A Newly Defined Property of Somatotropin: Priming
of Macrophages for Production of Superoxide Anion
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Macrophages can be activated to produce reactive oxygen intermediates, such as
superoxide anion (O,7), which are responsible for intracellular killing of pathogenic
microbes. Treatment with either native or recombinant somatotropin augmented the
production of O,” by both peripheral blood—derived and alveolar macrophages
stimulated with opsonized zymosan in vitro. This effect was abolished by prior
treatment with an antibody specific for somatotropin. When either native or recombi-
nant porcine somatotropin or native rat somatotropin was administered to hypoph-
ysectomized rats in vivo, activation of peritoneal macrophages, as measured by release
of O, in response to opsonized zymosan, was equivalent to that of macrophages from
rats primed with the macrophage-activating factor interferon-y. Priming of macro-
phages in vivo was observed at physiologically relevant doses of somatotropin that
caused a 10 to 40 percent increase in growth rate. Priming of mononuclear phagocytes
for augmented production of reactive oxygen metabolites is a newly defined property

of somatotropin.

ACROPHAGES THAT HAVE BEEN
infected with an intracellular
pathogen acquire augmented ca-

pacity to kill bacteria (). Macrophage prim-
ing and activation are accompanied by en-
hanced respiratory burst activity and secre-
tion of reactive oxygen intermediates, such
as hydroxyl radicals, singlet oxygen mole-
cules, and superoxide anion (O,7). These
reactive oxygen metabolites are the most
important oxygen-dependent pathway by
which macrophages kill ingested microbes
(2). Interferon-y (IFN-v), one of the factors
produced by antigen- or mitogen-activated
T cells, serves to prime macrophages for
increased production of reactive oxygen
metabolites (3, 4). Diseases in which pro-
duction of IFN-y is diminished, such as
acquired immunodeficiency syndrome (5),
leprosy (6), and visceral leishmaniasis (7),
often lead to overwhelming opportunistic
infections.

Although IFN-y has been identified as
the primary T cell product that activates
macrophages for enhanced O, production
(4), other endogenous substances that aug-
ment respiratory burst activity probably ex-
ist (8). A recent study demonstrated that
proliferating spleen cells express messenger
RNA for somatotropin (9), suggesting that
somatotropin might function as a cytokine.
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Although it is well known that somatotro-
pin is secreted by the adenohypophysis and
participates in a number of growth process-
es, its role in immunoregulation has not
been thoroughly explored. We recently re-
ported that somatotropin, as well as GHj
pituitary adenoma cells, which secrete both
somatotropin anc prolactin, restore the T
cell proliferative responses and interleukin-2
(IL-2) synthesis that are naturally dimin-
ished in aged rats (10). Somatotropin also
augments the activity of cytolytic T cells
(11), natural killer cells (10, 12), and de-
layed-type hypersensitivity T cells (13), as
well as antibody synthesis in response to T-
dependent antigens (13) and production of
the thymic hormone thymulin (14).

During our studies on somatotropin, we
incubated porcine liver cell suspensions with
somatotropin and noticed a marked change
in the morphology of Kupffer cells that was
characteristic of activated macrophages. Be-
cause activated macrophages serve several
functions in the immune response (15), we
postulated that another physiological role of
somatotropin could be to augment respons-
es of macrophages. We now report that the
pituitary hormone somatotropin primes
mononuclear phagocytes for augmented
production of O™

To test the hypothesis that somatotropin
can augment O, production, we measured
O, release from somatotropin-treated mac-
rophages in response to opsonized zymosan
by reduction of ferricytochrome ¢ with the
concomitant increase in absorbance of light
at 550 nm. Native pituitary-derived porcine
somatotropin (npST) was incubated for 24
hours with porcine blood—derived mononu-
clear phagocytes, and O,” concentrations
were measured. In a typical experiment (Fig.

