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Abstract
This experiment was designed to examine circadian rhythmicity of cortisol

in saliva of growing pigs, in relation to age, gender and (time of) stressor application.
Additionally, the acute cortisol response to a stressor was studied. Five groups, each
consisting of 3 barrows and 3 gilts, were involved in the experiment. In a control
group, saliva samples were taken at 1-hour intervals at 12, 16, 20 and 24 weeks of
age. Within one week, rhythmicity of cortisol was assessed during two 24-hour spans
(Monday and Friday). Rhythm characteristics were evaluated by cosinor analysis,
describing the rhythm by several parameters. In 2 groups at 12 weeks and 2 other
groups at 20 weeks of age, a stressor was applied (4 hours of isolation) on Thursday
morning or evening. Again, rhythmicity was assessed on Monday and Friday by
sampling at 2-hour intervals. Acute cortisol effects were studied by sampling at se-
veral timepoints during isolation. Between 12 and 24 weeks of age, basal cortisol
concentrations decreased and a rather stable and adult circadian rhythm was reached
at 20 weeks of age. Average basal cortisol concentrations were higher in barrows
than in gilts. Furthermore, after isolation, the amplitude of the rhythm was increased
in barrows but was unchanged in gilts. The rhythm was more unstable and the
maximum value tended to shift only after evening isolation. Stressor timing, but also
age, was found to affect average cortisol concentrations. Moreover, stressor timing
was important for the acute cortisol response: the increase was higher in the morning.
The results of this study emphasize the importance of considering the circadian
rhythmicity of cortisol, in relation to age, gender and (time of) stressor application,
when studying the cortisol response of animals to stressors.

Introduction
In modern pig husbandry, animals are exposed to many stress factors that

may affect their health and welfare. Especially, problems arise from environmental
conditions such as housing and management factors. In studies on these problems,
changes in concentrations of circulating corticosteroids, released from the adrenals,
are often used as major physiological indicators of stress.

When studying the corticosteroid responses of animals to stressors, circadian
(about 24 hour) fluctuations in basal corticosteroid concentrations have to be
considered. In pigs, basal concentrations of cortisol in blood are generally higher in
the morning than in the afternoon and evening (Barnett et al., 1981b; Bate and
Hacker, 1985; Becker et al., 1985a; Evans et al., 1988; Griffith and Minton, 1991;
Janssens et al., 1995; Klemcke et al., 1989). In addition to a span of high cortisol
concentrations in the morning, in some studies, a peak is found in the afternoon
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(Evans et al., 1988; Griffith and Minton, 1991). Moreover, differences in adre-
nocortical responses to stimuli may depend upon when, during the circadian cycle, a
stimulus is applied (Ader and Friedman, 1968; Ottenweller et al., 1978). Exposure to
stressors, on the other hand, may affect or disrupt the rhythm (chronobiological
disturbance), as is reported for pigs (Barnett et al., 1981a; Bate and Hacker, 1985;
Becker, 1990; Becker et al., 1985b; Janssens et al., 1995a) and rodents (Kawakami et
al., 1972; Paris and Ramaley, 1974). As a result, the internal synchronization may be
influenced, leading to chronic difficulties for the health and well-being of an orga-
nism (Turek, 1994).

The present study was designed to get more insight into the temporal
dynamics of the circadian rhythm of cortisol with respect to the acute cortisol
response to a stressor and, also, to study how the stressor may affect rhythmicity. The
main objectives were therefore: (1) to document characteristics of basal cortisol
concentrations in growing pigs in relation to age and gender; (2) to examine in
growing pigs whether an acute stressor was able to affect or to disrupt the circadian
rhythm of cortisol on the next day; and (3) to study the acute cortisol response to a
stressor. For the latter two objectives, it was studied whether the outcome depended
on age and on time of the day (at a phase of low or high basal cortisol
concentrations) of stressor application.

For cortisol measurements, saliva was collected, which has proven to be an
effective technique, causing minimum pain and distress with no need for restraint
(Ekkel et al., 1996b; Parrott et al., 1989). The assessment of salivary cortisol has
been shown to be a reliable and convenient endpoint of stress (Cook et al., 1996;
Kirschbaum and Hellhammer, 1994). Salivary cortisol is mainly unbound and re-
flects the plasma free fraction (Fell et al., 1985; Kirschbaum and Hellhammer, 1994;
Meulenberg, 1995; Riad-Fahmy et al., 1982; Vining et al., 1983). According to the
free hormone concept, only the free hormone fraction is biologically active (Mendel,
1989). In pigs, (overall) cortisol concentrations in saliva are reported to be between 5
and 10% of those in plasma (Cook et al., 1996; Parrott et al., 1989). Assessments of
salivary cortisol are relatively easy using sensitive immunoassay techniques.

