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Abstract

Most in vitro and ex-vivo studies indicate a profound suppression of NK cell cytotoxicity (NKCC) 

by glucocorticoids; while catecholamines and prostaglandins were reported both to suppress and 

to enhance NKCC. However, methodological considerations hinder our ability to deduce from 

these findings to the impact of endogenous release of these factors on in vivo levels of NKCC and 

their implications to NK-dependent resistance to pathologies in living humans or animals. Here we 

used an in vivo approach that sensitively and specifically reflects NKCC in living F344 rats, based 

on lung clearance of NK-sensitive tumor cells (MADB106), and based on comparing effects 

between NK-intact and NK-depleted rats. To study the role of corticosterone, epinephrine, and 

prostaglandins, we administered these factors to rats, or antagonized their endogenous release 

following different stress paradigms or surgery. The results indicated that endogenous or 

exogenous elevated corticosterone levels can suppress in vivo NKCC levels, but only under some 

conditions, and mostly secondarily to the NK-suppressing impact of epinephrine. Specifically, 

corticosterone-induced NKCC suppression occurred (i) only under prolonged, but not short 

exposure to stress, and mainly in males; (ii) was smaller than the prominent impact of epinephrine; 

(iii) was mostly ascribed to corticosterone-induced potentiation of the effects of epinephrine 

or/and prostaglandins; and (iv) was completely abolished through antagonizing epinephrine or/and 

prostaglandins. Overall, these findings markedly limit the significance of stress/surgery-induced 

corticosterone release in the in vivo suppression of NKCC, and highlight the blockade of 

epinephrine or/and prostaglandins as effective and clinically feasible approaches to overcome such 

immuno-suppressive effects.
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1. INTRODUCTION

Prominent among stress responses are the systemic release of glucocorticoids and 

catecholamines, which were repeatedly shown to modulate various aspects of the immune 

system, including natural killer (NK) cell activity [1, 2], which is an essential aspect of 

innate immunity, controlling virally infected cells and malignant cells [3]. Specifically, 

surgery, swim stress, wet-cage exposure, anxiety, or social confrontation were all shown to 

suppress NK cytotoxicity [4-7] or NK cell capacity to release IFN-gamma [8, 9], in humans 

or in animals. Furthermore, suppression of NKCC by stress or surgery was shown to 

promote cancer metastasis in animal models [5, 10, 11], and human studies indicated 

associations between perioperative suppression of NKCC and increased long-term cancer 

recurrence rates [12].

Glucocorticoids are considered the major mediators of stress-induced suppression of NKCC, 

as numerous in vitro studies, employing rodent or human leukocytes, reported profound 

suppression of NKCC by synthetic glucocorticoid analogs or by physiological 

concentrations (3×10-6 to 3×10-7 M) of corticosterone (CORT) or cortisol (for example 

[13-15]). Additionally, others [16] and us [17] observed ex-vivo suppressive effects of 

exogenous or stress-induced elevated CORT levels on NKCC (measured in vitro). It was 

therefore concluded that under stressful conditions, endogenously elevated levels of 

glucocorticoids are the major or the sole mediators of in vivo suppression of NKCC [17, 18]. 

However, some ex-vivo and in vivo evidence challenge this prevalent notion. Specifically, 

interventions that apparently do not affect CORT levels, such as beta-adrenergic blockade, 

were shown to abolish stress- and surgery-induced suppression of NKCC and NK-dependent 

resistance to metastasis [10, 19, 20]. Additionally, increased CORT levels following 

corticotropin-releasing factor (CRF) administration were dissociated from the consequent 

NK-suppression [21], and some human studies deduced that physiologically-relevant 

changes in plasma cortisol alone have no significant effect on NKCC [22].

Similar to CORT, catecholamines and prostaglandins were repeatedly shown in vitro to 

suppress NKCC [23-26], but ex-vivo studies are inconclusive, suggesting increased, 

unchanged, or decreased NKCC following in vivo exposure to catecholamines or 

prostaglandins [19, 27-29].

The inconsistency between the reliable and robust in vitro suppression of NKCC by CORT, 

catecholamines, and prostaglandins, on the one hand, and the lack of consistent ex-vivo 

findings, on the other hand, yields uncertainty regarding the true in vivo effects of each of 

these factors on NKCC in the context of stress and surgery. For obvious reasons, in vitro 

studies alone are insufficient to conclude about the in vivo effects of these stress factors, and 

the ex-vivo approach may distort previous in vivo effects, as cytotoxicity is tested in vitro 

following the removal of all endogenous factors and in artificial conditions that do not 

simulate the in vivo milieu and its complex processes [30, 31].

Because in vivo suppression of NKCC may have detrimental clinical outcomes in the 

context of cancer metastasis or infectious diseases, it is critical to understand whether it 

occurs and what are its specific humoral mediators. Such knowledge could allow the use of 
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specific prophylactic measures of clinical applicability. Thus, in this study in F344 rats we 

aimed at determining the relative impact of CORT, catecholamines, and prostaglandins, in 

mediating potential in vivo suppression of NKCC. We assumed that all three factors are 

involved [32], but hypothesized that catecholamines and prostaglandins are the most 

prominent mediators of stress-induced in vivo suppression of NKCC, whereas CORT has a 

secondary role.

To test this hypothesis we used an in vivo model-system that is highly sensitive to changes 

in NKCC levels in the living animal (also see Methods). Shortly, this approach is based on 

quantifying lung tumor retention (LTR) of a tumor cell line (the syngeneic MADB106) 

following its intravenous inoculation. This index of LTR is highly sensitive to alterations in 

in vivo levels of NKCC. Specifically, NK cells were shown to create immunological 

synapses with MADB106 cells in the lungs [33], marginating pulmonary NK cells were 

shown to efficiently kill MADB106 cells [31, 34, 35], and selective in vivo depletion of NK 

cells decreased in vivo killing of MADB106 tumor cells, and increased MADB106 LTR and 

lung metastases by 20- to 200-fold [27, 36-40]. Most importantly, comparing effects of 

stress or of other in vivo manipulations between normal rats and rats that are temporarily 

depleted of NK cells in vivo (see Methods) distinguishes between effects that are mediated 

through alterations in NKCC and those that involve other or additional mechanisms. The use 

of these in vivo approaches overcomes most of the shortcomings of the in vitro and ex-vivo 

approaches, and enables the assessment of the cumulative effects of stress exposure on in 

vivo NKCC levels along the course of quantifying LTR.

Employing these in vivo approaches, we subjected male and female F344 rats to the 

administration of CORT, other compounds, or to different stress paradigms or surgery, and 

assessed in vivo levels of NKCC and the mediating role of elevated levels of CORT, 

epinephrine, and prostaglandins. Most experiments were conducted in both sexes, as sexual 

dimorphism was reported with respect to the effects of stress and surgery on hypothalamic-

pituitary-adrenal (HPA) axis reactivity [41], NKCC, other aspects of immunity, and cancer 

resistance [42, 43].

2. MATERIALS AND METHODS

2.1 Animals

Male and female F344 rats (Harlan Laboratories, Jerusalem), were housed 4 per cage, with 

saw-dust bedding, under a 12:12 hour light/dark cycle at 22±1°C, with free access to 

standard food and fresh water. Animals were acclimatized to our vivarium for at least 4 

weeks, and were 12 to 20 weeks old at the beginning of experimentation. In any given 

experiment, all animals were of the same age. All experiments were approved by the 

Institutional Animal Care and Use Committee of Tel Aviv University.

