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Abstract
We examined whether female mink with low (LS) and high (HS) occurrence of stereotypic behaviour differ in their
adrenocortical activity in baseline conditions or in response to immobilisation (Experiment 1), handling, adrenocorticotropic
hormone (ACTH) challenge (Experiment 2) and excretion of circulating cortisol (Experiment 3). Faeces are the
predominating excretory route of cortisol (83%), with peak concentrations after 4.2 h (urine: 3.4 h). Faecal cortisol
metabolites (FCMs) reflected changes in relation to handling/ACTH challenge. In Experiment 1 (n ¼ 162), HS mink had
approximately 54% higher baseline level of FCM than LS mink (P , 0.001), with markedly elevated FCM on the days after
an immobilisation stressor. In Experiment 2 (n ¼ 48), LS and HS mink did not differ in adrenocortical activity after an ACTH
challenge. However, HS mink reacted more in response to handling, evident in the FCM level 4–20 h after the handling
(P ¼ 0.001). In Experiment 3 (n ¼ 16), the excretion of infused 3H-cortisol did not differ between LS and HS mink.
Stereotypic behaviour is concurrent with higher baseline concentrations of FCM, which cannot be explained by a greater
adrenocortical reactivity or a different excretion of the circulating cortisol. Instead, we conclude that mink with a high level of
stereotypic behaviour have a greater perception of stress, or increased sensitivity to stressors at the pituitary level.

Keywords: Adrenocortical activity, American mink, glucocorticoids, HPA axis, Mustela vison syn. Neovison vison,
stereotypic behaviour

Introduction

In the assessment of stress experienced by individuals,

hypothalamic–pituitary–adrenal (HPA)-axis responses

are central, and can be included in the evaluation of

animal welfare (Mormede et al. 2007). The active

HPA-axis hormone in the circulation is cortisol in mink,

cattle, sheep, horse, pig, fox, dog, cat, fish and primates,

and corticosterone in mice, rat, rabbit and birds

(Palme et al. 2005; Mormede et al. 2007). The baseline

concentrations of these glucocorticoids (GC) in the

blood are not easily obtained since the capture of one

animal may arouse other not yet sampled animals

housed nearby (Pedersen 1992), and the handling and

blood sampling itself may act as a stressor, eliciting

secretion of GC into the circulation. Therefore,

examination of HPA-axis hormones in other biological

fluids, such as urine and faeces sampled non-invasively,

was introduced. In several species (e.g. pigs, sheep,

dogs, elephants, hares), the main elimination route of

GC is via the urine. However, excretion via faeces also

occurs, and represents in some species (e.g. cats, rats,

squirrels) the predominant excretory route for GC

(Palme et al. 1996, 2005; Lepschy et al. 2007; Bosson

et al. 2009; Dantzer et al. 2010). In a variety of species,

the measurement of faecal cortisol/corticosterone

metabolites was proven useful to evaluate adrenocor-

tical activity (Möstl and Palme 2002; Touma and Palme

2005). In a preliminary experiment in mink, faecal

cortisol metabolite (FCM) levels increased after

injections of adrenocorticotropic hormone (ACTH;

Malmkvist et al. 2004). Additionally, FCM levels were

reduced following long-term enriched housing con-

current with a reduction in abnormal behaviour in

comparison to a non-enriched control group (Hansen

et al. 2007). Other studies have evaluated HPA-axis

responses in mink based on non-invasive measurement
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of urinary cortisol (Bildsøe et al. 1991; Madej et al.

1992; Mason et al. 2001). Detailed information,

however, about metabolism and excretion of circulating

cortisol in mink has not been described previously.

Abnormal behaviour in farmed mink includes fur-

chewing and stereotypic behaviour. Stereotypic

behaviour is repeated in uniform patterns of move-

ment without any obvious function. Stereotypic

behaviour sometimes develops in animals kept in

barren environments, and individuals that perform

stereotypic behaviour were suggested to thereby

reduce their adrenocortical response to stressors

(Mason and Latham 2004). There is a genetic

component in the proneness to perform these types

of abnormal behaviour (fur chewing: Malmkvist and

Hansen 2001; stereotypic behaviour: Jeppesen et al.

2004). It is possible to select for or against the

performance of stereotypies, with an estimated

heritability of 0.3 in mink (Hansen et al. 2010).

Traditionally, the occurrence of abnormal behaviour is

used as one indicator of reduced welfare in a particular

environment (Mason 1991). Based on previous

findings, however, the link between stereotypic

behaviour and a stress response is equivocal. Zanella

et al. (1998) reported lower plasma cortisol concen-

trations in mink showing a high level of stereotypy,

using a low number of euthanised animals. Bildsøe

et al. (1991) showed lower baseline levels of urinary

cortisol metabolites in high stereotypy mink than in

low stereotypy mink. In contrast to these results,

higher concentration of FCM in mink from a high

stereotyping breeding line was reported (Svendsen

et al. 2007). There would be a complication in the use

HPA-axis hormone metabolites in either faeces or

urine as an indicator of stress load, if low and high

stereotyping individuals differ in their cortisol

metabolism and main excretion route. Therefore,

aiming to investigate the link between stereotypic

behaviour and stress further, we compared groups of

female mink showing low (LS) or high (HS)

stereotypy levels with regard to their adrenocortical

activity in baseline conditions and in response to

immobilisation (Experiment 1), handling and ACTH

injection (Experiment 2), in addition to the route and

time course of 3H-cortisol excretion (Experiment 3).