Salivary cortisol rhythm characteristics were evaluated by the cosinor
method, a tool in chronobiology (Bingham et al., 1982; Halberg, 1969; Nelson et al.,
1979).  



Chapter 226

Materials and methods
Experimental housing and animals

The experiment was conducted at the experimental farm ’Bantham’ from
September to December. Five groups of fattening pigs, each consisting of 3 barrows
and 3 gilts (crossbred; Great Yorkshire x (Great Yorkshire x Dutch Landrace)), were
randomly selected from 17 litters at the age of 10 weeks and had previously been
weaned at 4 weeks of age. Male piglets were castrated 2-4 days after birth. The
groups were housed in pens (1.8 x 3.2 m) with fully slatted concrete floors until 25
weeks of age. The average (±SEM) body weight of the animals at 10 and 25 weeks
of age was 25.7±2.4 and 99.7±9.3 kg, respectively. The pens were in a temperature-
and humidity-controlled room with temperatures decreasing from 22.0±0.5 0C at 12
weeks to 18.4±0.6 0C at 24 weeks of age. Relative humidity varied between 60 and
80%. Main artificial lights were on from 6.00 until 20.00 h. Dim artificial lights were
on continuously for the purpose of saliva collection and behavioural observations in
the dark period. Total average lux of light at 35 cm above the floor was 52 in the
daytime and 7 at night. Dim illumination of 7 lux was found not to interfere with the
rhythm of cortisol in boars (Minton et al., 1989). Animals were fed commercial
pelleted dry diets twice a day at 6.15 h in the morning and 15.15 h in the afternoon.
They were allowed to eat for half an hour. Water was available ad libitum through a
nipple drinker.

Experimental design
One week before each saliva collection for cortisol measurements, animals

were accustomed to people and the sampling procedure, also during their sleep
periods. When accustomed, we observed that, during sleep periods, pigs usually kept
lying down and showed a minimum of extra physical activity. Each pig could
individually be recognized by an ear tattoo and a number painted on the back. At the
ages of 12, 16, 20 and 24 weeks, pigs from one group (control group) were repea-
tedly sampled every hour, to assess cortisol rhythmicity. At every age, sampling took
place throughout two nonconsecutive 24-hour spans, on Monday and the following
Friday. At the age of 12 weeks, animals in two other groups were separated from
their pen mates (all animals from 1 group at the same time) and individually housed
(isolated) in a smaller pen (1.8 x 1.6 m), either for a 4-hour span in the morning
(8.00-12.00 h), when cortisol concentrations were anticipated to be high, or for a 4-
hour span in the evening (18.00-22.00 h), when concentrations were expected to be
low. During the isolation, animals were not able to have visual and tactile contact
with other pigs. This type of isolation has been shown to be stressful by elevations of
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free cortisol concentrations (Barnett et al., 1981a). At various times before and
during application of the isolation stressor (-15, +20, +40, +60, +80, +100, +120,
+180, +240 min) and after regrouping (+20, +40, +60, +90, +120 min), saliva was
sampled to study the cortisol response. The stressor was applied on Thursday. Prior
to and after the isolation stress, respectively on Monday and Friday, pigs from both
groups were sampled for saliva every 2 hours for 24 hours to assess circadian
rhythmicity. At the age of 20 weeks, this procedure was repeated for 2 other groups.

Saliva collection and cortisol analysis
 Saliva was collected by simultaneous insertion of 2 veterinary cotton buds

(Paul Hartmann, Nijmegen, The Netherlands) in the back of the mouth. The animals
were allowed to chew for 1-2 min until the buds were thoroughly moistened. The
buds were placed in special centrifuge tubes with inner cases (Sarstedt B.V., Etten-
Leur, The Netherlands) and kept on ice until centrifuged for 5 min at 400 g to
remove the saliva. Usually 1-2 ml of saliva was retrieved, which was then stored at -
200C prior to cortisol analysis.

