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Table 1. FEBRILE RESPONSES OF ECTOTHENMY VERTEBRATES AND
INVERTEBRATES

Ref.

Actlvmor of Fever No.
Fh:nmes
Dipsosaurus dorsalis bactena rndogenous pyrogen a6
fauana iguana hacinrin 39
Crotaphyltus cotlatis hactorin 27
Tatropene carolina baciria 60
Chrysemys picta bacteria 60
Sauromalus obesus bacteria 62
Allgalor mississippiensis bacteny a7
Callopistes maculatus hacterin K3
Amphibians
Hyla cinerea bacteria 38
Hana pipiens bagterin 19
Rana catesheiana hactinin 19
Rana esculenta bactena, PGE., endogenous pyrogen 65
Necturus maculosus PGE, 35
Bufo marinus Lipopolysaccharide 76
Fishes
Microplerus salmoides bactena 71
Lepomis macrochirus endotoxin, bacteria 72
Carassius auratus andotoan, bacteria 71
Invertebrates
Cambarus barton: (crayfish) bactioa 17
Gromphadorhina portentosa andotavin, bactena "

{cockroach)

Gryllus birmacidatus {(cricket) Ricketiesiolla aryli 52
Melanoplus sanguinipes (grasshoppers) Naosem.a acridophaqus 10
Homarus amerncanus {iobster) PGE, 18
Penaeus duorarum (shrimp) 1R
Limulus polyphemus (horseshoe crab) - 18
Buthus occitanus (scorpion) PGE, 13
Androctonus australis (scorpion) PGE, 13
Onymacrs plana (tenebrionid beetle) ondotasin 59

innocuous stimulus in another and, thecdore, not rigger an elevation
in the lhummv;.,ulnl(nv sel-point. The vose of pyrogen mipht be too
high: for example, in the rabbit, @ dese dependent tever develops in
response to LPS, but at a high dose (sucl as 50 pg /kg) endotoxic shock
occtrs and body temperature falls. s same dose of LPS (50 ng /kg)
produces a large fever in the rat" whereas 2.5 mg/fkg is required to
produce o large tever in the mouse "

Another reason to be particubarly covtious when interpreting nepa-
live resulls is thatl fever is a complex repeomse that presumably requires
the refease of endogenous mediators, the clevation in the thermoregula-
tory set-point, and ultimately behavioral ad phvsiologic responses that
raise body temperature. A “stressed” annmal, Tor several reasons, might
not be able 1o develop a fever. One e able reason for this could be

THE ADAPTIVE VALUE OF FEVFR 5

related to the suppressive effects of glucocorticoids, which are elevated
during stress, on the release of endogenous pyrogens™ ™ or on the
production of prostaglandins.™ * Another reason might be related to
the phenomenaon of “stress-induced hyperthermia.” Exposure to novel
environments or handling produces rises in body temperature of as
much as 2°C in rats (reviewed in ref. 40). Rises in body temperature of
persons in response to psychologic stress have also been reported.” * If
body temperature is already elevated as a result of some aspect of the
(-xponmcnl.\l design, then it might be impossible to demonstrate a fover
in response to an injection of some exogenous pyrogen.

A key element is usually missing from the n(‘gahve studies per-
taining to fever=the lack of a positive control. 1 is essential that the
investigators demonstrate that their animals are thermoregulating and
that injection of some substance known to elevate body temperature (for
example, calecholamines, biogenic amines, opioids, and so on) actually
does raise the body temperature of the species being studied. If this
drug does elevate budy temperature, but a series of doses of putative

pyrogens have no effect on bndy temperature, then this would provide
cnhcnl evidence that that species does not respond (o that pyrogen by
developing a fever.

How might the seemingly long evolutionary history of fever relate
to the role of fever in discase? One clue may be the severe cost to the
organism of developing a fever. In endotherms such as birds and mam-
mals, the maintenance of a body temperature of 2°C or 3°C above
afebrile levels often results in an increase in their energy consumption
by 20% or more. This is the result of the Qy, effect of increased tempera
ture on various biochemical reactions. In ectothermic vertebrates, the
amount of excess energy expended during a fever is unknown; however,
as in endothermic vertebrates, the maintenance of an elevated l‘mdy
temperature will likely also result in an approximately 20% increase in
energy consumption. If fever did not have an adaphve function, then it
would be unlikely that this energetically expensive phenomenon would
have persisted for millions of years in so many groups of organisms,

In addition to the above “economic” argument for a beneficial
role for fever in the vertebrates, there have appeared several studies
specifically involving the role of fever in disvase in repliles, fishes, and
insects, as well as mammals, The results of these investigations are
described below.

