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INTRODUCTION \

One of the earliest observations that psychogenic parameters could
influence the immune response was made in 1918 [1]. Other sporadic reports
alluding to CNS interaction with immunity can be found in the literature from
the first half of this century, and several interesting reviews place

p i in an historical perspective [2].

Of the many factors ing a i gulatory axis, the effects

of stress on the immune response have provided the most convincing evidence
for such a network. A variety of paradigms have been employed to model the
immunological consequences of stress in humans. These include the evaluation
of immune function during forced wakefullness, bereavement, divorce and
unemployment [3]. In experimental animals stress has an adverse impact on
such important immune parameters as the rate and quantity of Ig production, T-

te to mi ic chall T cell cytotoxic activisy, natural
p P

killer (NK) cell function and host-graft relationships. This body of literature has

been extensively reviewed [4].

Psychoneuroimmunology of Macrophages
A variety of studies have demonstrated that neuroendocrine hormones
participate in macrophage activity. UK-14304 and norepinephrine, both alpha 2-

adrenergic agonists, can augment LPS-stimulated tumor necrosis factor (TNF)
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from elicited phages [S]). The di iation of the human histiocytic

lymphoma cell line U 937 into macrophage-like cells by phorbol ester is

inhibited by cortisol [6]. Epinephrine induces a dos decrease in
macrophage spreading [7).

There are several reports that numerous activities of phagocytic cells are

dulated by peptides and docrine hormones [8-12]. B-Adrenergic
agonists were reported by Bourne et al. [13] and Cox and Karnofsky [14] to
inhibit phagocyte chemotaxis, bactericidal activity, enzyme release and

superoxide anion generation. More recently, Nielson [15] reported that the 8-

ic agonist i | inhibits the i y burst of phagocytes in a
2 P P phagocy!

manner dependent upon the mechanism of cell activation. Koff and Dunegan
[16] observed an inverted-U dose response to norepinephrine with respect to its

effects on phag i oy icity when cells were activated with y-

interferon. At 10" M and 10* M in norepinephrine a significa h

of cytotoxicity towards tumor cell targets was noted, while higher dosages were
associated with inhibition of cytolysis. These authors also reported that the
neuropeptide neurotensin enhanced the cytolytic activity of y-INF-activated
macrophages, while substance P, a -endorphin, B-endorphin, Leu-enkephalin and
Met-enkephalin had no effect. Foris, Medgyesi and Hauck [17]reported that
met-enkephalin exerted a bidirectional effect on macrophage effector function
which was naloxone reversible at low levels of met-ENK. Foris, et al. [18,19]

have also reported that met-ENK can induce a significant increase in the
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luminol-depend hemilumi of thiogycoll. licited rat peritoneal

macrophages. Foster and Moore [20] found that the opioid peptides dynorphin

A and related fragments significantly enhanced the ability of murine peritoneal

phages p d with mixed a +B-INF and lipopolysaccharide
(LPS) to lyse P815 mastocytoma target cells; an effect which was naloxone-
reversible.

Simpkins, Dickey and Fink [21] and van Epps and Saland [22] have shown

that leuk h is is enhanced by B-endorphin. Sharp et al (23] showed

that opioid peptides th s could act as oxid burst sti in

phagocytes.
By applying a novel methodology based on the molecular recognition

hypothesis, Carr and Blalock [24] isolated and purified receptors shared by the

immune and docrine systems. Biochemical analysis revealed them to be

virtually identical with respect to their physicochemical and functional properties.
Thus, bidirectional communication between the immune and neuroendocrine
systems seems to result from a common set of hormones and receptors which are
shared by the two systems. Collectively, these studies provide convincing
evidence of important functional interactions between the neuroendocrine and
immune systems.

Few studies have been undertaken to determine the cellular and
physiological mechanisms through which the CNS might influence immunity.

This may be due in part to the lack of suitable models for mechanistic research

»



d studies have whole animals

in this area. Most of the p
or immune cells derived from blood and other tissue. Under these conditions it
becomes difficult to attribute a result to one specific cell type, no less determine
the subcellular mechanisms which account for a given observation. Furthermore,
the cost and concern over animal experimentation may shortly have a chilling
effect on this approach.

Although the study findings reviewed above are consistent with the

h hesis that i i ion is involved in the regulation of the

immune response, animal and human studies have been unable to establish the

cellular mechanisms needed to explain the detailed function of neuro-endocrine-

st hiad

immune y axis. Ce | variation iated with

8!

human and animal experimentation involving behavioral variables severely limit
the ability of these approaches to resolve major questions raised by
psychoneuroimmunologists. Indeed, if one believed, for example, lh;l
endorphins and/or biogenic amines mediate the effects of stress on any given

immune parameter, an investigator would be loathe to administer opioid,

d inergic, ad gic and di gic gonist to controls in a human
study in spite of the unique ability of such treatments to clarify these questions.
It was therefore a major goal of the studies reported in this dissertation to
develop an in vitro model which could circumvent these problems and

restrictions while providing a highly reproducible and relevant system in which

neuroimmune interaction could be studied at the cellular level. The
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development of the model reported here accepted the premise that an immortal
cell line isolated from a malignancy primary to an immunocyte could possess
such useful attributes as immortality. A tumor cell line is competent to enter

into cell division without the restrictions observed in plastic cells. Thus

a single neoplastic cell can give rise to a large and virtually limitless number of
“progeny” which possess a manageable amount of clonal variation.

An additional attribute of tumor cell lines is their retention of sufficient
cytogenetic similarity to the precursor immunocyte that the immortal cell line
will appear in many regards to behave much like a normal immunocyte. In
practice this attribute is conveniently determined by examining the cell line for
appropriate receptors (eg. immunoglobulin receptors), the secretion of cell-
specific cytokines (eg. IL-1 and TNF secretion by a macrophage cell line) as well
as such functional characteristics as cell-specific lysis of generally accepted

’
targets.