Concentrations of cortisol were measured in saliva samples, using a mo-
dified solid-phase radioimmunoassay for cortisol in plasma, serum and urine (Coat-
A-Count Cortisol® TKCO, Diagnostic Products Corporation, Apeldoorn, The
Netherlands). Samples were centrifugated for 5 min (2500 rpm, room temperature) to
precipitate mucins. The procedure of the manufacturer was used with the following
modifications: a buffer (0.05 M Na2HPO4.2H2O, pH 7.3; 0.1% human albumin) was
used to dilute the supplied human serum-based calibrators to final cortisol
concentrations of 0.00 (maximum binding or B0), 0.10, 0.25, 0.50, 1.25, 2.50, 5.00,
10.00 and 25.00 ng/ml. Saliva samples were assayed in duplicate and calibrators

quadruplicate in amounts of 400 µl per assay tube (sample amounts lower than 400

µl were diluted quantitively with buffer). After overnight incubation on a shaking
platform at room temperature, supernatants were aspirated from each tube. The
remaining radioactivity in the tubes was measured for 1 min using a model 1470
Wizard® gamma counter (Wallac Oy, Turku, Finland). From the results of repeated
determinations of 3 control (pooled saliva) samples, that were read at roughly 20, 50
and 80% of the maximum binding (B0), intra-assay and inter-assay coeffients of
variation were calculated. Determination by a 6-fold measurement of these samples
in 4 assays with mean cortisol concentrations of 19.82, 5.85 and 0.75 ng/ml, resulted
in mean (±SEM) intra-assay coefficients of variation of 3.6 (2.09), 3.8 (2.02) and 9.1
(2.8)%, respectively. The inter-assay coefficients of variation for the same saliva
samples in these 4 assays were estimated as 7.8, 9.8 and 7.4%, respectively. Reco-
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very of several amounts of calibrator cortisol, added to saliva, was determined to test
accuracy. Addition of 0.50, 1.25, 2.50, 5.00 and 10.00 ng cortisol per ml of saliva,
with an endogenous cortisol concentration of 0.45 ng/ml, resulted in recoveries of
117, 104, 104, 101 and 103%, respectively. Parallelity of the calibration curve with a
saliva dilution curve (dilutions 1:2, 1:4, and 1:8 in buffer) was tested in quadruplicate
for a sample of 5.27 ng cortisol per ml. In percentage of the expected concentrations,
the mean measured value was 106%. This indicates that the procedure maintains
good parallelity under dilution. The minimal detectable dose or sensitivity (con-
centration at 95% of the maximum binding) of the assay was approximately 0.13 ng
cortisol per ml. Crossreactivities of the assay for other components that might be
present in saliva are low. According to the manufacturer, corticosterone, cortisone,
11-deoxycorticosterone and 11-deoxycortisol, exhibit crossreactivities of 0.94, 0.98,
0.26, and 11.4%, respectively.

Statistical analysis
Analysis of circadian rhythmicity of salivary cortisol. Rhythm characteristics

for cortisol were evaluated by the cosinor method (Bingham et al., 1982; Halberg,
1969; Nelson et al., 1979). Parameters such as the MESOR, amplitude, and acropha-

se were extracted. Moreover, residual standard deviations (σ; RSD) were estimated,
representing variation around the individual curves. Cosine curves with periods of 24

hours were fitted per animal per day: yt = M + A cos((2π/24)t + φ) + εt. Here, yt is an
observation at time t, M is the MESOR (Midline-Estimating Statistic Of Rhythm;
the average level around which the oscillation occurs), A is the amplitude (measure
of the extent of rhythmic change; maximum and minimum concentrations are M + A

and M - A respectively) and φ is the acrophase (measure of the time at which the

fitted cosine reaches its maximum value) expressed in radians (-2π < φ ≤ 0). The

error term εt, within an animal, is assumed to be independently normally distributed

with mean 0 and unknown constant variance σ2. After re-parameterization, the model
can be fitted by linear regression (Bingham et al., 1982; Nelson et al., 1979; Tong,
1976). To test for rhythmicity, the traditional F-test which compares the (re-para-

meterized) cosine model with the nonrhythmic model yt = M + εt was employed.

Estimated M, A, and φ, determined for each animal on each test day, were
analyzed separately with a mixed analysis of variance model (48), e.g. Mijk = M +
Groupi + Genderl + Agem + Weekdayp + Stressor applicationq + animalij + dayijk +
eijk. Groupi, ..., Stressor applicationq refer to systematic effects of the factors group,
gender, age, day of the week (Monday or Friday), stressor application (not applied,
applied on Thursday morning or Thursday evening). Animalij is a random effect for
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the j-th animal in group i and dayijk is a random effect for the k-th day within the j-th
animal in group i. Residuals eijk represent estimation error. The variance of eijk was
fixed at the estimated variance of Mijk from the corresponding fitted cosine curve.
Components of variance and systematic effects were estimated by restricted maxi-
mum likelihood (REML) (Engel, 1990), employing the statistical programming
language Genstat 5® (Genstat 5 Committee, 1993). Tests for interactions and main
effects were based on the Wald-test (Buist and Engel, 1994; Rao, 1973).