2.2 Drugs

2.2.1 Nadolol—(Sigma, Israel), a hydrophilic nonselective β-adrenergic antagonist, which 

does not cross the blood-brain-barrier, was dissolved in PBS and injected subcutaneously at 

0.2mg/kg.
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2.2.2 RU-486—(mifepristone) (Sigma, Israel), a hydrophobic glucocorticoid and 

progesterone receptor antagonist, was ground and dissolved overnight in corn oil and 

injected subcutaneously at 25 mg/kg.

2.2.3 Etodolac, a hydrophobic semiselective COX2 inhibitor was dissolved in corn oil and 

administered subcutaneously at 12.5 mg/kg. Etodolac was kindly donated by Taro, Israel.

2.2.4 Epinephrine—(Sigma, Israel), was first dissolved in PBS. Given the short half-life 

time of this hormone, and in order to achieve an extended duration of elevated plasma 

levels, epinephrine was administered subcutaneously (1 mg/kg) in a slowly absorbed 

emulsion (consisting of 4 parts of the PBS containing the active ingredient, 3 parts of 

mineral oil, and 1 part of mannide-monooleate – a non specific surface active emulsifier – 

all purchased from Sigma, Israel).

2.2.5 Corticosterone (CORT)—(Sigma, Israel), the active glucocorticoid in rats, was 

ground and dissolved overnight in corn oil and injected subcutaneously at doses of 1-9 

mg/kg.

2.3 General experimental procedures and counterbalancing

Rats were handled daily for 4 days prior to each experiment in order to reduce unwanted 

procedural stress, and were randomly allocated to groups. Exposure to stress and 

adrenalectomy/sham procedures were counterbalanced across cages (i.e., conducted in 

different cages) in order to prevent unwanted stress in controls and allow maintenance of 

adrenalectomized animals (see below). Drug administration was counterbalanced within 

cages. Blood samples for serum corticosterone level measurements (see below) were 

collected by cardiac puncture or by tail vein draw within less than 3 minutes of approaching 

a cage. Sera were separated and frozen at -80°C for later analysis of CORT levels.

2.4 Wet-cage stress paradigm

Rats were placed for one or five hours in standard transparent Plexiglas cages filled with 2 

cm deep water, at room temperature, with free access to food and drinking water.

2.5 Adrenalectomy (ADX) and sham operation, and maintenance of rats following ADX

Rats were anesthetized with 2.5% isoflurane and a 4cm midline abdominal incision was 

performed. Both adrenal glands were exposed and removed completely using standard 

surgical techniques. Sham-operated rats underwent the exact same procedure without 

removal of the adrenal glands. In order to expedite recovery from surgery, ADX rats were 

subsequently injected s.c. three times, 3 hours apart, with 3 mg/kg cort/injection. Following 

surgery, and to ensure complete recovery, rats were kept in their home cages undisturbed for 

4 weeks before entering experiments. To overcome the lack of mineralocorticoids, and to 

approximate normal levels of CORT, adrenocorticotropic hormone (ACTH), and their 

circadian rhythms, the regular drinking water of ADX rats was replaced with 0.9% NaCl 

saline containing 15 mg cort/liter. Previous studies showed that this method approximates 

normal circadian CORT levels (~20-100ng/ml), as rats drink mostly during their first 

activity hours [44]. Two hours before experimentation (during the light phase), and to ensure 
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low physiological CORT levels, ADX rats were given only normal 0.9% saline without 

CORT as their drinking water.

2.6 Experimental laparotomy

To simulate stress caused by surgery rats underwent laparotomy. This procedure has been 

described elsewhere [45]. Briefly, rats were anesthetized with 2.5% isoflurane and a 4 cm 

midline abdominal incision was performed. The small intestine was externalized, rubbed 

with a PBS-soaked gauze pad and left hydrated with a PBS-soaked gauze pad for 40 

minutes. Finally, the intestine was internalized and the abdomen sutured and cleaned.

2.7 Selective in vivo temporary functional depletion of NK cells

Approximately 1.5 mg/kg of mouse anti-rat NKR-P1 monoclonal antibody (mAb) (CD161) 

was injected i.v. under isoflurane anesthesia. Previous studies using the abovementioned 

dose of the anti-NKR-P1 mAb showed immediate, selective, and complete abolition of 

blood and splenic NK cytotoxicity [46, 47] and up to 200-fold increase in the lung retention 

and metastatic colonization of MADB106 tumor cells [27, 38, 39]. Our previous studies 

using control mAbs (R73, W3/25, and ED2), mouse serum, or saline as controls for anti-

NKR-P1 administration, have shown that neither had an effect on NK-cell function and 

metastatic dissemination, and therefore saline was used as the control [38].

2.8 CORT radioimmunoassay (RIA) and blood withdrawal for its assessment

A standard 125I competitive RIA kit (MP Biomedicals, Solon, OH, USA) was used to 

measure CORT levels according to the manufacturer’s instructions. Blood was drawn using 

a heparinized syringe (30 units/ml) within less than 3 minutes from disturbing the animals. 

Cardiac puncture was used in Exp. 1a-c, and tail vein withdrawal in Exp. 9 & 10. To 

overcome the impact of CORT circadian rhythm while comparing different groups or 

conditions, blood withdrawal was always conducted at the same time of the day, and the 

order of blood withdrawal was counter-balanced between the different groups.

2.9 Maintenance and radiolabeling of MADB106 tumor cells, and assessment of lung tumor 

retention (LTR)

The MADB106 cell line was maintained in monolayer cultures in complete media 

(RPMI-1640 media supplemented with 10% heat-inactivated FCS, 50μg/mL of gentamicin, 

2mM of L-glutamine, 0.1mM of non-essential amino-acids, and 1mM of sodium pyruvate, 

Biological Industries, Kibbutz Biet Haemek, Israel) in 100% humidity, 5% CO2 at 37°C. 

Cells were removed from the culture flask with trypsin solution (0.25% in PBS), and were 

washed with complete media. Tumor cell DNA radiolabeling for assessment of LTR was 

accomplished by adding 0.5 μCi/ml of 125Iododeoxyuridine (125IDUR, Danyel Biotech, 

Rehovot, Israel) to the cell culture for 24 hrs. For tumor cell injection, rats were lightly 

anesthetized with isoflurane, and 4×105/kg MADB106 tumor cells in 2ml/kg PBS 

containing 0.1% BSA were injected into their tail vein. For assessment of LTR, animals 

were sacrificed with CO2 21 hrs after inoculation with 125IDUR-labeled tumor cells, and 

their lungs were removed and placed in a γ-counter to assess percent radioactivity retained 

in this organ. LTR was calculated using the following formula: (radioactivity count of lung – 
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background radioactivity) ×100/(radioactivity count of the total injected cell suspension – 

background radioactivity).

