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Summary. In animals including humans nitric oxide (NO) serves as a biolog- 
ical messenger both peripherally at neuroeffector junctions and in the central 
nervous system where it modulates neuronal  activity. Evidence for the in- 
volvement of NO in homeostatic control is accumulating also for temperature 
regulation in homeotherms.  In the periphery an auxiliary role in the vasomo- 
tor control of convective heat transfer to heat dissipating surfaces and modu- 
lation of thermoregulatory heat generation, especially in brown adipose tissue 
as the site of nonshivering thermogenesis,  are discussed as NO actions. At  the 
central level a thermolytic role of NO in thermoregulat ion as well as in fever 
is assumed, however, experimental  data opposing this view suggest that 
topical specificity may be important. At  the level of single neurons, the 
observed interrelationships between thermosensitivity and responsiveness to 
NO are still not consistent enough to reconcile these data with the effects of 
NO-donors and inhibitors of NO-synthase on temperature regulation. 
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Introduction 

Temperature regulation in homeotherms is accomplished by a distributed 
system of neurons with the hypothalamus as the highest level of integration 
(Hammel,  1968). Temperature  signals are provided by a multiple-input sys- 
tem comprising skin thermoreceptors and thermosensors in deep-body tis- 
sues, especially in the central nervous system (CNS) where they extend from 
the preoptic and anterior hypothalamic (POAH)  region throughout the 
brainstem and the spinal cord (Simon et al., 1986). Somatomotor  and auto- 
nomic efferents control diverse thermoregulatory effectors which became 
involved in the evolution of homeothermy.  The multiplicity of nervous com- 
ponents controlling thermoregulatory activities implies participation of a 
multitude of transmitters or modulators. This should include nitric oxide 
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(NO) as a more or less ubiquitous signal molecule, and data concerning its 
role in temperature regulation are beginning to emerge. 

The presence of NO-Synthase (NOS) in the autonomic nervous system has 
been amply documented by demonstrating its NADPH-diaphorase activity or 
by immunocytochemistry (Rand and Li, 1995). At the central level, the 
widespread distribution of neurons and fiber systems containing NOS or NO- 
activated guanylate cyclase producing the second messenger cyclic GMP 
(cGMP) have been demonstrated for the hypothalamus (Bredt et al., 1990; 
DeVente and Steinbusch, 1992). At the spinal level both are present around 
the central canal and in the superficial laminae of the dorsal horn where 
neurons are involved in the transmission and possibly generation of tempera- 
ture signals (Valtschanoff et al., 1992; Schmid et al., 1997). 

Pharmacology of NO in temperature regulation and fever 

Vascular smooth muscle relaxation is a key action of NO in the peripheral 
circulation. In the non-adrenergic, non-cholinergic, thermoregulatory control 
of blood flow in the rabbit ear skin and in the heat dissipating nasal mucosa of 
dogs NO seems to exert a permissive function (Farrell and Bishop, 1995, 
Watanabe et al., 1995), but not in humans (Dietz et al., 1994). NO may also be 
relevant in the process of cold acclimation as a local messenger in the brown 
adipose tissue (BAT), a heat generating thermoregulatory effector organ 
(Kuroshima, 1995). 

At the central level, intracerebroventricular (icy.) application of an NOS- 
inhibitor stimulated the sympathetic innervation of BAT indicating that NO 
might be an inhibitor of cold defense (De Luca et al., 1995). This action should 
imply a corresponding activation of heat defense consisting, in panting ani- 
mals, in increased skin blood flow and an associated rise in skin temperature, 
increased respiratory rate and an associated rise in respiratory evaporative 
water loss, no change or a reduction in metabolic heat production and, as a 
result, in a decrease of deep body temperature. This was, indeed, demonstrat- 
ed in rabbits infused icv. with a NO-donor (Fig. 1A). The closely similar effect 
of intravenous (iv.) infusion of NO-donors in rabbits (Fig. 1B) may be 
explained by its peripheral vasodilatatory action and possible additional 
central effects, since NO readily permeates the blood-brain barrier. For fever, 
as a pathophysiological up-regulation of body temperature, analogous studies 
indicate a similar antipyretic action of NO, although the available evidence is 
not fully conclusive. As summarized in Fig. 2, fever induced by lipopolysaccha- 
ride (LPS) in rabbits was enhanced by icv. application of a NOS-inhibitor and 
attenuated by icv. application of a NO-donor (Gourine, 1995). When rabbits 
were pretreated with iv. infusions of the drugs, LPS-induced fever was en- 
hanced by NOS-inhibitor infusion but did not change significantly during NO- 
donor infusion. In rats, the rise in body temperature caused by icv. injection of 
E-type prostaglandin (PGE1), a presumed central mediator of fever, was 
attenuated by co-application of the NO-precursor L-arginine or of a NO- 
donor (Monda et al., 1995). In cats NOS-blockade did not effectively alter the 
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Fig. 1. Effects of NO-donors infused icv. (A) for 30 min (5-10 nmol/min/kg of 3- 
morpholino-sydnonimine-hydrochloride, 7 experiments) or iv, (B) for 15 rain (75 nmol/ 
min/kg of 3-morpholino-sydnonimine-hydrochloride or S-nitroso-N-acetylpenicillin- 
amine, 6 experiments) in conscious rabbits exposed to a slight external heat load (ambient 
temperature 24°C). Shown are the deviations with standard errors from the average levels 
of the thermoregulatory parameters determined during 16 successive measuring periods 
of 5 min duration starting 20 min before the start of NO-donor infusions. Asterisks: 
significant treatment effect (ANOVA). Data from Eriksson et al., 1997 and Mathai 

