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Abstract: To estimate a possible role of vasoamines in the antitumor action of endotoxin, effects of isoproterenol, serotonin and 
adrenaline on subcutaneously transplanted murine Meth A sarcoma and the capacity of these agents to elicit antitumor factors were 
studied. Macroscopically all agents induced tumor necrosis and a temporal tumor growth stop, but only endotoxin was capable of 
induction of complete tumor regression. Histology showed that all agents induced hyperemia by 4 h and hemorrhagic necrosis by 24 
h. The latter was located superficially at the outside of the tumors. Only serotonin and especially endotoxin induced substantial non- 
hemorrhagic necrosis in the remaining part of the tumors. Endotoxin induced a profound inhibition of the mitotic activity within the 
tumor, the effect of other agents was considerably less. Only endotoxin induced high levels of tumor necrosis factor, heat stable cytostatic 
factors and interferon in the circulation of mice treated with Corynebacterium parvum 14 days earlier. 

It is concluded that these and other data provide indirect but circumstantial evidence for a role of vasoamines in the induction of 
hyperemia and hemorrhagic necrosis by endotoxin. The latter two effects are probably causally related, It is suggested that non-toxic 
vasoamines may be useful adjuvants to other treatments of cancer. 
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Introduction 

The potency of endotoxin to cause necrosis and 
regression of tumors is well known for many years 
(Gratia and Linz, 1931; Shear et al., 1943; Nowotny 
et al., 1971; Parr et al., 1973). Effects are indirect 
and mediated by the host (Shapiro, 1940; M/innel 
et al., 1979). According to Carswell et al. (1975) 
induction of tumor damage may be mediated by 
tumor necrosis factor (TNF). TNF is present in sera 
from mice sequentially treated with Corynebacter- 
ium parvum and endotoxin and mimics the antitu- 
mor effects of endotoxin. Recently we found that 
induction of necrosis and regression by endotoxin 
was inhibited by prior administration of the ct-ad- 
renergic receptor blocking agents phentolamine 
and phenoxybenzamine but not the fl-receptor an- 
tagonist propranolol (Bloksma et al., 1982a). On 
histological examination it was found that phen- 

oxybenzamine completely prevented induction of 
hemorrhagic necrosis, but substantial non-hemor- 
rhagic necrosis remained apparent (Kuper et al., 
1982).This suggests that endotoxin induced two 
kinds of tumor necrosis and that hemorrhagic 
necrosis may be mediated by an adrenergic mech- 
anism. As phenoxybenzamine and phentolamine 
not only antagonize reactions at ~-receptors but 
also reactions at serotonin receptors, a serotonergic 
mechanism might also be involved. This approach 
is supported by earlier findings that adrenaline and 
serotonin are released upon injection of endotoxin 
(Rosenberg et al., 1959) and that both agents in- 
duce tumor damage in a mouse sarcoma (Pradhan 
et al., 1957). 

Abbreviations: PBS, phosphate-buffered saline; NMS, normal 
mouse serum; TNF, tumor necrosis factor; TNS, tumor necrosis 
serum. 
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The aim of this study is to compare the histo- 
pathology of necrosis of Meth A sarcoma induced 
by endotoxin with those induced by agents acting 
at a, fl or serotonin receptors, namely adrenaline, 
isoproterenol and serotonin. As previous experi- 
ments have shown that endotoxin-induced release 
of TNF and especially interferon was impaired by 
a-receptor antagonists (Bloksma et al., 1982b) the 
capacity of the agonists to elicit these factors was 
studied too. 

Materials and Methods 

Materials 

The following drugs were used: L-adrenaline (L- 
epinephrine), L-isoproterenol hydrochloride and 
serotonin (5-hydroxytryptamine.HCl) all from Sig- 
ma Chemical Company (St. Louis, MO, U.S.A.); 
endotoxin (LPSw from E. coli 0111 :B4) from Difco 
Laboratories (Detroit, MI, U.S.A.)and Corynebac- 
terium parvum (Coparvax Lot CA 761) from The 
Wellcome Research Laboratories (Beckenham, 
Kent, U.K.). All agents but adrenaline were admin- 
istered intravenously (i.v.) in 0.5 ml saline. Adren- 
aline was dissolved in phosphate-buffered saline 
(PBS) and a few drops of 0.1 N HCI. The pH was 
adjusted to 7.0 with 0.1 N NaOH. 