Correlational Studies

Clinical studies involving human beings generally have shown that
the magnitude of the fever is associated with the severity of the infoc-
tion.” As a result, patients with the highest fevers tend to have the
highest mortality, The difficulty with the studies involving human be-
ings is that they are completely uncontrolled. Offen the results are
confounded because some patients receive certain drugs that others do
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wlected anmals that did not have their spual cond cooled (17 0.06),
Interestingly, there were no differences incore tlemperatures between
the control and experimental rats. Banet® then showed that there was a
correlation between survival and the increase in metabolic rate during
the rising phase of fever in rats infected with & enteritudis. In rats infected
with an LD-, of bacteria, there was a negalive correlation between the
highest fever obtained and survival at fevers above 38.7°C. What this
might mean, however, is that the sickest animals mounted the preatest
tebrite responses, and despite any beneficial citect of fever, these animals
had a higher mortality. Banet™ argued that soiove of (he effects of endoge-
nous pyrogens on the altering metaholism, presumably the neuroendo-
crine changes, are heneficial, and that the elevation in temperature, itself,
tmay often be harmiul.

~ An area that has received considerable atieation is that of the febrile
responses of newborns, It has been known tor a long time that many
newborn mammals have a labile body temperature during their first
few days of life.” Furthermare, in response teinfection, newborn human
infants,” or other infant mammals such as rabbits,” tend to have a
Himited febrile response. Satinoff et al™ have shown, however, that
newborn rabbils, although not kaising their hody temperature by physio-
fogic means following an injection of endotovin, raise their body temper-
ature by behavioral means, When injected with Pacudomonas endotoxing
and allowed (o select a range of envirommental temperatures, these
rabbits selected a warmer environmental teraperature, resulting in an
vlevation in their body temperatures. Haahr and Mogensen™ suggested
that hyperthermia (or more precisely a rise in body temperature) during
certain viral infections was beneficial to newhorns, To support their
claim, they cited several studies that depwmnstrated that elevations in
body temperature during various viral infecions have reduced the mor-
talitv in newborn mice, dogs, and humans. T or example, Teisner and
Haahr found that when 2- (o A-day-old mice were infected with Cox-
sackie viros and held at an environmental temperature of 34°C, they
had a mean body temperature of 35.8°C, ~ome 2°C 1o 3°C higher than
tor control mice held at room temperature o1 12°C 10 24°C. Those mice
that were held at 34°C had a considerably low or mortality than did the
control mice. Carmichael et al™ reported «inetn findings for 2 to 5-day-
ol dog pups that were inoculated with canrne herpesvirus. When the
pups swere held alt an envivonmental lemperaiure ol 28°C 1o 307 ,~l|\(-y
had a rectal temperature of about 35°C (o 37C those held at an environ-
mental temperature of 36.7°C to 37.7°C had a rectal temperature of
WA 1o 3900, approximately normal rectal tfemperatures for adnit
dogs. Following inoculation with herpesviros, those dogs with the I.uwer
rectal temperatares died within 8 days, whrieas those with the higher
reclal temperatures survived 9 days or longe + The authors of this study
concluded that the elevation of the body teng erature 1o the adult level
was beneficial to the infected pups. Based o 1 these data, 1aahr and
Mogensen™ suggested that one of the reaon s that generalized h(,'r[jes
simplexinfections are greatly over-repre-cnted in premature babies
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might be attributable to their restricted temperature regulation and poor
febrile response, Thus, although newborns might not be able to develop
fevers owing to inadequate metabolic machinery or the ability to behav-
iorally thermoregulate, allowing them to have an clevated body temper-
ature during infections seems to be protective.

Bell and Moore” have found that housing of mice in a warm ambient
temperature (35°C) led to decreased mortality owing to inoculation
with rabies virus, The average body temperatures of, mice in the warm
environmental temperature was 2°C higher than those in the control
environment (20°C),

Yerushalmi and Lwoff found that treatment of human subjects
with local hyperthermia (that is, inhalation of warm humidified air)
decreased the magnitude of acute rhinitis (“infective Coryza”). In a
follow-up study, however, Macknin et al* found a slight improvement
in rhinitis in patients provided with cool vapor compared with the
warmed air.