It must be carefully noted that like any model, the use of an immortal
immunocyte cell line for studying neuroimmune interaction, or any other
properties of the immune system is not without its limitations. For example, the
normal immunocyte does not exhibit the aggressive growth associated with a
tumor cell line. Furthermore, while the tumor cell derived from an immunocyte
may indeed produce an immunologically correct cytokine, the normal genetic

d or virtually nonexistent.

lation of cytokine expression may be

Receptor densities may be, and probably are, different than those encountered



in a normal immunocyte. Nevertheless, the convenience, cost-effectiveness and
general similarity of an immortal cell line to its normal counterpart are well
known and have convinced many investigators to employ them in their research
[atec]. In practice, the ATCC Catalog of Cell Lines is a valuable research tool
in itself, allowing the investigator to rapidly survey the most commonly used and
immediately available cell lines and appraise their potential usefulness for a

given application.

Excited Electronic States in Biological Systems

Having had a long-standing interest in the role of excited electronic states in

biological systems [25], the author sought to develop a cellular model applicable

1o the study of docrine lation of oxidative burst in macrophages.

The events which contribute to oxidative burst (OB) are believed to involve a
variety of molecular excitations in which molecular oxygen is an fnlcgml
participant. Indeed, the process of OB involves the generation of numerous
reactive oxygen species (ROS) which include superoxide anion, singlet oxygen,

hydroxyl free radicals and hydrogen peroxide [26]. Additional excited states

result from the interaction of this redox matrix with ecosinoids and related
peroxidizable lipids [27]. ROS production during OB is among those relatively

rare biological events heralded by the emission of photons in a process referred

10 as ilumis and i as bi i In native OB a

small but significant photon flux was first observed by Steel’s group in 1975 [28]
. B
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using alveolar macrophages derived from the rabbit. Shortly thereafter the same

group reported that the ding chemilumi could be enh: d or

amplified by the addition of luminol, a hydrazide which reacts with peroxides
and to a lesser extent other ROS by emitting photons during the relaxation of an

electronically excited aldehyde moiety [29].

Reactive oxygen species and the antitumor macrophage

The generation of reactive oxygen species (ROS) by neutrophils [30-35] and

phages [36,37-39] rep a major, but by no means exclusive
mechanism by which these cells mediate their antimicrobial and tumoricidal
functions [40,41]). Much of what is known about the induction and release of
these species has been elucidated using freshly isolated cells from blood and

other tissues of experimental animals.

The decomposition of ROS is panied by the emission of lightduring a

process referred to as chemiluminescence (CL) [28,42]. Addition of the

exogenous substrate luminol facili the d ion of the ding CL [29]).

CL has been employed as a means of studying factors affecting the oxidative
burst of monocytes and macrophages [43-45).
While the ultimate significance of ROS production during OB remains to be

lucidated, these species ( gen peroxide in particular) possess potent

cytotoxic activity which is believed to play a role in the ability of macrophages to

kill microorganisms. Since macrophages are involved in the host response to

B
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malignancy the role of ROS has been suggested to extend to the killing of tumor

cells as well [38].

A few studies have ined the CL ing the oxidative burst in

some monocyte-macrophage cell lines. Stendahl, Dahlgren and Hed [46]

reported CL pani ism in the human promyelocytic cell

line HL-60 following differentiation by dimethyl sulfoxide. CL i with

oxidative burst has subsequently been observed during oxidative burst as a
marker for differentiation in HL-60 cells [47,48]. CL associated with oxidative
burst has also been reported in the human monocytic cell line U937 following
cellular differentiation [49,50). Zavala and Lenfant [45] have studied factors

CL durin| hidonic acid-stimulated respiratory burst in the murine
3 P! Y

macrophage-like P338D, cell line. CL has also been reported in the murine
C4M¢ macrophage cell line [S1].

It was therefore an important goal of the present research to devel6p an
entirely in vitro model using an immortal cell line for investigating the influence
of neuroendocrine factors on the immune response.

The first chapter in this dissertation describes the use of a murine
macrophage cell line, J774 as a model for macrophage-mediated antitumor
immunity. These cells are shown to exhibit a light-emitting (chemiluminescent)

d. The oxidative burst is

oxidative burst which is

dulated by a variety of i apeutic agents under conditions which

similarly affect the ability of J774 cells to kill tumor cell targets. The second



h 9

chapter iders the application of the J774 phage model for the study of
ine dulation of the oxidative burst. It is shown that the
ilumi di id burst is enh d or inhibited in a dose-

dependent fashion by incubation of J774 cells with neuropeptides and

neuroendocrine hormones over a range of dosages which includes their normal

iologi i Such sub have been thought to mediate the
neuroendocrine modulation of the immune response. In the case of the
neurotransmitter norepinephrine, a mechanistic experiment determined that this
substance exerted an effect on the membrane potential of J774 macrophages
similar to its effects on neuronal cells.

It is anticipated that the model described here will be of continuing value to
investigators studying the interaction of the CNS with the immune response
against cancer at the cellular and molecular levels.

