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Abstract
Surgery can suppress in vivo levels of NK cell cytotoxicity (NKCC) through various mechanisms,
including catecholamine-, glucocorticoid (CORT)-, and prostaglandin (PG)-mediated responses.
However, PGs are synthesized locally following tissue damage, driving proinflammatory and
CORT responses, while their systemic levels are often unaffected. Thus, we herein studied the role
of adrenal factors in mediating in vivo effects of PGs on NKCC, using adrenalectomized and
sham-operated F344 rats subjected to surgery or PGE2 administration. In vivo and ex-vivo
approaches were employed, based on intravenous administration of the NK-sensitive MADB106
tumor line, and based on ex-vivo assessment of YAC-1 and MADB106 target-line lysis.
Additionally, in vitro studies assessed the kinetics of the impact of epinephrine, CORT, and PGE2
on NKCC. The results indicated that suppression of NKCC by epinephrine and PGE2 are short
lasting, and cannot be evident when these compounds are removed from the in vitro assay milieu,
or in the context of ex-vivo assessment of NKCC. In contrast, the effects of CORT are long-
lasting and are reflected in both conditions even after its removal. Marginating-pulmonary NKCC
was less susceptible to suppression than circulating NKCC, when tested against the xenogeneic
YAC-1 target line, but not against the syngeneic MADB106 line, which seems to involve different
cytotoxicity mechanisms. Overall, these findings indicate that elevated systemic PG levels can
directly suppress NKCC in vivo, but following laparotomy adrenal hormones mediate most of the
effects of endogenously-released PGs. Additionally, the ex-vivo approach seems limited in
reflecting the short-lasting NK-suppressive effects of catecholamines and PGs.
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Introduction
Natural Killer (NK) cells play a significant role in immune protection against virally
infected cells and malignant cells, and in controlling cancer metastasis (Biron and Brossay,
2001; Shakhar and Ben-Eliyahu, 1998a). Stress and surgical excision of a primary tumor are
associated with immune suppression, specifically reduction in NK cell cytotoxicity (NKCC),
and surgery is suggested to promote metastatic progression through immune suppression
(Neeman and Ben-Eliyahu, 2012; Neeman et al., 2012; Neuhaus et al., 2000) and through
direct effects of stress factors on the remaining malignant tissue (Armaiz-Pena et al., 2012).

Potential mechanisms through which stress and surgery can suppress NK activity have been
studied in vitro and in vivo, and substantial evidence support the involvement of various
factors, among them are catecholamines (Ben-Eliyahu et al., 2000; Shakhar and Ben-
Eliyahu, 1998b), glucocorticoids (CORT) (Deguchi et al., 1998; Shakhar and Blumenfeld,
2003) and prostaglandins (PGs) (Baxevanis et al., 1993; Skibinski et al., 1992; Yakar et al.,
2003), all of which are elevated during the perioperative period (Neeman and Ben-Eliyahu,
2012).

Specifically, psychological and physiological stressors activate the sympathetic nervous
system (SNS) and the HPA axis, leading to the release of catecholamines and CORT,
respectively. Studies have shown that β-adrenergic agonists can suppress NK cell activity in
vitro (Takamoto et al., 1991; Whalen and Bankhurst, 1990) and in vivo (Shakhar and Ben-
Eliyahu, 1998a), and consequently can promote cancer metastasis in animal models.
Furthermore, β-adrenergic blockade was shown to prevent suppression of NK activity and
promotion of cancer metastasis by stress and surgery (Ben-Eliyahu et al., 2000). CORT was
shown to cause a marked suppression of NK cytotoxicity in vitro, in presumably
physiological levels (Ben-Eliyahu, 1998; Gatti et al., 1986b), but in vivo studies are
inconsistent as to whether endogenous physiological stress levels of CORT are sufficient to
suppress NK activity (Bodner et al., 1998; Shakhar and Blumenfeld, 2003).

It is not clear whether PGs directly suppress NK activity in vivo when released
endogenously. PG-E2 (PGE2) is locally synthesized following tissue damage, and was
shown to suppress NK activity in vitro and in vivo, but mainly when used in
pharmacological levels/doses, (Gatti et al., 1986a; Okuno et al., 1995; Yakar et al., 2003).
For example, we previously reported that systemic administration of PGE2 that doubled
plasma levels of this factor also suppressed in vivo levels of NK cytotoxicity (Yakar et al.,
2003). However, it is critical to note that only some studies reported elevated systemic PGE2
levels after surgery, while other studies reported no such systemic increase (Baxevanis et al.,
1994; Buvanendran et al., 2006; Parsson et al., 2000; Vitoratos et al., 1996; Yakar et al.,
2003), questioning a direct effect of PGs on NK cytotoxicity. Additionally, although COX
inhibitors were shown to reduce post surgical immune suppression (Benish et al., 2008; Faist
et al., 1990; Melamed et al., 2005; Yakar et al., 2003), such treatments are also known to
reduce CORT levels (Glasner et al., 2010; Shaashua et al., In press). Last, PGs were shown
to directly increase adrenal release of CORT (Mohn et al., 2005). Thus, it cannot be
determined whether PGE2 affects NK activity in vivo directly, or through modulating CORT
levels.

