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IMMUNOPHYSIOLOGY OF THE UTERUS IN CYCLIC EWES 

(ABSTRACT) 

Uterine infections in farm animals are a serious problem in developing 

countries. Several factors are involved in regulating susceptibility of animals to 

infections. The experiments conducted with ewes for this dissertation aimed to 

1) Investigate the hormonal regulation of uterine immune responses to infections 

during different stages of the estrous cycle (Exp. 1), and 2) Investigate the ability 

of uterine proteins, collected during different stages of the estrous cycle, to 

regulate lymphocyte activity in vitro (Exp. 2). Experiment 1 was a 2 X 2 factorial 

design, with stage of estrous cycle (follicular vs luteal) and treatment (bacteria 

vs saline) as main effects. Escherichia coli and A.pyogenes were used for 

uterine inoculations. Blood was collected, via catheters inserted into the vena 

cava, twice daily for six days. Estrogens, progesterone, PGF2,, and PGE2, were 

measured in blood, lymphocyte (T- and B) activities were assessed in vitro, and 

leukocyte differential counts were made.  Follicular-phase ewes, under 

predominance of estrogens, had increased vena caval percentage of 

lymphocytes and greater T- and B-lymphocyte activity in response to mitogens 

than luteal-phase ewes, under predominance of progesterone. Concentration of 

PGF2. increased in response to bacterial inoculation, but PGE2 did not affect by 

treatment. Experiment 2 was a split-plot design, with stage of estrous cycle and



status of ewes (intact vs ovariectomized) as main effects. The amount of total 

proteins in uterine flushings from intact ewes was greater than that from 

ovariectomized ewes. Two protein peaks were separated on a Sephacry! S-100 

column. Peak one had an estimated size of < 1 X 10° Da, and peak two had an 

estimated size of 12.7 X 10° Da. Small concentrations of peak one protein from 

intact follicular-phase ewes enhanced activity of T-lymphocytes in response to 

mitogen, whereas peak two protein from intact luteal-phase ewes suppressed T- 

lymphocyte activity. Peaks one and two from ovariectomized ewes suppressed 

T-lymphocyte activity. In conclusion, the uterus of ewes under the influence of 

estrogens had enhanced immune capability and was able to secrete 

immunostimulatory proteins. Ewes under the influnce of progesterone had 

suppressed uterine immune functions.
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Statement of the Problem 

Uterine infections are a major problem in farm animals, particularly in 

developing countries. Understanding the uterine immune system and the factors 

that affect its performance is a prerequisite for better controlling uterine 

infections. Early studies suggested that the stage of the estrous cycle influences 

the uterine immune capability (Hawk et al., 1961; Hawk et al., 1963; Brinsfield et 

al., 1963; Hawk et al., 1964; Brinsfield et al., 1964; Washburn et al., 1982: 

Carson et al., 1988). However, the information from the in vivo and in vitro 

studies on the uterine immune response to infections are limited because 1) the 

immunological tools used to analyze the response of the uterus to infection were 

inadequate to evaluate the uterine immune system, and 2) the actual 

relationship between the uterine immune response to infection and the hormonal 

environment during the course of infection was not assessed. 

The uterine secretory activity during the reproductive cycle, and the ability of the 

uterus to produce immunologically active compounds, was only studied from the 

perspective of pregnancy and the ability of progesterone to induce the uterus to 

secrete and accumulate immunosuppressive proteins (Roberts, 1977; Murray et 

al., 1978; Segerson, 1981; Segerson et al., 1984a; Segerson et al., 1984b; 

Hansen et al., 1987a; Segerson et al., 1986; Stephenson et al., 1989; 

Stephenson and Hansen, 1990; Liu and Hansen, 1993; Skopets and Hansen, 

1993). Because of the emphasis on pregnancy, the ability of the uterus to



produce immunologically active proteins during follicular and the luteal phase 

has not received enough attention. In addition, the effect of ovariectomy, and 

the physiological ramifications of steroid priming and changes during follicular 

and the luteal phase, on the immunological activity of uterine proteins is not 

completely understood. 

Therefore, this project was designed to study the effect of stage of the 

estrous cycle on uterine immune function, with emphasis on the role of ovarian 

hormones in the activity of the uterine immune system. The experiments 

conducted for this thesis were designed to 1) better understand the uterine 

immune response to bacterial challenge during follicular and the luteal phase of 

the estrous cycle and the effect of ovarian hormones on the uterine immune 

system (Exp. 1), and 2) investigate in vitro the immunological activity of uterine 

secretions collected during follicular and the luteal phase of the estrous cycle 

and the effect of ovariectomy on this activity (Exp. 2).



Literature Review 

Introduction 

The uterine immune system is a major, yet often overlooked, component 

of the reproductive physiology of livestock. The uterine immune system reduces 

the incidence of uterine infection and usually allows the uterus to tolerate the 

fetal allograft. This dual function of the uterine immune system, enhanced 

protection against infection and tolerance of foreign (i.e., fetal) tissue, may be 

unique and certainly requires specialized local regulatory mechanisms. 

Estrogens and progesterone, mostly from the ovaries but also from the uterus 

and conceptus, are important modulators of uterine immune functions. Indeed, 

the orchestrated effects of estrogens and progesterone, and probably other less 

well known and even unknown factors, on the uterine immune system allow 

livestock to produce healthy offspring. 

The secretory patterns of estrogens and progesterone are used to 

characterize the estrous cycle. During estrus, peripheral blood concentrations of 

estrogens are high and progesterone is low. However, during the luteal phase, 

the concentration of estrogens are minimal and progesterone is maximal. The 

physiological differences between estrus and the luteal phase of the estrous 

cycle and pregnancy are striking in almost every aspect. 

During estrus, the cervix, which is a major obstacle to the entry of foreign 

materials into the uterus, is relaxed to allow spermatozoa to enter the uterus. 

Semen, in natural or artificial insemination, is a source of bacterial



contamination, yet the uterus is seldom infected. Uterine immune competence 

during estrus is high, and the uterus can reduce the incidence of bacterial 

infection. In fact, the cellular and humoral immune components of the uterine 

immune system are upregulated. Estrogens actively enhance many aspects of 

immune functions, such as inducing B-cells to secrete immunoglobulins 

necessary to immobilize bacterial antigens, enhancing T-cell activation and 

proliferation, and ultimately the induction of specialized T/cytotoxic/suppressor 

and T/helper cells to orchestrate the elimination of infection. Hyperemia and 

inflammatory responses during estrus are under the influence of estrogens, and 

they cause dilation of uterine blood vessels and increase the infiltration of 

immune cells into the uterine tissue. Some uterine secretory products during 

estrus act as_ bactericidal molecules. Arachidonic acid derivatives, 

prostaglandins, may play a role in mobilizing immune cells through inflammatory 

processes. Also, uterine motility and contractility during estrus are stimulated, 

which may assist the uterus in reducing infections. 

During the luteal phase, the cervix is closed, uterine motility and 

contractions are few, and, more importantly, uterine immune components are 

downregulated (i.e., suppressed cellular and humoral immune _ functions, 

impaired mobilization of leukocytes to the infection site, and absence of active 

bactericidal molecules in the uterus). In fact, the presence of a functional corpus 

luteum (i.e., one that secretes progesterone) may be a prerequisite for uterine 

infection.



It is not known whether high concentrations of estrogens in blood 

enhance uterine immune capability or low concentrations of progesterone are 

necessary for successful immune functions. Most likely, a combination of factors 

regulates immune functions. 

The uterine environment is completely different during pregnancy than 

during the estrous cycle. The fetus is considered half self and half foreign, yet 

the uterus normally accepts it. The conceptus lives in a bath of hormones and 

other biologically active molecules secreted by the uterus, placenta, and the 

conceptus itself. Many theories have been developed to explain why the uterus 

does not reject the conceptus: 1) The placenta is a shield, which prevents 

infiltration of maternal leukocytes to the inside of the gravid uterus and 

consequently prevents exposure of fetal tissue to the hostile maternal immune 

cells; 2) Excess antigen shedding by trophoblasts may block the maternal T- 

and B-cell immune response; 3) The CD8" T-cells, which is a class of 

lymphocytes that can suppress the activation of other T and B subsets of cells, 

increase during pregnancy; 4) The trophoblasts secrete a large glycoprotein 

that may coat the fetus and hide its foreign tissue so that maternal immune cells 

would not recognize it; 5) Uterine secretory proteins, which are high molecular 

weight molecules, suppress the immune system during pregnancy; 6) Uterine 

milk (histotroph) proteins secreted during early pregnancy suppress the activity 

of maternal lymphocytes; 7) Progesterone, which in many species is produced in 

large quantities by the corpus luteum of pregnancy, placenta, and the



conceptus, suppresses the uterine immune response to the fetus. Indeed, it 

seems that all of the proposed protective mechanisms could develop and act 

locally within the uterus, and leave the general immune system intact and 

competent to protect against infections. 

Peripheral progesterone concentrations decrease rapidly before 

parturition, and estrogens decrease within a few hours after parturition. The 

concentrations of both hormones are minimal until the time of the first 

postpartum ovulation. Immediately after parturition, the uterus is resistant to 

infections until the first corpus luteum is formed. The reason may be the 

increased estrogen concentrations immediately before parturition. Prostaglandin 

F2, increases in blood just before parturition, stays high for the next 14 to 21 d, 

and may help the involution of the cervix and the uterus. 

A number of experiments have been conducted to investigate the 

relationship between ovarian steroids and the uterine immune response. These 

experiments may be classified into four major categories: 1) Experiments using 

the in vivo uterine leukocytic response, and other immunological variables, to 

study the uterine cellular immune response against bacterial challenge during 

estrus and the luteal phase; 2) Experiments to isolate and identify specific 

receptors for progesterone and estradiol in lymphoid tissues (thymus and 

spleen) and peripheral blood leukocytes (lymphocytes and monocytes); 3) 

Experiments to investigate the modulatory roles of estrogens and progesterone 

on peripheral blood lymphocyte (PBL) transformation in response to mitogens



(phytohnemagglutinin, PHA; concanavalin A, ConA; pokeweed mitogen, PWM; 

lipopolysaccharides, LPS) or alloantigens (mixed lymphocyte reaction, MLR): 

and 4) Experiments to study the immunological activity of uterine secretory 

proteins, induced by progesterone, on in vitro PBL proliferative activity. 

Uterine immune response fo bacterial challenge during the estrous cycle 

The immune defense mechanism against infection consists of two main 

components, humoral (bone marrow-dependent cells, B-cells) and cellular 

(thymus-dependent cells, T-cells) immune responses (Figure 1). When the 

immune system encounters a foreign antigen, nonspecific immune cells, such as 

macrophages, and specific cells such as B-cells, engulf the antigen, process it, 

and present it to T-cells. B-cells immobilize the antigen with their IgM cell 

surface receptors. After T-cells recognize foreign antigen on the cell surface of 

macrophages, they divide to produce specialized T-cells that attack the foreign 

antigen. One subset of specialized T-cells is T-helper cells, which induce B- 

cells to proliferate and secrete large quantities of specific immunoglobulins 

especially designed for the foreign antigen. The main function of specific 

immunoglobulins is to attach to and immobilize the foreign antigen in situ, and, 

with the aid of the complement system, a cascade of enzyme reactions that 

ultimately ends with destruction of the invading antigen. Other T-cell subsets 

also proliferate to produce specific T-cells to attack the antigen against which 

they were produced.
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This scenario is a general model for defense reactions against infections, 

regardless of the site in the body. In addition, there are specific cases in which 

the immune response against infection is modulated by certain nonimmunologic 

compounds. For example, uterine infections are modulated by ovarian 

hormones and other uterine secretory molecules, as will be described later in the 

Literature Review. 

In this section, | will present some of the reported research on the effect 

of the estrous cycle stage and the associated hormonal environment on the 

uterus’s ability, and its immune system, to defend against bacterial infection. 

Much of this research was conducted three to four decades ago, and the 

immunological tools used to evaluate uterine immune responses were naive and 

insufficient to develop a conclusive overview of the problem under investigation. 

In the 1950's and early 1960's, it was noticed that uterine immune 

functions in animals varied according to stage of the estrous cycle. Rabbits 

injected intrauterinely (i.u.) with bacteria during the luteal phase developed 

severe uterine infections, had less uterine leukocytic infiltration, and less 

leukocyte phagocytic and bactericidal activities compared to those injected 

during estrus (Broome et al., 1959; Hawk et al., 1960; Winter et al., 1960). 

In additional studies, Hawk et al. (1961) evaluated the influence of the 

estrous cycle on the inflammatory response and the bactericidal activity of the 

sheep uterus. During estrus (d 0) and the luteal phase (d 7, 8, or 9 of the cycle), 

ewes were inoculated i.u. with killed Escherichia coli (E. colt). More luminal and



endometrial leukocytes infiltrated the uterine stroma in estrus than in luteal 

phase ewes at 4 and 8 h after inoculation. Also, fewer E. coli were isolated from 

the uterine flushings of estrus ewes than were from luteal phase ewes, which 

indicated greater bactericidal activity. By 12 to 24 h, the leukocytic response 

and uterine bactericidal activities were comparable in estrus and luteal phase 

ewes. The authors suggested that stage of the estrous cycle modulated uterine 

immune response to bacterial challenge. Ewes during the luteal phase had a 

reduced uterine immune response, but this seemed to be a temporary effect, 

because the uterus recovered its immune capability after a few hours. 

Hawk et al. (1964) inoculated luteal phase, estrus, and ovariectomized 

heifers with E&. coli i.u., and they examined the endometrial and luminal 

leukocytic response and counted luminal bacterial cells. Four hours after 

inoculation, the leukocytic response was greater for, and more bacterial cells 

were cleared from the uterus of, heifers inoculated during estrus than for 

ovariectomized heifers. The least response was measured in heifers inoculated 

during the luteal phase. Thus, the activated uterine immune response in heifers 

during estrus, compared to the luteal phase, was similar to that in rabbits and 

sheep. Also, the absence of ovarian hormones, after ovariectomy, enhanced the 

uterine immune response. 

Brinsfield et al. (1963) conducted an experiment to answer two questions: 

1) Is the uterine leukocytic response to bacterial challenge related to the uterine 

bactericidal activity in estrus and luteal phase ewes?; and 2) Do ovarian 
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hormones affect the rate of leukocytic passage through the endometrium? 

Estrus, luteal, and ovariectomized ewes were inoculated i.u. with E. coll. 

Intensive leukocytic responses, which were closely associated with increased 

bactericidal activity, were detected within 4 h after treatment in ovariectomized 

ewes, within 8 h in ewes inoculated during estrus, and within 16 h in ewes 

inoculated during the luteal phase. There was no evidence that ovarian 

hormones prevented the passage of extravasated leukocytes through 

endometrial stroma. However, this study indicated that ovarian hormones, 

although they were not measured, had delayed the uterine immune response to 

bacterial challenge, and the removal of ovarian hormones, and perhaps other 

factors at ovariectomy, improved the immune response. Also, it became clear 

that the uterine immune response is somewhat different in ewes and heifers. 

Ovariectomized ewes had a greater immune response to bacterial challenge 

than did ewes inoculated during estrus, whereas estrus heifers responded better 

to bacterial inoculation than did ovariectomized heifers. 

Hawk et al. (1963) used trypan blue dye to examine the effect of ovarian 

hormones on uterine vascular permeability in healthy sneep and those with 

acute uterine inflammation. In healthy ewes, the degree of tissue bluing 

indicated that vascular permeability was greatest in estrus ewes, intermediate in 

luteal phase ewes, and least in ovariectomized ewes. During experimental 

acute infection, endometrial vascular permeability increased greatly in 

ovariectomized ewes shortly after infection (2 and 4 h), but it essentially did not 
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change in ewes inoculated during estrus or the luteal phase. Leukocytic 

infiltration into the endometrium of ovariectomized ewes was rapid and intensive, 

intermediate in estrus ewes, and least in luteal phase ewes. Thus, as Hawk et 

al. concluded, endogenous ovarian hormones modified uterine vascular 

permeability. 

Brinsfield et al. (1964) studied whether induced leukocytic migration in 

estrus ewes was slowed by factors other than endogenous estrogen. 

Ovariectomized ewes were injected with either estrogen, progesterone, or both 

steroids. The ewes received i.u. inoculations of E. coli at the end of the 

hormonal treatments. Before they were killed, ewes received i.v. trypan blue dye. 

Intact ewes at estrus and ovariectomized ewes without any hormonal treatments 

served as controls. The average number of leukocytes in the uterine lumen was 

greater in ovariectomized ewes treated with estrogen than in ovariectomized or 

intact estrus ewes. The estrogen injection in ovariectomized ewes enhanced the 

uterine leukocytic response, and there was another endogenous factor, perhaps 

progesterone, that modulated the uterine leukocytic response in estrus ewes. 

The ovariectomized ewes treated with estrogen and progesterone had similar 

leukocytic response as the intact estrus ewes, whereas the ovariectomized ewes 

treated with progesterone had a minor response. Even though concentrations 

are low, endogenous progesterone was probably responsible for inhibiting 

leukocytic migration in estrus ewes. The uterine vascular permeability response 

was similar to that reported earlier (Hawk et al., 1963). 
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Washburn et al. (1982) reported that ovariectomized mares receiving i.u. 

Streptococcus zooepidemicus and injected with estradiol had greater phagocytic 

ability, greater leukocyte bactericidal activity, and cleared the bacteria sooner 

than did ovariectomized mares treated with progesterone. The authors 

suggested that the hormonal treatment modified the opsonic phagocytosis of the 

leukocytes and that phagocytic response and clearance rate of the bacteria were 

enhanced under the influence of estradiol. 

More recently, Carson et al. (1988) reported that ovariectomized cows 

treated with estradiol and receiving i.u. inoculations with Corynebacterium 

pyogenes (now called Actinomyces pyogenes) did not develop signs of uterine 

infection; clinical signs of endometritis or metritis were absent. Bacterial 

culturing indicated that bacteria were cleared rapidly from the uterus, and the 

phagocytic activity of peripheral leukocytes was also high. In contrast, 

ovariectomized cows treated with progesterone had extensive metritis and 

endometritis, slow clearance of the bacteria from the uterus, and reduced 

leukocyte phagocytic activity. The authors commented that hormonal treatment 

had influenced uterine resistance and recovery capabilities, and both were 

greater under the influence of estradiol than progesterone. 

Rabbits and ewes were similar in their response to uterine bacterial challenge 

during the estrous cycle. Their uteri had greater immune responses to E. coli 

infection in the form of more leukocytic infiltration and greater bactericidal 

activity during estrus than during the luteal phase. In contrast, heifers and ewes 
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differed in their uterine immune response against bacterial challenge. 

Ovariectomized heifers had a greater uterine immune response to bacterial 

challenge than did intact estrus heifers, whereas ovariectomy in ewes did not 

enhance their uterine immune response over that of intact estrus ewes. Uterine 

vascular permeability differed in healthy and infected ewes and was modulated 

by ovarian hormones. Lastly, ovariectomized ewes treated with estrogen had a 

greater immune response to bacterial challenge than did intact estrus ewes. It 

seemed that during estrus, even though the concentration of progesterone is 

minimal and estrogen is maximal, progesterone was still capable of decreasing 

uterine immune activity. When the ovaries were removed and the ewes and 

heifers were treated with estrogen, the uterine immune response to bacterial 

challenge increased. Mares seemed to have the same uterine immune response 

to bacterial challenge during estrus and the luteal phase as ewes. 

