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1. Uvod

U zdravych jedincl se télesna teplota méni v zavislosti na velkém poctu
environmentalnich a biologickych faktorl, jako jsou denni doba, misto
méfeni télesné teploty, uroven fyzické aktivity, vék (Florez-Duquet &
McDonald, 1998), pohlavi, a rasa a fada dalSich. (Lim et al., 2007).
Navzdory proménlivosti téchto faktorl je teplota téla regulovana v
pomeérné konstantnim rozsahu, oznaCovaném jako tzv. bod tepelné
rovhovahy (thermal balance point), (Romanovsky, 2007), procesem

nazyvanym termoregulace.

1.1. Termoregulace

Termoregulace jako schopnost regulovat vnitini teplotu organismu je
jednim ze zakladnich vyvojovych krokd umoznujicich vétSi nezavislost
organismu na prostfedi, ve kterém Ziji. Poikilotermni organismy
(studenokrevni) jsou do zna¢né miry limitovany ve své aktivité teplotou
okolniho prostfedi (Romanovsky et al., 2000). Oproti tomu homoiotermni
organismy (teplokrevni), vzhledem ke své schopnosti udrzovat stalou
télesnou teplotu, a tim i relativné konstantni rychlosti metabolickych
procesl, jsou svou aktivitou na vnéjSim prostiedi témér nezavisli.
Termoregulacni systém umoznuje udrZovat teplotu teplokrevnych
zivoCich v pozadovaném rozmezi prostfednictvim souhry fady
specializovanych  bunék, jez tvofi vlastni architekturu celého
termoregulaéniho  systému (Romanovsky, 2007). Jedna se o:
termoreceptory, aferentni drahy, termoregulaéni centrum v CNS, eferentni
drahy a efektorové organy. Na zakladé souhry periferie a centra je tak
zajisténa rovnovaha mezi tvorbou nebo ztratou tepla v organismu

vedenim, vyzafovanim, sdilenim a evaporaci (Weller, 2005).



1.2. Termosenzory

Kozni termosenzory v souhfe s vnitfnimi termosenzory zprostfedkovavaji
termoregulacnimu centru pfesny obraz o teplotnim stavu télesného jadra a
povrchu téla. Tato teplotni Cidla Ize rozdélit podle jejich topiky a zpusobu

prenosu informaci.

1.2.1. Periferni termosenzory

Klze ma dva anatomicky odliSné typy receptora pro teplo a chlad, jez pro
hypotalamické centrum regulace tepla zprostfedkovavaji informaci o
teploté prostfedi, ve kterém se organismus nachazi (Charkoudian, 2003;
Morrison et al., 2008). Tepelné receptory stale zvySuji svou zakladni
aktivitu, a to od 30 °C az do teplot kuze 44 - 46 °C. Chladové receptory na
druhou stranu zvySuji svou zakladni aktivitu s poklesem teplot od 40 °C az
k hodnotam 24 — 28 °C. Oba typy senzorl reaguji jen na dynamickou
komponentu (zmény teploty), v pfipadé ustaleného stavu se rychle
adaptuji. Takova odpovéd umoznuje organismu rychle reagovat na zmény
prostfedi (Romanovsky et al., 2006). Vnimani okolni teploty se tak déje
v podstaté prostfednictvim primarnich aferentnich senzorickych neuronu
ganglii zadnich kofenl miSnich a trigeminalnich ganglii. Existuji dukazy,
Ze za tento mechanismus teplotni citlivosti mohou zodpovidat néktefi
zastupci rodiny TRP (transient receptor potential) kanalu, jez pokryvaji
teplotni spektrum od chladu pod 8 °C az po teplo nad 52 °C, kdy uz
dochazi k denaturaci proteinli. Jedna se o 4 receptory z podrodiny TRPV
(vanilloid) receptort detektujicich teplo: TRPV4 >25°C, TRPV3 >31°C,
TRPV1 >43°C, TRPV2 >52°C a dva zastupce podrodin TRPM (melastatin)
a TRPA (ankyrin), které detekuji chlad: TRPM8 <28°C a TRPA1<18°C
(Okazawa et al., 2002; Charkoudian, 2003; Story et al., 2003; Dhaka et
al., 2006; Romanovsky et al., 2006; Bandell et al., 2007; Morrison et al.,



2008). Presny mechanismus teplotni aktivace TRP receptorl zUstava
stale nejasny a je dosud pfedmétem Cetnych studii. V uvahu pfipadaji tfi
moznosti vedouci k otevieni kanall. Jednak produkce a vazba ligandu,
které nasledné oteviraji kanal se zménou teploty, dale teplotné zavislé
strukturni zmény proteinového komplexu iontového kanalu, které by pfimo
vedly Kk aktivaci iontového kanalu, a nakonec aktivace strukturnimi,
teplotné zavislymi zménami lipidové dvojvrstvy, jez by kanal mechanicky
otevrely. Nejlépe prozkoumany chladovy receptor TRPM8, mezi jehoz
ligandy patfi mimo jiné chladiva latka mentol (Reid, 2005), se aktivuje
nejen teplotami pod 28 °C (McKemy et al., 2002), ale také depolarizaénim
napétim. Pro aktivaci a regulaci TRPA1 receptoru maji zasadni vyznam
vapenaté ionty. Extracelularni vapenaté ionty zesiluji proudy vyvolané
alylisothiokyanatem (AITC), indukuji desenzitaci a tachyfylaxi po
opakovanych aplikacich. Bez jejich pfitomnosti k plné aktivaci kanalu
nedojde (Fernandez et al., 2011; Jordt et al., 2004; Nagata et al., 2005).
Chladové  signaly  zperiferie  jsou  zprostfedkovany  tenkymi
myelinizovanymi A-0 vlakny. Méné bézné senzory snimajici vySsi teploty
jsou umistény o néco hloubé&ji do podkozi, jejich signaly pfenaseji
nemyelinizovana C vlakna (Lumpkin a Caterina, 2007; Romanovsky et al.,
2006).

1.2.2. Centralni termosenzory

Termoregulacni reakce mulze byt iniciovana i z oblasti centralnich
termoreceptorl, nachazejicich se v riznych ¢astech CNS (mozkovy kmen,
spinalni micha). Zasadni vyznam vSak maji termoreceptory umisténé
v preoptické oblasti hypotalamu (POA), kde byl zjistén velky pocet na teplo

AT & &4

spusténi autonomni termo-efektorni odpovédi (Romanovskyet al., 2006).



Vnitfni receptory jsou i mimo CNS, v zadni sténé bfiSni dutiny a podél
velkych cév (Campbell, 2011).



1.3. Drahy termoregulace

1.3.1. Aferentni drahy termoregulace

Aferentni drahy zacinaji primarnimi termosenzory. Jedna se o bipolarni
neurony, jejichz téla jsou v gangliich zadnich kofenu miSnich. Centralni
axony téchto neuronu vytvareji synapse v oblasti zadnich rohi misnich
(pfedevsim v lamina 1) se sekundarnimi neurony. Axony sekundarnich
neuronU kFizi stfedni ¢aru a tvofi ascendentni Cast funikulus lateralis
spinalni michy. Dlouhou dobu se predpokladalo, Ze sekundarni neurony
projikuji pfimo ipsilateralni ventrobazalni komplex thalamu, z néhoz jsou
signaly tfetim neuronem prenaseny do somatosenzorické korové oblasti -
gyrus postcentralis. Dle Craiga (2003) se tato draha ucastni taktilniho Citi,
neni vS8ak drahou termoregulace. Signaly o teploté pfenaseji do kury
(insula Reil) neurony lamina-l s pfepojenim v posterolateralnim thalamu
(konkrétné zadni ¢asti ventromedialniho jadra) nebo pres dvoji pfepojeni v
parabrachialnich jadrech a bazalni ¢asti ventromedialniho jadra thalamu.
Tyto dvé vétve spino-thalamo-kortikalni drahy se podileji na diskriminacni
percepci teploty (zadni insularni korovy region), zatimco korelace se
subjektivnim hodnocenim se nachazi v orbitofrontalni ¢asti insularni kary
(Nomoto et al., 2004), (Obr. €. 1). Draha vykazuje topické usporadani (Hua
et al., 2005). Odpovédi termoefektorli se spoustéji na podkladé
dostate¢né silné teplotni expozice, ktera je schopna zpUsobit teplotni

vyménu mezi organismem a prostredim.



Obrazek €. 1: Schematické znazornéni termoregulacnich aferentnich drah
(pfevzato z: Romanovsky A: Thermoregulation: some concepts have
changed. Functional architecture of the thermoregulatory system. Am J
Physiol Regul Integr Comp Physiol. 2007, 292:R37-R46).
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1.3.2. Eferentni drahy termoregulace

Eferentni termoregulacni drahy sméfuji k perifernim cévam a
termogennim organim. Vaskulatura hnédé tukové tkané a kize je na
periferii pfimo ovlivnéna gangliemi sympatiku (SG). Pregangliové neurony
(P) jsou lokalizovany v intermediolateralnim sloupci spinalni michy (IML).
MiSni neurony pfijimaji pfimé vstupy zbunék, které se nachazeji
pfedevSim v raphé /peripyramidalni oblasti medully (RPA). Tyto miSni
bunky jsou pod kontrolou dorsomedialnich a paraventrikularnich jader
hypotalamu, stfedniho mozku (oblast periaqueduktalni Sedé hmoty,
retrobulbarni oblast a ventralni tegmentalni area) a pontinnich neuron(
z oblasti locus ceruleus se superpozici nadfazeného preoptického centra
(POA) (Bamshad et al., 1999; Morrison et al., 2008). | pfes znacnou
podobu eferentnich drah sméfujicich ke koznim vasomotorim a do BAT
nejsou tyto drahy totozné. Vyznamné odliSnosti predstavuje pak draha
k pficné pruhovanym svalim, zajistujici tfesovou termogenezi. Tresova
termogeneze je mediovana cestou a- a y- ventralnich motoneuront (VH).
Tyto motoneurony pfijimaji pfimeé i nepfimé impulzy ze stfedniho mozku a
mozkového kmene vc€etné raphé/peripyramidalni arei (RPA), traktem
retikulospinalnim a rubrospinalnim. Neurony stfedniho mozku jsou pod
kontrolou neuront dorsomedialniho a zadniho hypotalamu (DMH, PH) a
jsou inhibovany z oblasti termosenzitivnich neuron preoptické oblasti
(POA), (Obrazek €. 2).



Obrazek €. 2: Schematické znazornéni eferentnich drah termoregulace.
(pfevzato z: Romanovsky A: Thermoregulation: some concepts have
changed. Functional architecture of the thermoregulatory system. Am J
Physiol Regul Integr Comp Physiol. 2007, 292:R37-R46).
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hypothalamus; PVN, paraventricular nucleus; RF, reticular formation; RPA,
raphe’/peripyramidal area; RRF, retrorubral field; SG, sympathetic ganglia; VH, ventral

horn; VMH, ventromedial hypothalamus; VTA, ventral tegmental area.



Z vySe uvedeného Ize tedy shrnout, Zze centrum termoregulace je
v preoptické oblasti pfedniho hypotalamu (POA). Dochazi zde k integraci
informaci z perifernich senzorickych neuronu a centralnich termoreceptort
s TFizenim efektorovych systéma, které prostfednictvim autonomniho
nervového systému reguluji pfedavani tepla do okoli nebo jeho produkci
organismem v pfipadé potfeby (Boulant, 2000; McAllen, 2004; Egan et al.,
2005; DiMicco & Zaretsky, 2006; Mahmood & Zweifler, 2007; Nakamura &
Morrison, 2008a,b). NovéjSi experimentalni prace (DiMicco & Zaretsky,
2006) dokladaji, ze vyznamnou roli vtermoregulaci maji i neurony
v oblasti dorsomedialniho hypotalamu (DMH). Zaretskiaia a kol. (2002)
poskytla jasnou informaci o tom, ze aktivace neuronu v oblasti DMH vede

k dramatické zméné télesné teploty klasickou termoregulaci.



1.4. Termogeneze

Procesy termogeneze mohou v podstaté probihat rdznou mérou ve
vétsiné tkani, protoze tvorba tepla souvisi s tvorbou a vyuzivanim ATP.
Nicméné cilené termogenni procesy se spoustéji obvykle jako odpovéd na
pusobeni chladu prostfedi, pokles teploty jadra, nebo jako odpovéd na
pusobeni pyrogennich cytokinl ve tfech organech: a) v hnédé tukové tkani
(brown adipose tissue — BAT), b) v srde¢nim svalu, c) v pficné
pruhovanych svalech. Integralni slozkou téchto déju je i regulace

vasomotoricka.

1.4.1. Metabolicka termogeneze

Tvorbu energie spojenou s oxidaci zivin tvofi dvé hlavni slozky: produkce
ATP a tvorb tepla (zvy$eni t8lesné teploty = termogeneze). Uplna oxidace
energetickych substratd jako je glukéza, mastné kyseliny, za vzniku
kone¢nych metaboliti oxidu uhli¢itétho a vody, se odehrava na vnitfni
mitochondrialni membrané v procesu bunécné respirace. Déje se tak
transportem a transferem protond (H"), kaskadou pfes &tyfi proteinoveé
komplexy dychaciho fetézce katalyzujici redukci kysliku. V dusledku toho
vznika protonovy gradient na vnitfni  mitochondrialni membrané
(Masopust, 2005). Metabolicka energie, ktera se timto mechanismem
tvofi, je ATP-synthasou inkorporovana do ATP, jako zdroje energie pro
veSkeré energeticky dependentni reakce. Pokud nedojde k zachyceni
protonl pfi pfechodu mitochondrialni membranou proteinovym komplexem
ATP-synthasy, unikla energie se méni v teplo, které zvySuje télesnou
teplotu (termogeneze) a je vyzafovano do okoli. Rika se tomu rozpojeni
(uncoupling proces) fosforylace od oxidace. Regulace rozpojovaciho
procesu se dé&je pomoci rodiny tzv. uncoupling proteint, (UCPs,

rozpojovaci /odpfahovaci proteiny), (Garlid et al., 2000). Nejlépe je zatim
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charakterizovan rozpojovaci protein-1(UCP-1), vyskytujici se ve velkém
mnozstvi v tzv. hnédé tukové tkani. Hnéda tukova tkan se vyvinula jako
zakladni termoregulacni efektor obrany proti chladu u hlodavcu a jinych
malych savcl (Trayhurn, 1993; Golozoubova et al., 2006), v€etné lidskych
novorozencl (Cinar & Filiz, 2006). Velky podil hnédé tukové tkané na
télesné hmotnosti u téchto jedinci umoznuje udrzeni dostateéné télesné

teploty v chladném prostfedi metabolickou cestou.

Mechanismus uc€inku této termogenni reakce spociva v tom, Ze na
zvySenou aktivitu sympatiku (Bamshad et al., 1999), navozenou napf.
chladem, reaguje hnéda tukova tkan vzestupem lipolyzy, a tim uvolnénim
neesterifikovanych kyselin, které nasledné stimuluji tvorbu UCP-1
(Cannon & Nedergaard, 2004; Nakamura & Morrison, 2007). Rozpojovaci
proteiny funguji jako iontové kanaly. Jejich otevieni snizuje
mitochondrialni membranovy potencial. Dusledkem je vétSi unik protonu
vnitini mitochondrialni membranou a zvySeny vydej energie ve formé
termogeneze (Obrazek €. 3). U dospélého Clovéka bylo nalezeno jen velmi
malé mnozstvi hnédé tukové tkané. Musi zde byt tedy jesté i jiné
rozpojovaci proteiny nez UCP-1. Bylo prokazano ze ,UCP-like* proteiny
jsou evoluéné velmi staré a pro Zivot nezbytné; vyskytuji se v urcité formé
uz u rostlin, protozoi, a pak v evoluci dale az po ¢lovéka. U dospélych lidi

byly objeveny dva rozpojovaci proteiny s ozna¢enim UCP-2 a UCP-3.

11



Obrazek €. 3: Schematické znazornéni vzniku tepla pfi metabolické
termogenezi (pfevzato z: Sell H., Deshaies Y., Richard D.: The brown
adipocyte: update on its metabolic role. The International Journal of
Biochemistry & Cell Biology. 2004, 36:2098-2104).
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1.4.2. Tresova termogeneze

PFi tfesové termogenezi se energie uvolfiuje mimovolnimi stahy pfi¢né
pruhované svaloviny, jez nevykonavaji Zzadnou svalovou praci
(GLOSSARY-IUPS, 2001). K témto déjum fadime svalovy tfes a svalovy
tonus. Takto uvolnéna tepelna energie ma u vétsiny zivoc€ichl primarni
termoregulacni vyznam. Zahgjeni tfesoveé termogeneze vyzaduje chladovy
podnét (Eyolfson et al., 2001), ktery obvykle pochazi z koznich receptoru,
pfipadné z jinych mist (oralni a urogenitalni mukdza, vnitini organy,

hypotalamus, stfedni mozek, mozkovy kmen nebo micha).

Po vystaveni organismu chladu nejprve dochazi ke svalovému tonu a pfi
dalSim zvétSovani chladu nastupuje svalovy tfes. ZvétSena intenzita
ochlazovani vede k tomu, ze stahy svall nabyvaji na intenzité a Ze
dochazi k synchronizaci jednotlivych stahd do tzv. vybucht o frekvenci 10
— 35 Hz. Mechanismus koordinace rtiznych motorickych jednotek béhem
tohoto déje je vyvolan periodickymi inhibicemi impulzi v dostfedivych
nervovych vlaknech (tj. oscilacnimi dé&ji v aferentni sloZzce) a ne centralni
mozkovou synchronizaci téchto podnétl. Tfesova termogeneze je tak v
podstaté reflexni déj zprostfedkovany somatickymi nervy, béhem néhoz
kosterni svaly uvoliuji znacné mnozstvi tepla jako vedlejSi produkt
(Tanaka et al., 2006). Zdrojem energie jsou karbohydraty a lipidy, proteiny
se podili jen malo. (Haman, 2006). Termogeneze ve svalu je zahajena a-
motorickou stimulaci s naslednou depolarizaci membrany svalovych
bunék a uvolfiovanim iontd vapniku ze sarkoplazmatického retikula.
ZvysSena hladina Ca®" vede k aktivaci myosinové ATP-azy se vznikem
ADP, AMP a adenosinu. Narust ADP urychluje mitochondrialni oxidacni
fosforylaci, zvySuje spalovani paliv. Postupnou degradaci makroergnich
fosfatovych vazeb vznikd adenosin s vasodilataénim u€inkem, ktery vede

k vy§Simu prokrveni a zvySeni metabolismu.
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1.4.3. Regulace pruatoku

Mezi termo-efektorové systémy patfi i regulace pritoku krve kuzi
prostfednictvim sympatiku a fizeni vazokonstrikce hladkého svalstva
arteriol a sympatikem regulovanych potnich Zlaz (Charkoudian, 2003;
Hodges et al, 2008; Kurz, 2008; Johnson and Kellogg, 2010).
Vasodilatacni a vasokonstrik¢ni nervy sympatiku inervuji vSechny oblasti
ochlupené kuze, zatimco oblasti lysé kuze (dlané, chodidla, rty) jsou
inervovany jen sympatickymi vazokonstrikénimi nervy. DalSim dulezitym
rozdilem mezi lysou a ochlupenou kiUzi je existence arteriovendznich
anastomo6z (AVA), které jsou silnosténné, s nizkym odporem vedeni
umozniujicim vysoké prutoky pfimo z tepének do Zzil. V lysych koznich
oblastech jsou anastomé6zy cetné, bohaté inervované sympatickymi
vazokonstrikni nervy. Otevieni nebo zavfeni anastoméz v téchto
oblastech mlze proto zpusobit podstatné zmény v prutoku krve kazi
(Lossius et al., 1993). V kontrastu s tim ochlupena kize obsahuje malo
anastomo6z a jeji cévy jsou inervovany jak vasokonstrikCnimi, tak i

vasodilataénimi nervy.

Sympatické vazokonstrikéni nervy uvolfiuji noradrenalin  pusobici
prostfednictvim vazby na postsynaptické a-receptory kozZnich arteriol a
AVA. Kromé toho noradrenergni vazokonstrikéni nervy uvolfiuji co-
transmittery, které také pusobi vasokonstrikéni reakci (Stephens et al.,
2001; Stephens et al., 2002).

Potni Zlazy jsou inervovany cholinergné ze sympatického nervoveho
systému. Jedna se o vyjimku, kdy je acetylcholin postgangliovym

neurotransmiterem sympatiku (Guiton and Hall, 2006).
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1.5. Hormonalni ovlivnéni termoregulace

Kromé hormond, které reguluji termoregulaci v ramci jiz popsanych déju,

se na termoregulaci podileji i néktere dalsi.

Klicovy vyznam v odpovédi na chlad nese $titna zlaza. Jeji funkce je pfi
vystaveni chladu ovliviiovana plsobenim hypotalamickych thyrotropin-
releasing hormonu, které zvySuji produkci thyroxinu a trijodothyroninu.
V experimentu bylo prokazano, Ze po odstranéni S§titné Zzlazy u
laboratornich potkant dochazelo u zvifat vystavenych pusobeni chladu
k Uhynu do Sesti dnu, pokud nebyla provadéna suplementace thyroxinem.
Pfesny mechanismus puUsobeni neni znam, predpoklada se, ze
trijodotyronin je schopen zvysit expresi UCP, coz vede k vyuzivani proton
ke tvorbé tepla, nebo pusobi jako druhy posel a zvySuje oxidativni
fosforylaci v mitochondriich (Wheeler, 2006; Campbell, 2011).

V termoregulaci vyznamny je i melatonin, hormon vyluCovany epifyzou,
ktery je zodpovédny za denni kolisani hladin ostatnich hormont. Je
prokazano, ze narusenim jeho sekrece (napf. zménou spankového rytmu)
se méni i regulace télesné teploty. Exogenni podani melatoninu v
experimentalnich podminkach zpusobuje pokles télesné teploty (Wheeler,
2006).

Pohlavni hormon progesteron vykazuje termogenni aktivitu, pusobi
teplotni zmény béhem normalniho menstrua¢niho cyklu rozsahu cca 5°C
(Wheeler, 2006).

Na termogennich metabolickych pochodech se podileji i inzulin a

glukagon, nemaiji vSak primarni termogenni regulacni efekt (Silva, 2006).
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2. Horecka

HoreCka jako vyznamny rys fady pfedevsSim infekénich nemaoci, byla
pfedmétem pozornosti jiz od starovéku (Blatteis, 1986). Febrilni reakce je
fizena centralni nervovou soustavou prfes endokrinni, neurologicke,
imunologické a behavioralni mechanismy. Horecku, na rozdil od jinych
typd zmén télesné teploty, C¢asto doprovazeji ruzné poruchy chovani a
zmény. Jak ty metabolické, tak zmény funkci systému a zmény v imunitni
odpovédi. HoreCka a febrilni reakce vyznamné pfispivaji k patogenezi,

klinickému obrazu a pribéhu mnoha nemoci a chorob.

Oproti hypertermii horeCka pfedstavuje regulovany vzestup teploty
vyvolany exogennimi i endogennimi pyrogeny syntetizovanymi jako

reakce na infekeni pfipadné jiné onemocnéni (Cannon, 2011).

Horecka je tedy jednim ze zakladnich obrannych mechanismd organismu
proti infekEnim patogenum jako jsou viry, bakterie a parazité, stejné jako
projevem jinych neinfekénich insultd, jako jsou nadorova onemocnéni,
metabolickd onemocnéni, alergické reakce, transfuze, CNS onemocnéni

embolizace, hemoragie atd.

Mezinarodni unie (International Union of Physiological Sciences
Commission for Thermal Physiology - IUPS Thermal Commission) v roce
2001 definovala horeCku jako stav zvySené teploty jadra, ktera je Casto,
ale ne nezbytné, soucasti obranné reakce mnohobunéénych organismu
vuci invazi mikroorganismd nebo nezivé hmoty rozpoznané hostitelem
jako patogenni (GLOSSARY, 2001).

HoreCku vyvolavaji zanétlivée mediatory (prostaglandiny, cytokiny),
produkované bunkami imunitniho systému, ktery je aktivovan kontaktem s
cizorodymi molekulami (exogenni pyrogeny). Tyto mediatory indukujici
febrilni reakci jsou produkovany hostitelskymi bufikami a nazyvaji se

endogenni pyrogeny. Vysledné regulace tohoto jevu je dosazeno
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antagonnim pusobenim dvou typl endogennich cytokinu, z nichz nékteré

pusobi jako pyrogeny, ostatni jako kryogeny (antipyretika), obrazek ¢. 4.
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Obrazek €. 4: Schematické znazornéni regulace horeCky (pfevzato z:
Dalal S. and Zhukovsky D.S.: Pathophysiology and Management of Fever.
J Support Oncol. 2006, 4:009-016).
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2.1. Endogenni pyrogeny

Endogenni pyrogeny, které prezentuji indikatory horecky, jsou cytokiny ze
skupiny interleukint (IL): IL-1, IL-6, IL-8, makrofagovy zanétlivy protein-1
(macrophage-inflammatory protein-1, MIP-1), interferon-gama, (INF-y) a
interferon-alfa (INF-a), (Dafny, 1998).

Endogenni antipyreticky ucinek zajistuji v pribéhu febrilnich reakci
kryogeny, cytokiny, které reguluji teplotni vzestup i trvani febrilni reakce.
Jsou predstavovany predevSim IL-10, arginin vasopresinem (AVP), a-
melanocyty stimulujicim hormonem (a-MSH) a glukokortikoidy. Kryogeny
realizuji antipyreticky ucinek inhibici syntézy pyrogennich cytokin(
(glukokortikoidy), blokadou cytokinovych receptord (IL-1 receptor),
zvySenim tepelnych ztrat organismu, zvySenim citlivosti termoregulacnich
neurond (bombesin) a nékterymi dalSimi. Tyto endogenni antipyretické
systémy tak chrani hostitele prfed niCivymi dUsledky nekontrolované

horecCky.

Obé skupiny cytokinl prostfednictvim hypotalamického termoregula¢niho
centra nastavuji télni termostat na vySSi/niz§i  hodnoty, coz vede
k nastartovani fady behavioralnich a fyziologickych pochodu s naslednou

zménou Vv produkci tepla v organismu (Luheshi, 1998; Leon, 2001).

Signaly zajistované exogennimi a endogennimi pyrogeny v konecném
dusledku vedou k resetu termoregulacni centra dvéma zakladnimi,
v podstaté nezavislymi cestami, humoralni a nervovou aferentaci
(Ootsuka, 2008).
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2.2. Exogenni pyrogeny

Infekci, jez vyvolava zanétlivou odpovéd, zpusobuji razné patogenni
podnéty, které vstupuji do téla hostitele. Mohou to byt mikroorganismy
(viry, bakterie, mykobakterie, plisné a parazité), non-mikrobialni agens
(rizné antigeny, zanétlivé latky, alkaloidy), nebo syntetické produkty
(polynukleotidy, nadorové latky, immunoadjuvants), produkty hostitelskych
latek  (zniCena  tkan, antigen-protilatka, aktivované fragmenty
komplementu, metabolity a produkty lymfocytd), (Silbernagl and Lang,
1998).

VS8echny tyto patogenni podnéty mohou vyvolat zanétlivou reakci vedouci
k hore€ce. Proto jsou povazovany za hlavni induktory hore¢ky - pyrogeny.
Vzhledem k tomu, Ze jsou vétSinou odvozeny z externiho prostredi,
nazyvaji se exogenni pyrogeny. V organismu jsou uvolfiovany po poranéni
tkani mechanickou, chemickou nebo fyzikalni noxou (extrémni teploty,
radiace, toxiny), nebo se dostanou do téla pfes porusenou kuzi, respiracni
trakt, GIT nebo urogenitalnim systémem. Mikroorganismy musi atakovat,
Ci alespon adherovat na hostitelskou bunku, nebo buriky obsadi (viry), aby
byly schopny se mnoZit a Sifit v téle, a tim vyvolat infekci. Infekce viry
indukuje syntézu interferont (INF) v infikovanych burikach. RNA viry jsou
aktivovanymi bufikami imuno-systému: INF-a je syntetizovan pfevazné
leukocyty, INF-B hlavné fibroblasty a INF-y pouze lymfocyty. Interferony
vykazuji silnou antivirovou aktivitu syntézou proteinl, které inhibuji
replikaci virt, ovliviiuji také humoralni a bunénou imunitu a rustovou
aktivitu mikroorganismu. INF byly nalezeny i v mozku, kde mohou puUsobit
jako neuromodulatory (Dafny, 1998). VétSina patogennich bakterii

produkuje toxiny jedné ze dvou skupin: exotoxiny a endotoxiny.
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2.2.1. Exotoxiny

Exotoxiny jsou vyluCovany Gram-pozitivnimi i Gram-negativnimi
bakteriemi béhem jejich rustové faze nebo v dusledku lytickych pochodu,
zpusobenych aktivni obranou organismu, pfipadné plsobenim antibiotik.
Jsou to velmi toxicke, silné antigenni polypeptidy s molekulovou hmotnosti
10 - 900 kD, relativné nestabilni. Toxicitu ztraceji pfi teplotach nad 60°C
(tetanus, botulo-toxin, cholera-toxin, Diphteria-toxin). Exotoxiny téchto typu
obvykle neindukuji hore€natou reakci. Dle biologickych efektl se obvykle
déli na neurotoxiny - produkty napf. klostridii (botulotoxin, tetanospasmin),
cytotoxiny - Corynebacterium diphteriae (diftericky toxin) a enterotoxiny
stimulujici hypersekreci vody a elektrolytd z intestinalniho epitelu a

pusobici vodnaté prijmy (Vibrio cholerae, Shigely, E.coli).

2.2.2. Endotoxiny

Endotoxiny jako toxiny patogennich mikrobl - lipopolysacharidy (LPS)
jsou slozkou vnéjSi membrany u G-bakterii (Reitschel et al., 1994;
Sutherland & Kennedy, 1986; Steiner et al., 2006b). Maji vyrazny vliv na
lidsky organismus. Ovliviiuji imunitni aparat, zodpovédny za fadu pfiznaku
a poskozeni vyvolanych bakterialnimi infekcemi (nespecificka odpovéd)
jako jsou: produkce interleukin makrofagy, horecka, prdjem, zvraceni,
zvySeni permeability cév, vasodilatace (pokles tlaku), srazeni krve,
obéhova selhani (septicky $ok). Na rozdil od exotoxinG se uvolfuji az po
zaniku bakterie (pfirozena lyza, desintegrace in vitro). Ve srovnani
S exotoxiny jsou tepelné stabilni, s molekulovou hmotnosti v rozmezi 5 -
9000 kD. Jsou méné toxické, mohou byt Fadou metod ziskany ze suspenzi
Gram-negativnich bakterii (Derveau et al., 1983). Savci se s endotoxiny
bézné setkavaji v dusledku pfitomnosti Gram-negativnich bakterii v GIT,

které predstavuji soucast stfevni flory. Za normalnich okolnosti se
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endotoxin z bakterii rezidentni flory tlustého stfeva vstfebava a stimuluje
imunitni  systém. Toxicita endotoxinu se uplatiuje v pfipadech
systémovych onemocnénich, pfi bakteriémii nebo v tkanich, nikoliv v

lumen GIT.

LPS jsou zakotveny ve vnéjSi membrané lipidem A - kovalentné navazany
cukr s 8 atomy uhliku a ketodeoxyoktonat (vazany na oligosacharidy),
vytvari vysoce variabilni strukturu O-antigenu G-bakterii (Mayer et al.,
1989). Lipopolysacharidy maji strukturalni oblasti - specificky polysacharid
(O-fetézec), ktery je spojen s dfefiovou oblasti (core) a ta je napojena na
lipid A, polysacharidova c¢ast je tvofena O-specifickym Fetézcem (z
oligosacharidl, nese antigenni determinanty, ur€uje sérologickou specifitu
bakterialniho druhu, chybi u Neisseria meningitidis, N. gonorrhoeae,
Haemophilus influenzae, Bordetella pertusis. Drfefiovy polysacharid je
vazan kovalentné na lipid A, jehoz kostra je sloZzena ze dvou molekul
glukosaminu spojenych fosfatovymi mustky - hydroxylové skupiny jsou

esterifikovany vyssimi MK, lipid A je zodpovédny za toxicitu a antigenitu.

LPS aktivuji komplement alternativni cestou. Podstatna c¢ast ucinku je
zpusobena lipidem-A, ktery je spolu s LPS silnym aktivatorem makrofagu
(indukce Fady cytokinl regulujicich imunitni a zanétlivou odpovéd).
Biologicka aktivita LPS se projevi pouze po uvolnéni z vnéjSi membrany
vazbou na plasmaticky protein, ktery se podili na vazbé LPS na CD14
receptor (monocytomakrofagovy systém), (Liu et al., 1998; Romanovsky et
al., 1998; Ilvanov et al., 2003; Feleder et al., 2007).
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2.3. Humoralni cesty aktivace horecky

2.3.1. Prvni humoralni cesta

Prvni humoralni cestou jsou signaly zajistény komponentami mikrobnich
produktll tzv. patogen associated molecular patterns (PAMPS) nebo
pyrogennimi  cytokiny.  Cirkulujici PAMPS mikroorganismu jsou
prezentované gramnegativnimi LPS, znamé jako toll-like receptors 4 (TLR-
4) na ruznych burkach. Vazbou a aktivaci TLR-4 lokalizovanych na
fenestrovanych kapilarach dochazi k uvolnéni prostaglandinu E, (PGE)).
Mala molekula prostaglandinu E. snadno pronika pres
hematoencefalickou bariéru, vaze se na EP3 receptor v preoptické arei,
Cimz aktivuje a preladuje na vysSi hodnotu termalni neurony v prfednim
hypotalamu (Steiner et al., 2006a, 2006b; Romanovsky et al., 2006).
Febrilni odpovéd' se vyznacuje rychlou ranou fazi se zpozdénim pozdni
faze. Na zakladé studie provedené na zvifecich modelech s LPS
evokovanou horeckou, prvni faze této reakce je zavisla na PGE,
syntetizovaném v jatrech a plicich pfed migraci do mozku, a pfedstavuje
zahajeni febrilni reakce. Druha faze je mediovana centralné
syntetizovanym PGE, a podili se na prolongaci reakce (Gross, 2006;
Steiner et al., 2006b).

2.3.2. Druha humoralni cesta

Druha humoralni cesta je fizena v obéhu cirkulujicimi pyrogennimi
cytokiny. Ty prenaSeji febrilni signaly pfimo i nepfimo. V nepfimé cesté
pyrogenni cytokiny plsobi mimo mozek vazbou a aktivaci receptort
cytokinl na fenestrovanych kapilarach circumventrikularnich organd,
(Takanashi et al., 1997; Roth et al., 2006) cozZ vede k uvolfiovani PGE.
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Circumventrikularni organy (CVOs) jsou struktury CNS, které maji bunky v
kontaktu s cerebroventrikularnim systémem. Maji husté prokrveni a méné
kompaktni hematoencefalickou bariéru. Podskupina CVOs se nazyva
senzoricka CVOs a zahrnuje cévni organ laminae terminalis (OVLT),
subfornical organ (SFO) a oblast area postrema (AP). Tyto mozkové
struktury maji  kapilary s fenestrovanymi  endoteliemi  obklopené
perivaskularnimi prostory. Vzhledem k nekompaktni hematoencefalické
bariéfe jsou buriky téchto oblasti pfimo vystaveny pusobeni cirkulujicim
signalnim molekulam, a signaly pak vnimaji prostfednictvim specifickych
receptortd. OVLT a SFO se nachazeji v pfedni sténé treti komory - lamina
terminalis. AP je soucasti hibetu vagového motorického komplexu,
hlavniho viscerosensorického a autonomniho centra v prodlouzené mise.
Umisténi smyslové (a jiné) CVOs jsou znazornény schematicky na

obrazku &. 5.

Pfimou cestou cirkulujici cytokiny penetruji hematoencefalickou bariéru a
pusobi na cytokinové receptory exprimované na cévnich, gliovych a
neuronalnich strukturach mozku. Aktivace téchto centralnich receptoru
stimuluje dal$i syntézu PGE, a podporuje de-novo syntézu cytokinu v
mozku. | kdyz PGE, predstavuje zakladni regulator hore¢naté reakce,
nékteré cytokiny a mnoho dalSich mediatori mohou aktivovat febrilni
odpovéd nezavisle na PGE, (Roth et al., 2001). Patfi k nim napfiklad
bradykinin, kortikotropin uvolfiujici hormon, oxid dusnaty, MIP-1, IL-6 a IL-
8, pfedem pyrogenni faktory (PFPF), substance P a endotelin-1 (Roth et
al., 2001).
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Obrazek €. 5: Schematicky diagram sagitaniho fezu mozku laboratorniho

potkana. Mista oznaCena Cervené predstavuji oblasti s vySSi propustnosti

hematoencefalické bariéry (prevzato z: Roth et al., Molecular Aspects of
Feverand Hyperthermia. Neurol Clin. 2006, 24:421-439).

ME- eminencia medialis; NL- neural lobe of the pituitary; PIN- pineal organ; SCO- subcomissural

organ.
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2.4. Neuronalni cesta aktivace hore¢ky

Na periferii vznikajici febrilni signaly mohou komunikovat s CNS pomoci
perifernich nervl, jako jsou kozZni smyslové nervy a nervus vagus.
Aktivace nervové drahy je alternativni cesta, kterou muze byt velmi rychle
spusténa febrilni reakce (Roth et al., 2001, Hopkins, 2007).

Tvorba PGE; v mistech zanétu pfispiva ke vzniku febrilni odpovédi
aktivaci chladovych koznich receptortl (nervu), které prevadéji signaly do
oblasti v mozku, odpovédnych za febrilni reakci (Rummel et al., 2005).
Pfenos signalu prostfednictvim nervu vagu predstavuje komplexnéjsi
cestu. Cirkulujici pyrogeny jako napf. LPS aktivuji komplement, jehoz
produkty stimuluji Kupfferovy burky v jatrech k produkci endogennich
mediatord vetné pyrogennich cytokinu (Zeisberger, 1999). Tyto cytokiny
drazdi hepatalni vétve nervu vagu. Nervus vagus nasledné pfenasi febrilni
signaly do nucleus tractus solitarius (NTS). ZNTS jsou signaly
transmitovany do preoptické a hypotalamické oblasti cestou ventralniho
svazku a vedou k uvolfiovani noradrenalinu v intrapreoptické oblasti (Roth
& de Souza, 2001).

Noradrenalin zprostfedkovava dvojim zplsobem zfetelné zvySeni teploty
jadra. Prvnim z nich je a;-adrenoceptor (AR) mediované, je rychlejsi ve
svém nastupu a nezavislé na PGE,, druha reakce je zprostifedkovana a,-
AR, je opozdéna a zavisla na PGE; (Roth & de Souza, 2001).

Role vagovych aferentnich drah v patogenezi horeCky byla definovana na
zakladé experimentalnich studii na laboratornich potkanech, které
ukazaly, Ze chirurgicka vagotomie vede k oslabeni nebo upIné ztraté
febrilnich reakci na pyrogenni signaly (Watkins et al., 1994; Watkins et al.,
1995; Romanovsky et al., 2000; Roth & de Souza, 2001; Hopkins, 2007).
Nicméné, nékteré nedavné studie pfisuzuji chybéjici febrilni reakce na

pyrogenni signaly vedlejSim uc€inkim vagotomie, jako je podvyziva
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(Romanovsky et al., 2005). Pokud se podafi zabranit t€émto vedlejSim
ucinkiim, pak experimentalni studie na potkanech naznacuji, Ze uplna
nebo C&aste¢na vagotomie neeliminuje febrilni reakce na pyrogenni

signaly, jako je nitrozilni podani PGE; (Ootsuka et al., 2008).
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3. Cil prace

Cilem prace je pfispét k porozuméni patofyziologie endotoxinem vyvolané
horeCky se zaméfenim na periferni rozpoznani endotoxinu, nasledné
predani imunitniho signalu a jeho zpracovani v termoregulacnim centru —
preoptické oblasti hypotalamu. Zakladni hypotézou pro vznik horecky je
generovani endogennich pyrogenu (IL-1beta, IL-6, TNF-alfa) v reakci na
exogenni stimulus. Jiz dlouha léta se ovSem k IéCbé horeCky vyuziva
nesteroidnich antirevmatik, jejichz mechanismus ucinku tkvi ve vice Ci
méné selektivni inhibici cyklooxygenaz, enzyml esencialnich pro tvorbu

prostaglandinu E.