A substantial body of evidence has recently emerged supporting the

h h that a Ti

P 3

y axis exists which effects
feedback control of the immune response [52,53]. Among the observations in
support of this paradigm are reports that neuropeptides and neuroendocrine
hormones can influence cells of both the lymphocytic arm of the immune system
and the mononuclear phagocyte system. Stress related hormones such as
adrenocortitropin, norepinephrine, epinephrine and glucocorticoids [54,55]

ludi ; 4

suppress a wide range of T cell resp i g lymp p ion. In
\

the case of B-adrenergic substances, possibly (hroug”ﬁ the down-regulation of



e 10
interleukin 2 (IL-2) receptors [56]. Endogenous opioid peptides such as

dorphins and ins affect the

P P

of T cells to mitogenic

(57,58] and modulate the ic activity of natural killer (NK)
cells [59). Opioid peptides may also influence T cell response through a

modification of the early calcium influx ing lymph

g lymp

[60].
Cells of the mononuclear phagocyte system play a prominent role in the
host defense against neoplastic disease, possibly through the generation of

cytotoxic reactive oxygen species [61]. When sti d by i dulatory

substances exemplified by y-interferon (y-INF) [62,63], lipopolysaccharide (LPS),
and the combination of LPS and « +B interferon (a +B-INF), macrophages
develop cytotoxic activity characterized by the selective binding and destruction f
tumor cells [64,65].

The generation of reactive oxygen species (ROS) by macrophages is
believed to account for at least part of their antimicrobial an;! tumoricidal

activity [61,66-68]. The decomposition of these species, which include hydrogen

peroxide and sup ide anion, is panied by the emission of light during a
process referred to as chemilumi (CL) [69]. Addition of the exog
b luminol facili the ion of the ding CL [27). CL has been

used to study factors affecting the oxidative burst of monocytes and macrophages
[70]. I have recently reported that the J774 murine macrophage cell line exhibits

a chemiluminescent oxidative burst which is modulated by biological resp

»



modifiers such as Corynebacterium parvum (CP), bacillus Calmette-Guerin
(BCG), LPS alone and in combination with & +B8 INF [S6]. I now report that the
CL emission of J774 cells can be modulated by the opioid peptides B-endorphin,

dynorphin A, dynorphin fragment 1-13 and the neuropeptides neurotensin and

tuftsin. The B gic agonist pinephrine also I the CL. The
inhibitory itter y-aminob ic acid and its phar logical probe,
diazep likewise dulated J774 CL emission, as did the pineal hormone

melatonin. Norepinephrine induced a transient hyperpolarization of membrane

ial in an adh ion of J774 macroph

[y



~—~ CHAPTER 1

MATERIALS AND METHODS

Reagents
Phenol ed li haride (LPS) from E. coli 0111:B4 and sodium

dodecyl sulfate (Sigma, St. Louis, MO); formalin killed C. parvum (CP)
(Burroughs-Wellcome, Research Triangle Park, NC); BCG vaccine, USP
(Bionetics Research, Inc., Rockville, MD); mouse interferon a +8 (Lec
Biomolecular Research Inc., San Diego, CA); and [*'Cr]chromium (Na,*'CrO,).

specific activity 446.46 mCi/mg (New England Nuclear, Boston, MA).

Cell Lines

The murine macrophage cell line J774A.1 was obtained from the American
Type Culture Collection (Rockville, MD). This cell line has been described as a
reticulum cell sarcoma by Ralph et al. [71-73). J774 cells were grown/in
Dulbecco’s modified Eagle’s medium (DMEM) (GIBCO, Grand Island, NY)
supplemented with 109 heat inactivated fetal bovine serum (FBS), penicillin (50
U/ml) and streptomycin (250 mg/ml). The viability of cells used in experiments
was always >90% as determined by trypan blue exclusion.

The P815 murine mastocytoma cell line was kindly provided by Dr. J.L.
Pace, University of Florida, Gainesville, and served as the tumor cell target in

cytotoxicity assays. P81S cells were maintained in modified minimal essential
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Eagles medium (H-MEM) (GIBCO) with 10% FBS, HEPES (15 mM) (Sigma)

and antibiotics. Cell lines were maintained at 37° C in a idified ph

of 5% CO, and were determined to be free of mycoplasma contamination.

Chemilumi cl
The CL response of J774 cells was assayed at 37° C in an automated

luminometer (Picolite model 6500, Packard Instrument Co., Downers Grove, IL)

interfaced with a PC i puter. Lumi y experiments were
performed in triplicate. Mixtures of cells and BRMs were made up in DME/F-
12 medium without indicator (Sigma), supplemented with 10% FBS and
antibiotics. These suspensions were added to 55 X 12 mm plastic luminometry
tubes (Los Alamos Diagnostics, Los Alamos, NM). Each tube contained 2-5 X
10° cells in a volume of one ml. Except for time-course experiments, cell
suspensions for luminometry were incubated with BRMs at 3 Cin 5% CO, for
18 h prior to the assay to allow the cells to adhere to the bottom of the

luminometry tubes. After incubation, 800 1 of cell-free medium in each tube

were d and discarded. Rep d ination showed disca medium
contained <0.1% of the original number of cells plated. The CL assay was
initiated by the automatic addition of 200 1 of an opsonized zymosan A
suspension containing luminol (ZAP, Los Alamos Diagnostics, Los Alamos,
NM). The photon emission from samples was counted every 4 min for 36 min.

The area under curves representing light emission over time was calculated and



reported as integrated photon emission.

for J774-mediated LI
Killing of labeled P815 mastocytoma cells was determined in a 16-h *'Cr

release assay for phag diated cy1 icity [74]. Briefly, target cells

were prelabeled for 1 h at 37°C with *'Cr (300 Ci/10” cells), and washed. J774
monolayers were prepared in 96-well microtiter plates by plating cells in 100 |
8H-MEM + 10% FBS. After a brief centrifugation, *'Cr-labeled P815 cells in
100 | H-MEM were seeded into each well. An effector:target ratio of 50:1 was
used. Aliquots of BRMs were then added. Spontaneous release of label was
determined from wells containing only labeled P815 cells. Maximum release was

d ined from wells ining labeled cells and 10% sodium dodecyl sulfate.