Ovariectomized mares treated with progesterone and inoculated iu. with 

pathogenic bacteria had decreased phagocytic ability and extensive and 

prolonged uterine infection, compared with ovariectomized mares treated with 

estrogen. 

In conclusion, the general uterine immune defense activity for controlling 

bacterial challenge changed with the stage of the estrous cycle, and probably 

the hormonal environment. Despite variation among animal species, during 

estrus the immune competence against bacterial challenge was greater than 
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during the luteal phase. Estrogen may enhance the performance of the immune 

system; whereas, progesterone seemed to have the opposite effects (Figure 2). 

In vitro effects of ovarian steroids on lymphocyte transformation. 

The in vitro effects of ovarian steroids on peripheral blood lymphocytes 

were studied in humans and other animals. It is widely believed that 

progesterone in physiological or superphysiological concentrations suppresses 

immune cell activities in vitro and in vivo. As described in the preceding section, 

the luteal phase uterus is more susceptible to bacterial infections than is the 

uterus during estrus. Moreover, during pregnancy the mother and the conceptus 

are antigenically different, yet the uterus does not normally reject the conceptus. 

The main explanations for this phenomenon were based on the placental barrier 

(Billingham, 1965; Anderson, 1971) and antibody blocking mechanisms 

(Hellstrom and Hellstr6m, 1970). Progesterone also was proposed as an 

essential immunosuppressive hormone. The lymphocyte proliferation assay was 

used as an in vitro immunological tool to assess the response of lymphocytes to 

different types of mitogens and alloantigens to progesterone or estrogens (for an 

overview of the basic concepts of the lymphocyte proliferation assay and the cell 

cycle, please refer to the Materials and Methods section). 

Effect of progesterone. Impaired cell-mediated immune responses in 

pregnant females were studied extensively in many species (Kasakura, 1971; 
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Campion and Currey, 1972; Finn et al., 1972; Purtilo et al., 1972; Gergely et al., 

1974: Mori et al., 1975; Strelkauskas et al., 1975; Fuchs et al., 1977: Burrells et 

al., 1978; Kobayashi et al., 1979; Gottesman and Stutman, 1981; Kapovic and 

Rukavina, 1991). Several of the studies indicated that the maternal cell- 

mediated immune response was down-regulated during pregnancy. 

Purtilo et al. (1972) reported that lymphocytes from women during the 

26th to 31st wk of pregnancy responded less to PHA than did lymphocytes from 

nonpregnant women. The authors proposed that reduced lymphocyte activity in 

pregnant women was not due to a humoral factor, because the addition of 10% 

serum from pregnant women to lymphocytes from nonpregnant women did not 

suppress the response to PHA. Kasakura (1971) reported that 20% serum from 

pregnant women suppressed in vitro lymphocytic response to PHA, and Purtilo 

et al. (1972) commented that these differences in results could be due to the 

different concentrations of serum used in the two experiments. 

Burrells et al. (1978) reported that lymphocytes from ewes at d 120 of 

pregnancy and at parturition had reduced response to mitogens (PHA and 

PWM) compared to lymphocytes from ewes at d 40 or 80 of pregnancy. 

Impaired proliferation was greater in the presence of 10% autologous plasma 

than in 10% fetal bovine serum. The ewes returned to the normal immune 

response within 10 d after parturition. The authors suggested that T-lymphocyte 

functions were impaired in the last stage of pregnancy and that autologous 

plasma may contribute to the impaired activity. 
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Fuchs et al. (1977) showed that lymphocytes from the uterus of pregnant 

women in the first trimester had a reduced response to PHA stimulation in vitro 

compared to peripheral blood lymphocytes from the same donors. The authors 

assumed that an immunosuppressive factor was present in the placenta, which 

could be a hormone or blocking antibodies (i.e., IgM subclass) that suppressed 

maternal cellular immunity and that the factor was diluted in the circulation. 

Gottesman and Stutman (1981) reported that lymphocytes from the 

paraaortic lymph node, which drains the uterus, of pregnant mice had a 

depressed in vitro response to PHA or ConA. There was no difference in the 

lymphocytic response to LPS between pregnant and nonpregnant mice, which 

indicated that B-cells are not a direct target for the immunosuppressive factor 

during pregnancy. Moreover, the response to PHA was less than that to ConA. 

Concanavalin A stimulates a larger population of immature T-lymphocytes than 

does PHA, and this may indicate that a large proportion of immature T-cells are 

present in the uterine lymph drainage during pregnancy. The authors postulated 

that lymphocytes drained from the uterus of pregnant mice were suppressed by 

a factor that may serve as a local protective mechanism, while leaving the 

maternal immune system intact to cope with the outside challenges. Also, the 

increased immature T-cell population may indirectly decrease the efficiency of 

cellular immunity. 

Finn et al. (1972) suggested that the cause of impaired maternal immunity 

during pregnancy may be through the depletion of T-cells. The T-lymphocytes 
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are responsible for cellular immunity in the body. However, Campion and Currey 

(1972) reported that the numbers of T-cells were unchanged in the third 

trimester of pregnancy. Also, Gergely et al. (1974) found norma! number of T- 

and B-cells in women between 34 and 36 wk of gestation. 

Strelkauskas et al. (1975) reported a relative decrease in the percentage 

of T- and an increase in B-lymphocytes in the first trimester of pregnancy in 

women. The altered T- and B-cell ratio reverted to normal during the second 

trimester, and remained normal throughout the rest of pregnancy. This may 

explain why Campion and Currey (1972) and Gergely et al. (1974) could not 

detect the altered change in the B/T cell ratio. Strelkauskas et al. (1975) 

suggested a biphasic lymphocytic response, which separated pregnancy into an 

early inversion phase and a stable normal phase. The decreased T-cell number 

in early pregnancy may represent a physiological depletion of suppressor T- 

cells, which are responsible for regulating B-cell function, that allowed B-cells to 

increase during the first trimester. This increase in B-cell number may assist In 

fetal protection from maternal immune rejection through the production of 

blocking antibodies. 

Kapovic and Rukavina (1991) reported a suppressed lymphocytic 

response from paraaortic lymph nodes from allogenic rats to different mitogens 

and alloantigens before and after embryo implantation. By midgestation, the 

activity of paraaortic lymphocytes increased two-fold and normalized by the end 

of gestation. The ratio between T-helper/inducer and T-suppressor/cytotoxic 
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(CD4°/CD8’") in the paraaortic node was markedly altered throughout pregnancy. 

The authors suggested that an increase in the CD8* suppressor cell 

subpopulation may be responsible for the decrease in lymphocyte activity in the 

pre- and peri-implantation periods. 

Many studies referred to progesterone as the main immunosuppressive 

agent in the serum. A possible direct effect of progesterone on the immune cells 

could be through suppression of cellular activity by direct contact. An indirect 

effect of progesterone could be through inducing the uterus to secrete molecules 

and compounds with immunosuppressive activities. 

Lymphocytes from the uterine lumen of ewes during the late luteal phase 

(d 14) were less responsive to in vitro PHA stimulation than were lymphocytes 

from the uterine vein or the jugular vein (Segerson and Libby, 1984c). In 

contrast, lymphocytes from the uterine lumen, uterine vein, or jugular vein of 

ovariectomized ewes responded similarly to PHA, without any signs of 

suppression. Progesterone, as the authors proposed, was likely to be 

responsible for suppressing the lymphocytes directly, or it could have induced 

the uterus to secrete immunosuppressive factor(s) that affected the lymphocytes 

indirectly. It seemed that this factor had influenced lymphocytes predominantly 

associated with or mobilized within the uterine environment (i.e., a locally 

produced factor). 

Sherblom et al. (1985) postulated that immune suppression by 

progesterone is a function of increased progesterone concentration in the blood, 
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rather than the actual concentration of progesterone. Ovariectomized cows 

were supplemented with progesterone and _ estrogen. Progesterone 

concentration increased sharply to 1 ng/mL (d O) and plateaued at 5 ng/mL (d 12 

to 36). Sera of treated cows added to cultures during d 4 to 10 suppressed 

lymphocyte response to PHA, whereas sera from d 12 to 36 did not suppress in 

vitro lymphocyte activity. The authors postulated that the suppressed 

lymphocyte activity was a function of increasing progesterone concentrations, 

because as progesterone reached a plateau by d 12, lymphocyte activity 

returned to normal. Sialic acid contents and sialytransferase activity in the sera 

of treated cows were also sensitive to increased progesterone concentrations. A 

relationships between suppressed lymphocyte activity, sialytransferase activity, 

and sialic acid contents of the sera of treated cows could be drawn based on two 

observations: 1) There was a correlation between lymphocyte suppression and 

the rate of change of sialytransferase activity over time; and 2) Progesterone 

might have induced the synthesis of immunosuppressive glycoproteins, and 

sialytransferase activity is a marker for this process. 

Kita et al. (1990) reported that ConA-activated murine splenic CD8* 

lymphocytes are normally capable of producing conventional soluble immune 

response suppressor factor (SIRS). The target cells for this factor seems to be 

macrophages, which are induced to produce macrophage-suppressor factor that 

directly suppresses in vitro lymphocyte responses. When progesterone was 

added to the culture in concentrations similar to those found in serum during 
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pregnancy, additional factor (Prog-SIRS) was produced by the murine CD8" cells 

and enhanced the suppression of mixed lymphocyte reactions. 

Many studies have investigated the effect of different concentrations of 

progesterone on lymphocyte activity in response to mitogens. Mori et al. (1975) 

and Kobayashi et al. (1979) reported that progesterone at concentrations of 3 x 

10° to 3 x 10° M suppressed nonpregnant women lymphocyte activity in 

response to PHA and in two-way mixed lymphocyte cultures. Progesterone 

concentration in the human placenta ranges between 2 to 7 ug/g of tissue, which 

matches the concentration of progesterone used in this experiment. So, as the 

authors proposed, progesterone may be a_— strong nonspecific 

immunosuppressant at the site of its production rather than at the systemic level, 

where progesterone is greatly diluted. 

Murray and Chenault (1982) reported that progesterone did not suppress 

bovine lymphocyte activity in response to mitogens in vitro. They commented 

that progesterone probably is not immunomodulatory in cattle. 

In a similar study, Staples et al. (1983) reported that progesterone and 

two metabolites, 5a-pregnanedione and 2Q0a-dihydroprogesterone in 

concentrations exceeding 10° M inhibited sheep and goat lymphocyte activity in 

response to mitogens and alloantigens. The authors suggested that the 

inhibitory effects of these steroids depended mainly on their structure. A 

structural feature shared by the steroids tested is the 4-en-3-one configuration in 

ring A. The lymphocyte activity was modified by the presence of an 11f- 
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hydroxyl group and a-orientated moieties at the C-17 position. Staples and 

coworkers suggested that progesterone and its metabolites tested in this 

experiment inhibited the production of mitogen-induced interleukin-2 (IL-2) 

required for further activation of lymphocytes. 

Low and Hansen (1988) reported an inhibitory effect of 10° M 

progesterone on the response of sheep and cow lymphocytes to PHA and 

alloantigens. The two less active metabolites of progesterone, 56-pregnane- 

3,20-dione and 5f-pregnane-3,20-diol, did not suppress in vitro lymphocyte 

activity. Low and Hansen (1988) commented that previous studies showed that 

progesterone at the 10° M concentration suppressed ovine lymphocyte activity 

(Staples et al. 1983), but not bovine lymphocytes (Murray and Chenault, 1982), 

and that progesterone probably regulates uterine immune functions by an 

indirect manner rather than by direct inhibition of lymphocyte proliferation (e.g., 

through modulation of prostaglandin release from the endometrium and 

induction of immunosuppressive molecules from the uterus). 

In conclusion, progesterone during pregnancy suppresses the maternal 

immune response to the fetal allograft. It is likely that such suppressive 

activities are local. The suppressive mechanisms are not completely 

understood. Progesterone may directly or indirectly reduce the uterine immune 

response to the fetal allograft. The direct mechanism could be through reduction 

of lymphocyte proliferative activity during any stage of the cell-cycle, through 

depleting T-cells, which are responsible for cellular reactions, or through 
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increasing the CD8* lymphocytes, which are responsible for suppressing the 

maternal immune response against the fetal allograft. The indirect mechanisms 

may involve: 1) Progesterone enhancement of CD8" cells to secrete suppressive 

factor (Prog-SIRS) that induces macrophages to secrete macrophage- 

suppressor factor, which further suppresses the uterine immune response; 2) 

Progesterone might have suppressed IL-2 production by CD4" lymphocytes, 

which is required for further lymphocyte proliferation; 3) Progesterone might 

have induced the uterus to secrete proteins and other molecules (i.e., 

prostaglandins) that suppressed maternal lymphocyte activity. 

The in vitro studies on progesterone suppressive activity on bovine 

lymphocytes are contradictory. In one study (Murray and Chenault, 1982), 

progesterone, and its two less active metabolites, at various concentrations did 

not suppress bovine lymphocytes. In another study (Low and Hansen, 1988), 

progesterone, at the same concentrations, suppressed bovine lymphocyte 

activity in vitro. However, progesterone in different concentrations consistently 

suppressed human, sheep, and goat lymphocytes. 

Effect of estrogens. The relationship between estrogenic hormones and 

the immune response has been studied extensively in vitro and in vivo. Some 

studies indicated a suppressive effect of estrogens in physiological or 

superphysiological concentrations on lymphocyte response to mitogens and 

alloantigens, whereas others indicated that estrogens are stimulatory to the 

24



lymphocytes. A common finding in all these studies is that estrogens (especially 

estradiol) stimulate the humoral immune response; they enhance B-cell 

proliferation and immunoglobulin production (especially IgG). 

Male mice that received a single dose of estradiol-178 1 d before or until 

3.5 d after the administration of heat-killed E. co/f had greater numbers of B-cells 

than did controls (Kenny et al., 1976). In the same study with male mice, which 

were injected 3 d earlier with heat-killed E. coli, spleen cells incubated for 24 h in 

vitro with physiological concentrations of estradiol-17B (~.5 to 5 ng/mL) 

produced more B-cells than did the controls. At greater concentrations of 

estradiol (20 ng/mL) the numbers of antibody-producing cells were reduced. 

The concentration of estradiol-178 seemed to be a critical factor for lymphocyte 

activities. Physiological doses of the hormone stimulated the activity of 

immunocompetent cells (B-cells), but, at superphysiological concentrations, it 

suppressed the activity. 

A single estradiol injection (1 pg) into ovariectomized rats increased the 

concentrations of IgA and IgG in the uterine secretions and tissues (Sullivan and 

Wira, 1983). Also, uterine tissue IgM and total protein content increased. The 

authors commented that the rapid increase in the total immunoglobulins was not 

due to increases in their local synthesis, because of three observations: 1) 

There was no evidence that IgA-positive cells increased in the uterine tissues 

after estradiol injection; 2) Radiolabeled IgG moved from blood, to uterine tissue, 

to lumen during water imbibition; 3) Dexamethasone injection before estradiol 
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treatment blocked the increase in uterine weight and IgG. The authors 

concluded that estradiol increased uterine IgA, IgG, and IgM, apparently without 

increasing the number of B-cells. The mechanism for this increase involved 

serum transudation, and perhaps other methods of moving immunoglobulins. 

Krzych et al. (1978) reported a greater T- and B-cell activity in response 

to mitogens (ConA, PHA, and LPS) and antigen (sheep red blood cells) in mice 

during proestrus and metestrus. During diestrus and estrus, immune cell 

responsiveness was low. In most rodents, the secretion of estrogens is lowest at 

estrus and metestrus, gradually increases during diestrus, and reaches a peak 

at proestrus (Yoshinaga et al., 1969). Because there is no second peak of 

estrogen in mice during metestrus, the authors suggested that the increased 

immune cell activity during this phase could be due to the combined effect of 

estrogen and progesterone. 

Wira et al. (1991) reported that i.u. immunization of ovariectomized rats 

with sheep red blood cells increased IgA and secretory component in the uterine 

tissues and lumen. When estradiol was injected after immunization, there was a 

five-fold increase in the uterine secretory component and a significant increase 

in IgA, compared with the controls (no estradiol). Obviously, the hormone 

augmented the uterine response to antigen. The secretory component is a 

glycoprotein receptor synthesized within the epithelial cells, and it mediates 

transportation of the polymeric IgA from the epithelial cells to the mucosal 

surface where IgA encounters foreign antigens. 
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Kita et al. (1990) reported that the soluble immune response suppressor 

(SIRS) factor produced by ConA-stimulated CD8" cells was altered by in vitro 

estrogen treatment of mice splenocytes. The factor enhanced lymphocyte 

activity. 

Interleukin 1 is a cytokine secreted mainly by macrophages, and it plays 

an important role in nearly every cell in the body. It induces T-lymphocytes to 

secrete IL-2, which is needed for proliferation and differentiation of other 

lymphocytes. Macrophages collected from adult male rats and treated in vitro 

with various doses of estradiol secreted more IL-1 in a dose-dependent manner; 

secretion reached a maximum at .1 ug/mL of estradiol (Hu et al., 1988). At 1 

and 10 pg/mL, estradiol drastically suppressed IL-1 secretion by macrophages. 

In the same study, macrophages from ovariectomized rats injected with various 

doses of estradiol (200 or 800 yg/d for 3 d) secreted greater amounts of IL-2 

than did controls. 

Eosinophils secrete peroxidase, which assists in killing and digesting 

foreign antigens. Recruitment of eosinophils is believed to be mediated through 

a chemotactic factor. Lee et al. (1989) reported estrogen-induced eosinophil 

chemotactic activity in the uterus of ovariectomized rats. Leiva et al. (1991) 

reported that rats of 13 d of age or older treated with diethylstilbestrol (DES, a 

potent synthetic estrogenic compound) had a marked increase in uterine 

chemotactic activity (i.e., increased eosinophil infiltration into the uterus) and 
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neutrophil peroxidase activity. Combining DES and progesterone in 

ovariectomized rats reduced peroxidase activity to that of controls. 

Estradiol and its related compounds in superphysiological concentrations 

suppressed lymphocyte activities in response to mitogens and alloantigens in 

vivo and in vitro (Ablin et al., 1974; Carter, 1976; Wyle and Kent, 1977; 

Mendelsohn et al., 1977; Clemens et al., 1979; Kobayashi et al., 1979; Neifeld 

and Tormey, 1979; Low and Hansen, 1988). Others reported that estradiol did 

not affect lymphocyte activity at any concentration tested (Mori et al, 1975). In 

contrast, Staples et al. (1983) reported that DES, especially at low 

concentrations, enhanced lymphocyte activity. However, these reports 

document that estrogenic compounds tested at  superphysiological 

concentrations (i.e., thousands of times greater than that in the body) 

suppressed lymphocyte activity. As the concentrations approached the 

physiological range, estrogenic compounds stimulated lymphocyte activities. In 

next section, | will describe some of the data that indicate how the estrogenic 

compounds varied in their in vitro effects on lymphocytes. 

Ablin et al. (1974) reported that diethylstilbestrol diphosphate (DES-P) at 

500 ng/mL suppressed more than 90% of the in vitro human lymphocyte 

response to PHA, compared to control. At concentrations of 25 and 250 ng/mL, 

DES-P suppressed only 18 and 23% of the lymphocyte activity, respectively. 