We tested the following hypotheses: first, based upon

results from previous studies using FCMs, we

hypothesised that the basal HPA-axis output is higher

in HS than in LS mink. Second, we tested whether a

standardised acute stressor will lead to elevated

adrenocortical responses of similar magnitude and

duration in HS and LS mink. Finally, we hypothesised

that HS mink have a higher sensitivity to ACTH at the

adrenal cortex, or excrete cortisol from the circulation

at a higher rate or in greater amount into faeces or

urine, thus explaining the higher cortisol levels

previously found in HS mink.

Materials and methods

Animals

We used female mink from two lines selected either

against (low stereotypic behaviour level, LS) or for

(high stereotypic behaviour level, HS) the occurrence

of stereotypic behaviour for five generations. The mink

were housed individually at the research farm of

Aarhus University in wire cages (W: 30 cm, H: 45 cm,

L: 91 cm) connected to a straw-covered wooden nest

box (W: 28 cm, H: 20 cm, L: 23 cm). In total, 102 LS

and 127 HS female mink were available. They had

delivered and raised their first litter during the spring

and summer of their first year of life. The mink were

observed from the feed gangway running between two

rows of cages. Each cage contained one mink. Six

cages could be observed at a time. The observer stood

still in front of the cages for 2 min and noted whether

the mink performed stereotypic behaviour or not at

the end of the 2 min period. Then the observer moved

to the next set of six cages to be observed. The

scanning observations were performed during 4

consecutive days by one observer. Fifteen scanning

observations were performed each day evenly dis-

tributed between 09:00 and 14:00 h. Thus, the

scanning interval was 20 min. Feeding was postponed

to 14:00 h during observations. The frequency of

stereotypic behaviour in 60 scanning observations

conducted in mid October was 7.7% in HS-line mink

and 0.8% in LS-line mink. In one or more of the 60

scanning observations, 63.0% of the line HS and

19.6% of the line LS mink performed stereotypic

behaviour. Stereotypic behaviour was defined as a

uniform pattern of movement without any obvious

function, repeated a minimum of five times without

interruption, e.g. somersaults or fixed pacing with

head oriented towards the cage wall. For further

information about these breeding lines, see Svendsen

et al. (2007) and Hansen et al. (2010). Water was

available ad libitum from a drinking nipple in each

cage. The mink were fed commercial wet feed

(approximately 190 kcal/100 g with protein 34%, fat

50% and carbohydrate 16% of convertible energy)

daily on the top of the cage in amounts close to ad

libitum. Feeding time was around 11:00 h.

Experiment 1: Baseline FCM levels and response

to an immobilisation challenge

All 229 mink kept under standard farm conditions

participated in Experiment 1. In the data analysis,

however, we only included HS-line mink observed

performing stereotypic behaviour in the HS

group (n ¼ 80) and LS-line mink observed free from

stereotypic behaviour in the LS group (n ¼ 82). We

collected one fresh sample of faeces non-invasively for

6 days (Days 1, 2, 3, 4, 9 and 10) during early October

between 14:00 and 20:00 h. We obtained samples
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from 86 to 98% of the LS and HS mink per sampling

day. Faecal samples (0.5 g) were frozen within 3 h after

delivery and stored at 2218C until analysis. On Day 2

between 09:00 and 10:00 h, all mink were exposed to

an immobilisation challenge, consisting of being

restricted for 15 min in a wired trapping cage with a

moveable bottom (W: 10 cm, H: 12 cm, L: 47 cm;

Hedensted-Group, Hedensted, Denmark). Mink are

trapped when they have to be moved around at the

farm, e.g. at weaning; so the mink all have brief

experience of the trapping cage, however, without

being restricted by the moveable bottom locked in a

lifted position. They experienced the immobilisation

for the first time in their life as part of this experiment.

Experiment 2: Handling and ACTH challenge

For this experiment, 24 LS and 24 HS mink were used.

They were chosen from among the HS mink that

positively performed stereotypic behaviour, and from

among the LS mink that did not perform stereotypic

behaviour in the preceding 60 scanning observations.

Half of the animals (12 LS and 12 HS) were exposed to

handling in connection with the blood sampling only

(control), whereas the other half (ACTH challenge)

were injected i.m. with 0.15 ml synthetic ACTH

(0.25 mg/ml Synacthen, Novartis, Funchal, Portugal)

corresponding to 3.75mg b1–24-corticotropin, immedi-

ately after the first blood sampling at their home cage.