After a 16 h incubation at 37°C in 5% CO,, 100 | of supernatant in each well
were remopved and assayed for radioactivity. Experiments were pcrforme/d in
triplicate. Results were expressed as % *'Cr-release, calculated as described

previously [75].

Statisti :

Where appropriate, data were expressed as the mean *+ SEM. For multiple
group comparisons, one-way analysis of variance (ANOVA) was employed
followed by Tukey's test for HSD (hones"l]y significant difference). Statistical
significance was defined as p < 0.0S. The statistical procedures were performed

with Statgraphics software version 2.1 (STSC, Inc., Rockville, MD)”



RESULTS

Initial experiments indicated that J774 cells have a strict requirement in
that chemiluminescence can be observed only when these cells are allowed to
adhere to the bottom of the plastic luminometry tubes. Suspensions of these
cells failed to exhibit luminescence. The CL of J774 cells triggered by zymosan
was in the order of 10°-107 counts, integrated over a period of 36 min, only
slightly lower in magnitude than freshly isolated macrophages from mice (data
not shown).

Fig. 1 illustrates the CL response of J774 cells incubated with various
dosages of CP (1.4-140 g/ml) for 18 h prior to the assay triggered by zymosan.
Optimal CL was observed with pre-incubation using 14 g/ml of CP. Dosages
above this level were associated with a loss of CL. Fig. 2 illustrates the effect of
incubation time on CL using the optimal 14 g/ml dosage of CP. The CP-

’
dulated CL inued to increase throughout the course of the 44 h

experiment. The CL levels of untreated cells were significantly below those of
CP-pretreated and peaked at 30 h of incubation.

Fig. 3 shows the effect of BCG on J774 CL following 18 h of incubation.
Maximal CL occurred with 5 x 10* cfu/ml. Dosages above 8 x 10° cfu/ml
depressed CL activity. Fig. 4 shows the effect of LPS on the CL of J774 cells.
The cells responded to as little as 0.5 ng LPS/ml. A plateau in activity was

observed at dosages from § to 50 ng/ml.

15
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Figure 1. Effect of CP dosage on CL of J774 cells. Cells were preincubated
with CP for 18 h prior to CL assay. Points represent the mean + SEM (if SEM
does not show, it is smaller than the symbol).
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Figure 3. Effect of BCG dosage on CL of J774 cells. Cells were preincubated
with BCG for 18 h prior to CL assay.
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Fig. 5 shows the effect of murine interferon @ + B (INF) on the ability of
LPS to stimulate CL in J774 cells. An INF dosage of 440 U/ml had no effect on
CL. LPS alone (5 ng/ml) stimulated CL. Co-incubation of J774 cells with INF
and LPS further increased the level of CL. A similar effect resulting from the
interaction of INF with CP is illustrated in Fig. 6. In this experiment 14 g/ml
of CP was substituted for the LPS. CP alone enhanced the CL of J774 cells
while INF had no effect. Co-incubation of J774 cells with CP and INF exhibited
a synergistic enhancement of CL.

Table 1 summarizes the results of experiments demonstrating the effects of

CP or LPS on J774-mediated cy! icity. U J774 cells ibited a low

but significant level of lytic activity toward P815 mastocytoma targets. CP

enhanced this activity in a dose-dependent manner. Similarly, LPS was observed

to J774-mediated cy
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Figure 5. Effect of murine interferon a+& (INF) (440 U/ml) on LPS- (5 ng/ml)
stimulated CL in J774 cells. A = cells alone, B = cells + INF, C = cells +
LPS, D = cells + LPS and INF. Cells were preincubated with INF, LPS or
both reagents for 18 h prior to CL assay. Tukey’s HSD test demonstrated three
statistically different responses (a, b, and c) at p < 0.05, e.g. INF alone had no
effect. LPS alone did enhance CL; and co-incubation with both INF and LPS
further enhanced CL. B
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stimulated CL in J774 cells. A = cells alone, B = cells + INF, C = cells + CP,
D = cells + CP and INF. Cells were preincubated with INF, CP or both
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statistically different responses (a, b and ¢) at p < 0.05; - INF alone had no
effect. CP alone enhanced CL while co-incubation with INF and CP further
enhance CL.



Table 1

Effect of CP and LPS on J774-mediated cytotoxicity'
% *Cr Release

Treatment

Untreated Cells 701034
CP 14 pg/well 179 £ 0.78
CP 35 pg/well 363+ 0.94
CP 70 pg/well 513+ 125
LPS 5 ng/well 26.1¢ 115

3412135

LPS 10 ng/well
'Assayed at an E:T ratio of 50:1. Data represent the
mean + SEM.




DISCUSSION

Macrophages have been implicated as a major class of effectors in the host
response to neoplasia [77,77,39,78]. Cells of the monocyte-macrophage lineage
are known to exhibit tumoricidal activity following stimulation by y -interferon
(79,80], CP [82], BCG ([76], and bacterial products such as muramyl dipeptide
(83] and LPS [83]. While the mechanisms involved remain obscure, the
generation of ROS by activated macrophages is considered a major participant

in mediating the tumor-lytic effect [36-39]. I investigated the J774 cell line in an

attempt to p iated with studies employing partially
purified macrophages. J774 cells exhibit adherence, macrophage-like
morphology, receptors for immunoglobulin, and are able to lyse target cells [83].

They synthesize interleukin 1 [84], and release tumor necrosis factor and

enzymes upon stimulation with LPS [85]. Clones of the J774 cell line

are capable of oxidizing glucose by the hexose monophosphate shunt while

peroxide and hydrogen peroxide [86]. In light of these accounts it

is surprising that chemilumi iated with the oxidative burst of J774

cells has not previously been reported. De Baetselier and Schram [43] have
described a J774 clone designated J774-C2E2-HAT which they employed for
polyethylene glycol-mediated somatic hybridization with normal murine
macrophages. The resulting macrophage hybridomas exhibit a chemiluminescent

oxidative burst among other macrophage-like characteristics which were not



observed in the J774-C2E2-HAT fusion partner.