1), normal mononuclear cells released only
small amounts of O,~ (36 nmol per milli-
gram of protein per hour) when stimulated
with opsonized zymosan. Lipopolysaccha-
ride (LPS), which is a potent inducer of O,~
(16) and which served as our positive con-
trol in this experiment, caused the release of
228 nmol of O, per milligram of protein
per hour when cells were incubated with
opsonized zymosan. When mononuclear
phagocytes were incubated with npST and
then stimulated with opsonized zymosan,
the dose-response curve yielded significant
linear (mean = SEM, 6.9 + 2.1, P < 0.01)
and quadratic (—0.006 = 0.002, P < 0.03)
components. This positive effect was not
caused by contaminating hormones in the
npST because recombinant porcine somato-
tropin (rpST) yielded an equivalent dose-
response curve with  similar  linear
(9012, P<0.01) and quadratic
(—0.008 = 0.001, P < 0.01) slopes. Fur-
thermore, the 18-fold increase in O, pro-
duction that was caused by overnight incu-
bation with npST (500 ng/ml) was reduced
by 90% when mononuclear phagocytes were
previously incubated with a specific heat-
inactivated guinea pig antibody (1/8000 dilu-
tion) to somatotropin (17). When rpST (500
ng/ml) was used, there was the same increase
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Fig. 1. Native, pituitary-derived porcine somato-
tropin (npST) and recombinant porcine somato-
tropin (rpST) augment the production of O, in
vitro by porcine peripheral blood—derived mono-
nuclear phagocytes. Results from one of four
experiments are shown in which peripheral blood
was collected from 10-week-old pigs and mono-
cyte-derived mononuclear phagocytes were sepa-
rated on a plasma Percoll gradient (25). Adherent
cells (>90% positive for a-naphthyl butyrate
esterase) were prepared and incubated in Dulbec-
co’s modified Eagle’s medium with 2% heat-
inactivated fetal bovine serum (Hyclone, Sterile
Systems, Logan, Utah) containing either LPS [10
endotoxin units (E.U.) per milliliter; 5 E.U. is
equivalent to 1 ng of LPS; M. A. Bioproducts,
Walkersville, Maryland] as a positive control or
various concentrations of npST or rpST. All tissue
culture reagents were free of endotoxin (assay
sensitivity = 0.01 E.U./ml) as assessed by the
chromogenic Limulus amoebocyte lysate assay
(M. A. Bioproducts). After a 24-hour incubation
with somatotropin, opsonized zymosan (1
mg/ml; Packard, Chicago, Illinois) was added and
the incubation was continued for 4 hours. Super-
oxide anion was determined in triplicate samples,
as described (18, 23).
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in respiratory burst activity relative to that of
control cells, and the specific somatotropin
antibody totally blocked (102%) the enhance-
ment in O,~ production. Normal heat-inacti-
vated guinea pig serum did not affect the
production of O, ™.

Porcine alveolar macrophages (>98%
stained positive with a-naphthyl butyrate
esterase) were then used to determine if
somatotropin could substitute for IFN-y in
enhancing O, production by a purified
population of macrophages. Opsonized zy-
mosan stimulated the release of 199 nmol of
O™ per milligram of protein per hour from
alveolar macrophages, and this effect was
totally blocked by superoxide dismutase
(Table 1). The amount of O, released by
both npST- and rpST-treated macrophages
in response to opsonized zymosan was more
than twice the O™ released by control cells.
Furthermore, the enhancing effect of rpST
was totally blocked by an antiserum specific
for somatotropin. Therefore, it appears that
somatotropin directly primes macrophages
for augmented O, production rather than
stimulating IFN-y production by contami-
nating T lymphocytes, although we have not
yet tested the synergistic effects of somato-
tropin and IFN-v.

These data provided evidence that so-
matotropin affects macrophages by aug-
menting the production of O, in vitro. We
therefore asked whether somatotropin
would also prime macrophages for enhanced
O, production in vivo. To conduct these
experiments, we used hypophysectomized

Table 1. Priming of porcine alveolar macro-
phages in vitro by native pituitary-derived porcine
somatotropin (npST) and recombinant porcine
somatotropin  (rpST). Alveolar macrophages
(>98% positive for a-naphthyl butyrate esterase)
from eight 10-day-old female pigs were obtained
by pulmonary lavage and isolated by using pub-
lished methodologies (22). Cells were treated
with hormones for 24 hours and then assayed for
O, in response to opsonized zymosan (op zym)
(18, 23). Analysis of variance revealed significant
treatment effects (F = 16.2; 6, 27 df; P < 0.001).
Means with different superscripts are different (P
< 0.05). Differences among means were detected
with Duncan’s new multiple range test (24).

