N/h,

2) The microbial amino acids synthesized in the hind gut cannot
be absorbed to the bloocd (Ulyatt et al. 1975), and are suppo-~

sed to be excreted in the faeces.

3) 0f the faecal nitrogen about 50% is of microbial origin (Mason




et al. 1977): R29/2 = 0.431/2 = 0.216 mol N/h.

4) The flow rate of undigested microbial protein from the rumen
is: (RI0O+R13)#*M234(1~-0.75) = 0.843%0.70%0.25 = 0.148 mol N/h,
and 50% of this is assumed to avoid degradation to NHz/NHg'
and to be excreted in the faeces: 0.148/2 = 0.074 mol N/h.

The rate of microbial amino acid synthesis (R36) is therefore the
total microbial faecal nitrogen less the undigested microbial ni-

trogen from the rumen excreted in the faeces:
R36 = 0.216-0.074 = 0.142 mol N/h.

An argument for the assumption that microbial protein from the rumen
is more degradable than microbial protein synthesized in the hind
gut is, that the rumen microbes have been exposed to acid digestion
in the abomasum. The degradation rate of protein and other N-com-—

pounds to NH3/NH4* is found as:
R28 = (R28-R36)+R36 = 0.222+0.142 = 0.364 mol N/h.

The availability of ATP from hind gut fermentations affects the max-
imal rate of microbial protein synthesis: R36M = L36%R125, where the
proportionality factor (L36 = YATPMX*M9) expresses the amount of mi~
crobial protein-N synthesized per mol ATP made available from fer-~
mentation. The maximal microbial cell yield (YATPM) is 28 g cell
DM/mol ATP, the nitrogen concentration in cell dry matter (M9} is
5.742%103 mol N/g cell DM (see section 3.3.1), and R125 = 1.092 mol
ATP/h. Conseguently, the maximal rate of microbial protein synthesis
in the hind gut is:

R36M = 28*5,742%10-3%1.092 = 0.1756 mol N/h.

The pool size of NH3/NH,Y in the hind gut has been estimated pre-



viously:

N28 = 0.262 mol N,

and the affinity constant for microbial protein synthesis can final-

Ly be derived:

K36 = 0.06212 mol N.

Carbon transactions

The simulated rate of net protein degradation in the hind gut (R127)
is calculated as KCA*(R28-R36), where KCA = 3.8 mol C/mol N:

R127 = 3.8%0.222 = 0.845 mol C/h.

The rate of protein~C fermentation (R127A = K127A*R127) is derived

from the fermentation equations (see later’:

R127A = 0.115 mot C/h,

and the fraction of protein—-C fermented will be:

K127A = R127A/R127 = 0.1361.

Rates of formation of fermentation products from protein fermenta-

tion in the hind gut are defined below:

PRAC2 = AC%*R127A (formation of acetate, mol C/h)
PRPR2 = PR#*R127A (formation of propionate, mol C/h)
PRBUZ = BU*R127A (formation of butyrate, mol C/h)

PRBL2 = BC*R127A (formation of BCFA, mol C/h)



PRCHZ = CH*R127A (formation of CHy4, mol C/h2
PRCOZ = CO*RI127A (formation of C0p, mol C/h)

Numerical values of the fermentation parameters (AC,PR, -~--, (02
are derived from Baldwin et al, (1970) {(see Appendix 5.

Absorption of VFA and disappearance of fermentation gases from the

hind gut are calculated by summations:

RAC124 = STAC2+CEAL2+PRACZ (outflow of acetate, mol C/h)
RPR124 = STPRZ2+CEPRZ2+PRPR2 (outflow of propionate, mol C/h)
RBU124 = STBU2+CEBU2+PRBUZ2 (outflow of butyrate, mol C/hD
RCH124 = (STCHZ2H+CECH2+PRCH2)*K
(outflow of CHy, mol C/h)
RCO124 = STCO2+CECO2+PRCO2~RCH124*(1-1/K)
(outflow of CO02, mol C/h)
R124 = RAC124+RPR124+RBUT24+RCH124+RC0OT24
(outflow of VFA, CHy4 and COp,
mol C/h)

The amount of CHg produced according to the fermentation equations
(Baldwin et al. 19703 is reduced by 25% (K = 0.75), and the amount
of €0y produced is correspondingly increased as in the rumen com-

partment (section 3.3.1).

From the static model (Hvelplund 1983) it can be estimated that 23%
of the carbon in carbohydrates and Llipids is fermented in the hind
gut, so that R124 = (R119+R120+R122)*0.23 = 7.157#0.23 = 1.646 mol
C/h. In the present dynamic model carbon from fermented protein is

also contributing to the hind gut production of VFA and fermentation
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gases. From the above equations for the formation and outflow of
VFA, CHy and (03, the total outflow rate of fermentation products

can be expressed as:
R124 = STACZ2+CEAC2+STPR2+CEPR2+STBU2+CEBUZ+

STCH2+CECH2+STCO2+4CECO2+(1~-BCI*R127A =
1.550+0.83524*R127A = 1.646 mol C/h.

This equation makes it possible to estimate the simulated rate of
protein—~C fermentation:
R127A = (1.646-1.550)/0.83524 = 0D.115 mol C/h.

The rate of incorporation of branched-chain fatty acids (BCFA) into

microbial cells {(see figure 2.4) is:
PRBCZ2 = 0.16476*0.115 = 0.019 mol C/h,

and the rate of carbohydrate and lipid faecal excretion can now be

calculated by balancing the pool of undigested carbon (C10B):

R126 = K126*%C10B = (R119-R119F)+(R120-R120F)+R 122+
(R127-R127A)+PRBC2 = 6.356 mol C/h.

The rate constant for faecal excretion has been estimated previous-

ly:
K126 = K29 = 0.114 h-1,
and hence, the pool size of undigested carbohydrates and Lipids is:

C108 = R126/K126 = 6.356/0.114 = 55.756 mol C.



Nitrogen transactions between gut and body tissues

The exchange of nitrogen between the hind gut and the blood, the H-
metabolism in the intestinal wall, and the endogenous protein secre-

tion are described in the following equations:

R37 = K37#(N2B/V2B) (agbsorption of NH3/NH4" from the
hind gut, mol N/h)

R38 = R38M*U2/(K3B8+U2) (hydrolysis of urea in the hind gut,
mol N/h}

R39 = R3IPM*A12/(K39+A12) (intestinal protein synthesis,
mol N/h)

R40 = R&40OM*A12/(K40+A12) (absorption of amino acids, mol N/h)

R41 = R&LEIM*A13/(K&1+A13) (secretion of endogenous protein,
mol N/h)

R&41M = L4T#x(RT1T16+RTI7+HRT118+KCA*(R22+R23))
(mol N/h)

R30 = (1~-K3T*L31)*R4&1 (indigestible endogenous protein,
mol N/h)

R31 = K31*L31%R4&1 (digestible endogenous protein,
mol N/h)

R&42 = K42%A13 (degradation of intestinal protein,
mol N/h)

R50 = R50M*A16/(K50+A16) (uptake of amino acids from the
blood, mol N/h)

R56 = K56*(U&4/V4-U2/V2B) (uptake of urea from the blood,
mol N/h)

It is assumed that the rate constant for NH3/NH;* absorption from
the hind gut (K37) is equal to the rate constant for the corres=-

ponding process in the rumen (R16):

K37 = K16 = 18.154 L/h.



The volume of digesta in the hind gut is 14.1 | as stated previous-
ly, and its dry matter content is estimated as 14% (Phillipson 1970,
Hvelplund 1984b). The fluid volume in the hind gut is therefore:

V2B = 14.1%0.86 = 12.1 L,

and the simulated rate of absorption of NH3INH4+ from the hind gut
is calculated as:

R37 = 18.154%(0.262/12.1) = 0.393 mol N/h.
The rate of urea hydrolysis is found by balancing the pool of
NHZ/NHL* in the hind gut (N2B):

R38 = R36+R37~R28 = 0.142+0.393-0.364 = D.171 mal N/h,

and the maximal capacity of urea hydrolysis is assumed to be - as in

the rumen - 1 g per L per h (Jones 1967 c¢.f. Owens & Bergen 1983):
R38M = 1%12.1%2/60.1 = 0.403 mol N/h.

The rate of urea uptake from the blood equals the rate of urea hy-

drolysis:
R56 = R38 = 0.171 mol N/h,

and the rate constant for urea uptake in the intestines is assumed

to be equal to the rate constant for urea uptake in the rumen:
KS6 = K55 = 16.765 L/h.

Hence, the pool size of urea in the intestinal digesta can be cal~

culated as:




U2 = (U4L/VL=R56/K56)%¥2B = (2.1/150-0.171/16.765)*12.1 =
0.0462 mol N,

and finally the affinity constant for urea hydrolysis is derived as:

K38 = 0.0629 mol N.

Lobley et al. (1980) have measured the rates of protein synthesis in
individual tissues of a dry cow. In calculating the fractional rate
of synthesis they considered either the extracellular or the intra~-
cellular free amino acid pool as the precursor pool for tissue pro-
tein synthesis. This resulted in two estimates of protein synthesis
rate for each tissue. For the gastro-intestinal tract the estimates
were 714 g protein/d and 1421 g protein/d. In the present model the
simulated rate of protein synthesis in the intestinal wall (R39) is

taken as the mean of these two estimates:

R39 = 1068 g protein/d = 0.508 mol N/h,

and the maximal rate of protein synthesis is taken as the largest

estimated value:

R39M = 1421 g protein/d = 0.676 mol N/h.

The pool size of free intracellular amino acids in the intestinal
wall (A12) can be estimated from the concentration gradient, Kg =
(intestinal wall amino acid conc.)/(intestinal lumen amino acid
conc.) = 1.4 (Rothschild & Reichl 1983). The amino acid concentra-

tion in the lumen can be expressed as:

(A7+A11)/V2A = (0.863+0.287)/21.3 = 0.054 mol N/L,

and the intracellular amino acid concentration is:




135

A12/¥D = A12/12.3 mol N/L.

Hence, the intracellular pool size of amino acids in the intestinal

tissue is calculated as:
A12 = 1.4#%0.054%12.3 = 0.930 mol N,
and the affinity constant for intestinal protein synthesis will be:
K39 = 0.3076 mol N.
The simulated rate of endogencous protein secretion to the intestinal
Lumen (R41) has been estimated earlier as 0.379 mol N/h. The maximal
rate (R41M) is assumed to be proportional to the amount of organic
matter entering the small intestine, which is:
R116+R117+R118+KCAX(R22+R23) = 14.592 mol C/h. The actual value of
the maximal protein secretion rate is taken from Danfar (1979):
R41M = 188 g N/d = 0.559 mol N/h,
and the proportionality factor is accordingly:

L41 = R41/14.592 = 0.559/14.5%92 = 0.0383 mol N/mol C.

The protein mass in the intestinal wall is estimated by Lobley et
al. (1980):

A13 = 4900 g protein = 56.0 mol N,

and the affinity constant for endogenous protein secretion will be:

K41 = 26.622 mol N.
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The partition of indigestible (R3(0) and digestible (R31) endogenous

protein can now he made:

R30
R31

R32 = 0.018 mol N/h
R41-R30 = 0.379-0.018 = 0.361 mol N/h.

i

The proportion of digestible amine acids in the endogenous protein

secreted is:

K31#L31T = R31/R&T = 0.361/0.379 = 0.9518,

and the fraction of amino acids (K31) is assumed to be equal to the

digestibility (L31) of these amino acids:

K31 = 31 = 0.9756.

According to Waterlow et al. (1978a) breakdouwn of tissue protein is
most Likely a constant fractional rate process. Therefore the rate
of protein degradation in the intestinal wall s qualitatively defi-
ned as such: R&2 = K42#%A13. Guantitatively, the rate of intestinal
protein breakdown is equal to the rate of protein synthesis less the

rate of protein secretion:

R42 = R39-R41 = 0.508-0.379 = 0.129 mol N/h.

Hence, the rate constant for intestinal protein degradation is cal-

culated as:

K42 = R42/A13 = 0.129/56.0 = 0.0023 h-1,

The simulated rate of amino acid absorption (R40) is assumed to be

equal to the rates of amino acid uptake from the lumen:



R40 = R27+R34 = 0.809+0.292 = 1.101 mol N/h.

The maximal rate of absorption equals the maximal rate of intestinal

amino acid uptake:

R&40M = R27M = 6.98 mol N/h,

and the affinity constant for amino acid absorption is then estima-

ted as:

K40 = 4.9666 mol N.

The simulated rate of amino acid uptake in the intestinal tissue
from the blood (R50) is derived by balancing the intracellular pool

of free amino acids (A12):

R50 = R3F+R40~-(R27+R34+R42) = 1.609-1.230 = 0.379 mol N/h.

The concentration of amine acids in the extracellular fluid is taken
as 2.4 mmol/L which is equivalent to 3.36 mmol N/L (Bickerstaffe et
al. 1974, Hidiroglou & Veira 1982, Rulquin 1983). The extracellular

pool size of amino acids is therefore:

A16 = V4%3.36/1000 = 150%0.00336 = 0.504 mol N,

The maximal capacity for amino acid transmembrane passage is pre-

viously estimated:

R50M = R27M = R34M = R4OM = 6.98 mol N/h,

and the affinity constant for amino acid uptake from the blood can

finally be derived as:




138

K50 = 8.7832 mol N.

Faecal energy ctontent

At the end of the intestinal compartments subroutine the energy con-—
tent in the faeces is calculated by the following equations (see
figure 2.4):

CE = RT19*((RCET03+RCETO7+RCETIDI/RTI6-LTIG)
(undigested cell wall carbohydrates,
mot C/Hh)

ECE126 = (CE/LCE)*CCE (energy in faecal cell wall
carbohydrates, MJ/h)

ELIT26 = (R119%(1-L119)~CE+R122)I*CFA/16
(energy in faecal fatty acids, MJ/h)
ESUT26 = (R120%x(1-L120))*CGLU/S

(energy in faecal glucose, MJ/h)
EKA126 = (R127+(1-K127A)/KCAI*CKA/LC

{energy in faecal keto acids, MJ/h)
EBC126 = PRBCZ*CBC/6 (energy in faecal BCFA, MJ/h)
EPRZY R29*CAA/LC (energy in faecal protein, MJ/h)

it

RFE = ECE126+ELI126+ESUT26+EKAT26+EBL126+EPR29
(faecal energy, MJ/h)

The parameters, LCE = 37.037 mol C/kg cell wall carbohydrates and
LC = 11.423 mol N/kg protein, are given in the previous section
(3.3.1) together with the value for heat of combustion of cell wall
carbohydrates, CCE = 18.8 MJ/kg. The other values for heat of com-
bustion are taken from Livesey (1984): CFA = 10.027 MJ/mol fatty
acid (C16), CGLU = 2.805 MJ/mol glucose, CKA = 19.4 MJ/kg metabo-
lized protein, CBC = 3.497 MJ/mol branched-chain fatty acid (C6),
and CAA = 23.4 MJ/kg protein,



By means of these equations the ocutflow rate of faecal energy is

calculated as: |

RFE = 4.114 MJ/h = 98.724 MJ/d.

3.3.3 The liver and extracellular fluid compartments

The diagram in figure 2.5 shows the state variables and flow of nu=-
trients in the liver and the extracellular fluid. Numerical values
and dimensions of state variables and equation parameters are given

in Appendix 7.

Inputs of nutrients to the liver and extracellular fluid compart=-
ments from the digestive tract compartments are glucose (RI130), tri-
glycerides in chylomicrons (R132), propionate (R133), butyrate
(R1342, acetate and 3-0OH-butyrate (R135), NH3/NH1,+ (R16+R35+R37) and
amino acids (R40). Nutrient inputs to the extracellular fluid com-
partment from the peripheral tissue compartments are lactate (R189),
free fatty acids (R194), glycerol (R199), and amino acids
(R58+R6E1+R64),

Carbon transactions

The partitioning of nutrients between different tissues and the me-
tabolism of nutrients within the tissues are largely affected by the
metabolic hormones: insulin, glucagon, growth hormone, and thyroxine
(Hart et al. 1978, Hart et al. 1979, Thilsted 1985a&b). In order to
include hormonal regulation in the model simulation the concentra-
tions of growth hormone, glucagon and insulin in the blood plasma
are defined in the following equations taken from Herbein et al.
(1985):



140

GH = 16.7+0.04607*M-0.00964%8~0.00567 %D
(conc. of growth hormone, ng/ml)
GLUCA = ALPHA+0.00514#M-0.001734B+1,7E-6#Bx*2
+6.6E~4%D=1,2E-6%D%x%2 (conc. of glucagon, ng/ml)
INSUL = BETA-0.01106*M+6.7E-4%B+0,00134*D~3.0E~64D**2
(conc. of insulin, ng/ml)
RATIO = GLUCA/INSUL

The parameters ALPHA and BETA have the numerical values 0.910 and
0.419, respectively, in the data of Herbein et al. (1985)., M is the
daily milk production (kg), B is the body weight of the cow (kg),
and D is days (d) after parturition. In the present model ALPHA and
BETA are not constants, but are dependent on absorption rates of
propionate (R133) and amino acids (R40), and on the mass of the ex-
tracellular glucose pool (C24) (Bassett 1975, Brockman 1978b,
Trenkle 1978, Lomax et al. (1979):

ALPHA = 0.793#R133/(2.,2355+R133)40.45 (ng/ml)

BETA = 0.86871*(R133+KCA*R40)/(15.0+R133+KCA*R40)+0.05%(24
{(ng/ml)

RPR111+RPR124 (absorption of propionate,
maol C/hl

R133

The estimates of the constant values (0.793, 2.2355 etc.) in these
equations are derived to give ALPHA = 0.910 and BETA = D.419 for
average values of R133, R40 and (€24 during the simulation. KCA, the
ratio between C and N in amino acids, is 3.8 mol C/mol N as pre-
viously estimated. In order to have independent input to the model,
the values of M (kg milky and B (kg body weight) are those from Her-
bein et al. (1985) coherent with the actual value of D (days after

parturition) which can be varied from 16 to 286.
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Ninety per cent (K134=0.10) of the butyrate produced in rumen and
hind gut fermentations is assumed to be oxidized to 3-OH-butyrate
during absorption (Kronfeld & Van Soest 1976). The remaining buty-
rate is taken up by the liver, where it is oxidized to C0p. The ab-
sorbed acetate and 3-0OH-butyrate are not metabolized in the tiver,
but pass to the peripheral circulation (Annison 1976, Baird 1981,
Bell 1981, Giesecke 11983):

R134 = K134*x(RBUTTT1+RBUTI24) (uptake of butyrate, mol (/h)
R135 = (1-K134)*(RBUTT1+RBUT24)+RACT11+RAL124
(passage of acetate and
3-0H=-butyrate, mol C/h)
R138 = R134 (oxidation of butyrate, mol C/h)

The production of glucose and the oxidations of propionate and keto

acids are described in the following equations:

R136 = RIZE6M*CT14/(K136+C14) (gluconeogenesis from
propicnate, mol C/h)

R136M = L136+M136*RATIO (mol C/h)
R137 = RI37M*C14/(K137+C14) (oxidation of propionate,
mol C/h)

R139 = RIZIM*C16/(K139+C16) (outflow of glucose, mol C/h)

R142 = R142M*C17/(K142+C17) (gluconeogenesis from keto acids,
mol C/h)

R142M = L142+MT142*RATIO (mol ¢/h)

R143 = R143M*C17/(K143+C17) (oxidation of keto acids, mol C/h)

R144 = R144M*C18/(K144+C18) (gluconeogenesis from glycerol and
tactate, mol C/h)

R144M = L144+M164%RATIO (mol C/h)
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The rates of glucose synthesis (R136+R142+R1T44) and glucose secre-
tion from the liver (R139) are suppressed by a high plasma glucose
concentration (Thompson et al. 1975, Baird 1981)., In the model the
affinity constant for glucose secretion (K139) is regultated by the
size of the extracellular glucose pool (C24), so that an increase or
decrease, respectively, in (24 to and beyond a certain Limit (C24MX
or C26MN) will increase or decrease K13%. An increase in K139 will
decrease R139 and in turn increase the intracellular glucose pool in
the Liver (C16). In the model €16 will regulate the affinity con-
stants for gluconeocgenesis (K136, K142, K144), so that an increase
or decrease, respectively, in (16 to and beyond a certain Limit
(C16MX or C16MN) will increase or decrease the affinity constants.
This will in turn decrease or increase the rate of gluconeogenesis.
In this way a high plasma glucose concentration (C24>C24MX) will
inhibit the rates of gluconeogenesis (R136, R142 and R144).

In order to maintain the Liver pool sizes of propionate (C14) and
keto acids (C17) without too much fluctuation during the modelling
period, the affinity constants of propionate oxidation (K137) and of
keto acid oxidation (K143) are regulated by the current values of
€14 and C17, respectively. The mathematical formulations of all

these regulations are shown in Appendix 2 (subroutine REGUL3).

The parameter values governing the rate of gluconeogenesis from

propionate are derived as follows:

1) The total glucose flux rate is: R130+R139 = 3.568 mol C/h

(panfar 1983b)

2) The rate of glucose output from the Lliver is then: R139 =
3.568-R130 = 3,.568-0.137 = 3.431 mol C/h




3)

4)

57

6)

7)

&)

)

10)
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The contribution from propionate is 65.7% {(Danfar 1983b):
R136 = 3.431%0.657 = 2.253 mol C/h

The intracellular concentration of propicnate is 1.15
mmol/L (Ricks & Cook 1981)

The Liver wejght is 8.6 kg (Smith & Baldwin 1974, Lobley et
al. 1980, sSmith et al. 1982, Butler-Hogg et al. 1985), and
the water content is 70% (Huber et al. 1984). The volume of
Liver fluid is then: V3 = 8.6%0.70 = 6.0 L

Hence, the intracellular propionate pool is: (14 =
1.15%3%«6.0/1000 = 0.021 mol ¢

The affinity constant of the process is 1.8 mmol/L (Mesbhah &
Baldwin 1983): K136 = 1.8%3%46.0/1000 = 0.032 mol ¢

From this the maximal rate is calculated: R136M = 5.687 mol
¢/h

The maximal capacity (R136M) increases with an increased
ratio of glucagon to insulin (Brockman 1978a, Kraus-
Friedmann 1984)

The extracellular concentration of glucose is 3.0 mmol/L
(Manns 1972, Palmquist & Conrad 1978, Dale et al. 1979,
Horber et al. 1980, Manston et al. 1981, Kunz & Blum 1981):
€26 = 3.0%6*%150/1000 = 2.70 mol C

The actual stage of lactation (P) is estimated as 44 days
post partum on the basis of the energy concentration of the
ration and the feed intake of the model cow (Kristensen
1983b). The corresponding values of M (milk yield), and B
(body weight) are 29.7 kg and 561 kg, respectively (Herbein
et al. 1985)




12) The concentrations of glucagon and insulin can now be
catculated: GLUCA = 0.910-0.256 = 0.654 ng/ml, and INSUL =
0.419+0.101 = 0.520 ng/ml. RATIO is then: 0.654/0.520 = 1.258

13) The independent part (L136) of R13&M is assumed to make up 70
% of the maximal rate: L136 = 5.687%0.70 = 3.981 mol C/h. The
dependent part (M136*RATIO) is then: RI136M-L136 = 1.706 motl
t/h, and M136 = 1.706/1.258 = 1.356 mol C/h.

Propionate is metabolized in the Lliver by 2 pathways: gluconeoge-
nesis and oxidation (Wilson et al. 1983). The rate of oxidation is

therefore:

R137 = R133~-R136 = 3.074-2.253 = 0.821 mol C/h.
pata from Aiello et al. (1984) indicate that the affinity constant
for propionate oxidation (K137) is lower than the affinity constant
far propionate conversion into glucose (K136):

K137 = K136%*0.25 = 0.032%0.25 = 0.008 mol C.

The maximal rate of oxidation is then calculated:

R137# = 1.133 mol C/h.

The process of glucose outflow from the Liver (R139) is assumed to

be performed at 60% of its maximal capacity:
R139M = R139/0.60 = 3.431/0.60 = 5.718 mol C/h.
The intracellular pool of free glucose (exclusive glycogen) in the

Liver can be estimated as 26 g (Bergman 1971, Reid et al. 1980,
Baird 1981):
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C16 = 26%6/180.2 = 0.866 mol C.

The affinity constant (K139) is then derived:

K139 = 0.5772 mol C.

The rate of gluconeogenesis from glycerol and lactate (R144) is
0.500 mol C/h (Danfar 1983b). The rate of gluconeogenesis from amino

acids is then found by difference:

R142 = R139-(R136+R144) = 3.431~2,753 = 0.678 mol C/h.

The substrate pool of keto acids (C17) is estimated as 2.3 mmol C
per kg liver weight (Baird 1981, Kolb 1981):

€17 = 2.3%8.6/1000 = 0.02 mol C.

The maximal rate of gluconeogenesis from amino acids (R142M) is de-
rived from the highest contribution of amino acid=C to glucose-(

reported in the literature (Black et al. 1968):

R142M = 2.260 mol C/h.

It follows from this, that the value of R142 is only 30% of the
maximal capacity (R142M). The affinity constant is then calculated:

K142 = 0.0467 mol C.

The maximal capacity of gluconeogenesis from amino acids (R142M) is
increased by an increase in the ratio of glucagon to insulin
concentrations (RATIO), and it is increased even more than is the
capacity of gluconeogenesis from propionate, i.e. M142>M136
(Brockman 1978a, Brockman 1979, Brockman & Greer 1980). The inde-
pendent part of RT142M is assumed to be:



1142 = 0.150 mol C/h,

and the dependent part is derived as:

M142 (R142M-LL1423/RATIO = (2.260~0.1503/1.258

1.677 mol C/h.

The rate of keto acid oxidation (R143) is found by balancing the
pool of keto acids (C17): R143 = R140-(R141+R142). The rate of net
deamination of amino acids (R140-R141) is 1.108 mol C/h (see later),
and

R143 = 1.108-0.678 = 0.430 mol C/h,
which is supposed to be 50% of the maximal rate:

R143M = 0.860 mol C/h.

The affinity constant is then:

K143 = 0.02 mol C.

The parameters used to describe the rate of glucose synthesis from

glycerol and Lactate (R144) are estimated as follows:

1Y R144 = 0.500 mol C/h (Dpanfar 1983b)

2) The substrate pool (C18) consists of 2.6 g glycerol and 6.2

mmol lactate (Reid et al. 1980, Baird 19817:

C18 = 2.6%3/92.1+6.2%3/1000 = 0.085+0.018 = 0.103 mol ¢

3) The affinity constant for lactate is 2 mmol/lL {(Mesbah &
Baldwin 1983): 2+3%6.0/1000 = 0.036 mol C



The following eguations describe the Llipid metabolism in the liver:

4)

5)

6)

7)

R147
R148
R145

R146

R149

R149

R150

®150

rR152

R151

R153
R154

The rate of lactate conversion into glucose is estimated as
0.125 mol C/h (panfar 1983b), and the maximal rate is cal=~
culated to be 0.375 mol C/h

The ratio R144/R144M is assumed to be equal to the corre-
sponding ratio for lactate conversion alone: R144 /RT44M =
0.125/0.375 = 0.333. R144M is then: 0.500%3 = 1,500 mol C/h

L144 3s assumed to be 0.15 mol C/h, and M144 is derived as:
¢(1.500-0.15)/RATIO = 1.350/1.258 = 1.073 mol C/h

The affinity constant (K144) is finally estimated as 0.206

mol C.

= RI147M*CI9/(K147+C19) (liver fat synthesis, mol C/h)
= R148M*C19/(K148+C19) (lipoprotein synthesis, mol C/h)
= K145*R147 (esterification of liver fat,
mol C/h)
= K146*R148 (esterification of Llipoproteins,
mol C/h)
= RI1LOM*C19/(K149+C19) (acetate and ketone body
synthesis, mol C/h)
M = L149+MT149%RATIO (mol C/h)
= RI50M*C19/(K150+C19) (fatty acid oxidation, mol C/h)
M = L150-M150%RATIO (mol C/h)
= R152M*C20/(K152+C20) (liver fat breakdown into fatty
acids, mol C/h)
= K151%R152 (Liver fat breakdown into
glycerol, mol C/h)
= R153M*C21/(K153+C21) (outflow of Lipoproteins, mol C/h}
= K154*C22 (outflow of acetate and ketone

bodies, mol C/h)
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The parameter values concerned with lipid synthesis in the Lliver are

estimated as shown below:

12

22

3)

4}

5)

The extracellular concentration of free fatty acids is 0.47
mmol/L (Dale et al. 1979, Kosak 1980, Blum et al. 1983,
Doreau 1983, Gibson 1983, Reid & Treacher 1983) equivalent to
8.27 mmol C/L as the average chain length of free fatty acids
in the blood is 17.6 carbon atoms {(Husveth et al. 1982)

The intracellular concentration of free fatty acids 1is
presumed to be lower than the extracellular concentration as
fatty acids are taken up by the liver along a concentration
gradient (Bell 1981, Madsen 1983b, Zammit 1984). Accordingly,
the intracellular concentration (C19/V3) is assumed to be 5.0
mmol €/l, and the pool size of free fatty acids in the Liver
is: €19 = 5%6.0/1000 = 0.030 mol ¢

According to Reid & Roberts (1983) the content of liver fat
is decreased from 14% to 2.5% of the liver weight during the
period 4 to 8 weeks after calving. This will result in an
average decrease in the pool of Lliver fat of 35 g/d equiva=-
lent to 0.043 mol triglyceride/d (tripalmitin) = 2.211

mol C/d

The rate of decrease in Liver fat on a fatty acid basis
(R152~R147) can be calculated as: 2.211%48/(51%24) = 0.0867
mol C/h. The rate of lipolysis (R152) is assumed to be &
times higher than the rate of fat synthesis (R147): R147 =
0.0867/3 = 0.0289 mol C/h, and R152 = 0.0289%4 = 0.116 mol
C/h

The maximal rate of fat synthesis (R147M) is assumed to be
one order of magnitude higher than R147, i.e. R147M =
0.0289+%10 = 0.289 mol C/h. Reid & Roberts (1983) have re-
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parted a rate of liver fat synthesis equivalent to 0.213 mol

C/h around parturition (-1 to +1 weeks post partum)

6) The affinity constant is then estimated: K147 = 0.270 mol C

7) The rate of lipoprotein synthesis is 1.3 mol fatty acids
(C14) per day (Danfer 1983b): R148 = 1.3%16/24 = 0.867 mol
C/h

8) According to Zammit (1984) the affinity constant (K148)
should be lower than the substrate pool (C19), and is assumed
here to be 25% of €19: K148 = 0.03%0.25 = 0.0075 mol C

®) The maximal rate of Lipoprotein synthesis is then estimated:
R148M = 1.084 mol C/h

10) The factor for esterification of fatty acids is: K145 = K146
= K151 = 3/(3%16) = 0.0625 mol C/mol C.

Parameters in the equations of acetate and ketone body syntheses,
fatty acid oxidation, and Lipolysis are estimated as follows:

1) The rate of ketogenesis is 2.0 mol ketone bodies/d in the
static model (Danfer 1983b). The magnitude of endogenous
acetate production in the liver can be estimated as 5% of
the absorbed acetate (Bergman & Wolf 1971 c¢.f. Brockman &
taarveld 1985): 0.05%(RACT11+RACT24) = 0.05%4.824 = 0,241
mol C/h. Then: R149 = (2,0%4)/24+0.241 = 0,575 mot C/h

2) According to Zammit (1984) the affinity constant (K149) is
larger than the substrate pool size (£19 = 0.030 mol €3
K149 = 0.10 mol C
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6)

7)
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The maximal rate, which is increased by glucagon and
decreased by insulin (Brockman 1979, Brockman & Laarveld
19852, is then calculated: RT49M = 2.492 mol C/h

The dependent part of RT49M (M149) is arbitrarily estimated
as 1.0 mol C/h, and the dindependent part (L149) is conse-
gquently: 2.492-1.0%1.258 = 1.234 mol C/h

The rate of fatty acid oxidation (R150) is assumed to be
inversely related to the rate of gluconeogenesis because of
the consumption of oxaloacetate in the gluconeogenic pathway
(Baird 1977, Aiello et al. 1984). The maximal rate (R150M) is

therefore reduced when the alucagon/insulin ratio is high

R150M is assumed to be 0.0 mol C/h when RATIO = 1.35, and
0.67 mol C/h when RATIO = (0.85. Solving these two equations
gives: M150 = 1.34 mol ¢/h, and L150 = 1.809 mol C/h. For the
actual value of RATIO (= 1.258), R150M = 0.123 mol C/h

According to Zammit {(1984) the hepatic priority for fatty
acid oxidation is lower than for Llipoprotein synthesis, but
higher than for ketogenesis: K148 < K150 < K149. The value of
the affinity constant for fatty acid oxidation is chosen as:
K150 = 0.02 mol £, and the rate of oxidation can then be
calculated: R150 = 0.074 mol C/h

The content of total lipid in the Lliver &6 weeks postpartum
can be estimated as 8% of the liver weight (Reid & Roberts
1983), i.e. 8.6+0.08 = 0.7 kg

The Lliver content of triglyceride is 45% of total Lipid
(Gaal et al. 1983 a&b, Herdt et al. 1983), i.e. C20+C21 =
0.45%700 = 315 g triglyceride. The pool of free fatty acids
(€19) is: 0.03%256.4/16 = 0.5 g, and the mass of choleste~
rol, phospholipids etc. in lipoproteins is: 700-315-D.5 =
385 g



10) From the amount and composition of serum lipoproteins (VLDL
and LDL) in cows it can be calculated that triglycerides make
up 17.3% of total lipid in lipoproteins (Palmguist 1976).
Hence, the pool of triglycerides in lipoproteins is: €21 =
(385/(1-0.173))*0.173 = 80.5 g, equivalent to 5.1 mol £, and
the pool of triglycerides in depot fat is: €20 = 315-80.5 =
234.,5 g, equivalent to 14.8 mol €

11) The rate of lipolysis into fatty acids (R152) has been
estimated earlier as D.116 mol C/h, which is assumed to be
90% of the maximal rate: R152M = 0.116/0.%90 = 0.129 mol C/h
12) The affinity constant is then estimated: K152 = 1.659 mol C
13) The rate of glycerol release in lipolysis is: R1I151 =
0.116%0.0625 = 0.0073 mol C/h.
The rate of lLipoprotein secretion (R153) is equal to the rate of
lipoprotein formation (R146+R148):

R153 = R148%(1+K146) = 0.867%1.0625 = 0.921 mol C/h.

The maximal rate of lipoprotein secretion is equal to the maximal

rate of lipoprotein formation:

R153M = R148M%1.0625 = 1.084%1.0625 = 1.152 mol C/h.

The affinity constant is then estimated:

K153 = 1.279 mol C.

The rate of acetate and ketone body secretion is equal to the rate

of acetate and ketone body synthesis:




R154 = R149 = 0.575 mol C/h.

The concentration of ketone bodies in the liver is 0.6 mmol/kg
{Baird 1981), and the pool size of ketone bodies is therefore:
0.6*%8.6%4/1000 = 0.021 mol C. It is assumed that the pool sizes of
ketone bodies and endogenous acetate in the liver are in proportion
to their respective rates of formation. The pool of ketone bodies

plus acetate is calculated accordinagly:

€22 = (0.021/(2.0%4))%(2.0%4+2.9%2) = 0.036 mol C.

finally, the diffusion constant is derived:

K154 = R154/€22 = 0.575/0.036 = 15.97 h~1,

The rates of cellular uptake of acetate plus ketone bodies and glu-
cose in peripheral tissues are described by the following egquations:

R156 = K156*(C23/V4) (uptake of acetate and ketone
boedies in the mammary gland,
mol C/h)

K156 = L156+M156%GH (u/m

R157 = K157%(C23/v4) (uptake of acetate and ketone
bodies in muscle tissue, mol C/h)

R158 = K158*((23/v4) (uptake of acetate and ketone
bodies in adipose tissue,
mol €/7h)

K158 = L158+M158*INSUL Lrm

R159 = K159%(C23/V4) (uptake of acetate and ketone

bodies in other tissues, mol C/h)
R160M*C24/(K160+C24) (uptake of glucose in the mammary
gland, mol C/h)
R160M = L160+M160%GH (mol C/h)

R160



R161 = R161M*C247(K1614C24) (uptake of glucose in muscle
tissue, mol C/h)

R161M = L161+MT61*INSUL (mol €/h)

R162 = R162M*C24/(K162+(24) (uptake of glucose in adipose
tissue, mol C/h)

R162M = L162+MT162%INSUL (mol C/h)

R163 = R163M*C24/(K163+C24) (uptake of glucose in other

tissues, mol C/h)

Paily injections of growth hormone in dairy cows for about 10 days
result in increased milk yield, unchanged or slightly decreased

feed intake, and decreased energy balance in body tissues (Peel et
al. 1981 a&b, Tyrrell et al. 1982). This strongly indicates that
growth hormone directly or indirectly alters the partitioning of
nutrients in favour of the mammary gland ~ maybe by increasing the
rate of mammary blood flow (Hart et al. 1980, Mepham et al. 1984,
Davis et al. 1988). Insulin does not affect the rate of nutrient
uptake in the mammary gland (Laarveld et al. 1985). However, insulin
does increase the uptake and utilization of acetate and glucose in
adipose tissue (Khachadurian et al. 1966, Yang & Baldwin 1973b, Jar-
rett et al. 1974, Vernon 1986). Glucose uptake in muscle tissue is
also stimulated by insulin (Jarrett et al. 1974, Madsen 1983a, Ver-
non 1986). The effect on glucose uptake is accomplished by an in=-
crease in Vpax for glucose transport without a change in the Ky
value (Conover et al. 1975, Czech 1975).

In the model the rates of nutrient uptake into the mammary gland are
therefore related to the plasma concentration of growth hormone
(GH). The concentration of insulin (INSUL) affects the rate constant
for acetate and ketone body uptake in adipose tissue (K158), and
also the maximal rates of glucose uptake in muscle (R161M) and
adipose tissue (R162M).



154

The parameter values of the equations describing tissue uptake of

acetate and ketone bodies are estimated as shown below:

13

2)

3)

4)

53

63

7}

The partition of nutrients between the mammary gland, muscle
tissue, adipose tissue, and other tissues is adopted from the
static model (Danfer 1983b). The rate of acetate and ketone
body uptake in the mammary gland is accordingly: R156 =
(R135+R154)%77.04/158.44 = 7.037%0.486 = 3.422 mol C/h

The extracellular concentration of acetate and ketone bodies
(C23/V4) is 0.0058 mol C/L (see subsection 3.3.2), and the
rate constant is found as: K156 = 3.422/0.0058 = 590.0 L/h

The concentration of growth hormone is:
GH = 16.7+0.04607%29.7~0.00964*561~0.00567*44 = 12.411
ng/mi

The independent part (L156) of the rate constant is assumed
to be 0.0 L/h, and the part dependent on growth hormone
concentration is then: M156 = K156/GH = 590.0/12.411 = 47.538
L2/ Ch*pg)

The rate of acetate and ketone body uptake in muscle tissue
is: R157 = (R135+R154)%13.0/158.44 = 7.037%0.082 = 0.577

mol C/h, and the rate constant will be: K157 = 0.577/0.0058 =
99.48 L/h

The rate of acetate and ketone body uptake in adipose tissue
is calculated as: R158 = (R135+R154)+31.0/158.44 =
7.037%0.196 = 1.377 mol C/h, and K158 = 1.377/0.0058 =

237.4 U/h

The independent part (L158) of the rate constant is assumed

to be 0.0 (/h, and the part dependent on insulin concentra-



tion is calculated as: MIS58 = K158/INSUL = 237.4/0.520 =
456.5 L2/ (h*ug)

8) The rate of acetate and ketone body uptake in other tissues
igs: R159 = {(R135+R154)%37.40/158.44-R155 = 7.037%0D.236-0.642
= 1.019 mol C/h, and the rate constant is derived as: K159 =
1.019/0.0058 = 175.7 U/h.

The parameters concerned with the tissue uptake of glucose are
partly estimated on the assumption that the partition between

tissues is as in the static model:

13 The rate of glucose uptake in the mammary gland is: R160 =
(R130+R13902%11.42/14.26 = 3.5675%0.801 = 2.857 mol C/h

2) The rate of glucose uptake is assumed to be performed at 70%
of the maximal rate: R160M = 2.857/0.70 = 4.081 mol C/h

3) The independent part (L1602 of the maximal rate is assumed
to be 0.0 mol C/h, and the part dependent on growth hormone
concentration is: M160 = R160M/GH = 4.081/12.411 = 0.3288
mol CxL/(h#ug)

4) The extracellular glucose pool size (C24) is estimated ear-
lier as 2.70 mol C, and the affinity constant can be calcu-
tated: K160 = 1.15867 mol €

5 The rate of glucose uptake in other tissues: R163 =
(R130+R139)%0.34/14.26 = 3.5675%0.024 = 0.086 mol C/h. This
is assumed to be 45% of the maximal rate: R163M = (0.086/0.65
= 0.132 mol C/h

6) The affinity constant is then: K163 = 1.444 mol C




73 The rate of glucose uptake in muscle tissue s estimated in
the following subsection 3.3.4: R161 = 0.434 mol C/h, and it
is assumed to occur at 60% of its maximal rate: R161M =
0.434/0.60 = 0.724 mol C/h

8} L1161, the independent part of R161M, is assumed to be 0.0
mal C/h, and the pert dependent on insulin concentration is:
M161 = RIGTM/INSUL = 0.724/0.520 = 1.392 mol C*L/(Ch*ug)

9) The affinity constant is then: K161 = 1.799 mol C

10 The rate of glucose uptake in adipose tissue is calculated by
difference: R162 = (R130+R139)-(R160+R161+R163) = 3.568-3.377
= 0.191 mol C/h, and the maximal rate is assumed to be 2
times as high: R162M = 0.382 mol C/h

11) The independent part of R162M (L162) is assumed to be 0.0
mol C/h, and M162 is consequently: R162M/INSUL = 0.382/0.520
= 0.7346 mol CxL/(h*ug)

12) The affinity constant is equal to the substrate pool size:

K162 = 2.70 mol C.

The rates of glycerol plus lactate and Lipid uptake in the lLiver

from the peripheral blood are described in the following equations:

R164 = R164M*C25/(K164+C25) <(uptake of glycerol and lactate,

mol C/h)

R165 = K165*C26/V4 (uptake of free fatty acids,
mol C/h)

K165 = L165-M165*INSUL L/h

R169 = R16IM*C27/(K169+C27) (uptake of fatty acids from

chylomicrons, mol C/hJ



R1648 = K148%R 169 (uptake of glycerol from

chylomicrons, mol C/h)

The Lliver takes up 25% of absorbed fatty acids from chylomicrons
(banfar 1983b), and this uptake is assumed to be performed at 75%

of its maximal rate:

R169 = R123%0.25 = 1.942%0.25 = 0.485 mol C/h,
R169M = R169/0.75 = D.485/0.75 = D.647 mol C/h.

Data from Palmquist (19763, Holter et al. (1982), and Herdt et al.
(1983) have been used to estimate the plasma concentrations of

triglycerides in chylomicrons (C27/V4 = 0.0648 mmol/l) and in tipo~-
proteins (C28/v4 = 0.095 mmol/L). The respective plasma pool sizes

are calculated as follows:

c27 0.048+51%150/1000
€28 = 0.095%51%x150/1000

i

0.367 mol ¢,
0.727 mol C.

i

The affinity constant for uptake of fatty acids from chylomicrons
(by Lipoprotein lipase) 1is derived:

K169 = 0.123 mol €.

The rate of glycerol uptake from triglycerides in chylomicrons is:
R168 = K168#R169 = 0.0625%0.485 = 0.030 mol C/h.
The rate of uptake of free glycerol and lactate (R164) can be

calculated by balancing the pool of glycerot and lactate in the
Liver (C18):
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R164 = R1G44+RT45+R146-(R15T+R168)
0.500+0.0018+0,054~¢0.0073+0.030) = 0.518 mol C/h.

i

The plasma concentrations of glycerol and lactate are estimated as
0.035 mmol/L and 0.55 mmol/l, respectively (Treacher et al. 1976,
Bires et al. 1983, Lomax & Baird 1983, Rulquin 1983):

€25 = (0.035+0.55)*3%150/1000 = 0.263 mol C.

The maximal rate (R164M) and the affinity constant (K164) can now
we calculated under the assumption that the actual rate of uptake
(R1664) s performed at 60% of the maximal capacity:

R164M = R164/0,.60 = 0.518/0.60 = 0.864 mol C/h,
K164 = 0.175 mol C.

In the same way the rate of uptake of free fatty acids (R165) can be
found by balancing the pool of free fatty acids in the liver (C19):

R165 = R147+R148+R149+R150-(R152+R169) =
0.0289+0.867+0.575+0.074~(0.116+0.485) = 0.943 mol C/h.

The plasma concentration of free fatty acids (C26/V4Y is 0.00827

mol €/l as previously estimated:

£26 = 0.00827*V4 = 0.00827=150 = 1.241 mol C.

The uptake of free fatty acids in the Lliver is decreased by insulin
(Brockman & Laarveld 1985). Hence, the value of the rate constant
(K165) depends on the concentration of insulin (INSUL). The rate
constant can be calculated from the rate of uptake and the plasma

concentration:

K165 = R165/(C26/V¥4) = 0.943/0.00827 = 114.082 U/h.



The independent part of the rate constant (L145) is assumed to be
150.0 t/h, and consequently the dependent part will be:

M165 = (L165-K165)/INSUL = 35.918/0.520 = 69.073 L2/ Chxug).

The rates of lipid uptake in the peripheral tissues are described by

the equations listed below:

R166 = K166*(26/V4 (uptake of free fatty acids in
muscle tissue, mol C/h)
R167 = K167%xC26/Vé (uptake of free fatty acids in
other tissues, mol C/h)
R170A = RITOAMXC27/(K170A+C27) (uptake of fatty acids +
glycerol from chylomicrons in
the mammary gland, mol C/h)
R170AM = L170A-M170A*INSUL (mol C/h)
R170B = R1I170BM*C27/(K170B+C27) (uptake of fatty acids +
glycerol from chylomicrons
in adipose tissue, mol C/h)
R1708BM = EXP(M170B*xINSULY-~L170B (mol C/h)
R171A = RI171AM*C28/(K171A+C28) (uptake of fatty acids +
glycerol from Llipoproteins
in the mammary gland, mol C/h)
R171AM = L171A~-M171A*INSUL (mol C/h)
R171B = RI171BM*xC28/(K171B+C28) (uptake of fatty acids +
glycerol from lipoproteins
in adipose tissue, mol C/h)
R171BM = EXP(M171B*INSULI-L171B (mol C/h)

R172 = R1I170A+R171A (uptake of fatty acids +
glycerol in the mammary gland,
mol C/h>

R172A = RI72/(1+K172) (uptake of fatty acids in the

mammary gland, mol C/h)
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R172B = K172*R172A (uptake of glycerol in the
mammary gland, mol C/h)

R173 = R170B+RI71B (uptake of fatty acids +
glycerol in adipose tissue,
mol C/h)

R173A = RI?3/C1+K173) (uptake of fatty acids in

adipose tissue, mol C/h)

i

R173B K173+R173A (uptake of glycerol in adipose

tissue, mol C/h?

In the static model the uptake of free fatty acids in extra—hepatic
tissues is 16.0 mol €/d. It is assumed here that 75% of this amount
is taken up by muscle tissues, and that the rest is taken up by

tissues other than adipose tissue and the mammary gland:

R166 = 0.75%16.0/24
R167 = 0.25%16.0/24

0.500 mol €/h, and
0.167 mol C/h.

The rate constants are:

K166 = R166/(C26/V4)D
K167 = R167/(C26/V4)

0.500/0.00827 = 60.459 L/h, and
0.167/0.00827 20.153 L/h.

i
4

The amount of triglycerides in chylomicrons available for extra-

hepatic tissues is derived by balancing the plasma pool (C27):

R170A+R170B = R132-(R168+R169) =
2.063-(0.030+0.485) = 1.548 mol C/h.

The amount of triglycerides in lipoproteins available for extra-

hepatic tissues is equal to that synthesized in the Liver:

R171A+R1718B = R153 = 0.921 mol C/h.



In early lactation the activity of lipoprotein Llipase (LPL) in the

mammary gland is approximately six times higher than the activity
of LPL in adipose tissue from first-calving heifers (Shirley et al.
1973). This difference in activity of the two types of LPL is prob-
ably greater 1in mature multiparous cows, and it is assumed here that
the rate of fatty acid uptake in the mammary gland js seven times

higher than the rate of adipose tissue uptake:

R170B = (R170A+R170B)/8 = 1.548/8 = 0.193 mol (/h,
R170A = R170B%x7 = 0.193x%7 1.354 mol C/h,
R1718 = (R177TA+R1718)/8 = (0.921/8 = 0.115 mol C/h, and
R171A = R171B*%7 = 0.115%7 0.806 mol C/h.

it

Before parturition the activity of adipose tissue LPL is much higher
than that of mammary LPL (Shirley et al. 1973). From parturition un-~
til around peak Lactation the activity of adipose LPL decreases and
thereafter increases with progressing Lactation (Shirley et al.
1973, Vernon 1980, McNamara et al. 1987). These changes 1in adipose
LPL activity can be explained by the almost parallel changes in
plasma insulin concentration (Hart et al. 1978, Herbein et al. 1985,
Thilsted 1985b), as the activity of adipose LPL is stimulated by in-
sulin (Shirley et al. 1972, Emery 1979, Vernon 1980, Vernon 1986).
Mammary LPL is not stimulated {(Shirley et al. 19723}, but on the con-
trary seems to be inhibited by insulin. This is indicated by the
findings that the activity of mammary LPL is lower on low roughage-
high grain rations compared to normal rations, whereas the opposite
is the case for the activity of adipose LPL (Benson et al. 1972,
Emery 1973, Tanaka & Ohtani 1986). Feeding low roughage~high grain
rations to dairy cows will normally increase the plasma insulin con-
centration (Jenny et al. 1974, Sutton et al. 1983, Agergaard et al.
1988).

Based on these considerations the maximal rates of fatty acid and



glycerol uptake in the mammary gland (R170AM and RI17VIAM) are decrea-

sed, and the maximal rates of adipose tissue uptake (R170BM and
R1718M) are increased by an increase in insulin concentration

(INSUL).