The authors commented that estrogen concentrations in the sera of pregnant 

women range between 10 and 30 ng/mL, between 10 and 1,000 ng/g of tissue in 

28



the placenta, and only ~ .5 ng/mL during the menstrual cycle. Therefore, 

estrogen may suppresses lymphocyte activity at the site where it is produced in 

large amounts (i.e., the placenta). However, DES is a more potent compound 

than is estradiol, and it is not produced by the body. 

In another study, Staples et al. (1983) reported that DES consistently 

enhanced sheep and goat lymphocyte activity in response to mitogens (PHA, 

ConA, and PWM) and alloantigens. Maximum lymphocyte activity was detected 

when DES reached 20 uM. In contrast, estradiol-17B at concentrations 

exceeding 1 uM slightly suppressed lymphocyte proliferation. The authors could 

not offer a clear explanation for why the natural steroid (estradiol) did not 

enhance, compared to DES, lymphocyte activity. A nonspecific effect of DES on 

the lymphocytes was suggested by the authors. 

In an in vivo study, Carter (1976) reported that pregnant ovariectomized 

mice injected daily with various doses of estradiol (between 2.5 to 250 pg/mL) 

had a suppressed lymphocyte response to picryl chloride sensitization, but not in 

a dose-dependent manner. A combination of estradiol (25 pg/mL) and 

progesterone (50 pg/mL) injection was more suppressive to lymphocyte 

response than was estradiol alone. The authors suggested a synergistic effect 

of progesterone and estradiol in suppressing lymphocyte activity, because 

estradiol treatment alone was less potent than treatments with both hormones. 

Clemens et al. (1979) reported that estradiol at concentrations ranging 

between 1 and 20 ug/mL inhibited lymphocyte activity in response to PHA 
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alloantigens. Estriol (Es), a weaker estrogen, did not have any effect on 

lymphocytes at the doses tested. In fact, estradiol at concentrations of .1, .5, 1, 

and 5 pg/mL did not suppress lymphocyte proliferation. At 10 ug/mL, estradiol 

suppressed only 38% of the lymphocyte activity, whereas 20 ug/mL suppressed 

approximately 67% of the lymphocyte activity in the PHA system. During 

reactivity to alloantigens, estradiol suppressed lymphocyte proliferation at 5 and 

10 pa/mL (20% and 30%, respectively), and, at 20 ug/mL, it suppressed nearly 

65% of the lymphocyte activity. Estradiol's inhibitory effect on the lymphocytes 

could be reversed by washing the cells 12 h after incubation; the cells regained 

91% of their alloreactivity. 

Buyon et al. (1984) reported that estradiol-1/7B at a concentration of 3 

ug/mL suppressed chemotactic, peptide-stimulated, superoxide anion (QO2) 

generation and degranulation by neutrophils in vitro. Neutrophils are Known to 

play an important phagocytic role in bacterial infection and secrete active 

enzymes and peptides that aid in the immune response. At 1.5 and 3 ug/mL, 

estradiol inhibited only 32% and 38% ,respectively, of the neutrophil activity. At 

0.0003, .03, or .3 yug/mL, estradiol did not suppress neutrophil activity. There 

was no correlation between the circulating concentration of estradiol in the 

serum of women and the ability of neutrophils to secrete O2 in vitro. 

Estradiol-17B at 10° M suppressed approximately 30% of the bovine 

7 
lymphocyte response to PHA (Low and Hansen, 1988). However, at 10° 107, 
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and 10° M, estradiol-178 enhanced lymphocyte proliferation (133%, 115%, and 

115%, of the control values, respectively). Estrone, for the first time, was 

reported to enhance bovine lymphocyte response to PHA at 10°, 10”, 10°, and 

10°M (115%, 110%, 108%, and 130% of the control values, respectively). 

Mori et al. (1975) reported that estradiol-17B had no effect on human 

lymphocyte activity in response to PHA at concentrations of 1, 10, 100, and 

1,000 ng/mL. The steroid neither suppressed nor stimulated the lymphocytes in 

vitro. The authors suggested that estradiol is not immunosuppressive in the 

sera of pregnant women, considering that the concentrations used in this 

experiment match those in the placenta of pregnant women. 

In conclusion, estrogens in physiological concentrations enhanced the 

humoral immune response in various’ species. Greater amounts of 

immunoglobulins were secreted from B-cells after treatment with estrogens, IL-1 

secretion from macrophages was enhanced and enhanced the function of T- 

cells, and eosinophil calling was enhanced and their peroxidase activity 

increased. Physiological concentrations of estrogenic compounds enhanced 

lymphocyte activity in vitro in response to mitogens and alloreactivity. However, 

superphysiological and pharmacological concentrations of estrogens 

suppressed lymphocyte responses. 
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Steroid receptors in immune cells and their regulatory effects. 

Women _ taking contraceptives containing increased amounts of 

progesterone and estrogens suffer from reduced immune functions, especially 

against infections (Barnes et al., 1974). Also, females have higher humoral 

(Rhodes et al., 1969; Michaels and Rogers, 1971) and lower cellular (Inman, 

1978) immune responses than males. Breast-cancer patients treated with 

estrogens had a generalized stimulation of the humoral immune response (Nicol 

et al., 1965). Estrogens and progesterone were postulated to have regulatory 

effects on the immune system through specific receptors in the immune system 

components (Reichman and Villee, 1978; Grossman et al., 1979c; Danel et al., 

1983). 

The immune system is composed of lymphoid organs and cells that 

perform highly specialized functions in the body. The thymus gland is a central 

lymphoid organ that is responsible for crucial immune functions, especially 

during immune system development and organization. Histologically, the 

thymus is composed of a cortex and medulla. The cortex is densely populated 

with immature lymphocytes and scanty reticuloepithelial cells. The medulla 

contains mature and competent lymphocytes ready to leave the thymus. The 

thymus is responsible for two main functions: 1) Providing a suitable 

environment for switching the nonspecialized T-cells into a specialized lineage 

of cells; and 2) Providing necessary instructions for the pre-T-cells to distinguish 

self from foreign tissues and selectively delete T-cells that react against self. 
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Hence, the importance of the thymus in immune functions, and its content of 

important immune cells necessary for successful immune reactions led to the 

search for steroid receptors in the thymus gland. The search expanded rapidly 

to include other immune cells, such as mononuclear and splenic cells. 

Estrogen and progesterone receptors in the thymus, splenic cells, and 

peripheral lymphocytes were reported for humans, rats, and mice (Grossman et 

al., 1979; Brodie et al., 1980; Stimson and Hunter, 1980; Cohen et al., 1983; 

Danel et al., 1983; Nilsson et al., 1984; Fujii-Hanamoto et al., 1985; Sakabe et 

al., 1986; Weusten et al., 1986; Stimson, 1988; Kawashima et al., 1992). Other 

studies indicated, indirectly, that estrogen modulated some important immune 

functions through specific receptors in the lymphoid cells. 

Paavonen et al. (1981) used T-cell-dependent B-cell differentiation by 

pokeweed mitogen to study the effect of estradiol on immunoglobulin production. 

Physiological concentrations of estradiol (780 to 2,600 pmol) increased the 

accumulation of IgM-containing and -secreting B-cells, without affecting the 

number of B-lymphocytes. The data indicated that estradiol did not have a direct 

stimulatory effect on B-cells. Instead, estradiol inhibited the suppressive activity 

of the T-suppressor/cytotoxic cells on the B-lymphocytes and, consequently, 

increased IgM secretion. The authors postulated that estradiol might have 

exerted its effects on the lymphocytes through cytosolic receptors, but the nature 

of such receptors was unknown. 
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In an in vivo study, Myers and Petersen (1985) treated male rats with 

estradiol, 3 d later a single intraperitoneal treatment with either sheep red blood 

cells or polysaccharide type III pneumococci was given. Estradiol resulted in a 

dose-dependent increase in IgM against both antigens compared with the 

control during the primary antibody response. When the rats were treated with 

estradiol during the secondary antibody response, the antibody peak was sooner 

than in controls. The authors proposed three mechanisms for the increased IgM 

synthesis. 1) Estradiol could be directly involved in B-cell activation, resulting in 

increased IgM secretion (the number of B-cells did not increase, but, rather, the 

synthesis of IgM increased). 2) Estradiol could have altered the activity, or 

selectively depleted, the CD8" T-cells. 3) Estradiol could have augmented the 

actions of T-helper/inducer cells with subsequent increased IgM production by 

B-cells. The first possibility may be the most plausible explanation for estradiol 

effects on the immune response. 

In an in vitro study, Sthoeger et al. (1988) reported that estrogen within 

the physiological ranges in women, augmented polyclonal immunoglobulin 

production in cultures of PWM-stimulated lymphocytes. Indeed, estradiol had to 

be added at the initiation of the cultures to have any detectable effects. 

Estradiol treatment of immature male rats induced the appearance of 

estradiol-specific binding protein in the cytosol of thymus glands (Stimson and 

Hunter, 1980; Brodie et al., 1980). Also, a thymic-dependent factor, which 

modulated the immunity, had appeared in the sera of treated rats. 
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Nilsson et al. (1984) identified a high-affinity and low-capacity specific 

estrogen receptor in human thymus. The values for the association constant 

(K.) of estrogen binding were similar to those in the human uterus. Based on a 

previous study (Grossman et al., 1979), which indicated that estrogen receptor 

was confined to the reticuloepithelial cells of rat thymus, Nilsson et al. proposed 

that estrogen receptors in the human thymus are present in the reticuloepithelial 

cells and not in the thymocytes (pre-T lymphocytes). 

Danel et al. (1983) reported that specific estrogen-binding protein was 

present in the cytosol of human thymic tissue, splenic cells, and peripheral 

lymphocytes. The specific binding protein was translocated from the cytoplasm 

to the nucleus. The authors pointed out that it was difficult to identify which cell 

type in the thymus gland contained the specific estrogen-binding protein. 

Weusten et al. (1986) described the presence of an estrogen-specific 

receptor in blood mononuclear cells and in thymocytes from healthy men and 

women. The authors hypothesized that one function of estrogen in the immune 

cells is the induction of progestogen receptor, based on the observation that 

progestogen receptor was induced in mononuclear cells when estrogen was 

incubated with the cells. Also, Weusten et al. indicated that estrogen receptor 

may be present in relatively small subset of lymphocytes, because of the low 

concentration of estrogen receptors in those cells. 

Cohen et al. (1983) described the localization of cytosolic estrogen- 

specific receptor in human peripheral T-cells. They described the translocation 
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of the receptor to the nucleus, which is the first biochemical step for a possible 

biological effect. The receptor was restricted to CD8* T-cells. The T- 

helper/inducer lymphocytes, or CD4"* cells, which are necessary for inducing B- 

celis to proliferate and secrete immunoglobulins, did not contain any binding 

protein for estrogen. Therefore, estrogen, as the authors concluded, may 

modulate the immune response through CD8", and not CD4", lymphocytes. 

Stimson (1988) reported that immunoglobulin production, virtually all IgM, 

by PWM-stimulated spleen cell was increased in cultures enriched with CD8* 

cells. Therefore, as the author concluded, estrogen has a specific receptor in 

the CD8* lymphocytes, and through that receptor it inhibited the suppressive 

effect of CD8* cells on the splenic B-lymphocytes and consequentially increased 

the production of IgM. 

Kawashima et al. (1992) reported for the first time the presence of a 

specific MRNA for estrogen receptor in mouse thymus gland. The receptor was 

three-fold greater in the thymic reticuloepithelial cells than in the thymocytes. 

Also, the amount of mRNA for the estrogen receptor was greater in the 

reticuloepethelial cells than in the thymocytes. 

Fujii-Hanamoto et al. (1985) reported the presence of progestogen 

(progesterone) receptors in immature ovariectomized estrogen-primed rat 

thymus, and the reticuloepithelial cells seemed to be the target tissue for 

progestogen actions, because the receptor was detected in those cells. The 

reticuloepithelial cells secrete factors such as thymosins (Goldestein et al. 
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1981), thymic hormones (Rotter and Trainin, 1979), and thymostimulin (Falchetti 

et al., 1982), all of which regulate thymocyte functions. Therefore, progestogen 

may affect thymus gland functions via a specific receptor in the reticuloepithelial 

cells that indirectly affect the thymocytes. Estrogen administration to thymus 

tissue cultures increased progestogen receptor expression in a dose-dependent 

manner. The authors commented that thymus tissues are originally estrogen- 

sensitive and become progestogen-sensitive after estrogen induction of 

progestogen receptors, which mimics the changes in rat uterine tissue (Milgrom 

et al., 1970), pituitary, and hypothalamus (MacLusky and McEwen, 1978). 

Using a histochemical technique, Sakabe et al. (1986) located 

progesterone receptors in rat thymus glands. The receptors were localized in 

the cytoplasm of the reticuloepithelial cells but not in the thymocytes, which 

agrees with what Fujii-Hanamoto reported. 

In conclusion, estrogen and progesterone have specific cell receptors in 

the thymus gland, mononuclear cells, and splenic cells from humans, rats, and 

mice. Estrogen receptors in the peripheral mononuclear cells were confined to a 

certain T-cell subset; CD8*, and not CD4*. The CD8* cells are known to 

suppress B-lymphocyte activity (i.e., decrease immunoglobulin production). 

Estrogen inhibits CD8* cells, allowing B-cells to secrete immunoglobulins. 

Estrogen receptors identified in the thymus gland were mostly in the 

reticuloepithelial cells, and only a few were in the thymocytes. Inside the thymus 

gland the undifferentiated thymocytes are assigned to be either CD8" or CD4* 
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mature cells with specified immune functions. Therefore, estrogen and 

progesterone may affect reticuloepithelial cells through their receptors, and the 

reticuloepithelial cells secrete humoral factors that prime the thymocytes to 

perform specific immune functions. Finally, progesterone receptor in the thymus 

gland was induced with estrogen treatment of the thymus. Possibly, estrogen 

has dual effects on the immune cells. It may have direct effects through 

inhibition of CD8" cells and allowing B-cells to secrete immunoglobulins. Also, it 

may have an indirect effect through induction of progestogen receptors in 

thymus tissue, which consequently allows progesterone to affect thymus 

functions. 

Uterine secretory protein 

Uterine secretory activity during the estrous cycle and early to mid- 

pregnancy in farm animals has been investigated extensively. Biochemical 

composition of the uterine fluids changes quantitatively and qualitatively during 

different stages of the estrous cycle and pregnancy. These changes could be 

induced in ovariectomized animals treated with estrogens and progesterone. 

The changes in uterine secretory activity under various experimental conditions, 

and the physiological and immunological implications of these changes in farm 

animals and humans, will be reviewed in this section. 

Murray et al. (1972) reported that by d 10 of the estrous cycle in pigs, 

uterine protein quantity had increased significantly, it reached maximum values 
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ond 15, and then on d 17 it returned to the values before d 10. Three major 

protein peaks of estimated molecular weights (M,) > 2 x 10°, 2x 10°, and 9 x 10° 

Da were separated on Sephadex G-200. One other peak, estimated to be 2 x 

10* Da, appeared on d 9, and another peak, estimated to be 45 x 10° Da, 

appeared on d 12 of the cycle. Later, Knight et al. (1973) induced the same 

uterine proteins in ovariectomized gilts injected daily with progesterone. 

Basha et al. (1980) reported that gilts injected daily with progesterone for 

60 d produced the same uterine secretions as unilaterally pregnant and 

pseudopregnant pigs on d 60 or 70. Four low-molecular weight acidic and basic 

polypeptides were identified that included uteroferrin and lysozyme. 

Ovariectomized estradiol-injected gilts did not have the same pattern of uterine 

secretions. The authors proposed that proteins that appear after progesterone 

treatment or during the luteal phase are involved in maintenance of the 

conceptus beyond the early stages of pregnancy and may be important 

throughout gestation, possibly as a source of nutrient materials (uteroferrin). 

Zavy et al. (1982) reported the presence of stage-specific polypeptides in 

uterine secretions from mares during the estrous cycle and pregnancy. A unique 

basic protein was present by midcycle, but it had disappeared by d 20. 

Ovariectomized mares treated with progesterone produced a unique uterine 

protein. The authors suggested that the progesterone-induced protein during 

early pregnancy plays a role in fetal protection and maintenance of pregnancy. 
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Uterine secretions from ovariectomized ewes treated with estradiol for 6 d 

contained two unique proteins of 57,000 and 200,000 Da, whereas uterine 

secretions from ovariectomized ewes treated with estradiol and progesterone 

had proteins of 44,000 and 200,000 Da (Murray and Sower, 1992). 

The ability of the uterus to secrete unique proteins during pregnancy and 

midcycle seemed to be controlled by progesterone secretion from the ovaries 

and the placenta. Indeed, treatment of ovariectomized females. with 

progesterone induced the uterus to secrete the same proteins as those detected 

in cyclic and pregnant animals. These proteins may be involved in one way or 

another in maintenance of pregnancy. 

Progesterone suppressed cell-mediated immunity in vitro and in vivo, 

especially during midcycle and pregnancy (Kasakura, 1971; Campion and 

Currey, 1972; Finn et al., 1972; Mori et al., 1975; Burrells et al., 1978: 

Gottesman and Stutman, 1981; Kapovic and Rukavina, 1991). During the luteal 

phase, under progesterone predominance, the uterus had a_ greater 

susceptibility to infections than at any other time in the estrous cycle of sheep, 

horses, and cows (Hawk et al., 1961; Hawk, 1963; Brinsfield et al., 1963; 

Brinsfield et al., 1964; Washburn et al., 1982; Carson et al., 1988). Also, skin 

allografts in the uterus of progesterone-treated ewes survived longer than did 

allografts in control ewes (Reimers and Dziuk, 1975). It was proposed that 

progesterone suppresses maternal immune responses either directly by 

suppressing the immune cells or indirectly by inducing the uterus to secrete 
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proteins and other compounds with immunosuppressive activity. In the following 

section of the literature review, | will summarize some of the research on the 

biochemical and immunological properties of uterine secretions under different 

experimental protocols. 

Roberts (1977) was the first to report the ability of crude uterine secretory 

proteins from d-18 pregnant cows to inhibit bovine lymphocyte activity in 

response to PHA in a dose-response manner. The crude protein concentrations 

used in this experiment were high, and the author stated that approximately .2% 

of these proteins were nonserum derived, and the rest are plasma proteins. 

Most likely, suppressive protein was highly potent, because it inhibited 

lymphocyte activity even after dilution with plasma proteins. 

Uterine secretory proteins collected from pregnant pigs between d 9 and 

16 inhibited lymphocyte response to PHA in vitro, whereas d-8 secretory 

proteins did not suppress lymphocyte activity (Murray et al., 1978). The authors 

proposed a protective role for these proteins, because implantation and intimate 

association between the uterus and embryo takes place around d 9 to 16 of 

pregnancy, without the concepts being rejected. 

Segerson (1981) reported that d 4, 9, and 14 uterine secretory proteins 

from cyclic and pregnant ewes suppressed in vitro PHA-induced lymphocyte 

proliferation. Day-14 uterine fluid was more suppressive than d-4 or -9 uterine 

fluid, and d-14 uterine fluids from pregnant ewes were more suppressive in PHA 

and mixed lymphocyte cultures than were d-14 uterine fluids from cyclic ewes. 
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The author suggested that the greater activity of the uterine secretory protein 

from the pregnant ewes could be attributed to the ovine pregnancy associated- 

antigen (oPAA) that is secreted around d 14 of pregnancy (Staples et al., 1978; 

Staples 1980). It is unlikely that this protein was transudated from the serum of 

pregnant ewes, because the serum of these ewes did not suppress lymphocyte 

activity. 