The mink were handled in alternating order, shifting

between control-LS/HS and ACTH-LS/HS. Blood was

sampled in late October by venepuncture of the vena

cephalica at 0, 30, 60 and 120 min after capture in a

wired trapping cage (Hedensted-Group). No anaes-

thetic was used, and all procedures were included in our

permit for mink experimentation, approved by the

Danish Animal Experiments Inspectorate in accord-

ance with the Danish Ministry of Justice Law No. 382

(10 June 1987) and Acts 333 (19 May 1990) and 726 (9

September 1993) concerning animal experimentation

and care of experimental animals. The delay from the

first capture and the first blood sample was less than

50 s. The mink selected for this experiment were

housed apart across two mink sheds in order to

minimise handling-induced disturbance between indi-

viduals; after the first sampling at the home cage, they

were transported to a separate room. During the 2-h

blood sampling period, each mink was kept in the

trapping cage, but it was only fully immobilised (by

lifting the trap bottom) during each single collection of

approximately 1–2 ml blood into tubes containing

sodium heparin kept on ice until the separation of

plasma. In addition, fresh faeces were sampled non-

invasively during intervals relative to the beginning of

the control/ACTH challenge: 24 h before and 0–4

(sampled in the morning before the onset of the

challenge), 4–8, 8–20, 20–24 and 24–48 h after.

Some mink did not deliver faeces in every interval, and

some animals defecated several times in some of the

intervals. We obtained an equal number of faecal

samples from LS and HS mink (151 from each group).

All samples (plasma and faeces) were stored at 2218C

until analysis.

Experiment 3: Excretion of infused 3H-cortisol

In Experiment 3, eight LS and eight HS mink were

chosen from the original stock by the same criteria as

the animals used in Experiment 2. Thus, the LS mink

had no stereotypic behaviour, whereas the experimen-

tal HS mink were on average engaged in stereotypies in

41% (SD 4.6; range: 36–49%) of the scanning

observations. The animals from Experiment 2 were

not re-used. The 16 mink were weighed and moved

from their original cage into a metabolic steel cage

(dimension: 46 £ 32 £ 46 cm) with access to a straw-

covered nest box (18 £ 24 £ 23 cm) 14 days prior to the

onset of the sample collection in late November. The

group of LS mink were heavier (LS: 1.5 ^ 0.2 kg vs.

HS: 1.2 ^ 0.2 kg; t-test ¼ 3.74, df ¼ 14, P ¼ 0.002).

In addition to natural lighting from windows, the

housing facility had full light 08:00–20:00 h, dim red

light 20:00–24:00 h and darkness 24:00–08:00 h.

We injected each animal on Day 0 (08:30–09:50 h)

into a front leg vein with 1.0 ml (415 kBq) radioactive-

labelled cortisol ([1,2,6,7-3H(N)]-Cortisol, NET-396,

PerkinElmer Life and Analytical Sciences, Boston,

MA, USA) dissolved in sterile 0.9% NaCl solution with

10% (v/v) ethanol. The injection area was shaved to

make the procedure easier. The amount of 3H-cortisol

given to each animal averaged (SD) 415 (8.7) kBq

(dpm: 24.93 £ 106 (2.1%); not different between LS

and HS mink, t-test ¼ 0.58, df ¼ 14, P ¼ 0.57), based

on weighing of the syringes before/after injection.

We collected all urine and faeces delivered during the

experimental period of 5 days, that is 220 to þ84 h

relative to the time of injection on Day 0. The sampling

intervals were Day 21: every 4th hour between 08:00

and 24:00 h; Day 0: continuously from 08:00 to

24:00 h; and Days 1–3: every hour from 08:00 to

16:00 h, then at 20:00 and 24:00 h. The exact injection

and sampling times were registered for each animal, and

the urine (n ¼ 325) and faecal samples (n ¼ 368) were

weighed to the nearest 10 mg and stored at 2218C until

analysis. The number of samplings per animal (urine:

20 (3.1); faeces: 23 (2.7)) did not differ between LS and

HS mink (urine: t-test ¼ 0.55, df ¼ 14, P ¼ 0.59;

faeces: t-test ¼ 0.36, df ¼ 14, P ¼ 0.73). The amount

of urine and faeces voided (mean (SD): 168 (57.3) g

urine and 127 (25.6) g faeces) did not differ between LS

and HS mink (urine: t-test ¼ 1.45, df ¼ 14, P ¼ 0.17;

faeces: t-test ¼ 0.55, df ¼ 14, P ¼ 0.59).

Analysis of samples

Plasma cortisol. Cortisol concentrations were

determined, after diethyl ether extraction of 0.25 ml
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of plasma samples, with a cortisol enzyme

immunoassay (EIA), as previously described (Palme

and Möstl 1997; Palme et al. 1999). The sensitivity of

this method was 0.12 ng/ml, with intra- and inter-assay

coefficients of variation of 8.9 and 11.1%, respectively.

Faecal cortisol metabolites. A total of 0.5 g of each well-

homogenised faecal sample was extracted with 5 ml

aqueous methanol (80%) and radioactivity or FCM

measured in an aliquot of the supernatant (Schatz and

Palme 2001). All samples were analysed in duplicate.