2.10 LTR index - its sensitivity to NKCC, its use to distinguish between NK-dependent and 

NK-independent effects, and other characteristics of this model

The LTR index is highly sensitive to in vivo levels of NKCC. Specifically, NK cells were 

shown to create immunological synapses with MADB106 cells in the lungs [33], 

marginating pulmonary NK cells were shown to efficiently kill MADB106 cells [31, 34, 

35], and selective in vivo depletion of NK cells increased LTR and lung metastases by more 

than a hundred fold [27, 36-40]. Furthermore, we have shown that several stress paradigms, 

or the administration of stress-related factors (catecholamines and their agonists, and 

prostaglandins), can increase LTR in normal F344 rats, but not in NK-depleted rats, 

indicating that increased LTR in normal rats under these conditions reflects an in vivo 

suppression of NK-mediated activity [26, 27]. On the other hand, other manipulations, 

including surgery or LPS administration [40, 48], increased LTR in both normal and NK-

depleted rats, indicating the involvement of non-NK mechanisms in modulating LTR. Thus, 

the use of this LTR index, in conjunction with an NK-depletion paradigm, can indicate the 

specific in vivo involvement of NK cells in various manipulations that affect LTR.

While developing this tumor models, others and us have shown that immediately after 

intravenous tumor administration, more than 95% of tumor cells can be found in the lungs. 

This percentage decreases dramatically within the first 24 hrs, along with excretion of 

radioactive molecules in the urine, and both of these processes are markedly inhibited by the 

aforementioned selective in vivo depletion of NK cells. Other organs present markedly 

lower (or undetectable) levels of radioactivity, and metastases eventually develop only in the 

lungs [36-39]. Last, the index of LTR predicts the number of metastases that will be evident 

weeks later [26, 27, 35].

2.11 Enumerating MADB106 lung metastases

Rats were lightly anesthetized with isoflurane, and 105 MADB106 tumor cells were injected 

into their tail vein in 0.5 ml of PBS (supplemented with 0.1% BSA). Three weeks later, rats 

were killed, and their lungs removed and placed for 24 h in Bouin’s solution (72% saturated 

picric acid solution, 23% formaldehyde (37% solution) and 5% glacial acetic acid). After 

being washed in ethanol, visible surface metastases were counted separately by two 

researchers uninformed of the origin of each lung.

2.12 Statistical analysis

One- or two-way analyses of variance (ANOVA) were used in all studies to analyze LTR or 

CORT levels. When significant group differences were indicated by ANOVA, Fisher’s 

Protected Least Significant Differences (PLSD) post-hoc contrasts were used to test specific 

planned pair-wise differences. For unplanned pair-wise differences, Tukey post-hoc 

contrasts were used. For all analyses, p values of less than 0.05 were considered significant.
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3. Experimental Procedures and Results

3.1 Exp. 1. The kinetics of plasma CORT levels following s.c. administration of CORT: 

Studies of dose, time, and sexual dimorphism

The following three experiments (1.a, 1.b, & 1.c) were conducted to determine what doses 

should be administered to male and female F344 rats in order to induce physiological levels 

of CORT (approximately 100-1000 ng/ml), and to identify potential sex-related differences 

in their kinetics. This information is critical to simulate physiological levels in the following 

studies and to interpret potential sex-related differences.

1.a. Procedure—Ninety-six F344 male rats were subjected to administration of CORT 

(s.c., 1, 3, or 9 mg/kg) or vehicle (oil), and plasma CORT levels were assessed, once in each 

rat, at 1, 2, 4, or 6 hrs following administration. To control for diurnal changes in CORT 

levels, all samples were collected at the same time of day, about 4 hrs before the end of the 

light phase, while counterbalancing the order of blood draw between the different groups.

Results—Plasma CORT levels were significantly elevated in a dose-dependent and time 

dependent manner as evident in Fig. 1A. ANOVA indicated significant group differences 

(F(13,82)=104.729, p<0.0001), and Fischer’s PLSD indicated significant pair-wise higher 

CORT levels compared to the control vehicle group (p<0.05), as indicated by *. Post-hoc 

Tukey test did not indicate significant decrease in any of the groups.

1.b. Procedure—The exact same procedure as in 1.a was conducted, employing 91 

females instead of males.

Results—Plasma CORT levels were significantly elevated in a dose-dependent and time 

dependent manner, as evident in Fig. 1B. ANOVA indicated significant group differences 

(F(13,77)=18.18, p<0.0001), and Fischer’s PLSD indicated significant pair-wise differences 

from the control vehicle group only when the higher doses of 3 and 9 mg/kg were used, as 

indicated in Fig. 1B by * for increased CORT levels. Post-hoc Tukey test did not indicate 

significant decrease in any of the groups.

1.c. Procedure—Here we compared the kinetics of CORT levels between males and 

females within the same experiment. We used a single dose of CORT injection that induces 

moderate to high physiological levels in both sexes (s.c., 3 mg/kg). Additionally, both the 

increase and the decrease in CORT levels were studied in reference to the time-interval-

matched vehicle group. Fifty-six male and 56 female rats were subjected to receive CORT 

(s.c., 3 mg/kg) or vehicle, and plasma CORT levels were assessed once in each rat at 1, 2, 4, 

6, or 8 hrs following administration.

Results—A 2×6 ANOVA (sex by time point) indicated a significant main effect for sex 

(F(1,100)=8.387, p=0.0046), for time point (F(5,100)=74.545, p<0.0001), and an interaction 

(F(5,100)=8.02, p<0.0001). Irrespective of sex, Fischer’s PLSD indicated a significant 

increase in CORT levels at the 1 and 2 hr time points, and a significant decrease at 8 hrs 

compared to the matched vehicle injection group (indicated by ¥) (Fig. 1C) (p<0.05). As the 

interaction between sex and time point was significant, and as planned, we also compared 
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females to males at specific time points. Fisher’s PLSD indicated that plasma CORT levels 

at the 1 and 2 hr time points were significantly lower in females than in males (as indicated 

by *), while no other time points yielded significant sex differences (p<0.05).

3.2 Exp. 2. Prolonged exposure and high levels of CORT are needed to effectively increase 

MADB106 LTR

Procedure—Sixty-six male rats were s.c. injected with vehicle or CORT in a dose of 3 or 

6 mg/kg, at 3 hrs before tumor administration or simultaneously with it. One group was 

injected with 3 mg/kg twice - once at each time point (see Fig. 2 for all groups). To control 

for the potential stress of injection, all rats received two injections (of CORT or vehicle), 

one at each time point. Twenty-one hours following MADB106 tumor administration, rats 

were sacrificed to assess MADB106 LTR.

Results—One way ANOVA indicated significant group differences (F(5,93)=12.01, 

p<0.001). Within each administration timing (3 hrs before tumor inoculation or 

simultaneously with it), the deleterious effects of CORT on LTR were dose dependent. 

Additionally, administration of CORT 3 hrs before tumor inoculation (irrespective of the 

dose) increased LTR more than the administration simultaneously with the tumor (Fisher’s 

PLSD, p<0.05). The administration of 3 mg/kg twice (at both time points) caused the largest 

increase, significantly more than the 6 mg/kg dose administered with MADB106 

administration (p<0.05) (see Fig. 2).

3.3 Exp. 3. Sex differences in the influence of CORT administration on LTR and on 

numbers of metastases

3.a. Procedure—Employing a 2×4 factorial design, 48 male and 48 female rats that were 

inoculated intravenously with radio-labeled MADB106 tumor cells, were subjected to 

receive 2 s.c. injections of 0 (vehicle), 1.5, 3, or 6 mg/kg of CORT. The first injection was 

given 3 hrs before tumor administration, and the second simultaneously with it. Twenty-one 

hrs later, the rats were sacrificed to assess LTR.