Mice infected with influenza develop a regulated hypothermia,
rather than a fever.” This regulated reduction in body temperature
appears to be protective. There is a large literature showing that hypoxia
induces a reduction in body temperature that enhances host survival,”
and unpublished data by Kozak et al support the hypothesis that the
reduction in body temperature in the influenza-infected mice is, at least
in part, attributable (o hypoxia,

There have also been many hypothermia/hyperthermia studies de-
signed to investigate the role of fever using ectothermic species. For
example, to investigate whether the rise in body temperature in the
bacterally infected desert iguana (Dipsosanrus dersalis) had survival
value, lizards were injected with live A. hydrophila and placed in incuba-
tors al 34°C, 36°C, 38°C, 40°C, and 42°C.22 Control lizards were inoculated
with saline and then placed into the incubators. The relation between
the lizards’ temperatures and percentage survival following bacterial
infection was highly significant (I < 0,005). Within 24 hours, approxi-
mately 50% of the infected lizards maintained at the afebrile temperatlure
of 38°C were dead; however, lizards maintained at the febrile tempera-
tures of 40°C and 42°C had only 14% and 0% mortalily, respectively.
Conversely, infected lizards maintained at 36"C and 34°C, temperatures
that are hypothermic for this species of lizard, experienced mortalities
of 66% and 75%, respectively. Alter 3 1/2 days, all the lizards at 34°C
were dead. After 7 dnys the mm'lnlily percentages were 34°C, 100%,;
38°C and 36°C, 75%; 40°C, 33%; and 42°C, 25%. In contrast, lizards
injected with saline and maintained at 34°C, 38°C, and 42°C for 7 days
experienced (0%, 0%, and 34% mortality, respectively. At the highest
temperature tested, the pattern of deaths was similar for the controls
and the infected lizards. Whereas most deaths occurred within 3 1/2
dayvs in infected lizards maintained at 34"C 1o 40°C, virtually all deaths
at 42°C occurred after 3 1/2 days. Apparently, maintenance at 42°C for
a period exceeding 3 1/2 days is harmful in itself. This suggests thal the
deaths at 42°C were not due to the bacterial infection, but to some
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undetermined adverse effect of long-term clevation in body temperature
in lizards.

There have been several studies involving the effects of temperature
on the mortality of fishes. One of these, by Covert and Reynolds,”
entailed infecting goldfish with live A. hydrophila and monitoring their
survival rate over 3 days, These investipalors had previously reported
that several species of freshwater fishes developed fevers in response to
injections with these bacteria.™ 7 In their survival study, tl\ﬁvy inf(,'cl(-(.i
goldlish and then held them at temperatures of 25.5°C, 28.(!”(,, or 3(].5".(,.
These represented, respectively, hypotherni, normothermic, nnq febnolq
temperatures. Goldfish maintained at a tebrile temperature ol 30.5;
had a survival of 84%; those maintained ot JR0°C had a survival of 64%;
those at 25.5°C had a survival of 24%. Another 10 fish were injected
with the same dose of live A. Iiydrophiila and were allowed to thermoreg-
wlate in o shuttiebox. These fish sclected ane ambient temperature that
allowed them to develop a fever averaping alinost 5°C and had a
mean body temperature of 32.7°C. None of these (ish died. Covert and
Revnolds concluded that a fever in response to infection with A, Jiy-
drophila increases the survival of goldfish. ‘ '

There have been several studies involving the elfects of elevations
in water (= body) temperature on the mortality of various species of
{reshwater fishes infected with viruses. For example, Watson et al™
reported that sockeve salmon (Oncorhyndchue nerka) infected with sockeye
salmon virus experienced fewer mortalitic. when held at a water tem-
perature of 20°C than when held at i55¢C o, l(_»wur, ||1.1970, /\mem!'
reported similar findings for sockeye salman infected with hematopoi-
etic necrosis virus (I1IN). The mortality of salmon held between 12°C
and 16°C was about 66%, whereas for thewe held hetween 18°C and 20°C
it was only approximately 30%. Even when there was a delay of up to
24 hours before the infected fishes were phiced in the warmer environ-
ment, there was still a substantial deciease in the mortality. Similar
results woere reported for THN-infected rainhow troul (Salmo gairdneri).”

