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Iron-Controlled Infection with Neisseria meningitidis in Mice
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An iron-controlled infection was obtained after the intraperitoneal injection of
Neisseria meningitidis strain M1011 into normal mice. The infection progressed
rapidly but then disappeared in concert with the disappearance of plasma trans-
ferrin iron. Parenteral iron dextran enhanced and prolonged the infection in mice
at dosages above 15 mg of Fe per kg. Studies on the distribution of iron dextran
within the physiological iron pools and the importance of timing with the iron
dextran addition indicated that high serum iron, available early during infection,
was necessary to promote infection. High levels of iron in the reticuloendothelial
system did not stimulate infection. A working hypothesis to explain the roles of
iron in infection was developed: N. meningitidis obtains iron for growth from the
transferrin pool, and iron dextran maintains transferrin iron levels during infec-
tion.

A growing body of evidence indicates that iron
availability plays a key role in pathogenesis by
bacteria (6, 24). Two major aspects accounting
for this importance of iron are the absolute
requirements that bacteria have for iron and the
relative unavailability of iron for microbial
growth within the body.
Body iron stores are associated with various

proteins which have very high affinities for iron.
Serum transferrin, for example, which is only
approximately 30% saturated in humans but has
an association constant of approximately 103',
results in a free serum iron concentration of
about 10-18 M (6). This level of iron is far below
that required for bacterial growth (24), and the
in vitro bacteriostatic and bactericidal activities
of sera have been related to their iron contents
(8, 14, 15, 18).
Although iron may become more available

during disease from hemorrhage, lysis of eryth-
rocytes, or tissue necrosis, the initial low level of
free iron suggests that a bacterial pathogen must
employ an iron acquisition mechanisms) capa-
ble of competing with host iron-binding proteins
at least during the establishment of infection.
Salmonella typhimurium (17) and, recently,
Neisseria meningitidis (2) have been found ca-
pable of removing iron from transferrin in vitro.

In addition to the initial low level of available
iron, a host responds to infection by reducing
iron levels in the transferrin pool and increasing
levels of storage iron (5, 6, 24). This iron seques-
tration response can be regarded as a form of
nutritional immunity (24) and has been observed
after the injection of live organisms or sham
infectious materials (5-8, 24). Conditions of ab-
normally high iron status appear to render hu-
mans more susceptible to disease, and iron ad-

ministration to other animals has been shown to
greatly enhance their susceptibilities to experi-
mental bacterial infections (6, 11, 12, 15, 24).
The problem with experiments involving iron

additions to animals is in defining the exact
role(s) of the added iron. It appears that a major
role is iron supply to bacteria (6, 24), but the
possibility that added iron renders animals more
susceptible by its interference with other defense
mechanisms cannot be ruled out. Iron has been
shown to interfere with the normal functioning
of phagocytic cells (13, 25). Few studies have
been made of the distribution of injected iron or
related the presence of additional iron in a given
physiological pool to the enhancement of infec-
tion. A study of normal iron levels in relation to
infection could also yield important information
on the role of iron in pathogenesis.
My co-workers and I recently reported a

model for the study of the virulence of N. men-
ingitidis in which injected iron dextran resulted
in up to a 109-fold decrease in 50% lethal doses
for some strains, although not affecting the 50%
lethal doses for others (12). We had observed
pathological evidence for infection in mice which
had not received iron dextran but had been
injected with virulent strains, i.e., evidence for
nonfatal infection without iron addition. In this
report, infection with a virulent strain of N.
meningtidis was examined in mice without iron
addition. It was found that in mice of normal
iron status rapid infection occurred but disap-
peared in concert with transferrin iron. The tim-
ing of the iron dextran addition and its fate
within the physiological iron pools were also
examined to determine the possible roles of iron
dextran in the enhancement of infection. The
evidence suggests that serum iron rather than
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reticuloendothelial system (RES) iron is impor-
tant in determining the course of infection.

MATERIALS AND METHODS
Bacterial strain. N. meningitidis strain M1011

used for this study was initially isolated from clinical
disease by N. Vedros and obtained from C. E. Frasch.
Strain M1011 is a serogroup B and carries serotype
antigens 2 and 10 (9). It was maintained, cultivated on
Columbia blood agar, and examined for its virulence
as described previously (12).

Mice. C57 black male mice were given a diet con-
taining 150 mg of Fe per kg (12) to maintain a normal
iron balance (22).

