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ABSTRACT

The existence of a relationship between cortisol
levels, after an acute stress, and behavioral activities,
immunological profile, and production performance in
sheep was studied. An initial flock of 30 Comisana ewes
was involved in the experiment, and each of the 30
ewes was individually subjected to an isolation test in a
novel environment. Subsequently, from the initial flock,
2 groups of 8 Comisana ewes were each retrospectively
selected, and the animals were divided, according to
their cortisol concentration 10 min after the isolation
test, into high cortisol (HC) ewes, having a peak of
cortisol concentration >90 ng/mL (average: 119.3 ng/
mL + 11.8), and low cortisol (LC) ewes having a peak
of cortisol concentration <80 ng/mL (average: 52.4 +
11.8). During the isolation test, the behavior of each
animal was video-recorded and behavioral activities
were registered. Blood samples were collected before
the isolation test, immediately after the test (10 min),
and at 60, 120, 300 min, 24 h, and 48 h after the test
to evaluate percentages of T-helper (CD4") and T-
cytotoxic (CD8") cells, CD4"/CD8" ratio, and IL-13
and IL-6 levels. The ewes were milked for 3 d after the
isolation test to determine cortisol levels and IL-13 and
IL-6 concentrations in whey. Milk yield was recorded
at each milking, and milk samples were analyzed for
pH, nutritional parameters, renneting properties, and
somatic cell count. During the isolation test, HC ewes
exhibited a shorter duration of movement and fewer
bleats than LLC ewes. The average plasma IL-1(3 concen-
tration was higher in HC than in LC ewes. The aver-
age whey IL-18 and IL-6 concentrations were higher
in whey from HC ewes than in LC ewes. A positive
correlation emerged between plasma and whey IL-13
concentrations. The average CD4"/CDS8" ratio in blood
was lower in HC than in LC ewes. Time from isolation
affected the CD4"/CD8" ratio: at 120 min, the CD4"/
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CD8" ratio increased compared with that at 10 min
after isolation and then decreased until 300 min after
isolation. On average, ewes with low cortisol concentra-
tions showed higher milk production and lower SCC
than ewes with high cortisol concentrations. Results
suggest that plasma cortisol concentration is connected
to the behavioral response and immune competence
of dairy ewes and cytokine concentrations. Both whey
IL-13 and IL-6 can be considered reliable indicators
of the magnitude of hypothalamic-pituitary-adrenal
axis activation. The stress-induced changes in CD4"/
CDS8" ratio are critical for controlling disease incidence
and planning appropriate vaccination programs. High
reactivity of the hypothalamic-pituitary-adrenal axis is
also associated with a reduction in milk production and
an increased predisposition to develop intramammary
inflammatory processes.
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INTRODUCTION

Domestic animals react to stress by an alteration of
behavioral and physiological responses, which are the
results of individual emotional reactivity (Deiss et al.,
2009). The first response to stress is the behavioral one,
which can be considered the cheapest response in terms
of the biological cost for the animal (Moberg, 2000).
The physiological response to stress includes activa-
tion of the central nervous system and the endocrine
and immune systems, and it can affect the animal’s
production performance. In sheep, different studies
demonstrated the worsening of production performance
in response to stressful management procedures (Sevi
et al., 2001a,b; Caroprese et al., 2009). The central
nervous and immune systems are connected through
the activation of the autonomic nervous system and
the hypothalamic-pituitary-adrenal (HPA) axis by the
secretion of numerous molecules such as neuropeptides
and neurohormones, which are responsible for changes
in cellular and humoral immune responses (Borghetti
et al., 2009). In animals and humans, an increase of
proinflammatory cytokines, which can give a very early
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prediction of ongoing stress, has been observed after
acute psychological stress (Black, 2002). Stress-induced
hypercortisolemia can affect the number of circulating
lymphocytes (Griffin, 1989; Dhabhar et al., 1996, 2009).
Fluctuations in the number and percentage of periph-
eral blood lymphocytes and T-lymphocyte subsets have
an effect on animal immunocompetence. The T-helper
(CD4") cells can activate both humoral and cell-
mediated immunity (Day, 2000), whereas T-cytotoxic
(CD8™") cells are involved in the immune surveillance
of peripheral tissues and in the elimination of patho-
gens (Park et al., 1992; Mehrzad et al., 2008). Shifts in
T-cell subsets can affect the activity of other immune
cells and their secretions, thus affecting susceptibility
to clinical or subclinical diseases (Mehrzad et al., 2008).
Consequently, an animal’s response to stress, in terms
of cytokine secretion and lymphocyte distribution, may
affect its predisposition to disease or stress-related pa-
thologies.