Estimated residual variances σ2 were analyzed with a generalized linear
mixed model (Engel and Keen, 1994), employing a Genstat 5® procedure (Keen,
1994). Effects were introduced on the logarithmic scale. It was assumed that, for a

given animal and 24 hour period, the variance Var(σ2) = 2λσ4/ν, where ν is the
number of degrees of freedom (22 and 10 for observations per hour and per 2 hours,

respectively) and dispersion factor λ was estimated from the data.
To determine to what extent animals may be characterized individually by

their estimates M, A, and φ, the amount of variance between testdays ’explained’ by

the animals was calculated: {σ2 
M animal / (σ2 

M animal + σ2 
M day)} * 100%, where σ2 

M

animal and σ2 
M day are the estimated components of variance of animals and days,

respectively. Effects were considered significant if p<0.05. Data are presented as
mean±SE, unless otherwise stated.

Analysis of acute cortisol responses. For each animal, 4 summary statistics
were calculated and analyzed separately with an analysis of variance model with
main effects and interaction for the factors gender, age and time of stressor
application. During the isolation span, salivary cortisol concentrations were
summarized as: (1) average over time-points 20 and 40 min after the start of the
isolation minus the level at t = -15 min (UP1); and (2) regression gradient for time-
points 20, 40, 60, 80, 100 and 120 min after the start of the isolation (DOWN1).
Similar calculations were performed following the start of regrouping: (3) average
over time-points 20 and 40 min after regrouping minus the level just before regrou-
ping (UP2) and; (4) regression gradient for time-points 20, 40, 60, 90 and 120 min
after regrouping (DOWN2). Because the summary statistics all involve contrasts
between time-points within animals, it was assumed that possible group effects
(which are confounded with stressor application and age effects) were largely
eliminated. Effects were considered significant if p<0.05. Data are presented as
mean±SE, unless otherwise stated.
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Results
Circadian rhythmicity of salivary cortisol

Estimated individual rhythms. In Table 1, the estimates for the MESOR, am-
plitude, acrophase, and residual standard deviation (RSD), per animal, per 24 hour
period, are summarized. The variation between the estimated values is the net result
of variation between animals, between rhythms within animals (random test day
variation), and estimation error. Standard errors of estimates, reflecting estimation
error, are also listed in Table 1. The variation between these standard errors reflects
the fact that for some animals the rhythm is apparent just by looking at a plot of the
data, while for other animals the pattern is less obvious.

Table 1. Summary of parameter values, corresponding standard errors (SE), and residual
standard deviations (RSD) of the circadian rhythm of salivary cortisol in individual pigs.

Minimum Mean Maximum

MESOR (ng/ml) -0.29 -0.87 -2.19

Amplitude (ng/ml) -0.06 -0.33 -1.33

Acrophase (rad) -5.63 -3.01 -0.67

SE of MESOR -0.03 -0.13 -0.52

SE of amplitude -0.04 -0.18 -0.75

SE of acrophase -0.19 -0.71 -4.10

RSD -0.15 -0.49 -1.85

The cosinor method was used for analysis of rhythm parameters: MESOR (Midline-
Estimating Statistic Of Rhythm), average level around which the oscillation occurs; am-
plitude, measure of the extent of rhythmic change; acrophase, measure of the time ex-

pressed in negative radians (rad; -2π < acrophase ≤ 0) at which the fitted cosine reaches
the maximum value. Residual standard deviations (RSD) represent variation around the
fitted curves. Five groups of each 3 barrows and 3 gilts were involved in the experiment.
In a control group, saliva samples were taken at 1-hour intervals at 12, 16, 20 and 24
weeks of age. Within one week, rhythmicity was assessed during two 24-hour periods
(Monday and Friday). In 2 groups at 12 weeks and 2 other groups at 20 weeks of age, a
stressor was applied (4 hours of isolation) on Thursday morning or evening. Again,
rhythmicity was assessed on Monday and Friday but by sampling at 2-hour intervals.
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At the 5% significance level, 40% of the F-tests for rhythmicity within animals were
significant. At the 10% level, 56% of the F-tests were significant (comparable to the
percentages given by Ekkel et al. (1996b). F-tests may be pooled over animals and in
that case a very significant overall result was obtained. When extra terms for 6- and
12-hour periods were added to the linear regression model, tests for these extra
periods were only incidentally significant. This offered no conclusive evidence for a
more complex model consisting of a sum of cosines, each with a different period, or
for a cosinor model with a smaller period. It was concluded that there was sufficient
evidence for a biological rhythm to proceed with the mixed model analysis of
variance.