V nasledujicich ¢astech prace proto budou komentovany nase jednotlivé
pavodni védecké prace zaméfené na oziejméni role produkce
prostaglandinu E, (PGE,) ve vzniku horecky, ozifejméni jeho periferni a
centralni role a identifikace bunék zodpovédnych za jeho produkci a

regulaci a centralni aferentaci.

Diskutovana budou tfi nasledujici témata:

- Vyznam Kupfferovych bunék a makrofagl pfi periferni signalizaci
endotoxinem mediované horeCky zejména pokud jde o roli
endogennich mediatorit horeCky a prikaz zasadni role
komplementu a prostaglandinu E, v inicialnich fazich vzniku
horeCky u experimentalniho modelu endotoxinem spousténé
horecky.

- Vyznam sleziny v regulaci horeCky

- Centralni mediace signalu v preoptické oblasti hypotalamu
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4. Metodika, vysledky a diskuse

4.1. Vyznam Kupfferovych bunék pfi periferni signalizaci
horecky.

V souvislosti se sledovanim této problematiky jsme provedli
experimentalni praci v autorském kolektivu Perlik V, Li Z, Goohra S et al.,
LPS activated complement, not LPS per se, triggers the early PGE; by
Kupffer cells, ktera byla prezentovana v American Journal of Physiology -
Regulatory, Integrative, and Comparative Physiolgy v roce 2005, a dale
praci v autorském kolektivu Li Z, Perlik V, Feleder C et al., Kupffer cell-
generated PGE; triggers the febrile response of guinea pigs to
intravenously injected LPS. Prace byla otiSténa ve stejném periodiku
v roce 2006.
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Cilem puvodni prace ,LPS activated complement, not LPS per se, triggers
the early PGE, by Kupffer cells“, bylo potvrdit pfedpoklad, Zze
lipopolysacharidem indukovana horeCka u mor€at mize byt spousténa
prostfednictvim prostaglandinu E, (PGE;). Soucasti testované hypotézy
bylo také oziejmit vliv komplementu a dalSich faktord ovliviujicich rychly
narust hladin prostaglandinu E, a télesné teploty po podani
lipopolysacharidu. Pro ovéfeni uvedenych cill jsme moréatim v anestezii
aplikovali do portélni zily dvé rtizné davky LPS (2 nebo 8 ug/kg), a to
dohromady s kobfim jedem anebo bez né&j. (CVF, 25U/zvife). Kobfi jed je
znamy okamzity aktivator celé kaskady komplementu a v dusledku jeho
stalé aktivace timto jedem dojde postupné k jeho vycCerpani. Vliv
komplementové kaskady by timto mél byt v naslednych patofyziologickych
procesech imuno-neuro modulace zasadné omezen (Cochrane, 1970;
Fink et al., 1989, Van den Berg et al., 1991; Vogel et al., 1996). Déale jsme
sledovali odpovéd organismu v podobé& méfeni plasmatickych hladin
prostaglandinu E,, tumor necrosis faktoru alfa, interleukinu — 1beta (IL-
lbeta) a interleukinu — 6 (IL-6) v dolni duté Zile 60 a 180 minut po aplikaci
PGE, a CVF. Vdruhé casti experimentu jsme ovéfili produkci
prostaglandinu E; in vitro na izolovanych Kupfferovych bunkach po pfidani
shodnych latek do kultivacniho media tak, jako pfi in vivo Ccasti

experimentu.

Zjistili jsme, Ze aplikace LPS a kobfiho jedu spousti okamzitou produkci
prostaglandinu E; béhem prvnich 5 minut. Zatimco zvySené hladiny PGE;
se stabilizuji po 15 minutach a pretrvavaji zvySené po lécbhé
lipopolysacharidem po celou dobu trvani experimentu (60min), zvySené
hladiny prostaglandinu E, zpusobené aplikaci CVF se vrati ke
svym hodnotam pfed IéCbou po 15 minutach. Aplikace lipopolysacharidu 3
hodiny po predchazejici 1éEbé kobfim jedem zpUlsobila zpozdéni odpoveédi
tvorby prostaglandinu E,. Ke srovnani hladin PGE, s pozitivni kontrolni

skupinou Iéenou pouze LPS dojde az 30-45 minut po Ié¢bé. Uvedené
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pozorovani, ze komplement hraje vyznamnou roli v produkci
prostaglandinu a Ze jeho deplece vede kredukci této odpovédi, je
v souladu s pfedchazejicimi pozorovanimi (Fink et al., 1989; Pestel et al.,
2003; Puschel et al.,, 1993; Schieferdecker et al., 2001; Schlaf et al.,
2003). Novy poznatek je rozliSeni rychlé, komplement dependentni, a
pomalé, pravdépodobné na cytokinech zavislé produkci prostaglandinu E2
iniciované podanim lipopolysacharidu, ktera byla jiz dfive postulovana
(Perera et al., 2001; Rhee et al., 2000).

Narust hladin TNF-alfa, IL-1beta a IL-6 ve srovnani s prostaglandinem E;
nastupuje po lé¢bé lipopolysacharidem a CVF pozdéji, pfiblizné za 30-45
minut. Navic neni nikterak alterovan po pfedchazejici eliminaci
komplementového systému prostifednictvim plasobeni kobfiho jedu, a to
ani v podobé nastupu hladin cytokind, ani v podobé miry odpovédi viastni

produkce cytokind.

Obdobné vysledky byly potvrzeny v in vitro experimentech na primarnich
Kupfferovych bunkach, kde samotné pfidani LPS do media nevyvolalo
Zadnou odpovéd v podobé zvySené produkce prostaglandinu E,, zatimco
pridani faktord komplementu vedlo k okamzité produkci prostaglandinu
Kupfferovymi burikami. PIné v souladu s identifikaci komplementu jako
jednoho z faktord Casné periferni signalizace, pak byla identifikovana
specificka ¢ast komplementové kaskady spolupodilejici se na signalizaci
LPS navozené horecky a to C5a (Li et al., 2005; Li et al., 2002).

Pokud zvazime Casovou souslednost tvorby prostaglandinu E; zejména
vinicialnich fazich s ¢asovou souslednosti zvySeni télesné teploty po
intravendznim podani LPS, nabizi se zde alternativni koncept k cytokiny
mediovanému prenosu imunitniho signalu. Tato alternativni signalizace se
uskuteCriuje  prostfednictvim  imuno-neuro  humoralni  odpovédi
zprostfedkované komplementem a €asné syntetizovanym PGE,, zejména

vinicialnich fazich vzniku horeCky u tohoto experimentalniho modelu.
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Uvedena skutecCnost byla také pozdéji potvrzena v nasich dalSich pracich
(Li et al., 2006, Li et al., 2005).

Roli cyklooxygenazy 1 a 2 (COX-1 a COX-2) pfi tvorbé LPS mediované
horeCky pak dale upfesnil Steiner et al, ktery prokazal zasadni podil COX-
2 i pro inicidlni fazi horeCky prostfednictvim aplikace LPS u mysSi
s genetickou deleci COX-1 a nebo COX-2 a postuloval, ze konstitutivni
COX-2 nebo jeji rychla upregulace muze byt zodpovédna za casnou
produkci PGE; a vznik horeCky (Stainer et al., 2005).

Vliv Casné a na cytokinech nezavislé produkce PGE, byl také
demonstrovan u aktivace hypothalamo-pituitarni osy a tvorby
kortikosteronu jako dalSi soulasti reakce akutni faze zpusobené pfi
experimentalnim, intraperitonealnim podani  Escherichia coli u
laboratornich potkant (Mouihate et al.,, 2010; Zimomra et al., 2011).
Podobny zavér, podtrhujici vliv prostaglandini v experimentalnim modelu
sub-pyrogneického LPS vyvolaného zanétu, byl konstatovan u mysi, a to
v souvislosti se zménami chovani laboratornich mys$i souvisejicimi se
,Sickness behavior®, kde zménam chovani zabranilo podani indomethacin,
a to i pfes zvySené hladiny cytokinu IL-1p3, IL-6 and TNF-a (Teeling et al.,
2007).

Na druhou stranu vliv cytokini na pomalejsi produkci PGE» a pozdni fazi
hore€ky nebyl potvrzen, a to prostfednictvim prace zkoumajici cytokinovou
upregulaci v souvislosti s podanim LPS u laboratornich mysi s deleci genu
pro mikrosomalni prostaglandin E synthasu-1 (MPGES-1), ktera vedla
k aberaci produkce prostaglandinu E; a febrilni reakce. U zvifat s chybégjici
MPGES-1 totiz nedo$lo k naruSeni produkce prozanétlivych cytokind,
interleukinu (IL)-1B, IL-6 a tumour necrosis factoru (TNF), a to i pfesto, Ze
doSlo k oslabeni febrilni reakce na LSP u mPGES-1 defektnich zvifat
(Nilsberth et al., 2009).
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Komplementem mediovana Casna upregulace prostaglandinu E, tak
predstavuje Zivotaschopnou alternativu ke zcela zasadni roli cytokint pro
patofyziologii hore€ky, tak jak je shrnuto v fadé review ¢lanku shrnujicich
patofyziologii horecky. Kontroverzni naopak zlstdavd mechanismus
pusobeni PGE, a aferentace signalu béhem €asné odpovédi organismu
na periferii at uz pfimou vazbou na volna zakoncCeni nervus vagus
v jatrech Ci dalSich organech, nebo jeho zapojeni do humoralni odpovédi
prostfednictvim signalizace cytokinové, & pfimym pusobenim v CNS
(Blatteis, 2006; Blatteis, 2007; Hopkins, 2007; Steinman, 2008).
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Perlik, Vit, Zhongua Li, Sarita Goorha, Leslie R. Ballou, and
Clark M. Blatteis. LPS-activated complement, not LPS per se,
triggers the early release of PGE, by Kupffer cells. Am J Physiol
Regul Integr Comp Physiol 289: R332-R339, 2005. First published
March 31, 2005; doi:10.1152/ajpregu.00567.2004—The intravenous
injection of LPS rapidly evokes fever. We have hypothesized that its
onset is mediated by prostaglandin (PG)E, quickly released by
Kupffer cells (Kc). LPS, however, does not stimulate PGE, produc-
tion by Kc as rapidly as it induces fever; but complement (C) activated
by LPS could be the exciting agent. To test this hypothesis, we
injected LPS (2 or 8 pg/kg) or cobra venom factor (CVF, an imme-
diate activator of the C cascade that depletes its substrate, ultimately
causing hypocomplementemia; 25 U/animal) into the portal vein of
anesthetized guinea pigs and measured the appearance of PGEs,
TNF-a, IL-1p3, and IL-6 in the inferior vena cava (IVC) over the
following 60 min. LPS (at both doses) and CVF induced similar rises
in PGE; within the first 5 min after treatment; the rises in PGE> due
to CVF returned to control in 15 min, whereas PGEs rises due to LPS
increased further, then stabilized. LPS given 3 h after CVF to the same
animals also elevated PGEs, but after a 30- to 45-min delay. CVF per
se did not alter basal PGE» and cytokine levels and their responses to
LPS. These in vivo effects were substantiated by the in vitro responses
of primary Kc from guinea pigs to C (0.116 U/ml) and LPS (200
ng/ml). These results indicate that LPS-activated C rather than LPS
itself triggers the early release of PGE; by Kec.

liver; fever; portal vein cannulation; cobra venom factor; pyrogenic
cytokines

FEVER DEVELOPS QUICKLY AFTER the intravenous bolus adminis-
tration of a pyrogenic dose of LPS to conscious guinea pigs,
rats, and other species, but the afferent mechanism that induces
this response is controversial. It is generally thought that it is
mediated by pyrogenic cytokines produced secondarily in
response to the LPS challenge, rather than by its direct action.
Tumor necrosis factor-a (TNF-at), IL-13, and IL-6 are the
major cytokines implicated in this response (9). There is,
however, a temporal disconnect between the first appearance of
these cytokines and the onset of the febrile response to intra-
venous LPS; that is, fever appears within 10-15 min (13, 51)
whereas TNF-q, the first cytokine to appear, is not detectable
until 30 min after LPS treatment (18, 23, 24, 39). This temporal
discrepancy is less evident after the intraperitoneal administra-
tion of low to moderate doses of LPS, when the latency of
fever onset is ~60 min but becomes evident also when higher

doses are administered, when the onset latency approaches that
after intravenous LPS (7).

We have shown previously that the onsets of the febrile
responses to intravenous and intraperitoneal LPS are correlated
with the appearance of LPS in the liver’s Kupffer cells (Kc)
(31), the body’s principal clearinghouse of LPS (16, 34, 45)
and source of pyrogenic cytokines (10). As cytokines are not
constitutively expressed by Ke and their de novo production
occurs after some delay (32), we and others have proposed, to
account for the promptness of the febrile response to intrave-
nous LPS, that the peripheral pyrogenic signal could be trans-
mitted to the preoptic-anterior hypothalamic area (POA, the
presumptive locus of the febrigenic controller) via a neuronal
rather than a humoral mechanism (6). Thus evidence was
adduced by us and others (12, 49, 59) that the vagus and its
hepatic branch, in particular (52), may convey the pyrogenic
signal to the brain. Indeed, IL-1p injected into the portal vein
of anesthetized rats had been shown earlier to increase the
electrical activity of the vagus (36). But because this cytokine
lags behind the onset of fever induced by intravenous LPS, it
also seems unlikely that it could be the direct, peripheral
mediator responsible for vagal activation.

We (6, 50) and others (12, 44) have suggested that, alterna-
tively, PGE, could be that mediator. It is synthesized by all
macrophages, including Kec, in response to LPS (46), and its
levels in plasma are correlated with the febrile course (35).
PGE: receptors are also present on peripheral sensory neurons,
e.g., in kidneys (26), lungs (27), stomach (54), and jejunum
(19), as well as on nodose ganglion vagal sensory neurons
receiving information from thoracic and abdominal compart-
ments (12), and on cervical vagal afferents (25). It has also
been proposed that, alternatively, in lieu of stimulating vagal
terminals, peripherally synthesized PGE, could trigger fever
by being transported to the brain as an albumin-bound complex
(22, 43). Paradoxically, however, the elevation of plasma PGE,
after LPS challenge is faster in vivo (22, 35) than the ability of
macrophages to synthesize PGE, in vitro (33, 37). It would
seem, therefore, that LPS per se could not be the stimulus for
the rapid production of PGE, in vivo. Hence, presumably,
another factor rapidly evoked by LPS should drive this re-
sponse. The complement (C) cascade is immediately activated
in vivo by the presence of LPS (58), and we have recently
reported that the anaphylatoxic complement component Sa
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(C5a) is an essential mediator of the febrile response to LPS (5,
30). It was shown earlier that the in vitro production of PGE>
by Ke is stimulated by C5a, whereas C depletion limits this
production (15, 41, 48); Kc express abundant CS5a receptors
(14, 48, 61).

We have hypothesized, therefore, that LPS-activated C5a
may trigger PGE» production by Kc. The purpose of this study
was to test this hypothesis, using two different approaches: the
first was to determine whether the rapid production of PGE, by
the liver induced by LPS in vivo is indeed C-dependent; cobra
venom factor (CVF) was used to address this question because
it immediately activates the C cascade, thereby adding all the
C components to the circulation, and because, furthermore, it
ultimately depletes the C substrate for the cascade, thereby
causing hypocomplementemia (8, 15, 56, 57; see also Discus-
sion). The second was to verify whether Kc, in fact, secretes
PGE, more rapidly in response to C than to LPS in vivo and in
vitro. A corollary was to substantiate that cytokines are not
liberated as early as PGE, in response to LPS.

MATERIALS AND METHODS
Animals

Male, pathogen-free, Hartley guinea pigs were used in these ex-
periments. The guinea pigs (550—650 g, Charles River Laboratories,
Wilmington, MA) were quarantined for 1 wk, three to a cage, in the
vivarium of our Department of Comparative Medicine before any
experimental use. Tap water and food (Agway Prolab guinea pig)
were available ad libitum. The ambient temperature (T,) in the animal
rooms was 23 = 1°C; light and darkness alternated, with light on from
0600 to 1800. All animal protocols were approved by the University
of Tennessee Health Science Center Animal Care and Use Committee
and fully conform with the standards established by the U. S. Animal
Welfare Act and by the document entitled “Guiding Principles for
Research Involving Animals and Human Beings” (3).

Drugs

For the in vivo guinea pig studies, the solvent of most drugs was
sterile, nonpyrogenic, isotonic (0.9%) NaCl solution (pyrogen-free
saline, PFS; Abbott Laboratories, Chicago, IL); for the in vitro
studies, it was its PBS analog. Heparin was purchased from Elkins-
Sinn (Cherry Hill, NI). LPS was Salmonella enteritidis LPS B (lot
#651628; Difco Laboratories, Detroit, MI), suspended in PFS. Cobra
venom factor (CVF; cat #233552) was from Calbiochem-Novabio-
chem (San Diego, CA). Murine serum C was purchased from Sigma-
Aldrich (cat. #53269), and recombinant murine (rm)IL-1p3 was from
R&D Systems (cat. #401-ML, lot #BN021021; Minneapolis, MN).

Cannulation of the Portal Vein and Inferior Vena Cava
of Guinea Pigs

The guinea pigs were anesthetized with ketamine (35 mg/kg im)
and xylazine (5 mg/kg im) and prepared for surgery. Under aseptic
conditions, a midline laparotomy upward from the umbilicus, ~3 cm
long, was performed. The ileum and mesentery were exposed and the
vascular arcades in the mesentery visualized. Two connecting tribu-
tary mesenteric veins were identified and back-ligated to stop inflow
to these veins. The junction just proximal to the two veins was
carefully incised, and a sterilized, RenaSil silicon cannula (ID 0.012
in., OD 0.025 in.; Braintree Scientific, Braintree, MA) prefilled with
heparinized (50 IU/ml) PFS was inserted and directed toward the
portal vein. Another two ligatures were placed around the proximal
end of the cannula to secure it in place. The laparotomy incision was
closed.
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Immediately thereafter, a sterilized, HelixMark silicon cannula (ID
0.020 in., OD 0.037 in.; Baxter Healthcare, McGraw Park, IL)
prefilled with heparinized PFS was inserted into the left jugular vein
and gunided toward the inferior vena cava (IVC). The incision was
sutured. The animals remained under surgical anesthesia and were
maintained on heating pads set at 30°C for the experimental tests.

Isolation of Guinea Pig Kupffer Cells

This method was modified from Do et al. (11). Briefly, under deep
ketamine (50 mg/kg ip) xylazine (50 mg/kg ip) anesthesia, the guinea
pigs were laparotomized, their portal vein isolated, and their liver
perfused in situ through the portal vein with, successively, 15-20 ml
of HBSS and 30 ml of liver perfusion medium (Gibco/Invitrogen,
Carlsbad, CA); drainage was through the IVC. The liver was removed
and submerged in ice-cold serum-free RPMI 1640 medium. To obtain
Ke, the gall bladder was removed and the liver was minced with a
sterile razor. The minces were digested in 50 ml of liver digest
medium (Gibco/Invitrogen) at 37°C, with occasional shaking. The
resulting cell suspension was filtered through a 75-pum mesh, and the
filtrate was centrifuged at 50 g for 5 min, to pellet the hepatocytes.
The supernatant was removed and pelleted by centrifugation at 600 g
for 10 min. The cells were next washed once with HBSS, layered over
21,038 mg/ml solution of Percoll (Pharmacia-Amersham, Piscataway,
NI), and centrifuged at 400 g for 20 min. The resulting debris-
containing upper layer was removed. The lower layer was diluted
threefold with PBS and centrifuged at 600 g for 10 min, to pellet the
cells. The washed cell pellets from the Percoll centrifugation were
suspended in PBS, 0.5% BSA, and 2 mM EDTA. They were then
isolated by anti-CD-11b-conjugated magnetic beads cell sorting over
MS + MiniMACS separation columns (Miltenyi, Auburn, CA),
according to the instructions provided by the manufacturer. Approx-
imately 2-4 X 10° cells were collected from the livers of four
animals.

Assays

LPS. LPS in the plasma of guinea pigs was evaluated using a
chromogenic Limulus amebocyte lysate assay (Pyrochrome; Associ-
ates of Cape Cod, Woods Hole, MA), according to the supplier’s
instructions. The detection limit of this assay was 0.005 endotoxin
unit (EU). The First International Standard for Endotoxin (84/650,
World Health Organization) was used as the reference. Endotoxin
concentrations are expressed as international EUs per milliliter.

PGE,. PGE; in guinea pig plasma was analyzed using an enzyme
immunoassay (EIA) kit (high sensitivity prostaglandin E, EIA Kit
#931-001; Assay Designs, Ann Arbor, MI), according to the manu-
facturer’s instructions; the prostaglandin synthetase inhibitor indo-
methacin (10 pg/ml) was added to all the blood samples immediately
after collection. All of the samples were diluted before analysis in the
assay buffer supplied, according to the manufacturer’s instructions.
The detection limit of this assay was 8.26 pg/ml.

The levels of PGE; in the incubation media of guinea pigs Kc were
determined by our radioimmunoassay (RIA), as previously described
(4). Briefly, it is based on the competition of PGE; in the test samples
with *H-labeled PGE, for binding to anti-PGE, antibody. A 100-ul
aliquot of culture medinm was added to the RIA assay buffer (0.1 mM
phosphate buffer, pH 7.4, containing 0.9% sodium chloride, 0.1%
sodium azide, and 0.1% gelatin), mixed with appropriate amounts of
labeled PGE, and reconstituted antiserum, and incubated overnight at
4°C. The assay tubes were then placed on ice, and 1.0 ml of cold
charcoal-dextran suspension was added. Fifteen minutes later, the
tubes were centrifuged at 2,200 g for 10 min at 4°C, and the
supernatants decanted into scintillation vials. Radioactivity was de-
termined by scintillation spectrometry (Packard Tricarb 200CA).
Percent binding was compared with a standard curve and the amounts
of PGE; in the samples calculated.
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Fig. 1. The levels of LPS (4) and APGE; (B) in the plasma of the inferior vena
cava (IVC) of anesthetized guinea pigs in response to the intraportal vein
(iportal) injection of LPS (2 or 8 pg/kg) or pyrogen-free saline (PES; 02
ml/kg). Values are means + SE; (#) = number of animals. *P < 0.05, both
LPS treatments relative to PFS.

Cytokines. The determination of TNF-a in the plasma of guinea
pigs was performed by a bioassay based on the cytotoxic effect of
TNF-a on the mouse fibrosarcoma cell line WEHI 164 subclone
13(c). The assay was performed using sterile, 96-well microtiter
plates. Serial dilutions of biological samples or different concentration
of TNF-a standard (code 88/532, National Institute for Biological
Standards and Control, South Mimms, UK) were incubated for 24 hin
wells that had been seeded with 50,000 actinomycin D-treated WEHI
164 cells. The number of surviving cells after 24 h was measured by
use of the dimethylthiazol-diphenyl tetrazolinum bromide (MTT) col-
orimetric assay. Plasma IL-1p and IL-6 were determined by bioassays
based on the dose-dependent growth stimulation of the D10 and B9
hybridoma cell lines, respectively. These assays were performed also
using sterile, 96-well microtiter plates. In each well, 5,000 D10 or B9
cells were incubated for 72 h with serial dilutions of biological
samples or with different concentrations of IL-1p or IL-6 standards
(code 86/680 and 89/548, National Institute for Biological Standards
and Control). The number of cells in each well was measured using
the MTT assay.

Complement. Five microliters of plasma were added to wells placed
in agarose gel containing standard sheep erythrocytes sensitized with
hemolysin (Kit RC001; The Binding Site, San Diego, CA). Plates
were incubated for 18 h at 4°C and then for 1 h at 37°C. The diameters
of the zones of hemolysis around each well (radial immunodiffusion)
were measured. These values were converted to the percentage activ-

LPS INDUCTION OF LIVER PGE;

ity of complement in the samples by interpolating from calibration
curves plotted using the manufacturer’s standard, diluted according to
the manufacturer’s directions. The detection limit of this assay was 32
CHypo units/ml. The results are expressed as the percentage of C
activity remaining after CVF treatment compared with the pretreat-
ment level.

Experimental Design

Experiment 1. To determine initially the efficacy of the clearance of
LPS by the liver as directly as possible and to correlate this with the
production of PGE; by the liver, we injected two doses of LPS (2 and 8
ng/ke) directly into the portal vein (iportal) of anesthetized guinea pigs
and measured their appearance in the IVC at 0, 1, 2.5, 5, 10, 15, 30, 45,
and 60 min after their administration. The volume of each blood collec-
tion was 0.4 ml; it was immediately replaced by an equal volume of PFS.
PES (0.2 ml/kg) was also the control solution for this experiment.

Experiment 2. To verify whether the rapid production by the liver
of LPS-induced PGE; is C-dependent, we injected CVF (25 U/animal)
into the portal vein of anesthetized guinea pigs. CVF causes the
immediate activation of the alternative pathway of the C cascade (8,
56, 57); the consequently formed C components then interact with
their cognate receptors on cells and activate them. PES (0.2 ml/kg)
was the control solution. Blood samples were collected from the IVC
at 0, 1, 2.5, 5, 10, 15, 30, 45, and 60 min after this treatment and
analyzed for their PGE>, TNF-a, IL-13, and IL-6 levels.
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Fig. 2. A: effects of iportal injected CVF (25 U/animal) or PES (0.2 ml/kg) on
the IVC plasma levels of PGE; in anesthetized guinea pigs. *P < 0.05, cobra
venom factor (CVF) relative to PES. B: APGE; levels in the IVC plasma of the
same animals after the ipostal injection of PFS or LPS (2 pg/kg) 3 h after PFS
or CVF pretreatment. The complement (C) remaining was ~9% of its control
level (see text). Abbreviations and conventions as in Fig. 1. *P <C 0.05, LPS
after PES relative to LPS after CVFE. **P < 0.05, both LPS treatments relative
to PES.
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Fig. 3. IVC plasma levels of TNF-a (4), IL-1B (C), and IL-6 (E) following the iportal injection of LPS (2 pg/kg), CVF (25 U/animal) or PES (0.2 ml/kg). Effects
of 91% plasma C reduction (B, D, F) on the same variables in the same animals 3 h later. The subjects in Figs. 2 and 3 are the same. Abbreviations and
conventions as in Fig. 1. *P < 0.05, LPS relative to PES. A and E: the CVF data are hidden under the PFS data, both of which they are identical.

The activation of C induced by CVF, however, continues unabated,
so that, ultimately, C becomes significantly reduced (8, 15, 56, 57, see
also Discussion). To determine, therefore, the effect of hypocomple-
mentation on LPS-induced PGE, and cytokine production, we in-
jected into the portal vein of these CVF-treated animals a second dose
of LPS (2 pg/kg) or PFS (0.2 ml/kg) 180 min after CVF. The guinea
pigs previously treated with PFS received LPS (2 pgikg). A
PFS+PFS control was considered redundant in this design and was,
therefore, not performed. Plasma samples were collected from the
IVC and analyzed as before. The level of hypocomplementemia was
determined by analyzing plasma C levels before and 180 min after
CVF administration.

Experiment 3. To compare the effects of C and LPS on K¢ PGE,
production directly, the Kc from guinea pigs were seeded at 1 X 10°
cells/well in 24-well tissue culture microplates (0.5 ml/well) in RPMI

1640 medium with L-glutamine containing 20% heat-inactivated FBS
and incubated overnight at 37°C. The next morning, the medium was
replaced with fresh RPMI 1640 medium containing 1% FBS, and the
following test agents were added: none (NA; 0.5 ml of medinm),
murine serum C (0.116 U/ml), S. enteritidis LPS (200 ng/ml),
mlL-1B (1 ng/ml), and C + these factors. These doses were based on
preliminary dose-response studies. Samples of culture media were
collected at 0, 2.5, 10, 30, and 60 min after these treatments, and their
PGE, contents analyzed.

Statistical Analysis

The results are reported here as means *= SE. The data were
evalnated by a repeated-measures analysis of variance model, where
factor 1 was the between-group factor (the experimental treatment)
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and factor 2 the within-subject factor (the different sampling periods).
The analyses were performed using Instat 3 (GraphPad software;
Instant Biostatistics, San Diego, CA). Each variable was considered to
be independent. The 5% level of probability was accepted as statis-
tically significant.

RESULTS
Experiment 1

LPS at both doses (2 and 8 pg/kg) injected into the portal
vein appeared in IVC plasma virtually immediately (1 min);
the level of the lower dose was reduced by half in 5 min, and
then stabilized over the remainder of the 60-min experimental
period. The plasma level of the higher dose, however, re-
mained at its high, initial level over the duration of this
experiment (Fig. 14). The LPS level of the PFS-treated con-
trols remained stable throughout the hour, although it was
slightly elevated (i.e., above 0) due presumably to the surgery-
associated manipulation of the animals’ intestinal tract (60).

IVC plasma PGE, levels were not significantly elevated by
the administration of PFS, but they rose within 2.5 min to
approximately half of their maximal value after the adminis-
tration of both LPS doses, then continued to rise more slowly
over the next 25 min. They then both stabilized at ~200 pg/ml
above their basal level for the remainder of the hour, irrespec-
tive of the LPS dose (Fig. 1B).

Experiment 2

IVC plasma PGE; levels increased within 2.5 min, peaked in
5 min, and then returned to control levels in 15 min following
the administration of CVF (Fig. 2A.). PFS administration had
no significant effect on PGE, levels.

The iportal injection of LPS 3 h after PFS induced the same
pattern of IVC PGE; elevation as was observed when injected
at time 0O, albeit that PGE, levels increased only approximately
half as much (PFS+LPS, Fig. 1B). But LPS given 3 h after
CVF pretreatment, when plasma C levels were reduced to
~9% relative to their basal levels (the basal level of C was
393 + 68 CHyoo units/ml; 3 h after CVF treatment, it was
reduced to 34 *= 14 CH;go units/ml; data from 6 animals), did
not significantly raise PGE, levels until 30—45 min after its
injection (CVF+LPS, Fig. 2B). The injection of PES into these
hypocomplementemic guinea pigs (CVF+PFES, Fig. 2B) had
no effect on PGE, levels; these were not significantly different
from those of PFS injected into untreated animals (Fig. 24).

TNF-a (Fig. 34), IL-1B (Fig. 3C), and IL-6 (Fig. 3E)
became detectable in IVC plasma 30 and 45 min after LPS
treatment, respectively. They were not elevated by acute CVF
or PES per se. Hypocomplementemia (Figs. 3B, D, F) also did
not affect the appearance, rate of rise, or magnitude of the
LPS-induced elevations of these cytokines.

Experiment 3

IL-1B alone induced the release of PGE, by primary, freshly
isolated Kc from guinea pigs between 30 and 60 min after their
addition, but LPS was without effect throughout the 60-min
incubation period. On the other hand, C alone and C+LPS or
IL-1B very quickly (2.5-10 min) triggered PGE, increases of
similar, apparently maximal magnitudes (Fig. 4).

LPS INDUCTION OF LIVER PGE;
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Fig. 4. The course of the production of PGE: by primary, freshly isolated
Kupffer cells from guinea pigs in response to C (0.116 U/ml), S. enteritidis
LPS (200 ng/ml), recombinant murine (rm)IL-1B (1 ng/ml), or serum C in
combination with each of these factors. NA, no additions (0.5 ml).

DISCUSSION

The present results show that IVC PGE, rose rapidly and to
similar levels within 5 min after the iportal administration of
CVF or LPS. But, whereas the elevation caused by CVF was
reversed over the following 10 min, that due to LPS continued
to a higher level over the same interval, then plateaued (Figs.
1B and 24). On the other hand, 3 h after CVF treatment, when
~91% of the original C level was depleted, PGE, levels did
not increase significantly until 45 min after the administration
of LPS (Fig. 2B). Both CVF and LPS cause the immediate
activation of the alternative pathway of the C cascade, but that
due to CVF continues unabated, reducing C and, hence, lim-
iting its effects (8, 15, 56, 57; see also below). Moreover,
whereas no PGE, was detectable within 60 min after the
addition of LPS to freshly isolated Ke, the addition of C alone
or in combination with it induced the generation of PGE,
between 2.5 and 10 min (Fig. 4). Pyrogenic cytokines were not
detectable in vivo until 30—45 min after the iportal injection of
LPS (Fig. 3); neither the activation of C nor its reduction
affected these in vivo responses.

We infer from these data that the almost immediate appear-
ance of PGE, in IVC plasma after the iportal injection of LPS
supports the notion, advanced previously by us (5, 6, 28, 30),
that it may be mediated by C5a rapidly induced by LPS. On the
other hand, its continued production in these animals, as
manifested by its further, slower rise to a higher plateau at 15
min, its delayed elevation in the C-insufficient, LPS-treated
guinea pigs (Fig. 2B), as well as the late production of cyto-
kines in all the animals under all the experimental conditions
(Fig. 3) are probably all the result of the direct, LPS binding
protein (LBP)-cluster designation 14 (CD14)-Toll-like recep-
tor 4 (TLR4)-myeloid differentiation protein 2 (MD2)-medi-
ated activation of Kc¢ by LPS (53).

Like LPS, CVF activates virtually immediately C3. The
activation of C3 by LPS yields a derivative, C3b, which forms
a complex with factor B, C3bBb, a convertase that cleaves the
a chain of C3 and thereby enables the further production of its
downstream components (58); C3bBb is very labile (t;» = 1.5
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min at 37°C). By contrast, CVF itself forms a complex with
factor B, CVEBD, that is functionally analogous to C3bBb, but
much more stable (t; » = 7 h) due to its resistance to the control
mechanisms that limit the activity of the normal C3 convertase.
Consequently, C3 activation continues unabated, depleting C3
and all its downstream products (8, 56). The present finding
that C triggered the immediate production of PGE, by Ke,
whereas its depletion limited this production thus substantiates
similar, earlier findings by others (15, 40, 41, 47, 48). But our
further in vivo finding that the similarly quick release of PGE,
evoked by LPS at time O was abrogated when C was reduced
3 h later, though anticipated, is novel. It confirms that the
initial, very early, LPS-induced PGE, rise was indeed C- rather
than LPS-mediated. On the basis of the duration of the PGE>
response to the acute effect of CVF, that is, the rapid activa-
tion, then reduction of C3, it was therefore brief. The similar-
ities in the onset, magnitude, and duration of the PGE, re-
sponse to LPS, irrespective of the dose administered (Fig. 1B),
further reinforce the notion that the initial, quick, LPS-induced
release of PGE, is C-mediated. On the other hand, the subse-
quent rise of IVC PGE, to higher levels at 15 min and the
15-min delay in its appearance when C was reduced indicate
that a secondary, slower, C-independent mechanism also un-
derlay the LPS-induced Kc production of PGE,; this mecha-
nism was, presumably, the LPS-TLR4 signaling pathway (38,
42). To our best knowledge, this is the first in vivo demonstra-
tion of a two-part modulation of the PGE, response to the
iportal injection of LPS.

Although not specifically demonstrated in the in vivo por-
tions of this study, the in vitro results of experiment 3 strongly
suggest that the targets of C5a, the anaphylatoxin specifically
implicated in the febrile responses to intravenous and intra-
peritoneal LPS (28, 30), are in all probability the Ke. Although
hepatic stellate, sinusoidal endothelial, and mast cells also
express its principal receptor, C5aRy, it is most abundant in Ke
(48). These cells are critically linked to the onset of the febrile
response to LPS (31). Mast cells are not involved (5), and there
is no evidence that the other cell types are implicated. C5aR;
is a G-protein-linked receptor that acts by increasing intracel-
lular inositol-1,4,5-triphosphate and Ca>* (47), rapidly activat-
ing cyclooxygenase (COX)-1-catalyzed PGE, production (2,
40, 46, 47). COX-1 is constitutive, functionally coupled mainly
with cytosolic PGE, synthase (PGES) and therefore prepared
to quickly synthesize PGE, (55). On the other hand, it is
generally agreed that the production of PGE, induced by LPS
per se is initiated by the LBP-mediated transfer of LPS to the
receptor complex CD14/TLR4/MD2 and is associated with the
upregulation of, specifically, COX-2 and microsomal PGES-1
(1, 20); in rats, both enzymes are induced in the liver ~30 min
after LPS challenge (21). This delay in their biosynthesis
presumably accounts for the lateness of the secondary appear-
ance of PGE, observed in the present study. The cytokines,
then also present in the blood, may further contribute to this
late rise (Fig. 4). Indeed, as in previous studies (17, 18, 23, 24),
these became evident in IVC plasma around 30—45 min after
the iportal administration of LPS (Fig. 3), a delay that reaffirms
that they probably have no role in the initiation of the febrile
response to iv LPS. It is generally agreed that the LPS-TLR4
complex is the system that induces the production of pyrogenic
cytokines (53). But, because the guinea pigs were anesthetized
and maintained on heating pads during the present experiments
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(anesthesia impairs thermoregulatory responses; their body
temperatures were monitored therefore only to insure their
stability), the concurrence of the observed cytokines and PGE,
responses with the normal febrile course of LPS-treated ani-
mals could not be verified. They do concord, however, with
those reported in other, previous studies in conscious animals
(5,9, 18, 22-24, 29, 51).

In summary, because the very early appearance of PGE, in
IVC plasma coincides temporally with the onset of fever, these
findings would support the notion that PGE, quickly elaborated
by Ke stimulated by LPS-activated C could be the factor that
stimulates vagal terminals in the liver or circulates to the brain
and, hence, may be responsible for the prompt initiation of the
febrile response to intravenous LPS, as postulated previously
(6, 22, 43, 49, 50). This interpretation may also help to clarify
the correlation between its elevation in plasma and the febrile
course (35).

In conclusion, the present data suggest that LPS injected into
the portal vein (and, by inference, circulating LPS arriving in
the liver) causes the very rapid appearance of PGE, in the
blood via a two-part effect, one very rapid, but brief, exerted on
C5aR;-expressing Ke consequent to the virtually immediate
activation by LPS of the alternative pathway of the C cascade,
and another slower, but more prolonged, induced by the rec-
ognition of LPS by the TLR4 signaling complex. These results
are compatible with the hypothesis that LPS-activated C rather
than LPS itself rapidly triggers the release of PGE, by Kec.
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Dalsim krokem k popisu patofyziologie hore¢ky a ovéreni postulované role
prostaglandinu E, pro periferni signalizaci imunitniho signalu v podobé
lipopolysacharidu bylo ovéfit jeho mozné zdroje in vivo a asociaci
s narustem télesné teploty, PGE, a plasmatickych hladin cytokinu (IL-1,
IL-6 a TNF-a). Hladiny LPS, PGE, a pro-zanétlivych cytokini byly
sledovany v bodech oCekavaného narustu télesné teploty laboratornich
morc¢at pfed podanim 2 pg/kg intraven6zné a dale pak 15, 30, 60, 90, a
120 minut po podani LPS. K potvrzeni zakladni role Kupfferovych bunék,
postulované v nasi pfedchazejici praci v in vitro experimentech (Perlik et
al., 2005), laboratorni morCata byla predléCena gadoliniem, vzacnym
kovem, ktery se v mediciné pouziva nejen jako kontrastni latka, ale také
pfi vyzkumu, jako latka eliminujici hepatické, splenické, plicni a ostatni
makrofagy (Blatteis 1997; Hardonk et al., 1992; Li and Blatteis, 2004;
Sehic, 1997). K repopulaci jednotlivych typl makrofagt dochazi postupné,
s Kupfferovymi burnikami jako poslednimi, a to C&tyfi dny po podani
gadolinia (Hardonk et al., 1992; Li and Blatteis, 2004). Z tohoto dlvodu
byly dalSi experimenty provadény tfeti den po podani gadolinia, kdy byly
Kupfferovy buriky jesté vyfazeny ze signalizace a zprostfedkovani imunitni

odpoveédi.