In human and animal studies, the existence of indi-
viduals within a population of conspecifics with dif-
ferent stress-reaction patterns has been demonstrated
(Koolhaas et al., 1999; Kunz-Ebrecht et al., 2003).
Cows with a strong adrenocortical response to isolation
showed a larger reduction in the number of peripheral
blood lymphocyte than cows with a weak adrenocortical
response during endotoxin-induced mastitis (Hopster et
al., 1998). As a result, individual differences in stress
reactivity may play a role in the animal’s ability to
face aversive situations and to cope with immunological
challenges.

Assessment of animal well-being requires procedures
that can be stressful for animals. Several studies have
been conducted to determine welfare indicators in bio-
logical fluids other than blood, such as milk cortisol
(Verkerk et al., 1998), salivary cortisol (Fell et al., 1985;
Negrao et al., 2004), milk-antigen-specific IgG concen-
trations (Caroprese et al.2006a,b), and milk amyloid A
(Winter et al., 2006). To our knowledge, no studies have
monitored immunological and endocrine parameters in
milk under routine milking.

The aim of this study was to investigate the rela-
tionship between differing degrees of adrenocortical re-
sponse to stressful procedures and behavioral responses,
immune functions, and the production performance of
dairy ewes.

MATERIALS AND METHODS
Experimental Design

The experiment was performed at Segezia Experi-
mental Station of the Italian Consiglio per la Ricerca e
la Sperimentazione in Agricoltura at the end of Janu-
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ary, and initially involved 30 lactating Comisana ewes.
The ewes, aged from 4 to 6 yr and at 90 + 1.10 DIM,
were housed on straw litter in three 8 m x 3m pens.
Each pen was provided with 2 mangers and a crib. The
ewes were offered 1 kg of a pelleted concentrate and 1.8
kg of vetch/oat hay daily, provided in 2 meals a day
(0730 and 1500 h). Water was available ad libitum. The
ewes were healthy and their health was carefully moni-
tored by veterinarians to exclude the presence of signs
of clinical mastitis (pain, gland swelling, and fever). A
small quantity of milk was checked visually for signs of
mastitis (flakes, clots, or blood). No cases of mastitis
were detected during the study period.

At the beginning of the experiment (d 0), the ewes
were subjected to an isolation test for 10 min, per-
formed soon after the morning milking, starting at 1000
h. During the isolation test, each ewe was exposed to a
novel environment (4 m x 4 m pen) and isolated from
tactile and visual contact with conspecifics for 10 min,
although the isolated ewe was subjected to auditory and
olfactory stimuli from the other animals. The behavior
of each animal was video-recorded (DVD-DCR 403E,
Sony, Tokyo, Japan), and behavioral activities were
registered for the 10-min period. In each observation
period, the latency time of movement, the duration of
movement, and the duration of the exploratory activi-
ties were observed for the 10-min period and measured
in seconds. In addition, the number of bleats and at-
tempts to climb over the pen fence and the number of
defecations and urinations were recorded for the 10-min
period.

Blood Collection and Cortisol Analyses

Blood samples (10 mL) were collected in heparin-
ized vacuum tubes from the jugular vein immediately
before the isolation test, soon after the test (10 min),
at 60, 120, and 300 min, and then 24 h and 48 h after
the test to determine plasma cortisol concentrations.
Hormone concentration was determined by a competi-
tive enzyme immunoassay kit for cortisol determination
(Radim, Pomezia, Italy). Validation for ovine plasma
was performed as described by Fisher et al. (1997). The
sensitivity of the assay was 5 ng/mL; the inter- and
intraassay coefficients of variation were 6.2 and 6.9%,
respectively.