One of the difficultios in interpreting these studies is that, because
itis nnknown whether these fishes develop fevers in response o viral
intections, it is unclear whether raising their body temperatures simu-
lates hyperthermia (hody temperature exoeeding set-point) or fever (an
clevated body temperature in which set point = body temperature). I
the fish were simply hyperthermic, then the beneficial effects of raising,
the body temperatures of these fishes would simply be a form of.fe\'vr
therapy and, therefore, these results wonl oot be applicable to a discus-
sion of the role of fever in disease. Becare o several species of freshwater
fishes develop fevers in response to Laclerial intection, it is.likcly th.n!,
given the apportunity, the species of fidies nsed in the viral studies
would also Behaviorally select warmer environmental temperatures. If
this furms out to be the case, then these resudls will support the thesis
that fever has an adaptive function in fre s

] ouis ol ol infected crickets (Gl imaculatus) with the intracel-
hilar parasite Rickettsiella grylli. Thev 1ored the crickets at different
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ambient temperatures and found that those crickets reared at warmer
temperatures (higher than 29°C) survived this infection. When these
crickets were infected and allowed to select a preferred body tempera-
ture in a temperature gradient, they selected a temperature averaging
33.0°C. The average body temperature of noninfected crickets was'
26.6°C.

Boorstein and Ewald" inoculated grasshoppers (Melanoplus sangui-
nipes) with the protozoan Noesema acridophagus n:{rd found that this re-
sulted in an increase in preferred body temperature of about 6°C (to
about 40°C). Maintenance of grasshoppers at febrile and afebrile temper-
atures demonstrated that fever enhanced both survival and growth.
Infected grasshoppers maintained at febrile temperatures demonstrated
increased fecundity, as quantified by numbers of eggs laid, compared
with infected grasshoppers maintained at afebrile temperatures.

Highly Reguiated Nature of Fever /

Much has already been described in earlier articles on the biologic
basis of fever. Fevers are triggered by the release of “endogenous
pyrogens” from a large number of different types of macrophage-like
cells. These endogenous pyrogens include the cytokines interleukin-1
(11.-1), 1L-6, and others. They act at the level of the anterior hypothala-
mus to raise the thermoregulatory set-point, thus initiating a large num-
be# of physiologic and be%\avioral responses, which result in the eleva-
tion of body temperature (for example, see ref. 40). In addition to the
release of endogenous pyrogens, there are also endogenous antipyretics
or cryogens, which act to modulate the febrile rise in body temperature,
thus generally preventing body temperature from rising to dangerous
levels. Qver the past 10 years, investigators have shown that arginine
vasopressin, a-melanocyte stimulating hormone, glucocorticoids, and, in
some cases, tumor necrosis factor may act as endogenous antipyretics.
This highly regulated nature of fever, containing endogenous factors
that both raise and fower body temperature, also supports the argument
that fever has evolved as a host defense response.

MECHANISMS OF A PROTECTIVE EFFECT OF FEVER
Enhancing Specific Components of Host Defense

There are numerous examples of increases in specific components
of host defenses caused by subtle changes in temperature (Table 3).
Because of space limitations, these are simply listed.

TR W
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Table 3. SOME EFFECTS OF FERRILE TEMPERATURES ON HOST DEFENSE
RESPONSES

Fnhanced neutrophil migration

increased production of antibacterial subslances by nautrophils (eg, superoxide anion)
Increaserd production of interferon

Incieased antiviral and antilumor aclivity of interferon

Incraased T-cell proliferation

Dacrensed growlh of microorganiams in iron-poor environmant

Data iom eleences 40, 54, and 73

Protecting Against Pathogen-induced Disturbances in
Homeostasis

Recently, Kozak® proposed an additional rationale for the protective
effeet of fever, He hypothesized that in addition to the effect of tempera-
ture on various host defense responses (see Table 3), fever also could he
considered a homeostatic process in terms nf maintenance of a constancy
of cell membrane “condition” in the infected organism. The membrane
condition is a physical state of the cell surface based on the functional
interrelationship o two  essential foctors: (1) composition  of the
membrane’s lipids, and (2) actual temperature of the membrane. The
specitic physiologic interplay of these twa factors accounts for a dynamic
equilibrium of the membrane with its environment and, in consequence,
the functioning of the cell. During infection, the structural elements of
the membrane underpo changes, mostiv due to induction of certain
phospholipid degradation by phospholipases and the tiberation of ara-
chidonic acid. The resubtant release of potent mediators of inflammation
and infection, such as eicosanoids and platelet activating factors from
the membrane, leads to depletion of double bonds (that is, decreases the
unsaturation index) of the membrane. This, in turn, results in phase
shifting in the thermodynamic properties of the membrane (that s,
phase-transition lemperature, viscosity /hudity) toward higher tempera-
lures. Increasing body temperature during infection s hypothesized to
cesull in a compensation for these distnehances in membrane structure,
and il may restore membrane conditions essential for signal transduc-
tion, expression of receptors, and the controlled running of metabolic
processes, thus maintaining homeostasis.