The rates of mammary uptake are assumed to be performed at 75% of

the maximal capacities:

R170AM
R171AM

R170A/0.75 = 1.354/0.75
R1714/0.75 = 0.806/0.75

i}
{0

1.805 mol C/h,
1.074 mol C/h.

i
i

The value of INSUL will be approximately 0.8 ng/ml in late lacta-
tion, when milk fat production is only about 60% of that in early
lactation. Assuming then that RI170AM = 1.805x0.60 = 1.1 mol C/h
when INSUL = 0.8 ng/ml, and having that R170AM = 1.805 mol C/h when

INSUL = 0.520 ng/ml, the remaining parameters can be estimated:

M1704 = (1.805-1.13/(0.8-0.520) = 2.518 mol CxL{/Ch*ug),
L170A = 1.805+2.518%0.520 = 3.114 mol C/h.

In the same way it can be argued, that R171AM = 1.074*0.60 = 0.64
mol C/h when INSUL = 0.8, and the parameter estimation will be:

M1714 = (1.074-0.642/(0.8-0.520) = 1.550 mol CxL/Ch*ugd,
L1714 1.074+1.550%0.520 = 1.880 mol C/h.

]

The plasma pool sizes of triglycerides are estimated previously
(C27 = 0.367 mol €, £28 = 0.727 mol (), and the affinity constants

for mammary uptake of fatty acids and glycerol can be calculated:

K1704 = 0.122 mol C, and
K171A 0.242 mol C.

it



he rates of fatty acid and glycerol uptake in adipose tissue are

issumed to be performed at 50% of their maximal capacities:

R1708M = R170B/0.50 = 0.193/0.50 = 0.387 mol C/h,
R171BM = R171B/0.50 0.115/0.50 = 0.230 mol C/h.

]

t is further assumed that the maximal rates of uptake are increased
hree times in late lactation. Hence, when INSUL = 0.8, R170BM =
-387%3 = 1,16 mol C/h, and R1718M = 0.230%3 = 0.69 mol C/h. The
arameters describing the dependence on insulin concentration is

hen estimated by a graphical method:

(0.387+L170B)*%(0.8/0.520)=L170B = 1.16 mol C/h,

L1708 = 1.503 mol C/h,
M1708 = In(0.387+1.5033/0.520 = 1.224 nml/ing,
(0.230+L171B) %+ (0. 8/0.5202-L1718 = 0.46% mol C/h,
L1741 = 1.369 mol C/h,
Mi1718 = (n{(0.230+1.3692/0.520 = 0.903 mi/ng.

inally, the affinity constants are derived:

K1708 = 0.369 mol C, and
K1718B = 0.727 mol C.

he rates of fatty acid (R172A) and glycerolt (R172B) uptake in the
mmary gland are easily calculated:

[

R172A
R1728B

(RI70A+R17TAY/(14K172) = 2.160/1.0625 = 2.033 mol C/h,
K172+R172A = 0.0625%2.033 = 0.127 mol C/h,

hd in the adipose tissue:

R173A = (R170B+R171B)/(1+K173)> = 0.308/1.0625
R173B

H

0.290 mol C/h,
K173*%R173A = 0.0625%0.290 = 0.018 mol C/h,

it
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The flow of N-free nutrients from the peripheral tissues to the
extraceliular fluid compartment is described in the following

equations:

R189 = K189=*(38 {outflow of lactate from muscle
tissue, mol C/h)

R194 = K194%041 (outflow of fatty acids from
adipose tissue, mol C/h)

R199 = K199 %044 (outflow of glycerol from adipose

tissue, mol £/h)

These flow rates can be estimated by balancing the extracellular
pools of glycerol + lactate (€25} and free fatty acids ((26):

R189+R199 = R164 = 0.518 mol C/h,
R194 = R165+4R166+R167 = 0.943+0.500+0.167 = 1.610 mol C/h.

The rate of glycerol release from adipose tissue is estimated in

subsection 3.3.4:

R199 = 0.109 mol C/h,

and the rate of lactate release from muscle tissue is therefore:

R189 = 0.518~-0.109 = 0.409 mol C/h.

The sizes of the intraceliular nutrient pools are estimated in the
succeeding subsection 3.3.4: (38 = 3,270 mol C (muscle lactate),
€41 = 3.04 mol C (adipose free fatty acids), and C44 = 0.046 mol ¢
(adipose glycerol). The rate constants for the 3 processes are,

respectively:

K189 = R189/C38 = 0.409/3.270 = 0.1252 h~1




K194
K199

1

R194/C41 = 1.610/3.04
R199/C44 = 0.109/0.046

il

Nitrogen transactions

The metabolism of amino acids a

according to the following rate

R43 R43M*AT4/(K&3+A14)
Rb&4 = RALLMAATL/(K&L+AT4)
R&5 = RA&SM*AT4L/(KL5+AT4)
R45M = L45+MA4S*RATIO

R&6 = K&6%A1T5

K&bd = LL4S*EXP(MLE6*RATIO)
R&7 = RETM*N3I/ (K4&T+N3)
R140 = KCA#RA4S5

R141 = KCA*R47

As an average during the day th
assumed to be equal to the rate
et al. 1978d), i.e. R43 = R46.

turnover rate of the liver prot

of the protein pool is 20% of t

K46 = 0.20/24 = 0.0083 h~1,
A15 = 8.6%0.20 = 1.72 kg prot
A15 =1.72*1000/(6.25*%14.01) =
R46 = 0.0083%19.643 = 0.164 m
R43 0.164 mol N/h.

= 0.5296 h™1, and
= 2.370 n™1,

nd protein in the liver is simulated

equations:

(liver protein synthesis, mol N/h)
(outflow of amino acids, mol N/h)
(amino acid deaminmation, mol N/h)
{mol N/h)

(liver protein breakdown, mol N/h)
(h=1)

Camino acid synthesis, mol N/h)
(keto acids produced by amino acid
deamination, mol C/h)

(keto acids used in amino acid

synthesis, mol C/h)

e rate of liver protein synthesis is
of liver protein breakdown (Waterlow
According to the static model the

ein pool is 20% per day, and the mass
he liver weight (Lobley et al. 1980):

ein,
19.643 mol N,
ol N/h, and




The intracellular concentrations of 4 amino acids are determined in

cow Liver (Baird 1972, c.f. Kolb 1981), but the total concentration
of free amino acids in the Liver is assumed here to be 26 mmol/l as

found in rats {(Waterlow et al. 1978bJ:
AL = 26%6.0%1.3/1000 = 0.203 mol N.

The K, values for aminoc acyl t—RNA synthetases are very low compared
to the intracellular amino acid concentrations, and these enzymes
will therefore be almost saturated with their substrates under nor-
mal conditions (Lindsay 1980). This means that protein synthesis

will occur at a ra:e near the maximal capacity:
R43M = R43/0.95 = 0.172 mol N/h.

The affinity constant is then calculated:
K43 = 0.009% mol N.

As stated in subsection 3.3.2 protein breakdown is described as a
process of constant fractional rate (Waterlow et al. 1978a). Houw-
ever, the rate of protein breakdown in the liver is stimulated by
glucagon and inhibited by insulin (Ballard & Gunn 19827, and the
rate constant (K&6) is therefore increased with an increasing ratio

of glucagon to insulin (RATIO).

The liver protein mass is regulated between meals by a change in the
rate of protein breakdown and not in the rate of protein synthesis
(Garlick et al. 1973). In order to simulate this kind of regulation
it is assumed that the rate constant (Kéé) will vary from 10% per
day to 40% per day, when RATIO varies from 0.85 to 1.35 (Ballard &
Gunn 1982). Based on this assumption the parameters (L46 and M46)
can be estimated by linear regression: LnKé4é6 = InL46+M46*RATIO:



0.0005 h~1
(LnK46=LnL46)/RATIO = 2.233.

L46
M4é

i

i

From the work of Oldham et al. (1980b) the total flux rate of amino
acids (absorption + body protein turnover) can be estimated as 28
mol/d (Riis 1983a) equivalent to 36.2 mol N/d. The absorption rate
(R40)> is 1.101 mol N/h = 26.4 mol N/d (see subsection 3.3.2), and
the contribution from body protein degradation (R54) is calculated

by difference:

R54 = total flux =~ absorption = 34.2-26.4 = 9.8 mol N/d.

The rate of net protein mobitization is taken from the static model
(Panfar 1983b): 0.53 mol amino acids/d eqguivalent to 0.7 mol N/d,
and the rate of protein synthesis in muscle and other tissues
(R62+R65) is calculated by difference:

R62+R65 = 9.8-0.7 = 9.1 mol N/d.

The rate of intestinal amino acid uptake (R50) is 0.379 mol N/h =
9.1 mol N/d (see subsection 3.3.2), and the rate of amino acid
uptake in the mammary gland (R51) is 11.0 mol N/d {(see later). The
uptake in muscle (RS52) and other tissues {(R53) is taken to be
equal to the rate of protein synthesis in these tissues (R62+R65).
The amino acid output from the liver (R44) is then calculated by

summation;

R44 = RSO+RS51+R52+R53 = 9.1+11.0+9.1 = 29.2 mol N/d
1.217 mol N/h,

{1

and this is assumed to be performed at 25% of its maximal rate:

R&4M = R&L/0.25 = 1.217/0.25 = 4.867 mol N/h.
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The affinity constant for amino acid transport out of the Liver

cells is then derived:

K&s = 0.609 mol N.

The net catabolism of amino acids is the difference between amino
acid deamination (R45) and amino acid synthesis (R47), which is
calculated as the difference between the total amino acid flux
rate (36.2 mol N/d) and the rate of amino acid cutflow from the
Liver (R44& = 29.2 mol N/d):

R45-R47 = 36.2-29.2 = 7.0 mol N/d = 0.292 mol N/h.
It is assumed that 15% of the catabolized amino acid~N is resyn-
thesized into new amino acids: R&47 = (0.15+*R45. Solving for R45 and

R&7 gives:

0.292/01-0.15) = 0.343 mol N/h
0.15%0.343 = 0.051 mol N/h.

R45
R&T

The Michaelis—Menten constants for enzymes initiating catabolism
of amino acids are of the same order as the concentration of amino
acids in blood plasma (Krebs 1972 c¢.f. Lindsay 1980), which is:
A16/V4 = 0.504/150 = 0.00336 mol N/l (see subsection 3.3.2).
According to this : K&45/V3 = A16/V4, and

K45 = ¥3*xA16/V4 = 6.0%0.00336 = 0.0202 mol N.

The maximal rate can now be calculated:

R&5M = 0.377 mol N/h.

The capacity of amino acid catabolism increases at the onset of

tactation (Riis 1983a), and this increase could be related to the



increased ratio of glucagon to insulin, The independent part (L45)

of the maximal rate equation is assumed to be 0.0 mol N/h, and

consequently the dependent part will be:

M45 = (R45M-L4S5)/RATIO = 0.377/1.258 = 0.300 mol N/h.

The maximal rate of amino acid synthesis (R47M) is estimated as:
R47M = R47/0.65 = 0.051/0.65 = 0.079 mol N/h.

The intracellular concentration of NH3/NH4* in the Liver is not
higher than the concentration in blood plasma, which is 0.00015
mol N/L (Holter et al. 1982). Therefore, the mass of the NH3/NH4+

pool in the liver is taken to be:
N3 = 0.0001%6.0 = 0.0006 mol N,
and the affinity constant is in turn calculated as:
K47 = 0.00032 mol N.
The rates of keto acid production (R140) and keto acid utilization
in amine acid synthesis (R141) are calculated in preoportion to R43

and R47:

R140 3.8%0.343
R141 = 3.8%0.051

1.304 mol C/h, and
0.196 mol C/h.

i

The rates of urea synthesis and excretion are described as

follows:
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R48 = R4BM*N3/(K4LE+N3) (urea synthesis, mol N/h)
R49 = K&9*(U3/V3) (outflow of urea, mol N/h)
RE7 = K5T7*(U4/V4E) (urinary excretion of urea, mol N/h)

The rate‘of urea synthesis is found by balancing the pool of Liver
NH3/NH4Y (N3):

R48 = RIS+RIS+RIVHRAS~R4LT =
0.228+0.104+0.393+0.343-0.057 = 1.017 mol N/h.

The maximal hepatic utilization of NH3/NH4* s estimated to be 2.6
mmol/min per kg wet Lliver weight in non-lactating cows (Symonds et
al. 1981), It is assumed here that this capacity is increased 10%
during lactation:

R4BM = 1,10%2.6%60%8.6/1000 = 1.476 mol N/h,
and the affinity constant is then:

K48 = 0.00027 mol N.

In order to prevent the liver NH3/NH4,‘r pool exceeding some toxic
level the numerical value of the affinity constant for urea syn=
thesis (K48) is regulated by the current value of N3 (see subrou-
tine REGUL 3, Appendix 2).

The rate of urea diffusion from Liver cells to blood is equal to
the rate of urea synthesis:
R&49 = R48 = 1.017 mol N/h,

and the rate constant (K&49) for the process is assumed to be equal

to the rate constants for the diffusions of urea from blood into



the digestive tract:

K49 = K55 = K56 = 16.765 Ll/h.

The concentration of urea in the Lliver cells can then be calcula~-

ted as:

U3/¥3 = R49/K49 = 0.0606 mol N/L,

which turns out to be higher than the urea concentration in the
blood plasma (U4/V4E = 0.014 mol N/L, see subsection 3.3.1). The

pool size of Liver urea is now easily derived:

U3 = 0.0606#¥3 = 0.0606%6.0 = 0.364 mol N.

The rate of urea excretion in the urine (R57) is found as the dif-
ference between total urea flux rate (R49) and the rate of urea

uptake in the rumen (R53) and in the lower gut (R536):

R57 = R49-(R55+R56) = 1.017-0.355 = (.662 mol N/h.

The rate constant is calculated from the blood plasma concentra-

tion:

K57 = R57/(U&/V4&) = D.662/0.014 = 47.256 L/h.

Amino acid uptakes from blood into peripheral tissues and liver

are described by the equations lListed below:

R51 = R5T1TM*AT6/(KST1+A16) (uptake of amino acids 1in the
mammary gland, mol N/h)
R51M = L5T+M51%GH (mol N/h)



R52 = R52M*AT6/(K52+A16) (uptake of amino acids in muscle
tissue, mol N/hJ

R5ZM = [ 52+MSZ2+INSUL (mol N/h}

R53 = RS3M*A1&6/(K53+A16) (uptake of amino acids in other
tissues, mol N/hJ

R34 = RS4M*AT7/(KS54+A17) {uptake of amino acids in the
Liver, mol N/h)

R54M = L54+M54%RATIO (mol N/h)

The mammary uptake of amino acids in the static model is 8.5 mol/d
egquivalent to 11.0 mol N/d (Danfar 1983b). Therefore:

R51 = 11.0/24 = 0.458 mol N/h.

Based on an average extraction rate of amino acids from arterial
blood into the mammary gland of 30% (Mepham et al. 1982) and var-
iations in amino acid concentrations in the mammary vein (Bicker-
staffe et al. 1974, Clark et al. 1977, Peeters et al. 1979) the

maximal rate of amino acid uptake is estimated as:

RS1M = R51/0.63 = 0.458/0.63 = (0.727 mol N/h.
As stated previously the rates of nutrient uptake in the mammary
gland are related to growth hormone concentration (GH). The inde-
pendent part (L5112 of the maximal rate is assigned as 0.0 mol N/h,
and the dependent part is calculated accordingly:

M51 = (R51M-L513/6H = 0.727/12.411 = 0.059 mol NxL/(hiug).

The affinity constant is then found as:

K51 = 0.2954 mol N.



The mass of total body protein can be estimated as 13.2% of the
live weight (Lobley et al. 1980, Riis 1983b): 600+*D.132 = 79.2 kg.
The mass of muscle tissue protein (A27) makes up 50-60% of total
body protein (Riis 1983b):

A21 = 79.240.55 = 43.6 kg protein, equivalent to
43.6*%1000/(6.25*%14.01) = 498 mol N.

The rate of amino acid uptake in muscle tissue (R52) is taken as
equal to the rate of muscle protein synthesis {(R62). This rate is
calculated as the muscle protein mass (A21) multiplied by the
fractional rate of muscle protein synthesis, which is in the order

of 0.9% per d in mature cows {(Lobley et al., 1980):

R52 = R62 = 498x0.9/(100%24) = 0,187 mol N/h.
Insulin stimulates amino acid uptake in muscle tissue {(Riis 1983a)
by dincreasing the maximal rate of transport (R52M) without affect-
ing the affinity constant (Waterlow et al. 1978b). The maximal
rate of uptake is estimated as:

R52M = R52/0.55 = 0.187/0.55 = 0.340 mol N/h,
and the insulin dependent part of R52M is:

M52 = (R52ZM-L52)/INSUL = 0.340/0.520 = 0.653 mol NxLl/(hxug),

as the independent part (L52) is assumed to be 0.0 mol N/h. The

affinity constant is now derived:

K52 = 0.4124 mol N.

The total amino acid uptake in muscle and other tissues has been
estimated previously (R52+R53 = 9.1 mol N/d), hence:
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R53 = 9,1/24-R52 = 0.379-0.187 = 0.192 mol N/h,

which is assumed to be 60X of the maximal rate of uptake:

R53M = 0.192/0.60 = 0.321 mol N/h,

and the affinity constant is:

K53 = 0.336 mol N.

The rate of amino acid uptake into the liver via the hepatic arte-
ry (R54) is 9.8 mol N/d (see above):

RS54 = 9.8/24 = 0.408 mol N/h.

The substrate pool (A17) is in fact identical to the pool of aminc
acids in the extracellular fluid (A16), but is given a separate
label in the model to indicate that amino acids are released from
the Lliver to venous blood and taken up by the liver from arterial
blood:

A17 = A16 = 0.504 mol N.

Glucagon stimulates while insulin, if anything, inhibits the amino
acid uptake in the liver (Bergman & Heitmann 1978, Brockman 1978b,
Riis 1983a, Kraus—-Friedmann 1984, Brockman 1985). Therefore, in
the model the ratio between these two hormones affects the maximal
rate of amino acid uptake (R54M), which is taken as equal to the
maximal rate of amino acid outflow (R&44M) from the Lliver (Waterlow
et al. 1978b):

R54M = R44M = 4.867 mol N/h.

The independent part (L54) of the maximal rate is assumed to be
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0.0 mol N/h, and the dependent part is then found as:

M54 = (R54M~L54)/RATIO = 4.867/1.258 = 3.869 mol N/h.

Finally the affinity constant is calculated:

K54 = 5.503 mol N.

The last three equations in the liver and extracellular fluid

compartment describe the release of amino acids from the

peripheral tissue compartment:

R58 = RSBM*A18/(K58+A18) {outflow of amino acids from the
mammary dgland, mol N/h)

R61 = ROTM*xA20/(K61+A20) (outflow of amino acids from
muscle tissue, mol N/h)

Ré4 = RO4GM*A22/(K64L+A22) (outflow of amino acids from

other tissues, mol N/h)

The amino acid flow from the peripheral tissues is taken up by the

Liver {(balancing the A17 pool):

R58+R61+R64 = R54 = 0.408 mol N/h.

The secretion of amino acid carbon and nitrogen in milk protein is
closely balanced by the mammary uptake of amino acid carbon and
nitrogen (Clark et al. 1978), which means that the spillover or

cutflow from the mammary gland is almost zero:

R58 = 0.0 mol N/h,
R61+4R64 = 0.408 mol N/h.




The rates of net mobilization of protein from the muscle tissue
compartment (R63-R62) and from the compartment of other tissues
(R66-R65) are related to the protein masses in these compartments.
Total protein mass is estimated as 79.2 kg equivalent to 904 mol
M. The muscle protein pool (A21) is 498 mol N, and the protein
pool size in other tissues (A23) is calculated by difference:

AZ23

i

G04~a13(intestinal tissue protein)-A15(Lliver proteinl)~A21
904~56~20~498 = 330 mol N.

As stated previously the total mobilization of body protein is 0.7
mol N/d:

(R63-RH2)+(R66-R65) = 0.7/24 = 0.02%9 mol N/h,

and this is equivalent to the difference between amino acid

outflow and amino acid uptake in the two compartments:

(R61-R52)+(R64-R53) = R61+R64~(R52+R53)
0.408-(0.187+0.192) = 0.029 mol N/h.

[

Relating the net mobilization to the protein mass gives:

R61-R52 = 498%0.029/(498+330) = 0.018 mol N/h,
R64~-R53 = 330%x0.029/(498+330) = 0.011 mol N/h,
R61 = R52+0.018 = 0.187+0.018 = 0.205 mol N/h,
R64 = R53+0.011 = 0.192+0.011 = 0.203 mol N/h.

The intracellular concentration of free amino acids is higher than
the extracellular concentration. In muscle cells the concentration
is 21 mmol/Ll (Waterilow et al. 1978b) or 15 mmol/kg wet weight
(Reich & Sel 'kov 1981). As muscle tissue contains 20% protein
(Harper 1973, Riis 1983b) the muscle tissue mass is: 43.6/0.20 =
218 kg, and the size of the free amino acid pool is:
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A20 = 218%15/1000 = 3.27 mol amino acids
equivalent to 4.251 mol H.

The maximal rate of amino acid outflow from muscle tissue is esti-

mated as:

R61M = R61/0.60 = 0.205/0.60 = 0.342 mol N/h,

and the affinity constant is derived as:

Ké61 = 2.834 mol N.

The ratioc between the pools of intracellular free amino acids and

protein-bound amino acids is assumed to be equal in muscle tissue

and in other tissues:

A22 = AZ23*xA20/A27 = 330%4.251/498 = 2.817 mol N.

The maximal rate of aminc acid outflow from other tissues is (as

in muscle tissued:

R64M = R64/0.60 = 0.203/0.60 = 0.339 mol N/h,

and finally the affinity constant can be estimated:

K64 = 1.878 mol N.

The rates of protein synthesis in muscle tissue (R62) and in other

tissues (R65) are as estimated previously:

R62+R&E5 = 9.1/24 = 0.379 mol N/h.

Total protein synthesis in the body can be calculated by summa=-




tion: R39(intestinal tissue)+R43(Liver}+R62+RE5 =
0.508+0.164+0.379 = 1.051 mol N/h equivalent to 2.21 kg protein/d.
in the study of Lobley et al. (1980) estimates of whole body

protein synthesis in a mature cow ranged from 2.0 to 2.9 kg
protein/d depending on whether leucine or tyrosine, respectively,
was used as & tracer amino acid. As the true value is probably
Lower than the average of the two estimates hecause of a substan-
tial oxidation of tyrosine {Lobley et al. 1980) the rate of total
protein synthesis in the model seems to be in good agreement wWwith

an in vivo situation.

2.3.4 The mammary gland and body tissue compartments

The state variables and flow of nutrients in the mammary gland, in
muscle tissue, in adipose tissue and in other tissues are depicted
in figure 2.6. Numerical wvalues and dimensions of the state vari-

ables and eguation parameters are Listed in Appendix 8.

The mammary gland

Nutrient inputs to the mammary gland compartment from the extra-
cellular fluid compartment are acetate and ketone bodies (R156),
glucose (R160), fatty acids (R1724), glycerol (R172B), and amino
acids (R531).

The weight of the udder is estimated as 22 kg (Smith & Baldwin
1974, Harrison et al. 1983, Butler-Hogg et al. 1985). The mammary
parenchyma constitutes about 90% of the organ weight in early
Lactation (Seirsen 1987), and 75% of the paranchyma is water
(Swanson & Poffenbarger 1979). The volume of "metabolic™ water in

the mammary gland is therefore:
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V5 = 22%0.90*0.75 = 14.85 L.
In fact this volume is an overestimation of the true metabolic

water pool, as the intracellular water is only 30% of total tissue

water (Baumrucker 1984).

Carbon transactions

The following equations describe the metabolism of acetate and

3-0H-butyrate, glucose and lipids:

R174 = RI74M*xC29/(K174+C29) (fatty acid synthesis from
acetate and ketone bodies,
mol C/h)

R175 = R175M*C29/(K175+C£29) (oxidation of acetate and
ketone bodies, mol C/h)

R177 = RI7T7TM*C30/(K177+C30) (milk lactose synthesis,
mol C/h)

R178 = RI178M*C30/(K178+C30) (oxidation of glucose, mol C/h)

R179 = RI7TIM*CIT1/(KI79+C313 {milk fat synthesis, mol C/h)

R180 = R180M*(C31/(K180+C31) (oxidation of fatty acids,
mol C/h)

R181 = L179*R179 (esterification of milk fat,
mol C/h)

R176 = R181-R17¢28B {(glycerol synthesis, mol C/h)

R7182 = K182+%(£33 (milk lactose secretion,
mol €/h)

R183 = K183=x%(3¢4 {(milk fat secretion, mol C/h}

The rate of milk fat production is 1200 g/d in the static model
(Danfer 1983b). The composition of this milk fat is assumed to be

as reported by Palmguist & Conrad (1978). The proportion of fatty




acids synthesized in the mammary gland is taken to be the fatty

acids having carbon chains from C4 to Cq4 in addition to half of
the Cqg acids (Bauman & Davis 1974, King et al. 1985).

According to this 1200 g milk fat contain 1138.7 g fatty acids of
which 445.3 g are synthesized de novo (mol.w. = 192, 11.4 mol

C/mol FA), and 693.4 g are taken up from the blood (mol.w. = 276,
17.5 mol C/mol FA). The rates of milk fatty acid synthesis (R174)
and total milk fatty acid production (R179} can now be estimated:

R174 = 445.3x11.4/(192%24) = 1.102 mol C/h
R179 = 693.4%x17.5/(276*243+R174
= 1.832+1.102 = 2.934 mol C/h.

The physiological concentrations of acetate and 3-0OH-butyrate in
the mammary gland are taken as 3mM and TmM, respectively (Forsberg
et al. 1985b). The Ky value for acetate conversion into fatty
acids is estimated by Forsberg et al. (1984) as 1.22 mM, and the
affinity constant for fatty acid synthesis from acetate and ketone

bodies is derived as:

K174 = 14.85%1.22%(3%2+1%4)/(3%x1000) = 0.0604 mol C.

The intracellular pool size of acetate and ketone bodies is calcu-

Lated as:

€29 = 14.85*(3+2+1%4)/1000 = 0.1485 mol €,

which is a little higher than the 0.09 mol ¢ stated by Waghorn &
Baldwin (1984). The maximal rate of fatty acid synthesis is then:

R174M = 1.550 mol C/h.



The rate of acetate and ketone body oxidation is found by balan-

cing the substrate pool (C29):

R175 = R136-R174 = 3.422~-1.102 = 2.320 mol C/h.

The Kp value for acetate oxidation in mammary tissue is estimated
by Forsberg et al. (1984) as 1.79 mM. From this the affinity con-
stant for oxidation of acetate and ketone bodies can be calculated
as:

K175 = 14.85%1.79%(3#2+1%4)/(3%1000) = 0.0886 mol C,

and the maximal rate of oxidation is found as:

R175M = 3.704 mol C/h.

In the static model the rate of lactose synthesis is 1440 g/d
equivalent to 4.21 mol/d:

R177 = 4&.21%12/24 = 2.105 mol C/h.
As the intracellular concentration of glucose is 2 mM according to
Forsberg et al. (1985b), the mass of the glucose pool can be de-
rived as:

€30 = 14.85#2%6/1000 = 0.1782 mol ¢,
which is of the same magnitude as reported by Baldwin & Yang
(1974) and by Waghorn & Baldwin (1984). The affinity constant for
lactose synthesis is derived from a Ky value of 3.45 mM estimated

by Forsberg et al. (1985a):

K177 = 14.85%3,45+6/1000 = 0.3074 mol €,



and the maximal rate of lactose synthesis is:

R177M = 5.736 mol C/h.

The rate of fatty acid esterification inteo milk fat is:
4645,3/192+693.4/276 = 4.832 mol FA/d. Hence, the rate of glycerol

incorporation into milk fat is:

181 = 4,.832/3 = 1,611 mol glycerol/d, eguivalent to
1.611%3/24 = 0.201 mol C/h,

and the factor for esterification:

L179 = R181/R179 = 0.201/2.934 = 0.06863 mol C/mol C.

The intracellular pool of glycerol (C32) originates partly from
glycercl taken up from blood lipids (R172B) and partly from
glycerol synthesized from glucose in the mammary tissue (R176)
(Bauman & Davis 1974):

R181
R176

R172B+R 176,
0.201-0.127 = 0.074 mol C/h.

]

The estimated rate of glycerol synthesis (R176) is close to a
value (0.07 mol C/h) given by Baldwin & Yang (1974).

The rate of glucose oxidation (R178) is found by balancing the
glucose pool (C30):

R178 = R160-R176~R177 = 2.857-0.074-2.105 = 0.678 mol C/h.

The Kp value for glucose oxidation through the pentose-P pathway
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is low (1.07 mM) compared to the Ky, value for lactose synthesis
(Forsberg et al. 1985aJ):

K178 = 14.85%1.07%6/1000 = 0.0953 mol C.

The maximal rate of glucose oxidation is then derived:

R178M = 1.040 mol C/h.

Normally, there is no net uptake of free fatty acids in the mam=-
mary tissue (Bickerstaffe et al. 1974, Schultz 1974). But in ke-
totic and in fasted cows having very high concentrations of free
fatty acids in the blood a significant uptake in the mammary gland
has been observed (Schwalm et al. 1969, Annison 1983, Hawke & Tay-
lor 1983). As free fatty acids are taken up in other tissues along
a concentration gradient (Bell 1981, Madsen 1983c¢> it can be sug-
gested that the intracellular concentration of free fatty acids in
mammary tissue is about the same as the concentration in blood

plasma:

C31/V5 = C26/¥4 = 1,241/150 = 0.0083 mol C/L.

From this the calculation of the intracellular pool size is

straightforward:

€31 = 0.0083%14.85 = 0.123 mol C.

In the model it is assumed that the fatty acids synthesized de
novo and the preformed fatty acids taken up from blood triglyce=-

rides share a common intracellular pool ({31). The average fatty
acid chain length in this pool can be estimated as 14 carbon
atoms, and the pool size will then be: 100040.123/14 = 8.8 mmol
fatty acids, which is about 50% higher than the intracellular pool
size of long chain fatty acids given by Waghorn & Baldwin (1984).
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Esterification of fatty acids is probably & process close to equi~-
Librium with a relatively high Vpay (Baldwin & Yang 1974). The
rate of triglyceride synthesis (R1792 is assumed here to be per-
formed at 35% of its maximal rate:

R179M = R179/0.35 = 2.934/0.35 = B.382 mol C/h.

The affinity constant is then found as:

K179 = 0.2284 mol C.

The rate of fatty acid oxidation (R180) is found by balancing the
free fatty acid pool in the tissue (€31):

R180 = R172A+R174~-R17% = 0.201 meol C/h.

Although the capacity for fatty acid transport across the mito-
chondrial membrane and for fatty acid oxidation seems tc be high
in mammary tissue (Crabtree et al. 19813 the usage of fatty acids
for oxidation has a low priority compared to fat synthesis (Davis
& Bauman 1974): K180>K179. Crabtree et al, (1981) has estimated
the activity of carnitine palmitoyltransferase in cow mammary
tissue as 0.36 mmol per min. per kg wet weight, This value is
adapted in the model for estimation of the maximal rate of fatty

acid oxidation:

R180M = 0.36%16%60%22%0.90/1000 = 6.843 mol C/h,

and the corresponding affinity constant:

K180 = 4.065 mol ¢

is much higher than the affinity constant for fat synthesis
(K179).
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The rate of lactose secretion s equal to the rate of lactose

synthesis:

R182 = R177 = 2.105 mol C/h.

The content of lactose in Golgi vacuoles and secretory vesicles of
the alveolar cells is represented by the state variable €33. The
concentration of lactose in the secretory vesicles is considered
to be the same as the concentration in milk (Holt 1983), which ac~
cording to the static model 4is 48 g/kg, equivalent to 1.7 mol C/1L.
The fractional volume of secretory vesicles in lactating mammary
tissue can be estimated as 2-5% of the alveolar cell volume (Holl-
mann 1974, Larson 1979). It is assumed here that the secretory

vesicles make up 3% of the parenchyma:

C33 = 22%0.90%0.03%1.7 = 1.01 mol C.

The rate constant for lactose secretion is:

K182 = R182/C33 = 2.105/1.01 = 2.084 h~1,

The rate of milk fat secretion is calculated as:

R183 = R179+R181 = 2.93440.201 = 3.135 mol C/h.

The state variable €34 represents lipid droplets in the secretory
tissue. It can be estimated that the volume of these particles
accounts for 7-10% of the cell volume (Hollmann 1974, Larson
1979). It is assumed here that the lipid droplets make up 5% of
the parenchyma, and that the density of milk fat is D.9 g/mt
(Jensen 1964):

C34 = 22%0.9*%0.05%0.9%1000 = 891 g fat, equivalent to
891%3.135%24/1200 = 55.866 mol C.



The rate constant for milk fat secretion is found as:

K183 = R183/C34 = 3,135/55.866 = 0.056 h~1,

Nitrogen transactions

The rates of milk protein synthesis and secretion are described as

follows:
R59 = RS59M*A18/(K59+A18) (milk protein synthesis, mol N/h)
R60 = K60%A19 (milk protein secretion, mol N/h)

The rate of protein synthesis (R59) is equal to the rate of amino
acid uptake (R51) as the outflow of amino acids from the gland
(RS8) is considered to be negligible (Clark et al. 1978):

R59 = R51 = 0.458 mol N/h.

From the papers of Clark et al. (1980), Baumrucker (1984), and
Waghorn & Baldwin (1984) the intracellular concentration of free
amino acids is estimated to be 30 mmol/l. The average molecular
weight of protein bound amino acids in milk protein is 116
(Jenness 1982, Swaisgood 1982), and the protein: nitrogen ratio is

6.38 (Jenness 1974). From this the amino acid pool size can be
calculated:

A18 = 30+%116%14.85/(6.38%14.01*%1000) = 0.578 mol N.

Although the mechanism of milk protein synthesis and secretion has
veen described in detail in several reviews (e.g. Larson 1979,
Mercier & Gaye 1982), data on the kinetic aspects of these pro-

cesses are difficult to find in the literature. However, it is as-



sumed here that the affinity constant for milk protein synthesis

is of the same order as the intracellular amino acid pool:

K59 = A18 = 0.578 mol M.

It follows that the maximal rate of protein synthesis is:

R59M = 0.917 mol N/h.

The rate of milk protein secretion is egual to the rate of milk

protein synthesis:

R60 = R59 = 0.458 mol N/h.

The state variable A19 represents the content of milk protein in
Golgi vacucles and secretory vesicles, the volume of which is
0.594 | as estimated previously. The concentration of protein in
these vesicles is assumed to be eqgual to the concentration in
milk, which is 34 g/kg (panfar 1983b) equivalent to 0.39 mol N/L:

A19 = 0.594%0.39 = (.232 mol N.

Finally, the rate constant for milk protein secretion is derived:

K6D = R60/A19 = 0.458/0.232 = 1.976 h~1,

The muscle tissue

The nutrients taken up by the muscle tissue compartment from the
extracellular fluid compartment are acetate and ketone bhodies
(R157), glucose (R161), free fatty acids (R166), and amino acids
(R52).



Carbon transactions

The metabolism of energy-yielding nutrients is simulated by the

egquations below:

R184 = R1IB4M*CAZD/{(KTIB4+CAZD) (ketones prcduced by amino
sacid deamination, mol C/h)
R185 = R185M*C35/(K185+C35) (oxidation of acetate and
ketone bodies, mol €/h}
R186 = RIBOM*C36/(K186+C36) (glycolysis into lactate,
mol C/h)
R187 = RIBVM»C36/(K187+C36) (oxidation of glucose, mol C/h)
R188 = R188M»*C37/(K188+C37) (oxidation of fatty acids,
mol C/h}

The total production of ATP in muscle tissue is estimated as
approximately 200 mol ATP/d (Madsen 1983¢, Danfar 1983b). Fronm
this and from the oxidation rates of nutrients taken up into the

tissue the rate of amino acid deamination can be calculated:

R184 = (.142 mol C/h.

The affinity constant for amino acid catabolism is of the same
order as the amino acid concentration in blood plasma (Krebs 1972
c.f. Lindsay 1980):

K184/¥6 = KCA¥A16/V4 = 3.8%«0.504/150 = 0.0128 mol C/L.

The mass of muscle protein (A21) is estimated as 43.6 kg (see sub-
section 3.3.3), and the protein concentration in the tissue is 20%
{Harper 1973, Riis 1983b). The water content in muscle tissue is
71% (Smith & Baldwin 1974), and the volume of tissue water is

therefore:
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Vé = 43.6%0.71/0.20 = 155 L.

Hence, the affinity constant for amino acid catabolism is:

K184 = 0.0128%155 = 1.984 mol C.

The intracellular pool of free amino acids (A20) is estimated in

subsection 3.3.3 as 4.251 mol N. Converted into carbon this is:
CA20 = KCA*A20 = 3.8%4.251 = 16.154 mol C.
Then, the maximal rate of amino acid deamination is obtained:
R184M = D.1594 mol C/h.
The rate of acetate and ketone body oxidation (R185) is the sum of
tissue uptake (R157) and endogenous production (R1B4):
R185 = R157+R184 = 0.577+0.142 = 0.719 mol ¢/h.
The intracellular concentrations of acetate and ketone bodies fall
in the range of 1-2 mmol/kg tissue (Reich & Sel 'kov 1981), which
is about the same as the intracellular concentration in mammary
tissue {(Forsberg et al. 1985b):

C35/V6 = C29/¥5 = 0.01 mol C/L.

Hence, the pool size of acetate and ketone bodies in muscle tissue

is:

€35 = 0.01%*v6 = 0.01%155 = 1.55 mol C.

The maximal capacity of acetyl-CoA synthetase in muscle tissue is

0.1 mmol per min per kg fresh weight (Reich & Sel ‘kov 1981). This



value is used to estimate the maximal rate of acetate and ketone

body oxidation:

R185M = 0.1%2%60%43.6/(0.20%1000) = 2.616 mol C/h,

and the affinity constant is derived as:

K185 = 4,08% mol C.

The rate of lLactate production from glucose (R186) is equal to the

rate of Lactate outflow (R189), which was estimated in the pre-

vious subsection 3.3.3:

R186 = R189 = 0.40% mol C/h.

The intracellular concentration of glucose is generally in the

millimolar range (Reich & Sel ‘kov 1981). In muscle tissue it has

been estimated as 2mM like in the mammary gland (McVeigh & Tarrant

1982, Forsberg et al. 1985b), and the mass of the glucose pool
{(C36) is therefore:

C36/v6 = 2%6/1000 = 0.012 mol C/L,
€36 = 0.012%155 = 1.860 mol C.

According toc Reich & Sel kov (1981) the maximal capacity of lac-
tate dehydrogenase is very high in muscle tissue and the produc~
tion of Lactate is assumed here to occur at 25% of its maximal
rate:

R186M = R186/0.25 = 0.409/0.25 = 1.639 mol {/h.

The affinity constant for the process in then calculated:

K186 = 5.582 mol C.



Compared to lactate dehydrogenase the maximal capacity of pyruvate

dehydrogenase comptex s low (Reich & Sel kov 1981). It is there~-
fore assumed that the rate of glucose oxidation to COpz (R187) is
correspondingly low, and that it is occurring near its maximal

rate:

R187 = 0.025 mol C/h,
R187M = R187/0.90 = 0.028 mol C/h.

The affinity constant is calculated as:

K187 = 0.2232 mol €.

The rate of glucose uptake in the muscle tissue compartment (R161)

is then calculated:

R161 = R186+R187 = 0.434 mol C/h.

The free fatty acids taken up from the extracellular fluid (R166),

estimated in subsection 3.3.3, are exclusively used for oxidation:

R188 = R166 = 0.500 mol C/h.

The intracellular concentration of free fatty acids is taken as
G6.1 mmol/kg tissue (Reich & Sel "kov 1981) and the mass of the free

fatty acid pool is, accordingly:

C37 = 0.1%16+%463.6/(0.20%1000> = 0.349 mol C.

The capacity for fatty acid transport across the mitochondrial

membrane (carnitine palmitoyltransferase) in muscle tissue 1is much
higher than the maximal activity of acyl-CoA synthetase, which is
0.1 mmol per min per kg fresh weight (Reich & Sel "kov 1981). This
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value is used in the model to calculate the maximal rate of fatty

acid oxidation:

R188M = 0.1%16%60%43.6/(0.20%1000) = 20.928 mol C/h.

The affinity constant for fatty acid oxidation can now be derived:

K188 = 14,259 mol C.

Walsh et al. (1981) have measured the concentration of lactate in

ovine muscle tissue as 5 mmol/kg. According to this the pool of

muscle lactate (C38) is estimated as:

€38 = 5%3%43.6/(0.20%1000) = 3.270 mol €,

and the rate constant for lLactate outflow from muscle tissue is:

K189 = R189/C38 = 0,409/3.270 = 0.1252 h~

as previously given in subsection 3.3.3.

Nitrogen transactions

The rates of amino acid and protein metabolism are defined as fol-

Lows:
R62 = REZM*AZD/(K62+A20) {muscle protein synthesis,
mol N/h)
R62M = LE2+ME2*INSUL {(mol N/h)
R63 = K&3xA21 (muscle protein breakdown,

mol N/h3



The rate of musclie protein synthesis and the free amino acid pool

size (A20) are estimated in the previous subsection 3.3.3:

R62
AZ2D

1]

0.187 mol N/h,
4.251 mol N.

The Ky values for the initiation of protein synthesis are much
lower than the intracellular concentrations of free amino acids
(Lindsay 1980). It follows from this that protein synthesis will

occur at a rate near the maximal capacity:

R62M = R62/0.90 = 0.187/0.90 = 0.208 mol N/h.

Insulin stimulates muscle protein synthesis most Likely by increa-
sing Vmayx (Bergman & Heitmann 1978, Waterlow et al. 1978c¢c, Buttery
& Vernon 1980, Young 1980, Riis 1983aJ). Hence, the maximal rate

{(R62M) is dependent on the plasma insulin concentration {(INSUL) in
the model. The independent part of R462M is assumed to be zero, and

the dependent part is calculated accordingly:

L&2
Mé2

H

0.0 mol N/h,
REZM/INSUL = 0.208/0.520 = 0.399 mol N#L/(h*ug)

Hi

The atffinity constant for muscle protein synthesis is then obtain-
ed:

K62 = 0.4723 mol M.

Net protein mobilization from muscle tissue was calculated in the
previous subsection 3.3.3 as 0.018 mol N/h. The rate of muscle
protein breakdown is estimated as the sum of protein synthesis and

mobilization:

R63 = 0.187+0.018 = 0.205 mol N/h.




The mass of muscle protein is previously estimated (A21 = 498 mol

N), and the rate constant for protein breakdown is derived as:

K63 = R63/A21 = 0.205/498 = 4.1%10"% p~1,

The adipose tissue

Nutrients taken up by the adipose tissue compartment from the
extracellular fluid compartment are acetate and ketone bodies
{R1583, glucose (R162), fatty acids (R173A), and glycercol {(R17383.

The intermediary metabolism in this compartment is mainly concer-

ned with Lipid synthesis, lLipolysis, and substrate oxidations:

R190 = RI90OM*L39/(K190+C39) {fatty acid synthesis from
acetate and ketone bodies,
mol C/7h)

R190M = L190+M190+*INSUL {mol C/h)

R191 = RIPIM*CI9/(K191+C39) (oxidation of acetate and
ketone bodies, mol C/h)

R193 = RI93M*C40/(K193+C40) {oxidation of glucose, mol C/h}

R195 = RIGSM*C41/7(K195+C41) (body fat synthesis, mol C/h)

R195M = L195+M195*INSUL (mol C/h)

R196 = K196+R195 (esterification of body fat,
mol C/7h)

R192 = R196 (glycerol synthesis, mol C/h)

R197 = RIITM*CLI/(KI1FT7+C43) (body fat breakdown into fatty
acids, mol C/h

R197M = L197-M197*INSUL (mol C/h)

R198 = K198*R197 (body fat breakdown into

gtycerol, mol C/h)



At peak lactation (5-6 weeks post partum) the total fat content in
the cow is 80 g/kg body weight (Butler-Hogg et al. 1985):

80%600/1000 = 48 kg. The fat content in adipose tissue is given as
760 g/kg by Reiser (1975), and the total mass of adipose tissue is
cansequently calculated as: 48/0.76 = 63.2 kg.

The content of water in adipose tissue is estimated from Smith &
Baldwin (1974) and from Christie (1981) as 70 g/kg tissue:

V? = 63.2*70/1000 = 4.42 L,

The intracellular concentration of acetate and ketone bodies is
assumed to be 5 times higher than in muscle tissue bhecause of the

Low water content in adipocytes {(Reich & Sel‘kov 1981):
C39/V7 = 5%C35/Vé = 5%0.01 = 0.05 mol C/1L,

and the pool size of acetate and ketone bodies in adipose tissue
is then:

€39 = 0.05%v7 = 0.05%4.42 = 0.221 mol ¢.

The consumption of acetate and ketone bodies in fatty acid synthe—
sis is 7.0 and 0.5 mol/d, respectively, in the static model (Dan-
fear 1983b):

R190 = (7.042+0.5%4)/24 = 0.667 mol C/h.

The activity of acetyl-CoA synthetase in adipose tissue from lac-
tating cows is 75 nmol per min per g (Vernon 1981). Conversion of
this value into terms used in the model gives: 75#2+60+63.2/106 =
0.57 mol acetate-~C/h, which is almost the same as the correspond-
ing rate in the model (7.0%2/24 = 0.58 mol acetate~C/h).



Acetyl-Coh carboxylase is generally considered to be the rate-li-

miting enzyme in the fatty acid synthetic pathway (Bauman 1976,
¥ernon 1981}, Estimates of the activity of this enzyme vary from
10 to 90 nmol per min per g tissue (Vernon 1981), and the highest
value is used here to calculate the maximal rate of fatty acid

synthesis:

G0*2%60#63.2/100 = 0.683 mol acetate-{/h,
RIOM = 0.683%x(7.0%2+0.5%4)/(7.0#%2) = 0.780 mol C/h.

Insulin stimulates the activity of acetyl—CoA carboxylase by
increasing Vpazy (Yang & Batdwin 1973b, Haystead & Hardie 1986J.
The independent part of R190M is assumed to be zero (L190 = 0.0
mol €/hY, and the dependent part is consequently:

M190 = R1F0M/INSUL = 0.780/0.520 = 1.500 mol CxL/Ch*xug),

Estimation of the affinity constant for fatty acid synthesis

gives:

K190 = 0.0376 mol C.

The rate of acetate and ketone body oxidation is found by balan-

cing the substrate pool (C39):
R191 = R158=R190 = 1.377-0.667 = 0.710 mol C/h.

In isolated bovine adipocytes the apparent Ky value for acetate
oxidation is higher than that for acetate conversion into fat
(Yang & Baldwin 1973b). From the results of these authors it can
be roughly estimated that the affinity constant for acetate and
ketone body oxidation is 6 times higher than for fatty acid syn-

thesis:
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K191 = K190%6 = 0.0376%6 = 0.2256 mol C.

The maximal rate of oxidation is then calculated as:

R191M = 1,435 mol C/h.

The estimation of the rate of fatty acid esterification (R19S,
R196) is based on reported enzymatic activities in cow adipose
tissue (Yousef et al. 1969, Baldwin & Smith 1971, Benson & Emery
1971, Benson et al. 1972, Baldwin et al. 1973, Shirley et al.
1973), which range from 0.2 to 28.8 nmol fatty acids per min per g
tissue. Considering the actual stage of Lactation of the model cow

a value of 13.2 nmol per min per g is chosen:

R195
R196

i

13.2%16%60%63.2/106 = 0.800 mol C/h,
K196%R195 = 0.0625%0.800 = 0.050 mol C/h.

The concentration of intracellular free fatty acids (C41/V7)
is estimated as 3 mmol fatty acids per kg tissue (Vernon 1975,
Smith & Walsh 1984, McNamara & Hillers 1986b&c):

C41 = 3%16*63.2/1000 = 3.04 mol C.

It has been questioned if insulin is an important regulator of
fatty acid esterification in ruminant adipose tissue (Vernon 1980,
Prior & Smith 1982). However, insulin seems to decresase the relea-
se of fatty acids from the tissue (Yang & Baldwin 1973a, Bassett
1978), and it is assumed here that insulin stimulates the maximal
rate of fatty acid esterification. This parameter (R195M) is esti-
mated from the highest reported rate of esterification, 29 nmol
fatty acids per min per g tissue (Baldwin et al, 1973):

R195M = 29%16+%60%63.2/100 = 1.759 mol C/h.




The independent part of the maximal rate is assumed to be zero
(L195 = 0.0 mol C/h), and the dependent part (M195) is calculated

as:

M195 = RI9SM/INSUL = 1.759/0.520 = 3.383 mol C*L/{(h*ugl.

From the parameters aobtained above the affinity constant for fatty

acid esterification is found:

K195 = 3.6442 mol C.

The rate of glycerol synthesis from glucose (R192) is equal to the
rate of glycerol used for fatty acid esterification (R196):

R192 = R196 = 0.050 mol C/h.

The amount of glucose not used for glycerol synthesis is assumed
to be oxidized to €O via the pentose-P pathway thus supplying
NADPH for fatty acid synthesis (Baldwin et al. 1973, Yang & Bald~-
win 1973b, Baldwin et al. 19276):

R193 = R162-R192 = 0.191-0.050 = 0.141 mol C/h.

This rate is within & range of in vitro values of glucose conver~
sion into €02 in bovine adipose tissue (Baldwin et al. 1973,
Pothoven & Beitz 1973, Smith & Prior 1986): 5.8-6.6 nmol per min
per g eguivalent to 0.13-0.15 mol C/h.

The fraction of available glucose utilized in glycerol synthesis
is: R192/R162 = 0.050/0.191 = 0.26 as found by Yang and Baldwin
(1973b) c¢.f. Verncon (1931).



The intracellular concentration of glucose in adipose tissue is
assumed to be 0.06 mol C/L (Eichner & Arnold 1979), which is 5
times higher than in tissues with a high moisture content, i.e.
mammary gland and muscles (C30/V5 = C36/¥6 = 0.012 mol C/L).
Hence, the glucose pool size in adipose tissue is:

C40 = 0.06%v7 = D.06=%*4.42 = 0.265 mol C.

The maximal rate of glucose oxidation is estimated from the high=-

est values of C0p production from glucose in subcutaneocus adipose

tissue (62 nmol per min per g) found by Pothoven & Beitz (1973):

R193M = 62%60%63.2/106 = 0.235 mol C/h.