Classification of Animals According
to Thresholds Set for Plasma Cortisol

The animals were retrospectively grouped according
to their plasma cortisol concentrations. In particular,
16 subjects were selected from the flock of 30 Comisana
ewes, divided into 2 groups of 8 ewes each character-
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Figure 1. Plasma cortisol concentrations (LSM £+ SEM) measured
at 10, 60, 120, and 300 min and then 24 h and 48 h after the isolation
test in ewes with high (HC) and low (LC) cortisol concentrations.
Differences between the groups at each time point are represented by
an asterisk (*P < 0.05).

ized by a low or high concentration of cortisol. Animals
with a cortisol concentration >90 ng/mL (measured
10 min after isolation) were identified as high cortisol
concentration ewes (HC group; average of peak cortisol
concentration: 119.3 ng/mL + 11.8), whereas animals
having a cortisol concentration <80 ng/mL were iden-
tified as low cortisol concentration ewes (LC group;
average of peak cortisol concentration: 52.4 ng/mL =+
11.8; Figure 1). The baseline levels of cortisol concen-
tration measured before exposure to isolation were not
different between the groups. Animals with a peak of
cortisol concentration ranging from 80 to 90 ng/mL
were excluded from the experiment.

Differential Count of Leukocyte Populations

For each blood sample collected before the isolation
test, the percentage of lymphocyte T-helper (CD4")
cells, lymphocyte T-cytotoxic (CD8) cells, and total
lymphocytes were determined immediately after the
test (10 min), and at 60, 120, 300 min, 24 h, and 48 h
after the test, by using a flow cytometer (Coulter Epics
XL-MCL, Beckman Coulter, Fullerton, CA) according
to Lloyd et al. (1995) with some modifications. Flow
cytometry analysis allows the identification of cells
by labeling with appropriate antibodies conjugated to
fluorochromes. Blood samples (100 pL) were incubated
for 30 min with 0.02 mg/mL of mouse anti-ovine CD4
monoclonal antibody conjugated to fluorescein isothio-
cyanate (MCA2213F, Serotec, Oxford, UK), diluted
in PBS (pH 7.4) and sodium azide (NaNj, 0.02%) for
detecting CD4" cells, and with 0.02 mg/mL of mouse
anti-ovine CD8 monoclonal antibody conjugated to
phycoerythrin (MCA2216PE, Serotec), diluted in PBS
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and NaNj (0.02%) for detecting CD8" cells. Subse-
quently, red blood cells were lysed using Q-Prep Ep-
ics Immunology Workstation (Beckman Coulter). The
samples were acquired by flow cytometry (Cell Lab
Quanta SC, Beckman Coulter). Linear amplification of
the forward scatter and side scatter light signals were
set with logarithmic amplification of the fluorescence
signals. The 488 nm excitation wavelength was used.
For each sample, 10,000 total events were collected.
Lymphocytes were selected for analysis by gating on
the forward scatter and side scatter dot plot. Fluores-
cence of fluorescein isothiocyanate and phycoerythrin
was measured through 530/30 and 585/42 band pass
filters, respectively; fluorescein isothiocyanate (FL1)
versus phycoerythrin fluorescence (FL2) was then used
to determine the ratio of CD4"/CD8".