I now report that the J774 cell line exhibited a
burst primed by pre-incubation with a variety of BRMs in a manner analogous to
macrophages stimulated in vivo. The 44 h time course of CL illustrated in Fig. 2
attests to the vigor of J774 cells over extended periods of time. The results
shown in Figs. 5 and 6 are consistent with the work of Pace and Russel [78]
demonstrating that the role of lymphokine such as INF is to sensitize the
macrophage to the effects of a second stimulus (LPS) rather than to mediate a
full activation. Within this paradigm the ability of bacterial LPS to act as a
second stimulus and extend this class of stimulants to include CP is sustained
(Fig. 6).

Taniyama and Holden [87) studied the effects of various BRMs on tumor

of phage cell lines including J774. They found that LPS at 10

and 100 mg/ml had no effect on the lytic activity of J774 cells. This dosage is
more than one thousand-fold greater compared with the dosages used in the
present study (Table 1), which are in the low ng/ml range. Ralph and Nakoinz
[88] observed growth inhibition as a major effect of high dosages of BCG, LPS
and zymosan on J774 cells. Miner et al. [89] found that poly I:C-activated J774
cells were able to lyse B16 melanoma cells. Zahedi and Mortensen [90] recently
reported that J774 cells are activated for cytotoxicity by C-reactive protein. The
present study extends these results to include LPS and CP as BRMs capable of

modulating J774-mediated cytotoxicity. J774 cells may serve as a convenient

»
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model for such diverse fi i as the g ion of ROS, the

against i priming in response to lymphokine for

second-signal activating and the in vitro evaluation of immunotherapeutic agents.



CHAPTER 2
MATERIALS AND METHODS
Reagents
Dynorphin A (DYN), B-endorphin (END), methionine enkephalin (met-

ENK), in, tuftsin, di ¥ -aminobutyric acid (GABA), naloxone,

norepinephrine (NE), 5-amino-2,3-dihydro-1,4-phthalazinedione (luminol),

zymosan A, vali in and dimethyl ide (DMSO) (all from Sigma, St.

Louis, MO); 3,3"-dipropylthiadicarbocyanine iodide (DiSCy(5)) (Molecular
Probes, Eugene,OR); murine interferon a +8 (Lee Biomolecular Research Inc.,
San Diego, CA). Recombinant murine y-interferon (y-INF) was the generous

gift of Genentech, Inc., South San Francisco, CA.

Cells

The murine macrophage cell line J774A.1 was obtained from the American
Type Culture Collection (Rockville, MD). This cell line has been dcs/cribcd asa
reticulum cell sarcoma by Ralph [91-93]. J774 cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (GIBCO, Grand Island, NY) supplemented
with 10% heat inactivated fetal bovine serum (FBS), penicillin (50 U/ml) and
streptomycin (250 mg/ml). The viability of cells used in experiments was always

>90% as determined by trypan blue exclusion.
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Chemilumi CL

The CL response of J774 cells was i g to a

of methods reported previously [94,75). The assay was performed at 37° C in an
automated luminometer (Picolite model 6500, Packard Instrument Co., Downers

Grove, IL) interfaced with a PC. pati Lumi y

experiments were performed in triplicate. Mixtures of cells, and each specific
substance to be tested, were made up in DME/F-12 medium without indicator
(Sigma), supplemented with 10% FBS and antibiotics. These suspensions were
added to 55 X 12 mm plastic luminometry tubes (Los Alamos Diagnostics, Los
Alamos, NM). Each tube contained 2-5 X 10° cells in a volume of one ml. Cell
suspensions were incubated at 37° C in 5% CO, for 18 h prior to the assay to
allow the cells to adhere to the bottom of the luminometry tubes. After

incubation, 800 1 of cell-free medium in each tube were removed and

R d

showed discarded medium contained <0.1%

of the original number of cells plated. The CL assay was initiated by the
automatic addition of 200 | of a zymosan A suspension containing per ml of
complete veronal buffer pH 7.3 [26], 2.5 mg zymosan A, 2 | of a 20 mM
solution of luminol in DMSO and 1 g globulin-free bovine serum albumin. The
zymosan A suspension was made up in advance and stored frozen at -70 °C in 10
ml aliquots until thawed for use. The photon emission from samples was
counted every 4 min for 36 min. The area under curves representing light

emission over time was reported as integrated photon emission.  »



Fluorescent probe studies

The effects of docrine h on the

brane potential of 1774

cells were determined according to methods described by Rink et al. [95] for the

b ial of lymph 1 ial

tes. Stock

of the p
fluorescent dye DiSC,(5) were made up in 95% ethanol at a concentration of 10
M and stored at -20°C. Fluorescence measurements were made with a Perkin-

Elmer LS-3 fluorescence spectrop at ambient p e E

and emission wavelengths were set at 620 nm and 660 nm, respectively. The

standard experimental solution (hereafter referred to as buffer) used for

measuring the membrane potential contained 139 mM NaCl, 6 mM KCl, 1.25

mM CaCl,, 0.8 mM Mg SO,, 1 mM Na,HPO,, 10 mM Na HEPES, 5.6 mM

dextrose; pH 7.2. Stock solutions of valinomycin were made up in 95% ethanol

at a concentration of 100 M. Since J774 cells require adherence to a substrate
’

in order to exhibit CL during oxidative burst [75), the effects of neuroendocrine

of oxidative burst on ial were studied using

p
adherent populations of cells grown on microscope cover glasses (Fisher, ca. 0.15
mm thick) in DMEM supplemented with 10% heat inactivated FBS and
antibiotics. The confluent cover glass cultures were then carefully washed in

several volumes of buffer and fitted diag into acrylic fl y cuvettes
(Fisher) containing 2 ml of buffer. Sufficient stock DiSC,(S) was then added to
the cuvette with mild agitation to achieve a final dye concentration of 100 nM

and the cuvette was placed in the cell holder and the fluorescence was
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d at once. hormones were dissolved in buffer and

added to the cuvettes. Additions of appropriate volumes of buffer or alcohol

served as controls for the addition of or
respectively. The effect of mild agitation without any addition had a negligible

effect on the fluorescence signal. Data were recorded on a strip chart recorder.

