
for the transient species originates from 
allosteric effects on this mode. 

In deoxy H b  at  cryogenic tempera- 
tures the Fe-His stretching mode shifts 
to a much higher frequency (235 cm- '  a t  
10 K). In this regard the frozen deoxy 
H b  spectrum is very different from the 
solution spectrum. However, the magni- 
tude of the change in frequency of this 
mode between deoxy and photolyzed 
low-temperature samples is similar to 
that displayed by the comparison of 
time-resolved room temperature spectra. 
The mode is detected at 232 cm-' in 
deoxy H b  (80 K) and at 240 cm-I in 
photolyzed COHb (80 K). The effect of 
the lowered temperature, therefore, is to 
increase the frequency of the Fe-His 
stretching mode, but the change in the 
frequency due to the previous state of 
ligand binding is similar at both high and 
low temperatures. 

The data presented here and other 
independent data (18, 20, 21) show that 
the Fe-His stretching mode is very sen- 
sitive to structural variations. With the 
available data the origin of these changes 
cannot be unequivocally determined, but 
a consideration of the influence of non- 
bonded repulsions yields a consistent 
interpretation of a large body of data. 
The temperature dependence of the Fe- 
His stretching frequency may be ac- 
counted for by these repulsions. As the 
temperature is lowered a suppression of 
the mean vibrational fluctuations of the 
heme-histidine bond length due to a de- 
crease in the thermal population of excit- 
ed vibrational levels and a concomitant 
decrease in the vibrational amplitudes 
would be expected to reduce nonbonded 
repulsions and lead to a stronger Fe-His 
bond. Thus for a fixed heme-histidine 
orientation the observed increase in fre- 
quency of the Fe-His mode with de- 
creasing temperature would be predict- 
ed. The change in frequency of the Fe- 
His stretching mode in the photodisso- 
ciated state may be explained in terms of 
a ligand-induced change in the proximal 
heme pocket geometry that reduces the 
nonbonded repulsive forces between his- 
tidine and heme. Decrease in the tilt of 
the histidine relative to the heme plane 
has been suggested (15) as  the most 
likely origin of the reduction in repulsive 
forces. 

There have been many studies of 
metastable forms of H b  stabilized at low 
temperatures (2-8). However, the phys- 
iological applicability of these studies 
has been uncertain owing to the possible 
constraints imposed on the protein and 
heme by the frozen solvent. The analo- 
gous behavior of Hb* species generated 
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(1982). 

(> 100 K) in the frozen state indicate 8. M. R.  Ondrias, D. L. Rousseau, S. R. Simon, J .  
Biol. Chem., in press. re'axation of Hb* to- 

9. J .  Baldwin and C. Chothia, J. Mol. Biol. 129, 
ward a deoxy species. Thus the parallel 175 (19791. . . 
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Endogenous Pyrogen Activity in Human Plasma After Exercise 

Abstract. Plasma obtained frorn hurnan subjects after exercise and injected 
intraperitoneally into rats elevated rat rectal temperature and depres~edplasma iron 
and zinc concentrations. The pyrogenic component  as heat-denaturable and had 
an apparent molecular weight of 14,000 daltons. Human mononuclear leukocytes 
obtained after exercise and incubated in vitro released a factor into the medium that 
also elevated body temperature in rats and reduced trace metal concentrations. 
These results Juggest that endogenous pyrogen, a protein mediator of fever and 
trace metal metabolistn during infection, is released during exercise. 

Infection causes a stereotyped physio- 
logical response in vertebrates charac- 
terized by fever and depression of plas- 
ma iron and zinc concentrations. The 
febrile response appears to be mediated 
by endogenous pyrogen (EP), a protein 
released from monocytes and macro- 
phages. The reduction of plasma iron 
and zinc occurs through the action of 
leukocyte endogenous mediator (LEM), 
another macrophage product. In addi- 
tion, LEM mobilizes neutrophils from 
the bone marrow into the circulation and 
stimulates the synthesis of certain plas- 
ma proteins (ceruloplasmin, C-reactive 
protein, and many others) (I). There is 
increasing evidence that E P  and LEM 
are the same molecule o r  are at least 
members of a class of proteins that share 
many biochemical characteristics (2). 
The actions mediated by E P  and LEM 
(hereafter called simply "EP") are 
termed the "acute-phase" response to 
infection and are thought to create an 
internal environment that is less favor- 
able for the growth and multiplication of 
pathogens (3). 

After lengthy aerobic exercise, body 
core temperature can remain elevated 
for many hours (4), the number of circu- 
lating neutrophils increases (9, and plas- 
ma concentrations of the acute-phase 
proteins (such as  ceruloplasmin and C- 
reactive protein) often rise (6). Epidemi- 
ological studies indicate that long-term 
physical training may lead to chronic 
depression of plasma iron and zinc (7). 
The remarkable number of similarities 
between the physiological responses to  
exercise and to infection led us  to hy- 
pothesize that the mediator released dur- 
ing infection, EP,  may also be released 
during exercise. 