Milk Collection and Laboratory Analyses

The day before the isolation test, the ewes were
milked in the afternoon at 1500 h (—19 h from isola-
tion). Then, on the day of the isolation test, the ewes
were milked 2 h before the isolation test, and then at 5,
22, 29, 46, and 53 h from isolation. Ewes were milked
twice daily (0800 and 1500 h) using pipeline milking
machines (Alfa Laval Agri, Tumba, Sweden). At each
milking, individual milk production was measured by
means of graduated measuring cylinders attached to
individual milking units, and milk samples were col-
lected and transported to the laboratory by means of
transport tankers at 4°C. The following analyses were
carried out: fat, total protein, and lactose contents us-
ing an infrared spectrophotometer (MilkoScan 133B,
Foss Electric, Hillergd, Denmark) according to the IDF
(1990) standard. Somatic cell count was evaluated us-
ing a Foss Electric Fossomatic 90 cell counter (IDF,
1995). Renneting characteristics (clotting time, rate of
clot formation, and clot firmness after 30 min) were
measured using a Foss Electric Formagraph. At each
sampling time, a milk aliquot from each ewe was cen-
trifuged at 2,000 x g for 30 min at 4°C to separate
whey from fat and somatic cells. Whey cortisol levels
were determined using the same procedure as used on
plasma samples.

Determination of Blood and Whey Interleukins

For each blood and milk sample collected, concen-
trations of IL-6 and IL-13 were measured. The detec-
tion of IL-6 and IL-18 in plasma and in whey was
determined by capture ELISA performed on 96-well
microtiter plates according to Caroprese et al. (2006a).
Mouse monoclonal antibodies specific for ovine IL-6
and for ovine IL-13 (Serotec Ltd.; 100 puL, 5 pg/mL)

Journal of Dairy Science Vol. 93 No. 6, 2010



2398

CAROPRESE ETAL.

Table 1. Least squares means and SEM of behavioral traits measured during isolation test of ewes with high

(HC) and low (LC) cortisol concentrations

P-value
Ttem LC HC SEM (cortisol level)
Latency time to movement, s 4.06 4.68 0.44 NS
Duration of movement, s 101.69 77.06 3.84 HoHK
Duration of time spent in investigation, s 38.18 28.5 5.88 NS
Bleats, n 55.37 40.50 3.72 K
Climbing attempts, n 5.75 0.25 2.7 NS
Defecations, n 0.25 0.12 0.197 NS
Urinations, n 0.62 0.37 0.226 NS

NS: P > 0.05; **P < 0.01; ***P < 0.001.

dissolved in 50 mM carbonate buffer (pH 9.6) were used
to coat wells; plates were incubated overnight at 4°C.
After washing with PBS (pH 7.2) and 0.05% Tween
20 (PBST), the plates were incubated with 200 pL
of 10% reconstituted commercial bovine skim milk at
37°C for 1 h to block nonspecific binding. Plates were
then washed 4 times with PBST, plasma or whey (50 ul
per well) was added, and the plates incubated at 37°C
for 1 h. Negative control wells contained only PBST.
Following overnight incubation, the plates were washed
4 times with PBST. Rabbit polyclonal antibody anti-
ovine IL-6 and anti-ovine IL-13 (Serotec Ltd.) were
used as detecting antibodies (0.005 mg/mL diluted in
3% BSA in PBST) to determine captured IL-6 and IL-
13; plates were incubated at 37°C for 1 h. The presence
of binding for IL-6 and IL-13 was detected using sheep
anti-rabbit IgG conjugated to horseradish peroxidase
(Sigma Aldrich, Milan, Ttaly). Optical density was mea-
sured at 450 nm. Plasma and whey samples were read
against a standard curve obtained using scalar dilutions
of recombinant ovine 1L-13 and IL-6 from Garry Bar-
cham of the Centre for Animal Biotechnology (School
of Veterinary Sciences, The University of Melbourne,
Australia). Data for concentrations of IL-13 and I1.-6
were expressed as nanograms of per milliliter. The in-
ter- and intraassay coefficients of variation were 6.09
and 3.29% and 6.12 and 9.13% for IL-18 and IL-6 in
plasma, respectively. The inter- and intraassay coeffi-
cients of variation were 3.65 and 7.15% and 9.37 and
5.98% for IL-13 and IL-6 in whey, respectively.