Infection studies. Mice were injected intraperito-
neally (i.p.) with approximately 104 colony-forming
units (CFU) of strain M1011, grown on Columbia
blood agar, and suspended in 0.5 ml ofNeisseria Chem-
ically Defined Medium (GIBCO Diagnostics, Madison,
Wis.) at zero time. Mice were examined for symptoms
(12), and two mice per group were bled by cardiac
puncture into 2.0-ml vacutainer tubes (Becton Dick-
inson & Co., Rutherford, N.J.) containing 0.1 ml of
3.8% (wt/vol) sodium citrate at intervals over 24 h.
Approximately 1.0 ml of blood was obtained by this
fatal procedure. Thus, each experiment included
enough mice for bleeding and 20 infected mice for
monitoring symptoms to 72 h. Blood samples were
diluted serially in Neisseria Chemically Defined Me-
dium to determine the CFU per milliliter of blood (12).
An additional five mice were bled, and their blood was
divided into two separate samples. Plasma obtained
from these samples after centrifugation at 12,800 x g
for 3 min at 220C was assayed for total iron-binding
capacity, unsaturated iron-binding capacity, and
transferrin iron by a 'Fe radioassay (Becton, Dickin-
son & Co.). The effects of added iron on infection were
examined by injecting 0.5 ml of iron dextran i.p. im-
mediately before the bacterial injection to achieve
dosages of 15, 30, 60, 125, and 250 mg of Fe per kg
(12). Mortality from infection was scored at 72 h
postinjection.

Fate of injected iron dextran. Mice were injected
with iron dextran at a dosage of 250 mg of Fe per kg
and bled by cardiac puncture into 2.0-ml vacutainer
tubes containing no anticoagulants at intervals be-
tween 0 and 72 h postinjection. Sera from five mice
were pooled and analyzed for total serum iron by a
modification of the method of Olson and Hamblin
(19); 0.5 ml of serum was mixed with 0.5 ml of 20%
(wt/vol) trichloroacetic acid and heated at 90'C for 15
min, and supernatant fractions obtained by centrifu-
gation at 12,800 X g for 5 min at 220C were assayed
for iron by atomic absorption spectrophotometry (12).
This procedure was used to measure both transferrin
iron and any free iron dextran in sera. Transferrin iron
was measured specifically by a 'Fe radioassay, a pro-
cedure which was not interfered with by free iron
dextran at 500 Ag of Fe per ml (unpublished data).
Iron storage, at various times after iron injection, was
assessed by flame-absorption spectrophotometric iron
analyses of the livers and spleens of 20 mice after
digestion in tetramethylammonium hydroxide (10).
Tissue samples were also fixed, embedded, sectioned,
stained (12), and poststained for iron (4). Iron deposits

were compared with control tissues by light micros-
copy. The effects of the timing of the iron dextran
addition were examined by injecting mice with a dos-
age of 250 mg of Fe per kg at various times before and
after the bacterial injection.

RESULTS
Iron-limited infection in normal mice. In-

fection in normal mice was investigated first to
determine if N. meningitidis could establish in-
fection without added iron. Strain M1011 was
used for these experiments as it displayed a high
virulence (50% lethal dose < 2 CFU) in mice
given iron dextran (12). Strain M1011 produced
a rapid bacteremia after an i.p. injection into
normal mice (Fig. 1). High numbers of bacteria
were evident in the blood at 6 h postinjection,
and symptoms of infection, including inactivity
and lachrymation, were also present in all in-
fected mice. Infection disappeared rapidly after
9 h, and bacteria were never recovered from the
blood at 18 h postinjection. The disappearance
of symptoms correlated with the loss of bacte-
remia; all the mice appeared healthy at 18 to 24
h and remained healthy until the conclusion of
the experiments at 72 h. An examination of the
status of the transferrin iron pool during the
infection yielded valuable information. The un-
saturated iron-binding capacity increased im-
mediately and continuously after the injection
of bacteria. The total amount of plasma trans-
ferrin (total iron-binding capacity) remained
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FIG. 1. Iron-controlled infection with N. meningi-
tidis in normal mice. Normal mice were injected i.p.
with approximately 104 CFUofN. meningitidis strain
M1011, and bacteria in blood (0) were monitored
over a 24-h period. Plasma was analyzed for total
iron-binding capacity (U), unsaturated iron-binding
capacity (W), and transferrin iron (0). Values repre-
sent average data from two separate experiments.
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constant and, thus, transferrin iron levels fell
continuously during infection. This fall in the
transferrin iron level appeared to be biphasic,
i.e., a rapid fall occurring after 9 h postinjection.
Virtually no transferrin iron could be detected
in plasma obtained at 18 or 24 h after the injec-
tion of bacteria. The rapid decrease in the num-
bers of bacteria in the blood paralleled the rapid
decrease in transferrin iron levels.
Stimulation of infection by parenteral

iron dextran. Studies with normal mice indi-
cated that infection may have been controlled
due to iron limitation and, therefore, iron addi-
tion was investigated to see if it would stimulate
infection. Parenteral iron dextran at dosages
above 15 mg of Fe per kg prolonged and greatly
enhanced infection (Fig. 2). High numbers of
bacteria were found beyond 18 h postinjection
in the blood of mice given iron at -30 mg of Fe
per kg. However, an identical course of infection,
as seen in normal mice, was observed with an
iron dosage of 15 mg of Fe per kg. Once again,
symptoms of infection correlated with the levels
of bacteremia.