We report that human plasma collect- 
ed after exercise elevated rectal tem- 
perature and depressed plasma iron and 
zinc when injected into rats, indicating 
that a factor is present in human plasma 
after exercise that exhibits E P  activity. 
Supernatant from incubated mononucle- 
ar leukocytes obtained after exercise 
also had EP activity, indicating that 
these cells are a source of the plasma 
factor. 



Fourteen human volunteers (ten men gometer for 1 hour at a rate requiring 
and four women aged 20 to 34; aerobic approximately 60 percent of their aero- 
capacity, 34 to 63 ml of O2 per minute bic capacity (8). Venous blood samples 
per kilogram) exercised on a bicycle er- (30 ml) were collected in sterile, heparin- 

Tlme af ter  lnjectlon (minuter) 
Fig. 1. ( A )  Febrile response o f  rats to intraperitoneal injection o f  various doses of  crude human 
EP mixed with human plasma. Symbols: (a) human plasma alone ( N  = 10 rats): ( A )  human 
plasma and EP from 1 x l o5  monocytes ( N  = 6) ;  (.) plasma and EP  from 2.6 x 10bonocytes  
(N  = 5); (0) plasma and EP from 2.6 X 10' monocytes heated to 65'C for 90 minutes ( N  = 5) ;  
(V) plasma and EP from 8.2 x lo5 monocytes ( N  = 3). ( B )  Time course o f  the elevation in 
rectal temperature caused by injection o f  human plasma obtained before (0) and after (0) 
exercise (three experiments, six rats per experiment). The response to 25 kg o f  Escherichia coli 
endotoxin (one experiment, six rats) is shown for comparison (+I. Values are means rt standard 
errors. 
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Fig. 2 .  Rectal temperature and 
trace metal responses in rats 
after injection o f  (i)  sterile sa- 

-0.1 ' - line (into ten rats), (ii) human 

trace metal responses in rats 
after injection o f  (i)  sterile sa- 
line (into ten rats), (ii) human 
plasma samples obtained be- 
fore exercise, 10 minutes after = 2 275 exercise, or 3 hours after exer- 
cise, or (iii) plasma obtained 

250 after exercise and heated to 

2 65°C for 90 minutes. ( A )  
.- Change in temperature 90 min- 

225 utes after the injections (mean E 
J 200 temperature before injection, 
a 37.57" + 0.03"C). ( B  and C)  

Iron and zinc concentrations 4 
hours after the injections. 

150 r [N = number of  human plas- = z c +  ma samples tested in groups o f  
2 140 - rats (usually five rats per 

group).] Statistical signifi- 
0 
E 130 - -7 cance was determined by the 

method o f  Dunnett for multi- 
m 5 120 - ple comparisons to a control. 
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Saline Plasma Plasma Plasma Plasma 
before after 3 hours after 

exerclse exercise after exercise, 
(N=6) (N=6) exercise heated 

(N=6) (N=5) 

ized tubes immediately before and after 
exercise and 3 hours after exercise. The 
blood was centrifuged and the plasma 
was frozen at -20°C for later determina- 
tion of EP activity. All subjects were free 
to drink water at any time. The exercise 
sessions were conducted at various 
times of day, with the women all being 
tested in the preovulatory phase of their 
menstrual cycle. 

Mononuclear cells from the blood of 
five subjects were separated by density 
gradient centrifugation (Ficoll-Hy- 
paque). The cells were washed twice, 
resuspended in Hanks balanced salt so- 
lution at a final concentration of 0.5 x 
lo6 to 1.0 x lo6 cells per milliliter, and 
incubated at 37°C for 9 to 18 hours in an 
atmosphere with 5 percent COz. The 
cells were centrifuged and the superna- 
tant was drawn off and frozen for later 
determination of EP activity. 

Plasma from one subject was separat- 
ed by molecular weight in a 1 by 100 cm 
column packed with Biogel P-60 (dupli- 
cate column runs were performed). The 
eluent was collected in 3-ml portions and 
frozen for later determination of EP ac- 
tivity. Plasma collected from six subjects 
after exercise was pooled (total volume, 
60 ml), passed through an Amicon XM- 
50 filter, and concentrated on an Amicon 
YM-5 filter. This plasma concentrate (5 
to 50 kilodaltons) was then applied to a 
Sephacryl S-200 (3 by 65 cm) column. 
The eluent was collected in 5-ml portions 
and frozen for later bioassay. 

While attempts to detect circulating 
EP (febrile activity) in the plasma of 
infected humans with the standard rabbit 
bioassay have failed (9), Wannemacher 
et al. (10) demonstrated trace metal de- 
pressive activity in the plasma of infect- 
ed humans by injecting their plasma into 
rats. Historically, rats have seldom been 
used in studies of fever because re- 
strained rats produce inconsistent febrile 
responses at "room temperature" (about 
22°C). However, in the past 10 years 
many investigators have found that unre- 
strained rats (I I )  tested in their thermo- 
neutral zone (25" to 27OC) (12) do develop 
fevers in a consistent manner when in- 
jected with bacteria, endotoxin, prosta- 
glandins (13), and human EP (14). On the 
basis of these findings, we adapted the 
bioassay of Wannemacher et al. (10) to 
include measurements of rat rectal tem- 
perature. 

