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ABSTRACT. Immune function in cows is closely associated with their physical and hormonal conditions. In order to clarify the relationship
between the body condition score (BCS) of lactating dairy cows and the immune response to progesterone (P4) in vitro, we examined
whether lower BCS in dairy cows affects the responsiveness of peripheral blood mononuclear cells (PBMCs) to P, added in to culture
medium. Forty-two non-pregnant healthy Holstein dairy cows were examined at 61 to 120 days after calving. The cows were divided
into the following two groups; Low BCS group (N=20), which had a BCS of less than 2.25, and a Control group (N=22), which had a
BCS over 2.75. PBMCs were stimulated with P, (1 xg/mL) and/or phytohemagglutinin (PHA), and the levels of cytokine mRNA were
analyzed. In the Low BCS group, a significantly lower IFN-y level was stimulated by PHA only compared with the Control group. The
combination of P, and PHA significant decreased the IFN-y/IL-4 ratio in the Control group, but this reaction was not found in the Low
BCS group. Our data indicated that expression of IFN-y mRNA was basically lower in the low BCS dairy cows and that addition of P,
did not suppress the cellular immune function in these cows. In this study, we observed that P, reduced the cellular immune response
in the adequate BCS cows, whereas immunosuppression by P, was not found in the PBMCs of the low BCS cows, which already had

a lower level of immune function.
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Mastitis and endometritis are frequently observed in dairy
cows, and these diseases affect productivity. Yield and
quality of milk decrease in mastitic cows, and reproductive
performance declines in cows with endometritis. Deluyker
et al. [4] reported that occurrence of clinical mastitis is asso-
ciated with 5% milk yield loss and that cows with a mean
SCC greater than 245,000 cells/ml over 119 d show a 6.2%
yield loss compared with cows with an SCC of 90,000 cells/
ml or less. Failure of immune function to prevent bacterial
invasion in the mammary gland or uterus is closely related
to the occurrence of these infectious diseases [11]. Low
body condition score (BCS) is closely associated with mor-
bidity in the dairy cow [6, 20], and a higher somatic cell
count (SCC) or clinical mastitis is frequently observed in
low BCS cows [21].

It is well known that cows with a BCS of less than 2.25
have reduced breeding performance [5, 15]. Progesterone
(P4) is important for fertility as demonstrated by the positive
correlation between the serum P, level at the time of artifi-
cial insemination and the subsequent conception rate.
Therefore, P, supplementation is used frequently to improve
the serum P, level in order to enhance the reproductive per-
formance of dairy cows with low serum P, levels, such as
lower BCS cows [18]. On the other hand, P4 is well known
as one of the hormones that suppresses immune function.
Previous studies in the mouse have revealed that P, directly
suppresses T cell differentiation into Th1 cells but enhances
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differentiation into 1L-10-producing Th2 cells [13]. There-
fore, it is possible that P, also suppresses cellular immune
function in cows. However, the effect of P, on immune
function in dairy cows has not been elucidated. We hypoth-
esized that P, would suppress immune function in dairy
cows during the lactating periods and that administration of
P, containing-medicines would severely depresses immune
function of cows, especially those with a lower BCS. The
present study was carried out to evaluate the relationship
between BCS and the in vitro response of PBMCs stimu-
lated with P, in dairy cows during mid lactation in order to
examine the relationship between low BCS and P, in terms
of immune cell function.

MATERIALS AND METHODS

Forty-two Holstein dairy cows that were 61 to 120 days
after calving and kept at 12 dairy farms were used in this
study. All cows were housed in tie stall barns. The presence
of a corpus luteum was confirmed in all cows by rectal pal-
pation in order to confirm presence of the esterous cycles
(non-pregnant). The peak luteal phase was avoided since
the serum P, concentration during this phase can reach over
1 ng/mL. All cows were confirmed to be clinically healthy
on the day that blood samples were collected and remained
non-pregnant. No periparturient diseases were observed in
the cows used in this experiment. The cows were divided
into the following two groups; Low BCS group (N=20),
which had a BCS under 2.25 (Scale 0-5) and an average
days after calving of 100.6 + 4.8, and a Control group



550 H. OHTSUKA ET AL.

(N=22), which had a BCS over 2.75 and an average days
after calving of 96.7 + 4.3.

Blood sampling was performed for each individual ani-
mal at 61 to 120 days post-calving; samples were collected
into tubes, which contained no anticoagulant, heparin or
dipotassium-EDTA. The serum was separated from the
blood in the tubes without the use of an anticoagulant and
stored at —30°C until analysis. The serum was used to mea-
sure total cholesterol and ketone bodies (enzyme assay) and
blood urea nitrogen (urease indophenol method). Hemat-
ocrit and total white blood cell counts (WBC) were deter-
mined with blood collected into dipotassium-EDTA using a
blood cell counter (PC607, ERMA, Germany).

