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A B S T RA C T Experiments were made to investigate
the effect of four anesthetic drugs that are commonly
used in surgical practice on the postoperative growth
of mouse tumors in syngeneic recipients. These experi-
ments revealed that some of the anesthetics when
applied for surgical excision of the local tumor, strongly
accelerated postoperative progression of spontaneous
lung metastases produced by the 3LL Lewis lung car-
cinoma and by the B16 melanoma. Some of the drugs
caused the appearance of metastases in organs, such as
the liver, in which spontaneous metastases are not
usually produced by these tumors. A T10 sarcoma clone
that does not produce detectable metastases in immune
intact mice even following intravenous injection, did
produce metastases when injected into animals treated
with pentothal sodium.

INTRODUCTION

Patients having undergone surgery under general anes-
thesia are known to be susceptible to postoperative
infections and sepsis (1-4). Although the surgical pro-
cedure per se is likely to increase the probability of
exposure to pathogenic microorganisms, the anesthetic
drugs might contribute to the infective process by af-
fecting the immune system. In fact, anesthetic agents
were demonstrated to temporarily affect the reticulo-
endothelial system (5-7), decrease chemotaxis of leu-
kocytes (8), reduce phagocytosis (9) and metabolic
activity of lymphocytes (3, 10), impair the response of
lymphocytes to mitogens (11, 12), and cause a tempo-
rary reduction in immunoglobulin production (13).

In view of the increasing interest in the involvement
of the immune system in the control of neoplasia, the
possible effect of general anesthesia on the post-
operative progression of metastasis is of obvious im-
portance. Although Pollard et al. (14) observed acceler-
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ation of pulmonary metastasis in nonoperated tumor-
bearing rats following treatment with halothane,
chloroform, and ether, we found no recorded studies on
the effects of anesthetics following radical surgery of
tumors. To approach this question, we studied the
effects of anesthetic drugs generally used in surgical
practice on the postoperative development of metas-
tasis in two systems of metastatic mouse tumors: the
3LL Lewis lung carcinoma and the B16 melanoma,
both originated in C57BL/6 (H-2b) mice (15, 16). After
subcutaneous or intrafootpad inoculation, and while
growing locally, these tumors produce spontaneous
lung metastases. Wetested the effect of the anesthetic
drugs pentothal sodium, halothane, nitrous oxide
(N20), and kethalar on the development of lung
metastasis following radical excision of the local tumor.
Pentothal sodium and N20 were also tested for their
effects on the production of metastasis by cloned cell
populations of the T10 sarcoma (17, 18), a methylcho-
lanthrene-induced tumor in a (C3Heb x C57BIJ6)F,
mouse (19).

Our studies indicated that some of the anesthetic
drugs significantly enhanced the development of post-
operative metastasis.

METHODS

Mice. Inbred 2-3-mo-old male C57BL/6 and (C3Heb
x C57BL/6)F1 mice were supplied by the Animal Breeding
Center of the Weizmann Institute of Science.

Tumors. Weused the Lewis lung carcinoma (3LL) and the
B16 melanoma, both of which developed spontaneously in
C57BL/6 mice (15, 16) and were maintained by subcutaneous
transfers in syngeneic male mice. In addition, we used two
lines (IC9 and IE7) derived by cloning (17, 18) in semisolid
agar of a sarcoma (T10) induced by methylcholanthrene in
(C3Heb x C57BL/6)F1 mice (18) and kept by subcutaneous
transplantation in syngeneic F1 mice. Single cell suspensions
of solid tumors were prepared by treatment of minced tumor
tissue with a solution of 0.3% trypsin (hog pancrease,
Grand Island Biological Co. Grand Island, N. Y.). The
trypsin-treated cells were washed three times with phosphate-

J. Clin. Invest. © The American Society for Clinical Investigation, Inc. * 0021-9738/81/09/0678/08 $1.00
Volume 68 September 1981 678-685



buffered saline (PBS),1 pH 7.4, and resuspended in PBS for
inoculation.

Anesthetic drugs. The doses of pentothal sodium and
kethalar used in the experiments were calculated according
to mouse body weight, as done in surgery of humans. Halo-
thane and N20 were used in sufficient doses to cause anes-
thesia until the operation was over.