Segerson et al. (1984b) reported that unfractionated d-17 uterine protein 

from nonpregnant and pregnant beef cows consistently suppressed bovine 

lymphocyte activity in a dose-dependent response to PHA and alloantigens. 

The uterine secretory proteins from pregnant cows were more potent than those 

from nonpregnant cows, which, as the authors suggested, may be due to either 

1) greater amounts of specific uterine secretory proteins during pregnancy, 2) 

the appearance of pregnancy-specific protein, or 3) increased activation of these 

molecules in pregnant cows. 

Unfractionated ovine uterine secretory proteins (UTM-P), which are 

abundant in late pregnancy, suppressed in a dose-dependent manner 

lymphocyte response to PHA and alloantigens and in no-mitogen culture 

(Segerson et al., 1984a). The UTM-P are believed to be a pair of related 

glycoproteins with molecular weights of approximately 57 x 10° and 59 x 10° Da 

(Moffatt et al., 1987). Repeated freezing and thawing or lyophilization and 

storage for 6 mo at -20°C of the UTM-P did not abolish their suppressive activity. 

The suppressive activity of these proteins in culture was abolished by washing 
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the culture, especially in the first 12 h of incubation. Apparently, PHA and UTM- 

P do not occupy the same site on lymphocytes, because UTM-P added to the 

culture system at 6, 12, and 24 h after the addition of PHA suppressed 

lymphocyte reactivity. 

Hansen et al. (1987a) reported that most of the immunosuppressive 

activity of ovine uterine fluid during pregnancy (reported by Segerson et al., 

1984a) was not due to UTM-P. Indeed, a large-molecular weight protein (> 4 x 

10° Da) was responsible for most of the immunosuppressive activities on 

lymphocytes in vitro. Fractionation of late-pregnant ovine uterine fluid on 

Sephacryl S-200 yielded three major peaks. The first fraction eluted at the void 

volume (~ 25 x 10% Da), and the second coeluted with purified UTM-P. Fraction | 

inhibited lymphocyte activity in response to PHA and in mixed lymphocyte 

culture in a dose-dependent manner, but fractions I! (UTM-P) and Ill did not 

affect lymphocyte activity. Further fractionation of the first peak on different gel 

filtration columns indicated that it is a large-sized protein. 

Supernatants from human endometrial cultures treated with progesterone 

were immunosuppressive to lymphocytes in response to PHA and in mixed 

lymphocyte culture in vitro (Wang et al., 1988). Supernatants from estrogen- 

treated endometrial cultures did not inhibit lymphocyte activity. Apparently, the 

suppressive activity of the supernatant from progesterone-treated cultures was 

not due to the presence of progesterone, because its concentration was very low 

in the supernatant. 
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Fisher et al. (1985) reported that d-3 uterine fluid from cows stimulated in 

vitro lymphocyte responsiveness to PHA, but uterine fluid from d-18 pregnant 

and nonpregnant cows suppressed lymphocyte reactivity. Day-10 uterine fluid 

did not affect lymphocyte reactivity. Uterine vein serum collected on d 3, 10, and 

18 from pregnant and nonpregnant cows had no effect on lymphocyte activity in 

vitro. Day-18 conceptus culture suppressed lymphocyte response to PHA, and 

this activity was attributed to a low M, substance (approximately 1,000 Da). The 

authors proposed that the conceptus produced the substance that suppressed 

the maternal immune response, or progesterone induced the uterus to produce 

an immunosuppressive substance that seemed to be confined to the uterine 

lumen to protect the conceptus. The results of this experiment are in agreement 

with what Segerson et al. (1984b) reported, except that Fisher et al. (1985) 

found an immunostimulatory substance in d 3 uterine fluid from nonpregnant 

cows. 

Segerson et al. (1986) characterized the bovine immunosuppressive 

secretory protein associated with d 17 of pregnancy and the estrous cycle using 

Sephacryl S-200 chromatography. Five fractions, with apparent molecular 

weights ranging between 248 x 10° to 5,700 Da were recovered, all fractions 

suppressed, with different degrees of activity, lymphocyte response to PHA in 

vitro. All five fractions obtained from pregnant cows were more suppressive than 

those obtained from nonpregnant cows. The authors suggested that an 

increased quantity of protein in the pregnant uterus, compared with the 
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nonpregnant uterus, and(or) greater activation of the protein during pregnancy 

may explain the difference. A possible involvement of the conceptus in inducing 

the uterus to secrete immunosuppressive proteins also was suggested by the 

authors. 

Stephenson et al. (1989) reported that crude uterine fluid from mid- and 

late unilaterally pregnant ewes contained several potent compounds that 

suppressed lymphocyte activity in response to mitogens and in mixed 

lymphocyte culture. The immunosuppressive activity increased with advanced 

pregnancy. A nonspecific suppressive activity of the fluid was excluded, 

because crude uterine fluid did not inhibit growth of nonlymphoid cells (i.e., 

fibroblasts and epithelial cells), except at great concentrations. Two polar 

molecules in the uterine fluid caused suppression of lymphocytes; a small- 

molecular weight molecule (= 3,500 Da) that resisted pronase digestion, and a 

large-molecular weight molecule, called megasuppressin (> 4 x 10° Da), which 

lost some of its suppressive activity when treated with pronase and periodate 

oxidation. Most of the suppressive activity was present in the megasuppressin 

fraction, and the authors proposed that megasuppressin is rich in glycoproteins 

that gave it most of the biological activity. 

Progesterone treatment of ovariectomized ewes induced the accumulation 

in the uterine lumen of immunosuppressive substances that inhibited lymphocyte 

proliferation in vitro responses to mitogens and alloantigens, and decreased 

antibody production after antigen injections (ovalbumen) in vivo (Stephenson 
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and Hansen, 1990). Initial fractionation of the uterine fluids on a Sephadex G-25 

column revealed two fractions. Fraction | was more immunosuppressive than 

fraction Il. Pronase treatment decreased the suppressive activity of fraction | 

more than fraction Il. The authors concluded that the major immunosuppressive 

fraction isolated from the uterine fluid resembled what was isolated before 

(Stephenson et al., 1989) from the uterine lumen of pregnant ewes, indicating 

that progesterone induced the uterus to secrete and accumulate 

immunosuppressive substances. 

Segerson and Bazer (1989) reported that proteins recovered from bovine 

UTM-P during late pregnancy (Bazer et al. 1979) suppress the in vitro 

lymphocyte response to mitogen. The basic fraction of these proteins was more 

potent than the acidic fraction or the crude, unfractionated proteins. Further 

separation of the basic and acidic proteins with different types of gel filtration 

chromatography yielded three peaks from each protein. Basic peaks | (eluted at 

the void volume, < 4 x 10° Da) and Ill and the acidic UTM-P suppressed 

lymphocyte activity; peak | was more effective than peak Ill. Peak Il in both 

fractions was slightly suppressive. 

Segerson (1988) reported that crude, unfractionated, uterine lumenal 

proteins collected on d 14 of ovine pregnancy suppressed the in vitro 

lymphocyte (dose-dependent) response to PHA and IL-2-mediated lymphocyte 

proliferation. Fractionation of d-14 uterine lumenal proteins on Sephacryl S-200 

yielded five peaks, but only peaks | (> 248 x 10° Da), Ill (7 x 10% Da), and V (14 x 
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10° Da) were immunosuppressive in vitro in a dose-dependent manner. Several 

mechanisms for such potent in vitro inhibitory activity demonstrated by the 

uterine lumenal proteins were proposed by the authors: 1) A direct interaction 

between IL-2 and uterine lumenal proteins in the culture system so that IL-2 

became unavailable to activate the lymphocytes; 2) The uterine lumenal proteins 

may occupy lymphocyte IL-2 receptors and make them unavailable to IL-2; 3) 

The uterine lumenal proteins may bind to the lymphocytes at an alternative site 

and sterically mask lymphocyte IL-2 receptors; and 4) The uterine lumenal 

proteins may suppress protein synthesis inside the lymphocytes, after IL-2 

stimulation, and consequently depress the expression of IL-2 receptors. 

Segerson and Gunsett (1993) reported that components of uterine 

lumenal proteins from early pregnant cows (d 17) suppressed the cytolytic effect 

of IL-2-mediated bovine lymphocytes on tumor cells. Incubation of resting 

lymphoid cells with IL-2 for several days induces the production of lymphokine- 

activated killer cells (LAK) that kill tumor cells nonspecifically. It was reported 

earlier that bovine endometrium contains lymphocytes with potential cytolytic 

activities, and this could be attributed to natural killer cells; NK (Segerson et al. 

1991; Lee et al. 1988). 

Liu and Hansen (1993) reported that ovine UTM-P reduced the 

cytotoxicity of sheep and mouse NK cells on tumor cells in vitro, and injection of 

UTM-P into mice inhibited basal splenocyte natural killer cell activity and 

blocked fetal loss in vivo. Other studies indicated that progesterone treatment of 
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ovariectomized ewes reduced the number of NK cells in the uterus and induced 

the appearance of immunosuppressive molecules in the uterine secretions 

(Gottshall and Hansen, 1992). Natural killer cells have an immunosurveillance 

role in infectious diseases and tumors. Such cells have been identified in the 

endometrium of mice (Parr et al., 1990), humans (King and Loke, 1991), and 

pigs (Croy et al., 1988), but not in sheep, although the major lymphocyte 

subpopulation in sheep endometrium have morphological properties similar to 

NK cells (Lee et al., 1988). There is some evidence that natural killer cells 

increase in the endometrium before abortion in mice and women. Liu and 

Hansen (1993) suggested that UTM-P were able to inhibit NK cell activation 

through interference with proteases needed for lymphocyte functions. 

Skopets and Hansen (1993) demonstrated that the majority of 

lymphocyte-suppressive activity in the uterine fluid of pregnant ewes was 

associated with UTM-P and not megasuppressin. The authors suggested that 

the activity of UTM-P could be due to serpin-like properties, because UTM-P 

have sequence homology with the serine protease inhibitors (Ing and Roberts, 

1989). Probably, UTM-P inhibited proteases that are involved in lymphocyte 

proliferation. The actual molecular size and nature of megasuppressin was 

unclear, because it continued to elute at the void volume of the various gel 

filtration columns used including Sepharose CL-4B (exclusion limit 40 x 10°). It 

is likely that megasuppressin is a mucin or proteoglycan, because chemical 
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treatments to dissociate megasuppressin into subunits did not give adequate 

information to support such a suggestion. 

In conclusion, pregnant cows, pigs, ewes, and women, and midcycle 

cows, pigs, and ewes accumulate immunosuppressive proteins in their uterine 

lumen. The fetus may be involved indirectly in the induction of these proteins. 

The activity of these proteins was demonstrated in vitro in the form of inhibition 

of the lymphocyte response to different mitogens and alloantigens. The size and 

biochemical nature of these proteins is debatable. A large molecular-weight 

protein (> 40 X 10°) was responsible for part of the immunosuppressive activity, 

but other relatively small molecular-weight proteins were responsible for most of 

the activity. Harsh chemical and physical treatments of these proteins did not 

abolish completely their immunosuppressive activity. Different mechanisms of 

actions for these proteins were _ postulated. It seems that these 

immunosuppressive proteins act on the immune cells through multiple 

mechanisms. Progesterone treatment of ewes induced the same kind of 

immunosuppressive proteins produced by the uterus during pregnancy. Hence, 

progesterone seems to be responsible for protecting the conceptus from 

maternal immune rejection, and for the suppression of the immune response 

during midcycle. However, the exact mechanism of action of progesterone is not 

known. 
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Summary 

The uterine immune system is a unique and dependable system. Ovarian 

steroids, estrogens and progesterone, play an important role in regulating the 

uterine immune capability during the reproductive cycle and during the course of 

infections. Both hormones possess specific receptors in the lymphoid cells. 

Progesterone during pregnancy and the luteal phase seems to down-regulate 

the uterine immune system. Moreover, uterine infection is more likely when 

progesterone is high than any other time. The exact mechanism for these 

effects is not clear. Progesterone may directly suppress the uterine humoral and 

cellular immunity, or indirectly induce the uterus to secrete biologically active 

immunosuppressive compounds that down-regulate lymphocyte activity, 

particularly the cell-mediated immune response. The effect of estrogens on the 

immune system is controversial, because the doses of estrogen were not always 

physiological. Estrogens seem to enhance humoral immunity and increase the 

amounts of immunoglobulins secreted by the B-cells. Apparently, there is a 

direct suppressive effect of estrogen on the CD8" (T-suppressor) cells so that 

the B-cells can perform their function and secrete immunoglobulins. Estrogens 

within physiological concentrations enhance the in vitro cell-mediated immune 

response, whereas pharmacological and superphysiological concentrations of 

the hormone inhibit the immune response. Indeed, uterine infection during 

estrus is unlikely. The uterus needs a competent immune system during estrus, 
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because there is a good chance of reproductive tract contamination during 

mating or insemination. 

In conclusion, estrogens and progesterone regulate not only the 

reproductive cycle but also the activity of the reproductive immune system. Both 

hormones affect the immune cells and regulate the local uterine immune system. 

Moreover, progesterone has a clear effect on uterine secretory products. In vitro 

and in vivo experiments indicated that the uterine secretory products induced by 

progesterone are immunosuppressive to lymphoid cells in _ vitro. 
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Materials and Methods 

Development and validation of procedures 

Bacterial culture. To induce uterine infections in ewes during the estrous cycle, 

two important factors needed to be determined: 1) The susceptibility of ewes to 

infection; and 2) The approximate number of bacterial cells required for inducing 

infection. The bacteria (E. coli and A. pyogenes) used for this project were 

isolated from a local cow diagnosed with endometritis, and both strains are B- 

hemolytic and pathogenic to cows (Del Vecchio et al., 1992). Both bacterial 

strains used were previously purified and kept in a skim-milk-broth medium at - 

20°C. To quickly prepare the estimated number of bacterial cells needed at the 

time of inoculation, a rapid spectrophotometric method was developed. Sixty 

hours before inoculation, the bacterial cultures were thawed at room temperature 

and plated on brain-heart infusion agar (Difco, Detroit, Ml) supplemented with 

10% horse serum (Sigma). Actinomyces pyogenes culture was incubated under 

5% CQO, tension, whereas E. co/i culture was incubated without CO, tension. 

Twenty-four hours later, a single pure colony from each culture was taken 

aseptically, transferred to another plate of agar, and incubated for another 24 h, 

to ensure that the inoculum was homogenous and from one bacterial colony. 

The agar cultures were washed separately with 20 mL of brain-heart infusion 

52



broth (Difco, Detroit, Ml) and transferred into side-arm flasks (Bellco, Vineland, 

NJ). The flasks were held in a water bath at 37°C with continuous shaking. 

Every 30 min for the first 6 h, and then hourly for another 6 h, the flasks were 

rotated to allow the broth to fill the side arm, and then the side arm of the flask 

was inserted into the spectrophotometer to measure the optical density (OD) of 

the culture at 560 nm. Each time the OD was measured, 10 uw! of each culture 

broth were plated onto blood agar and incubated for 24 h. The bacterial 

colonies in each plate were counted, and the number was plotted against the OD 

of the culture to determine the growth curve for each bacterial strain (Figure 3). 

On the day of inoculation, the bacteria were grown in broth for at least 6 h, and 

the OD of the culture was measured every 30 min until it reached the desired 

turbidity needed for inoculation. The appropriate amount of broth culture was 

transferred into sterilized culture tubes, centrifuged at 10 x g for 15 min, and the 

pellet was resuspended in 10 mL of isotonic sterilized saline. 

Developmental Experiment. Brinsfield et al. (1963) used 7.17 x 10° E. coli cells 

per inoculum to induce acute (a few hours) uterine infections in ewes. A mixed 

inoculum of E. coli (75 x 10’ cfu) and A. pyogenes (35 x 10’ cfu) was used to 

induce uterine infections that would last for several days. The aims of this 

experiment were to determine whether E. col/ and A. pyogenes were infectious to 

ewes, and to determine the uterine leukocytic response to bacterial challenge 
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Figure 3. Growth curve for the bacteria used to inoculate ewes in Exp. 1. 
Inoculum consisted of 750 X 10° colony forming units (cfu) of E.coli and 350 X 

10° cfu of A.pyogenes. At the time of inoculation, the optical density (OD) of the 
bacterial broth was determined at 560 nm, and the required number of each 

strain was determined from the growth curve. Panel A. is the growth curve of 
E.coli, and Panel B is the growth curve of A.pyogenes. 
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during follicular and the luteal phase. Follicular and luteal pnase ewes (d 0 ord 

7) were assigned randomly to receive bacterial treatment or saline (n = 6 

ewes/group). Two days after treatment, the ewes were killed, and their uteri were 

grossly examined for gross signs of infection (inflammation and pus 

accumulation). Uterine horns were flushed with sterile isotonic saline, and 

flushings were centrifuged at 10 x g for 15 min. One loopful of the sediment from 

each sample was plated onto agar and incubated for 24 h. Each plate was 

grossly examined to assess bacterial growth, which indirectly indicates the 

severity of infection. Scanty bacterial growth was found in samples from 

follicular phase ewes inoculated with bacteria, whereas heavy bacterial growth 

was found in samples from luteal phase ewes. This heavy growth made it 

difficult to count colonies accurately. 

Histology. Samples for histology were taken from the uterine horns in the 

developmental experiment, fixed in alcohol, and embedded in plastic resin. 

Unfortunately, most of the plastic blocks were too hard to be sectioned properly. 

Sections from the few blocks successfully sectioned with the microtome were 

examined microscopically after staining. Sections from follicular phase ewes 

treated with bacteria (n = 2) contained scanty leukocytes in the uterine tissue, 

whereas sections from luteal phase ewes treated with bacteria (n = 3) contained 

clusters and aggregations of leukocytes, especially in the submucosal layer. 
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This observation, the recovery of few bacterial colonies from the uterine 

flushings of follicular phase ewes, and intensive bacterial growth from the 

sediments of luteal phase ewes indicated that follicular phase ewes eliminated 

the infection sooner than did luteal phase ewes. 

[H]Prostaglandin E2 purification and assay validation. During storage, [PH]PGE. 

degrades into other prostaglandins (e.g., PGA2), and this decreases assay 

sensitivity. Therefore, [H]PGE2, was purified with Sephadex LH-20 columns. 

Briefly, .5 g of Sephadex LH-20 was preswollen overnight in eluting solvent 

(98% methylene chloride and 2% methanol; glass distilled) and then packed in 5 

mL disposable pipettes using procedures that were described previously (Lewis 

et al., 1978). The pipettes were fitted with porous high-density polyethylene 

discs. The [°H]PGE2 was eluted through the columns using eluting solvent. The 

fractions that eluted from the columns were tested for their binding to PGE, 

antibody. Batches of [H]PGE2 were purified every 3 d to reduce the effects of 

storage. The profile of [HJPGE2 and metabolites that were eluted from the 

columns is shown in Figure 4. 

Validation of the lymphocyte blastogenic assay. A lymphocyte blastogenesis 

assay is a sensitive system, but the assay differs among laboratories. Defining 
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Figure 4. The pattern of prostaglandin E2 eluted from Sephadex LH-20 columns. 

The columns were prepared with .5 g of Sephadex LH-20, and the solvent was 
98% methylene chloride and 2% methanol. Approximately 2.5 Ci of PHIPGE, 
were dried under nitrogen, dissolved, and transferred to the column with 2 X 75 

uL of the solvent containing .5% acetic acid (.125 mL of acetic acid + 24.875 mL 
of solvent). All fractions that eluted were tested for their binding to PGE, 

antibody. 
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appropriate lymphocyte number, mitogen concentration, and suitable incubation 

periods are necessary validation procedures. 

