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1. ABSTRACT

Fever can be defined as a specific model of body
temperature control, modified by action of humoral
substances released due to bacterial infection. Under
laboratory conditions exogenous and endogenous pyrogens
affect nervous endings in the body periphery, as well as
thermosensitive neurons in the hypothalamus, which first
manifests as a shock reaction and then as shifts of
temperature thresholds for activation of thermoregulatory
effectors (cold thermogenesis, vasomotion, sweating or
panting) to higher body temperatures. During the later
phase of fever, the temperature threshold for cold
thermogenesis starts to move downwards, while the
thresholds for other thermoregulatory outputs remain
elevated, the result being enlargening of the interthreshold
zone. This creates conditions for cooling of the body and
for termination of the fever. During different phases of
fever cytokines, prostaglandins, neuropeptides and
catecholamines participate in modulation of mechanisms
regulating thermoregulatory functions. This paper aims to
specify the role of individual cytokines in induction of
fever, as well as in activation of thermoregulatory centers
as well as individual thermoregulatory effectors and to
define differences in their mode of action. The paper
further attempts to summarize our knowledge on humoral
modulation of the cytokine release. It is concluded that
cytokines are not the primary factors responsible for seting
of the body thermostat during fever.

2.INTRODUCTION: FEVER AS A THERMOREGULATORY
MODEL

During the early phase of fever the functions of
the hypothalamic regulator controling thermal homeostasis
are altered and set to work at higher levels of body
temperature. This reveals as a shift of temperature
thresholds for induction of all thermoregulatory effectors
(cold thermogenesis, vasomotion, sweating or panting) to
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higher body temperatures (Figure 1B) (1). As evident from
the unchanged slopes of curves, the change in the set-point
is neither due to lowered temperature sensitivity of the
controling system, or due to lowered efficiency of
individual thermoregulatory effectors (for details see [2] in
this volume). Thus, the febrile state is not a sign of a
thermoregulatory deficiency, but rather a result of
modulation of activity of thermoregulatory centres and
functions. Therefore, fever can be characterized as a
specific thermoregulatory model, which is modified by
action of exogenous and endogenous pyrogens on nervous
endings in the body periphery, as well as on
thermosensitive neurons in the hypothalamus. Pyrogens
appear in the circulation as a result of invasion of microbes
and subsequent activation of the immune system.

Cytokines are very important pyrogenic
substances found in the blood during endotoxin fever. A
complex activation of the immune cascade due to different
cytokines creates conditions for a complex modulation of
thermoregulatory mechanisms. During the late phase of
fever other substances, namely neuropeptides, may also
play a role (see 2 and below) in influencing the thresholds.
Neuropetides may shift the threshold for cold
thermogenesis to lower body temperatures, thus enlarging
the interthreshold zone (1, 3, 4). (Figure 1C) Although
many humoral substances may modulate activities of the
hypothalamic body temperature controller, it is presumed
that their effect is not exerted directly, but rather by means
of the prostaglandin E, (5, 6). Findings showing that LPS,
when injected directly into the hypothalamus, induces fever
(7, 8 and others), that peripheral IL-1 increases PGE, levels
in the hypothalamus and in the blood (9, 10) and that LPS
induces release of PGE, from brain slice preparations (11)
support this view. It should be kept in mind, however, that
direct injections of LPS into the brain may rather induce
brain inflammation than fever (8).
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Figure 1. Scheme of activation of thermoregulatory centers
and effectors in normal rabbits (above-A), febrile rabbits
during the early phase of fever (middle-B) and during the late
of fever (below-C), showing an upward shift of the threshold
and no changes in hypothalamic sensitivity and activity of
individual thermoregulatory outputs (CT=cold thermogenesis,
PVMT=peripheral vasomotor tone, REHL~=respiratory
evaporative heat loss) during the early phase of fever and
dissociation of the thresholds during the late phase of fever (1,
3). The slope of the relationship between central body
temperature and activities of individual thermoregulatory
outputs denotes hypothalamic thermosensitivity.
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3. TIME COURSE OF CHANGES IN BODY TEMPERATURE
DURING LPS FEVER

Numerous studies on fever came out from the
supposition that fever induced experimentally due to
application of exogenous pyrogens (LPS) might correspond
to the fever induced under natural conditons by microbial
infection. This supposition is only partially valid, because
under natural conditions the intensity of infection and its
duration vary from case to case. Thus, the LPS fever should
be considered as a model of bacterial infection, which only
simulates the true infection, since it is a nonproliferating
bacterial component from gram-negative bacteria, whereas
many infections involve both gram-negative and gram-
positive bacteria. Nevertheless, a conclusion can be made
that under laboratory conditions manifestation of fever
depends on the concentration of endotoxin (LPS) applied.
While lower doses of LPS usually induce a monophasic
fever, higher doses induce a biphasic fever, characterized by
partial and temporal lowering of the elevated body
temperature 90—120 min after LPS application and by longer
lasting time course of the fever (3). Romanovsky et al. even
suggested that the LPS fever could be polyphasic (12, 13).
Thus, it can be expected that during different phases of fever,
thermal homeostasis is being controlled differently as a result
of action of various humoral substances, namely by action of
cytokines, neuropeptides and prostaglandins.