FCM were measured with an 11-oxoaetiocholanolone

EIA and an 11ß-hydroxyaetiocholanolone EIA. Details

of the two EIAs including cross-reactions of the

antibodies are given by Möstl et al. (2002) and Frigerio

et al. (2004), respectively. The sensitivity of these

methods was 5 and 6 ng/g, with intra- and inter-assay

coefficients of variations of 13.8 and 15.7, and 9.1 and

13.1%, respectively. We present only FCM values

measured by the 11ß-hydroxyaetiocholanolone EIA, as

both measures were highly correlated, but the values

and increases were higher with this EIA in Experiment

1. Consequently, only 11ß-hydroxyaetiocholanolone

EIA was used in Experiment 2.

High performance liquid chromatography separations. To

characterise faecal 3H-cortisol metabolites, peak

concentration samples (n ¼ 3 for both lines) were

selected and high performance liquid chromatography

(HPLC) immunograms were performed. Details of

the reverse-phase HPLC (RP-HPLC) separation are

given elsewhere (Teskey-Gerstl et al. 2000; Touma

et al. 2003). Radioactivity was measured in the

fractions and immunoreactivity was determined with

the 11-oxoaetiocholanolone EIA (Möstl et al. 2002)

and the 11ß-hydroxyaetiocholanolone EIA (Frigerio

et al. 2004).

Statistical analysis

We used the procedure ‘Mixed’ in the software SAS

(version 9.2, Statistical Analysis Systems Institute,

Cary, NC, USA) for calculation. A probability level

(P) of 0.05 was chosen as the limit of statistical

significance. Models were reduced by stepwise

removing insignificant terms (P . 0.10) starting with

the interactions. We used Satterthwaite’s approxi-

mation of the degrees of freedom (df) in the statistical

tests. The demand for dispersion and variance

homogeneity was evaluated from plots of the final

model residuals.

For the concentrations of cortisol and FCM in

Experiments 1–3, linear mixed models with repeated

measures were used, testing for the difference between

LS and HS mink in the intercept and the development

over time. The covariance structures resulted in the

best model fit were chosen based on Akaike’s

Information Criterion (AIC; Littell et al. 1996).

Three types of covariance structures were used:

autoregressive (ar(1) in SAS) in Experiment 1, for

FCM after handling in Experiment 2, and for the

urine samples in Experiment 3; autoregressive with

heterogeneous variance (arh(1) in SAS) for FCM after

the ACTH challenge in Experiment 2 and for the

faeces samples in Experiment 3; and compound

symmetry with heterogeneous variance (csh in SAS)

for the concentrations of plasma cortisol in Exper-

iment 2. The requirement of parametric statistics for

dispersion and variance homogeneity was in all cases

satisfactorily met after logarithmic transformation of

the concentrations.

In Experiment 2, the FCM concentrations relative

to handling/ACTH injection at time ¼ 0 were

analysed using five intervals: (I) 24 h before capture

(n ¼ 12); (II) 0–4 h after capture (n ¼ 7–9); (III) 4–

20 h after capture (n ¼ 8–10); (IV) 20–24 h after

capture (n ¼ 4–7); and (V) 48 h after capture (n ¼ 9–

11). In order to make the statistical analysis possible, it

was necessary to group samples collected between 4

and 20 h after capture into one interval (III). In case of

more than one sample from an individual per interval,

the mean value was used in the analysis.

In Experiment 3, the data for ‘recovery’, ‘faecal

excretion’ and ‘time lag until maximum radioactivity’

were analysed in a linear normal model, with

group (LS and HS), body weight (range 835–

1695 g) and the interaction between group and body

weight in the initial models. Additionally, total

amount of faeces and urine voided (range 194–

498 g), and its interaction with group were included in

the model for the recovery; the recovery (range 62–

97%), its interaction with group, and the weight of

faeces sampled (range 94–189 g) were included in the

model of total faecal excretion; the recovery, its

interaction with group, and the number of samples

(range 15–23 for faeces and 12–24 for urine) were

included in the model of time lag until maximum

radioactivity (analysed separately for faeces and

urine). Based upon the residuals, LS and HS mink

appeared to have a non-equal variance in the delay

time until maximum radioactivity in faeces was

reached. Therefore, the model considered variance

heterogeneity between LS and HS mink (using the

GROUP option in SAS; Littell et al. 1996).

