though these two systems probably both
convey information relating to the odor
characteristics of pups, we believe that
they may be responding to somewhat dif-
ferent aspects of the odor complex. Our
data showing that animals sustaining
cuts to the vomeronasal nerves (groups
VN, VN+, and VN-OB) showed re-
duced licking of pups, whereas animals
receiving OB cuts alone did not, support
the hypothesis of Winans and Powers (6)
that in rodents the vomeronasal system
is normally activated by nonvolatile sub-
stances transmitted through the nares
when the animal comes into direct con-
tact with the odor source.

The caring of the postparturient fe-
male for her young without delay or hesi-
tancy, as soon as they are born, may re-
sult from multiple effects of her hor-
mones [primarily estrogen (2)] acting at a
number of different sites in the central
nervous system. For instance, the olfac-
tory tubercle, the medial and cortical nu-
clei of the amygdala, and the medial pre-
optic region all contain receptors for es-
tradiol (/3). It is possible, therefore, that
endogenous estradiol—which peaks just
before parturition—acts simultaneously
(i) on the olfactory system to change the
female’s attraction to pup odors, (ii) on
the amygdala to reduce her neophobia
(/4), and (iii) on the preoptic region to
facilitate the coordination and in-
tegration of the different caretaking be-
haviors (/7).

Note added in proof: Using a tech-
nique of selectively cauterizing the vom-
eronasal organ (with no damage to the
olfactory bulbs), A. Mayer and J. Rosen-
blatt have found a significant reduction
in latencies to become maternal in virgin
female rats of the Charles River strain.
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Fever and Reduced Iron: Their Interaction as a Host Defense

Response to Bacterial Infection

Abstract. When rabbits are infected with Pasteurella multocida, the concentration
of iron in their plasma decreases and their rectal temperature rises. To determine
whether the rise in body temperature (fever) and the fall in plasma iron may be a
coordinated host defense response, Pasteurella multocida were grown in vitro at vari-
ous temperatures and iron concentrations. At afebrile temperatures the bacteria
grew equally well at low or high concentrations of iron. However, when the temper-
ature of the bath was raised to a febrile temperature the growth of the bacteria was
inhibited by the low, but not the high, iron concentrations. These data support the
hypothesis that one of the mechanisms behind the adaptive (or beneficial) role of
fever is the reduced ability of pathogenic bacteria to grow well at elevated temper-

atures in an iron-poor medium.

Many studies have indicated that fever
is a host defense mechanism during bac-
terial (/, 2, 2a) and viral (3) infections.
Many mechanisms have been suggested
as being responsible for the beneficial ef-

400 —
| 68.1% 76.8% 36.0% 18.7%
t L
o 300 o o o o
= @ @ @ @
~ — [ [= =
> L
[T
Ey I +
3 L
§ 200~ .
® i °
= L | s =
b L= g
2 © )
o r |€ Rad
o 100 s o <
L& o c
E £l I8
L p =
gl | €
i LI
a o
ol o
a.m. p.m. 4 Hours 24 Hours

Time after injection

Fig. 1. Plasma iron (PI) and total iron-binding
capacity (TIBC) in eight male New Zealand
White rabbits. Prior to infection with live path-
ogenic bacteria (Pasteurella multocida), the
rabbits’ PI concentrations averaged 247 ug
per 100 ml during the morning and 275 ug per
100 ml during the afternoon hours. After in-
fection with bacteria, the PI concentrations
fell to 118 ug per 100 ml by 4 hours and to 66
g per 100 ml by 24 hours. The TIBC did not
change during this period. The percentages
above each set of bar graphs indicate the per-
centage saturation of the plasma protein,
transferrin.

0036-8075/79/0126-0374$00.50/0 Copyright © 1979 AAAS

fects of an elevated body temperature on
an organism’s immune response. Among
these have been an increase in leukocyte
mobility ), increased leukocyte Killing
of ingested microorganisms (5), and an
increased production of interferon (6).
An area that has recently received con-
siderable attention has been that of ‘‘nu-
tritional immunity.”” This term, coined
by Kochan (7), refers to the fact that dur-
ing infection the blood levels of many nu-
trients become altered. For example, the
concentrations of iron and zinc in the
serum generally decrease and the con-
centration of copper generally increases
@&, 9). It has been suggested by Weinberg
(10) and by others that the decrease in
serum (or plasma) iron might reduce the
growth of pathogenic microorganisms.
In fact, many studies have shown that
certain species of bacteria grow poorly in
a medium containing low concentrations
of iron and that iron supplements in-
crease the growth of bacteria in vitro and
in vivo &, 9).

Garibaldi (//) has shown for Salmo-
nella typhimurium and Kochan (9) has
shown for Escherichia coli that the abili-
ty to produce iron-transport compounds
(siderophores) is diminished by small
elevations in temperature and, as a re-
sult, it has been suggested that the reduc-
tion in serum iron, coupled with an ele-
vation in body temperature (fever) is a
coordinated host defense mechanism (9-
11). To further support this contention,
recent evidence indicates that the leuko-
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cyte-derived protein which is respon-
sible for the decrease in serum iron (leu-
kocyte endogenous mediator) and the
development of fever (endogenous or
leukocytic pyrogen) is the same com-
pound (/2).