The affinity constant is then obtained:

K193 = 0.1775 mol C.

The release of fatty acids from the adipose tissue is estimated in

the previous subsection 3.3.3:

R194 = 1.610 mol C/h.

This value 3s in agrement with results from in vitro studies of

Metz & van den Bergh (1977) and McNamara & Hillers (1986a).

The rate constant for fatty acid release is:

K194 = R194/C41 = 1.610/3.04 = 0.5296 h~1,

The rate of Lipolysis (R1973 is calculated by balancing the intra=-
cellular pool of free fatty acids (C&1):




R197 = R194+R195-(R173A+R190)
1.610+0.800-(0.290+0.6467) = 1.453 mol C/h,

which is of the same order as Llipolytic rates found in vitro by
Metz & van den Bergh (1977): 12-28 nmol fatty acids per min per g

tissue corresponding to 0.7-1.7 mol €/h.

The adipose tissue compartment contains 48 kg fat. Assuming that

it is all tripalmitin the pool size of body fat is obtained as:

43 = 48x51/0.807 = 3030 mol C.

The maximal rate of lipolysis is estimated from a ncrepinephrine
stimulated fatty acid release of 3.5 mmol per h per kg tissue
(McNamara & Hillers 1986a):

R197M = 3.5%16%63,2/1000 = 3.539 mal C/h.

As discussed by Danfar (1983b) the "antimobilizing" effect of in=
sulin could be due to a stimulated esterification, an inhibited
lipolysis, or both. It is assumed here that insulin to some extent
decreases the maximal rate of Lipolysis (R197M). It is further
assumed that in late lactation when the insulin concentration is
increased (INSUL = 0.80 ng/mlL), the maximal rate of Lipolysis is
only 10% of its value in early lactation (INSUL = 0.52 ng/ml):

L197-M197*0.52 = 3.539 mol C/h

L197-M197%0.80 = 0.354 mol C/h

L197 = (3.539*0.80-0.354%0.52)/(0.80~0.52) = 9.454 mol C/h

M197 = (9.454-3.5393/0.52 = 11.375 mol C*L/Ch*xugl.

The affinity constant for Llipolysis is now derived:

K197 = 4349.6 mol C.
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Glycerol from degraded body fat is not reutilized in the adipose
tissue because of a very low activity of glycerol kinase (Khacha=-
durian et al. 1967, Hood et al. 1972, Hartin & Wilson 19742). The
rate of glycerol release from degraded body fat (R198) is obtained
from the rate of Lipolysis (R197):

R198 = 0.0625%1.453 = 0.091 mol C/h.

The rate of total outfiow of glycerol from the adipose tissue
(R199) is then calculated by balancing the glycerol pool (C&44):

R199 = R173B+R198 = 0.018+0.091 = 0.109 mol C/h.

The concentration of glycerol in adipose tissue is probably higher
than in the extracellular fluid: C44/V7>0.105 amcol C/L (see sub-
section 3.3.3). The ratioc between the concentration of free fatty
acids in adipose tissue and in the extracelliular fluid is:
(C41/V73/7(L26/V4)y = 83, and the corresponding ratio for glycerol
is assumed to be 100: (C44/v7)/(1.05%x10%) = 100. Hence, the mass

of free glycerol in adipose tissue is calculated as:
C44 = 100%4.42%1.05/10% = 0.046 mol C,

and the rate constant for glycerol outflow from the adipose tissue

is finally obtained as:

K199 = R199/C44 = 0.109/0.0486 = 2.370 h~1,

Other tissues

This compartment comprises tissues which are not dealt with in the
foregoing subsections, i.e. bones, connective tissue, nerve and

brain tissues, blood cells, lungs, hair, hoofs etc. Nutrients




taken up from the extracellular fluid compartment are acetate and
ketone bodies (R159), glucose (R163), free fatty acids (R167), and

amino acids (R53).

Carbon transactions

The following equations describe the nutrient oxidations:

R200 = R200M%C45/(KZ200+C45) (oxidation of acetate and
ketone bodies, mol C/hJ
R20% = R201M*C46/(K201+C46) (oxidation of glucose, mol C/h)
R202 = R20Z2M*C4T7/(K202+C47) (oxidation of fatty acids,
mol C/h)

The rate of acetate and ketone body oxidation is egual to the rate
of tissue uptake (R159):

R200 = R159 = 1.019 mol C/h,

and this is assumed to occur at 60% of the maximal rate:

R200M = 1.019/0.60 = 1.699 mol C/h.

The intracellular concentration of acetate and ketone bodies is

assumed to be the same as in mammary and muscle tissues:

C45/V8 = C29/V5 = (35/v6 = 0.01 mol C/L.

The volume of "metabolic™ water in the other tissue compartment is

estimated as:

vs = 20.0 ,
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and the mass of the acetate and ketone body pool is consequently:

€45 = 0.01%20.0 = 0.2060 mol C.

The affinmity constant for acetate and ketone body oxidation is

caleulated as:

K200 = 0.1332 mol C.

The rate of glucose oxidation (R201) is egual to the rate of glu-

cose uptake (R163):

R201 = R163 = 0.086 mol C/h.

The dintracellular concentration of glucose s assumed to be the

same as in the mammary gland and muscle tissue:

C46/¥8 = C30/V5 = C36/vé6 = 0.012 mol C/L,

and the glucose pool size in other tissues is accordingly:

C46 = 0.012+v8 = 0.012%20.0 = 0.240 mol C.

It is assumed that glucose is oxidized at a rate near the maximal

capacity:

R201M = R201/0.85 = 0.086/0.85 = 0.101 mol C/h,

and the affinity constant for glucose oxidation can then be

cbtained as:

K201 = 0.0449 mol C.




Fatty acids are oxidized (R202) at the same rate as they are taken
up (R1673:

R202 = R167 = 0.167 mol C/h.

The intracellular concentration of free fatty acids is taken to be

equal to that in muscle tissue:

C47/V8 = C37/V6 = 0.00225 mol C/L,

and the free fatty acid pool size is therefore:

C47 = 0.00225+v8 = 0.00225%20.0 = 0.045 mol C.

As in muscle tissue, the affinity constant for fatty acid oxida-

tjon is supposed to be high compared to the substrate pool size:

K202/C47 = K188/C37 = 14.259/0.349,
K202 = 0.045%14.259/0.349 = 1,839 mol C.

Hence, the maximal rate is derived as:

R202M = 6.978 mol C/h.

Nitrogen transactions

The last two egquations define the amino acid and protein metabo-

Lism:

R65 ROSHM*AZ22/(K65+A22) (protein synthesis, mol N/h)
R66 = KO66*AZ3 (protein breakdown, mol N/h)

i
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The protein synthesis rate is equal to the rate of amino acid up-
take (R93):

R65 = R53 = 0.192 mol N/h.

The intracellular pool of free amino acids is estimated in sub-

section 3.3.3:

A22 = 2.817 mol N.

As in muscle tissue, protein synthesis is taken to be occurring at

a rate near the maximal capacity:

R65M = R65/0.90 = 0.192/0.90 = 0.214 mol N/h.

from these parameter values the affinity constant for protein syn-—

thesis is obtained:

K65 = 0.313 mol N.

The rate of protein breakdouwn (R66) can be found by balancing the

free amino acid pool (A22):

R66 = R64+R65-R53 = Ré4 = 0.203 mol N/h,

or from the protein balance (= =0.7 mol N/d) in body tissues esti-

mated in the previocus subsection 3.3.3:

(R63-R62)+(R66-R65) = 0.7 mol N/d,
R66 = 0.7/24+R62+R65-R63 = 0.203 mol N/h.

The mass of the protein pool (A23) is estimated in the foregoing

subsection 3.3.3:




A23 = 330 mol N,

and the rate constant for protein breakdown is finally derijved:

K66 = RE6/A23 = 0.203/330 = 6.2%107% ™1,

3.3.5 #hole animal performance

In this subsection equations which relate the appropriate meta-
bolic rates to whole animal performance are presented and commen-—

ted on.

This part of the computer program is formulated in the SAS pro-
gramming language (SAS User’s Guide 1982a&b) and is shown in
Appendix 4. The calculated parameters are feed intake, milk yield
and milk composition, live weight gain, and aspects of energy

metabolism.

paily feed intake and the production of milk and milk constituents

are derived by the following equations:

DMI = INTGRL(O.O,FT) (dry matter intake, kg/d)
LACT = F182%28.525 (milk Lactose production, g/d)
MILK = LALT/48.0 (milk production, kg/d)

FAT = F183%(16.174+1179%12.682)/(1+L179)

(milk fat production, g/dJ
CFAT = FAT/MILK (milk fat content, g/kg)
PRO = F60*89.384 (milk protein production, g/d)
CPRO = PRO/MILK (milk protein content, g/kg)
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Intake of feed dry matter is calculated by integration of the rate
variable, FT, over 24 h. FT is the rate of dry matter intake and
has the numerical value 0.0 or 3.3 kg dry matter per h depending
on whether the cow is eating or not (see subsection 3.2.1 and sub-
routine REGUL1T, Appendix 2J.

The production of lactose is obtained from the rate of lactose

secretion (R182):

F182 = INTGRL(0.0,R182).

At this stage the nutrient fluxes (mol/d) are calculated by multi-
plying the rates (mol/h) estimated previously by 24:

F182 = R182%24 = 2.105#%24 = 50.520 mol C/d.

The conversion factor is calculated from the molecular weight

{342.3) and the number of carbon atoms per mole (12):

LACT = F182%342.3/12 = 50.520%28.525 = 1441 g/d.

The milk yield is calculated on the assumption that the milk lac~-
tose concentration is constant (Davies et al. 1983). The content
of Llactose in milk is taken to be 48 g/kg as in the static model
(Danfar 1983b):

MILK = LACT/48.0 = 1441/48.0 = 30.0 kg/d.

The rate of milk fat secretion is derived from the production
rates of fatty acids (R179) and glycerol in milk fat (R181). The
mass of milk fatty acids produced is given in subsection 3.3.4 as
1138.7 g/d, and the flux of milk fatty acids is: F179 = R179%24 =




70.405 mol C/d. The mass of fatty acids per mol C is then:

1138.7/70.605 = 16.174 g/mol C.
The molecular weights of glycerol and water are 92.094 and 18.016,
respectively. Hence, the mass of glycerol per mol C corrected for
Loss of Hp0 during esterification is:

92.094/3~-18.016 = 12.682 g/mol C.

The rate of production of milk fat can now be obtained:

FAT = F179%16.174+F181%12.682
FAT = F179%(16.174+L179%12.682)
F183 = F179+F181 = F179%(1+L179)
F179 = F183/(1+L179)

F183 = R183%24 = 3.135+24 = 75.240 mol C/d

FAT = F183%(16.174+L179%12.682)/(1+L179)
= 75.240%(16.174+0.06863%12.682)/1.06863 = 1200 g/d
CFAT = FAT/MILK = 1200/30.0 = 40 g/kg.

The rate of milk protein production is calculated from the rate of
protein secretion (R60). The mass of milk protein per g milk N is
6.38 g (Jenness 1974) and the atomic weight of N is 14.07:

F60 = R60#24 = 0.458%24 = 10.992 mol N/d
PRO = F60*14.01%6.38 = Fb60%89.384

= 10.992%89.384 = 983 g/d
CPRO = PRO/MILK = 983/30.0 = 33 g/kg.

The tissue energy balance and the live weight gain of the cow are

calculated as follows:
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EBAL = (F147~-F152+F195-F197)%10.027/16+
(F145-F151+F196-F198)*1.66/3+
(F43-FLOH+FE2~FE3+FE5-F66)%2.065 (energy balance, MJ/d)

GAIN = EBAL/25.0 (live weight gain, kg/d)

The calculation of tissue energy balance is based on the reten-
tion of fat (fatty acids and glycerol) and protein in the Liver
and body tissues. The values for heat of combustion are: 10.027
MJ/mol fatty acid (C14:p7, 1.66 MI/mol glycerol, and 2.065 MJ/mol
N (Livesey 1984). The total energy balance is composed of energy
balances in the pools of Liver fat (C20), adipose tissue fat
(€43), liver protein (A15), muscle protein (A21), and protein in

other tissues (A23). The relevant nutrient fluxes are:

F147 = R147%24 = 0.0289%24 0.694 mol C/d
F152 = R152%24 = 0.116%24 = 2.784 -
F145 = R145%24 = 0.0018#%24 0.043 -
F151 = R151%24 = 0.0072%24 0.173 -

i

F195 = R195%24 = 0.800#%24 = 19.200 -
FI197 = R197%24 = 1.453%24 = 34.872 -
F196 = R196#%24 = 0.050#%24 = 1.200 -
F198 = R198%24 = 0.091%24 = 2.184 -

F43 = R43+#24 = D.164%24

3.936 mol N/d

F&aé = R&46%24 = 0.164%24 = 3.936 -
Fé62 = R62424 = D.187%24 = 4.488 -
F63 = R63%x24 = D.205%24 = 4.920 -
F65 = R65%24 = (.192%24 = 4.608 -
F66 = R66%24 = (.203%24 = 4,872 -

EBAL = (=17.762)*10.027/16+C(-1.114)%1.66/3+(~0.696>%2.065
= -13.18 MJ/d.



The heat of combustion of live weight gain is assigned a wvalue of
25.0 MJ/kg (Vermorel 1978):

GAIN = EBAL/25.0 = -13.18/25.0 = ~0.527 kg/d.

Energy metabolism on a whole animal basis is expressed in terms

comparable to results from traditional respiration experiments:

MAIN = 0.53#(0.90*(BW+GAIN/2)2%%0D.67
{net energy requirement for
maintenance, MJ/d)

MILKE = (LACT*16.527+FAT*38.116+PRO#*24.5183/1000
(energy in milk, MJ/dD

GE = FGE (gross energy intake, MJ/d)

FE = FFE (faecal energy, MJ/d>

DE = GE-FE (digestible energy, MJ/d}

ME = DE*(0.84 (metabolizable energy, MJ/d)

MEE = (FCHT11+FCHT24)%0.89 (methane energy, WJ/dD

UE = DE~ME-MEE (urinary energy, MJ/d)

PRODE = MILKE+EBAL (net energy for production, MJ/d)
HE = ME-PRODE (total heat production, MJ/d)

NE= MAIN+PRODE {net energy intake, MJ/d)

SFU = NE/7.89 (ret energy intake, SFU/d)}

The net energy requirement for maintenance is calculated as the
fasting metabolism related to empty body weight (ARC 1980): F =
0.53*W**x0.67. Empty body weight (W) is estimated as 90% of the
Live weight, which in turn is calculated as the average of the
initial weight (BW = 600 kg) and the final weight of the cow
(BW+GAIN):

MAIN = 0.53%(0.90%599.74)%*%0.67 = 0.53%67.70 = 35.88 MJ/d.



The values for heat of combustion of milk lactose, milk fat, and
milk protein are taken as 16.527, 38.116, and 24.318 kJ/g, re-

spectively {(Ffrederiksen 1931). Hence, milk energy is obtained as:

MILKE = (1441%16,527+1200438.116+983%24.518)/1000 = 93.66 MJ/d.

The daily intake of gross energy is calculated by integration of
the rate of gross energy intake (RGE = 13.596 MJ/h) estimated in

subsection 3.3.1:

GE = FGE = INTGRL(U.O,RGE) = 13.596%24 = 226.30 My/d.
Faecal energy output is calculated in the same way from the rate
of faecal energy loss (RFE = 4.114 MJ/h) estimated in subsection

3.3.2:

FE = FFE = INTGRL(O.0,RFE) = 4.114%24 = 98.74 MJ/d.

bigestible energy is:

DE = GE~FE = 326.30-98.74 = 227.56 Mi/d,

and metabolizable energy is assumed to be 84% of the digestible
energy (Flatt 1966, Van Es 1978):

ME = DExD.84 = 227.56%*0.84 = 191.15 MJ/d.

The loss of energy in methane is derived from the methane produc-—
tion rates in ruminal (RCH111 = 0.917 mol C/h) and in hind gut
(RCH124 = 0.092 mol C/h) fermentations. The heat of combustion of
methane is 0.89 Mi/mol € according to a standard table (Handbook




of Chemistry and Physics, 54th ed. 1973-74):

MEE CFCHTHIT+FCH124)%0.89

€0.917+0.0923%24%0.89 = 21.55 MJ/d.

i

Urinary energy output is cbtained by difference:

UE = DE~ME-MEE = 227.56-191.15-21.55 = 14.86 MJ/d.

Met energy for production is the sum of energy in milk and the

tissue energy balance:

PRODE = MILKE+EBAL = 93.66+(~13.18) = 80.48 mMJ/d,

and the total heat loss from the animal is the difference between

metabolizable energy and net energy for production:

HE = ME-PRODE = 191.15-80.48 = 110.67 MJ/d.

Net energy intake is the sum of the net energy used for mainte-

nance and for production:

NE = MAIN+PRODE = 35.8B8+80.48 = 116.36 MJ/d.

Expressed in Scandinavian Feed Units (SFU) this is:

SFU = NE/7.89 = 116.36/7.89 = 14.75 SFU,

as 7 SFU is equivalent to the heat of combustion of 2.5 kg 4% fat

corrected milk (Frederiksen 1931): 2.5 kg FCM = 1 SFU = 2.5%3.155
= 7.89 MJ.
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It should be noted that the true net energy calculated here (SFU =
14.75) is less than the feed units (SFU = 16.0) estimated from the
chemical compostition of the feed {(see section 3.1). This discre~
pancy is related to the level of feed intake (Tyrrell & Moe 1975,
Panfar 1983a).

In the last equations the energy terms estimated above are

expressed as percentages of the gross energy:

FEPCT = 100%FE/GE
DEPCT = 100*DE/GE
MEEPCT = 100*MEE/GE

L]

30.3 (faecal energy, %)
69.7 (digestible energy, %)

i

6.6 (methane energy, %)

UEPLT = 100=UE/GE = 4.5 f(urinary energy, %)
MEPCT = 100*ME/GE = 58.6 (metabolizable energy, %)
HEPCT = 100*HE/GE = 33.9 (heat energy, %)

PRODEP = 100%PRODE/GE = 24.7 (net energy for procudtion, %)
NEPCT = 100%NE/GE = 35.7 (net energy intake, %)

This percentage distribution of the gross energy intake is well
within a range of experimental results from respiration trials on
cows having milk yields from 11 to 40 kg 4% fat corrected milk
(Coppock et al., 1964, Flatt 1966, MoeAet al. 1966, Tyrrell et al,.
1982a, Coppock 1985).




4 RESULTS OF MODEL SIMULATIONS

In this chapter the behaviour of the model, i.e, the simulation
results will be presented. In section 4.7 the solutions of the
dynamic model are compared to results from the static model
(Hvelplund 1983, banfaer 1983b), which was the basis for the con-
struction of the dynamic model (see section 3.1). Some comparisons
with Literature data are also made. Examples of simulated daily
variations in rates of digestive and metabolic processes, in sub=
strate pool sizes, and in affinity constants are given in section
4.2. The last section of the chapter is concerned with model sta-
bility.

4.1 Comparison of results from the dynamic and the static model

In the static model all rates of transaction are regarded to be
constant within a day. This means that the outcomes of the static
model are daily averages of the individual digestive and metabolic
rates. These outcomes are compared to daily fluxes of matter com-
puted by the dynamic model., The daily fluxes are flow rates inte-
grated over 24 h describing the processes in the individual conm—
partments of the model (subsections 4.1.1-4.1.3y. Some of the re~
sults from the dynamic model are evaluated against literature da-
ta. These data are not included in the Literature base which was

used for development of the model.



The estimations of parameter values in the dynamic model are de-
scribed in section 3.3. In order to obtain practically the same
soluticns from the dynamic and the static model many of these pa-
rameter values have been adjusted during repeated simulations. The

adjustments are commented on in subsection 4.1.4.

In the following presentations the results from the dynamic model
are means of 10 runs (run 26-35). The first 25 runs are regarded

as a period of model equilibration, and are therefore discarded.

4£.1.1 Feed intake, animal performance, and energy balance

The daily feed intake, milk production, and live weight gain of
the model cow simulated by the dynamic and by the static model are
given in Table 4.7. The stage of lactation of the cow is 44 days

post partum as described in subsection 3.3.3.

The simulated results for feed intake and animal performance are
almost jdentical in the two cases. The only difference worth
mentioning is that the dynamic model gives a lower milk protein
yield (983 g/d) than the static model (1020 g/d). The explanation
of this is simply that different values for the molecular weight
of protein bound amino acids in milk have been used, i.e. 116 in

the dynamic {(see subsection 3.3.4) and 120 in the static model.

Table 4.2 shows energy intake, energy losses, and energy balance of
the model cow simulated by the dynamic and by the static model.

There are hardly any differences between results from the 2 models.




Table &.1. Daily feed intake, milk production, and live weight
gain in a model cow simulated by the dynamic and by

the static model.

VYariable Dynamic model Static model
fFeed intake, kg DM 18.0 17.9
Milk yield, kg 30.0 0.0
Milk lactose yield, g 1442 1440
Lactose in milk, g/kg 48.0 48.0
Mitlk fat yield, ¢ 1204 1200

Fat in milk, g/kg 40.1 40.0
Milk protein yield, g 983 1020
Protein in milk, g/kg 32.7 34,0

Live weight gain,kg -0.53 -0.51
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Table 4.2. Energy balance in a model cow simulated by the dynamic
and by the static model.

Dynamic model Static model

Variable Md/d %4 MJd/d %
Gross energy intake 327.9 100.0 327.5% 100.0
Faecal energy 99.7 0.4 97.1 29.6
Digestible energy 228.2 69.6 230.4 70.4
Methane energy 21.5 6.5 20.7 6.3
Urinary energy 15.0 4.6 14.6 4.5
Metabolizable energy 191.7 58.5 195.1 59.6
Heat energy 111.0 33.9 113.4 34,6
Net energy for production 80.7 24 .6 81.7 24 .9
Energy in milk 93.8 28.6 94.5 28.8
Energy in tissue gain -13.1 ~4.0 -12.8 ~-3.9
Net energy for maintenance X5.8 10.9 35.5 10.8

Net energy intake 116.5 35.5 117.2 35.8




Iin the following subsections simutlation results from the dynamic

model will be presented in more detail. Not all nutrient fluxes,
but some important ones describing digestion and absorption, Lliver
metabolism, mammary gland metabolism, and body tissue metabolism

are compared to the corresponding results from the static model.

A complete Llist of all fluxes of nutrients and metabolites simula~
ted by the dynamic model is given in Appendix 9 together with re-

sults of the static model.

4.1.2 Digestion and absorption of nutrients

Simulated results of metasbolism in the rumen compartment and 1in
the intestinal compartment are shown in Tables 4.3 and 4.4, re-
spectively (see figures 2.1-2.3 for ddentification of fluxes). The
results of the dynamic model deviate very little (mostly below 1%
from the results of the static model. The absolute deviations do
not exceed 1 mol/d of ¢ or N in any of the cases where the rela-

tive deviation is more than 1%.



Table 4.3. Aspects of rumen metabolism simulated by the dynamic

and by the static model.

Dynamic Static peviationt?

Process mode L mode L %
Carbon transactions, mol C/d
Feed intake
Sugar (FSU1T00) 141.0 140.3 0.5
Starch (FST100) 20.8 20.7 0.5
Cell wall carbohydrates (FCE100) 284.3 283.0 0.5
Lipids (FGL100+FLIT00) 47.6 47 .4 0.4
Protein-C degradation (F112-F109) 13.6 13.4 1.5
Passage to the small intestine
Sugar (FSU107) 2.9 2.9 0.0
Starch (FST107+FST110) 3.7 3.2 15.6
Cell wall carbohydrates

(FCE101+FCET07+FCETT0) 163.0 161.7 0.8
Lipids (FLITO01+FLIT10) 57.8 56.9 1.6
Microbial fermentation
Sugar (FS5U106) 136.1 135.3 0.6
Starch (FST106) 19.8 19.5 1.5

1)Deviation of the dynamic model from the static model

(to be continued)




Table 4.3. (continued)

Dynamic Static peviationl?

Process mode L mode L %
Carbon transactions, eol C/d
Cell wall carbohydrates (FCE106) 80.7 80.0 0.9
Protein-C (F114) 44,0 45,3 -2.9
Microbial fermentation products
Acetate (FAC1T11) 101.6 101.5 0.1
Propionate (FPR111) 60.2 60.0 0.3
Butyrate (FBU111) 41.2 41.1 0.2
Methane (FCH111) 21.9 22.0 -0.5
Carbon dioxide (FCO111} 55.6 55.6 0.0
Ricrobial ATP production, mol/d

(F108) 176.3 175.1 0.7
Nitrogen transactions, mol N/d
Crude protein intake (FO) 36.7 36.6 0.3
Protein degradation (F6-F8) 23.9 23.8 0.4
Urea uptake (F55) 4.4 [ 0.0
NH3/NH4* absorption (F16) 5.5 5.5 0.0

1)beviation of the dynamic model from the static model

(to be continued)



Table 4.3. {(continued}

Dynamic Static peviation?)

Process mode L mode L %
Mitrogen transactions, mol N/d

Microbial N metabolism

Net protein synthesis (F9~F12) 20.0 19.9 0.5
Peptides and amino acids (F10) 0.3 0.3 0.0
NHZ/NHZY (F18) 0.1 0.1 0.0
Passage to the small intestine

Undegraded feed protein (FS5+F7) 12.8 12.8 a.0
Microbial crude protein (F19) 20.4 20.3 0.5
NHZ/NHat (F14) 2.4 2.4 0.0

1)beviation of the dynamic model from the

static model




Table &.4. Aspects of intestinal metabolism simulated by the

dynamic and by the static model.

Dynamic Static peviation??
Process mode | mode L %
Carbon transactions, mol C/d
Inflow to the small intestine
Cell wall carbohydrates and
indigestible fatty acids (F116) 167.7 165.8 1.1
Sugar and starch (F117) 7.6 7.1 7.0
Digestible fatty acids (F118) 52.1 51.8 0.6
Passage to the hind gut
Cell wall carbohydrates and
fatty acids (F119+F122) 172.9 171.0 1.1
Sugar and starch (F120) 0.7 0.7 0.0
begraded protein—-{ (F127) 20.3 20.3 0.0
Microbial fermentation in the
hind gqut (F124) 39.9 39.5 1.0
Faecal excretion (F126) 154.0 152.5 1.0
Digestion in the small intestine
Sugar and starch (F121) 6.5 6.4 1.6
Fatty acids (F123) 46,9 46.6 0.6

1ibeviation ¢f the dynamic model from the static model

(to be continued)
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Table 4.4. (continued)

Dynamic Static peviationl?

Process mode L mode | %
Carbon transactions, mol C/d
Glucose metabolism in the
intestinal wall (F129+F131) 3.1 3.1 0.0
Absorption from the small intestine
Glucose (F130) 3.4 3.3 3.0
Triglycerides (F132) 49.8 49.5 0.6
Mitrogen transactions, mol N/d
Inflow to the small intestine
Indigestible dietary and microbial
protein (F22) 8.7 8.6 1.2
Digestible dietary and microbial
protein (F23) 24 .4 24.4 0.0
NH3/NH4t from the rumen (F24) 2.5 2.5 0.0
Indigestible endogencus protein

(F30) 0.4 0.4 0.0
Digestible endogenous protein (F31) 8.7 8.7 0.0
Passage to the hind gut
Dietary and microbial protein,
peptides and amino acids (F25+F26) 13.6 13.6 0.0

1)beviation of the dynamic model from the static model

(to be continued)




Table 4.4. <{(continued)

Dynamic Static peviationl?

Process mode L mode L %
Nitrogen transactions, mol N/d
Endogenous protein (F32+F333 2ot 2.1 .0
Urea uptake in the hind gut (F56) 4.3 4.7 4,9
Net protein degradation in the
hind gut (F28-F36) 5.3 5.3 0.0
Faecal excretion of crude protein

(F29) 10.4 10.4 0.0
Absorption from the intestines
Amino acids (F40) 26.5 26.4 0.4
NHz/NH4t (F35+F37) 12.1 1.9 1.7

1)beviation of the dynamic mocdel from the

static model
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In order to obtain an overall picture of the efficiency of ruminal
and intestinal digestions simulated by the dynamic model the fol-

lowing expressions have been calculated:

Intake of organic matter, kg/d

Carbohydrates: (KSU+KST+KCE)*kg DM intake =

0.6816%17.985 = 12.26
Lipids: (KGL+KLI)Y*kg DM intake =

0.0447%17,985 = 0.80
Protein: (KC+KR)*kg DM intake =

0.1788#%17.985 = 3.22
Total: 16.28

Fermentation of organic matter, kg/d

Carbohydrates: (FSUTODS5+FSUT06)/LSU+(FST105+FST106)/LST+
(FCET05+FCET06)/LCE =
140.93/35.087+20.45/37.037+137.25/37.037 =

4.02+0.55+3,.71 = 8.28
Lipids: FLITO0S/LLI = 4.49/62.402 = 0.07
Protein: (F6-F8)/LC = 23.88/11.423 = 2.09
Total: 10.44

Microbial organic matter, kg/d

Carbohydrates: FSTT110/LST+FCET10/LCE =
3.30/37.037+15.97/37.037 = 0.52

Lipids: FLIT10/63.181 = 17.42/63.181 = (.28

Protein: (F104F13)/LC = 20.29/11.423 = 1.78

Total: 2.58
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True digestibility of organic matter in the rumen

100%10.44/16.28 = 64%

fpparent digestibility of organic matter in the rumen

100*(10.44~2.58)/16.28 =
100%7.86/16.28 = 48%

Absorption of VFA from the rumen, mel/d

Acetate: FAC111/2 = 101.60/2 = 50.80
Propionate: FPR111/3 = 60.18/3 = 20.0%
Butyrate: FBUI11/4 = 41,1974 10.30
Total: 81.16

Efficiency of VFA production in the rumen

pPer kg organic matter fermented: 81.16/10.44 = 7.8 mol

pegradability of dietary protein

100*x(F6~F8)/F0 =
100+23.88/36.73 = 65%



Efficiency of microbial protein synthesis

Synthesis of microbial crude protein:
F19/LC = 20.39/11.423 =

1.78 kg/d = 286 g N/d
Microbial cell DM:
1.78/0.511 = 3.48 kg/d

il

YaTp = microbial cell DM per mol ATP

3480/F108 = 3480/176 = 19.7 g
Microbial N synthesized per:
kg organic matter apparently fermented: 286/7.86 = 36.4 g
kg organic matter truly fermented: 286/10.44 = 27.4 g

Amino acid-N apparently digested in the small intestine:

F23~(F26+F32+F33) =

24.48~-7.09 = 17.39 mol N/

100%17.39/24.48 = 71%
Amino acid-N truly digested in the small dintestine

F27+F34 = 26.50 mol N/d

100%26.50/(F23+F41) =

100%26.50/33.59 = 79%

The model estimates given above for the digestibility of organic
matter in the rumen, the efficiency of VFA production, the degra-

dability of dietary protein, the efficiency of microbial protein




synthesis, and the digestibility of aminoc acids in the small inte-

stine are all in good agreement with corresponding experimental
values in the literature (Klooster & Boekholt 1972, Leng & Murray
1972, Nolan 1975, Satter & Roffler 1973, Smith et al. 1975, Mercer
& Annison 1976, Armstrong et al. 1977, Roy et al. 1977, Smith
1979, Stern & Hoover 1979, Harrison & McAllan 1980, Sutton 1980,
Madsen 198641},

4.1.3%3 H#Hetabolism of absorbed nutrients

Hetabolism in the liver

Aspects of liver metabolism simulated by the 2 models are given in
Tabte 4.5 (see figure 2.5 for identification of fluxes). The rates
of the tisted Liver processes simulated by the dynamic model dif-
fer very lLittle from the results of the static model. In the few
cases where the relative deviation is more than 1%, the absolute

deviations are not higher than 0.4 meol/d of { or N.

The relative contributions to gluconecgenesis from the different

substrates as simulated by the dynamic model are:

Propionate: 100%F136/F139 = 100%54.0/82.3 = 65.6%
Amino acids: 100%F142/F139 = 100%16.3/82.3 = 19.8%
Lactate and glycerol: 100*F144/F139 = 100%12.0/82.3 = 14.6%

Quantitatively, propionate is the most important substrate - as
generally confirmed in the literature. The simulated contribution

of propionate to the total glucose turnover rate is:



100%F136/(F130+F139) =
100%54.0/85.7 = 63.0%,

which is close to an in vivo estimate of 61% (Wiltrout & Satter

1972).

In vivo estimates of the significance of amino acids as substrates

for gluconeogenesis differ widely from different authors using

different experimental approaches. Boekholt (1976) and Bruckental
et al. (1980) concluded that 0-2% of the total glucose turnover

could be derived from aminoc acids. At the other extreme Black et
al. (1968) and Lomax & Baird (1983) estimated that amino acids
could contribute to at least 35% of the glucose synthesis. The

amino acid contribution of 20% simulated by the model falls in the
middle of this range and is in line with an estimate by Elliot
(1976).

The simulated partitioning of propionate and amino acids (keto

acids) between gluconeogenesis and oxidation is as follows:

Propionate to glucose: 100*F136/F133 = 100%54.,0/74.1 = 72.9%

Propionate to C0p: 100%F137/F133 = 100%20.1/74.1 = 27.1%
Amino acids to glucose: T00*xF142/(F142+F143) =

100%16.3/27.0 = 60.4%
Amino acids to C02: 100#F143/ (F142+F143) =

100%10.7/27.0 = 39.6%

It is difficult to confirm these figures since information in the
literature about liver oxidation of propionate and amino acids is
scarce (Elliot 1980), but the estimated proportion of propionate

used for oxidation is probably not too high (Annison & Armstrong

1970, Young 1977).



Table 4.5. Aspects of liver metabolism simulated by the dynamic

and by the static model.

Dynamic Static Peviation?)
Process mode L mode L %
Carbon transactions, mol C/d
Uptake in the Liver
Propionate (F133) 74,1 73.8 0.4
Lactate and glycerol (F164+F168) 13.2 13.2 0.0
Fatty acids (F165+F169) 34.3 34,3 0.0
Gluconeogenesis from
Propionate (F136) 54 .0 54 .1 -0.2
Keto acids (F142) 16.3 16.3 0.0
t.actate and glycerol (F144) 12.0 12.0 0.0
Lipid synthesis
Depot fat (F145+F147) 0.7 0.7 0.0
Lipoproteins (F146+F148) 22.1 22.1 0.0
Lipolysis of depot fat (F151+F152) 2.9 2.9 0.0
Synthesis of ketone bodies and
acetate (F149) 13.8 13.8 g.0

1¥Deviation of the dynamic model from the static model

(to be continued)



Table 4.5. (continued)

231

bynamic Static peviation??

Process mode L mode L %
Carbon transactions, mol C/d
Oxidations
Propionate (F137) 20.1 19.7 2.0
Butyrate (F138) bk [ 0.0
Keto acids (F143) 10.7 10.3 3.9
Fatty acids (F150) 1.8 1.8 0.0
Qutflow from the liver
Glucose (F139> 82.3 82.4 =-0.1
Triglycerides {(F153) 22.1 22.1 0.0
Ketone bodies and acetate (F154) 13.8 13.8 0.0
Mitrogen transactions, mol N/d
Uptake in the Lliver
Amino acids from portal blood

(F&0D) 26.5 26.4 0.4
Amino acids from arterial blood

(F54) 9.8 9.8 0.0
NH3/NH4T (F16+F35+F37) 17.7 17.4 1.7

1)beviation of the dynamic model from the static model

(to be continued)
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Table 4.5. (continued)

Dynamic Static peviationt?

Process mode | mode | %
Nitrogen transactions, mol N/d
Protein turnover
Synthesis {(F43) 4.0 3.9 2.6
Breakdown (F46) 4,0 3.9 2.6
Net amino acid catabolism

(F&5-F47) 7.1 7.0 1.4
Urea synthesis (F48) 24.7 24.4 1.2
Qutflow from the Liver
Amino acids (F&4) 29.2 29.2 0.0
Urea (F49) 24.8 24.4 1.6
Urea excretion in the urine (F57) 16.1 15.9 1.2

1}Deviation of the dynamic model from the static model
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The rate of urea synthesis simulated by the model (F48) is 24.7
mol N/d equivalent to 12.4 mol urea/d. This value can be compared
to results from the study of Bruckental et al. (1980). They esti=-
mated the average irreversible loss rate of urea as 8 mol urea/d
in 3 cows at 8-9 weeks post partum producing 28 kg milk/d. These
cows, however, had a lower protein intake (2364 g crude protein/d)
than the model cow (3216 g crude protein/d). The urea~N is derived
partly from absorbed NH3/NH4+ (F16+F35+F37) and partly from cata-
bolized amino acids (F45~-F47). The proportion contributed by amino
acid catabolism in the Lliver is: (F&45-F&7)/F48 = 7.09/24.75 =
0.29, exactly as estimated by Nolan (1975).

Hetabolism in the mammary gland

The simulations of mammary gland metabolism are listed in Table
4.6 (see figure 2.6 for identification of fluxes). As in the pre-
viocus subsections there are practically no differences between

results from the dynamic and the static model.

Glucose taken up by the mammary gland is used for synthesis of
lactose and glycerol-P as well as for oxidation - mainly in the
pentose phosphate cycle (Smith 1971, Chaiyabutr et al. 1980). The
simulated partitioning of glucose between these pathways is as

follows:
Lactose synthesis: 100xF177/F160 = 100%50.5/468.6 = 73.6%
Glycerol synthesis: 100%xF176/F160 = 100%1.8/68.6 = 2.6%
Oxidation: 100*F178/F160 = 100%16.3/68.6 = 23.8%

This distribution of the glucose consumption in the mammary gland
is very similar to that found by Annison & Linzell (1964) and by
Smith (1971). In other studies with lactating cows it was found

that 72-83% of glucose taken up by the udder was secreted as lac-



tose (Annison et al. 1974, Bickerstaffe et al. 1974, Peeters et
al. 1979, Williams & Elliot 1980).

Some aspects of energy metabolism in the mammary gland can be cal-
culated from the model simulations for comparison with Literature
data:

Kutrient uptake in the udder

Acetate and ketone bodies (F156): 38.3 MJ/d
Glucose (F1603: 32.1 -
Fatty acids (F1728): 30.7 -
Glycerol (F172B): 1.7 -
Amino acids (F51): 24 .1 -
Total energy uptake: 126.9 MJ/d
Energy secreted in milk: 93.8 -
Heat production: 33.1 -

The proportion of total energy uptake secreted in the milk is:
100+%93,.8/126.9 = 74% as estimated by Linzell (1974).

The individual substrates are oxidized at different proportions of

their uptakes:

% of
Mol total % of
C0p/d oo uptake MJ/d
Acetate and ketone bodies (F175): 55.9 72.6 67.9 26.0
Glucose (F178): 16.3 21.2 23.8
Fatty acids (F180): 4.8 6.2 6.4 3.0

Total: 77.0 100.0 36.6



Table 4.6. Aspects of mammary gland metabolism simulated by the

dynamic and by the static model.

Dynamic Static peviationl)
Process mode L mode L %
Carbon transactions, mol C/d
Uptake in the mammary gland
Acetate and ketone bodies (F156) 82.3 82.1 0.2
Glucose (F160) 68.6 68.6 0.0
Fatty acids (F172A) 49.0 48,8 0.4
Glycerol (F1728B) 3.1 3.0 3.3
Syntheses
Fatty acids (F174) 26.4 26.4 0.0
Glycerol (F176) 1.8 1.8 0.0
Milk fat (F179+F181) 75.5 75.2 0.4
Lactose (F177) 50.5 50.5 0.0
Oxidations
Acetate and ketone bodies (F175) 55.9 55.7 0.4
Glucose (F178) 16.3 16.3 0.0
Fatty acids (F180D 4.8 4.8 0.0

1)beviation of the dynamic model from the static model

(to be continued)




Table 4.6. {continued)

Dynamic Static beviationl?
Process mode L mode L %
Carbon transactions, mol €/d
Secretion of milk components
Lactose (F182) 50.5 50.5 0.0
Fat (F183) 75.5 75.2 0.4
Mitrogen transactions, mol N/d
Amino acid uptake (F51) 11.0 1.0 0.0
Milk protein synthesis (F59) 11.0 11.0 0.0
Protein secretion (F60) 11.0 11.0 g.0

1)beviation of the dynamic model from the static model



237

The difference between the calculated heat energy output (33.1
MJi/d) and energy in the oxidized nutrients (36.6 Mi/d) is due to a
conservation of energy in NADPH produced by oxidation of glucose
and acetate and used in fatty acid synthesis (Bauman & Davis
1975).

The estimated proportion of acetate and ketone bodies which is
oxidized (68%) is much higher than that found for acetate alone by
Bickerstaffe et al. (1974) in lactating cows (av. 29%, range
11-57%). In the same study the proportion of glucose oxidized in
the udder was 11% (range 4=17%), which is considerably lower than
estimated by the model (24%).

The oxidation of acetate and glucose has been found to contribute
50-60% of total C0p production in the mammary gland of lactating
cows (Bickerstaffe et al. 1974) and rather more in lactating goats
(Annison & Linzell 1964). The much higher contribution to CO02 from
acetate, ketone bodies and glucose (94%) estimated by the model
cannot be accounted for by oxidation of ketone bodies, which seems
to be Low, at least in fed animals (Smith et al. 1983). Instead,
these authors concluded that the deficit from the oxidation of
acetate and glucose to total €0p production could be covered by

amino acid oxidation.

Hetabolism in body tissues

The metabolism simulated by the 2 models in muscle tissue, adipose
tissue, and other tissues is shown in Tables 4.7, 4.8 and 4.9,
respectively (see figure 2.6 for identification of fluxes). AlL
deviations of the dynamic model from the static model are well
below 1%.



Table 4.7. Aspects of muscle tissue metabolism simulated by the

dynamic and by the static model.

Pynamic Static Deviation
Process mode L mode | %
Mitrogen transactions, mol N/d
Carbon transactions, mol ¢/d
Uptake in muscle tissue
Acetate and ketone bodies (F157) 13.90 13.86 0.3
Glucose (F161) 10.45 10.43 0.2
Fatty acids (F166) 12.03 12.00 0.3
Amino acid-C degradation (F184) 3.40 3.41 ~-0.3
Oxidations
Acetate and ketone bodies (F185) 17.30 17.27 0.2
Glucose to lactate (F186) 9.85 9.83 0.2
Glucose to €0 (F187) 0.60 0.60 0.0
Fatty acids (F188) 12.03 12.00 0.3
Outflow of lLactate (F189) 9.85 9.83 0.2
Mitrogen transactions, mol M/d
Amino acid uptake (FS2) 4. 48 4.48 0.0

1)beviation of the dynamic model from the static model

(to be continued)
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Table 4.7. (continued)

Dynamic Static peviationl?
Process mode L mode L %
Nitrogen transactions, mol N/d
Protein turnover
Synthesis (F62) 4.49 4£.48 0.2
Breakdown (F63) 4.90 4,90 0.0
Aminc acid outflow (F61) 4,89 4.90 -0.2

1)peviation of the dynamic model from the

static model




Table 4.8. Aspects of adipose tissue metabolism simulated by the

dynamic and by the static model.

Dynamic Static peviationl?
Process mode L mode L %
Carbon transactions, mol C/d
Uptake in adipose tissue
Acetate and ketone bodies (F158) 23.13 33.05 0.2
Glucose (F162) 4.59 4.58 0.2
Fatty acids (F173A) 6.96 6.97 -0.1
GLycerol (F173B) 0.44 O.44 0.0
Syntheses
Fatty acids (F190) 16.03 16.00 0.2
Glycerol (F192) 1.20 1.20 0.0
Oxidations
Acetate and ketone bodies (F191) 17.11 17.085 0.4
Glucose (F193) 2.39 3.38 0.3
Lipid turnover
Synthesis (F195+F196) 20.41 20.40 0.0
Breakdown (F197+F198) 37.06 37.05 0.0

1)beviation of the dynamic model from the

static model

(to be continued)



Table 4.8, (continued)

Dynamic Static peviation?)
Process mode L mode L %
Carbon transactions, mol C/d
Qutflow from adipose tissue
Fatty acids (F194) 38.65 38.64 0.0
Glycerol (F199) 2.62 2.62 0.0

1)Deviation of the dynamic model from the static model




Table 4.9. Aspects of other tissue metabolism simulated by the

dynamic and by the static model.

Bynamic Static peviation!?

Process mode L model %
Carbon transactions, mol C/d
Uptake in other tissues
Acetate and ketone bodies (F159) 24.54 2447 0.3
Glucose (F163) 2.04 2.04 6.0
Fatty acids (F1671} 4,01 4,00 0.3
Oxidations
Acetate and ketone bodies (F200) 24 .54 264 .47 0.3
Glucose (F201> 2.04 2.04 0.0
Fatty acids (F202) 4.01 4.00 0.3
Nitrogen transactions, mol N/d
Amino acid uptake (F53) 4.62 4,62 0.0
Protein turnover
Synthesis (Fé65) 4,63 4.62 0.2
Breakdown (F66) 4,91 4.90 0.2
Amino acid outflow (F64) 4.90 4,90 0.0

1)Deviation of the dynamic model from the

static model
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The partitioning of available nutrients between the mammary gland
and the body tissues is a major factor in determining animal per-
formance, in terms of level of milk yield and rate of live weight
change. The simulated uptakes of nutrients (acetate and ketone
bodies, glucose, fatty acids, and amino acids) in the different
compartments of the model cow (digestive tract, liver, body tis-
sues, and mammary gland) are shown in Table 4.70. The total
amounts of available nutrients are those delivered to the peri=-
pheral circulation, except for amino acids which are calculated as
the sum of absorbed (F40) and mobilized amino acids (FOT1+F64).
This implies that the amino acid uptake in the liver from the
peripheral blood is calculated as the net uptake (F40+F54~F44) and
not the actual uptake (F54) (see figure 2.5).

The model estimates of mammary uptake of the different nutrients

in relation to their total availability are:

Acetate and ketone bodies: 49%
Glucose: 80%
Fatty acids: 467%
Amino acids: 30%

These figures illustrate clearly the dominant impact of the mamma-

ry gland on nutrient utilization in the high-yielding cow.

Experimental data also show a high mammary uptake of glucose, but
not of acetate. In cows with low to moderate milk yields (12-25
kg/d) Bickerstaffe et al. (1974) found that the udder uptake of
acetate and of glucose varied from 5 to 23% and from 37 to 87%,
respectively, of the total entry rates of these nutrients. In cows
fed low or high roughage diets and yielding 17-29 kg milk/d the
mammary gland extracted 6-16% of total acetate, and 41-92% of
total available glucose (Annison et al. 1974). Thilsted (1980) has



Table 4.10. WNutrient partitioning between cosmpartments of the model cow.

Acetate and

ketone bodies Glucose Fatty acids Amino acids

Compartment Mol C/d % Mol C/d % Mol C/d % Mol N/d %
Dig. tract 15.43 9.1 - - - - - 25.1
Liver - - - - 34.32 32.3 7.09 19.5
Muscle, adipose

and other tissues 71.56 42.3 17.08 19.9 22.99 21.6 9.09 25.1
Mammary gland B82.34 48.6 68.59 80.1 49.00 46 .1 11.00 30.3
Total available 169.33 100.0 85.67 100.0 106.31 100.0 36.30 100.0

%2
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lestimated that the mammary gland utilized 70-100% of the glucose
flux rate in early lactating cows having milk yields from 21 to 34
kg/d.

0f the listed nutrients amino acids are taken up by the mammary
gland in the smallest amount (30%) relative to their total avail-
ability. The 70% taken up by extra-mammary tissues is distributed
almost evenly among the digestive tract, the liver, and the body
tissues. It is difficult to find literature data for a direct eva-
Luation of these figures. However, a term called EPU introduced by
Oldham (1978) to express the efficiency of protein utilization can
be calculated from the model simulations. EPU is defined as the
ratio: protein products/protein supply. When the body protein ba-
lance is zero or negative, the only protein product is milk pro-
tein. The protein supply is then calculated as milk protein +
catabolized protein converted to urea (Oldham 1978):

EPU = milk protein-N/(milk protein-N + catabolized protein-N in

ureal.

This is easily derived from the model (see figures 2.5 and 2.6, and
Table 4.5):

EPU = F60/(F60+F45~-F47) = 11.00/¢11.00+7.09) = 0.61.
This simulated value of EPU is exactly as estimated by Bruckental

et al. (1980) in their cows yielding 28 kg milk/d &-9 weeks post

partum.




4.7.4 Adijustment of parameters

The assignment of numerical values to the equation parameters,
i.e. pool sizes, rate constants, affinity constants, maximal rates
etc., 15 described in subsections 3.3.1-3.3.4. Most of these para-
meter values have been changed to some extent during repeated si-
mulations in order to achieve close agreement between solutions of
the dynamic model and those of the static model. The outcome of

this endeavour has been presented in the foregeing subsections.

The original parameter values derived from the Lliterature or
otherwise estimated are listed together with the finally adjusted
values in Appendices 5-8. From these Tables it can be seen which
parameter values have been critically altered (more than 100%) by

the adjustments. Those parameters are given in Table 4.11.

It should be noticed that the numerical value of the parameters
which are labelled with *) in Table 4.11 (j.e. nutrient pools and
regulated affinity constants) can vary during each run of the mo-
del. This means that the initial value of these parameters can be
very different from the "average" value during a run, depending on
how the particular parameter is fluctuating in the course of the
run (see next section 4.2). The original numerical values are
estimated as if the model was a static one and are therefore to be

regarded as average' values.

For this reason the adjustments of the parameters K106, A3, N1B,
K128 and €12 are not real changes from their first estimation. The
values of some other constants (G, K9, KATP, K15 and K&45) have

been adjusted because other parameters in their respective equa-
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Table 4.11. Critical adjustments of parameter values in the

dynamic model.

Numerical value

Parameter or state variable Symbol 0riginal1) Final?)

Rumen compartment

Affinity constant for

carbohydrate fermentation K106 9.270 2.50%)
Cell wall fermentation

rate factor G 0.04 0.0006
Microbial amino acids and

peptides A3 0.140 0.001%
Affinity constant for

microbial protein synthesis K9 0.0068 0.001
Affinity constant KATP 0.148% 0.07
Microbial NH3/NH4Y N1B 0.026 0.11652%)

Affinity constanty for
microbial uptake of NHz/NHz* K15 0.002 0.189

Intestinal compartment

Affinity constant for acetate
and ketone body oxidation K128 0.00156 1%10~6%)

Glucose in intestinal wall €12 0.086 0.02556%)

Liver compartment

Propionate in liver tissue C14 0.021 0.1846%)

Affinity constant for glucose
synthesis from propionate K136 0.032 0.1610%7

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initjal value at the beginning of the run

(to be continued)



Table 4,11, (continued)

Numerical value

Parameter or state variable Symbol Original?} Final2?