Statistical ;
Where appropriate, data were expressed as the mean + SEM. For multiple
group comparisons, the signil of overall di between the group

means was determined by one-way analysis of variance (ANOVA); and between
individual groups, by Tukey’s test for HSD (honestly significant difference).
Significance was defined as p < 0.05. Statgraphics software version 2.1 (STSC,

Inc., Rockville, MD) was used.



RESULTS

Figure 1 illustrates the CL response of J774 cells incubated with various
dosages of y-INF (0.5-1000 U/ml) for 18 h prior to the assay initiated by the
addition of zymosan. Maximal CL was observed at a y-INF dosage of 5 U/ml.
This dosage was used in subsequent experiments where coincubation of a
neuroendocrine hormone with y-INF was desired.

Figures 2a and 2b illustrate the effect of END on the CL response of J774
cells following 18 h of incubation with this opioid peptide at the concentrations
indicated, either alone (2a) or with 5 U/ml y-INF (2b). Maximal CL occurred
at an opioid concentration of 10° M (END alone), or over a broad range (10"
10 M) in the case of coincubation of an opioid peptide with y-INF.

Figure 3a and 3b are similar to Figures 2a and 2b except that dynorphin A
(DYN) was substituted for END. The effect of coincubation of y-INF with
DYN was similar to that observed when y-INF was combined with END, namely
the effects were largely additive. Few major alterations in the dose response
were observed.

Figure 4 shows the effect of the opiate receptor-antagonist naloxone on
DYN and END-enhanced (10°M each) CL in J774 macrophages. The addition

of 10°M nal 1o otherwise d cells had an insigni effect on CL

emission. When this dosage of naloxone was added to cells just prior to their
treatment with either opioid peptide, the opioid-induced enhancement of CL was

abrogated.

3
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Figure 1. Effect of y-interferon on chemiluminescence (CL) of J774 cells.
Points represent the mean + SEM (if SEM does not show, it is smaller than the

symbol).
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When cells were i d with the d phil 1-13 (Figures Sa
and Sb), maximal stimulation of CL occurred at the extremely low peptide
concentration of 1010 M, depending only slightly upon the presence or

absence of y-INF (SU/ml). Dynorphi 1-13 was therefore the most

potent substance studied here.

In no case did met-ENK enhance J774 CL (Figures 6a and 6b). In fact, a
dose-related inhibition of CL was observed which appeared to be enhanced by
the addition of y-INF (Figure 6b).

Figure 7 shows the effect of NT (10-10° M) on CL emission. These
effects are characterized by an inverted-U dose response. At a dosage of

10° M, in exhibited maximal sti ion of CL. At a concentration of

10° M, in significantly inhibited CL. The effects of tuftsin on J774 CL

are shown in figures 8a and 8b. Coincubation with y-INF (Figure 8b) shifted the
maximal stimulatory dosage of the peptide from 10° M (without y«lei) to 10°
M upon coincubation. The shape of the curve also appeared somewhat subject
to the influence of y-INF, the addition of which was associated with a more
symmetrical inverted-U dose response. Figure 9 demonstrates the lack of effect
of VIP on the CL emission of J774 cells, a result that was unaltered by
coincubation with y-INF (not shown).

A variety of adrenergic substances have been reported to inhibit

h icity [96,16], oxidative burst [15] and phagocytosis [14].
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Figure 10a shows that in the absence of added v -INF there was a biphasic dose
response curve for the effects of NE on CL. Dosages over the range of
10M-10"M stimulated oxidative burst. Figure 10b indicates an entirely different
outcome when cells were incubated with both SU/ml of y-INF and NE. In the
latter case a dose-related inhibition of CL was observed.

The activity of macrophages has been reported to follow a circadian rhythm
[97,98]. Since numerous circadian rhythms are regulated by the pineal gland via
its major secretory product, melatonin, the effects of this hormone on J774 CL
were studied. Figure 11 shows that the now familiar inverted-U dose response
curve is applicable to the effects of melatonin on oxidative burst of J774
macrophages. When cells were coincubated with melatonin and y-INF, the
effects were additive (data not shown).

Lau and associates [94] have recently shown that a water soluble fraction

derived from the Chinese medicinal herb lag b eus p

potent antitumor activity and exerts a stimulatory effect on J774 CL, inducing a
10-fold increase in photon emission. This herb has been reported to contain the
neurotransmitter y -aminobutyric acid (GABA) [99], a finding which has been
confirmed (unpublished observation). Since GABA has been shown to possess
macrophage stimulating properties [100] I examined its effects on J774 CL
(Figure 12). Dosages above the range shown were associated with a plateau in
the level of enhanced CL (not shown).