Fatal infection, however, did not occur until
dosages of -125 mg of Fe per kg were given.
Twenty-five percent of the mice given 125 mg of
Fe per kg were dead by 72 h postinjection, but
all mice given 250 mg of Fe per kg died of
infection; this was a surprising result in view of
the similar courses of infection with these two
iron dosages up until 24 h postinjection. Mice
given 60 or 30 mg of Fe per kg were fully re-
covered and healthy at 72 h postinjection. Thus,
these results indicated that the level of bactere-
mia at 24 h postinjection was related to the
amount of iron added but did not correlate with
the outcome of infection.
Fate of parenteral iron dextran and the

importance of timing with its administra-
tion. The fate of iron dextran after injection was
investigated to study the time course of its dis-
tribution within the physiological iron pools so
that the location of extra iron could be related
to its stimulation of infection. Iron dextran en-
tered the circulatory system rapidly after an i.p.
injection, with peak levels of total serum iron
occurring at about 2 h postinjection (Fig. 3A).
Total serum iron levels then rapidly declined to
preinjection levels by about 48 h postinjection.
Elevated iron levels were detected in the liver
and spleen at 6 h and peaked at about 48 h
postinjection (Fig. 3A). Thus, these data indi-
cated that iron dextran was rapidly removed
from the circulation by the RES. The location
of iron in the RES was confirmed by a histo-
chemical examination of livers and spleens,
where iron deposits could be observed in the
liver sinusoids and the white pulp of the spleen
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FIG. 2. Stimulation of infection by parenteral iron
dextran. Mice were injected i.p. with iron dextran at
dosages of 15 (0), 30 (A), 60 (l), 125 (A), and 250
(0) mg of Fe per kg and then infected with approxi-
mately 104 CFU of N. meningitidis strain M1011.
Bacteremia was monitored for 24 h. Values represent
average data from two separate experiments.

(data not shown). Iron entered the transferrin
pool soon after injection, and the levels increased
at least until 6 h postinjection (Fig. 3B). Trans-
ferrin levels remained constant over the 72-h
observation period, indicating that increased
transferrin synthesis did not result from the iron
injection. The slight delay in the entry of iron
into the transferrin pool and the kinetics of
uptake of iron dextran into the RES provided
evidence in support of the hypothesis of others
(16, 23) that an iron-containing colloid, such as
iron dextran, is taken into the RES and proc-
essed before the release of its iron to the trans-
ferrin pool.
Two important periods oftime were described

by the data of Fig. 3. Early after the iron injec-
tion (c6 h), high serum iron, as free iron dextran
and transferrin iron, but low RES iron existed.
Later after the injection (224 h), low serum iron
but high RES iron existed. This information was
used to specifically examine the importance of
timing (i.e., iron location) in the enhancement of
infection by iron (Table 1). Iron dextran given
24 or 48 h before the injection of bacteria did
not promote fatal infection in mice. Thus, high
RES iron was not involved in promoting infec-
tion. Iron dextran given at up to 6 h after the
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FIG. 3. Distribution of parenteral iron dextran.
Mice were injected i.p. with iron dextran at a dosage
of 250 mg of Fe per kg, and at intervals sera, livers,
and spleens were obtained for iron analyses. (A)
Total serum iron (0) and iron in livers (L) and
spleens (S). Values at time zero are for uninfected
mice. Total serum iron values represent averages
from two separate experiments, and values for tissues
represent averages for 20 samples each. (B) Total
iron-binding capacity (0) and transferrin iron (0).
Values represent average data from two separate
experiments.

injection of bacteria did promote fatal infection,
indicating that high serum iron was necessary to
stimulate infection.