Pentothal sodium was diluted in PBSand 30 mg/g of mouse
weight was injected intravenously. Halothane (fluothane) was
administered by placing each mouse in a closed jar in the
presence of a sponge soaked in the anesthetic and letting the
mouse inhale the drug for about 3 min; amputation was per-
formed immediately. N20 was administered by placing each
mouse in a glass tube open at one end to room air and blowing
the gas into the tube at a rate of 50 ml/min. The gas thus mixed
with room air and the mouse was generally anesthetized
for -3 min. Kethalar (50 mg) was diluted in PBS and 0.24 mg
of the diluted drug was injected intravenously into each mouse.

In vivo assay for metastasis formation. C57BL/6 male
mice were injected into the right hind footpad with 105 viable
3LL cells or with 106 B16 melanoma cells. When the tumor
reached -6-8 mmDiam (as measured with calipers), the mice
were exposed to different anesthetic drugs and after a general
anesthesia -3-5 min, the tumor-bearing legs were amputated.
Surgery was performed using a 3/o (2) silk tie, which was
ligated beyond the iliofemoral joint of the hind leg to prevent
bleeding. Heavy scissors were used to amputate the leg above
the knee.

To determine metastatic development, mice were inocu-
lated 10 d after surgery with 25 ,ug/mouse of 5-fluoro-2'-de-
oxyuridine (FUdR) and 30 min later with 1 ,uCi of 5-42I]iodo-
2'-deoxyuridine (20). IUdR is a thymidine analogue in-
corporated specifically into DNA by labeling cells in S
phase. In order to inhibit the endogenous formation of thymi-
dine precursors that compete with IUdR for incorporation into
DNA(21), each animal was given nonradioactive FUdRbefore
injection of 125I-UdR. In the experiment done with 3LL 24-h
after 125I-UdR injection, mice were killed and the weight
of lungs determined. In parallel, the degree of '25I-UdR
incorporation by the various organs was measured using a
Packard gammaspectrometer. In experiments done with the
B16 melanoma, the rate of 1251-UdR incorporation into the
various organs was determined 48 h after 125I-UdR injection.

The in vivo assay for experimental pulmonary metastasis
formation by the T10 clones (IE7 and IC9) was performed by
injecting 1 x 106 viable tumor cells intravenously to (C3H/eb
x C57BL/6)F, mice and weighing their lungs 15 d after
injection.

The effect of anesthetic drugs on the development of
pulmonary metastases by those clones was tested by exposing
syngeneic F1 mice to the anesthetic drugs before intravenous
inoculation of tumor cells. 15 d later, the lungs were
photographed (Figs. 2 and 3) after treatment according to
Wexler's technique (22) that enables better visualization
and counting metastases.

To provide evidence for the validity of the parameters used
to measure metastatic growth, different doses of T10 tumor
cells (clone IE7) were injected intravenously to (C3Heb
x C57BL/6)F, male mice; the doses were 5 x 104, 1 X 105,
5 x 105 and 1 x 106 (Table I). 14 d later the number of pul-
monary metastatic nodules was determined and both the
weight of lungs and 1251-UdR incorporation into the lungs were
assessed according to the method described by Bonmassar et

1Abbreviations used in this paper: FUdR, 5-fluoro-2-
deoxyuridine; IUdR, iododeoxyuridine; PBS, phosphate-buf-
fered saline.

al. (20). Metastatic tumor nodules in the lungs were
enumerated according to Wexler's technique (22). Briefly,
mice were killed and injected through the trachea with 2 ml of
15% India ink. Due to uptake of ink particles the lungs became
stained deep black. The stained lungs were excised and placed
for at least 5 min in a glass beaker, under running tap water, to
remove excess ink, and fixed in a solution composed of 100 ml
of 70% alcohol, 10 ml of formaldehyde, and 5 ml of glacial
acetic acid. When left in this solution for 24 h, the lung
metastases became permanently bleached. Separate groups of
mice that had been injected intravenously with a given
number of tumor cells were killed on the same day. Their
lungs were excised and both their weight and the degree of
125I-UdR incorporation were determined.

