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increased Lethality After Endotoxin in Old or Leukemic AKR Mice' 2 (40069)

SALLIE S. BOGGS? AND GRETCHEN N. SCHWARTZ
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In the course of studies in which endotoxin
(LPS) was given prior to whole body irradia-
tion (WBI) of mice with AKR lymphoma in
hopes of obtaining greater damage to the
lymphoma (1-3) while promoting earlier re-
generation of the normal hematopoietic sys-
tem (4, 5), it was observed that relatively
small doses of LPS killed the older lymphoma
bearing AKR mice but not the young con-
trols. Consequently, the present series of stud-
ies was carried out to begin to determine the
nature of this difference in sensitivity to LPS.
Since AKR mice do not develop spontaneous
lymphoma until after they reach about 6
months of age the observed sensitivity to LPS
could have been due either to the presence of
the lymphoma or to an effect of having
reached the age at which lymphoma devel-
ops. In order to determine which of these
factors were involved, comparisons were
made of LPS sensitivities of “old” (6-8
months) mice without evidence of lymphoma,
“old” mice with spontaneous lymphoma,
“young” (3—4 months) mice with transplanted
lymphoma and “young” nonlymphoma bear-
ing mice. After these different sensitivities
were defined efforts were made to determine
whether or not some factors which are known
to change with or be associated with re-
sponses to LPS might be different in these
mice.

Materials and methods. Mice were AKR
“young” adult (34 months) or “old” (6-8
months) retired breeder or virgin females
from either Jackson Laboratories, Bar Har-
bor, ME, or Charles River Breeding Labo-
ratories, Wilmington, MN, housed 5-10 per
cage at about 23-25°C with food and HCl
(pH 2.4) water ad libitum. During the exper-
iments mice were checked at least once daily
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and dead animals removed for necropsy.
Mice with lymphoma have grossly enlarged
spleen, thymus and inguinal lymph nodes at
necropsy. The median and ranges of body
weights were 27 (23-31) g for 6 month old
mice used and 24 (20-28) g for 12-week old
mice. Although 6-8 months would be consid-
ered to be middle age for many strains, AKR
mice have reached 70-90% of their mean life
span at 6-8 months and begin to die of spon-
taneous thymic leukemia, and were therefore
defined as “old”.

The endotoxin used was Salmonella ty-
phosa lipopolysaccharide B 0901 (LPS) from
Difco, Detroit, MI. The lyophilized material
was diluted to a concentration of 2000 pg/ml
in 0.9% NaCl, and stored frozen at —10°C in
25 ml aliquots. The same 2-year old stock
solution was used for all of the studies, and
was diluted the day before intraperitoneal
injection. Aliquots were given as ug LPS per
mouse. Death after injection of LPS usually
occurred within 1-3 days and data are ex-
pressed as 3-day mortality.

The radiation source was a Picker X-ray
Unit operating at 200 KV, 15 mA, with 0.25
mm Cu and 1 mm Al filtration. The dose
rate of 100 rads/min was calculated from the
dose measured by Victoreen dosimetry in air
at the center of the plastic mouse container.
Dry weights of intestines were obtained as
previously described (6).

The transplanted lymphoma was from the
24th and 92nd passage of 10° spleen cells
collected just prior to death of previously
injected mice. Death after each passage oc-
curred within a very tight time span after
injection (11 + 2 days and 7 + 2 days for the
passages used). Endotoxin was injected 5-6
days before the time of expected death.

Reticuloendothelial (RE) function was
tested by measuring rates of clearance of
carbon from the blood. Colloidal carbon
was Gunther Wagner's (Special Ink)
#C11/1431A (generously given to us by Dr.
Lola Kelly) and prepared according to the
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methods described by Halpern et al. (7) and
Parker and Finney (8). Blood was obtained
by puncture of the retro-orbital sinus with a
heparinized capillary tube. For platelet
counts 50A of blood was diluted in 100A of
saline, drawn into a segment of Teflon tubing
which was sealed at one end, spun at 150 g
for 5 min, and platelet rich plasma was di-
luted in Isoton for electronic counting.
Counts were expressed as platelets per mm?
whole blood. Nucleated cell counts were also
obtained by Coulter Counter and differen-
tials were made from 100 Wright stained cells
on coverslip blood smears.

Statistics used include, in the case of gut
weights, calculation of mean = 1 SE and, in
the case of blood cell counts calculation of
geometric mean * 1 SE. For survival studies,
proportions were compared by chi-square
test, Wilcoxin tests or Fisher exact confidence
calculations where each was appropriate (9).
Means and geometric means were compared
using the Student’s ¢ test. Standard errors of
percent dead were calculated by +/ -P?
where p = percent dead, q = percent alive
and n = number of animals tested. A proba-
bility of less than P = 0.05 was taken to
indicate significant differences. LDso data
were obtained by probit analysis.