Liver compartment

Affinity constant for
propionate oxidation K137

Keto acids in liver tissue €17

Affinity constant for glucose
synthesis from keto acids K142

Affinity constant for
keto acid oxidation K143

Free fatty acids in Liver
tissue c19

Affinity constant for Liver
fat synthesis K147

Affinity constant for
lipoprotein synthesis K148

Affinity constant for acetate
and ketone body synthesis K149

Affinity constant for fatty
acid oxidation K150

Affinity constant for
amino acid deamination K&5

NHz/NH4? in liver tissue N3

Affinity constant for
amina acid synthesis K&7

Affinity constant for
urea synthesis K&8

0.008
0.02

0.0467

0.270

0.0075

0.0202

0.0006

0.00032

0.00027

0.0463%)

0.1168%

0.2315%)

0.1155%)

0.1684%)

1.391

0.0386

0.513

0.1430

0.0655

0.04838%)

0.05755

0.024%)

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*¥) Initial value at the beginning of the run

(to be continued)
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Table 4.11. (continued)

Numerical value

Parameter or state variable Symbol Originat1) Final2?

Extracellular flyid compartment

Independent part of rate constant
for acetate and ketone body
uptake in the mammary gland L1586 0.0

Dependent part of rate constant
for acetate and ketone body
uptake in the mammary gland M156 47.538

Independent part of max. rate
of glucose uptake in the
mammary gland L160 0.0

Dependent part of max. rate
of glucose uptake in the
mammary gland M160 0.3288

Dependent part of max. rate of
fatty acid and glycerol uptake in
adipose tissue from lipoproteins Mi718B 0.903

Independent part of max. rate
of amino acid uptake in the
mammary gland L51 0.0

Pependent part of max. rate
of amino acid uptake in the
mammary gland MS1 0.059

-441.730

83.128

~6.4605

0.8491

0.2028

-1.4889

0.1790

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run
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tions are fluctuating. An example of this is the rate of microbial

porotein synthesis:

R9 = RIM*A3Z/(K9+A3)
R9M = YATP*MP?#(R108+R115)
YATP = YATPM*AZ*NTA/(KATPH+AZ*NTA).

The values of A3, R108, A2 and NT1A fluctuate strongly, and there-
fore it was not possible to calculate in advance the constant va-
lues of K9 and KATP with which & given microbial synthesis rate
(R9)> will be obtained.

The original pool sizes of C14, €17, €19 and N3 in the liver com-
partment were so small in relation to their turnover rates, that
they became unstable and had to be increased. Conseguently, the
affinity constants for the processes which use these pools as sub-~
strates (K136, K137, K142, K143, K147, K148, K149, K150, K&7 and

K48) have also been adjusted to higher values.

The lLast group of parameters in Table 4.11 (L156, M156, L160,
M160, M171B, L5171 and M51) are all related to nutrient uptake in
the mammary gland and in adipose tissue, i.e. to nutrient parti-
tioning. The change in these parameters was a nescessity for the
ability of the model to simulate animal performances at different
lactational stages in a realistic way. Unfortunately, the adjust-
ments have resulted in some negative parameter values which have
no biological meaning, e.g. the maximal rate of glucose uptake in

the mammary gland:

R160M = L160+4M160+%GH = ~6.46+0.854GH.

If 6H (plasma growth hormone concentration) is lower than
6.46/0.85 = 7.6 ng/ml, then the maximal rate (R160M) will be nega-



tive and therefore meaningless.

Some of the parameters in Table 4.11 (K15, K128, €14, K136, K137,
€17, €19, K148, K150, K45, N3 and K47) have been altered in such a
way by the adjustments that they can no longer be regarded as de-
rived from the literature. But apart from these parameters and
those with negative values the vast majority of the adjusted para-
meter values are in no conflict with the scientific data and the

assumptions used for their original estimation.

4.2 Diurnal variations of substrate pool sizes, affinity

factors, and rates of transaction

In the previous section (4.1) the simulated transactions of matter
are presented only as daily fluxes which show nothing of the dyna~
mic behaviour of the model. One advantage of a dynamic model is
that it presents the possibility of simulating, for instance, me-
tabolic responses to short term variations in nutrient supply or
other regulatory factors. This is illustrated in the following
subsections by examples of within run variations of pool sizes,
rates, and regulated affinity factors in the different compart-

ments of the model. A run means a 24 h period to the model cow.

The examples chosen for presentation are from the rumen compart-
ment (figures 4.1-4.19), the intestinal compartments (figures
4.20-4.25), the liver compartment (figures 4.26-4.30), the peri-
pheral blood compartment (figures 4.31-4.47), and the mammary
gland and body tissue compartments (figures 4.42-4.47).




4.2.1 The rumen compartment

Figure 4.1 shows the rate of feed intake during the day simulated
by the dynamic model. The feed intake is represented by the rate

variable R100 which is the rate of carbohydrate and lipid intake

(mol €/h). The day starts at midnight.

The model cow eats her daily ration in 8 meals., The time for, and
the length of, each meal is determined by the amount of unfer=-
mented organic matter in the rumen, except for the time interval
between 1 and S5 h in which the cow does not eat (see subsection
3.2.1). The total eating time is 5.45 h and the interval between
meals is about 2 h, apart from the night pause. This simulated
eating behaviour resembles experimental findings of Tibor (1980,
Blum et al. (1985) and Krohn & Konggaard (1987).

The processes in the rumen are clearly affected by the pattern of
feed intake. Pool sizes of fermentable carbohydrates change almost
in parallel to variations in feed intake with peaks occurring at
the end of each meal (figures 4.2~4.4). The easily fermentable
carbohydrates, sugar and starch, almost disappear from the rumen
fluid between meals (figure 4.2), while the pool of cell wall car-
bohydrates does not fluctuate to the same extent and only becomes
really low just before the first morning meal at 5 h (figure 4.3).

The alterations in the amount of fermentable carbohydrates (C2)
will in turn affect the affinity factor (K106) for carbohydrate
fermentation (see subsection 3.2.1). When €2 increases to or be-
yond a certain value (C2MX = 42) then K106 is decreased, and when
€2 decreases to or below a certain value (L2MN = 30.25), K106 is

increased. A decrease in the value of K106 will increase, and an
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Figure 4.1. Simulated rate of feed intake of carbohydrates and lLipids during .ne day (R100).
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Figure 4.2. Simulated diurnal variations of rumen pool sizes of fermentable sugar {(SU2) and
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Simulated diurnal variation of the rumen pool size of fermentable cell wall
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increase in K106 will decrease the fermentation rate (RID6). Fig-

ure 4.5 shows that the variations in the value of K106 follow this
principle, a consequence of which is that the decrease in (2 be-

tween 0.5 and 5 h becomes curvilinear (figure 4.4,

OQutflow rates of carbohydrates, lipids and fermentation end-pro-
ducts are depicted in figures 4.6~4.7. The rate of ATP formation
is shown in figure 4.8, ALL rates seem to be affected by the vari-
ations in feed intake during the day, but the rate of microbial
matter outflow (R110) varies only Llittle. The production of aceta-
te (RACT111) occurs without distinct peaks at the times of feed in-
take, which is not the case with the other fermentation products
(figure 4.73. It can further be observed that when the rate of
propionate production (RPR111) has peaks, production rates of bu=-
tyrate (RBUTT1), methane (RCHT11) and carbon dioxide (RC0OT11) have

valleys ~ and vice versa.

A typical pattern of simulated daily variations of rumen pools is
also seen in A2, fermentable protein, peptides and amino acids 1in
rumen Lliquor, while A4, the pool of microbial protein, is relati-

vely constant (figure 4.9).

Figure 4.10 shows how the affinity factor for microbial uptake of
amine acids and peptides (K&) is regulated by the size of the

substrate pool A2, which in turn is regulated by variations in the
rate Ré. These variations (figure 4.11) are therefore both a mean

and a result in the regulation of the substrate pool size.

Variations in outflow rates of unfermentable protein (R5) and fer-
mentable protein (R7) are shown in figure 4.11. Both RS and R7 are

calcutated as fixed proportions of their respective substrate pool
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figure 4.9. Simulated diurnal variations of rumen pool sizes of fermentable protein, peptides

and amino acids (A2), and microbial protein and nucleic acids (A&).
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fermentable protein (R7), and rate of amino acid and peptide uptake in rumen

microbes (R6).
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Figure 4.12. Simulated diurnal variation of the rumen pool size of amino acids and peptides in

rumen microbes.
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sizes (RS = K5%A1, R? = K7%A2), and their daily variations there-
fore show the same patterns as the daily variations of the sub-
strate pools. Hence, it cvan be inferred that the daily fluctua-
tions are much less in pool A1 (unfermentable protein) than in

pool A2 (fermentable protein). This is explained as follows:

The only outflow rate from A1 igs RS, which is proportional to A1
and decreases immediately when A1 decreases during periocds with no
feed intake. The outflow from A2 is dominated by Ré, which is de-
scribed as an enzymatic reaction operating near its maximal rate.
This means that A2 can decrease substantially before R6 decreases
enough to prevent a further decline in the size of A2: but it also
means that A2 will increase faster during periods of feed intake.
Therefore A2 fluctuates more than A1, although the difference is

damped by changes 1in the value of K§.

The time course of N-metabolism within the rumen microbes is illu-
strated in figures 4.12-4.19. The central pool is that for the mi~
crobial amino acids and peptides (A3). It takes part in many reac-
tions and varies greatly. The general trend is that the pool size
is Low during the night, it increases after the start of feed in-
take in the morning and remains high for about & h. That trend is
superimposed by frequent and large oscillations (figure 4.12).
This picture is reflected in the rates of amino acid excretion
(R8), protein synthesis (R9) and amino acid degradation (R11). The
affinity factor for amino acid degradation (K11) is regulated by
the pool size of A3 as shouwn in figure 4.714. The variations of the
rate of protein synthesis (R9, figure 4.13) illustrate the inter-—
action with the rate of carbohydrate fermentation as the pattern
of ATP formation (R108, figure 4.8) is clearly reflected in R9,
especially during the period when A3 is relatively stable. The
microbial pcol of NH3/NH4+ (N1B) and the rates of amino acid syn=-
thesis (R17) and NH3/NH4+ excretion to rumen liguor (R20) are in
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figure 4.13. Simulated diurnal variations of rates of amino acid excretion (R8), protein
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Figure &4.14. Simulated diurnal variation of the affinity factor for amino acid degradation in

rumen microbes.
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Figure 4£.16. Simulated diurnal variations of pool sizes of ruminal NH3INH4*(N1A), microbial
MH3/NH4Y (N1B) and ruminal urea (U1).
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rumen microbes (R17).
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Figure 4.19. Simulated diurnal variations of rates of microbial crude protein outflow (R19),
HHZ/NHLY excretion from rusen microbes (R20) and hydrolysis of ruminal urea (R21).
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figures 4.16-4.19. The value of N1B which regulates the affinity
factor for NH3/NH4+ excretion (K20, figure 4.18), fluctuates
throughout the day without any clear trends either of increases or

decreases.

VYariations in pool sizes of NH3/NH4Y (NTA) and urea (UT) in the
rumen ligquor are shown in figure 4.16, rates of NH3/NH4+ utili~

zation in figure 4,17, and rate of urea hydrolysis in figure 4.19.

4.2.2 The intestinal compartments

Compared with the rumen the absorption rates of VFA from the hind
gut show less variation during the day (figure 4.20), but the in-

fluence of the pattern of feed intake is still to be seen.

This is also the case for the pools of digestible carbohydrates in
the small intestine (C8) and glucose in the intestinal wall (C12)
even though their variations are much greater (figure 4.21). These
pools are under self-regulation as a conseguence of controlling
the values of the affinity factors for the rates of glucose
transfer to the intestinal wall (K121) and for glucose absorption
to the blood (K130, figure 4.22).

Figures 4.23 and 4.25 show absorption rates from the small inte-
stine of glucose (R130), triglycerides (R132) and amino acids
(R4D). The rates of amino acid uptake from the intestinal lumen to
the intestinal wall (R27 = dietary and microbial amino acids, R34
= endogenous amino acids) are also shown. These rates vary more or

less but they all follow the same pattern which is influenced by
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Figure 4.20. Simulated diurnal variations of absorption rates of acetate (RAC124), propionate
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dioxide (RC0124) from the hind gut.
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Figure 4.21. Simulated diurnal variations of pool sizes of digestible carbohydrates in the

intestinal Lumen (C8) and glucose in the intestinal wall (C12).
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Figure 4.22. Simulated diurnal variations of affinity factors for glucose uptake from the

intestinal lumen (K121) and for glucose absorption to the blood (K130).
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Figure 4.23. Simulated diurnal variations of absorption rates of glucose (R130) and

triglycerides (R132) from the small intestine.
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Figure 4.24. Simulated diurnal variations of rates of endogenous protein secretion (R41) and

intestinal amino acid uptake from the blood (RS50).
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the feed intake.

This pattern is much more distinct in the variation of endogenous
protein secretion to the intestinal Llumen (R41, figure 4.24) be-
cause the maximal rate of this process (R41M) is proportional to
the rate of organic matter inflow from the stomachs. On the other
hand the rate of faecal N excretion is almost constant throughout
the day (R29, figure 4.25)}.

4.2.3 The liver compartment

The daily variations in rates of propionate (R133) and butyrate
(R134) uptake, and of acetate and ketone body passage through the

liver are shown in figure %4.26.

Figure 4.27 gives the liver pool sizes of propionate (C14), glu-
cose (C16) and free fatty acids (C19) during the day. The varia-
tions in the propionate pool are very much Like the variations in
the rate of propionate production (RPR111, figure 4.7) and uptake
in the liver (R133, figure 4.26), but after the first morning feed
the pool starts to fluctuate for about 7 h and then returns to the
normal rythm. The same picture is seen in the product pool of glu-
cose. The variation of the affinity factor for propionate oxida~-
tion (K137), which is controlled by the size of the propicnate
pool (C14), is shown in figure 4.28. The parameter is constant
most of the day except for a period of 3.4 h during which €14 os-

cillates most intensely.

The rates of gluconeogenesis and glucose output from the liver are
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Figure 4.26. Simulated diurnal variations of rates of propionate uptake (R133), butyrate uptake

in the liver (R134), and passage of acetate and ketone bodies (R135).
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Figure 4.27. Simulated diurnal variations of liver pool sizes of propionate (C14), glucose

(€16) and free fatty acids (C19).
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Figure 4.28. Simulated diurnal variation of the affinity factor for propionate oxidation in the

Liver.
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Simulated diurnal variations of rates of gluconeogenesis from propionate (R136),
amino acids (R142), and glycerol and lactate {R144), and rate of glucose output
from the Liver (R139).
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in figure 4.29. The variation of the propionate pool is clearly
reflected in the rate of glucose synthesis from propionate (R136),
and to a lesser extent 1in the rate of glucose output (R139). This
confirms the dominant role of propionate in gluconeogenesis. The
rates of glucose synthesis from amino acids (R142), and from gly=-

ceral and lactate (R144) are almost constant throughout the day.

Variations in the nitrogenous pools, amino acids (A143, NH3/NH4+
(N3)> and urea (U3) are illustrated in figure 4.30. The pool size
of NH3/NH4+ remains low at all times of the day.

4.2.4 The peripheral blood compartment

The blood plasma concentrations of dinsulin and glucagon during the
day are shown in figure 4.31. The variation in plasma insulin is
dependent on the absorption rates of propionate (R133, figure
4,263 and amino acids (R40, figure 4.25), and on the plasma glu-
cose pool size (C24, figure 4.33). The shape of the insulin curve
Wwith a minimum at about é a.m. is similar to experimental findings
of Blum et al. (1985). The variation in plasma glucagon is depen=
dent on the absorption rate of propionate (R133). The ratio of
glucagon to insulin concentrations, which among other things regu-
lates the rates of gluconeogenesis and fatty acid metabolism in

the Liver (see subsection 3.3.3), is given in figure 4.32.

Figure 4.33 shows the variations of acetate and ketone bodies

(C23), glucose (C24) and glycerol+lactate (C25) in the blood. The
glucose pool varies more than the other nutrients according to the
daily variations in the rate of glucose output (figure 4.29). The

glycerol and lactate pool originates from endogenous sources and
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Figure 4.33. Simulated diurnal variations of blood plasma pool sizes of acetate and ketone
bodies (C€23), glucose (€24), and glycerol and lactate (C25).
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Simulated diurnal variations of rates of acetate and ketone body uptake in the
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Figure 4.35. Simulated diurnal wvariations of rates of glucose uptake in the mammary gland

(R160), muscle tissue (R161), adipose tissue (R162) and other tissues (R163).
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varies only Llittle. There is an amazing similarity between the

time course of these three curves aon the one hand and curves of in
vivo diurnal variations in plasma glucose, 3-0H-butyrate and lac-
tate found by Blum et al. (1985) on the other. The cows in that
study Wwere at the same lactational stage and had the same feed

intake and milk production as the model cow.

The rates of uptake of acetate and ketone bodies (figure 4.34) and
of glucose (figure 4.35) in the different tissues show the domi~
nant role of the mammary gland in the extraction of nutrients from
the blood.

The daily variations in plasma pool sizes and rates of tissue up-
take of free fatty acids and triglycerides are shown in figures
4.36-4.38. The pool of free fatty acids (£26) do not vary much
during the day = much less than found in cows by Bines et al.
(19833 and by Blum et al. (1985)., However, the pattern of the
variations in (26, small as they are, is biologically reasonable
because it is opposite to the pattern of the variations in the
glucose pool size (figure 4.33) and insulin concentration (figure
4.31) as shown to be the case in many experiments {(e.g. Blum et
al. 1985, Frdhli & Blum 1988). The simulated variations in the
pool of chylomicrons ({27) and in the rates of tissue uptake
(R170A and R170B) reflect the pattern of the rate of lipid absorp-

tion from the small intestine (figure 4.23).

Figure 4.39 gives the daily profiles of amino acids (A16) and urea
(U4) in blood plasma. The concentrations of these metabolites are
rather constant during the day as also observed in vivo (Blum et
al. 1985). The diurnal variations in rates of amino acid uptake in

the mammary gland (R51) and in body tissues (R52, RS53) are shown
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Figure 4.36. Simulated diurnal variations of blood plasma pool sizes of free fatty acids (L26),

triglycerides in chylomicrons (£27) and triglycerides in liver lipoproteins (C28).
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Figure 4.37. Simulated diurnal variations of rates of free fatty acid uptake in the Lliver

(R165), muscle tissue (R166) and other tissues (R167).
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Figure 4.38. Simulated diurnal variations of rates of fatty acid and glycerol uptake in the
mammary gland from chylomicrons (R170A) and from lipoproteins (R171A), and in

adipose tissue from chylomicrons (R170B) and from lLipoproteins (R171B).
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in figure 4.40, and rates of urea production (R49), recycling
(R55, R56) and excretion (R57) are in figure 4.41,

4.2.5 The mammary gland and body tissue compartments

The pool size of free fatty acids (C31) in the mammary tissue is
very small in relation to the rate of flow through the pootl
(R179), and therefore its turnover rate constant is very high:
R179/C31 = 2.94/0.12 = 25 h~1_, This results in very freguent and
Large oscillations in the pool during the day (figure 4.42) and
consequently also in the rate of milk fat synthesis (R179, figure
4.43). However, the pool of milk fat in the gland (C34) is so
large that the fluctuations in the rate of fat synthesis are ab-
sorbed in such a way, to make the milk fat secretion rate (R183)
become almost constant. The secretion rates of lactose (R182) and

milk protein (Ré0) are shown in figures 4.43 and 4.44.

Rates of muscle protein metabolism are given in figure 4.45. Pro-
tein breakdown (R63) and amino acid outflow from the tissue (R&1)
are almost equal and constant. The rate of protein synthesis (R62)
decreases during the night until 0600 h from where it increases
steadily with small peaks at times of feed intake. The shape of
this curve resembles that of the plasma insulin concentration
(figure 4.31) which regulates the rate of muscle protein synthesis
(see subsection 3.3.4).

Figure 4.46 shows the simulated daily variations in rates of lipid
metabolism in adipose tissue. The rate of fatty acid uptake
(R173A) and the rates of the anabolic processes, fatty acid syn-
thesis (R190) and fat synthesis (R195) vary in accordance with the
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simutated blood plasma profiles of acetate and ketone bodies (£23,
figure 4.33) and triglycerides (£27 and €28, figure 4.36). As the
rate of Llipolysis (R197) is inhibited by the plasma insulin con-
centration (INSUL), its curve has a different time course with a
maximum at about 6 h, at which time INSUL 4is lowest (figure 4.31).
The rate of fat mobilization is jllustrated by the simulated de-

crease of depot fat during the day (figure 4.47).

In general, the very distinct diurnal variations in rumen nutrient
pool sizes (e.g. figure 4.4) and in absorption rates from the ru-
men (e.g. figure 4.7) caused by the pattern of feed intake (figure
4.1) are more or less smoothed out in the nutrient pool sizes in
the blood (e.g. figures 4.33 and 4.39) and in the rates of nutri=
ent uptake by the tissues (e.g. figures 4.34 and 4.40). Although
the fluctuations during the day of the parameter values in some
cases are very large and irregular (e.g. figures 4.5, 4.712 and
4,17) all parameters return to or approach their initial values at

the end of the day (i.e. the end of the run).

4.3 Stability of the model

The dynamic model has not been tested for stability using strictly
mathematical methods. That would be an overwhelming task. Instead,
the model is evaluated by examining some of the simulation results

for stability through sequential runs.

The mean value, the standard deviation, and the minimum and maxi-
mum values of 10 runs (run 26-35) are given in Table 4.12 for some

of the output variables. These are selected to represent feed in-

20*



Table 4.12. Stability of output variables from the dynamic model
through 10 runs (26-35).

Mean Standard Minimum Maximum
Qutput variable value deviation value value
bry matter
intake, kag/d 17.98 0.00 17.98 17.98
Fermentation of
carbohydrates, mol C/d 236.51 0.274 236,18 237.04
Absorption of acetate
and ketone bodies, N
mol €/d 155.51 0.100 155.37 155.66
Absorption of
propionate, mol C/d 7414 0.061 74 .05 74.25
Absorption of
triglycerides, mol ¢/d 49.79 0.049 49.70 49,86
Absorption of
amino acids, mol N/d 26.52 0.023 26.48 26.56
Gluconeogenesis,
mol C/d 82.31 0.087 8z2.20 82.43
Lipoprotein
synthesis, mol C/d 22.10 0.007 22.09 22.12
Urea excretion,
mol N/d 16.06 0.024 16.03 16.12
Faecal energy, MJ/d 99.45 0.021 99.62 G9.67
Milk production, kg/d 30.03 0.029 29.99 30.08
Live weight gain,
kg/d ~0.526 0.0020 -0.529 -0.523
Net energy intake,
MJ/d 116.54 0.065 116.46 116.65




Table 4.13. Stability of feed intake, milk production and live weight gain simulated by the dynamic wmodel
through 500 runs.

Output
variable Value 1-50  51=100 101-150 151-200 201-250 251-300 301-350 351~-400 401-450 451-500 1-500

Mean 17.98 17.98 17.98 17.98 17.98 17.98 17.98 17.98 17.98 17.98 17.98

Dry matter

S.D. 0.085 0.00 0.155 0.00 0.00 0.00 0.132 0.082 0.00 0.00 0.074
intake,

Min. 17.82 17.98 17.57 17.98 17.98 17.98 17.57 17.82 17.98 17.98 17.57
kg/d

Max. 18.48 17.98 18.64 17.98 17.98 17.98 18.64 18.48 17.98 17.98 1B.64

(to be continued)

60¢




Table 4.13.

Qutput

variable Value

51-100 101-150 151-200 201-250 251~-300 301=-350 351-400 401-450 451-500

1=500

30.24

0.253

29.71

30.62

Mean
Milk

S.D.
production

Min.
kg/d

Max.

Mean

Live weight

S.Da.
gain,

Min.
kg/d

Max.

~0.514

0.015

-0.552

-0.490

oL



311

“upgle|NWLS jO SunJ g AJBAS UL ROI 19pOW 3y3 jo ureb

1ybBiam aA1) pue p1atd Yjtw “3jeiuy J2ajjew AJp 4O SaNJEA WNWLULW pUE WNELXER ‘uealy "8~y 2J4nbiy

suny 005-1Sp  0Gp-10v OOp-1GE€ O0GE-10E€  O00E-1§¢  0G2-102 002-151 O§L-toL  00E-1§ 08-1

4 " 3 i ; n 4 X :

-+t + ; } t } } } ._
4 95°0-
’~ .~
™ e - ~
\\ ~. e /// 4 w50 @
’ e e - e =
‘ @ o 6 ® ® =
s LSOTT T TTON PR T SRR
/ \\ // P R/u/
e e ~ g
..l!.ll...l.l.l.l‘l,l!lm\\ I/\\ + o050~ =8
1 syo-
e L 1 54
- -~ - ~
\\\l\ - - ™ -
@ ---8 ® @ B @----8 & B ® 1 gl
S e ~ e S~ -
~ -~ ~ -~ -
R e RN ST 8L &
=
Sn{eA WNWLULY =-=---- 4 61
angea uesy @
3N|eA WX ~---~
1 562
PR \\\/I/
-~ - —— - e - M e e 1
. & e @ g__ @ e =
P - ~ - e m
— e o~ - //(\\ 1 7
T .Ill‘n:l..@x [
=
<4 —.m jo N
v




312

take, digestion, nutrient absorption, endogenous nutrient synthe-
sis, urinary and faecal excretions, and production. The variations
within 10 runs of the output variables in Table 4.12 are small and
representative for practically all other output variables of the

model,

Results of a more critical stability test after S00 runs of simu-
Lation are shown in Table 4.13. Mean values, standard deviations,
and minimum and maximum values are given for dry matter intake,
milk production and Llive weight gain. The analysis is made for
every 50 runs as well as for all 500 runs. The simulated dry mat-
ter intake is very stable throughout the 500 runs. Milk production
and live weight gain are stable through runs 1-300. Thereafter
both these output variables seem to increase through runs 301-350
and then again stabilize at a slightly higher level. These trends
are illustrated in figure 4.48. It is not tested if the model re-

mains stable after more than 500 runs of simulation.



5 USE OF THE MODEL

The dynamic model has been developed to simulate a specific situa-
tion: a nonpregnant dairy cow at 44 days post partum fed ad Llibi-
tum on a complete mixed diet of a given composition. A good model
should be able to simulate situations different from those presum-
ed in the definition of the model. Results of this kind of simu-
Llations are given in the present chapter. Firstly, the performance
of the model cow is tested at different stages of lactation (sec-
tion 5.1). Simulated effects of growth hormone administration on
animal performance are referred to in section 5.2, and in section
5.3 results of an accomplished feeding trial are simulated. Final=-
Ly, more detailed simulations of the regulation of gluconeogenesis

are given in section 5.4.

5.7 Simulation of animal performance at different stages of lac-

tation

Progressing lactation is characterized by a gradually changed nu-
trient partitioning in favour of body tissues. The nutrient parti-
tioning during lactation is a homeorhetic adaptation controlled by
hormonal factors (Bauman & ElLliot 1983), These hormonal factors
have not yet been completely identified or understood, but growth
hormone, insulin and glucagon all seem to play an important role
in determining milk yield capacity of cows (Hart et al. 1978,
Thilsted 1980, Peel et al. 1981a, Danfar et al. 1988). The peri-
pheral blood concentrations of these hormones are included in the

model (see subsection 3.3.3) by means of the following equations:
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GH = 16.7+0.04607*M~0.00964*B~0.00567%D

(conc. of growth hormone, ng/ml)

GLUCA = ALPHA+0.00514*M-0.00173%B+1.7%10-6xp2
+6.6%10=4hxp-1,2%x10"6xp2

(conc. of glucagon, ng/ml)

INSUL = BETA-0.01106%M+6,.7+10-4%8+0.00134*D=3.0#106xp?2

{conc. of insulin, ng/ml)

ALPHA = 0.793+R133/(2.2355+R133)+0.45 (nglml)

BETA = 0.86871*x(R133+KCA*R40}/(15.0+R133+KCA#R40)+0.05%C24
(ng/mi)

R133 = absorption rate of propionate (mol C/h)

KCA*R40 = absorption rate of amino acids (mol C/h)

€24 = glucose pool size in extracellular fluid (mol €).

The parameters M, B and D are milk yield (kg/d), body weight (kg)
and days after parturition, respectively, from the data of Herbein
et al. (1985). In this way the hormone concentrations in the model
are related to the stage of lactation. The rates of nutrient up=-
take and metabolism in different tissues are to some extent regu-
Llated by the hormone concentrations (see subsections 3.3.3 and
3.3.4).

Feed intake, digestion and metabolism of nutrients, as well as
production of the model cow at different times during the lacta-
tional period can thus be simulated by changing a few parameter
values in the model, namely D, M and B. It should be pointed out

that M (milk yield) and B {(body weight}) represent the performance
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of the cows in the study of Herbein et at. (1985) and not the per-
formance of the model cow. The values of D, M and B used in the

model during simulations of the lLactational period are as follows:

Post partum

interval, days b B B
0-30 16 26.5 571
31~-60 44 29.7 561
61-90 73 29.2 563
91-120 107 27.2 569
121-150 136 25.3 580
151-180 165 23.9 592
181-210 195 22.4 608
211-240 223 21.2 622
241-270 257 19.7 628
271-300 288 18.2 618

The values of B at D = 195 and of M at D = 223 are slightly chang~-
ed from the data of Herbein et al. (1985).

The simulated results of animal performance (milk yield, live
weight gain and body weight) at different stages of lactation are
plotted in figure 5.1. Milk yield (kg 4% milk/dd and Live weight
gain {kg/d) are estimated directly by the model, while body weight
(kg) s calculated from the rates of daily gain and a body weight
of 600 kg at D = 44. The curves with filled symbols are from the
model as presented in chapter 4, and the curves with open symbols

are produced after further changes of some parameter values.

The shape of the lactation curve simulated by the original model
is typical for high-yielding dairy cows (Bauman & Currie 1980,
Goodall & Sprevak 1984, Bauman et al. 1985, Andries et al. 1988).
Peak yield is 30.1 kg FCM/d at 44 days post partum and at the
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Latest stage of lactation (286 days post partum) the yield has de-
clined to 16.7 kg FCM/d. The daily gain has its minimum, -0.53 kg,
at 44 days, its maximum, 1.37 kg, at 286 days, and is zero at
about 110 days post partum. Consequently, the body weight of the
model cow s minimum at this time (16 weeks after calving). At the
end of the simulated period (D = 286) the body weight has increas=-
ed to 724 kg from 614 kg at the beginning (D = 16). The shape of
the simulated weight curve is similar to that of the control cows
in the experiment of Bauman et al. (1985). These cows weighed
about 590 kg at 30 days, 545 kg (minimum weight) at 125 days, and
700 kg at 265 days post partum. The body weights of the model cow
at corresponding lactational stages are 606, 582 and 696 kg, re-
spectively. The apparently lower rate of weight loss in the model
cow as compared to the cows in the experiment can be explained by

the higher peak yield (about 40 kg/d) of these animals.

By changing the values of a few parameters (L1566, M160, L5351, MS51,
L195, M195, L197 and M197) in the model the performance of another
cow with different tissue responsiveness to growth hormone and
insulin can be simulated. The parameters are elements in the fol=-

lowing equations:

R156 = K156*(C23/V4) (acetate and ketone body uptake
in the mammary gland, mol ¢/h)
K156 = L156+M156*GH L/7h)
R160 = RI160M*C24/7(X160+C24) (glucose uptake in the
mammary gland, mol C/h)
R160M = L160+M160*GH (mol C/h)
R51 = RSTM*AT6/(K51+816) (amino acid uptake in the

mammary gland, mol N/h)
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R51M = LS1+M51%GH (mol N/h)

R195 = RI9SM*C41/(K195+C41) (fat svynthesis in adipose
tissue, mol C/h)

R195M = L195+M195*INSUL (mol C/h)

R197 = RI9TM*C43/(KI197+C43) (fat breakdown in adipose
tissue, mol C/h)

R1978H = LI9T7-MI97*INSUL (mol C/h).

The parameter values are changed in such a wWway that the milk
production of the model cow will be about 3 kg/d higher than

before at 44 days in lactation:

Numerijcal value changed

Parameter from to
L156 -441.730 -390.14
M160 0.8491 0.934
L51 ~ 1.4889 - 2.400
M51 0.1790 0.278
L.195 0.0 0.587
M195 3.383 2.4816
L197 9.454 8.799
M197 11.375 9.732

The new parameter values imply that for given concentrations of
growth hormone (GH) and dinsulin (INSUL) in the model more nutri-
ents will be taken up by the mammary gland and less fat will be
stored in adipose tissue. Hence, the performance of a cow with a
higher potential for milk yield and a lLower potential for body

gain will be simulated,



After the parameters have been changed, the milk yield is 32.5 kg
FCM/d at 44 days and 20.3 kg/d at 286 days post partum. The rate

of body weight change is -0.8 kg/d in early lactation, it is zero

at 165 days and 0.86 kg/d at 286 days from parturition. The resul-
tant body weight is 622 kg at the beginning (D = 16) and only 604

kg at the end of the period (D = 286).

The differences between the two sets of simulated curves in figure
5.1 serve to illustrate how cows with different tissue sensitivity
to metabolic hormones respond to the same feed during lactation.
This could be part of the complex interactions of physiological

factors which determine the genetic capacity for milk production.

5.2 Simulation of grouth hormone treatwents

It has been known for 40-50 years that extracts from the anterior
pituitary stimulate milk production in cows (Asimov & Krouze 1937,
Young 1947). Effects of growth hormone injections into dairy cows
have been studied in many experiments in more recent years {Mach=-
{in 1973), especially after recombinant bovine growth hormone has
become available (Bauman et al. 1982, Bauman et al. 1985, Soder-
holm et al. 1988, Elvinger et al. 1988).

Short-term administration of growth hormone by which feed intake
is not increased (Peel et al. 1981a) can be simulated by the dyna-
mic model. This is accomplished by changing the intercept value of
the equation describing growth hormone concentration in blood

plasma (ng/ml):
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GH = 16.7+0.04607*M~0.00964+B~0.00567*D.

The simulations are performed at 2 lactational stages, 73 and 257
days after calving, with use of the intercept values listed below

together with the resulting values of GH:

b= 73 b = 257

Level of Inter=~ Level of Inter-
treatment cept GH treatment cept GH
0.0 16.7 12.20 0.0 16.7 10.10
0.8 17.5 13.00 0.65 17.35 10.75
1.6 18.3 13.80 1.3 18.0 11.40
2.5 19.2 14.70 1.8 i8.5 11.%90
2.3 19.0 12.40

The doses of growth hormone administration are regarded as the in-
creases of the intercept from the original value, 16.7. Results of
the simulations are presented in figures 5.2-5.4. The milk yield
is increased by increasing levels of treatment in the model, both
in early and in late lactation. The absolute as well as the rela-~
tive increases in milk yield are dependent on the level of treat-
ment in a curvilinear fashion (figures 5.2 and 5.3) as found by
Bauman et al., (1985) and Eppard et al. (1985). The relative re=
sponse to increasing “doses"” of growth hormone is much higher in
late than in early lactation as shown by Peel et al. (1983), who
examined the effects of growth hormone treatment 12 and 35 weeks
post partum. The highest level of treatment results in 4.3 kg more
milk per day in early lactation, which is of the same magnitude as
found in several experiments (Peel et al. 1981a, Bauman et al.
1982, Peel et al. 1982a&b, Peel et al. 1983, Peel et al. 1985),

but the corresponding increase in plasma growth hormone concentra-
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Figure 5.2. Simulated responses in milk yield %o increasing doses

of growth hormone treatment at 2 stages of lactation.
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Figure 5.3. Simulated effects of increasing doses of growth
hormone treatment on relative increases in milk

yield at 2 stages of Llactation.



tion in the model is much lower than observed in vivo. In late
lactation the simulated response is higher than found in the study
of Peel et al. (1983), but it is similar to the response reported

by Eppard et al. (1985) in cows 192 days after calving.

The effects of growth hormone treatment on some other output vari-
ables in the model are: unchanged feed intake, decreased energy
balance, decreased glucose and insulin plasma concentrations, and
increased concentration of free fatty acids. It is generally ob-
served in short-term experiments (10 days of growth hormone treat-
ment) that feed intake is unaltered or slightly decreased, energy
balance is decreased, free fatty acid levels are increased, but
glucose and insulin concentrations are unaffected (Peel et al.
1981a, 1982a8b, 1983).

The efficiency of milk production can be expressed as kg milk per
unit of net energy intake. This ratio can also be regarded as a
measure of nutrient partitioning between the mammary gland and the
body tissues. As both growth hormone and insulin are important
factors in the regulation of nutrient partitioning, a relationship
between the ratio of these two hormones and the efficiency of milk
production could be expected. This relationship is illustrated in
figure 5.4, where the simulated milk yield per feed unit (SFU) is
plotted against the simulated ratio of growth hormone to insulin
concentrations. A common relationship between these parameters for
cows at different parities and lactational stages has been shown
by Danfar et al. (1988). However, the two curves in figure 5.4 re-
presenting the two lactational stages (73 and 257 days post par~

tum) do not seem to be parts of such a common relationship.
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5.3. Simulation of a feeding experiment

The use of the dynamic model has been evaluated so far by compari-
son of the simulated results with corresponding experimental data
from different references. In this section the model is used to
simulate the outcome of a single feeding experiment. Then the an=-
swer of the model can be tested against hard evidence from that
experiment without any need for corrections or modifications be=-

cause of different experimental conditions.

The experiment used for the simulation is a feeding trial in which
cows were offered a total mixed diet ad Llibitum (Krohn & Konggaard
1987). The experimental period was 7.-~28. week of lactation, but
the results used here relate to a shorter period of the experi=-
ment, 15.-21. week of lLactation. The average body weight of the
cows was 580 kg. The composition of the feed is given in Table
5.1.

The results of 3 simulations are presented (Table 5.3). In the
first simulation (A), the model is used with the original parame-
ter values except for those concerned with feed composition, body
weight and stage of lactation (Table 5.2). The second simulation
(8) is performed with the parameter values changed in section 5.1
to simulate a different partitioning of nutrients. In the third
simulation (L), more parameter values concerned with nutrient up-
take and fat turnover in adipose tissue have been adjusted. The
numerical values of all parameters that have been subjected to
changes are listed in Table 5.2. The simulated results given in

Table 5.3 are averages of runs 26 to 35.



Table 5.1. Composition of an experimental feed rationl)

as used in the simulations.

Feedstuff ’ % af total dry matter
Concentrates 38.0
Fodder beets 39.6

Beet top silage 10.2

Straw 12.2
Nutrient g/kg dry matter
Sugar 261.1
Starch 67.3

Cell wall carbohydrates 350.6

Crude fat £9.0

Crude protein 198.5

Ash 73.5

1) From Krohn & Konggaard {(]1987)



Table 5.2. Adjustments of parameter values during simulations of

a feeding experimenti).

Parameter Symbo L Numerical value
Feed composition, kg/kg DM

Sugar KSU 0.2611
Starch KST 0.0673
Cell wall carbohydrates KCE 0.3506
Glycerol KGL 0.0052
Fatty acids KLI 0.0438
Concentrate protein KC 0.1458
Roughage protein KR 0.0527
Unfermentable fraction of

concentrate protein me g.10
Unfermentable fraction of

roughage protein MR 0.20
Body weight, kg BY 580
Stage of lactation

Days of Lactation D 136
Arbitrary body weight B 580
Arbitrary milk yield M 25.3

1) Krohn & Konggaard (1987)

(to be continued)



Table 5.2.

(continued)

Numerical value

in sinulation

Parameter Symbol A B C
Mutrient uptake
Acetate and ketone bodies
in mammary gland L1536 ~441.730 ~390.14% ~441,730
- - M156 83.128 83.128 110.50%
Acetate and ketone bodies
in muscle tissue K157 99.555 99.555 350.0%
Acetate and ketone bodies
in adipose tissue M158 453.274 453.274 230.0%
Acetate and ketone bodies
in other tissues K159 175.805 175.805 450.0%
Glucose in mammary gland L160 ~-6.4605 ~-6.4605 -4.8890%*
- - - - M160 0.8491 0.9340% 0.7900%
Glucose in muscle tissue M161 1.3924 1.3924 1.2567*
Glucose in adipose tissue Mi62 3.7331 0.7331 0.6595%
Lipid in mammary gland M1704 2.2424 2.2424 2.150%
- - - - MI714A 1.3273 1.3273 1.300%
Lipid in adipose tissue L1708 1.4913 1.4913 2.000%
- - - - L1718 0.8826 0.8826 1.200%
Amino acids in mammary
gland L51 ~-1.4889 -2.400% -1.4889
- - - - M51 0.17%90 0.2780% 0.1680%

=

Parameter values
and C:
*: Value changed

m

in the original model

Adjusted parameter values

(see text)

(to be continued)
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Table 5.2. (continued)

Numerical value in simulation

Parameter Symbol A B C

Adipose tissue metabolism

Fat synthesis L195 0.0 0.5870% 0.3106%
- - M195 3.383 2.4816% 2.7775%
Lipolysis 1197 9.454 8.7990% 8.1432%

- M197 11.375  9.7320* 8.8475%

A: Parameter values in the original model
B and €¢: Adjusted parameter values (see text)
*: Value changed

Table 5.3. Observed and simulated results of a feeding

experiment1),

Observed Simulated results

Parameter results A B C
Dry matter intake, kg/d 19.7 19.87 19.85 19.85
Milk yield, kg/d 28.1 25.42 28.79 28.11
Milk fat yield, kg/d 1.143 1.040 1.238 1.142
Milk protein yield, kg/d 0.892 1.041 1.198 0.892
Live weight gain, kg/d 0.329 0.674 0.035 0.339
Net energy intake, MJ/d 131.0 137.3 135.4 131.3

1) Krohn & Konggaard (19872

A: Simulated by the original model

B and C: Simulated after adjustment of parameter values (see Table
5.2)




The original model (A) gives almost the correct feed intake, but

the milk yield is too low, and the live weight gain is too high
compared to the experimental results. The milk protein yield is
17% too high. The model adjusted to simulate a different lactation
curve (B) improves the prediction of mitk yield, but live weight
gain is underestimated, and milk protein vield is much tco high.
In the final simulation iC), the deviations from the experimental

results are very small.

5.4 Simulated regulation of gluconecgenesis

The demand for glucose is high in lactating cows. The volume of
milk produced is determined by the secreted amount of lactose,
which is primarily synthesized from glucose. As the absorption of
glucose is noermally small, a high and constant rate of gluconecge-

nesis is crucial to a high milk yield.

Propionate and amino acids are the only substrates which can con-
tribute to net synthesis of glucose. The quantitative importance
of propicnate is generally recognized (Elliot 1980), whereas the
role of amino acids is more eguivocal and debated (Black et al.
1968, Bruckental et al. 1980). If a significant proportion of glu-
coneogenesis has to be met by use of amino acids it could have a
great impact on the protein requirement. The following questions

are relevant to this problem:

- How much of the synthesized glucose is derived from propionate

and from amino acids when different diets are fed?

~ How are the contributions of propionate and amino acids to glu-
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cose synthesis regulated?

The model can be used to elucidate these questions. For that pur=
pose an experiment is simulated in which 3 different rations are

fed to dairy cows in early lactation (44 days after calving). Pa-
rameters concerned with the following processes will be "recorded"”

in the experiment:

- feed intake, digestion and absorption
- Lliver metabolism
- animal production

- energy and protein utilization.

The experimental diets used in the simulations are characterized
by a high starch content (HS), a high protein content (HP), and by
a content of starch and protein protected against rumen fermenta~
tion (BSP). Their chemical composition is given in Table 5.4. The
starch and protein contents are 346 and 124, 44 and 193, and 195
and 159 g per kg dry matter in rations HS$, HP, and BSP, respecti-
vely. In ration BSP 20% of the starch and 57.5% of the concentrate
protein (equivalent to 35.5% of total protein) are made unfermen-
table. ALL 3 diets contain the same amounts of cell wall carbohy~-
drates (397-398 g/kg dry matter) and crude fat (45 g/kg dry mat-~
terd.

Table 5.5 shows some of the simulation results. The rates of car~
bohydrate fermentation, microbial protein production, and propio-
nate absorption are highest on diet HS with the high starch con-
tent, and lowest on diet BSP with protected starch and protein.

The low fermentation rate of this diet reduces the feed intake by
3 kg dry matter/d compared to the other 2 diets. The rate of pas-

sage to the small intestine of undegraded feed protein is lowest



Table 5.4. Chemical composition (g/kg dry matter) of diets used in

a2 simulated experiment on regulation of gluconeogenesis.

HS

Ration
HP BSP
(bypass starch

Nutrient (high starch) (high protein) and protein)
Sugar 34 216 125
Starch 346 44 195%)
Cell wall

carbohydrates 397 397 398
Crude fat 45 45 45
Crude protein 124 193 159 %%)
Ash 54 105 78
Total 1000 1000 1000

*) 20% of starch is unfermentable
**)57.5% of concentrate protein is unfermentable
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on diet HS and highest on diet BSP with protected protein. This
results in almost the same rate of aminoc acid absorption from the 3
diets, although it is lowest from diet HS. The rate of glucose
absorption is low on diets HS and HP, and about 5 times higher from
diet BSP with protected starch.

In the model the blood plasma concentration of glucagon is fincrea-
sed by the rate of propionate absorption, and the concentration of
insulin is increased by the propionate and amino acid absorption
rates and by the size of the extracellular glucose pool (see sub-
section 3.3.3). The concentration of glucagon is therefore highest
on diet HS and lowest on diet BSP, while the insulin concentration
is highest on diet BSP and lLowest on diet HP. The ratio of glucagon
to insulin concentrations, which is regulating the processes of
gluconeogenesis, is consequently highest on diet HP and lowest on
diet BSP: 1.15 (HS), 1.21 (HP) and 0.99 (BSP).

The rate of gluconeogenesis is highest on diet HS (16 mol gluco-
se/d) with the greatest availability of propionate, while it is
lower (13.5 mol glucose/d) on the other 2 diets. The contributions
of propiocnate and amino acids to glucose synthesis are regulated
partly by the availability of the 2 substrates and partly by the
ratio of glucagon to insulin concentrations. When this ratjo in-
creases, the rate of gluconeogenesis from amino acids is increased
relatively more than that from propionate (see subsection 3.3.3).
The result of these regulations is that the highest contribution of
propionate (81%) and the lowest contribution of amino acids (3%} to
glucose synthesis is seen with the high starch/low protein diet
(HS), and that the highest contribution of amino acids (20%) is
with the high protein/low starch diet (HPJ. The availability of
propionate is higher on diet HP (25 mol/d) than on diet BSP (23
mol/d), but the rates of gluconeogenesis from propionate do not

differ between the 2 diets. The availability of amino acids is




Table 5.5. Simulated effects of diet composition on absorption,

gluconeogenesis and production in lactating cows.

Ration
HS HP BSP
Variable or (bypass starch

Rate of process (d~?) (high starch? (high protein) and protein)

Feed intake and digestion
pry matter intake, kg 18.64 18.60 15.62

Carbohydrate
fermentation, mol € 391.4 307.3 270.0

Microbial protein
production, mol N 26.1 20.8 18.2

Passage of undegraded
dietary protein, mol N 9.3 13.8 16.6

Absorption of
propionate, mol ¢ 106.4 74.8 68.5

Absorption of
glucose, mol C 5.0 4,6 24 .5

Absorption of
amino acids, mol N 26.6 28.5 27.9

Liver metabolism

Glucagon:zinsulin 1.15 1.21 0.99

Glucose synthesis, mol C 96.3 81.1 80.5
from propionate, % 81.0 65.0 65.3
from amino acids, % 3.1 19.9 14.5

{to be continued)
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Table 5.5. (continued)

Ration
HS HP BSP
Variable or (bypass starch

Rate of process (d~1) (high starch) (high protein) and protein)

Liver metabolism

Propionate metabolism,

mol € 106.4 74.8 68.5
gluconeogenesis, % 73.4 70.5 76.7
oxidation, % 26.6 29.5 23,3

Keto acid metabolism,

mol C 24 4 26.8 21.3
gluconeogenesis, % 12.3 60.0 54.6
oxidation, % 87.7 40.0 45.4

Amino acid catabolism,
mol N 6.43 7.06 5.61

Glucose available fo
peripheral tissues, mol ¢ 101.3 85.7 105.0

Amino acids available to
peripheral tissues, mol N 20.8 21.2 21.9

Production

Milk yield, kg 33.70 29.93 34.95
Milk fat yield, kg 1.07 1.28 0.87
Milk protein yield, kg 0.98 1.03 1.02
Energy in milk, MJ 91.49 97.90 85.49

(to be continued)




(continued)

Table 5.5.

HS

Variable or

Rate of process (d=1) (high starch)

Ration
HP gsp
(bypass starch

(high protein) and protein)

Production
Live weight gain, kg -0.09
Energy balance, HWJ -2.23
Tissue protein balance,

mol N 0.29
Efficiency of utilization
Energyl) 0.58

Proteine) 0.64

~0.46 ~0.15
~11.57 -3.87
~0.48 0.62
0.61 0.68
0.62 0.68

1) Net energy/metabolizable energy

2) Protein product/protein supply
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about the same (21-22 mol/d) on diets HP and BSP, but the rate of
gluconeogenesis from amino acids is 38% higher on diet HP than on
diet BSP. These modifications of the relationship between substrate
availability and process rate are due to the different ratios of
glucagon to insulin simulated with the 2 diets: 1.21 (HP) and 0.99
(BSP).

The rate of amino acid deamination is not very different between
diets, but it is highest (7.7 mol N/d) on diet HP and lowest (5.6
mol N/d) on diet BSP. In the model, propionate and deaminated amino
acids are either used for gluconeogenesis or oxidation. The
proportion converted to glucose is higher for propionate: 73% (HS),
71% (HP), and 77% (BSP) than for amino acids: 12% (HS), 60% (HP),
and 55% (BSP).