Vysledky ukazaly, Zze sou€asna elevace PGE; spojena s narlstem teploty
télesného jadra po intravenosnim podani LPS je naruSena u skupiny zvirat
predléCenych gadoliniem, tedy u skupiny s depleci Kupfferovych bunék.
DoSlo také k vyznamnému zpomaleni clearance LPS cirkulujiciho
v systémovém obéhu. Produkce cytokini na léCbu samotnym gadoliniem
nebyla nikterak ovlivnéna, stejné tak i jejich produkce po lécbé LPS,
s vyjimkou TNF-a, jehoz hladiny byly dvojnasobné u skupiny zvifat
predléCenych gadoliniem a nasledné stimulovanych intravenosnim
podanim lipopolysacharidu. Vliv prostaglandinu E, v inicialni fazi vzniku
hore¢ky byl potvrzen také podanim krali¢iho PGE; antiséra s minimalni

zkfizenou reaktivitou k ostatnim prostaglandinim, jez oslabilo horeCku po
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IV. podani LPS. Je tfeba ovSem poznamenat, Ze kontrolni skupiny s
vehikulem této protilatky, azidem sodnym, ktery sam vykazuje
hypotermicky efekt, tak i samotné podani PGE; protilatky, maji termalni

efekt, ktery znesnadnuje jednoznaénou interpretaci experimentu.

Nize uvedena prace podtrhla a potvrdila vyznam €asné produkovaného
PGE, Kupfferovymi burikami pro inicialni faze vzniku horecky vzhledem
k tomu, Zze produkované hladiny prozanétlivych cytokint, zvanych takeé
endogenni pyrogeny jako napf. IL-1B, IL-6 a TNF-a, ¢asové nekoreluji

s nastupem teploty télesného jadra.

Zasadni role PGE; byla také potvrzena v ostatnich experimentech, pfi
nichz byla podana nesteroidni antirevmatika blokujici jeho produkci, a tim
doSlo také k oslabeni febrilni odpovédi (Romanovsky et al., 2005; Roth
and de Souza; 2001; Zeisberger 1999). Z téchto experimentl vSak neni
ziejmé, zdali se jedna o perifeni €i centralni efekt téchto léku, vhledem
k tomu, Ze prochazi hematoencefalickou bariérou. Nase prace naznacila,
Ze se jedna o vliv periferniho PGE, vzhledem kjeho asociaci s
Kupfferovymi burikami a vzhledem k efektu PGE; protilatky, ktera vedla ke
snizeni febrilni odpovédi a ktera by hematoencefalickou bariérou
prochazet neméla. V souladu s naSim pozorovanim je rovnéz experiment
Stainera et al, ktery ukazal krucialni vliv delece genu kddujiciho
cyklooxygenazu 2 u mysSi pro zachovani febrilni odpovédi po
intravendznim podani LPS (Stainer et al., 2005). Ootsuka et al. (2008) pak
u laboratorniho potkana potvrdili, ze periferni podani PGE, vyvolava
zvySeni teploty laboratornich zvifat, coz jednoznacné dokazuje klicovy vliv
perifernino PGE; jako mediatoru akutni reakce a vzniku horecky (Ootsuka
et al, 2008). Jeho pozorovani je plné vsouladu s pfedchozimi
experimenty (Abu let al., 1997; Dascombe and Milton, 1979; Romanovsky
et al., 1997; Skarneset al., 1981).
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Zasadni role prostaglandinu E; pro signalizaci lipopolysacharidem
navozené horeCky po jeho intraperitonealnim podani u mysi byla
dokazana prostfednictvim delece genu pro mikrosomalni prostaglandin E
synthasu-1 (MPGES-1), ktera vedla k aberaci produkce prostaglandinu E;
a febrilni reakce, nezplsobila vSak naruseni produkce prozanétlivych
cytokind, interleukinu IL-1B, IL-6 a tumour necrosis factoru (TNF)
(Nilsberth et al.,, 2009). Ddulezitym pozorovanim této prace, kromé
disociace produkce téchto cytokinu a hore¢naté odpovédi, je rovnéz fakt,

ze produkce cytokin po podani LPS je PGE; nezavisla.

Skutecnost, Ze Casna produkce PGE,, generovana Kupfferovymi burikami
hraje kliCovou roli, byla prezentovana na dalSich modelech akutni
zanétlivé odpoveédi diskutovanych dfive (Zimomra et al., 2011). Zimomra
et al., navic u experimentalniho modelu pouzivajiciho E. coli naznadcili
mozny vliv PGE; na kontrole produkce pro-zanétlivych cytokinu, jakozto
faktoru, ktery dale upfesfiuje celkovou odpovéd organismu (Zimomra et
al., 2011). Krall et al., nasledné rozsifili roli prostaglandinu E; a D,
v hypertermické a hypotermické reakci laboratornich potkand na rtzné
vysoké davky LSP. V experimentu prokazali, Zze deprivace pfijmu potravy
nevede k hypotermii podminéné nedostatecnym signalem na urovni PGE,,
a to Vzhledem k tomu, Ze skupina laboratornich potkant deprivovanych
nedostateCnym pfijmem potravy je schopna normalni hypertermické
reakce asociované se zvySenim hladin PGE,. Hypotermicka reakce je pak
pravdépodobné disledkem hypotermického pusobeni PGD, (Krall et al.,
2010).

Muzeme tedy uzaviit, ze se nam podafilo in vivo potvrdit pfedchozi
pozorovani asociace ¢asného narustu plasmatickych hladin PGE; a vzniku
hore¢ky po pfedchozim podani LPS. Jako bunécny typ zodpovédny za
jeho produkci jsme identifikovali Kupfferovy buriky a zaroveri jsme
prokazali disociaci horeCnaté odpovédi a up-regulace produkce tzv.

endogennich cytokinu. ldentifikace periferni signalizace je vyznamnym
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krokem ke klinické aplikaci vzhledem k tomu, Zze asociace vysoké horecky
a zvySené mortality u kriticky nemocnych pacientd byla jiz dfive
prokazana. Nicméné prakticka aplikace ve smyslu jasného algoritmu léCby
horecky v klinické praxi u takto zavazné nemocnych pacientt chybi (Niven
2011). V oblasti klinického vyzkumu je tedy prostor pro identifikace
biomarkerd (napf. hladina PGE,, cytokinu atd.), stejné tak jako pro
randomizované studie porovnavajici farmakologické, fyzikalni Ci

kombinované intervence.
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Li, Zhonghua, Vit Perlik, Carlos Feleder, Ying Tang, and
Clark M. Blatteis. Kupffer cell-generated PGE, triggers the febrile
response of guinea pigs to intravenously injected LPS. Am J Physiol
Regul Integr Comp Physiol 290: R1262-R1270, 2006. First published
January 12, 2006; doi:10.1152/ajpregu.00724.2005.—Because the on-
set of fever induced by intravenously (iv) injected bacterial endotoxic
lipopolysaccharides (LPS) precedes the appearance in the blood-
stream of pyrogenic cytokines, the presumptive peripheral triggers of
the febrile response, we have postulated previously that, in their stead,
PGE-: could be the peripheral fever trigger because it appears in blood
coincidentally with the initial body core temperature (T.) rise. To test
this hypothesis, we injected Salmonella enteritidis LPS (2 pg/kg body
wt iv) into conscious guinea pigs and measured their plasma levels of
LPS, PGE,, TNF-a, IL-13, and IL-6 before and 15, 30, 60, 90, and
120 min after LPS administration; T. was monitored continuously.
The animals were untreated or Kupffer cell (KC) depleted; the
essential involvement of KCs in LPS fever was shown previously.
LPS very promptly (<10 min) induced a rise of T. that was tempo-
rally correlated with the elevation of plasma PGE,. KC depletion
prevented the T. and plasma PGE; rises and slowed the clearance of
LPS from the blood. TNF-a was not detectable in plasma until 30 min
and in IL-1 and IL-6 until 60 min after LPS injection. KC depletion
did not alter the times of appearance or magnitudes of rises of these
cytokines, except TNF-a, the maximal level of which was increased
approximately twofold in the KC-depleted animals. In a follow-up
experiment, PGE, antiserum administered iv 10 min before LPS
significantly attenuated the febrile response to LPS. Together, these
results support the view that, in guinea pigs, PGE, rather than
pyrogenic cytokines is generated by KCs in immediate response to iv
LPS and triggers the febrile response.

fever; tumor necrosis factor-a; interleukin-103; interleukin-6; liver;
complement

IT IS GENERALLY CONSIDERED that the febrile response to systemic
infectious pathogens is mediated by the pyrogenic cytokines
TNF-a, IL-1B, and IL-6, elaborated by mononuclear phago-
cytes activated by the infectious noxa, and that their messages
are transmitted to the fever-controlling center in the ventrome-
dial preoptic-anterior hypothalamic area (POA) either neurally
or humorally (for reviews, see Refs. 3, 6, 14, 66, 70, and 90).
The neural pathway has been postulated to account for the
rapid initiation of fever after, e.g., a bolus, intravenous (iv),
low-to-moderate dose injection of bacterial endotoxic LPS; the
afferent vagus serves as its link (69, 75, 87). The humoral
pathway, on the other hand, depends on the bloodstream for the

delivery of these mediators; it is, consequently, slower than the
neural pathway (38). However, although cytokines, in partic-
ular IL-6, have been demonstrated in plasma correlatively with
the onset of fever induced by low-to-moderate doses of LPS
administered intraperitoneally, intramuscularly, and subcuta-
neously (into an air pouch) (~30-60 min), they are not
detectable concurrently with the induction of fever provoked
by higher doses of LPS or by any dose of LPS injected iv (14).
For instance, the body core temperature (T.) of conscious
guinea pigs rises significantly within 10 min after the injection
of 2 pg iv of LPS/kg body wt (75, 77), whereas TNF-a, the
first of the cytokines to appear in the blood of similarly
LPS-challenged guinea pigs, is not detectable until at least 30
min later (42, 59; present study, Fig. 3). This delay, neverthe-
less, should be anticipated because these cytokines are not
expressed constitutively in mononuclear phagocytes, but rather
are transcribed, translated, and secreted by these cells in
response to the pyrogenic stimulus. Hence, if they are not yet
present in the blood, it would seem improbable that circulating
cytokines could provide the signals for the very prompt induc-
tion of fever after iv LPS or high doses of intraperitoneal LPS.
The liver is the body’s principal filter of circulating LPS (29,
43, 51, 72); it contains ~80%-90% of all macrophages in the
body. Consequently, hepatic macrophages [Kupffer cells
(KCs)] are considered to be the principal cell source of pyro-
genic cytokines. Indeed, the involvement of KCs in the patho-
genesis of fever is supported by a variety of findings (22, 84).
In further support, we recently showed that the onset of fever
in guinea pigs is linked to the first appearance of LPS in the
liver (48) and that splenectomy and vinblastine-induced neu-
tropenia both significantly increase the simultaneous febrile
response to LPS and the uptake of LPS by KCs (27, 49).
However, because the LPS-induced production of cytokines by
KCs, like that of other macrophages, is delayed in relation to
fever onset (18, 35, 42, 54), it seems unlikely that KC-
generated cytokines could provide the signals that rapidly
initiate iv LPS-induced fever. A factor elaborated by KCs
earlier than cytokines, i.e., an almost immediate reaction to the
presence of LPS, should, therefore, mediate this response.
Although its cell source and the nature of the triggering
mechanism that releases it are still in dispute, PGE; is gener-
ally believed to be the final central mediator of the febrile
response (for reviews, see Refs. 3, 10, 41, and 64). It acts on
thermoregulatory neurons in the POA, and its levels increase

Address for reprint requests and other correspondence: C. M. Blatteis, Dept.
of Physiology, Univ. of Tennessee Health Science Center, 894 Union Ave.,
Memphis, TN 38163 (e-mail: blatteis@physiol.utmem.edu).

R1262

0363-6119/06 $8.00 Copyright © 2006 the American Physiological Society

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”

59in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

http://www.ajpregu.org

2102 ‘Z yore uo Bio AbojoisAyd-nbaidle woiy papeojumoq



http://ajpregu.physiology.org/

KUPFFER CELL-GENERATED PGE> TRIGGERS FEBRILE RESPONSE

and decrease in this brain region in conjunction with the febrile
course. PGE, levels also quickly increase in the peripheral
circulation after the entry of microorganisms or the systemic
administration of exogenous and endogenous pyrogens (21, 71,
79). Using an in vivo model for the selective hepatic portal
vein infusion of anesthetized guinea pigs, we have recently
shown that PGE; is indeed very quickly generated by KC in
response to the intraportal vein injection of LPS (59). Because
the peripheral injection of exogenous PGE, reportedly causes
T, rises in some animals (57, 62, 68), it has been suggested that
it could play its mediatory role peripherally rather than cen-
trally (23, 55, 67).

This study was designed to verify this hypothesis in con-
scious, iv LPS-treated animals. Because the PGE, generated by
KCs under these conditions spills into the inferior vena cava
and, thence, into the general circulation (59), and since, more-
over, systemically administered LPS invariably appears in the
liver (48), we have elected in the present study to inject LPS
systemically (into the superior vena cava) rather than directly
into the portal vein; this approach, moreover, obviates the
trauma of major abdominal surgery and its possible, attendant,
inflammatory consequences. Thus we selectively depleted
guinea pigs of KCs by pretreatment with gadolinium chloride
(GdCls) and compared the time courses of their febrile and
associated PGE, and pyrogenic cytokine responses to iv LPS
with those of untreated controls. To our best knowledge, this is
the first report of the simultaneous and coordinated changes in
T. and endogenously produced plasma PGE, and pyrogenic
cytokine levels at close intervals over the first 2 h following iv
LPS administration to conscious animals. In a follow-up ex-
periment, we further tested the validity of our hypothesis by
pretreating conscious guinea pigs iv with PGE, antiserum and
evaluating its effect on the animals’ T, responses to iv LPS.

MATERIALS AND METHODS
Animals

Male Hartley guinea pigs (300-350 g body wt on arrival; Charles
River Laboratories, Wilmington, MA) were used in these experi-
ments. The animals were quarantined for 1 wk, three to a cage, before
any experimental use. Tap water and food (Agway Prolab guinea pig
diet) were available ad libitum. The ambient temperature (T,) in the
animal room was 23 * 1°C, the housing T, recommended by the
Institute of Laboratory Animal Resources Commission on Life Sci-
ences (ILAR) (32); light and darkness were alternated, with lights on
from 0600 to 1800. After quarantine, to moderate the psychological
stress associated with the experiments, the animals were trained to the
experimental procedures for 1 wk (daily for 4 h) by handling and
placement in individual, locally fabricated, semicircular, wire-mesh
confiners designed to prevent their turning around and to minimize
their forward and backward movements but without causing excessive
restraint stress. All animal protocols were approved by the University
of Tennessee Health Science Center Animal Care and Use Committee
and fully conformed to the standards established by the U.S. Animal
Welfare Act and by the documents entitled “Guiding Principles for
Research Involving Animals and Human Beings” (83).

General

All glassware, plasticware, instruments, and cannulas used in these
studies were sterilized by autoclaving. Electrochemical grade, high-
purity water (Baxter Healthcare, Muskegan, MI) was used exclusively
in the preparation of all solutions. Before use, the stock solutions were
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Bedford, MA), as an added precaution against bacterial contamina-
tion. Absence of endotoxic contamination in all fluids not containing
LPS by design were verified by the Limulus amebocyte lysate test
(Pyrochrome; Associates of Cape Cod, Falmouth, MA).

Drugs

LPS was Salmonella enteritidis LPS B (batch no. 651628; Difco
Laboratories, Detroit, MI), the same LPS batch we have used in all of
our previous studies. GdCl; hexahydrate was purchased from Sigma-
Aldrich (cat. no. G-7532, lot no. 121K3655; St. Louis, MO). Heparin
was purchased from Elkins-Sinn (Cherry Hill, NJ). The vehicle for
these solutions was pyrogen-free saline (PFS; 0.9% NaCl, USP;
Abbott Laboratories, Chicago, IL). Rabbit monoclonal PGE. anti-
serum and its vehicle, phosphate buffer containing 0.1% sodium azide
(NaN3) and bovine serum gamma globulin (BSG), were procured
from Assay Designs (cat. no. 905-025, lot no. 01E073A; Ann Arbor,
MI) and Sigma-Aldrich (cat. no. S2002), respectively.

Jugular Vein Cannulation

In preparation for iv injections and blood collections, all animals
received the antibiotic chloramphenicol (20 mg/kg body wt sc) pro-
phylactically 1 h before the surgical procedure. Under ketamine-
xylazine (35/5 mg/kg body wt im) anesthesia and aseptic conditions,
a siliconized cannula (0.020 in. ID, 0.037 in. OD; Baxter Healthcare,
McGraw Park, IL), prefilled with heparinized (10 IU/ml) PFS, was
inserted into the left jugular vein and gently guided into the superior
vena cava of each guinea pig. The free end of the cannula was passed
subcutaneously toward the head, exteriorized on the top of the head,
knotted, and rolled into a coil. This coil was then placed inside a
protective polypropylene shield (a centrifuge microtube with a screw
cap, with its cone cut off) that was fixed to the skull with dental acrylic
cement and four self-tapping, miniature stainless steel screws. The
neck wound was sutured and cleansed with 10% povidone-iodine
solution and treated with nitrofurazone powder. Immediately after this
surgery, the animals received a bolus (10 ml PFS sc) injection and
pain medication (0.05 mg/kg body wt butorphanol) and, for two more
days, chloramphenicol subcutaneously. To maintain the patency of the
inserted cannulas, the cannulas were flushed with 0.5 ml of heparin-
ized (3 IU/ml) PES every day after surgery until 3 days before an
experiment, when PFS alone was used because of the confounding
effect of heparin on complement activation and cytokine production
(88). Experiments were performed 7 days after this surgical proce-
dure, when the animals had recovered. Retraining was performed
during the latter 4 days of this recovery period.

Temperature Recording

Beginning at 0800 of the experimental day, the Tcs of the conscious
guinea pigs, loosely restrained in the individual confiners to which
they had been trained, were monitored constantly and recorded at
2-min intervals for 2 h on a Macintosh Plus 1 Mb microcomputer
through an analog-to-digital converter, using precalibrated copper-
constantan thermocouples inserted 5 cm into the colon. The data were
displayed digitally on a monitor, printed on an ImageWriter printer,
and stored on a diskette. A 90-min stabilization period to achieve
thermal equilibrium preceded all measurements.

Blood Collections

Blood (0.4 ml) was collected at predetermined intervals from the
preinserted cannulas before and after PFS or LPS injection. PFS
(~0.5 ml) was used to flush blood from the cannulas and replace
plasma volume following its withdrawal. Heparin (0.05 ml, 10%) was
added to all samples; they were then swirled and centrifuged (3,000 g,
10 min, at 4°C). Aliquots of the plasma were stored at —70°C for

passed through a sterile 0.22-pum Miller-GS filter unit (Millipore60assay later.
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Assays

LPS. LPS concentrations in the plasma of guinea pigs were mea-
sured using a chromogenic Limulus amebocyte lysate assay (Pyro-
chrome; Associates of Cape Cod), according to the supplier’s instruc-
tions. The First International Standard for Endotoxin (code 84/650:
World Health Organization) was used as a reference; endotoxin
concentrations were expressed as endotoxin units per milliliter (EU/
ml). The detection limit of this assay was 0.005 EU/ml.

PGE:. The PGE; levels in the plasma of guinea pigs were analyzed
using a commercial enzyme immunoassay kit (High Sensitivity PGE»
EIA Kit model 931-001; Assay Designs), according to the manufac-
turer’s instructions. The PG synthetase inhibitor indomethacin (10
pg/ml) was added to all blood samples immediately after collection
All of the samples were diluted before analysis in the assay buffer
system provided by the manufacturer, according to the manufacturer’s
instructions. All of the samples were analyzed in duplicate. The
detection limit of this assay was 8.26 pg/ml.

Cytokines. Cytokine levels in guinea pig plasma were assayed by
established bioassay techniques. All samples were analyzed in tripli-
cate. TNF-a was evaluated based on the cytotoxic effect of TNF-a on
the mouse fibrosarcoma cell line WEHI 164 subclone 13 (26). The
assay was conducted using sterile, 96-well microtiter plates. Serial
dilutions of biological samples or different concentration of TNF-a
standard [code 88/532; National Institute for Biological Standards and
Control (NIBSC), South Mimms, UK] were incubated for 24 h in
wells that had been seeded with 50,000 actinomycin-D-treated WEHI
164 cells. The number of surviving cells after 24 h was measured by
use of the MTT colorimetric assay.

The determinations of IL-1 and IL-6 were performed by bioassays
based on the dose-dependent growth stimulation of the D10 and B9
hybridoma cell lines, respectively (36, 37). These assays were con-
ducted using sterile, 96-well microtiter plates. In each well, 5,000 D10
or B9 cells were incubated for 72 h with serial dilutions of biological
samples or with different concentrations of IL-1f3 or IL-6 standards
(codes 86/680 and 89/548, respectively; NIBSC). The number of cells
in each well was measured by use of the MTT assay.

Experimental Design

Experiment 1. Effect of LPS on the T, and plasma LPS, PGE>, and
cytokine levels of untreated and GdCls-pretreated guinea pigs. Seven
days after surgery, the guinea pigs were randomly divided into four
treatment groups: /) PFS (0.9 ml/kg; n = 4), 2) LPS (2 pg/kg; n =5),
3) GdCl3 (7.5 mg/kg) + PES (n = 4), and 4) GdCl3 + LPS (n = 5).
GdCls was injected into the animals’ precannulated jugular veins 3
days before PFS or LPS. GdCls is a lanthanide rare earth metal that,
when injected at 7.5 mg/kg body wt iv (12, 33, 48, 76), inactivates the
macrophages within the vasculature, i.e., hepatic, splenic, and pulmo-
nary intravascular phagocytes. Repopulation of splenic and pulmo-
nary macrophages starts at day / and is complete in 2-3 days;
repopulation of KC begins 4 days after GdCls injection (33, 48).
Hence, the present experiments were performed on day 3 post-GdCls,
when the KC, the principal clearinghouse of LPS and source of
pyrogenic mediators (see Introduction), were still nonfunctional, i.e.,
when their affinity for LPS was significantly reduced (48). GdCls at
this dose has no demonstrable effect on hepatic stellate and sinusoidal
endothelial cells, which also release PGE,, but in smaller quantities
(73).

On the experimental day, the conscious animals were placed in
their confiners and connected to the T. recording system. After the
90-min stabilization period, 2 pg of LPS/kg body wt in 0.9 ml of
PFS/kg body wt or the same volume of PFS was injected via the
implanted jugular vein cannulas. Tc was monitored continuously for
the following 2 h. Just before time 0 and 15, 30, 60, 90, and 120 min
after PFS or LPS administration, 0.4 ml of blood was collected,
prepared, and stored as described above, for later analysis.

KUPFFER CELL-GENERATED PGE> TRIGGERS FEBRILE RESPONSE

Experiment 2. Effect of LPS on the T. of untreated and PGE>
antiserum-pretreated guinea pigs. To substantiate that PGE,, rapidly
released by KC in response to LPS (59), is indeed the trigger that
initiates the febrile response to LPS, conscious guinea pigs, in their
confiners and after their 90-min stabilization period, received via their
implanted jugular vein cannulas PGE, antiserum (1 ml/kg) or its
vehicle, 0.1% NaN3 (1 ml/kg body wt in PBS containing BSG), 10
min before PFS (0.9 ml/kg; n = 6 and 5, respectively) or LPS (2
pg/kg body wt in 0.9 ml of PFS/kg; n = 6 and 6, respectively) by the
same route. The dose of the antiserum was based on previous data in
the literature regarding its PGE, neutralizing activity in vivo and in
vitro (31, 44, 60, 61); its solvent, NaNs3, an inhibitor of oxidative
phosphorylation, is a neurotoxicant that transiently reduces T. (15,
30). The antiserum was raised in rabbits; its cross-reactivity was 50,
1.6, and <0.1% against PGE,, PGF.., and PGD», respectively, other
PGs with thermoregulatory activities. T. was monitored continuously
for the following 5 h.

Statistical Analysis

The results are reported here as means = SE. The values of T. are
changes (AT.) from basal values [T.; (initial), the T, at 2-min intervals
averaged over the last 10 min of the preceding 90-min stabilization
period, plotted at 6-min intervals]. The PGE, data are expressed as
changes relative to their values before a treatment (Po). The data were
evaluated by a repeated-measures ANOVA (Instat 3, GraphPad Soft-
ware; Instant Biostatistics, San Diego, CA), where factor 1 was the
between-group factor (the experimental treatment) and factor 2 the
within-subject factor (the different sampling periods). Each variable
was considered to be independent. Latencies of fever onset were
defined as the intervals (in minutes) between the time of LPS injection
(0 min) and that of the first T. rise greater than 0.2°C (the SD of the
mean Tg;) that continued uninterruptedly beyond 0.5°C. The 5% level
of probability was accepted as statistically significant in all experi-
ments.

RESULTS
Experiment 1

The responses of T., plasma LPS, PGE> and cytokine levels
of untreated and GdCl;s-pretreated guinea pigs to the iv injec-
tion of LPS are illustrated in Figs. 1-3. Figs. 1A and 2A
illustrate the courses of the plasma LPS levels of all animals
following LPS challenge. In all cases, the plasma LPS concen-
tration reached its maximum 15 min after LPS administration,
declined rapidly to about half its maximum by 30 min, and then
slowly decreased toward its original level by 120 min (P <
0.01 relative to their corresponding PFS controls). GdCls
pretreatment did not affect the rise and fall of plasma LPS
except during the last 30 min, when its rate of fall slowed
significantly (P < 0.05 relative to LPS, Fig. 1A vs. Fig. 24).

The courses of the plasma PGE, levels of the untreated and
GdCl;-pretreated guinea pigs in response to PFS or LPS are
shown in Figs. 1B and 2B. In the untreated guinea pigs, the
plasma PGE; level rose to its first maximum within 15 min
after LPS administration, declined to near control at about 60
min, then rose again and reached a second maximum at 90 min
(P < 0.01 relative to PFS, Fig. 1B). The LPS-induced plasma
PGE, rise was essentially eliminated in the GdCls-pretreated
guinea pigs compared with their untreated LPS controls (P <
0.05 relative to LPS, Fig. 1B vs. Fig. 2B). PFS injection did not
significantly affect the PGE; levels of the untreated and GdCl5-
pretreated guinea pigs, although they tended to decrease a little

over time.
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Fig. 1. The courses of the levels of plasma LPS (A) and PGE: (B) and of the
core temperatures (T.; C) of conscious guinea pigs in response to injected
pyrogen-free saline (PFS; 0.9 ml/kg body wt iv) or Salmonella enteritidis LPS
B (2 pg/kg body wt in 0.9 ml of PFS/kg), T. and PGE: are expressed as
different (A) from their respective basal values, Po and Tei (please see
Statistical Analysis). Values are means * SE; number in parentheses is number
of animals; *P < 0.05 relative to corresponding PFS. EU, endotoxin units.

The T. of the untreated guinea pigs began to rise within 6
min after the injection of LPS, reaching its first maximum
(~1.0°C) at about 48 min. It then decreased slightly over the
following 10 min, then rose again toward a second peak at ~2
h post-LPS (P < 0.01 relative to PFS, Fig. 1C). GdCl;s
pretreatment prevented the LPS-induced T. rise and even
caused an ~0.4°C fall at ~60 min after the LPS injection (P <
0.01 relative to LPS, Fig. 1C vs. Fig. 2C). PFS administration
had no significant effect on the T.s of the untreated and
GdCls-pretreated guinea pigs.

The plasma cytokine responses to PFS and LPS of the untreated
and GdCls-pretreated guinea pigs are shown in Fig. 3. After LPS
administration, TNF-a first appeared in plasma at 30 min, reached
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min (P < 0.01 relative to PFS; Fig. 34). KC depletion did not
change the levels of plasma TNF-a during the first 30 min and
120 min after LPS administration, but it significantly increased
them at 60 and 90 min (P < 0.01 relative to LPS, Fig. 3A). The
plasma IL-1( (Fig. 3B) and IL-6 (Fig. 3C) were undetectable until
60 min after LPS administration when their levels began and then
continued to rise during the rest of the experimental period (P <
0.01 relative to their corresponding PES controls). GdCl; pretreat-
ment did not alter the responses of these two cytokines to LPS. No
pyrogenic cytokine was detectable in the plasma of the PES-
treated animals.

>
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Fig. 2. The courses of the levels of plasma LPS (A) and PGE: (B) and of the
core temperatures (Tc; C) of conscious guinea pigs in response to injected PFS
(0.9 ml/kg body wt iv) or S. enteriditis LPS B (2 pg/kg body wt in 0.9 ml of
PFS/kg), with gladolinium chloride (GdCl3) pretreatment (7.5 mg/kg body wt
iv, 3 days prior). Tc and PGE, are expressed as different (A) from their
respective basal values, Po and Te; (please see Statistical Analysis). Values are
means * SE; number in parentheses is number of animals; *P < 0.05 relative

its maximum at 60 min, and then returned to its baseline at 12062to corresponding PFS; #P < 0.05 relative to GdCls-untreated LPS (Fig. 1,

'‘A-C).
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Fig. 3. Corresponding courses of the levels of TNF-a (A), IL-18 (B), and IL-6
(C) in the plasma of the animals depicted in Figs. 1 and 2. Values are means *+
SE; number in parentheses is number of animals; *P < 0.05 relative to
corresponding PES * GdClz-pretreated groups.

Experiment 2

The effects of PGE, antiserum and its vehicle, NaNs, ad-
ministered iv 10 min before PFS or LPS by the same route on
the thermal responses to these agents are illustrated in Fig. 4.
NaN; produced in the PFS controls an initial, transient,
~0.5°C fall in T, that reached its nadir in ~15 min, but T,
quickly recovered thereafter, returning to its basal level by 30
min and stabilizing there for the remainder of the experimental
period (Fig. 4A). This effect was expected (15, 30). NaNj3
caused a similar initial and transient T. fall in the animals
challenged with LPS 10 min later but did not affect the
magnitude and course of the subsequent fever, which were
characteristically biphasic (Fig. 4B). The transient hypothermic
effect of the vehicle was also evident in the guinea pigs treated

KUPFFER CELL-GENERATED PGE> TRIGGERS FEBRILE RESPONSE

bounded” ~0.7°C above basal by ~100 min. It decreased over
the next ~100 min, then more slowly, but did not fully return
to its initial value by the end of the experiment (Fig. 4C). The
initial hypothermic effect of NaN3 was similarly present in the
animals treated with PGE, antiserum before LPS. However,
in this group, the febrile response to LPS was abrogated
(Fig. 4D).

DISCUSSION

To validate our hypothesis, the rise of T, and plasma PGE,
levels induced by iv LPS in untreated guinea pigs should occur
nearly simultaneously, but not at all in KC-depleted animals;
plasma cytokine levels should be irrelevant to the initiation of
the febrile response. The hypothesis is well supported by the
responses observed in this study. Thus the results show that the
onset of fever in response to LPS injected iv into untreated
guinea pigs was initiated in close coincidence with the appear-
ance in plasma of significantly increased amounts of PGE,,
both occurring within the first 15 min after LPS administration,
whereas TNF-a became detectable between 15 and 30 min and
IL-1B and IL-6 after 30 min post-LPS. The iv administration of
PGE; antiserum (which should not cross the blood-brain bar-
rier [BBB]) before LPS significantly attenuated the subsequent
LPS-induced T, rise. Furthermore, the selective ablation of
KCs by pretreatment with GdCls prevented the rises of both T,
and plasma PGE,, enhanced the production of TNF-a, but did
not affect the rises of plasma IL-1( and IL-6; these latter
results are in agreement with previous findings (63, 65). The
clearance of LPS was, however, somewhat slower in this group
compared with that in the untreated group, as would be ex-
pected from the inactivation of this central LPS clearinghouse
(27, 48, 49). The combined effects of their inactivation on T,
and plasma PGE, would thus support the role of KCs as the
cellular source of the LPS-induced plasma PGE,, and the
temporal separation of the appearance in plasma of endogenous
PGE, and pyrogenic cytokines would thus implicate KC-
generated PGE; and exclude circulating cytokines as the sig-
naling molecules of the febrile response to iv LPS.

The role of PGE, as an essential mediator of fever produc-
tion is well established. Thus it is generally considered that its
synthesis is catalyzed by cyclooxygenase (COX)-2 and micro-
somal PGE, synthase (mPGES)-1 selectively upregulated by
pyrogenic cytokines released into the circulation by mononu-
clear phagocytes activated by exogenous pyrogens and that it
acts in the POA (for reviews, see Refs. 10 and 41). The
involvement of KCs as the principal phagocytic cell source of
pyrogenic cytokines is also well recognized (22, 43, 48, 76,
84); the present results again demonstrate the critical impor-
tance of these cells in LPS fever production. However, not
being constitutively expressed in macrophages, the de novo
production of cytokines by KCs in response to LPS involves a
delay that is significantly longer than the latency of the onset of
iv LPS-induced fever. Hence, as also demonstrated by the
present results, KC-generated cytokines cannot account for the
rapid development of the febrile response to iv LPS. This
would infer, therefore, that its prompt beginning is mediated by
a different, KC-derived product very quickly elaborated in
response to the presence of LPS. We suggested in 1997-1998
(9, 11-13) that PGE, could be this mediator because it is

with PGE, antiserum before PFS, but, in this case, T. “re—635ynthesized by KCs in response to LPS (for a review, see Ref.
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10), and it rises in venous and, to a lesser extent, in arterial
blood very quickly after the peripheral administration of both
exogenous and endogenous pyrogens (21, 59, 71, 79). More-
over, the peripheral injection of exogenous PGE, has been
reported to cause T. rises (1, 20, 69, 79), prompting the
suggestion that the PGE, that acts in the POA in response to
peripheral pyrogenic stimuli could, in fact, be PGE, that enters
it from the blood (20, 23, 55, 67). It is controversial, however,
whether PGE; can actually pass from the blood into the brain
and, especially, whether PGE, entering the brain in this way
can raise T (57, 78). But be that as it may, the present data are,
to our best knowledge, the first to show in conscious animals
that endogenous PGE; specifically released by the liver’s KCs
in response to iv LPS is coincident with and critical to the
appearance of the febrile response.

To our knowledge, the antipyretic effect of PGE, antiserum
demonstrated in this study is the first report directly implicating
circulating PGE, as a mediator of the febrile response to LPS,
although, as already noted, elevations of PGE; in the blood
following the administration of pyrogens have been described
previously by various authors. However, in those studies, with
few exceptions (57, 78), the pyrogenic action of plasma PGE,
was generally ascribed to its diffusion into and action within
the POA (for a review, see Ref. 10). Attenuations of fever
similar to the one produced in this study have likewise been
observed previously in other studies (for reviews, see Refs. 67,
70, and 90) after the iv administration of nonsteroidal anti-
inflammatory drugs and selective COX-2 inhibitors, which
prevent the synthesis of PGE,. These agents, however, being
lipophilic, cross the BBB, therefore leaving unclear whether it
is the blockade of the peripheral or the central PGE, that
accounts for their antipyretic action. It is improbable, by
contrast, that the present PGE, antiserum would cross the
BBB. Because it was injected directly into the jugular vein, it

120 150 180 210 240 270 300
Time (min)

hence reducing the circulating level of free PGE,. Indeed,
cross-reactivity results reported by the supplier indicate that
this antiserum is directed almost exclusively against the PGE;
structure (see MATERIALS AND METHODS and Ref. 16), and previ-
ous dose-response studies of a similar antagonist (56) have
indicated that it neutralizes the functional activity of PGE; in a
concentration-dependent manner. Although the levels of
plasma PGE, were not assayed in experiment 2, the dose we
chose had been demonstrated previously to be antagonistic to
PGE; in vivo (31, 44, 60, 61); it clearly was effective also in
this experiment. On this basis, we would postulate that its
observed antipyretic effect was due to its specific neutralization
of PGE; synthesized by the liver, and hence, that the observed
attenuation of the fever resulted from the blockade of a periph-
eral rather than a central mode of action of PGE,. Because,
according to the neural concept of afferent pyrogenic signaling
(3, 6-8), the first site of action of PGE, would be hepatic vagal
sensory terminals, their activation would thus not occur, pre-
venting the manifestation of fever; or alternatively, according
to the humoral concept (66—68), antiserum-free PGE, not
being available, its transport to the brain would be precluded to
the same effect.