Results. Effect of age. When survival was
compared after various doses of LPS given to
a total of 212 “old” and apparently non-
leukemic mice and 261 “young” mice, it was
clear that at the lower doses the “old” mice
were much more sensitive to LPS than the
“young” mice. Data for “old” virgin females
and retired breeder females from Charles
River or Jackson Labs were not significantly
different and data were pooled. A single in-
jection of LPS was not lethal in young adult
mice at doses of 64 pg or less (Fig. 1). In
contrast, lethal effects were seen at doses as
low as 5 pg in “old” mice. Both curves for
young and old mice tended to level off at
higher LPS doses, where 256 ug killed only
83% of the “young” mice and 94% of the
“old” mice. Probit analysis gave LD50/3 val-
ues of 87 = 50 ug for “young” mice and 28
+ 4 ug for “old” mice.

Effect of lymphoma in ‘“‘young” mice. If
LPS was injected 5-6 days prior to the ex-
pected time of death for “young” adult mice
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with transplanted lymphoma (total of 70
mice) the lethal effects were much greater
than in the normal nontransplanted controls.
Deaths in the mice with lymphoma were seen
with a dose as low as 25 ug LPS and 100%
were killed by 100 pg compared to 53% in the
normal controls (Fig. 2). Unlike the control
curve, the curve for lymphoma mice failed to
level off at high LPS doses.

Effect of lymphoma in old mice. Since at 6
months of age some AKR mice begin to show
clinical signs of lymphoma and the trans-
planted lymphoma caused increased sensitiv-
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FiG. 1. Percent deaths in young (3-4 months) and
old (6-8 months) AKR mice given 1, 5, 10, 16, 25, 32,
50, 64, 75, 100, 128, 150 or 256 ug Salmonella typhosa
endotoxin. Deaths were cumulative over 3 days after ip
injection of the endotoxin into mice. Old mice (open
diamonds) were either virgin or retired breeder females.
Young mice (closed diamonds) were virgin females. The
variations shown were calculated as \/pq/n. The two
curves were significantly different at P < 0.001.
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F1G. 2. Percent deaths in young mice without (from
Figure 1) and with a growing transplanted AKR lym-
phoma (closed diamonds) 3 days after various doses of
endotoxin. None of the tumor bearing mice died within
the 3-day interval if no endotoxin was injected. These
curves were different when paired values are compared
(P < 0.001).



426

ity to LPS, the status of the “old” mice with
regard to lymphoma was determined. Mice
with advanced lymphoma were identified by
their obviously enlarged lymph nodes and
spleen and excluded from our study as they
often die just from the trauma of handling.
The 74 “old” mice with lymphoma included
in the study had either no palpable lymph
nodes or spleen, or nodes that were palpable
but not grossly enlarged. At death, or at
termination of the experiment all the mice
were necropsied and classified as either hav-
ing lymphoma or not. The “old” mice with
spontaneous lymphoma showed no evidence
of greater sensitivity as compared to “old”
mice without lymphoma (Fig. 3). However,
the shape of the curves for “old” mice with
lymphoma, like that of mice with trans-
planted lymphoma may have been different
from that of mice with no lymphoma in that
they failed to level off at high doses of LPS.

Effect of preirradiation. Smith et al. (10)

old
nonleukemic AKR
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FiG. 3. Percent deaths in old nonleukemic mice
(from Fig. 1) and old leukemic mice (closed diamonds)
given various doses of endotoxin. These curves were not
significantly different (P = 0.5).
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have shown that radiation increased sensitiv-
ity to LPS injection. This increased sensitivity
was greatest 3 days after radiation and was
prevented by shielding the gut but not by
shielding the marrow from radiation. We
tested the combined lethal effects of radiation
and endotoxin on “old” and “young” AKR
mice (Table I). LPS was injected 3 days after
radiation and deaths were recorded for the
next 3 days (to 6 days postirradiation). The
data provide some evidence that “old” mice
were more sensitive to radiation since higher
death rates were recorded for “old” than for
“young” mice at all radiation doses even
when no LPS was given. It is also evident
from these data that the combined effects of
radiation and LPS are more lethal in “old”
than in “young” AKR mice.

In old mice all doses of radiation resulted
in greater sensitivity to endotoxin significant
at P = 0.05 for 400 rads, P = 0.005 for 500
rads, and P < 0.001 for both 600 and 700
rads (data in Table I). In young mice only the
highest dose (700 rads) resulted in signifi-
cantly increased sensitivity to endotoxin (P
< 0.001) (see Table I); 400, 500 or 600 rads
failed to do so. No deaths were seen in any of
these mice at doses of endotoxin below 32 ug.
At 32 g, 64 pg and 128 ug the combined data
for 400 to 600 rads gave 1/40 (3%), 6/30
(20%) and 14/25 (56%) deaths respectively.