One milliliter of human plasma, mono- 
nuclear cell supernatant, column eluent, 
or sterile, pyrogen-free saline (0.9 per- 
cent) was injected intraperitoneally into 
groups of male Sprague-Dawley rats 
(15) .  Rectal temperature was measured 
with a thermistor probe (Yellow Springs 
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402) coupled to a digital temperature 
monitor (Electromedics ITS 600). Blood 
was taken by tail bleeding 4 hours after 
the injections for determination of plas- 
ma iron and zinc by atomic absorption 
spectrophotometry (Varian AA375). The 
rats were housed three to a cage, which 
allowed them to behaviorally thermoreg- 
ulate by huddling and avoided isolation 
stress. All bioassay experiments were 
begun between 9:00 and 10:30 a.m., 
when rat rectal temperature is in the 
falling phase of its circadian cycle. Am- 
bient temperature was maintained at 
26" * 1°C, and the rats had free access 
to water and food (Purina 5001). 

The efficacy of the rat bioassay was 
determined by injecting various doses of 
crude human EP (mixed with human 
plasma) into rats (16). As shown in Fig. 
lA, this mixture caused monophasic, 
dose-dependent elevations in rat rectal 
temperature that peaked approximately 
90 minutes after injection. Heating the 
mixture to 65°C for 90 minutes abolished 
its pyrogenic activity. In contrast, 25 kg 
of endotoxin caused a multiphasic re- 
sponse, with a depression of rectal tem- 
perature after 90 minutes (Fig. lB)-in 
agreement with other studies (12, 13). All 
subsequent temperature measurements 
were made 90 minutes after injection. 

Heating the mixture of EP and plasma 
to 65°C did not destroy its ability to 
depress rat plasma iron and zinc. Heat 
denaturation of this activity has been 
shown only at much higher temperatures 
(90°C) (1 7). 

Injection into rats of human plasma 
taken irnmediately after exercise caused 
monophasic elevations in rectal tempera- 
ture (Fig. 1B). Human plasma taken 3 
hours after exercise produced greater 
elevations. Heating the plasma taken af- 
ter exercise to 65°C for 90 minutes abol- 
ished its pyrogenic activity, indicating 
that a heat-denaturable substance was 
responsible for the fever (Fig. 2A). 

Human plasma obtained immediately 
after exercise depressed rat plasma iron 
and zinc, as did plasma taken 3 hours 
after exercise (Fig. 2, B and C). Treating 
the plasma with heat did not destroy its 
ability to depress the trace metals. Iron 
and zinc concentrations in rat plasma 
after injection of human plasma taken 
before exercise were similar to those 
measured after injection of sterile saline. 

Supernatant from mononuclear cells 
collected immediately after exercise 
caused responses similar to those elicit- 
ed by postexercise plasma when injected 
into rats (Fig. 3). The pyrogenic activity 
was eliminated by heating. Injection of 
supernatant from cells taken before exer- 
cise and incubated under identical condi- 
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tions with the cells obtained after exer- 
cise did not elevate rectal temperature or 
depress trace metals. 

The postexercise plasma fractions col- 
lected from three column chromatogra- 
phy separations were injected into 
groups of rats and rectal temperatures 
were measured. In all three cases the 
pyrogenic activity eluted from the col- 
umn at a volume corresponding to 13 to 
15 kilodaltons. Fractions of plasma taken 
before exercise were not pyrogenic. 

These results indicate that exercise 
causes the release of a circulating factor 
that exhibits EP activity when injected 
into rats. Mononuclear leukocytes ap- 
pear to be a source of this factor, which 
has a molecular weight and a heat lability 
consistent with that reported for EP (1). 
Since this pyrogenic component causes a 
monophasic response in rats, is eliminat- 
ed by moderate heating, and has an 
apparent molecular weight of about 14 
kilodaltons, it is probably not attribut- 
able to contamination by endotoxin or 
bacteria. The high molecular weight also 
reduces the likelihood that some exer- 
cise-induced metabolite or peptide is 
mimicking the activity of EP. 

The possibility that exercise induces 

before after after 
exercise exercise exercise, 

( N = 5 )  ( N = 5 )  heated 
(N=3) 

Fig. 3.  Rectal temperature and trace metal 
responses of rats to injection of supernatant 
from incubated mononuclear cells obtained 
before and after exercise and to supernatant 
heated to 65°C for 90 minutes. 

the release of EP has interesting implica- 
tions, since Kampschmidt and Pulliam 
(18) showed that rats treated with EP 
have increased resistance to bacterial 
infection. Given the data presented here 
and recent reports which indicate that 
exercise augments K cell cytotoxicity 
(19), the study of exercise-induced mod- 
ulation of immune responses may prove 
to be a fruitful area for future research. 
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