The glucose flux rate is the sum of glucose absorption rate and
glucose synthesis rate. It is higher on ration BSP (17.5 mol/d) and
ration HS (16.9 mol/d) than on ration HP (14.3 mol/d) because of
the high rate of gluconeogenesis (ration HS) and the high rate of
glucose absorption (ration BSP). The availability of amino acids to
the mammary gland and body tissues is almost the same with all 3

rations.

The yields of milk, mitk fat, and milk protein are (kg/d): 33.7,
1.07 and 0.98; 29.9, 1.28 and 1.03; and 35.0, 0.87 and 1.02; on
diets HS, HP and HSP, respectively. The differences in milk yield
reflect differences in glucose flux rate. The relatively low milk

fat yield with diet BSP is caused by several factors:

~ the lower feed intake and hence, lower fat intake
- the lower fermentation rate and hence, lower microbial fat

synthesis
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- the higher insulin concentration in blood plasma.

The small differences in milk protein yield are determined by dif-
ferences in amino acid availability and insulin concentration. The
milk energy output is highest with diet HP and lowest with diet
BSP. The tissue energy balance is accordingly lowest with diet HP
(«11.6 Wi/d), but because of the lower energy intake on diet BSP
the energy balance with this diet is lower (=3.9 MJ/d) than with
diet HS (~2.2 MJ/dJ). Although negative energy balances are simula=
ted with all diets, the tissue protein balance is negative only
with diet HP.

The efficiency of energy utilization (calculated as the ratio of
net energy to metabolizable energy) is higher with diet BSP (D.68)
than with the other 2 diets (0.58-0.61). However, the efficiency of
ration BSP is somewhat overestimated because the metabolizable
energy is calculated as a constant fraction (0.84) of the dige-
stible energy. This fraction is probably toc small in the case of
ration BSP because of a reduced methane energy loss during rumen
fermentation. If the efficiency of energy utilization is instead
expressed as the ratio of net energy to gross energy, the figures
for rations HS, HP and BSP are D.36, 0.36 and 0.41, respectively.
The improved energy utilization obtained by protection of starch
and protein against microbial breakdown is caused partly by a re-
duced energy loss in rumen fermentation and partly by lower rates

of oxidation and heat production in the intermediary metabolism.

The efficiency of protein utilization (EPU) is calculated as the

ratio of protein product to protein supply (Oldham 1978):

Protein product = milk protein-N + retained tissue protein-N

(if positive)



Protein supply = protein product + catabolized amino acid=N.

Diet BSP has the highest tissue protein balance, the lowest rate of
amino acid catabolism and hence, a better protein utilization
(0.68) than simulated with the other 2 diets (0.62-0.64).

The simulations have shown that partly protection of dietary starch
and protein against rumen fermentation increases the milk yield as
well as the efficiency of energy and protein utilization., The final
model simulations presented here will examine the ef- fects of a
varying degree of dietary starch protection on feed in- take, nu-
trient absorption, and production. Five ‘“experimental” diets are
studied with 0, 15, 20, 25 and 35% of the starch made unfermentab-
le. The total starch content is the same in all diets, 195 g/kg dry
matter. The crude protein content is 159 g/kg dry matter, and 57.5%
of the concentrate protein is unfermentable. Hence, the "204" diet
and the BSP diet in the previous simulations are identical. The

main results are presented in figures 5.5-5.8.

The feed intake (kg dry matter/d) is decreasing with increasing
Levels of rumen bypass starch (figure 5.5). This is also the case
for the absorption rates (mol/d) of propionate, amino acids and
fatty acids (figure 5.5), while the absorption rate of glucose
(mol/d) is increasing when more starch is made unfermentable
(figure 5.6). The rate of glucose synthesis (mol/d) is decreasing,
especially when the starch protection is enhanced from 25 to 35%,
and the glucose flux rate is increased from 14.9 at 0 to 17.8 mol/d
at 25% followed by a decrease to 16.4 mol/d at 35% protec- tion
(figure 5.6).

The daily milk yield is increased from 30.4 to 35.4 kg at the 25%
Level and then decreased to 33.9 kg at the 35% level of starch
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protection (figure 5.7). The energy output in milk (MJ/d) is on
the other hand decreasing at all levels, and hence, the energy
concentration in milk (MJ/kg) is lowest with the 25% diet (figure
5.8). Live weight gain is almost unchanged (about =0.15 ka/d) from
0 to 25%, but then it decreases to ~0.49 kg/d on the 35% diet (fi-
gure 5.7). The reasons for this precipitous decrease in tissue
energy balance are 1) lower availability of nutrients (see figures
5.5 and 5.6 and 2) lower insulin concentration in blood plasma at
the 35% level of starch protection.

The net energy intake (Scand. feed units/d) is Like the dry matter
intake decreasing with increasing levels of unfermentable starch

(figure 5.7). However, the 2 curves showing the intake of dry mat-
ter and net energy are not parallel. This means that the net ener=-
gy content per kg dry matter of the same chemical composition (see
Table 5.4) is not constant, which is clearly illustrated in figure
5.8. In all presently used energy evaluation systems (Van der Ho-
ning & Alderman 1988) the energy content of a feed is based upon

its chemical composition. If in a given system the energy value of
for example the 0% diet was estimated correctly, then this system
would underestimate the energy value of the other diets by 5-10%

according to the model simulations. This points towards the possi-
bility of improving energy evaluation of feed rations by means of

dynamic, mechanistic modelling of digestive and metabolic proces=-

ses in the lactating cow.
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6 DISCUSSION AND COMCLUSIONS

This final chapter is not intended to be an entirely detached eva-
luation of all details in the model. That would be beyond the abi-
Lity of the author and beyond the interest of most readers. In-
stead the chapter will be devoted to a more general discussion of
the objective and usefulness of the model: objectives and criteria
for evaluation (section 6.1), evaluation (section 6.2), advantages
and shortcomings {(section 6.3), and future perspectives (section
6.6)., In the last section (6.5) the general conclusions of the

discussion are summarized.

6.1 Model objectives and evaluation criteria

The philosophy and methodology of modelling and basic principles
in model evaluation have been excellently reviewed previously
{Baldwin & Koong 1980, France & Thornley 1984, Sgrensen & Kristen—
sen 1988). Here only some important points about the definition of
the purpose of the model and about the validation process will be

stressed.

Ctearly, the definition of the model 's objective is important. The
objective determines the type (e.g. static or dynamic) and the
framework of the model and alsoc the criteria for model validation.
The system (e.g. a lactating cow) and the hierarchical level (e.g.
different organs of the cow) to be studied are identified by the

definition of the objective. When the system and the levels of de-



tail within the system are determined, the activity or the scien-~
tific purpose of the modelling should be defined, that is if the
model should be used for prediction of animal performance, for
evaluation of concepts and behaviocur of subunits in the system, or
for evaluation of hypotheses about regulations and interactions 9n

nutrient metaboliszm.

The system is then described in a block diagram (figures 2.1-2.6,
section 2.1}, the transactions of matter is translated intoc mathe-
matical eguations, and the eguation parameters are given numerical
values (section 3.3). At this stage of the process the model can
be tested according to the objective (see figure é.1, Baldwin &
Koong 1980,

DE FINITION
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Figure 6.1. The modelling process (from Baldwin & Koong 1980).
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The ideal wvalidation procedure is to simulate the system behaviour
under conditions not previously studied, and then testing the pre-
dictions by new experiments (Baldwin & Koong 1980). Often this
ideal situation cannot be achieved and one has to use literature
data. In this case, it is clearly important that the data used for
model construction and parameter evaluation are independent from
the data used for model testing. This can be secured, for instan-
ce, if physiological and biochemical data on subunits of the sy-
stem are used for the model development, and empirical input-out-
put data are used to test the simulated behaviour of the whole sy~

stem.

If the result of the model validation comes out negatively, the
modeller’'s scientific world do not fall apart. On the contrary, it
can be fortified and developed by identification of critical que-
stions leading to new experiments and improvements of the model.
If the validation turns out to be positive, the model can be ac-

cepted (figure 6.1).

The choice of validation criteria is dependent on the modelling
objective (Baldwin & Koong 1980):

(i3 If the objective is to predict system behaviour for a gi-
ven set of conditions, the model is accepted when the si-
mutated results are within the confidence intervals for
experimental data obtained under a corresponding set of

conditions.

(i1) If the objective is evaluation of concepts about the sub-
units of the system, it can be concluded that the system
is understood, when simutation results compare well with

real Llife observations.
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(i1i) If the objective is to evaluate different hypotheses about
the mechanistic behaviour of the system, this is achieved
when the hypotheses have been "ranked" for probability and

subjected to experimental testing.

France & Thornley (1984) make it a little more simple and separate
the procedure for model validation into testing and evaluation. In
their terminology testing means an objective check of the mathema-—
tical formulations for methodological correctness: definition of
symbols and dimensions, and consistency and completeness of the
equations in the model. Evaluation is carried out after the model
has been tested. This is not a totally objective process, but it
is dealing with judgements of the model behaviour in relation to
the modelling objective as described above. In this sense, the
structure of the model can only be evaluated and not tested.
Therefore, in the following discussion of the present model the
term evaluation is used according to the definition of Erance &

Thornley (1984), and the word testing is avoided.

6.1.1 The objectives of the model

The main objective of the present model is to simulate the conver-
sion of nutrients through digestive and metabolic processes in the
lactating dairy cow into intermediate substances, and further into
wastes and products of milk and body gain. Several minor objecti~-

ves can be attained with such a general model. These are:

(i) Prediction of animal performance on diets of different

composition and at different lactational stages.
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(i1) Evaluation of current physiological and biochemical con-

cepts causal to animal performance.

(ii1) Evaluation of new hypotheses about the regulations of nu-
trient digestion and metabolism in the dairy cow. These
hypotheses can either be part of the assumptions used in
model construction, or some new ideas independent of the

model itself.

To achieve these objectives the model has to be dynamic and mecha-
nistic. Dynamic, because dynamic modelling is the only method to
evaluate the qguantitative impact of acute metabolic changes on
whole animal performance - and mechanistic, because descriptions
of causality are needed at the level of individual tissues. The

most immediate objective of the dynamic modelling is:

(iv} Achievement of simulation results identical at all hierar-
chical lLevels to the static balance model based on the
work of Hvelplund (1983) and bDanfar (1983b).

6.1.2 Criteria for evaluation

Obviously, the model is evaluated in relation to objective (iv) by
comparing the simulation results of the dynamic model to the solu-
tions of the static model. The evaluation in relation to objective
{i) must be performed by comparing the simulation results with a

wide range of experimental data from feeding trials, digestibility
studies, and studies of visceral and peripheral tissue metabolism.
It is also important to evaluate the model in relation to objecti-

ve (i1) by examining the underlying concepts of subunit behaviour
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against qualitative and quantitative results from both in vivo
and in vitro experiments on especially regulation of nutrient me-
tabolism in dndividual tissues. When these minor cbjectives have
been achieved, the main objective of the modelling can also be re-
garded as fulfilled. The usefulness of the model in relation to
objective (iii) will increase as the model is developed towards

achievement of the main objective.

6.2 Evaluation of the model

Some steps in the process of model evaluation have been performed
by the simulations presented in chapters 4 and 5. These results
are discussed here in context with their contributions to model

evaluation.

6.2.1 Comparison uwith the static model

Simulation results concerning feed intake and whole animal perfor-
mance, energy metabolism, and nutrient metabolism in the individu-—
al compartments obtained with the dynamic model are compared to
results from the static model in Tables 4.1-~4.9 (section 4.1). The
differences between results from the 2 models are small and insig-
nificant, and it can be concluded that the dynamic model is valid
so far as it gives the same answers as the static model in terms

of daily flux rates (objective iv).
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6.6.2 Comparisons with literature data

In the following discussion where some simulation results are com-—
pared to in vivo data, the model fis evaluated in relation to both
its ability for prediction (objective i) and the validity of its

concepts (objective iida

The digestive tract

The simulated apparent digestibility of organic matter in the ru-
men of 48% (subsection 4.1.2) is within ranges of experimental re-
sults (43-56%) given by Klooster & Boekholt (19723 and Sutton
(1980). Madsen (1986) found vatues from 42 to 47% with &4 diets of

simitar composition as that used in the model.

The simulated efficiency of microbial net growth (Yayp) in the ru-
men is 19.7 g cell dry matter per mol ATP at a rumen Liguid ditlu-
tion rate (K7) of 0.11 h~1, This value is close to an average va-
lue of Yarp (19.9) calculated from Harrison & McAllan (1980) at
diluticn rates ranging from 0.10 to 0.12 h=1. The net yield of ATP
per mole of volatile fatty acids produced in the rumen is Likely
to be within the range of 2.0-2.8 moles (McMeniman et al. 19761 .
The corresponding simulated valtue is: 176 mol ATP/81.2 mol VFA =
2.2,

Vatues for the amount of microbial nitrogen leaving the rumen dif-
fer widely in the literature (Smith 1975, Stern & Hoover 1979).
Calculated as g N per kg organic matter apparently fermented in
the rumen, figures for cattle can vary from 17 to 44 g N/kg (Stern
& Hoover 1979), and for lactating cows from 33 to 45 g N/kg (Mad-

sen 1986). The estimates are somewhat dependent on the method used



for microbial protein determination (Smith et al. 1578), They are

higher on roughage diets than on high-concentrate diets (McMeniman
1975, c.f. Harrison & McAllan 1980, Madsen 1986). and it is debat-
able whether they are increased by higher feed intake and rumen
dilution rate (Sutton 1980, Madsen 19862. The amount of microbial
N produced per kg organic matter truly fermented in the rumen can

be estimated from lLiterature data as:

20%19.9%7.7/100 = 30.6 g N/kg.

The values used in the calculation are: 20 mol ATP per kg organic
matter truly fermented {(Henderickx et al. 1972, McMeniman et al.
1976), 19.9 g microbial cell DM per molL ATP {(Harrison & McAllan
19803, and 7.7% N in microbial cell DM (Henderickx et al. 1972,
Hvelplund 1986).

The simulated microbial nitrogen outflow from the rumen is 36.4 g
N per kg organic matter apparently fermented - corresponding to
27.4 g N per kg truly fermented organic matter as suggested by
Miller (1973) and Thomas (1973) and also calculated by regression
(Owens & Goetsch 1986),

The simulated rumen degradation rate of dietary protein (65%) is
within a range of experimental values reported by Satter & Roffler
(19755, Mercer & Annison (1976), Roy et al. (19773, and Madsen
(1986 .

The apparent digestibility of amino acids in the small intestine
is about 70% (Klooster & Boekholt 1972, Armstrong et al., 19773,
and the true digestibility is about 80% {(Nolan 1975, Smith 1979).

The corresponding simulated values are 71% and 79%, respectively.



The Liver

The simulated contribution of propicnate to glucose synthesis in
the Liver is 65.6% (subsection 4.1.3) corresponding to 63.0% of
total glucose turnover rate. The Llatter value can be compared to
an in vivo estimate of 61% (Wiltrout & Satter 1972). ALL other
gstimates in cows, which the author could find in the literature,
are Lower than that (e.g. Elliot 1980, Lomax & Baird 1983). The
difference between the simulated and most Lliterature values could
be partly explained by the fact that the model does not allow for
a possible conversion of some propionate to lactate in the rumen
wall or in the liver (Young 1977). It is pertinent here to refer
to ElLlLiot (1980) who found it difficult to account for the requir-
ed glucose precursors in high~yielding cows, if propicnate does
not contribute directly or indirectly to at least 60% of the glu-
cose turnover. Lomax & Baird (19832) found that maximum 16.8% of
glucose cutput from the liver could be derived from lactate and
glycerol. The corresponding figure simulated by the model is a
Little Lower than that (14.6%).

The literature data concerned with the contribution of amino acids
to glucose synthesis in Llactating cows can roughly be divided into
2 groups: one group suggesting that amino acids contribute signi-
ficantly (>25% of glucose turnover), and one group suggesting that
the contribution of aminc acids is very small (<5% of glucose

turnover).

Examples from the first group are data from Black et al. (1968)
and from Lomax & Baird (1983), Using single intravenous injections
of 1é¢-labelled amino acids Black and coworkers estimated that 5
amino acids could provide for 30% of the glucose carbon and con-
cluded that the total contribution of amino acids was more than

33% and maybe as much as 50% of glucose turnover. Lomax and Baird



calculated the maximum possible contribution of several substrates
to glucose production in the liver. These substrates: propionate

(46.0%), lactate, pyruvate, glycerol (17.4%) and four aminoc acids
(8.6%) could asccount for 72% of glucose output. If it is assumed

that the deficit of Z28% is made up of amino acids other than those
actually measured, the total contribution of amino acids would be
36.6% as a minimum, unless hepatic glycogenolysis had contributed

significantly to glucose production.

The glucose turnover rate simulated by the model is: F130+F139 =
85.7 mol C/d, and the total aminc acid catabolism in the Liver is:
F142+F143 = 26.9 mol C/d. If it is concluded from the references
above, that 35% of the glucose turnover is derived from amino
acids, then in case of the model there is not enough catabolized
amino acids to cover the need for gluconeogenesis: 85.7%0.35 =
30.0 mol C€/d. It should be noticed, however, that the estimate of
Lomax and Baird for propionate contribution to glucose output
(46%) is low compared to the 60% which might be expected from rea-
soning (Eltiot 1980), from other experimental data (Wiltrout &
Satter 1972), as well as from modelling. A correction of the esti-
mated 46% to 60% of the glucose synthesized from propionate will
accordingly decrease the contribution of amino acids from 36.6% to

21.6%, which is much closer to the simulated value.

Examples from the second group of literature data are papers of
Boekholt (1976) and Bruckental et al. (1980). In none of these ex-
periments was the transfer of amino acid-C to glucose-C actually
measured. Boekholt infused glucose into the animals either through
a duodenal fistula or into the peripheral circulation and measured
the resultant change in the rate of urea excretion with the urine.
As there were no significant decreases in urinary N excretion du-
ring periods of glucose infusion at milk yields of about 25 kg/d

or lower, it was concluded that amino acids are not reguired far




gluconeogenesis at this production level,

This conclusion can be qguestioned for several reasons. Firstly,
the results tell nothing about the actual contribution of amineo
acids to glucose synthesis, they can at most tell that the contri-
butien is not changed by glucose infusion. Secondly, an unchanged
rate of urea~-N excretion could be explained by a decreased urea—N
synthesis and a concomitant decrease in urea recycling to the di-
gestive tract. Thirdly, an unchanged rate of amino acid catabolism
and hence, urea-N synthesis, could be due to a decreased use of
amino acids for gluconeogenesis and a concurrent increase in amino
acid oxidation. In the same experiment the urinary=N excretion was
decreased and the milk protein secretion increased during glucose

infusion periods, when the milk yield was as high as 30 kg/d.

Bruckental and coworkers (1980) measured the rates of glucose and
urea turnover in the blood plasma and calculated the proportion of
glucose turnover derived from protein. The assumptions used in the
calculations were: 1) 5530 g glucose can be synthesized from 1 kg
protein, 2) 35% of synthesized urea~N is derived from catabolized
protein~N, and 3) 20% of catabolized protein-C is used for gluco-
neogenesis. The results based on these assumptions were that no

more than 1-2% of the glucose flux rate was derived from protein.

The value of 550 g glucose/kg protein is widely and incorrectly
used in the Lliterature in estimations of amino acid contributions
to gluconeogenesis. It is an empirical estimate of how much gluco-
se can be synthesized from incremental supply of dietary protein
{(Krebs 1964). In the present calculations a factor for the conver=-
sion of glucogenic amino acids to glucose per se on a molar basis
should be used instead. As all glucogenic amino acids, except for

glycine, can contribute with 3 carbon atoms to the glucose molecu-

237
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le, it is more correct to use a conversion factor of 2 mol amino

acids per mol glucose. Hence, the corresponding value will be:

i}

1 mol glucose 180 g glucose
2 mol amino acids = 2%1,3%14,.01%6.25/1000 = 0.228 kg protein

180/0.228

790 g glucose per kg protein,

which is 44% higher than the commonly used value.

The proportion of urea-N synthesis in the Lliver derived from cata-
bolized amino acids (35%) was assumed on the basis of a model of
N-metabolism in sheep fed at maintenance (Nolan 1975). This value
is probably dependent on the level and degradability of dietary
protein (0wens & Bergen 1983, Baldwin 1984). The proportion of ca~
tabolized amino acid~C converted to glucose~C {(20%) was taken from
a review of Lindsay (1976). However, in this paper Lindsay also
refers to experiments with sheep by Wolff & Bergman (1972), who
found that 62% of the amino acid net uptake in the Lliver was used
for glucose synthesis. In the present model the simulated propor~
tion of the net hepatic uptake of amino acid-{ (= catabolized

amino acid-() converted to glucose—-C is 60.4%.

If it is accepted that only 2% of the glucose turnover rate is de=-
rived from amino acids as estimated by Bruckental et al. (198037,
then 98% of the glucose must be synthesized from substrates other
than aminc acids or must be absorbed from the digestive tract. The
consequence of that in relation to the simulated results would be
that:

(F130+F139)*0.98=-F130 = 85.68x0.98-3.36 = 80.61 mol glucose-C/d

must be synthesized from 3~carbon precursors (propionate, lactate

and glycerol). This means that 92% of these substrates available
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in the liver should be used in gluconeogenesis. It is indeed a
tiigh proportion compared to the 20% of amino acids passing the
glucose pool as assumed by Bruckental et al. (1980) - especially
when it is considered that carbon from the major substrate, propi=-
cnate, and carbon from glucogenic amino acids mix in the citric
acid cycle and pass through the same regulatory steps in the glu-
coneogenic pathway {(Lindsay 1970). Another point is that if nearly
all propionate is used toc produce glucose, then the Lliver may suf-
fer from shortage of substrates for oxidation. The hepatic heat
production in lactating cows is estimated by Smith & Baldwin
(1974) as 18 MJ/d. If it is assumed (based on the above calcula-
tion) that 10% of available propionate is oxidized, that 2% of the
glucose turnover rate is derived from amino acids representing 20%
of the catabolized amino acids, and that the catabolized amino
acid~-C not used in gluconeogenesis is oxidized, then the heat pro-
duced in the liver can be calculated as 10.4 MJ/d ~ considerably
Lower than estimated by Smith & Baldwin {(1974). On the other hand,
the hepatic heat production simulated by the model where 27% of
the propionate and 40% of the catabolized amino acids are oxidi-
zed, is 18.5 MJ/d in accordance with the finding of Smith & Bald~

win.

From this discussion it is difficult to regard the conclusion of
Otdham (1978) and Bruckental et at. (1980) that only 2% or less of
the glucose turnover rate is derived from aminc acids as & general
one. It seems that this value depends on a number of factors, of
which the availability of amino acids plays an important role. Ne-
vertheless, it is an impertant question because it affects both
the protein requirement and the glucose availability of the high-
yielding dairy cow. Therefore more experimental work in this area
is needed. The simulations presented in section 5.4 concerning the
regulation of gluconeogenesis can give some idea of how different
feed composition can be expected to influence glucose availability

and the use of different substrates for glucose synthesis.
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The simulated rate of urea~N synthesis is 24.7 mol/d equivalent to
2160 g crude protein/d. Bruckental et al. (1980) found that 16.0
mol urea-N equivalent to 1400 g crude protein/d was synthesized in
cows having about the same milk yield, but consuming 850 g crude
protein (9.7 mol N) less per day than the model cow. If the major
part (e.g. 85%) of this extra dietary protein is absorbed as NHz/
NH4T and amino acids and ultimately converted into urea, then the
cows in the experiment would have synthesized: 16.0+9.740.85 =
24.3 mol urea-N/d ~ in much better agreement with the simulated

value.

The mammary gland

The simulated rate of glucose uptake in the mammary gland is with-
in a range of experimental results in the literature, whereas the
simulated mammary uptake of acetate and ketone bodies is consider-
ably higher than in vivo estimates (subsection 4.1.37. In a number
of experiments where nutrient uptake in the udder is estimated by
the A-V difference technique the rate of glucose uptake per kg
milk produced is on average 2.4 mol C/kg (Annison et al. 1974,
Bickerstaffe et al. 1974, Peeters et al. 1979, Williams & Elliot
1980, Rulguin 1981). The range of this value across the different
experiments is 2.0-3.4 mol C/kg milk, where the highest estimate
is from Rulquin (19871). The range for the other experiments is
small (2.0-2.2 mol C/kg). The corresponding value simulated by the
model is 2.3 mol C per kg milk in agreement with the literature
data. The rate of acetate and ketone body mammary uptake in the
same experiments is on average 1.4 mol C/kg milk (range 0.74-1.92
mol C/ka), but the simulated value is much higher than that, 2.74
molt C/kg milk.

The model is simulating that 24% of the glucose and 68% of the

acetate and ketone bodies taken up by the mammary gland are oxidi-



zed. The figure for glucose is in agreement with estimates of An-
nison & Linzell (1964) and Smith {1971), but higher than values
(4-17%) found by Bickerstaffe et al. (1974). The figure for aceta-

te and ketone bodies is much higher than values for acetate alone

(11~57%) found in the same study of Bickerstaffe and coworkers.
The difference cannct be accounted for by oxidation of ketone bo-

dies as this is low in fed animals (Smith et al. 1983).

It seems therefore that the model overestimates the uptake and
oxidation rates of acetate and ketone bodies in the mammary gland.
However, the validity of the literature data can be questioned
when nutrient balances and heat production in the udder are consi-
dered. It can be calculated, that the daily energy uptake and heat
production in the mammary gland will be 109.7 MNJ and 9.6 MJ, re-
spectively, when the average literature estimates are used for
glucose uptake (2.4 mol C/kg milk), acetate and ketone body uptake
(1.4 mol C/kg milk), glucose oxidation (11%), and acetate and
ketone body oxidation (30%). The proportion of total energy uptake
tost as heat is then: 9.6/109.7 = 0.09, which indicates an unrea=-
listic high efficiency of the mammary gland. By using the highest
literature estimates of mammary uptake and oxidation of these nu-
trients, the energy uptake and heat production can be calculated
as 116.7 MJ/d and 21.6 MJ/d, respectively. This gives a higher
proportion of heat energy: 21.6/116.7 = 0.19, but it is still low~
er than estimated by Linzell (1967} as well as by the present mo-
del (26%). Smith et al. (1983) concluded that the apparent deficit
of substrates for oxidation could be made up by amino acids. How=
ever, this conclusion is not in accordance with arterio-venous
difference studies showing that the secretion of carbon and nitro-
gen in milk protein is balanced by the net mammary uptake ({lark
et al. 1978, Mepham 1982), thus indicating no net oxidation of

amino acids in the udder.
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It can be concluded that in vivo estimates of mammary glucose up-
take are less variable and in better accordance with model simula~-
tions than in vivo estimates of acetate and ketone body uptake and

oxidation, which in most cases seem to be too low.

Biurnal variations in output variables

The simulated pattern of feed intake with & distinct meals per day
and & non-eating period of about & h in early morning (subsection
4.2.1, figure 4.1) is similar to experimental findings of Blum et
al. (1985) and Krohn & Konggaard (1987). This pattern of diurnal
variation is reflected in most of the state variables and rate va-
riables in the model, markedly in the rumen and intestinal com-
partments and less clearly in the peripheral tissue compartments.
Examples are the pool of fermentable carbohydrates in the rumen
(figure 4.4), the intestinal absorption rate of amino acids (figu-
re 4.25), and rates of Lipid metabolism in adipose tissue (figure
4.46). The simulated diurnal variations in the blood plasma con-
centrations of insulin (figure 4.31), glucose, ketone bodies, lac-
tate (figure 4.33), amino acids and ures (figure 4.39) are very
similar to corresponding diurnal variations observed in vive (Blum
et al. 1985) in cows at the same lactational stage, and with the
same feed intake and milk yield as the model cow. On the other
hand the simulated blood plasma profile of free fatty acids (figu=—
re 4.36) show much less fluctuation than is normally seen in expe-
riments (Bines et al. 1983, Blum et al. 1985). Although the course
of the small diurnal variations in the plasma pool of free fatty
acids are biologically reasonable, it seems that the model is ina-
deguate in the simulation of fatty acid release from adipose tis=-

sue .

The discussien in this subsection can be summarized as follows:



361

A number of simulated processes in the digestive tract, the liver
and the peripheral tissues are evaluated against literature data
in anticipation of the objective of model prediction (objective
i). Results of this evaluation are positive for the following pro-

cessess

~Apparent digestibility of organic matter and VFA production in

the rumen.

-Microbial net growth and protein synthesis in the rumen.

~Degradability of dietary protein in the rumen.

-Digestibility of amino acids in the small intestine.

-Contribution of propionate and amino acids to glucose synthesis

in the liver.

-Urea synthesis in the liver.

~Heat production in the Liver.

~Glucose uptake and oxidation in the mammary gland.
1t should be pointed out that the simulated contribution of amino
acids to liver gluconeogenesis is much higher than the lowest va-
lues (Boekholt 1976, Bruckental et al. 1980) in a range of experi-
mental data of which the simulated value lies in the middle. It is

gquestioned, however, if these low estimates are generally applic-
able.

Negative results of the comparison with literature data are obtai-




ned for acetate and ketone body uptake and oxidation in the mamma-

ry gland. The simulated values are considerably higher than the
experimental figures. However, the model is not necessarily wrong
at this point because most of the 1in vivo measurements seem to un-
derestimate the rates of acetate and ketone body uptake as well as

acetate oxidation in the mammary gland.

The simutated diurnal variations of scme output variables are eva-
luated in relation to concepts asbout the subunits used in the mo-
del (objective 4i). The outcome of this evaluation is that daily
variations in the rate of feed intake, and in the blood plasma
concentrations of insulin, glucose, ketone bodies, lactate, amino
acids and urea are simulated in a realistic way supporting the un-
derlying physielogical and biochemical concepts. On the other hand
the course of the blood plasma profile of free fatty acids during
the day shows that the model is somewhat insufficient in its con-

cepts of free fatty acid release from the adipose tissue.

It can be concluded, that the dynamic model is able to give reali-
stic quantitative predictions of important aspects of feed intake,
of ruminal and intestinal digestion, and of liver and mammary
gland metabolism. Concepts used in the model about the behaviour
of subunits can be accepted to the extent that they are related to
the diurnal pattern of the rate of feed intake and the blood plas—
ma concentration of a number of metabolites - except free fatty

acids.

In some areas of intermediary metabolism, notably amino acid con-
tribution to gluconeogenesis and acetate metabolism in the mammary
gland, where the model simulations are clearly different from Li~

terature data, more experimental work is needed.
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6.2.3 Simulation of a feeding experiment

The model can be evaluated most objectively in relation to its
purpose of prediction (objective i) when simulations are compared
to results from a specific experiment carried out under the same
conditions as assumed in the model. This is done in section 5.3
where the feed intake and productive performance of cows eating a
complete diet ad libitum at 136 days post partum are simulated.
The first simulation with the original parameter values failed to
give accurate predictions of milk yield, milk protein content and
live weight gain compared to the experimental results (Krohn &
Konggaard 1987). Then the numerical values of 17 parameters con-
cerning tissue nutrient uptake and metabolism were adjusted (Table
5.2), and the model was reevaluated according to the scheme 1in
figure 6,1, After the adjustment of parameter values the simulated
feed intake, milk yield, milk composition and live weight gain we-
re the same as obtained in the experiment. Hence, it can be con-
cluded that the adjusted model is able to predict the feed intake
and productive performance of dairy cows under the specified con-

ditions.

6.2.4 Simulation of animal performance during lactation

The discussion in this and the following subsection is concerned
with evaluation of both quantitative (objective 1) and qualitative

(objective i1) aspects of model behaviour.

The simulated curves of milk yield and live weight gain during the
lactational period are similar to in vivo observations {(Bauman et

al. 1985) as regards shape and magnitude of maxima and minima




(section 5.1, figure 5.71). The declining milk yield and increasing

energy balance during lactation are results of an altered nutrient
partitioning which in turn is believed to be regulated by metabo-
lic hormones (Bauman & Elliot 1983). This concept is used 4in the
model by means of equations describing the blood plasma concentra=-
tions of growth hormone, glucagon and insulin as well as equations
describing hormonal regulation of nutrient uptake and metabolism
in the mammary gland and body tissues. The simulation of 2 dif~
ferent lactation curves is an example of how the concept of hormo~
nal regulation is expressed in the model. After & few changes of
parameter values in some of the regulatory equations, the model
can simulate an altered tissue responsiveness to growth hormone
and insulin resulting in a higher milk yield and a lower Live

weight gain.

It seems fair to conclude that the model is able to simulate in a
realistic way alterations in the rates of milk secretion and lLive
weight gain during the lactational period. The ability of the mo-
del to simulate different Lactational milk yields of cows having
the same feed intake points to the possibility of using the model
to make hypotheses about the physiological background for diffe-

rences in the genetic capacity for milk yield.

6.2.5 Simulation of growth hormone treatments

The ability of the model to mimic hormonal regulation of the nu-
trient partitioning is also evaluated by simulation of the effects
of short-term growth hormone treatment on animal performance (sec-—
tion 5.2, figures 5.2-5.4). This is done simply by increasing the
intercept value in the equation for growth hormone concentration

in blood plasma. The simulations are carried out both in early and



in Late Lactation (73 and 257 days, respectively, after calving).

The simulated increases in milk yield in response to increasing
“"doses" of growth hormone are curvilinear both in early and late
Lactation as shown by Bauman et al. (1985) and Eppard et al.
(1985). The relative increases are higher in late than in early
Lactation as shown by Peel et al. (1983}, and the absolute increa-
ses are within the range of experimental observations at both lac—
tational stages (Peel et al. 1983, Eppard et al. 1985). The simu-
Lated feed intake is unchanged, the energy balance is decreased,
and the blood plasma concentration of free fatty acids is increas~
ed by the treatments as reported by Peel et al. 1981a, 1982adb,
Tyrrell et al. 1982b, Peel et al. 1983).

On the other hand the simulated increases in growth hormone con-

€

centration in response to “treatments” are much smaller than ob-
served in vivo (Peel et al. 1981a, Peel et al. 1983, Eppard et al.
1985). The model predicts the plasma concentrations of glucose and
jnsulin to decrease, but in most experiments these concentrations
are unaffected by growth hormone treatment (e.g. Peel et al.

1981a, 1982a, 1983).

1t can be concluded that treatment of lactating cows with increas-
ing doses of growth hormone can be simulated satisfactorily by the
model in terms of the effects on milk yield, feed intake, energy
balance, and free fatty acid concentration in blood plasma. How=-
ever, the model is not quite acceptable as regards the tissue sen-
sitivity to growth hormone and the effects on glucose and insulin
concentrations. Hence, the model can only be partly accepted in
relation to its purpose of prediction (objective i) and of concept
evaluation (objective ii) in these particular aspects of hormonal

regqulation.



6.2.6 Simulation of gluconeogenesis

The discussion in subsection 6.2.2 about the regulation of gluco-
neogenesis and the extent of amino acid contribution to glucose
synthesis suggests that an experimental elucidation of the follow-

ing questions is important:

~ How much of the synthesized glucose is derived from propionate

and from amino acids when different diets are fed?

- How are the contributions of propionate and amino acids to

glucose synthesis regulated?

For that purpose the model can be used to simulate the outcome of
experiments designed to answer these questions and to evaluate un-
derlying concepts and hypotheses involved at the subunit level.

Such simulations are presented in section 5.4.

In the first simulated experiment 32 different diets are used: a
high starch diet (HS), a high protein diet (HP), and an intermedi-
ate diet with starch and protein protected against rumen fermenta-
tion (BSP). The main results of the simulations can be summarized

as follows:

1) The rates of feed intake, carbohydrate and protein fermenta-
tion, microbial protein synthesis, and propionate absorption
are decreased, while the rate of glucose absorption is mar=-
kedly dincreased with the BSP diet.

2) The rate of glucose synthesis in the liver is higher with
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diet HS than with either of the two other diets.

3) The proportion of the synthesized glucose derived from amino
acids and the proportion of deaminated amino acids used for
gluconeogenesis are very different with the 3 diets. Both

proportions are Lowest with diet HS and highest with diet HP.

4) As regards the volume of secreted milk the 3 diets are ranked
(from highest to lowest): BSP, HS, HP - but as regards the
secreted milk energy the diets are ranked oppositely. This
means that the energy content (and fat content) per kg milk
is highest with diet HP and lowest with diet BSP.

5) The efficiency of energy and protein utilization is highest
with diet BSP,

Some of the simulated results with the BSP diet (decreased rumen
digestibility of starch, decreased propionate production and mi-
crobial protein synthesis, as well as increased efficiency of pro-
tein utilization) are similar to corresponding data from experi-
ments with lactating cows, where maize with low rumen degradabi~
ity was compared to barley with high degradability (Oldham et al.
1979, Sutton et al. 19802.

The simulated contributions of the different glucogenic substrates
to glucose synthesis are based on the hypothesis that the rate of

gluconeogenesis is regulated by precursor availability and the ra-
tio of glucagon to insulin concentrations. They are also based on

the concept that the rate of glucose synthesis from amino acids is
increased more than that from propionate, when the ratio of gluca-
gon to insulin is increased (Brockman 1978a, Brockman 1979, Brock=
man & Greer 1980). This goes along with the hypothesis that the

high-yielding dairy cow possesses an ability to utilize a relati=



vely high proportion (if needed) of the available amino acid-t for

synthesis of glucose-C, as mobilized amino acids from body protein
are the only source for an extra net glucose synthesis at a given
feed intake. If these assumptions hold true, fully or partly, they
may explain the differences in experimental estimates cf amino
acid contribution to gluconeogenesis (e.g. Bruckental et al. 1980,
Lomax & Baird 1983). In fact, Lomax and Baird found that the pro-
portion of synthesized glucose derived from amino acids was in-
creased with fasting. It is also worth noting that the protein in-
take (2300 g/d) as well as the g¢gluconeogenic contribution of amina
acids (3% of glucose) simulated with the low protein diet (HS) are
similar to the corresponding figures in the study of Bruckental

and coworkers.

In the second simulated experiment 5 diets are used. These diets
are identical in gross chemical composition, but 0-35% of the
starch is unfermentable. In ali diets the protein degradability is
low. The results of the simulations regarding feed intake, nutri=-
ent absorption, gluconecgenesis, and production are given in figu—
res 5.5-5.7. Attention should also be drawn to figure 5.8, which
shows that the net energy content of the feed dry matter is very
different in the 5 diets, even though they are of identical chemi=
cal composition. This is an important observation leading to the
conclusion that a sufficiently realistic dynamic, mechanistic mo-
del could be the best tool above all to evaluate different feed-

stuffs and feed rations for lactating dairy cows.

The purpose of the simulations discussed in this subsection has
been to demonstrate the model’'s ability for prediction (objective
i), and for evaluation of concepts (objective ii) and hypotheses
(objective iii). In context with the Last mentioned objective it
should be noticed that other hypotheses than those assumed can

easily be incorporated in the model.
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It can be concluded, that the model has at least partly served
these objectives. However, as a general remark to the conclusions
of subsections 6.2.2-6.2.6 it can be pointed out, that a good fit
with a complex model such as the present one is not an irrefutable
proof of validity, whereas a poor fit is a proof of incomplete va-
Lidity of the model or erroneous experimental data. This means
that further evaluations and adjustments of the model are requir-
ed.

6.3 Advantages and drawbacks of the model

This section contains a discussion of some of the concepts used in
the model and of some concepts which at present are not incorpora-
ted. The discussion can be regarded as the author’'s qgualitative

evaluation of merits and shortcomings of the model.

6.3.1 Advantages

A general advantage, which is not confined to the present model
alone, is that with modelling it is possible to avoid a classical
problem in animal science: that an object cannot be studied with-
out disturbing the behaviour of the object. This means that the
implementation of an experimental procedure will itself affect the
environment and thereby the behaviour of animals, organs or cells.
The less invasive the experimental procedure, the less detailed
information about causal relationships can be obtained. With a
whole animal model such as the present one the biological respon-

ses of the cow to different treatments can be studied at different




Levels of organization (organs, cells etc.) without affecting any

cow at all. However, a condition for gaining insight into biologi-
cal phenomena by modelling is that the model is to a significant

degree realistic -~ and a realistic model can hardly be made with-
out using concepts and gquantitative relationships based upon expe-

rimental results.

Ancther general guality confined to dynamic models only i3 that
gquantitative impacts of acute changes in metabolism on whole ani-
mal performance can be estimated. Examples of this from the pre-
sent model are the effects of the distinct pattern of the rate of
feed intake (figure 4.1) on rumen metabolism {e.g. figures 4.7 and
4.132, absorption of nutrients (e.g. figures 4.25 and 4.26), cir-
culating nutrients and hormones (e.g. figures &4.31 and 4.33), tis-
sue metabolism and milk secretion (e.g. figures 4,29, 4.35 and
4.43, section 4.2). The model can be used to simulate how the pro-
duction of the cow is influenced via metabolic changes induced by
a different pattern of feed intake or by different tissue sensiti-

vity to regulating factors (specific nutrients, hormones etc.)

The presented model is, Like other complex dynamic models, extre-
mely flexible, because the regulation of most of the simulated
processes can be easily changed by adjustment of existing parame-
ter values or by introduction of new parameters. For example, the
rate of feed intake can be modified by changing the non-eating pe-
riod 1-5 hours a.m. into ancther time interval. Moreover the fixed
rate of dry matter intake during eating periods can bhe changed to
be a function of the content and the physical form of dietary fi=
ber according to the principle of maximum chewing time (Ngrgaard

1981). Other examples of easily adjustable transactions are:
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Process Model equations

From the rumen compartment:

RSUT06 = R106*XT*EXP (~G*X3)
RST106 = RI06*xX2*EXP (~G*X3)

Interaction of

carbohydrate

fermentation RCE106 = R106*(1=EXP(-G*X3))
Maximal microbial R9M = YATP*M9*(R108+R115>
protein synthesis YATP = YATPM=A2*NTA/(KATP+AZ2%NTA)

From the Liver and extracellular fluid compartments:

Glucose synthesis R136 = R136M*C14/(K136+C14)
from propionate RI136M = L136+MI36%RATIO

Acetate and ketone R149 = R16IM*xC19/(KT49+C19)
body synthesis R149% = L149+MT149*RATIO

R160 = R160M*C24/(K160+C24)
RT160M = L160+MT160*GH

Glucose uptake in

the mammary gland

Glucose uptake in R162 = R142M*C24/(K162+C24)
adipose tissue R162M = LT162+MT162*INSUL

From the adipose tissue compartment:

Fatty acid R190 = R190M=C39/(K190+C39)
synthesis R190M = L190+MT190*xINSUL
Triglyceride R195 = RI195M*C&T/(K195+C412

synthesis R195M = L195+M195*INSUL

Changeable

parameters

M9
YATPHM, KATP

K136
L136, M136

K149
L149, M149

K160
L1680, mié0

K162
L1é2, Mi62

K190
L190, M190

K195
L195, ®195



In addition to these examples all other rate eguations in the mo-

del contain one or more fixed parameters, the value of which can
easily be changed. ALL in all the numerous possibilities of para-
meter value adjustments provide the model with a great fitting
power still keeping the numerical parameter values meaningful in a
biological sense (although this is not completely ftrue in the pre=-
sent version of the model, e.g. L156, L1600 and L5351, subsection
4.1.40,

A new method of simulation confined tec metabolic regulation of
pocol sizes and rates of transaction is 3$ntroduced in the model
(see Appendix 2). The principle is described in section 2.3, and a
few examples from the rumen and the liver compartments are given

below:

Process Mathematical fermulation

Rumen compartment:

Carbohydrate fermentation R106 = R106M*C2/(K106+C2)

IF (C2.LT.C2MX) 60 TO 1
K106 = K106-0.1
GO TO 2
T IF (C2.6T.C2MN) GO TOQ 2
K106 = K106+0.1
GO TO 2
2 CONTINUE

Dry matter intake FT

IF (UNFERM.LT.MAX)Y GO TO 12
FT = 0.0



Liver compartment:

Glucose synthesis

Glucose output
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12 IF

GO TO 13
(UNFERM.GT.MIN) GO TO 13
FT = 3.3
G0 TO 13

13 CONTINUE

R136
R142
R144

R139

IF

32 1IFf

= R136M*C14/(K136+C14)
= R14ZM*C17/(K142+C17)
= RT44M%C18/(K144+C18)

= R139M*L16/(K139+C16)

(C16.LT.C16MX) GO TO 32
K136 = K136+0.0005

K142 = K142+0.001

K144 = K144+0.001

GO TO 33

(C16.6T.CT16MN) GO TO 33
K136 = K136-0.0005

K142 = K142-0.001

K144 K144~0.001

GO TO 33

33 CONTINUE

IF

36 IFf

(C24.LT.C24MX) GO TO 36
K139 = K139+0.005

GO TO 37

(C24.6T.C24MN) GO TO 37
K139 = K139-0.005

GO0 TO 37

37 CONTINUE
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The first example is regulation of the rumen pool size of ferment-
able carbohydrates (C2)., When this pool reaches or exceeds a maxi-
mum vatue (C2MX), the affinity constant for carbohydrate fermenta~-
tion (K106) is decreased by 0.1, and when €2 reaches or goes below
a minimum value (C2MN), K106 is increased by 0.%1. In this way the

carbohydrate fermentation rate (R106) is regulated, and the sub-

strate pool size (€2) cannot be infinitely large or small in spi-

te of large diurnal fluctuations (see figure 4.4).

The second example is concerned with the physical regulation of
feed intake. When the amount of unfermented organic matter in the
rumen (UNFERM) dis equal to or larger than a maximum value (MAXD ,
which is dependent on the body weight of the cow, the feed intake
stops (FT = 0.0). Otherwise the feed intake is 3.3 kg dry matter
per h (see figure 4.1).

The last examples show how the rates of glucose synthesis (R136,
R142 and R144) and glucose outflow from the liver (R139) are regu-
lated by the pool sizes of Liver glucose (C16) and blood plasma
glucose (C24), respectively. The rates of gluconeogenesis are in-
hibited by an increase in €16 to or beyond a maximum value (CT16MX)
and are stimulated by a decrease in €16 to or below a minimum va-
Lue (C16MNY. In the same manner the rate of glucose outflow is in-
hibited and stimulated by large and small, respectively, values of
24 (see figures 4.27, 4.29 and 4.33). In this way the glucose
synthesis rate is indirectly regulated by the glucose pool size in

blocod plasma.

The mutual regulation of substrate pool sizes and rates of trans-—
action imitates allosteric enzyme regulation. An important biolo-
gical phenomenon is thus induced in the model. In addition to this

the regulations have a great stabilizing effect on the affected
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pool sizes {e.g. (14 and €16, figure 4.27) as well as on the model
as a whole (figure 4.48).

To the best of the author’'s knowledge this simple principle of me-
tabolic regulation has not been used in other published models,
but it is further developed in an unpublished model of pig growth
{Danfar 1987).

The last merit which could be made of the model work is the rather
comprehensive review of literature data in search for numerical
values of biotogical relevance to apply to the state variables and

the equation parameters (subsections 3.3.1-3.3.5).

6.3.2 Drawbacks

In this subsection some of the lLess attractive features about the
model will be briefly discussed. These are related to the general
structure of the model, the regulation of feed intake, microbiatl
growth in the digestive tract, the requlation of hormone secreti=
on, regulation of milk synthesis capacity within the mammary
gland, and regulation of energy metabolism. The reader may think

of something more.

General model structure

This 9s not completely satisfactory. Firstly, the emphasis put to
the description of metabolism in the peripheral tissues (mammary
gland and body tissues, subsection 3.%3.4) seems to be too poor re=

Lative to the emphasis in description of processes in the visceral




tissues (rumen, intestines and liver, subsections 3.3.7-3.3.3). As

an example, it can be jllustrated by the number of descriptive
equations in the liver compartment (43> compared to the number of

descriptive equations in the mammary gland compartment (23).

The model is programmed in the C(SMP III language which has & maxi-
mal cepacity of 600 statement outputs (Speckhart & Green 19763,
Although all the rates of transaction and all regulatory processes
etc. are programmed in FORTRAN subroutines 1in order to save space
(Appendix 2), the main CSHMP programme containing all the differen—
tial and integration equations has utilized the available capacity
and cannot be further enlarged. This means that new state vari=-
ables cannot be introduced in the model unless by replacement of
already existing ones. The problem of limited capacity is partly
the explanation of the improper weighting between visceral and pe-
ripheral tissues mentioned above, and it is also the reason for

most of the shortcomings discussed below.

In a few cases a state variable in the model represents more than
one nutrient or metabolite {acetate + ketone bodies, lactate +
glycerol). These pooled nutrients are partly metabolized in the
same pathways, but the flexibility and the biological resemblance
of the model are both suffering.

Because of the limited programming space already mentioned only 23
statements (equations) in the main programme can be reserved for
the calculation of fluxes (Fj, Fj) by integration of the rates of
transaction (Ry, Rj}. This means that in order to calculate all
fluxes the model must be run 10 times, each time with new integra-
tion equations in that specific part of the DYNAMIC segment in the
programme (see Appendix 1, lines 4£110-4360).



& disadvantage of a large and complex model as the present one is

clearly, that it is very difficult to evaluate completely. For ex-
ample, a satisfactory fit to experimental data at the whole animal
Level could be due to some errors counterbalancing each other at
the subunit level. The consequence is that a thorough evaluation

of the model will take a long time and require much work.

Feed intake

The rate of feed intake is regulated in the model by the physical
capacity of the rumen only, and not by products of digestion and
metabolism. In a review on metabolic control of food intake Forbes
(1980) concluded that receptors in the digestive tract and the Lli-
ver are sensitive to concentrations of digestion products such as
acetate, propionate and lactate, and that signals from these areas
are registered by the brain. After integration of the recieved im-
pulses, the brain "decides" when feed intake is initiated or ter-
minated. Free fatty acids and ketone bodies are also likely as
candidates for metabolic regulation of feed intake (Rich et al.
1988). Models simulating both physical and metabolic control of
food intake in sheep have been published (Forbes 1978, Fisher et
al. 1987).

Differences in the capacity of feed intake at progressing lacta-
tion is not incorporated in the present model. It is well known
that the voluntary energy intake of cows is lower in early lacta-
tion (especially just after calving) than in mid and later lacta-
tion (e.g. Bauman et al. 1985). Simulations of the feed intake at
various parts of the lactational period would presumably be impro=-
ved, if the model was supplemented with equations describing meta-

bolic control and regulation by the volume of abdominal fat.