To this end, this study aims at examining mechanisms through which PGE2 suppresses NK
activity in vivo, specifically the potential involvement of adrenal hormones (CORT,
epinephrine, and opioids) in mediating such effects. To address this question we compared
adrenalectomized rats to sham operated rats, while subjecting both groups to systemic
administration of PGE2 or to surgery. To study NK activity we employed in vitro, ex-vivo,
and in vivo approaches using Fischer 344 rats. Potential in vivo alterations of NK activity
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were studied using the MADB106 tumor line, quantifying its lung tumor retention (LTR)
following intravenous inoculation of this syngeneic mammary adenocarcinoma. This in vivo
index is highly sensitive to NK activity. Specifically, in vivo selective depletion of NK cells
increased LTR by more than a hundred-fold, and replacement of LGL/NK cells restored
normal ability to prevent the development of lung metastasis (Barlozzari et al., 1985;
Barlozzari et al., 1983; Ben-Eliyahu et al., 1996b; Shakhar and Ben-Eliyahu, 1998a). Thus,
this index sensitively reflects in vivo alterations in NK activity. This index also predicts the
number of metastases that will be evident weeks later (Shakhar and Ben-Eliyahu, 1998a;
Yakar et al., 2003; Melamed et al., 2005). Importantly, we have previously shown that the
administration of PGE2 (as in the current study) elevates LTR exclusively through
suppressing NK activity, as this effect (but not other effects) was abrogated by selective
depletion of NK cells (Yakar et al., 2003). In the current study we have also employed the in
vitro 4hr cytotoxicity assay that directly indicates NK activity, whether used to study in vitro
manipulations or in an ex-vivo approach. However, the ex-vivo approach assesses
cytotoxicity in a context markedly distinct from the in vivo milieu, specifically in the
absence of endogenous hormones. Last, we studied both circulating NK cells and a unique
NK cell population that reside in the lungs' capillary (marginating pulmonary NK cells), as
only the latter can effectively lyse the syngeneic MADB106 tumor cells in vitro (Melamed
et al., 2005) and as marginating pulmonary NK cells seem critical in determining in vivo
levels of LTR (Melamed et al., 2010) (also see Discussion).

Materials and Methods
Animals and counterbalancing

Four-month old male and female Fisher 344 (F344) rats, were housed 3–4 per cage in our
vivarium with ad-libidum access to food and water on a 12:12 light:dark cycle at 22± 1°C.
Animals were handled daily during the four days prior to experimentation to reduce
potential procedural stress. Body weight, sex, and drug administration were counterbalanced
across all experimental procedures. Housing conditions were monitored by the Institutional
Animal Care and Use Committee of Tel Aviv University, which also approved all studies
described herein.

Adrenalectomy
Rats were anesthetized with 2.5% isoflurane, and a 4cm midline abdominal incision was
performed. Both adrenal glands were removed and inspected for being intact outside the
animal, and the abdominal cavity was sutured. To facilitate the animals' recovery, CORT
was administered subcutaneously immediately after the surgery (1.5mg/kg), as well as 3 and
6hr following surgery (3mg/kg). Thereafter, adrenalectomized animals received saline with
low CORT levels (15mg/1L) as their drinking substance. This paradigm was reported to
result in baseline levels of CORT in the serum of adrenalectomized rats while drinking
along the active day period, thus simulating the natural circadian rhythm of CORT levels
(Zagron and Weinstock, 2006). In order to eradicate these low levels of CORT, drinking was
replaced with CORT-free saline 2hr before the initiation of the experiment. Control animals
underwent sham operation, in which a 4cm midline abdominal incision was performed and
sutured, without the removal of the adrenal glands.

Experimental laparotomy (surgery)
This procedure has been described elsewhere (Page et al., 1994). Briefly, rats were
anesthetized with 2.5% isoflurane and a 4cm midline abdominal incision was performed.
The small intestine was externalized, rubbed with a PBS-soaked gauze pad, and left
hydrated for 40 minutes. Finally, the intestine was internalized and the abdomen was
sutured.
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Corticosterone plasma level assessment
CORT plasma levels were measured by radioimmunoassay (RIA) (ImmuChem double
antibody corticosterone 125I RIA kit, MP Biomedicals, Orangeburg, NY), as per the
manufacturers' instructions. The intra assay coefficient of variability was less than 5%, as is
also reported by the manufacturer.

Drugs and their administration
Drug sources—all drugs and substances (i.e., mannide monooleate, mineral oil, PGE2,
metaproterenol, epinephrine and corticosterone) were obtained from Sigma-Aldrich,
Rehovot, Israel, except for complete medium which was purchased from Biological
Industries, Kibbutz Beit Haemek, Israel.

Complete Medium (CM)—RPMI-1640 medium supplemented with 10% heatinactivated
fetal calf serum (FCS), 50µg/mL of gentamicin, 2 mM of L-glutamine, 0.1 mM of
nonessential amino-acids, and 1 mM of sodium pyruvate.

Slow-release emulsion—the emulsion is based on a mixture of PBS, mineral oil, and
mannide monooleate (a non-ionic surface active emulsifier), in a 4:3:1 ratio, respectively.
Drugs are dissolved in the PBS of the emulsion before the emulsifying agent is added, and
before a rigorous vortexing that is needed for creating the emulsion. Rats were injected
subcutaneous (s.c.) with 0.5ml of the emulsion. Unpublished data from our laboratory have
shown that drugs carried in this emulsion, were released slowly and were effective for at
least 12hr.

Prostaglandin E2—The drug was dissolved in ethanol and diluted 1:10 in PBS. For in
vivo subcutaneous (s.c.) administration, PGE2 was administered s.c. (250µg/kg) in the slow-
release emulsion (see above). This dosage was shown in our previous studies to impact NK
activity and MADB106 lung tumor retention, causing similar effects to those of surgery
(Yakar et al., 2003). Control rats were injected with vehicle. For the in vitro study, PGE2
was dissolved in ethanol and diluted in PBS, and further in complete medium, to reach a
final concentration of 0.001% ethanol in the assay medium. This concentration was used in
the entire study in all conditions. In previous studies we found that a 5-fold higher
concentration of ethanol is needed to start impacting NK cytotoxicity in vitro (Yirmiya et
al., 1992).

Corticosterone—For in vivo administration, a fine powder of the drug was dissolved in
corn oil, and administered s.c. (3mg/kg). Our previous study in male rats indicated that 1hr
following administration of 3mg/kg CORT, serum levels increased to approximately 700ng/
ml, halved after 3hr, and completely dissipated to baseline levels (50ng/ml) by 6hr (Haim et
al., 2003). For the in vitro study, the drug was dissolved in ethanol and then diluted in
complete medium, reaching a final concentration of 0.001% ethanol in the assay medium.

