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Referat

Nach ischamischer und traumatischer Hirnschéadigung wird die Hypothermie als
therapeutische Option diskutiert. Wahrend sie fur die globale ischamische
Schadigung bereits in therapeutischen Konzepten etabliert ist, wird der Nutzen der
Hypothermie fir die traumatische Hirnschadigung derzeit kontrovers diskutiert.
Spezifische Indikationen, z.B. das kindliche SHT, befinden sich derzeit in klinischer
Prifung. Experimentell ist die therapeutische Anwendung der Hypothermie beim
kindlichen Schadel-Hirn-Trauma bis heute vergleichsweise wenig untersucht, obwohl
das Schéadel-Hirn-Trauma eine der Hauptaufnahmediagnosen auf péadiatrischen
Intensivstationen und haufig mit schweren Komplikationen oder Tod assoziiert ist.
Obwohl das Schadel-Hirn-Trauma fur das Erwachsenenalter experimentell gut
untersucht ist, gibt es bis heute nur wenige Daten fur das Neugeborenen- und
Kleinkindalter.

Ziel der eigenen Untersuchungen war es, an geeigneten experimentellen Modellen
kliniknahe die Frihphase eines kindlichen Schadel-Hirn-Traumas nachzuvollziehen
und die Beeintrachtigung der zerebralen Hamodynamik und des zerebralen
Metabolismus zu quantifizieren. Nachfolgend sollten die Effekte der Hypothermie auf
Hamodynamik und Metabolismus des Gehirns sowie den histopathologischen
Schaden untersucht werden. Damit im Zusammenhang stehend wurde der Einfluss
der Hypothermie auf die Pharmakokinetik von Fentanyl analysiert.

Mit den gewahlten experimentellen Modellen waren zerebrale hamodynamische und
metabolische Fruhverdnderungen reproduzierbar zu quantifizieren. Die Anwendung
der milden Hypothermie verminderte den histopathologischen Schaden und
verbesserte die metabolische und funktionelle Toleranz gegenlber einer akuten
intrakraniellen Drucksteigerung. Die Hypothermie beeintrachtigt die Pharmakokinetik
von Fentanyl nachhaltig.

Die Ergebnisse der vorliegenden Untersuchungen belegen neuroprotektive Effekte
der Hypothermie auch fir das traumatisch geschadigte juvenile Gehirn.
Insbesondere scheint die Hypothermie zu einer Reduktion der intrakraniellen

Drucksteigerung und somit zu einer verbesserten zerebralen Compliance zu fuhren.

Fritz, Harald: Effekte der milden Hypothermie auf das traumatisierte Gehirn und
extrazerebrale Organe des juvenilen Schweines. Halle, Univ., Med. Fak. Diss., 148
Seiten, 2007
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Einleitung 1

1. Einleitung
1.1. Epidemiologie und Pathophysiologie des kindlichen Schadel-Hirn-
Traumas

1.1.1. Epidemiologische Aspekte des kindlichen SHT

Obwohl todliche Verletzungen im Kindesalter zu etwa einem Drittel durch Schadel-
Hirn-Verletzungen verursacht werden und das SHT damit die haufigste
Todesursache im Alter unter 15 Jahren darstellt (27), finden sich in der Literatur nur
relativ wenige Untersuchungen zu den Pathomechanismen des kindlichen SHT (65).
Dies ist umso erstaunlicher, da trotz besserer Uberlebensraten die resultierenden
Langzeitschaden schwerwiegende soziale und 6konomische Konsequenzen nicht
nur flr die Betroffenen selbst, sondern auch fir ihre Angehdérigen mit sich bringen
(64, 158). So wurden 1996 in Deutschland ca. 83400 Kinder unter 15 Jahren nach
Schadelverletzungen im Krankenhaus behandelt. Dabei handelte es sich
Uberwiegend um intrakranielle Verletzungen, die in 80% als leichtes SHT
imponierten, aber in 20% als schwere intrakranielle Verletzungen (27). Durch die
wenigen vorliegenden epidemiologischen Untersuchungen ist bekannt, dass
besonders héaufig Kinder im Vorschulalter ein SHT erleiden und Kinder unter 4
Jahren die schlechteste Uberlebensrate besitzen (112). Dabei sind Kinder unter
einem Jahr am schwersten betroffen, sie weisen eine 2-3mal so hohe Mortalitat auf
wie Kinder Uber einem Jahr (204). Dagegen haben Schulkinder im Vergleich zu

Erwachsenen eine doppelt so hohe Uberlebensrate (114, 120).