Serum P, concentration was measured by enzyme immu-
noassay using anti-progesterone (FKA304E, Cosmo Bio
Co., Ltd., Tokyo, Japan) as the 1st antibody and goat anti-
rabbit 1gG (AP132, Chemicon International, Temecula, CA,
U.S.A)) as the 2nd antibody. The P4 assay was performed
for all samples at the same time to avoid interassay varia-
tions, and the intra-assay coefficient of variation was 4.0%.

Freshly isolated leukocytes were subjected to flow
cytometry as described previously [14]. Two ml of blood
samples from the tubes containing dipotassium-EDTA were
mixed with 4 ml of 0.83% ammonium chloride solution to
lyse the red blood cells, and the leukocytes were then sepa-
rated. WBCs (1 x 10°) were incubated with monoclonal
antibodies prepared in PBS at 4°C for 60 min. The primary
antibodies and descriptions of the working solutions are pre-
sented in Table 1. Two-color flow cytometric analysis was
performed with fluorescein isothiocyanate (FITC)-conju-
gated anti-human CD14 antibody, and phycoerythrin (PE)-
conjugated Goat-anti-mouse IgG secondary antibody (ICN
Biomedicals, Inc., Costa Mesa, CA, U.S.A.) added to PBS
for 30 min. Following the second incubation, the samples
were twice washed with PBS, and between 10,000 and
20,000 events were collected per condition on a FACScan
cytometer (Becton Dickinson, Bedford, MA, U.S.A)); the
data were then analyzed using the CellQuest software (Bec-
ton Dickinson). The number of each sell population was
calculated by multiplication of the percentage by WBC
count.

Heparinised blood was used for analysis of cytokine
mRNA expression First, 2 x 108 PBMCs in a total volume of
1 mL of 10% FCS-RPMI were placed in a 24-well plate and
stimulated with phytohemagglutinin (PHA ; Sigma-Aldrich
Corporation, St. Louis, MO, U.S.A.; 5 ug/ml) for 12 hr at

37°C. After incubation, PBMC pellets were harvested, and
the cells were resuspended using TRIzol reagent (Invitro-
gen, Carlsbad, CA, U.S.A.) to collect RNA from the cells.

Real-time PCR was used to measure the mRNA levels of
cytokines as previously described [14]. Two micrograms of
total RNA from each sample were used for synthesis of first-
strand cDNA with oligo-dT primers (Invitrogen, Carlsbad,
CA, U.S.A)) and Superscript 1l Reverse Transcripts (Invit-
rogen, Carlsbad, CA, U.S.A.) according to the manufac-
turer’s protocols. Real-time PCR was performed with
SYBR Green Master Mix on an ABI prism 7700 Sequence
Detector (Applied Biosystems, Foster City, CA, U.S.A.).
The target cDNA sequence was specifically amplified using
previously designed primers (IL-1, IL-4, IFN-y) [19]. The
melting curve was determined for each PCR product. The
comparative threshold cycle number (2-24€%) method was
used in our analysis. After validation, the experiment dem-
onstrated that the efficiencies of the target and reference (-
actin) were approximately equal. The Ct values define the
threshold cycle of PCR, at which amplified products were
detected. The results are presented as DDCt values, where
AACt is the difference in the threshold cycles for the target
and f-actin is an internal control. Fold changes in expres-
sion for the two groups (AACt) were calculated using the
formula 2-22Ct as previously described [9].

Statistical analysis was performed using the Student’s t
test for each parameter in the two groups, and the differ-
ences between the groups were considered significant at
P<0.05. The mean and standard errors of the clinical and
laboratory data were calculated.

RESULTS

Table 2 shows the data obtained from the blood analysis.
A significantly higher level of g-hydroxy butyrate (BHB)
was found in the Low BCS group compared with the Con-
trol group. There were no marked differences in any other
parameters between the two groups. The serum P, concen-
tration was higher in the Low BCS group compared with
that in the Control group, but there was no significant differ-
ence between the 2 groups.