Animals and tumors 

Sera were prepared in female Swiss random mice of 
about 12 weeks of age (mean weight 30 g) obtained 
from the Central Institute for the Breeding of Lab- 
oratory Animals (CPB, Zeist, The Netherlands). 
Tumor experiments were performed on female 
BALB/c inbred mice of the same age (mean weight 
20 g). They were bred and maintained in our own 
facilities. The Meth A fibrosarcoma, syngeneic to 
BALB/c mice, was obtained from the Clinical Re- 
search Centre (Harrow, Middlesex, U.K.) and was 
maintained by serial intraperitoneal passage. Cells 
from 5-6-day old transplants were harvested in Ea- 
gle's minimal essential medium and washed three 
or more times by centrifugation to remove erythro- 

cytes. Cell viability was determined by trypan blue 
exclusion. 

Preparation of the sera 

Tumor necrosis serum (TNS) was prepared accord- 
ing to Green et al. (1977). Mice received Coryne- 
bacterium parvum (33 mg/kg body weight) i.v. fol- 
lowed by endotoxin (1.25 mg/kg body weight) i.v. 
two weeks later. Serum was prepared from blood 
collected 90 min after endotoxin, pooled and stored 
at -20°C. Other sera were prepared by omission of 
C. parvum and/or substitution of endotoxin for ad- 
renaline (0.5 mg/kg), isoproterenol (10 mg/kg), ser- 
otonin (10 mg/kg) or saline. Sera were heated (560C, 
10 min) prior to all assays excepting determination 
of interferon. TNF is stable at this temperature 
(Carswell et al., 1975). 

Tumor assays 

Mice received a subcutaneous injection with 106 
viable Meth A cells in the abdomen. After 9 days 
they were injected i.v. with a test agent. Tumor size 
was measured with a caliper and expressed as mean 
diameter (length + breadth/2). Necrosis was mea- 
sured 2 days after injection and expressed as 100 
times the quotient of the mean diameters of necrotic 
area and tumor. The in vitro cytostatic activity of 
the sera against Meth A cells was determined by 
measuring the incorporation of [3H]thymidine into 
the tumor cells after culture with serum for 40 h as 
described earlier (Bloksma et al., 1980). 

Histology 

Tumors were fixed in 4% phosphate-buffered for- 
malin. Paraffin-embedded sections (5 pm) made in 
dorso-ventral direction from the central part of the 
tumor were stained with hematoxylin-eosin and 
examined microscopically without previous knowl- 
edge of the treatment. Hyperemia was expressed as 
the number of vessel transections with a diameter 
of >t 20 #m/section. Counts surmounting 60 were 
indicated with > 60. Dividing tumor cells were 
counted with the aid of an ocular grid at 1000 x 



magnification on 10 predetermined sites, represent- 
ing all parts of the section. 

Quantitation of interferon 

Interferon was assayed by the plaque reduction 
method (Epstein and McManus, 1980) using mouse 
L cells (clone 929) and vesicular stomatitis virus. 
Interferon titres were adjusted to the units of the 
reference mouse interferon standard 6002-902-026 
(National Institutes of Health, Bethesda, MD, 
U.S.A.). 

Detection of endotoxin 

To exclude a possible role of contaminating endo- 
toxin in the necrosis induced by serotonin, adren- 
aline and isoproterenol these preparations were in- 
vestigated photometrically for the presence of en- 
dotoxin. Limulus amebocyte lysate (Associates of 
Cape Cod Inc., Woods Hole, MA, U.S.A.) was re- 
constituted with 2.5 ml pyrogen-free distilled water. 
Standard endotoxin of the same company and 
chromogenic substrate S 2423 (KabiVitrum, Stock- 
holm, Sweden) were reconstituted according to the 
manufacturers' directions. Equal volumes (30 ~tl) of 
appropriately diluted samples in saline and Limulus 
amebocyte lysate reagent were incubated in fiat- 
bottomed wells of microtiter plates (96 wells; Grei- 
ner, Niirtingen, F.R.G.) at 37°C for 45 min. After 
addition of 60/~1 of S 2423, plates were incubated 
for 4 min at 370C followed by addition of 60 #1 
glacial acetic acid. Absorbance was measured in a 
Titertek Multiskan photometer at 405 nm. Endo- 
toxin concentrations in the samples were read from 
the standard curve. 