1.1.2. Pathophysiologische Aspekte des kindlichen SHT

Ursachen sind altersspezifische Unterschiede bezuglich der
Schadigungsmechanismen sowie der strukturellen und funktionellen Reife des
Nervensystems (3, 153). So sind die Fahigkeiten des nicht ausgereiften kindlichen
Gehirns nach einer Hirntraumatisierung, funktionell zu regenerieren, wesentlich vom
Myelinisierungsgrad (51), dem Grad der dendritischen Verzweigungen, dem Beginn
der Synaptogenese und der gliaren Proliferationsfahigkeit abhéngig (82), die im
Kleinkindalter noch nicht abgeschlossen sind (202). Experimentell scheint das
Ausmald einer histopathologischen Schéadigung nach diffusem Hirntrauma beim
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juvenilen Gehirn geringer auszufallen als beim ausgereiften (7, 85, 154, 167).
Ahnliche Befunde wurden nach experimenteller fokaler Hirnschadigung beschrieben
(56).

Strukturelle Unterschiede zum reifen Gehirn bestehen im héheren Wassergehalt des
kindlichen Hirngewebes, einer groReren Kapillardichte (63) und einem gréf3eren
zerebralen Blutvolumen (15).

Neben dem ungunstigen Verhaltnis von Kopfgewicht zu Nackenmuskulatur ist der
Schutz des Gehirns durch umgebende Strukturen, wie Schédelknochen und
Hirnhaute, nicht ausgereift. Untersuchungen der eigenen Arbeitsgruppe haben
gezeigt, dass der dunnere Schadelknochen und die unvollstandige Kalzifizierung
eine hohere Elastizitat der Kalotte bedingen. Hierdurch werden mechanische Kréfte
weniger stark absorbiert, so dass der Energietransfer auf das Hirngewebe wesentlich
intensiver vonstatten geht (209). Daraus ergeben sich im Vergleich zum
Erwachsenen grof3flachigere Schadelverformungen und kinetische Belastungen des
Hirngewebes, die eher zu diffusen Hirnschadigungen fihren (130). Die diffuse
Hirnschwellung erhdoht bei Kindern mit traumatischer Hirnschéadigung das
Mortalitatsrisiko um das 3-Fache (10).

Die Mechanismen, welche fir diese diffuse Hirnschwellung verantwortlich gemacht
werden, scheinen beim unreifen Gehirn andere zu sein als beim ausgereiften Gehirn.
So wurde sehr haufig eine posttraumatische Hypoperfusion in den ersten 24 Stunden
nach SHT bei Kindern beobachtet, die bei Unterschreiten der Ischamieschwelle fir
das schlechte Outcome verantwortlich war (6). Experimentell wurde eine deutliche
Altersabhéngigkeit dieser zerebrovaskuldren Reaktion nachgewiesen. So wurde
beim neugeborenen Ferkel eine ausgeprdgte und Ilanger anhaltende
Vasokonstriktion der Pia-Arterien aufgrund einer entwicklungsbedingt noch
verminderten NMDA-Rezeptor vermittelten Vasodilatation mit Senkung der
zerebralen Perfusion gezeigt (13, 12).

Die ausgepragten posttraumatischen Flissigkeitsverschiebungen im immaturen
Gehirn werden mit reifungsspezifischen Besonderheiten erklart, wenngleich bislang
eine kausale Detailaufklarung nur unzureichend vorliegt. Offensichtlich ist die Reifung
spezifischer zerebraler Wasserkanédle (Aquaporin 4-Kanale, AQP4), die besonders
im Hirn exprimiert werden, fur die zerebrale Gewebswasser-Homdostase besonders
relevant (11). So werden diese APQ4-Kanéle im Gehirn der adulten Ratte nach

fokalem SHT hochreguliert, wodurch die Wasserresorption beeinflusst wird (197).
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Neugeborene Ratten besitzen dagegen nur 2% dieser glialen AQP4-Kanale im
Vergleich zum adulten Gehirn (212). Die Ausreifung erfolgt tber mehrere Wochen, so
dass im unreifen Gehirn eine deutlich eingeschrankte Kapazitat zur adaquaten
Kompensation nach Stérung der zerebralen Gewebswasser-Homoostase vermutet
werden kann (16).

