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ABsTRACT
Several physiological and biochemical changes which occur in CD-1 pathogen-

free mice during the course of infection with Listeria monocytogenes strain A4413
have been examined. Mice injected with 104 to 106 organisms by the intraperitoneal
route displayed a significant depression in weight gain. In contrast, at 24 hr after
infection an increment in total liver weight averaging 0.1 g was observed. The ratios
of liver to body weight increased throughout the observation period. As the sever-
ity of the infection increased, food intake, as well as total liver protein and nitrogen,
showed a corresponding decrease, with the diminution being most evident imme-
diately prior to the death of the animals. Blood urea nitrogen remained relatively
constant for 24 hr and then increased continuously as the infection progressed to
the acute stage. Total liver lipid increased until the death of the animals. At 72 hr
postinfection, a significant decrease in oxidative phosphorylation was observed.
Xanthine dehydrogenase activity increased, with maximal values obtained 72 hr
after infection. Uric acid levels remained constant for 24 hr, diminished at 48 hr,
and then increased until the death of the animals. After 24 hr, uricase activity
showed a slight increase. This activity returned to within normal ranges at 48 hr and
decreased as the infection progressed to the acute stage at 72 hr. The results support
the hypothesis that at least a part of the cause of death is a derangement in hepatic
purine and carbohydrate metabolism. The data are also consistent with the possi-
bility of changes in iron transport in the infected mice.

The gross and microscopic pathological
changes which occur in murine listeriosis are well
documented (6, 16). Listeriosis in mice is an acute
disease, with death usually occurring between 72
and 96 hr after intraperitoneal injection of 104 to
106 organisms. Listeria-infected mice character-
istically develop multiple necrotic lesions in
organs such as the liver and spleen, and usually
die early of an overwhelming disseminated infec-
tion. Denk (4) described alterations in the sub-
chorial sinuses of the placenta of pregnant mice
at 24 hr after infection. The organisms were
shown to penetrate the fetal circulation by initi-
ating extensive destruction of placental blood
vessels. Experimental listeriosis in mice resembles
naturally occurring listeric septicemia in rodents
as well as other animal species, including man,
but is unlike the encephalitic or meningitic forms
often occurring in ruminants and in some human
cases (6).

'Present address: U.S. Army Biological Labora-
tories, Fort Detrick, Frederick, Md.

Although several critical histopathological and
morphological studies have been reported, there
is still a paucity of precise information concern-
ing the biochemical and physiological changes
that attend necrosis during Listeria infection.
Mcllwain et al. (12) described several biochemi-
cal aberrations in rabbits inoculated with a toxic
proteinaceous component of Listeria. Recent
studies on ultrastructural changes in Listeria-
infected mouse splenic tissue describe disruption
of the phagosome with subsequent release of its
contents (1). These studies suggest that the lyso-
somal membrane may possibly break down by
the action of the lecithinase activity of Listeria
hemolysin. Sword (17) established that virulence
as well as in vitro growth of L. monocytogenes is
greatly enhanced when cells are grown in the
presence of iron salts. After finding increased
levels of transferrin in the serum of mice infected
with Listeria, Sword (18) suggested the possi-
bility of changes in host iron transport.
The present study was undertaken to character-
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ize the disease in the CD-1 mouse and to survey
some of the physiological and biochemical
changes occurring during the infection. Previous
work with these animals indicated that they are
susceptible and respond in a uniform manner to
experimental listeriosis; thus, they seem to lend
themselves to use as a model for studies on the
mechanism of pathogenesis. It was hoped that
this investigation would provide additional clues
regarding specific biochemical lesions attributable
to listeric infection.

MATERIALS AND METHODS

Bacteria. L. monocytogenes strain A4413, serotype
4b, a strain of high virulence, was employed for these
studies. This strain was originally isolated at the
Communicable Disease Center, Atlanta, Ga., from a
child with a fatal infection, and was obtained from
the U.S. Army Biological Laboratories, Fort Detrick,
Frederick, Md.

Cultures were preserved on frozen Tryptose Agar
(Difco) slants. Infecting inocula were prepared by
inoculating Tryptose Broth (Difco) from a thawed
slant and incubating the cultures at 37 C for 24 hr.
Suitable dilutions were made in the above medium,
and the bacterial count of the inoculum was deter-
mined by quantitative plating on Tryptose Agar.

Animals. White female Swiss Webster mice (CD-1
strain, pathogen-free, from the Charles River Mouse
Farms, Inc., North Wilmington, Mass.) weighing 16
to 18 g were used for all experiments.

