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to blood serotonin the level of free and total trygto han is distinctly
influenced by feed intensity and composition. ig{)ets show a con-
siderably hig¥1er plasma free tryptophan and blood serotonin content
than adult Eigs, just as boars possess a significantly higher blood level
of tryptophan and serotonin than sows. A pronounced individual
variation of blood serotonin and a much less variable content among
littermate pigs provide evidence that blood serotonin is genetically
controlled. Tryptophan is readily absorbed and distributed in a
characteristic manner among investigated organs and tissues. A gene-
tical control of blood serotonin and its possible relation with type of
reaction exhibited by ergometer exercised pigs support the influence
of tryg)tophan and serotonin on the ability of pigs to withstand con-
trolled environmental conditions such as physical exercise.
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In man and laboratory animals information on special funec-
tions of the essential amino acid tryptophan (Trp) and 1 of its
metabolic products serotonin (5-HT) has accumulated during
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recent years. Thus, the transmitter 5-HT being localized to
definite areas of the central nervous system has been related to
animal and human behaviour (Sneddon 1973), vascular and ter-
mal regulation (Page 1954, Feldberg & Myers 1963, Bligh et al.
1971, Biber et al. 1973) as well as to the adreno-cortical activity
(Vermes et al. 1972, Fuxe el al. 1974). Hereby Trp and 5-HT
influence an individual’s adaptability to the environment taken
in the widest sense. Reduced adaptability in pigs during “stress”
conditions quite often results in an abnormal muscle metabolism
post mortem (PSE) or in an acute death (PSS) (Topel et al.
1973, Cassens et al. 1975).

In elucidating the importance of Trp and 5-HT for porcine
adaptability investigations have been carried out aiming to show
the effect of environmental as well as genetical factors on the
Trp — 5-HT metabolism. The transport and turnover of Trp
were investigated in order to evaluate the Trp — 5-HT relation
in this species. Literature data on the blood Trp and 5-HT con-
tent are scarce and often highly discrepant (Page 1968, Heikkinen
1968). This is likely to be caused by a previous lack of suffi-
ciently accurate and sensitive methods for their determination,
but may also be due to lack of information on the normal physio-
logical variations to which blood Trp and 5-HT are subjected.
From the present work it appears that factors such as nutrition,
age, sex and genetics all should be considered when determining
the porcine blood Trp and 5-HT content.

MATERIAL AND METHODS

Danish Landrace pigs were fed twice daily (8 a.m. and 3 p.m.)
with a diet composed of 80.5 % barley, 15 % soya cakes, 3 %
meat and bone meal, 1.4 % salt mixture and 0.1 % vitamin-trace
element mixture. The feed contained 2.0 mg Trp per g. Unless
otherwise stated blood sampling was done at the same time of
the day and on fasted pigs. Four female pigs (littermates) were
used to show the effect of feeding, starvation and carbohydrate
feeding on the blood Trp and 5-HT content. Sex influence on
blood Trp and 5-HT was investigated on 8 littermate pigs (4
females - 4 males) during the age period 14—30 weeks and on
19 pigs (10 females + 9 males) ranging in age from 19 to 23
weeks. Pigs representing various age levels during the period
from shortly before birth until sexual maturity were used to
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elucidate age dependent changes in the blood Trp and 5-HT level.
Effect of Trp loading was investigated on 4 female pigs previously
catheterized to the portal vein. Catheters (Nelaton 10FG) were
inserted into the portal vein through an incision of the splenic
vein and fixed to the skin surface. Catheters were perfused daily
with saline containing 200 i.u. heparin per ml. Portal and peri-
pheral (v. cava cran.) blood samples were drawn simultaneously
following the uptake of a normal feed ration or a feed ration
supplemented with extra Trp. Six pigs (weight 60—80 kg) were
exercised in an ergometer at a speed of 100 m/min. for periods
from 5 to 30 min. Blood samples were collected before and at
intervals during and after exercise. The variation of blood Trp
and 5-HT within litters was compared with the variation between
litters using 18 litters each comprising 2 female and 2 castrated
male pigs ranging in age from 12 to 15 weeks. The absorption
of Trp was investigated in 5 littermate pigs (weight 13.5—15 kg).
Labelled Trp (L-(G-*H)Trp) and 250 mg stable Trp were intro-
duced by means of a stomach tube. Blood samples were taken
after 30, 60 min. and at killing i.e. 2, 4, 8, 12 and 24 hrs. after
the introduction of 3H-Trp. Faeces and urine were collected
throughout the experimental period.