Statistics 

When appropriate, data have been expressed as 
mean + SEM. Significance analysis was done by 
Student's t test or the Mann-Whitney U test (Siegel, 
1959), indicated in the legend, p-values over 0.05 
were considered not significant. 
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Results 

Macroscopical antitumor effects of  endotoxin and 
vasoactive amines 

All agents but saline and PBS induced a marked 
reddening of the tumors 4 h after injection. Upon 
bisecting these tumors the cut surface was very 
bloody, which is indicative of hyperemia (Robbins 
and Cotran, 1979). Upon i.v. injection of endotox- 
in, a high incidence of extensive tumor necrosis 
could be observed by 24 h. This was mostly fol- 
lowed by stagnation of tumor growth and some- 
times by complete regression (Table I). Necrosis in- 
duced by isoproterenol and serotonin was less fre- 
quent and less extensive. Tumor growth was mod- 
erately inhibited and no regressions occurred. Non- 
lethal doses of adrenaline injected i.v. caused no 
tumor damage (data not shown), but administra- 
tion of adrenaline into the tumor in a volume of 
0.05 ml caused necrosis with little consequences for 
tumor growth (Table I). To exclude a role of con- 
taminating endotoxin in the necrosis induced by the 
vasoactive agents, the endotoxin content of these 
preparations was determined. The injected amount 
of these preparations contained less than 0.1 ng of 
endotoxin corresponding with a potency of < 0.3 
EU of the control standard endotoxin. The vaso- 
active agents did not interfere with endotoxin de- 
termination as was assessed by use of endotoxin- 
spiked preparations. 

Microscopical antitumor effects of endotoxm and 
vasoactive agents 

Tumor-bearing mice were injected with a necrotiz- 
ing dose of endotoxin or vasoactive amines. En- 
dotoxin and adrenaline caused a marked hyperemia 
by 4 h, while isoproterenol and serotonin caused 
less effect (Table II). The hyperemia was mainly lo- 
cated on the ventral outside of the tumor and had 
disappeared by 24 h. At that time hemorrhagic 
necrosis was observed at the same site. The extent 
of hyperemia and hemorrhagic necrosis corre- 
sponded very well. After injection of endotoxin 
severe non-hemorrhagic necrosis as judged by pyk- 
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TABLE I 

Necrosis, growth inhibition and regression of Meth A sarcoma induced by several agents 

Agent Dose a Necrosis 
(mg/kg) 

Incidence b Extent ~ 

Incidence b of 

Growth 
inhibition d 

Regression e 

Endotoxin 1.25 9/10 57 a: 4 8/10 3/10 

Isoproterenol 5 1/5 38 0/5 0/5 
10 4/10 42 + 10 3/10 0/10 

Serotonin 10 7/10 43 + 5 1/10 0/10 
30 6/10 47 :~ 4 4/10 0/10 

Saline 1/20 37 0/20 0/20 

Adrenaline 0.5 10/10 46 + 4 3/10 0/10 
0.15 5/5 47 4- 3 1/5 0/5 
0.05 3/5 54 + 6 1/5 0/5 

PBS 0/10 0/10 0/10 

I.v., except for adrenaline and PBS which were administered intratumorally 
b Number of affirmative cases/total. 
c (Mean diameter necrotic area/mean diameter tumor) x 100. 
d No increase of tumor size for at least 2 days after injection (observed exclusively in necrotic tumors). 