Epinephrine—For the in vitro study, the drug was dissolved in PBS and then diluted in
complete medium, and ethanol was added to reach a final concentration of 0.001% in the
assay medium.

Tumor cell lines and their maintenance
MADB106—MADB106 is a selected variant cell line obtained from a pulmonary
metastasis of a chemically induced mammary adenocarcinoma (MADB100) in the F344 rat
(Barlozzari et al., 1985). MADB106 tumor cells metastasize only to the lungs (Barlozzari et
al., 1985), and lung tumor retention (LTR), which is highly indicative of the number of
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metastases that would have developed weeks later, is dependent upon NK cells in this model
(Barlozzari et al., 1985; Ben-Eliyahu and Page, 1992; Ben-Eliyahu et al., 1996b; Shakhar
and Ben-Eliyahu, 1998a). Additionally, as the metastatic process of MADB106 is sensitive
to NK activity predominantly in the first 24hr following inoculation (Barlozzari et al., 1985;
Ben-Eliyahu and Page, 1992), LTR is more reflective of in vivo NK activity levels than the
number of actual metastases (Shakhar and Ben-Eliyahu, 1998a). The MADB106 cell line
was maintained in monolayer cultures in CM, 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 CM. This cell line was used for both in vivo assessment of lung tumor retention and in
vitro examination of NK cytotoxicity.

YAC-1—YAC-1 mouse lymphoma is the standard target cell line used for the assessment of
rodent in vitro NK cytotoxicity. The cell line was maintained in suspension cultures in CM
in 100% humidity, 5% CO2 at 37°C.

Radiolabeling of MADB106 tumor cells and assessment of lung tumor
retention—Tumor cell DNA radiolabeling for assessment of LTR is accomplished by
adding 0.5µCi/ml of 125Iododeoxyuridine (125IDUR, Daniel Biotech, Rehovot, Israel) to the
cell culture for 24hr. For tumor cell injection, rats are lightly anesthetized with isoflurane,
and 4×105/kg MADB106 tumor cells in 2ml/kg PBS containing 0.1% bovine serum albumin
(BSA) were injected into their tail vein. For assessment of LTR, animals were sacrificed 4hr
after inoculation with 125IDUR-labeled tumor cells with an overdose of isoflurane, their
lungs were removed, and placed in a γ-counter to assess percent radioactivity retained in
this organ. LTR is calculated using the following formula: (radioactivity count of lung –
background radioactivity) ×100/(radioactivity count of the total injected cell suspension –
background radioactivity).

In vitro assessment of NK cytotoxicity
Harvesting and preparing circulating leukocytes and marginating-pulmonary
(MP) leukocytes for assessment of NK cytotoxicity—Rats were sacrificed with an
overdose of isoflurane and the peritoneal and chest cavities opened. Five to 8ml of blood
(females and male respectively) was collected from the right ventricle of the heart into
heparinized syringes. One ml of blood was washed once with 3ml of PBS (400g for 10 min)
and twice with 3ml of complete medium, and reconstituted to its original volume. MP
leukocytes were harvested by perfusing the heart with 30U/ml of heparinized PBS. PBS was
injected into the right ventricle and perfusate was collected from the left ventricle. The first
3ml of perfusate, which were contaminated with blood, were discarded, and the following
25ml were collected and concentrated to 1ml. This was achieved by centrifuging the
perfusate (400g for 10 min), discarding the supernatant, and suspending the pellet in 3ml of
complete medium, centrifuging the perfusate again (400g for 10 min) and concentrating the
perfusate into 1ml.

Assessment of NK cytotoxicity—The standard whole blood 51Cr release assay was
used. This procedure assesses anti-tumor NKCC per ml of effector cells without prior
purification of peripheral blood mononuclear cells or marginating-pulmonary leukocytes.
Earlier studies have indicated that cytotoxicity measured using this procedure is attributable
to NK cells, rather than other cell types or soluble factors, as the selective depletion of NK
cells abolishes all target-cell killing (Ben-Eliyahu et al., 1996a; Ottenhof et al., 1981). The
advantages of this procedure include shorter duration, less interference with the effector
cells, and better representation of the original in vivo milieu of cell composition.
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Six different effector to target (E:T) ratios were formed by serially diluting 150µl aliquots of
the effector-cell preparation in a microtiter plate. Then, 5,000 radiolabeled target cells
(MADB106 or YAC-1) in 100µl complete medium were added to each well on top of the
effector-cell preparation. Radiolabeling of the target cells was conducted by incubating them
for 1hr with 100 µCi 51Cr (Rotem Taassiot, Dimona, Israel) in 100µl saline, 100µl FCS, and
50µl complete medium. Following this incubation, target cells were washed 3 times (300g
for 10 min) in complete medium and their concentration adjusted to 5Χ104/ml. Spontaneous
and maximal releases of radioactivity were determined by substituting effector cells with
complete medium or Triton-X100 (Sigma, Rehovot, Israel), respectively. Prior to and
following a 4hr incubation period (100% humidity, 5% CO2 at 37°C) plates were
centrifuged (400g for 10 min, at 25°C and 4°C, respectively). This creates a "buffy coat" of
leukocytes and tumor cells on top of the red blood cells surface, enabling efficient effector-
target interaction. Finally, 100µl samples of supernatant, were recovered for the assessment
of radioactivity in a γ-counter. Specific killing was calculated as:

[(sample release * HCF - spontaneous release)/(maximal release - spontaneous release)]
* 100

Hematocrit correction factor (HCF) compensates for changes in the hematocrit-supernatant
volume over different E:T ratios. This correction factor is included to consider the changing
volume of cell-free medium in which the released radioactive molecules are dispersed.