Es gibt aber auch Untersuchungen, die auf Ahnlichkeiten zum adulten Gehirn
hinweisen, wie etwa die vasogene und zytotoxische Komponente des
posttraumatischen Hirnédems (107). Jedoch ist die Blut-Hirn-Schranke unabhéngig
von den mechanischen Alterationen durch den oxidativen Stress infolge der regional
verminderten antioxidativen Kapazitat gefahrdet. Fur die zytotoxische Komponente
werden mindestens zwei unterschiedliche Mechanismen verantwortlich gemacht —
zum einen eine anhaltende posttraumatische zerebrale Hypoperfusion (6), zum
anderen eine vermehrte Glutamatrezeptor-Expression (169), die fur den verstarkten
Natriumeinstrom verantwortlich ist und letztendlich den intrazellularen Wassergehalt
erhoht.

1.1.3. Altersabhangige Aspekte neurochemischer Dysfunktion des
kindlichen SHT

Die posttraumatische Freisetzung exzitatorischer Neurotransmitter wie Glutamat fuhrt
im Hirngewebe Uber die Aktivierung von NMDA und metabotropen Glutamat-
Rezeptoren zu einer dramatischen intrazellularen Kalziumiberladung, mit
nachfolgendem Zusammenbruch der zellularen lonen- und Wasserhomd@ostase
(zytotoxisches Hirnédem). Die Sensitivitdt der NMDA-Rezeptoren auf die Freisetzung
exzitatorischer Aminosauren differiert altersabhéngig, denn eine Aktivierung von
NMDA-Rezeptoren fuhrt im immaturen Gehirn zu einem starkeren Kalziumeinstrom
als im adulten Gehirn (32).

Es wird angenommen, dass unter den akuten traumatischen Bedingungen
neurotoxische Effekte des Dopamins die Sensitivitat der Neuronen auf exzitatorische
Transmitter erhéhen (80) sowie die Produktion freier Radikale verstarken kénnen. In
diesem Zusammenhang wurde ein verminderter antioxidativer Schutz fir das
kindliche SHT beschrieben (20). Offensichtlich ist das unreife Gehirn selektiv
empfindlich fur oxidativen Stress nach traumatischer Hirnschadigung.

Ungeachtet der Hinweise, dass Veranderungen der dopaminergen Aktivitat die

Auspragung von Langzeitschdden nach SHT nachhaltig beeinflussen, gibt es bisher
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nur wenige Untersuchungen zur Rolle des DA-Systems in der akuten Pathogenese
des SHT. So konnte gezeigt werden, dass wahrend der Rehabilitation nach SHT eine
medikamentés bedingte Dopaminanreicherung im synaptischen Spalt zur
verbesserten raumlichen Wahrnehmung und Beschleunigung der kognitiven
Verarbeitung fuhrte (213), wobei die Verlangsamung der Informationsverarbeitung
ein generelles Problem des kindlichen SHT darstellt (110). Experimentelle
Untersuchungen der eigenen Arbeitsgruppe konnten in der Frihphase nach SHT
eine Aktivierung im mesotelenzephalischen dopaminergen System fir neugeborene,

jedoch nicht fir jugendliche Schweine belegen (210).

1.2. Experimentelle Modellierung der traumatischen Hirnschadigung des nicht
ausgereiften Gehirns

Ungeachtet der Erkenntnis, dass die komplexe Dynamik der Pathogenese des
kindlichen SHT eine Reihe von Aspekten aufweist, die grundsatzlich vom SHT des
Erwachsenen differiert, existiert bis heute nur eine begrenzte Anzahl von
experimentellen Untersuchungen.