Histology. Multiple histological sections were performed
on mice in those experiments where the 3LL tumor was used.
The sections included lungs, liver, spleen, kidneys, and bone
marrow originating in femoral and tibial bones ofthe hind legs.
The examined organs were fixed in Bouin's solution for 24 h
washed and replaced in a solution of 70%ethanol; the sections
were then stained with hematoxylin and eosin.

Statistical analysis. The spread of metastasis is most
probably governed by a nonrandom multifactorial mode of
distribution. Hence, the incidence of metastases and their
homing to a particular organ cannot be analyzed using
conventional statistical tests that apply to normal distribution
events. Therefore, the Mann-Whitney U test was chosen for
the statistical analysis of the data in the present work (23).

RESULTS

We first tested whether a correlation exists among the
various parameters used in the present study to assess
tumor load in lung tissues (i.e., number of pulmonary
metastatic nodules, weight of lungs, and 125j-UdR
incorporation by lung tissues). Different groups of mice
were inoculated intravenously with graded numbers of
tumor cells (Table I). At the indicated time intervals,
mice were killed, their lungs were excised, and the
metastatic load was assessed using the above-men-
tioned parameters. Table I indicates that a good corre-
lation exists between the three different parameters.
This enabled us to use alternatively one or two of these
parameters in each experiment.

Wethen studied the effects of the various anesthetic
drugs applied for surgical removal of the local 3LL
tumor on the development of postsurgical metastases.
C57BL/6 mice were inoculated intrafootpad with 1
x 105 3LL tumor cells. When the tumor reached 6-8
mmDiam, the mice were exposed to the anesthetic
drugs (pentothal sodium, halothane, kethalar, or N20)
and the legs with the local tumors were amputated.
Control tumor-bearing mice were amputated without
anesthesia. To assay the extent of metastatic growth we
weighed the lungs and measured the incorporation of
1251-UdR in the lungs, liver, and spleen 10 d after
surgery; in addition the histology of the organs was
examined.

The results (Table II) indicated that all four anes-
thetic drugs increased the development of lung metas-
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TABLE I
Number of Pulmonary Metastatic Nodules, Weight of Lungs, and 1251-UdR Incorporation

in the Lungs of Mice Injected Intravenously with Graded
Numbers of T1O Cloned (IE7) Tumor Cells

No. of
No. of No. of T1O clone pulmonary

mice per tumor cells (IE7) metastatic
Group group injected intravenously nodules* Weight of lungs '25I-UdR incorporation

mg* cpm*

1 5 197±7 845±256
2 7 5 x 104 9±4 222±28 (0.05) 3,986+1,443 (0.008)
3 6 1 x 105 22±5 254±26 (0.019) 7,510+1,505 (0.001)
4 7 5 x 105 32±9 421±30 (0.009) 29,921+18,981 (0.005)
5 11 1 x 106 112±8 845±41 (0.002) 58,886+6,714 (0.001)

(C3Heb x C57BL/6)Fl male mice were injected intravenously with different numbers of T10
clone (IE7) tumor cells. 14 d later, pulmonary metastatic nodules were stained with India
ink and counted. Separate groups of mice injected with the same number of tumor cells
were injected with 25 ,lg/mouse FUdR, i.p. followed by 1 ,uCi/mouse 125I-UdR. The weight
of lungs and the incorporation of 125I-UdR into the lungs were determined 24 h later.
* ±SE. The numbers in parentheses represent the P < values of each group when analyzed
in comparison with group 1.

tases, halothane and N20 being the most potent stimu-
lators of 3LL metastatic growth. In fact, not only were
lung metastases enhanced following surgery per-
formed under anesthesia, but the development of liver
metastases in animals anesthetized with kethalar,
halothane, and N20 was significantly enhanced. The

increase in 125I-UdR uptake in the spleen of tumor-
bearing mice was correlated with the occurrence of
splenomegaly in these animals as we have previously
described (24). This was attributed to the proliferation
of spleen cell populations, possibly in response to
growth of the local tumor.