The effect on T. of blocking the synthesis or activity of
PGE; in the periphery has apparently not been investigated
previously, presumably due to the paucity of pharmacological
agents that antagonize PGE, selectively in vivo, but perhaps
even more so due to the little incentive to consider a possible
role of peripheral PGE; in temperature regulation. According
to the conventional view of its central action, the selective, in
vivo blockade of peripheral PGE, would not seem conceptu-
ally warranted. In view of its demonstrated antipyretic effect,
the rise of T. produced by PGE, antiserum (PGE;Az) in the
control animals would seem, a priori, paradoxical. We would
submit, however, that it is consistent. Thus it is well estab-

probably bound the majority of the PGE, produced by the KCs6 4lished that PGE, inhibits the release of norepinephrine (NE)
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from sympathetic prejunctional nerve endings and, hence,
modulates the response of target tissues to this neurotransmitter
(24, 34, 50). Conversely, the inhibition of PGE, synthesis has
been shown to augment NE turnover in a number of organs and
tissues (50, 82). A major thermoregulatory function controlled
by NE signaling in rodents is brown adipose tissue (BAT)
thermogenesis, activated through [3-adrenoceptors (for a re-
view, see Ref. 17). We suggest that a competitive interaction
between noradrenergic stimulation and PGE, inhibition of
BAT function could underlie the observed T. rise. That is, the
elimination of circulating free PGE, that resulted from its
specific neutralization by its antiserum caused the gradual
disinhibition of the peripheral sympathetic nervous system in
experiment 2, allowing the continual release of NE from its
terminals, thus stimulating the metabolism of brown adipo-
cytes and thereby increasing their rate of heat production,
hence raising T. (for reviews, see Refs. 17 and 89); it is
pertinent in this regard that the T. rise in this experiment
developed relatively slowly and had not fully returned to
control levels by the end of the experiment. One example in
support of this proposition comes from earlier studies showing
that PGE, secreted by the placenta into the circulation of
cooled fetal lambs inhibits BAT thermogenesis before birth,
whereas the disappearance of PGE, after placental separation
at birth allows its initiation (32). Other peripheral thermoef-
fectors responsive to sympathetic stimulation, e.g., cutaneous
vasculature, adrenal medulla, could also have contributed to
the observed T, rise. An interesting implication of these data,
parenthetically, is that PGE, may be important not only for
fever production, but also for the maintenance of normal T..
It is generally agreed that the production of PGE; induced by
LPS is initiated by the LBP-mediated transfer of LPS to the
receptor complex CD14/TLR4/MD2 (2, 19, 53). The LPS-
TLR4 complex is also the system that induces the production
of pyrogenic cytokines. Although, as already mentioned, it is
clear that the increased biosynthesis of PGE, thus induced is
selectively catalyzed by COX-2 and mPGES-1 (58, 80, 86), the
transcription and translation of these inducible enzymes also
involve a significant delay. In rats, the ex vivo expression of
genes encoding COX-2 and mPGES-1 in liver is not strongly
enhanced until 0.5 h after iv LPS (40, 41), i.e., after the onset
of fever. This implies, therefore, that the prompt elevation of
plasma PGE, levels in response to iv LPS cannot be accounted
for by its COX-2/mPGES-1-mediated production in KCs.
Therefore, again, another factor, very quickly released in
response to LPS, must mediate the rapid appearance of PGE,
into the blood before and independently of the occurrence of
these PGE,-synthesizing enzymes in the liver. We have re-
cently demonstrated that this factor is complement (C), in
particular its anaphylatoxic component 5a (C5a; for reviews,
see Refs. 4, 7, 8). To wit, the C cascade is activated immedi-
ately upon contact with LPS (85). KCs express C5a receptors
(C5aRy) (73, 74), and the release of PGE; is stimulated within
0 to 2 min after C5a administration to in situ-perfused rat livers
and isolated rat KCs (28, 74). The addition of C alone or in
combination with LPS, but not that of LPS alone, to freshly
harvested mouse and guinea pig KCs provokes the virtually
immediate, near-maximal release of PGE, by these cells (7,
59). This response is catalyzed nondifferentially by COX-1 and
COX-2 (4), which are both constitutive in KCs. Cytokines are

released significantly later. C5a induced by LPS, not LPS pelp 5
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se, is the trigger of the early release of PGE; from the livers of
conscious guinea pigs (59). Decomplementation abrogates all
of these effects. Finally, the presence of C5a is necessary for
the febrile response of guinea pigs and mice to LPS (7, 8,
45—-47). An impairment of the uptake of LPS by KCs because
of the insufficiency of C in those studies is excluded by
subsequent findings that the uptakes of LPS by the livers of
C-sufficient and C-insufficient guinea pigs are not different (Li
Z and Blatteis CM, unpublished observations), consistent with
an earlier report in rhesus monkeys and rabbits (52). The
virtually instantaneous release of PGE, induced by C5a has
been accounted for by its binding to C5aR;, a G protein-linked
receptor that acts by increasing intracellular inositol-1,4,5-
trisphosphate and Ca’", rapidly activating COX-1-catalyzed
PGE, production (for a review, see Ref. 73). COX-1 is func-
tionally coupled mainly with cPGES and, therefore, prepared
to quickly synthesize PGE; (81).

Taken together, therefore, these findings further substantiate
the importance of KCs in initiating the febrile response of
guinea pigs to iv LPS and validate the notion that the fever is
triggered by peripheral PGE, rapidly generated by KCs pre-
sumptively stimulated by LPS-activated C5a; cytokines are not
involved in this initial febrigenic process. It was not addressed
in this study how the PGE; thus released may inform the POA.
It could, indeed, be transported to it by the circulation and
eventually penetrate it (23, 68). Or, alternatively, it could
activate sensory vagal terminals in the liver [PGE, receptors
are widely distributed on sensory neurons, including vagal
afferents (25)]; these could transmit its signals without delay to
the POA and thus account for the prompt onset of the febrile
response to iv LPS (3-6).
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4.2. Vyznam sleziny v regulaci hore¢ky

Vyznam sleziny v regulaci horeCky je prezentovan pracemi:

Feleder C, Li Z, Perlik V, Evans A, Blatteis CM. The spleen modulates the
febrile response of guinea pigs to LPS. Am J Physiol Regul Integr Comp
Physiol. 2003 Jun; 284(6):R1466-76. Epub 2003 Mar 6. PubMed PMID:
12623774.

Feleder C, Perlik V, Tang Y, Blatteis CM. Putative antihyperpyretic factor
induced by LPS in spleen of guinea pigs. Am J Physiol Regul Integr Comp
Physiol. 2005 Sep; 289(3):R680-7. Epub 2005 May 26. PubMed PMID:
15919737.

68



Asociace LPS mediované horecky a Kupfferovych bunék je postulovana
dlouhou dobu (Dinarello et al., 1968) a pfes nepfimé dukazy mnoha autory
potvrzena v nékolika pracich tymu profesora Blatteise. Sehic et al., (1996)
poprvé demonstrovali, Ze depleci Kupfferovych bunék pomoci gadolinia
dojde k oslabeni hore€naté odpovédi po |éCbé LPS a k prevenci narlstu
PGE, v preoptické oblasti hypotalamu s tim asociované. Zakladni role
Kupfferovych bunék ve spojeni s periferni produkci PGE, pro inicialni faze
horeCky pak byla prokazana pozdéji (Li 2004; Perlik et al., 2005; Li et al.,
2006). Nicméné vliv ostatnich makrofagu v€etné makrofagu ve sleziné na
vychytavani LPS z cirkulace byl také popsan, a to u rdznych zvifecich
modelu zahrnujici LPS podani u kralika, laboratorniho potkana, psa
(Adams and Hamilton, 1984; Ge et al., 1997; Mathison and Ulevitch 1979;
Moeniralam et al., 1997; Ruiter et al., 1981; Yoshida et al., 1995). Pro
objasnéni vlivu makrofagl sleziny na vznik horeCky a pro objasnéni
mozného ovlivnéni funkce Kupfferovych bunék, tak jak bylo postulovano
dfive (Billiar et al., 1988; Marshall et al., 1993), jsme proto provedli nize

uvedené experimenty (Feleder et al., 2003; Feleder et al., 2005).

V prvni praci jsme se zaméfili na vliv sleziny v procesu reakce organismu
na intraven6zné a intraperitonealné podany lipopolysacharid u
laboratornich mor€at po splenektomii a sledovali vychytavani LPS
v Kupfferovych burikach v ¢asech 15, 30 a 60 minut, kopirujicich prabéh
vzestupu télesné teploty laboratornich moréat po podani LPS. Pro
jednoznacnou identifikaci LPS v makrofazich jsme pouzivali fluoresceinem

oznaceny lipopolysacharid (FITC-LPS).

Zjistili jsme, Ze splenektomie vede k augmentaci odpovédi, tedy ke vzniku
horeCky u nizké davky, ktera nezpusobila horeCku u kontrolni skupiny
zvifat a k vySSimu vzestupu teploty po podani LPS proti pfisluSnym
kontrolam. Tento narGst teploty u splenektomovanych zvifat proti
pozitivnim kontrolam byl nezavisly na cesté podani a dobé experimentu (7

vs 30 dni) po provedené splenektomii. Kinetika a zpusob vychytavani LPS
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se rovnéz splenektomii vyrazné& ovlivnila. Zatimco splenektomie
neovlivnila prvni vyskyt LPS v Kupfferovych burikach, kde byl
detekovatelny jiz v 15. minuté po intraven6znim a 60. minuté po
intraperitonealnim podani LPS, u splenektomovanych zvifat byl zjistén
intenzivnéjSi signal LPS v Kupfferovych burikach a prodlouzila se doba, po
kterou bylo LPS detekovatelné v Kupfferovych burikach. Toto pozorovani

bylo nezavislé na cesté podani a dobé experimentu po splenektomii.

Zvysené vychytavani LPS Kupfferovymi bufikami po splenektomii je v
souladu s pfedchazejicimi pozorovanimi u laboratornich potkani a mysi
po splenektomii (Andersson and Bengmark, 1989; Shirai et al., 1988;
Yamada et al., 1990).

Zajimavym faktem je, Zze zvySené vychytavani FITC-LPS Kupfferovymi
burfikami se poji s pozorovanym narustem teploty proti pozitivni kontrolni
skupiné zvirat. Otazkou zlstava, zda narust teploty po podani FITC-LPS u
splenektomovanych morcat je zpusoben dCisté vyS$Si davkou FITC-LPS
v Kupfferovych bunkach danou kompenzaci funkce chybéjicich makrofagu
sleziny nebo slezina a jeji makrofagy moduluji systém vychytavani LPS a
nasledné celou febrilni odpovéd. Tuto otazku jsme se snazili zodpovédét v

nasi nasledujici praci.

V nasi druhé praci jsme reprodukovali pozorovani zjisténa po splenektomii
zvifat u experimentalnino modelu podvazu splenické Zzily, tj. augmentaci
febrilni odpovédi na intraperitonealni podani 2 upg/kg LPS, subfebrilni
davky u kontrolni skupiny, a zvySené vychytavani LPS Kupfferovymi
bufikami také po intraperitonealnim podani 75 pg/kg fluoresceinem
znaceného LPS. Rovnéz tato davka je subfebrilni a ¢as stanoveny pro
sledovani vychytavani FITC-LPS (60 min po lé¢bé) byl vybran s ohledem
na minimum aktivity v tomto €ase u kontrolni skupiny. Aktivni role sleziny

pak byla ovéfena podanim ,splenického extraktu“® ziskaného
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homogenizaci a naslednou centrifugaci sleziny ze zvifat pfedléCenych
LPS v intervalech 5, 15 a 30 min po lécbé. Podani ,splenického extraktu
vedlo k oslabeni zvysené febrilni reakce na intraperitonalné podané LPS u
splenektovanych zvifat, a to az na uroven odpovédi pozitivni kontrolni
skupiny. Toto oslabeni febrilni odpovédi bylo doprovazeno snizenou
reakci Kupfferovych bunék v podobé sniZzeného vychytavani znaceného
LPS u splenektovanych zvifat. Zminéné vysledky potvrzuji nas dfive
postulovany regulaéni vliv sleziny prostfednictvim faktoru sdilenym

portalni cirkulaci a regulujicim reakci Kupfferovych bunék.

Konfirmace regulaéniho vlivu sleziny na funkci riznych typu makrofagu
byla také prokazana v praci Shih-Ching et al, kde autofi zjistili zvySenou
produkci propyrogenich cytokind TNF-alfa, 1I-6 a IL-10 u Kupfferovych
bunék, peritonealnich a alveolarnich makrofagl jako dusledek jejich
stimulace LPS u mySi po splenektomii. Na druhou stranu do$lo k poklesu
produkce téchto cytokind u mononuklard (Shih-Ching et al., 2004).
Augmentace pyrogenni odpovedi prostfednictvim zvySené produkce
pyrogennich cytokinu po splenektomii prokazana Shih-Ching je vzhledem
k pfedchazejicim experimentim (Perlik et al., 2005; Li et al., 2006; Steiner
et al., 2009; Nilsberth et al., 2009) spiSe nepravdépodobna, vzhledem
k jasné prokazané dominantni roli PGE, v periferni signalizaci LPS

mediované horeCky u laboratornich morcat.

V souladu s naSim pozorovanim o regula¢ni funkci sleziny s augmentaci
febrilni odpovédi proti kontrolam je prace Greisman et al, ktery pozoroval
vy8Si febrilni odpovéd u kralika a u Clovéka po splenektomii pfi
opakovaném podani endotoxinu 5. den po zahajeni experimentu. Na
druhou stranu, inicialni davka endotoxinu v den 0 neukazala signifikantni
rozdil ve febrilni odpovédi, kontrolni a splenektomované skupiny 3-4 tydny
po vlastnim zakroku, coz mize byt do znaéné miry zpuUsobeno
metodologickymi rozdily, napfiklad volbou davky, ¢asem zvolenym pro

sledovani horecCky, pfipadné rozdily vregulacni roli sleziny mezi

71



zivo€iSnymi druhy (Romanovsky and Petersen, 2003). Tyto rozdily jsou
ziejmé i ze zmifované prace Greisman et al., kde autofi pozorovali, Zze pfi
nasledné imunizaci denné podavanym endotoxinem doslo k oslabenému
vyvoji tolerance vuci endotoxinu spojenému s vysSi febrilni odpovédi 3. -
4. den po splenektomii. Rozdil ve febrilni odpovédi mezi kontrolni
skupinou a skupinou po splenektomii vSak nebyl pozorovany u
imunizovanych zvifat 6. den po splenektomii (Greisman et al., 1975), coz
naznacuje vyvoj kompenzacniho mechanismu po imunizaci u skupiny
kralikli po splenektomii. Tento kompenzacni mechanismus je vSak u
Clovéka pomalejSi a i po 10 dnech imunizace vykazuje vysSi febrilni
odpovéd skupina splenektomovanych pacientd proti pfisluSnym
kontrolam. Uvedena prace vSak jednoznacné podtrhuje regulacni vliv

sleziny na vyvoj febrilni odpovédi po stimulaci endotoxinem.

Soucasti zajmu nasich praci zabyvajicich se regulacni funkci sleziny byla
také blizS§i identifikace mozného mediatoru. V dusledku pfipravy
splenického extraktu vnaSi praci a jeho filtraci se zda jako
pravdépodobné, ze se jedna o maly peptid pod 10kD nebo lipid.
Naslednym zpracovanim extraktu s odstranénim bilkovinné ¢&asti jejich
vysrazenim, jsme se snazili identifikovat, zdali termoregulaci ovlivhuje
extrakt obsahujici spiSe latku bilkovinné ¢i lipidické struktury. NasSe
vysledky naznacuji, ze k vétsi atenuaci febrilni odpovédi u morcat po
podvazu splenické Zily dochazi po zpétném podani splenického extraktu

obsahujicim lipidickou sloZku.

Zdroj, stejné jako vlastni latka, a signalizace musi byt vSak jesté detailnéji
ozfejmeny. Nabizi se dfive prokazana produkce PGE; splenickymi
makrofagy po kontaktu s LPS (Ge et al., 1997; Marshall et al., 1993;
Roland et al., 1999; Tanaka et al., 1996), ktery by teoreticky, jako

zpétnovazebny mechanisms, mohl tlumit reakci Kupfferovych bunék.
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Alernativné Steiner et al., (2006) prokazali u laboratornich potkant, zZe
COX-1 je dulezity enzym pro regulaci hypotermie asociované s
podanim vysoké davky LPS, coz prokazali selektivni inhibici COX-1 a
COX-2. V souladu s naSim zjiSténim, ze slezina aktivné moduluje LPS
navozenou horecku, postulovali, Ze tento vliv mize byt mediovan
regulacni funkci sleziny prostfednictvim COX-1 spojeného s prostaglandin
D synthasou a takto generovaného PGD, (Steiner et al., 2009). Aplikace
PGD; byla totiz v minulosti asociovana s hypotermii (Ueno et al., 1982) a
navic vySena hladina této syntazy byla pravé dfive pozorovana ve sleziné
(Jowsey et al., 2001). Mezi dalSi kandidaty fungujici jako endogenni
antipyretické latky muzeme zaradit natriureticky peptid, NO a dalsi latky
odvozené od arachidonové kyseliny (Spencer 2008). Detailni popis
mechanismu inhibice LPS navozené horeCky vSak doposud nebyl

dostatecné prostudovan a nabizi se zde proto prostor pro dalSi vyzkum.
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Feleder, Carlos, Zhonghua Li, Vit Perlik, Allison
Evans, and Clark M. Blatteis. The spleen modulates the
febrile response of guinea pigs to LPS. Am J Physiol Regul
Integr Comp Physiol 284: R1466—-R1476, 2003. First pub-
lished March 6, 2003; 10.1152/ajpregu.00378.2002.—The fe-
brile responses of splenectomized (Splex) or sham-operated
(Sham) guinea pigs challenged intravenously or intraperito-
neally with lipopolysaccharide (LPS) 7 and 30 days after
surgery were evaluated. FITC-LPS uptake by Kupffer cells
(KC) was additionally assessed 15, 30, and 60 min after
injection. LPS at 0.05 pg/kg iv did not evoke fever in Sham
animals but caused a 1.2°C core temperature (T.) rise in the
Splex animals. LPS at 2 pg/kg iv induced a 1.8°C greater T,
rise of the Splex animals than of their controls. LPS at 2 and
8 pg/kg ip 7 days postsurgery induced 1.4 and 1.8°C higher
fevers, respectively, in the Splex than Sham animals. LPS at
2 and 8 pg/kg ip 30 days postsurgery also increased the
febrile responses of the asplenic animals by 1.6 and 1.8°C,
respectively. FITC-LPS at 7 days was detected in the controls
within KC 15 min after its administration; the label density
was reduced at 30 min and almost 0 at 60 min. In the Splex
group, in contrast, the labeling was significantly denser and
remained unchanged through all three time points; this ef-
fect was still present 30 days after surgery. Similar results
were obtained at 60 min after FITC-LPS intraperitoneal
injection. Gadolinium chloride pretreatment (—3 days) of the
Splex group significantly reduced both their febrile responses
to LPS (8 pg/kg ip) and their KC uptake of FITC-LPS 7 days
postsurgery. Thus splenectomy increases the magnitude of
the febrile response of guinea pigs and the uptake of system-
ically administered LPS.

fever; splenectomy; Kupffer cells; fluorescein isothiocyanate-
lipopolysaccharide

FEVER IS A COMMON SIGN of various diseases, and its
proper management is still an important issue in mod-
ern medicine. Over the past few years, many clinical
observations of overwhelming postsplenectomy bacte-
rial infections have been reported (4). Streptococcus
pneumoniae is the etiologic agent in ~80% of these
cases (9, 10, 27), but gram-negative bacteremia is also
implicated in many instances (27). Infected asplenic
patients generally exhibit higher fevers than infected
eusplenic patients (25). Elevations in postoperative
body core temperature (T.) have also been described
after splenectomy (Splex) in patients (25, 41). The

basis of these observations has not yet been studied
systematically. Indeed, to our best knowledge, the role
of the spleen in the febrile response has not yet been
investigated, notwithstanding its own fundamental
participation and that of fever in the host defenses
against infections.

Although pulmonary intravascular macrophages
constitute the first filter encountered by intravenously
or intraperitoneally injected lipopolysaccharide (LPS),
the rate of LPS clearance and detoxification by these
cells is slow so that LPS spills over into the general
circulation (37). Consequently, neutrophils, monocytes,
and other macrophages within the vasculature, includ-
ing hepatic [Kupffer cells (KC)] and splenic macro-
phages (SMO), also contribute to the intravascular
clearance of LPS (2, 14, 24). Of these, the KC are
quantitatively the most important. They constitute
80% of all resident mononuclear phagocytes in the body
(24), and the liver is thus considered to be the principal
organ responsible for clearing LPS from the blood (24,
27). Hence, the liver is also considered to be the pri-
mary source of production of LPS-induced pyrogenic
cytokines, the endogenous mediators of fever (11). Con-
scious guinea pigs challenged with LPS, but pretreated
with the KC inhibitor gadolinium chloride, exhibit falls
rather than rises in T, (33), thus supporting the critical
intermediary role of KC for LPS fever induction. He-
patic branch vagotomy also inhibits the development of
LPS fever (19, 35), further implicating the liver in this
response.

The spleen also has a role in bacterial clearance.
Thus intravenously injected immunoreactive LPS (2.5
wng/g body wt) was detected as intact or fragmented
LPS in the SMO of rats; staining gradually decreased
from 24 h to 1 wk (13). LPS was almost exclusively
localized in the red pulp of the spleen, especially in the
marginal zone, where this macrophage population is
predominant (13, 14). Significant amounts of LPS were
also found bound to splenic tissue (100 ng LPS/g tissue)
after intravenous LPS (13 pg/kg) administration to
rabbits (32, 40). It has been suggested that the spleen
may thus also be a critical clearance organ of injected
LPS (13, 40). Indeed, in Splex LPS-treated (1 pg/kg)
dogs, plasma endotoxin concentration is higher than
that in control dogs, further suggesting that the spleen
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may normally participate in its clearance (26). In sup-
port, in the presence of impaired liver function, endo-
toxin clearance by SMO is increased (16). There is also
evidence of a specific 80-kDa LPS-binding protein on
murine splenocytes (20).

SMO also affect the ability of macrophages else-
where to handle pathogens. In particular, it has been
shown that Splex alters KC function (1, 36), increasing
both their number (7) and affinity (8) for LPS. Splex in
mice impairs alveolar macrophage function (18), indi-
cating that the spleen also modulates the activity of
these macrophages (17). Moreover, the activities of
interleukin (IL)-1B and granulocyte colony-stimulating
factor are different depending on whether the mice are
splenectomized or eusplenic (4, 15).

It is increasingly recognized that the spleen liberates
factors into the portal circulation that modulate KC
function (8, 23). For example, SMO produce abundant
IL-1B8 (13). Considerable evidence indicates that the
action of IL-1B, the production of which is induced by
LPS, is a key event in the generation of fever (11). It
has been speculated that it would be advantageous to
the host to minimize the production of IL-18 by KC in
response to LPS to moderate the host response to
inflammation (13). Hence, it would appear that KC and
SMO may interact to modulate LPS uptake, and this
communication may be mediated by cytokines. Be-
cause both KC and SMO produce IL-18 and other
cytokines involved in the febrile response, the present
study was undertaken to evaluate the possible contri-
bution of the spleen to the febrile response to LPS and
its interaction with liver macrophages as regards, par-
ticularly, LPS uptake by these cells.

MATERIALS AND METHODS

Animals

Male Hartley guinea pigs (300—350 g; Charles River Lab-
oratories, Wilmington, MA) were used in these experiments.
The animals were quarantined for 1 wk, three to a cage,
before any experimental use. Tap water and food (Agway
Prolab guinea pig diet) were available ad libitum. The ambi-
ent temperature in the animal room was 23 * 1°C; lightness
and darkness were alternated, with light on from 0600 to
1800. After quarantine, to moderate the psychological stress
associated with the experiments, the animals were trained to
the experimental procedure for 1 wk (daily for 4 h) by han-
dling and placement in individual, locally fabricated, wire
mesh confiners designed to prevent their turning around and
to minimize their forward and backward movements, but
without causing restraint stress. All animal protocols were
approved by the University of Tennessee Health Science
Center Animal Care and Use Committee and fully conform
with the standards established by the United States Animal
Welfare Act and by the documents entitled “Guiding Princi-
ples for Research Involving Animals and Human Beings” (5).

Drugs

FITC-LPS was from Escherichia coli, serotype O111:B4
(lot no. 75H4036; 4.4 pg FITC/mg LPS; Sigma-Aldrich, St.
Louis, MO); fluorescein sodium salt (lot no. 26H3407; Sig-
ma-Aldrich) was the control label. LPS was Salmonella
enteriditis (batch no. 651628; Difco Laboratories, Detroit,
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MI). GdCl; hexahydrate (lot no. 121K3655) was purchased
from Sigma-Aldrich. The vehicle for all the solutions was
pyrogen-free saline (PFS, 0.9% NaCl, USP; Abbott Labo-
ratories, Chicago, IL). Heparin was purchased from El-
kins-Sinn (Cherry Hill, NJ).

Surgical Procedures

All animals received the antibiotic gentamicin sulfate (6
mg/kg im) prophylactically before any surgical procedure.
Sterile techniques were used. For intravenous injections, the
animals were prepared by inserting under ketamine-xylazine
(35—-5 mg/kg im) anesthesia, a siliconized catheter (ID 0.020
in., OD 0.037 in.; Baxter Healthcare, McGraw Park, IL),
prefilled with heparinized (10 IU/ml) PFS, through the left
jugular vein into the superior vena cava of each guinea pig.
The distal end of the catheter was passed subcutaneously
and exteriorized on the top of the head, knotted, rolled into a
coil, and placed inside a protective polypropylene shield that
was fixed to the skull with dental acrylic cement and four
self-tapping, miniature stainless steel screws. Gentamicin
sulfate was administered during the following 2 days. The
catheters were flushed with heparinized (3 IU/ml) PFS daily;
48 h before an experiment, heparinized PFS was replaced
with PFS only (38).

To remove the spleen, a lateral, 3-cm subcostal incision
was made on the left side after the jugular cannulation. This
approach facilitated the removal of the greater omentum
from the left upper quadrant and allowed displacing the
stomach away from the spleen. The spleen was lifted gently
by placing its body over a blunt grasper across its inferior
pole. The gastrosplenic ligament was depressed, the spleno-
colic and phrenocolic ligaments were dissected, and all local
vessels were ligated using 4-0 silk suture. As the inferior
pole was freed, the propping grasper was moved gradually
more anteriorly, thus allowing the spleen to be dissected in
segments, and elevated, starting at the lower pole and work-
ing toward the hilar vessels. The splenic hilar vessels and
short gastric vessels were isolated, divided, and ligated.
Next, the proximal splenic artery was also ligated. The
spleen was freed completely and removed from the abdomi-
nal cavity. The abdomen was then reexplored, with attention
to the pedicle vessels, short gastrics, and diaphragmatic bed.
The operative field was cleaned, and all port sites were
closed.

The sham operation was performed similarly except that,
after the displacement of the stomach and spleen, these
organs were returned to the abdominal cavity, and the
wound was closed. The animals were allowed to recover for
48 h. They were then trained to the experimental procedure
described above until the experiments were performed.

Temperature Recording

Seven and 30 days after this surgery, the guinea pigs, fully
conscious in the individual confiners to which they had been
trained, were placed under a plastic hood (free air circulation
through open ports) to prevent undue disturbances from
noise and fluctuations in ambient temperature (23 = 1°C). T,
of the guinea pigs were monitored constantly and recorded at
2-min intervals for the duration of the experiments (6 h) on a
Macintosh Plus IMb microcomputer through an analog-to-
digital converter, using precalibrated copper-constantan
thermocouples inserted 5 cm in the colon. The data were
displayed digitally on a monitor, printed on an ImageWriter
printer, and stored on a diskette. A 90-min stabilization
period, to achieve thermal equilibrium, preceded all the mea-
surements. To obviate possible effects of circadian variations,
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all the experiments were begun at the same time of day
(0830).

Fluorescent Microscopy

PFS (0.3 ml), fluorescein sodium salt (0.0007 pg/pl PFS;
this dose is equivalent to the amount of fluorescein in the
FITC-LPS conjugate), or 75 pg FITC-LPS/kg was injected
intravenously or intraperitoneally. At 15, 30, and 60 min
after administration, the animals, under ketamine-xylazine
anesthesia, were attached to a perfusion tray, the jugular
veins were exposed, and, using a 28-g % needle and a tuber-
culin syringe, 0.1 ml heparin (10 IU/ml) and 1 ml of 1%
sodium nitrite were injected. Venous blood (5 ml) was col-
lected; leukocytes-rich plasma was prepared by centrifuging
(1,500 rpm, 15 min) the whole blood. The abdomen was
incised (1 cm) on the midline, and 10 ml Hanks’ balanced salt
solution was pipetted into the abdominal cavity, swirled and
mixed, and then collected. This peritoneal cavity lavage so-
lution and the leukocyte-rich plasma were dropped to slides,
incubated at 37°C for 40 min, and then fixed with 2% para-
formaldehyde at —40°C for 15 min. The slides were mounted
with anti-fade mounting medium (Vectashield; Vector Labo-
ratories, Burlingame, CA) and covered with coverslips for
later analysis. For the collection of tissue samples, the ani-
mal’s thorax was opened, and normal saline was perfused
through the left ventricle until the fluid exiting the right
atrium was clear of blood. Paraformaldehyde (250 ml of 4%)
was then infused for 20 min, after which the guinea pigs were
laparotomized and a 0.5 X 0.5 X 0.5 cm cube was excised
from the liver (middle left lobe) of each animal. Tissue sam-
ples were similarly collected from the brain (hypothalamic
region), lungs (middle left lobe), left kidney (upper one-third),
and mesenteric lymph nodes. All the tissues were stored in
20% sucrose-4% paraformaldehyde solution for later cryostat
sectioning. Slices (10 wm thick) were cut and mounted on
glass slides, using Vectashield anti-fade mounting medium,
and covered with coverslips. The slides were viewed, and
images were collected using a fluorescent microscopy system
consisting of a Nikon Diaphot microscope with a fluorescein
filter (488 \) coupled to a MacQuadra 950 computer system
with a Power Mac processor 601, Vaytek software for decon-
volution, and IPLab Spectrum software for image collection
in conjunction with a cooled charge-coupled device camera
(Photometric model 250 CH). Digital processing of the images
was done using Adobe Photoshop 7.0 (Adobe Systems, San
Jose, CA). For quantitative analysis, five areas of 25 X 25
mm? each were selected randomly, and the fluorescent
patches in these areas were counted.

Erythrocyte Sedimentation Rate

Erythrocyte sedimentation rate (ESR) was measured in all
the animals using the Westergren method, a rapid, accepted,
and simple indicator of latent infection (6a). It was assessed
60 min before an experiment.

Experimental Design

Experiment 1: effects of intravenous LPS on T.. Sham and
Splex guinea pigs were challenged with a low (0.05 ng/kg) or
a high (2 pg/kg) dose of LPS in 0.9 ml PF'S or PFS (0.9 ml/kg)
administered intravenously 7 days after the surgery. T. was
monitored continuously from 90 min before to 360 min after
drug treatment.

Experiment 2: effects of intraperitoneal LPS on T.. A low (2
png/kg) or a high (8 pg/kg in 0.9 ml PFS) dose of LPS or PFS
(0.9 ml/kg) was administered intraperitoneally 7 and 30

SPLENECTOMY ENHANCES LPS FEVER

days after the surgery to other Sham and Splex guinea
pigs. The latter treatment day was chosen postfacto to
determine whether the responses observed at 7 days were
transitory or permanent. T. was measured continuously as
in experiment 1.

Experiment 3: effects of Splex on FITC-LPS uptake. To
visualize the presumptive differential distribution of LPS in
Sham and Splex guinea pigs, the uptake of its fluorescent
analog, FITC-LPS (75 wng/kg iv or ip), by the liver, lungs,
brain, kidneys, peritoneal macrophages, lymph nodes, and
leukocytes of Sham and Splex guinea pigs was evaluated 7
and 30 days after the surgery at 15, 30, and 60 min after its
intravenous or intraperitoneal injection. This dose was se-
lected on the basis of its intravenous and intraperitoneal
pyrogenic potencies, determined in preliminary studies to
suitably approximate those of 2 pg unlabeled LPS/kg deliv-
ered intravenously and intraperitoneally (our standard pyro-
genic iv dose is 2 pg/kg; see, e.g., Ref. 21) in intact, conscious
animals (Fig. 1, A and B). Although 37.5 pg FITC-LPS, in
fact, approximated more closely the febrile course induced by
2 pg of unlabeled LPS when both were delivered intrave-
nously (Fig. 1A), it was not pyrogenic, and its fluorescence
was not detectable in tissues after its intraperitoneal injec-
tion (22); consequently, this dose was not used for this exper-
iment.

Experiment 4: effects of GACls on FITC-LPS uptake and T..
To verify a posteriori whether KC in particular were the cell
types that bound FITC-LPS and accounted for the associated

A O LPS 2 pgikg
2.0

Tei=38.3+0.3°C (4)
A FITC-LPS 37.5 pgikg Toi = 38.7 £ 0.1°C (4)
@ FITC-LPS 75 gk Tei=38.2£0.1°C (5)

AT (°C)

-10 T 1 I I 1 T I I T T I I 1
0 60 120 180 240 300 360
B
2.0 4
O LPS 2 ugikg Tei=38.2 £ 0.3°C (3)
A FITC-LPS 75 pa/kg Toi= 38.4 £ 0.2°C (4)
_ 1.0 4
%
o
|_
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Fig. 1. Effects of unlabeled lipopolysaccharide (LPS; 2 pg/kg) and
FITC-LPS (37.5 and 75 pg/kg) injected iv (A) or ip (B) on the core
temperatures (T.) of conscious, unoperated guinea pigs. T values are
expressed as differences (AT.) relative to their initial level [T
average of the T. over the last 10 min before the injection of pyrogen-
free saline (PFS) or LPS]. Values are means = SE; n = no. of
animals.
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Fig. 2. Effects of PFS (4; 0.9 ml/kg) and LPS [0.05 (B) and 2 (C)
wng/kgl injected iv on T. of conscious Sham and splenectomized
(Splex) guinea pigs 7 days after surgery. Conventions as in Fig. 1.
*P < 0.05 relative to Sham.

T. changes observed in this study, Sham and Splex guinea
pigs were injected 7 days postoperatively with 75 pg FITC-
LPS/kg ip, 3 days after the intravenous injection (in the
penile vein, under light metofane anesthesia) of 7.5 mg
GdCls/kg (21). The animals were killed 60 min after the
FITC-LPS injection and perfused transcardially, their livers
were excised and processed, and the fluorescent patches were
counted as before. The intraperitoneal route and 60-min end
point were chosen because the enhancement of the febrile
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response of the Splex animals to unlabeled LPS at 8 pg/kg ip
was more manifest than that to LPS at 2 ng/kg iv (Figs. 2C
and 3B) and because the density of FITC-LPS staining in
these animals remained unchanged at 60 min after its intra-
peritoneal injection, whereas it was abating at this time after
its intravenous injection (Fig. 4A). Other, similarly GdCls-
pretreated Sham and Splex guinea pigs received 8 pg/kg
unlabeled LPS intraperitoneally; their T. were measured for
6 h, as before.
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Fig. 3. Effects of PFS (0.9 ml/kg; A) and LPS [2 (B) and 8 (C) pg/kg]
injected ip on the T. of conscious Sham and Splex guinea pigs 7 days
after the surgery. Conventions as in Fig. 1. *P < 0.05.
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Fig. 4. A: densities of fluorescent labeling of Kupffer 0
cells (KC) in livers of Sham, Splex-, and Splex + GdCls- PFS 15 min 30 min 60 min 15 min 30 min 60 min 60 min
pretreated guinea pigs 7 and 30 days postsurgery, mea- | | | | Lanad
sured 15, 30, and 60 min after FITC-LPS (75 ug/kg iv 7d 7d 30d
and ip). Bars are means = SD; N = 3/group; *signifi- B
cantly different from corresponding Sham. B: effects of 20~ 5 Ta=38.6 £0.3°C (3)
g am ci=38.6 £0.3°

FITC-LPS (75 pg/kg ip) on the T. of conscious Sham
and Splex guinea pigs 7 and 30 days after surgery.
Conventions as in Fig. 1. *P < 0.05.
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Statistical Analyses

The results are reported as means = SE. The values of T,
are changes from basal values [T.; (initial), the T. at 2-min
intervals averaged over the last 10 min of the preceding
90-min stabilization period] plotted at 6-min intervals. La-
tencies of fever onset were defined as the intervals (in min)
between the time of LPS injection (0 min) and that of the first
T, rise greater than 0.2°C (i.e., the SD of the T. of PFS-
treated guinea pigs) that continued uninterruptedly beyond
0.5°C. A two-way ANOVA followed by a Tukey-Kramer mul-
tiple comparisons test were used to compare the thermal
courses between groups. The 5% level of probability was
accepted as statistically significant.

RESULTS
ESR

No abnormality, i.e., no evidence of infection, was
found in the Sham and the Splex groups (0.7 = 0.3 and
0.8 = 0.4 mm/h, respectively). No guinea pig died
during the experiments.

® Splex7d Tgi=38.6+0.2°C (3)
Splex 30d Tgi=38.3+0.1°C (3)

FITC-LPS (75 ug/kg), ip

'

T T T T 1
0 20 40 60

Time (min)

Experiment 1: Effects of Intravenous LPS on T,

The T. values of both the Sham and Splex guinea
pigs given PFS did not vary significantly over the 6-h
duration of these experiments (Fig. 2A).

LPS at 0.05 pg/kg did not induce a statistically
significant T. rise in the Sham animals, but it did cause
a significant biphasic T, increase in the Splex guinea
pigs (Fig. 2B). The first febrile peak was higher than
the second, reaching ~1.2°C ~80 min after the LPS
injection; the second peak occurred ~150 min after the
injection. The return to basal T. was gradual but es-
sentially completed by ~270 min after LPS adminis-
tration.

LPS at 2 pg/kg induced fever in the Sham guinea
pigs with an onset latency of 10—12 min (Fig. 2C). The
first febrile peak of ~1.3°C occurred at ~40 min after
LPS administration and the second, also of ~1.3°C, at
~60 min after the first. The return to T,; was gradual
but essentially completed by ~250 min after LPS in-
jection. The magnitude of the fever produced by this
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dose of LPS was significantly augmented in the Splex
animals. Thus the first febrile rise was higher, to
~1.8°C, and the postfebrile recovery stabilized at a
higher level than that of the Sham group (Fig. 2C).
However, the onset latencies and the febrile courses
were not significantly different in the Sham and Splex

groups.
Experiment 2: Effects of Intraperitoneal LPS on T,

PFS (7 and 30 days postsurgery) did not affect the T,
values of either the Sham or Splex animals (Figs. 3A
and 5A).

As shown in Fig. 3B, LPS at 2 pg/kg 7 days postsur-
gery induced a significant T rise of ~1.4°C in the Splex
animals. The rising phase began at ~30 min after LPS
injection and culminated at 200 min. Thereafter, the
return to T¢; was gradual and nearly complete by the
end of the experimental period, 6 h later. In contrast,
this dose of LPS caused only a small ~0.5°C increase in
the T. of the Sham animals; its onset latency was ~60
min. T, reached its single maximum at ~150 min and
gradually decreased throughout the remainder of the
experimental period.

LPS at 8 pg/kg 7 days after the surgery induced a
significant T. rise of ~1.8°C in the Splex animals (Fig.
3C). The rise began quickly after the injection (45 min),
and the single peak (1.5°C) was reached at ~170 min.
T, then decreased gradually and returned to control in
~300 min. In contrast, LPS produced a significantly
smaller T, increase, ~1.0°C, in the Sham guinea pigs;
the onset latency was ~45 min, and the peak was
reached at ~160 min. T, then decreased gradually
almost to its basal level 6 h after LPS injection.

LPS at 2 ng/kg 30 days postsurgery induced a sig-
nificant T, rise of ~1.6°C in the Splex guinea pigs (Fig.
5B); the latency of onset was ~45 min, and the T, peak
was reached at ~210 min. T, decreased gradually to-
ward its basal level over the next 150 min. By contrast,
the Sham group exhibited a maximum T. rise of only
~0.7°C. The onset latency was ~45 min, and the T,
peak was reached at ~210 min. T. decreased thereafter
slowly until the end of the experimental period.

LPS injected at 8 pg/kg 30 days postsurgery induced
in the Splex animals a significant T, rise of ~1.8°C,
beginning promptly after the injection (Fig. 5C). The
time to peak was ~170 min. The T. then gradually fell
until the end of the experiment. Again, the Sham group
exhibited a lower T, increase (~0.9°C); the onset la-
tency was ~35 min, and the T, peak was reached at
~170 min. T, then declined gradually until the end of
the experimental period.

Experiment 3: Effects of Splex on FITC-LPS Uptake

Only normal autofluorescence was observed after the
intravenous and intraperitoneal injections of fluores-
cein sodium salt at a dose equivalent to its amount in
the FITC-LPS conjugate (data not shown). The distri-
bution and density of FITC-LPS fluorescence in the
lungs, brain, kidneys, leukocytes (delivered intrave-
nously or intraperitoneally), and peritoneal macro-
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Fig. 5. Effects of PFS (0.9 ml/kg; A) and LPS [2 (B) and 8 (C) pg/kg]
injected ip on the T. of conscious Sham and Splex guinea pigs 30 days
after surgery. Conventions as in Fig. 1. ¥*P < 0.05.

phages and mesenteric lymph nodes (intraperitoneally
only) of Sham and Splex guinea pigs 7 and 30 days
postsurgery were not different in the two groups (data
not shown). On the other hand, differences were appar-
ent between the livers of the two groups. Thus intra-
venous FITC-LPS appeared in the livers of Sham and
Splex guinea pigs 7 days postoperatively at 15, 30, and
60 min as patches of granular fluorescence within,
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presumptively, KC in the liver sinusoids (Fig. 6). At 15
min, there was no demonstrable difference in the den-
sity of fluorescence between the two groups. In the
Sham animals, the density of fluorescence decreased at
30 min and was virtually zero at 60 min, whereas in
the Splex animals the labeling remained unchanged
over the first 30 min and then decreased by ~40% at 60
min. These differences are expressed quantitatively in
Fig. 4A.