et al., 1997 

fever response (Redford et al., 1995).Taken together, the currently available 
evidence tends to be in favor of a thermolytic function of NO as a messenger 
involved in the central coordination of thermoregulatory effectors. However, 
the effector responses associated with the hypothermic and antifebrile actions 
to iv. infusions of a NO-donor in rabbits were found to be not fully coordinat- 
ed (Gagalo et al., 1995), raising the suspicion that reactions secondary to the 
peripheral hypotensive action of NO may interfere with its central thermolytic 
action. This might also explain the observation in rats that fever induced by 
systemically applied LPS was converted into a hypothermic response by a co- 
applied NOS blocker (Scammell et al., 1996). 

In detail, stimulation of cold defense by NO when acting at specific sites 
may oppose its general thermolytic action as suggested by the following 
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Fig. 2. Effects of icv. injections of NOS-inhibitors or NO-donors on fever induced in 
conscious rabbits by iv. injection of LPS. Means with standard errors. Shown are the 
deviations from the LPS-induced rise of core (rectal) temperature during 120 rain after the 
start of interaction between LPS and drugs, initiated either by LPS injection iv. after the 
animals had been injected icv. with the NOS-inhibitor or by icv. injection of the NO-donor 
60 min after iv. injection of LPS. Upward deviation from zero line: enhanced fever; 

downward deviation: reduced fever (Data from Gourine, 1995) 

observations.  Inject ion of a NOS-inhibi tor  directly into the the rmosensory  
P O A H  region of anesthet ized rats reduced  activation of B A T  by P G E 2  (Amir  
et al., 1991). In rabbits the invo lvement  of inducible NOS was concluded f rom 
dose -dependen t  a t tenuat ion  of LPS fever by certain NOS-inhibi tors  and f rom 
hyper the rmic  actions of NO-donors  when  locally injected into the o rganum 
vasculosum laminae  terminalis  (OVLT)  which is cons idered  as the  most  
impor tan t  interface in the t ransmission of the  pyrogenic  signal f rom the 
circulation to the  CNS (Lin and Lin, 1996). Thus,  NO actions on central  
recept ive structures may differ directionally f rom its effects in the central  
thermoin tegra t ive  neurona l  network.  

Thermosensitivity and NO-responsiveness of central neurons 

Present ly  detai led data concerning NO-responsiveness  of thermosensi t ive  
neurons  in CNS regions know n  to funct ion as the rmosensory  sites are availa- 
ble only for the spinal cord (Table 1). A m o n g  warm sensitive neurons  in the 
superficial dorsal  horn  ( laminae I + II) which are located in the thermoaffer-  
ent  pathway,  combined  phasic/static responses  prevailed,  similar to per ipheral  
the rmorecep tors ,  whereas  purely  static responses  prevai led among  warm 
sensitive neurons  in lamina X close to the central  canal. NO actions were also 
different  in that  a majori ty  of lamina I + II neurons  were  inhibi ted but  mos t  of 
the  lamina X neurons  were activated. At  the hypotha lamic  level, a prel iminary 
in vivo study on anesthet ized rats receiving icy. microinject ions of NO-donors  
or a NO-blocker  r epor ted  partly excitation and part ly inhibit ion of neurons  
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Table 1. A Average temperature coefficients of warm sensitive neurons and fraction with 
combined phasic/static temperature responses in laminae I + II and in lamina X recorded 
in vitro from spinal cord tissue slices (data from Pehl et al., 1997). B Distribution of 
inhibitory and excitatory actions of the NO-donor sodium nitroprusside among neurons in 
laminae I + 1I and in lamina X recorded in vitro from rat spinal cord tissue slices (data 

from Pehl and Schmid, 1997) 