TABLE II
Effect of Anesthetic Drugs on Metastatic Growth in Tumor-excised 3LL-bearing Mice

"25I-UdR incorporation
No. of mice Weight of

Group Treatment per group lungs Lungs Liver Spleen

mg* cpm*

1 Non-TBM,4 nonamputated 5 180±24 623±61 2,851±296 3,266±754

2 TBMw/o anesthesia, nonamputated 17 196±6 1,676+107 4,066+350 12,979+1,837
3 TBMw/o anesthesia, amputated 10 199±4 1,367+149 3,260+173 10,913+1,423
4 TBMwith pentothal sodium 7 318±67 2,300+630 3,660+342 10,066+1,577

anesthesia, amputated (0.001) (0.15) (0.15) (0.35)

5 TBMwith kethalar anesthesia, 9 223±19 2,183+281 4,692±851 7,978±1,232
amputated (0.4) (0.006) (0.013) (0.6)

6 TBMwith halothane anesthesia, 8 426±101 5,668±1,163 5,775+1,918 8,870+1,622
amputated (0.0019) (0.0006) (0.0001) (0.4)

7 TBMwith N20 anesthesia, 8 483±72 4,857±1,386 7,906+1,435 20,100+6,889
amputated (0.0003) (0.003) (0.001) (0.5)

C57BL/6 male mice were injected intrafootpad with 1 x 105 3LL cells. When the tumor reached 6-8 mmDiam, the tumor-
bearing mice were exposed to anesthetic drugs and the primary tumor was surgically removed. 10 d later, mice were injected
with 25 ,ig/mouse FUdR i.p. and then with 1 ,uCi/mouse 125I-UdR. The weight of lungs and the 125I-UdR incorporation into
various organs was determined 24 h later.
* ±SE. The numbers in parentheses represent the P < value of each group statistically analyzed in comparison with group 3.
t TBM, tumor-bearing male.
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TABLE III
The Effect of Anesthetic Drugs on Metastatic Growth in Tumor-excised B16 Melanoma-bearing Mice

i23I-UdR incorporation
No. of mice

Group Treatment per group Lungs Liver Spleen

cpm

1 Non-TBM,t nonamputated 5 822+211 2,881+611 1,541+496

2 TBMwithout anesthesia, nonamputated 5 2,166+±470 7,873+4,679 19,300+4,725

3 TBMwithout anesthesia, amputated 10 2,401+±536 4,554+1, 118 7,736+1,241

4 TBMwith pentothal sodium anesthesia, amputated 11 2,286±335 6,707+2,234 5,865+822
(0.5) (0.009) (0.5)

S TBMwith kethalar anesthesia, amputated 9 7,142+1,883 4,745+1,076 11,733+2,283
(0.0002) (0.014) (0.4)

6 TBMwith halothane anesthesia, amputated 11 3,651+1,063 4,311+1,401 7,152+1,080
(0.5) (0.5) (0.5)

7 TBMwith N20 anesthesia, amputated 10 3,873±799 11,364+3,701 10,028+1,603
(0.15) (0.0014) (0.037)

C57BL/6 male mice were injected intrafootpad with 1 x 106 B16 melanoma cells. Whenthe tumor reached 6-8 mmDiam, the
tumor-bearing mice were exposed to anesthetic drugs and the primary tumor was excised. 10 d later, mice were injected with 25
Ag/mouse FUdR i.p. followed by 1 ,uCi/mouse 1251-UdR. The rate of 1251-UdR incorporation into the various organs was
determined 48 h later.
* +SE. The numbers in parentheses represent P < values of each group analyzed statistically in comparison with group 3.
t TBM, tumor-bearing mice.

Wetested subsequently the effect of anesthetic drugs
on the development of metastasis following surgical
removal of the B16 melanoma. The experimental de-
sign was similar to that described for the 3LL car-
cinoma. The results (Table III) show that the growth of
lung metastases was significantly enhanced in animals
who had undergone surgery under kethalar anesthesia,
although a significant increase took place also when
anesthesia was performed with halothane and N20.
N20 was the most potent stimulator of the develop-
ment of postsurgical liver metastases. The increase in
125I-UdR uptake observed in spleens of animals
anesthetized with N20 may well reflect the stimulation
of metastatic proliferation in the spleen.