Rumen fermentation

The significance of feed particle size in relation to rate and
pattern of rumen fermentation is not taken inte account in the mo-
del, Neither is the fact that cell wall carbohydrates consist of
several classes of chemical components {i.e. pecting, hemicellulo~-
ses, celluloses and Lignins) each with different fermentation cha-
racteristics. These factors are included in other dynamic models
of rumen digestion (Baldwin et al. 1977, Kristensen 1984, Murphy
et al., 1986), However, the importance of feed particle size is
doubtful according to some studies (Robinson et al. 1986, Ngrgaard
1987).

In the present model the rate of microbial protein synthesis in
the digestive tract is directly proportional to the rate of ATP
synthesis during fermentation. This means that all available ATP
is used for growth, and that the energy requirement for maintenan-
ce of the microbes is not considered. The simulated rate of net
protein synthesis per day by rumen microbes is in agreement with
experimental data (subsection 6.2.2), but at low feed intakes ig-
noring of the maintenance requirement could lead to significant
errors (Baldwin & Koong 1980).

Regulation of hormone secretion

Blood plasma concentrations of the metabolic hormones, growth hor-
mone, insulin and glucagon, are in the model related to the stage
of lactation in a discrete manner based on findings of Herbein et
al. (1985) and modified by absorbed nutrients. These hormones re-
gulate the partitioning of nutrients as well as some important me-
tabolic transactions, and therefore only discrete lactation curves
can be simulated at present (see figure 5.1). An attractive model

solution would be that the simulation of general trends in hormone



concentrations during the lactational period was based on intrin-
sic and mechanistic elements of the model. For example, growth
hormone secretion could be stimulated by fasting and insufficient
energy intake, and insulin secretion could be stimulated by high

energy intake (Forbes 1980).

Regulation of milk synthesis capacity

The syntheses of milk components are in the model regulated only
by the availability of nutrients Wwithin the mammary gland. Hence,
the capacity for milk synthesis per se is not changed during the
lactational period. In vivo, however, the declining milk yield
with progressing lactation seems to be determined (apart from the
nutrient availability) by a decreasing number of secretory cells
as well as by a reduced activity of the synthetic and secretory
machinery in the cells (Mepham 1983). Both these factors (cell
number and activity per cell) may be controlled by growth hormone
via somatomedins or other secondary hormones (Baumrucker 1986akb,
Nielsen 1988, Shamay et al. 1988). Regulations of this kind could

easily be incorporated into a revised version of the model.

Regulation of energy metabolism

Maybe the most serious defect of the model is that rates of energy
consuming, synthetic processes at the tissue level are not regula-
ted by the availability of ATP and reducing cofactors produced by
substrate oxidations. At the same time rates of substrate oxida-
tion are not controlled by the requirement for energy in the syn=
thetic pathways. In the static model {Danfar 1983b) account is ma-
de for both the synthesis and the consumption of high-energy phos=-
phate bonds and reducing egiuvalents in the stated pathways, and
in all modelled tissues the available energy is in excess of that

required for synthetic purposes. The defect of the dynamic model



will affect the simulation results, whenever the supply of energy

is in shortage relative to the supply of substrates for synthetic
pathways. This means that the dynamic model cannot be expected to
cope well with situations such as fasting or very Low feed inta-
kes, where energy supply is the limiting factor. Rate equations
for the production and the expenditure of ATP and reducing cofac—
tors are included at the tissue level in other dynamic models,
published {(6ilL et al. 1984, Baldwin et al. 1987b) and unpublished
(banfar 1987).

The last point to make here is related to the partition of energy
lost in the urine and Lost as heat. In the present model urinary
energy (UE} is calculated by difference: digestible energy (DE)-
metabolizable energy (ME)-energy in methane (MEE), where DE and
MEE are obtained mechanistically from the dynamic simulations, and
ME is determined empirically as DE*0.84 (subsection 3.3.5). Of
course, this is an unsatisfactory solution in a model which is in-
tended to be mechanistic. The flaw of the model is that urea is
the only substance excreted in the urine. Therefore the energy
loss in the urine would be underestimated and ME overestimated, if
UE is calculated directly from the excreted urea. The total heat
loss (HE) is calculated as the difference between ME and net ener-
gy for production (PRODE), where PRODE is the sum of milk energy
and tissue energy balance. A mechanistic determination of HE based
on fermentations and oxidations in the individual compartments
would overestimate HE, because some of the organic substances oxi=
dized should in fact be excreted in the urine. PRODE is calculated
yindependentty and mechanistically and is therefore not affected by
the flaw.



6.4 Perspectives for use of the model

As stated previously the main objective of the presented work has
been to develop a general model of the lactating cow, which is ab-
Le to simulate the digestion and metabolism of nutrients in a rea-
listic way. Such a model can be applied to different areas of sci-

entific work:

1) Stimulation of thinking and formulation of hypotheses.

2) Prediction of performance at subunit as well as whole animal

Levels.

With regard to the first application the model needs not to be ve-
ry realistic in all details, although the better the model the

better possibilities to exclude false hypotheses. As to the second
point there is practically no Llimitation in its applicetion if the
model is sufficiently precise in the simulation of in vivo behavi=

our .

The present version of the model can be used for formulation and
evaluation of concepts and hypotheses about nutrient digestion,
metabolism and interactions in the lactating dairy cow. It can al-
so be used for prediction of real Llife situations in which the si-
mulations are not considered to be influenced by the drawbacks of

the model discussed in the preceding subsection.

As the model is hopefully improved by further evaluations and ad-

justments, the field of its application could be extended. In re-




Latien to this it is pertinent to ask the following questions:

13 Which kind of experiments do we need to perform?

2} What can we learn from these experiments?

3) What are the expenses and technical Uimitations of these

experiments?

4) How can use of models help to select the appropiate experi-
ments, to supplement information from experiments, and to

cvercome limitations of experiments?

Answers to these qguestions could be a guide to find the most ra-
tional utilization of the model in the future. Here, attention is

directed to a few examples:

In addition to formulation and evaluation of hypotheses the theo-
retical application could include an identification of Llacking
knowledge and also false knowledge originating from improper expe-
riments or inadequate experimental techniques. The physiological
and biochemical background of the genetic potential for high milk
yield is a research area where knowledge 1is still lacking, and

where solid hypotheses may be formulated by aid of the model.

In the more practical field of research the model could be a use-
ful tool in screening of new feed rations for dairy couws, for fin-
ding the optimum composition of feed rations, and for development
of a feed evaluation system. Screening of feed rations for their
effects on animal performance would be a fast and inexpensive me-—

thod to obtain useful information for farmers about new feeds. The



model could also be used in the opposite direction, namely to i-

dentify optimum diet compositions for desired levels and types of

production.

The value of feedstuffs and feed rations §s at present estimated
by separate energy and protein evaluation systems (Van der Honing
2 Alderman 1988). Although the newer systems are based on more so-
Lid physiological concepts than the older ones, they are still
static and to a great extent empirical and founded on defective
concepts. Furthermore, none of the existing systems are able to
describe metabolic interactions of absorbed nutrients. This pro-
blem has been of low priority in the past relative to the amount
of time and work devoted to discussions and estimations of coeffi-
cients for degradability, digestien and utilization. It is the au-
thor’'s view that a proper feed evaluation system should be based
on the rates of absorbed nutrients and their effects on metabolism
and production for a wide range of different conditions. Dynanmic,
whole animal models based on established physiological and bicche=
mical concepts and thoroughly evaluated would be perhaps the best
tools in the development and operation of such a system. Of cour=-
se, this idea could be extended to growing cattle and to other Li~-

vestock species.

6.5 Conclusions

A dynamic, deterministic and mechanistic whole animal model has
been developed and presented in accordance with its main objecti=-
ve: to simulate the conversion of nutrients through digestive and
metabolic processes in the cow into intermediate substances, and
further intc waste products and products of milk and tissue con=-

stituents.



The model is based on & static model of nutrient digestion and me-

tabolism in the lactating dairy cow (Hvelplund 1983, Danfar
1983b). In its present version the solutions of the dynamic model
are the same as those of the static model with regard to daily
feed intake, milk production, Live weight lLoss, and to daily flux

rates in all intermediate transactions.

Results of simulations at the subunit level of the model are com=
pared to a range of independent literature data. These comparisons
support the conclusion, that the model can give realistic predic~
tions of a number of processes in the digestive tract, the Liver
and the mammary gland. Also simulations of the rate of feed 4intake
and the dynamics of some extracellular nutrient and hormone pools

are in fair agreement with in vivo observations.

In a few cases where the simulations differ significantly from
some experimental results (i.e. gluconeogenesis from amino acids,
mammary uptake and metabolism of acetate) it can be questioned if
the experimental data have general validity. This conclusion is
justified by the recognition that quantitative experimental re=
sults should be evaluated in view of the integrated nutrient meta-

bolism in the animal.

The model 's predictive ability of animal performance is evaluated
against a specific feeding experiment (Krohn & Konggaard 1987).
After adjustments of parameter values the simulated daily feed in-
take, mitk yield and composition, as well as Live weight gain are

as observed in the experiment.

The model can simulate animal performance during the lactational

period. Different lactation curves are obtained by adjustment of



parameters, simulating different tissue responsiveness to metabo-

lic hormones.

The effects of growth hormone treatments on feed intake, milk
yield, energy balance and blood plasma concentration of free fatty
acids are simulated by the model in accordance with experimental
results. However, the simulated increases in growth hormone plasma
concentration elicited by the "treatments"” are smaller than obser-

ved in vivo.

Two hypothetical experiments are performed by simulation. The re-

sults suggest that:

- The contribution of different substrates to glucose synthesis
is regulated partly by substrate availability and partly by
the ratio of glucagon to insulin concentrations in blood

plasma.

- Protection of dietary starch and protein against degradation
in the rumen increases the efficiency of energy and protein

utilization.

- Feed rations of identical chemical composition, but with
different degradability of dietary starch, have different net

energy values.

The model is very flexible, and possesses a new principle of mo-
delling the regulation of pool sizes and rates of transaction.
However, some concepts regarding the regulations of feed intake,
microbial fermentation, hormone secretion, milk synthesis capaci~

ty, and energy metabolism should be improved., Therefore further



adjustments and evaluations are needed before the main objective

of the model can be satisfactorily achieved.

In the future, use of the model can contribute to scientific pro-
gress within 2 areas: theoretical research (formulation and evalu-
ation of concepts and hypotheses) and prediction of animal perfor-
mance (experiment simulation, screening of rations, feed evalua-
tion). The most rational and effective way to increase knowledge
is to combine different experimental methods with modelling in a

self-increasing process:

increased

///////’"’ knowledge

improved improved

interpretation models

\\\\\\\‘ﬁdmore critical

experiments
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APPENDIX 1: The (S#P program

/i* MCD (DYNT) 0000070
/7% (06715786 , 10:09:08 (AR100185 0000080
//% WHOLE ANIMAL MODEL 0000090
// EXEC CSMP3X 0000100
//FT15F001 DD DSN=R&DATA,DISP=(,PASS), 0000110
// UNIT=SYSDA,SPACE=(TRK,(50,10)), 0000120
/7 DCB=(RECFM=VBS ,LRECL=32756 ,BLKSIZE=4000) 0000130
//SYSIN DD * 0000140
INITIAL 0000150
0060160

PARAM K1061=2.50,K6I=.92361,K111=.0632646,K201=.00555038,K211=2.723,... D0OO0170
KCA=3,8,KATP=,07,YATPM=28.0,... 0000180
0000190

K1211=.62684,K1281=.000001,K1301=.78593,K271~6.578,K281=2.731,... 0000200
K341=6.578 ,K381=.0515,K401=4,9427,... 0000210
0000220

K1361=.1610,K1371=.0463,K1391=.575,K1421=,2315 ,K1431=.1155,... 0000230
K1441=.194 ,K481=.024 ,RUN=1 0000240
0000250

0000260

0000270

0000280

CONSTANT €11=261.08,5U21=3.8468,5T21=.43363,CE21=29.994,... 0000290
£31=19.765,AC41=10.491,PR41=6.6841 ,BU4I=3,8374,CH41=,93307,... 0000300
C041=2.0545,A11=7.3081,A21=2.1942,431=.001 ,A41=11.252,... 0000310
N1AI=.73488,N1BI=.11652,U11=.21753,041=2.047%,... 0000320

0000330

C71=29.578,081=.0745155,(91=.91318,C10B1=56.65,C111=.0143,... 0000340
£121=.0255599,0231=.91920,A61=1.5305 ,A71=.85684 ,AB1=3.8248,... 0000350
A101=.077621,A111=.28211 ,A121=.9393,A131=55.945 ,A161=.50227,. . .0000360

N2AI=.0585037 ,N2BI=.26074,U21=.039282,... 0000370

(0000380
£141=,18457,0161=1.1542,0171=,11677,C181=.09737,C191=.1684,... 0000390
£201=15.04,0211=5,307,0221=.03738,0241=3.2518,... 00060400
C251=.25424,0261=1.3553,0271=.4959,0281=.64867,... 0000410
€381=3.270,C411=3.04,0441=,046,... 0000420
A141=.19935,4151=19.819,4171=.52259 ,A181=.578,A201=4.251,... (000430
A221=2.817 ,N31=_.0483836,U31=.35090,... 0000440

0000450
€291=.1485,0301=.1782,0311=.123,0331=1.01,(341=55.866,... 0000460
€351=1.55,C361=1.860,C371=.349,0391=,221,0401=.265,... 0000470
C431=3030.0,0451=.200,C461=.240,C471=.045,... 0000480
A191=.232,4211=498.0,A231=330.0 0000490

0000500




INCON BW=600,FT=3.3,L179=.06863

K106=K1061
K6=K61
K11=K111
K20=K201
K21=K211

C1=C11

SU2=SU21
ST2=8721
CEZ=CE2L
€3=C31

AC4=ACLT
PR4=PR4I
BU&=BU4 I
CH&=CH4I
€04=C041

AT=A11
AZ=AZI
A3=A31
Ab4=A41
N1A=NTAL
N1B=N1BI
ur=U11
U4=U41

C2=5U2+ST2+CE2
CA3=KCA%A3

YATP=YATPM*AZ*NTA/ (KATP+AZANTA)

X1=5U2/(SU2+5T2)
X2=8T2/ (SU2+8T2)
X3=CE2/ (SU2+8T2)

K121=K1211
K128=K1281
K130=K1301
K27=K271
K28=K281I
K34=K341
K38=K381
K40=K401

C7=C71
C8=C81
9=C91
€10B=C10BI
C11=C111
c12=C121
C23=C231

Q0o0s10
0000520
0000530
0000540
0000550
0000560
0600570
0000580
0000590
000600
4000610
0000620
Q000630
0000640
0000650
0000660
0006670
0000680
0000690
0000700
0000710
0000720
0000730
(1300740
00go7s0
0000760
0000770
0oa780
006790
0000800
0000810
0000820
0000830
0000840
0000850
0000860
0000870
0000880
1000890
0600900
0000910
0000920
0000930
0000940
0000950
0000960
0000976
0000980
0000990
0001000
0061010
0001020
0001030



Ab=AS1
AT=ATI
A8=ABI
A10=A101
A11=A111
A12=A121
A13=A131
A16=A161
N2A=NZ2AL
N2B=N2B1
u2=u21

K136=K1361
K137=K1371
K139=K1391
K142=K1421
K143=K1431
K144=K1441
K48=K481

C14=C141
C16=C161
c17=C171
C18=C181
€19=C191
€20=C201
21=0211
€22=0221
C24=C241
C25=C2a51
€26=C261
€27=C271
(28=C281
C38=C381
C41=C411
Chbh=Chh1

At4=A141
A15=A151
A17=A171
A18=A181
A20=A201
AZ22=A221
N3=N3I

U3=U31

€29=(291
€30=C301
€31=C311
€33=(331
C34=C341
€35=C351
€36=C361

0001040
0001050
0001060
0001070
0001080
0001090
0061100
0001110
0001120
0001130
0001140
0001150
0001160
0001170
0001180
0001190
0001200
0001210
0001220
0001230
0001240
0001250
0001260
0001270
0001280
0001290
0001300
0001310
0001320
0001330
0001340
0061350
0001360
0001370
0001380
0001390
0001400
0001410
0001420
0001430
0001440
0001450
0001460
0001470
0001480
0001490
0001500
0001510
0001520
0001530
0001540
0001550
0001560




C37=(371 0001570

€39=(C391 0001580
C40=C401 0001590
C43=0431 0001600
C45=C451] 0001610
C46=C461 0001620
C47=C471 0001630
0001640
AT9=R191 0001650
A21=A211 0001660
A23=A231 0001670
0001680
CA20=KCA*AZ20 00016%0
0001700
Q001710
DYNARIC 0001726
0001730
* SUBROUTINE RATET (RUMEN COMPARTHENT) 0001740
0001750

R100,RSU100,RST100,RCET00,RGL100,RLI100,R 101, RSU101,RST101,RCET01, . .. 0001760
RGL107,RLIT01,R102,RSU102,RST102,RCE102,RLIT02,R103,RSU103,RST103, ... 0001770
RCE103,RGL103,RLI103,R105,RSU105,RST105,RCE105,RLIT05,R106,RSU106, ... 0001780
RST106,RCET06,R107 ,RSUTD7,RST107 ,RCET07 ,R108,R109,R110,RST110,. . . 0001790
RCE110,RLIT10,RAC,RPR RBU,RCH,RCO,R111,RACT1T,RPRT11,RBUT11,RCHI1T, . . . 0001800
RCO111,R112,R113,R114,R115,R0,R1,R2,R3, R4, RS ,R6,R7 R8RS, R10,R11,... 0001810

R12,R13,R14,R15,R16,R17,R18,R19,R20,R21 ,R55,R6E = RATEY(FT,K106,... 0001820
K6é,K11,K20,K21,KCA,X1,X%2,X3,YATP,C1,L2,03,0A3, ... 0001830
SU2,5T2,CE2,ACL,PRA,BUA,CHE,CO4,AT,A2,A3, A4, NTA,NTB, U1, U4) 0001840
0001850

NOSORT 0001860
0001870

DC1=R101-R103 0001880
€1=C1I+INTGRL (0.0,DC1) 0001890
DSU2=RSU102~RSUT05-RSUTD6~RSUTOT 0001900
SUZ=SU2T+INTGRL (0.0,DSU2) 0001910
DST2=RST102~RST105~RST106-RST107 0001920
ST2=ST2I+INTGRL(D.0,DST2) 0601930
DCE2=RCE102-RCE 105-RCEMD6~RCET1OT 0001940
CE2=CE2I+INTGRL (0.0,DCER) 0001950
DC3=R1OB5+R113-R109~R110 0001960
C3=CII+INTGRLAO.0,DL3) 0001970
DAC4=RAC-RACT1] 0001980
AC4=AC4T+INTGRL (0.0, DACA) 0601990
OPR&=RPR-RPR111 £002000
PR&=PR4 1+INTGRL (0.0, DPR4) 0002010
DBU4=RBU-RBUT11 0002020
BUA=BUA4I+INTGRL (0.0, DBU4) 0002030
DCH4=RCH-RCH111 0002040
CH4=CH4I+INTGRL (0.0,DCH&) 0002050
DCO4=RCO-RCGTTT 0002060
CO4=CO4I+INTGRL (D.0,DC0O4) 0002070
0002080

DAT=R1-R5 0002090



AT=ATI+INTGRL (0.0,DAD)
DAZ=R2+RB-R6=RT
A2=A2I+INTGRL (0.0,DA2)
DA3=R&+R12+R17-RB-R9-R10-R11
A3=A3I+INTGRL (0.0,DA3)
DA4=RF-R12-R13
R4=ALI+INTGRL (0.0,DA4)

DN1A=R3+R20+R21~R14~R15-R16
NT1A=NTAL+INTGRL(0.0,DNTA)
DN1B=R11+R15-R17-R18-R20
N1B=N1BI+INTGRL (0.0,DN1B)
DUT=R4+R55-R21
U1=UTI+INTGRL (0.0,DUT)

SORT

* SUBROUTINE RATE2 (INTESTINAL COMPARTHMENTS)

R116,R117,R118,R119,&119F ,R120,R120F ,R121,R122,R123,R124 ,RAC124,. ..
RPR124 ,RBUT24 ,RCH124,RCO124 ,PRBC2,R125,R126,R127 ,R127A,R128,R129, . ..
R130,R131,R132,R155,R22,R23 R4 ,R25 ,R26 ,R27 ,R28 ,R29,R30,R31,R32, ...
R33,R34,R35,R36,R37,R38,R59 ,R40,RET ,RE2,R50,RE6,RFE =
RATEZ(RSUT03,RST103,RCE103,RGL103,RLIT03, ...
RSU1D7,RST107 ,RCE107,RST110,RCET10,RLIT10,R5,R7,R10,RT3,R14,R18,...
K121,K128,K130,K27 K28, K34 ,K38, K40, YATPM, . . .
¢7,C8,09,0108,011,012,023,46,A7,A8,AT0,AT1,A12,413,A16,N2A N2, U2, U4)

NOSORT

pC7=R116-R119
C7=C7I+INTGRL{D.0,DCT)
DCB=R117-R120-R121
C&=CBI+INTGRL(D.0,DC8)
UC9=R118-R122-R123
C9=CFI+INTGRL(0.0,DC93

DC10B=R119+R120+R122+R127+PRBC2-R119F-R120F-R126~R127A

C108=C10BI+INTGRL(0.0,0C108)
pC11=R155~-R128
C11=C11I+INTGRL (0.0,DCT1)
DC12=R121-R129-R130~R131
€12=C12I+INTGRL(0.0,DC12)

DAS=R22-R25

A6=A6I+INTGRL (0.0,DASD
DA7=R23-R26-R27
A7=R7I+INTGRL(C.0,DAY)
DAB=RZ5+R26+R32+R33+R36~R28~R29
A8=ABI+INTGRL(0.0,DAB)
DA10=R30-R32
A10=A10I+INTGRL{0.0,0A10)
DA11=R31-R33-R34
A11=AT1I+INTGRL (0.0,DA11)

0002100
0002110
0002120
0002130
0002140
0002150
0002160
0002170
0002180
0062190
0002200
0002210
0002220
(0002230
0002240
0062250
0002260
000227C
0002280
0002290
0002300
0002310
0002320
002330
0002340
0002350
0002360
0002370
0002380
0002390
0002400
0002410
0002420
0002430
0002440
0002450
0002460
0002470
0002480
0002490
0002500
0002510
0002520
0002530
0002540
0002550
0002560
0002570
0002580
0002590
0002600
0002610
0002620



DA12=R27+R34+R42+R50~R39~R40 0002630

A12=A12I+INTGRL (0.0,DA12) 0002640
DAT3=R39-R41~R&2Z 00026506
A13=A131+INTGRL (0.0,DA13) 0002660
0002670

DN2A=R24-R35 0002680
NZ2A=NZAI+INTGRL (0.0,DN2A) 0002690
DNZB=R28B+R38~R36~R37 002700
N2B=N2BI+INTGRL (0.0,DN2B) 0002710
DU2=R56~R38 0002720
U2=U2I+INTGRL (0.0,DU2) 0002730
(002740

SORT (002750
0002760

* SUBROUTIME RATE3S (LIVER AND EXTRACELLULAR FLUID COMPARTHMENTS) (002770
0002780

R133,R?34,R135,R136,R137,RT38,R139,R140,R1A?,R?42,R143,R144,RT45,... 002790
R146,R1467,R148,R149,R150,R151,R152,R153,R154,R156 ,R157 ,R158, ... 0002840

R159,R160,R161,R162,R163,R164,K165,R165,R166,R167,R168,R169,R1704,...0002810
RT?OB,R171A,R17?B,R1?2A,R1728,R??3A,R1738,R189,R194,R199,R43,R44,... 0002820
RAS,R46,R47,R48,R49,RS1,R52,R53,R54,RS?,R58,R61,Réé,DAYS,GH,GLUCA,ﬁn.0002830
INSUL RATIO= RATE3(RACT11,RAC124,RPR111,RPR124,RBUTTT ,RBU124,R132,. . .0002840

R&D, K136 K137 ,K139 ,K142,K143 ,K144,K48,C14,016,017, ... 0002850
€18,019,020,021,022,023,024,025,026,C27 028,038,041 ,Ch4b, ... 0002860
A14,A15,A16 ,A17 ,A18,A20,A22 ,N3,U3,U4) 0002870
002880

NOSORT 0002890
0002900

BC14=R133-R136=-R137 0002910
C14=C14I+INTGRL(D.0,DCT4) 0002920
DC16=R136+RT142+R144~R139 0002930
C16=C16I+INTGRL (0.0,0C16) 0002940
BC17=R140-R141-R142-R143 0002950
C17=C17I+INTGRL(0.0,DC17) 0002960
DC18=R151+R164+R168~R164-R145~R146 002970
C18=C18I+INTGRL (0.0,DC18) 0002980
DC19=R152+R165+R169-RT47~R148-R149-R150 0002990
C19=CT19I+INTGRL(Q.0,DC19) 0003000
D{20=R145+R147-R151~R 152 0003010
C20=C20T+INTGRL (D.0,0C20) 0003020
DC21=R146+R148-R153 0003030
€21=C21I+INTGRL(0.0,bC21) 0003040
DC22=R149-R154 0063050
C22=C22I+INTGRL(D.0,DC22) 0003060
0003070

DC23=R135+R154-R155~R156~R157~R158~R15% 0003080
C23=C231+INTGRL(0.0,DC23) 0003090
DC24=R130+R139-R160~R161-R162~R163 0003100
C24=C24I+INTGRL(0.0,bC24) 0003110
DC25=R18P+R199-R164 0003120
C25=C25I+INTGRL (0.0,pC25) 0003130
DC26=R194-R165~-R166~-R167 0003140

C26=C26I+INTGRL{D.0,DC26> 0003150



DC27=R132-R168~R169-R170A-R170B
C27=C27I+INTGRL (0.0, D27
DC28=R153-R171A-R1718B
C28=C28I+INTGRL(0.0,DC28)

DA14=R40+R46+RGTHRSL~RE3-RAL~RES
AT4=A14T+INTGRL (0.0,DAT4)
DA15=R43~R46
A15=A15I+INTGRL(0.0,0A15)

DA16=R44-R50-R51~R52-R53
A16=A16I+INTGRL(0.0,DA16)
DA17=R58+R61+R64-R54
A17=A17I+INTGRL(D.0,DA17)

DN3=R16+R35+R37+R45-R4T-R4S
N3=N3I+INTGRL(0.0,DN3)
DU3=R48-R49
U3=U3I+INTGRL(0.0,DU3)
DU&=R49-R55-R56-R57
U4=U4I+INTGRL (0.0, DU4)

SORT

% SUBROUTINE RATE4 (MAMMARY GLAND AND BODY TISSUE COMPARTMENTS)

R174,8175,R176,R177,R178,R179 ,R180,R181,R182,R183, ...
R184 ,R185,R186,R187 ,R188,R190,R191,R192,R193,R195,R196,R197,R198, ...

R200,R201,Rr202, ...
R59,R60,R62,RE63,RE5 ,RE6=. ..

RATE4(R172B,L179,INSUL,C29,030,C31,033,034,CA20,035,036,037,...

£39,C40,C47,043,C045,046,047,...
A18,819,A20,A21,422 ,A23)

NOSORT

DC29=R156-R174-R175
€29=C291+INTGRL (0.0,0C029)
DC30=R160-R176~-R177-R178
C30=C30I+INTGRL (0.0,DC30)
DC31=R172A+R174-R179-R180
C31=C311+INTGRL(0.0,DC31)
DC33=R177-R182
€33=C331+INTGRL(0.0,DC33)
DC34=R179+R181~R183
£34=C34I+INTGRL (0.0,0C34)

DA18=R51-R58~R59
A18=A18I+INTGRL(0.0,DA18)
DA19=R59-R60
A19=A19I+INTGRL (0.0,DA19)

BC35=R157+R184~R185

0003160
0003170
0003180
0003190
0003200
0003210
0003220
0003230
0003240
0003250
0003260
0003270
0003280
0003290
0003300
0003310
0003320
0003330
0003340
0003350
0003360
0003370
0003380
0003390
0003400
0003410
0003420
0003430
0003440
0003450
0003460
0003470
0003480
0003490
0003500
0003510
0003520
0003530
0003540
0003550
0003560
0003570
0003580
0003590
0003600
0003610
0003620
0003630
Q003640
0003650
0003660
0003670
0003680



C35=C35I+INTGRL(0.0,bC35)
DL36=R161-R186-R187
C36=C36I+INTGRL (0.0,0C36)
DC37=R166-R188
C37=C37I+INTGRL(0.0,DC37)
DC38=R186~R189
C38=C38I+INTGRL(0.0,bC38)

DA20=R52+R63-RET~R62
A20=A201+INTGRL€0.0,DAZ20)
DA2T1=R62-R&3
A2T=A21I+INTGRL (0.0,DA21)

BC39=R158-R190-R191
C39=C39I+INTGRL(D.G,DC39)
DLAG=R162-R192=-R193
C40=C40I+INTGRL(0.0,DC40)

DCAT=RI7IA+RIGO4RIF7~R1F4-R195

C41=C41I+INTGRL(D.0,DC4T)
DCA3=R195+R196-R197-R198
C43=C43T+INTGRL (0.0,DC43)
DC44=R173B+R198-R199

C44=C44I+INTGRL(0.0,DC44)

DC45=R159~-R200
C45=C45I+INTGRL (0.0,DC45)
DC46=R163~R201
CA6=C46I+INTGRL (0.0,DC46)
DC47=R167-R202
C47=C4TI+INTGRL (0.0,DC47)

DA2Z2=R53+R66-R64~RES
A22=AZ22I+INTGRL (0.0,DAZ2)
DAZ23=R65~R66
A23=A23I+INTGRL (0.0,DA23)

SORT

F100=INTGRL (0.0,R100)
F103=INTGRL (0.0,R103)
F107=INTGRL (0.0,R107)
F109=INTGRL (0.0,R109)
F110=INTGRL(0.0,R110}
F111=INTGRL (0.0,R111)
F112=INTGRL (0.0,R112)

FO=INTGRL(0.0,RD)
F5=INTGRL (0.0,R5)
F6=INTGRL (0.0,R%)

0003690
0003700
0003710
0003720
0003730
0003740
0003750
0003760
0003770
GO03780
0003790
0003800
0003310
0003820
6003830
0003840
0003850
0003860
0003870
0003880
0003890
0603900
0003910
0003920
0003930
0003940
0003950
0003960
0003970
0003980
00032990
0004000
0004010
0004020
0004030
0004040
0004050
0004060
0004070
0004080
0004090
0004100
0004110
0004120
0004130
0004140
0004150
0004160
0004170
0004180
0604190
0004200
0004210



F7=INTGRL(D.0,R7)

F10=INTGRL (0.0,R10?
F11=INTGRL(0.0,R11)
F13=INTGRL (0.0,R13)
F14=INTGRL (0.0,R14)
F15=INTGRL (0.0,R15)
F16=INTGRL (0.0,R16)
F17=INTGRL (0.0,R17)
F18=INTGRL (0.0,R18)
F20=INTGRL (0.0,R20)

F55=INTGRL (0.0,R55)

DIFFCT1=F100+F112~F103-F107-F109-F110-F111
DIFFAT=FO+F55=F5-F7-F10~F13-F14-F16~F18

NOSORT

CALL POOLT(C1,AC4,PR4,BU4,CHE,COb, ...
KATP,KCA,YATPM, ...
SU2,5T2,0E2,03,A1,A2,A3, A4, N1A,NIB, U1 ...
€2,CA%,Ch, UNFERM, X1,X2,X3, YATP)

NIGHT=STEP{1.)-STEP{5.)

CALL REGULY(C2,A2,A3,N1A,N1B,BW,NIGHT ,UNFERM, . ..
K106,K6,K11,K20,K21,FT)

CALL POOL2(C8,C9,C11,012,A6,A7,A8,A10,A11,A12,N2A,N2B,U2)

CALL REGUL2(CS,C11,012,A7,A8,A11,A12,N28, ...
K121,K128,K130,K27 K28 K34 ,K38,K40)

CALL POOL3(C14,016,C17,018,019,020,021,022,023,024,025,026,027,...
C28,A14,415,A16,A17,N3,U3,U4)

CALL REGUL3{(C14,C16,017,024,N3,...
K136,K137,K139,K142,K143,K144 ,K48)

CALL POOL&4CC29,030,031,033,034,C35,036,037,038,...
£39,C40,061,043,044,C45,066,047,...
A18,819,A20,A21,A22,A23)

TERMINAL

RUN=RUN+1

TIMER FINTIM=24.,PRDEL=24.,0UTDEL=.05,DELT=.05
METHOD ADAMS

IF(RUN.GT.35.) GO TO 50

0004220
0004230
0004240
0004250
0004260
0004270
0004280
0004290
0004300
0004310
0004320
0004330
0004340
0004350
0004360
0004370
0004380
0004390
0004400
0004410
0004420
00046430
0004440
0004450
0004460
0004470
0004480
0004490
0004500
0004510
0004520
0004530
0004540
0004550
0004560
0004570
0004580
0004590
0004600
0004610
0004620
0004630
0004640
0004650
0004660
0004670
0004680
0004690
0004700
0004710
0004720
0004730



CALL ENDT(CT,8U2,5T2,CE2,C3,AC4,PRS,BUG, CHE, (04, . ..
A1,A2,A3, 05 NTA,N1B, U1, Uk, ...
K106,K6,K11,K20,K21, ...
€11,5021,5T21,0621,031,AC4T,PRAL,BUAT,CHLT,C04T,
ATT,A21,A31 ,A4T, NTAL NIBI,UTI,U41,...
K1061,K61,K111,K201,K211)

CALL ENDZ(C7,08,09,0108,¢11,012,023,...
A6, AT, A8,A10,A11,A12,A13,416 ,N2A,N2B, U2, ...
K121,K128,K130,K27 K28 K34 ,K38 K40, . ..
C71,081,091,01081,0111,C121,0231,...

R6I A7I,ABI,AT0I,AT11,A121,A131,A161 ,N28T ,N2BT ,U21, ...

K1211,K1281,K1301,K271 K281 K341 ,K381 ,K401)

CALL END3(C14,016,017,018,019,£21,022,024,025,026,027,028,
C38,041,044,...
AT4,AT5,A17,818,A20,A22 ,N3,U3,...
K136,K137,K139,K142,K143,K144 ,K48, ...
C1461,0161,0171,C181,0191,0211,0221,8241,C251,...
€261,0271,0281,C381,C411,C441,...
A141,A15I,A171,A181 ,A201,A221,N31,U31,...
K1361,K1371,K1391 ,K1421 ,K1431,K1441 ,K481)

CALL END4(C29,030,C31,C33,C34,C35,036,037,...
€39,040,045,046,C47,...
A19,...
€291,¢301,0311,0331,0341,0351,0361,0371,...
C391,0401,C451,0461,C471,...
A191)

CALL RERUN

50 CONTINUE

PREPARE RUN,F100,F103,F106,F107,£109,F110,F111,F112,F0,F5,F6,F7
F10,F11,F13,F14,F15,F16,F17,F18,F20,F55, ...
DIFFCT,DIFFAT,...
€1,802,572,CE2,C3,AC4,PR4 ,BUS,CHA,C04, . ..

A1,A2,A3, AL, NTA,NTB U1, N2A,N2B, U2 ,N3,U3,Ub, . ..
K106,K6,K11,K20,K21,K28

RANGE RUN,C1,5U2,5T2,CE2,C3,ACh,PRG,BUL,CHA,CO4, . ..
A1,A2,A3,A6,N1A,NTB, U1, N2A ,N2B U2 N3,U3, Uk, . ..
K106,K6,K11,K20,K21,K28 K38, K48

END
STOP

e

pune

0004740
0004750
0004760
0004770
0004780
0004790
0004800
0004810
(004820
0004830
0004840
0004850
0004860
0004870
0004880
0004890
0004900
0004910
0004920
0004930
0004940
0004950
0004960
0004970
0004980
0004%90
0005000
0005010
0005020
0005030
0005040
0005050
0005060
0005070
0005080
0005090
0005100
0005110
0005120
0005130
0005140
0005150
0005160
00035170
0005180
0005190
0005200
0005210
0005220
0005230
0005240
0005250
0005260



APPENDIX 2: The FORTRAN subroutines

c

O T T T T T S

RUMEN COMPARTHMENT

SUBROUTINE RATE1(FT,K106,K6,K11,K20,K21,

REAL
REAL
REAL
REAL
REAL
REAL

DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

DATA
DATA

DATA
DATA
DATA
DATA
DATA

KCA,LX1,X2,X3,YATP,
1,02,03,CA3,5U2,572,CE2,ACk, PRA ,BUA , CHA,C04,
a1,A2,A3,A4,NTA,NTB,UT, U4,
R100,RSU100,RST100,RCETD0,RELI00,RLI100,
R101,RSU101,RST101,RCETOT,RGLIOT,RLIT01,

R102,RSUT02,RST102,RCE02, RLI102,
R103,RSU103,RST103,RCE103,R6L103,RLIT03,
R105 ,RSU105,RST105,RCETDS, RLI1O0S,

R106,RSU106,RST106,RCET06,
R107 ,RSU107,RST107,RCET07,R108,R109,

R110, RST110,RCET10, RLI110,
RAC,RPR,RBU,RCH RCC,
R111,RACT11,RPR1T1,RBUT11,RCHITT,REO11T,
R112,R113,R114,R115,

RO,R1,R2,R3,R4,R5,R6,R7,R8,R9,R10,R11,R12,R13,
R14,R15,R16,R17,R18,R19,R20,R21 ,R55 ,RGE)

KSU,LSU,MSU,KST,LST,MST,KCE , LCE, MCE,KGL ,LGL ,KLI,LLI,ML]
¥103,K105,K106,L106,K107 ,KCA,K110,1110,M110,N110
KAC111,KPR111,KBUT11,KCH111,KC0111,K112,K

KC,LC,MC,KR, LR, MR, M3, M4, K5 ,K6,K7 K8, M9,K9,K10,K11,K12,K13
K14,K15,K16,K17,K18,K20,K21,K55

N1A,N1B

KSU,LSU,MSU,KST ,LST,MST/.2235,35.087,.0,.0313,37.037,.0/
KCE,LCE,MCE/ .4268,37.037,.4/

KGL,LGL,KLI, LLI, MLI/.0047,32.573,.04,62.402,.9/
K103,K105,L106,K107/.025,.073,1.0534,.043/
K110,L110,M110,N110/.08,.08, .44, .48/
KAC111,KPR111,KBU111/.4483,.4605,.4540/
KCH111,KC0111,K112,K/1.,1.187,.090,.75/

KC,LC,MC, KR, LR,MR/.100,11.423,.2788,.0788,11.423,.1/

M3,M4 K5 ,K7,K8,K9,M9/.0,.0,.043,.11005,.0415,.001,5.735E~3/
K12,K15,K16,K17,K55,6/.02,.189,18.385,.0097,16.687,.0006/

R112M,R6M,RBM,R11M,R15M/3.0,1.685,.157,1.737,.6/
R17M,R20M,R21M/1.57,1.04,2.463/

ACSU,PRSU,BUSU,CHSU,COSU/.36036,.13514,.21622,.1045,.18378/

ATPSU/ . 76937/
ACST,PRST,BUST,CHST,COST/.38667,.26833,.1000,.08667,.15833/
ATPST/.75333/
ACCE,PRCE,BUCE, CHCE,COCE/ . 36264,.36265,.06165,.0680,.14506/

0005270
0005280
0005290
0005300
0005310
0005320
0005330
0005340
0005350
0005360
0005370
0005380
0005390
0005400
0005410
0005420
0005430
0005440
0005450
0005460
0005470
0005480
0005490
0005500
0005510
0005520
0005530
0005540
0005550
0005560
0005570
0005580
0005590
0005600
0005610
0005620
0005630
0005640
0005650
0005660
0005670
0005680
0005690
0005700
0005710
0005720



DATA ATPCE/.70354/
DATA AC,PR,BU,BC,CH,C0/.29749,.1373,.09153,.16476,.14874,,16018/
DATA ATPPR/.0O/

DATA V1,.V4/76.,150.7

DATA CSU,CST,CCE,CLI,CPR/16.6,17.6,18.8,39.75,23.93/

K10=K110
K13=K110
K14=K7

K18=K110

RSUT00=FT*KSU#LSU
RSTI00=FT*KST*LST

RCET00=FT#KCE*LCE

RGLICO=FT#KGLALGL

RLIMOO=FT#KLI*LLI
R100=RSUT00+RST100+RCE10D+RGLI00+RLITO0
RSUT0T=MSU*RSUTO0

RST101=MST*RST100

RCE1071=MCE*RCE10Q

RGL10T=MSU*RGL100

RLITOT=MLI*RLIT00
R10T=RSUT0T+RST101+RCETOT+RGLIOT+RLITOM
RSUT02=(1-MSU) * (RSUTDO+RGL100)
RST102=(1-MST)I*RST100
RCET02=(1-MCE)Y*RCE100
RLIT02=(1=MLII*RLIT00
R102=RSUT02+RST102+RCEI02+RLI102
RIO3=K103*C1

S=MSU (KSULSU+KGLALGL) +MSTAKSTHLST+MCE#K CE#L CE+MLI*KLI#LLT

RSUTO3=R103*#MSUXKSU*LSU/S
RST103=R103*MST*KST*LST/S
RCET03=R103*MCE*KCE*LCE/S
RGLTO3=RT03*MSU*KGL*LGL/S
RLITO3=R10ZAMLI*KLI*LLI/S
RSUTO5=K105+5U2
RST105=K105%572
RCET05=K105#CE2
RLITO5=RLITO2
R105=R8UT05+RST105+RCET105+RLIT05
R106M=L106*%A4
R106=RT106M*C2/ (K106+C2)
RSUT06=R106*X T *EXP (~G*X3)
RET106=RI1DE*KX2*EXP (~G*X3)
RCET106=RT106*(1-EXP (~G*X3)}

SUACT=ACSU*RSU1T06
SUPRT=PRSU*RSU106
SUBUT=BUSU*RSU106
SUCHT=CHSU*RSU106
SUCOT=COSU*RSUT06

0005730
0005740
0005750
005740
Q005770
0005780
0005790
0005800
0005810
0005820
0005830
0005840
(0005850
(005860
0005870
0005880
0005890
0005200
0005910
0005920
Q005930
0005940
0005950
0005960
0005970
0005980
0005990
0006000
0006010
0006020
0006030
0006040
0006050
0006060
0006070
0006080
0006090
0006100
{Joos11e
0006120
0006130
0006140
0006150
0006160
0006170
0006180
0066190
3006200
0006210
0006220
0006230
0006240
0006250



SUATPT=ATPSU*RSUT06
STACT=ACST*RST106
STPR1=PRST*RST106
STBUT=BUST*RST106
STCH1=CHST#RST106
5TCO1=COST*RST106
STATPT=ATPST*RST106
CEACT=ACCE*RCE106
CEPR1=PRCE#RCE106
CEBUT=BUCE*RCE106
CECHT=CHCE*RCE106
CECOT=COCE*RCET06
CEATP1=ATPCE*RCE106

RSUT07=K107*5U2
RST107=K107%572
RCE107=K107*CE2
R107=RSU107+RSTIO7+RCETDT
R108=SUATP1+STATP1+CEATP1
R110=K110%C3
RST110=L110%R110
RCE110=M110%R110
RLIT1O0=N110+R110
RACTTI=KACT1T#ALL
RPRT1T1=KPR111*PR4G
RBUT11=KBU111*BU4
RCHT11=KCH111%CH4
RCOTTT1=KC0111%C04
R111=RACTT1+RPRTT1+RBUTT1+RCHTTT1+RCO111
R112=R112M*{A3/ (K112+CA3)

PRACT=AC*R112
PRPR1=PR*R712
PRBUT=BU*R112
PRBCT=BC*R112
PRCHI=CH*R112
PRCO1=C0%R112
PRATP1=ATPPR*R112

RAC=SUACT+STACT+CEACT+PRACT
RPR=SUPRI1+STPR1+CEPRT+PRPR
RBU=SUBUT+STBUT+CEBUT+PRBUY
RCH=K*(SUCH1+STCHI+CECHT+PRCHT)
RCO=SUCOT+STCOI+CECOT+PRCOT-RCH*(1-1/K3

R113=PRBCY
R114=R112~R113
R115=PRATP]

RCO=FT*KCHL.C
RRO=FT#KR*LR
RO=RCO+RRO
R1=MC*RCO+MR*RRO

006260
Q006270
0006280
00066290
0006300
0006310
0006320
0006330
0006340
0006350
0006360
0006370
0006380
0006390
Q006400
0006410
0006420
0006430
0006440
0006450
0006460
0006470
0006480
0006450
0006500
0006510
0006520
D006530
0006540
0006550
0006560
0006570
0006580
0006550
0004600
0006610
0006620
0006630
0006640
0006650
0006660
0006670
00065680
00066%0
0006700
0006710
0006720
0006730
0006740
0006750
0006760
0006770
0006780



C

R I S T S QRN

R3=M3*R0

R&=M4&*R0O
R2=R0-R1-R3-R4
R5=K5+A1

RO=REM*A2/ (KE+AZ)
R7=K7*A2

RB=RBM*AS/ (KB+A3Z)
RIM=YATP*MI*(RT108+R115)
RI=ROM*AZ/ (KI+AZ)
R10=K10%A3
R1T=RTIM*AZ/(K11+43)
R12=K12*A4

R13=K13%A4

RT4=K14%N1A
R15=R15M*N1A/ (K15+N1A)
R16=KT16%(N1A/VT)
R17=R17M*N1B/ (K17+N1B)

R109=R112-KCA*(R11-R17)

R18=K18*N18B
R19=R10+R13+R18
R20=R20M*N1B/ (K20+N1B)
R2T=R2TM*UT/ (K21+U1)
R55=K55%(U4/V4~-UT1/v1)

ESUT00=(RSUT00/LSUI*CSU
EST100=(RST100/LSTI*CST
ECE100=(RCET00/LCE)I*CCE

ELI100=(RGL100*(1/L6L~18.02/1000)+RLIT100/LLI)*CLI

EPRO=C((RT4+R2)/LLI*LPR

RGE=ESUT00+EST100+ECET00+ELI100+EPROD

RETURN

END

INTESTINAL COMPARTMENTS

SUBROUTINE RATEZ2(RSU103,RST103,RCE103,R6L103,RLITO03,
RSU107,RST107,RCET07,RST110,RCET10,RLITIO,
RS,R7,R10,R13,R14,R18,
K121,K128,K130,K27,K28 ,K34 ,K38 K40, YATPM,
€7,C8,9,0108,011,012,023,
A6,AT,AB,A10,A11,412,013,A16 ,N2A,N2B, U2, U4,
R116,R117,R118,R119,RT19F ,R120,R120F ,R121,R122,
R123,R124,RAC1264,RPR124,RBU1 24 ,RCH124 ,RCO124,
PRBC2,R125,R126,R127,R127A,R128,R129,R130,R131,

R132,R155,

R22,R23,R24,R25,R26,R27 ,R28,R29 ,R30,R31,R32,R33,
R34,R35,R36 ,R37,R38,R39,R40,R41 ,R4E2,R50,R56 ,RFE)

0006
0006
0006
0006
0006
0006
0006
00068
00068
00068
00068
00065
0006
0006
0006
0006
0006
0006
0006
0006
0006
0co7
0007
00070
00070
00070
00070
00070
00070
00070
00070
00071
00071
ooo?
00071
00071
0oo71
00071
0a071
00071
00071
00072
10072
0oo7e.
gaore2
00072
00072
00072
ooare
00072
00a72
00073



REAL
REAL
REAL
REAL
REAL

DATA
DATA
DATA
DATA
DATA
DATA

DATA
DATA
DATA

DATA
DATA
DATA
DATA
DATA

DATA

DATA
DATA

431

¥116,K119,L119,K120,0120,K121,K122,K123,K126 ,K127A,K128,K129 0007310

K130,K131,K155,K,KCA,LCE,LC M9
K23,L.23,M23,N23 ,K25 K26 ,K27 ,K28 K29 ,K31,131,K32,K33
K34 ,K35 K36 ,L.36,K37 K38 ,K39,K40 K41, L41 K42 ,K50,K56
N2A,N2B

K116,K119,L119,L120,K123/.0833,.240,.220,1.00,2.1617/
K126,K1274A,K129 ,K131,K155/.115,.13692,.0677,.0625,110.55/
K23,L23,M23,N23/.80,1.00,.70,1.00/
K31,L31,K35,K36,K37/.97554,.97554,33.4009,.06371,18.495/
K39,K41,141 K42/ .30691,26.330,.0380,.002282/
K50,K56,K,KCA,M9/8.763,16.727,.75,3.8,5.735E~3/

R121M,R128M,R129M,R130M/1.667,.7145,.0160,1.667/
R27M,R28M,R34M,R38M/6.98,.630,6.98,.403/
R39M,R40M,R50M/.676,6.98,6.98/

ACST,PRST,BUST,CHST,LOST/.38667,.26833,.1000,.08667,.15833/
ATPST/.75333/
ACCE ,PRCE,BUCE,CHCE,COCE/ .36264,.36265,.06165,.0680,.14506/
ATPCE/ . 70354/
AC,PR,BU,BC,CH,C0/.29749,.1373,.09153,.16476,.14874,.16018/

V2A,V2B,VD,V4/21.3,12.1,12.3,150./

LCE,CCE,CFA,CGLU/37.037,18.8,10.027,2.805/
CKA,CBC,CAA,LE/19.4,3.497,23.4,11.423/

K120=K119
K122=K119
K25=K119
K26=K119
K29=K126
K32=K119
K33=K119

L36=YATPM*MO

R116=RCE103+RCE1Q7+RCETI0+K116* (RLIT03+RLIT10%48/51)
R117=RSUT03+RST103+RGL103+RSUI07+RST107+RST110+RLIT110%3/51
R118=(1-K116)* (RLI103+RLIT10%48/51)

R119=K119*C7

R119F=L119*R119

R120=K120%C8

R120F=L120+R120

R121=R12TM*C8/ (K121+(8)

R122=K122*(C9

R123=K123%C9

STACZ=ACST*R120F
STPR2=PRST*R120F
STBUZ=BUST*R120F
STCH2=CHST*R120F

0007320
0007330
0007340
0007350
0007360
0007370
0007380
0007390
0007400
0007410
0007420
0007430
0007440
0007450
0007460
0007470
0007480
0007490
0007500
0007510
0007520
0007530
0007540
0007550
0007560
0007570
0007580
0007590
0007600
0007610
0007620
0007630
0007640
0007650
0007660
0007670
0007680
0067690
0007700
Qoo7710
0007720
0007730
0007740
0007750
0007760
0007770
0607780
0007790
0007800
0007810
0007820
0007830