Statistical Analysis

All variables were tested for normality using the
Shapiro-Wilk test (Shapiro and Wilk, 1965) and, when
necessary, transformed into logarithm form to normalize
their frequency distribution. Then, data were processed
by ANOVA, using the GLM procedure for repeated
measures (SAS Institute, 1999).

The model utilized was

Vija = B+ o + By + Yo + ()i + Eijas
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where y;;q = dependent variable, p = the overall mean;
o = cortisol threshold; 3 = animal effect within cortisol
concentration; 4y = time from isolation; ay = interac-
tion of cortisol threshold x time from isolation, and
e = error. For blood CD4"/CD8" ratio, the values
measured at the beginning of the experiment were used
as covariates. When significant effects were found (P
< 0.05), Student’s t-test was used to locate significant
differences between means. Linear simple correlations
between whey and blood variables were investigated
using PROC CORR (SAS Institute, 1999).

RESULTS

Behavioral Parameters

During the isolation test, the ewes displaying low
cortisol concentration after isolation exhibited a longer
duration of movement and a higher number of bleats
than the ewes with high cortisol concentration (P <
0.001 and P < 0.01, respectively; Table 1). No differ-
ences were found in the latency time to movement, the
time spent in investigation, the number of attempts to
climb out of the pen, or the number of urinations and
defecations.

Blood and Whey Immunological Determinations

Results obtained from plasma cytokine assays showed
that LC ewes had lower mean IL-1(3 concentration than
HC ewes (P < 0.01; Table 2). The plasma IL-6 concen-
tration was 16% higher in HC ewes than in LC ewes,
even though no significant differences emerged between
the groups.

The average concentrations of IL-13 and IL-6 were
significantly lower in the whey of the ewes in the LC
group than in that of ewes in the HC group (P < 0.01
and P < 0.05, respectively). Positive correlations (r =
0.277; P < 0.05) emerged between plasma and whey IL-
13 concentrations. No significant correlation was found
between plasma and whey 1L-6.
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Table 2. Least squares means and SEM of plasma and whey IL-1f and plasma and whey IL-6 concentrations
measured in ewes with high (HC) and low (LC) cortisol secretion after isolation

P-value
Item LC HC SEM Cortisol level (C) Time (T) CxT
Plasma IL-6, log;, ng/mL 0.20 0.24 0.02 NS NS NS
Plasma IL1B, ng/mL 10.17 13.81 1.14 *x NS NS
Whey IL-6, log;, ng/mL 0.11 0.18 0.02 * NS NS
Whey IL-13, ng/mL 2.79 5.07 0.68 o NS NS

NS: P > 0.05; *P < 0.05; **P < 0.01.

After isolation, no significant differences between LC
and HC ewes for CD4" cells, CD8cells, or lymphocyte
percentages of blood were found (Table 3). The average
CD4"/CDS8™ ratio in blood was higher in LC ewes than
in HC ewes (2.13 vs. 1.87 £ 0.07; P < 0.01). Time from
isolation affected the CD4"/CDS8" ratio: at 120 min the
CD4"/CD8" ratio increased in both groups compared
with that at 10 min after isolation (2.33 & 0.13 vs. 1.86
+ 0.13) and then decreased from 120 to 300 min after
isolation (P < 0.05; Figure 2).

Milk Chemical Analysis and Whey
Cortisol Concentration

On average, ewes with a low cortisol concentration
showed higher milk production than ewes with a high
cortisol concentration (P < 0.05; Table 4). An inter-
action of time from sampling x level of cortisol con-
centration was observed for milk yield, with LC ewes
displaying higher milk yield than HC ewes (P < 0.05)
at 46 h from isolation (309.37 + 38.89 vs. 443.75 =+
38.89 g/milking; Figure 3). The mean SCC was higher
in milk from HC than from LC ewes (P < 0.05). No
significant differences between groups emerged for milk
constituents, pH, or renneting parameters. Time from
isolation affected milk production, percentages of fat,
protein, and lactose, SCC (P < 0.001), clot firmness,
and rate of clot formation (P < 0.05). Differences were
ascribed to different volumes of milk from evening and
morning milkings of ewes.