Results

Experiment 1: FCM baseline and response

to an immobilisation challenge

Figure 1 illustrates the daily concentrations of FCM

(measured by an 11ß-hydroxyaetiocholanolone EIA)

before and after an immobilisation challenge. The

concentration of FCM was higher in HS than in LS

mink (F1,158 ¼ 43.9, P , 0.001), including at Day 1

(baseline; HS: 79 (10.5) vs. LS: 51 (11.5) ng/g;

Stress and stereotypy in mink 315

St
re

ss
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
St

at
sb

ib
lio

te
ke

t T
id

ss
kr

if
ta

fd
el

in
g 

on
 0

4/
13

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



P ¼ 0.002). In HS mink, the FCM concentration was

higher than baseline during Days 2 and 4 after the

immobilisation challenge ( post hoc testing of differ-

ence between days, P , 0.048, but NS at Days 3, 9

and 10; 0.05 , P , 0.10), whereas LS mink fluctu-

ated around baseline concentrations of FCM on Days

2–10 (NS different relative Day 1, P . 0.12). Thus,

the immobilisation challenge increased the difference

in FCM concentrations between HS and LS mink:

from being on average of 54% higher before to 75–

144% higher after the immobilisation in HS relative to

LS mink (Figure 1). Spearman rank-order corre-

lations between individual FCM concentrations on

each of the days in Experiment 1 and individual

frequencies of stereotypic behaviour revealed a

significant negative correlation coefficient in line HS

mink at Day 2 (rs ¼ 20.20, P ¼ 0.038; n ¼ 110). All

other coefficients were low and non-significant.

Carlstead and Brown (2005) suggested using variation

in faecal corticoid concentrations obtained over time

rather than just the mean as an indicator of chronic

stress (but did not apply repeated measure analysis in

their study). In order to investigate whether the SD or

CV differed between LS and HS mink, we pooled all

FCM data collected per individual over the sampling

days. To explore the potential influence on the amount

of stereotypic behaviour observed, this was included in

the model together with the line (LS and HS). This

simplified analysis confirmed the finding of higher

FCM mean values in HS than in LS mink (across all

sampling days: 106.3 (7.5) vs. 54.8 (7.4) ng/g,

F1,159 ¼ 23.9, P , 0.001), with no additional expla-

natory value of the amount of stereotypic behaviour on

mean values (F1,159 ¼ 0.7, P ¼ 0.41) nor on the SD

(F1,159 ¼ 2.4, P ¼ 0.12). The relative variation, CV

(SD/mean) did, however, increase with the amount of

stereotypic behaviour performed (F1,159 ¼ 10.5,

P ¼ 0.002). For the mink performing most stereotypic

behaviour (at the 75% quartile or above in our data)

CV averaged 85 (5.9%; n ¼ 43), whereas the CV

averaged 64 (4.29%; n ¼ 82) for mink not performing

stereotypic behaviour.

Experiment 2: Handling and ACTH challenge

At capture (time 0), there was no difference between

the plasma concentration of cortisol between the LS

and HS mink (F1,46 ¼ 0.0, P ¼ 0.91, n ¼ 48). Plasma

cortisol concentration increased significantly in

response to both handling alone and in combination

with ACTH injection (Figure 2a), without any

difference between the LS and HS mink (handling:

F1,21.9 ¼ 0.4, P ¼ 0.53; ACTH: F1,21.9 ¼ 0.1,

P ¼ 0.82). The ACTH injection resulted in approxi-

mately 45% higher peak values at 30 min (mean (SD):

27 (2.4) ng/ml) compared to the concentration in mink

exposed to the handling only (19 (1.7) ng/ml). At the

last sampling (t ¼ 120 min), LS and HS mink in both

treatments had plasma cortisol concentrations approxi-

mately six times higher than baseline (Figure 2a).

In the day before handling, the FCM did not differ

significantly (F1,46 ¼ 0.1, P ¼ 0.71) between LS (54

(9.1) ng/g; n ¼ 24) and HS mink (71 (27.9) ng/g;

n ¼ 24). The baseline values resembled the findings in

Experiment 1 for LS and HS mink. The temporal

development in FCM, sampled 24 h before and up to

48 h after capture and repeated blood sampling

(Figure 2b), did not differ between LS and HS mink

(group £ interval interaction, F4.50 ¼ 5.3, P ¼ 0.08).

HS mink reacted, however, significantly more than LS

mink to the handling (FCM 4–20 h after capture, HS

mink: 778 (364.7) ng/g vs. LS mink: 90 (19.3) ng/g;

P ¼ 0.001; Figure 2b).

Following ACTH injection, LS and HS mink did

not respond differently in FCM over time (group £

interval interaction NS, F4,20.7 ¼ 2.0, P ¼ 0.14;

Figure 2b), and the mean concentration of FCM did

not differ between LS and HS mink (F1,15.3 ¼ 0.1,

P ¼ 0.74). Time since ACTH injection affected the

FCM concentration (F4,13.8 ¼ 8.2, P , 0.001), with

the highest concentration of FCM in samples collected

between 4 and 20 h after injection compared to the

other intervals (pair-wise post hoc testing, P , 0.004).