In studies involving reptiles (Dipso-
saurus dorsalis) it has been shown that
during infection with Aeromonas hydroph-
ila these lizards develop a fever (body
temperature goes from about 38° to 41°C)
and this fever increases their survival
rate (I, 13). During these infections the
‘plasma iron concentrations decrease
(14). When cells of A. hydrophila were
grown in vitro there was little difference
in the rate of growth at the normal (38°C)
and febrile (41°C) temperatures when the
iron concentrations of the growth media
were maintained at physiological levels.
However, a reduction in the available
iron levels by precipitation (with
MgCO;) or by chelation (with desfer-
rioxamine B-sulphate) led to marked re-
ductions in the growth rate of the bac-
teria at 41°C but ot at 38°C. These data
were interpreted to support the hypothe-
sis that one of the mechanisms behind fe-
ver’s adaptive function is to decrease the
ability of pathogenic bacteria to seques-
ter sufficient iron for normal growth.

To investigate the effects of fever on
the survival rate of mammals, we infect-
ed New Zealand rabbits with live Pas-
teurella multocida (a common rabbit
pathogen) and correlated their resultant
fevers with the rabbits’ survival rates
(2a, 15). The results demonstrated that
there is a positive correlation between
the fever and survival rates for fevers of
up to 2.25°C (or as body temperature in-
creased from about 39.50° to 41.75°C).

In the present study we measured the
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plasma iron (PI) concentration and total
iron-binding capacity (TIBC) in rabbits
before they were infected with P. multo-
cida and during infection. We found that
their PI concentrations decreased from
an average of 261 ug of iron per 100 ml of
plasma to 66 ug per 100 ml within 24
hours. On the basis of these results, we
grew these bacteria at various temper-
atures and in different concentrations of
iron and found that these bacteria do not
grow well at febrile temperatures in an
iron-poor medium. These results support
the hypothesis that a fever coupled with
a reduction in PI may be part of a coordi-
nated host defense response.

Male New Zealand White rabbits
(Oryctolagus cuniculus) weighing 2.3 to
3.2 kg were used in these experiments.
The rabbits were maintained on a photo-
period of 12 hours of light and 12 hours
of darkness, and were given unlimited
access to food (Tekland rabbit chow) and
water. During experimentation each rab-
bit was restrained in specially designed
holders.

Body temperature was recorded by in-
serting a thermocouple probe 10 cm into
each animal’s rectum. Temperature data
were collected on a multipoint recorder
(Honeywell Electronik 112) which print-
ed each animal’s rectal temperature ap-
proximately every 30 seconds.

The bacterial strain used in this study
was Pasteurella multocida (American
Type Culture Collection No. 7228). The
bacteria were grown on sheep blood agar
plates for 48 hours at 37°C. The cells
were suspended in sterile 0.9 percent
pyrogen-free sodium chloride (saline),
washed twice by centrifugation, and re-
suspended in saline. A concentration of
1 X 10" bacteria per milliter was pre-

79 ug Fe/100 mi
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pared by comparing visual turbidity with
McFarland barium sulfate standards.

Plasma iron concentrations and TIBC
were determined from 5-ml blood sam-
ples that were drawn from marginal ear
veins and collected in heparinized poly-
styrene tubes. Blood was drawn from the
rabbits on day 1 at 1000 hours and day 2
at 1400 hours. On day 3 the rabbits were
injected intravenously with 1 ml of 1 x
10* organisms (P. multocida) per milliter
at 1000 hours. Blood was drawn 4 hours
(day 3 at 1400 hours) and 24 hours (day 4
at 1000 hours) after injection. All blood
samples taken in the morning were pro-
cessed immediately; the afternoon sam-
ples were centrifuged and the plasma
was refrigerated until it was processed
the next morning. The PI samples were
prepared according to the method of Fer-
nandez (16). For details of the iron deter-
minations see (/7).

Growth curves were completed to de-
termine the effects of iron concentration
and temperature on P. multocida in vitro
8).