No differences for whey cortisol concentration were
found between ewes with low and high cortisol concen-
tration (Table 4).

DISCUSSION

Physiological responses of animals to stress are often
correlated with their behavioral responses (Rushen,
2000). The set of physiological and behavioral responses
to stress defines a passive response to aversive condi-
tions, characterized by high HPA axis reactivity and
low sympathetic reactivity (e.g., low heart rate and
cathecolamine secretion). On the contrary, an active re-
sponse is characterized by low HPA axis reactivity and
high sympathetic reactivity (Koolhaas et al., 1999). The
short duration of movement and low number of bleats
recorded in dairy ewes characterized by a high cortisol
concentration after the isolation test indicate a passive
coping style, which highlights a relationship between
high HPA axis reactivity and withdrawal behavior.
The behavioral parameters registered in the LC ewes
can typically be considered an active behavioral pat-
tern, confirming the aforementioned hypothesis. Some
researchers (Napolitano et al., 2003; Sevi et al., 2003)
found that stressful management practices resulted in
a withdrawal behavior in sheep isolated in a novel en-
vironment.

Both physiological and psychological stressors can
determine the secretion of proinflammatory cytokines
1L-18, IL-6, and tumor necrosis factor-a; in turn, cy-

Table 3. Least squares means and SEM of lymphocytes, T-helper (CD4+) and T-cytotoxic (CD8+) cells, and
of CD4"/CD8" ratio from blood of ewes with high (HC) and low (LC) cortisol concentrations after isolation

P-value
Item LC HC SEM Cortisol level (C) Time (T) CxT
Lymphocytes, % 52.22 52.95 2.56 NS NS NS
CD4™" cells, % 31.48 30.76 1.60 NS NS NS
CD8™ cells, % 17.17 17.44 1.94 NS NS NS
CD4"/CDS8" ratio 2.13 1.87 0.07 Hx * NS

NS: P> 0.05; *P < 0.05; **P < 0.01.
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Figure 2. Blood CD4"/CD8" ratio (LSM + SEM) measured in
ewes at 10, 60, 120, and 300 min and then 24 h and 48 h after the isola-
tion test in ewes with high (HC) and low (LC) cortisol concentrations.
CD4"= T-helper cells; CD8" = T-cytotoxic cells.

tokine production and actions are controlled by cortisol
(Black, 2002; Caroprese et al., 2006a). Results from this
study demonstrate that differences in cortisol respon-
siveness are associated with different patterns of plasma
IL-13. In this experiment, HC ewes exhibited higher
levels of plasma IL-18 than did LC ewes, supporting
the hypothesis that sheep with a hyperactive HPA
axis have a high immunological reactivity that could
increase inflammatory responses. Interleukin-13 is a
very powerful inflammatory cytokine whose expression,
synthesis, secretion, and activity are tightly regulated
events (Dinarello, 1996). The direct relationship found
between plasma cortisol and cytokine concentration is
in contrast with previous findings reported in humans
subjected to mild psychological stress by Kunz-Ebrecht
et al. (2003). Those authors found that the cortisol
responder group showed lower levels of proinflamma-
tory cytokines than the cortisol nonresponder group.
It has been hypothesized, however, that cortisol could
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Figure 3. Milk yield (LSM + SEM) measured in ewes at —19, —2,
5, 22, 29, 46, and 53 h relative to the isolation test in ewes with high
(HC) and low (LC) cortisol concentrations.

stimulate or inhibit immune responses depending on
its concentration. In addition, evidence suggests that
chronic stress can reduce the suppressive effects of cor-
tisol on immune functions and induce an enhancement
of inflammatory responses (McEwen et al., 1997; McE-
wen, 1998). In line with the profile of proinflammatory
cytokines, it was observed that ewes displaying active
reactions during the behavioral test had low levels of
cytokines, whereas ewes displaying withdrawal behav-
ior had high levels of cytokines. Evidence exists that
proinflammatory cytokines induce “sickness behavior,”
which is characterized by increased sleeping and de-
creased activity (Kemeny, 2009).