FITC-LPS administered intraperitoneally 7 days
postsurgery similarly appeared in the livers of the
Splex guinea pigs 15, 30, and 60 min later as patches of
granular fluorescence in the sinusoids but persisted at
the same density throughout all three time points
(Figs. 4A and 7). This enhanced uptake of FITC-LPS
was associated with rising T, values (Fig. 4B). In con-
trast, no such T, elevations occurred in the Sham
animals, although a little, but statistically insignifi-
cant, fluorescent labeling was evident at 60 min. The
livers of the Splex guinea pigs still contained dense
labeling 30 days postoperatively 60 min after intraperi-
toneal FITC-LPS; the density of these fluorescent
patches was not significantly different from that 7 days
postoperatively (Fig. 8). These results are illustrated
quantitatively in Fig. 4A. The livers of Sham and Splex
animals 7 days postoperatively, 15, 30, and 60 min
after intravenous or intraperitoneal PFS showed only
small amounts of diffuse autofluorescence; examples
are shown in Figs. 8 and 9.

SPLENECTOMY ENHANCES LPS FEVER

After intravenous (60 min) but not after intraperito-
neal FITC-LPS, fluorescent patches also appeared in
the hepatocytes of both the Sham and Splex animals
(Figs. 6-8).

Experiment 4: Effects of GdClz on FITC-LPS Uptake
and T,

GdCl; pretreatment 7 days postsurgery reduced the
febrile responses of both the Sham and Splex guinea
pigs to 8 pg LPS/kg, injected intraperitoneally 3 days
after the GdCls, to the same levels (Fig. 10), but those
of the Splex animals were depressed quantitatively
more than their counterparts not pretreated with
GdCls (Fig. 3C). Thus LPS-induced rises of the T.
values of both groups of animals were delayed signifi-
cantly in onset (~60 vs. ~45 min) and virtually abol-
ished (~0.4 vs. ~1.5°C), although they peaked at the
same time (~170 min). The reductions of these re-
sponses were associated with parallel, significant de-
creases in the densities of FITC-LPS labeling in the
livers of these GdCls-pretreated guinea pigs (Figs. 4A
and 9) compared with their untreated Splex counter-
parts (Fig. 7).

DISCUSSION

The present results show that significantly higher
fevers occurred in Splex guinea pigs than in their
Sham controls 7 and 30 days after their surgery in

FITC-LPS, 75 ug/kg, iv, 7 d post-surgery

15 min
Fig. 6. Autofluorescence of hepatocytes (red arrows) and FITC-LPS labeling of KC (yellow arrows) in liver

sinusoids (white arrows) of Sham and Splex guinea pigs 7 days postsurgery, 15, 30, and 60 min after FITC-LPS (75
wng/kg iv). Magnification: X200.
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FITC-LPS, 75 pg/kg, ip, 7 d post-surgery

15 min 30 min 60 min

Fig. 7. Autofluorescence of hepatocytes and FITC-LPS labeling of KC in livers of Sham and Splex guinea pigs
7 days postsurgery, 15, 30, and 60 min after FITC-LPS (75 pg/kg ip). Magnification: X200. Conventions as in
Fig. 6.

PFS, ip FITC-LPS, 75 ug/kg, ip, 60 min

R1473

7 d post-sham 7 d post-splex 30 d post-splex

Fig. 8. Autofluorescence of hepatocytes and FITC-LPS labeling of KC in livers of Sham and Splex guinea pigs
7 and 30 days postsurgery, 60 min after FITC-LPS (75 pg/kg ip). Magnification: X100. Conventions as in Fig.
6.
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Fig. 9. FITC-LPS labeling of KC in liv-
ers of GdCls-pretreated Splex guinea
pigs 7 days postsurgery, 60 min after
FITC-LPS (75 pg/kg ip). The autofluo-
rescence of the liver of PFS-treated
Sham guinea pigs is shown for compar-
ison. Magnification: X100. Conven-
tions as in Fig. 6.

7 d post-sham, PFS, ip

response to both intravenous and intraperitoneal LPS.
Indeed, doses minimally pyrogenic in Sham-operated
animals caused greatly enhanced fevers in Splex
guinea pigs. Furthermore, this effect of Splex was still
robustly present 30 days postsurgery, indicating that it
was not a transitory consequence of the procedure
itself. These results further show that the observed,
intensified fevers were associated with a significantly
larger uptake of LPS by KC. Thus FITC-LPS injected
intravenously labeled more KC and remained in these
cells for a longer time in Splex than in Sham guinea
pigs. Similarly, FITC-LPS injected intraperitoneally
was taken up by these phagocytes more rapidly in
Splex than in Sham guinea pigs. Again, this effect was
still present 30 days post-Splex. In contrast, the uptake
of LPS by other mononuclear phagocytes was not dif-
ferentially affected by Splex. Elimination of KC by
pretreatment with GdCl; attenuated both the febrile
responses and the intensity of the labeling in the livers
of both Sham and Splex animals, further implying a
close link between LPS-induced fever and the liver.

2.0
o Sham Tg=38.1+0.1°C (4)
® Splex Tgi=38.1 £ 0.1 °C (5)
1.0 4
2
©
<
0.0 -
LPS (8 pg/kg), ip
3 d post-GdCl,
-1.0 75 T T T T T T T T T T T 1
1] 60 120 180 240 300 360

Time (min)

Fig. 10. Effects of LPS (8 ng/kg) injected ip on the T. of conscious
Sham and Splex guinea pigs 7 days after surgery, pretreated 3 days
before the experiment with GdCls. Conventions as in Fig. 1.

SPLENECTOMY ENHANCES LPS FEVER

-

7 d post-splex, GdCl3 + FITC-LPS, ip

To our best knowledge, this is the first experimental
study demonstrating that Splex augments the febrile
response to LPS. These results are consonant with
clinical findings in which infected asplenic patients
manifest higher fevers than infected eusplenic patients
(25). Elevations in postsurgery T. without any prior
apparent infection have also been reported after Splex
(25, 40), analogous to the data shown in Figs. 2, 3, and
5, B and C. A similar increase in the hepatic uptake of
radiolabeled heat-killed Escherichia coli after their
systemic administration was reported in Splex rats (6,
34). Also, in Splex mice with bone marrow irradiation-
induced monocytopenia, both the number of KC and
their autoradiographic uptake of tritiated thymidine
were increased significantly (39). It has also been re-
ported that the loss of splenic phagocytosis after re-
moval of the spleen may be compensated by increased
phagocytic activity of KC in rats (1, 9). However, Splex
did not cause any change in the number of KC in rats
(8), although, in other studies using mice, Splex did
increase this number (7, 28). Hence, it is possible that
the increased uptake of LPS by KC observed in the
present study simply represents an effort by the KC to
counterbalance the absence of the SMO. However,
were this the case, one might expect that the magni-
tude of the febrile response would be unaffected or
perhaps reduced a little but not enhanced as was
observed. These data suggest, therefore, that the
spleen may exert a modulating influence, presumably
inhibitory, on the uptake of LPS by the liver. The
present data alone do not allow determination of
whether the increased density of fluorescence indicates
an increase in the total number of activated KC, in the
number of LPS receptors/KC, or in the functional ac-
tivity of individual KC. Indeed, despite its high resolu-
tion, a difficulty inherent in the present imaging tech-
nique is that it causes blurs and halos from fluores-
cence emitted above or below the focal plane, thereby
not allowing discrimination between fluorescence in or
on the KC. This difficulty is compounded when the
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labeled cells are aggregated, as probably was the case
here.

The mechanism by which the spleen may modulate,
i.e., inhibit, the uptake of LPS by KC remains specu-
lative. Several alternatives are possible. For example,
SMO in the marginal zone of the spleen reportedly
secrete quantitatively more IL-la and IL-1B in re-
sponse to LPS and to gram-negative bacteria (13).
Because the induction of fever is thought to be medi-
ated by the release of IL-1B in response to exogenous
pyrogens (11) and if SMO, like KC, were another large
source of this IL-1B, it might be advantageous to the
host to normally minimize IL-13 production by the
liver to limit fever height. Hence, the absence in Splex
guinea pigs of an inhibitory influence on KC by IL-1B
from the spleen could result in an increased production
of hepatic IL-1B, thereby augmenting the febrile re-
sponse. In this regard, KC are, in fact, directly exposed
to splenic products via the portal vein (23). Among the
factors that influence hepatic macrophagic activation
state are PGE,, transforming growth factor-g, IL-10,
IL-6, tumor necrosis factor (TNF)-«, and interferon-v.
These could thus participate in the cross-talk between
the spleen and the liver (2, 23). Indeed, it has been
shown that in vitro pretreatment of KC with PGEg
significantly decreases subsequent KC responses to
LPS (2, 8). Hepatic TNF-a production is increased in
Splex dogs compared with in control dogs, inferring an
inhibitory influence by the spleen on hepatic TNF-a
production (26). Splex reportedly also decreases the
LPS-induced plasma IL-6 levels of rats more than can
be attributed to the absence of splenic IL-6 production
alone, hence suggesting a decrease in total, nonsplenic
IL-6 levels (3). Other data have also implicated the
spleen as an important mediator in the activation of
nonsplenic IL-6 secretion by LPS (26). Because IL-6 is
a feedback inhibitor of TNF secretion (11, 12), the lack
of splenic IL-6 could lead to the increased KC produc-
tion of TNF-a. If TNF-«a levels were higher in the Splex
guinea pigs, this could further account for the higher
fevers of these animals; IL-1pB, IL-6, and TNF-« are all
involved in the production of fever by exogenous pyro-
gens (11). Hence, the present results suggest that he-
patic macrophages, primed in our model by their lack
of continuous exposure to presumptive splenic inhibi-
tory products in the portal blood, may produce more
febrigenic cytokines and/or factors, and/or possibly
could express more cells, more LPS receptors/KC, or a
greater functional activity than unprimed KC.

In conclusion, the present data indicate that LPS
induces higher fevers in Splex than in Sham guinea
pigs. This is associated with, and possibly causally
related to, an increased LPS uptake by individual KC
and/or an increased number of LPS-reactive KC. A
factor released by the spleen could modulate KC LPS
uptake and, hence, cytokine production. Whether such
a factor is secreted by the spleen in the splenic vein and
whether it carries signals to the KC remains to be
clarified. However, regardless of the particular splenic
factor responsible or of its mechanism of action, these
data show that Splex is associated with higher fevers

R1475

after LPS administration, indicating a participation of
the spleen in the course of LPS-induced fever. Taken
together, these data suggest that the apparently en-
hanced avidity of KC for bacterial endotoxin could
account for the higher fevers of the Splex guinea pigs to
a given dose of LPS, whether administered intrave-
nously or intraperitoneally, compared with the febrile
responses of Sham guinea pigs. Moreover, the absence
of differences in the density of fluorescence in the
brain, lungs, kidneys, lymph nodes, peritoneal macro-
phages, and monocytes between the Splex and Sham
animals would further support the pivotal role of the
liver in LPS-induced fever production, as suggested by
previous observations (22, 31).

This work was supported by the National Institute of Neurological
and Communicative Disorders and Stroke Grant NS-34587 to C. M.
Blatteis.
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Am J Physiol Regul Integr Comp Physiol 289: R680—-R687, 2005. First
published May 26, 2005; doi:10.1152/ajpregu.00022.2005.—We re-
ported previously that the onset of LPS-induced fever, irrespective of
its route of administration, is temporally correlated with the appear-
ance of LPS in the liver and that splenectomy significantly increases
both the febrile response to LPS and the uptake of LPS by Kupffer
cells (KC). To further evaluate the role of the spleen in LPS fever
production, we ligated the splenic vein and, 7 and 30 days later,
monitored the core temperature changes over 6 h after intraperitoneal
(ip) injection of LPS (2 ng/kg). Both the febrile response and the
uptake of LPS by KC were significantly augmented. Like splenec-
tomy, splenic vein ligation (SVL) increased the febrile response and
LPS uptake by KC until the collateral circulation developed, suggest-
ing that the spleen may normally contribute an inhibitory factor that
limits KC uptake of LPS and thus affects the febrile response.
Subsequently, to verify the presence of this factor, we prepared
splenic extracts from guinea pigs pretreated with LPS (8 pg/kg ip) or
pyrogen-free saline, homogenized and ultrafiltered them, and injected
them intravenously into splenectomized (Splex) guinea pigs pre-
treated with LPS (8 pg/kg ip). The results confirmed our presumption
that the splenic extract from LPS-treated guinea pigs inhibits the
exaggerated febrile response and the LPS uptake by the liver of Splex
guinea pigs, indicating the presence of a putative splenic inhibitory
factor, confirming the participation of the spleen in LPS-induced
fever, and suggesting the existence of a novel antihyperpyretic mech-
anism. Preliminary data indicate that this factor is a lipid.

Kupffer cells; fluorescein isothiocyanate-labeled lipopolysaccharide;
antipyresis; splenic vein ligation

MANY STUDIES utilizing different approaches have indicated that
the resident macrophages of the liver, the Kupffer cells (KC),
are central to the clearance of bacterial endotoxic LPS from the
body and for fever production (7, 19, 21). Because pyrogenic
cytokines are produced largely by macrophages (6), KC con-
stitute the largest pool of macrophages in the body (2, 4), and
the liver is perfused by 25% of the cardiac output (17), the KC
are considered to be the principal source of pyrogenic cyto-
kines evoked by circulating LPS. In support, we (15) recently
showed that the onset of the febrile response to LPS, irrespec-
tive of its intravenous (iv) or intraperitoneal (ip) route of
administration, is temporally correlated with the appearance of
LPS in the liver and its uptake by KC and that this mutual
relationship is abolished by the prior administration of gado-
linium chloride, a lanthanide that temporarily inactivates KC.

However, other macrophages in intimate contact with the
blood also clear circulating LPS and produce pyrogenic cyto-
kines, e.g., splenic macrophages (SMO), but their relative
contribution to fever production and, indeed, whether it is
essential, is not entirely clear (11, 27). In a previous study, we
(9) found that removal of the spleen of guinea pigs results in
significantly enhanced febrile responses to both iv and ip LPS,
and that these hyperpyrexias are associated with an increased
uptake of LPS by KC. These effects, moreover, are persistent
because their robustness is undiminished 30 days after sple-
nectomy. These results agree with clinical experience showing
that infected asplenic patients generally exhibit higher fevers
than infected eusplenic patients (20). Elevations in postopera-
tive body core temperature (T.) have also been described in
splenectomized patients immediately after surgery (20, 28).

It is possible that this effect simply reflects an increased avidity
by the KC for LPS to counterbalance the absence of the SMO.
However, were this such a compensatory event, the magnitude of
the febrile response to LPS should be unaltered rather than
augmented, as is actually observed. On the other hand, if the
spleen normally exerted an inhibitory influence on the uptake of
LPS by the liver, its removal could abrogate this possible action.
Indeed, the spleen liberates factors, e.g., PGE; and transforming
growth factor, into the portal circulation that downregulate KC
function (4, 18). The removal of such KC-regulatory factor(s)
could thus account for the increased febrile response and LPS
uptake we observed in splenectomized (Splex) guinea pigs.

The results reported here are consonant with such a possi-
bility. They indicate that the enhanced febrile response to LPS
and its associated increased uptake of LPS by KC exhibited by
Splex guinea pigs are reproduced by splenic vein ligation
(SVL). However, these effects persist only until collateral
vessels develop. An extract prepared from the spleens of
LPS-treated guinea pigs attenuates both the exaggerated fever
and the KC LPS uptake of Splex LPS-treated recipients.
Preliminary, crude characterization of this putative splenic
inhibitory factor suggests that it is a lipid.

MATERIALS AND METHODS
Animals

Male Hartley guinea pigs (300-350 g on arrival; Charles River
Laboratories, Wilmington, MA) were used in these experiments. The
animals were quarantined for 1 wk, three to a cage, before any
experimental use. Tap water and food (Agway Prolab guinea pig diet)
were available ad libitum. The ambient temperature (T,) in the animal
room was 23 * 1°C, the housing T, recommended by the Institute for
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Laboratory Animal Research, Commission on Life Sciences, National
Research Council (12); light and darkness were alternated, with lights
on from 0600 to 1800. After quarantine, to moderate the psycholog-
ical stress associated with the experiments, the animals were trained to
the experimental procedures for 1 wk (daily for 4 h) by handling and
placement in individual, locally fabricated semicircular wire-mesh
confiners designed to prevent their turning around and to minimize
their forward and backward movement, without causing restraint
stress. All the protocols were approved by the University of Tennessee
Health Science Center Animal Care and Use Committee and fully
conformed to the standards established by the U.S. Animal Welfare
Act and by the documents entitled “Guiding Principles for Research
Involving Animals and Human Beings” (1).

General

All glassware, plasticware, instruments, and cannulas used in these
studies were sterilized by autoclaving. Electrochemical grade, high-
purity water (Baxter Healthcare, Muskegon, MI) was used exclusively
in the preparation of all solutions. Before use, the stock solutions were
passed through a sterile 0.22-pm Miller-GS filter unit (Millipore,
Bedford, MA), as an added precaution against bacterial contamina-
tion. The absence of endotoxic contamination in all fluids not con-
taining LPS by design was verified by the Limulus amebocyte lysate
test (Pyrochrome; Associates of Cape Cod, Falmouth, MA).

Drugs

FITC-labeled LPS was purchased from Sigma-Aldrich (cat. no.
F-3665, lot no. 75SH4036; St. Louis, MO). It was from Escherichia coli
0111:B4, the only kind currently available commercially and also the
same as that used in our previous studies (9); fluorescein sodium salt
(FSS; cat. no. F-6377, lot no. 26H3407; Sigma-Aldrich) was the control
label. Unlabeled LPS was Salmonella enteritidis LPS B (batch no.
651628; Difco Laboratories, Detroit, MI), the same LPS batch we used in
our previous studies (9, 15). The vehicle for all solutions was pyrogen-
free saline (PFS, 0.9% NaCl, USP; Abbott Laboratories, Chicago, IL).
Heparin was purchased from Elkins-Sinn (Cherry Hill, NJ).

Injection Procedures

For iv injections, the guinea pigs received a prophylactic subcuta-
neous (sc) injection of the antibiotic chloramphenicol (20 mg/kg)
before the surgery and, 1 h later, were anesthetized with ketamine-
xylazine (35 and 5 mg/kg, respectively) intramuscularly (im). Under
aseptic conditions, usually the right jugular vein was exposed and
freed from adhering tissue. A sterile siliconized catheter (inner diam-
eter 0.020 in., outer diameter 0.037 in.; Baxter Healthcare, Deerfield,
IL) containing heparinized (10 IU/ml) PFS was inserted and gently
guided into the inferior vena cava. The free end of the catheter was
pulled under the skin to the head, exteriorized onto the top of the head,
knotted, and rolled into a coil. This coil was placed inside a polypro-
pylene shield (a centrifuge microtube with a screw cap, with its cone
cut off) that was fixed to the skull with dental acrylic cement and
covered with its screwed-on cap. The neck wound was sutured and
cleansed with 10% povidone-iodine solution and treated with nitro-
furazone powder. After this surgery, the animals received a bolus
10-ml PFS sc injection and pain medication (butorphanol, 0.05 mg/kg
sc), and, for two more days, sc chloramphenicol. The catheters were
flushed with heparinized (3 IU/ml) PFS daily, except on the last day
before an experiment, when PFS alone was used (26). During flush-
ing, the performance of the catheters was verified by /) unimpeded
withdrawal of blood into the catheter, 2) low resistance to injection,
and 3) absence of locomotor and vocal responses from the animals to
the injection. One week was allowed for recovery from this surgery
before beginning an experiment.

For ip injections, the drugs were injected directly with a sterile
23-gauge 5/8 needle and tuberculin syringe into the peritoneum of the
conscious animals.

R681
Splenic Vein Ligation

All the animals received the antibiotic chloramphenicol (20 mg/kg sc)
prophylactically before a surgical procedure. To ligate the splenic vein, a
lateral 3-cm incision was made on the left subcostal side under ketamine-
xylazine (35 and 5 mg/kg im, respectively) anesthesia and aseptic
conditions. This approach facilitated the removal of the greater omentum
from the left upper quadrant and allowed displacement of the stomach
away from the spleen. The spleen was lifted gently by placing its body
over a blunt grasper across its inferior pole. The splenic vein was ligated
with 4-0 silk suture. After ligation, the stomach and spleen were returned
to the abdominal cavity. The wound was closed in two layers, with a
running 4-0 silk suture. Sham operations were performed in the same
manner without ligating the blood vessel. The postoperative measures
were the same as described for the iv injections above.

Splenic and Muscle Extract Preparation

To verify the presence of a splenic inhibitory factor, we prepared
under aseptic conditions splenic extracts from guinea pigs. Using a
method previously demonstrated to successfully yield a functional,
hypotensive splenic extract (14), we removed the spleen and a psoas
muscle (the control tissue) 5, 15, and 30 min after the administration
of LPS or PES from deeply anesthetized (ketamine-xylazine) guinea
pigs, cleared the tissues of blood by perfusing with PFS, and rinsed
them in ice-cold PBS; the same weight of tissue was used for each
extraction. The tissues were then homogenized and centrifuged at 4,500
g, 4°C for 20 min. The supernatant was centrifuged at 14,000 g, 4°C for
a further 10 min. Because our initial working hypothesis was that the
splenic factor could be either a small peptide or a lipid, the supernatant
was ultrafiltered with a Centripep-10 centrifugal concentrator (mol mass
cutoff 10 kDa; Amicon, Beverly, MA), and the rest was discarded; 1.5 ml
of spleen extract was normally obtained per donor animal.

To determine the chemical identity of the splenic factor, i.e.,
whether it is a peptide or a lipid, 15-min splenic extracts were
prepared as above and incubated at 90°C for 80 min to denature
peptides or passed through a Sep-Pak C,s cartridge (Waters Associ-
ates, Milford, MA) to remove nonpolar compounds, mainly lipids.
The collections were stored at —70°C.

Temperature Recording

A 90-min stabilization period to achieve thermal equilibrium pre-
ceded all the measurements. The T. of the conscious guinea pigs,
loosely restrained in the individual confiners to which they had been
trained, were monitored continuously from 90 min before to 300-360
min after an injection. The data were recorded at 2-min intervals for
the duration of the experiments on a Macintosh Plus 1 Mb microcom-
puter through an analog-to-digital converter, using precalibrated cop-
per-constantan thermocouples inserted 5 cm into the colon. They were
displayed digitally on a monitor, printed on an ImageWriter printer,
and stored on a diskette. Fever indexes (FI) were derived from the area
under the 360-min fever curve by imaging with a cooled charge-
coupled device (CCD) camera (Photometric model 250 CH) and then
scanning the images with NIH Image version 1.61. These values were
converted to degrees Celsius by interpolating from a calibrated stan-
dard area that was 1°C high and 1-h long.

Fluorescent Microscopy

As described previously (15), an animal, under deep ketamine-
xylazine anesthesia, was attached to a perfusion tray 60 min after
FITC-LPS administration. The left jugular vein was exposed in the
neck, and 0.1 ml of heparinized PFS and 1 ml of 1% sodium nitrite
were injected with a 25-gauge 5/8 needle and a tuberculin syringe.
Subsequently, for collection of liver samples, the animal’s thorax was
opened and normal saline was perfused through the left ventricle until
the fluid exiting the right atrium was clear of blood; 250 ml of 4%

89paraformaldehyde was then infused for 20 min. Next, the guinea pig was
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laparotomized and a 0.5-cm X 0.5-cm X 0.5-cm cube was excised from
the middle part of the left liver lobe of each animal. The tissue was
immediately stored in 20% sucrose-4% paraformaldehyde solution, for
later cryostat sectioning. Ten-micrometer-thick slices were cut, mounted
on glass slides with antifade mounting medium (Vectashield; Vector
Laboratories, Burlingame, CA), and covered with coverslips.

Slides were viewed and images were collected with a fluorescent
microscopy system consisting of a Nikon Diaphot microscope with a
fluorescein filter (488\) coupled to a MacQuadra 950 computer
system with a Power Mac processor 601, Vaytek software for decon-
volution, and IPLab Spectrum software for image collection in con-
junction with a cooled CCD camera. Digital processing of the images
was done with Adobe Photoshop 7.0 (Adobe Systems, San Jose, CA).
The fluorescent patches were counted over five randomly selected
0.25 mm X 0.25 mm areas of tissue; no adjustment was made for the
size or intensity of the individual fluorescent patches.

Experimental Protocols

Experiment 1: effect of SVL on T.. Seven and thirty days after
surgery, sham-operated and SVL guinea pigs were challenged ip with
LPS at a dose of 2 pg/kg or with its vehicle (PFS, 0.5 ml/animal). This
dose and route of LPS administration were used to replicate the
conditions under which the augmenting febrigenic and KC LPS
uptake effects of splenectomy were the most manifest in our previous
study (9). T. was monitored continuously for 360 min.

Experiment 2: effect of SVL on FITC-LPS uptake by KC. To
visualize the expected, differential distribution of LPS in sham-
operated and SVL guinea pigs, the uptake of its fluorescent analog,
FITC-LPS (75 pg/kg ip), by the liver was evaluated in separate
experiments 7 and 30 days after surgery, 60 min after its ip injection.
This protocol was chosen because the density of fluorescent labeling
normally present in KC 60 min after iv or ip FITC-LPS injection at
this dose is minimal but is significantly increased after splenectomy
(9, 15); 75 ng of FITC-LPS/kg ip is approximately pyrogenetically
equivalent to 2 pg of native LPS/kg ip (15). FSS was the control label.

After each experiment, the guinea pigs’ spleen and surrounding
tissues were examined to verify that the splenic vein had successfully
been completely ligated and to determine whether new collateral veins
had meanwhile developed around the ligated splenic vein.

Experiment 3: effects of splenic and muscle extracts on T. and
FITC-LPS uptake by KC. To verity the presence of a splenic inhibitory
factor, splenic and psoas muscle extracts prepared as described above
were injected iv (one donor extract per recipient) into sham-operated and
Splex guinea pigs pretreated ip with 8 pg of LPS/kg. This dose is our
standard ip dose for intact guinea pigs; it induces a fever not different
from that caused in Splex animals by 2 pug of LPS/kg ip (9). T. was
monitored continuously from 90 min before to 360 min after drug
treatment. FITC-LPS (75 png/kg ip) uptake by the liver was evaluated in
separate experiments 60 min after its ip injection 7 days after surgery.

Experiment 4: effects of protein- and lipid-free extracts on T.. The
extracts obtained after the injection of LPS as described above were
injected into recipient guinea pigs treated with PFS or LPS, as before.
Again, T was monitored continuously from 90 min before to 300 min
after LPS treatment.

Statistical Analysis

Results are reported as means * SE. The values of T. are changes
from basal values [T.; (initial T.): the T, at 2-min intervals averaged
over the last 10 min of the preceding 90-min stabilization period]
plotted at 6-min intervals. The data were evaluated by a repeated-
measures analysis of variance model, where factor I was the between-
group factor (the experimental treatment) and factor 2 the within-
subject factor (the different sampling periods). The analyses were
performed with Instat 3 (GraphPad software; Instant Biostatistics, San
Diego, CA); each variable was considered to be independent. Laten-

FEVER AND THE SPLEEN

time of LPS injection (0 min) and that of the first T. rise >0.2°C (i.e.,
the SD of the T. of PFS-treated sham-operated guinea pigs) that
continued uninterruptedly beyond 0.5°C. The unpaired Student’s 7-test
was used to evaluate the differences in fluorescent density of livers of
the various groups. The 5% level of probability was accepted as
statistically significant in all experiments.

RESULTS
Experiment 1: Effect of SVL on T,

Seven days after surgery, LPS at 2 pg/kg ip induced low-
magnitude T. rises in the sham-operated guinea pigs, as pre-
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Fig. 1. Effects of pyrogen-free saline (PFS, 0.5 ml/animal ip; A) or LPS (2
png/kg ip) on the core temperature (T.) of conscious, sham-operated (Sham)
and splenic vein-ligated (SVL) guinea pigs 7 (B) and 30 (C) days after the
surgery. Values are means = SE for no. of animals in parentheses. AT, change

cies of fever onset were defined as the intervals (in min) between th@oin Te; Tei, initial Te. *P < 0.05, relative to Sham.
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viously described (9). These fevers had onset latencies of ~80
min and peak magnitudes of ~0.5°C occurring at ~160 min
(Fig. 1B). In contrast, the same dose of LPS caused significant
and long-lasting T, increases in the SVL guinea pigs (P <
0.05). T. began to rise at 30 min, reached a ~1.2°C peak at
~190 min, and then gradually returned to basal T.; recovery
was essentially complete by the end of the experiment. Thirty
days after surgery, the fevers of the LPS-treated sham-operated
and SVL guinea pigs were not significantly different from each
other over the 6-h duration of these experiments and were
similar to those of the sham-operated animals 7 days after
surgery (Fig. 1C). PFS did not affect the T. of either the
sham-operated or SVL animals 7 days after surgery (Fig. 14);
this test was not repeated 30 days after surgery.

Experiment 2: Effect of SVL on FITC-LPS Uptake by KC

Only normal autofluorescence was observed 7 days after
surgery in the livers of the sham-operated and SVL guinea pigs
after ip injection of PFS (not illustrated; see Ref. 9) or FSS, the
latter at a dose equivalent to its amount in the FITC-LPS
conjugate (15). On the other hand, abundant labeling was
observed as granular fluorescent patches within presumptive
KC in the hepatic sinusoids and hepatocytes of SVL guinea
pigs 60 min after FITC-LPS injection. However, in contrast, the
fluorescent labeling was virtually absent 30 days after surgery
(Fig. 2A). Figure 2B quantifies this difference (P < 0.05).
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Complete ligation of the splenic vein was verified post-
mortem on days 7 and 30 after surgery. No vessels were visible
7 days after surgery around the ligated portal-splenic vein, but
new collateral veins were evident 30 days after surgery (not
illustrated). The gross morphology of the SVL spleen appeared
normal on both test days. There was also no evidence of
splenomegaly or hematemesis.

Experiment 3: Effects of Splenic and Muscle Extracts
on T. and FITC-LPS Uptake by KC

As shown in Fig. 3A, LPS at 8 wg/kg ip 7 days after surgery
induced T rises of ~0.9°C in the sham-operated guinea pigs,
as previously described (9); their onset latencies were ~45
min. T, reached its single maximum at ~170 min and, there-
after, gradually decreased throughout the remainder of the
experimental period, returning to nearly its basal levels by ~5
h. In contrast, LPS at the same dose caused significantly greater
T, increases in the Splex guinea pigs (~1.6°C, P < 0.05; Fig.
3B), which, however, peaked at the same time as those in the
sham-operated controls. Thereafter, T, gradually returned to-
ward basal levels, but recovery was not complete by the end of
the experiment.

Psoas muscle extracts from intact guinea pigs treated with
LPS injected iv into Splex guinea pigs similarly treated with
LPS 7 days after their surgery did not modify the exaggerated
febrile response of the recipient animals (Fig. 3C). The iv

Fig. 2. A: fluorescent micrographs of 10-pm
liver sections of SVL (7 and 30 days after
surgery) guinea pigs excised 60 min after ip
injection of fluorescein sodium salt (FSS) or
FITC-labeled LPS (FITC-LPS) (75 pg/kg).
White arrow, liver sinusoids, yellow arrow,
FITC-LPS-labeled Kupffer cells (KC); red
arrows, autofluorescent hepatocytes. Magni-
fication X200. B: densities of fluorescent
labeling of KC in livers of SVL (7 and 30
days after surgery) guinea pigs, measured 60
min after ip injection of FSS or FITC-LPS
(75 pg/kg). Bars are means = SE; n =
3/treatment group. *P << 0.05, relative to
Sham.

SVL 30d post-op
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Fig. 3. Effects of LPS (8 pg/kg ip) on the T. of conscious Sham (A) and Splex (B) guinea pigs and Splex guinea pigs that additionally received 1.5 ml iv of
the 15-min psoas muscle (C) and splenic (D) extracts 7 days after surgery. Abbreviations and conventions as in Fig. 1. *P < 0.05, relative to Sham.

injection of 5-min splenic extracts from the donor guinea pigs
also did not affect the febrile response to LPS of the recipient
Splex animals, but the 15- and 30-min splenic extracts signif-
icantly reduced the magnitudes of the exaggerated fevers of
these Splex guinea pigs (Fig. 3D), returning them to the levels
of the sham-operated animals. T, in the latter did not begin to
rise until ~60 min after the injection, reached a ~1.0°C peak
at ~160 min, stabilized for ~1.5 h, and then gradually returned
to basal T.; recovery was not fully complete by the end of the
experiment. These febrile curves, however, were not signifi-
cantly different from those observed in the sham-operated
guinea pigs treated with ip LPS (Fig. 3, A and D). These results
are summarized as FI in Fig. 4.

Seven days after surgery, FITC-LPS fluorescent patches
were abundant within the sinusoids and hepatocytes of the
recipient Splex guinea pigs 60 min after iv injection of the
15-min muscle extracts [Fig. 5A, left; the same results were
obtained 7 days after splenectomy + FITC-LPS alone (9)], but
this fluorescent labeling was significantly reduced in the livers
of the Splex guinea pigs treated with the 15-min splenic
extracts (Fig. 5A, right).

Experiment 4: Effects of Protein- and Lipid-Free
Extracts on T,

The iv coadministration of PFS and both the lipid- and
protein-free splenic extracts had no effect on the animals’ T,
(Fig. 6, A and B). In contrast, the coadministration of LPS
and both extracts caused an initial, transient ~0.5°C fall in

Sham

Splex

Splex + Muscle extract

Splex + Splenic extract 5 min.

Splex + Splenic extract 15 min.

EEEOOO

2 Splex + Splenic extract 30 min.
o *
*
T
1.5+
g 14 T
T
%571 (6) | (6) (6)58(6) B (6)
0

Fig. 4. Three hundred sixty-minute fever index (Flzs0) of conscious Sham and
Splex guinea pigs that received 1.5 ml iv of splenic extract obtained from
donor guinea pigs killed 5, 15, and 30 min after LPS challenge (8 wg/kg ip).

the T, of the Splex recipients (Fig. 6, C and D); its nadir WabzAbbreviations and conventions as in Fig. 1. *P < 0.05, relative to Sham.
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reached 15 min after injection. This hypothermic effect was
presumably due to an interaction of LPS (but not PFS) and
these preparations, the nature of which is undetermined at
this time. The T. of both the lipid- and protein-free-treated
guinea pigs increased immediately thereafter. The T, of the
lipid-free extract-treated animals reached a peak of ~1.0°C
at ~210 min. It then gradually decreased throughout the
remainder of the experimental period; recovery, however,
was not complete by the end of the experiment (Fig. 6C). In
contrast, the T. rise exhibited by the Splex guinea pigs
treated with the protein-free extract reached only 0.5°C.
This rise was significantly smaller than that caused by the
lipid-free extract (P < 0.05; Fig. 6D). Both rises, however,
peaked at the same time and subsequently also decreased at
the same rate.

DISCUSSION

The present results show that significantly higher fevers
occurred in response to ip LPS in SVL guinea pigs than in their
sham-operated controls 7 days after surgery. However, 30 days
after surgery, when new collateral vessels apparently draining
from the spleen into the portal vein became evident around the

7 d post-Splex + spleen
extract, iv + FITC-LPS, ip

Fig. 5. A: fluorescent micrographs of 10-pum liver sections of Splex
(7 days after surgery) guinea pigs excised 60 min after the injection
of FITC-LPS (75 pg/kg ip) and of muscle (1.5 ml iv) or splenic (1.5
ml iv) extract. Yellow arrows, FITC-LPS-labeled KC; red arrows,
autofluorescent hepatocytes. Magnification X200. B: quantified rep-
resentation of the same data. Bars are means * SE; n = 3/treatment
group. *P < 0.05, relative to muscle extract.

ated. These results also show that the observed intensified
febrile response 7 days after SVL was associated with a
significantly increased uptake of LPS by KC, but that this
uptake was again normal 30 days later. These findings suggest,
therefore, that a factor released by the spleen and flowing to the
liver via the splenic-hepatic portal vein modulates KC uptake
of LPS and hence the febrile response. Because the splenic
extracts from ip LPS-treated donor guinea pigs injected iv into
Splex guinea pigs also challenged with ip LPS significantly
attenuated their exaggerated febrile response and their elevated
uptake of LPS, both to levels essentially identical to those of
sham-operated controls similarly treated, the production of a
putative splenic counterregulatory factor may be inferred. Pre-
liminary, crude characterization of the factor indicates that it is
a lipid. Thus these results add further support to our earlier
suggestion (9) that the spleen may normally exert a limiting
effect on the uptake of LPS by KC, so that, in its absence, the
magnitude of LPS-induced fever is greatly augmented. The
present results also reinforce the notion that KC are central to
the febrile response to LPS (15).

In validation of the hypothesis that the spleen may release a
factor that limits LPS uptake by KC and the febrile response,

ligated splenic vein, these effects were considerably modergsextracts prepared from the spleens of intact donor guinea pigs
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Fig. 6. Effects of iv injection of 1.5 ml of the splenic lipid-free (A and C) and protein-free (B and D) extracts on the T. of Splex guinea pigs coinjected with
PFS (0.5 ml, A and B) or LPS (8 pg/kg ip, C and D) 7 days after surgery. Abbreviations and conventions as in Fig. 1. *P < 0.05, relative to A.

15 and 30 min after ip injection of LPS, injected iv into
recipient Splex guinea pigs also treated with ip LPS, attenuated
the exaggerated febrile response of the latter to LPS, as well as
the augmented LPS uptake by KC. On the other hand, the
extracts collected from donors 5 min after the injection of LPS
did not affect these enhanced responses of the recipient Splex
guinea pigs. Because the inhibitory activity of the extracts was
not detectable in samples collected earlier than 15 min, it may
be conjectured that the effective splenic factor probably does
not exist in a preformed state but rather is produced and
released after a relatively short delay in response to the pres-
ence of LPS in the blood. The shortness of this interval would
suggest that it could be a lipid mediator rather than a protein
mediator, because the transcription and translation of the latter
would be expected to require more time. Indeed, our prelimi-
nary and very crude analysis of the chemical nature of this
compound suggests that it is a lipid. It is unlikely that this
factor is an artifact of the extraction procedure because the
5-min extract was not effective but the subsequent extracts,
obtained by the same procedure, were effective.

Although the specific identity of this factor is still uncertain,
the fact that the active principle passed through a microporous
filter having a nominal molecular mass cutoff of 10 kDa
suggests that it is small, perhaps a prostanoid. SMO in the
marginal zone of the organ secrete PGE, in response to LPS
and gram-negative bacteria (11), consequently directly expos-
ing KC to splenic PGE, via the portal vein (18). PGE, is also
released by the spleen into the splenic vein during hemorrhagic
and septic shock (22, 24). It has been shown in vitro that PGE,

prostaglandin receptors EP, and EP4, on KC in time- and
concentration-dependent manners (3, 10). Because fever is
thought to involve the release of cytokines by KC in response
to exogenous pyrogens (7), the delivery of splenic PGE; to the
liver via the splenic-portal vein could be a mechanism,
whereby cytokine production by the liver could be modulated;
i.e., it could be a counterregulatory mechanism that limits fever
height. The specific effect of PGE, on KC LPS uptake, how-
ever, is unknown.