Several proinflammatory cytokines are pyrogenic
(namely IL-1pB, IL-6, TNF-a, IFNy) and to specify their
role in the febrile process, several questions should be
answered:

1. Does a certain cytokine play a dominant role in inducing
fever, or are all cytokines equally effective?

2. What is the time sequence of participation of individual
cytokines in regulation of the febrile response?

3. Do all cytokine exert the same, or a different mode of
action on body temperature control?

4. Can their effect be potentiated by action of different
humoral substances, namely by other cytokines?

5. Are individual cytokines the final substances inducing
changes in the thermoregulatory set point during fever?

4. CHANGES IN CYTOKINE PRODUCTION DURING
LPS FEVER

4.1. In vivo studies

Several authors described marked increases in
concentration of cytokines in the blood and in the brain of
control and LPS- treated animals and humans (for details see
14). Evidence from these earlier works can be summarized as
follows: The only cytokine present in plasma of nonfebrile
animals was IL-6. During fever, the concentrations of TNF-o
increased faster than that of IL-6, but IL-6 concentrations
reached higher levels and these high levels persisted for a
longer time than levels of TNF-o.. No IL-1 3 was detectable
in the blood of control and LPS-treated animals.
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Figure 2. Concentrations of cytokines in plasma of control
(interrupted line) and LPS-treated (solid lines) guinea pigs.
No TNF-a and IL-1B were detectable in the blood of
control animals. LPS was applied at time 0. Mean values of
6 experiments performed on 6 different animals. The
vertical bars indicate the standard error. From (24).

In earlier papers description of the detailed time
course of changes in cytokine concentrations in the blood
and in the brain was not performed. Furthermore,
measurements of cytokine concentrations in the brain have
been generally performed in the late stage of the fever,
when the body termostat was already set up to the higher
level of body temperature. Thus, data in the literature did
not allow conclusion about the specific role of individual
cytokines in induction of the febrile response. Therefore,
we attempted to measure cytokine concentrations in the
blood and in the cerebrospinal fluid within the first 45-60
min after injection of LPS (14). Results indicated that in
guinea pigs, concentration of TNF-a in plasma increased
markedly from zero up to around 200 ng/ml. IL-1B
concentrations also increased immediately after injection of
LPS to reache values corresponding to about 50 pg/ml. IL-6
was present in the blood in nonfebrile animals in a
considerable amount (approx.800 pg/ml) and increased
about ten times after LPS. (Figure 2) Although the
increases in concentrations of IL-1B and TNF-a were
detectable 15 min after injection of LPS already, until the
45th min they did not reach the steady state level. The
increase in concentration of IL-6 was slower and was found
significant 30 min after LPS injection, only.

In the cerebrospinal fluid, TNF-o was present in
highest concentrations (50-100 pg were collected during a
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15 min perfusion period), both in controls and LPS injected
animals. Thirty min after LPS injection concentration of
TNF-a increased by about 200%. (Figure 3) IL-6 appeared
in the cerebrospinal fluid earlier than TNF-o (15 min after
LPS injection), but evidently too late to be responsible for
vasoconstriction occuring immediately after LPS injection
(see 3 and Figure 9). No IL-1B was detectable in the
cerebrospinal fluid of control and LPS-treated animals.

Data on blood levels of cytokines after LPS
injection obtained on guinea pigs are in consent with the
data obtained on other mammalian species (for literature
see 14). On the basis of this evidence we conclude, that the
presence of cytokines in the hypothalamus may not be a
critical factor for the immediate onset of the febrile
response, such as vasomotion and panting (see Figure 9),
which occurs within 5-10 min after injection of LPS,
already. Cytokines may play a role in increasing the
temperature threshold for induction of thermoregulatory
effectors during the subsequent phase of the fever (30 min
after injection — see Figure 8), however. Furthermore, from
the fact that IL-6 is present in the blood of nonfebrile
animals we conclude that in quinea pigs the role of IL-6 in
induction of changes in thermoregulatory thresholds may
not be crucial.