Model selection for analysis of rhythm parameters. The final mixed model
considered for the MESOR included all main effects and the significant statistical
interaction between the factors age and stressor application. Main effects for the
factors group, gender and weekday were all significant. For the amplitude, a signi-
ficant interaction was found between the factors gender and stressor application, only
when for the latter factor results for morning and evening were pooled. From the
main effects, only those for the factors age and group were significant. For the acro-
phase, the interaction between the factors age and weekday was significant. From the
main effects, the lowest p-value was for the factor stressor application (not signifi-
cant; p=0.10). For the residual standard deviation, no significant interactions were
found and a final model with main effects only was fitted. The main effects for the
factors age and stressor application were both significant.

For the individual characterization of animals, the percentages ’explained by
the animals' were too low. For the MESOR 66±13% and for the acrophase 77±13%
of testday variation was explained by the animals. For the amplitude, estimated vari-
ance components for variation between animals and between testdays within animals
were negligible compared with residual variation.

Effects of age. In Table 2, the cosinor parameter values at the different ages
are shown. The MESOR of salivary cortisol decreased with increasing age. The
differences in the MESOR were significant when compared pairwise, except for ages
20 and 24 weeks. For the amplitude, ages 12, 16 and 24 weeks did not differ signifi-
cantly, whereas age 20 weeks was significantly below ages 12 and 16 weeks.
Averaged over Monday and Friday, the circadian acrophase of salivary cortisol at
age 12 weeks was significantly later than at ages 16, 20 and 24 weeks. The latter 3
ages did not differ significantly when compared pairwise. Estimated residual
standard deviations at ages 12 and 16 weeks did not differ significantly nor did ages
20 and 24 weeks. The pooled residual standard deviation (0.53) for ages 12 and 16



Chapter 232

was a factor 1.4 higher than that for ages 20 and 24 weeks (0.39). In Figure 1, fitted
cosine curves for ages 12, 16, 20 and 24 weeks are shown, together with mean
(±SEM) salivary cortisol concentrations, under basal conditions on Monday and
averaged over genders.

Gender differences. Estimated values of circadian rhythm parameters of
salivary cortisol for barrows and gilts are shown in Table 3. The overall mean
MESOR for salivary cortisol in barrows is significantly higher than in gilts. For the
amplitude, acrophase and residual standard deviation, effects of gender were not
significant.

Table 2. Effect of age on parameter values (mean±SE) and on residual standard
deviation (RSD±SE) of the circadian rhythm of salivary cortisol in growing pigs.

bbbbbbbbbbbbbbbbbbbbbAge (weeks)

         12        16           20         24

MESOR1 ng/ml 1-1.19±0.05A -1.03±0.06B 1-0.74±0.05Cd -0.71±0.06CD

Amplitude ng/ml -10.39±0.03A -0.39±0.04A 1-0.29±0.03BC -0.34±0.03AC

Acro-
phase2

rad
hours

1-3.22±0.17A

-12.18±0.39a
-2.60±0.23B

-9.56±0.53a
1-2.79±0.18Bc

-10.39±0.41ba
-2.48±0.21B -
-9.28±0.48

RSD -10.53±0.05A -0.52±0.06A 1-0.36±0.03Bc -0.41±0.05B

For an explanation of parameters, see footnote of Table 1. The acrophase is also
expressed in clock hours. A,B,C,DMeans with different superscripts within the same row
differ (p<0.05). 1Interaction between the factors age and stressor application (p<0.05).
Means under basal conditions are presented. 2Interaction between the factors age and
weekday (p<0.05). Estimated means are averaged over Monday and Friday.