Results—A 2×4 ANOVA indicated significant main effects for sex (F(1,68)=30.213) and 

for CORT (F(3,68)=18.524, p<0.0001 for both), and a significant interaction between the 

effects of CORT and sex (F(3,68)=8.569, p<0.0001) (Fig. 3A). This indicates that the 

deleterious effect of CORT was greater in males than in females. When conducting ANOVA 

separately for males and females, Fisher’s PLSD indicated significantly higher LTR levels 

for 1.5, 3, and 6 mg/kg CORT compared to control levels in males (p<0.05 for each), 

whereas in females only the highest dose reached statistical significance (p<0.05).

3.b. Procedure—In this study, assessing lung metastases, we examined whether the 

deleterious effect of our CORT paradigm has long term significance, affecting the actual 

development of macro metastases. To this end we counted the actual numbers of surface 

lung metastases 21 days following MADB106 tumor administration. In this experiment, 26 

males and 26 females were injected with either two injections of CORT (3 mg/kg each, 3 hrs 

apart) or vehicle. Simultaneously with the second CORT/vehicle injection, all rats were 
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administered with non-labeled MADB106 tumor cells, and 21 days later sacrificed and lung 

metastases were enumerated.

Results—A 2×2 ANOVA indicated significant main effects for sex (F(1,48)=5.041, 

p=0.0294) and for CORT (F(1,48)=5.138, p=0.0280), and a significant interaction 

(F(1,48)=4.045, p<0.005), indicating that CORT elevated the number of lung metastases in 

males more than in females (Fig. 3B). Fischer’s PLSD indicated a significant effect of 

CORT only in males (P<0.05).

3.4 Exp. 4. NK cells are the primary mediators of the in vivo effects of CORT on MADB106 

LTR in both female and male rats

As reviewed above, the LTR index is highly sensitive to NK cell activity, but can also be 

affected by other factors. To understand the in vivo role of NK cells in mediating the impact 

of CORT on MADB106 LTR, we conducted studies that also utilized selective functional 

depletion of NK cells. Two experiments were conducted, one in males and one in females.

4.a. Procedure—Seventy-five male rats were randomly assigned to undergo NK depletion 

or to serve as controls (see Methods), and were simultaneously administered with radio-

labeled MADB106 tumor cells. Three hrs before, and simultaneously with tumor 

administration, rats received 2 injections of CORT (s.c. 1.5 or 3 mg/kg) or vehicle (oil). Our 

previous studies [40] had shown that laparotomy stress increases LTR both through NK-

dependent and through NK-independent mechanisms. Therefore, as a positive control, to 

demonstrate NK-independent effects, additional groups of rats were subjected to laparotomy 

2 hrs before tumor administration, and were randomized to undergo NK-depletion or vehicle 

administration simultaneously with tumor administration.

Results—In vehicle-treated animals, NK depletion elevated LTR levels more than 70-fold 

(p<0.001), confirming the sensitivity of the LTR index to NKCC. Given this marked 

differences in baseline levels between NK-intact and NK-depleted animals (0.4% vs. 35%), 

and the consequent marked differences in variance (violating the ANOVA assumption of 

homogeneity of variance), ANOVA was conducted separately in each condition. In NK-

intact rats, ANOVA indicated significant group differences (F(3,34)=21.2, p<0.001), and 

surgery, and 1.5 and 3 mg/kg of CORT, each significantly elevated LTR levels compared to 

the control (vehicle) group (Fisher’s PLSD, p<0.01 for each comparison) (Fig. 4A). On the 

other hand, in the NK depletion groups, ANOVA indicated significant group differences 

(F(3,33)=5.1, p<0.01), but neither doses of CORT had an effect. In contrast, surgery, which 

had a smaller effect than that of 3 mg/kg of CORT in NK-intact animals, significantly 

elevated LTR levels in NK-depleted animals (Fisher’s PLSD, p<0.05). These findings 

indicate that the effects of 1.5 and 3 mg/kg of CORT on LTR are primarily mediated 

through NK cells, while the effects of surgery involve non-NK dependent mechanisms.

4.b. Procedure (female)—A similar experiment was conducted employing 99 female rats 

and an additional higher dose of CORT (9 mg/kg), as our experiments above show that 

females are less reactive to the effects of CORT administration.
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Results—The same pattern of results as in males was evident (F(4,45)=9.3, p<0.01) 

(F(4,44)=5.1, p<0.01), with the exception that only the highest two doses of 3 and 9 mg/kg of 

CORT reached statistical significance in the NK-intact condition (Fisher’s PLSD, p<0.05 for 

each comparison) (Fig. 4B). Thus, in both males and females, NK cells are the prominent 

mediator of the effects of CORT on LTR levels, indicating in vivo suppression of NK 

function by CORT.

3.5 Exp. 5. The effects of CORT on LTR are mediated by glucocorticoid receptors (GRs), 

and not by mineralocorticoid or beta-adrenergic receptors

CORT can exert its effects through either mineralocorticoid or glucocorticoid receptors 

(GRs). Additionally, CORT and catecholamines were reported to modulate each other’s 

levels and activity [49, 50]. Therefore, in the following studies we addressed the specific 

role of GRs and the specific role of beta-adrenergic receptors in mediating or modulating the 

effects of CORT on MADB106 LTR.

5.a. Procedure—35 male rats were used in a 2×2 design, and were subjected to receive 2 

vehicle (oil) or 2 CORT injections (s.c. 3 mg/kg, 3 hrs apart). Both groups were subdivided 

to receive a single vehicle (oil) or RU486 (s.c. 25 mg/kg) (a GR, but not MR, antagonist) 

injection 15 minutes before the first CORT injection. MADB106 tumor cells were 

administered simultaneously with the second injection, and rats were sacrificed 21 hrs later 

to assess LTR.

Results—A 2×2 ANOVA indicated significant main effects for CORT and for RU486 on 

LTR levels (F(1,31)=40.194, p<0.0001, F(1,31)=17.229, p=0.0002 respectively), and a 

significant interaction (F(1,31)=17.25, p=0.0002), indicating a significant blockade of the 

effects of CORT by RU486 (Fig. 5A). Thus, the GR seems to be a prominent mediator of 

the effects of CORT on MADB106 LTR. RU486 also blocks the progesterone receptor (PR). 

However, a role for PRs is unlikely in this experimental setting, as CORT does not bind to 

the PR, and as RU486 did not have an effect in vehicle treated animals, ruling out a 

modulatory impact of endogenous progesterone.

5.b. Procedure—34 male rats were used in the same 2×2 design, replacing RU486 with 

the beta-adrenergic antagonist nadolol.

Results—A 2×2 ANOVA indicated a significant main effect for CORT (F(1,30)=36.587, 

p<0.0001), without an effect for nadolol or an interaction (Fig. 5B), suggesting that beta-

adrenergic receptors are not involved in the effects of CORT on MADB106 LTR.

3.6 Exp. 6. Endogenous adrenal CORT significantly potentiates the effects of administered 

epinephrine on MADB106 LTR, but not vise-versa

In the intact animals, stress commonly increases the release of both CORT and 

catecholamines, and these two hormones often modulate the activity of each other. Here we 

aimed at disentangling the effect of each hormone from their composed interactive impact 

by employing ADX animals.
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Procedure—Seventy-seven male rats were subjected either to ADX or to a sham 

operation, and allowed 3-4 weeks for recovery (See Methods for conducting ADX, and for 

maintenance of ADX rats along the study). Sham and ADX rats were then subjected to the 

administration of either CORT (s.c. 3 mg/kg), epinephrine (s.c. 0.5 mg/kg in a slow-release 

preparation), both drugs, or vehicle. All rats received two injections of their designated drug/

vehicle treatment, first 3 hrs before, and then simultaneously with radio-labeled MADB106 

administration. Twenty-one hrs after MADB106 administration rats were sacrificed to assess 

LTR.