Flow Cytometry
Standard procedures were used to prepare cells for flow cytometric analysis (Melamed et al.,
2005). NK cells in both blood and lung perfusate were identified by the FITC-conjugated
anti-NKR-P1 mAb (PharMingen, San Diego) as being NKR-P1bright (CD161bright) cells.
This criterion has been shown to exclusively identify more than 95% of cells that exhibit NK
activity. T cells were identified using a PE-conjugated anti-CD5 mAb (eBioscience, San
Diego), and NKT cells were identified as NKR-P1+CD5+ lymphocytes. Granulocytes and
lymphocytes were identified based on forward and side scatters. Flow cytometry analysis
was conducted using a FACScan (Becton Dickinson). To assess the absolute number of cells
per µl of sample (or a specific cell subtype), 300 polystyrene microbeads (20µm, Duke
Scientific, Palo Alto) per µl sample were added to each sample, and the following formula
was used: (# of cells in sample/ # of microbeads in sample) × 300.

Statistical Analyses
One- or two-way analysis of variance (ANOVA) with a pre-determined significance level of
0.05 was conducted. In the in vitro NK cytotoxicity study (Exp 1), a 3 × 4 × 4 repeated
measures ANOVA was conducted (incubation schedule, drug doses, and 4 highest E:T ratios
as the repeated index). Similarly, when ex vivo NK cytotoxicity was assessed (Exp 2), a 2 ×
3 × 4 repeated measures ANOVA was conducted (adrenalectomy, stress paradigm, and E:T
ratios). Provided significant group differences were found, Fisher’s protected least
significant differences (Fisher’s PLSD) contrasts were performed to compare specific pairs
of groups, based on a priori hypotheses. Pearson correlations were used for assessing the
associations between continuous variables (average cytotoxicity levels & number of NK
cells), and the Fisher r-to-z transformation test was used to compare significant difference
between correlations.

Procedures and Results
Experiment 1: The kinetics of the in vitro effects of CORT, PGE2 and epinephrine on NKCC

This study was designed to test the impact of incubating circulating leukocytes for a 4hr
period with stress hormones, and to test the impact of this incubation on NKCC when this
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incubation occurs: (i) simultaneously with the 4hr cytotoxicity assay, or when the incubation
period starts (ii) 8hr or (iii) 4hr before the assessment of NK cytotoxicity, and the hormones
are washed away at the end of the incubation period (prior to NKCC assessment in the last
two conditions).

Procedure—Blood was withdrawn by cardiac puncture from 10 male F344 rats, pooled
and washed three times (once with 3-fold volume of PBS (400g for 10 min) and twice with
3-fold volume of complete medium). CORT, PGE2, and epinephrine were incubated with
aliquots of the washed pooled blood, employing different incubation schedules (see text
below) and different drug concentrations: CORT - 0 M (control), 10−9 M, 3 × 10−9 M and 3
× 10−8 M; PGE2 - 0 M (control), 10−9 M, 3 × 10−9 M and 10−8 M; and epinephrine - 0 M
(control), 10−8 M, 3 × 10−8 M and 10−7 M. These concentrations were chosen as they were
the lowest in vitro concentrations that affect NK cytotoxicity, and theoretically overlapping
with their levels in some physiological compartments. CORT concentrations also overlap
with physiological plasma levels of unbound CORT. NK cytotoxicity against YAC-1 target
cells was assessed as described in the Method section, in the presence or absence of the
drugs as described in detail below. The study was conducted in two runs/replicates. In the
first run, only CORT and PGE2 were used, and each drug/time condition was tested in
triplicates (including the incubation with the drug and the cytotoxicity assay). The second
run also included epinephrine, and was conducted in the exact same manner (triplicate for
each condition). Except for the schedule of drug incubation, the different blood aliquots
were subjected to the exact same procedures, including the timing and number of washes
and the cytotoxicity assay.

Incubation at −8 to −4hr before NK cytotoxicity assay ('−8 to −4hr' condition): blood was
co-incubated with the stress hormones for 4hr, then washed and maintained in room
temperature for additional 4hr, and washed again and used in the NK cytotoxicity assay
procedure.

Incubation at −4 to 0hr before NK cytotoxicity assay ('−4 to 0hr' condition): blood was
maintained in room temperature for 4hr, then washed, incubated with the stress hormones
for 4hr, washed again, and used in the NK cytotoxicity assay procedure.

Simultaneous incubation ('simultaneous' condition): blood was maintained in room
temperature for 4hr, washed and maintained in room temperature for additional 4hr.
Thereafter, stress hormones were added to the blood which was immediately used in the NK
cytotoxicity assay procedure.

Results—The two runs of the study yielded similar patterns of results and were combined.
For each drug, a 3 × 4 × 4 repeated measures ANOVA was employed (3 time schedules, 4
drug concentrations, and 4 E:T ratios as the repeated index). A representative complete E:T
cytotoxicity curve is presented for a single drug-time schedule (Fig 1A).

For clarity and ease of presentation (not for statistical comparisons), a single index of NK
cytotoxicity per condition was composed by averaging killing levels of the 4 highest E:T
ratios, and all results were transformed to % of control levels (0 M drug) for each time
schedule and hormone (Fig. 1 B, C, D).

Incubation with CORT: A two-way repeated measures ANOVA revealed a main effect for
schedule (F(2,51) = 4.222, p < 0.05) and for concentration (F(3,51) = 7.962, p < 0.05), without
a significant interaction, indicating that CORT similarly suppressed NK activity along the
three time points. Fisher's PLSD Post-Hoc Comparisons indicated that in the simultaneous
condition, CORT in concentration of 3*10−8 and 10−9 M significantly reduced NKCC
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compared to the matched control. In the −4 to 0hr condition, CORT reduced NKCC in all
concentrations compared to matched control (p < 0.05). No significant effects were evident
in the −8 to 4hr condition, but a trend (p < 0.1) was evident in two concentrations (Fig. 1B).