 Effects of stressor application. Estimated values of circadian rhythm
parameters of salivary cortisol on the day after isolation are shown in Table 4. At 12
and 20 weeks of age, after isolation in the evening, the MESOR for salivary cortisol
was higher than after isolation in the morning (p>0.05). However, when compared to
the MESOR under basal conditions, at the age of 12 weeks, only isolation in the mor-
ning caused a significant change: a decrease in the MESOR. In contrast, at 20 weeks
of age a significant effect of the stressor on the MESOR was only reached after
application in the evening, revealed by a rise. After stressor application (pooled
results for morning and evening; see Model Selection), the amplitude significantly
increased in barrows but remained unchanged in gilts, reaching an almost significant
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difference (p=0.06) between the genders. For the acrophase, although pairwise com-
parisons showed no significant differences, the difference between the mean under
basal conditions and that after stress in the evening was nearly significant (p=0.06).
Estimated means for residual standard deviations for basal conditions and after
stressor application in the morning did not differ significantly, but both were signi-
ficantly lower than after stressor application in the evening. The pooled residual
standard deviation for basal conditions and stressor application in the morning, is 1.8
times lower when compared to the residual standard deviation after the evening
stressor: 0.37 and 0.65, respectively.

Effects of other factors. Regarding weekday, the MESOR was found to be
significantly higher on Monday. Averages for Monday and Friday were 0.99±0.04
and 0.87±0.04 ng cortisol per ml, respectively. Differences between weekdays were
neither significant for the amplitude, nor for the acrophase, when averaged over the
ages. Groups were found to be significantly different for the MESOR and amplitude,
but not for the acrophase.

Table 3. Effect of gender on parameter values (mean±SE) and on residual standard
deviation (RSD±SE) of the circadian rhythm of salivary cortisol in growing pigs.

                                                                                                         Gender

       Barrows           Gilts

MESOR (ng/ml) 1.01±0.05A 0.86±0.04B

Amplitude1 (ng/ml) 0.32±0.03A 0.34±0.03A

Acrophase (rad)
(hours)

-2.88±0.19A

11.00±0.44A

-2.66±0.19A

10.10±0.44A

RSD 0.47±0.04A 0.42±0.04A

For an explanation of parameters, see footnote of Table 1. The acrophase is also
expressed in clock hours. A,BMeans with different superscripts within the same row differ
(p<0.05). 1Interaction between the factors gender and stressor application (p<0.05; Mor-
ning and evening results are pooled for the factor stressor application). Means under
basal conditions are presented.

Acute cortisol response
No significant interaction effects were found. For the main effects, effects of

the factors age and gender were not significant. Main effects for the factor moment
of stressor application, when averaged over ages 12 and 20 weeks, were significant
for UP1 and UP2. For stress applied in the morning, UP1 and UP2 were 1.38±0.46
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and 0.31±0.14 ng/ml higher, respectively, than for stress applied in the evening. No
significant effects for DOWN1 and DOWN2 were found. As an additional check,
average basal cortisol levels during the morning and evening stressor periods were
compared. The levels were nearly significantly (p=0.08) or significantly higher
during the morning periods when compared to those in the evening, at 12 and 20
weeks of age, respectively.

Table 4. Effect of isolation stress on parameter values (mean±SE) and on residual
standard deviation (RSD±SE) of the circadian rhythm of salivary cortisol in growing
pigs.

                                                   Isolation on previous day

No Morning Evening Pooled

MESOR1

12 weeks
20 weeks

ng/
ml -11.19±0.05A

-10.74±0.05A
-10.96±0.10Bc

-10.77±0.09AB
- 1.15±0.12AB

- 0.91±0.09BC

Amplitude2

Barrows
Gilts

ng/
ml 1-0.32±0.03A

1-0.34±0.03A
 0.44±0.05B

 0.32±0.04A

Acrophase rad
hours

1-3.07±0.18A

-11.44±0.41A
1-2.77±0.25Ac

-10.35±0.57aa
 -2.47±0.27Ab

 -9.26±1.02aa

RSD -10.41±0.04A -10.33±0.05Ab  -0.65±0.09Ba

For an explanation of parameters, see footnote of Table 1. The acrophase is also
expressed in clock hours. A,B,CMeans with different superscripts within the same row
differ (p<0.05). 1Interaction between the factors age and stressor application (p<0.05).
2Interaction between the factors gender and stressor application (p<0.05; Morning and
evening results are pooled for the factor stressor application).

Discussion
By using the cosinor analysis as performed in this study, we were able to

describe the temporal dynamics of circadian rhythms of salivary cortisol by
parameters such as the MESOR, amplitude and acrophase. Our data document chan-
ges in basal salivary cortisol concentrations in growing pigs, influenced by age and
gender. Moreover, after isolation stress, changes in cortisol rhythm characteristics on
the next day were revealed, depending on age and (time of) stressor application. The
acute cortisol response was affected by time of stressor application.
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Figure 1. Mean(±SEM) salivary cortisol values under basal conditions on Monday (•),
together with fitted cosine curves (shaded lines), in growing pigs from 12 to 24 weeks
of age. For all ages, animals of the Control group (n = 6) were included. Also, at the
age of 12 weeks animals from 2 stress groups (both n = 6), and at the age of 20 weeks
animals of 2 other stress (isolation) groups (both n = 6), were included.

