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Abstract

Somatostatin (Sms) and its agonist analogues inhibit the secre-

tory activities of endocrine and neural cells. Recent studies have
suggested that Smshas significant immunomodulatory proper-

ties. In this study, we examined the effects of two Smsoctapep-
tide analogues on the inflammatory reaction in vivo. BIM
23014 (Somatulin) and Sandostatin were administered to male
Sprague-Dawley rats subject to carrageenin-induced aseptic in-
flammation, at doses of 2-10 ,ug/rat, given either systemically
or locally. Animals were killed 7 h after the induction of the
inflammation, and the inflammatory exudates were aspirated
and quantitated in terms of volume and leukocyte concentra-
tion. Sms analogues, administered via either route, signifi-
cantly reduced the volume and the leukocyte concentration of
the exudate in a time- and dose-dependent fashion. In corrobora-
tion of these, immunohistochemical evaluation of the levels of
local inflammatory mediators, such as immunoreactive (Ir)
TNF-a, Irsubstance P, and Ircorticotropin-releasing hormone,
was inhibited significantly by Sms analogue treatment. These
findings suggest that Sms analogues have significant antiin-
flammatory effects in vivo, associated with suppression of
proinflammatory cytokines and neuropeptides. Furthermore,
these data suggest that Smsagonists may be useful in the con-

trol of inflammatory reaction. (J. Clin. Invest. 1994. 93:2000-
2006.) Key words: somatostatin * inflammation * tumor necrosis
factor-a * substance P * corticotropin-releasing hormone

Introduction

Somatostatin (Sms)' and its analogues exert inhibitory actions
on the secretory activities of neurons and neuroendocrine cells
( 1, 2). In the dorsal root ganglia, a distinct population of neu-
rons with small dark perikarya and unmyelinated axons is rich
in Sms(3). The latter is transported from these sites to periph-
eral sensory nerve terminals, from which it is released in re-
sponse to noxious stimuli (2), involved thus in the axon reflex
to local injurious stimuli. In addition, Sms is present in the
spinal cord and the substantia gelatinosa (4), both areas in-
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volved in transmission of nociception (5). Smsanalogues exert
analgesic effects when administered systemically, locally, epidu-
rally, or intrathecally (6-10). It has been proposed that many
of the actions of Smsreleased from the peripheral nervous sys-
tem are in opposition to those of substance P (sP), a major
mediator of pain and neurogenic inflammation ( 11).

Receptors for Sms have been identified on mononuclear
leukocytes (12) and on T lymphocytes (13). Sms suppresses
endotoxin-induced leukocytosis, release of colony-stimulating
activity by splenic lymphocytes, and immunoglobulin synthe-
sis (14). Sms and sP exert opposite effects upon T lympho-
cytes, respectively inhibiting and stimulating their activity ( 15,
16). A decrease of peripheral lymphocyte number and func-
tion were reported in a patient with a somatostatinoma, as well
as in normal controls given Sms- 14 (17). These findings sug-
gested that Sms may have immunoregulatory properties and
that it might act as an antiinflammatory agent.

The purpose of this study was to examine the potential
antiinflammatory actions of two Sms analogues ( 18, 19) in
vivo in an established rat model of acute inflammation. In
addition to examining gross indices of the inflammatory re-
sponse, such as volume and cellularity of the inflammatory
exudate, the local presence of immunoreactive (Ir) Sms and
the ability of Sms analogues to modify the local expression of
known mediators of inflammation, such as TNF-a (20), sP
(21 ), and corticotropin-releasing hormone (CRH) (22), were
studied.

Methods

Animals
Male Sprague-Dawley rats weighing 150-200 g were purchased from
Taconic Farms Inc. (Germantown, NY). Rats were maintained in a
standard light-dark schedule (lights on from 7 am to 7 pm), fed stan-
dard rat chow ad lib., and had free access to water.

Materials
Carrageenin, cyanogen bromide-activated Sepharose 4B, and 3,3-di-
aminobenzidine tetrahydrochloride were obtained from Sigma Chemi-
cal Co. (St Louis, MO); synthetic rat/human (r/h) CRH1-41 from
Peninsula Laboratories, Inc. (Belmont, CA); 10% formalin (Form-
alde-Fresh) from Fischer Scientific Co. (Pittsburgh, PA); Vectastain
ABCkits from Vector Laboratories, Inc. (Burlingame, CA); rabbit IgG
from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA);
and light green SF from Roboz Surgical Instrument Co., Inc. (Washing-
ton, DC). The Sms analogue BIM 23014 (Somatulin) was a gift of
IPSEN International (Paris, France), while the Smsanalogue Sando-
statin was purchased commercially (Sandoz, Inc., East Hanover, NJ).