Infection and sacrifice. Mice were infected by the
intraperitoneal route with 104 to 106 organisms sus-
pended in 0.2 ml of Tryptose Broth. This dose range
kills the first animals at about 60 hr, and 90 to 95%
of the mice succumb within 3 to 4 days. At intervals
of 0, 24, 48, and 72 hr, the mice, both normal and
infected, were sacrificed by either a severe blow on
the head or by CO2 anesthesia. The animals were then
bled, and the livers were quickly excised, freed from
adhering blood with filter paper, and transferred to a
petri dish chilled in ice. Pooled blood samples were
obtained by cardiac puncture.

Preparation of liver homogenates. Pooled tissues
were homogenized in a glass or Teflon grinder with
0.25 M sucrose. The cellular debris was removed by
low-speed centrifugation at 480 X g for 10 min.

Animal and liver weights. Mice were randomly di-
vided into groups of 10 animals. Several groups were
infected, and others were retained as normal controls.
The animals were individually numbered, and daily
weights were kept for all animals. Three animals
from each of two infected groups were sacrificed at
24-hr intervals, and their livers were quickly excised
and weighed. Additional infected groups were re-
tained only for total weight determinations.
Food and water intake. The mice were maintained

on Purina laboratory chow and water. Water intakes
were measured daily by weighing the bottles before
and after consumption. Food intake was similarly
measured by weighing the food in the cages every 24
hr. Food and water were provided ad libidum.

Protein determination. Protein was determined
according to the method described by Lowry et al.
(11).

Liver nitrogen. Liver nitrogen was determined
colorimetrically by the addition of Nessler's reagent
(10).

Liver lipid. Liver lipid was extracted with a 2:1
chloroform-methanol mixture according to the
method of Folch et al. (5). Quantitative determina-
tions were carried out by placing 0.2 ml of the extract
in preweighed dried aluminum tares.

Blood urea nitrogen. Urea nitrogen was determined
colorimetrically at 410 m,s after hydrolysis with
urease and addition of mercuric iodide color reagent,
as described in Sigma Technical Bulletin No. 14
(Sigma Chemical Co., St. Louis, Mo.).

Oxidative phosphorylation. Oxidative phosphoryla-
tion was measured by the method outlined by Hunter
(8) employing a Warburg apparatus. Sodium succi-
nate was employed as substrate. Phosphate was deter-
mined by the method of Bruemmer and O'Dell (3).

Xanthine dehydrogenase. Xanthine dehydrogenase
activity was assayed colorimetrically by following the
reduction of the redox dye, 2,6-dichlorophenol-
indophenol, at 600 ml, in a spectrophotometer (15).

Uricase. Uricase activity was determined spectro-
photometrically at 290 miA, by use of a molar absorb-
tivity of 1.22 X 104 mole-'cm-' according to the
method of Kalckar (9).

Uric acid. Uric acid was determined colorimet-
rically by reduction of the phosphotungstate reagent,
as described in Sigmna Technical Bulletin No. 680
(Sigma Chemical Co., St. Louis, Mo.).

RESULTS
Weight changes and dietary intake. The results,

expressed as percentages of the control group
weights, are presented in Fig. 1. Infection with
L. monocytogenes caused a significant weight loss
in these animals. The mean weight of the infected
mice continued to decrease as the infection pro-
gressed to the acute stage. Liver weights were de-
termined throughout the infection. Weights were
approximately 1 g for both normal and infected
animals. At 24 hr after infection, an increment in
total liver weight averaging 0.1 g was observed
for the infected animals, whereas no changes
were noted in the normal controls. The ratios of
liver to body weight are presented in Fig. 2. These
ratios increased throughout the observation
period. Food and water intake were measured to
determine whether metabolic changes could be
due to inanition, since this has been suggested as
an influencing factor for changes in mice during
Salmonella typhimurium infection (2). Food in-
take (Fig. 3) decreased to 77 and 27% of normal
values at 24 and 48 hr, respectively. Similarly, the
water intake dropped 29% at 24 hr and 66% at
48 hr. Essentially all intake of food and water
ceased after 48 hr. It is of interest that intake did
not stop abruptly after the animals were infected.
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Hours Post Infection
FIG. 1. Weights of Listeria monocytogenes-infected

mice expressed as percentage of control weights. Each
bar represents the mean percentage of 10 animals
SE of the mean.
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FIG. 2. Liver-body weight ratios of Listeria-infected

mice. Each point indicates the mean liver weight to
body weight ratios 4 SE of the mean for groups con-
sisting of 10 mice.
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FIG. 3. Effect of Listeria monocytogenes infection

on food and water intake. Each bar represents the
average intake of two groups of 10 mice, each provided
with food and water ad libitum.
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FIG. 4. Total liver nitrogen and protein content of

mice infected with Listeria monocytogenes. The results
obtained represent average values of determinations
performed in duplicate on pooled liver homogenates
from three mice.
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= TABLE 1. PIO ratios of liver homogenates from
35 normal and Listeria-infected mice