The modulatory effect of the factor putatively released by
the spleen reappeared after collateral vessels connecting the
spleen and the liver had developed between 7 and 30 days after
SVL. Hence, a direct vascular communication between the
spleen and the liver would appear to be necessary for this factor
to exert its effect on KC, inferring that the amount released by
the spleen under normal conditions could be very small. It has
been reported in dogs that, although the volume of the spleen
and its venous pressure rise immediately after SVL, the splenic
parenchymal pressure gradually returns to control levels over
the following hours because of the dilation of short, collateral
vessels that drain the venous blood into the left gastric and
gastroepiploic veins, preventing hematemesis and splenic en-
largement (13); the spleens of the present SVL guinea pigs also
appeared normal. Because these vessels, in turn, empty into the
splanchnic venous circulation, which then drains into the systemic
circulation, its dilution in the general circulation could reduce its
efficacy, thus rendering it ineffective under the present experi-
mental conditions. The fact that the bolus iv injection of the
splenic extract (presumably representing a large dose of the

inhibits LPS-induced TNF-a and nitric oxide formation vizg 4sp1enic factor) was effective in inhibiting the LPS-induced hyper-
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pyrexia of the present Splex guinea pigs would support this 3.
interpretation. However, the restoration of the full blood supply 4
from the spleen to the liver 30 days after SVL still needs to be '
demonstrated specifically. Indeed, the possibility that no factor

was released at 7 days after SVL because of functional impair- 5
ment of the spleen consequent to the original, acute insult pro-

voked by the SVL cannot yet be ruled out. 6

It is noteworthy that this putative inhibitory factor did not
abrogate the entire fever response to LPS and restore the
basal T, but rather returned the exaggerated fever to its usual 7
febrile level. This antihyperpyretic action is therefore different
from the antipyretic actions of, e.g., arginine vasopressin or ¢
a-melanocyte-stimulating hormone, which attenuate fever by
acting centrally rather than in the periphery (16). On the other
hand, this factor is similar to, e.g., glucocorticoids, which act in 9
the periphery by inhibiting the production of pyrogenic cyto-
kines, but different from them by limiting LPS uptake by KC.
It is interesting to speculate that this mechanism could thus be
another among those that prevent T, from rising to extremely
high levels during gram-negative bacterial infections, i.e., that
set fevers’ upper limits (16).

It remains to be determined which cells release this factor and 1,
what activates them. One possibility is that circulating LPS itself
could be the trigger that directly stimulates the release of the
splenic factor, presumably from SMO. Although LPS at 8 pg/kg 12.
is cleared rather slowly from the peritoneum, it nevertheless {3
appears in the blood, its level gradually increasing during the first
60-90 min after ip injection (5, 21). Another possibility is that this
factor could be induced by the autonomic nervous system reflex- 14
ively activated by LPS (25). It is now generally recognized that, in 5
the spleen, this system promotes the release of anti-inflammatory
mediators (8, 23). Norepinephrine or ACh released by autonomic  16.
efferents to the spleen could therefore potentially stimulate the
rapid release of this factor. 17

In conclusion, these data confirm our previous findings in '
Splex guinea pigs that the spleen may modulate the febrile
response to LPS. This effect appears to be mediated by a 13.
humoral factor flowing from the spleen to the liver that limits
the uptake of LPS by KC and, hence, the febrile response. Itis |4
prevented by SVL and is restored concomitantly with vascular
collateralization, supporting its splenic source. The attenuation
of the exaggerated febrile response of Splex guinea pigs to LPS 20
by the administration of the extracts prepared from the spleens 21
of LPS-treated donors further indicates the existence of this '
putative inhibitory factor. A novel, previously unrecognized, 22.
endogenous antihyperpyretic mechanism is therefore inferred.
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4.3. Centralni mediace signalu v preoptické oblasti hypothalamu

Centralni mediaci febrilnich reakci v preoptické oblasti hypothalamu se
zabyva prace autorského kolektivu: Feleder, C., Perlik, V., Blatteis, C.M.:
Preoptic a1- and a2-noradrenergic agonists induce, respectively, PGE2-
independent and PGE 2-dependent hyperthermic responses in guinea
pigs. Prace byla presentovana v American Journal of Physiology -
Regulatory Integrative and Comparative Physiology v roce 2004 a prace
autorského kolektivu: Feleder C., Perlik V. and Blatteis C.M.: Preoptic
norepinephrine mediates the febrile response of guinea pigs to

lipopolysaccharide, prezentovana ve stejném periodiku v roce 2007.
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V souCasné dobé& neni shody vtom, jaké jsou interakce mezi
norepinephrinem (NE) a prostaglandinem E, (PGE;) v preoptické oblasti
(POA) béhem hore¢ky. Dobfe je dokumentovana skutecnost, Ze periferni
pyrogeny aktivuji noradrenergni cesty v mozku (Dun and Wang, 1995;
Kabiersch et al., 1988), a Ze NE je uvoliiovan v POA v souvislosti s febrilni
odpovédi (Linthorst et al., 1995; Mefford and Heyes, 1990). Zapojeni
PGE, ve febrilni reakci je zfejmé, ale dynamika a zdroje pyrogenem
zvySenych hladin PGE; v POA je zatim kontroverzni. Pro podporu nize
uvedené hypotézy, stejné tak pro pochopeni existujicich interakci, by bylo
nutné prokazat, Ze tvorba PGE, NE-dependentni je mediovana
v preoptické oblasti COX-2, s ohledem na to, Ze panuje shoda, ze COX-2
je izoforma enzymu, ktery katalyzuje PGE; jako odpovéd na pyrogenni
stimuly (Quan et al., 1998; Steiner et al., 2001; Zhang et al., 2003).

Pro posouzeni vySe uvedenych skuteCnosti jsme nasledné provedli studii
zaméfenou na testovani nasledujicich hypotéz: 1) COX-2 je izoenzym,
ktery prostfednictvim pulsobeni norepinephrinu (NE) zprostfedkovava
expresi PGE; v preoptické oblasti (POA); 2) Soucasti této regulace jsou
adrenoceptory (AR), respektive jejich sub-typy (a;- AR; a,- AR).

Pro experiment dle etickych standardi byla pouzita morCata (Hartley
guinea pigs) o hmotnosti 301 — 350 g. Po antibiotické profylaxi byla
v celkové anestezii dle metody popsané dfive (Quan and Blatteis, 1989a;
1989b) stereotakticky zavedena kanyla pro mikrodialyzu do levé
preoptické oblasti a fixovana na lebku. Vlastni experimentalni procedury
probihaly ve stejnou denni dobu. Teplota (T;) byla monitorovana
kontinualné a zaznamenavana v intervalech 2 minut po celou dobu trvani
pokusu, vzorky perfuzatu byly odebirany v intervalech 30 minut a
testovany imunoassay metodou. Vysledky jsou prezentovany jako
pruméry + odchylka, na 5% hladiné vyznamnosti.
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Pro identifikaci teplotniho efektu v preoptické oblasti a identifikaci
adrenoceptori ai;- AR a a,- AR, které tento efekt mohou zprostfedkovat,
jsme zvolili metodu farmakologické stimulace, respektive blokady a
perfundovali  preoptickou oblast NE, cirazolinem (a;- AR agonista),
clonidinem (a,- AR agonista), prazosinem (a;- AR antagonista) nebo
johimbinem (a,- AR antagonista) po dobu 6 hodin, dale prazosinem — 1
hodinu a nasledné citrazolinem — 5 hodin, nebo johimbinem - 1 hodinu a
clonidinem — 5 hodin. Sestihodinovy interval pro jednotlivé faze
experimentu byl zvolen sohledem na teplotni prabéh endotoxinové
horeCky (Steiner et al., 2001; Sehic et al., 1996).

Vzhledem k tomu, Ze a,-AR agonista clonidin, na rozdil od a;-AR agonisty
cirazolinu, vyvolal zmény hladin PGE, a teploty, pro identifikaci
predpokladaného COX-izoenzymu vtomto dé&ji jsme perfundovali
preoptickou oblast COX-1 inhibitorem (SC-560), a poté COX-2 inhibitory -
nimesulidem, nebo MK-0663 po dobu 1 hodiny a nasledné clonidinem po
dobu 5 hodin. Teplota a PGE; hladiny byly méfeny stejnym zplUsobem.
Timto byl prakticky testovan efekt - inhibice na teplotu a PGE..

Na zakladé ziskanych poznatkl z prvnich dvou experimentalnich Casti
jsme pro validaci preoptického efektu NE provedli mikrodialyzu POA po
dobu jedné hodiny prazosinem, johimbinem, a nebo MK-0663,
nasledovanou pétihodinovou perfuzi NE. Pro vylou€eni mozného efektu
0,01% askorbatu, jako antioxidacniho vehikula s nizkou hodnotou pH jsme
provedli perfuzi POA cirazolinem a clonidinem v kombinaci i jednotlive.

Selektivni a;-AR agonista cirazolin indukoval v této studii promptni T,
vzestup bez ovlivnéni bazalnich preoptickych hladin PGE,, zatimco
selektivni a,-AR agonista clonidin vyvolal ¢asny propad T. a zpozdil
teplotni vzestup, obé reakce byly spojené s paralelnimi zménami
v hladinach PGE;, v POA oblasti. Termalni efekt obou téchto agonistda byl
validovan jejich blokadou antagonisty — prazosinem a johimbinem. Kromé

toho, oboji vzestup teploty a preoptickych hladin PGE,, plsobené

98



clonidinem byly potlaceny intra-POA mikrodialyzou COX-2 inhibitord,
nimesulidu a MK-0663, ale jen pocateCni pokles téchto proménnych byl
potlaen COX-1 inhibitorem SC-560.

Inhibice COX-1 oslabovala clonidinem indukovanou T. a PGE; propad,
nikoliv vSak NE vyvolanou hypertermii, zatimco COX-2 inhibice
potlaCovala oboji, clonidinem a NE-indukovanou T. a PGE; vzestup.
Soubézna infuze cirazolinu a clonidinu reprodukovala pozdni vzestup T.
pusobeny clonidinem in-solo, ale ne Casny propad a také ne casny
vzestup produkovany cirazolinem; na druhou stranu odpovéd PGE; byla
podobna NE. Prazosin (a;-AR antagonista) a yohimbin (02-AR

antagonista) blokoval efekty jejich agonistu.

Tyto zavéry ukazuji, Zze a;- a a-agonista AR aplikovany do preoptické
oblasti CNS morcete evokuje zfetelnou teplotni odpovéd. Podobnou
reakci (Iékové vyvolanou horecku) u pacientl popsali autofi Kelesidis and
Kelesidis (2009) u pacientd, lé€enych vysokou davkou clonidinu. Alfa;-
agonista produkuje rychlou, PGE, nezavislou teplotni odpovéd zatim co
a,-AR stimulace pusobi Casny propad teploty a pozdni COX-2/PGE;
dependentni teplotni vzestup. Tyto reakce jsou v nervovém systému
indukovany presynaptickym plsobenim norepinephrinu prostfednictvim a-
receptord s naslednou modulaci izoenzymu COX-2. Zjisténé skutecnosti
poskytuji nova fakta o teplotnich regulacich a jsou v souladu s pozdéji
prezentovanou praci autorl Corley and Rawls (2009). Pfestoze pfitomnost
a:-ARs na termosenzitivnich neuronech POA byla demonstrovana jiz dfive
riznymi autory (Mallick and Islam, 2002; Medgett and Ruffolo, 1988),
termalni odpovéd raznych latek na intra-POA microinjekce a;-AR agonistl
byly vSeobecné inkonzistentni (Clark, 1987; Clark and Lipton, 1986).
Cirazolinem indukovana hypertermie vznika v tomto pfipadé bez dalSich
pridatnych zmén v hladinach PGE; v preoptické oblasti, tedy je vyvolana
rychle a bez zprostifedkovani PGE,. Tato zjisténi jsou nova a napovidaji,

Zze mechanismus plsobeni na neurony je pfimy. Pfedpokladame tedy, ze
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pusobeni a;-ARs na postsynaptické teplotné senzitivni nebo teplotné
nesenzitivni neurony pfimo redukuje, respektive zesiluje aktivitu téchto
neurond, oboji podporuje teplotni konzervaci dle jiz dfive prezentovanych
modelld Hammela (1965) a Boulanta (1996). Specifické a;-receptory
uCastny vtomto hypertermickém efektu byly jiz dfive identifikovany.
Mallick et al. (2000) popsal, ze stimulace norepinephrinem zvySuje aktivitu
Na-pumpy v mozku laboratorniho potkana a je zprostfedkovana pfes aja-
receptory. Na zakladé vySe uvedeného, by pfedstavované zavéry mohly
naznacit, Zze NE uvolfiovany endogenné v POA by mohl pUsobit promptni
hypertermickou akci, zprostfedkovanou rychlou aktivaci postsynaptickych
a1-ARs. Tento dé&j zapojuje mechanismus druhého posla. NE indukuje
produkci cAMP v neuronech hypothalamu (Etgen and Petitti, 1987). Je
vSak otazkou, zda se tak déje prostfednictvim a;- nebo ay-receptort
(Quesada and Etgen, 2000; Schaad et al., 1987). Kromé& toho bylo
zjisténo, ze cAMP zvySuje aktivitu krysich POA termosenzitivnich neuronu
(Boulant, 1996), tj. ucinek, ktery by podporoval tepelné ztraty a nasledné
pokles T. (Hammel, 1965). Lze dovodit, Ze clonidinem vyvolany pokles T,
zjistény v této studii mize byt zprostiedkovan pres hypotermické plsobeni
cAMP uvolhovany pres a,-ARs (nebot efekt byl blokovan pred-lé€enim
johimbinem). Efekt plsobeni a-agonistl popisuji autofi Kendall et al.
(2010) s odkazem na praci autort Tranquilli et al. (2007). az-agonisté
inhibuji uvolfovani NE ze synaptickych Stérbin cestou G-proteinu, ktery
snizuje tvorbu cAMP, a kromé toho aj-agonisté uplatiuji svdj vliv i
prostfednictvim regulace aktivity iontovych kanala (Tranquilli et al., 2007).
Prezentované vysledky poskytuji dalSi informaci o tom, Ze termalni
odpovéd je zprostfedkovana a,-receptory a katalyzovana COX-2
izoenzymem. COX-2 je exprimovana konstitu¢né v mozkovych bunkach,
provedené studie demonstruji, Ze ackoliv oba COX-izoenzymy jsou
regulovany ruznymi zanétlivymi podnéty, naptiklad perifernim podanim
LPS je COX-2 exprimovana ve Vvétsi mife (Vane et al., 1998)

v astrocytech, mikroglii, perivaskularnich a endotelidlnich burikach
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(Elmquist et al., 1997; Li et al., 1999; Matsumura et al., 1998; Quan et al.,
1998; Van Dam et al., 1993). Tyto skuteCnosti jsou relevantni pro
predpokladany mechanismus febrilnich reakci jako odpovédi na periferni
pusobeni LPS, nebot febrilni reakce morc€at na intravenozni podani PLS
vykazuje charakteristickou, dvoufazovou odpovéd, ve které COX-2 hraje
vetsi roli v pozdni fazi horecky (Steiner et al., 2001). Pyrogenni informace
muUze byt pfedavana do mozku vagovymi aferentnimi drahami (Yilmaz et
al., 2008) a projikovana do preoptickych oblasti prostfednictvim
noradrenergni aferentace (Blatteis et al., 2000; Simon set al., 1998;
Watkins teal., 1995), norepinephrin je tak mozZné povazovat za stézejni
regulacni hormon ve febrilni odpovédi POA na LPS (Osaka, 2009). Tuto
skuteCnost potvrzuji i zavéry prace autoru Saito et al., (2008), ktefi
studovali termoregulacni odpovéd v medialni preoptické oblasti u

chladového stresu.
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We have shown previously that norepinephrine (NE) microdialyzed
into the preoptic area (POA) of conscious guinea pigs stimulates local
PGE; release. To identify the cyclooxygenase (COX) isozyme that
catalyzes the production of this PGE, and the adrenoceptor (AR)
subtype that mediates this effect, we microdialyzed for 6 h NE,
cirazoline (a1-AR agonist), and clonidine (a>-AR agonist) into the
POA of conscious guinea pigs pretreated intrapreoptically (intra-
POA) with SC-560 (COX-1 inhibitor) or nimesulide or MK-0663
(COX-2 inhibitors) and measured the animals' core temperature (Tc)
and intra-POA PGE; responses. Cirazoline induced T, rises promptly
after the onset of its dialysis without altering PGE; levels. NE and
clonidine caused early falls followed by late rises of Tc; intra-POA
PGE: levels were closely correlated with this thermal course. COX-1
inhibition attenuated the clonidine-induced T and PGE; falls but not
the NE-€licited hyperthermia, but COX-2 inhibition suppressed both
the clonidine- and NE-induced T and PGE: rises. Coinfused cirazo-
line and clonidine reproduced the late T, rise of clonidine but not its
early fall and also not the early rise produced by cirazoline; on the
other hand, the PGE; responses were similar to those to NE. Prazosin
(a1-AR antagonist) and yohimbine (a>-AR antagonist) blocked the
effects of their respective agonists. These results indicate that «;- and
a2-AR agonists microdialyzed into the POA of conscious guinea pigs
evoke distinct T responses: a1-AR activation produces quick, PGE,-
independent T, rises, and a>-AR stimulation causes an early T, fall
and a late, COX-2/PGEx-dependent T, rise.

thermoregulation; cyclooxygenase inhibitors; prostaglandin E»; nor-
adrenergic agonists and antagonists; care temperature; norepinephrine

THERE 1S MUCH EVIDENCE that norepinephrine (NE) and prosta-
glandin (PG) E, interact in many tissues, including nervous
tissue (33). For example, an intimate association between NE
and PGE; iswell documented in the peripheral nervous system
(21); to wit, the stimulation of sympathetic neurons induces the
postsynaptic release of PGE,, which then limits the further
presynaptic release of NE, thereby modulating the activity of
noradrenergic neurons. It is aso well documented that NE
induces PGE, synthesis in brain tissue (23, 60) where its
feedback inhibition of the presynaptic release of NE has been
similarly documented (3, 13, 54).

In conscious guinea pigs, NE microinjected into the preop-
tic-anterior hypothalamic area [POA, the locus of the thermal
controller (7)] evokes body (core) temperature (Tc) rises (75,
47). Electrical stimulation of the ascending noradrenergic sys-

tem in the brain stem yields the same result (67), whereas
chemical sympathectomy abrogates this response (66). PGE;
microinjected into the POA also is thermogenic (5). NE is
quickly degraded and removed from the brain whereas PGE; is
removed much more slowly (74), so that the action of the latter
may outlast the effect of the former. Because the hyperthermia
induced in cats by intracerebroventricularly injected NE was
inhibited by pretreatment with the antipyretic aspirin, a cyclo-
oxygenase (COX) inhibitor, the notion was advanced that the
hyperthermic action of NE may be exerted through PGE; (30).
Others (27), however, have suggested that PGE, may be
thermogenic through NE because the destruction by 6-hy-
droxydopamine of the noradrenergic nerve terminals in the
POA of rabbits attenuated the rise in T, produced by intrave-
nously injected LPS, while still others (40) found no mutual
interaction between NE and PGE,.

There is thus no consensus as yet as to how NE and PGE,
may interact in the POA during fever. The issue has relevance
to current hypotheses of the mechanism of fever induction.
Thus it is well documented that periphera pyrogens activate
noradrenergic pathways in the brain (14, 26) and that NE is
released in the POA in conjunction with the febrile response
(31, 38). The involvement of PGE; in fever production is now
all but axiomatic, but the dynamics and source of the pyrogen-
induced elevation of preoptic PGE; levels are still controver-
sia (5). If NE were the direct stimulus for its increased
production, it might be expected from the preceding that it
would begin promptly and that, in turn, the elevated PGE,
levels would inhibit the further release of NE. Furthermore, to
support the hypothesis of such an interaction in fever produc-
tion, it would be necessary to show that the induction of PGE,
by NE is mediated in the POA by COX-2, since it is now
generaly agreed that COX-2 is the isoform of the enzyme that
catalyzes the production of PGE, in response to pyrogenic
stimuli (29, 48, 64, 77).

The present study was undertaken, therefore, to test the
hypothesis that COX-2 is the isozyme that mediates the NE-
enhanced expression of PGE; in the POA and to identify the
adrenoceptor (AR) subtype(s) that may be involved in this
effect. Because physiological stimuli cause NE to be released
from its neuronal terminals not in a single burst but in repeti-
tive pulses over a varying time until its stores become ex-
hausted (2, 65) and because the repetitive pattern of delivery is
better approximated by microdialysis, when NE is presented to
the tissue over alonger duration, than by microinjection, when
it is presented acutely in amicrodroplet (47), we microdialyzed
rather than microinjected NE and specific a;- and a>-AR
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INTRAPREOPTIC NE EFFECTS ON Tc¢

agonists and antagonists into the POA of conscious guinea pigs
pretreated intrapreoptically (intra-POA) with selective COX-1
and COX-2 inhibitors and measured the animas T. and POA
PGE. levels. Our results validate the hypothesis and reveal
additionally that the a-AR agonists of NE exert different
effects. The activation of «a1-ARS evokes very promptly a T¢
rise with no associated PGE; rel ease, whereas the activation of
az-ARsinducesaninitia T, fall followed later by a T rise, the
upregulation of COX-2 and the consequent production of
PGE,. However, when administered together (to mimic NE),
the hyperthermic effect of a;-AR stimulation is nullified by the
initial hypothermic effect of the simultaneous activation of
az-ARs. COX-1 does not appear to have ademonstrablerolein
the T rise caused by NE under these conditions but may be
involved in the a>-AR-mediated T, fall.

MATERIALS AND METHODS
Animals

Male, pathogen-free, Hartley guinea pigs (301-350 g; Charles
River Laboratories, Wilmington, MA) were used in these experi-
ments. The animals were quarantined for 1 wk, three to a cage, before
any experimental use. Tap water and food (Agway Prolab guinea pig
diet) were available ad libitum. The ambient temperature (T5) in the
animal room was 23 = 1°C; light and darkness alternated, with light
on from 0600 to 1800. After quarantine, to moderate the psycholog-
ical stress associated with the experiments, the animals were trained to
the experimental procedure for 1 wk (daily for 4 h) by handling and
placement in individual, locally fabricated, semicircular wire mesh
confiners designed to prevent their turning around and to minimize
their forward and backward movements, but without causing restraint
stress; rodents readily adapt to such confinement and show no sign of
discomfort or anxiety (56). All animal protocols were approved by the
University of Tennessee Health Science Center Animal Care and Use
Committee and fully conform with the standards established by the
US Animal Welfare Act and by the documents entitled “Guiding
Principles for Research Involving Animals and Human Beings’ (1).

Surgical Procedure

All the animals received a prophylactic injection of the antibiotic
gentamicin sulfate (6 mg/kg im) immediately before surgery and once
a day for the following 2 days. Microdiaysis guide cannulas were
implanted by methods described previously (46, 47). Briefly, the
guinea pigs were anesthetized with ketamine-xylazine (35-5 mg/kg
im). Under aseptic conditions, a sterile, 17-mm-long, 17-gauge, thin-
walled stainless steel guide cannula with a tightly fitting indwelling
stylet was implanted stereotaxically into the left medial POA [antero-
posterior = 11.6 mm, lateral = 1.0 mm, ventra = —9.0 mm,
according to the atlas of Luparello (32)] and fixed to the skull with
four self-tapping, miniature, stainless steel screws and dental acrylic
cement. All the animals received fluid replacement therapy (5-10 ml
of pyrogen-free saline sc) immediately after surgery and butorphanol
(0.05 mg/kg twice a day) for postoperative pain control, as necessary.
Training to the experimental procedure resumed 2 days postsurgery.
Seven days were allowed for full recovery.

Drugs

The microdialysis perfusate and vehicle for al the drugs was sterile
artificial cerebrospina fluid (aCSF) for guinea pigs, prepared as
previously described (60) with afinal concentration (in mM) of 140.0
NaCl, 2.7 KCI, 1.0 MgCl»-2H;0, 1.2 CaCl, 2H,0, 2.0 NazHPOy;
osmolality of 290 mosmol/kgH-O; and pH of 7.4, adjusted with 85%
HsPO4. The following solutions were prepared just before use and
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rg/pl), the NE antioxidant ascorbic acid (0.1% in aCSF), the a;-AR
agonist cirazoline (1 pg/ul), the a;-AR antagonist prazosin (1 wg/pl),
the a2-AR agonist clonidine (2 pg/ul), the ax>-AR antagonist yohim-
bine (1 pg/pl), the selective COX-1 inhibitor SC-560 (5 wg/ul), the
selective COX-2 inhibitors MK-0663 (0.5 pg/wl) and nimesulide (1
rg/pl), and their solvent DM SO (6% in aCSF). These concentrations
were selected on the basis of our previous studies (47, 49-51, 55, 60).
It should be noted in this regard that only 10% of the doses micro-
dialyzed at 2 pl/min, as in this study, diffuses into the POA (47).
MK-0663 was generously supplied by Merck Frosst Canada (Kirck-
land, Quebec, Canada); cirazoline was purchased from Tocris (Ellis-
ville, MO). All the other drugs were purchased from Sigma-Aldrich
(St. Louis, MO).

Microdialysis Probes

The microdialysis probes used in this study were adapted from the
concentric design of Torto et a. (68) and constructed by us. Thus a
20-cm-long silica capillary (ID 50 pm, OD 125 pm; Polymicro
Technologies, Phoenix, AZ) was inserted within a 15-cm-long piece
of polyethylene tubing [PE 50 (ID 0.58 mm, OD 0.965 mm); Intra-
medic Clay Adams, Becton Dickinson, Sparks, MD] so that 2.1 cm of
the capillary protruded from the distal end of the outer tubing. Next,
a 2.5-cm-long, 26-gauge stainless steel tube (ID 75 pm, OD 154 pm;
Polymicro Technologies, Phoenix, AZ) was slipped over the capillary
a distance of 0.5 cm into the PE tubing so that 2 cm of the tube
remained outside of the PE tubing and ~1 mm of the capillary
extended beyond the distal tip of the tube. A nitrocellulose hollow
fiber dialysis membrane (10-kDa nominal molecular mass cutoff, OD
150 wm, 2 mm fiber; Spectra/Por, Spectrum, Laguna Hills, CA.) was
then fitted over the protruding capillary and its distal end sealed with
a droplet of “5-min” epoxy (Devcon, Danvers, MA). The inner
capillary thus served as the outlet and the PE tubing as the inlet of the
perfusion medium.

Two hours before an experiment, the indwelling stylets of the guide
cannulas were replaced by sterile microdialysis probes, so that their
dialysis membrane tips protruded exactly 1 mm beyond the guide
cannulas. They were fixed to the skull with tissue adhesive and
immediately perfused with sterile aCSF via sterile 1-ml tuberculin
syringes clamped to a syringe pump (model A-99; Razel Scientific
Instruments, Stamford, CT) as the driver; to run six animals simulta-
neously, the pushers of two pumps were modified so that each could
accommodate three syringes at atime. The flow rate of the perfusion
was 2 pl/min (46). A 90-min stabilization period preceded al the
experimental treatments.

After an experiment, the guinea pigs were euthanized by isoflurane
overdose, and the brains were quickly removed and stored in 10%
phosphate-buffered Formalin for later histologica verification of the
placement of the dialysis probe tips. Localization of the center of the
dialysis probe within 0.5 mm of the medial POA was regarded as the
correct placement (Fig. 1). Only the data from animals with confirmed
preoptic placement of the probes are included in this report.

Physiological Measurements

Seven days after surgery, the guinea pigs, fully conscious, were
loosely restrained in their individual wire mesh confiners at T, 23 =
1°C. The T. of the guinea pigs were monitored constantly and
recorded at 2-min intervals for the duration of an experiment on a
Macintosh Plus IMb microcomputer through an analog-to-digital
converter, using precalibrated copper-constantan thermocouples in-
serted 5 cm into the colon. The data were displayed digitally on a
monitor, printed on an ImageWriter printer, and stored on a diskette.
The effluents from the microdialysate probes were collected over
30-min intervals continuously throughout the experiments. The PGE,
content of the samples was evaluated using a PGE. enzyme immu-

stored in amber glass vials at room temperature: |-NE bitartrate (1?0.?0353@/ kit (no. 931-001; Assay Designs, Ann Arbor, MI). To
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AC
POA— 3y

ocC
Fig. 1. Photomicrograph of a coronal section through the forebrain of a guinea
pig, showing the track of a microdialysis probe guide cannula implanted into
the preoptic area (POA). The guide cannulas were placed 7 days before an

experiment (see materials and methods for details). AC, anterior commissure;
3V, third ventricle; OC, optic chiasma.

obviate possible effects of circadian variations, all the experiments
were begun at the same time of day (0830).

Experimental Designs

Experiment 1. NE effects on Tc. To determine the thermal effect of
intra-POA NE and to identify the a-AR subtype(s) that may mediate
this effect, we microdialyzed NE, cirazoline, clonidine prazosin, or
yohimbine into the POA of conscious guinea pigs for 6 h, or prazosin
for 1 h followed by cirazoline for 5 h, or yohimbine for 1 h followed
by clonidine for 5 h. T and preoptic PGE; levels were measured as
described earlier. The 6-h total duration of this procedure was chosen
to align it with the temporal course of a prototypic endotoxic fever in
conscious guinea pigs (60, 64).

Experiment 2: a»>-ARs and COX. Because clonidine, but not cira-
zoline, induced Tc-associated POA PGE; level changes (see results),
to identify the COX isozyme presumptively involved in these effects,
we microdialyzed SC-560, nimesulide, or MK-0663 for 1 h into the
POA of conscious guinea pigs and clonidine for the following 5 h. T,
and preoptic PGE; levels were determined as before. The effects of
these COX inhibitors on T and PGE, were & so tested.

Experiment 3: validation of preoptic NE effects. To relate the
results of experiments 1 and 2 to the actions of intraaPOA NE, we
microdialyzed for 1 h prazosin, yohimbine, or MK-0663 into the POA
of conscious guinea pigs, followed for 5 h by NE. T, and preoptic
PGE; levels were monitored as above.

Finaly, to correlate the effects of NE to those evoked by the a;-AR
and a>-AR agonists, but without the confounding effects of 0.1%
ascorbate (low pH and antioxidant vehicle), we microdialyzed cira-
zoline and clonidine combined into a single solution intra-POA for
6 h. T and preoptic PGE levels were monitored as above.

Satistical Analyses

The results are reported here as means = SE. The values of T are
changes from basal values [initia Tc (Tq), the Tc a 2-min intervals
averaged over the last 10 min of the preceding 90-min stabilization
period] plotted at 6-min intervals. Latencies of T. changes were
defined as the intervals (in min) between the onset of atreatment (0 or
60 min) and the first T, rise or fall greater than 0.2°C (i.e., the SD of
the T. of aCSF-treated guinea pigs) that continued uninterruptedly
beyond =0.5°C. The PGE; data are expressed as changes relative to
their values before a treatment (Po). A repeated-measures ANOVA
was used to compare the T and PGE, changes between groups; factor
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within-subjects factor (the different sampling periods), followed, if
significant differences were found, by a point-by-point Tukey-Kramer
multiple comparison test. The analyses were performed using Instat 3
(Graph Pad Software; Instant Biostatistics, San Diego, CA). Each
variable was considered to be independent. The 5% level of proba-
bility was accepted as statistically significant.

RESULTS
Experiment 1: NE Effects on T,

The intra-POA microdialysis of aCSF per se did not evoke
any T. and intra-POA PGE, changes (Fig. 2, A and B). In
contrast, aCSF + 0.1% ascorbic acid, the NE antioxidant,
caused a prompt, dtatistically significant approximately
—0.6°C decrease in T (latency: 45 = 12 min); it reached its
nadir in 120 min and then returned to its basal level by ~210
min. The levels of PGE; in the microdialysate effluents, how-
ever, were not changed by this treatment (Fig. 2, C and D).
NE + 0.1% ascorbic acid induced a biphasic thermal response.
Thefirst, a T fal, coincided in magnitude with that induced by
ascorbic acid but lasted longer. It was followed by a second
response, a T rise, that gradually began after ~120 min and
peaked ~0.8°C above T, a statistically significant increase:
this rise was maintained until the end of the experiment.
Preoptic PGE; levels increased significantly in these guinea
pigs in approximate temporal correspondence with their T,
rises (Fig. 2, E and F).

The microdialysis of cirazoline evoked a statistically signif-
icant T rise very quickly after the onset of its administration
(latency: 15 + 6 min). The maximum (~1°C) was attained in
~150 min, continued unaltered for ~2 h, and then gradually
declined even though the perfusion was continuing. PGE;
levels, however, were not dtered (Fig. 3, A and B). Prazosin
perfused over the full 6 h of the experiment altered neither the
Tc nor the PGE; levels of the guinea pigs (Fig. 3, C and D), but
prazosin administered for 1 h before cirazoline completely
abolished the effect of cirazoline on T; PGE, was not affected
(Fig. 3, Eand F).

Clonidine induced a gradual, significant T fall followed by
a rapid, significant T, rise compared with aCSF alone (Fig.
2A). The T. decline began almost immediately after the onset
of the diaysis (latency: 15 = 6 min) and reached approxi-
mately —0.8°C in ~160 min. It then increased progressively
until the end of the experiment to ~1°C above Tg. Intra-POA
PGE; levels changed significantly in close correlation with the
T. changes (Fig. 4, A and B). The perfusion of yohimbine over
the 6-h duration of the experiment affected neither the T, nor
the PGE; levels of the guinea pigs (Fig. 4, C and D), but
yohimbine administered for 1 h before clonidine completely
abolished both the T, and PGE, fals and rises caused by
clonidine alone (Fig. 4, E and F).

Experiment 2: ax-ARs and COX

The microdialysis of SC-560 for 1 h before that of clonidine
did not alter the late effects of clonidine on T and intra-POA
PGE; levels. However, it inhibited its early effects on these
variables. PGE; levels began to increase significantly ~150
min after the onset of clonidine, rising continuously until the
end of the experiment, in coincidence with T¢ (Fig. 5, Aand B).
In contrast, the microdialysis of nimesulide or MK-0663

1 was the between-groups factor (the treatment), and factor 2 was tl“foglocked the late rises of both T, and PGE, evoked by the
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Fig. 2. Effects on the body (core) temperature (Tc) and preoptic PGE; levels, respectively, of artificia cerebrospinal fluid (aCSF;
A and B), aCSF + ascorbic acid (C and D), and aCSF + ascorbic acid + norepinephrine (NE) (E and F) microdialyzed into the
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over thelast 10 min before treatment (time 0)]. Po, PGE> value before treatment. Values are means + SE; (n), no. of animals. *P <

0.05.

microdialysis of clonidine alone; indeed, MK-0663 inverted
the T riseinto asignificant fall, but neither had an effect on the
early responses. PGE; levels changed significantly in close
temporal correlation with these thermal courses (Fig. 5, C—F).
None of the COX inhibitors or their vehicle, DM SO, micro-
dialyzed for 6 h, significantly affected the T, or the intra-POA
PGE; levels of the guinea pigs (not illustrated).

Experiment 3: Validation of Preoptic NE Effects

The intra-POA microdialysis of prazosin for 1 h before that
of NE attenuated the initial T fall caused by NE alone but did
not alter the laterises of T and intra-POA PGE; levelsinduced
by NE (Fig. 2, E and F). Thus the T, increased gradually,
beginning ~180 min after the start of the perfusion of NE and
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Fig. 3. Effects on T and preoptic PGE; levels, respectively, of the asi-adrenoceptor (a;-AR) agonist cirazoline (A and B), the
selective a1-AR antagonist prazosin (C and D), and prazosin + cirazoline (E and F) microdialyzed into the POA of conscious
guinea pigs. Abbreviations and conventions as in Fig. 2. *P < 0.05. 109
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and conventions as in Fig. 2. *P < 0.05.

reaching a significant elevation of ~1°C by the end of the
experiment. PGE;, levels again changed in close correlation
with the thermal courses (Fig. 6, A and B). Y ohimbine micro-
dialyzed intra-POA for 1 h before NE also prevented the early
fall of T and the late rises of T, and PGE; levels induced by
NE. Similarly, MK-0663 completely abolished the T. and
PGE; level changes evoked by NE. Indeed, MK-0663 inverted
both the T and PGE; late rises into falls, in close correlation
with each other (Fig. 6, C-F).

2.0 *

-A ’—‘ 1C

The initial T. falls produced by both NE (Fig. 2E) and
clonidine (Fig. 4A) were abrogated when cirazoline and
clonidine were microdialyzed together (Fig. 7A). However, the
late T rises induced by both NE and clonidine were still
evident. Thus T increased progressively from ~200 min after
the onset of the perfusion until the end of the experiment (to
~1.2°C above Tg). Preoptic PGE; levels, on the other hand,
decreased significantly promptly after the onset of the experi-
mental treatment and remained low for ~180 min and then
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Fig. 5. Effectson T, and preoptic PGE; levels, respectively, of the COX-1 inhibitor SC-560 + clonidine (A and B) and the COX-2
inhibitors nimesulide + clonidine (C and D) and MK-0663 (E and F) + clonidine microdialyzed into the POA of conscious guinea

pigs. Abbreviations and conventions as in Fig. 2. *P < 0.05.
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increased in correlation with the late T, rise (Fig. 7B), analo-
gously to the full response to clonidine (Fig. 4B) and the late
response to NE (Fig. 2F).

DISCUSSION

The selective a;-AR agonist cirazoline induced in this study
prompt T, rises without affecting basal preoptic PGE levels,
whereas the selective az-AR agonist clonidine caused early T.
fallsand delayed T rises, both associated with parallel changes
in the levels of POA PGE,. The thermal effects of both these
agonists were validated by their blockade by their respective
antagonists, prazosin and yohimbine. Furthermore, both the
increasesin T. and POA PGE; levels caused by clonidine were
prevented by the intra-POA microdialysis of the COX-2 inhib-
itors nimesulide and MK-0663, but only theinitial decreases of
these variables were suppressed by that of the COX-1 inhibitor
SC-560. (Because the hyperthermic effect of cirazoline was not
accompanied by changes in the levels of POA PGE,, the
effects of the COX inhibitors were not tested in itsregard.) The
intra-POA microdialysis of NE reproduced the early and the
late T. and preoptic PGE; level changes induced by clonidine
but not the early T. rise evoked by cirazoline; both the
clonidine-mediated effects were inhibited by yohimbine and
MK-0663 but not by prazosin. Cirazoline and clonidine micro-
dialyzed together replicated the late T, rises but not the early T¢
fallselicited by clonidine and NE and also not the early T rises
caused by cirazoline; on the other hand, it induced both the
POA PGE; falls and rises associated with clonidine and NE.
The present results thus indicate that «-AR agonists microdia-
lyzed into the POA of conscious guinea pigs evoke differen-
tially mediated T, responses. To the best of our knowledge,
they are also the first demonstration in the nervous system that
the induction of postsynaptic PGE, by presynaptic NE is
mediated by a>-ARs and modulated by COX-2.