Wethen tested whether tumors, which under normal
conditions do not produce detectable metastases, do so
in animals treated with anesthetic drugs. Two clones
of tumor cells produced in our laboratory, IC9 and IE7,
derived from T10 sarcoma, were used. Although
derived from the same tumor, these clones differed
from each other in two properties (17, 18): (a) cells
of the IE7 clone expressed both parental major histo-
compatibility complex coded haplotypes, i.e., the H-2k
and the H-2b; cells of the IC9 clone expressed only
the H-2b haplotype; (b) the IE7 clone produced lung
metastases in syngeneic animals, whereas the IC9
(which expressed only the H-2b-associated alloanti-
gens) was incapable of producing detectable lung

metastases when transplanted or injected intra-
venously into immune intact recipients. It produced
metastases only in animals that had been immunologi-
cally suppressed by total body irradiation.

Assuming that the anesthetic drugs used led to im-
munosuppression, it was of interest to test whether
these drugs enabled the generation of metastases by

C PBS

o0oo E T 10 Clone + PBS
L T 10 Clone + Penthotol Sodium

E _ i M T 10 Clone + N20

.600

400
4200

T IOclom IE7 IC9

FIGURE 1 Effect of anesthetic drugs on the generation of
metastases by T1O sarcoma clones, I. (C3Heb x C57BL/6)F1
mice were injected with 106 T10 cloned tumor cells (IE7 and
IC9) intravenously, following their exposure to N20 or
pentothal sodium. The total mass of the experimentally
induced pulmonary metastases was determined by weighing
the lungs 15 d after intravenous inoculation. Control syn-
geneic mice were injected with PBS. There were 10 mice in
each experimental group.
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tumor cells of the IC9 clone. We therefore injected
IC9 cells intravenously into mice treated with pento-
thal sodium or N20. 15 d after the tumor inoculation
these mice were tested for the presence of metastases.
In parallel, the excised lungs from these mice were
photographed after treatment according to Wexler's
technique (22). The results (Figs. 1-3) demonstrated
that in animals treated with pentothal sodium tumor
cells of the IC9 clone did produce lung metastases.
Cells of the IE7 clone produced a higher metastatic
load in animals treated with pentothal sodium than
in unanesthetized recipients. Treatment with N20 did
not affect production of metastases by T10 tumor
clones.

DISCUSSION

Previous studies in our laboratory concerning the post-
surgical growth of metastases indicated that without
anesthesia, surgical excision of the local 3LL tumor
was followed by accelerated growth of lung metastases
(24). We showed that the local tumor exerts a sup-
pressive effect on its metastases, which is abrogated
when the tumor is excised. This suppression measured
by the postsurgical acceleration of lung metastasis is
a function of the kinetics of growth of the local tumor
(25,26), and of the size and mass of the local tumor at the
time of excision. In the present study we performed
excision without anesthesia of tumors 6-8 mm in
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FIGURE 2 Effect of anesthetic drugs on the generation of metastases by T10 sarcoma clones, II.

(C3Heb x C57BL/6)F1 male mice were injected intravenously with 1 x 106 T10 cloned tumor
cells (IE7 and IC9) after exposure to either N20 or pentothal sodium. 14 d later, mice were killed
and India ink was introduced into their lungs by intratracheal injections according to Wexler's
technique (22). The metastatic nodules appeared white and the rest of the lung was black. (A) Un-
treated mouse; (B) mouse treated with pentothal sodium; (C) mouse treated with N20; (D) mouse
injected intravenously with IC9 tumor cells; (E) mouse treated with pentothal sodium and in-
jected intravenously with IC9 tumor cells; (F) mouse treated with N20 and injected intravenously
with IC9 tumor cells; (G) mouse injected intravenously with IE7 tumor cells; (H) mouse treated
with pentothal sodium and injected intravenously with IE7 tumor cells; (I) mouse treated with
N20 and injected intravenously with IE7.
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FIGuRE 3 Effect of anesthetic drugs on the generation of metastases by T10 clones, III. Mice
were treated as described in the legend to Fig. 2. (A) Mouse injected intravenously with IC9 tumor
cells; (B) mouse treated with pentothal sodium and injected intravenously with TC9 tumor cells;
(C) mouse injected intravenously with IE7 tumor cells; (D) mouse treated with pentothal sodium
and injected intravenously with IE7 tumor cells.