Results—Epinephrine and CORT each significantly elevated LTR in ADX and in sham-

operated animals, but to different degrees, as indicated by ANOVA yielding a significant 

interaction between the effects of drugs and ADX (F(3,69)=3.7, p<0.05), and by specific pair-

wise PLSD contrasts. Specifically, epinephrine had a significantly and markedly greater 

effect in sham-operated animals than in ADX animals, while CORT had a similar effect in 

both groups. When both hormones were applied, ADX and sham animals reached very 

similar levels of LTR, consistent with similarly high levels of both hormones in ADX and in 

sham animals (Fig. 6). These findings indicate that the presence of adrenal glands 

potentiates the effects of epinephrine, but not of CORT.

3.7 Exp. 7. NK cells mediate the effects of one-hr and of 5-hr exposure to behavioral stress 

on LTR

To understand the role of endogenous CORT and catecholamines secreted in response to 

stressful conditions, in the following four experiments we employed two non-invasive stress 

paradigms – 1 or 5 hr exposure to a wet-cage – and an additional stress paradigm –

laparotomy. To understand the in vivo role of NK cells in mediating the impact of these 

three stress paradigms on MADB106 LTR, we first conducted the following study utilizing 

selective functional depletion of NK cells.

Procedure—Fifty-five male rats were used. One group of rats was subjected to the wet 

cage paradigm for 5 hrs, and injected with tumor cells during a 30 min brake, 3 hrs 

following stress commencement. A second group was subjected to laparotomy (a 1 hr long 

procedure) 2 hrs before tumor administration, and a third group served as home cage 

control. A fourth group was subjected to the wet cage paradigm for one hr immediately after 

tumor administration. Rats from all four groups were randomly assigned to undergo NK 

depletion simultaneously with tumor administration, or to serve as controls (see Methods).

Results—In vehicle-treated animals, NK depletion elevated LTR levels more than 70-fold 

(p<0.001), reaffirming the sensitivity of the LTR index to NK-dependent activity. Given the 

marked differences in baseline levels between NK-intact and NK-depleted animals (0.4% vs. 

30%), and the consequent marked differences in variance (violating the ANOVA 

assumption of homogeneity of variance), ANOVA was conducted separately in each 

condition. In NK-intact rats, ANOVA indicated significant group differences (F(3,25)=14.8, 

p<0.01), and both stress paradigms and surgery, each significantly elevated LTR levels 

compared to the control (vehicle) group (Fisher’s PLSD, p<0.05 for each comparison). On 

the other hand, in the NK depletion condition, ANOVA indicated significant group 
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differences (F(3,22)=38.9, p<0.01), but neither stress paradigm had an effect. In contrast, 

surgery significantly elevated LTR levels in NK-depleted animals (Fisher’s PLSD, p<0.01) 

(See Fig. 7). These findings indicate that the effects of each of the stress paradigms are 

primarily mediated through NK cells, while the effects of surgery involve at least some non-

NK dependent mechanisms.

3.8 Exp. 8. Exposure to one hr of behavioral stress, 3 hrs before tumor administration or 

immediately after it: Beta-adrenergic receptors, but not glucocorticoid receptors, mediate 

the increase in LTR levels

8.a. – 1-hr stress, 3 hrs before tumor administration

Procedure: Forty-six male rats were injected with vehicle, RU486 (25 mg/kg, s.c.), nadolol 

(0.4 mg/kg, s.c.), or both drugs, and an hr later were subdivided to undergo 1 hr of the wet 

cage stress paradigm or to remain in their home cages (control). Two hrs after the end of the 

stress session, all rats were administered with radio-labeled MADB106 tumor cells, and 21 

hrs later rats were sacrificed to assess LTR. This study was conducted only in males.

Results: A 2×4 ANOVA indicated significant main effects for stress and for drug treatment 

(F(1,38)=21.3, p<0.05, F(3,38)=6.1, p<0.05, respectively), and a significant interaction 

(F(3,38)=3.1, p<0.05), indicating a significant blockade of the effects of stress by drug 

treatments. Fisher’s PLSD indicated that nadolol significantly blocked the effect of stress 

(~95% blockade) compared to both the vehicle and RU486 treatment (p<0.05 for both 

comparisons). RU486 had no effect (Fig. 8A). Thus, beta-adrenergic, rather than GRs are 

the prominent mediators of the effects of stress on MADB106 LTR in this stress paradigm in 

males.

8.b. – 1-hr stress, immediately after tumor administration in males

Procedure: Sixty-nine male rats were administered with radio-labeled MADB106 tumor 

cells, and were subjected to one hr of the wet cage stress paradigm immediately after tumor 

administration, or remained in their home cages (control). Both groups were subdivided to 

receive an injection of vehicle (control), RU486 (25 mg/kg, s.c.), nadolol (0.4 mg/kg, s.c.), 

or both drugs, 2 hrs before stress initiation. Rats were sacrificed 21 hrs later to assess LTR.

Results: A 2×4 ANOVA indicated significant main effects for stress and for drug treatment 

(F(1,61)=39.6, p<0.01, F(3,61)=6.8, p=0.01, respectively), and a significant interaction 

(F(3,61)=5.7, p=0.01), indicating a significant blockade of the effects of stress by drug 

treatments. Fisher’s PLSD indicated that nadolol significantly blocked the effect of stress 

(~80% blockade) compared to both the vehicle and RU486 treatment (p<0.05 for both 

comparisons). RU486 had no significant effect (Fig. 8B). Thus, beta-adrenergic, rather than 

GRs are the prominent mediators of the effects of stress on MADB106 LTR in this stress 

paradigm in males.

8.c. – 1-hr stress, immediately after tumor administration in females

Procedure: Sixty-seven females were used in the exact 2×4 design described in 8.b.
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Results: The same pattern of results as in 8.b. was observed (F(1,59)=34.2, p<0.01, 

F(3,59)=7.6, p=0.01 for main effects, F(3.59)=6.9, p=0.01 for the interaction, and p<0.05 for 

both Fisher’s contrasts) (Fig. 8C). Thus, beta-adrenergic, rather than GRs are the prominent 

mediators of the effects of stress on MADB106 LTR in this stress paradigm in females.

3.9 Exp. 9. Exposure to prolonged behavioral stress: CORT plays a minor role relative to 

catecholamines in mediating the impact on LTR

Procedure—Forty-nine males and 48 females were either subjected to a 5-hr wet cage 

stress paradigm (see Methods) or remained in their home cages. Fifteen minutes before the 

commencement of stress, control and stress rats were subdivided to be injected with RU486 

(s.c. 25 mg/kg), nadolol (s.c. 0.2 mg/kg), both drugs, or vehicle. Three hrs following stress 

commencement (during a 30 min break in the wet cage exposure period), all rats were 

shortly anesthetized with isoflurane for blood withdrawal through the tail vein (300 μl) and 

injected with radio-labeled MADB106 tumor cells, and the nadolol-treated groups received 

an additional dose of nadolol (s.c. 0.2 mg/kg). Stressed rats were then returned to the wet 

cage for additional 2 hrs, and control rats were returned to their home cages. LTR was 

assessed 21 hrs after tumor administration.