A. Temperature response Temperature coefficient 
(mean + standard error) 
[imp/s/°C] 

Combined phasic/static 
response 
[%1 

Laminae I + II (n = 79) 
Lamina X (n = 55) 

1.6 + 0.1 73 a 
1.8 + 0.1 9 a 

B. Effect of NO-donor Inhibition Stimulation No effect 
[%] [%1 [ °/o ] 

Laminae I + II (n = 90) 49 a 28 a 23 
Lamina X (n = 84) 2 a 93 a 5 

a Significantly different fractions (chi-square test). 

recorded  in the the rmosensory  P O A H  region (Gour ine  et al., 1995), and 
among  these neurons  inhibit ion by in ter leukin-I  in 2 cases was opposed  by the 
N O - d o n o r  which, vice versa, opposed  excitat ion by interleukin-1 in one case, 
i.e., effects were  observed which would  comply  with the ant ipyret ic  action of 
NO. A greater  sample of neurons  recorded  in vitro f rom hypotha lamic  tissue 
slices demons t r a t ed  exclusively inhibi t ion of warm sensitive as well as insensi- 
tive P O A H  neurons  by applicat ion of a NO-donor ,  while in a nearby  por t ion  
of the diagonal  band of Broca  neurons  were  insensitive to the N O - d o n o r  and 
thereby indicated a site-specific expression of  NO-respons iveness  in hypotha-  
lamic structures (Schmid et al., 1997). Inhibi t ion of warm sensitive neurons  in 
the rmosensory  regions would  be in line with evidence for an activation of cold 
defense by NO but  at variance with its thermolyt ic  effects in thermoin tegra-  
tive regions. 

Perspective: functional morphology of NO in temperature regulation 

The neurophysiological  e lucidat ion of the the rmoregu la to ry  ne twork  within 
the CNS faces the fundamen ta l  difficulty that  knowledge  about  its cytoarchi- 
tecture  reaching beyond  the coarse topography  of the brain regions involved, 
is virtually non-existing. In this si tuation NO, like any med ia to r  acting within 
this ne twork  in a seemingly specific manner ,  provides  a highly we lcomed  
oppor tun i ty  to advance cytoarchi tectural  knowledge  by localizing its sites of 
genera t ion  as well as of its actions at the cellular level. A t t e m p t s  to find short- 
t e rm effects of LPS on NOS-activity in the  O V L T  have failed, so far (Sehic et 
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al., 1997). However ,  mos t  recen t ly  e n h a n c e d  N O S  activity was shown to 
a c c o m p a n y  the  site-specific augm en t a t i on  the cFOS gene  p roduc t  in the  
pe r iphera l  zone  of  the  O V L T  and the  diagonal  band  of  Broca  of rats subjec ted  
to hea t  accl imat ion at 33°C for 2 days (Gers tberger ,  1998). Thus,  this approach  
appears  wor thwhi le  being pursued ,  including the  ident i f icat ion of  puta t ive  
cellular  targets  of  N O  and  its second messenger ( s )  by analyzing calcium 
transients  in viable cells of  o rganotyp ic  cul tures or c G M P  fo rma t ion  by 
immunocy tochemis t ry .  

References  

Amir S, De Blasio E, English AM (1991) NC-Monomethyl-L-Arginine co-injection 
attenuates the thermogenic and hyperthermic effects of E2 prostaglandin microinjec- 
tion into the anterior hypothalamic preoptic area in rats. Brain Res 556:157-160 

Bredt DS, Hwang PM, Snyder SH (1990) Loalization of nitric oxide synthase indicating a 
neural role for nitric oxide. Nature 347:768-770 

De Luca B, Monda M, Sullo A (1995) Changes in eating behavior and thermogenic 
activity following inhibition of nitric oxide synthase. Am J Physiol 268:R1533-R1538 

De Vente J, Steinbusch HWM (1992) On the stimulation of soluble and particulate 
guanylate cyclase in the rat brain and the involvement of nitric oxide as studied by 
cGMP immunocytochemistry. Acta Histochem 92:13-38 

Dietz NM, Rivera JM, Warner DO, Joyner MJ (1994) Is nitric oxide involved in cutaneous 
vasodilation during body heating in humans? J Appl Physiol 76:2047-2053 

Eriksson S, Hjelmqvist H, Keil R, Gerstberger R (1997) Central application of a nitric 
oxide donor activates heat defense in rabbits. Brain Res (in press) 