It is believed that GABA, an inhibitory neurotransmitter, is involved in the

»
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mechanism of action of the benzodiazepine class of central depressants. The
mechanism involves a three-way complex formed between the benzodiazepine

receptor, GABA and the cellular chloride channel [101,102]). Benzodiazepines

have become phar logical probes for studying the physiological

role of GABA. The literature reports that the benzodiazepine receptor ligand,

p has a modulatory effect on oxidative burst of macrophages [103]. The
effect of diazepam on J774 CL is shown in Figure 13. When y -INF was added
the dose response curve was broadened, and the highest diazepam dosage (10

M) became supressive (p<0.05).

Effect on membrane potentials

While the mechanism l;f action by which the diverse neuroendocrine
substances reported herein actually modulate the oxidative burst of J774 cells
remains obscure, the recent literature suggests that many of these same,
substances act centrally by altering the membrane potential of specific
populations of cells [104]. Using the membrane potential sensitive fluorescent
probe DiSCy(5) I attempted to determine the effects of the neuropeptides and
neuroendocrine hormones on the membrane potential of J774 cells. It was only

when pinephrine (NE) was ined that this approach met with success.

Figure 14 illustrates the effect of NE (10*M) on the membrane potential of J774
cells adherent to glass coverslips. NE was dissolved in buffer (see Materials and
Methods) and added to the fluorometry cuvette containing the cover glass

B
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cultures. In these experi changes in b p ial are evidenced by

rapid shifts in the fluorescence intensity. The addition of buffer alone served as
a negative control. This is illustrated in Figure 14, traces c and d. Upon the
addition of buffer alone o change in fluorescence was observed. Similarly,
mild agitation had no effect on the fluorescence intensity (Figure 14, traces a-d).
Valinomycin depolarizes cells [95] thus inducing a rapid and sustained increase
in probe fluorescence intensity (traces a and b). Traces a and b also show that
the addition of 2 1 of ethanol (EtOH), the solvent for valinomycin, had no
effect on fluorescence intensity. Upon the addition of NE such that the final
concentration was 10° M in NE, a rapid transient decrease in fluorescence was
observed (Figure 14, traces ¢ and d). This response is consistent with a

hyperpolarization.



DISCUSSION

These studies have d that the chemilumi idative burst
of the J774 macrophage can be modulated to a significant extent by diverse

and

ine hormones. It is of particular importance that

in almost every case where modulation of CL was observed, an inverted-U dose

P was obtained. A careful ination of the li indi that
such a response is ch istic of the physiological actions of
substances [105-108]. It is pting to speculate that the signil of the

inverted-U nature of the dose response curves in the cases at hand is that it
permits these substances to perform a regulatory function, affording enhanced
activity within a certain concentration range, above and below which we find
inhibition or reduced stimulation of activity. Although the present investigation
did not consider how the family of possible multi-way interactions between the
’ . . 7
neuroendocrine hormones might contribute to a complex regulatory network,

studies have that such i ion does exist.

Catecholamines and opioid peptides exhibit pharmacological interactions in cells
with receptors for both classes of ligand [109). Likewise, melatonin modulates
the activity of opioids [110,111]. It remains to be seen whether two or more
neuroendocrine hormones which modulate the CL response of J774 cells will
exhibit multi-way interactions.

In order to confirm that the opioid peptides END and DYN mediate

56
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their effects (Figures 2 and 3) on CL via classical opiate receptors, the effect of
the opiate receptor-antagonist naloxone on opioid peptide-induced modulation of

burst was i Indeed (10°M) was able to reverse

the activity of 10°M END and DYN (Figure 4). This result is consistent with
that of Foster and Moore [20], who determined that DYN-enhanced stimulation
of macrophage tumoricidal activity was naloxone-reversible. It is important to
characterize the nature of the receptor involved in mediating an opioid-induced
response because in some cases such activity is not attributed to an interaction
with a true, naloxone-reversible receptor. For example, the effects of opioid
peptides on the lymphocytic arm of the immune response has, in some cases,

been observed to be mediated by a non-classical opiate receptor [112,113]. The

enhancement of natural killer cell cy icity was also enh d by pioid
fragments of B-endorphin [59].

It is interesting to note the exquisite potency with which dynorphin ffagment
1-13 enhanced J774 CL (Figure Sa and b). The optimal dosage was on the
order of 10™M (Figures Sa and Sb) with significant activity evident at
10"8-107*M. This fragment is considered to be an extraordinarily potent opioid
peptide [114].

It was surprising to find that methionine enkephalin (met-ENK) was unable

to stimulate CL. This opioid peptide is reported to enhance macrophage CL

[19], antibody-d dant cy icity (17] and ch is [22]. Peterson et al.

y-dep

[115] indicates that the oxidative burst of human peripheral blood mononuclear

,
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cells is inhibited by END and morphine over a broad range of dosages (10-10°
M). This report represents the first study of opioid peptides in a macrophage
cell line. The fact that J774 cells are immortal indicates a major difference from
macrophages isolated from an intact animal. It is possible that one such
difference observed is the general similarity between dose response curves
obtained with and without added y-INF. Foster and Moore [20] report that the
addition of a priming stimulus (LPS or a +8-INF) is required by murine
peritoneal macrophages in order to observe any effects of added opioid peptides.

Nielson [15] notes that the mechanism of cell activation is critical in determining

the of B-adi gic modulation of oxidative burst in human PMN,
possibly due to differences in calcium mobilization induced by various cell
activation pathways.

Neurotensin (NT), tuftsin and vasoactive intestinal peptide (VIP) are three
peptide hormones which have previously been shown to modulate pacrophage
activity [116,16,11,117). It was therefore of interest to investigate their ability to
modulate CL in J774 cells (Figures 7-9).