Experiment 3: Excretion of infused 3H-cortisol

There was no significant difference between LS and

HS mink in the total recovery (range 62–98% of the

amount injected), the proportion of recovered

radioactivity excreted in faeces (range 77–89%), the

time lag until maximum concentration of radioactivity

was reached in faeces (range 3.1–6.8 h) and in urine

(range 1.8–4.7 h; Table I). The variation in time lag

1 2
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100

80

F
C

M
 (

ng
/g

)

60

40

20

0
3 4

Days

9 10

Figure 1. FCMs (ng/g) in low stereotypic (LS, n ¼ 71–80 per day)

and high stereotypic (HS, n ¼ 69–76 per day) mink females

sampled once daily at 14:00–18:00 h, given as mean ^ SEM. All

mink were exposed to an immobilisation challenge for 15 min at Day

2 between 09:00 and 10:00 h (indicated by the arrow). The

concentration of FCM was higher in HS than in LS mink (F-test,

P , 0.001), also at Day 1 (pairwise post test, P ¼ 0.002). Significant

differences from within-group baseline (Day 1) are marked with an

asterisk.

J. Malmkvist et al.316

St
re

ss
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
St

at
sb

ib
lio

te
ke

t T
id

ss
kr

if
ta

fd
el

in
g 

on
 0

4/
13

/1
1

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Table I. Total recovery of injected radioactivity, amount (%) excreted via the faeces, the time lag until peak concentrations of radioactivity in

faeces and urine after intravenous injection of 3H-cortisol in low (LS; n ¼ 8) and high (HS; n ¼ 8) stereotyping female mink.

LS mink HS mink F statistics P-Value

Recovery (%)* 82 (10.1) 86 (11.7) F1,14 ¼ 0.47 0.50

Overall mean (SD), 84 (10.7)

Faecal excretion (%)† 83 (3.5) 83 (3.7) F1,14 ¼ 0.01 0.93

Overall mean (SD), 83 (3.5)

Maximum (h)‡

Faeces 4.0 (1.26) 4.3 (0.65) F1,14 ¼ 0.03 0.87

Overall mean (SD), 4.2 (0.98)

Urine 3.4 (0.64) 3.4 (0.82) F1,14 ¼ 0.20 0.66

Overall mean (SD), 3.4 (0.71)

* Percentage of injected radioactivity which was recovered in urine and faeces; † faecal portion (%) of recovered radioactivity (faecal and

urinary excretion ¼ 100%); ‡ time delay until maximum concentration of radioactivity was reached after injection.
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Figure 2. Response after handling without and with ACTH injection at time ¼ 0 given as mean ^ SEM concentration of (a) plasma cortisol

and (b) FCM in low (LS, n ¼ 12) and high (HS, n ¼ 12) stereotypic mink females. Plasma cortisol increased above baseline, with no

difference between LS and HS mink (F-test, P . 0.53). In FCM, HS mink reacted more than LS mink during 4–20 h (F-test, P ¼ 0.001)

after handling, but not after ACTH challenge (F-test, P ¼ 0.74). Concentrations significantly greater than baseline are marked with asterisks.
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until maximum concentration of radioactivity in

faeces was not significantly different between LS and

HS mink (P ¼ 0.066).

There was no difference between LS and HS mink

in their temporal profiles of cortisol excretion into

faeces (P . 0.3) or urine (P . 0.5; Figure 3). No

significant group effect was present on the intercept

(faeces: P ¼ 0.36, urine: P ¼ 0.85) or in any of the

regression coefficients (P . 0.30) tested. The final

significant models of radioactivity excreted following a
3H-cortisol injection included a common intercept

over both groups, and the time regression coefficients

averaged over groups.

High performance liquid chromatography. After the RP-

HPLC separations, there were several prominent

radioactive peaks in the faecal extracts of females of

both lines. All of them eluted before fraction 40

(Figure 4), resembling conjugated steroids. Inter-

individual differences in the proportion of the

different cortisol metabolites occurred. There was

nearly no native cortisol present. Both EIAs reacted

not only with some of the main metabolites (Figure 4),

but also with a number of less polar 3H-cortisol

metabolites, which were present in smaller amounts.

Discussion

Excretion of cortisol in mink

Faeces are the predominating excretory route of

cortisol in female American mink, accounting for 83%

of the recovered radioactivity after a 3H-cortisol

injection. This proportion of GC excretion via the

faeces is higher than in most other species (Palme et al.

2005), but comparable to the findings in rats (Rattus

norvegicus f. dom; 75%; Lepschy et al. 2007) and cats
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Figure 3. Time course of excretion of 3H-cortisol metabolites in (a) faeces (kBq/g) and (b) urine (kBg/ml) of low stereotypic (LS, n ¼ 8)

and high stereotypic (HS, n ¼ 8) female mink after injection at 0 h. Data are given as hourly median with 25 and 75% quartiles for the first 16 h

and per every 4th hour for the rest of the period. There was no difference between LS and HS mink for time profiles for cortisol excretion into

faeces (F-test, P . 0.30) or urine (F-test, P . 0.50). Note the different scaling of the y-axis for faeces and urine concentration.
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(Felis silvestris f. cattus; 82–86%; Graham and Brown

1996; Schatz and Palme 2001). The carnivorous mink

have a short intestinal length and a rapid transit time

(between 2 and 4 h) for food (Hansen 1978; Bleavins

and Aulerich 1981). The time lag from injection to

peak concentration (faeces: 4 h) is shorter in mink

than so far reported in any other species having faeces

as an important GC excretion route (e.g. 7 h in

Columbian ground squirrel, Spermophilus columbianus,

Bosson et al. 2009; 11 h in North American red

squirrel, Tamiasciurus hudsonicus, Dantzer et al. 2010;

15 h in laboratory rat, Lepschy et al. 2007; 22 h

in domestic cat; Graham and Brown 1996; Schatz and

Palme 2001).