Blood

Heparin plasma was used for the Trp determination. Blood
used for 5-HT determination was transferred to siliconized tubes
containing 0.05 ml K,.EDTA sol, 2 mg potassium sorbate and
30 mg ascorbic acid. “Trombocyte free” plasma for 5-HT deter-
mination was obtained by centrifuging the blood at 2000 X g for
20 min. (4°C). Plasma ultrafilirate for determination of free Trp
was prepared by centrifuging plasma in CF Diaflo membranes
(800 X g for 30 min. at 15°C). Blood and plasma were either
analyzed the same day or stored at —20°C up to 1 week.

Analyses

Plasma total and free Trp were determined fluorometrically
as described by Denckla & Dewey (1967). L-cystein, 7.4 mM,
was added to both plasma and standards to obtain a linear rela-
tion between the Trp content and the fluorescense intensity.
Blood and plasma 5-HT were also determined fluorometrically
(Yuwiler et al. 1970).
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Lymphocytes were isolated by cenfrifugation of blood in a
Ficoli-Isopaque medium (Bdyum 1968).

Following an alkaline hydrolysis of tissues (16 hrs. at 120°C),
the total tissue Trp content was determined by treating the neu-
tralized hydrolysate similarly as plasma tryptophan. Tritium
activity in hydrolysates was measured by liquid scintillation
counting and results corrected for quenching by means of an
internal standard.

RESULTS
Intravascular compartmentalization of 5-HT

Determination of the 5-HT content in formed elements of
blood showed that 5-HT is almost completely confined to the
platelets. Purified fractions of erythrocytes and leucocytes (lym-
phocytes) contain less than 2 % of whole blood 5-HT. A com-
parison of the 5-HT content in whole blood, serum and plasma
showed that a considerable part of platelet 5-HT is released
during coagulation and that “platelet free” plasma has a low
5-HT content.
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Figure 1, Effect of food deprivation on levels of plasma Trp (total
and free), blood 5-HT and plasma 5-HT. Each dot represents the mean
value for 4 pigs.
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Figure 2. Effect of a carbohydrate meal on levels of plasma Trp

(total and free), blood 5-HT and plasma 5-HT. Two different levels of

carbohydrate were used: ( ) 150 g sucrose + 150 g potato starch,
(----- ) 300 g sucrose 4 300 g potato starch.

Effect of environmental factors

Plasma total and free Trp levels are doubled within 1—2 hrs.
after normal feeding. About 6 hrs. later the total Trp level has
fallen slightly below the prefeeding value, whereas the free Trp
is still weakly elevated. Blood 5-HT is not significantly altered
by normal feeding. Similar insignificant changes in blood 5-HT
were noted throughout a 24-hr. period. During this period plasma
total and free Trp showed a maximum late in the afternoon,
however, levels at the start and end were very similar. This
corresponds to the finding that levels of Trp and 5-HT in blood
samples taken twice weekly from the same pigs only showed
minor variations (5—10 %).

In pigs fasted 24 hrs. the plasma total and free Trp levels
were elevated by 50 % (Fig. 1). When fasting was prolonged,
the Trp level increased a little further, until it after 3 days’ star-
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Figure 3. Effect of ergometer exercise (20 min., 100 m/min.) on
levels of blood 5-HT (O, @), plasma total Trp (A, A) and free Trp

(J, M) - Curves with solid and open dots refer to pigs normally having
a high and low blood 5-HT content, respectively.

vation began to decrease. In contrast blood 5-HT decreased
throughout most of the fasting period. Carbohydrate feeding in-
duces a short, but distinct fall in plasma total and free Trp
(Fig. 2). The decrease was succeeded by an increase, the trend
of which depended on the amount of carbohydrate given. Plasma
5-HT showed a slight decrease which coincided with that of
plasma free Trp.