0,
Treatment (nmol/mg-  SEM
hour)
Unstimulated 28* 14
Stimulated with op zym 199+ 48
Op zym + superoxide 28* 9
dismutase
Op zym + npST (500 430% 90
ng/ml
Op zym + rpST (500 431% 81
ng/ml)
Op zym + rpST + ST 48% 20
antibody
Op zym + ST 141%,t 30
antibody

rats. Since the pituitary source of somatotro-
pin was removed in these rats, confounding
effects with endogenous somatotropin in
plasma were avoided. Hypophysectomized
Sprague-Dawley rats were injected once dai-
ly with various concentrations of npST,
rpST, or native, pituitary-derived rat so-
matotropin (nrST) or with vehicle alone for
nine consecutive days. An optimal concen-
tration of recombinant rat IFN-y (I8),
which is a potent inducer of O, production
both in vitro and in vivo (3), was used as a
positive control. An adequate number of
cells for the subsequent analysis of O, was
obtained by pooling peritoneal cells from
two rats. As expected, npST, rpST, and
nrST caused significant increases in growth
rate, ranging from 10% to 40% during the
10-day growth period (Table 2). Macro-
phages from the two control groups (hy-
pophysectomized-untreated and hypophy-
sectomized—vehicle-treated) released no su-
peroxide dismutase—inhibitable O,~ (Table
2). In contrast, macrophages from hypophy-
sectomized rats given recombinant rat IFN-
v released 417 nmol of O, per milligram of
protein per hour when stimulated with op-
sonized zymosan. Hypophysectomized rats
injected daily for 9 days with 12 pg of npST
released 268 nmol of O, per milligram of
protein per hour, and even greater amounts
(438 nmol of O, per milligram of protein

per hour) were released from macrophages
of rats treated with 24 ug of npST. Both
these values were significantly greater than
values obtained with the two negative con-
trols. The rpST at both 12 and 24 ug also
induced significant increases in the produc-
tion of O,”, and the magnitude of the
increase was equivalent to that induced by
identical concentrations of npST. Priming
of rat peritoneal macrophages for augment-
ed production of O, by somatotropin was
not simply caused by injection of exogenous
foreign protein because nrST also caused a
significant augmentation in the production
of 02_ .

A number of exogenous macrophage-
priming factors, such as LPS (16), muramyl
dipeptide (16, 18), and polyinosinate: poly:
cytidylate (19), augment the generation of
oxygen radicals by macrophages. To date,
however, IFN-y has been the only com-
pletely characterized substance known to be
produced by mammalian cells that can prime
macrophages to produce enhanced quanti-
ties of O,” (3). Somatotropin, which is
synthesized by the adenohypophysis, may
also be produced by activated leukocytes
(9). Our data demonstrate that somatotro-
pin, administered in either native or recom-
binant forms and tested in both in vitro and
in vivo systems, augments the production of
O, by mononuclear phagocytes. When ad-

Table 2. Native pituitary-derived porcine somatotropin (npST), recombinant porcine somatotropin
(rpST), and native, pituitary-derived rat somatotropin (nrST) induce respiratory burst activity in rat
peritoneal macrophages in vivo. Six-week-old albino female Sprague-Dawley rats (Johnson Labora-
tories, Bridgeview, Illinois) that had been hypophysectomized at least 15 days earlier were injected
subcutaneously each day with recombinant rat IFN-y [500 units, specific activity = 4 X 10° units per
milligram of protein (when tested on rat RATEC cells); AMGEN, La Jolla, California], rpST, npST, or
nrST in 200 pl of a mixture of 0.15M NaCl and 0.03M NaHCO;, pH 9.5, for 9 days. Complete
hypophysectomy was confirmed by both gross and histological examination [4-um sections that were
stained with hematoxylin and eosin (10)] at the end of the experiment. Body weight was measured and
resident peritoneal macrophages were collected (18, 23) 24 hours after the last injection of hormone.
One-way analysis of variance was used to analyze results of daily weight gain (F = 184.1; 12, 69 df; P
< 0.001) and O, production induced by opsonized zymosan that was inhibitable by superoxide
dismutase (F = 13.6; 12, 69 df; P < 0.001), and differences among means were detected by Duncan’s
new multiple range test (24). Means within a column with different superscripts are different (P <
0.01

O,
: Growth (g/day) 2

Item n Dose/day 5 (nmol/mg - hour)