4.2. In vitro studies

Cytokine production in response to LPS can be
easily studied under in vitro conditions using isolated
human peripheral blood mononuclear cells (PBMC). This
methodical approach has certain advantages, namely that it
simulates the in vivo situation better than isolated cells or
subpopulations of lymphocytes. General characteristics of
the cytokine response to LPS in PBMC have been
described by several authors already (15-20 and others).
The detailed time course of cytokine production has been
neglected, however. In consent with the previously
published data our recent experiments showed that human
PBMC stimulated by LPS increased IL-1B and TNF-a
production considerably (up to 220 pg/ milion of cells)
(21). Production of IL-6 was about 1/3 of that of other
cytokines, only. Production of these cytokines started
immediately after LPS stimulation to reach maximum
within 4 hours. Production of IL-1B and TNF-o remained
increased for at least 24 hod. On the other hand, production
of IL-6 seemed to decline after 4 hours already. (Figure 4)
IFN-y production started to increase later that productions
of IL-1B, TNF-a and IL-6, while production of IL-10
started to increase after 12 hours and increased steady for at
least 24 hours. Production of IL-12 was not influenced

1).

Data suggest that IL-1f and TNF-a could be
designated as the most early and the most important
inducers of processes leading to induction of febrile
responses, while IL-6 might play a smaller role. Evidently,
since IL-13 and TNF-a are being produced by monocytes
and macrophages predominantly (22, 23), these
subpopulations of PBMC appeared to be activated in the
first place after LPS. Since IFN-y is being produced by NK
and T cells mostly (24), its slightly delayed release may
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Figure 3. Concentrations of IL-6 (above) and TNF-a
(below) in the cerebrospinal fluid of control (hatched
columns) and LPS treated (white columns) guinea pigs.
Samples were collected by the push-pull technique during
15 min periods. LPS was applied at time 0. Mean values of
6 experiments performed on 6 different animals. The
vertical bars indicate the standart error. Asterisks denote
significant differences. From (24).

indicate that not only the early, but also the later phases of
the immune response are activated under experimental
conditions used. IFN -y may further potentiate the IL-1p
release. Since IL-10 is known to act as an antipyretic
substance (25, 26), its delayed production could represent a
negative feedback mechanism restricting the IL-18 and
TNFa releases under in vivo conditions.

Increased production of cytokines after LPS
stimulation may persist for more than 24 hours. This long
lasting effect of LPS may indicate their very strong binding
to CD 14 and TLR4 receptors (27-29), or an absence of
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processes degradating cytokines under in vitro conditions.

5. TIME COURSE OF CHANGES IN BODY
TEMPERATURE DURING CYTOKINE FEVER

Hyperthermic effects of peripherally and
centrally administered cytokines have been demonstrated
repeatedly within the last 20 years in many laboratories (for
review see 29). In our recent paper (29), the effect of TNF-
o, IL-6 and IL-1B on body temperature changes was
studied in rabbits. It was found that TNF-a (1 pgkg "),
when applied intravenously at thermoneutral conditions,
induced a long lasting monophasic fever response.
Hypothalamic temperature reached maximal values within
40 min and then got stabilized for at least 4 h. On the other
hand, IL-6 when applied i.v. in the same dose (1 pgkg ™)
and IL-1B, in a much lower dose (60 ngkg '), induced
monophasic fevers lasting less than two hours, only.
(Figure 5) Endotoxin (LPS), administered peripherally
induced greater increase in hypothalamic temperature than
the cytokines used.

These data support earlier observations that all
cytokines studied are pyrogenic. Data may further indicate
that IL-1f is the most potent fever inducer, being effective
in ng doses, while TNF-a and IL-6 give similar responses
in pg doses. On the other hand, since the increased body
temperature after IL-1 and 1L-6 persisted for about 2
hours only, while the effect of TNF-a persisted for at least
3 hours, data indicate that TNF-a is also an important
pyrogenic substance. Data further show that under in vivo
conditions IL-1f3 and 1L-6 get degradated faster than TNF-
a.

When injected intrahypothalamically, all
cytokines induced a long lasting increase in body
temperature, similar to that after i.v. injection of a low dose
of LPS (1 pg/kg), with the exception that the effect of
hypothalamic cytokines was somewhat delayed (Figure 5).
IL-1B appeared to be more effective than other cytokines,
similarly as after peripheral application. Thus, the direct
mode of action of all cytokines studied on the hypothalamic
system controlling thermal homeostasis appears to be very
similar and, hence, unspecific. The similarity of responses
induced by cytokines and by LPS may indicate that the
hypothalamic mode of action of all these substances is
mediated by similar signalling pathways, as suggested by
several authors (25, 26).