0 4 8 12 16 20 24

Time (clock hours)

0.00

0.40

0.80

1.20

1.60

2.00

C
or

ti
so

l i
n 

sa
liv

a 
(n

g/
m

l)

12 weeks

means±SEM
fitted curve

0 4 8 12 16 20 24

Time (clock hours)

0.00

0.40

0.80

1.20

1.60

2.00
16 weeks

fitted curve
means±SEM

0 4 8 12 16 20 24

Time (clock hours)

0.00

0.40

0.80

1.20

1.60

2.00

C
or

ti
so

l i
n 

sa
liv

a 
(n

g/
m

l)

means±SEM
fitted curve

20 weeks

0 4 8 12 16 20 24

Time (clock hours)

0.00

0.40

0.80

1.20

1.60

2.00

means±SEM
fitted curve

24 weeks



Chapter 236

Compared with other studies reporting that, in pigs, concentrations are highest in the
morning in both blood (Barnett et al., 1981b; Bate and Hacker, 1985; Becker et al.,
1985a; Evans et al., 1988; Griffith and Minton, 1991; Janssens et al., 1995a;
Klemcke et al., 1989) and saliva (Ekkel et al., 1996b, 1997), we found peak concen-
trations of salivary cortisol in the late morning and early afternoon. In the growing
animals, an effect of age on circadian salivary cortisol profiles was observed.
Between 12 and 24 weeks of age, basal salivary cortisol concentrations decreased,
shown by a decrease of the MESOR and a slight decrease in the amplitude (Figure 1;
Table 2). Our results are in agreement with those of Evans et al. (1988) and Kirk-
wood et al. (1987), who reported a decrease or a tendency for a decrease with age for
(total) cortisol concentrations in plasma in growing pigs. Parallel human studies also
show a decrease in the MESOR of cortisol in children aging from 6-12 months until
15 years (Haen et al., 1984; Onishi et al., 1983). A shift in plasma cortisol from
rather unbound forms to that bound to corticosteroid-binding globulin (CBG), was
found to occur in pigs from birth to 6 weeks of age (Kattesh et al., 1990). This
process of increased binding of cortisol to CBG, when continued after the age of 6
weeks, may explain our findings. Our results are not supported by Ekkel et al. (1997)
who found a higher MESOR and a greater amplitude for the circadian rhythm of
salivary cortisol in 15-week old pigs when compared to 10-week old pigs. Moreover,
it was shown in children that, after an initial increase, the circadian amplitude
stabilized at an adult level at 1-6 years of age (Haen et al., 1984; Onishi et al., 1983).
In our study, effects of age on the other parameters was reflected by a shift in acro-
phase to an earlier time and a decrease in estimated variation around the fitted curves.

In very young pigs, circadian cortisol rhythms and other circadian rhythms
may be weak (Ingram et al., 1985) or absent (Evans et al., 1988), a phenomenon also
shown in very young children (Haen et al., 1984; Onishi et al., 1983). However, a
circadian rhythm of cortisol in saliva was demonstrated in 8-weeks old pigs by Ekkel
et al. (1996b). Evans et al. (1988) reported a gradual development of a distinct
circadian rhythm of (total) cortisol in plasma in growing pigs, reaching an adult
profile near puberty. Our results indicate that the age of 20 weeks may be important
for reaching adult circadian rhythm profiles of salivary cortisol. At this age, the
MESOR, amplitude, and variation around the fitted curves were shown to stabilize or
to be stabilized. The stabilization of the acrophase already occurred at 16 weeks of
age.

Gender-related differences in cortisol rhythm parameters were only found
for the MESOR, with a higher value for barrows than for gilts. Although differences
in plasma (total) cortisol between barrows and gilts are not reported (Marple et al.
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1974; Nyberg et al., 1988), Marple et al. (1974) found higher concentrations in boars
than in gilts. Nyberg et al. (1988) found a tendency towards higher CBG
concentrations in plasma of gilts than in barrows, which might result in lower
unbound (and consequently lower salivary) cortisol concentrations in gilts.
Alternatively, enhanced basal salivary cortisol concentrations in barrows may result
from castration at 2-4 days after birth, possibly experienced as a major stress by the
animals. It has been demonstrated in rats that early experiences in life can induce
long-term changes in the regulation of the HPA-axis (Meaney et al., 1988).