Plasma total and free Trp both increase markedly during and
after physical exercise (Fig. 3). The changes were, however, only
to some extent depending on the degree of exercise. Contrary
to that exercise induces a decrease in blood 5-HT, the extent of
which seems to depend on both the degree of exercise and on
the pig’s normal blood 5-HT level.
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Figure 4. Age-dependent changes in blood 5-HT and plasma Trp
(total and free).
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Table 1. Mean Trp- and 5-HT-content (pg/ml) in blood from 9 male
and 10 female pigs ranging in age from 19 to 23 weeks and originating
from 3 different litters.

Blood Plasma Plasma Trp Plasma Trp
5-HT 5-HT (total) (free)
Sows 1.88 0.37 11.3 1.54
(£0.45) (+0.28) (x1.6) (+0.28)
Boars 2.34 0.45 12.5 1.91
(+0.43) (=0.21) (x1.8) (=0.14)

Age, sex and genetical factors

Blood levels of Trp and 5-HT vary distinctly according to the
age of pigs (Fig. 4). A low 5-HT and a high free Trp, thus, are
typical for the foetal stage. Shortly before birth the blood 5-HT
rises abruptly and stays for the first 1—2 months at a level
2—3 times higher than that of sexually mature pigs. The free
Trp level decreases sharply with age, thus, in foetuses it amounts
to 40 % of total Trp, in piglets 26 %, in weaned pigs 15 % and
at sexual maturity about 10 %.

The influence of sex appears from Fig. 5. At sexual maturity
boars have a significantly higher blood 5-HT and plasma Trp
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Figure 6. Mean levels of blood 5-HT (a), plasma 5-HT (b), total
Trp (c) and free Trp (d) in 6 litters, each with 4 pigs (2 female and
2 castrated males).
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Figure 7. Changes in portal (----- ) and peripheral ( ) blood

content of total plasma Trp (a), free Trp (c), blood 5-HT (b) and

plasma 5-HT (d) following the uptake of a normal feed ration supple-
mented with 3 g L-tryptophan.

content than that of sows. A similar finding was done in a
material comprising 9 boars and 10 sows originating from 3
litters (Table 1).

Mean levels of plasma Trp and blood 5-HT in a group of lit-
ters varied distinetly (Fig. 6). Besides, the variation within litters
was considerably less than between litters: blood 5-HT, v? =
16.61, P < 0.001; plasma 5-HT, v2 = 3.81, 0.01 <P < 0.05; total
Trp, v2 =5.23, P <0.01; free Trp, v* = 4.37, P« 0.01. The
following correlations reflect the reproducibility of the blood
5-HT and Trp content: blood 5-HT, r = 0.78, P < 0.001; total
Trp, r = 0.46, P < 0.01; free Trp, r = 0.40, P < 0.05.
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Table 2. Tritium activity in intestinal content, faeces and urine and
calculated retention of 3H-Trp, percentage of dose.

Hours after administration 2 4 8 12 24
Intestinal content 13.7 9.1 6.4 9.3 6.4
Faeces 0.05 0.11 0.004 0.29 0.39
Urine —_ — — 8.72 12.86
Retention 86.3 90.8 93.8 81.7 80.4

The tryptophan-serotonin relation

The addition of extra Trp (3 g L-tryptophan) to a normal
feed ration is reflected by a clear difference in the portal and
peripheral blood Trp and 5-HT content (Fig. 7). Thus the portal
plasma Trp and 5-HT level showed an earlier and more pro-

Table 3. Tritium activity (ncpm-:10-3/g wet weight) in different
organs and tissues. Total Trp concentration (mg/g of wet weight) is
shown in brackets.