Complete disappearance of the tumor within 12 days after injection. 

nosis, karyorrhexis and cytoplasmic eosinophilia 
was observed in the remaining part of  the tumor 
sections. Tumor  sections of  mice treated with ad- 
renaline or isoproterenol had no more non-hem- 
orrhagic necrosis than control tumors, having over 
50% vital tissue. Serotonin caused an intermediate 
effect. 

The mitotic activity within the tumor was con- 
siderably reduced by endotoxin at both times. Ser- 
otonin inhibited to the same degree only by 4 h. In 
all other instances less, but still considerable, inhi- 
bition of mitotic activity was induced when com- 
pared to saline-treated controls. In none of  the sec- 
tions could substantial inflammatory infiltrates be 
detected within the observation period. 

In vivo and in vitro antitumor activity o f  sera f rom 
mice treated with tumor necrotizing agents 

Injection of  0.5 ml TNS into Meth A-bearing mice 
caused extensive tumor necrosis in all animals and 

complete regression in 4 out of  5 mice (Fig. 1). 
None of the sera of mice treated with C. parvum 

and an vasoactive agent caused serious tumor dam- 
age. Only a moderate necrosis in 20% of  mice was 
observed on injection of  sera of  mice treated with 
C. parvum and adrenaline or isoproterenol. Normal 
mouse serum (NMS) and sera of  mice merely treat- 
ed with endotoxin, serotonin or adrenaline had no 
significant antitumor effect, but serum of  isoproter- 
enol-treated mice retarded tumor growth slightly. 

The cytostatic activity of  NMS against Meth A 
cells in vitro appeared to be high when compared 
to growth in medium alone (Fig. 2). Serum of  mice 
treated with C. parvum was significantly more cy- 
tostatic than NMS, as were sera from mice merely 
treated with endotoxin, isoproterenol or serotonin. 
Compared to sera of  mice treated with C. parvum 
alone, an additional injection with serotonin, iso- 
proterenol or especially endotoxin enhanced cytos- 
tatic activity of  the sera considerably. 
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Induction of  interferon by tumor necrotizing agents 

Substantial levels of interferon could be detected in 
sera from mice treated with endotoxin 90 min 
earlier (Table III). Pretreatment with C. parvum 
augmented the interferon yield significantly. Elici- 
tation of C. parvum-treated mice with isoproterenol 
or serotonin induced hardly more interferon than 
injection of saline. Isoproterenol tended to induce 

more interferon in normal than in C. parvum-treat- 
ed mice. Adrenaline appeared incapable of inducing 
interferon. 

Discussion 

The antitumor action of vasoactive amines was in- 
vestigated as to their possible involvement in the 

TABLE II 

Histology of  Meth A sarcoma 4 and 24 h after i.v. administration of  tumor necrotizing agents 

Agent Dose Time Hyperemia" Mitotic 
(mg/kg) (mean 4- SEM) index b 

(mean 4- SEM) 

Hemorrhagic necrosis 

Incidence Extent B 

Experiment 1 

Endotoxin 1.25 4 ¢ >60 4- 0 d 0.33 4- 0.33 

24 3 4- 1 0.00 4- 0.00' 

Isoproterenol 10 4 31 4- 6 d 1.50 4- 0.50 

24 12 + 4 1.45 4- 0.48 ~ 

Serotonin 10 4 >43 4- 11 0.25 4- 0.25 a 

24 19 4- 6 1.75 4- 0.48 

Saline 24 6 + 3 3.25 4- 0.48 

4/4 9 4- 3 

3/4 4 + 0 

3/4 

0/4 

6 + 1  

Experiment 2 

Endotoxin 1.25 4 >60 4- 0 d,~ 0.50 4- 0.29" 

24 11 + 8 0.00 + 0.00 ~ 

Saline 4 9 4- 5 2.50 + 0.29 

24 6 + 1 3.00 4- 0.41 

Adrenaline f 0.5 4 c >60 4- 0 d'c 0.67 4- 0.33 e 

24 13 + 8 1.75 q- 0.25 

PBS f 4 3 4- I 1.00 4- 0.00 ¢ 

24 17 4- 8 1.25 4- 0.48 c 

3/4 12 4- 4 

0/4 

3/4 15 + 11 

0/4 

a Number of dilated vessel transections/section. 
b Number of  dividing cells/ram 2 tumor section. 