The data for the leukocyte populations are shown in
Table 3. The numbers of CD3*, CD4" and CD8* T cells in
the Low BCS group tended to be lower (not statistically sig-
nificant) compared with those in the Control group. Signif-
icantly lower numbers of WC1-N3* T cells were found in

Table 1. Antibodies used for immunostaining of peripheral blood mononuclear leukocytes

Antigen MAD clone Isotype Specificity Source
CD3 MM1A 1gG1 Pan T cell VMRD

CD4 CACTI138A 1gG1 Helper/inducer VMRD

CD8 CACT80C 1gG1 Cytotoxic VMRD
CD14 MY4 19G2b Monocyte Coulter
WC1-N3 CACTB32A 1gG1 ydT-cell receptor VMRD
MHC Class 11 CAT82A 1gG1 Class Il major histocompatibility complex VMRD

VMRD=VMRD, Inc. (Pullman, WA, U.S.A).
Coulter=Becman Coulter (Tokyo, Japan).

The original concentration of the MAb solution was 1 zg/ml.
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Table 2. Blood parameters and serum progesterone concentra-
tions of the two groups

Parameter Low BCS group (N=20)  Control group (N=22)
Ht (%) 30.9+ 0.6 33.1+ 0.9
WBC (x 10%/14) 83.3+ 4.4 89.6+ 5.0
T-cho (mg/dl) 222.0£ 9.2 2205+ 11.2
BUN (mg/dl) 14.8+ 0.7 13.9+ 05

BHB (zmol/l) 7745+ 62.4 567.6+ 39.6*

P4 (ng/ml) 3.25+ 0.66 1.90+ 0.50

These data were analyzed for each individual non-pregnant cow. The
asterisk indicates a significant difference between the groups (p<0.05
by Student’s t-test). The data expressed as means + S.E.

the Low BCS group. The other lymphocyte and monocyte
numbers did not differ between the two groups (Table 3).

The influence of P4 on the expression of cytokines in
PBMCs stimulated with PHA is shown in Fig. 1. The
mMRNA levels of IL-1, IL-4 and IFN-y in the PBMCs stimu-
lated with PHA alone tended to be lower in the Low BCS
group than in the Control group, and a significantly low
level of IFN-y was found in the Low BCS group. The
mRNA level of IFN-y in the Control group decreased fol-
lowing stimulation with P,. However, this decrease was not
observed in the Low BCS group. Moreover, P, did not
appear to have a suppressive effect on IL-1 and IL-4 mRNA
expression in either group. The IFN-y/IL-4 ratio of the Con-
trol group decreased significantly in the cultures containing
P, compared with those of the culture with PHA alone, but
this did not occur in the Low BCS group.

DISCUSSION

P, is essential for the establishment and maintenance of
pregnancy, including ovulation and uterine and mammary
gland development [10]. The major sources of P, during
pregnancy are the corpus luteum of the ovary and, in many
species including humans and rodents, the placenta [24]. P,
favors Th2 cytokine production and reduces the number of
Thl cytokines in immune cells [25]. The current study
examined whether the effect of P, on immune cell responses
differs between dairy cows with low BCS and those with a
BCS of more than 2.75. Th1l to Th2 cytokines in the Control

group that manifested as a decrease in the IFN-y level in iso-
lated PBMCs stimulated with P,4, and this was similar to the
results of studies with human cells [3]. These results sug-
gested that the PBMCs from dairy cows with adequate BCS
were susceptible to P4, but that the PBMCs from the dairy
cows with a low BCS were not.

Dairy herds that frequently experience periparturient dis-
ease tend to receive a nutritionally poor diet. Depressed cel-
lular immune function, such as low IFN-y levels and low
numbers of CD4* T cells, have been observed in dairy cows
fed a poor diet during the periparturient period [14, 26].
Several metabolic stresses in dairy cows, such as malnutri-
tion and disorder of fat metabolism around the time of calv-
ing, can result in lower responsiveness of immune cells to
stimulations during the lactation period. Subclinical ketosis
is frequently observed during the lactation period in dairy
herds with poor diets around the time of calving [8]. In the
current study, several subsets of T cell numbers were lower
in the Low BCS group. Significantly lower numbers of y6 T
cells and total T cells were observed in the Low BCS group.
The y3 T lymphocyte can produce high amounts of IFN-y in
response to stimulation with cytokines [17]. Therefore, a
decrease in T cell numbers, especially y& T lymphocyte
might affect cytokine production in Low BCS cows. Our
results suggest that the low IFN-y level of the lymphocytes
after stimulation with PHA in the Low BCS group might
have been due to subclinical ketosis based on the high serum
BHB levels in these cows. Ketotic cows tend to have sup-
pressed lymphocyte proliferation because ketone bodies
directly suppress lymphocyte blastogenesis stimulated by
mitogens in the dairy cow [22]. Therefore, this decreased
lymphocyte proliferation is thought to be associated with
decreased immune function [2]. Fatty acids play an impor-
tant role in regulation of immune responses, thus manipula-
tion of dietary lipids affects production of T-cell-derived
cytokines in mice [27]. A previous study reported that the
increased plasma fatty acid levels in ketosis or starvation
might impair immune function by causing changes in lym-
phocyte metabolism in mitochondria through activation of
the caspase cascade [16]. These findings suggested that the
lower ability to produce IFN-y in Low BCS cows might
enhance the systemic immunosuppression already elicited