0o Expt Substrate Normal" Infected retial

_ 30 1 Succinate 1.99 1.00 2.00
8 2 Succinate 1.70 1.10 2.00

a The values represent the mean of four determi-
25 nations, each employing pooled liver homogenates

CD /from three mice. The main reaction compartment
%_ ~ /contained, in a total volume of 2 ml, liver homoge-
z nate in 1 ml of 0.25 M sucrose (approximately

20 50 mg of protein); 30 ,pmoles of MgCl2; 30 ,umoles20 of Na succinate; 5 ,gmoles of adenosine triphos-
.0 ' < /phate; and 0.05 ml of 1% cytochrome c in 0.1 M
o phosphate buffer (pH 7.4). One side arm contained
o 60 Amoles of glucose and 460 units of type V hexo-

15 kinase (Sigma Chemical Co., St. Louis, Mo.); the
E other side arm contained 0.2 ml of 40% trichloro-

acetic acid. The center well contained 0.20 ml of
20% KOH plus filter paper.

10

TABLE 2. Xanthine dehydrogenase activity in mice
24 48 72 infected with Listeria monocytogenes

HoI

FIG. 5. Blood urei
fected mice. The res
formed in duplicate oi

50
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0
3 40
E
a
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35

E
E

30 _

0

Hours
FIG. 6. Effect of

on total liver lipid con
mean values from c

each employing poole

urs Post Infection
a nitrogen levels in Listeria-in-
sults represent mean values per-
n blood pooled from 8 to 12 mice.

Percentage of normal activity"
Time post-infection

Expt 1 Expt 2

0 100 100
24 159 163
48 401 363
72 465 337
96 205

/ The results represent mean values for determi-
nations performed in triplicate employing 10%
suspensions of individual livers. Mean activity of
control = 1.01 ,mole of hypoxanthine destroyed
per min per mg of protein. The reaction mixture
contained 18 X 10 5 mmoles of 2,6-dichloro-
phenol-indophenol, 225 MAmoles of phosphate buf-
fer (pH 7.2), 0.6 ml of 1:100 liver homogenate (in
0.25 M sucrose), and 2.5 jAmoles of hypoxanthine.

Total liver protein and nitrogen. Figure 4 shows
that total liver protein and nitrogen decreased as
the severity of the infection increased, with the
diminution being most evident immediately prior
to death of the animals.

Blood urea nitrogen. Figure 5 reveals that levels
24 48 72 of blood urea nitrogen remained relatively con-
s Post Infection stant for 24 hr and then increased continuously as
Listeria monocytogenes infection the infection progressed to the acute state.
itent in mice. The results represent Total liver lipid. Figure 6 shows that the con-
analyses performed in duplicate, centration of liver lipid in Listeria-infected mice
_d liver extracts from three mice. increased until the death of the animals.1- -1- -1-11 --l- i I -11- -11, -- I,-,--,
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TABLE 3. Uricas,
Lisi

Time post-infection

hr
0
24
48
72

a The results rt
minations perfori
liver homogenate
activity of contrc
dized per mg of
mixture containe
of deionized wat
nate (in 0.25 M Sl
buffer (pH 8.5) ii
action mixture w

Oxidative pho.
and 1.70 were (

from normal ani
were obtained f
mice (Table 1).
obtained on live

after infection. P/O determinations during earlier
stages of the infection often yielded variable
results.

Xanthine dehydrogenase. Table 2 indicates that
infection caused an increase in enzyme activity
which paralleled progress of the infection.

Uric acid. The results of serum uric acid de-
terminations are shown in Fig. 7. The levels re-
mained constant for 24 hr, diminished at 48 hr,
and then increased as the infection progressed to
the acute stage at 72 hr.

Uricase. Table 3 summarizes the activities of
this enzyme in infected animals. After 24 hr, liver
from infected animals showed a slight increase in
uricase activity. This activity returned to within
the normal range at 48 hr after infection. Later
in the course of infection (72 hr), a significant
decrease in activity was noted.