207 A e T¢i=38.6+0.1°C (6)
1.0
&)
25
e
= *
1.0
204, T T T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330 360
I Cirazoline, 1 pg/ml + Clonidine, 2 ug/ml |
B ® Pg=1749 + 397 pg/ml (5)
2000 -
~ 1000 A
£
(=]
=
g ° I
G
bt *
<1 -1000 4
-2000 - [
*
I T T T T T T T T T T T 1
0 30 60 90 120 150 180 210 240 270 300 330 360

Time (min)

Fig. 7. Effects on T¢ (A) and preoptic PGE; levels (B) of the a:-AR agonist
cirazoline + the a>-AR agonist clonidine microdialyzed together into the POA
of conscious guinea pigs. Abbreviations and conventions as in Fig. 2. *P <
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Although the presence of «;-ARS on thermosensitive neu-
rons in the POA has been demonstrated previously by various
means (35, 37), the thermal responses of different species to
intra-POA microinjected a1-AR agonists have generally been
inconsistent (9, 10). Indeed, we found in a previous study (50)
that the a;-AR agonist methoxamine microdialyzed into the
POA of conscious guinea pigs for 3 h had no thermal effect.
The very prompt hyperthermic response to the specific a;-AR
agonist cirazoline observed in this study was therefore unex-
pected. We have no explanation at this time for the discrepant
responses to the two drugs other than to speculate that they
may be accounted for by the lower potency of methoxamine
compared with cirazoline (8, 63). The possibility that cirazo-
line may have leaked out of the central nervous system and
acted on peripheral vascular a;-ARS, causing cutaneous vaso-
constriction, seems remote because the dose that was micro-
dialyzed intra-POA in this study was effectively ~1,000 times
lower than its minimally effective vasoconstrictive dose (18,
37). Itisaso possible that the observed T, rises may have been
caused by a stimulatory action of cirazoline not mediated by
a1-ARs, but this too is unlikely since its hyperthermic effect
was inhibited by the specific a1-AR antagonist prazosin (Fig.
3). Significantly, the cirazoline-induced hyperthermia occurred
in this instance without any associated changesin the levels of
intra-POA PGE;; i.e, it was evoked quickly and without the
intermediation of PGE,. Thisfinding is novel and suggests that
its mode of action on neurons is direct. We propose therefore
(Fig. 8) that the activation of a1-ARS on postsynaptic warm-
sensitive or thermoinsensitive neurons directly reduces or aug-
ments, respectively, the activities of these neurons, both re-
sponses promoting heat conservation according to the models
of Hammel (19) and Boulant (7). Since these neurons, more-
over, are thought to inhibit synaptically connected cold-sensi-
tive neurons, these are concomitantly facilitated, stimulating
heat production (not illustrated). The combination of these
effector mechanisms raises T.. The eventua decline of the
hyperthermic action of cirazoline observed in the present study
was presumably due to the desensitization of the relevant
postsynaptic neurons, since prolonged exposure to a transmit-
ter can gradually attenuate the responsiveness of neurons that
originaly were activated by it. The specific a;-AR subclass
involved in this hyperthermic effect remains to be identified;
Mallick et a. (34) have reported that the NE-stimulated in-

Fig. 8. Proposed mechanism of the thermogenic interaction of
NE and PGE; in the POA of guinea pigs. See text for details.
Modified from Ref. 5.
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crease in sodium pump activity of rat brain homogenates is
mediated by a;a-ARS. Based on the foregoing, the present
results would imply that NE released endogenously in the POA
should exert aprompt hyperthermic action mediated by quickly
activated postsynaptic a;-ARs. A discrepancy, however, ap-
pears to exist: the presence of NE, as mimicked by its intra-
POA microdialysis, induced a T fall rather than a T, rise; it
will be addressed later.

Theintra-POA microdialysis of the a,-AR agonist clonidine
evoked in this study a biphasic thermal response, viz., an
initial, early decreasein T followed by alate, extended T rise.
Clonidine has consistently been reported to evoke T, falls
when microinjected intra-POA in various species (39, 55). In
our own previous studies (50, 51), it also induced dose-
dependent T, falls in conscious guinea pigs when microdia
lyzed intra-POA for 3 h at doses from 0.5 to 10 wg/pl. It did
so again in the present study, at 2 wg/pl (Fig. 4). a>-ARS occur
on both presynaptic and postsynaptic neurons. The identity of
their subclasses specifically involved in this effect was not
investigated in the present study; in mice, both asa- and
azc-ARs have been implicated in the hypothermic action of
clonidine (24, 28, 58).

In the present study, this hypothermic response was accom-
panied, moreover, by a concurrent decrease in the animals
preoptic PGE; levels, a new finding. Like the T, fal, it was
blocked by pretreatment with the selective a,-AR antagonist
yohimbine. Unexpectedly, both the T. and PGE, fals were
also prevented by pretreatment with the COX-1 inhibitor SC-
560 (Fig. 5). At least two possibilities could account for the
latter surprising findings. Both tentatively involve the second
messenger CAMP. Thus 1) various lines of evidence have
indicated that NE induces the production of CAMP in first-
order neurons in hypothalamic tissue dlices (17); it is contro-
versial, however, whether it does so by stimulating ;- or
a2-ARs (52, 59). It was also reported long ago (11, 12) that the
intra-POA microinjection of its analog agonist, dibutyryl-
CAMP, into rabbits and rats causes a rapid fall followed by a
prolonged rise in T and that the latter rise is blocked by
acetaminophen, then a nonspecific COX inhibitor, but lately a
putatively specific inhibitor of the presumptive COX-1 variant,
COX-3 (61). Thislate rise was attributed to PGE, generated in
conseguence of tissue damage associated with the microinjec-
tion procedure per se. Finally in this regard, it has also been
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shown that CAMP increases the activity of rat preoptic warm-
sensitive neurons in slice preparations (7), an effect that would
promote heat loss and, consequently, a T, fall (7, 19). Taken
together, these data infer that the clonidine-induced fall in T
observed in the present study could have been due to the
hypothermic action of CAMP released by a-ARs (since the
effect was blocked by yohimbine pretreatment). This explica-
tion isinsufficient, however, to also account for the decreasein
preoptic PGE, that accompanied this T, fall. Hence, 2) it could
be that the stimulation by clonidine of postsynaptic ax-ARs
also rapidly activates COX-1 (since the effect was blocked by
SC-560) and induces the preferential production of PGD».
cAMP is awell-known activator of COX expression (44), and,
from a strictly stoichiometric point of view, if under these
conditions PGD synthase were activated relative to (presum-
ably cytosolic) PGE synthase, one would expect less PGE, and
more PGD-, to be produced; both synthases are downstream of
COX-1 and would be competing for the same, initially limited
substrate, arachidonic acid. PGD, has been shown to be hypo-
thermic in various species (69), including guinea pigs (4), and
it is also more abundant in brain than PGE, (20). COX-1 is
expressed constitutively in most cells, including neurons, and
its PG products mediate basic physiological functions in nor-
mal tissue; the involvement of COX-1-dependent PGD; in the
observed effectsis, therefore, quite plausible. Indeed, its block-
ade would prevent them, as was observed in this study. COX-1
blockade, however, does not affect the basal level of preoptic
PGE; (not illustrated).

The continued microdialysis of clonidine converted the
initial T and preoptic PGE; falls into concurrent, protracted
increases (Fig. 4). Because both these rises were also inhibited
by yohimbine pretreatment, they too were evidently a>-AR
mediated; and because, moreover, they were prevented by the
prior microdialysis of the selective COX-2 inhibitors nimesu-
lide and MK-0663, this late hyperthermic response was medi-
ated by COX-2-dependent PGE,. The production of PGE; by
NE is well documented (23, 33, 60), but the AR subtype and
COX isoform that mediate PGE, production were not identi-
fied in those earlier studies. The present data thus add the
information that this response is a>-AR mediated and specifi-
cally catalyzed by COX-2. COX-2 is expressed constitutively
in brain cells, and various studies have demonstrated that,
although both COX-1 and COX-2 enzymes are upregulated by
various inflammatory stimuli, COX-2 is the more readily
inducible isoform (72). Its induction in this study could have
been initiated by cAMP simultaneously with its activation of
COX-1. Oneto 4 h are required for new gene expression and
tranglation of COX-2 in LPS-activated phagocytic, endothelial,
and other relevant cells ex vivo and in vivo (25, 48, 77), a
duration that coincides with the interval between the onset of
the microdialysis of clonidine and NE and the beginning of the
rises of T and the levels of POA PGE; induced by both these
agonists in the present study (Figs. 2 and 4). The involvement
of COX-2 under the present experimental conditions is there-
fore also concordant. In support, the late hyperthermic re-
sponse to clonidine microinjected intracerebroventricularly
into conscious mice is suppressed in COX-2 gene-ablated
animals (unpublished observation). Although we have previ-
ously observed a biphasic hypo-/hyperthermic response to
intra-POA microinjected (rather than microdialyzed) clonidine

R1163

antagonist rauwolscine microinjected 10 min before clonidine
abolished the hypothermia without affecting the subsequent
hyperthermia; the latter was attenuated by the intramuscular
injection of the nonspecific COX inhibitor indomethacin 20
min after the intracPOA microinjection of clonidine. This
response was similar to that to dibutyryl-cAMP reported by
Dascombe (11, 12). We interpreted those data as verifying the
azx-AR-mediated hypothermic action of clonidine and, like
Dascombe, attributed the subsequent T, rise to contamination
of the thermal response to this agonist by PGE; released in the
POA consequent to the acute inflammatory response to the
microinjection procedure per se (57). However, in view of the
present findings, we now suggest that the late reduced hyper-
thermic response to microinjected clonidine observed in that
previous study (55) was also partly accomplished by a,-AR-
mediated, as contrasted only to injury-induced, upregulation of
COX-2-dependent PGE..

The brain cell type(s) expressing COX-2 in the present
instance was not investigated, but the increase of COX-2 after,
for example, the peripheral administration of LPS is observed
in astrocytes, microglia, perivascular cells, and cerebromicro-
vascular endothelial cells but only irregularly in neurons (16,
29, 36, 48, 71); neurons, in any case, secrete only small
amounts of PGE, (22). Hence, we conjecture that the PGE;
collected in the microdialysate effluents from the POA extra
cellular space in the present experiments was generated by
astrocytic processes contacting noradrenergic synaptic regions
rather than by postsynaptic neurons (41). We propose therefore
(Fig. 8) that the evoked release of NE by discharging presyn-
aptic noradrenergic neurons stimulates astrocytic a>-ARS, gen-
erating arachidonic acid from membrane phospholipids;, PGE,
isthen formed by the action of COX-2 on the arachidonic acid.
Which phospholipase (PL) forms are activated and how
COX-2 and microsomal PGE synthase are upregulated under
these conditions remain to be determined. In rat vascular
smooth muscle cells, NE-stimulated postjunctional az-ARs
activate cytosolic PLA [isoforms not identified (45)], but NE
also binds to a>-ARs coupled to phosphoinositide-specific
phospholipases (PI-PL) C and D (45). In rat hypothalami, LPS
upregulates secretory PLA,-11A [cell types not identified (25)].
The mode of action of PGE; on the activities of POA warm-
sensitive and thermoinsensitive neurons is similar to that sug-
gested earlier for a1-AR-mediated responses, viz., a reduction
and an increase in firing rates, respectively (53). The PGE,-
sensitive receptor involved in these neuronal effects may be the
EP; and/or EP, subtypes; both have been linked to the devel-
opment of fever and are present in the POA (15, 42, 43,
70, 76).

Although extensive, the data on the thermoregulatory ac-
tions of central NE are inconsistent, some indicating that NE
reduces, othersthat it increases, and still others that it does not
influence T (47, 49-51, 75). The discrepant results have been
hard to reconcile because the methodologies, species, and
doses employed by different investigators varied greatly. In-
deed, we found, in common with other workers (66, 67, 75),
that NE microinjected into the POA of conscious guinea pigs
caused arise in T¢ but that, when microdialyzed, it evoked a
hypothermic response (49-51). We attributed the T, fall in the
latter case to an artifact of the low pH (~3.5) of our perfusate
and the neurotoxic effect of the potent antioxidant (sodium

(55), in that study in contrast to the present one, the az-AIi 1 §1etabisulfite) present in that solution (Levophed). However, in
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that study, we discontinued the perfusion after 3 h and there-
fore missed its subsequent effects. The present finding that the
intra-POA microdialysis of NE for 6 h induced first a fall (as
before) and then a rise in both T, and POA PGE;, levels
(analogous to the biphasic response to clonidine) and that both
these effects were inhibited by yohimbine thus indicates that
this biphasic response represents the authentic mode of action
of NE microdialyzed for 6 h into the POA, i.e., that neither the
observed falls nor the rises of these two variables were arti-
factitious and that both events were mediated by ao-AR stim-
ulation. On the other hand, the coadministration of cirazoline
and clonidine, to mimic NE without its vehicle, 0.1% ascorbic
acid, did not reproduce the initial NE-induced hypothermia
although the fall in POA PGE; was still evident. We ascribe
the absence of a fal in T, under these conditions to the
observed, opposite thermal actions of these agonists, i.e., the
direct, a;-AR-stimulated elevation of T, by cirazoline was
counteracted by the clonidine, a>-AR-mediated induction of,
presumptively, cAMP/PGD; and the consequent depression of
Te. It is not clear, however, why then the a,-AR-mediated,
hypothermic action of NE was not similarly antagonized by its
as-AR-mediated, hyperthermic effect, and why also the block-
ade of the latter effect by prazosin did not enhance the T, fall.
However, because the NE and combined cirazoline-clonidine
solutions differed in this study only by the presence of ascorbic
acid in the former, it is possible that the acidity of that additive
accounted for the different effects. Indeed, the hypothermic
effect of NE was larger than that of ascorbic acid yet smaller
than that of clonidine. Because, furthermore, the NE- and
clonidine-induced decreases in POA PGE; levels were rela-
tively similar, we speculate that pH could be more determina-
tive of neuronal discharge activity (a;-AR) than of astrocytic
signal transduction (a2-AR). Indeed, we found in an earlier
study (60) that the intra-POA microdialysis of Levophed sim-
ilarly abrogated the NE-induced changes in T, but not those
in PGE..

Discounting, then, the possible, confounding effect of the
acidity of the NE solution and assuming that the observed
responses to coadministered cirazoline and clonidine represent
those of buffered NE, we conjecture that the hypothermic
effect of endogenous NE released in the POA in response to a
peripheral stimulus, in contrast to exogenous NE microdia-
lyzed continuoudly into the POA, could be masked whereas its
simultaneously activated hyperthermic effects could be mani-
fested and occur in succession, i.e., the first (cirazoline) rapid
in onset, a;-AR mediated and PGE, independent, and the
second (clonidine) delayed, a>-AR mediated and COX-2/PGE;
dependent. If existent, such a mechanism could be pertinent to
a postulated mechanism of the febrile response to peripheral
LPS that posits that the pyrogenic message may be transmitted
to the brain by vagal afferents, ultimately arriving in the POA
via ascending noradrenergic projections (6, 62, 73). To wit, the
febrile response of guinea pigs to intravenous LPS is charac-
teristically biphasic, and COX-2 plays a greater role in the late
than in the early phase of the fever (64). If validated, thiswould
implicate intra-POA NE pivotally in the modulation of the
febrile response to LPS.
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V soucCasné dobé existuje dostatek informaci o tom, ze zvySena hladina
PGE, v preoptické oblasti (POA) pfedniho hypotalamu puasobi jako
podstatny mediator febrilni reakce (Blatteis, 1997; Ivanov and
Romanovsky, 2004). Je obecné znameé, Zze zvySenou produkci tohoto
PGE; katalyzuje inducibilni cyklooxygenaza COX-2. Diskutovano vsak je,
jak dochazi k jejimu zvySeni v POA. Prfedpokladaji se rizné mechanismy,
v€etné toho, Ze PGE, je tvofen a uvolhovan z periferni cirkulace;
(monocyty) nebo fixnimi bufkami (jaterni makrofagy) mononukleary, nebo
alternativné endotelialnimi bunkami mozku, u nichz se pfredpoklada, ze
jsou aktivovany exogennimi cirkulujicimi pyrogeny - lipopolysacharidy
(LPS) nebo pyrogennimi cytokiny (interleukin IL-1B). PGE; prochazi do
mozku difuzi pfes hematoencefalickou bariéru (BBB), nebo pfes organum
vasculosum laminae terminalis (OVLT) — tedy cirkumventrikularnim
organem, jeZz nema vyvinutou BBB (Banks et al., 1995; Blatteis et al.,
2005; Blatteis and Sehic, 1997; Romanovsky et al., 2005). Tyto
mechanismy jsou v podstaté zaloZzeny na humoralnim transportu PGE;
nebo jeho aktivaénich faktord (LPS, IL-18) do mozku. Pfedpoklada se
rovnéz neuralni mechanismus zodpovédny za vzestup hodnot PGE;
v preoptické oblasti za febrilniho stavu (Romanovsky et al., 1997; Sehic
and Blatteis, 1996; Blatteis et al., 2000). Tato skuteCnost je zalozena na
predstavé, ze periferni pyrogenni signal maze byt pfenasen do medulla
oblongata via nervi vagi a odtud pfes ventralni adrenergni svazek do
preoptické oblasti. Tato cesta je rychlejSi nez transport cirkulaci a je velmi
dobfe zdokumentovano, Ze systémoveé podani exogennich a endogennich
pyrogenu vyvola promptni aktivaci noradrenergnich zakonCeni v POA
s naslednym uvolnénim norepinephrinu (NE), (Lavicky and Dunn, 1995;
Linthorst et al., 1995; Kendall et al., 2010). Je také dobfe prokazano, Ze
NE indukuje tvorbu PGE; v mozkové tkani in-vivo a in-vitro (Feleder et al.,
2004; Hori et al., 1987; Blatteis, 1997; Malik and Sehic, 1990). Nové jsme

popsali, Ze alfa-adrenergni agonista aplikovany do POA morcete vyvola
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rozdilné zvysSeni teploty (T.). Vjenom pfipadé vznika zvySeni teploty
prostfednictvim aktivace a;-receptoru, jez nesouvisi s uvolnénim PGE,,
v druhém pfipadé je zvySeni teploty spojeno s aktivaci a,-receptoru a
COX-2 s naslednym zvySenim PGE; (Feleder et al., 2004). Intravenozni
pyrogenni davky LPS vyvolaji u morcat rychle a charakteristicky dva
nasledujici vzestupy T, spojené se vzestupem PGE; (Quan and Blatteis,
1989).

Na zakladé téchto nalezu jsme zkoumali hypotézy: 1) zdali LPS febrilni
reakce je zprostfedkovana preoptickym NE; 2) zda jeji dvé faze jsou

regulovany stejnou cestou.

Experimentalni uspofadani pro potvrzeni sledovanych hypotéz bylo
analogické s predchazejicimi pokusy. Za pouziti stejného animalniho
modelu byly provedeny celkem tfi experimenty, stejnym zpusobem byly
mérfeny sledované hodnoty, stejné bylo i statistické zpracovani dat a
grafické vyjadfeni. Pro ovéfeni definované hypotézy byly zvoleny ffi
experimentalni modely: 1) Sledovani efektu intravendzniho (IV) podani
LPS na hladiny norepinephrinu (NE) v preoptické oblasti pokusného
zvitete; 2) Efekt a-antagonistl (prazosin, johimbin) v POA na hladiny
PGE; po intravendznim podani LPS; 3) Efekt COX selektivnich inhibitort
(selektivni COX-1 inhibitor SC-560, a selektivni COX-1 inhibitor
acetaminophen, selektivni inhibitor COX-2 MK-0663) na hladiny PGE;

v POA po intraven6znim podani LPS.

Vysledky nasSeho experimentalniho usporadani potvrdily, Zze IV podani
LPS trojnasobné zvysi bazalni hodnoty NE v preoptické oblasti po 30
minutach po podani s navratem k normé béhem dvou nasledujicich hodin.
IV podany LPS evokuje rychlou, dvoufazovu febrilni odpovéd s nastupem
prvni faze 60 min po IV podani LPS a druhé faze 90 min po prvni. Hladiny

PGE; v preoptické oblasti korespondovaly s teplotnimi zmé&nami. Navrat
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k normé nastal cca po 300 minutach. Podany prazosin vyrazné zpozdil
nastup a tempo nastupu teploty v prvni i druhé fazi febrilni odpovédi, a
kromé toho znacné oslabil nastup prvni i druhé febrilni odpovédi. Johimbin
podany do preoptické oblasti experimentalniho zvifete neovlivnil pribéh
nastupu a vySku dosazené febrilni odpovédi, ale potlacil druhy vzestup
hore¢naté odpovédi tak, Ze teplota pfetrvavala na pavodni hodnoté z prvni
faze beze zmén az do konce experimentu. Ani prazosin ani johimbin
nevykazoval tyto reakce u kontrolnich zvifat, kterym byl podan apyrogenni
roztok (PFS). Aplikace COX-1 selektivnich inhibitord (SC-560,
acetaminophen) neovlivnila zmény teplot v ¢ase po podani LPS a hodnoty
PGE; v preoptické oblasti, zatimco podani MK-0663 blokoval sekundarni
vzestup teploty (vyvolany IV podanim LPS). Toto nemélo efekt na ¢asnou
odpovéd této proménné, nicméné doslo k depresi ¢asného nastupu PGE;
v preoptické oblasti a reverzi jeho pozdniho vzestupu. Kontrolni podani
PFS a DMSO ve stejném usporadani a délce experimentu bylo bez vyse
popsanych efektd.

Vysledky vySe popsanych selektivnich blokad jednotlivych receptort tak
naznacuji nové zjisténi, Ze vzestup preoptickych hladin PGE,, ktery je
spojen s druhou, nikoliv prvni fazi LPS provokovanou febrilni odpovédi je
COX-2 dependentni. Tuto skute€nost podporuje prace autord Soriano et
al., (2011), ktefi LPS evokovanou febrilni odpovéd redukovali exogennim
ghrelinem, ktery snizoval hladiny PGE, v POA a prace autori Soriano and
Branco, (2010).

V souladu s pfedchazejicim zjisténim je i rychly, s febrilni reakci ¢asové
spojeny, vzestup hladin NE v preoptické oblasti po IV. podani LPS, coz
odpovida dosavadnim pfedstavam o spojeni termoregulace s centralnim
noradrenergnim systémem. Lze pfedpokladat, ze a1-receptory aktivované
NE jsou lokalizovany na post-synaptickych teplotné senzitivnich
(nesenzitivnich) neuronech v preoptické oblasti a jsou pod vlivem tohoto

vr wewzs

prace dalSich autord (Imberi et al., 2008; Osaka, 2009; Rather et al.,
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2008). Stimulace centralnich i perifernich neuront indukuje postsynaptické
uvolnéni PGE,, které nasledné blokuje presynaptické uvolnéni NE, coz
zpétné reguluje aktivitu noradrenergnich neuront (Hedqvist, 1977; Malik
and Sehic, 1990). Norepinephrin, uvolfiovany v preoptické oblasti na
zakladé vagem zprostfedkované odpovédi na tvorbu PGE,, vyvolava
charakteristicky bifazicky vzestup teploty po IV podani LPS. Prezentovana
prace potvrdila Ze: vyznam NE v preoptické oblasti je v této reakci
zasadni, nicméné mechanismus této regulace muze byt dvoji: 1) rychly
vzestup T aktivaci a;-AR bez ucasti PGE,, nebo 2) vyvoj druhého
teplotniho vzestupu simultanni stimulaci a,-receptori s tvorbou a

uvolnénim COX-2 dependentni PGE; v preoptické oblasti.
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Feleder C, Perlik V, Blatteis CM. Preoptic norepinephrine me-
diates the febrile response of guinea pigs to lipopolysaccharide. Am J
Physiol Regul Integr Comp Physiol 293: R1135-R1143, 2007. First
published June 20, 2007; doi:10.1152/ajpregu.00067.2007.—Norepi-
nephrine (NE) microdialyzed in the preoptic area (POA) raises core
temperature (T.) via /) a;-adrenoceptors (AR), quickly and indepen-
dently of POA PGE.,, and 2) a»-AR, after a delay and PGE- depen-
dently. Since systemic lipopolysaccharide (LPS) activates the central
noradrenergic system, we investigated whether preoptic NE mediates
LPS fever. We injected LPS (2 pg/kg iv) in guinea pigs prepared with
intra-POA microdialysis probes and determined POA cerebrospinal
(CSF) NE levels. We similarly microdialyzed prazosin (o; blocker, 1
pg/pl), yohimbine (o> blocker, 1 pg/pl), SC-560 [cyclooxygenase
(COX)-1 blocker, 5 pg/pl], acetaminophen (presumptive COX-1v
blocker, 5 pg/pl), or MK-0663 (COX-2 blocker, 0.5 pg/pl) in other
animals before intravenous LPS and measured CSF PGE,. All of the
agents were perfused at 2 wg/min for 6 h. Tc was monitored con-
stantly. POA NE peaked within 30 min after LPS and then returned to
baseline over the next 90 min. T. increased within 12 min to a first
peak at ~60 min and to a second at ~150 min and then declined over
the following 2.5 h. POA PGE-: followed a concurrent course. Prazo-
sin pretreatment eliminated the first T. rise but not the second; PGE»
rose normally. Yohimbine pretreatment did not affect the first T. rise,
which continued unchanged for 6 h; the second rise, however, was
absent, and PGE; levels did not increase. SC-560 and acetaminophen
did not alter the LPS-induced PGE, and T. rises; MK-0663 prevented
both the late PGE, and T. rises. These results confirm that POA NE
is pivotal in the development of LPS fever.

prostaglandin E»; cyclooxygenase inhibitors; noradrenergic receptor
antagonists; pyrogen signaling; body temperature

ABUNDANT EVIDENCE has implicated PGE,, elevated by a sys-
temic pyrogenic challenge in the preoptic area (POA) of the
anterior hypothalamus (the fever-producing locus), as an es-
sential mediator of the febrile response (for reviews, see Refs.
5 and 36). It is generally agreed that the increased production
of this PGE, is catalyzed by inducible cyclooxygenase
(COX)-2. How its level comes to rise in the POA is, however,
a debated issue. Various mechanisms have been suggested,
including that PGE, is produced and released peripherally by
circulating (e.g., monocytes) or fixed (e.g., hepatic macro-
phages) mononuclear phagocytes, or, alternatively, by cerebral
microvascular endothelial cells; these are presumed to be
activated by the circulating exogenous pyrogen [e.g., lipopoly-
saccharide (LPS)] or by pyrogenic cytokines [e.g., interleukin
(IL)-1B] induced by it. PGE; is then postulated to pass into the
brain by diffusion, by transport through the blood-brain barrier
(BBB), or through the organum vasculosum laminae terminalis

Address for reprint requests and other correspondence: C. M. Blatteis, Dept.
of Physiology, College of Medicine, Univ. of Tennessee Health Science
Center, 894 Union Ave., Memphis, TN 38163 (e-mail: blatteis@physiol.
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(OVLT), a circumventricular organ in which the BBB is
deficient (for reviews, see Refs. 2, 7, 9, 57). These mecha-
nisms, thus, are predicated on the humoral transport of PGE, or
its activating factor, i.e., LPS or IL-1(3, to the brain.

A neural mechanism to account for the elevation of preoptic
PGE; under febrile conditions has also been proposed (60, 63;
for review, see Ref. 10). It is based on evidence suggesting that
the peripheral pyrogenic signal could be transmitted centripe-
tally via the vagus nerves to the medulla oblongata, thence via
the ventral noradrenergic bundle to the POA. This pathway is
quicker than circulatory transport, and it is well documented
that the systemic administration of exogenous and endogenous
pyrogens provokes the prompt activation of noradrenergic
terminals in the POA and the consequent release of norepi-
nephrine (NE; 39, 42; for reviews, see Refs. 20 and 43). It is
also well established that NE induces the synthesis of PGE, in
brain tissue in vitro and in vivo (23, 31; for reviews, see Refs.
5 and 45).

We reported recently that a-adrenoceptor (AR) agonists
microdialyzed in the POA of conscious guinea pigs evoke two
differentially modulated core temperature (T.) rises, viz., one
occurring very promptly and involving the activation of a;-AR
but with no associated PGE, release and the other occurring
significantly later and involving the activation of a-AR, the
participation of, specifically, COX-2, and the consequent pro-
duction of PGE, (23). In guinea pigs, pyrogenic doses of
intravenously injected LPS rapidly and characteristically evoke
two successive T. rises associated with concurrent PGE, rises
(64). Based on these findings, we investigated whether LPS
fever could be mediated by preoptic NE and its two phases
regulated in the same way.

MATERIALS AND METHODS
Animals

Male, pathogen-free, Hartley guinea pigs (301-350 g body wt on
arrival; Charles River Laboratories, Wilmington, MA) were used in
these experiments. The animals were quarantined for 1 wk, three to a
cage, before any experimental use. Tap water and food (Agway Prolab
guinea pig diet) were available ad libitum except during the experi-
ments. The ambient temperature (T,) in the animal room was 23 =
1°C, the housing T, recommended by the Institute of Laboratory
Animal Resources Commission on Life Sciences (32); light and
darkness alternated, with light on from 0600 to 1800. After quaran-
tine, to moderate the psychological stress associated with the exper-
iments, the animals were trained for 1 wk daily for 4 h to the
experimental procedures by handling and placement in individual,
locally fabricated, semicircular wire mesh confiners designed to pre-
vent their turning around and to minimize their forward and backward
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movements, but without causing excessive restraint stress; rodents
readily adapt to such confinement and show no signs of discomfort or
anxiety (53, 59). All animal protocols were approved by our institu-
tional Animal Care and Use Committee and fully conform to the
standards established by the United States Animal Welfare Act and by
the American Physiological Society documents entitled Guiding Prin-
ciples for Research Involving Animals and Human Beings (1).

General

All glassware, plasticware, instruments, and cannulas used in these
studies were sterilized by autoclaving. Electrochemical-grade, high-
purity water (Baxter Healthcare, Muskegan, MI) was used exclusively
in the preparation of all the solutions. Before use, the stock solutions
were passed through a sterile 0.22-pm Miller-GS filter unit (Milli-
pore, Bedford, MA) as an added precaution against bacterial contam-
ination. Absence of endotoxic contamination in all fluids not contain-
ing LPS by design were verified by the Limulus amebocyte lysate test
(Pyrochrome; Associates of Cape Cod, Falmouth, MA).

Drugs. LPS was Salmonella enteritidis LPS B (batch no. 651628;
Difco Laboratories, Detroit, MI), the same LPS batch we have used in
all our previous studies; it was suspended in pyrogen-free saline (PFS,
0.9% NaCl, USP; Abbott Laboratories, Chicago, IL). Heparin was
purchased from Elkins-Sinn (Cherry Hill, NJ) and dissolved in PFS.
PFS was also the control drug for these solutions.

The microdialysis perfusate (and vehicle for all the drugs admin-
istered ic) was artificial cerebrospinal fluid for guinea pigs (aCSF;
final concentration in mM: 140.0 NaCl, 2.7 KCl, 1.0 MgCl,-2H-0,
1.2 CaCl,+2H-0, 2.0 Na,HPO,; osmolality: 290 mosmol/kgH-O; pH
7.4, adjusted with 85% H3PO.); it was prepared freshly each day and
prewarmed to ~38°C for administration. Prazosin hydrochloride
(catalog no. P7791, an o;-AR antagonist; 1 pg/pl of aCSF) and
yohimbine hydrochloride (catalog no. Y3125, an a>-AR antagonist; 1
g/l of aCSF) were prepared just before use and stored in amber
glass vials at room temperature. The selective COX-1 inhibitor SC-
560 (catalog no. S2064; 5 pg/ml of aCSF), the selective COX-2
inhibitor MK-0663 (0.5 pg/pl of aCSF), the COX-1 splice variant
COX-1v presumptively selective antagonist acetaminophen, USP
(catalog no. A5000; 0.5 pg/wl of aCSF), and their solvent DMSO (6%
in aCSF) were similarly prepared freshly for each use. These drug
concentrations replicate those in our previous study (23). MK-0663
was generously donated by Merck (Rahway, NJ); DMSO (catalog no.
081-4) was purchased from Burdick and Jackson (Muskegon, MI). All
the other drugs were purchased from Sigma-Aldrich (St. Louis, MO).

Surgical procedures. All animals received the antibiotic chloram-
phenicol (20 mg/kg body wt sc) 1 h before surgery and one time a day
for the following 2 days. Immediately after surgery, the animals also
received a subcutaneous bolus, 10 ml PFS injection and pain medi-
cation (butorphanol, 0.05 mg/kg body wt). All procedures were
performed under ketamine-xylazine (35-5 mg/kg body wt im) anes-
thesia and aseptic conditions. Experiments were performed 7 days
after the last of the following two surgical procedures, when the
animals had recovered; 7 days also separated the two surgeries.
Retraining was performed during the latter 4 days of this recovery
period.

Jugular vein cannulation. In preparation for intravenous injections,
a siliconized cannula (ID 0.020 in., OD 0.037 in.; Baxter Healthcare,
McGraw Park, IL), prefilled with heparinized (10 IU/ml) PES, was
inserted in the left jugular vein and gently guided in the superior vena
cava of each guinea pig. The free end of the cannula was passed
subcutaneously toward the head, exteriorized on the top of the head,
knotted, and rolled into a coil. This coil was then placed inside a
protective polypropylene shield (a centrifuge microtube with a screw-
cap, with its cone cut off) that was fixed to the skull with dental acrylic
cement and four self-tapping, miniature stainless steel screws. The
neck wound was sutured and cleansed with 10% povidone-iodine
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patency of the inserted cannulas, these were flushed with 0.5 ml of
heparinized (3 IU/ml) PES every day after surgery until 3 days before
an experiment, when PFS alone was used because of the inhibitory
effect of heparin on complement activation (72); complement com-
ponent 5a is a critical mediator of the febrile response of guinea pigs
and mice to LPS (8).

Microdialysis. A sterile, 17-mm-long, 17-gauge, thin-walled stain-
less steel guide cannula with a tightly fitting indwelling stylet was
implanted stereotaxically (Mechanical Developments, Trent H. Wells,
Jr., South Gate, CA) in the left medial POA [anterior-posterior = 11.6
mm, lateral = 1.0 mm, ventral = —9.0 mm; according to the atlas of
Luparello (44)] and fixed to the skull with four self-tapping, minia-
ture, stainless steel screws and dental acrylic cement. Concentric
microdialysis probes were constructed in our laboratory as previously
described (23). Approximately 2 h before an experiment, the indwell-
ing stylets of the guide cannulas were replaced by sterile microdialysis
probes so that their dialysis membrane tips protruded exactly 1 mm
beyond the guide cannulas. They were fixed to the skull with tissue
adhesive and immediately perfused with sterile guinea pig aCSF via
sterile 1-ml tuberculin syringes clamped to a syringe pump (model no.
A-99; Razel Scientific Instruments, Stamford, CT) as the driver, for
the duration of an experiment. To run six animals simultaneously, the
pushers of two pumps were modified so that each could accommo-
date three syringes at a time. During the first 90 min after insertion of
the probes [thermal stabilization period (see below)], the flow rate of
the perfusion was adjusted to 4, 3, and 2 pl/min at 30-min intervals;
it was maintained at the latter rate for a second 90-min period (the
pretreatment control period) and also for the following experimental
period. The effluents from the microdialysis probes were collected in
vials chilled on ice over 30-min intervals continuously throughout the
experiments from 90 min before to up to 360 min after a treatment
(time 0 = initiation of treatment) and analyzed later for their NE or
PGE; content.

After an experiment, the guinea pigs were killed by isoflurane
overdose, and the brains were quickly removed and stored in 10%
phosphate-buffered Formalin for later histological verification of the
placement of the dialysis probe tips. Localization of the center of
the dialysis probe within 0.5 mm of the medial POA was regarded as
the correct placement. Only the data from confirmed preoptic place-
ments of the probes are included in this report.

Physiological Measurements

Temperature recording. To obviate possible effects of circadian
variations, all of the experiments were begun at the same time of day
(0830). A 90-min thermal stabilization period preceded all the exper-
imental treatments. After their last surgery (7 days), the guinea pigs,
fully conscious, were loosely restrained in the individual wire mesh
confiners to which they had been trained at T, 23 = 1°C. The T.
values of the animals were monitored constantly from the beginning
of the stabilization period and recorded at 2-min intervals for the
duration of an experiment on a Macintosh Plus 1-Mb microcomputer
through an analog-to-digital converter, using precalibrated copper-
constantan thermocouples inserted 5 cm in the colon. The data were
displayed digitally on a monitor, printed on an ImageWriter printer,
and stored on a diskette for later analysis.

Biochemical analyses. NE. The NE content of the samples was
evaluated using HPLC with EC detection. Microdialysate effluents
were collected in 1 wl of 5% perchloric acid on ice and stored at
—20°C until analysis. For analysis, samples (10 wl) were injected
using a CMA 200 refrigerated automatic sampler (CMA Microdialy-
sis, North Chelmsford, MA) on a 150 X 3-mm ODS C;g column
(ESA, Bedford, MA) perfused by BAS 200A HPLC pumps (BAS,
West Lafayette, IN) at 0.25 ml/min with a mobile phase containing 80
mM sodium dihydrogen phosphate monohydrate, 2.0 mM 1-octane-
sulfonic acid sodium salt, 100 I/l triethylamine, 5 nM EDTA, and

solution and treated with nitrofurazone powder. To maintain thi 2 40% acetonitrile, pH 3.0. NE levels were determined by using an ESA
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Coulochem II 5200A electrochemical detector with an ESA 5041
high-sensitivity microbore analytical cell and an ESA 5020 guard cell.
Electrochemical detection was performed at 220 mV and 1.0 nA with
the guard cell at 350 mV. All samples were analyzed in triplicates.
The limit of detection for NE was 0.5 pg/10 1. The chromatographic
data were collected and analyzed with a PowerChrom system (AD
Instruments, Castle Hill, NSW, Australia) and expressed as picogram
per milliliter of sample. Basal values were defined as the average NE
levels of the three samples before PFS or LPS administration (pre-
treatment control period).

PGE,. The PGE, content of the microdialysate samples was ana-
lyzed using a commercial PGE, enzyme immunoassay kit (High
Sensitivity PGE» EIA Kit no. 931-001; Assay Designs, Ann Arbor,
MI). The PG synthetase inhibitor indomethacin (10 pwg/ml) was added
to all the blood samples immediately after collection. All samples
were diluted before analysis in the assay buffer system provided by
the manufacturer, according to the manufacturer’s instructions. All
samples were analyzed in duplicates. The detection limit of this
assay was 8.26 pg/ml of sample. The data were expressed as
changes (APGE,) relative to their values over the 90 min before a
treatment (Py).

Experimental Design

Experiment 1: Effect of LPS injected intravenously on the level of
NE in the POA. To verify in our model that NE is released in the POA
in virtually immediate response to the peripheral administration of
LPS, collection of microdialysate effluents was begun 60 min before,
immediately after the 90-min stabilization period, and continued, in
this instance, for 300 min after (time 0) the intravenous injection of
PFS (0.6 ml/kg) or LPS (2 wg/kg in 0.6 ml of PES). The guinea pigs
were conscious throughout this experiment. The samples were ana-
lyzed for their NE content as described above.

Experiment 2: Effects of a-AR antagonists microdialyzed in the
POA on the febrile and preoptic PGE> responses to LPS intrave-
nously. To determine whether NE presumptively released promptly in
the POA after the intravenous administration of LPS mediates the
ensuing febrile and PGE. responses, prazosin or yohimbine was
microdialyzed (each at 1 pg/pl of aCSF) immediately following the
90-min stabilization period in the POA of conscious guinea pigs for
1 h, beginning 30 min before the intravenous injection of PES or LPS.
This design was chosen to replicate the conditions of our previous
study (23). T values and preoptic PGE, levels were measured from
90 min before until 360 min after PES or LPS injection, as described
earlier.

Experiment 3: Effects of COX inhibitors microdialyzed in the POA
on the febrile and preoptic PGE> responses to LPS intravenously. To
identify the COX isozyme responsible for the rise in preoptic PGE»
during the two characteristic rising phases of the febrile response of
guinea pigs to intravenous LPS, the selective COX-1 inhibitor SC-560
(5 pg/pl), the selective COX-1v inhibitor acetaminophen [0.5 pg/pl;
COX-1v (putative COX-3) has been implicated as a putative central
fever mediator (11, 12, 16)], or the selective COX-2 inhibitor MK-
0663 (0.5 pg/pnl) was microdialyzed immediately following the 90-
min stabilization period in the POA of conscious guinea pigs and
continued for the duration of the experiment; the solvent of these
inhibitors was 6% DMSO in aCSF. PFS or LPS was injected intra-
venously at time 0. Tc values and preoptic PGE» levels were deter-
mined as described previously.