Induction of subcutaneous carrageenin inflammation
Experimental inflammation was induced by injection of carrageenin in
previously generated subcutaneous (sc) air pouches in the intrascapu-
lar area of the rats as described by Tsurufuji (23) and modified slightly
by us (24). 4 ml of 2%carrageenin solution in normal saline was in-
jected into the 24-h previously formed sc air pouch. The animals were
killed 7 h after the carrageenin administration, the time of peak inflam-
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mation, and the exudates were aspirated and evaluated in terms of
volume and leukocyte concentration. The leukocytes in the inflamma-
tory exudate were mainly PMNsattracted to the local inflammatory
site from the general circulation (25).

Experimental protocol
Rats were divided in groups of eight and given carrageenin and concom-
itantly either an intraperitoneal (i.p./systemic administration) or an
intrapouch (local administration) injection of 1 ml of either BIM
23014 or Sandostatin solutions in 0.9% NaCl at increasing doses (0-10
,gg/rat).

Tissue preparation
Pieces of inflammatory granuloma from the pouch were dissected en
bloc with the surrounding tissues immediately after killing. These tis-
sue specimens were fixed in 10% formalin and embedded in paraffin.

Immunohistochemistry
Peptide antisera production and purification. Polyclonal antisera
against Sms(GC-27), r/hCRH (TS-2), TNF-a, and sP were produced
in rabbits, as described previously (22, 26). Before use they were affin-
ity-purified by adsorption to synthetic Sms 1-14, r/hCRH 1-41, TNF-
a, and sP, respectively, coupled to cyanogen bromide-activated Sepha-
rose 4B. Briefly, the antisera were added to the Sms-, r/hCRH-, TNF-
a- and sP-Sepharose 4B conjugates (1 mgof Sms 1-14, r/hCRH 1-41,
TNF-a, or sP on 200 gg gel), respectively, and incubated at room
temperature for 2 h. These suspensions were packed in 4 x 0.7-cm
columns and washed with phosphate buffer (20 mMsodium phos-
phate, 0.5 Msodium chloride, pH 7.3) until the OD280 returned to
baseline. The elutions obtained from these washings were depleted of
anti-Sms, anti-r/hCRH, anti-TNF-a, and anti-sP IgG, respectively.
The antibodies bound to the affinity columns (affinity-positive IgG
fractions) were eluted with thiocyanate buffer (3 Mpotassium thiocya-
nate, 0.5 M ammonium hydroxide) and dialyzed against several
changes of PBS.

Immunohistochemistry. Tissue specimens were preserved in 10%
formalin. They were embedded in paraffin and sectioned onto gelatin-
coated microscope slides at a thickness of 6 jm. Immunoperoxidase
staining was performed with the Vectastain ABCkit using the manufac-
turer's suggested protocol and reagents (27, 28). All subsequent proce-
dures took place at room temperature. The sections were deparaffin-
ized with two 5-min washes in xylene and rehydrated by sequential
rinses in absolute, 90%, 80%, and 70%ethanol. Endogenous peroxidase
activity was exhausted by incubation with 0.3% peroxide in methanol
for 45 min. The sections were then incubated sequentially with 0.1%
BSA in PBS for 20 min and with diluted goat serum (1:66.7) for 20
min, and in a humid chamber with the affinity-purified rabbit antibody
to r/hCRH (50 jg/ml anti-Sms, anti-r/hCRH, anti-TNF-a, or anti-
sP), the control, affinity-negative IgG fraction (50 jg/ml), or nonim-
mune normal rabbit IgG (50 gg/ml). After 40 min, the sections were
washed with PBSand incubated with biotinylated goat anti-rabbit IgG
for 30 min. The sections were washed further with PBSand incubated
with avidin and a biotinylated horseradish peroxidase complex for 45
min. Finally, the sections were washed, and color was developed by
immersing sections in a solution of 0.05% wt/vol 3,3-diaminobenzi-
dine tetrahydrochloride, 0.04% wt/vol nickel chloride, and 0.0 1%hy-
drogen peroxide in 0.05 MTris, pH 7.4, for 2 min. The sections were
counterstained with 0.5% light green SF. Positive staining was revealed
as black to dark green spots, whereas light green color was seen in Sms-,
r/hCRH-, TNF-a-, and sP-free areas, affinity-negative control sec-
tions, and nonimmune normal rabbit IgG control sections. The inten-
sity and concentration of the specific staining on the tissue specimens
were graded by two masked observers on a 0-4+ scale.