DISCussioN
I I I Although many organs and tissues are injured

24 48 72 96 in infected mice, the results obtained are consist-
wurs Post Infection ent with the hypothesis that hepatic biochemical
f blood uric acid in Listeria-infected aberrations are at least partly responsible for
represent mean values from analyses death of the animals. The liver becomes studded
icate on blood pooled from 8 to 12 with numerous lesions after intraperitoneal injec-

tion of 104 to 106 organisms. In addition, the
livers become extremely friable, a result indica-
tive of gross changes in structural constituents.

teactivityionomicyeinfecteds with Extensive liver damage is evident from increases
in ratios of liver weight to body weight. Although

Percentage of normal activity" a slight increment was observed in the weights of
the infected livers, there was a significant loss of

Expt 1 Expt 2 total animal weight during infection. Alteration
in protein and fat content appear to correspond
to weight changes observed during Listeria infec-

100 100 tion in mice. Inasmuch as there is a large increase
128 116 in blood urea nitrogen, the possibility exists that
106 186 the weight decrease may be attributable to break-

down of hepatic as well as muscle protein. Dimi-
epresent mean values from deter- nution in food and water intake, defecation, and
med in duplicate, each employing absorption of food remaining in the gastroin-
,s pooled from three mice. Mean testinal tract must also be considered as factors
31 = 1.05 ,umoles of uric acid oxi- contributing to weight loss. The diminished levels
protein per 20 min. The reaction of hepatic protein and nitrogen suggest that in-
d 0.12 mmole of uric acid, 0.5 ml fection may also bring about an altered capacity
er, 0.5 ml of 1:100 liver homoge- Of the host for endogenous protein synthesis.
acrose), and 0.2 mmole of borate Altered patters of de novo enzyme synthesis
n a final volume of 3 ml. The re- Atrdpten fd ooezm yteinas incubated for 20 m. at 25 C. would result if derangements occurred at either

the transcription or translation level.
The exact mechanism responsible for the de-

sphorylation. P/O values of 1.99 crease in oxidative phosphorylation after Listeria
obtained for liver homogenates infection is unknown. The pathological accumu-
mals, and values of 1.00 and 1.10 lation of liver lipid during experimental listeriosis
for homogenates from infected in the mouse appears to be closely associated
The results shown represent data with impaired carbohydrate metabolism. The
ers excised from animals 72 hr decrease in oxidative phosphorylation during in-
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fection would create a demand for alternative
energy sources as well as new processes necessary
for the generation of adenosine triphosphate.
Thus, during infection, it is possible that large
quantities of fatty acids are mobilized from adi-
pose tissue and transferred to the liver, where
they would be oxidized to provide for hepatic
energy requirements. The transport of large
quantities of nonesterified fatty acids from the
depots to the liver may also result in added tri-
glyceride synthesis. The decrease in food intake
observed in the infected mice should also serve to
increase the influx of lipid material into the liver
cells.

Since it has been established that L. monocytog-
enes exhibits a decreased LD5o under experi-
mental conditions of iron excess in mice (17), it
is also quite possible that the pathogen is using
host iron reserves and interfering with the regula-
tory mechanisms operative in the transport of
iron from the liver to the serum.

Iron transport is dependent on hepatic xanthine
dehydrogenase activity as well as energy produced
during oxidative metabolic reactions (13, 14).
Xanthine dehydrogenase has been shown by
Mazur et al. (13, 14) to participate in the in vivo
liberation of hepatic ferritin iron to the plasma.
The reduced flavoprotein enzyme converts the
ferric ferritin to the ferrous form, which can be
removed from the protein in the presence of the
plasma iron-binding globulin, transferrin. The in-
crease in hepatic xanthine dehydrogenase during
infection may affect the in vivo liberation of tissue
iron. This process could enhance virulence by
enabling the free iron concentration to be much
more readily available to the invading pathogen.

In addition to the dehydrogenase activity of
xanthine oxidase, uric acid, produced in large
quantities by this enzyme, similarly brings about
the reduction of ferritin iron (7). The alterations
in uric acid levels are also consistent with the
possibility of changes in iron metabolism during
experimentally induced listeriosis in mice. In
subprimate mammals, uricase catalyzes the oxi-
dation of uric acid to allantoin, the principal end
product of purine metabolism in such animals. At
24 hr postinfection, uricase activity in the liver is
maximal, and during the next 24 hr blood uric
acid levels reach a minimum. Perhaps, this de-
notes a critical period when the organisms firmly
establish themselves in the host's liver in the
presence of accessible iron.
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