Incubation with PGE2: A two-way repeated measures ANOVA revealed a main effect for
schedule (F(2,51) = 13.071, p < 0.05) and a significant interaction between schedule and
concentration (F(6,51) = 2.619, p < 0.05), indicating that the effects of PGE2 on NK activity
were time-dependent. Fisher's PLSD Post-Hoc Comparisons indicated that in the
simultaneous condition, PGE2 in a concentration of 3*10−9 M reduced NKCC compared to
matched control (p < 0.05). Unlike the effects seen with CORT, a rebound effect was
evident in the −4 to 0hr condition, where PGE2 in a concentration of 10−9 significantly
elevated NKCC compared to the matched control. No effects were evident in the −8 to −4hr
condition (Fig. 1C).

Incubation with epinephrine: had a similar effect to that seen in PGE2. A two-way
repeated measures ANOVA revealed a main effect for schedule (F(2,24) = 22.754, p < 0.05)
and a significant interaction between schedule and concentration (F(6,24) = 3.255, p < 0.05),
indicating that the effects of epinephrine on NK activity was time-dependent. Fisher's PLSD
Post-Hoc Comparisons indicated that in the simultaneous condition, epinephrine in all
concentrations reduced NKCC compared to the matched control (p < 0.05). A rebound effect
was evident in the −8 to −4hr condition, where epinephrine in a concentration of 10−8

significantly elevated NKCC compared to the matched control (p < 0.05). No effects were
evident in other schedules (Fig. 1D).

Experiment 2: Effects of PGE2 administration and surgery on in vivo and ex-vivo indices of
NK activity in adrenalectomized and sham-operated animals

Procedure—One hundred and fourteen F344 rats underwent adrenalectomy or sham
operation (see Methods). Three weeks later, rats were subdivided to undergo laparotomy, or
to receive PGE2 or vehicle injection (control). Immediately after, all rats were inoculated
intravenously with radiolabeled MADB106 tumor cells, and 4 additional hr later sacrificed
for harvesting of circulating and MP leukocytes for assessment of NK cell number and
cytotoxicity, and for assessing MADB106 LTR in the excised lungs. In blood samples,
CORT plasma levels were also assessed. All groups had approximately equal numbers of
males and females.

Results
General: Females and males exhibited the same pattern of results, and no interaction
between sex and any measure was revealed. Thus, the results are analyzed and presented
irrespective of sex. In addition to presenting killing levels in the different E:T ratios, and
conducting the statistical analysis on the 4 E:T ratios, for clarity of presentation in the form
of the 2 × 3 design used, the 4 E:T ratios were also averaged, yielding a single index of NK
cytotoxicity per sample. Of the total 114 rats, 10 unsuccessful/contaminated lung perfusate
samples, and few unsuccessful blood samples, similarly scattered in the six experimental
groups, were not included in the final analyses.

Lung tumor retention (Fig. 2A): A two-way ANOVA revealed a main effect for
adrenalectomy (F(1,108) = 22.743, p < 0.05), and a significant interaction between
adrenalectomy and stress paradigm (PGE2/surgery/vehicle) (F(2,108) = 6.136, p < 0.05), in a
manner that the adrenalectomy obliterated the effects of surgery, but not of PGE2
administration. Fisher's PLSD Post-Hoc Comparisons indicated that PGE2 administration
significantly increased LTR levels both in sham operated and in adrenalectomized animals;
while surgery increased LTR levels only in sham operated animals (p < 0.05).
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Corticosterone levels (Fig. 2B): A two-way ANOVA revealed a main effect for
adrenalectomy (F(1,107) = 46.542, p < 0.05), and a significant interaction between
adrenalectomy and stress paradigm (PGE2/surgery/vehicle) (F(2,107) = 9.803, p < 0.05), in a
manner that adrenalectomy abolished the effects of surgery on CORT levels. Fisher's PLSD
Post-Hoc Comparisons indicated that in sham operated animals, surgery, but not PGE2
administration elevated CORT levels (p < 0.05). No effects of surgery or PGE2 were evident
in adrenalectomized animals.

Circulating NK cell cytotoxicity against YAC-1 target cells (Fig. 3A/B): A two-way
repeated measures (4 highest E:T ratios) ANOVA revealed a main effect for adrenalectomy
(F(1,108) = 22.932, p < 0.05). Specifically, Fisher's PLSD Post-Hoc Comparisons indicated
that surgery reduced NKCC in sham operated but not in adrenalectomized animals (p <
0.05). PGE2 administration did not affect NK cytotoxicity in sham or adrenalectomized
animals. This pattern of results is expected in such ex-vivo studies, as the effect of CORT on
NKCC should occur in adrenal-intact, but not in adrenalectomized animals, and the potential
impact of PGE2 administration should vanish given its removal from the assay milieu.

Circulating NK numbers (Fig. 3C): A two-way ANOVA revealed a main effect for
adrenalectomy (F(1,109) = 8.951, p < 0.05), with adrenalectomized animals showing higher
numbers of circulating NK cells, and no significant interaction. Neither surgery nor PGE2
administration affected NK numbers in sham or in adrenalectomized animals.

MP-NK cell cytotoxicity against MADB106 target cells (Fig. 4A/B): A two-way repeated
measures (4 highest E:T ratios) ANOVA revealed a main effect for adrenalectomy (F(1,99) =
55.336, p < 0.05) – increased cytotoxicity in adrenalectomized animals, and a significant
interaction between adrenalectomy and stress paradigm (PGE2/surgery/vehicle) (F(2,99) =
3.853, p < 0.05). Fisher's PLSD Post-Hoc Comparisons indicated significant reduction in
NK cytotoxicity by both surgery and PGE2 in sham-operated animals, and a reduction only
by PGE2 (but not by surgery) in adrenalectomized animals (p < 0.05). A different pattern of
results was evident here in comparison to cytotoxicity against YAC-1 target cells, however,
these results correspond well (inverted to) with those seen in the LTR assessment.