Hours after 2 4 8 12 24
administration
Liver 72.55 68.98 63.69 75.27 53.20
(3.42) (2.70) (2.78) (2.61) (2.45)
Spleen 49.76 46.81 53.35 40.24 40.50
(2.14) (2.05) (2.05) (1.96) (2.10)
Kidney 39.90 41.94 34.76 46.78 40.32
(2.55) (2.06) (1.94) (2.36) (1.94)
Brain 7.66 9.00 10.56 11.33 11.11
(1.40) (1.31) (1.39) (1.44) (1.29)
Thymus 28.24 32.23 32.75 30.83 31.77
(1.29) (1.40) (1.30) (1.30) (1.43)
Lung 25.95 26.41 31.27 23.41 23.51
(1.75) (1.61) (1.81) (1.59) (1.58)
Heart 14.68 17.80 17.27 17.77 21.11
(1.94) (2.03) (2.14) (1.54) (1.98)
M. psoas m. 9.27 10.65 10.05 10.14 11.00
(2.04) (2.00) (2.14) (1.95) (1.88)
Fundus ventric. 40.29 45.91 36.00 41.16 32.08
. (1.50) (1.40) (1.40) (1.44) (1.53)
Duodenum 84.37 96.86 72.05 70.08 54.92
(1.69) (1.65) (1.54) (1.55) (1.73)
Jejunum 87.17 74.33 99.26 62.22 59.28

(1.80) (1.83) (1.84) (1.68) (1.73)
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nounced increase than that of the peripheral blood. Under these
conditions a close correlation can be demonstrated between the
total and free Trp (r = 0.94, P < 0.001) as well as between free
Trp and plasma 5-HT (r = 0.84, P < 0.001).

Rate of *H-Trp absorption is high and rapid judged by the
fact that almost maximal retention was achieved after 2 hrs.
(Table 2). The highest activity in plasma was found after 30
min. During the next 2—3 hrs. the activity fell to a constant level
less than 50 % of the initial level. Duodenum, the front part
of jejunum and liver possessed the highest tritium activity
(Table 3). Within the single organ or tissue the total Trp content
varied only little among investigated animals (Table 3). Liver,
spleen and kidney possess a significantly higher content than
that of organs like brain, thymus and stomach.

DISCUSSION

Amino acids are commonly regarded as more or less essential
nutrients, which serve nutritionally in maintenance and growth
of cell structures and other proteins. However, as exemplified
by methionin’s importance as methyl-donator, tyrosine as pre-
cursor in the catecholamine synthesis and with particular re-
levance to the present study tryptophan as precursor of sero-
tonin, it has become clear that amino acids serve other and more
specific functions. Through such functions several amino acids
among those Trp influence an animal’s adaptability to the en-
vironment (Topel et al. 1973, Cassens et al. 1975).

The 5-HT synthesis seems within certain limits to be depen-
dent on the Trp supply. This view is amply supported by several
investigations (Wurtman & Fernstrom 1972) as well as by the
present results (Fig. 7). Blood (platelet) 5-HT is generally con-
sidered to reflect both the synthesis and metabolism of 5-HT
(Heikkinen 1968), however, to what extent the blood participates
in the transfer of 5-HT from one tissue to the other is still
unclear. As 5-HT is lipid-insoluble and hardly penetrates f. ex.
the blood-brain barrier, it seems more likely that 5-HT is syn-
thetized within the single tissue on the basis of free Trp supplied
from the circulating blood. Studies of the normal Trp content in
blood, the Trp metabolism as well as those conditions controlling
the relative presence of bound and free Trp are thus important
steps in the elucidation of the normal 5-HT metabolism and
changes herein.
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Data on normal blood Trp and 5-HT are highly divergent not
only among the various species (Page 1968) but also within the
same species (Heikkinen). The choice of sufficiently accurate
and optimized methods seems very important, hence for the
determination of 5-HT, the presence of EDTA and ascorbic acid
is required both to achieve maximal blood 5-HT and stability
of 5-HT during the analyses and storage of blood. This may
explain why earlier reported levels (0.2—0.3 pg/ml) on porcine
blood 5-HT (Erspamer 1954, Topel et al. 1973) are considerably
lower than those found in the present work. Besides, such dis-
crepancy may also as shown here be related to differences in age,
feeding, sex or breed of animals. As the conventional amino acid
methods do not permit Trp to be analyzed very few data appear
on blood and tissue Trp content. However, using similar fluoro-
metric technique as in the present work, Curzon et al. (1973)
have recently reported data on the Trp content in plasma and
brain from fasting pigs, which correspond with those presently
obtained.