Mean SEM Mean SEM
Hypophysectomized 6 0.392% 0.08 —40* 20

rats

+ Vehicle 11 200 pl 0.282% 0.05 —17* 7
+ Rat IFN-y 11 500 units 0.252% 0.06 4171 79
+ npST 5 6 ug 1.322% 0.09 0* 19
6 12 pg 1.633§ 0.07 268+ 71
5 24 pg 2.06011,9 0.05 438t 70
+ rpST 6 6 ug 0.815% 0.03 —62% 14
6 12 pg 1.067t,F 0.07 2807 59
6 24 pg 1.297% 0.07 344t 42
+ nrST 5 12 pg 1.8508, 11 0.11 3* 4
5 24 g 2.3209 0.10 2671 31
5 48 pg 2.870# 0.10 247+ 16
5 96 ug 3.440%* 0.10 309+ 22
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ministered in vivo, somatotropin induces
amounts of O, similar to those produced
by IFN-vy at a concentration that is optimal
for macrophage activation (18). Thus, so-
matotropin shares at least one biologic activ-
ity with IFN-y, priming macrophages to
produce augmented amounts of O, ™. It will
be important to learn whether other macro-
phage-activating properties of IFN-y are
also shared by somatotropin.

These data expand earlier results that have
shown that somatotropin is involved in the
regulation of immune events in vivo (10—
14). Macrophages are central to the induc-
tion and expression of many immune re-
sponses, so perhaps a fundamental mecha-
nism of action of somatotropin is at the level
of macrophages. Since we used animals that
had their pituitary source of somatotropin
removed, these results may be particularly
important for growth hormone—deficient
children who receive exogenous recombi-
nant somatotropin to stimulate growth. Al-
though excessive amounts of reactive oxy-
gen metabolites can damage host tissues and
can kill intracellular bacteria (20), we believe
that this discovery of macrophages as one
target for the action of somatotropin is
important for understanding reciprocal rela-
tionships between the immune and endo-
crine systems (21).
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Subset-Specific Expression of Potassium Channels in
Developing Murine T Lymphocytes

RicHARD S. LEwis AND MICHAEL D. CAHALAN

Ion channels were studied in four major subsets of developing murine thymocytes by
using patch-clamp recording and cell-surface staining techniques. The expression of
three types of voltage-gated potassium channels in thymocytes varies consistently with
the cell’s developmental state and functional class as defined by cell-surface markers.
One class of potassium channel (type #) predominates in immature thymocyte subsets
as well as in mature-phenotype CD4*CD8" thymocytes (precursors to helper T
lymphocytes), and the average surface density of this channel type correlates with the
extent of cell proliferation. Two additional types of potassium channels (types »" and /)
are found in the mature CD4 CD8* thymocyte subset that contains precursors to
cytotoxic and suppressor T cells. The subset-specific expression of type »’ and !/
potassium channels suggests their use as additional cell-surface markers with which to
identify precursors to the cytotoxic suppressor T cell lineage.

HE MOST PREVALENT VOLTAGE-GAT-

ed channels in'mature T lymphocytes

are potassium channels, similar in
several respects to delayed rectifier channels
of nerve and muscle (I-5). At least two
distinct types of voltage-gated K™ channels
have been observed in T lymphocytes from
mice (5, 6), but their developmental origins
and distribution among the several function-
al classes of T cells have not been deter-
mined. To investigate this question, we have
applied patch-clamp recording techniques
(7) to subsets of developing T cells in the
murine thymus. Thymocyte subsets were
identified by staining with fluorescently la-
beled monoclonal antibodies to CD4
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(L3T4) and CD8 (Lyt-2) membrane glyco-
proteins or with fluorescently labeled peanut
agglutinin (PNA). Functionally immature
thymocytes are generally CD4~CD8™ (dou-
ble-negative) or CD4*CD8™ (double-posi-
tive; also PNA™), whereas the phenotypes
of the remaining thymocytes are the same as
those of mature T cells; that is, CD4"CD8~
or CD4CD8" (8-10). After phenotypic
identification by epifluorescence microscopy
(I11) (see cover), each cell was voltage-
clamped in the whole-cell or excised-patch
recording mode (7) to characterize the chan-
nels present in its membrane.

In whole-cell recordings from over 200
thymocytes, we observed three types of volt-
age-dependent K* channels, termed #, #/,
and /. A set of biophysical and pharmacolog-
ical properties provides a “fingerprint” for
identifying each of the three classes of K*
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