In mice, time of day influenced the time lag to peak

concentrations in faeces; following corticosterone

injection early in the light phase, the time lag was

8–10 h and was reduced to 4–6 h following injection

early in the daily dark phase. This difference in time

lag was presumed to be a consequence of reduced

gut-passage time induced by increased animal activity

in the dark phase (Touma et al. 2003). In addition,

baseline plasma GC concentrations peak shortly

before the onset of activity, suggested as an adaptation

Figure 4. RP-HPLC radioimmunogram of peak radioactive faecal extracts from female mink. Samples shown are representative of a high

stereotypic female (upper panel) and a low stereotypic female (lower panel) mink injected with 3H-cortisol. Radioactivity (solid line) and

immunoreactivity with an 11-oxoaetiocholanolone EIA (- -) and an 11ß-hydroxoaetiocholanolone EIA (· · ·) were determined in the different

fractions. Elution times of respective standards are marked with open triangles (E2-diSO4, oestradiol disulphate; E1G, oestrone glucuronide;

E1S, oestrone sulfphate, cortisol and corticosterone).
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to support increased locomotor activity (Malisch et al.

2008). We did not test the daily pattern of excretion in

our study. HS and LS mink were injected during the

morning hours, which is soon after a period of

naturally high activity (around dawn and dusk in

mink; Malmkvist 1997). We found no evidence for

reduced gut-passage time or time lag in the highly

active HS mink. The different levels of activity

between the groups did not affect the temporal

pattern of urine and faeces voided, or the already short

time lag to peak concentration.

We used only females in the present study. Among

other species with faeces as the predominant excretion

route for CG, sex differences in faecal excretion were

reported in mice (higher in males than in females,

oestrus status not stated; Touma et al. 2003), but not

documented in the cat (2m/2f in Schatz and Palme

2001) and the red squirrel outside the reproductive

periods (4m/4f in Dantzer et al. 2010). Lepschy et al.

(2007) suggested that female rats may be more

variable in their FCM excretion owing to the presence

of different gonadal steroids that rapidly change over

the oestrus cycle. In mink, the female oestrous cycle is

controlled by the photoperiod (Hansson 1947; Enders

1952), with one yearly delivery of offspring taking

place late April in the Northern hemisphere. Female

FCM levels are elevated around the time of delivery

(Malmkvist and Palme 2008). For the experimental

mink, the lactation period ended definitively 8 weeks

after delivery, when they were removed from their

litter (around 1 July). Thus, our experiments were all

performed well outside the fixed yearly reproductive

cycle, at least 3 months after the weaning of kits and

before the next period of oestrus. Therefore,

reproductive hormone changes are not likely to

influence the behaviour and adrenocortical activity

in our study.

EIA for measuring FCM

FCM measured with an 11ß-hydroxyaetiocholano-

lone EIA reflected changes in relation to handling

stress and ACTH challenge in female mink. The

cortisol metabolite concentration exceeded pre-treat-

ment levels approximately eightfold within 4–8 h after

the ACTH injection. Thus our study validates a

group specific EIA to measure adrenocortical activity

in American mink. In addition, we used a radio-

metabolism experiment and RP-HPLC to characterise

the FCM. Polar metabolites prevailed in mink faeces.

As metabolites are excreted via the bile as conjugates,

the short gut-passage time may prevent their further

metabolism by bacteria. As was found in other species

investigated, cortisol was heavily metabolised with

nearly no native cortisol present in faeces (Palme et al.

2005). The 11ß-hydroxyaetiocholanolone EIA (and

also the 11-oxoaetiocholanolone EIA) reacted not

only with some of the main metabolites (lower degree),

but also with some minor, less polar metabolites

(higher cross-reactivity). Further studies to investigate

sex differences and seasonal variation could be

interesting. For example, periods of feed restriction

increased baseline urinary cortisol level and activity

(Bildsøe et al. 1991), and body weight loss during the

winter period was correlated with increased plasma

cortisol and stereotypies or running wheel activity in

mink (Hansen and Damgaard 2009).

Stereotypic behaviour and adrenocortical activity

Svendsen et al. (2007) worked with earlier generations

of the breeding lines used in the present experiments

and showed that mink from the HS line had higher

baseline levels of FCM than mink from the LS line.

This is confirmed by the present Experiment 1, which

also showed that the increase in FCM after

immobilisation was greater and more persistent in

HS mink. The prolonged reaction to a single acute

stressor in HS mink is surprising. This result may not

be exclusively attributed to the immobilisation

procedure. During the daily sampling of faeces,

collected from grids above the manure cutter below

cages, we also introduce a deviation from the daily

routines at the farm. Therefore, we cannot exclude

that this low intensity disturbance may contribute to

the longer than expected FCM elevation after the

single immobilisation challenge. The LS mink,

however, showed no reaction to the procedures,

indicating that the HS mink indeed are more sensitive

to the effects of immobilisation stress combined with

the disturbance by the daily sampling routine.