Finally, it should be stated that it is presumed that
cytokines may substitute, or potentiate mutually each other
in their actions on hypothalamic thermoregulatory centers.
Because of that the real physiological role of individual
cytokines in induction of fever is difficult to assess on the
basis of the above experiments.

The long lasting effect of peripheral TNF-a and
of central TNF-a, IL-1f and IL-6 is striking. In a separate
experiment we even observed that the solitary i.h.
application of IL-6 induced a steady increase in body
temperature lasting at least 6 hours ( Vybiral, unpublished).
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Figure 4. Time courses of releases of TNF-a, IL-6, IL-13
from human PBMC due to application of LPS. The vertical
bars indicate the standart error. Redrawn on the basis of the
data (31).

Since the half life of cytokines in circulation is considered to
be very short (about 5 min in case of IL-6), these
observations may either indicate very strong binding of
cytokines to their receptors, or, more probably, the absence
of processes, which, during the LPS fever, eliminate
cytokines from the blood or from the cerebrospinal fluid.
Whether the long lasting effect of cytokines is due to absence
of natural antipyretic substances (AVP, ACTH, o-MSH) (for
review see 2), which, during the LPS fever, can overcome
the action of cytokines on hypothalamic control centers, or
due to absence of processes eliminating cytokines from the
blood during the cytokine fever, is to be clarified.

6. CHANGES IN ACTIVITY OF THERMOREGULATORY
EFFECTORS AND CENTERS DURING CYTOKINE
FEVER

The method of intestinal cooling and warming,
which enables to activate thermoregulatory effectors during
fever, can define changes in thermoregulatory thresholds
and in functional capacity of thermoregulatory effectors, as
well as modifications of apparent hypothalamic
thermosensitivity. Thus, this method can also analyze the
time course of changes in activities of mechanisms
regulating thermal homeostasis after administration of
cytokines (for details about the method see 2).

As it was shown above in this paper, TNF-a (1
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pugkg ), when applied intravenously to rabbits at
thermoneutral conditions, induced a long lasting
monophasic fever (Figure 5) (29). Figure 6 shows that this
response was induced by intensive and long lasting
attenuation of panting and by transient increase in
vasoconstriction (skin temperature returned to the
preinjection level within 100 min). Metabolic rate tended to
increase by about 20 % during the early phase of the fever,
only (not shown here). IL-1 administration gave a similar
response. On the other hand, i.v. applied IL-6 (1 pgkg ™)
induced a short lasting hyperthermia, only (Figure.5). This
was achieved by transient attenuation of panting and by
transient vasoconstriction, both lasting about 50 min (29).
(Figure 6) No significant increase in metabolic rate was
observed after IL-6 and no shift of thermoregulatory
thresholds could be detected (see below). Thus,
peripherally applied IL-6 induced hyperthermia just by
preventing heat loss from the body and not by increasing
metabolic rate.

The immediate attenuation of panting and
induction of vasoconstriction after i.v. administration of
cytokines, which manifests within few seconds, rather
resembled a reflex (shock) response than specific
thermoregulatory reactions. This represents an argument
for the view that peripheral cytokines may first induce an
immediate fever-like response by activating nervous
endings of afferent nervous fibres in the body periphery
than by acting on the hypothalamus (see below).

Further it was found that peripherally applied
TNF-a and IL-1p modulated activity of thermoregulatory
centers within 30 min. after i.v. administration, which
revealed as an upward shift of the temperature threshold for
cold thermogenesis (29) (Figure 7). In contrast to TNF-a
and IL-1f, the i.v. applied IL-6 did not influence the
threshold for cold thermogenesis as well as that for heat
loss mechanisms neither 30 min, or 180 min after injection.
Thus, a slight hyperthermia induced by peripheral
administration of IL-6 can be realized without influencing
the body temperature controler in the hypothalamus. These
data support the view that effect of peripheral IL-6 on
thermoregulation is different from that of other cytokines
and of LPS.

Three hours after i.v. injection of IL-1f the
threshold for cold thermogenesis as well as body
temperature returned to the preinjection level, while the
effect of TNF-a was still persisting, indicating different
ways of degradation of these cytokines.

When injected intrahypothalamically all
cytokines induced a long lasting increase in body
temperature and shifts in temperature thresholds for

induction of cold thermogenesis (Figures 5 and 7). Similarly
as after peripheral injection, IL-1B induced the hyperthermic
effect in lower concentrations than IL-6 and TNF-a. The
thresholds remainded elevated at least 3 hours after injection.
No changes in hypothalamic thermosensitivity were
observed after IL-1B and IL 6, but after TNF-a small
attenuation of thermosensitivity seemed to occur (29).