Statistical analysis
All results are expressed as mean±SEM. ANOVAfollowed by Fischer's
least significant difference test was performed. Differences were consid-
ered significant when P < 0.05.

Results

Immunohistochemical detection of IrSms in sc carrageenin-in-
duced inflammatory granulomas. The presence of IrSms in sc
carrageenin-induced inflammatory areas was examined immu-
nohistochemically on tissue sections obtained from the inflam-
matory areas at the peak of the inflammatory reaction, 7 h after
the injection of carrageenin. IrSms was detected in the cyto-
plasm of all three types of accessory cells, i.e., macrophages,
tissue fibroblasts, and vascular endothelial cells (Fig. 1). No
IrSms was detected in the nuchal tissue of noninflamed control
animals, with the exception of hair follicles and sweat glands.

Effects of the systemic administration of BIM 23014 and
Sandostatin on the carrageenin-induced local aseptic inflamma-
tory reaction. Systemic administration of increasing doses of
BIM 23014 or Sandostatin (2-10,jg/rat) concomitantly with
carrageenin resulted in a reduction of both the volume and the
cell concentration of the inflammatory exudate (Fig. 2). The
reduction of the volume ranged between 12 and 45% lower
than control values after BIM 23014 administration and be-
tween 11 and 40% lower than control values after Sandostatin
administration. The leukocyte concentrations were 25-40 and
42-48% of control values in the BIM 23014- and Sandostatin-
treated groups, respectively. There was no apparent dose-re-
sponse for Sandostatin at the dose range applied.

Effects of the local administration of BIM 23014 and San-
dostatin on the carrageenin-induced aseptic inflammatory reac-
tion. Direct local (intrapouch) administration of increasing
doses (2-10 jg/rat) of BIM 23014 or Sandostatin concomi-
tantly with carrageenin resulted in a reduction of both inflam-
matory parameters measured (Fig. 3). The volume of the in-
flammatory exudate was lower by 10-40% and < 10% than the
control values after BIM 23014 and Sandostatin administra-
tion, respectively. The leukocyte concentrations of the exu-

dates were also lower by 5-40 and 55-65% compared with
controls for BIM 23014- and Sandostatin-treated groups, re-

spectively. Both analogues reduced significantly the leukocyte
concentrations in the inflammatory exudate, while the volume
of the latter was reduced significantly only by BIM 23014 at the
dose range used. In addition, there was no apparent dose-re-
sponse for the antiinflammatory effect of Sandostatin at the
doses tested.

Time course of the inflammatory reaction in control and
BIM 23014-treated animals. Two groups of 30 animals per
group, subject to carrageenin-induced inflammation, received
simultaneously intraperitoneal injections of either 10 jig BIM
23014 or normal saline (control group). 10 animals from each
group were killed 2, 5, and finally 7 h after the induction of the

inflammation. The degree of the inflammatory reaction was

evaluated as described above (Fig. 4). Both the volume and the
leukocyte concentration of the exudate increased with time,
reaching a zenith at 7 h in the control group. In the Sms ana-

logue-treated group, both the volume and the leukocyte con-

centration were significantly lower than those of the control
group.

Immunohistochemical detection of IrTNF-a, IrsP, and
IrCRH in sc carrageenin-induced inflammatory areas before
and after systemic administration of BIM 23014. The presence
of IrTNF-a, IrsP, and IrCRH was examined immunohisto-
chemically on sections obtained from the carrageenin-induced
inflammatory areas of the nuchal skin of rats treated with BIM
23014 and on untreated matched control rats, atO, 2, 5, and 7 h

Somatostatin and Inflammation 2001



S -*~~~~~*

4 Y

*,A t:

,

, + :; A.

*#E~~rw} > _ gi ~~~~ i~~bPJ
<**'3_ab }>~~~~~~~~~-P

r ,S

_ .f~

a - v* * r va ......... f f§,l~~~~~~4 N ,.e

"t

.i. :Sf .t
&W

tI. m~6-

.c

#} A_4

,.. -e*.