MP-NK cell cytotoxicity against YAC-1 target cells (Fig. 4C/D): A two-way repeated
measures (4 lowest E:T ratios) ANOVA revealed a main effect for adrenalectomy (F(1,104) =
75.532, p < 0.05) – an increased cytotoxicity in adrenalectomized animals, and a significant
interaction between adrenalectomy and stress paradigm (PGE2/surgery/vehicle) (F(2,104) =
6.570, p < 0.05). Fisher's PLSD Post-Hoc Comparisons indicated that surgery elevated MP-
NK cell cytotoxicity in adrenalectomized animals (but not in sham operated), and PGE2
administration showed no effect in any condition.

MP-NK cell numbers (Fig. 4E): A two-way ANOVA revealed a main effect for
adrenalectomy (F(1,106) = 85.449, p < 0.05), adrenalectomized animals showing higher
numbers of MP-NK cells, and a significant interaction between adrenalectomy and stress
paradigm (PGE2/surgery/vehicle) (F(2,106) = 4.977, p < 0.05). Fisher's PLSD Post-Hoc
Comparisons indicated a significant elevation in MP-NK numbers by surgery in
adrenalectomized animals (but not in sham-operated animals) (p < 0.05). PGE2 did not
affect NK numbers in sham or adrenalectomized animals.

A significant Pearson correlation was found between MP-NK numbers and cytotoxicity
against YAC-1 target cells (r = 0.83, r2 = 0.69) (Fig. 4G), which is significantly higher (p <
0.05) then the correlation between MP-NK numbers and cytotoxicity against MADB106
target cells (r = 0.67, r2 = 0.45) (Fig. 4F).
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Discussion
The present study aimed to elucidate potential mechanisms through which PGE2 affects
NKCC in vivo. PGE2 is known to directly decrease NK cytotoxicity in vitro (Gatti et al.,
1986a; Yakar et al., 2003), through its membrane prostanoid receptors and subsequent
elevated intracellular cAMP and activated protein kinase A1 (PKA1) levels (Torgersen et
al., 1997a). However, since PGE2 is released in vivo locally (around the damaged tissue),
and its systemic endogenous levels are often not affected (Parsson et al., 2000), it is not clear
whether the in vivo effects of PGE2 depend on a mediating mechanism, such as CORT,
which, in the context of surgery, is elevated by PGs (Asoh et al., 1987; Shaashua et al., In
press) and by a host of other pro-inflammatory factors (DeKeyser et al., 2000; Turnbull et
al., 1994). As will be elaborated below, increased systemic levels of PGs, induced herein by
its administration, directly suppressed NKCC in vivo. However, following surgery, adrenal
hormones were necessary to mediate these effects. In both cases, these in vivo-suppressing
effects cannot be reflected by the standard ex-vivo assessment of NKCC.

Critical for the interpretation of the current findings are results from our previous studies
employing the same methods of surgery and PGE2 administration in F344 rats. First, no
effects of surgery on systemic PGE2 levels at various time points after surgery were found,
while a robust two-fold increase of PGE2 levels were observed following its systemic
administration. Second, PGE2 administration increased MADB106 LTR (as was in the
current study) through suppressing NK activity, as selective depletion of NK cells abrogated
this effect, but not other effects that were NK-independent (Yakar et al., 2003). Last, the
MADB106 LTR-increasing effects of surgery (also evident herein) were additively reduced
by a COX inhibitor and by a β-adrenergic blocker, together abolishing up to 85% of the
deleterious effects of surgery (Benish et al., 2008; Melamed et al., 2005). These later
findings clearly indicate the involvement of CAs and of PGs in the LTR-increasing effects
of surgery.

As is the common practice, ex-vivo levels of NK activity are measured following removal of
all in vivo factors from the assay's milieu. Thus, to simulate the in vivo presence of CORT,
catecholamines, or PGs during stress or surgery, and their absence in the ex-vivo setting, we
first tested various schedules which included utilizing and removing these compounds in
vitro, and then measuring NK cytotoxicity against the standard YAC-1 target cell. CORT
suppressed NK activity when employed simultaneously with the assessment of cytotoxicity,
along the 4hr 51Cr release assay, as well as if removed immediately before this assessment
or 4hr earlier. PGE2 and epinephrine, on the other hand, suppressed NK activity only if
employed simultaneously with the assessment of cytotoxicity. When removed before this
assessment, no suppression was evident, and in PGE2- and epinephrine-extreated cells an
increase in cytotoxicity (rebound) was observed. These findings correspond well with the
known mechanism of enduring CORT action on NK cytotoxicity, mediated through
activation of DNA-dependent mechanisms and protein synthesis (Zhou et al., 1997), in
contrast to the transient cytoplasmatic-mediated effects of PGE2 and epinephrine in
regulating NK activity, through elevation of cAMP and activation of PKA1 (Torgersen et
al., 1997b). Our herein in vitro findings also correspond with those of Hellstrand et al
(Hellstrand et al., 1985), reporting in vitro suppression of human NK activity by
epinephrine, which was followed by a rebound effect following its removal. Given these
previous findings and our current findings, it is expected that ex-vivo studies of NK
cytotoxicity, which involve the replacement of the plasma with hormone-free medium, will
reflect in vivo effects of elevated CORT levels, but will not reflect the in vivo effects of
elevated PGE2 or epinephrine levels, as indeed found in our current study and discussed
below.
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The in vivo assessment of NK activity, through studying MADB106 LTR in the current and
in our previous studies, was conducted alongside exposure of animals to surgery or PGE2
(PGE2 was administered simultaneously with tumor cells in a slow release preparation).
Thus, the effects of PGE2 administration or of surgery are expected to be reflected in this
index, as are the effects of CORT. Importantly, in our previous study we have directly
showed that the increase in LTR following PGE2 administration is mediated in vivo by
suppression of NK activity (Yakar et al., 2003). In the current study, in sham operated
animals, both surgery and systemic administration of PGE2 elevated LTR levels, whereas in
adrenalectomized animals, only PGE2 administration elevated this index. Thus, systemic
PGE2 administration can suppress NKCC in vivo without the mediating effects of CORT or
other adrenal hormones. However, the effects of the surgical procedure used herein were
mediated by adrenal hormones (e.g. epinephrine & CORT), rather than directly by PGs, as
adrenalectomy abrogated them. Therefore, based on the literature and the above findings, it
seems that PGs can suppress NK activity through two different non-exclusive mechanisms –
directly by impacting NK cells, provided that PGs systemic levels are sufficiently elevated,
and indirectly through inducing adrenal hormones response. We further hypothesize that
CORT is the critical mediating factor of these effects of PG response during surgery, rather
than other adrenal factors (epinephrine or opioids), as in the context of surgery PGE2 can
elevate CORT levels (Asoh et al., 1987), and as PG inhibitors reduce post-operative CORT
levels (Glasner et al., 2010; Shaashua et al., In press). The effects of PGs on CORT levels
can be mediated through cells of the adrenal cortex (Mohn et al., 2005), or through elevating
IL-6 levels (Page and Ben-Eliyahu, 2002). To the best of our knowledge, PGs are not known
to elevate other adrenal hormones, specifically epinephrine or opioids. Nevertheless, more
severe surgical procedures than the one used herein, or other traumatic tissue-damaging
events, could elevate systemic levels of PGE2 (Faist et al., 1987), which could then directly
suppress NK activity, as following PGE2 systemic administration.