The effect of lymphocyte numbers, concentrations of mitogens, and 

incubation times on incorporation of [PH]thymidine were determined. The 

lymphocytes used for the validation process were from jugular blood of ewes. 

Four concentrations of lymphocytes were used: 5 X 10°, 1 X 10°, 1.5 X 10°, and 

2 X 10° cells/mL of medium. Eight concentrations of PHA were used: .5, 1, 2, 5, 

10, 12.5, 15, and 20 ug/mL. The incubation periods were 18, 24, 36, and 48 h. 

Three replicates were prepared for each combination of lymphocytes and 

mitogen concentrations. Analysis of the data reveled that lymphocytes at a 

concentration of 1 X 10°%/mL and PHA at a concentration of 10 ug/ml had the 

most acceptable slope and R? (1.7 and .97, respectively). The slopes of the 

other lymphocyte concentrations ranged from -.4 to 1.5 and the R? values ranged 

from .1 to .9. Figure 5 shows the results for the 48-h incubation period. The 

other incubation periods were too short appreciable for lymphocyte proliferation 

and thymidine incorporation. 

Basic concepts of the blastogenic assay. Lymphocytes in the blood are in the 

resting phase (Go) of the cell cycle (Figure 6). To induce the resting cells to 

enter into the active cell cycle, a signal should be delivered by mitogens (Elgert, 

1994: pre-publication). The two types of lymphocytes (T- and B-cells) contain 

specific receptors for certain kinds of mitogens. The T-lymphocytes have 
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Figure 5. Validation of lymphocyte proliferation assay. Eight concentrations of 

phytohemagglutinin (PHA) were tested with four concentrations of lymphocytes. 

Three replicates were made for each combination of lymphocytes and PHA. The 
cells were incubated for 48 h with PHA, then [H]thymidine (1 wCi/replicate) was 

added. Cells were harvested 16 h later and the amount of [H]thymidine 
incorporated into lymphocytes was calculated from the com, counting efficiency, 
and specific activity of the [’H]thymidine. 
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Figure 6. Mammalian ceili cycle. 

Go, Resting phase; G;, Growth phase 1; S, DNA synthesis; G2, Growth phase 2; 
M, Mitosis. The [H]thymidine incorporation into DNA occurs in the S phase. 
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specific receptor for mitogens such as ConA and PHA, whereas B-lymphocytes 

contain specific receptor for LPS. Upon interaction between the mitogen and its 

receptor, the lymphocytes enter the first step in the active cell cycle (i.e., G1); 

cells enlarge and synthesize RNA and protein (blastogenesis). The cells enter 

the S phase, DNA synthesis, only when a second signal is presented by the 

macrophages in the form of IL-1. The IL-1 signal induces the primed T-cells to 

produce IL-2 and cell surface receptors for IL-2. This same IL-2 induces the 

lymphocytes to enter the S phase and complete the cycle. The G, accounts for 

approximately 50% of the cell cycle, and during G; the cells become 

metabolically active and increase in size. During the DNA synthesis phase, the 

cells double their DNA content. In the growth phase 2 (G2), the cells accumulate 

energy reservoirs. In the mitosis phase (M), the chromosomes split, the nucleus 

duplicates, the cytoplasm divides, and two daughter cells are produced. 

Synthesis of DNA by the dividing lymphocytes requires thymidine, which is a 

base in the nucleic acid. Adding [H]thymidine to the lymphocytes labels the 

newly synthesized DNA and allows quantitative measurement of the cells, 

response to the mitogen. The response of lymphocytes to mitogen (i.e., 

("H]thymidine incorporation) is proportional to the degree of blastogenesis 

(formation of new cells). 
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Experiments to test hypotheses 

General. Dorset, Suffolk, and 1/2 Dorset X 1/4 Rambouillet X 1/4 Finnsheep 

ewes (2 to 6 yr old) were used in Exp. 1 and 2. Ewes with at least two 

consecutive estrous cycles of 16 to 17 d in duration were used during the 

breeding season. Ewes were checked twice daily with vasectomized rams for 

signs of estrus. All ewes were healthy and had no history of uterine infections. 

Feed and water were withheld for at least 24 h before and for 6 h after ewes 

went to surgery in both experiments. 

Experiment 1 

Objectives. For the first experiment: 

1) Determine the effect of ovarian hormones and intrauterine bacterial challenge 

on the uterine immune responses. 

2) Monitor the day-to-day changes in vena caval lymphocyte activity in vitro 

after uterine exposure to pathogenic bacteria during follicular and the luteal 

phase. 

3) Determine the relationship between vena caval concentrations of the ovarian 

steroids and the uterine immune response to bacterial challenge. 

4) Determine the migration pattern of different types of white blood cells to the 

proximity of infection during follicular and the luteal phase. 
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5) Determine the pattern of secretion of vena caval PGF2. and PGE, after 

uterine bacterial challenge, and determine their relationship to uterine immune 

capability. 

Experimental protoco/. Ewes were assigned to treatments in a 2 x 2 factorial 

arrangement. Stage of the estrous cycle (follicular, E vs luteal, L) and 

inoculation (I; bacteria vs saline) were the main effects. There were seven ewes 

per group. On d 10 of the cycle (estrus = d 0), 15 mg of PGF., (Lutalyse® 

Upjohn; Kalamazoo, Ml) was injected i.m. to induce estrus. On the day of estrus 

or d 7 of the cycle, either saline (termed, follicular saline and luteal saline) or 

bacterial suspensions (termed, follicular bacteria and luteal bacteria) were 

injected into the uterus of ewes using a laparoscopic technique (developed by 

B.L. Sayre). The bacterial suspensions consisted of 35 x 10’ cfu of E. coli and 

75 x 10’ cfu of A. pyogenes in 10 mL of sterile isotonic saline; 5 mL was injected 

into each uterine horn. Sterile isotonic saline (5 mL/uterine horn) was injected 

into each uterine horn of the controls. Before the ewes were treated, polyviny! 

catheters were positioned in the vena cava, via the saphenous vein (Benoit and 

Dailey, 1991; Fortin et al., 1994), at a point anterior to the site of entry of 

uteroovarian blood. Blood collected from this site was presumed to contain 

lymphocytes that had filtered through the uterus and had been affected by the 

uterine environment. Collecting lymphocytes from the jugular vein would give an 

idea about the effect of diluted ovarian hormones on the immune ceils. 
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However, the time required to perform the lymphocyte proliferation assay in vitro 

limited the number of blood samples that could be collected and processed 

during a day. 

Vena Caval Catheterization. The ewes were anesthetized with sodium 

pentobarbital (65 mg/mL of saline; Sigma Chemical, St. Louis, MO). The 

saphenous vein dorsal to the right hock was exposed. A 90-cm long polyvinyl 

catheter (i.d. .42 mm, o.d. .74 mm, |CO-Rally Corp., Palo Alto, CA) was inserted 

into the vein through a small incision and passed up through the saphenous vein 

and into the vena cava. The catheters were marked at 40, 45, 50, 55, 60, and 

65 cm from the external end. One 4-mL blood sample was taken at each marked 

position on the catheter as it was passed up the vein. A second sample was 

taken at each position after several minutes, and the catheter was positioned 

temporarily. Catheter placement was determined according to progesterone 

concentrations; the greatest progesterone concentration indicated the site where 

uteroovarian blood entered the vena cava. To prevent blood from clotting in the 

catheters, 3 mL of heparinized saline (100 USP units of heparin/mL of .9% 

saline) were injected into each catheter, and the catheters were capped and 

fixed externally with a bandage. 

Bacterial inoculation. For inoculation, ewes were anesthetized with sodium 

pentobarbital and positioned in dorsal recumbency in a surgical cradle. The 
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abdominal region was shorn. Disinfectant soap and water were used to prepare 

a surgical site, and iodine solution was used for final disinfection. Two small 

ventral incisions were made cranial to the udder on each side of midline. A 

laparoscopic trocar and cannula were inserted on the left side of midline and into 

the peritoneal cavity. The trocar then was withdrawn, leaving the cannula in 

place. Carbon dioxide was injected through the cannula to apply slight pressure 

to the visceral organs to help move them away from the reproductive tract. A 

manipulation probe and the laparoscope were inserted in the abdominal cavity 

and used to move and visualize the reproductive tract. When the uterine horns 

were obvious, a special syringe containing the treatment was inserted through 

the cannula. The needle attached to the syringe was thrust quickly into the 

uterine Jumen, and the treatment was injected. The surgical instruments were 

removed, and the CO2 was allowed to escape from the abdominal cavity. The 

abdominal cavity was checked for bleeding, and then the two incisions were 

sutured closed. No antibiotics were given to the ewes to avoid interference with 

the treatments. The ewes were removed from the cradle and allowed to recover. 

Sampling. Beginning 12 h after treatment, blood (12 mL) was collected twice 

daily (0500 and 1700) for 6 d from the vena caval catheters into sterilized 

heparinized culture tubes. Lymphocytes were separated, and plasma was 

stored at -20° C for PGF2, and PGE2 assays. Serum was separated from 

another 12 mL of blood and stored at -20° C for estrogens and progesterone 
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assays. All catheters were flushed with heparinized saline to prevent blood 

clotting. 

Lymphocyte separation and blastogenic assay. From the Literature Review, the 

developmental experiment, and generous guidance from Dr. Klaus Elgert 

(Department of Biology at Virginia Tech), the following procedures were 

developed to assess lymphocyte blastogenesis in vitro. Heparinized blood was 

centrifuged at 2,800 x g for 15 min at 4°C to separate the lymphocytes. The 

buffy layer was transferred with sterile Pasteur pipettes onto 5 mL of filter- 

sterilized Hank’s balanced salt solution (HBSS; Gibco BRL, Grand Island, NY), 

pH 7.4, and mixed well. The mixture was laid carefully on top of 10 mL of Ficoll- 

paque (Sigma) and centrifuged at 400 x g for 30 min at room temperature. The 

procedures for the blastogenic assay were similar to those described by Burrells 

and Wells (1977). Briefly, the lymphocyte layer separated on the surface of the 

Ficoll-paque was aspirated with sterilized Pasteur pipettes, washed twice in 

sterilized culture tubes with HBSS, and then suspended in complete RPMI-1640 

medium (Gibco) supplemented with 2 mM glutamine, 10% fetal bovine serum 

(Gibco), 100 IU/mL of penicillin (Sigma), and 100 mg/mL of streptomycin 

(Sigma). The total number of live lymphocytes was determined using a 

hemocytometer and tryban blue dye. The final concentration of live cells was 

adjusted to 1 x 10°/mL of medium. 
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Two types of mitogens were used in this experiment. Concanavalin A, a 

nonspecific T-cell stimulant (10 wug/mL of medium; Sigma), and 

lipopolysaccharides from the cell wall of E. coli (5 ug/mL of medium; Sigma) to 

measure the activity of B-lymphocytes. Lymphocyte suspension (100 uL 

containing 1 x 10° cells) was transferred into sterilized 96-well plates (Becton 

Dickinson Labware, Lincolin Park, NJ), nine wells for each lymphocyte sample. 

Concanavalin A (100 pL) was added to the first three wells, 100 wL of LPS was 

added to the next three wells, and the last three wells were left untreated for 

measures of basal activity (cells without mitogen). Each plate was incubated at 

37° C in 5% COz in a humidified chamber for 2 d. Sixteen hours before 

harvesting the cells, each well was pulsed with 1 Ci of H]thymidine (specific 

activity of 4 Ci/mmole; ICN Radiochemicals, Irvine, CA) in complete RPMI-1640 

medium. Just before termination of the culture, the viability of lymphocytes was 

determined in ConA-stimulated and LPS-stimulated cells using the trypan blue 

exclusion method. At the end of the incubation period, the lymphocytes were 

transferred to fiberglass filter paper (Whatman Ltd., Madistone, England), using 

a Mini Mash Ill (Whittaker, Walkersville, MD). The filter paper was cut into 

pieces corresponding to each well and put into scintillation vials (Mini poly-Q 

vials; Beckman, Fullerton, CA). To dissolve the lymphocytes and release the 

[?H]thymidine that was incorporated into newly synthesized DNA, 400 ul of .3 N 

NaOH (Fisher Scientific; Fairlawn, NJ) were added to each scintillation vial and 
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incubated at room temperature for 30 min. Forty microliters of 3 N HCL (Fisher 

Scientific) were added to neutralize the suspension. Scintillation cocktail (5 mL 

of Econo-Safe; Research Products International, Mount Prospect, JL) was added 

to each vial, and vials were placed into a liquid scintillation spectrophotometer to 

determine cpm. The results were expressed as picomoles of [H]thymidine 

incorporated into lymphocytes and calculated with the following equation 

(Burford-Mason and Gyte, 1979) 

3 oy . 100 1] 
H]thymidine uptake in pmol = com x —— x, 

Prithy P P P E $x2.22 

where, cpm = counts per minute for each vial, E = efficiency of counting, and S= 

specific activity of H]thymidine. 

Efficiency of counting was calculated from the cpm and a tritium quench curve. 

The quench curve was prepared with a set of vials containing equal amounts of 

known activity of tritiated water (dpm), equal volumes of scintillation cocktail, and 

increasing amounts of quenching agent, carbon tetrachloride (CCIl,). 

measured com 
From the known dpm of the standard, the counting efficiency = 

known dpm 

Steroid assays. Two RIA were used to determine the concentrations of 

125 
progesterone in blood. The [I] progesterone RIA kit (Diagnostic Products, Los 

Angeles, CA) was used to determine polyvinyl catneter placement in the vena 
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cava, and a [H]progesterone (Gengenbach et al., 1977) RIA was used to 

quantify progesterone in all samples collected after treatment. Samples were 

assayed in duplicate. For the [H]progesterone RIA, the intra- and interassay 

CV were 8.4 and 22.7% respectively. 

A radioimmunoassay was used to measure the concentrations of 

estrogens, as described by Guthrie and Bolt (1983) and Lewis et al. (1989). The 

intra- and interassay CV were 9.7 and 12.8% respectively. Estrone and 

estradiol-17B cross reacted 87 and 100% respectively, with the antiserum used 

(Guthrie and Bolt, 1983); so, the term estrogens was used to describe the 

values. 

Prostaglandin assays. Prostaglandin F2, in plasma was assayed with an 

enzymeimmunoassay (EIA) using procedures similar to those described by Del 

Vecchio et al. (1991) and Fortin et al. (1994). The intra- and interassay CV were 

4.9 and 30.8%, respectively. Prostaglandin E2 was assayed with a RIA 

described by Lewis et al. (1978). The intra- and interassay CV were 8.3 and 

19.7%, respectively. 

Differential white blood cell count. A thin smear from each blood sample was 

made on a microscopic slide and stained with Wright stain. A total of 100 white 

blood cells were randomly counted from each smear using an oil-immersion 
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objective. Each cell type (lymphocyte, neutrophil, monocyte, eosinophil, and 

basophil) was recorded. 

Statistical analyses. The General Linear Model (GLM) procedures in the 

Statistical Analysis System (SAS, 1988) were used to analyze the data. 

Slidewrite 2.0 Plus (1994, Advanced Graphics Software, Inc., Carlsbad, CA) for 

Windows 3.1 (Microsoft Corp., Redmond, WA) and Quattro Pro 5.0 (1993, 

Borland Int., Scotts Valley, CA) for Windows 3.1 were used to produce graphic 

representations of the data and to perform various calculations. 

Stage of the estrous cycle (follicular vs luteal) and treatment (bacteria vs 

saline) were the main effects in the models. The initial GLM model used to 

analyze the data included the following independent variables: stage of the 

estrous cycle, inoculation, stage X inoculation interaction, ewe nested within 

stage X inoculation, time, stage X time interaction, inoculation X time interaction, 

stage X inoculation X time interaction, and residual. The error term for the main 

plot was ewe nested within stage X inoculation, and the residual was the error 

term for the subplot. The dependent variables evaluated were: 1) vena caval 

white blood cell differential count (i.e., lymphocytes, neutrophils, monocytes, 

eosinophils, and basophils), 2) the amount of [*H]thymidine incorporated into 

basal (unstimulated), ConA-stimulated, and LPS-stimulated lymphocytes; and 3) 

vena caval concentrations of estrogens, progesterone, PGF2,, and PGE». The 

shape of the response curve for basal lymphocyte activity was determined for 
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each treatment group, then basal activity was used as a covariate for the ConA- 

stimulated and LPS-stimulated lymphocytes. The incorporation data were 

reported after the adjustment for basal activity, instead of using the typical 

stimulation index. The reason for that is because the stimulation index simply 

divides ConA-stimulated and LPS-stimulated activities by basal activity. This 

simple mathematical calculation assumes a linear relationship between basal 

activity and stimulated incorporation, which is not true for the data from this 

study. Using the prediction option in SAS, a new set of data were generated 

containing the adjusted values for ConA and LPS, which were analyzed with the 

initial GLM model. 

The Least-Squares Mean and PDIFF options in SAS was used to 

compare responses of each variable when the GLM model indicated a significant 

effect of stage of the cycle (follicular vs luteal phase) or inoculation (bacteria vs 

saline). When time or interactions with time were significant, the effects on the 

response curve of the dependent variables were determined. The correlations 

between basal, ConA-stimulated, LPS-stimulated lymphocyte responses, PGF 2., 

and PGE2, and estrogens and progesterone concentrations in the vena caval 

blood were determined 
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Results of Experiment 1 

Lymphocyte blastogenic activity. 

Stage of the estrous cycle affected (P < .002) the basal, ConA-stimulated, 

and LPS-stimulated incorporation of [H]thymidine into newly formed 

lymphocytes (Table 1). The average of basal incorporation of [*H]thymidine, 

ConA-stimulated incorporation, and LPS-stimulated incorporation for ewes 

treated during follicular phase was greater than that for ewes treated during the 

luteal phase (Table 2). For basal, ConA-stimulated, and LPS-stimulated 

incorporation of [*H]thymidine, there was no effect of inoculation or the stage X 

inoculation interaction (Table 1). Time affected (P < .0001) [H]thymidine 

incorporation into ConA- but not LPS-stimulated or basal activity (Table 1). 

However, these data represent the values before adjustment for the basal 

activity of the lymphocytes. In the following paragraph, all the mitogen- 

stimulated incorporation data are presented after adjustment for basal activity. 

For [°H]thymidine incorporation into ConA-stimulated lymphocytes, time and the 

time X stage of the cycle interaction were significant (Table 3). For ewes treated 

with saline or bacteria during the luteal phase, ConA-stimulated [°H]thymidine 

incorporation was approximately 21 pmol throughout the sampling period (Figure 

7, Panels B and D; primary plots). For ewes treated with saline during follicular 

phase, ConA-stimulated [H]thymidine incorporation into lymphocytes increased 
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from approximately 60 pmol for the first 84 h, then it decreased to 53 pmol at 144 

h (Figure 7, Panel A). For ewes treated with bacteria during the follicular phase, 

ConA-stimulated lymphocytes incorporated more thymidine and increased from 

approximately 71 pmol at 12 h, to 74 pmol at 84 h, then decreased to 69 pmol at 

144 h (Figure 7, Panel C). 