¢ n ~ 3 .  

d p < 0.03 compared to 24 h (U test). 

p < 0.03 compared to saline-elicited controls (U test). 

f Administered into the tumor. 

(Mean diameter necrotic area/mean diameter tumor) x 100. 
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Fig. 1. Growth of Meth A sarcoma after i.v. injection of saline or 0.5 ml of pooled serum of normal or Corynebacterium parvum 
(Cp)-treated mice elicited with a tumor necrotizing agent or saline (NMS). Thin lines indicate tumor size of individual mice. Heavy lines 
with circles indicate the mean of each group. Figures indicate the mean percentage of hemorrhagic necrosis -4- SEM and the incidence 
(in brackets). 

antitumor action of  endotoxin. Endotoxin induced 
necrosis of Meth A sarcoma mostly followed by 
growth inhibition. A number of  tumors regressed 
completely. Isoproterenol, serotonin and adrena- 
line induced much less necrosis with only minor 
consequences as to tumor growth. The negligible 
quantities of endotoxin in these preparations, how- 
ever, suggest that the effects observed are due to the 
vasoactive agents themselves• 

Histology was in line with macroscopic effects• 

Endotoxin caused stronger hyperemia and hemor- 
rhagic necrosis and a more profound inhibition of  
mitotic activity, while extensive non-hemorrhagic 

necrosis was only induced by endotoxin. So at most 
part of  the antitumor action of  endotoxin might be 
mediated by vasoamines. The moderate tumor 
damage resulting from injection of  high, unphy- 
siological doses of  vasoamines does not rule out a 
role of  these agents in the antitumor action of  en- 
dotoxin. Endotoxin is known to cause the release 
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Fig. 2. Cytostatic activity on Meth A ceils in vitro of  sera of  
mice treated with Corynebacterium parvum (Cp) and/or  a tu- 
mor-necrotizing agent (shown as reduced [SH]thymidine incor- 

poration). Sera o f  6 mice were tested in quadruplicate for each 
group. *, p < 0.001 (t test) compared to Cp/saline. **, p < 0.02 

compared to -/saline (NMS). All necrotizing agents elicited 

stronger cytostatic activity in Cp-treated mice than in normal  

mice (p < 0.001). 

TABLE III 

Determination o f  interferon in TNS and other sera 
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of various vasoamines (Rosenberg et al., 1959; En- 
do, 1982) and also to increase sensitivity to their 
effects (Kuratsuka et al., 1975; 1978). These prop- 
erties and the well known synergic activity of dif- 
ferent vasoamines (Munoz and Bergman, 1968; 
Foon et al., 1980) may endow endotoxin with the 
property to induce hemorrhagic necrosis. Besides 
this action, other properties of endotoxin, not in- 
nate to vasoamines, such as its strong immunoad- 
juvanticity and macrophage activating capacity, 
probably contribute to its activity. Interferon, TNF 
and cytostatic factors, when induced in the tumor- 
bearing mouse, might also be involved. The amount 
of interferon found to be induced in tumor-bearing 
mice was shown to exert some activity in our Meth 
A system (Bloksma, 1982; Bloksma et al., 1983). 
However, we, and as far as we know others, have 
not been able to detect TNF in the circulation of 
endotoxin-injected Meth A-bearing mice, while the 
factor could not be absorbed from TNS by Meth 
A cells (Bloksma et al., 1984). 