An appropriate CD4"/CD8" ratio is important to
sustain T-cell homeostasis and immune responses. Al-
though no differences emerged for percentages of CD4"
and CD8" cells and lymphocytes between groups, a
lower CD4"/CD8" ratio was measured in HC ewes
compared with LC ewes. Some researchers (Park et al.,
1992; Kimura et al., 1999) reported that a CD4"/CD8"
ratio of approximately 2 is indicative of adequate im-

Table 4. Least squares means and SEM of milk production, pH, chemical composition, renneting parameters
of milk, and whey cortisol from ewes with high (HC) and low (LC) cortisol concentration after isolation

P-value

Item LC HC SEM Cortisol level (C) Time (T) CxT
Milk production, g/milking 289.55 243.37 13.57 * HoAk *
pH 6.68 6.69 0.05 NS NS NS
Fat, % 7.8 8.61 0.31 NS HoAk NS
Protein, % 5.79 5.92 0.14 NS HoAk NS
Lactose, % 4.65 4.55 0.08 NS HoHK NS
SCC, logy, cells/mL 5.35 5.63 0.06 * Hoxx NS
Clot formation time, min 23.07 25.98 2.65 NS NS NS
Clot firmness, mm 34.24 29.19 8.72 NS * NS
Rate of clot formation, min 1.65 1.92 0.17 NS * NS
Whey cortisol, ng/mL 9.79 11.22 0.85 NS NS NS

NS: P > 0.05; *P < 0.05; ***P < 0.001.
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munocompetence in the bovine; in HC ewes, the CD4"/
CD8" ratio was always <2, suggesting an unbalanced
distribution between T-cell subsets and confirming that
sheep with hyperactive HPA axis have enhanced im-
munological functions. Mehrzad et al. (2008) found a
decrease in blood CD4"/CDS8" ratio in cows subjected
to intramammary challenge with FEscherichia coli, and
an increase in CD8" cells trafficking in the site of in-
flammation. In both groups in the current study, the
effect of isolation stress on the CD4"/CD8" ratio ap-
peared evident 2 h after isolation, when an increase in
the CD47/CD8™ ratio was measured. Previous studies
demonstrated that isolation in sheep could result in an
increase of CD4" cells and of the CD4"/CDS8" ratio
(Degabriele and Fell, 2001). Mehrzad and Zhao (2008)
found an increased proportion of CD4% cells and an
increased CD4" /CD8" ratio in pluriparous cows, result-
ing in an immunological dysregulation compared with
primiparous cows. Accordingly, our results showed that
immune depression and subsequent increased suscepti-
bility to diseases, which are often observed in animals
subjected to stress, could be connected to the imbal-
ance in the proportion of T-cell subsets, resulting in a
reduced T-cytotoxic immune response. In addition, our
findings can be of practical interest by suggesting that
the first 5 h after stress exposure are crucial for the
recovery of immunological competence; the weakness of
immune responses in this period has to be considered
when possible exposure to pathogens as well as vaccina-
tion programs occur.

One of the objectives of the trial was to find a cor-
relation between blood and milk parameters to use milk
indicators as detection tools of immunological functions
and physiological stress. Concentrations of proinflam-
matory cytokines in whey, as well as in plasma, were
influenced by the level of cortisol concentrations, being
higher in HC than in LC ewes. The lack of correlation
between plasma and whey IL-6 is not easy to interpret;
a tentative explanation may be found in a circadian
release rhythm of IL-6, which has been observed by
Maggio et al. (2006) in humans. The secretion pattern
of IL-6 together with different times of blood and milk
collection could be responsible, at least partly, for dif-
ferent concentrations of IL-6 circulating in the blood
and accumulating in the mammary glands of HC and
LC ewes and, consequently, for the failure to find differ-
ences in the cytokine concentration in plasma. On the
contrary, whey IL-6 levels showed differences between
the experimental groups, probably because of the re-
duced sensitivity to IL-6 fluctuations of the mammary
gland compartment with respect to blood. The positive
correlation found between IL-1(3 in plasma and in whey
could be connected to the type of stressor tested. In a
previous study, detectable concentrations of both IL-13
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and IL-6 in sheep whey during the transition period
were found, but no correlation between cytokine con-
centrations in whey and blood emerged (Caroprese et
al., 2006a). Thus, we hypothesized that a relationship
between blood and milk cytokines exists, depending on
the nature and intensity of stress.