Statistical Methods

The results are presented as means = SE. The values of T. are
reported as changes (AT, in °C) from basal values [initial T (Tc;), the
T. at 2-min intervals averaged over the last 10 min of the preceding
90-min stabilization period] plotted at 6-min intervals. Latencies of
fever onset were defined as the intervals (in minutes) between the time

R1137

of the mean T;) that continued uninterruptedly beyond 0.5°C. The NE
data are expressed as their absolute values (in pg/ml) and the PGE»
data as changes (APGEx, in pg/ml) relative to the mean = SD of their
three values before a treatment. A repeated-measures ANOVA was
used to compare all changes between groups; factor 1 was the
between-groups factor (the treatment) and factor 2 the within-subjects
factor (the different sampling periods), followed, if significant differ-
ences were found, by a point-by-point Tukey-Kramer multiple-com-
parison test. The analyses were performed using Instat 3 (Graph Pad
Software; Instant Biostatistics, San Diego, CA). Each variable was
considered to be independent. The 5% level of probability was
accepted as statistically significant.

RESULTS
Experiment 1

The intravenous injection of LPS produced a tripling of the
basal level of NE in the POA interstitial fluid of the conscious
guinea pigs, measured 30 min after this treatment (Fig. 1). NE
then gradually returned toward its initial value over the fol-
lowing 2 h. The level of preoptic NE was not affected by the
intravenous injection of PFS.

Experiment 2

Intravenous LPS produced its characteristic, prompt, bipha-
sic fever; the onset latency was 11 = 0.4 min (mean * SD;
Fig. 2A). The first febrile peak of ~1.4°C occurred at ca. 60
min after LPS administration, and the second of ~1.7°C ca. 90
min after the first. The return to T.; was gradual, but essentially
completed by ca. 300 min after LPS injection. Preoptic PGE,
levels increased significantly in these conscious guinea pigs in

| aCSF |
1500

= PFS 0.6 mlkg (6)
o LPS 2.0 pi/kg (6)

1250

*
1000

750 A

POA NE (pg/ml)

500 A

250 A

PFS or LPS, iv

T T
-60 0 60 120

T T 1
180 240 300

Time (min)

Fig. 1. Content of norepinephrine (NE) in microdialysate effluents collected
over 6 h at 30-min intervals from the POA of conscious guinea pigs that
received pyrogen-free saline (PFS, 0.6 ml/kg) or lipopolysaccharide (LPS, 2
png/kg in PES) iv at time O min (the end of a preceding 90-min stabilization
period). aCSF, artificial cerebrospinal fluid. Values are means * SE. *P <

of LPS injection (0 min) and that of the first T. rise >0.2°C (the SRZ 3.05 relative to PFS treatment.
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Fig. 2. Changes in the core temperature (T.) and preoptic PGE; levels of conscious guinea pigs that received PFS or LPS iv at fime 0 min (the end of a preceding
90-min stabilization period, A and B) and the a;-AR antagonist prazosin (1 pg/pl of aCSF, C and D) or the a>-AR antagonist yohimbine (1 pg/pl of aCSF,
E and F) by continuous microdialysis (2 wl/min) for 6 h in the POA. The antagonist treatments began 30 min before the PFS or LPS injection and lasted 1 h.
Values are differences (A) relative to their initial levels [Te; or values over the 90 min before a treatment (Po)] and are expressed as means = SE. *P < 0.05
relative to the corresponding PES treatments (A—F). #P < 0.05 relative to LPS treatment (C and E or D and F vs. A and B, respectively).

close temporal correspondence with their T, rise (Fig. 2B).
Intravenous PFS had no effect on either of these variables.

The intra-POA microdialysis of prazosin significantly de-
layed the onset and slowed the rate of development of the first
T. rise; the onset latency was 19 = 0.5 min (P < 0.05). It also
greatly attenuated the height of the first and significantly
reduced the maximum of the second febrile rises. Thus the first
T, rise increased only ~0.5°C, stabilized for ca. 30 min, and
then resumed its rise to a second peak of ~1.1°C at ca. 150 min
(Fig. 20). T, then gradually decreased. Prazosin microdialyzed
in the POA, however, did not block the initial LPS-induced
preoptic PGE; rise, which continued to its peak at 180 min; but
it depressed its level at 60 min and augmented it at 180 min
post-LPS (Fig. 2D) by comparison with its contour in the LPS
only-treated counterparts (Fig. 2B).

Intra-POA-microdialyzed yohimbine did not affect the slope
and height of the first febrile rise, but it suppressed the second
rise so that the fever continued at its initial, lower, first-phase
level uninterruptedly through the end of the experiment (Fig.
2E). However, strikingly, it totally suppressed the normally
associated first and second POA PGE; rises (Fig. 2F).

Neither intra-POA prazosin nor yohimbine demonstrably
affected the T. and preoptic PGE; levels of the PFS intrave-
nously treated controls (Fig. 2, A-F).

Experiment 3

Neither the microdialysis of SC-560 nor of acetaminophen
altered the prototypical, temporally correlated effects of intra-
venous LPS on T. and POA PGE, levels (Fig. 3, A-F).

normally evoked by intravenous LPS; it had, however, no
effect on the early response of this variable (Fig. 3G). How-
ever, it depressed the early LPS-induced rise of preoptic PGE,
and reversed its late rise (Fig. 3H). Neither PFS injected
intravenously nor aCSF or DMSO, the vehicle of these COX
inhibitors, microdialyzed intra-POA per se over the same
duration, affected the T. or the preoptic PGE, levels of the
conscious guinea pigs (data not shown).

DISCUSSION

The present results verify that the biphasic fever character-
istically evoked in conscious guinea pigs by the intravenous
injection of a moderate, subseptic dose of LPS is attended by
coincident increases in preoptic PGE, levels, as reported pre-
viously (64). They further show that this challenge rapidly
provokes the release of NE in the POA of these animals and,
hence, would support the notion that preoptic NE may play a
pivotal role in febrigenesis. Thus o;-AR antagonism by intra-
POA prazosin greatly slowed the development and reduced the
height of both the early and late phases of the febrile response
to intravenous LPS, but without reducing the normally associ-
ated preoptic PGE; rises. az-AR antagonism by yohimbine, on
the other hand, affected neither the development nor the height
of the first febrile rise, but it prevented both the development of
the second T, rise and the preoptic PGE; rises associated with
both intravenous LPS-induced febrile phases. Consequently,
remarkably, fever was initiated and maintained under the latter
conditions at its original height throughout the experiment in
the total absence of a corresponding increase in the level of

MK-0663, on the other hand, blocked the second rise of TIZgOA PGE,. These findings would infer, therefore, that intra-
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Fig. 3. Changes in the T. and preoptic PGE, levels
of conscious guinea pigs that received PFS or LPS
(2 pg/kg in PES) iv (A and B) and the cyclooxygen-
ase (COX)-1 inhibitor SC-560 (5 pg/pl, C and D),
the COX-1v inhibitor acetaminophen (0.5 pg/pl, E
and F), or the COX-2 inhibitor MK-0663 (0.5 pg/p.l,
G and H) by continuous microdialysis for 6 h in the

POA,; the solvent of these inhibitors was 6% DMSO
in aCSF. The COX inhibitor treatments began coin-
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differences (A) relative to their initial levels and are
expressed as means * SE. PES (in lieu of LPS),
aCSF alone, or aCSF + 6% DMSO had no demon-
strable effect on these variables (data not shown).
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POA PGE- is not essential for the manifestation of the second
phase of intravenous LPS fever. The present results indicate,
moreover, that, such as it exists, only the rise in preoptic PGE,
that is associated with the second, but not with the first, phase
of LPS fever is COX-2 dependent. This is also a novel finding,
at variance with the conventional view (for reviews, see Refs.
5 and 36). Neither COX-1 nor COX-1v appeared to influence
T. or the production of POA PGE, during either phase.

The rapid elevation in the concentration of NE in the
preoptic dialysate observed in this study following the intra-
venous injection of LPS and its temporal association with the
early phase of fever are in agreement with previous findings in
rats and mice treated with intraperitoneal LPS (18, 39, 42, 43,
73, 74). Indeed, it is well established that the peripheral
administration of exogenous and endogenous pyrogens stimu-

Time (min)

thalamus (for reviews, see Refs. 20 and 43). It is also generally
accepted that, notwithstanding certain species and other exper-
imental variations regarding the up or down direction of its
thermal effect, the central noradrenergic system is involved in
thermoregulation (for review, see Ref. 75). In guinea pigs,
electrical stimulation of the ascending noradrenergic system in
the brain stem (67, 68) or NE microinjected in the POA (55)
evokes T, rises. Recently, we (23) reported that NE microdia-
lyzed in the POA of conscious guinea pigs mediates, in fact,
not one but two distinct T, rises, each associated with the
activation of a different a-AR class. Thus one rise is rapid in
onset and o1-AR-mediated, and the other is delayed, appearing
significantly later than the former, and is az-AR mediated; the
specific involvement of both AR classes was verified by the
blockade of their thermal effect by their respective, selective

lates the increased metabolism of NE, especially in the hypci 27ntagonists. We also found in the same study that the early T,
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rise provoked by intra-POA microdialyzed NE occurred with-
out any demonstrable change in the level of PGE; in the POA,
whereas the later rise was associated with a concurrent eleva-
tion of this level. Again, the noninvolvement of PGE, in the
aj-AR-induced T. rise and, in contrast, the involvement of
COX-2-dependent PGE, in that caused by a»-AR activation
were confirmed by their respective responses to selective
COX-1 and COX-2 inhibitors (23). Also, in a parallel study
(6), we found that the thermal responses of conscious wild-type
Cox-1 and Cox-2 gene-deleted mice to the intracerebroventric-
ular microinjection of a;- and a,-AR agonists corresponded
exactly with those observed in these guinea pigs. In the present
study, the biphasic febrile response of the conscious guinea
pigs to intravenous LPS was associated with NE released in the
POA and evidently developed in the same order as the two
successive T, rises induced by intra-POA microdialyzed NE
per se, that is, the present first rise of T, was induced by o;-AR
stimulation and was not associated with PGE, formation,
whereas the second elevation of T, was mediated by a-AR
stimulation and associated with the delayed production of
COX-2-dependent PGE,. We suggest, therefore, that noradren-
ergic terminals in the POA, through their NE-induced, pre-
sumptively contemporaneous activation of both a-ARs, medi-
ated the observed febrile response to LPS.

The present finding that prazosin attenuated the initial febrile
rise, i.e., that a1-AR stimulation mediated it without the inter-
mediation of PGE,, suggests that the o;-ARs activated by NE
are located on postsynaptic warm-sensitive or thermoinsensi-
tive neurons in the POA and that NE directly reduces or
augments, respectively, the activities of these neurons. Accord-
ing to the classical model of Hammel (29), both responses
promote heat conservation. In support, the direct inhibition and
excitation by cirazoline, an o;-AR agonist, of the firing rates
of, respectively, warm-sensitive and thermoinsensitive neurons
have recently been reported in rat POA slice preparations (33).
Because these neurons, moreover, are thought to inhibit syn-
aptically connected cold-sensitive neurons, these are concom-
itantly facilitated, stimulating heat production, i.e., in combi-
nation, these effector mechanisms raise T.. The specific a;-AR
subtype involved in this hyperthermic effect remains to be
identified.

The findings that the second febrile rise and the associated
increase of preoptic PGE, were both inhibited by yohimbine
and the selective COX-2 inhibitor MK-0663 indicate that these
subsequent, characteristic features of the febrile response to
intravenous LPS were specifically mediated by a,-AR-acti-
vated COX-2-dependent PGE,, in agreement with the demon-
strated actions of intra-POA microdialyzed clonidine, an
ar-AR agonist, and NE per se (23). It is significant in this
regard that, under the present experimental conditions, the
second peak of fever was ~0.5°C higher than the first and that
this was also the extent of the fever attenuated by yohimbine
(Figs. 2, A and E). The brain cell type expressing COX-2 in
response to NE in these guinea pigs remains to be determined.
Because in rat brain COX-2 mRNA becomes detectable in
astrocytes, microglia, perivascular cells, and cerebromicrovas-
cular endothelial cells, but only irregularly in neurons, ca. 1 h
after the intravenous administration of LPS and pyrogenic
cytokines (13, 15, 22, 70), hence after the onset of fever
(latency ca. 10 min), we conjecture that the increased PGE, in

NE AND LPS FEVER

processes contacting noradrenergic synaptic regions. The delay
imposed by its synthetic process probably accounts for the
interval between an-AR stimulation and the appearance of
PGE,. The identity of the a,-AR subtype involved in this effect
also remains to be elucidated. The subsequent effect of the thus
released PGE, on the activities of POA warm-sensitive and
thermoinsensitive neurons is presumptively similar to that
indicated earlier for a;-AR-mediated responses. The PGE;-
sensitive receptor involved in these neuronal effects is proba-
bly the EP5 subtype; it has been linked to the development of
fever and is present in the POA (21, 69; for review, see Ref.
52). The receptor implicated in the inhibition of presynaptic
NE release by PGE, has also been previously identified as the
EP5 subtype (62).

The notion that NE and PGE, may interact in the POA in
fever production is not new, albeit that the mechanism of their
cooperation in this function is in dispute. Thus it has been
suggested that the hyperthermic action of NE may be exerted
through PGE, because the T. rise induced in cats by intra-
cerebroventricularly microinjected NE is inhibited by pretreat-
ment with aspirin (50). A similar involvement of NE was
described originally for the PGE,-mediated release of lutein-
izing hormone-releasing hormone (51). However, the converse
has also been suggested, that PGE, may be thermogenic
through NE because the destruction by 6-hydroxydopamine of
the noradrenergic nerve terminals in the POA of rabbits atten-
uated the rise in T, produced by intravenous LPS (38, 41). On
the other hand, no mutual interaction between NE and PGE,
was found in monkeys (49). The present data would indicate
that, in guinea pigs, PGE; is the thermogenic agent during the
second phase of intravenous LPS fever, produced consequent
to the activation of a-ARs by NE released in the POA. The
in vitro release of PGE, by NE-stimulated brain tissue and the
rapidly increased production of PGE, by the microdialysis of
NE in the POA of conscious guinea pigs have been demon-
strated previously (31, 65). It is, in fact, well documented both
in the peripheral and central nervous systems that the stimula-
tion of noradrenergic neurons induces the postsynaptic release
of PGE,, which then limits the further presynaptic release of
NE, thereby modulating the activity of noradrenergic neurons
(30, 45).

As already noted, the increase in preoptic NE that attended
the febrile response of the present guinea pigs to intravenous
LPS and, previously, also that of other species to intraperito-
neal LPS and IL-1 was coincident with its early rather than its
late phase. This would suggest that the fever-triggering mes-
sage evoked in the periphery that signals its release in the POA
was very quickly conveyed centripetally. In view of the rapid-
ity of this transmission, we deduce that it was conveyed
neurally. Indeed, ample data have implicated the vagus, espe-
cially its hepatic branch afferents, as the carrier of peripheral
pyrogenic signals to the brain stem (60, 63; for reviews, see
Refs. 19 and 61) and identified PGE, released by Kupffer cells
stimulated by LPS-activated complement component 5a as this
fever signal (40, 54; for reviews, see Refs. 7, 8, 36, 57). Other
data have corroborated that signals can proceed from the brain
stem to the POA by way of noradrenergic projections origi-
nating in the Al and A2 regions of the medulla oblongata (25)
and arriving in the POA via the ventral noradrenergic bundle

the POA of the present guinea pigs was generated by astrocytii 2 é27, 29, 71). Furthermore, subdiaphragmatic vagotomy blocks
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intraperitoneal IL-1B3-induced hypothalamic NE activation in
rats (26, 34, 73) and mice (74).

From these and other well-substantiated findings that the
rises in T, and preoptic PGE; levels induced by peripherally
administered pyrogens are prevented by the intra-POA admin-
istration of low doses of COX-2 inhibitors, it would seem
highly likely that the PGE; collected in the POA in the present
experiments was generated inside rather than outside the BBB.
Indeed, the capacity of brain tissue to generate PGE, is well
established (for reviews, see Refs. 5 and 66). Moreover, PGE,
infused in the internal carotid artery of conscious guinea pigs
could not be detected in the POA and caused a fall rather than
a rise of T, (64). It follows from these results, therefore, that,
since its formation was consequent to its induction by locally
released NE, the signal that evoked it was, in the first instance,
the very same as that which initially evoked the release of NE
in the POA, that is, it was a nervous signal transmitted from the
liver via the vagus. This contradicts an alternative view, that
the fever-producing PGE, that acts in the POA originates in the
periphery and is transported to it by the bloodstream; it, being
lipophilic, then either diffuses across the BBB (47, 58) or
enters the POA through the leaky OVLT (56). However, direct
evidence that blood-borne PGE, passes in the brain and,
especially, that PGE; derived from the blood in this way raises
T. is controversial (48, 64). Indeed, because PGE, is generally
considered to be a paracrine rather than an endocrine mediator
and, as an organic anion at physiological pH, enters cells
poorly by simple diffusion, it would seem improbable a priori
that the very rapid T. rise in response to intravenous LPS
should depend on its blood-borne transport from peripheral
sources to the POA and ready passage across the BBB. In
support, the in vivo expression in rat hypothalami of prosta-
glandin transporter, a principal carrier of PGs from the blood in
cerebral endothelial cells, is not affected by intraperitoneal
LPS challenge (37). Moreover, PGE;-inactivating enzymes are
scarce in the hypothalamus and not upregulated in response to
peripheral LPS (35; for review, see Ref. 36) so that, to mitigate
its central effects, PGE; is usually transported from the brain
into the blood (4, 17). An alternative pathway of signal trans-
duction from the periphery to the brain, that the fever-mediat-
ing PGE; is produced by the cerebral endothelial cells them-
selves (for reviews, see Refs. 46 and 57), although based on
well-substantiated evidence that circulating LPS and pyrogenic
cytokines induced by it upregulate the expression of COX-2 in
cerebral endothelial cells (14, 15), is attended by the difficulty
that the hypothalamic expression of multidrug resistance-asso-
ciated protein 4, which actively transports PGs out of cells, also
is not affected by LPS (37).

In view of the delay imposed by its synthetic process, the
prompt elevation of PGE in the POA during the first phase of
fever can therefore not be attributed to its COX-2-mediated
formation. The possibility that COX-1 or COX-1v mediated
this PGE, production is negated by the present findings that
neither SC-560 nor acetaminophen microdialyzed in the POA
prevented the development of fever. The noninvolvement of
COX-1 and COX-1v in fever production has also been shown
by other workers (for review, see Ref. 7). The involvement of
COX-2-dependent PGE; is similarly excluded since the intra-
POA microdialysis of MK-0663 did not inhibit the first febrile
rise and since, moreover, it is in any case, as demonstrated

herein, released in the POA in correlation with the seconizg
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phase of fever. It is possible, therefore, that the early increase
in preoptic PGE, was mediated by a COX-independent mech-
anism, possibly by the nonenzymatic isoprostane pathway of
free radical-catalyzed peroxidation of arachidonic acid to
8-1s0-PGE; (for review, see Ref. 3). The free radicals in this
case could be generated by the auto-oxidation of NE and/or be
nitric oxide; the latter is also released locally in the POA after
LPS administration (24). The finding that this PGE,, however,
was not integral to the initiation of the febrile response nor,
indeed, to its continuation is novel and intriguing as regards
LPS-induced fever, although other fevers caused by certain
cytokines have been reported previously to occur indepen-
dently of central PGE, (see Ref. 24).

In conclusion, these results are consistent with the view that
NE released in the POA in response to the vagally conveyed
pyrogenic message of PGE, generated by complement com-
ponent 5a-stimulated Kupffer cells mediates the characteristic
biphasic T. rises evoked in conscious guinea pigs by the
present moderate dose (2 wg/kg body wt) of intravenous LPS.
The following two, successive mechanisms of action are hy-
pothesized: 1) rapid induction of the first T, rise by activation
of a;-ARs without the mediation of PGE, and 2) subsequent
development of the second Tk rise by simultaneous stimulation
of ax-ARs, consequently activating (after the delay imposed by
the de novo synthesis of the relevant enzymes) the production
and release of COX-2/mPGES-1-dependent PGE, in the POA.
It should be emphasized that the present conclusions concern
specifically the initiating, not the sustaining, sequence of the
febrile response of guinea pigs to intravenous LPS. Thus they
do not contradict the participation in the late phase of this
response of any of the various humoral pyrogen signaling
pathways that have been proposed for this and other species.
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5. Zaveér

Télesna teplota predstavuje jeden ze zakladnich fyziologickych faktord,
které u zivoCichu prosly dlouhym fylogenetickym vyvojem, béhem néhoz
byla teplota téla zpocatku vyrazné ovlivhovana prostfedim (poikilotermni
organismy), pozdéji se vytvofila vyznamna teplotni nezavislost Zivocichu
na prostfedi (homoiotermni organismy). Vysledkem tohoto vyvoje je
schopnost u nékterych zivoc€ichu, vCetné Clovéka udrzovat relativné stalou
hodnotu teploty organismu, na urovni, ktera je definovana jako tzv. bod
tepelné rovnovahy. Tohoto stavu se dociluje diky permanentné probihajici
termoregulaci, procesu, jenz umoziuje udrzovat teplotu teplokrevnych
zivoCichll v pozadovaném rozmezi prostfednictvim souhry Fady
specializovanych bunék, které tvofi vlastni architekturu celého
termoregulacnino  systému. TermoregulaCni  systém je tvofen
termoreceptory, aferentnimi  drahami, termoregulacnim  centrem
v hypotalamické casti CNS, eferentnimi drdhami a efektorovymi organy.
Tyto jednotky v souhfe humoralnich, neurohumoralnich a nervovych
regulaci vytvareji podminky pro efektivni termoregulaci. Na zakladé souhry
periferie a centra je tak zajisténa nejenom neustala detekce teplotniho
stavu periferie a jadra, ale soubézné i rovnovaha mezi tvorbou nebo
ztratou tepla v organismu. Je logické, Ze termoregulace podléha zménam,
tedy teplota téla mize byt zvySena, €i naopak snizena, a to v dusledku
mnoha faktord. Teplotni zmény pak vyvolaji zmény metabolismu
organismu, respektive ovliviiuji jeho imunitni systém. Typickou reakci
tohoto typu je febrilni reakce — horecka. HorecCka jako vyznamny rys fady,
pfedevSim infek&nich nemoci, byla pfedmétem pozornosti jiz od
starovéku. Febrilni reakce je fizena centralni nervovou soustavou pres
endokrinni, neurologické, imunologické a behavioralni mechanismy. Na
rozdil od jinych typl zmén télesné teploty, horeCku doprovazeji rizné

poruchy chovani, metabolické zmény, zménay funkci systémua a zmény v
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imunitni odpovédi. HoreCka a febrilni reakce vyznamné pfispivaji k
patogenezi, klinickému obrazu a pribéhu mnoha nemoci a chorob. Na
rozdil od hypertermie znamena horeCka regulovany vzestup teploty
vyvolany exogennimi i endogennimi pyrogeny syntetizovanymi jako
reakce na infek¢ni pfipadné jiné onemocnéni, pfiCemZ organismus po
zvySeni teploty udrzuje teplotu télesného jadra na takto nové nastavené
urovni do doby, nez signal v podobé& endogenniho ¢i exogenniho
pyrogenu je pfitomen. Mezinarodni unie (International Union of
Physiological Sciences Commission for Thermal Physiology - IUPS
Thermal Commission) v roce 2001 definovala horeCku jako stav zvySené
teploty jadra, ktera je Casto, ale ne nezbytné, soucasti obranné reakce
mnohobunéénych organismd vucéi invazi mikroorganismi nebo nezivé
hmoty rozpoznané hostitelem jako patogenni. Studium hore€naté reakce a
moznosti jejich farmakologického ovlivnéni je i v souCasné dobé

predmétem zajmu mnoha badatelskych tymu.

VytyCeny cil této prace jsme postupné plinili v jednotlivych experimentech
shrnutych v této praci tak, abychom pfispéli k hlubSimu porozuméni
patofyziologie = endotoxinem vyvolané horeCky. Hlavni zaméfeni
experimentalni ¢asti akcentovalo periferni rozpoznani endotoxinu
s naslednym zpracovanim imunitniho signalu v termoregulaénim centru —
preoptické oblasti hypotalamu. Zakladni hypotézou pro vznik horecky bylo
po dlouhou dobu generovani endogennich pyrogenu (IL-1 beta, IL-6, TNF
alfa) vreakci na exogenni stimulus. Zakladni pilif IéEby horecCky
prfedstavuje mimo jiné jeji symptomaticka Ié€ba pomoci nesteroidnich
antirevmatik, jejichz mechanismus ucCinku je spojen s vice Ci meéné
selektivni inhibici cyklooxygenaz, enzymu esencialnich pro tvorbu
prostaglandinu E,. Z tohoto divodu jsme se zaméili na jeho roli v celém
procesu vzniku a regulace horeCky, a to zejména ve spojeni se tfemi

zakladnimi oblastmi:
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Vyznam PGE, Kupfferovych bunék a makrofagl pfi periferni signalizaci
endotoxinem mediované horecky; vyznam sleziny v regulaci horecky a

centralni mediace signalu v preoptické oblasti hypotalamu

V naSich experimentech sledujicich periferni signalizaci po stimulaci LPS
jsme prokazali asociaci incialniho vzestupu tvorby prostaglandinu E,
s Casovou souslednosti zvySeni télesné teploty po intravendznim podani
LPS, ¢imZ se nabizi alternativni koncept k cytokiny mediovanému pfenosu
imunitniho signalu. Z nasich dat vyplyva, Ze tento inicialni narast hladin
prostaglandinu E; se uskutec€nuje prostfednictvim imuno-neuro humoralni
odpovédi zprostiedkované komplementem, zatimco narlst hladin TNFalfa,
IL-1beta a IL-6 ve srovnani s prostaglandinem E; nastupuje po Ié¢bé
lipopolysacharidem a CVF pozdégji, pfiblizné za 30-45 minut, a neni tak
bezprostfedné asociovan s inicialnim vzestupem hore¢ky po podani LPS.
Zjistili jsme, Ze aplikace LPS a kobfiho jedu spousti okamzitou produkci
prostaglandinu E, bé&éhem prvnich 5 minut po jejich aplikaci. Zatimco
zvySené hladiny PGE, se stabilizuji po 15 minutach a pretrvavaji zvysené
po |éCbé lipopolysacharidem po celou dobu trvani experimentu (60min),
zvySené hladiny prostaglandinu E, zplsobené aplikaci CVF se vrati ke
svym hodnotam pfed léCbou po 15 minutach. Aplikace lipopolysacharidu 3
hodiny po predchazejici 1éEbé kobfim jedem zpUsobila zpozdéni odpovédi
tvorby prostaglandinu E;, vlivem vyCerpani komplementu pfedchazejicim
pusobenim kobfiho jedu. Novym poznatkem e rozliseni rychlé,
komplement dependentni, a pomalé, pravdépodobné na cytokinech
zavislé produkci prostaglandinu E; iniciované podanim lipopolysacharidu,

ktera byla jiz dfive postulovana.

V navazujici praci jsme pak asociovali produkci prostaglandinu
dominantné s Kupfferovymi bunkami. Vysledky této prace ukazaly, zZe
souCasna elevace PGE, spojena s narlistem teploty télesného jadra po
intravenéznim podani LPS je naruSena u skupiny zvifat pfedléCenych

gadoliniem, tedy u skupiny s depleci Kupfferovych bunék. Doslo také k
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vyznamnému zpomaleni clearance LPS cirkulujiciho v systémovéem
obéhu. Na druhou stranu produkce cytokinG na I|éCbu samotnym
gadoliniem nebyla nikterak ovlivnéna s vyjimkou TNF-q, jehoz hladiny byly
dvojnasobné u skupiny zvifat predléCenych gadoliniem a nasledné
stimulovanych intravenéznim podanim lipopolysacharidu. Mizeme tedy
uzavfit, Ze v souladu s ostatnimi autory, se nam podafilo in vivo potvrdit
pfedchozi pozorovani asociace Casného narustu plasmatickych hladin
PGE; a vzniku horeCky vyvolané LPS. Jako bunéény typ zodpovédny za
produkci PGE, jsme identifikovali Kupfferovy buriky a zaroven jsme
prokazali disociaci horeCnaté odpovédi a up-regulace produkce tzv.

endogennich cytokind.

Vzhledem k dfive postulovanému regulaénimu vlivu sleziny jsme se
zaméfili na popis jeji role v kaskadé horeCky experimentalné navozené
podanim LPS. Zjistili jsme, Ze splenektomie vede k augmentaci odpovédi,
tedy ke vzniku horeCky u nizké davky, ktera nezpusobila horeCku u
kontrolni skupiny zvifat a k vy8§imu vzestupu teploty po podani LPS proti
prislusnym kontrolam. Tento narUst teploty u splenektomovanych zvifat
proti pozitivnim kontrolam byl nezavisly na cesté podani a dobé
experimentu (7 vs 30 dni) po provedené splenektomii. Dale jsme zjistili, Ze
se zménila kinetika vychytavani LPS Kupfferovymi burfikami. Zatimco
splenektomie neovlivnila prvni vyskyt LPS v Kupfferovych burkach, u
splenektomovanych zvifat byl zjistén intenzivnéjsi signal LPS a prodlouZila
se doba, po kterou bylo LPS v Kupfferovych bunkach detekovatelné. Toto
pozorovani bylo nezavislé na cesté podani a dobé experimentu po
splenektomii. V navaznosti na uvedeny experiment se splenektovanymi
zvifaty jsme identifikovali, Ze se jedna o aktivni regulacni proces, a to
prostfednictvim reprodukce efektu augmentace hore¢naté odpovédi po
splenektomii u zvifat s podvazem splenické Zzily. Aktivni role sleziny pak
byla ovéfena podanim ,splenického extraktu“ ziskaného homogenizaci a

naslednou centrifugaci sleziny ze zvifat pfedlé€enych LPS v intervalech 5,
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15 a 30 min po lé¢bé. Podani ,splenického extraktu vedlo k oslabeni
zvySené febriini reakce na intraperitonalné podané LPS u
splenektovanych zvifat a to az na uroven odpovédi pozitivni kontrolni
skupiny. Pfi blizSi identifikaci latky zodpovédné za regulacni funkci sleziny
muzZeme uzavfit, Ze jsme pozorovali vétSi atenuaci febrilni odpovédi u
morcat po podvazu splenické Zily po zpétném podani splenického extraktu
obsahujicim lipidickou sloZzku. V souladu s nasSim zjisténim, Ze slezina
aktivné moduluje LPS navozenou horeCku, Steiner et al. postulovali, ze
tento vliv mize byt mediovan prostfednictvim COX-1 spojeného
s prostaglandin D synthasou a takto generovaného PGD, (Steiner et al.,
2009). Aplikace PGD;, byla totiz v minulosti asociovana s hypotermii (Ueno
et al., 1982) a navic vySena hladina této syntazy byla pravé dfive

pozorovana ve sleziné (Jowsey et al., 2001).

V Casti centralni mediace pyrogenniho signalu jsme se zaméfili na
propojeni role prostaglandinu E,, norepinefrinu a aktivace noradrenergni
signalizace. NaSe experimenty ukazuji, Zze qa;- a az-agonista AR
aplikovany do preoptické oblasti CNS morcete evokuje zfetelnou teplotni
odpovéd. Alfa;-agonista produkuje rychlou, PGE;, nezavislou teplotni
odpoveéd, zatimco a,-AR stimulace plUsobi ¢asny propad teploty a pozdni
COX-2/PGE; dependentni teplotni vzestup. Tyto reakce jsou v nervovém
systému indukovany presynaptickym pusobenim  norepinephrinu
prostfednictvim a-receptortd s naslednou modulaci izoenzymu COX-2.
V navazujici praci jsme ovéfili zapojeni LPS stimulace na vySe uvedenou
adrenergni signalizaci. V souladu s pfedchozimi pozorovanimi jsme zjistili,
ze V. podani LPS trojnasobné zvysi bazalni hodnoty NE v preoptické
oblasti, ktera koreluje s typickym dvoufazovym pribéhem LPS navozené
horeCky po jeho intravenosnim podani. Dale jsme zjistili, Ze hladiny PGE;
v preoptické oblasti pfimo koreluji s pribéhem teplotnich zmén. Prazosin,
a:- AR antagonista, vyrazné zpozdil nastup a snizil narist teploty v prvni i

druhé fazi febrilni odpovédi, coz nebylo asociovano s poklesem PGE..

136



Johimbin (a,- AR antagonista) podany do preoptické oblasti
experimentalniho zvifete neovlivnil prabéh nastupu a vySku dosazené
febrilni odpovédi, ale potlacil druhy vzestup horecnaté odpovédi tak, ze
teplota pretrvavala na plvodni hodnoté z prvni faze beze zmén az do
konce experimentu. Aplikace COX-1 selektivnich inhibitord (SC-560,
acetaminophen) neovlivnila ani hodnoty PGE, v preoptické oblasti ani
zmény teplot v ¢ase po podani LPS. Na druhou stranu podani MK-0663
(COX-2 selektivniho inhibitoru) blokoval sekundarni vzestup teploty a
nartst hladin PGE; v preoptické oblasti vyvolany IV podanim LPS. Obé
prace sledujici centralni signalizaci potvrdily vyznam NE v preoptické
oblasti a asociovaly jeho efekt s rychlym vzestup T. aktivaci a;-AR bez
ucasti PGE, a dale s vyvojem druhého teplotniho vzestupu simultanni
stimulaci a,-receptorl s tvorbou a uvolnénim COX-2 dependentni PGE; v

preoptické oblasti.

V souladu s cilem prace tak prezentované vysledky pfespély k oziejmeni
periferni a centralni signalizace LPS navozené horecky v experimentalnim

modelu u mor¢at.
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6. Seznam zkratek

ADP adenosin difosfat

A-cholin acetylcholin

AITC alylisothiokyanat

AMP adenosin monofosfat

AP area postrema

AR aj-adrenoceptor

ATB antibiotika

ATP adenosin trifosfat

AVA arteriovendzni anastomosy
AVP arginin vasopresin

BAT brown adipose tissue

cAMP cyklicky adenosin monofosfat
Cha komplement 5a

CD cluster of differentiation receptor
CNS centralni nervovy systém
COX-1 cyklooxygenaza 1

COX-2 cyklooxygenaza 2

CVF cobra venom factor (kobfi jed)
CVOs Circumventrikularni organy
DMH dorzomedialni hypotalamus
EP3 prostaglandinovy receptor E

FITC-LPS fluoresceinem oznaceny lipopolysacharid

G+, G- gramm positivni, negativni
GIT gastrointestinalni trakt
H* vodikovy proton
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IL interleukin

IML intermediolateralni sloupec spinalni michy
INF-a interferon - alfa

INF-B interferon - beta

INF-y interferon - gama

LPS lipopolysacharidy

MF makrofag

MIP-1 macrophage-inflammatory protein-1

MPGES-1  mikrosomalni prostaglandin E synthasa-1

NE norepinephrin

NO oxid dusnaty

NTS nucleus tractus solitarius

OVLT cévni organ laminae terminalis

P preganglilové neurony

PAMPS patogen associated molecular patterns
PFPF pfedem pyrogenni faktory

PGD, prostaglandin D,

PGE; prostaglandinu E;

PH zadni hypotalamus

POA preoptické oblasti pfedniho hypotalamu
RPA raphé /peripyramidalni oblast medully
SFO subfornikalni organ

SG sympaticka ganglia

Te teplota jadra

TLR toll like receptors

TNF tumor necrosis factor

TRP transient receptor potential
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TRPA transient receptor potential ankyrin
TRPM transient receptor potential melastatin
TRPV transient receptor potential vanilloid
UCP-1,2,3 rozpojovaci protein-1,2,3

UCPs uncoupling proteiny (rozpojovaci proteiny)

a-MSH a-melanocyty stimulujici hormon
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7. Souhrn

Termoregulace predstavuje jeden ze zakladnich fyziologickych faktort
umoznujici udrzovat stalou teplotu homoiotermnich organismu, a tedy i
nezavislost jejich aktivity na teploté prostredi. HoreCka je pak jednou
z forem takto realizované termoregulace, a to vétSinou jako reakce na
rizné patofyziologické podnéty. Cilem naSi prace bylo pfespét k objasnéni
patofyziologie a periferni a centralni signalizace prostfednictvim
experimentalniho modelu LPS (lipopolysacharid) navozené horeCky u
morcat. Podafilo se nam prokazat asociaci inicialniho vzestupu tvorby
prostaglandinu E, (PGE;) s ¢asovou souslednosti zvySeni télesné teploty
po intravendznim podani LPS, jeho asociaci s komplementem a disociaci
od plasmatickych hladin endogennich pyrogenu jako TNF-alfa, IL-1beta a
IL-6. Dale jsme identifikovali Kupfferovy buriky jako perifeni zdroj PGE,
produkce a primarniho rozpoznani LPS u naSeho experimentalniho
modelu. V ramci periferni signalizace LPS mediované horecky jsme
identifikovali aktivni regulaéni funkci sleziny prostfednictvim splenického
faktoru lipidického charakteru, pfi jehoZz nedostatku dochazi k augmentaci
febrilni odpovédi na LPS. V ramci centralni regulace horecky jsme potvrdili
zakladni roli norepinefrinu, jehoz koncentrace rostou v souladu s febrilni
odpovédi na LPS. Prostfednictvim selektivnich antagonistd a;- a as-
receptori a COX-1 a COX-2 inhibitord jsme identifikovali, ze LPS
podminény narust preoptickych hladin norepinefrinu je spojen s rychlym
vzestup teploty télesného jadra prostrfednictvim aktivace a;-AR bez ucasti
PGE, a dale s vyvojem druhého teplotniho vzestupu prostfednictvim
simultanni stimulace a,-receptorli asociovanou s tvorbou a uvolnénim
COX-2 dependentni PGE,.
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8. Summary

Thermoregulation is one of the fundamental physiological factors allowing
homeotherm organisms to maintain a constant temperature which leads to
independence of their activity on the ambient temperature. Fever is one of
the examples of thermoregulation usually asociated with different
pathophysological stimulations. The aim of our study was to contribute to
the clarification of pathophysiology and peripheral and central signaling of
LPS (lipopolysaccharide)-induced fever in an experimental model using
guinea pigs. We have demonstrated an association of initial prostaglandin
E, (PGE,) rise with a time course of core body temperature elevation after
intravenous administration of LPS, its association with complement
cascade and dissociation from plasma levels of endogenous pyrogens
such as TNF-alfa, IL-1beta and IL-6. Further we have identified Kupffer
cells as the peripheral cell source of PGE; production and the primary site
of LPS recognition in our experimental model. We have also identified an
active regulatory role of spleen through splenic factor of lipidic nature
associated with peripheral signaling of LPS-mediated fever, which
depletion leads to augmentation of febrile response to LPS. In agreenment
with previous evidence we have confirmed the essential role of
norepinephrine for the central signaling of fever and association of its
concentrations with the time course of the febrile response to LPS. With
the help of selective a;-and a,-receptor antagonists and COX-1 and COX-
2 inhibitors we have identified that LPS-mediated increase of preoptic
norepinephrine concentrations has been associated with a rapid rise of
body core temperature via activation of a;-AR without the participation of
PGE; and further with the secondary temperature elevation mediated by
simultaneous stimulation of a,-receptors associated with the COX-2

dependent production and release of PGE,.
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