7

V

C

Figure 1. Immunohistochemical localization
of IrSms (A and B) on sections obtained
from the carrageenin-induced inflammatory
areas of the nuchal skin of rats at 7 h after
the induction of the inflammatory reaction.
Positive staining is revealed as brown-black
spots. Mononuclear inflammatory leukocytes
(A), tissue fibroblasts (B), and vascular en-
dothelial cells (B) show intense Sms immu-
nostaining. No specific staining can be seen
on the same carrageenin-induced inflamma-
tory areas on control adjacent tissue sections
incubated with the affinity-negative IgG
fraction of the anti-Sms antiserum (C). X250.
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Figure 2. Effects of systemic administration of Sms analogues on in-
flammation. The volume (top) of the exudate was reduced signifi-
cantly after administration of either BIM 23014 (hatch bars) or San-
dostatin (black bars). The effect of BIM 23014 was dose dependent,
while no significant differences were seen between the various doses
of Sandostatin used. The leukocytic concentration in the exudates
was reduced by administration of either of the analogues (bottom).
BIM 23014 administration resulted in a dose-dependent effect, while
no significant differences were seen between the various doses of
Sandostatin used (n = 8-10 rats/group). *Significant difference at
95% compared with control levels (open bars).

after the induction of the inflammatory reaction. IrTNF-a,
IrsP, and IrCRH were detected in the cytoplasm of tissue mac-

rophages, tissue fibroblasts, and endothelial cells of the inflam-
matory sites of the placebo and BIM 23014-treated animals
(Fig. 5). Semiquantitative analysis of immunohistochemical
staining with a grading system from 0 to 4+ gave the results
represented in Fig. 6. At 7 h, IrTNF-a was 2+ versus 0, IrsP
2.5+ versus 0.5+, and IrCRH 3+ versus 1+, for untreated and
BIM 23014-treated animals, respectively.

Discussion

Sms has been detected not only in the central and peripheral
nervous system but, in addition, in several nonneuronal periph-
eral sites ( 1-3). Neuronal Smsstored in secretory granules and
released via Ca2+-dependent reverse pinocytosis has been
thought to act as a neurotransmitter or neuromodulator (29).
Smsproduced by sensory fibers and/or postganglionic sympa-
thetic neurons (2, 4, 30) may also act as a modulator of the
neurogenic component of inflammation. Capsaicin treatment,
which reduces the degree of neurogenic inflammation, also de-
creases Sms immunoreactivity in the spinal cord, suggesting
that this neuropeptide may be involved in the reflex response to

5pg 10lpg
BIM

IJ I7

I
Control 2 pg 10 pg

Sandostatin

Treatment Groups

Figure 3. Effects of local administration of Smsanalogues on inflam-
mation. The volume of the exudate (top) was reduced after BIM
23014 administration (hatch bars), while Sandostatin (black bars)
caused no significant differences. On the contrary, both analogues
reduced the leukocyte concentration (bottom), even at the lowest
dose used (2 ,g) (n = 8-10 rats/group). *Significant difference at
95% compared with controls (open bars).

6 Figure 4. Time course

5 ; of the inflammatory re-

action after systemic
4 ^administration of 10 jig

E TM 3 * oof BIM 23014 (black

bars). The volume (top)
of the exudate was lower
in the BIM 23014-
treated group than in

0 the control group (open
20

bars) at 7 h. In the ana-

E 18 logue-treated group, the

i 16 volume of the exudate

x 14 reached its peak at 2 h
o 12 and remained constant
110
= thereafter, while in the

8 6 Li - control group it reached
0 4 its peak at 7 h. The leu-

kocyte concentration

2h 5h 7h (bottom) increased over
Time course the 7-h period and was

lower in the BIM
23014-treated group

than in the control group both at 5 and 7 h (n = 8-10 rats/group).
Solid star, significant difference at 95% compared with values at 2

h. Open star, significant difference at 95% compared with control
values at the same time point.
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Figure 6. Graphic representation of semiquantitative analysis with a
grading system from 0 to 4+ of TNF-a (top), sP (middle), and CRH
(bottom) immunoreactivity on the carrageenin-induced inflamma-
tory areas of the nuchal skin of rats treated with (dotted line) and
without (continuous line) BIM 23014 at 0, 2, 5, and 7 h after the in-
duction of the inflammatory reaction.

chemical pain stimuli (31 ). Weclearly detected IrSms in the
carrageenin-induced inflammatory granulomas. This finding
could reflect local release of Sms by sensory fibers C and/or
postganglionic sympathetic neurons (2, 4, 30), as part of the
active inflammatory process. The positively stained accessory

cells, cannot be excluded as additional sources of the Smspres-
ent in the inflammatory sites, but could also reflect uptake of
neuronal Smsby these cells.