Samples of all the growth media were
tested on the atomic absorption spectro-
photometer to determine their iron con-
tent before they were inoculated with
bacteria. Growth medium prepared in
the usual way had an iron content of 79
ng per 100 ml, which approximates the
plasma iron concentration in rabbits in-
jected 24 hours previously with P. multo-
cida. To approximate the iron concentra-
tions in uninfected rabbits and in rabbits
injected 4 hours previously with P. mul-
tocida, we added a sterile solution of fer-
ric ammonium citrate (1 g per 1000 ml) to
the growth medium to obtain iron con-
centrations of 266 ug and 139 ug per 100
ml, just before it was inoculated with
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Fig. 2. Growth of Pasteurella multocida (measured as absorbance on a spectrophotometer) at temperatures of 39° to 43°C and in iron concentra-
tions.of 19 to 266 ug of iron per 100 ml of growth medium. At an iron concentration corresponding to the normal plasma concentrations of iron in
uninfected rabbits (266 ug per 100 ml), the bacteria grew well at 39°, 40°, and 41°C. When the bacteria were grown in a medium containing
concentrations of iron corresponding to that which occurs in rabbits during infection (139 or 79 ug per 100 ml), the growth of the bacteria was not
inhibited at the afebrile temperatures of 39° or 40°C, but was depressed at the febrile temperature of 41°C. When the iron concentration was
reduced to subphysiological levels (19 ug per 100 ml) the bacteria did not grow at any temperature. The addition of the iron chelator deferoxamine
mesylate to the growth medium depressed the growth of the bacteria at all temperatures, but clearly had a greater effect at the febrile temper-

atures of 41° and 42°C.
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P. multocida. The subphysiological iron
concentration of 19 ug per 100 ml was
obtained by adding 15 g of MgCO; (to
precipitate most of the iron) to 100 ml of
the growth medium, stirring for 5 min-
utes, letting the solution stand for 15
minutes, centrifuging for 10 minutes at
2500¢, and collecting the supernatant.
This procedure was completed prior to
sterilization of the growth medium. An-
other growth medium was prepared by
adding 50 mg of deferoxamine mesylate
(CIBA), an iron chelating agent, to 100
ml of the normally prepared growth me-
dium. The deferoxamine mesylate was
added to the growth medium just prior to
inoculation with bacteria.

Prior to infection, the PI of eight rab-
bits averaged 247 ug of iron per 100 ml of
plasma (68.1 percent saturation) in the
morning and 275 ug per 100 ml (76.8 per-
cent saturation) in the afternoon. After
injection with bacteria, PI concentra-
tions decreased to 118 ug per 100 ml
(36.0 percent saturation) by 4 hours and
to 66 ug per 100 ml (18.7 percent satura-
tion) by 24 hours (Fig. 1). The TIBC did
not change appreciably and remained at
approximately 360 ug of iron per 100 ml
of plasma.

Prior to injection with live bacteria,
the rectal temperatures of the eight rab-
bits averaged 39.70° = 0.17°C (standard
error). Rectal temperature increased to
40.85°C = 0.29°C by 4 hours after injec-
tion and was still somewhat elevated
by 24 hours after injection (40.9° =
0.30°C).

To determine whether an increase in
temperature coupled with a reduction in
iron concentration decreases the growth
rate of P. multocida, we grew the bac-
teria in vitro at afebrile (39° and 40°C)
and febrile (41°, 42°, and 43°C) temper-
atures at various concentrations of iron
from subnormal (19 ug of iron per 100
ml) to normal concentrations encoun-
tered during infection (79 and 139 ug per
100 ml), to normal concentrations in un-
infected rabbits (266 ug per 100 ml). In
addition, we determined the effects of
deferoxamine mesylate on these bacteria
at various temperatures (Fig. 2).

The addition of deferoxamine mesy-
late to the growth medium slightly inhib-
ited the growth of the bacteria at 39° and
40°C, severely attenuated the growth at
41°C, and completely prevented the
growth at 42° and 43°C. The addition of
this iron chelator did not reduce the con-
centration of iron in the medium but did
reduce the availability of the iron to the
growing bacteria.

These results indicate that in response
to infection, PI decreases and body tem-
perature rises; they also support the hy-

pothesis that very small changes in tem-
perature, corresponding to a moderate
fever, coupled with a reduction in PI
may be part of a coordinated host de-
fense response. In vivo, the growth of
many microorganisms is inhibited in
large part by their inability to obtain ade-
quate amounts of iron, because virtually
all PI is bound to transferrin [see re-
view in (/19)]. The virulence of many
pathogenic bacteria seems to be related
to their ability to obtain adequate amounts
of iron from the host’s iron-binding pro-
teins (20). As such, the increase in sur-
vival rate (/-3) in febrile organisms might
be related, in part, to the synergistic
effects of temperature and reduced iron
on the growth of the pathogenic micro-
organisms.

If these results can be extrapolated to
organisms pathogenic to human beings,
then the use of drugs to reduce or attenu-
ate moderate fevers during bacterial in-
fections may limit to a certain extent the
host defense response. It is also possible
that the addition of excess iron to our
diet (through fortified foods and miner-
als, for example) increases the growth
potential of pathogenic bacteria and
harms some individuals who already
have adequate iron stores. In fact, these
data along with those of Sword (21) and
others (9-//, [4), raise the possibility
that drugs such as deferoxamine mesy-
late or other iron chelators could have
therapeutic value during certain bacterial
infections.
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Mineral Salt: A Source of Costly Energy?

The report by Wick and Isaacs (/) on
the energy that can be obtained from salt
and brine deposits through osmotic con-
version neglects some basic economic
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problems associated with these energy
sources: the costs of mitigating the envi-
ronmental impact, the costs of the phys-
ical plant and maintenance, and mining
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