Thermal homeostasis in systemic inflammation

—o— TNF-. (1 pg.kg? i.v.)
—o— IL-6 (1 pg.kgti.v.)
—a&— |L-1f} (60 ng.kg™! i.v.)
—+— LPS (1 pg.kg?i.v.)

1.5

ot
r— =a
— 44—
p— +_._._+—-—-4—‘+

:;K
e

1.0

H*’}M“"o—no/“"a/o s
\
~e N\

.t
o——‘:—m..__._.:l__.___:

0.5 4
4 —,

Change in temperature (°C)

T T T T T T T T
L] 60 120 180

Time (min)

—0— TNF-0. (100 ng i.h.)
—=&— IL-6 (40 ng i.h.)
—a&— IL-1[ (500 pg i.h.)
—+—LPS (1 pg.kg"! i.v.)

—t—

e "'1-—/-—‘—-—-
P - [ s A—a
il

_-/'.’F‘

Change in temperature (°C)

T T T T T T T T T T T T T ™ T
L] 0 120 180

Figure 5. Time course of changes in hypothalamic
temperatures after i.v. administration of LPS and after i.v.
(above) and i.h. (below) application of TNFa, IL-1p and
IL-6. (n=5-7). From (62).

Since cytokines, when applied i. h. in
concentration used, do not induce a biphasic fever
response, it is tempting to conclude that hypothalamic
cytokines induce a different kind of febrile response than
peripherally applied LPS. (LPS induces biphasic fever and
widening of the interthreshold zone during the late phase of
the fever [1, 3, 7] due to action of antipyretic neuropeptides
[30-33 and others]).

Furthermore, since the direct effect of all
cytokines studied on central control of thermal homeostasis
appears to be very similar, it may be concluded that the
effect of these substances is not specific from the
thermoregulatory point of view and may be a result of
neuronal irritation due to local inflammation.

Because of these limitations the relative role of
individual cytokines in modulating neuronal activities
under physiological conditions is difficult to assess.

7. CHANGES IN ACTIVITY OF THERMOREGULATORY
EFFECTORS AND CENTERS DURING LPS FEVER

It was found that in rabbits peripheral application
of LPS first induces instant vasoconstriction and
attenuation of panting, while cold thermogenesis is not
influenced (3) (Figure 8).Thus, the very early initiation of
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febrile response is due to attenuation of mechanisms
regulating heat loss and not due to activation of heat
production. Furthermore, the fact that the immediate febrile
responses, which preceed increases in concentrations of
cytokines in the brain (see above), may be supportive for
the conclusion that initiation of the febrile response is
rather mediated by activation of peripheral nervous endings
and subsequent activation of vasomotor and respiratory
centers in the medulla oblongata than by activation of
specific thermoregulatory pathways and centers in the
hypothalamus.

The view, that the very rapid onset of the febrile
response may involve a neuronal rather than a humoral
mechanism of peripheral signaling, was originally proposed
by Blatteis and Sehic (34). Their theory is based on the
evidence that subdiaphragmatic vagotomy eliminates the
increase in body temperature induced by LPS and the
concomittant increase in PGE, in the hypothalamic area
(35), blocks release of IL-1f in the brain after peripheral
administration of LPS (36) and prevents IL-1f to induce
hyperthermia (37). Furthermore, it was found that injection
of the IL-1f into the portal vein increases electrical activity
of the vagus and that the IL-1P receptors are localized to
hepatic branches of the vagus nerve (34). These findings
were interpreted as meaning that LPS, by means of
complement activation, increases release of cytokines from
Kupffer cells, which, subsequently, activates afferent vagal
fibers. This conveys the pyrogenic message to the nucleus
tractus solitarius in the brain stem and via noradrenergic
bundle affects the preoptic area in the hypothalamus to
stimulate the local release of PGE, (34). This appears to be
a long process, however, which can hardly explain the
immediate vasoconstriction and suppression of panting
occuring in rabbits within seconds after LPS injection
(Figure 8). It seems to be more probable, therefore, that a
direct stimulation of afferent vagal fibres by LPS, rather
than by cytokines, may be responsible for the ,,shock
reaction® preceeding the actual febrile response. Findings
that injections of LPS into the subcutaneous pouch induce
fever responses in absence of any cytokines in the blood or
cerebrospinal fluid support this view (38). This theory does
not exclude the possibility that peripheral cytokines may
also activate the vagal afferents and by means of the
hypothalamic PGE, , increase temperature thresholds for
induction of thermoregulatory effectors, as it typically
appears during the first phase of the fever. Neither the
direct effect of cytokines on hypothalamic centers can be
excluded.