Results—ANOVA indicated significant main effects for stress exposure (F(1,81)=27.945, 

p<0.0001), for sex (F(1,81)=4.149), p=0.0449), for drug treatment (F(3,81)=5.230, p=0.0024), 

and a significant interaction between stress and drugs (F(3,81)=6.371, p=0.0006).

Fisher’s PLSD indicated a significant elevation of LTR levels under stress in both males 

(Fisher’s PLSD, p<0.0001) and females (Fisher’s PLSD, p=0.002). Both RU486 and nadolol 

each significantly reduced the impact of stress on LTR in both sexes (p<0.05). In males, 

nadolol was significantly more effective than RU486 (indicated by #), and achieved a 

similar LTR reduction as did both blockers together (Fig. 9A).

CORT levels were significantly increased by stress in both sexes, and were higher in 

females, which also showed a greater increase than males. ANOVA indicated a significant 

main effect for stress (F(1,97)=358.572, p<0.0001), for sex (F(1,97)=133.672, p<0.0001), and 

a significant interaction between stress and sex (F(1,97)=18.041, p<0.0001). Fisher’s PLSD 

pair-wise comparisons indicated that none of the drug treatments (in either sex) significantly 

reduced CORT levels under stress conditions (Fig. 9B).

3.10 Exp. 10. The blockade of catecholamines and prostaglandins is at least as efficient as 

the blockade of CORT in preventing the deleterious effects of laparotomy

As indicated by the above studies, the effects of laparotomy on LTR are mediated, at least 

partly, through non-NK-dependent mechanisms. Nevertheless, our previous studies, 

employing the exact same laparotomy procedure, clearly suggested a significant role for NK 

cells in NK-intact animals in determining LTR levels [10, 40] (i.e. in addition to the NK-

independent effects). Given the clinical significance of the perioperative period in cancer 

treatments and in preventing cancer metastasis, we here also studied the role of CORT, 

catecholamines, and prostaglandins in mediating surgery-induced alterations in LTR; 

alterations that are most likely both NK-independent and NK-dependent [40]. It is also 
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worthy to note that laparotomy was shown to increase CORT levels for a prolonged period 

of time [17], which better allows CORT to exert its impact (based on the above 

experiments).

Procedure—A 4×2 experimental design was used, in which 98 male rats were subjected to 

receive nadolol (a total of 0.4 mg/kg, s.c.) and etodolac (12.5 mg/kg, s.c.), RU486 (25 mg/kg 

s.c.), all three blockers, or vehicle. Thirty minutes later, each of the 4 groups were 

subdivided to undergo laparotomy or to remain in their home cages. Half the dose of nadolol 

(0.2 mg/kg) was injected 30 minutes before surgery, simultaneously with the other drugs, 

and the other half was injected simultaneously with tumor administration (following our 

previous protocol with this blockade paradigm). Two hrs after initiation of laparotomy, all 

rats were shortly anesthetized with isoflurane for blood withdrawal through the tail vein 

(300 μl) and injected with radio labeled MADB106 tumor cells. Twelve hrs later LTR was 

assessed.

Results—ANOVA indicated a significant main effect for surgery and for drugs on LTR 

(F(1,90)=45.959, p<0.0001, F(3,90)=4.711, p=0.0042), and a significant interaction between 

surgery and drugs (F(3,90)=5.791, p=0.0011). Fisher’s PLSD indicated that surgery without 

the blockers significantly elevated LTR levels (p<0.0001). Each of the three drug treatments 

significantly reduced the effects of surgery (p<0.05 for each). Although nadolol and 

etodolac reduced LTR to a lower level than did RU486, this difference was not significant, 

nor did the addition of RU486 improve the effects of nadolol and etodolac (Fig 10A).

Plasma CORT levels were significantly increased by laparotomy, as indicated by a 

significant main ANOVA effect for laparotomy (F(1,90)=359, p<0.01), and no effects for 

drug or drug by laparotomy interaction (Fig. 10B).

4. DISCUSSION

Here we sought to elucidate the significance of stress-induced elevated CORT levels in 

suppressing NKCC in vivo, comparing it directly within the same stress paradigms to the 

impact of other stress factors. The effects of physiologically relevant doses of CORT 

administration (e.g., 2 × 3 mg/kg) and the effects of the two stress paradigms (1 or 5 hrs) on 

LTR were mediated through alterations in NKCC, as they were completely absent in NK-

depleted animals. On the other hand, the effects of laparotomy (which were often smaller 

than the effects of CORT or stress exposure in NK-intact animals) were evident and 

significant in both NK-intact and NK-depleted animals. These findings indicate a mediating 

role for factors other than NK cells (or in addition to NK cells) in the effects of laparotomy, 

and refuting potential methodological confounds in NK-depleted animals (such as ceiling 

effects).

Thus, and as will be elaborated below, our findings clearly indicate that elevated CORT 

levels, either induced by stress or by the administration of CORT, can be involved in in vivo 

suppression of NKCC. However, the findings also indicate that this suppression (i) occurs 

only under prolonged, but not short exposure to stress/CORT, and mainly in males, (ii) is 

smaller than the impact of other neuroendocrine or paracrine responses – specifically, those 
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of catecholamines or prostaglandins, (iii) is mostly ascribed to synergism of CORT with 

other stress responses, and (iv) can be completely abolished through blocking prostaglandins 

and/or catecholamines.

Specifically, the evidence supporting in vivo NK-suppressive effects of elevated CORT 

levels, when such suppression does occur, is derived from the combination of the findings 

that (i) prolonged stress or repeated CORT administrations increased LTR by 2-5 folds, and 

that (ii) these effects were attenuated by blocking GRs in NK-intact animals, and completely 

absent in NK-depleted animals. Thus, under these specific conditions, elevated CORT levels 

were involved in in vivo suppression of NKCC.

However, these effects occur only following prolonged exposure to high CORT levels, and 

are markedly less significant than the effects of catecholamines under physiological stress 

conditions. Specifically, dividing a single high dose of CORT to two administrations, given 

3 hr apart, markedly increased its impact. Additionally, when a short 1 hr stress paradigm 

was used (either 3 hrs before tumor injection or immediately after tumor injection), which 

markedly increases CORT levels for ~2-3 hr [51], the blockade of GRs by RU-486 had no 

impact whatsoever, while an adrenergic blockade reduced 80-95% of the impact of these 

stress paradigms in both sexes. When a 5 hr stress paradigm was used (starting 3 hrs before 

tumor injection), the same GR blockade reduced 50% of the effect of stress – but still 

significantly less than the blockade of catecholamines, which reduced 75% of the effect of 

stress. It is noteworthy that (i) the blockade of catecholamines exerted its effect without 

reducing CORT levels, and that (ii) verifying the high effectiveness of the GR blockade used 

herein (through RU486), is its ability to reduce 80% of the impact of two CORT injections, 

which induced a much higher plasma CORT level than the stress paradigms.