For ewes treated with saline or bacteria during the luteal phase, LPS- 

stimulated [H]thymidine incorporation into lymphocytes was approximately 6 

pmol throughout the sampling period (Figure 8, Panels B and D). For ewes 

treated with saline during follicular phase, LPS-stimulated [*H]thymidine 

incorporation increased from approximately 12.5 pmol at 12 h, to 16 pmol at 84 

h, then decreased to 6 pmol at 144 h (Figure 8, Panel A). For ewes treated with 

bacteria during follicular phase, the incorporation profile for LPS increased from 

approximately 15 pmol at 12 h, to 22 pmol at 132 h, then decreased to 15 pmol 

at 144 h (Figure 8, Panel C). 

For follicular phase ewes treated with saline, lymphocyte basal activity 

was positively correlated (P < .01) with vena caval estrogens and negatively 

correlated (P < .01) with progesterone (Table 4, partial correlations). For ewes 

treated with bacteria during follicular phase, lymphocyte basal activity, ConA-, 

and LPS-stimulated incorporation of [H]thymidine into lymphocytes were 

positively correlated with vena caval estrogens (P < .01), and lymphocyte basal 

activity was negatively correlated (P < .01) with progesterone. For ewes treated 
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with saline during the luteal phase, lymphocyte basal activity was positively 

correlated with vena caval estrogens (P < .01) and negatively correlated (P < 

.01) with progesterone (Table 5, partial correlations). For ewes treated with 

bacteria during the luteal phase, lymphocyte basal activity and ConA-stimulated 

incorporation of [°H]thymidine into lymphocytes were positively correlated with 

estrogens (P < .01). Gross correlations are presented in Table 6. 

White blood cell differential counts. 

Stage of the estrous cycle affected (P < .0001) the number of vena caval 

lymphocytes (Table 7). For ewes treated during follicular phase, the average 

number of lymphocytes was greater than that for ewes treated during the luteal 

phase (Table 8). The number of neutrophils in follicular phase ewes was less 

than that in luteal ewes. 

For lymphocytes, neutrophils, monocytes, and eosinophils, there was no 

effect of inoculation or the stage X inoculation interaction (Table 7). Time 

affected (P < .0001) the number of vena caval lymphocytes, neutrophils, and 

eosinophils (Table 7). The interaction between stage of the cycle and time 

affected (P < .0001) the number of vena caval lymphocytes. The average 

lymphocyte number for follicular phase ewes increased from approximately 38 at 

12 h, to 45 at 108 h, then decreased to 33 at 144 h (Figure 9, Panels A and B). 

For luteal phase ewes (Figure 9, Panels C and D), the average number of 
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lymphocytes increased from approximately 24 at 12 h, to 35 at 120 h, then it 

decreased in ewes treated with bacteria to approximately 29 at 144 h (Panel D). 

Stage of the estrous cycle X time and inoculation X time interactions 

affected (P < .02) the number of vena caval neutrophils (Table 7). The average 

number of neutrophils for luteal phase ewes decreased from approximately 64 at 

12 h, to 50 at 48 h, and remained nearly constant until the end of the sampling 

period (Figure 9, Panel C and D). For follicular phase ewes, the average 

number of neutrophils decreased from approximately 50 at 12 h, to 37 at 60 h, 

remained nearly constant until 108 h, then increased to approximately 50 at 144 

h (Figure 9, Panels A and B). 

The inoculation X time interaction affected (P < .02) the number of vena 

caval monocytes (Table 7). The average number of monocytes for the four 

treatment groups was approximately 9 at 12 h, and remained nearly constant for 

ewes treated with saline until the end of the sampling period (Figure 9, Panels A 

and C), but it continued to increase for ewes treated with bacteria to 

approximately 15 at 132 h, and then it decreased to approximately 13 at 144 h 

(Panels B and D). 

There was an effect (P < .0001) of time on eosinophil numbers (Table 7). The 

average number of eosinophils increased for the four treatment groups (Figure 

9, Panels A, B, C, and D) from approximately 3 at 12 h, to 10 in follicular phase 

ewes treated with bacteria and to approximately 7 in the other three treatment 
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groups at 60 h, then the average number decreased for the four treatment 

groups to approximately 5 at 144 h. 

For ewes treated with saline during follicular phase, the average number 

of lymphocytes was negatively correlated (P < .01) with vena caval progesterone 

(Table 9; partial correlation). The average number of eosinophils was negatively 

correlated (P < .01) with vena caval estrogens and positively correlated with 

progesterone concentrations (P < .01). For ewes treated with saline during the 

luteal phase, the average number of lymphocytes was positively correlated (P < 

.01) with vena caval estrogens and negatively correlated (P < .01) with 

progesterone concentrations (Table 10; partial correlation). The average 

number of neutrophils and eosinophils was positively correlated (P < .01) with 

vena caval progesterone concentration, and eosinophil numbers were negatively 

correlated with estrogens. For ewes treated with bacteria during the luteal 

phase, eosinophils were negatively correlated (P < .01) with vena caval 

estrogens. Table 11 shows the gross correlations. 

Steroid and prostaglandin data. 

Stage of the estrous cycle affected (P < .0001) the vena caval 

concentrations of estrogens and progesterone (Table 12). The average 

concentration of estrogens was greater in follicular than in luteal phase, whereas 

the average concentration of progesterone was greater in luteal than in follicular 
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phase ewes (Table 13). The interactions of stage of the estrous cycle X 

inoculation X time affected (P < .05) vena caval concentration of estrogens 

(Table 12). For ewes treated with saline during follicular phase, the 

concentration decreased from approximately .62 ng/mL at 12 h, to .1 ng/mL at 72 

h. Another increase in the estrogens concentration occurred at 84 h and 

averaged .3 ng/mL, then decreased at 108 h to less than .1 ng/mL, and 

remained constant until the end of the sampling period. (Figure 10, Panel A). 

For ewes treated with bacteria during the follicular phase, concentration of 

estrogens started at .3 ng/mL at 12 h, increased to approximately .45 ng/mL at 

48 h, decreased to approximately 1.6 ng/mL at 72 h, and remained nearly 

constant until the end of the sampling period (Figure 10, Panel A). For ewes 

treated with saline or bacteria during the luteal phase, concentration of 

estrogens was minimal; < .1 ng/mL throughout the sampling period (Figure 10, 

Panel A). 

Progesterone concentrations in ewes treated during the luteal phase 

fluctuated (Figure 10, Panel B) and averaged approximately 6 ng/mL of vena 

caval blood. For ewes treated with saline during follicular phase, progesterone 

concentration was minimal; < 1 ng/mL until] 60 h, then it started to increase 

gradually and reached 5 ng/mL at 144 h (Figure 10, Panel B). For ewes treated 

with bacteria during follicular phase, progesterone started minimal; < 1 ng/mL, 

and then it increased slightly to 1 ng/mL at 144 h (Figure 10, Panel B). 
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Inoculation (bacteria vs saline) affected (P < .05) vena caval PGF2, 

concentrations. For ewes treated with bacteria, vena caval PGF2, was greater 

than in ewes treated with saline (Figure 11, Panel A). The average 

concentration of PGF2, in bacteria-treated ewes was 270 pg/mL, whereas the 

average was 154 pg/mL for saline-treated ewes (averages were calculated for 

each treatment group). Time affected the response curve of PGF2, (Table 12 

and Figure 11). The response curve of PGF2, was greater in luteal ewes treated 

with bacteria than in follicular phase ewes treated with bacteria, and both 

response curves were greater than those in ewes treated with saline. For ewes 

treated with bacteria during the luteal phase, vena caval PGF2, concentration 

decreased from approximately .45 ng/mL at 12 h to .25 ng/mL at 24 h, increased 

to .57 ng/mL at 72 h, and averaged .3 ng/mL until the end of the sampling 

period. For ewes treated with bacteria during follicular phase, vena caval PGF 2. 

decreased from approximately .5 ng/mL at 12 h to .23 ng/mL at 48 h, then 

increased to .35 ng/mL at 60 h, and averaged .17 ng/mL until the end of 

sampling period. For ewes treated with saline during follicular phase or the 

luteal phase, PGF2, decreased from approximately .45 ng/mL at 12 h to 

approximately .1 ng/mL at 60 h, and then it averaged .1 ng/mL until the end of 

sampling period. 

Vena caval concentration of PGE, was not affected by stage of the 

estrous cycle or inoculation, but time affected (P < .04) the response curve 
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(Table 12). The response curves for the four treatment groups overlapped, and 

PGF.2, averaged .35 ng/mL throughout the sampling period (Figure 11, Panel B). 

There was a positive correlation between vena caval PGE2 concentration and 

progesterone in ewes treated with saline during follicular phase (Table 14). 

Also, there was a positive correlation between vena caval PGE; and estrogens 

in follicular phase ewes treated with bacteria (Table 14). Partial correlations 

between prostaglandins and ovarian hormones in luteal ewes are presented in 

Table 15. Gross correlations are presented in Table 16. 

79



‘ajoAd 
SNOIjSe 

BU} 
JO 

(S) 
J 

JO 
O 

P 
UO 

OUles 
JO 

Ble}Oeq 
UyIM 

(|) 
Payejnoou! 

ds8M 
S8eMI, 

‘
w
o
p
s
e
J
 

jo 
seesiHaq 

= 
Jp, 

‘Bri 
g 
sem 

S
d
 

JO 
J
U
N
O
W
e
 

9u} 
pUue 

‘Br 
O| 

Sem 
pasn 

\yUuod 
Jo 

j
u
N
O
W
e
 

ay 1, 

‘oulpilWAUy[H,] 
g}eJOdsoou! 

0} 
sayAD0ydwiA| 

Jo 
Ajige 

jUsEYU! 
Uy} 

S}JUssaides 
A}IANOe 

e
s
e
,
 

 
 

 
 

 
 

per Ol 
€90'Or 

€S0'1 
792 

lenpisoy 
SN 

911 
SN 

LO€'L 
SN 

9} 
LI 

L
X
I
X
S
 

€0° 
098 

SN 
O9r'L 

SN 
GI 

LL 
1X] 

LO" 
EL0'} 

L000° 
6EL'8 

SN 
6S 

LI 
x
s
 

SN 
G9 

L000' 
ELL's 

SN 
vS 

Ll 
(1) 

oui 
8Z0'l} 

LZL'ZEe 
LSb'b 

yz 
(1X 

S) 
emg 

SN 
SEZ 

SN 
Lee'e 

SN 
Srl 

| 
Ixs 

SN 
SLE 

SN 
LLb'Z 

SN 
eS} 

| 
(1) 

UoRe|NDOU| 
ZOO" 

8S6'S 
LOO’ 

GE0'r9l 
L000’ 

GZ9'L 
L 

AS) 
86e1S 

>d 
sasenbs 

>d 
sasenbds 

>d 
soJenbs 

sfP 
UOI}ELIeA 

jo 
jo 

jo 
jo 

S
w
W
N
S
 

S
U
N
S
 

s
w
n
s
 

S
9
0
J
N
O
S
 

aod 
gVuod 

oAVAHOR 
jeseg 

 
 

Y
N
Q
 
p
e
o
)
 

Ajmou 
oj! 

auipiwAui[H,] 
JO 

uoleIOdIOOuU! 
pazye|nNwijs-(Sg1) 

sapleusdesAjodod)) 
pue 

‘pazejnwijs-(ywuod) 
y 

uljeAeuedUOD 
‘JeSeq 

3} 
10} 

BDURIILA 
JO 

SasAjeuy 
‘| 

a1GeL 

80



Table 2. Effect of stage of the estrous cycle on basal, 
concanavalin A (ConA)-stimulated, and lipopolysaccharides 
(LPS)-stimulated incorporation of PH]thymidine into newly 

formed lymphocytes 
  

  

  

Stage’ 

Variables? Follicular Luteal 

pmole 

Basal activity 4.8° 4° 
ConA® 65.85 21.6° 
LPS° 14.2° 6.1° 
  

“ Number of ewes = 14 per stage (estrus = d 0 and luteal = d 7). 
Values are group means. 
“The amount of ConA used was 10 ng/mL, and the amount of LPS used was 5 
ug/mL. 

“Values within a row with different superscript letters differed (P < .001). 
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Figure 7. The response curves of vena caval lymphocytes from ewes to 

concanavalin A in the four treatment groups. Lymphocyte concentration was 1 X 

10°, and concanavalin A concentration was 10 pg/mL. Lymphocytes were 
collected twice daily for 6 d. The inset panels represent values for ("H]thymidine 

incorporation before using basal lymphocyte activity as a covariant to adjust 
incorporation values. 

Panel A: response curves for follicular ewes (d 0) treated with saline. Panel B: 

response curves for luteal ewes (d 7) treated with saline. Panel C: response 

curves for follicular ewes (d Q) treated with bacteria. Panel D: response curves 

for luteal ewes (d 7) treated with bacteria. Stage of the estrous cycle affected (P 

< 0001) [*H]thymidine incorporation into lymphocytes. Time and time X stage of 
the cycle affected (P < .05) the response curves. 
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Figure 8. The response curves of vena caval lymphocytes from ewes to 

lipopolysaccharides in the four treatment groups. Lymphocyte concentration 

was 1 X 10° and lipopolysaccharides concentration was 5 yg/mL. Lymphocytes 
were collected twice daily for 6 d. The inset panels represent values for 

("H]thymidine incorporation before using basal lymphocyte activity as a covariate 
to adjust incorporation values. 
Panel A: response curves for follicular ewes (d Q) treated with saline. Panel B: 
response curves for luteal ewes (d 7) treated with saline. Panel C: response 

curves for follicular ewes (d 0) treated with bacteria. Panel D: response curves 

for luteal ewes (d 7) treated with bacteria. Stage of the estrous cycle affected (P 
< 002) [°H]thymidine incorporation into lymphocytes. 
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Table 4. Partial correlations among variables in follicular phase 
ewes 

Blastogenesis variables® Estrogens” Progesterone” 
  

Follicular, saline 

Basal activity 28° -.25° 
ConA -.01 -.21° 

LPS .16 01 

———— Follicular, bacteria 

Basal activity 34° -.27° 

ConA 32° -.13 

LPS 43° -.15 
  

*Picomoles of [H]thymidine incorporated into basal, concanavalin A 

(ConA)-stimulated, and lipopolysaccharides (LPS)-stimulated lymphocytes. 
’Estrogens and progesterone were measured in vena caval blood. 

“The correlations were significant (P < .01). 
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Table 5. Partial correlations among variables in luteal phase 

ewes 

Blastogenesis variables* Estrogens?” Progesterone” 

Luteal, saline 

Basal activity 31° -.28° 

ConA .07 -.06 

LPS -.11 .09 

Luteal, bacteria 

  

Basal activity -.13 14 

ConA . 33° .08 

LPS 2 07 
  

*Picomoles of [°H]thymidine incorporated into basal, concanavalin A 
(ConA)-stimulated, and lipopolysaccharides (LPS)-stimulated lymphocytes. 

Estrogens and progesterone were measured in vena caval blood. 

“The correlations were significant (P < .01). 
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Table 6. Gross correlations among variables measured in 
follicular and luteal phase ewes 

  

Blastogenesis variables* Estrogens” Progesterone” 

Follicular 

Basal activity 2 ~.25° 

ConA .08 -.22° 

LPS 24° -.07 

Luteal 
Basal activity -.01 -.06 
ConA 25° 02 
LPS 1 .08 
  

*Picomoles of [H]thymidine incorporated into basal (unstimulated), concanavalin 

A (ConA)-stimulated, and lipopolysaccharides (LPS)-stimulated lymphocytes. 
’Estrogens and progesterone were measured in vena caval blood. 

“The correlations were significant (P < .01). 
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Table 8. Effect of stage of the estrous cycle on the numbers of 
vena caval lymphocytes, neutrophils, monocytes, and 

eosinophils 

Stage* 
  

Variables” Follicular Luteal 

cells/100 WBC* 

Lymphocytes 41,3° 30.8° 
Neutrophils 42.59 51.6° 
Monocytes 9.2 11.5 
Eosinophils 6.6 5.7 
  

“ Number of ewes = 14 per stage (estrus = d 0 and luteal = d 7). 
‘Values are group means. 
“Differential count of 100 white blood cells (WBC). 
“Values within a row with different superscript letters differed (P < .007). 
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Figure 9. The average number of different types of white blood cells in the vena 

caval blood of ewes in the four treatment groups. Blood was collected twice 
daily for 6 d. Different types of WBC (lymphocyte, neutrophils, eosinophils, and 
monocytes) were counted out of 100 cells from a thin blood smear stained with 

Wright stain. 
Panel A represents follicular phase ewes treated with saline, Panel B represents 
follicular phase ewes treated with bacteria, Panel C represents luteal phase 

ewes treated with saline, and Panel D represents luteal phase ewes treated with 

bacteria. 
@ = Lymphocytes; O = Neutrophils; 0 = Eosinophils; @ = Monocytes. 
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Table 9. Partial correlations among variables in follicular phase 
ewes 

Variables? Estrogens’ Progesterone” 

Follicular, saline 

Lymphocytes A7 -.29° 

Neutrophils -.07 1 

Monocytes 16 02 

Eosinophils -.28° 31° 

Follicular, bacteria 

Lymphocytes -.07 -.11 

Neutrophils -.04 .04 

Monocytes 18 15 

Eosinophils .006 04 
  

“Differential count per 100 white blood ceils. 

Estrogens and progesterone were measured in vena caval blood. 

“The correlations were significant (P < .01). 
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Table 10. Partial correlations among variables in luteal phase 

ewes 

Variables® Estrogens” Progesterone” 

Luteal, saline-—_—_—— 

Lymphocytes or -.31° 

Neutrophils -.18 22° 

Monocytes -.14 .O6 

Eosinophils -.33° 26° 

————  Luteal, bacteria———_—___ 
Lymphocytes .15 01 

Neutrophils -.13 01 

Monocytes 11 -.04 

Eosinophils -.2T° ~.04 
  

“Differential count per 100 white blood cells. 
Estrogens and progesterone were measured in vena caval blood. 
“The correlations were significant (P < .01). 
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Table 11. Gross correlations among variables measured in 

follicular and luteal phase ewes 

Variables? Estrogens” Progesterone” 

Follicular 

Lymphocytes 04 -.12 

Neutrophils -.04 07 
Monocytes 1 -.02 

Eosinophils -.16° 15° 

__—s iLuteal __ 
Lymphocytes 2 -.15° 
Neutrophils -.14 .O9 
Monocytes 07 -.01 
Eosinophils -.26° 13 
  

“Differential count per 100 white blood cells. 
"Estrogens and progesterone were measured in vena caval blood. 
“The correlations were significant (P< .01). 
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Table 13. Effect of stage of the estrous cycle on the 
concentrations of estrogens, progesterone, prostaglandin F2,, 
and prostaglandin Ez in vena caval serum and plasma of ewes 
  

  

  

Stage* 

Variables? Follicular Luteal 
Estrogens, pg/mL 252° 39° 
Progesterone, ng/mL 4.2° 6.69 
Prostaglandin F2., pg/mL 221 229 

Prostaglandin E2, pg/mL 358 335 
  

“ Number of ewes = 14 per stage (estrus = d O and luteal = d 7). 
Values are group means. 
““V/alues within a row with different superscript letters differed (P < .001). 
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Figure 10. The average concentrations of ovarian hormones (estrogens and 

progesterone) in the vena caval blood of ewes in the four treatment groups. 

Blood was collected twice daily for 6 d. 