diameter, a size at which one does not observe accel-
erated lung metastasis compared with tumor-bearing
mice not having undergone tumor excision. How-
ever, when surgical excision of the local tumor was
performed under anesthesia, the development of metas-
tasis by both the 3LL carcinoma and the B16 melanoma
was significantly accelerated with each of the four
drugs tested. Halothane and N20 were found to cause
a greater acceleration of both lung and liver 3LL
metastasis than sodium pentothal and kethalar. When
applied during surgical excision of the B16 melanoma,
kethalar had the greatest effect in promoting lung
metastases, although N20 was the most potent stimu-
lator of liver metastasis.

Wealso studied cells of two clones of the T10 sar-
coma, the IE7 and IC9 clones. The T10 tumor was
induced in a (C3H x C57BL/6)F, mouse by 3-
methylcholanthrene. Following in vitro cloning of this
tumor, we found that the majority of the clones ex-

pressed only the parental H-2b haplotype and a
minority expressed both, the H-2b and the H-2k haplo-
types. Clones expressing only the H-2b haplotype, such
as the IC9 clone tested in our present study failed to
produce metastasis even when injected intravenously
into immune intact mice. Clones expressing exclu-
sively the H-2b haplotype were capable of producing
metastasis only when injected into recipients which
had undergone immune suppression by total body ir-
radiation (17, 18). Clones expressing both the H-2k and
the H-2b haplotypes, such as the IE7, were highly
metastatic. We found that in animals treated with
pentothal sodium the IC9 clone did produce metastasis
and the IE7 produced a higher metastatic burden
than in nontreated mice.

Although we found that anesthetic drugs strongly
accelerated metastasis, we cannot at this stage attribute
the activity of these drugs to an effect on a defined
target cell, let alone on a defined cellular component.
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The documented effects of anesthetics on the lymphoid
system (3-13), and the effect we observed on the
capacity of the IC9 clone to produce detectable
metastasis only when injected into recipients which
were immune-suppressed by total body irradiation,
suggest that the anesthetic drugs may accelerate metas-
tasis development by their suppressive action on the
immune system. Yet one cannot exclude the possibility
that the anesthetic drugs affected the membranes of
the tumor cells themselves, thus increasing their
metastatic potency. The finding that different drugs
were differentially potent in their capacity to accelerate
growth of metastases of our different tumors should
not be surprising, because the tumors used in this study
differed from each other in origin and histological
characteristics.

The accelerated growth of lung metastases following
excision of the local tumor should be attributed to an
effect on tumor cells that migrated to the lung before
surgery. Hence, the result does not reflect an effect
on the migration of metastatic cells. Yet, the post-
surgical effect on metastatic growth in the liver and
possibly in the spleen may be due to the mobilization
of tumor cells from the lungs to other organs. Such a
process may result from effects of anesthetics on the
fluidity of the tumor cell membrane, and shedding
of membrane components (27).

The effect of N20 on the growth of B16 metastases
in the spleen deserves special comment. The spleen
is an organ in which one only rarely finds metastases
produced by sarcomas or carcinomas. Even intravenous
inoculation of normal recipients with the 3LL or B16
cells does not result in progressive metastasis in the
spleen. Analysis of the mechanisms by which N20 ac-
celerates the growth of metastases may suggest an
approach to the processes involved in preventing
metastatic growth in the spleen.

In summary, whatever the mechanism by which
anesthetic drugs promote metastatic growth, the
present experiments indicate clearly that anesthetic
drugs used during surgical excision of two different
mouse tumors may cause a significant increase in
metastatic spread and progression. These drugs also
caused the spread of metastases to organs in which
metastases are otherwise not found. In addition, cells
of a nonmetastatic clone of the T10 sarcoma produced
metastases when injected intravenously to anesthesized
recipients. Finally, our observations apply only to three
mouse tumors. The question whether similar phe-
nomena of metastatic acceleration occur with other
tumor systems in mice or in other mammals, or with
other anesthetics requires further study.
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