Tests for possible causes of different sensitiv-
ities. Since previous data suggested that the
greater sensitivity to endotoxin seen after ra-
diation might be prevented by gut shielding
(10) and since other data have shown that
dry weight of the small intestine reflects ra-
diation damage to the mucosal tissue (6), we
measured the change in small intestine dry

TABLE 1. DEATH OF “YOUNG” AND “OLD” AKR MICE EXPOSED TO RADIATION AND GIVEN S. typhosa
ENDOTOXIN 3 DAYS LATER.

Number Dead/Total Tested (%)*

Young (3-4
Old (6-8 months) months)
Endotoxin dose
(ug) 400 rads 500 rads 600 rads 700 rads 700 rads
0 0/12 (0) 0/13 (0) 4/30 (13) 10/20 (50) 1/15(7)
1-2 1/6 (17) 2/27 () 6/28 (21) 8/23 (35) 4/20 (20)
4-5 2/6 (33) 5/12 (42) 5/13 (38) 0/20 (0)
8 0/6 (0) 2/13 (15) 3/14 (21) 0/10 (0)
16 3/13(23) 10/14 (71) 9/13 (69) 8/15(53)
32 9/13 (69) 5/6 (83) 14/14 (100) 14/14 (100) 9/15 (67)
64 12/12 (100) 4/5 (80) 29/29 (100) 13/13 (100)
128 6/18 (33) 14/14 (100) 29/29 (100) 14/14 (100)

“Nonirradiated control data from these experiments were included in the figures.
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weight on days 2, 3 and 5 after 700 rads
irradiation. There was no difference in gut
weight between the “young” and “old” non-
leukemic mice. Weights dropped to 82 and
84% respectively on day 2 and returned to
above normal levels on day 5.

Measurement of gut weights of “old” leu-
kemic mice was complicated both by loss of
mice due to their greater radiosensitivity and
by the presence of enlarged Peyer’s patches
which become small after irradiation. When
these patches were removed before weighing,
the pattern of gut weight change began the
same (dropping to 82% on day 2) but no mice
lived to day 5 and all the weights were lower
than for nonleukemic mice.

RE function was tested by determining the
rate of removal of colloidal carbon from the
blood after iv injection. The half times for
carbon clearance were measured in “young”
lymphoma bearing mice and non-lymphoma
bearing “old” mice. Both were able to remove
injected carbon from their blood as rapidly
as the “young” controls tested on the same
day (T2 of 34 = 2 minutes for control and
33 £ 1 for lymphoma and 30 + 4 for control
and 29 =+ 1 for “old” groups).

Blood neutrophils and platelets can partic-
ipate in the removal of injected LPS (11-17)
and granulocytes have been said to partici-
pate in activation of intravascular coagula-
tion and precipitation of soluble fibrin by
endotoxin (18). Blood cell counts in “young”
and “old” mice and mice with transplanted
lymphoma done 3 days posttransplantation
showed significant differences in both the
granulocyte and platelet counts. Mice with
transplanted lymphoma had higher blood
granulocyte counts (5300 + 610/cubic mm)
and lower platelet counts (1.2 + 0.24 X
10%/cubic mm) than “young” control mice
(1900 = 200/cubic mm and 3.6 + 0.24 x
10%/cubic mm). Similarly “old” mice had
somewhat higher granulocyte counts (3000
+ 260/cubic mm) and much lower platelet
counts (0.86 + 0.14 X 10%/cubic mm) than
the “young” controls.

Discussion. The present results indicate
that both “old” age and presence of lym-
phoma can cause greatly increased sensitivity
to endotoxin (LPS). The largest differences in
sensitivity between “young” and “old” mice
were seen at lower LPS doses. At higher LPS
doses both groups had some resistant mice.
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The presence of lymphoma seemed to affect
the mice given high as well as low LPS doses.
At the lower doses of LPS the presence of
spontaneous lymphoma, however, did not in-
crease the sensitivity over that of “old” mice.
It seemed possible from this that the “old”
mice might have reached a maximum sensi-
tivity. These data may indicate that differ-
ences in sensitivity associated with age differ-
ence is different than that associated with
lymphoma.

There are a number of circumstances
which lead to greatly increased sensitivity to
LPS. These include, adrenalectomy (19), al-
tered reticuloendothelial function (20-22) or
blockade (23), vaccination with BCG (24),
serial zymosan injections (25), elevated am-
bient temperature (26-27), previous irradia-
tion (10), irradiation plus acute graft versus
host reaction (17), and immunosuppression
(28). When we used one of these, irradiation,
it was possible to further increase the sensi-
tivity of the “old” mice. The relative increase
in sensitivity due to irradiation, though evi-
dent in lower radiation doses in “old” than
in “young” mice, was hard to evaluate be-
cause the “old” mice proved also to be more
sensitive to the radiation.