¢Follicular, saline; > Follicular, bacteria; m Luteal, saline; O Luteal, bacteria. 
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twice daily for 6 d. 
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Table 14. Partial correlations among variables in estrus ewes 

Variables® Estrogens? Progesterone’ 

Follicular, saline 

Prostaglandin F2, -.01 -.04 

Prostaglandin E2 -.1 3 

—— Follicular, bacteria ————— 

Prostaglandin F2, -.03 -.12 

Prostaglandin E, 24° -.03 

“Prostaglandins in vena caval blood. 

Estrogens and progesterone were measured in vena caval blood. 
“The correlations were significant (P < .03). 

  

Table 15. Partial correlations among variables in luteal phase 
ewes 

Variables* Estrogens” Progesterone” 

Luteal, saline 

Prostaglandin F2, -.03 -.04 

Prostaglandin E2 14 -.23° 

Luteal, bacteria 

Prostaglandin F2. 4 002 

Prostaglandin E2 -.04 .03 
  

“Prostaglandins in vena caval blood. 

Estrogens and progesterone were measured in vena caval blood. 
“The correlations were significant (P < .03). 
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Table 16. Gross correlations among variables measured in 
follicular and luteal phase ewes 
  

  

Variables* Estrogens” Progesterone” 

Follicular 

Prostaglandin F2. -.06 -.4 

Prostaglandin E> 06 -.001 

___-s Luteal 
Prostaglandin F2. .06 -.02 

Prostaglandin E2 01 -.1 
  

* Prostaglandins in vena caval blood. 

Estrogens and progesterone were measured in vena caval blood. 
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Experiment 2 

Objectives. Data from the first experiment indicated that stage of the estrous 

cycle and ovarian hormonal environment influenced the activity of lymphocytes 

that filtered through the uterus of ewes. The purpose of Exp. 2 was to 

investigate the influence of stage of the estrous cycle and ovarian hormones on 

the uterine secretory products and the immunological activities of these products 

in vitro. 

1) Isolate and fractionate uterine secretory proteins from intact and 

ovariectomized ewes during follicular and the luteal phase. 

2) Test the immunological activity of the protein fractions on the peripheral blood 

lymphocyte response to PHA in vitro. 

3) Determine the effect of stage of the estrous cycle (follicular vs luteal) and 

status of the animal (intact vs ovariectomized) on the biological activity of the 

uterine secretory proteins. 

Ewes were assigned randomly to treatments (7 ewes per group): intact follicular, 

intact luteal, ovariectomized during estrus (d 0), and ovariectomized during the 

luteal phase (d 7). Ewes with at least two consecutive estrous cycles of 16 to 17 

d in duration were used during the breeding season. Ewes that showed estrus 

(d 0) were used immediately, and luteal phase ewes were chosen at d / of the 
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cycle. Ovariectomized ewes were kept for 18 to 20 d after ovariectomy before 

they were killed. 

Ovariectomy. Ewes were anesthetized and prepared as in Exp. 1. The uterus 

and ovaries were exposed through a midventral laparotomy. The ovarian 

pedicle was isolated, the blood vessels were ligated, and both ovaries were 

removed. The incision was sutured, and the ewes were allowed to recover. 

Collection of the uterus. The genital tract was exposed through an abdominal 

incision after each ewe was killed. The cervix and oviducts were clamped to 

prevent any leakage of secretions, and the uterus was excised and transferred 

immediately to the laboratory on ice. 

Uterine flushes. Once in the laboratory, the uterus was trimmed of extraneous 

tissue, and 20 mL of .33 M NaCl containing .02% sodium azide were injected 

into both uterine horns using a 20 gauge needle. The uterus was massaged 

gently to release the uterine secretions from the mucous membrane, and then 

the saline was released through the tip of one uterine horn. The purpose of the 

hypertonic salt solution was to remove intercellular compounds secreted by the 

cells. The uterine flushings were collected in sterilized culture tubes and 
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centrifuged immediately at 11,200 x g for 1h. The supernatant was collected 

and stored at -80°C until it was processed. 

Sample concentration. Each uterine flushing was concentrated to approximately 

1 mL at 4°C using a vacuum dialysis cell (Amicon Inc., Danvers, MA) and a YM‘ 

ultrafilter with a 1,000 Da exclusion limit (Diaflo, Amicon Inc., Beverly, MA). 

Protein concentration was measured in each sample after dialysis. 

Protein analysis. The total protein content for each sample was determined 

using the BCA assay (Pierce, Rockford, IL). Bovine serum albumin (Sigma) was 

used to construct the standard curve. The intra and interassay CV were 6.3 and 

9.7%, respectively. Figure 12 shows the standard curve for the bovine serum 

albumin. 

Chromatography. Gel filtration was used to separate the uterine fluid proteins in 

each sample according to their mass and size. A 1 cm diameter X 115 cm tall 

column of Sephacry! S-100 (Pharmacia, Upsala, Sweden) was used. The eluent 

was .05 M PBS + .15 M NaCl containing .02% sodium azide, and the pH was 

adjusted to 7.4. Each sample was added to the column in a 10% glucose 

solution to increase the specific gravity of the sample and allow the sample to 

enter the column as a bolus. The flow rate was adjusted to 30 mL/h. The 
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Figure 12. Bovine serum albumin standard curve developed to assess protein 

concentration in the uterine flushings of ewes (Exp. 2). A standard bicinchoninic 
acid (BCA) assay was used to determine protein concentrations. 
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volume of each fraction collected was .56 mL. Twelve fractions were collected for 

the first peak and fourteen fractions were collected for the second peak. Peak 1 

had an estimated M, > 1X 10° Da (i.e., was eluted at the void volume of the 

column), and peak 2 had an approximate M, of 12.7 X 10° Da. Each fraction was 

assayed for protein content, the fractions for each peak were combined and 

concentrated with a vacuum dialysis cell using a YM1 ultrafilter, peaks were 

filter-sterilized with a .45 um syringe filter (Acrodisc; Gelman Sciences, Ann 

Arbor, Ml), and peaks were frozen at -80°C until they were evaluated in a 

lymphocyte blastogenic assay. 

Different markers with specific molecular weights were used to calibrate 

the Sephacryl S-100 column. Blue dextran with a M, of 2 x 10° Da was used to 

determine the column void volume (V,). Bovine gamma globulin (byG; M, of 15 x 

104 Da), bovine serum albumin (M, of 66 x 10° Da), carbonic anhydrase (M, of 29 

x 10° Da), and ribonuclease A (M, of 12.7 x 10° Da) were used separately to first 

calibrate the column. The log of M, for each marker was plotted against the 

fraction number eluted from the column (Figure 13). Later, the markers were 

mixed and separated on the column (Figure 13, inset panel) 

Lymphocyte blastogenic assay. The lymphocytes used for the blastogenic assay 

were from one 8-mo-old wether sheep. The reason for using lymphocytes from a 

wether was to reduce the effect of sex hormones on the lymphocytes, as 
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indicated from Exp. 1. The wether was healthy and had no history of significant 

internal or external infections. The procedures for isolating the lymphocytes 

were the same as in Exp. 1, except that the blood was collected from the jugular 

veins.. 

The protein in each of the two chromatographic peaks was diluted to 

various concentrations with complete RPMI-1640 medium. Six concentrations 

were made from peak 1 of each sample to deliver 4, 8, 16, 20, 40, and 80 ug of 

protein/well. Four concentrations were prepared from peak 2 to deliver 4, 8, 16, 

and 20 yg of protein/well. Controls (lymphocytes + mitogen) were included for 

each peak to determine the blastogenic potential of the cells. All samples were 

evaluated in triplicate. After lymphocytes and the mitogen were added to the 

wells, the specified protein concentration was added, and the plates were 

incubated and treated the same as in Exp. 1. The results were expressed as 

picomoles of PH]thymidine incorporated into the lymphocytes. 

Statistical analyses. Protein concentration: The amount of protein in the uterine 

flushings before and after fractionation varied among the four treatment groups. 

Therefore, the effect of stage of the estrous cycle and status of the ewes on the 

protein contents of the uterine flushings before and after fractionation was 

evaluated. Stage and status were the main effects in the GLM models, and the 
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dependent variables were protein content before and after separation into 

peaks. 

Blocking effect: The effect of different protein concentrations on the 

lymphocyte response to PHA was evaluated in a single plate for each treatment 

group, with control values for each plate (lymphocytes and PHA). Thus, plate 

and treatment were confounded, and it was important to determine whether 

blocking on plate affected the lymphocyte response to different proteins from 

each peak. The analysis of variance revealed a significant effect of plate on the 

lymphocyte proliferation assay. Therefore, the picomoles for control values for 

each plate were subtracted from the values of [PH]thymidine incorporation into 

lymphocytes in response to different protein concentrations from each peak. 

Overall analyses: Analysis of variance was used to analyze the data after 

they were corrected for the control values. A split-plot design was used; stage of 

the estrous cycle, status of the ewes, stage X status interaction, ewe nested 

within stage X status, different protein concentrations for each peak, stage X 

concentration interaction, status X concentration interaction, stage X status X 

concentration interaction, and residual were the independent variables. Ewe 

nested within stage X status was the error term for the main plot, and the 

residual was the error term for the subplot. The dependent variable evaluated 

was the effect of proteins from peaks 1 and 2 on lymphocyte response to PHA. 
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Results of Experiment 2 

Protein concentration. 

Status of the ewes affected (P < .001) the total protein concentration in 

the uterine flushings before fractionation on the S-100 column and protein 

concentration of peak 1 (Table 17). Flushings from intact ewes contained 

greater amounts (P < .05) of total proteins in the unfractionated samples and in 

peak 1 than did those from ovariectomized ewes (Table 18). 

Plate effect. 

Plate affected (P < .0004) the incorporation of [H]thymidine into 

lymphocytes. The contro! incorporation data varied significantly between plates 

(Table 19). 

Effects of treatments. 

Neither stage (S) of the estrous cycle nor status of the ewes (T) affected 

the amount of [H]thymidine incorporated into lymphocytes in response to 

proteins in peak 1 or peak 2 (Table 20). The stage X status interaction affected 

(P < .01) the amount of [H]thymidine incorporated into lymphocytes in response 

to peak 2. Different protein concentrations (C) of peaks 1 and 2 affected (P < 

0001) the amount of [H]thymidine incorporated. The interactions, S XC, T XC, 
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and S XT XC, affected (P < .006) [°H]thymidine incorporation into lymphocytes 

in response to proteins in peaks 1 and 2 (Table 20). 

The incorporation values for [Hjthymidine into lymphocytes in response 

to proteins of peak 1 from intact follicular phase ewes were greater than the 

values for peak 1 in the other treatment groups (Table 21). Different protein 

concentrations of peak 2 in all treatment groups suppressed lymphocyte activity 

in response to PHA (Table 21). 

For intact follicular phase ewes, protein concentrations of peak 1 at 4, 8, 

and 16 pg/well stimulated lymphocyte incorporation of thymidine in response to 

PHA, whereas greater concentrations (i.e., 20, 40, and 80 yug/well) suppressed 

the lymphocyte response to PHA (Figure 14, Panel A). Different concentrations 

of peak 1 from intact ewes during the luteal phase suppressed lymphocyte 

activity (Figure 14, Panel A). Different protein concentrations of peak 2 from 

intact ewes during follicular phase and the luteal phase suppressed lymphocyte 

incorporation of thymidine in response to PHA (Figure 14, Panel C). 

For ewes ovariectomized during follicular phase, protein concentrations of 

peak 1 suppressed lymphocyte activity in response to PHA (Figure 14, Panel B). 

For ewes ovariectomized during the luteal phase, protein concentrations at 20 

and 40 pug/well stimulated lymphocyte incorporation of thymidine in response to 

PHA (Figure 14, Panel B), whereas proteins of peak 1 from ewes ovariectomized 

during follicular phase suppressed lymphocyte activity. Different protein 
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concentrations of peak 2 from ovariectomized follicular phase and luteal ewes 

suppressed lymphocyte incorporation of thymidine in response to PHA (Figure 

14, Panel D). 
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Table 18. Effect of status of the ewes on the protein 

concentration of uterine flushes before and after they were 
fractionated on a Sephacryl! S-100 column 
  

  

Status’ 

Variables Intact® Ovariectomized® 

Total protein® 23,175' n 12,7439 

Peak 1° 8,010 3,9579 

Peak 2° 1,157 1,099 
  

“Number of ewes = 14 per group. 
"Ewes during follicular or the luteal phase (d 0 or d 7) of the estrous cycle. 

“ Ewes were ovariectomized during follicular or the luteal phase (d 0 or d 7). 

“Total protein concentration in jg in the uterine flushes before fractionation on a 

Sephacryl S-100 column. 
“Protein concentration in ug in peaks 1 and 2 after fractionation. 

"%Values within the same row with different superscript letters differed (P < .05). 
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Table 19. Analysis of variance for the effect of plate on the 
lymphocyte proliferation assay 
  

  

Sources of Sums of 

variation df* squares P< 
Plate? 3 1,587 0004 

Residuals 8 211 
  

“df = Degrees of freedom. 
’One plate was used for each treatment group, and three wells per plate served 

as contro! (1 X1 0° lymphocytes and 1 yg of PHA). 
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Table 21. Effect of treatment on the amount of [H]thymidine 
incorporated into PHA-stimulated lymphocytes 

  

Treatment? Peak 1° Peak 2° 

pmole*® 
Estrus, intact 4.4 -24.9 

Luteal, intact -5.4 -12.8 

Estrus, ovariectomized -19.7 -43 

Luteal, ovariectomized -14.6 -16.9 
  

“Number of ewes = 7 per group. 
Uterine flush proteins were collected from ewes and fractionated on a Sephacry| 
S-100 column. 
“The amount of [*H]thymidine incorporated into 1 X 10° lymphocytes in response 

to 1 ug of PHA and in the presence of proteins from peak 1 or 2. 
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Figure 14. Effect of different protein concentrations collected from the uterine 
flushing of intact and ovariectomized ewes on the lymphocyte response to 
phytohemagglutinin (PHA). Uterine flushings were collected (n = 7/group) from 
follicular (d 0) and luteal (d 7) ewes, and ewes ovariectomized during follicular (d 

QO) or the luteal phase (d 7). Flushings were fractionated on a Sephacry! S-100 

column into two peakes. Different protein concentrations were prepared from 

each peak in complete RPMI-1640 medium and were added to 1 X 10° 

lymphocytes, and 10 pg/mL of PHA were added to the cells. The bars represent 

deviations from control incorporation (horizontal line at O pmol). 
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Discussion 

In this study, ewes under the influence of increased concentrations of 

endogenous estrogens had more lymphocytes in vena caval blood, greater 

inherent ability of their unstimulated lymphocytes to incorporate [H]thymidine, 

and increased lymphocyte activity in response to ConA and LPS than did ewes 

under the influence of increased concentrations of progesterone (Exp. 1). Also, 

the uterus of ewes under the influence of ovarian hormones had the ability to 

secrete and accumulate proteins capable of altering in vitro lymphocyte activity. 

Ovariectomy changed the activity of these proteins (Exp. 2). 

Nicol and Vernon-Roberts (1965) hypothesized that estrogen is the 

principle natural stimulant of the body's defenses in females, and the 

concentration of estrogen is increased when protection against infection is 

normally most needed. Also, females have greater immunoglobulin 

concentrations than males (Rhodes, et al., 1969) and mount greater antibody 

responses to E.coli (Michaels and Rogers, 1971). Enhanced immune functions 

of the uterus during follicular was reported for ewes (Hawk et al., 1961; Brinsfield 

et al., 1963; Brinsfield et al., 1964) and heifers (Hawk et al., 1964). Moreover, 

estrogen treatment enhanced uterine immune functions in ovariectomized ewes 

(Brinsfield et al., 1964), mares (Washburn et al., 1982), and cows (Carson et al., 

1988). 
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The results of many studies of uterine immune functions are described in 

relation to the stage of the estrous cycle. Ovarian hormone concentrations are 

the most appropriate descriptor for the estrous cycle. Therefore, the hormonal 

environmnet will be used throughout this Discussion instead of the stage of the 

estrous cycle, especially for Exp. 1, to describe the effect of ovarian hormones 

on the immune cells. 

Basal lymphocyte activity in Exp. 1 reflected the condition of unstimulated 

immune cells. The activity of lymphocytes to divide under the influence of 

progesterone in luteal ewes was suppressed and the activity increased under 

the influence of estrogens in follicular ewes. Also, basal lymphocyte activity was 

positively correlated with vena caval estrogens and negatively correlated with 

progesterone in the ewes, except those inoculated with bacteria during the luteal 

phase. Indeed, the correlations between basal activity and ovarian hormones in 

follicular ewes indicate that when estrogens were increased in the blood, basal 

activity was stimulated, and when estrogens decreased and progesterone 

increased basal activity was suppressed. In luteal ewes, progesterone was 

increased in the blood throughout the sampling period, and basal activity was 

suppressed throughout the experiment. 

The percentage of vena caval lymphocytes was under the influence of 

ovarian hormones. Lymphocytic percentage was increased in follicular ewes. 

Once progesterone concentration started to increase, approximately 108 h after 
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treatment, the percentage of lymphocytes decreased. These data provide 

several observations to suggest that progesterone modulates the recruiting of 

lymphocytes to the uterus. For example, 1) serum progesterone concentrations 

increased around the time when lymphocyte percentage decreased in follicular 

ewes; 2) there was a negative correlation between progesterone concentration 

and the lymphocyte percentage in follicular ewes treated with saline; and 3) 

there was a negative correlation between progesterone concentration and 

lymphocyte percentage in ewes treated with saline during the luteal phase. 

Indeed, the absence of any correlation between lymphocyte percentage and 

estrogens in follicular ewes seems to indicate that the recruiting, or inhibition of 

recruiting, of lymphocytes into the proximity of the uterus is under the control of 

progesterone. Perhaps recruiting of lymphocytes is a "default" process, and 

progesterone inhibits the recruiting mechanism. In other words,lymphocytes are 

senstive to progesterone concentration. 

The percentage of lymphocytes was affected by the interaction between 

stage of the estrous cycle and time. The response curve of lymphocytes was 

changed over time in follicular and luteal ewes. Lymphocyte percentage 

increased in follicular ewes until they reached a peak, then decreased by the 

end of the sampling period; a time when progesterone concentrations were 

increased. During the luteal phase, the percentage of lymphocytes was minimal 
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and increased over time until the end of the sampling period, which is when 

corpora lutea begin to regress (Lewis et al., 1981). 

Hawk et al. (1961) and Brinsfield et al. (1963) reported that the 

percentage of leukocytes increased in the endometrium and uterine lumen of 

ewes inoculated with E. coff during follicular, compared with ewes inoculated 

during the luteal phase. Carson et al. (1988) reported an enhanced leukocytic 

activity in follicular, compared with luteal, cows. In the current study, the 

percentage of lymphocytes was greater in vena caval blood from follicular ewes 

treated with bacteria or saline than in that from luteal ewes. Among the types of 

leukocytes counted, lymphocytes seem to be most affected by the ovarian 

hormones. 