It also seems that females are more resistant than males to the in vivo effects of high 

physiological levels of CORT on NKCC. In males, two injections of 1.5 mg/kg (3 hrs apart) 

were the minimal dose needed to impact LTR, while in females 4-fold higher doses (2 × 6 

mg/kg) were needed. Similarly, following two injections of 3mg/kg of CORT, only males 

exhibited increase in the number of metastases developed three weeks later. Congruent with 

these differences, following the 5 hr stress paradigms where CORT was involved, females 

showed half the increase in LTR evident in males, although mounting a markedly higher 

endogenous CORT response. The mechanisms for the aforementioned lower impact of 

CORT in females may be related to (i) known higher levels of corticosteroid binding 

globulins in females [52], which reduce the effective levels of free CORT, (ii) shorter 

duration of hypothalamic-pituitary-adrenal axis responses to stress in females [52], (iii) sex-

specific effects of stressors, which exacerbate the impact of stress in grouped-house males 

[53], and (iv) faster rate of CORT clearance in females, as is first reported herein following 

CORT administration (Fig. 1). Overall, despite their higher stress-induced CORT levels, 

female F344 rats seem to be significantly more resilient to the effects of elevated CORT 

levels on in vivo levels of NKCC. Following the one hr stress paradigms, where 

catecholamines, but not CORT, mediated the effects of stress on NKCC, females again 

showed half the increase in LTR compared to males. These findings suggest that female 

F344 rats are more resilient than males to stress-induced NK suppression in general, and 

specifically to effects mediated through activation of the SNS. These sexual dimorphisms 
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are consistent with our previous studies employing other stress paradigms [48], and 

specifically with respect to the impact of β-adrenergic receptor activation on NKCC [54, 

55].

The molecular mechanisms through which catecholamines and prostaglandins suppress 

NKCC have long been established. Both compounds have been repeatedly shown in vitro to 

suppress NKCC and most other aspects of cell mediated immunity (including CTL, 

macrophage, and dendritic cells) [23, 56-58]. These effects are mediated through activation 

of leukocyte membrane receptors for these ligands, and intracellular initiation of the cAMP-

PKA cascade common to both receptor systems [59, 60]. Potentially underlying the 

aforementioned sex differences in the impact of catecholamines on NKCC are the (i) 

menstrual cycle and female gonadal hormones that were shown to affect human and rat NK 

cell susceptibility to adrenergic stimulation [24, 61], presumably through modulating 

expression levels of adrenergic receptors on leukocytes [62], and (ii) testosterone that was 

shown to increase rat susceptibility to adrenergic suppression of in vivo levels of NKCC 

[55].

Another important finding of this study is a marked synergism between the effects of CORT 

and epinephrine, where CORT potentiated the effects of epinephrine, but not vise versa. 

Specifically, in ADX rats (that cannot mount a systemic CORT or epinephrine response), the 

combined effect of epinephrine and CORT administration was an 83-fold increase in LTR, 

which is much greater than the multiplication of the separate effects of each drug: 3-fold for 

CORT, and 12-fold for epinephrine. This synergism was completely absent in sham-

operated animals, in which administration of each hormone separately may have naturally 

induced the release of the other hormone or interacted with its baseline levels [49, 50], and 

where the combined administration reached the same final LTR levels as in ADX animals. 

Indicating a role for CORT in potentiating the effects of epinephrine, but not vise versa, are 

the findings that CORT administration increased LTR to similar levels in sham (to 1.4% 

LTR) and in ADX animals (to 1.2% LTR), while the impact of epinephrine was more than 3 

fold greater in sham-operated animals (to 17% LTR) compared to ADX animals (to 5% 

LTR) (Fig. 6). Last, in stressed animals the blockade of beta-adrenergic receptors rendered 

the additional blockade of GR ineffective, but not vise versa (Fig. 8 & 9). Overall, these 

findings strongly suggest that under endogenous stress responses catecholamines act both 

independently of CORT and synergistically with it, while CORT has a minor impact alone 

and acts mainly through potentiating the effects of catecholamines.

Several factors may explain the profound differences between the reported robust in vitro 

effects of CORT on NKCC at presumably physiological concentrations, leading to its nearly 

complete abolishment [15], and the much smaller in vivo effects under stressful conditions 

evident herein. First, corticosteroid binding globulin is present only in the in vivo milieu and 

binds up to 90% of CORT molecules [63], reducing the effective concentrations of CORT. 

Second, in the in vivo milieu, but not in vitro, leukocytes continuously redistribute, enabling 

re-population of critical immune compartments by CORT-insensitive or unaffected cells. 

Third, a host of in vivo compounds modulate NKCC and NK response to stress hormones, 

including IL-12, IFN-gamma, and IL-2 [1, 51], the latter two were also shown to induce a 

state of NK cell resistance to suppression by glucocorticoids, catecholamines, or surgery 
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[23, 64, 65]. Thus, these characteristics of the in vivo milieu may dramatically mitigate the 

effects of stress-induced elevated CORT levels, rendering it relatively insignificant as to 

impacting in vivo levels of NKCC.

An important clinical setting, where stress and surgery may have significant impact through 

modulating immunity, is a removal of a primary tumor. Animal and clinical studies have 

implicated anti-metastatic NKCC in controlling minimal residual disease, and pointed at 

postoperative endocrine responses and immune suppression as independent risk factors for 

cancer recurrence [1, 10, 20, 66]. Importantly, we were able to significantly attenuate or 

abolish postoperative NK suppression and double recurrence-free long-term survival rate by 

perioperatively employing a prostaglandin synthesis inhibitor and a beta-adrenergic blocker 

[10, 11, 35], as was also shown herein with respect to the MADB106 LTR index, which 

involves both NK-dependent and NK-independent mechanisms [40]. Given that in the 

clinical context of surgery, direct blockade of CORT would have several contraindications, 

it is important to note that at least with respect to the in vivo levels of NKCC, the combined 

blockade of prostaglandins and catecholamines, which is clinically feasible [67], was at least 

as effective as the blockade of CORT.

Overall, although surgery-induced or stress-induced elevated CORT levels may contribute to 

in vivo suppression of NKCC levels, this effect of CORT becomes significant only at 

prolonged stress responses, mostly in males, is mostly mediated through potentiating the 

NK-suppressive effects catecholamines or other factors, and can be blocked as effectively or 

more effectively by antagonizing catecholamines and/or prostaglandins rather than by 

antagonizing GRs. Thus, in the clinical context this suppression may either be insignificant 

relative to the effects of catecholamines and prostaglandins, or may be antagonized through 

their receptor blockade, which was suggested to have several additional advantages in the 

context of oncological surgeries [67, 68].
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Abbreviations used in this article

NKCC NK cell cytotoxicity

CORT corticosterone

LTR lung tumor retention

ADX adrenalectomy/adrenalectomized

PLSD protected least significant differences

GRs glucocorticoid receptors
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Figure 1. The kinetics of plasma CORT levels following s.c. administration of CORT: Studies of 
dose, time, and sexual dimorphism

Plasma CORT levels increased in a dose-dependent manner, and decreased in a time-

dependent manner, both in male (n=6-7/group) (A), and in female (n=6-7/group) (B) F344 

rats. * indicates significant higher levels than Vehicle administration. Females exhibited 

greater CORT clearance rates than males, at 1h and 2h after 3mg/kg CORT injection 

(indicated by *) (n=5- 6/group) (C). Eight hours after injection, CORT plasma levels 

decreased beyond baseline levels compared to the matched Vehicle group (indicated by ¥). 
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Experiments 1.a.,1.b., and 1.c. were each performed once, on different independent 

occasions. Data are presented as means + SEM.
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Figure 2. Prolonged exposure and high levels of CORT are needed to increase MADB106 LTR