During the coagulation process platelet 5-HT 1is released,
evidently as a result of the formed trombin (Holmsen & Day
1970). This explains why serum 5-HT is almost as high as whole
blood 5-HT. In spite of the low plasma 5-HT and a possible risk
of an in vitro release of platelet-bound 5-HT, the in vivo existence
of free plasma 5-HT is supported by the results of the Trp loading
experiments (Fig. 7). Numerous in vitro studies have shown that
platelets actively take up 5-HT (Crawford 1967). If this applies
to in vivo conditions, this could explain why free, active 5-HT
normally is kept at a low level.

Contrary to blood 5-HT the plasma Trp level is markedly
influenced by feeding, and standardization of blood sampling
and other environmental factors is therefore necessary. Rhythmic
diurnal changes in plasma Trp have been reported in poultry
Meyer et al. 1973) and rats (Wurtman et al. 1968). Whether
a similar phenomenon exists in pigs cannot be answered unless
they are fed ad libitum. The increase in free Trp during star-
vation, which corresponds to similar findings in rats (Taglia-
monte et al. 1973), is likely to be caused by a simultaneous
increase in plasma free fatty acids (NEFA), which compete with
free Trp in their common binding to the plasma proteins (Cur-
zon et al.). A similar mechanism could explain the fall in plasma
Trp following carbohydrate feeding. Thus, an increased output
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of insulin decreases the NEFA concentration thereby inducing
a decrease in plasma free Trp.

Physical exercise is accompanied by an increased adrenalin
output, which is known to cause an elevation of the plasma
NEFA concentration. On this basis the rise in free Trp in phy-
sically exercised pigs is understandable. In spite of this blood
5-HT is decreased which therefore hardly can be explained by
a decreased synthesis, but rather by a faster turnover rate. In-
creased turnover of 5-HT is previously demonstrated in other
species exposed to various “stress” conditions (Thierry et al.
1968). The fact that a lowered blood 5-HT was particularly pro-
nounced in pigs, which normally possess a low blood 5-HT level
and react most severely towards physical exercise seems to
emphasize the importance of 5-HT for pigs’ adaptability under
such conditions.

The results from the Trp loading experiments reveal a close
relation between the Trp and 5-HT metabolism in pigs. A lower
Trp content in peripheral blood than that of portal blood is thus
indicating that the liver is capable of metabolizing this amino
acid. The rapid progressing increase in portal plasma 5-HT
further suggests that blood 5-HT originates from an intestinal
synthesis and that the liver in accordance with earlier findings
in rats (Heikkinen) has a considerable capacity to remove 5-HT
from the blood stream.

Quantitative investigations regarding the Trp absorption in
pigs as well as in other domestic animals are very scarce. Cand-
lish et al. (1970) found in sheep that activity was demonstrable
in urine already 10 min. after introduction of D,L-C-Trp in the
rumen. In this respect there is good agreement with the observed
rapid uptake of *H-Trp from the porcine intestinal tract. The
accumulation of the absorbed *H-Trp indicates a tissue variance
in respect of the amount taken up as well as the rate at which
Trp is metabolized. However, these preliminary investigations
are unable to show to what extent the measured activity is
attached to Trp or to metabolic products such as 5-HT. Use of
Trp labelled with **N in the heterocyclic ring will be needed to
elaborate these findings further.

The physiological significance of a high free plasma Trp and
blood 5-HT just after birth is not known. The trend of changes
in plasma free Trp may, however, be related to a coinciding
change in the plasma proteins (Brummerstedt-Hansen 1967).
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The age dependent variation noted for both plasma Trp and
blood 5-HT as well as a relative specific tissue distribution of
5-HT could be valuable aids for the evaluation of the physio-
logical role of this amino acid and amine in the body.