Not only did the hormonal environment affect the recruiting of 

lymphocytes to the uterus and modulate the inherent ability of these cells to 

divide, the hormones seemed to affect the ability of the lymphocytes to respond 

to different mitogens. The activity of vena caval T- and B-lymphocytes in 

response to ConA and LPS was greater during follicular than during the luteal 

phase. There was a change in the response curve of T-cells to ConA, 

particularly in follicular ewes. T-cell activity was enhanced and reached a peak, 

then it started to decrease near the end of the sampling period in follicular ewes 

treated with saline, wnen progesterone started to increase in vena caval blood of 

those ewes. Three observations indicated that T-cell activity was sensitive to 
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progesterone effects: 1) the negative correlation between T-cell response to 

ConA and progesterone concentrations in follicular ewes treated with saline; 2) a 

marked decrease in T-cell activity in luteal ewes, in which progesterone 

concentration was increased throughout the sampling period; and 3) in follicular 

ewes treated with bacteria, the progesterone concentration was minimal and did 

not increase throughout the sampling period, and the activity of T-cells in 

response to Con-A did not decrease as much as in follicular ewes treated with 

saline. 

Many authors reported that progesterone during pregnancy or midcycle 

suppressed the activity of T-lymphocytes (Purtilo et al., 1972; Burrells et al., 

1978; Gottesman and Stutman, 1981; Segerson and Libby, 1984c). The data 

from this study provided some evidence that progesterone is the major humoral 

modulator of the activity of T-lymphocytes in cyclic ewes. Indeed, as long as 

progesterone concentration was increased, the activity of T-lymphocytes was 

suppressed. 

Stage of the estrous cycle affected B-lymphocyte activity in response to 

LPS. The B-lymphocyte activity was greater during follicular than during the 

luteal phase. Also, B-cell activity was positively correlated with the 

concentrations of estrogens in follicular ewes treated with bacteria. It seems 

that estrogens enhanced the activity of B-lymphocytes, especially during 

infection. Indeed, many reports indicated that B-cell activity was controlled by 
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estrogen treatment in vivo and in vitro (Kenny et al., 1976; Krzych et al., 1981: 

Sullivan and Wira, 1983; Myers and Peterson, 1985; Wira et al., 1991). The 

stimulatory effects of estrogens on B-cells could be either direct, by increasing 

the mitotic activity of the cells in response to LPS, or indirect, through inhibition 

of the T-suppressor lymphocytes that suppress B-cells (Myers and Peterson, 

1985). 

Lymphocyte incorporation of [H]thymidine provide some evidence that T- 

lymphocytes are the target for progesterone, particularly when the 

concentrations of progesterone are increased in the blood. Progesterone has a 

specific cell receptors in the thymus gland (Fujii-Hanamoto et al., 1985; Sakabe 

et al., 1986). It is possible that progesterone induces the reticuloepithelial cells 

to secrete humoral compounds that affect the T-lymphocytes. Inman (1978) 

reported that females have reduced cellular immune responses, compared with 

their male counterparts. The T-lymphocytes are responsible for cellular 

immunity in the body. Thus, cyclic changes in ovarian hormones in females 

seem to be responsible for the reduced cellular immunity. Evidence from this 

study indicates that T-lymphocyte activity in response to ConA was suppressed 

when progesterone increased in the vena caval blood of ewes. In contrast to the 

effect of progesterone on T-cells, estrogens are more effective in modulating B- 

lymphocytes, when serum concentrations of the hormone are increased. Many 

authors reported that estrogen has specific receptors in the thymus (Nilsson et 
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al., 1984; Kawashima et al., 1992) and mononuclear white blood cells (Dane! et 

al., 1983). Estrogen, within the physiological range in women, augmented 

immunoglobulin production by in vitro lymphocytes (Sthoeger et al., 1988), and 

increased the amounts of antibody against antigens in rats in vivo (Myers and 

Petersen, 1985). The B-lymphocytes are responsible for producing great 

amounts of antibodies during infections. 

Apparently, both components of the immune defense system are controlled in 

females by ovarian estrogens and progesterone. 

Neutrophils are important immune cells that possess phagocytic and 

chemotactic properties (Buyon et at., 1984). Also, they are effector cells in 

autoimmune diseases such as systemic lupus erythematosus and rheumatoid 

arthritis (Landry, 1977). Neutrophil percentage was greater in luteal than in 

follicular ewes. The decreased percentage of neutrophils in follicular ewes, and 

its increase in luteal ewes, does not necessarily mean that estrogens 

suppressed the recruiting of neutrophils or that progesterone enhanced their 

calling. Buyon et al. (1984) reported that estrogen did not suppress the activity 

of neutrophils, unless pharmacological concentrations were used in vitro. 

Indeed, the increased differential count of lymphocyte percentage in follicular 

ewes affected the percentage of neutrophils. Each type of leukocyte has an 

approximate ratio in the blood, and an increase in any one of them affects the 

ratios of the other types. The increased percentage of neutrophils was probably 
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due to the decreased percentage of lymphocytes in luteal ewes. Even though 

inoculation itself did not affect the percentage of vena caval neutrophils, 

interaction between inoculation and time affected the neutrophil response curve. 

There was a slight increase in the percentage of neutrophils in the ewes 

inoculated with bacteria until 48 h after treatment, then the percentage of 

neutrophils increased gradually in the saline-treated, compared with bacteria- 

treated ewes. It is possible that bacterial inoculation in follicular and luteal ewes 

enhanced the recruiting of neutrophils to the uterus to assist in phagocytosis of 

bacteria, especially in the first 48 h. 

Monocytes are essential phagocytic cells. Macrophages are derived 

from monocytes, and they are responsible for engulfing, processing, and 

presenting foreign antigens to the specialized lymphocytes (Unanue, 1984). 

Interaction between time and inoculation affected the response curve of 

monocytes, and the percentage tended to increase in bacteria-inoculated ewes, 

especially near the end of the sampling period. Possibly infection enhanced the 

recruiting of monocytes regardless of the hormonal environment. The response 

curve for eosinophils changed over time. Leiva et al. (1991) reported that DES 

injection into female rats increased the percentage of endometrial eosinophils, 

and the effect was abrogated when progesterone was combined with DES. In 

Exp. 1, eosinophils were not affected by vena caval estrogens. 

132



Vena caval concentrations of estrogens were greater in follicular than in 

luteal ewes, and there was a difference between estrogens concentration in 

bacteria- vs saline-treated follicular ewes, especially in the first 48 h after 

treatment. Indeed, five of seven ewes inoculated with bacteria during follicular 

had an average concentration of estrogens of .27 ng/mL during the first 48 h vs 

.61 ng/mL in follicular ewes treated with saline. Perhaps bacterial inoculation in 

follicular ewes altered the secretion of ovarian estrogens. A Oh blood sample 

was not collected; so, it was difficult to determine whether the differences in 

estrogens concentrations was a treatment effect. Three observations may 

indicate that treatment affected vena caval estrogens: 1) the interactions 

between stage of the estrous cycle, inoculation, and time was significant in the 

GLM model (i.e., the response curve for estrogens was different for follicular 

ewes inoculated with bacteria from that of follicular ewes inoculated with saline; 

2) another increase, between 72 and 108 h after treatment (which is typical in 

ewes), in estrogens concentration in follicular ewes treated with saline did not 

occur in follicular ewes treated with bacteria; 3) progesterone concentration in 

follicular ewes treated with bacteria increased only slightly, even 144 h after 

treatment, but it increased in follicular ewes treated with saline, as was reported 

earlier for ewes (Lewis et al., 1981). For luteal ewes, the concentration of 

estrogens was minimal throughout the sampling period, which is expected, 

because the sampling started on d 7 and ended on d 13 of the estrous cycle. 

133



Vena caval concentrations of PGF2,. were affected by inoculation. Ewes 

treated with bacteria during follicular or the luteal phase had greater PGF2, 

concentrations in their vena caval blood than did ewes inoculated with saline. 

Del Vecchio et al. (1994) reported that postpartum cows with spontaneous 

uterine infections had greater concentrations of PGFM (a metabolite of PGF>2,) in 

the blood than those without uterine infections. The main source of PGF2, in 

vena caval blood is the uterus (Lewis, 1987). It has been known that uterine 

PGF. is luteolytic in livestock (MacCracken et al., 1971). Increased 

concentrations of uterine PGF2, during bacterial infection in the luteal phase 

may be a mechanism that could cause premature regression of an existing 

corpus luteum and reduce progesterone concentrations (Peter and Bosu, 1987). 

In the present study, progesterone concentrations in luteal ewes treated with 

bacteria decreased 96 h after treatment, whereas, in luteal ewes treated with 

saline, progesterone concentration continued to be increased until the end of 

sampling (d 13 of the estrous cycle). 

The question is, why should an infected uterus cause luteolysis? The 

answer lies in the role of progesterone in immune system functions. As 

described before, progesterone tends to suppress the immune response in vivo 

and inhibit uterine motility, which, teleologically, would be an undesirable effect 

during infections. Therefore, the greater amounts of PGF2, secreted during 

infection could reduce corpus luteum function, which would reduce the 
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concentration of progesterone in the blood and reduce the suppressive effect of 

progesterone on the uterine immune system. This mechanism may explain why 

most uterine infections do not usually develop until after the start of the first 

luteal phase postpartum and why they usually do not persist more than a few 

days. 

Prostaglandin Ez concnetration was not affected by stage of the estrous 

cycle or treatment. Changes in the PGE2 response curve was only affected by 

time. Prostaglandin E2 is secreted by the endometrium (Lewis and Waterman, 

1985) and macrophages (Vagel et al., 1987), and it was postulated that PGE2 

suppresses T-lymphocyte responses to mitogens and antigens (Low and 

Hansen, 1988; Muscoplat et al., 1979). 

Ovariectomy affected the protein concentrations in whole uterine 

flushings and in peak 1 of the fractionated uterine flushings. Stage of the 

estrous cycle (follicular vs luteal) did not affect protein concentrations before or 

after fractionation. Moffatt et al. (1987a) reported that protein concentrations in 

uterine flushings from ovariectomized ewes treated for 30 d with estrone did not 

differ from those treated with progesterone or with both hormones. Also, 

previous reports indicated that ovarian hormone treatments induced the uterus 

to secrete specific proteins in gilts (Basha et al., 1980), mares (Zavy et al., 

1982), and ewes (Moffatt et al., 1987a; Murray and Sower, 1992). 
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In this study, whole uterine flushes from intact follicular and luteal phase 

ewes contained greater amounts of protein than uterine flushes collected from 

ewes ovariectomized during follicular and the luteal phase. Apparently, 

estrogens and progesterone induced the uterus to secrete and accumulate 

proteins, and ovariectomy limited this activity. Although the exact nature and the 

chemical composition of these proteins are unknown, their biological activity 

varied according to the hormonal environment that induced them, as will be 

discussed later. 

Following fractionation of the uterine flushings on the Sephacryl S-100 

column, two peaks were separated. The first peak was eluted at the void volume 

of the column (M, > 1 X 10° Da), and the second peak had an estimated M, of 

12.7 X 10‘ Da. Protein concentrations in the first peak from intact ewes were 

greater than those from ovariectomized ewes, whereas protein concentrations in 

the second peak did not differ between intact or ovariectomized ewes. It seems 

that most of the secretory protein induced by the ovarian hormones was in peak 

1. It is worth mentioning that further fractionation of the large M, protein eluted 

at the void volume was not done, because large exclusion-limit gel 

chromatography (Sepharose CL-6B; exclusion limit 40 X 10°) failed to resolve 

the protein, and the chemical nature of the uterine secretory proteins was not the 

aim of this study. 
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Many investigations indicated that progesterone, either during the luteal 

phase or pregnancy, induced the uterus to secrete immunosuppressive 

molecules that protect the fetus from immune rejection by the maternal immune 

system (Segerson, 1981; Hansen et al., 1987; Segerson, 1988; Hansen et al., 

1989; Liu and Hansen, 1993; Skopets and Hansen, 1993). Moreover, 

progesterone treatment induced the same _ uterine’ secretory proteins 

(Stephenson and Hansen, 1990; Stephenson et al., 1991). The biological 

importance of the uterine secretory proteins in follicular ewes has not received 

much attention, although estrogen treatment was reported to induce the uterus 

of ewes to secrete a unique protein that was not secreted by ovariectomized 

ewes treated with a combination of estrogen and progesterone (Murray and 

Sower, 1992). 

In the present study, small amounts of uterine flushing protein from peak 

1 from follicular ewes enhanced the in vitro activity of T-lymphocytes in response 

to PHA, whereas increased concentrations of the protein suppressed lymphocyte 

activity. In contrast, protein from peak 1 from luteal ewes suppressed 

consistently the activity of T-lymphocytes. Apparently, the suppressive activity 

was not due to cytotoxicity, because the viability of the cells was not affected by 

the uterine protein, even at greater concentrations. 

Segerson (1981) reported that crude uterine flushings collected on d 4 

from ewes suppressed in vitro lymphocyte PHA responsiveness at 
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concentrations ranging from 200 to 1,600 pg/mL. But, the uterine flushings at a 

concentration of 100 pg/mL stimulated lymphocyte activity. In the current study, 

the protein concentrations from peak 1 that stimulated lymphocyte activity were 

less than what Segerson (1981) reported (i.e., 4, 8, and 16 pg/well, or 20, 40, 

and 80 ug/mL, respectively), but, at greater concentrations, proteins in peak 1 

suppressed lymphocyte activity. Day-3 uterine fluid from cows stimulated 

lymphocyte activity in response to PHA, and uterine fluid from d-18 pregnant and 

nonpregnant cows suppressed lymphocyte response to PHA (Fisher et al., 

1985). The concentration of estrogen in cows is increased on d 3 of the estrous 

cycle, whereas progesterone concentration is minimum on the same day (Lewis 

et al., 1989). The immunostimulatory protein reported by Fisher et al. (1985) 

seemed to be produced under the influence of increased concentrations of 

estrogen. 

Protein concentration is a major factor that determines either stimulation 

or suppression of lymphocyte activity in intact, follicular ewes. The stimulatory 

activity of the uterine flushings collected from follicular ewes in the current study 

could be because 1) the protein directly stimulated more T-lymphocytes to enter 

the active cell cycle, 2) the protein stimulated the secretion of more IL-1 in the 

culture, which is needed as a second signal for the T-lymphocytes to continue 

the active cell cycle, 3) the protein induced the secretion of more IL-2 or induced 

the synthesis of IL-2 receptor by the T-lymphocytes after stimulation with IL-1, or 
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4) the protein mimicked the stimulatory effects of IL-1 or IL-2 on the T- 

lymphocytes. The exact mechanism of T-lymphocyte activation induced by this 

protein is unclear, but peak 1 from follicular ewes had the ability to enhance the 

activity of lymphocytes in vitro. 

Polan et al. (1988) reported that estradiol treatment of human 

lymphocytes in vitro stimulated the secretion of IL-1. It is possible that uterine 

secretory proteins stimulated the secretion of IL-1 by monocytes in cell culture, 

especially because this protein was secreted under the control of increased 

concentrations of estrogens. 

The suppressive activity demonstrated by greater amounts of peak 1 

protein from follicular ewes may be because the increased protein 

concentrations 1) interfered with the ability of lymphocytes to respond to PHA, or 

2) interacted with the mitogen and made it unavailable to the lymphocytes. 

However, the suppression of lymphocytes by increased protein concentration 

was not a result of cell toxicity. 

Different concentrations of protein from peak 2 of follicular and luteal 

ewes suppressed T-lymphocyte response to PHA in vitro. The suppressive 

effects seemed to be due to slight cytotoxic actions of the protein on 

lymphocytes, as indicated by the cell viability. It is possible that purification and 

separation of the uterine flusnes on gel chromatography increased the toxicity of 

peak 2. Skopets and Hansen (1993) reported that the suppressive activity of 
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uterine milk proteins, which are abundant in pregnant ewes and inducible with 

progesterone (Moffatt et al., 1987), had cytotoxic effects on lymphocytes in vitro. 

Also, Stephenson et al. (1989) reported the isolation and purification of two 

major proteins of different sizes from the uterine fluid of pregnant ewes. Both 

proteins inhibited the lymphocyte response to PHA in vitro, but the second 

protein (small M, ) was cytotoxic to lymphocytes. Proteins in peak 2 from 

follicular and luteal ewes were probably similar in their chemical properties to the 

those reported earlier (Stephenson et al., 1989; Skopets and Hansen, 1993). 

Ovariectomy during follicular abolished the stimulatory activity of the 

proteins in peak 1. All protein concentrations in peak 1 from ovariectomized 

follicular ewes suppressed T-lymphocyte activity in response to PHA in vitro, but 

the suppressive activity was not a result of cytotoxicity. Greater concentrations 

of peak 1 (20 and 40 pg/well) from ovariectomized, luteal phase ewes enhanced 

the activity of T-lymphocytes, but other concentrations of that protein were 

immunosuppressive. It is possible that the activity of proteins at these two 

concentrations was an artifact, or the proteins were contaminated with other 

molecules that caused activation of the lymphocytes in response to PHA. 

Proteins of peak 2 from ovariectomized ewes during follicular and the luteal 

phase were suppressive to T-lymphocytes, apparently due to slight cytotoxicity. 

Thus, endogenous ovarian hormones induced the uterus of ewes to 

secrete and accumulate bioactive proteins of different sizes that demonstrated 
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different activity on T-lymphocytes in vitro. During follicular, and under the 

influence of estrogens, large M, uterine secretory proteins stimulated T- 

lymphocytes, whereas the small proteins were moderately toxic to the cells in 

vitro. It is not Known whether fractionation and extensive dialysis of the uterine 

flushing proteins caused changes in the chemical composition of the small 

proteins, or whether the interactions between the proteins in vivo, which was 

probably terminated by fractionation, changed the nature of the small proteins. It 

was reported earlier that the large M, protein that eluted at the void volume of 

Sepahrose CL-6B is highly glycosylated (Stephenson et al., 1989) and was 

affected by harsh treatments in vitro. 

In conclusion, ovarian estrogens and progesterone, and probably other 

unknown factors, are important humoral factors regulating uterine immune 

activity. Both hormones seem to work synergistically and orchestrate uterine 

immune functions in the favor of the animal. During pregnancy and the luteal 

phase, under increased progesterone concentrations, the uterus is quiescent 

and ready to receive the conceptus, and its immune capability is down- 

regulated, which allows the uterus to accept and tolerate the fetal allograft. The 

lymphocyte activity in response to mitogens and lymphocyte percentages are 

either suppressed or decreased. Moreover, the uterus is induced to secrete 

immunosuppressive molecules that down-regulate immune cell activities. 
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During follicular panse, the cervix is relaxed, the female is ready for 

conception, and many factors, such as semen, may induce uterine infections. 

Thus, the access of infection is easy during this period. However, estrogen 

concentrations are increased, and estrogens up-regulate uterine immune 

functions, which seem to usually overcome many infections. Endogenous 

estrogens induce the uterus to secrete immunostimulant proteins and molecules 

that enhance immune cell functions. Also, estrogens enhanced basal activity of 

the immune cells, enhanced the recruiting of lymphocytes, and increased T- and 

B-cell activity in response to certain mitogens. 

The uterus may also help eliminate infection during the luteal phase by 

increasing the production of PGF2, which reduces luteal progesterone 

production. The reduction in progesterone may help the uterine immune system 

regain its activity and react against infections. 

Many questions remain to be addressed in further investigations. 1) What 

attracts the immune cells to the uterus during follicular? If estrogens control 

that, what is the exact mechanism involved in this process? 2) During the luteal 

phase, what keeps the white blood cells away from the infected uterus? If 

progesterone controls that, what in the mechanism, and what factors are 

involved in this process? 3) What kind of signals did estrogens and 

progesterone deliver to the lymphocytes to activate or suppress their response 
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to mitogens? 4) How did the uterine secretory proteins suppress or enhance the 

immune cells? 
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