Most studies of the effects of adrenergic neuroendocrine hormones and
drugs on macrophage-monocyte function suggest that suppression of activity is
the usual outcome [96,16,118). I found two distinct patterns, depending on
whether or not y-INF was added: An inverted-U dose response was obtained in
the absence of y-INF (Figure 10a) while dose-related depression of CL was

observed when SU/ml of y-INF was added (Figure 10b). Upon closer

"
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examination it is interesting that Koff and Dunegan [16] summarize their
findings by stating that norepinephrine completely blocks the activation of
macrophages by y-INF. Their figures, however clearly illustrate an inverted-U

dose response with NE dosages in the range of 10°-10°M significantly enhancing

d by target ¢ icity. Perhaps there was

reluctance to openly confront the prevaili digm that sub: which

increase CAMP levels suppress macrophage activity [119].
Many functions of the macrophage appear to follow a circadian rhythm.
Brainard et al. observed that photoperiod length in hamsters affected

h count and lear cell lasia [120]). McNulty, Cole and

phag P

Fox found a circadian rhythm in levels of acid phosphatase in pineal
macrophages [121]. Melatonin, li\e major secretory product of the pineal gland
has been shown to modulate cellular immunity in mice [122]. A recent review
[111] discussed several effects of melatonin which are relevant in tumor
immunology. Against this background it was interesting to find that melatonin
modulated CL in J774 cells (Figure 11). The J774 model may find additional

application in the study of i relevant i ions between

melatonin and opioid peptides and gl as these h
appear to interact with one another [98].

The inhibitory neurotransmitter v -aminobutyric acid (GABA) can stimulate
macrophage immunity [100] and may account for at least part of the
macrophage-stimulating activity we have seen in a Chinese medicinal herb,



Astragalus membranaceus [94). It was that observation which prompted us to

characterize the effects of GABA and its ph: logical probe di on

the CL of J774 cells (Figures 12 and 13). Diazepam and some b
are the only pharmacological agents pertinent to the study of
psychoneuroimmunology which have been studied in a macrophage cell line,
P338D, [103]. The studies by Lenfant’s group [123] represents an experiment in
support of the hypothesis that stress-related events have an adverse effecton .
immunity [54,53,55). The biphasic dose response obtained for diazepam (Figure

13) is very similar to that found by Zavala and Lenfant [103].

Tonic channels have been most extensively studied in the nervous system

where they function in signal and i ion pr i Whereas
voltage-gated ion channels have been considered unique to cells of the nervous
system, it now appears that similar channels are present in most cc/lls of the
immune system. Both lymphocytes [124-126] and phagocytes (neutrophils and
macrophages) [127-130,104,131,132] possess these attributes, which, on closer
examination appear to act at the very interface between the nervous and
immune systems. Gallin’s elegant review of this subject [133] describes the basic
observations which qualify immune cells as possessing classically excitable
membranes. lon channels now appear to play major roles in lymphocyte

blastogenesis [134,128,135,136], natural killer cell activity [137), immunoglobulin

’
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function [138] and regulation of oxidative burst [139]. It is well known that cells

of the central nervous system (CNS) respond to chemical (neurotransmitter)

signals in part by ing changes in b p ial as functions of
neurotransmitter exposure. Depolarizations and hyperpolarizations have been
recorded in rat hippocampal cells upon local application norepinephrine (NE)
[140]. Similarly, cells of the locus coeruleus are hyperpolarized by local
application of NE [141].

Because NE hyperpolarizes excitable cells of the CNS, I decided to

on the b ial of J774

determine the effects of this

cells, the oxidative burst of which it readily modulated (Figure 14). F
probes of membrane potential undergo obvious changes in fluorescence intensity
as the cells to which they h;vc been added are depolarized or hyperpolarized.
In the case of the dye used in the present study, DiSCy(S), the fluorescence
intensity increased as the cells were depolarized and decreased upon
hyperpolarization. The effect of depolarization is illustrated by the addition of
valinomycin to dyed cells (Figure 14, curves a and b). This substance is a
potassium ionophore which causes the cellular potassium to leave the cell under
the conditions of the experiment. A concomitant increase in fluorescence
appeared upon the addition of valinomycin. The transient decrease in
fluorescence upon addition of NE (10°M final concentration) represents a NE-
induced hyperpolarization.

It is hoped that this study will serve to validate and establish the use of the



J774 cell line for i igating the i ion of the macrophag

immune resp with of the

system. The system

and methods described may be particularly useful for hanistic studies, since

experiments are free of the many problems associated with the use of primary
cultures, whole animals and studies in man. In particular, the J774 macrophage

may be helpful in gaining insight into how leukocytes receive and process

signals of docrine origin.
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Abstract
MODULATION OF MACROPHAGE CHEMILUMINESCENCE BY
BIOLOGICAL RESPONSE MODIFIERS AND NEUROENDOCRINE
HORMONES
by
Jeffrey M. Tosk

Neuroendocrine mediators have been shown to influence a broad spectrum

of immune i ing the exi ofa i gt y axis
effecting feedback control of the immune response. Most studies in support of
this paradigm have employed either intact animals or immune cells derived from
blood and other tissues. Under these conditions it becomes difficult to cope
with numerous variables associated with the complex milieu of the immdne
system and the interpretation of data. An in vitro model using a murine
macrophage cell line, J774, was developed to circumvent these problems. Using

this model, macrophages activated by exp to the bi P

modifiers lipopol, haride, bacillus Call Guerin, Corynebacterium parvum,

« +B interferon and y-interferon exhibited a readily observed and quantitated
chemiluminescent oxidative burst. This activity was modulated by the
neuropeptides B-endorphin, dynorphin A, neurotensin and tuftsin as well as the

neuroendocrine hormones norepinephrine, y -aminobutyric acid and the pineal

"



hormone melatonin. In the case of norepinephrine, the mechanism of action

may involve diated hyperpolarization of the macrophage membrane
potential.
z
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