During the late phase of the fever, the increased
level of IL-1P in the blood activates the hypothalamo-
pituitary-adrenal axis (39-47) and the concentrations of
ACTH and other neuropeptides in the blood may increase.
IL-6 induces a similar effect, but the detailed mode of
action of IL-6 is probably different than that of IL-1 (46).
ACTH and other neuropeptides (AVP, a-MSH) may then
exert an antipyretic effect (30-33), perhaps by influencing
thermosensitive neurons, or by releasing cytokines. There
is evidence that administration of o-MSH analogues
reduces the release of IL-1f and TNF-a (32). The increased
production of antipyretic neuropeptides may induce a downward



Thermal homeostasis in systemic inflammation

—0— TNF-a (11g-kg™ Lv.)
—e— IL-8 (1pg.kg! Lv.)

300 | —a— L1 (60 ngkg! Lv.)
180 -
i‘ AH/\A
E ]
i a—
E
2 1m0
B
3 100 <
L T T T T
L] .0 120 180
Time (min)
—0— TNF-a (1ug.kg! Lv.)
—o— IL-8 (11g.kg! Lv.)
34 [ —a— IL1f (BOng.kg? Lv.)
-
5 3
%
E 324
i
£ 18-
i
28
4 T T T — T
L] L] 10 1w
Time (min)

Figure 6. Time course of changes in skin temperature and
respiration rate of rabbits after i.v. administration of IL-6,
IL-1B and TNF-a. (n=5-7). Redrawn on the basis of the
data (62).

shift of the threshold for cold thermogenesis to the
prefebrile level, while the thresholds for vasomotion and
panting remain temporarily increased, the result being
enlargement of the interthreshold zone (48, 49) (for details
see 2). Thus, during the late phase of the fever animals
become insensitive to relatively large changes in their body
temperatures. Body temperature changes within this range
are, therefore, a consequence of the passive heat exchange
between body and environment. Further it is assumed that
when microbial infection disappears and concentrations of
endogenous pyrogens in the circulation decrease, the
thresholds for heat loss mechanisms also return to the normal
level and fever ceases. Mechanisms controling the very late
phases of the fever (12, 13) remain unclear, however.

8. EFFECT OF PYRETIC AND ANTIPYRETIC
SUBSTANCES ON ACTIVITY OF THERMOSENSITIVE
NEURONS

Effect of pyrogenic cytokines on warm sensitive,
cold sensitive and temperature insensitive hypothalamic
neurons was partially reviewed elsewhere in this volume
(27). All data so far published (50-56) seem to indicate that
cytokines decrease firing rates of warm sensitive neurons
and increase that of temperature insensitive and cold
sensitive neurons. A lowered thermosensitivity after IL-1p
was also observed. Shibata and Blatteis (57) found that the
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response of individual neurones treated with different
cytokines were not exactly the same, however. They
concluded that different cytokines may rather affect distinct
neurons functionally connected to common pyrogenic
effectors. Thus, different neuronal pathways may be
ulitized by each cytokine to exert their pyrogenic effects.

Data also suggests that the action of cytokines
requires local synthesis and release of prostaglandins from
endothelian and other cells. Hori ef al. have shown on brain
slice preparations that LPS can release PGE, (9). Our data
on the effect of prostaglandin E, on neuronal activity in
hypothalamic slices of the rat also documented lowered
activity of warm sensitive neurons and increased activity of
thermoinsensitive neurons (58), similarly as it was
observed by other authors after administration of cytokines
(Figure 9). All this may suggest that the effect of cytokines
on thermoregulatory centers could be mediated via action
of prostaglandins.

In consent with the above data, Moravec and
Pierau have found that an antipyretic neuropeptide -
arginine vasopressin (AVP) increased activity of warm
sensitive neurons and changed their thermosensitivity (59).
Our data on the subject were reviewed (60). Recently, it
was suggested that the effect of cytokines on hypothalamic
neurons could be mediated by purinergic receptors (61).