Table 3. Peripheral leukocyte populations of the two groups

Cell number

Low BCS group (N=20)  Control group (N=22)

CD3* (x 10%/44)

CDA4* (x 10%/44)

CD8" (x 10%/u)

CD4*/CD8*

WC1-N3* (x 10%/ul)

MHC class-1I*CD14" (x 10%/.4)
MHC class-1I"CD14" (x 10%/44)
MHC class-I'CD14" (x 10%/l)

15.0+ 1.5 18.0+ 2.3
5.8+ 0.7 8.0+£1.2
3.0+ 05 35+05

2.52+0.36 2.34+0.20
2.0£0.3 2.9+ 0.4*

11.4£1.0 106+ 1.0
42104 3.8+04
2505 4.0+ 0.06

These data were analyzed for each individual non-pregnant cow. The asterisk indicates a
significant difference between the groups (p<0.05 by Student’s t-test). The data expressed as
means + S.E.
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Fig. 1. Cytokine mRNA expressions in PBMCs from the lactat-
ing cows of the 2 groups. A. Levels of IL-1emRNA. PBMCs
were stimulated with either PHA alone (Jl) or a combination of
PHA and P4 ([]). B. Levels of IL-4 mRNA. PBMCs were stim-
ulated with either PHA alone (J) or a combination of PHA and
P4 (). C. Levels of IFN-y mRNA. PBMCs were stimulated
with either PHA alone (M) or a combination of PHA and P4
treated PBMCs (7). D. Ratio of IFN-y/IL-4 for either PHA
alone () or a combination of PHA and P, treated PBMCs ([7]).
The IFN-y/IL-4 ratio was calculated as (IFN-y mRNA expres-
sion)/(IL-4 mRNA expression). The Low BCS and Control
groups contained 20 and 22 cows, respectively. Cytokine
MRNA expression was analyzed using heparinised blood. First,
2 x 10% PBMCs were stimulated with PHA for 12 hr at 37°C.
The asterisk indicates a significant difference between the cul-
tures containing PHA alone and the combination of PHA and P,
(P<0.05 by Student’s t-test). The different letters indicate sig-
nificant differences between the 2 groups (P<0.05 by Student’s
t-test). Data are expressed as means + S.E.

by subclinical ketosis. As P, suppressed the production of
IFN-y in the PBMCs of the normal BCS cows, the reduced
responsiveness to the suppressive effect of P4 in the Low
BCS cows might be due to already existing systemic immu-
nosuppression.

The target T cell of P, was not clarified in the present
study. P, directly suppresses production of IFN-y by naive
CD4* T cells in the mouse [13]. In contrast, P, inhibits the
effector function of activated cytotoxic T cells in the mouse
[12]. Scheibl and Zerbe [23] suggested that progesterone
suppresses specific components of the immune system and
natural killer (NK) cell activity in cows. These reports sug-
gest that P4 might interfere with several T cells or NK cell
activation. As BHB induces inhibitory effects on the prolif-
eration of bovine bone marrow cells in in vitro culture [7],
the lymphocyte numbers of the Low BCS cows with higher
BHB levels were expected to be lower. The lower respon-
siveness to P, in the Low BCS cows might be due to a lower
number of circulating lymphocytes, including the target
lymphocytes of Py, in the Low BCS group.

In the present study, we also observed that P, is one of the
hormones that suppresses to cellular immune function in
dairy cows, but we did not observe this effect in thin cows.
The IFN-y expression was hardly suppressed by P, in the
Low BCS cows due to their already existing low levels of
IFN-y expression responsiveness. However, it is still
unclear whether or not P, had no effective to immune
response in the low BCS cows. P, containing medicines are
frequently administered in treatment of repeat-breeding
cows because high milk yield dairy cows have low progest-
erone levels during the luteal phase; however the immuno-
suppressive effect of this steroid hormone should be
considered when determining the appropriate treatment [1].
Further studies are needed to clarify the mechanism of the
effect of P, on lymphocyte function in dairy cows in order to
maintain their health and prevent mastitis.
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