DISCUSSION
The rapid bacteremia that occurred after the

i.p. injection on N. meningitidis strain M10ll
into normal mice revealed some important as-

pects of the virulence of this organism. The
bacterium must have escaped from phagocytes
in the peritoneal cavity, possessed the ability to
invade the bloodstream from the peritoneal cav-

ity, and obtained sufficient iron for its rapid
growth. Infection in normal mice progressed for
only a few hours and then rapidly disappeared,
i.e., the infection was controlled. Control of the
infection correlated with decreasing iron levels
in the transferrin pool. Thus, it appeared reason-

able to assume that the infection had been ar-

rested by iron unavailability. Two possibilities
exist to explain how low transferrin iron levels
may have been achieved during infection. The
first is that N. meningitidis consumed transfer-

rin iron during growth, but insufficient iron was
available for continued growth. This organism
has been shown to use human transferrin iron in
vitro (2) and, therefore, it may use mouse trans-
ferrin iron in vivo. However, the relatively low
in vitro iron requirement of N. meningitidis in
defined media (<100 ng/ml) (1) and the fact that
initially approximately 1 ,ug of mouse transferrin
iron per ml was available to the organism raised
the second possibility. This second possibility is
that N. menngitidis used transferrin iron ini-
tially but that mice responded to the infection
with iron sequestration. The apparent biphasic
nature of the disappearance of transferrin iron
is consistent with this view. The importance of
transferrin iron in infection was revealed by the
iron addition. Parenteral iron dextran stimu-
lated infection in a dose-dependent manner, but
studies on the distribution ofparenteral iron and
the importance of timing with its administration
indicated that the extra iron had to be in the
transferrin pool to promote infection. Presum-
ably, the extra iron overcame the ability of the
host iron sequestration mechanisms to lower
transferrin iron levels.
The present results provide evidence that an

iron overload of the RES does not alter the
ability of N. meningitidis to establish an infec-
tion in mice. Mice given iron 24 h or more before
being infected behaved as normal mice. Thus, it
cannot be argued that an iron overload of the
RES impairs normal defense mechanisms which
operate to prevent infection. However, the out-
come of infection was different in mice given
high levels of parenteral iron. Only mice given
the highest levels ofiron died. It appears possible

TABLE 1. Importance of timing of the iron dextran
addition in the stimulation of infection with N.

meningitidis strain M1011

Time of iron dextran
addition (h)a

-48
-24

0 (control)
3
6

No iron (control)
No bacteria

(control)

Symptoms of
infection at 24
h after bacte-
rial injection'

Slight
Moderate

to severe
Severe
Severe
Severe
None
None

% Mortality at
72 h after bacte-

rial injection

0

8

100
100
100

0

0

a Iron was injected at a dose of 250 mg per kg 48 and 24 h
before the injection of approximately 104 CFU of strain M1011
and at 0, 3, and 6 h postinjection of bacteria. Values represent
average results from two separate experiments performed with
groups of 10 to 15 mice.

'Symptoms were rated arbitrarily as to intensity as com-
pared with controls.
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then that an iron overload of the RES does play
a role but only later, after the infection has been
established and has progressed. An RES block-
ade has been shown to augment the generalized
Schwar an reaction ofrabbits to meningococ-
cal endotoxin (21). It may be that high levels of
iron dextran resulted in an RES blockade and
increased the susceptibility ofmice to endotoxin
elaborated during infection. These possibilities
have not been examined.
The results of this study have been incorpo-

rated into a working hypothesis to explain the
roles of iron in experimental mouse infection
(Fig. 4). Transferrin iron is used for the growth
of N. meningitidis in vivo. Parenteral iron dex-
tran supports the infection by maintaining the
transferrin iron pool after first being routed
through the RES. The possibility that some iron
from iron dextran enters the transferrin pool
directly cannot be discounted. However, the
slight delay in the entry of iron from iron dextran
into the transferrin pool and the evidence ob-
tained with other animals (16, 23) suggest that
iron dextran enters the RES first. The bulk of
the injected iron dextran is removed to storage
by the RES, where it does not influence infec-
tion. It is unknown if N. meningitidies can obtain
iron directly from iron dextran in vivo. There is
some uncertainty as to whether this can occur
in vitro. Payne and Finkelstein (20) had shown
that iron dextran stimulated the growth of N.
meningitidis on Thayer-Martin medium, but
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FIG. 4. Working hypothesis for the roles of iron in
N. meningitidis infection in mice. N. meningitidis
obtains iron forgrowth from the transferrin ironpool,
which disappears during the infection of normal
mice. Iron dextran is taken into the RES, andpart of
its iron is routed to the transferrin pool, thus pro-
moting infection. The bulk of the iron from iron
dextran remains as stored iron in the RES, where it
does not stimulate infection. It is unknown if iron
dextran is directly available to N. meningitidis in
vivo.

Archibald and DeVoe (3), using a sensitive assay
with iron-limited, defined media, did not observe
the stimulation of growth by iron dextran.

Infection in normal mice provides a useful
model for studying the roles of iron and iron
sequestration during infection, and ways of ma-
nipulating the status of the transferrin iron pool
to determine its importance in the establishment
of infection are being examined at this labora-
tory.
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