Farrell DM, Bishop VB (1995) Permissive role for nitric oxide in active thermoregulatory 
vasodilatation in rabbit ear. Am J Physiol 269:H1613-H1618 

Gagalo IT, Hac EE, Matuszek MT, Rekowski P, Kupryszewski G, Korolkiewicz KZ 
(1995) Thermoregulatory activity of sodium nitroprusside and arginine vasopressin. 
Gen Pharmacol 26:393-397 

Gerstberger R (1998) Nitric oxide (NO) and body temperature control. News in Physio- 
logical Sciences (in press) 

Gourine AV (1995) Pharmacological evidence that nitric oxide can act as an endogenous 
antipyretic factor in endotoxin-induced fever in rabbits. Gen Pharmacol 26:835-841 

Gourine AV, Kulchitsky VA, Gourine VN (1995) Nitric oxide affects the activity of 
ncurones in the pre-optic/anterior hypothalamus of anaesthetized rats: interaction 
with the effects of centrally administered interleukin-1 (abstract). J Physiol (London) 
483: 72P 

Hammel HT (1968) Regulation of internal body temperature. Annu Rev Physio130:641-710 
Kuroshima A (1995) Regulation of thermoregulatory thermogenesis. Hoccaido J Med Sci 

70:1-8 
Lin J-H, Lin M-T (1996) Nitric oxide synthase-cyclo-oxygenase pathways in organum 

vasculosum laminae terminalis: possible role in pyrogenic fever in rabbits. Br J 
Pharmacol 118:179-185 

Mathai M, Hjelmqvist H, Keil R, Gerstberger R (1997) Nitric oxide increases cutaneous 
and respiratory heat dissipation in conscious rabbits. Am J Physiol 272:1691-1697 

Monda M, Amaro S, Sullo A, De Luca B (1995) Nitric oxide reduces body temperature 
and sympathetic input to brown adipose tissue during PGEl-hyperthermia. Brain Res 
Bull 38:489-493 

Pehl U, Schmid HA (1997) Electrophysiological responses of neurons in the rat spinal 
cord and nitric oxide. Neurosci 77:563-573 

Pehl U, Schmid HA, Simon E (1997) Temperature sensitivity of neurones in slices of the 
rat spinal cord. J Physiol (London) 498:483-495 



Nitric oxide as mediator in temperature regulation 93 

Rand MJ, Li CG (1995) Nitric oxide in the autonomic and enteric nervous systems. In: 
Vincent S (ed) Nitric oxide in the nervous system. Academic Press, San Diego, 
pp 227-279 

Redford J, Bishai I, Coceani F (1995) Pyrogen-prostaglandin coupling in the pathogenesis 
of fever - evidence against a role for nitric-oxide. Can J Physiol Pharmacol 73: 1466- 
1474 

Riedel W (1997) Role of nitric oxide, oxygen radicals and prostaglandins in fever. 7th 
Interscience World Conference on Inflammation, Antirheumatics, Analgesic and 
Immunomodulators. Geneva, Switzerland, May 19-21, Book of Abstracts (abs. 236). 

Scammell TE, Elmquist JK, Saper CB (1996) Inhibition of nitric oxide synthase produces 
hypothermia and depresses lipopolysaccharide fever. Am J Physiol 271:R333-R338 

Schmid HA, Riedel W, Simon E (1997) Role of nitric oxide in temperature regulation. 
Progr Brain Res 115 (in press) 

Sehic E, Gerstberger R, Blatteis CM (1997) The effect of intravenous lipopolysaccharide 
on NADPH - diaphorase staining (= nitric oxide synthase activity) in the Organurn 
vasculosurn laminae terrninalis of Guinea pigs. Ann NY Acad Sci 813:383-391 

Simon E, Pierau F-K, Taylor DCM (1986) Central and peripheral thermal control of 
effectors in homeothermic temperature regulation. Physiol Rev 66:235-300 

Valtschanoff JG, Weinberg RJ, Rustioni A (1992) NADPH diaphorase in the spinal cord 
of rats. J Comp Neurol 321:209-222 

Watanabe H, Tsuru H, Kawamoto H, Yajin K, Sasa M, Harada Y (1995) Nitroxidergic 
vasodilator nerve in the canine nasal mucosa. Life Sci 57:109-112 

Author's  address: Prof. E. Simon, M.D., Max-Planck-Institute for Physiological and 
Clinical Research, D-61231 Bad Nauheim, Federal Republic of Germany. 

Received August 25, 1997 