Treatment  of  Interferon (U/0.1 ml) 

serum donors 
Individual mice Mean 

Cpa/endotoxin (TNS) > 5952 > 5952 > 5952 5939 > 5949 c'd'' 
- / endotoxin  4387 2785 2698 2079 2987 c'd 

Cp/isoproterenol 158 135 118 < 62 < 118 

- / isoproterenol  629 322 301 < 62 < 329 

Cp/serotonin 249 135 125 100 152 a 

- / s e r o t o n i n  441 < 62 60 3 < 142 

Cp/adrenaline 93 < 62 < 62 b < 72 

- / a d r e n a l i n e  < 62 < 62 < 62 _b < 62 

Cp/saline 316 64 < 62 < 62 < 126 
- / s a l i n e  < 62 < 62 < 62 < 62 < 62 

a Corynebacterium parvum. 
b I.V. injection o f  adrenaline was lethal to the majority of  the mice. Therefore 10 normal  and 10 Cp-treated mice were injected with 

adrenaline. Only 3 mice of  each group survived. 
Significantly different from Cp/saline; p = 0.014 (U test). For  determination of  significance values < 62 and > 5952 were equalized 

to 62 and 5952 respectively. 
d Significantly different from -/saline; p = 0.014. 
• Significantly different from sera of  mice not  pretreated with Cp; p = 0.014. 
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The local vasodilating effect we observed after 
injection of adrenaline into Meth A is quite oppo- 
site to the usual effect of adrenaline in peripheral 
healthy tissue (Weiner, 1980). On the other hand, 
Wickersham et al. (1977) observed no response of 
tumor vessels to topically administered adrenaline 
and noradrenaline, and Hafstr6m et al. (1980) re- 
ported enhanced blood perfusion of liver tumors in 
rats after injection of noradrenaline. This was at- 
tributed to the lack of smooth muscles and adre- 
nergic nerves in the vessel walls of tumors (Krylova, 
1969; Mattsson et al., 1977). 

The endotoxin-induced vasodilation which pre- 
ceded hemorrhagic necrosis in murine sarcomas 
and in adrenaline-prepared rabbit skin was shown 
to result in an almost complete to complete stand- 
still of blood flow (Algire et al., 1947; Zweifach et 
al., 1956), suggesting that tissue damage is more or 
less due to ischemic hypoxia. A same mechanism 
may underlie hemorrhagic necrosis of tumors in- 
duced by adrenaline, isoproterenol and serotonin. 

The absence of clear inflammatory infiltrates 
within the tumor 4 h as well as 24 h after injection 
of all agents, while tumor damage is overt at the 
later time, suggests that these effects are probably 
due to humoral mechanisms. Our data show that 
vasoamines may also exert antitumor activity by 
other means than recruitment of inflammatory cells 
into tumor tissue as suggested by others (Gershon 
et al., 1975; Lynch and Salomon, 1977; Askenase, 
1977). The induction of tumor necrosis by the se- 
lective /%receptor agonist isoproterenol (Weiner, 
1980) is seemingly in contrast with the observation 
that ~- but not/~-adrenoceptor antagonists inhibit- 
ed the induction of tumor necrosis by endotoxin 
(Bloksma et al., 1982a; Kuper et al., 1982). Dif- 
ferent mechanisms are probably involved. More- 
over, agonists at ~- and fl-receptors do not always 
elicit opposite reactions. Among others Beets and 
Paul (1980) showed that selective c~- as well as/~- 
adrenoceptor agonists induced identical vascular 
reactions in the guinea pig skin by entirely different 
mechanisms. 

Several data point at a need for adrenaline and 
functional adrenergic receptors in the elicitation of 
TNF and interferon by endotoxin. TNF could not 

be elicited in adrenalectomized mice (C. Galanos, 
personal communication in Green et al., 1977). 
Further, induction of TNF and especially interfer- 
on could be inhibited by ~-adrenoceptor antagon- 
ists (Bloksma et al., 1982b), while administration of 
adrenaline shortly before endotoxin inhibited en- 
dotoxin-induced release of interferon (Jensen, 1969) 
and TNF (Bloksma et al., 1982b), suggesting tach- 
yphylaxis. As TNF and interferon could not be eli- 
cited by adrenaline alone, this hormone may be 
needed to give a kind of permissive signal. 

In conclusion, data of this and other papers pro- 
vide only indirect evidence for a role of vasoamines 
in the induction of hyperemia and hemorrhagic 
necrosis by endotoxin. Non-toxic vasoactive agents 
such as serotonin may be useful adjuvants to other 
tumor therapies. 
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