Modulation of activity of hypothalamic
thermoregulatory centers by humoral substances cannot be
studied by direct methods on intact animals. Therefore,
attempts have been made to clarify the effect of pyrogens
on hypothalamic centers using different models of body
temperature control. The model of Bligh (62, for details see
63) appears to be the most appropriate for elucidating basic
hypothalamic processes controling body temperature in
nonfebrile subjects. (Figure 10) This model is based on the
presumption that neurons in the preoptic area of the
anterior hypothalamus (POAH) receive inputs from warm
and cold sensors located in the POAH, or in other parts of
the body. The model further presumes that the warm or
cold signals are transmitted by separate, but
interconnected pathways, consisting of interneurones,
which are temperature insensitive. The specific feature of
this regulatory system is that the ,,warm“ and ,,cold*
pathways can reciprocally inhibit each other. As deep
body temperature increases, activity of ,,warm* pathways is
elevated and activity of ,,cold” pathways is depressed, the
final result being activation of heat loss mechanisms. In
cold exposed subjects, in contrast, ,,cold“ pathways are
activated, while the ,,warm‘ ones are inhibited, so that the
heat production mechanisms are set into action.

In febrile subjects, modulation of thermoregulatory
functions should be expected. The following scheme is being
suggested to describe the sites of action of pyrogenic
substances: During the first phase of the fever, when the set
point of the body temperature controler is elevated, an
inhibitory effect of endogenous pyrogens both on the warm
and the cold pathways behind the point of crossing inhibition
(points A) must be anticipated to explain increases the
thresholds both for heat loss and heat production mechanisms.
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(below) showing possible sites of pyrogen and neuropeptide

In the later phase of the fever, the separate
downward shift of the threshold for cold thermogenesis
could be either: 1. due to partial cessation of action of the
primary pyrogen on the cold pathway, or 2. due to
replacement of the action of the primary pyrogen with
another one, acting at the same place, or elsewhere on the
neural pathways (see the scheme). Thus, due to the
described antipyretic action of AVP, a-MSH and ACTH,
these substances could either inhibit the cold pathway
behind the point of crossing inhibition (point B), or
reactivate the warm pathway in front of the point of
crossing inhibition (point C).

Results of the experiments performed on
hypothalamic slices, showing lowered activity of warm
sensitive neurons during the first phase of the fever and
increased activity of warm sensitive neurons during the late
phase of the fever, do not fully support this hypothesis,

action.
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however. According to Bligh s model, changes in activities
of warm sensitive neurons in front of the point of crossing
inhibition, where the localization of warm sensitive neurons
is anticipated, should induce reciprocal changes in the
,,cold* pathway and this was not the case.

The presented scheme of action of pyretic and
antipyretic substances differs from that we suggested
earlier (1). It should be kept in mind, however, that all
thermoregulatory models, including that of Bligh, are
highly speculative and cannot fully explain all mechanisms
participating in the control of thermal homeostasis during fever.

9. ROLE OF THE AUTONOMIC NERVOUS
SYSTEM IN CYTOKINE RELEASE

Sympathetic nervous system is being activated
during the febrile process, as evident from the increased
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heat production due to nonshivering thermogenesis (64-66)
and from peripheral vasoconstriction (3, 67). Furthermore,
already in 1970s it was suggested, that the prostaglandin
fever could be induced due to release of hypothalamic
noradrenaline (68). Therefore, the role of noradrenaline in
modulating activities of the body temperature controller
should be taken into consideration. The works of
Zeisberger nad Briick (for review see 69) showed that
activation of noradrenergic pathways in the brain stem, or
injections of noradrenaline into the brain increased the
threshold for cold thermogenesis. This could be the reason
for elevated temperature thresholds during fever. It should be
mentioned, however, that the evidence that intrahypothalamic
injections of noradrenaline did not induce the febrile
response (70) is in contrast with the above view.

Since cytokines may play an important role in
modulation of thermoregulatory responses, factors which
influence their release should be also taken into
consideration. During the last 20 years many papers were
published showing that the immune reaction (71-77) and
production of cytokines (78-82) may be influenced by
changes in activity of the autonomic nervous system..
Moderate work, or changes in blood concentrations of
catecholamines, increase activity of the immune system,
while the strenuous exercise may have a negative effect.

Furthermore, application of catecholamines
influence the release of cytokines both under in vivo (83-
84) and in vitro conditions (85-88) in macrophages as well
as in astrocytes. Production of cytokines after noradrenaline
can be also changed in cells activated by LPS. In consent
with that, it was found that acetylcholin decreased release
of IL-1pB, IL-6 and TNF-c..(89). Serotonin also inhibited
TNF-a production, but increased IL-1 production in LPS
stimulated PBMC (90).

Our unpublished data show that noradrenaline,
when added to isolated human PBMC in doses higher than
107 M inhibited release of TNF-o. by about 20 % . On the
other hand, lower doses seemed to increase releases of IL-6
and of IL-1B slightly. Release of cytokines from LPS
stimulated cells was not influenced.