The carrageenin-induced subcutaneous aseptic inflamma-
tion was suppressed by BIM 23014 in a dose-dependent fash-
ion, whereas the Sandostatin inhibition of inflammation had
no apparent dose-response effect at the dose range used. Use of
additional dosages of Sandostatin would probably reveal a sig-
moidal relationship between dose and effect. Of the two inde-
pendent parameters of the inflammatory reaction measured,
i.e., the volume of the exudate and the leukocyte concentra-
tion, the latter was more dramatically suppressed than the
former by either analogue. This suggests that Smsexerts prefer-
ential effects on the inhibition of the migration of circulating
leukocytes to the inflammatory site (predominantly PMNin
the inflammatory exudates in our study) rather than on the
suppression of the permeability of the capillary endothelium,
which normally increases during inflammation. Blockade of
the expression of adhesion molecules and/or their receptors by
endothelial cells and/or leukocytes and/or inhibition of secre-
tion of chemotactic substances, such as IL-8, components of
the complement system, or leukotrienes, could explain the pref-
erential effects of Smson leukocyte migration. These findings
agree with in vitro data showing inhibition of sP-induced PMN
chemotaxis by Sandostatin (32) and with the previously ob-
served Sms-induced suppression of impulse transmission of
spinal cord neurons excited by noxious stimuli or local ionto-
phoresis of sP. Furthermore, they agree with the fact that Sms
analogues inhibit TNF-a release by LPS-stimulated macro-
phages (33) and with our data from this study demonstrating
that Sms analogues gradually attenuate the secretion and/or
activity of inflammatory molecules, such as TNF-a, a cytokine
(20), sP, a tachykinin (21 ), and CRH, a local proinflamma-
tory neuropeptide (22), from the beginning of the inflamma-
tory process to its 7-h peak in this model.

The antiinflammatory effect of both Sms analogues used
was achieved after both systemic and local administration, sug-
gesting that effective drug concentrations were reached at the
site of inflammation regardless of the route of administration.
The antiinflammatory effect observed after local administra-
tion was less than that after systemic administration. This
might be because of additional effects of the latter at a wider
area of regulation of the inflammatory reaction, including per-
haps the dorsal root ganglia and the spinal cord (34). Increased
local enzymatic degradation of Sandostatin might also account
for the decreased potency of this analogue, when administered
locally, on the inflammatory exudate volume. Regardless of
the route of administration, both Sms analogues resulted in
similar antiinflammatory activities, as reflected by suppression
of leukocyte concentration, suggesting that their potency in
suppressing inflammation is parallel to their ability to suppress
growth hormone secretion (35). These data suggest that Sms

Figure 5. Immunohistochemical localization of IrTNF-a (A and B), IrsP (D and E), and IrCRH (G and H) on sections obtained from the
carrageenin-induced inflammatory areas of the nuchal skin of rats treated with BIM 23014 (B, E, and H) and of untreated matched control rats
(A, D, and G) at 7 h after the induction of the inflammatory reaction. Positive staining is revealed as black to dark green spots, whereas light
green color is used to reveal tissue architecture. TNF-a, sP, and CRHimmunostaining in mononuclear inflammatory leukocytes, tissue fibro-
blasts, and vascular endothelial cells is reduced considerably on the sections obtained from BIM 23014-treated rats (B, E, and H) compared
with the intense immunostaining of these cells on the sections obtained from the untreated control rats (A, D, and G). No specific staining can
be seen on control adjacent tissue sections obtained from the same carrageenin-induced inflammatory areas of the untreated control rats and
incubated with the affinity-negative IgG fractions of the anti-TNF-a (C), anti-sP (F), and anti-CRH (I) antisera. The arrows indicate mono-
nuclear inflammatory leukocytes, tissue fibroblasts, and vascular endothelial cells (A, B, D, E, G, and H). X250.
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agonists given systemically or applied locally might be useful in
the control of inflammatory or autoimmune states.

The inflammatory cytokines TNF-a, IL- I#3, and IL-6 acti-
vate the hypothalamic-pituitary-adrenal axis by primarily
causing hypothalamic CRHsecretion, which leads to glucocor-
ticoid secretion through ACTHrelease (36-39). Glucocorti-
coid secretion then limits the inflammatory reaction by pre-
venting leukocytes from reaching the inflammatory site and by
decreasing the secretion and action of various cytokines and
lipid mediators of inflammation (25, 40). It is not known
whether Sms participates in such a physiologic process as an
antiinflammatory peptide, and it would be of interest to exam-
ine the local secretion of Sms during glucocorticoid-induced
suppression of the inflammatory response. In a preliminary
report, dexamethasone was shown to inhibit all proinflamma-
tory agents examined in the carrageenin model of inflamma-
tion, including TNF-a, CRH, and sP, while it allowed large,
gradual increases of local IrSms over the 7-h assay (41 ). This
suggests that Smsmay participate in the physiologic control of
inflammation, in addition to glucocorticoids.
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