Hormonal influence on blood 5-HT is previously shown by
the addition of thyroxine (Rastogi & Singhal 1974) and gluco-
corticoids (Went & Csaba 1973, Neckers & Sze 1975) to rats and
rabbits. That sex hormones also have a regulatory function on
plasma Trp and blood 5-HT is supported by an observed sex
difference in pigs as well as in poultry (Meyer et al.). As for
pigs the sex difference in pouliry was first significant at sexual
maturity. Sexually mature boars are known to have a signi-
ficantly higher growth rate than that of sows and hence it was
attempted to show whether a correlation exists between growth
of pigs and the blood Trp and 5-HT content. Results obtained
indicate that there might be a correlation between blood 5-HT
and growth (r = 0.68, P < 0.05). Indirect evidence for a possible
positive correlation is derived from the decrease in blood 5-HT
during fasting and a high blood 5-HT content during the period
in which pigs possess the highest growth coefficient e.g. the
postnatal period. Whether such correlation could be explained
on the basis of an observed stimulatory effect of 5-HT on growth
hormone secretion in man and rats (Collu et al. 1972, Imura et
al. 1973) or rather be due to an effect of sex hormones, which
may act both on the growth processes and the 5-HT synthesis,
remains to be solved.

Porcine blood 5-HT is subjected to a pronounced individual
variation. As the pigs were kept under the same environmental
conditions and blood 5-HT is much less variable among closely
related (littermates) pigs, evidence has been provided that blood
5-HT is genetically controlled. A genetical control of mice blood
5-HT has recently been reported (Eleftheriou & Bailey 1972).
Whether a genetically based low or high blood 5-HT content
reflects distinct physiological differences in pigs is too early to
predict. Normally blood 5-HT is kept constant due to a well ba-
lanced mechanism including synthesis, storage, release and break
down of 5-HT. Apart from an optimal supply of Trp, the tissue
content of those enzyme systems controlling the Trp — 5-HT
metabolism is equally important (Ciaranello et al. 1974). The
fact that a major part of an organism’s 5-HT is located in plate-
lets makes studies of platelet 5-HT particular useful in providing
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information on the transport and metabolism of 5-HT at the
extra- and intracellular level. Platelet defects as found in both
man (Bouillon & O’Brien 1971, Murphy et al. 1973) and rats
(T'schopp & Zucker 1972) are characterized by an abnormal low
or high blood 5-HT level as well as by an unusual reaction type
of rats towards various environmental stress factors (Weiss et
al. 1974). Thus it is possible that a low or high blood 5-HT level
in pigs may be related to an abnormal reaction type towards
f. ex. physical exercise. This opinion is supported by results from
the ergometer exercised pigs, which showed that pigs with a low
blood 5-HT level also exhibited the poorest ability to withstand
physical exercise.
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SAMMENDRAG
Tryptofanomsetningen hos svin.
Relation til syntese og funktion af serotonin.

Effekten af sdvel ydre som genetiske faktorer pa blodets Trp- og
5-HT-indhold er undersggt hos Dansk Landrace svin.

Ved tilfgrsel af meerket (3H-Trp) og ikke meerket Trp er endvidere
undersggt tryptofans resorption, transport, fordeling samt relation
til serotoninsyntesen.

Plasmaets indhold af fri og total Trp er i modseetning til blodets
5-HT markant pévirkelig af neeringstilfgrselens omfang og sammen-
setning. Unge grise viste et veesentligt hgjere plasma fri Trp og blod
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5-HT indhold end voksne grise, ligesom kgnsmodne orner besidder
et signifikant hgjere Trp- og 5-HT-indhold i blodet end sogrise. En
betydelig mindre variation af blod 5-HT indenfor kuld end mellem
disse tyder pi en genetisk kontrol af blodets 5-HT-indhold.

Trp optages hurtigt fra svinets tarmkanal og fordeles p4 en ka-
rakteristisk made mellem de undersggte veev og organer. Resultaterne
af Trp-belastningen tyder pd en ner relation mellem tryptofan- og
serotoninomssetningen hos svin.

Den genetiske kontrol af blodets 5-HT-indhold samt dettes sam-
menh®ng med grises reaktion pi ergometerbelastning synes at under-
strege tryptofans og serotonins betydning for grises adaptationsevne
under disse betingelser.
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