After isolation stress, on the following day the amplitude of the circadian
rhythm of salivary cortisol was elevated in barrows, but there was no change in gilts.
This increase in barrows may also be attributed to castration, causing sensitization
and facilitation of HPA responses. However, these results are in contrast with
findings in rats, where (brief social) stress caused a decrease of the amplitudes of the
circadian rhythms of heart rate and core temperature (Tornatzky and Miczek, 1993).
After isolation in the evening, the variation of the rhythm around the fitted curves
was higher when compared to results after morning stress and under basal conditions.
The acrophase tended to shift when compared to that under basal conditions. These
differences may be due to the time interval between application of the stressor and
the determination of the rhythm the next day, which was much shorter for evening
isolation. This may also apply for the MESOR, which tended to be higher after
evening isolation than after morning isolation, both at 12 and 20 weeks of age.
However, at 12 weeks of age, the MESOR following stress was suppressed after
morning isolation but was at basal level after evening isolation. At 20 weeks of age,
the MESOR the following day was at basal level after morning isolation and elevated
after evening isolation. These differences may be explained by differences in feed-
back action of cortisol depending on age (Goldman et al., 1973), time of the day
(Akana et al., 1986) and pattern (magnitude and duration) of the acute cortisol
response (Engeland et al., 1977). For short term stressors, the return to resting
cortisol concentrations (in blood) takes about 24 hours for cannulation (Becker et al.,
1985a) and at least 48 hours after food and water deprivation or water deprivation
alone (Becker, 1990). Long-term alterations in the circadian rhythm of cortisol (in
blood) have been reported under chronic stress conditions such as individual penning
(Barnett et al., 1981a), tethering (Becker et al., 1985b; Janssens et al., 1995a), and
exposure to different ambient temperatures (Bate and Hacker, 1985).

The acute cortisol response was affected by time of the day of stressor appli-
cation. The overall acute cortisol response during isolation and following regrouping
was higher in the morning, when basal cortisol concentrations were already high,
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than in the evening, when basal cortisol concentrations were low. This was shown by
higher ’UP’ values of salivary cortisol. Circadian variation in the responsiveness of
the adrenals to a stressor has been the subject of many studies in different species,
but the results are conflicting. No differences in cortisol responses (in plasma) were
observed between morning and afternoon application of stressors (320C for 2 hours
or 20-min restraint) in barrows (Kirkwood et al., 1987). However, comparison of
more divergent time-periods could have given other results. In addition to that, in this
type of experiments, it may be of interest to use a design relying on more than two
time-points at which a stressor is applied (Günther et al., 1980). From studies in rats
(Ader and Friedman, 1968; Engeland et al., 1977), it is concluded that differences in
acute stress responses during the day are depending on the intensity and/or duration
of the stressor. Interestingly, circadian variation in adrenal sensitivity to ACTH has
been suggested in pigs (Klemcke et al., 1989) and rats (Dallman et al., 1978;
Engeland et al., 1977; Nicholson et al., 1985). In pigs, this was shown by a greater
cortisol/ACTH ratio in the morning than in the evening (Klemcke et al., 1989). This
might explain our findings of a higher acute cortisol response to the isolation in the
morning compared to that in the evening.

Differences between weekdays were found for the MESOR, which was
higher on Monday than on Friday. One explanation for this is the occurrence of a
circaseptan or weekly cortisol rhythm, although the existence of circaseptan rhythms
is questioned by Turek (1994). Differences may also be imposed by, for example,
differences in management between weekdays, although minimized as much as
possible. To some extent, animals might also be more adapted to saliva collection on
Fridays compared with Mondays.

In conclusion, the results of this study demonstrate the development of a
circadian rhythm of cortisol in the saliva of growing pigs, reaching an adult and
rather stable profile around 20 weeks of age. Furthermore, the average concentrations
of cortisol decreased with age and were higher in barrows than in gilts. The circadian
rhythmicity of salivary cortisol was changed after applying isolation stress,
depending on age, gender and time of stressor application. Also, the acute salivary
cortisol response was affected by time of day of stressor application. Thus, when
using (salivary) cortisol as a physiological indicator of stress, this study emphasizes
the importance of considering the effects of age, gender and (time of) stressor
application.