Thus, an elevation in body temperature may have two types of
efterts, One attenuates the viability of conse pathogenic microorganisms
by enhancing speciflic components of speailic and nonspecific immunity.
Ihe other is speculated to help (o restore disturbances in membrane

properties,

CONCLUSION

The results of the studies of the susal vatue of fever in ectother-
mic vertebrates indicate that followine an infection, a rise in body
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temperature results in a decrease in their mortality and morbidity. These
data provide further support for the hypothesis that fever in endotherms
is also beneficial, because it is unlikely that fever would be adaptive in
insects, fishes, and reptiles and would have become maladaptive in birds
and mammals.

Based on the data reviewed here, it can be concluded that fever
evolved as a host defense mechanism. But it is glso clear that not all
fevers are beneficial. Why should this be the Casv?;}Macknwiak"‘ recently
suggested that because some data point toward a beneficial role for
fever and others support the hypothesis that fever is maladaptive (for
example, in association with hypoglycemia and shock), this apparent
paradox can be resolved “if one accepts preservation of the species
rather than survival of the individual as the essence of evolution.”
Mackowiak goes on to state that ““the febrile response and its mediators
may have evolved both as a mechanism for accelerating the recovery of
infected individuals with localized or mild to moderately severe sys-
temic infections and for hastening the demise of hopelessly infected
individuals, who pose a threat of epidemic disease to the species.”” There
is an inherent problem with this hypothesis—evolution works on the
level of the individual, not the species. With the rare exception of “’kin”
selection, organisms are not altruistic, sacrificing themselves for the good
of the community.

So why should there be circumstances in which there is overproduc-
tfion of cytokines and other inflammatory mediators (which lead to
massive fevers as well as other potentially harmful effects such as
vageular leakage)? Noes this represent a breakdown in host defenses,
and if so, why should this occur? One possible expianation is that,
unlike specific immune responses, nonspecific host defense responses
are highly stereotypical. Infection with any number of different organ-
isms will produce similar acute-phase responses characterized by loss of
food appetite, lethargy, increased sleep, fever, hypoferremia, hypo-
zincemia, synthesis of a wide array of acute phase proteins, and so on.
If we assume that some large percentage of the time (for example, 95%)
the acule-phase responses induced by infection, injury, or trauma are
beneficial, one can readily see why the stereotyped acute-phase re-
sponses would have evolved and been retained (Fig. 1). As long as the
cost-benefit ratio is weighted toward the benefit side, fever (and other
host defense responses) would be selected for, even if this occasionally
leads to increased morbidity and mortality.

Another explanation for the occasional maladaptive role of fever (or
other acute-phase responses) is that the evolution of host-pathogen
interactions never ceases. As the host evolves new mechanisms for
combaling infection (such ‘as antibody production, elevation in body
temperature, and so on), the pathogen also evolves new mechanisms
for successfully parasitizing the host. There undoubtedly develops a
symbiotic relationship between the host and its parasite with, in most
cases, a balance being achieved. This balance keeps the host immunologi-
cally “primed”” or prepared in the event it is exposed to some new
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THE PHARMACOLOGIC
CONSEQUENCES OF FEVER

Arif R. Sarwari, MDD, and Philip A. Mackowiak, MD

Despite its potential importance to the management of patients with
febrile illnesses, the effect of fever on pharmacokinetics and pharmaco-
dynamics has received little attention in the clinical literature. Ballard®
provided the first major review of the subject in an exegesis published
in 1974 on the influence of temperature on pharmacokinetics; a second
major review of the subject appeared in 1991.% This article considers
information contained in these two reviews as well as more recent
literature published in this potentially important area.

TECHNICAL CONSIDERATIONS
4

Fever is a complex physiologic response characterized clinically by
a rise in body temperature above the normal range. However, a rise in
body temperature is but one of numerous physiologic and immunologic
alterations taking place during the febrile response. Experimental models
of fever in which the body temperature of laboratory animals is raised
by external warming ignore such complexity of the febrile response.
Worse, they typically induce counterregulatory mechanisms that in
many cases are the opposite of those operating during true fever. On
the other hand, in experimental models in which fever is induced by
infectious agents, itis frequently difficult to seperale the observed effects
due to fever from those caused by the infectious agent itself. Much of
the data reviewed in this article have been derived from such experimen-
tal models.
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