CORT administration increased MADB106 LTR compared to vehicle administration (0/0) 

(as indicated by 1, 2, or 3 *), and did so in a dose dependent manner. In both doses (3 or 6 

mg/kg) CORT administration three hrs before tumor administration, rather than it with, was 

significantly more effective in increasing LTR. Dividing the 6 mg/kg dose to two 3 mg/kg 

doses (three hrs apart) increased LTR even further. This experiment was performed once, 

n=11/group. Data are presented as means + SEM.
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Figure 3. Sex differences in the influence of CORT on LTR and on numbers of metastases

CORT administration increased MADB106 LTR in males in a dose-dependent manner, 

beginning at 2 × 1.5 mg/kg, while affecting female LTR only at the maximal dose of 2 × 6 

mg/kg, and to a much lesser extent that in males (n=12/group) (A). * indicates significant 

difference from the respective control (0/0) group. Number of actual lung metastases formed 

21 days after CORT injection was increased only in males (n=13/group) (B). * indicates 

significant sex difference. Experiments 3.a., and 3.b. were each performed once, on different 

independent occasions. Data are presented as means + SEM.
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Figure 4. NK cells are the primary mediators of the in vivo effects of CORT on MADB106 LTR 
in both female and male rats

NK-depletion increased MADB106 LTR by more than 70 folds in males (n=7-8/group) (A) 

and females (n=9-10/group) (B). In NK-intact rats, LTR was increased by administration of 

1.5 or 3 mg/kg CORT in males, and by 9 mg/kg in females. In NK-depleted male and female 

rats CORT did not affect MADB106 LTR in any of the doses used, suggesting that the 

effects of CORT on LTR are primarily mediated through NK cells. Laparotomy, on the 

other hand, increased LTR to a similar degree in both NK-intact and NK-depleted male and 

female rats, validating the ability of this depletion approach to distinguish between NK-
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dependent and NK-independent effects. Experiments 4.a., and 4.b. were each performed 

once, on different independent occasions. Data are presented as means + SEM. * indicates a 

significant difference from the respective control (Vehicle) group.
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Figure 5. The effects of CORT on LTR are mediated by glucocorticoid receptors (GR), but not 
by β-adrenergic receptors

CORT administration increased MADB106 LTR. Administration of the GR blocker RU-486 

abolished ~80% of the effects of CORT (indicated by *) (n=8-9/group) (A), suggesting that 

CORT exerts its effects through the glucocorticoid, rather than the mineralocorticoid 

receptor. Administration of the beta-adrenergic blocker nadolol did not counteract the 

increase in LTR caused by CORT (n=8-9/group) (B), suggesting that the effects of CORT 

are not mediated by a subsequent release of catecholamines. Experiments 5.a., and 5.b. were 
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each performed once, on different independent occasions. Data are presented as means + 

SEM.
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Figure 6. Endogenous adrenal CORT significantly potentiates the effects of administered 
epinephrine on MADB106 LTR, but not vise-versa

Both CORT and epinephrine (Epi.) administrations increased MADB106 LTR in both ADX 

and sham-operated (SHAM) rats. However, epinephrine administration resulted in a 

markedly greater impact in sham-operated rats than in ADX animals (indicated by *), 

suggesting that endogenous CORT potentiates the effects of administered epinephrine on 

MADB106 LTR. On the other hand, endogenous epinephrine does not seem to similarly 

potentiate the effects of administered CORT, as the injection of CORT resulted in the same 

effect in both ADX and SHAM animals. ADX did not affect LTR levels when both 

hormones were administered (compared to SHAM), suggesting that adrenal factors other 

Rosenne et al. Page 30

Brain Behav Immun. Author manuscript; available in PMC 2015 March 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



than epinephrine and CORT do not interact with their effects on MADB106 LTR levels. 

This experiment was performed once, n=9-10/group. Data are presented as means + SEM.
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Figure 7. NK cells mediate the effects of 1-hr and of 5-hr exposure to behavioral stress on LTR

NK-depletion increased MADB106 LTR by more than 80 folds in male rats. In NK-intact 

rats, MADB106 LTR was increased by exposure to 1 or 5 hrs of the wet cage stress 

paradigm, while in NK-depleted rats stress exposure did not have an effect on LTR, 

suggesting that the effect of stress is primarily mediated through NK cells. Laparotomy, 

whose effects on MADB106 LTR are mediated through both NK-dependent and NK-

independent effects, increased LTR in both NK-intact and NK-depleted rats. This 

experiment was performed once, n=6-7/group. * indicates a significant difference from the 

respective Control group. Data are presented as means + SEM.
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Figure 8. Exposure to 1 hr of behavioral stress, 3 hrs before tumor administration or 
immediately after it, increases LTR levels through beta-adrenergic receptors, but not 
glucocorticoid receptors

Exposure to 1 hr of the wet-cage stress paradigm increased MADB106 LTR, whether 

initiated 3 hrs before tumor injection (n=5-6/group) (A), or immediately after tumor 

injection in both male (n=8-9/group) (B) and female (n=8-9/group) (c) rats. Administration 

of the GR blocker RU-486 did not counteract the effects of this short stress exposure in both 

sexes. On the other hand, administration of the beta-adrenergic blocker nadolol abolished 

~80% of the effect of stress, significantly reducing LTR compared to Vehicle or RU-486 

treated rats (indicated by *). Adding RU-486 treatment to nadolol had no effect. Neither 

each blocker, nor their combination, affected LTR levels in non-stressed animals. 
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Experiments 8.a., 8.b., and 8.c. were each performed once, on different independent 

occasions. Data are presented as means + SEM.
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Figure 9. CORT plays a minor role relative to catecholamines in mediating the impact of 
prolonged exposure to behavioral stress

Exposure to a prolonged 5 hr wet-cage stress paradigm increased MADB106 LTR (A) in 

both males and females. Administration of the beta-adrenergic blocker nadolol abolished 

~80% of this effect in both sexes (indicated by *). Administration of the GR blocker 

RU-486 reduced the effects of this prolonged stress exposure in both sexes (indicated by *), 

but in males to a significantly lesser extent than did nadolol (indicated by #). In both sexes, 

the addition of RU-486 to nadolol administration did not further reduce LTR. Neither each 

blocker nor their combination affected LTR levels in non-stressed animals. CORT plasma 
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levels were increased by 2-3 folds by wet cage exposure in both sexes (assessed at 3 hrs 

from the initiation of stress), however, neither blocker, nor their combination affected CORT 

levels in either stressed or naïve rats (B). This experiment was performed once, n=6- 7/

group. Data are presented as means + SEM.
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Figure 10. The blockade of catecholamines and prostaglandins is at least as efficient as the 
blockade of CORT in preventing the deleterious effects of laparotomy

Laparotomy increased MADB106 LTR (A) and tripled plasma CORT levels (B). Blocking 

GRs by RU-486, or combining a beta-adrenergic blockade by nadolol and prostaglandin 

synthesis by etodolac similarly counteracted the laparotomy-induced increase in LTR 

(indicated by *). Combining the three drugs did not show an additional advantage (A). 

Laparotomy increased plasma CORT levels, and none of the drugs or their combinations 

affected CORT levels in either the Laparotomy or Control conditions. This experiment was 

performed once, n=12-13/group. Data are presented as means + SEM.
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