Our ex-vivo findings correspond with our predictions based on our in vitro and in vivo
experiments. As would be expected, in sham operated animals, surgery, but not PGE2
administration, decreased ex-vivo NK cytotoxicity levels. These effects are attributable to
the herein evident increase in CORT levels following surgery, but not following PGE2
administration, and the transient effects of PGE2 that cannot be seen due to its removal from
the assay milieu. In adrenalectomized animals, neither surgery nor PGE2 administration
affected NK cytotoxicity, given the absence of CORT response, and as ex-vivo effects of
PGs and catecholamines are not expected to be evident. Together, these findings clearly
suggest that when studying circulating NK cytotoxicity levels, the ex-vivo effects observed
following surgery in otherwise naïve rats are those that had been induced in vivo by CORT,
but not those that were potentially induced in vivo by catecholamines or PGs. It is crucial to
note that in vivo effects of catecholamines and PGs on NK cytotoxicity are profound and
critical (Ben-Eliyahu et al., 2000; Benish et al., 2008; Glasner et al., 2010), and last as long
as the levels of these hormones are elevated, even though such effects are not reflected in
ex-vivo measurement. Elevated CORT levels in the context of surgery can potentially be
induced through local PG release (Asoh et al., 1987), through nociception and pain, or
through a systemic catecholamine and/or PG response to the surgical procedure (Glasner et
al., 2010; Shaashua et al., 2012). In the current study no increase in CORT levels was
observed following systemic PGE2 administration, suggesting that the mechanisms through
which endogenous PGs elevate CORT in the context of surgery are not activated by
systemic administration of PGE2 in the dose used herein.

Leukocytes of the MP compartment are unique in several characteristics when compared to
circulating leukocytes. Their cellular composition is enriched with "proinflammatory cells"
(NK cells, monocytes, granulocytes) (Melamed et al., 2010), they show a cellular profile of
activated immunocytes (including high levels of intracellular IFNγ and large NK cells), and
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finally, MP-NK cells, but not circulating NK cells, can lyse the syngeneic MADB106 cell
line in vitro (Melamed et al., 2010). When studying ex-vivo cytotoxicity of this MP
population against the xenogeneic YAC-1 target cells, the herein findings indicated a
remarkably high correlation between the total number of MP-NK cells and the total
cytotoxicity they exhibit (r2 = ~0.7, fig. 4E). In contrast to the findings regarding circulating
leukocytes, surgery did not alter cytotoxicity of the MP-leukocytes against the YAC-1 target
line. These findings indicate that adrenal and non-adrenal factors, including CORT, are
relatively ineffective in impacting MP cytotoxicity per NK cell in an ex-vivo approach
against the YAC-1 target line.

However, when using syngeneic MADB106 cells as targets for assessing MP-NK
cytotoxicity, using aliquots from the same MP-leukocyte samples used to study lysis of
xenogeneic YAC-1 cells, a profoundly different pattern of effects was evident. First,
although these are the same samples, the r2 between the numbers of NK cells and their
cytotoxicity significantly decreased from ~0.7 (for YAC-1) to ~0.45 (for MADB106).
Second, surgery and PGE2 administration significantly reduced cytotoxicity in sham
operated animals, and PGE2 (but not surgery) did so also in adrenalectomized animals. None
of these effects occurred when studied against the YAC-1 target line. Thus, it seems that the
mechanisms used to exert MP-NK cytotoxicity against the MADB106 line are more
susceptible to PGE2 and surgery-induced stress responses than the mechanisms used for
lysing YAC-1 target cells. We have previously reported evidence for such a difference in
lysing syngeneic versus allogeneic/xenogeneic target lines in both rats and mice (Benish et
al., In press; Melamed et al., 2010). It is also worthy to note that the cytotoxicity level of
MP-NK cells against MADB106 target cells were an inverted picture to MADB106 LTR, as
we also reported in previous studies (Goldfarb et al., 2009).