Stereotypic behaviour may induce additional effects;

illustrated for example by the body weight of HS mink

averaging 80% of that of LS mink (Experiment 2),

even though both groups were kept in the same types

of cages, under the same management with a close to

ad libitum feeding regime.

At the day of immobilisation in Experiment 1, we

found a negative correlation between the performance

of stereotypic behaviour and the concentration of

FCM, when considering all mink in the HS line. This

supports the hypothesis that stereotypic behaviour

can reduce the adrenocortical reaction to stress

(Mason and Latham 2004). Our study was, however,

not designed to examine this particular hypothesis.

In addition, we found no significant general corre-

lations on other sampling days. The amount of

stereotypic behaviour increased the relative variation

in FCM (% CV), pooling all days in Experiment 1, not

just attributable to their higher mean values. Thus, the

HS mink were less consistent than the LS mink

regarding their FCM output in our study.

Experiment 2 confirmed that HS mink have higher

FCM levels than LS mink after the stressful

experience of 2 h confinement in a trap combined

with four blood samplings. This stressor, however, was
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less reflected in FCM of the LS mink than in the HS

mink. By contrast, LS and HS mink showed an

identical increase in FCM level in the challenge

condition with an ACTH injection, indicating that

adrenocortical functioning is similar. Therefore, we

suggest that the reason for different FCM levels

between the two lines is a lower perception or

appraisal of stress in the LS than in the HS mink.

Similarly, fearful mink that react with fear across a

range of situations (Malmkvist and Hansen 2002)

secreted more cortisol during handling and blood

sampling stress than did confident mink (Malmkvist

et al. 2003), whereas the two groups had an equal

capacity for cortisol secretion in response to an ACTH

challenge (Hansen 1997). The link between stereo-

typic behaviour and fearfulness remains to be studied

in detail. One study reported, however, that stereo-

typing mink females were less fearful (reacted with

more sniffing and less flight) than non-stereotyping

females during a standardised human test (Hansen

and Jeppesen 2006). Thus, the increased FCM

response in HS mink cannot simply be explained by

a higher level of fear towards humans. Other

mechanisms could be involved, such as stereotypic

mink characterised by, e.g. a longer duration of

responding, increased activity or intensified stereo-

typic behaviour in response to stress.

In contrast to the FCM results, we found no

difference in plasma cortisol concentration between

lines in response to handling alone and in combination

with the ACTH challenge. The discrepancy between

plasma cortisol and FCM results cannot be explained

by differences in the process of excretion of cortisol,

as excretion of radio-labelled cortisol was identical

in the two lines (Experiment 3). Instead, the results

may reflect the different sampling methods used. The

immediate, circulating concentrations of cortisol are

determined in blood samples, whereas FCM rep-

resents a delayed, time-integrated measure of adre-

nocortical activity. We noted that, at the end of the

blood sampling period, LS and HS mink in both

treatments had approximately six times higher than

baseline concentration of plasma cortisol. Therefore,

the FCM (sampled for a longer time interval, elevated

4–20 h after capture) data could indicate that

stereotypic mink take longer to return to normal

circulating cortisol levels after the period of stress. We

have no additional measures of plasma cortisol during

the days after the stressor in the experiment, which

would be useful to test this hypothesis; the results in

Experiment 1 (FCM data only) support that a

prolonged response may prevail in HS mink several

days after a handling stressor. It should also be noted

that the stressors used in Experiments 1 and 2 were

not identical.

Stereotypic behaviour was concurrent with higher

baseline concentrations of FCM, which cannot be

explained by a higher adrenal sensitivity for cortisol

secretion or a different excretion of the circulating

cortisol. Instead, the HS mink reacted with more

adrenocortical activity towards stressors. Similar links

between stress, adrenocortical activity and the

occurrence of stereotypic behaviour were suggested

in studies of other caged mammals. For example, high

amounts of stereotypic behaviour were correlated with

elevated FCM concentrations in transgenic Alzhei-

mer’s mice (Ambrée et al. 2006). The propensity to

perform stereotypic behaviour may also be increased

in individuals sensitive to stress leading to heightened

adrenocortical activity; later stereotypic behaviour was

associated with elevated plasma corticosterone level

after weaning in laboratory mice (Würbel and

Stauffacher 1997). Likewise, the corticosterone

increase induced by enrichment removal predicted

stereotypic behaviour in male (but not in female) mice

(Latham and Mason 2010). In most cases, the

mechanisms behind the correlation between stereo-

typic behaviour and adrenocortical activity are not

well documented. Based on the present work,

however, we conclude that low stereotyping female

mink have low adrenocortical activity due to a lower

sensitivity to stressors at the pituitary or higher levels

in the brain.
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