STCO2=COST*R120F
STATPZ=ATPST*R120F
CEACZ=ACCE*R119F
CEPRZ=PRCE*RT19F
CEBUZ=BUCE*R119F
CECH2=CHCE*RT19F
CECO2=COCE*RT19F
CEATPZ=ATPCE*R119F

R125=STATP2+CEATPZ
R126=K126*(108
R128=RT28M#C11/(K128+C11)
R129=R129M*(12/(K129+C12)
RI130=R130M*L12/ (K130+C12)
R131=K131*R123
R132=R123+R131
R155=K155%(C23/V4)

R22=(1-K23#L 23)* (R5+R7 )+ (1-M23*N23)* (R10+R13)
R23=K23%.23% (R5+R7I+M23*N23*(R10+R13)
R24=R16+R18

R25=K25%A6

R26=K26*A7

R27=R2TM*AT7 /(K27+A7)
R28=R28M*A8/(K28+A8)

R29=K29*A8

R32=K32+A10

R33=K33%A11

R34=R34M*AT1/ (K34+A11)
R35=K35%(N2A/V2A)

R36M=L36%R125

R36=R36M*N2B/ (K36+N2B)

R127=KCA* (R28-R36)
R127A=K127A%R127

PRACZ=AC*R127A
PRPR2=PR*R1T127A
PRBUZ=BU*R127A
PRBCZ=BC*R127A
PRCH2=CH*R127A
PRCOZ2=CO*R127A

RACT24=STACZ2+CEAC2+PRAC2
RPR124=8STPR2+CEPR2+PRPR2
RBUT24=5TBUZ2+CEBU2+PRBUZ2

RCH124=K* (STCH2+CECH2+PRCH2)
RCO124=STCO2+CECO2+PRCO2-RCHI24* (1=1/K)
R124=RACT24+RPRI124+RBUTZ24+RCHT24+RC0124

R37=K37*(N2B/VZB)
R38=R38M*1j2/ (K38+U2)
RIG=RIGM*A12/ (KI9+A12)

0007340
0007850
0007860
0007870
0007380
0007890
007900
0067910
0007920
0007930
0007940
(007950
0007960
0oove70
0007980
0007990
0008000
0008010
0008020
0008030
0008040
0008050
0008060
0008070
0008080
0008090
0008100
0008110
0008120
0008130
0008140
0008150
0008160
0008170
0008180
0008190
4008200
a0c8210
(008220
0008230
0008240
0008250
0068260
0008270
0008280
0008290
0008300
0008310
(008320
0008330
0008340
0608350
0008360



¢

R I T T T S S

RETU
END

LIVE

SUBR

REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL
REAL

DATA
DATA

R&40=R&0M*A12/ (K40+AT2)
RGTM=L4T#(R1T6+R1T17+RT1T18+KCA* (R22+R23))
R&T=RATM*A13/ (K4T1+R13)
R30=(1-K31%L31)*R41

R31=K31*L31*R41

R&Z2=K42%A13

R30=R50M*A16/ (K50+A16)
RS6=K56*(U4/V4~U2/V2B)

CE=R119*({RCETO3+RCETQ7+RCETTI0I/RT16-L1192
ECE126={CE/LCE)*(CE
ELIT26=(R119*(1~L119)-CE+R122)*CFA/16
ESU126=(R120%(1-L120)3*C6LU/E
EKA126=(R127*(1-K127A) /KCAI*CKA/LC
EBC126=PRBC2#(BC/6

EPR29=R29*CAA/LL
RFE=ECET26+ELI126+ESUT126+EKAT26+EBC126+EPR2Y

RN

f AND EXTRACELLULAR FLUID COMPARTHENTS

OUTINE RATES(RAC111,RACT24,RPR111,RPR124,RBUT1T,RBU124,R132,
R4&0,
K136,K137,K139,K142,K143,K144 K48,
€14,016,£17,018,019,C20,021,022,023,024,
£25,C26,027,028,038,041,044,
A14,R15,A16,417 ,A18,A20,A22 N3, U3, Ué,
R133,R134,R135,R136,R137,R138,R8139,R140,R141,
R142,R143,R144,R145,R146,R1467,R148,R149,
R150,R151,R152,R153,R154,R156 ,R157 ,R158,R159,
R160,R161,8162,R163,R164,K165,R165,R166 ,R167,
R168,R169,R170A,R1708,R171A,R1718,
R172A,R172B,R173A,R1738,
R189,R194,R199,
R43, R4k R4S ,RE6 ,RAT R4B ,RAT ,R5T,R52,R53,
R54,R57 ,R58,R61,R64 ,DAYS, GH,GLUCA, INSUL ,RATIO)

K134,K136,L136,M136,K137,K139,K142,L142,M142

K143, K144, L1564 ,M144 K145 ,K146,K147 K148 ,K149,L149,M149
K150,L150,M150,K151,K152,K153,K154 ,K156,1.156 ,M156 ,K157
K158,L158,M158,K159,K160,L.160,M160,K161,L161,M161
K162,0162,M162,K163,K164,K165,L165,M165,K166,K167,K148,K169
K170A,L170A,M1704,K1708,L1708,M1708,K171A,L171A,M171A
K1718,L1718,M1718,K172,K173,K189,K194 K199

K43, Kbb K4S LS M45 K46 ,L46 ,Mb6 ,K4T KAB K4T
K51,L51,M57,K52,L52,M52 K53 ,K54,L54 M54 K57 K58 K61 ,Kb4
INSUL KCA M, N3

K134,1136,M136,L142,M142/.10,3.950,1.05,.15,1.505/
L144,M144 ,K145,K147/.15,1.107,.0625,1.391/

0008370
(008330
0008390
0008400
0008410
0008420
0008430
0008440
(008450
0008460
0008470
0008480
0008490
0008500
0008510
(008520
0008530
0008540
0008550
0008560
0008570
0008580
0008590
00084600
0008610C
0008620
0008630
0008640
0008650
0008660
0008670
0008680
0008690
(008700
0008710
0008720
0008730
0008740
Q008750
4008760
0008770
0008780
0008790
0008800
0008810
0008820
0008830
0008840
0008850
0008860
0008870
(008880
0008890



DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

DATA
DATA
DATA
DATA
DATA
DATA
DATA

DATA
DATA
DATA
DATA

DATA

K148,K149,1L149,M149 K150/.03862,.513,1.200,1.025, .1430/ 0008900
L150,M150,K152,K153,K154/1.80%9,1.333,1.555,1.308,16.150/ 0008910
L156,M156,K157/~441,730,83.128,99.555/ 0008920
L158,M158,K159/.0,453.274,175.805/ 0008930
K160,1160,M160/1.153,-6.4605,.8491/ 0008940
K161,1.161,M161/1.830,.0,1.3924/ 0008950
K162,L162,M162,K163/2.747,.0,.7331,1.4553/ 0008960
K164,0165,M165/.16665,149.5,67.75/ 0008970
K166,K167,K169/60.700,20.230,.1485/ 0008980
K1708,L170A M17047 . 1464 ,2.9865,2.2424/ 0008990
K170B,L170B,M1708/.4640,1.4913,1.210/ 0009600
KITTA,L171A MI71A/ .1980,1.7666,1.32737 0009010
K1718,L1718,M1718/.6040, .8826,.2028/ 0009020
K189,K194,K199/.1252,.5296,2.370/ 0009030

0009040
K43, K44 K45 ,145,M45/.010558,.5975,.0655,.0,.3703/ 009050
L46 ML6,KAT7 ,KA9/5,05E~4,2.245,.05755,16.788/ 0009060
K51,L51,M51/.30118,-1.4889,.1790/ 0009070
K52,152,M52,K53/.4145,.0,.6524,.336/ 0009080
K54,1.54 ,M54/5.5477,.0,3.85965/ 0009090
K57 ,K58,K61,K64/47.765,.0,2.834,1.878/ 0009100
B,D,M,KCA/561.,44.,29.7,3.80/ 0009110

0009120
R137M,R139M,R143M,R147M,RT48M/1.180,5.7113,.8912, .289,1.0834 /0009130

R152M,R153M,R163M,R164M,R169M/.1285,1.1511,.1309,.8638,.6513/0009140

R43M,R44M,RLTHM, R48M/ . 1755,4.8887,.1050,1.4714/ 0009150

R53M,R58M,R6TM, R64M/ .3208,.0,.342,.339/ 0009160

0009170

V3,V4/6.0,150.0/ 0009180

0009190

K146=K145 0009200
K151=K145 0009210
K168=K145 0009220
K172=K145 0009230
K173=K145 0009240
0009250

R133=RPRT11+RPR124 0009260
DAYS=D 0009270
0009280

GH=16.7+.04607*M~.00964*B-.00567*D 00092%0
ALPHA=.793%R133/(2.2355+R133)+.45 0009300
BETA=,86871*(R133+KCA*R4D)/ (15.+R133+KCA*R40)+.05%(24 0009310
GLUCA=ALPHA+.00514%M~.00173%B4] . 7E~6*Br*2+6 , 6E=4*D~1, 2E~6*D**20009320
INSUL=BETA~.01106#M+6. TE~4%B+.00134#D-3 . E~6*D**2 0009330
RATIO=GLUCA/INSUL 0009340
0009350

R134=K134%(RBUT1T+RBUT24) 0009360
R135=(1-K134)*(RBUTTT+RBUTZ24)+RACT11+RACT24 0009370
R136M=_136+M136*RATIO (009380
R136=R136MxC14/(K136+C14) 0009390
R137=R137M*C14/(K137+C14) 0009400
R138=R134 0009410

R139=R139M*C16/(K139+C16) 0009420
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R142M=L142+M142*RATIO 0009430
R142=R7142M#C17 /7 (K142+C17 ) 0009440
R143=R143M*C17/(K143+C17) Q009450
R1446M=L144+M144+RATIO 0009460
R144=R144M*C18/ (K144+C18) Q009470
R147=R147M*C19/ (K147+C19) 0009480
R148=R148M*C19/(K148+C19) 0009490
R145=K1454R147 0009500
R146=K146*R148 0009510
R149M=L149+MT49*RATIO 0009520
R149=R149M*C19/(K149+C19) 0009530
R150M=L150-M150*RATIO 0009540
R150=R150M*C19/(K150+C19) 0009550
R152=R152M*C20/(K152+C20) 0009560
R151=K151%R152 0009570
R153=R153M*C21/(K153+C21) 0009580
R154=K154%(22 0009590
K156=L156+M156*GH 00094600
R156=K156*(C23/V4) 0009610
R157=K157*(C23/V4) 0009620
K158=L158+M158*INSUL 0009630
R158=K158%(C23/v4) 0009640
R159=K159*(C23/Vv4) 0009650
R160M=.160+M160%GH (009660
R160=R160M*C24 / (K160-+C24) 0009670
R161M=1161+M16T*INSUL 0009680
R161=R161M*C24 /7 (K161+(24) 00096%0
R162M=1.162+M162*INSUL 0009700
R162=R162M*C24/ (K162+024) 0009710
R163=R163M* (24 / (K163+024) 0009720
R164=R164M*C25/ (K164+C25) 0009730
K165=L165-M165*INSUL 0009740
R165=K165*C26/V4 0009750
R166=K166%C26/V4 0009760
R167=K167%C26/V4 0009770
R169=R169M*C27 / (K169+C27) 0009780
R168=K168*R16% 0009790
R170AM=L170A~M170A*INSUL 0009800
R170A=R170AM*C27/(K170A+C27> 0009810
R170BM=EXP (M170B*INSUL)-L1708B 0009820
R170B=R170BM*C27 /(K170B+C27) 0009830
RI171AM=L17TA-M17TA*INSUL 0009840
R17T1A=RI7IAMXC28/ (KT171A+C28) 0009850
R171BM=EXP (M171B*INSUL)-L171B 0009860
R171B=R171BM*(28/ (K171B+(28) 0009870

0009880
R172=R170A+R171A 0009890
R172A=R172/(1+K172) 0009900
R172B=K172*R172A 0009910
R173=R170B+R171B 0009920
R173A=R173/(1+K173) 0009930
R173B=K173*R173A 0009940

0009950



c

R189=K189%(38
R194=K194%C41
R199=K199*(44

RA3=R&3M*AT4 /[ (KA3+AT4)
R&4=RE4M*AT4L [ (KGb+AT4)
R&SM=L 45+M45*RATIO
R&G5=RASM#ATL/ (KAS+A14)
K46=L 46 #EXP (M&G*RATIO)
R&6=KEERAT5
RET=RATMAN3/ (K&THNZ)

R140=KCA%RSS
RT4T=KCA*R4T

RAB=R4BM*N3/ (KAB+N3)
R&F=K4&I*(U3/V3}
RSTM=L5T+M51 *GH
R51=R51M*xA16/(K51+A16)
R5ZM=L52+M52*INSUL
R52=R52M*A16/(K52+A14)
R53=R53M*A16/(K53+A16)
R54M=L 54 +M54*RATIO
R54=R54M*A17 / (KS4+AT7)
RS7=K57*Ub4/V4
R58=R58M*A18/(K58+A18)
RET=R6T1M#A20/ (K61+A2D)
RG4L=RE4M*AR2 [ (K64+AR22)

RETURN
END

MAMMARY GLAND AND BODY TISSUE COMPARTMENTS

SUBROUTINE RATE4(R172B,L179,INSUL,C29,C30,031,033,034,
CA20,C35,036,C37,039,040,C41,
€43,045,046,C47,
A18,A19,A20,A21,822,A23,
R174,R175,R176,R177,R178,R179,
R180,R181,R182,R183,R184,R185,
R186,R187,R188,R190,R191,R192,
R193,R195,R196,R197,R198,
R200,R201,R202,
R59,R60,R62,R63,R65,R66)

A I I

REAL K174,K175,K177,K178,K179,L179,K180,K182 K183
REAL K184,K185,K186,K187 K188

REAL K190,L190,M190,K191,K193,K195,L195,M195,K196
REAL K197,L197,M197,K198,K200,K201,K202

REAL K59,K60,K62,L62,M62,K63,K65,K66

REAL INSUL

0009960

0009970

(6009980

0009990
000610000
00010010
00010020
00410030
00010040
(0010050
00010060
00016070
Qa6o10080
00010090
00016100
00010110
00010120
00010130
00010140
00010150
00010160
00010170
00010180
00010190
00010200
00010210
00010220
00010230
00010240
00010250
00010260
00010270
00010280
00010290
060010300
(oe10310
00010320
00010330
00010340
00010350
00010360
Go010370
00010380
00010390
00010400
00010410
00010420
00010430
00010440
00010450
00010460
00010470
00010480



DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA
DATA

DATA
DATA
DATA
DATA
DATA
DATA

DATA

437

K174 ,K175,K177,K178/.0604,.0886,.308,.0953/
K179,K180,K182,K183/,2273,4.385,2.084,.056/

K184 ,K185,K186,K187,K188/1.984,4.089,5.582,.2232,14.259/
K190,1190,M190,K191,K193/.0376,.0,1.500,.2256,.1775/
K195,L195,M195,K196/3.659,.0,3.383,.0625/

K197 ,L197,M197/4292.0,9.454 ,11.375/
K200,K201,K202/.1332,.0449,1.839/

K59 ,K60,K62,L62,M62/.578,1.976,.4723,.0,.399/

Ké63,K65,K66/4.1E~4,.313,6.2E~4/

RI174M,R175M, R177M,R178M/1.550,3.704,5.732,1.040/

R179M,R180M/8.407 ,6.843/

00016490
00010500
00010510
00010520
00010530
00010540
00010550
00010560
00010570
00010580
00010590
00010600

R184M,R185M,R186M,R187M,R188M/.1594,2.616,1.639,.028,20.928/00010610

R191M,R193M/1.435,.235/
R200M,R201M,R202M/1 .699,.101,6.978/
R59M,R65M/.917 ,.214/

V5,V6,V7,v8/14.85,155.0,4.42,20.0/
K198=K196

RI74=RITLM*C29/ (K176+£29)
R175=R175M*C29/ (K175+C29)
RA77=R177R*C30/(K177+C30)
R178=R178M*(30/(K178+C30)
RI79=R179M*{31/(K1794C31)
R180=R180M*C31/(K180+C31)
R181=L179*R179
R176=R181~-R172B
R182=K182%(33
R183=K183%(34

REF=R59M*A18/ (K59+A18)
R60=K60*A19

R184=R184M*CA20/(K184+CA20)
R185=R185M*(35/(K185+(35)
R186=R186M*(36/(K186+(36)
RIB7=R187M*C36/(K187+L36)
R188=R188M*C37/(K188+(37)

R62M=1.62+ME2*INSUL
RE2=RE2M*A20/ (KR62+A20)
RG3=K63%A21

R190M=L190+M190*INSUL
R190=R190M*C39/ (K190+C39)
R191=R191M*C39/ (K191+C39)
RT193=R193M*C40/ (K193+C40)
R195M=L195+M195+INSUL

00010620
00010630
00010640
00010650
00010660
00010670
00010680
00010690
06010700
00010710
00016720
04010730
(00010740
00010750
00010760
00010770
00010780
00616790
00010800
00010810
06010820
00010830
00010840
00010850
00010860
00010870
00010880
00016890
00010900
00010910
00010920
00010930
00010940
00010950
00010960
00010970
00010980
00010990
00011000




438

R195=R195M*C41/ (K195+C41)
R196=K196%R195

R192=R196
RI197M=L197-M197 = INSUL
R197=R19PM*C43/ (K197+(43)
R198=K198%R197

®200=R200M#C45 / (K200+C45)
R201=R201M*C46/ (K201+C46)
R202=R202M*C4T7/ (K202+C47)

RES=RA5M*AZZ / (K65+AZ2)
R66=Kb66+AZ3

RETURN
END

SUBROUTINE POOLT(CT,ACL,PRE,BUS,CHE,CO4,
KATP,KCA, YATPM,
5U2,5T2,CE2,C3,
A1,42,A3,A4,N1A,N1B,U1,
€2 ,CA3,Ch,

UNFERM, X1,%2,X3,YATP)

+ o+

REAL KCA,KATP,N1A,N1B
DATA A,C/.25,.30/

IF(sU2.L7.0.01) su2=0.0
IF(ST2.L7.0.001) s72=0.007
IF(CEZ.LT.0.1) CE2=0.1
IF(C3.LT.0.1) €3=0.1
IF(AT.LT.0.01) A1=0.01
IF(A2.LT.0.01) A2=0.01
IF(A3,LT.0.001) A3=0.001
IF(A4.LT.0.1) A4=0.1
IF(NTA.LT.0.001) N1A=0.001
IF(N1B.LT.0.0001) N1B=0.0001
IFW1.LT.0.001) u1=0.001

C2=SUZ2+ST2+CE2
C4=AC4L+PRA&+BULHCHALH(04
CA3=KCA*A3
YATP=YATPM*A2*N 1A/ (KATP+AZ*NTA)
UNFERM=AT+A*A2+CT1+C*C2
X1=5U2/(SU2+5T2)
X2=ST2/(SU2+5T2)
X3=CE2/{SU2+ST2)

RETURN
END

0001101¢
aoo11020
00011030
00011040
00011050
00011060
Q011070
00011080
00011090
00011100
ooo11110
00011120
00011130
00011140
00011150
00011160
G0011170
00011180
Q0011190
00011200
00011210
00011220
00011230
00011240
00011250
00011260
00011270
00011280
00011290
00011300
00011310
00011320
00011330
00011340
00011350
00011360
00011370
00011380
Q0011390
00011400
(10011410
00011420
00011430
00011440
00011450
00011460
00011470
00011480
00011490
00011500
00011510
00011520
00011530



10

+

SUBROUTINE REGULT(C2,A2,A5, N1A,N18,BW, NIGHT ,UNFERN,

REAL
REAL
REAL

DATA
DATA
DATA
DATA

K106,K6,K11,K20,K21,FT>

K106,K6,K11,K20,K21
N1A,N1B,NIGHT
MAX,MIN,NTAMX,NTAMN,N1BMX , NTBMN

C2MX,C2MN/42.,30.257

AZMX,AZMN ,A3MX ,AZMN/2.65,1.45,.20,.05/
NTAMX,NTAMN, N1BMX,N1BMN/2.37,.30,.05,.0175/
¥1,Y2,Y3,Y4/198.,.15,178.,.15/

MAX=YT+Y2*BW
MIN=Y3+Y4*BW

IF(C2.LT.C2MX) GO TO 1
K106=K106-0.1
60 T0 2
IF(C2.6T.CZMN) GO TO 2
K106=K106+0.1
G0 10 2
CONTINUE
IF(AZ.LT.AZMX) GO TO 3
K6=K6~-0.01
60 TO &
IF(A2.GT.A2MN) GO TO 4
K6=K6+0.01
GO TO &
CONTINUE
IF(A3.LT.AZMX) GO TO 5
K11=K11-0.0001
GO TO 6
IF(A3.GT.A3ZMNY GO TO 6
K11=K11+0.0001
GO TO 6
CONTINUE
IF(N1B.LT.N1BMX) GO TO 7
K20=K20-0.00001
GO TC 8
IF(NIB.GT.NIBMN) GO TC 8
K20=K20+0.00001
GO TO 8
CONTINUE
IF(NTA.LT.NTAMX) GO TO 9
K21=K21+0.01
G0 T0 10
IF(NTA.GT.NTAMN) GO TO 10
K21=K21-0.01
GO TO 10
CONTINUE
IF(NIGHT.EQ.0.) GO TO 11

00011540
00011550
00011560
00011570
00011580
00011590
00011600
00011610
00011620
00011630
00011640
00011650
00011660
00011670
00011680
00011690
00011700
00011710
00011720
00011730
00011740
00011750
00011760
00011770
00011780
Q0011790
00011800
00011810
06011820
00011830
00011840
00011850
00011860
(0011870
00011880
00011890
00011900
00011910
00011920
00011930
00011940
00011950
00011960
00011970
00011980
00011990
00012000
00012010
00012020
00012030
00012040
00012050
00012060



1"

12

13

+

+

RETU
END

SUBR

REAL

RETU
END

SUBR

REAL
REAL

DATA
DATA
DATA
DATA

Fr=0.0

GO TO 13
IF(UNFERM.LT.MAX> 60 TO 12

FT=0.0

GO TO 13
IF(UNFERM.GT.MIN) GO TO 13

FT=3.3

GO T¢ 13
CONTINUE

IF(KT06.LT.0.00001> K106=0,00001
IF(K6.LT.0.000001) K6=0.000001
IFACTT.LT.0.000001) K11=0.00000%
IF(K20.L7.0.000001) K20=0.000001
IF(K21.LT.0.00001> x21=0.00001

RN
OUTINE POOL2(C8,C9,011,012,

A6,A7,A8,A10,A11,A12,,N2A , N2B, U2)
N2A,N2B

IF(C8.LT.0.01) €8=0.D1
IF(L9.L7.0.0%) €9=0.01
IF(€11.L7.0.00013 €11=0.0001
IF(C12.LT.0.001) €12=0.001
IF(A6.LT.0.01) A6=0.01
IF(A7.L7.0.01) A7=0.01
IFCAB.LT.O.1) A8=0.1
IFCAT0.LT.0.01) A10=0.01
IF(A11.LT.0.01) At11=0.01
IF(A12.LT.0.01) A12=0.01
IF(N2A.L7.0.001> N2A=0.001
IF(NZ2B.LT.0.005> N2B=0.005
IF(U2.LT.0.001) U2=0.001

RN

OUTINE REGUL2(C8,C11,C12,A7,A8,A11,A12,N28,

K121,K128,K130,K27 ,K28 K34 ,K38 K402

K121,K128,K130,K27 ,K28 ,K34 K38 ,K40
N2B, N2BMX ,N2BMN

CBMX,CBMN,CTIMX,CT1MN/ 195, . 064, . 0286, .002/
C12MX,C12MN/ . 136,.02/
ATMX,ATMN,ABMX,ABMN/1.10,.63,4.0,3.5/
ATTMX,ATIMN ,AT2MX , AT2MN/.37,.21,1.0, .65/

00012070
00012080
00012090
00012100
00012110
00012120
00612130
00012140
00012150
gooi2160
00g12170
00012180
00012190
00012200
00012210
00012220
(00012230
00012240
06012250
00012260
00012270
00012280
00012290
00012300
00012310
00012320
00012330
00012340
00012350
00012360
00012370
00012380
00012390
00012400
00012410
00012420
00012430
00012440
00012450
00012460
00012470
00012480
00012490
060012500
00012510
00012520
00012530
00012540
00012550
00012560
10012570
00012580
Q0012590



14

15

16

17

18

19

20

21

22

23

24

25

26

27

DATA NZBMX, NZBMN/.30,.20/

IF{C8.LT.CEMX) GO TO 14
K121=K121-0.01
GO 70 15

IF(C8.GT.CBMN) GO TO 15
K121=K121+0.01
GO 10 15

CONTINUE

IF(CIT.LT.C1IMX) GO TO 16
K128=K128~0.00001
G0 TO 17

IFCCIT.GT.CTIMN) 6O TO 17
K128=K128+0.00001
GO TO 17

CONTINUE

IF(CI2.LT.C12MX> GO TO 18
K130=K130-0.001
GO TO 19

IF(C12.GT.C12MN) GO TO 19
K130=K130+0.001
GO TO 19

CONTINUE

IFC(AT.LTLATMX) GO TO 20
K27=K27-0.1
GO TO 21

IF(AT.GT.ATMN) GO TO 21
K27=K27+0.1
G0 TO 21

CONTINUE

IF(AB.LT.ABMX) GO TO 22
K28=K28-0.01
GO T0 23

IFC(AB.GT.A8MN) GO TO 23
K28=K28+0.01
GO TO 23

CONTINUE

IFCATT.LT.ATIMX) GO TO 24
K34=K34-0.1
GO TO 25

IF(ATT.GT.ATIMND GO TO 25
K34=K34+0.1
GO TO 25

CONTINUE

IF(A12.LT.AT2ZNMXY GO TO 26
K&40=K&0-0.01
GO TO 27

IF(A12.GT.AT2MNY GO TO 27
K&0=K40+0.01
GO TO 27

CONTINUE

IF(N2B.LT.N2BMX) GO TO 28
K38=K38+0.001

00012600
00012610
00012620
00012630
00012640
00012650
00012660
00012670
00012680
00012690
00012700
00012710
00012720
00012730
00012740
00012750
00012760
00012770
00012780
00012790
00012800
00012810
00012820
00012830
00012840
00012850
00012860
00012870
00012880
00012890
00012900
00012910
00012920
00012930
00012940
00012950
00012960
00012970
00012980
00012990
00013000
00013010
00013020
00013030
00013040
00013050
00013060
00013070
00013080
00013090
00013100
00613110
00013120



RETURN
END

+
+

REAL N3

RETURN
END

GO 10 29

28 IF(NZB.GT.NZBMN) GO TO 29
K38=K38-0.001
GO TO 29

29 CONTINUE

IF(K121.47.0.00001) K121=0.00001
IF(K128.L7.0.000001) K128=0.000001
IF(K130.L7.0.000001) K130=0.000001
IF(K27.L7.0.0001) K27=0.0001
IF(K28,L7.0.00001) K28=0.00001
IF(K34.L7.0.0001) K34=0.0001
IF(K38.1L7.0.000001) K38=0.000001
IF(K40.L7.0.00001) K40=0.00001

SUBROUTINE POOL3(C14,016,C17,018,019,020,€21,022,€23,C24,

€25,C026,C27,C28,
A14,A15,816,A17 N3,U3,U4)

IF(C14.L7.0.0001) C14=0.0001
IF(C16.LT.0.001) C16=0.001
IF(C17.L7.0.0001> ¢17=0.0001
IF(C18.L7.0.001) C18=0.001
IF(C19.L7.0.0001) €19=0.0001
IF(C20.L7.0.1) €20=0.1
IF(C21.L7.0.01) c21=0.01
IF(C22.LT.0.0001) €22=0.0001
IF(C23.L7.0.01) ¢23=0.01
IF(C24.L7.0.01) C24=0.01
IF(C25.LT.0.001) ¢25=0.001
IF(C26.L7.0.01) C26=0.01
IF(C27.LT.0.001) c27=0.001
IF(C28.LT7.0.01) c28=0.01
IF(A14.L7.0.001) A14=0.001
IFA15.LT.0.1) A15=0.1
IF(A16.LT.0.001) A16=0.001
IF(A17.LT.0.007) A17=0.001
IF(N3.LT.0.00001)> N3=0.00001
IFU3.LT.0.001) U3=0.001
IF(U4.LT.0.01) U4=0.01

Q0013130
00013140
00013150
00013160
00013170
00013180
00013190
00013200
00013210
00013220
00013230
00013240
00013250
00013260
00013270
(0013280
00013290
00013300
00013310
0CG013320
00013330
00013340
00013350
00013360
00013370
00013380
00013390
00013400
00013410
00013420
00013430
00013440
00013450
00013460
00013470
00013480
00013490
00013500
00013510
00013520
00013530
00013540
00013550
00013560
00013570
00013580
00013590
00013600
00013610
00013620
00013630



30

31

32

33

34

35

36

37

38

39

+

SUBROUTINE REGUL3(C14,C16,017,024,N3,
K136,K137,K139,K142 K143, K144 ,K48)

REAL K136,K137,K139,K142,K143,K144,K48
REAL N3,N3MX,N3MN

DATA C14MX,CT4MN,C16MX,CT6MN/.1980,.0195,1.45,.25/
DATA C17MX,C17MN,C24MX,C24MN/ .200,.02,6.50,.85/
DATA N3MX,N3MN/.175,.01/

IF(C14.LT.C14MX) GO TO 30

K137=K137-0.0005
GO 10 31

IF(C14.GT.CT4MN) GO
K137=K137+0.0005
GO TO 31

CONTINUE

IF(C16.LT.CT6MX) GO
K136=K136+0.00G5
K142=K142+0.001
K164=K144+0.001
GO TO 33

IFCCT16.6T.CT16MN) GO
K136=K136-0.0005
K142=K142-0.001
K144=K144-0.001
GO TO 33

CONTINUE

IF(CI7.LT.CI7MX) GO
K143=K143-0.0005
GO TO 35

IF(CI7.6T.CTTMN) GO
K143=K143+0.0005
GO TO 35

CONTINUE

IF(C24.LT.C24MX) GO
K139=K139+0.005
G0 TO 37

IF(C24.GT.C24MN) GO
K139=K139-0.005
G0 T0 37

CONTINUE

TO

TO

T0

T0

T0

TO

T0

31

32

33

34

35

36

37

IF(N3.LT.N3MX) 60 TO 38

K48=K48-0.0001
GO TO 39

IF(N3.GT.N3MN) GO TO 39

K48=K48+0.0001
GO TO 39
CONTINUE

1F(K136.LT.0.000001> K136=0.000001
IF(K137.L.7.0.000001> K137=0.000001
IF(K139.L7.0.0001) K139=0.0001

00013640
00013650
00013660
00013670
00013680
00013690
00013700
0oD13710
00013720
00013730
00013740
00013750
00013760
00013770
00013780
00013790
00013800
Q0013810
00013820
00013830
00013840
00013850
00013860
00013870
00013880
000138%0
00013900
00013910
00013920
00013930
00013940
00013950
00013960
00013970
00013980
00013990
00014000
00014010
00014020
00014030
00014040
00014050
00014060
00014070
00014080
00014090
00014100
00014110
00014120
00014130
00014140
00014150
00014160



+
4

+ o+ 4 o+

IF{K142.L7.0.000001) x142=0.000001
IF(K143.L7.0.000001> «143=0.000001
IF(K144.L7.0.00001) K144=0.00001

IF{K48.L7.0.0000001) K48=0.0000001

RETURN
END

SUBROUTINE POOLA(C29,030,031,C033,054,035,036,037,038,
C39,040,C41,043,C44,0453,046,C47,
A1B,A19 ,A20,A21 422,233

IF(C29.L7.0.001) ¢29=0.001
IF(C30.L7.0.007) C30=0.001
IF(C31.LT.0.0013 ©31=0.001
IF(C33.L7.0.001) €33=0.001
IF(C34.LT.0.01) €34=0.01
IF(C35.LT.0.001) €35=0.001
IF(C36.L7.0.001) €36=0.001
IF(C37.L7.0.001) C37=0.001
IF(C38.L7.0.001) ¢38=0.001
IF(C39.L7.0.0001) €39=0.0001
IF(C40.LT.0.0001) C40=0.0001
IFCC41.L7.0.001) C41=0.001
IF(C43.LT.1.00 C43=1.0
IF(C44.LT.0.0001) C44=0.0001
IF(C45.17.0.0001) €45=0.0001
IF(C46.L7.0.0001) C46=0.0001
IF(C47.LT.0.0001) €47=0.0001
IF(A18.LT.0.0001> A18=0.0001
IF(A19.LT.0.001) A19=0.001
IF(AZ20.LT.0.001) A20=0.001
IF(AZ2T.LT.1.00 A21=1.0
IF(AZ22.L7.0.0001) A22=0.0001
IF(AZ3.LT.1.0) A23=1.0

RETURN
END

SUBROUTINE END1(C1,SU2,5872,CE2,03,AC4,PR4A,BUS,CHE,CO4,
A1,A2,A3, 84 ,N1ANIB, U1, Ub,
K106,K6,K11,K20,K21,
€11,5U21,5T21,0E21,031,AC41,PRAI,BULIT,CHAT,CO4T,
A1I,A21,A3T,AGI,NIAL, NIBI,UTI, U4I,
K1061,K61,K111,K201,K211)

REAL K106,K6,K11,K20,K21

REAL N1A,N1B

REAL KT1061,K6I,K111,K201,K211
REAL NTAL,N1BI

00014170
00014180
00014190
00014200
00014210
00014220
00014230
(0014240
00014250
00014260
00014270
00014280
00014290
00074300
60014310
00014320
00014330
00014340
00014350
00014360
(0014370
00014380
00014390
00014400
00014410
00014420
00014430
00014440
00014450
00014460
00014470
00014480
00014490
00014500
00014510
00014520
00014530
00014540
00014550
00014560
00014570
00014580
00014590
00014600
000145610
00014620
00014630
00014640
00014650
00014660
00014670
00014680
00014690



C11=C1

SU21=5U2
S$T21=8T72
CE2I=CE2
C3I=C3

AC4I=AC4
PR4I=PR4
BU4I=BUL
CH4I=CH4
C041=C04

ATI=A1
A21=A2
A3I=A3
ALI=A4
NTAI=NTA
N1BI=N1B
U11=u1
UsI=u4

K1061=K106
K6I=K6
K111=K11
K201=K20
K211=K21

RETURN
END

SUBROUTINE END2(C7,(8,(9,C108,C11,C12,023,
A6,A7,A8,A10,A11,A12,813,A16 ,N2A,N2B U2,
K121,K128,K130,K27 ,K28,K34 ,K38,K40,
¢71,(81,C91,C108BI,C111,0121,0231,
A6I,A7I,ASI,A101,A111,A121,8131,A161,
N2AI,N2BI,U21,
K1211,K1281,K1301,K271,K281,K341 ,K381 ,K401)

EE A

REAL K121,K128,K130,K27,K28,K34,K38,K40
REAL N2A,NZ2B

REAL K1211,K1281,K1301,K271,K281,K341,K381,K401
REAL NZAI,N2BI

C71=C7
C8I=C8
C91=(9
€1081=C108
CH1I=¢11
C121=012
€231=(23

ABI=Ab
A7I=A7

00014700
D0014710
00014720
00014730
00014740
006014750
00014760
00014770
00014780
00014790
00014800
00014810
00014820
00014830
00014840
00014850
00014860
00014870
00014880
00014890
00014900
00014910
00014920
00014930
00014940
00014950
00014960
00014970
00014980
00014990
00015000
00015010
00015020
00015030
00015040
00015050
00015060
00015070
00015080
00015090
00015100
00015110
00015120
60015130
00015140
00015150
00015160
00015170
00015180
00015190
00615260
00015210
00015220



ABI=A8

A101=A10
A11I=AT1
AT21=A12
AT31=A13
A161=A16
NZAI=N2A
N2BI=N28
uz21=u2

K1211=K121
K1281=K128
K1301=K130
K271=K27
K28I=K28
K34I=K34
K381=K38
K401=K4&0

RETURN
END

SUBROUTINE END3(C14,C16,C17,018,019,021,022,C24,
€25,026,027,028,038,C41,C44,
A16,A15,A17 418 ,A20,A22 ,N3,U3,
K136,K137,K139,K142,K143,K144 ,K4L8,
C141,C161,C171,0181,0191,6211,C221,0241,
$251,0261,C271,0281,C381,C411,0441,
A141,A151,A171,A181,4201,A221 ,N3I,U31,
K1361,K1371,K1391,K1421,K1431,K1441,K481)

L T S e 3

REAL K136,K137,K139,K142,K143,K144 K48

REAL N3

REAL K1361,K1371,K1391,K1421,K1431 ,K1441 K481
REAL N3I

C141=C14
C161=C16
c171=C17
C181=C18
C191=C19
c211=c21
c221=c22
C241=C24
C251=C25
C26I=C26
€271=C27
C281=C28
C38I1=C38
C411=C41
Cha1=Chh

00015230
00015240
00015250
Q0015260
00015270
00015280
00015290
00015300
00015310
00015320
00015330
00015340
00015350
00015360
00015370
00015380
00015390
000154600
00015410
00015420
00015430
00015440
00015450
00015460
00015470
0015480
00015490
00015500
00015510
00015520
00015530
00015540
00015550
00015560
00015570
00015580
00015590
00015600
00015610
00015620
00015630
00015640
00015650
00015660
00015670
00015680
00015690
00015700
00015710
00015720
00015730
00015740
00015750



+ 4+ o+

ENDJOB

AT4I=A14
A151=A15
AT7TL=A17
A18I=A18
A201=A20
A22I=A22
N3I=N3

y31=u3

K1361=K136
K1371=K137
K1391=K139
K1421=K142
K1431=K143
K1441I=K144
K&BI=K48

RETURN

END

SUBROUTINE END4(C29,C30,031,033,034,035,036,C37,

C29I=(29
C301=(30
311=C31
C33I=(C33
C361=C34
C351=(35
£361=(36
C371=C37
C391=C39
C40I=C40
C451=C4S
C4561I=C46
C471=C47

A191I=A19

RETURN

END

039,C40,045,046,C47,

A19,
€291,0301,C311,C331,0341,0351,6361,371,
€391,0601,0451,0461,0471,

A191)

00015760
00015770
GO015780
00015790
00015800
00015810
00015820
00015830
00015840
00015850
00315860
00015870
00015880
00015890
00015900
00015910
006015920
00015930
00015940
00015950
00015960
00015970
Q0015980
00015990
00016000
00016010
00016020
00016030
00016040
00016050
00016060
00016070
00016080
00016090
00016100
00016110
00016120
00016130
00016140
00016150
00016160
00016170
00016180
00016190
00016200
00016210
00016220
00016230
00016240
00016250
00016260
006016270



APPENDIX 3: The SAS program creating a data set

// EXEC SAS

F/CSMP DD DSN=AR10018.CSMP.SAS,DISP=0LD
//CSMPDATA DD DSN=&EBDATA,DISP=(OLD,DELETE)
//PROG DD UNIT=SYSDA,SPACE=(YRK,10),DCB=CARD
//BYSIN bD %

DATA _NULL_; INFILE CSHPDATA;
INPUT; INPUT; INPUT;

FILE PROG ;

PUT "INPUT @1 ( o;

INPUT VAR R12. @;

DO WHILE(VAR>" “); PUT VAR B9. @; INPUT VAR R 9;
PUT *) (RB4.);;

STOP;

DATA CSMP.TEST;

INFILE CSMPDATA;

LENGTH DEFAULT=4;

DROP I X

IF N =T THEN BO I =1 T0O 9; INPUT; RERUN=1; END;
INPUT X B4, 0 7

IF X="ENDS’ THEN DO; RERUN+1; RETURN; END;

IF X="ENDJ ' OR X="ENDF' THEN STOP;

%INCLUDE PROG / SOURCE2 $2=80;

OUTPUT

END; INPUT;

00016280
00016290
00016300
00616310
00014320

00016330
00016340
00016350
00016360
00016370
00016380
00016390
00016400
00016410
00016420
00016430
00016440
00016450
00016460
00016470
00016480
00016490
00016500



APPENDIX 4: The SAS program performing statistical calculations

/% JOB(SASD) Q0o00n0640
/1% 04726785 , 10:44:56 (AR10018) 0ooon0n7o
//* MEAN OF RUNS 00000080
// EXEC SAS 00000090
//CSMP DD DSN=AR10018.CSMP.SAS,DISP=0LD 00000100
//SYSIN DD * 00000110
PROC PRINT DATA=CSMP.TEST; BY RERUN; 00000120
DATA; SET CSMP.TEST; 00000130
IF 26 <= RERUN <= 35; 00000140
IF TIME = 24.; 00000150
LACT=F182%28.525; 00000160
MILK=LACT/48.0; 00000170
FAT=F183%(16.174+L179%12.682)/ (1+1.179); 00060180
CFAT=FAT/MILK; 00000190
PRO=F60*89.384; 00000200
CPRO=PRO/MILK; 00000210
EBAL=(F147~F152+F195~F197)*10.027/16+ 00000220
(F145=F151+F196-F198)%1 . 660/3+ (F43-F46+F62-F63+F65-F6631%2,065; 00000230
GAIN=EBAL/25.0; 00000240
MAIN=,53%( . Q0% (BU+GAIN/2)) ** 67 ; 00000250
MILKE=({LACT*16.527+FAT*38.116+PR0*24.518)/1000; 00000240
Q0000270

GE=FGBE; 00000280
FE=FFE; Q0000290
DE=GE-FE; 00000300
ME=DE®,84; 00000310
MEE=(FCH111+FCH124)%,89; 00000320
UE=DE-ME-MEE ; B0O000330
PRODE=MILKE+EBAL; 00000340
HE=ME-PRODE; 00000350
NE=MAIN+PRODE; 00000360
SFU=NE/7.89; 00000370
00000380

FEP(T=100%FE/GE; 00000390
DEPCT=100+*DE/GE; 00000400
MEEPCT=100*MEE/GE; 00000410
UEPLT=100%UE/GE 00000420
MEPCT=100*ME/GE; Qoo0D4a30
HEPLT=100*HE/GE; 00000440
PRODEP=100%PRODE/GE; 00000450
NEPCT=100*NE/GE; 00000460
00000470

PROC MEANS; 00000480




APPENDIX 5: Mumerical values of state variables and equation

parameters in the rumen compartment

Parameter or state Numerical value
varjable Symbol Unit Originall? Finatl??
Rate of feed intake FT kg DM/h 3.3 3.3
Sugar content in feed Ksu kg/kg DM 0.2235 0.2235
Carbon content in sugar Lsuy mol C/kg 35.087 35,087
Unfermentable fraction

of sugar and glycerol Msu 0.0 0.0
Starch content in feed KST ka/kg DM 0.0313 3.0313
Carbon content in starch LST mol C/kg 37.037 37.037
Unfermentable fraction

of starch MST 0.0 0.0
Cell wall carbohydrates

in feed KCE kg/kg DM 0.4268 0.4268
Carbon content in

cell wall carbohydrates LCE mol C/kg 37.037 37.037
Unfermentable fraction

of cell wall carbohydrates MCE 0.40 0.40
Glycerol content in feed KGL kg/kg DM C.0047 0.0047
Carbon content in glycerol LGL mol C/kg 32.573 32.573
Fatty acid content in feed KLI ka/kg DM 0.04 0.04

Carbon content in
fatty acids LLI mol C/kg 62.402 62.402

Unfermentable fraction
of fatty acids MLI .90 0.90

1) Assumed or estimated from the literature
2) Finally adiusted after repeated simulations

(to be continued)



Appendix 5 (continued)

Parameter or state

Numerical value

variable Symbol Unit {)riginaL1> final?)
Rate constant for

unfermentable carbohydrate

and Llipid outflow K103 h=1 0.025 0.025
Unfermentable

carbohydrates and Llipids c1 mol C 255.6 261.08%
Rate constant for microbial

uptake of carbohydrates K105 n1 0.070 0.073
Fermentable sugar suz mol ¢ 2.93 3.8468%)
Fermentable starch sSTZ2 mol C 0.49 0.4336%)
Fermentable cell wall

carbohydrates CE2 mol € 33.646 29.994 %3
Affinity constant for

carbohydrate fermentation K108 mol € 9.270 2.50%)
Maximal fermentation

rate factor L.106 mol C/(molN*h) 1.218 1.0534
Cell wall carbohydrate

fermentation rate factor G 0.04 0.0006
Acetate from sugar ACSU mol C/mot C 0.36036 0.36036
Propionate from sugar PRSU mol C/mol C 0.13514 0.13514
Butyrate from sugar BUSU mol C/mol C 0.21622 0.21622
Methane from sugar CHSU mol C/mol C 0.1045 0.1045
Carbon dioxide

from sugar cosuy mol {/mol C 0.18378 0.18378
ATP from sugar ATPSU mol ATP/mol € 0.76937 0.76937

1) Assumed or estimated from the Lliterature

2)

finally adjusted after repeated simulations

*) Initial value at the beginning of the run

{

to be continued)
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Appendix 5 (continued)
Parameter or state Numerical wvalue
variable Symbol Unit originall) Ffinald?
Acetate from starch ACST mol C/mol ¢ 0.38667 0.38667
Propionate from starch PRST mol C/mol ¢ 0.26833 0.26833
Butyrate from starch BUST mol C/mol ¢C 0.1000 G.1000
Methane from starch {HST mol C/mol ¢ 0.08667 0.08667
Carbon dioxide
from starch cosT mol C/mol € 0.15833 0.15833
ATP from starch ATPST mol ATP/mol € 0.75333 0.75333
Acetate from
cell wall carbohydrates ACCE mol C/mol ¢ 0.36264 0.36264
Propionate from
cell wall carbohydrates PRCE mol C/mol € 0.36265 0.36265
Butyrate from
cell wall carbohydrates BUCE mol C/mol ¢ 0.06165 0.06165
Methane from
cell wall carbohydrates CHCE mel C/mol ¢ 0.0680 0.0680
Carbon dioxide from
cell wall carbohydrates CoCE mol C/mol C 0.14506 0.14506
ATP from
cell wall carbohydrates ATPCE mol ATP/mol ¢ 0.70354 0.70354
Rate constant for
fermentable carbohydrate
outflow K107 h1 D.041 0.043
Rate constant for K110,K10
microbial ocutflow K13,K18 h~1 0.0828 0.08
Microbial carbohydrates
and lipids c3 mol C 17.59 19.765%)

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

(to be continued)
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Appendix 5 (continued)

Parameter or state Numerical value

variable Symbol Unit OriginaL1) Final2)

Fraction of microbial

starch L110 0.08 0.08
Fraction of microbial

cell wall carbohydrates M110 0.44 0.44
Fraction of microbial

Lipids N110 0.48 0.48
Rate constant for

acetate outflow KAC111 h~1 0.4504  0.4483
Rate constant for

propionate outflow KPR111 h=1 0.4627 0.4605
Rate constant for

butyrate outflow KBu111 h=1 0.4561 0.4540
Rate constant for

methane outflow KCH111 h 1.000 1.00
Rate constant for

carbon dioxide outflow KCo111 h-1 1.263 1.187
Ruminal acetate ACh mol € 9.385 10.491%)
Ruminal propionate PR& mol ¢ 5.401 6.6841%)
Ruminal butyrate BU4 mol ¢ 3.755 3.8374%)
Ruminal methane CH4 mol ¢ a.917 0.9331%)
Ruminal carbon dioxide Co4 mol ¢ 1.834 2.0545%)

Affinity constant for
protein fermentation K112 mol £ 0.093¢9 0.090

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

(to be continued)



Appendix 5 (continued)

454

Parameter or state Numerical value
variable Symbol Unit OrﬁginaLT) Final??
Max. rate of protein

fermentation R112H mot C/h 2.66 3.00
Carbon:nitrogen

ratio in protein KCA mol C/mol WM 3.8 3.8
Microbial amino acids

and peptides CA3 mol € 0.532 0.0038%)
Acetate from protein AC mol C/mol € 0.29749 0.29749
Propionate from protein PR mol C/mol C 0.13730 0.1373
Butyrate from protein BU mol C/mol ¢ 0.09153 0.09153
Branched chain fatty

acids from protein gc mol C/mol € 0.16476 0.16476
Methane from protein CH mol C/mol C 0.14874 0.14874
Carbon dioxide

from protein co mol C/mol C 0.16018 0.16018
ATP from protein ATPPR mol ATP/mol 0.0 0.0
Reduction factor

for methane K 0.75 0.75
Concentrate protein

content in feed KC kg/kg DM 0.100 0.100
Nitrogen content in

concentrate protein LL.C mol N/kg 11.423 11.423
Unfermentable fraction

of concentrate protein Me 0.2788 0.2788

1) Assumed or estimated from the literature

2) Finally adjusted after repeated simulations

*) Initial value at the beginning of the run

(to be continued)
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Appendix 5 <{continued)

Parameter or state Numerical value

variable Symbol Unit Original1) Final?2)

Roughage protein

content in feed KR kg/kg DM 0.0788 0.0788

Nitrogen content in

roughage protein LR mol N/kg 11.423 11.423

Unfermentable fraction

of roughage protein MR a.10 0.10

Rate constant for

unfermentable protein

outflow K5 he1 0.043 0.043

Unfermentable protein A1 mol N 7.061 7.3081%)

Affinity constant for

microbial uptake of

amino acids and peptides K6 mol N 0.890 0.9236%)

Max. rate of microbial

amino acid and

peptide uptake R6EM mol N/h 1.572 1.685

Fermentable protein,

peptides and amino acids A2 mol N 2.077 2.1942%)

Rate constant for

fermentable protein

outflow K? h~1 0.11 o.1101

Affinity constant for

microbial excretion

of amino acids K8 mol M 0.06 0.0415

Max. rate of microbial

amino acid excretion R8M mol N/h 0.157 0.157

Microbial amino acids

and peptides A3 mol N 0.140 0.001%)

1) Assumed or estimated from the

literature
2) Finally adjusted after repeated simulations
%) Initial value at the beginning of the run

(to be continued)



456

tppendix 5 (continued)

Parameter or state Numerical value

variable Symbol Unit 0riginai1) Final?)