There are several shortcomings to the study. First, the in vitro study cannot be expected to
comprehensively simulate the in vivo conditions where NK cells are naturally subjected to
the different effects of hormones. For example, the in vivo milieu is characterized by
simultaneously ever changing levels of many hormones, which was beyond the scope of this
study to simulate. Rather, we focused on separately assessing the impact of a single
hormone at specific time schedules, and did not study potential in vitro interactions at
different schedules and doses. Second, the approach to study NK activity in vivo relies on an
indirect in vivo index that is specific to the lungs, although this approach was validated as
indicating NK activity in many of our previous studies described above. Last, the study is
not designed to elucidate potential NK cell interactions with other leukocytes, or to identify
molecular mediating mechanisms that contribute to the observed findings.

In summary, the in vivo and the in vitro experiments, and the supporting literature, suggest
that the standard assessment of ex-vivo cytotoxicity against allogeneic/xenogeneic target
lines cannot be expected to reflect in vivo alterations in NK activity caused directly by
catecholamines and PGs; these effects may dissipate immediately following the removal of
these ligands (and potentially inducing rebound effects) although may bear long-term critical
in vivo consequences (Glasner et al., 2010; Inbar et al., 2011), including reduced cancer
survival rates. On the other hand, the effects of CORT are long-lasting and are reflected in
the ex-vivo setting, irrespective of whether CORT is a minor or major in vivo player, or/and
a mediator of other factors altering in vivo levels of NK cytotoxicity (Neeman and Ben-
Eliyahu, 2012). Second, MP-NK cells show different in vivo susceptibility to PGE2 and
stress hormones when their cytotoxicity is studied against standard allogeneic/xenogeneic
standard cell lines (e.g., YAC-1) compared to the syngeneic cell lines (e.g., MADB106).
Thus, evidence from ex-vivo NK activity studies that use standard target lines, should be
cautiously interpreted regarding their implications to cancer patients bearing autologous
(syngeneic) tumor cells (**). Third, elevated systemic PGE2 levels (when occurs) can
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suppress NK activity in vivo irrespective of adrenal hormones, but ex-vivo this suppression
is evident only in MP-leukocytes against the syngeneic MADB106 line. Nevertheless, in the
context of the surgical paradigm used herein, the endogenous (apparently local) PG response
depends on adrenal hormones to cause NK suppression (in vivo and ex-vivo).
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Fig. 1. The effects of different drugs and schedule of their application on NK cytotoxicity against
YAC-1 target cells
(A) A representative cytotoxicity curve - Incubation with CORT at the −4 to 0hr schedule.
(B, C, D) Cytotoxicity presented as % of Vehicle levels at each schedule and drug. (B)
Incubation with CORT reduced NK cell cytotoxicity in a similar manner in all schedules.
(C) Incubation with PGE2 reduced NK cell cytotoxicity in the simultaneous schedule,
elevated it in the −4 to 0hr schedule, and had no effects in the −8 to −4hr schedule. (D)
Incubation with epinephrine reduced NK cell cytotoxicity in the simultaneous schedule, had
no effects in the −4 to 0hr schedule, and elevated it in the −8 to −4hr schedule. * indicates a

Meron et al. Page 17

Brain Behav Immun. Author manuscript; available in PMC 2014 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significant reduction or elevation in NK cell cytotoxicity compared to the respective control
(Vehicle) group. Data presented as mean + SEM.
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Fig. 2. The effects of surgery and of PGE2 administration on LTR levels (A) and on plasma
corticosterone levels (B) in sham operated and in adrenalectomized animals
(A) Surgery elevated LTR levels in sham operated but not adrenalectomized animals. PGE2
elevated LTR levels in both sham operated and adrenalectomized animals, and this effect
was greater in sham operated animals. (B) Surgery elevated CORT levels in sham operated,
but not in adrenalectomized animals, and PGE2 administration did not elevate CORT levels
in either conditions. * indicates a significant elevation in LTR/CORT levels compared to
respective control group. Data presented as mean + SEM.
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Fig. 3. Killing of YAC-1 target cells by circulating NK cells (A – all E:T ratios; B – average of 4
highest E:T ratios)
(A, B) Surgery but not PGE2 administration reduced NK cell cytotoxicity in sham operated
animals. Both treatments did not affect NK cytotoxicity in adrenalectomized animals. (C)
Circulating NK numbers: Adrenalectomy elevated circulating NK cell numbers compared to
sham operated animals. * indicates a significant reduction in NK cell cytotoxicity compared
to respective control group. # indicates a significant elevation in NK cell numbers in
adrenalectomized animals compared to sham operated animals. Data presented as mean +
SEM.
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Fig. 4. Numbers and cytotoxicity of MP-NK cells against syngeneic MADB106 and xenogeneic
YAC-1 target cells
(A, B) Killing of MADB106 (B – all E:T ratios; A – average of 3 highest E:T ratios): PGE2
administration reduced MP-NK cell cytotoxicity in both sham operated and
adrenalectomized animals, while surgery caused such a decrease only in sham operated
animals. (C, D) Killing of YAC-1 (D – all E:T ratios; C – average of 4 lowest E:T ratios):
Surgery elevated MP-NK cell cytotoxicity in adrenalectomized but not sham operated
animals. PGE2 administration had no effects. (E) Number of MP-NK cells per lung: Similar
to C/D, surgery elevated MP-NK cell numbers in adrenalectomized, but not sham operated
animals. PGE2 administration had no effects, and adrenalectomy increased MP-NK cell
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numbers in all groups. (F, G) A significant Pearson correlation was found between numbers
of MP-NK cells per lung, and their total cytotoxicity against MADB106 target cells
(r2=0.45) (F), which is significantly lower than the same correlation when cytotoxicity was
tested against the YAC-1 target cells (r2=0.69) (G). * indicates a significant elevation/
reduction in MP-NK cell cytotoxicity/numbers compared to respective control group. #
indicates a significant overall elevation in MP-NK cell cytotoxicity/numbers in
adrenalectomized animals compared to sham operated animals. Data presented as mean +
SEM.
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