Many previous studies have shown that
“old” mice are more sensitive to radiation
than “young” adult mice (29-33) but the
strains of mice used in those studies are not
“old” or more radiosensitive until they reach
about 17-20 months, and in our studies the
“old” mice were only 6-8 months old. In
terms of life span, however, these ages are
more alike. Thus the responses to LPS and
radiation of “old” AKR mice may reflect
early senescence.

Mechanisms which could be responsible
for increased sensitivity to exogenous LPS
include increased release of endogenous LPS
from the gut (9, 15, 17, 37-45); decreased
ability to remove or detoxify LPS (11-17,
20-23, 45-47); increased responsiveness of
physiologic mechanism(s) leading to death;
and loss of “protective” homeostatic mecha-
nism(s).

There is evidence that the changes in the
gut may be involved in these sensitivities. Gut
radiosensitivity increases steadily with age
from 3 months to 23 months in C57B1/6J
mice (32, 33). Studies of Smith et al. (10)
showed that radiation-induced increased sen-
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sitivity to LPS could be prevented by GI
shielding, and other data suggesting changes
in mucosal transit time in the gut with aging
(34). These, taken together, prompted us to
measure postirradiation small intestinal
weight changes. In the present studies gut
weights decreased to the same degree and
increased at the same time and rate in both
“old” and “young” mice. Gut weight is a
crude measure of mucosal changes after ir-
radiation although it has been useful in other
studies (35, 36) in reflecting mucosal damage
and regeneration. It is still possible that the
vascular or mucosal integrity might be dam-
aged by radiation or injection of LPS and
this might lead to more release of endogenous
LPS from the gut of “old” or leukemic AKR
mice.

In our studies the capacity for RE clearance
was studied by determining the T,,; for the
removal of colloidal carbon from the blood.
The half time for carbon clearance in young
lymphoma bearing mice and nonleukemic
mice was not significantly different from that
of young normal control AKR mice. These
studies suggest that RE clearance was normal
and that a decreased ability to remove LPS
by the RE system is not the mechanism for
the observed sensitivity differences.

Blood neutrophil concentration was higher
but platelet concentration was lower in “old”
mice or young tumor bearing mice as com-
pared to “young” mice. Endotoxin has an
affinity for membranes (48) and injected
endotoxin rapidly becomes associated with
cells of the buffy coat, particularly platelets
(11-16). Although the significance of these
interactions has not been established, animals
which survive LDso doses of endotoxin are
able to maintain adequate levels of granulo-
cytes, platelets and coagulation factors, but
those that die do not (49). Both granulocytes
and platelets appear to have some ability to
reduce mortality caused by endotoxin (11-17,
37) but, conversely, both cell types have also
been implicated in the development of the
pathophysiologic aspects of endotoxemia
(18). For example, there is the possibility that
elevated granulocyte counts at the time of
LPS injection may cause more injury by
release of more lysosomal constituents. It is
clear that in the progression toward final
cardiovascular collapse these cells participate,
but it is not clear how the process starts or

LPS SENSITIVITY IN OLD OR LEUKEMIC MICE

why it might be worse in “old” or “leukemic”
mice.

Summary. Lethality following a single in-
jection of Salmonella typhosa endotoxin
(LPS) was found to be higher for 6- to 10-
month “old” AKR than for “young” adult
(3 months old) of the same strain. “Young”
AKR mice with transplanted lymphoma were
also more sensitive to the lethal effects of
endotoxin than the nonlymphomatous
“young” mice. Exposure to radiation 3 days
prior to endotoxin injection increased sensi-
tivity in both the normal “young” mice and
the “old” AKR mice but significant increases
were seen at lower radiation doses in the
“old” mice. “Old” mice were more sensitive
to the radiation than “young” mice. Several
possible causes for differences observed were
investigated. Reticuloendothelial function as
measured by rate of clearance of colloidal
carbon from blood was the same for “young”
and “old” mice. Previous studies have impli-
cated the gut in the increased sensitivity to
endotoxin seen 3 days after radiation. The
present studies showed no differences be-
tween young and old in degree of small in-
testine weight loss or rate of recovery after
700 rads X-ray exposure. Although counts of
blood granulocytes were somewhat higher
and platelets were somewhat lower for the
“young” tumor-bearing and “old” mice as
compared to “young” controls, it is not ob-
vious how this might affect the differences in
LPS sensitivity observed. These data suggest
that effects of “old” age, lymphoma, or com-
bined “old” age and radiation may lead to
unexpected lethal effects from relatively small
doses of endotoxin. The biological reason for
this increased sensitivity remains obscure.
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