Affinity constant
for microbial

protein synthesis K% mol N 0.0068 0.001
Nitrogen content

in microbes M9 mol N/g DM 5.742%1073  5.735%10"3
Max. efficiency of

microbial growth YATPM g DM/mol ATP 28.0 28.0
Affinity constant KATP (mol N)2 0.1483 0.07

Affinity constant for
degradation of
microbial amino acids K11 mol N 0.06 0.0633*)

Max. rate of microbial
amino acid degradation R11M mol N/h 1.432 1.737

Rate constant for
degradation of

microbial protein K12 h=1 0.0207 0.02
Microbial protein

and nucleic acids Ab mol N 10.04 11.252%)
Rate constant for

NH3/NH4* outflow K14 h=1 0.11 0.1101
Ruminal NHz/NH,* NTA mol N 0.928 0.7349%)

Affinity constant for
microbial uptake
of NHz/NHg' K15 mol N 0.002 0.189

Max. rate of microbial
NH3/NH4*Y uptake R15M mol N/h 0.493 0.6

1) Assumed or estimated from the Literature
2) Finally adjusted after repeated simulations
#) Initial value at the beginning of the run

(to be continued)




Appendix 5 (continued)

Parameter or state

457

Numerijcal value

variable Symbol Unit Orﬁginat1> Final?)
Rate constant for

NH3/NH4* absorption K16 t/7h 18.154 18.385
Rumen fluid volume Vi { 74.0 74.0
Affinity constant for

microbial amino acid

synthesis K17 mol N 0.0182 0.0097
Max. rate of microbial

amino acid synthesis R17M mol N/h 1.454 1.51
Microbial NHz/NHzi* N18B mol N 0.026 0.1165%)
Affinity constant for

microbial excretion

of NH3/NH4* K20 mol N 0.0046  0.0056%)
Max. rate of microbial

NH3/NHg4T excretion RZ20M mol N/h 0.749 1.04
Affinity constant for

hydrolysis of urea K21 mol N 2.743 2.723+%)
Max. rate of

hydrolysis of urea R21M mol N/h 2.463 2.463
Ruminal urea U1 mol N 0.222 0.2175%)
Rate constant for

urea uptake K55 L/h 16.765 16.687
Blood urea U4 mol N 2.1 2.0479%)
Extracellutar fluid volume V& L 150.0 150.0

1) Assumed or estimated from the literature

2) Finally adjusted after repeated simulations
x) Initial value at the beginning of the run

(to be continued)
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Appendix 5

Parameter or state

Numerical value

variable Symbol Unit originall) finat2?
Energy content

in sugar Cs5i Mi/kg 16.6 1é6.6
Energy content

in starch [ M/ kg 17.6 17.4
Energy content in

cell wall carbohydrates CCE Ml/kg 18.8 18.8
Energy content

in Lipid CL1 MJ/kg 39.75 39.75
Energy content

in protein ' CPR MJ/7kg 23.93 23.93

1) Assumed or estimated from the Lliterature
2) Finally adjusted after repeated simulations



APPENDIX &: MNMumerical values of state variables and equation

parameters in the intestinal compartments

Parameter or state Numerical value

variable Symbol Originat1) Final?2)

Indigestible fraction
of fatty acids K116 0.0745 0.0833

Rate constant for digesta K119,K120,
flow in small intestine K122 0.240

Fermented fraction of
cell wall carbohydrates L1119 0.220

Indigestible
carbohydrates and Llipids
in small intestine c7 mol ¢ 28.80 29.578%)

Digestible carbohydrates
and glycerol
in small intestine c8 mol C 0.123 0.0745%)

Fermented fraction
of starch L1120 1.00 1.00

Affinity constant for
glucose uptake
from the Lumen K121 mol ¢ 0.6515 0.6268%)

Max. rate of glucose
uptake from the lumen R121M mol C/h 1.667 1.667

Digestible fatty acids
in small intestine ) mol C 0.899 0.9132%)

Rate constant for fatty
acid uptake from the lumen K123 ht 2.160 2.1617

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
%) Initial value at the beginning of the run

(to be continued)
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Appendix 6 {(continued)

Parameter or siate Numerical value
variable Symhol Unit Originall) fFinal2)
Reduction factor

for methane K 0.75 0.75
Rate constant for

fascal excretion K126,k29  h™1 0.114 0.11s
Undigested

carbohydrates and Lipids

in the hind gut €108 mol ¢ 55.756  56.65%)
Carbon:znitrogen ratio

in protein KCA mol C/mol N 3.8 3.8
Fermented fraction of

deaminated amino acids K127A 0.1361 0.13692
Affinity constant for

acetate and ketone body

oxidation K128 mol ¢ 0.0016  1%10-6%)
Max. rate of acetate and

ketone body oxidation R128M mol C/h 0.713 0.7145
Acetate and ketone bodies

in intestinal wall c11 mol ¢ 0.014 0.0143%)
Affinity constant for

glucose oxidation K129 mol ¢ 0.08¢6 0.0677
Max. rate of

glucose oxidation Ri129M mol C/h 0.0144 0.0160
Glucose 1in

intestinal wall €12 mol € 0.086 0.0256%)

1) Assumed or estimated from the Lliterature

2) Finally adjusted after

repeated simulations

*¥) Inftial value at the beginning of the run

(t

o be continued)
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Appendix 6

Parameter or state

Numerical value

variable Symbol Unit Originat1) FinalZ)
Affinity constant for

glucose absorption K130 mol ¢ 0.9665 0.7859%)
Max. rate of

glucose absorption R130M mol C/h 1.667 1.667
Glycerol esterification

of fatty acids K131 mol C/mol C 0.0625 0.0625
Rate constant for uptake

of acetate and ketone

bodies from the blood K155 L/h 110.60 110.55
Acetate and ketone bodies

in extracellular fluid £23 mol ¢ 0.87 0.9192%)
Extracellular

fluid volume V& L 150.0 150.0
Fraction of aminoc acids

in unfermented

feed protein K23 0.80 0.80
Digestible fraction of

amino acids in

unfermented feed protein L23 1.00 1.00
Fraction of amino acids

in microbjal protein M23 0.70 0.70
Digestible fraction of

amino acids in

microbial protein NZ3 1.00 1.00

1) Assumed or estimated from the
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

literature

(to

be continued)
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Appendix 6

Parameter or state Mumerical value
variable Symbol Unit Originall? Final??
Rate constant for digeste K25,K26,

flow in small intestine K32 ,K33 h—1 0.24 G.240
Indigestible protein

in small intestine Aé mol M 1.500 1.5305%)
Digestible protein

in small intestine A7 mol N 0.863 0.8568%)
Affinity constant for

amino acid uptake

from the Lumen K27 mol N 6.581 6.578%)
Max. rate of aminag acid

uptake from the Llumen R27HM mol N/h 6.98 6.98
Affinity constant for

hind gut

protein degradation K28 mol N 1.616 2.731%)
Max. rate of protein

degradation

in the hind gut R28M mol N/h 0.5205 0.630
Undigested protein

in the hind gut A8 mol N 3.77 3.8248%)
Fraction of amino acids

in endogenous protein K31 0.9756 0.9755
Digestible fraction of

amino acids in

endogenous protein L31 0.9756 0.9755
Indigestible

endogenous protein A10 mol N 0.076 0.0776%)

1) Assumed or estimated from the literature

2) Finally adjusted after repeated simulations

*) Initial value at the beginning of the run

(to be continued)



Appendix 6 (continued?

Parameter or state Numerical value

variabte Symbot originall) Final?)

Digestible
endogenous protein A11 mol N 0.287 0.2821%)

Affinity constant for
endogenous amino acid
uptake from the Llumen K34 mol N 6.581 6.578%)

Max. rate of
endogenous amino acid
uptake from the lumen R34M mol N/h 6.98 6.98

Rate constant for
NHz/NH4t absorption
from small intestine K35 L/h 33.142 33.4009

NH3/NHLT in
small intestine N2A mol N 0.067 0.0585*)

Small intestinal
fluid volume VZ2A L 21.3 21.3

Affinity constant for
microbial amino acid
synthesis K36 mol N 0.0621 0.0637

Nitrogen content
in microbes M9 mol N/g DM 5.742%10"3 5.735%10~3

Max. efficiency of
microbial growth YATPM g DM/mol ATP 28.0 28.0

NHz/NH4T din
the hind gut NZB mol N 0.262 0.2607%)

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
%) Initial value at the beginning of the run

(to be continued)




Appendix 6 (continued)

Parameter or state Numerical value

varijable Symbol Unit Originat1) Finall

Rate constant for
NHz/NH4t absorption

from the hind gut K37 L/h 18.154 18.495
Hind gut fluid volume VZB L 12.1 12.1
Affinity constant for

hydrolysis of urea K38 mol N 0.0629 0.0515%)
Max. rate of

hydrolysis of urea R38M mol N/h 0.403 0.403
Urea in the hind gut u2 mol N 0.0462  0.0393%)

Affinity constant for
intestinal protein
synthesis K39 mol N 0.3076 0.3069

Max. rate of intestinal
protein synthesis R39M mol N/h 0.676 0.676

Amino acids in
intestinal tissue A12 mol N 0.930 0.9393%)

Affinity constant for
amino acid absorption K40 mol N 64,9666 4.9427%)

Max. rate of intestinal
amino acid absorption R40OM mol N/h 6.98 6.98

Affinity constant for
endogenous protein
secretion K41 mol N 26.622 26,330

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

(to be continued)
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Parameter or state

465

Numerical value

variable Symbal Unit originall) Final?2?
Factor for endogenous

protein secretion L41 mol N/mol ¢ 0.0383 0.0380
Protein in

intestinal tissue A13 mol N 56.0 55.945%)
Rate constant for

degradation of

intestinal protein K&2 h-1 0.0023 0.0023
Affinity constant for

amino acid uptake

from the blood K50 mol N 8.7832 8.763
Max. rate of amino acid

uptake from the blood R50M mol N/h 5.98 6.98
Amino acids in

extracellular fluid 816 mol N 0.504 0.5023%)
Rate constant for

urea uptake K56 L/h 16.765 16.727
Urea in

extracellutar fluid U4 mol N 2.1 2.0479%)

1) Assumed or estimated from the literature

2) Finally adjusted after repeated simulations

*) Initial value at the beginning of the run

(to be continued)
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Appendix 6 (continued)

Parameter or state Numerical value

variable Symbol Unit 0riginal1) Final2)

Carbon content of

cell wall carbohydrates LCE mol C/kg 37.037 37.037
Energy content of

cell wall carbohydrates CCE MJ/kg 18.8 18.8
Energy content

of fatty acids CFA MJd/mol 10.027 10.027
Energy content

of glucose CGLU Md/mol 2.805 2.805
Energy content of

metabolized protein CKA MJd/ kg 19.4 19.4
Nitrogen content

of protein LC mol N/kg 11.423 11.423
Energy content of

branched fatty acids CBC MJ/mol 2,497 3.497
Energy content of protein CAA MJd/kg 23.4 23.4

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
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PPENDIX 7: Humerical values of state variables and equation

parameters in the Lliver and extracelliular fluid

compartments

arameter or state

ariable Symbol

unit

Numerical value

originall) Final2)

arbon:nitrogen ratio
n protein KCA

raction of butyrate
aken up by the liver K134

ffinity constant for
lucose synthesis from
ropionate K134

ndependent part of max.
ate of glucose synthesis
rom propionate L1386

ependent part of max.
ate of glucose synthesis
rom propionate M136

ropionate in liver
issue C14

ffinity constant for
ropionate oxidation K137

ax. rate of propionate
xidation R137M

ffinity constant for
lucose outflow K139

ax. rate of glucose
utflow R139M

mol C/mol N

mol

moi

mol

mol

mol

mol

mo L

mo L

C/h

3.8

0.10

0.032

3.981

1.356

0.021

0.008

1.133

0.5772

5.718

3.8

0.10

0.1610%)

3.950

1.05

0.1846*)

0.0463%?

1.180

0.575%)

5.7113

) Assumed or estimated from the Lliterature

) Finally adjusted after repeated simulations

} Initial value at the beginning ¢f the run

307

(to be continued)
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kppendix 7 {(continued)

Parameter or state Humerical value
variable Symbol Unit originall? FinatZ)
Glucose in liver tissue Cié mol € 0.866 1.1542%)

Affinity constant for
glucose synthesis from
keto acids K142 mel € 0.0467  0.2315%)

Independent part of max.
rate of glucose synthesis
from keto acids L142 mol C/h 0.150 0.15

bependent part of max.
rate of glucose synthesis
from keto acids M142 mol C/h 1.677 1.505

Keto acids in liver
tissue €17 mol € 0.02 0.1168%)

Affinity constant for
keto acid oxidatiaon K143 mol € 0.02 0.1155%)

Max. rate of keto acid
oxidation R143M mol C/h 0.860 0.8912

Affinity constant for
glucose synthesis from
glycerol and lactate K144 mol C 0.206 0.194%)

Independent part of max.
rate of glucose synthesis
from glycerol and lactate L1144 mol C/h 0.15 0.15

pependent part of max.
rate of glucose synthesis
from glycerol and lactate M144 mol C/h 1.073 1.107

Glycerol and lactate in
liver tissue €18 mol ¢ 0.103 0.0974%)

13 Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

(to be continued)
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Parameter or state Numerical value
variable Symbol Unit originall? finat?)
Affinity constant for

liver fat synthesis K147 mol € 0.270 1.391
Max. rate of Lliver fat

synthesis R14TH mol C/h 0.289 0.289
Free fatty acids in

liver tissue 19 mot ¢ 0.030 0.1684%)
Affinity constant for

Lipoprotein synthesis K148 mol C 0.0075 0.0386
Max. rate of lipoprotein

synthesis R148M mol C/h 1.084 1.0834
Glycerol K145, Kl46,

esterification K151, K168,

of fatty acids K172, K173 mol C/mol C 0.0625 0.0625
Affinity constant for

acetate and ketone body

synthesis K149 mol € 0.10 0.513
Independent part of max.

rate of acetate and

ketone body synthesis L149 mol C/h 1.234 1.200
Dependent part of max.

rate of acetate and

ketone body synthesis M149 mol C/h 1.0 1.025
Affinity constant for

fatty acid oxidation K150 mol ¢ 0.02 0.1430
Independent part of max.

rate of fatty acid

oxidation L1580 mol C/h 1.809 1.809

1) Assumed or estimated from the literature

2) Finally adjusted after repeated simulations

*) Initial value at the beginning of the run

{to be continued)
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Appendix 7 (continued)
Parameter or state Numerical value
variable Symbol Unit Originat1) Final2)

bependent part of max.
rate of fatty acid
oxidation M150 mol C/h 1.34 1.333

affinity constant for
Liver fat breakdown K152 mol € 1.659 1.555

Max. rate of Liver fat
breakdown R152H mol C/h 0.129 0.1285

pepot fat in Lliver
tissue €20 mol € 14 .80 15.04%)

Affinity constant for
lipoprotein secretion K153 mol C 1.279 1.308

Max. rate of lipoprotein
secretion R153M mol C/h 1.152 1.1511

Lipoproteins in liver
tissue c21 mol ¢ 5.10 5.307%)

Rate constant for acetate
and ketone body secretion K154 h=1 15.97 16.150

Acetate and ketone bodies
in Liver tissue c22 mol ¢ 0.036 0.0374%)

Independent part of rate
constant for acetate and
ketone body uptake in the
mammary gland L156 L/h g.0 441,730

Dependent part of rate

constant for acetate and

ketone body uptake in the

mammary gland M156 L2/ Ch*ug) 47 .538 83.128

1) Assumed or estimated from the literature
23 Finally adjusted after repeated simulations
*) Infitial value at the beginning of the run

(to be continued)




Appendix 7 (continued)

Parameter or state

variable Symbol Unit

Numerical wvalue

Originall) Final2)

Acetate and ketone bodies
in extracellular fluid €23 mol €

Extracellular fluid
volume Vé L

Rate constant for acetate
and ketone body uptake
in muscle tissue K157 t/h

Independent part of rate

constant for acetate and

ketone body uptake in

adipose tissue 1158 L/h

bependent part of rate

constant for acetate and

ketone body uptake in

adipose tissue M158 Lal(h*ug)

Rate constant for acetate
and ketone body uptake
in other tissues K159 L/h

Affinity constant for
glucose uptake in the
mammary gland K160 mol C

Independent part of max.
rate of glucose uptake
in the mammary gland L160 mol C/h

Pependent part of max.
rate of glucose uptake
in the mammary gland M160 mol C*xt/Ch*ug)

Glucose in extraceliular
fluid C24 mol C

0.87 0.9192%)

150.0 150.0

99.48 99.555

456.5 453.274

175.7 175.805

1.1567 1.153

0.0 -6.4605

0.3288 0.8691

2.700 3.2518%)

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Injtial value at the beginning of the run

(to be continued)
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Parameter or state Numerical

value

variable Symbol Unit Griginal 1) Final??

Affinity constant for
glucose uptake in muscle
tissue K161 mol € 1.799

Independent part of max.
rate of glucose uptake
in muscle tissue L161 mol C/h 0.0

Dependent part of max.
rate of glucose uptake
in muscle tissue M161 mol C*xL/{hxug) 1.392

Affinity constant for
glucose uptake in
adipose tissue K162 mol € 2.70

Independent part of max.
rate of glucose uptake
in adipose tissue L162 mol C/h 0.0

Dependent part of max.
rate of glucose uptake
in adipose tissue M162 mol Cxl/<Chxug) Q.7346

Affinity constant for
glucose uptake in other
tissues K163 mol € 1.444

Max. rate of glucose
uptake in other tissues R163M mol C/h 0.132

Affinity constant for
glycerol and lactate
uptake in the Lliver K164 mol ¢ 0.175

Max. rate of glycerol and
Lactate uptake in the
Liver R164M mol C/h 0.864

1.830

1.3924

2.747

0.7331

1.4553

0.1309

0.1667

0.8638

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations

(to be continued)



Appendix 7 (continued?

Parameter or state Numerical value

varjable OriginaL1) Final2)

Glycerol and lactate in
extracellular fluid 0.263 D.2542%)

Independent part of rate
constant for free fatty
acid uptake in the Lliver 150.0 149.5

pependent part of rate
constant for free fatty
acid uptake in the Lliver M165 12/ (hxug) 69.073 67.750

Free fatty acids in
extracellular fluid €26 mol ¢ 1.241 1.3553%)

Rate constant for free
fatty acid uptake in
muscle tissue K166 t/7h 60.459 60.700

Rate constant for free
fatty acid uptake in
other tissues K167 L/h 20.153 20.230

Affinity constant for
fatty acid uptake in the
Liver from chylomicrons K169 mol C 0.123 0.1485

Max. rate of fatty acid
uptake in the Lliver from
chylomicrons R169M mol C/h 0.647 0.6513

Triglyceride in
circulating chylomicrons €27 mol ¢ 0.367 0.4959%)

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
%) Initial value at the beginning of the run

(to be continued)
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Parameter or state

variable Symbol

Unit

Numerical value
Originall? Final??

Affinity constant for fatty

acid and glycerol uptake

in the mammary gland

from chylomicrons K1704

Independent part of max.

rate of fatty acid and

glycerol uptake in the

mammary gland

from chylomicrons L1704

Dependent part of max.

rate of fatty acid and

glycerol uptake in the

mammary gland

from chylomicrons M170A

Affinity constant for

fatty acid and glycerol

uptake in adipose tissue

from chylomicrons K1708

Independent part of max.

rate of fatty acid and

glycerol uptake in adipose
tissue from chylomicrons L1708

Dependent part of max.

rate of fatty acid and

glycerol uptake in adipose
tissue from chylomicrons M170B

Affinity constant for fatty

acid and glycerol uptake

in the mammary gland

from lipoproteins K1714

mol

mol €

mol C/h

CxLl/Ch*ug)

mol C

mol €/h

ml/ng

mol €

J.122

3.144

2.518

0.369

1.503

1.224

0.242

0.1464

2.9865

2.2424

0.4640

1.4913

1.210

0.1980

1) Assumed or estimated from the

literature
2) Finally adjusted after repeated simulations

(to be continued)



Appendix 7 (continued)

Parameter or state Numerical value

varijable 0riginaL1) Final?2)

Independent part of max.

rate of fatty acid and

glycerol uptake in the

mammary gland

from Lipoproteins L171A mol C/h 1.880 1.7666

Dependent part of max.

rate of fatty acid and

glycerol uptake 1in the

mammary gland

from lipoproteins M171A4 mol CxUl/{(h*ug) 1.550 1.3273

Triglyceride in
circulating lipoproteins c28 mol C 0.727 0.6487%)

Affinity constant for

fatty acid and glycerol

uptake in adipose tissue

from lipoproteins Ki718 mol C 0.727 0.6040

independent part of max.

rate of fatty acid and

glycerol uptake in

adipose tissue from

lipoproteins L1718 mol C/h 1.369 0.882¢6

Dependent part of max.

rate of fatty acid and

glycerol uptake in

adipose tissue from

lipoproteins mi171e ml/ng 0.903 D.2028

Rate constant for outflow
of Lactate from muscle
tissue K189 h=1 pD.1252  0.1252

Lactate in muscle tissue 38 mol € 3,270 3,270%)

1) Assumed or estimated from Lliterature
2) Finally adjusted after repeated simulations
%) Initial value at the beginning of the run

(to be continued)
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Parameter or state

Numerical value

varjable Symbol Unit originall?) fFinald)l
Rate constant for ocutflow

of fatty acids from

adipose tissue K194 p-t 0.5296  0.5296
Free fatty acids in

adipose tissue 41 mol € 3.04 3.04%)
Rate constant for outflow

of glycerol from adipose

tissue K199 h-1 2.370 2.370
Glycerol in adipose tissue C44 mol € 0.046 0.046%)
Affinity constant for

liver protein synthesis K43 mol N 0.0099 0.01056
Max. rate of liver

protein synthesis R43M mol N/h 0.172 0.1755
Amino acids in Lliver

tissue A4 motl N 0.203 0.19935%)
Affinity constant for

amino acid outflow Ké4 mol N 0.609 0.5975
Max. rate of amino acid

outflow R&4M mol N/h 4,867 4.8887
Affinity constant for

amino acid deamination K45 mol N 0.0202 0.0655
Independent part of max.

rate of amino acid

deamination L45 mol N/h 0.0 0.0
Dependent part of max.

rate of amino acid

deamination M4&5 mol N/h 0.300 0.3703

1) Assumed or estimated from the

literature
2) Finally adjusted after repeated simulations

*) Initial value at the beginning of the run

(to be continued)
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Parameter cor state

Numerical value

variable Symbol Unit Originat1) Final2)
Independent part of rate

constant for Lliver

protein breakdown L46 h-1 0.0005  5.05+10°%
Dependent part of rate

constant for Lliver

protein breakdown M46 2.233 2.245
Liver protein A15 mol N 19.643  19.819%)
Affinity constant for

aminc acid synthesis K&? mol N 0.00032 0.05755
Max. rate of amino acid

synthesis R4THM mol N/h D.079 0.1050
NH3z/NHg4t in liver tissue N3 mol W 0.0006  0.04838%)
Affinity constant for

urea synthesis K48 mol N 0.00027 0.024%)
Max. rate of urea

synthesis R48M mol N/h 1.476 1.4714
Rate constant for urea

outflow K49 L/h 16,765 16.788
Urea in liver tissue us3 mol N 0.364 0.3509%)
Volume of Lliver tissue

fluid V3 L 6.0 6.0

Rate constant for urea

excretion in urine K57 L/h 47.256 47 .765
Urea in extracellular

fluid 7 mol N 2.1 2.0479%)

1) Assumed or estimated from the literature

2) Finally adjusted after repeated simulations

*) Initial value at the beginning of the run

{to be continued)
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(continued)

Appendix 7

Parameter or state

variable Symbol Unit

Numerical

Griginak1)

value

Finald)

Affinity constant for
amino acid uptake in
the mammary gland K51 mol N
Independent part of max.
rate of amino acid uptake
in the mammary gland L51 mol N/h
Dependent part of max.
rate of amino acid uptake
in the mammary gland Mm51 mol N*L/(h=xug)
Amino acids in

extracellular fluid A6 mol N
Affinity constant for
amino acid uptake in
muscle tissue K52 mol N
Independent part of max.
rate of aminc acid uptake
in muscle tissue L52 mol N/h
Dependent part of max.
rate of amino acid uptake
in muscle tissue M52 mol N*xL/(h+*ug)
Affinity constant for
amino acid uptake in
other tissues mol N
Max. rate of amino acid

uptake in other tissues R53M mol N/h

Affinity constant for
aminoc acid uptake in
the Liver

K54 mol N

0.2954

5.059

0.504

D.4124

0.653

0.336

0.321

5.503

0.30118

=1.4889

0.1790

0.50227%)

0.4145

0.6524

0.3356

0.3208

5.5477

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

(to be

continued)
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Parameter or state Numerical value

variable Symbol 0riginat1) Final2)

Independent part of max.
rate of amino acid uptake
in the Lliver

Dependent part of max.
rate of amino acid uptake
in the Lliver 3.8597

Amino acids in liver
artery A17 mol N 0.504 0.52259%)

Affinity constant for
amino acid outflow from
muscle tissue Ké1 mol N 2.834 2.834

Max. rate of amino acid
outflow from muscle
tissue R6THM mol N/h 0.3642 0.342

Amino acids in muscle
tissue 420 mol N 4.251 4.251%)

Affinity constant for
amino acid outflow from
other tissues K64 mol N 1.878 1.878

Max. rate of amino acid
outflow from other
tissues R&4M mol N/h 0.339 0.339

Amino acids in other
tissues A22 mol N 2.817 2.817%)

1) Assumed or estimated from the Lliterature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run
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body tissue compartments

Parameter or state

APPEMNDIY 8: Numerical values of state variables and

equation parameters in the mammary gland and

Numerical value

variable Symbol Unit Originall) fFinal?)
Bammary gland

Volume of mammary

tissue fluid V5 L 14,85 14 .85
Affinity constant for

fatty acid synthesis K174 mol C 0.0604 0.0604
Max. rate of fatty acid

synthesis R174M mol C/h 1.550 1.550
Acetate and ketone bodies

in mammary tissue €29 mol ¢ 0.1485  0.1485%)
Affinity constant for

acetate and ketone body

oxidation K175 mol ¢ 0.0886 0.0886
Max. rate of acetate and

ketone body oxidation R175M mel C/h 3.704 3.704
Affinity constant for

milk lactose synthesis K177 mol C 0.3074 0.308
Max. rate of milk

Lactose synthesis R177M mol C/h 5.736 5.732
Glucose in mammary tissue C30 mol € 0.1782 g.1782%)
Affinity constant for

glucose oxidation K178 mol € 0.0953 0.0953

1) Assumed or estimated from the literature

*) Initial value at the beginning of the run

2) Finally adjusted after repeated simulations

(to be

continued)
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Appendix 8§ {continued)
Parameter or state Numerical wvalue
variable Symbol Unit Originat1) Final2)
Max. rate of glucose
oxidation R178M mol C/h 1.040 1.040
Affinity constant for
milk fat synthesis K179 mol € 0.2284 0.2273
Glycerol esterification
of fatty acids L179 mol C/mol C 0.06863 0.06863
Max., rate of milk fat
synthesis RI7T9M mol C/h 8.382 8.407
Free fatty acids in
mammary tissue C31 mol C 0.123 0.123%)
Affinity constant for
fatty acid oxidation K180 mol C 4.065 4,385
Max. rate of fatty acid
oxidation R180M mol C/h 6.843 6.843
Rate constant for milk
Lactose secretion K182 n1 2.084 2.084
Milk lactose in
mammary tissue €33 mol ¢ 1.01 1.01%)
Rate constant for milk
fat secretion K183 h=1 0.056 0.056
Milk fat in
mammary tissue C34 mol € 55,866 55.866%)
Affinity constant for
milk protein synthesis K59 mol N 0.578 0.578
Max. rate of milk
protein synthesis R59M mol N/h 0.917 0.917
1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

{to be continued)
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Parameter or state

variable Symbol Unit

Numerical value

Originall) Final2)

Amino acids in mammary
tissue A18 mol N

Rate constant for milk
protein secretion K60 h=1

Milk protein in mammary
tissue A1G mol N

Huscle tissue

Volume of muscle
tissue fluid Vo L

Affinity constant for
amino acid deamination K184 mol €

Max. rate of amino acid
deamination R184M mol C/h

Carbon:nitrogen ratio
in protein KCA mol C/mol N

Affinity constant for
acetate and ketone body
oxidation K185 mol €

Max. rate of acetate and
ketone body oxidation R185M mol C/h

Acetate and ketone
bodies in muscle tissue C35 mol C

Affinity constant for
Ltactate production from
glucose K186 mol C

0.578 0.578%)
1.976 1.976
0.232 0.232%)

155.0 155.0

1.984 1.984

0.1594 0.1594

3.8 3.8

4.089 4.089

2.616 2.616
1.55 1.55%)
5.582 5.582

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

(to be continued)
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Parameter or state Numerical value

variable Symbo L Originat1) Final2?

Max. rate of lactate
production from glucose mol C/h 1.639 1.639

Glucose in muscle tissue mol ¢ 1.860 1.860%)

Affinity constant for
glucose oxidation mol C 0.2232 0.2232

Max. rate of glucose
oxidation mol C/h 0.028 0.028

Affinity constant for

fatty acid oxidation K188 mol C 14.259 14,259
Max. rate of fatty acid

oxidation R188M mol C/h 20.928 20.928
Free fatty acids in

muscle tissue c37 mol ¢ 0.349 0.349%)
Rate constant for

Llactate outflow K189 h-1 0.1252 0.1252
Lactate in muscle tissue (38 mol ¢ 3.270 3.270%)

Affinity constant for

muscle protein synthesis K62 mol N 0.4723 0.4723
Independent part of max.

rate of muscle protein

synthesis L62 mol N/h 0.0 0.0

pependent part of max.
rate of muscle protein
synthesis M62 mol NxL/(h*ug) 0.399 0.399

Amino acids in muscle
tissue A20 mol N 4.251 4.251%)

1) Assumed or estimated from the Lliterature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

{to be continued)
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Parameter or state

Numerical value

variable Symbol Unit originall? fFinat?>
Rate constant for muscle

protein breakdouwn K63 h=1 4.1%107% 4.1%1074
Protein in muscle tissue AZ21 mol N 498.0 498.0%)
Adipose tissue

Volume of adipose

tissue fluid V7 L b.b2 4,42
Affinity constant for

fatty acid synthesis K190 mol € 0.0376 0.0376
Independent part of max.

rate of fatty acid

synthesis L1990 mol C/h g.0 0.0
bependent part of max.

rate of fatty acid

synthesis M190 mol CxLl/Ch*ug) 1.500 1.500
Acetate and ketone bodies

in adipose tissue €39 mol ¢ 0.221 0.221%7
Affinity constant for

acetate and ketone body

oxidation K191 mol ¢ 0.2256 0.2256
Max. rate of acetate and

ketone body oxidation R191M mol C/h 1.435 1.435
Affinity constant for

glucose oxidation K193 mol € 0.1775 0.1775
Max., rate of glucose

oxidation R193mM mot ¢/h 0.235 0.235

1) Assumed or estimated from the Lliterature

2) Finally adjusted after

repeated simulations

*) Initial value at the beginning of the run

{to be continued’
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Parameter or state

485

Numerical value

variable Symbol Unit originall) Final2)
Glucose in adipose tissue C4&40 mol ¢ 0.265 0.265%)
Rate constant for free

fatty acid outflow K194 h~1 0.5296 0.5296
Free fatty acids in

adipose tissue C41 mol ¢ 3.04 3.04%)
Affinity constant for

body fat synthesis K195 mol € 3.6442 3.659
Independent part of max.

rate of body fat

synthesis L1935 mol C/h 0.0 Q.0
bependent part of max.

rate of body fat

synthesis M195 mol Cxl/Ch*ug? 3.383 3.383
Glycerol esterification K196,

of fatty acids K198 mol C/mol € 0.0625 0.0625
Affinity constant for

body fat breakdown K197 mal ¢ 4349 .6 4292.0
Independent part of max.

rate of body fat

breakdown L197 mol C/h 9.454 9.454
Dependent part of max.

rate of body fat

breakdown M197 mol CxL/{h*ug) 11.375 11.375
Depot fat in adipose

tissue C43 mol ¢ 3030.0  3030.0%)
Rate constant for

alycerol outflow K199 h=1 2.370 2.37

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*) Initial value at the beginning of the run

{(to be continued]}
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Parameter or state

486

Mumerical value

varjable Symbol Unit 0riginat1) Final2?
Glycerol in adipose

tissue Ché mol ¢ 0.046 0.066%)
Other tissues

Volume of other

tissue fluid V8 L 20.0 20.0
Affinity constant for

acetate and ketone body

oxidation K280 mol € 0.1332 0.1332
Max. rate of acetate and

ketone body oxidation RZ200M mol C/h 1.699 1.699
Acetate and ketune bodies

in other tissues C4&5 mol € 0.200 0.200%)
Affinity constant for

glucose oxidation K201 mol € 0.0449 0.0449
Max. rate of glucose

oxidation R201HM mol C/h 0.101 0.101
Glucose in other tissues C4&4éb mol € 0.240 0.240%)
Affinity constant for

fatty acid oxidation K202 mol C 1.839 1.839
Max. rate of fatty acid

oxidation R202M mol C/h 6.978 6.978
Free fatty acids in

other tissues C47 mol ¢ 0.045 0.045%)
Affinity constant for

protein synthesis K65 mol N 0.313 0.313

1) Assumed or estimated from the literature

2) Finally adjusted after repecated simulations

*) Initial value at the beginning of the run

(to be continued)
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Parameter or state

487

Numerical value

varjable Symbol Unit Original1) Finat?)
Max. rate of protein

synthesis R65M mol N/h 0.214 0.214
Aminoc acids in other

tissues A22 mol N 2.817 2.817%)
Rate constant for

protein breakdown K66 h1 6.2%107% 6.2%10™%

Protein in other tissues A23

mol N 330.0 330.0%)

1) Assumed or estimated from the literature
2) Finally adjusted after repeated simulations
*} Initial value at the beginning of the run



APPENDIX 9: List of all nutrient fluxes obtained

with the static and the dynamic model

Static pynamic
Nutrient or metabolite flux Symbol unit mode L mode L
Rumen compariment
Intake of sugar F3u100 mol C/d 140.35 141.04
Intake of starch FST100 - 20.741 20,849
Intake of cell wall
carbohydrates FCE100 - 282.96 284.29
Intake of glycerol FGL10D - 2.769 2.753
Intake of fatty acids FLI100 - 44.617 44.892
Intake of carbohydrates
and lipids F100 - 491.44 493.83
Flow of unfermentable sugar FSu101 - 0.0 0.0
Flow of unfermentable starch FST101 - G.0 0.0
Flow of unfermentable
cell wall carbohydrates FCETO1 - 113,19 113.72
Flow of unfermentable glycerol FGL101 - 0.0 ¢.0
Flow 0f unfermentable
fatty acids FLITOM - 40.155 40.403
Flow of unfermentable
carbohydrates and lipids F101 - 153.34 154.12
Flow of fermentable sugar
and glycerol FsSu102 - 143.12 143.79
Flow of fermentable starch FST102 - 20.741 20.849
flow of fermentable
cell wall carbohydrates FCel102 - 169.78 170.58

(to be

continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode L
Rumen compartment
Flow of fermentable
fatty acids FLI102 mol C/d 4,462 4 .489
Flow of fermentable
carbohydrates and lipids F102 - 338.10 339.71
outflow of unfermentable sugar FSU103 - 0.0 0.0
putflow of unfermentable
starch FST103 - 0.0 0.0
gutflow of unfermentable
cell wall carbohydrates FCE103 - 113.19 113.72
outflow of unfermentable
glycerol FGL103 - 0.0 0.0
gutflow of unfermentable
fatty acids FLIT03 - 40.155 40.400
outflow of unfermentable
carbohydrates and Llipids F103 - 153.34 154.12
Microbial uptake of sugar F30105 - 4,932 4.862
Microbial uptake of starch FST105 - 0.825 0.681
Microbial uptake of
cell wall carbohydrates FCE105 - 56.656 56.572
Microbial uptake of
fatty acids FLI1O5 - 4,462 4. 489
Microbial uptake of
carbohydrates and tipids F105 - 66 .875 66.604

(to be continued)
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Appendix 9 (continued)

Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode |
Rumen compartment
Fermentation of sugar FSU106& mol C/d 135.32 136.06
Fermentation of starch FST106 - 19.501 19.774
Fermentation of cell wall
carbohydrates FCE106 - T9.968 80.679
Fermentation of carbohydrates
and lipids F106 - 234.79 236.51
Outflow of fermentable sugar FSU107 - 2.862 2.864
Outflow of fermentable starch FST107 - 0.415 0.401
Qutflow of fermentable
cell wall carbohydrates FCE107 - 33.154 33.323
Qutflow of fermentable
carbohydrates F107 - 36.431 36.588
Formation of ATP from
carbohydrates F108 mol ATP/d 175.07 176 .34
Use of microbial carbohydrates
and lipids for amino acid=C F109 mol C/d 40.864 39.022
Outflow of microbial starch FST110 - 2.796 3.304
Qutflow of microbial
cell wall carbohydrates FCET110 - 15.380 15.965
Qutflow of microbial Lipids FLI1T10 - 16.779 17.416
Outflow of microbial
carbohydrates and lLipids F110 - 34,955 36.284

(to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode L
Rumen compartment
Outflow of acetate FAC111 mol C/d 101 .45 101.60
Outflow of propionate FPR111 - 59.974 60.182
Qutflow of butyrate FBUT11 - 41.108 41.191
Qutflow of CHy FCH111 - 22.007 21.940
outflow of COp FCO111 - 55.588 55.589
Outflow of VFA, CHg and CO3 F111 - 280.13 280.51
Fermentation of protein F112 - 54.282 52.667
Formation of BCFA from protein F113 - 8.%44 8.678
Formation of VFA, CH4 and (02
from protein F114 - 45.338 43.989
Formation of ATP from protein F115 mol ATP/d 0.0 0.0
Iintake of crude protein in
concentrates FCO mol N/d 20.448 20.543
Intake of crude protein in
raughages FRO - 16.112 16.189
Iintake of crude protein FO - 36.560 36.732
Flow of unfermentable protein F1 - 7.312 7.347
Flow of fermentable protein F2 - 29.248 29.385
Flow of dietary ammonium F3 - 0.0 0.0
Flow of dietary urea F& - 0.0 0.0

{(to be continued)
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Static bynamic
Nutrient or metabolite flux Symbol Unit mode L model
fumen compartment
Outflow of unfermentable
protein F3 mol W/d 7.312 7.346
Microbial uptake of
amine acids and peptides Fé - 26 .404 26 .333
Outflow of fermentable protein £7 - 5.484 5.504
Microbial excretion of
amino acids F8 - 2.640 2.452
Microbial protein synthesis Fe - 24,933 25.055
OQutflow of microbial
amino acids and peptides F10 - 0.278 D.246
Degradation of microbial
amino acids F11 - 24 .065 24.218
Degradation of microbial
protein E12 - 4,987 5.011
Cutflow of microbial protein F13 - 19.946 20,064
Outflow of NHz/NH,*' F14 - 2.450 2.438
Microbial uptake of NHz/NH,* F15 - 11.790 11.864
Absorption of NHz/NH4* F16 - 5.464 5.505
Microbial amino acid synthesis F17 - 20.525 20.628
OQutflow of microbial NH3/NH4Y  F18 - 0.052 0.100
Qutflow of microbial total N F19 - 20.276 20.391

(to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode L
Rumen compartment
Microbial excretion of NH3/NH4+ F20 mol N/d 15.278 15.390
Hydrolysis of urea F21 - 6,626 4.419
Intestinal lumen compartment
Entrance of indigestible
cell wall carbohydrates
and fatty acids F116 mol C/d 165.89 167.73
Entrance of digestible sugar,
starch and glycerol F117 - 7.060 7.5%3
Entrance of digestible
fatty acids F118 - 51.779 52.061
Flow of indigestible cell wall
carbohydrates and fatty acids F119 - 165.89 167.74
Hind gut fermentation of
cell wall carbohydrates
and fatty acids F119F - 36,495 36.902
Flow of digestible sugar,
starch and glycerol F120 - 30.706 0.723
Hind gut fermentation of
sugar, starch and glycerol F120F - 0.706 0.723
Glucose uptake from the Llumen F121 - 6.354 6.469
Flow of digestible fatty acids F122 - 5.178 5.203
Fatty acid uptake
from the Llumen F123 - 46 .601 46.859

(to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode L
Intestinal lumen compartament
Outflow of acetate FALT24 mol C/d 14.329 14,489
Qutflow of propionate FPR124 - 15.803 13.958
Outflow of butyrate FBU1Z24 - 2.574 2.602
Outflow of CHy FCH124 - 2.215 2.239
Sutflow of COp FCO124 - 6.586 6.659
Outflow of VFA, CHg and COp Fl124 - 39.507 39.946
Formation of ATP from starch
and cell wall carbohydrates F125 mol ATP/d 26.208 26.506
Excretion of undigested
carbohydrates and Llipids £126 mol C/d 152.55 154.02
Net protein degradation
in the hind gut F127 - 20.284 20.302
Fermentation of protein-¢C
in the hind gut F127A - 2.761 2.780
Entrance of indigestible
dietary and microbial protein F22 mol N/d 8.626 8.657
Entrance of digestible
dietary and microbial protein F23 - 24.394 24.483
Entrance of NH3/NH4Y from
rumen Liquor and
from rumen microbes F24 - 2.502 2.539
Flow of indigestible
dietary and microbial protein F25 - 8.626 8.657

(to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode l
Intestinal Llumen compartment
Flow of digestible
dietary and microbial protein F26 mol N/d 4.973 4,992
Dietary and microbial amino
acid uptake from the Lumen F27 - 19.421 19.491
Protein degradation
in the hind gut F28 - 8.744 B.767
Excretion of undigested
protein F29 - 10.352 10.403
Entrance of indigestible
endogenous protein F30 - 0.438 0.440
Entrance of digestible
endogenous protein F31 - 8.653 8.667
Flow of indigestible
endogenous protein F32 - 0.438 0.440
Flow of digestible
endogenous protein F33 - 1.653 1.655
Endogenous amino acid
uptake from the Lumen F34 - 7.000 7.012
NH3/NH4+ absorption
from the small intestine F35 - 2.502 2.539
Microbial amino acid
synthesis in the hind gut F36 - 3.406 3.424
NH3/NH4t absorption
from the hind gut F37 - 9.434 9.611

{tc be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode L
Intestinal lumen compariment
Hydrolysis of urea
in the hind gut F38 mol N/d 4.096 4,268
Intestinal wall compartment
Oxidation of acetate
and ketone bodies F128 mol C/d 15.396 15.430
Oxidation of glucose F129 - D.172 0.178
Abscrption of glucose F130 - 3.269 3.363
Synthesis of glycerol F131 - 2.913 2.929
Absorption of triglycerides F1%2 - 49.514 49,788
Intestinal protein synthesis F39 mol N/d 12.192 12.157
Absorption of amino acids FaQ - 26.421 26.517
Secretion of endogenous
protein Fé1 - 9.091 9.107
Pegradation of intestinal
protein F42 - 3.101 3.051

(to be continued?
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L model
Liver compartment
Absorption of propionate F133 mol C/d 73.777 T4.141
Absorption of butyrate F134 - 4.368 4.379
Absorption of acetate
and 3-0H-butyrate F135 - 155.10 155.51
Gluconeogenesis from
propionate F136 - 54.081 54.046
Oxidation of propionate F137 - 19.696 20.094
Oxidation of butyrate F138 - 4.368 4.379
Outflow of glucose F139 - 82.351 82.312
Keto acids produced by i
amino acid deamination F140 - 31.293 31.710
Keto acids used in
amino acid synthesis F141 - 4,693 4.763
Gluconeogenesis from
keto acids F142 - 16.270 16.245
Oxidation of keto acids F143 - 10.330 10.702
Gluconeogenesis from
glycerol and lactate Fl144 - 12.000 12.022
Esterification of liver fat F145 - 0.043 0.044
Esterification of Lipoproteins F146 - 1.300 1.300
Liver fat synthesis F147 - 0.694 0.696

(to be continued)
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Static bynamic
Nutrient or metabolite flux Symbol Unit mode L mode L
Liver compartment
Lipoprotein synthesis F148 mol C/d 20.800 20.803
Acetate and ketone body
synthesis F149 - 13.800 13.830
Fatty acid oxidation F150 - 1.775 1.765
Liver fat breakdown
into glycerol F151 - 0.174 0.173
Liver fat breakdown
into fatty acids F152 - 2.776 2.774
Qutflow of Llipoproteins F153 - 22.100 22.105
Outflow of acetate
and ketone bodies F154 - 13.800 13.830
Liver protein synthesis F43 mol N/d 3.929 3.998
Outflow of amino acids Féé4 - 29.200 29.208
Deamination of amino acids F&5 - 8.235 8.345
Liver protein breakdown F4é - 3.929 3,995
Amino acid synthesis F47 - 1.235 1.253
Urea synthesis F48 - 24 .400 24.745
Qutflow of urea F49 - 24.400 24.746

(to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit model mode L
Extracellular fluid compartment
Uptake of acetate and ketone
bodies in the intestinal wall F155 mol C/d 15.396 15.430
Uptake of acetate and ketone
bodies in the mammary gland F156 - 82.124 82.342
Uptake of acetate and ketone
bodijes in muscle tissue F157 - 13.858 13.896
Uptake of acetate and ketone
bodies in adipose tissue F158 - 33.046 33.130
Uptake nf acetate and ketone
bodies in other tissues F159 - 24 .472 24 .537
Uptake of glucose
in the mammary gland F160 - 68.568 68.593
Uptake of glucese
in muscle tissue F161 - 10.432 10.449
Uptake of glucose
in adipose tissue F162 - 4,578 4.587
Uptake of glucose
in other tissues F163 - 2.042 2.043
Uptake of glycerol and
lactate in the Lliver F164 - 12.441 12.461
Uptake of free fatty acids
in the Lliver F165 - 22.643 22.618
Uptake of free fatty acids
in muscle tissue F166 - 12.000 12.026

(to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode l
Extracellular fluid compartment
Uptake of free fatty acids
in other tissues F167 mol C/d 4,000 4,008
Uptake in the liver of
glycerol from chylomicrons F168 - 0.728 0.731
Uptake in the Lliver of
fatty acids from chylomicrons F169 - 11.650 11.703
Uptake in the mammary gland
of fatty acids and glycerol
from chylomicrons F170A - 32.494 32.707
Uptake in adipose tissue
of fatty acids and glycerol
from chylomicrons F1708B - 4,642 4o647
Uptake in the mammary gland
of fatty acids and glycerol
from Lipoproteins F171A - 19.337 19.360
Uptake in adipose tissue
of fatty acids and glycerol
from lipoproteins F1718B - 2.763 2.745
Uptake of fatty acids and
glycercl in the mammary gland F172 - 51.831 52.067
Uptake of fatty acids
in the mammary gland F172A - 48,782 49.004
Uptake of glycerol
in the mammary gland Fi72B - 3.049 3.063
Uptake of fatty acids and
glycerol in adipose tissue F173 - 7.405 7.393

(to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol unit mode | model
Extracellular fluid compartment
Uptake of fatty acids
in adipose tissue F173A mol C/d 6.969 6.958
Uptake of glycerol
in adipose tissue F1738 - D.436 0.435
Uptake of amino acids
in the intestinal wall FSO mol N/d 9.091 9.120
Uptake of amino acids
in the mammary gland F51 - 11.000 10.995
Uptake of amino acids
in muscle tissue F52 - 4,482 4,480
Uptake of amino acids
in other tissues F53 - 4.618 4.615
Uptake of amino acids
in the Liver F54 - 9.800 9.786
Uptake of urea in the rumen F55 - b.426 $.419
Uptake of urea in the hind gut F56 - 4,096 4,268
Excretion of urea in the urine F57 - 15.878 16.059
KBammary gland compartment
Fatty acid synthesis from
acetate and ketone bodies F174 mol C/d 26.440 26.473
Oxidation of acetate
and ketone bodies F175 - 55.684 55.868

{to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L made L
Bammary gland compartment
Glycerol synthesis F176 mol C/d 1,783 1.785
Milk lactose synthesis F177 - 50.520 50.541
Oxidation of glucose F178 - 16.265 16.267
Milk fat synthesis F179 - 70.405 70.640
Oxidation of fatty acids F180 - 4.817 4,837
Esterification of milk fat F181 - 4,832 4.848
Milk lactose secretion F182 - 50.520 50.541
Milk fat secretion F183 - 75.237 75.493
Outflow of amino acids FS8 mol N/d 0.0 0.0
Milk protein synthesis FS59 - 11.000 10.995
Milk protein secretion F60 - 11.000 10.995
Muscle tissue compartment
Ketones produced by |
amino acid deamination F184 mol C/d 3.408 3.401
Oxidation of acetate
and ketone bodies F185 - 17.266 17.297
Glycolysis into lactate F186 - 9.825 9.848
Oxidation of glucose F187 - 0.600 0.600
Oxidation of fatty acids F188 - 12.000 12.026
Outflow of lactate F189 - 9.825 9.847

{to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode L
Muscle tissue compartment
outflow of amino acids Fé1 mol N/d 4.903 4.889
Muscle protein synthesis F62 - 4,482 4,490
Muscle protein breakdown F63 - 4.903 4.898
Adipose tissue compartment
Fatty acid synthesis from
acetate and ketone bodies F190 mol C/d 16.000 16.025
Oxidation of acetate
and ketone bodies F191 - 17.046 17.106
Glycerol synthesis F192 - 1.200 1.200
Oxidation of glucose F193 - 3.378 3.386
Outflow of fatty acids F194 - 38.643 38.650
Body fat synthesis F195 - 19.200 19.207
Esterification of body fat F196 - 1.200 1.200
Body fat breakdown
into fatty acids F197 - 34,874 34,875
Body fat breakdown
into glycerol F198 - 2.180 2.180
Qutflow of glycerol F199 - 2.616 2.615

(to be continued)
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Static Dynamic
Nutrient or metabolite flux Symbol Unit mode L mode L
Other tissue compartment
Oxidation of acetate
and ketone bodies F200 mol C/d 26 472 24,538
Oxidation of glucose F201 - 2.042 2.043
Oxidation of fatty acids F202 - 4.000 4.008
Outflow of amino acids F64 mol N/d 4.897 4.897
Protein synthesis F65 - 4.618 4.626
Protein breakdown F66 - 4.897 4.908
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