Cortisol concentrations in milk and plasma are closely
correlated (Shutt and Fell, 1985). The absence of differ-
ences observed in whey cortisol concentrations between
groups could be ascribed to time of ewe milking after
the action of stress. Verkerk et al. (1998) stated that
in lactating cows, cortisol measurement in milk can be
a useful indicator of acute stressors acting up to 2 h
before sampling. The determination of cortisol in milk
fails to give an indication of the effect of stressful situ-
ations on sheep if milking does not occur soon after the
stressor itself.

In sheep, stressful management procedures can affect
both milk production and quality, causing an increase
in SCC (Caroprese et al., 2009). In fact, several stres-
sors connected with the activation of HPA and the
increased concentration of cortisol have been proven
to reduce milk yield (Varner and Johnson, 1983; Hem-
sworth et al., 2000; Sevi et al., 2001b). Ewes with low
cortisol concentrations had, on average, a 19% higher
milk yield than ewes with high cortisol concentrations.
There are several possible explanations for the reduction
of milk yield in HC ewes: first, the high levels of cortisol
could have reduced the blood glucose availability to
the mammary gland. Reduced uptake from blood of
lactose precursor could have had a role in reducing milk
yield, because lactose is the principal osmoregulatory
component in milk. Second, reduced milk yield could
be the outcome of reduced blood flow to the mammary
gland caused by the increase in catecholamines with
impairment of the release and action of oxytocin that
has been found in stressed animals (Bruckmaier and
Blum, 1998). Moreover, immunological stressors and
the induction of cytokine secretion may affect nutrient
partitioning and divert nutrients away from production
toward liver anabolism and the host defense mecha-
nism (Husband, 1995). Together with the association
between the extent of cortisol concentration and milk
yield, a relationship between cortisol concentration and
the levels of SCC was found. The higher SCC observed
in milk from the HC ewes is not easy to explain. Find-
ings about the relationship between the levels of SCC
and stress are contradictory, even if the administra-
tion of adrenocorticotropic hormones to lactating cows
has been proven to increase SCC and decrease milk
production (Berning et al., 1987). Evidence exists of a
close relationship between poor welfare and increased
susceptibility to mastitis (Sevi et al., 2001a). Recent
findings suggest that ewes selected for a low SCC had
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higher mastitis resistance than ewes with high SCC and
demonstrated a greater ability to limit inflammatory
processes of the mammary gland and to prevent the
clinical consequences of mastitis (Rupp et al., 2009).
Several studies found that behavioral and neuroendo-
crine responses to stress are genetically mediated and
identify distinct phenotypes stable over time (Hopster
et al., 1998; Jones and Hocking, 1999). In addition,
a close relationship between the behavioral and neu-
roendocrine responses to stress and immunity has been
stated.

CONCLUSIONS

Results from the present study suggest that the
extent of HPA axis activation is responsible for altera-
tions in behavioral and immune responses to stress in
sheep. A hyperactive HPA may contribute to enhanced
inflammatory responses and the expression of a pas-
sive coping style during stressful situations. High HPA
reactivity is also associated with a reduction in milk
production and an increased predisposition to develop
intramammary inflammatory processes. Our findings
are consistent with the hypothesis that in dairy ewes
a relationship may exist between HPA reactivity and
the predisposition of the development of inflammatory
processes in the mammary gland. In light of previous
considerations, it can be hypothesized that the clas-
sification of sheep according to their behavioral and
physiological responses to stress could be a useful tool
to discriminate those animals with an increased suscep-
tibility to mastitis.
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