10. MODULATION OF THE CYTOKINE RELEASE
BY HUMORAL SUBSTANCES

Studies on isolated cell populations revealed that
release of cytokines can be modulated due to action of other
cytokines. The complicated hierarchy of the immune
response and mutual interactions among individual
subpopulations of immune cells make it difficult to establish
the precise role of individual cytokines in inducing release of
other cytokines, however. Interpretation of the data is further
complicated by the fact that experiments were mostly
performed on isolated subpopulations of lymphocytes or on
isolated astrocytes and glial or other cells. Very few
experiments were performed using diluted blood or isolated
PBMC to imitate situation under in vivo conditions.

Since macrophages appear to be the primary
target of endotoxin action, effects of cytokines produced by
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these cells (namely IL-1B) were studied in the first place.
Particular attention was payed to the role of IL-1B in
inducing the release of IL-6. It was found that IL-1B
stimulated the cultured astrocytes, glial and muscle cells to
produce IL-6 (91-98 and others). IL-1J3 in combination with
IFN-y also stimulated astrocytes to produce TNF-a (99).
Thus, data in the literature seem to confirm a leading role of
IL-1B in modulating releases of IL-6 and TNF-a . These
findings were confirmed by in vivo experiments (100 - 102).
Furthermore, it is known for quite a long time that TNF-a
has a stimulatory effect on IL-1f3 and IL-6 release (103, 104).

On the other hand, other data indicate that IL-6 acts
inhibitorily on IL-1p and TNF-a releases from human PBMC
or monocytes stimulated by LPS (155, 106). IL-4 has also an
inhibitory effect on production of IL-1f , IL-6 and TNF-a in
human monocytes stimulated by LPS (107). Similarly, IL-10 is
supposed to act as a negative regulator of cytokine production
(25, 26), although data from experiments performed under in
vitro conditions on PBMC are still missing.

Recent experiments performed in our laboratory
(108) indicate that in isolated PBMC low doses of IL-1
(up to 100 pg/10° of cells) decrease, while higher doses of
IL-1P (up to 10000 pg/10°® of cells) increase production of
TNF-a. In contrast, IL-1B exerted no effect on IL-6
production in resting and LPS stimulated PBMC. Thus, the
release of IL-6 from isolated PBMC seems to be IL-13
independent. The reason for the discrepancy with data
presented above is not clear.

Furthermore, it is known that cytokines stimulate
prostaglandin production (109) and that prostaglandins
might exert an inhibitory effect on IL-1f and TNF-a
productions (110, 111). In our experiments, PGE, in
concentrations ranging from 300 to 3000 pg/ 10° of cells
did not influence either the resting, or the LPS stimulated
release of IL-1f from PBMC.

11. CONCLUSIONS

Data presented in this review suggest that:
1. The LPS fever appears to be polyphasic.
2. Various humoral substances modulate activities of the
hypothalamic body temperature controller during different
phasis of the LPS fever in a different way.
3. Fever can be induced by cytokines acting both
peripherally on nervous endings and centrally on the
hypothalamus. IL-1f is the most potent fever inducer.
4. Peripherally administered IL-6 differs in its mode of
action on thermoregulatory centers and effectors from that

of IL-1p and TNFa.

5. All centrally administered cytokines induce upward shift
of the thresholds for all thermoregulatory outputs.

6. Increase in body temperature after central administration
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of cytokines appears to be cytokine unspecific and may be
due to local inflammation.

7. Effects of centrally applied cytokines on body
temperature are long lasting, indicating absence of
mechanisms responsible for degradation of cytokines.

8. In vivo administration of LPS increases release of TNF-a
by several orders of magnitude. The releases of IL-1f and
of IL-6 are also increased.

9. In vitro administrations of LPS to PBMC increase
mainly the releases of TNF-a and IL-1B3. IL-6 is being
produced to a smaller extent.

10. ACTH, a-MSH and AVP are the natural antipyretic
substances. Their release is induced by cytokines.

11. Cytokines inhibit activities of warm sensitive neurons
in the hypothalamus, similarly as does PGE,, while AVP
increases their activities.

12. Catecholamines and cytokines may influence release of
other cytokines and this way modulate thermal homeostasis
during fever. Effect of cytokines on cytokine release is long
lasting, which indicates absence of degradation
mechanisms under in vitro conditions.

13. It is suggested that initiation of the febrile response may
be due to direct action of LPS on peripheral nerves. The
upward shift of temperature thresholds for induction of all
thermoregulatory effectors during the first phase of the
fever may be due to central action of cytokines and /or
PGE, and the downward shift of the threshold for cold
thermogenesis during the second phase of the fever may be
due to central action of neuropeptides.
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