Adaquate experimentelle Tiermodelle sind erforderlich, um die spezifischen Aspekte
des SHT im Kindesalter zu untersuchen (4). Jedoch ist es unmdglich, die ganze
Komplexitat der traumatischen Hirnschadigung in einem Modell darzustellen (167).
So werden je nach Zielstellung verschiedene Hirntraumamodelle verwendet. Die
umfangreichsten Untersuchungen zur physiologischen Antwort nach einer diffusen
traumatischen Hirnschadigung am unreifen Gehirn wurde mit dem Fluid Percussion -
Modell durchgefiihrt (167). Charakterisiert ist dieses Modell durch die rasche
Ausbreitung einer Flussigkeit in den Epiduralraum, wobei alle Schweregrade des
Hirntraumas induziert werden kdnnen. Mit dem schweren FP-Trauma lassen sich
neben fokalen kortikalen Kontusionen und histopathologischen Schadigungen der
subkortikalen Strukturen und des Hippocampus (88, 187) auch Gehirnerschitterung
(Konkussion), SAB, Hirnkontusionen und DAI generieren (49, 163).

Obwohl andere experimentelle Modelle, wie das Weight-Drop-Modell (62, 68, 133)
oder das Controlled-Cortical-Impact-Modell (122), die Mechanismen des priméaren
Schadens besser abbilden, sind die nach lateralem FP-Trauma auftretenden
pathophysiologischen Folgen und funktionellen Defizite dem SHT des Menschen
naher (203).
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Die Uberwiegende Zahl tierexperimenteller Untersuchungen zum Hirntrauma des
nicht ausgereiften Gehirns ist an Ratten durchgefiihrt worden, die ein lisenzephales
Gehirn aufweisen (9, 25, 55, 67, 78, 83, 96, 97, 169, 168). Das lisenzephale Gehirn
erlaubt jedoch keine ausreichende Darstellung der vielschichtigen Veranderungen
der Gyri und Sulci nach traumatischer Hirnschadigung. Des Weiteren unterscheidet
sich die systemische physiologische Antwort der Ratte von der des Menschen
betrachtlich. Hinsichtlich Gyrierung und Reifung sowie systemischer physiologischer
Antwort des Gehirns stellt u.a. das Schwein eine dem Menschen &ahnlichere
Tierspezies dar (164), die sich insbesondere fur Modelle der Hirnschadigung des

nicht ausgereiften Gehirns eignet (56).

1.3. Therapeutische Anwendung der Hypothermie

Die Anwendung der Hypothermie als therapeutisches Verfahren reicht weit zurtck in
die Geschichte bis hin zu den Agyptern, Griechen und Rémern. Bereits Hippokrates
beschrieb die topische Anwendung der Hypothermie mittels Eis und Schnee zum
Zwecke der Analgesie und zur Reduktion des Blutverlustes (90). In &hnlicher Weise
wurde die Hypothermie als therapeutische Strategie auch von Celsius und Galaenus
beschrieben (36, 75). Auf Napoleons Leibarzt Dominique Jean Larrey geht die
Beobachtung zuriick, dass verletzte, nahe am Lagerfeuer abgelegte Soldaten eher
ihren Verwundungen erlegen sind, als solche, die weiter entfernt von der Warme des
Feuers abgelegt wurden. Eispackungen und Schnee dienten des Weiteren zur
Schmerzlinderung nach GliedmaRen-Amputationen (118)

Die ersten wissenschaftlichen Publikationen auf dem Gebiet der Hypothermie gehen
auf den Amerikaner Temple Fay zurick, der in den 40er Jahren des vergangenen
Jahrhunderts Uber die systemische Anwendung der Hypothermie bei
Hirntraumatisierten und Tumorpatienten berichtete (61). Anfang der 50er Jahre
verhalf die praoperative Induktion einer systemischen Hypothermie der
Kardiochirurgie zum Durchbruch, da nun Operationen am kardiopulmonalen Bypass
ohne neurologische Schadigungen mdglich wurden (22, 173). In den folgenden
Jahren wurde eine Vielzahl von Indikationen fir die systemische Hypothermie
insbesondere in der Neurochirurgie untersucht, jedoch verhinderten deletéare

Nebenwirkungen, wie die Zunahme der Blutviskositét, schwere
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Herzrhythmusstérungen und Blutungskomplikationen wahrend der
Wiedererwarmung, ihre klinische Etablierung (53).

Seit Ende der 80er Jahre belebte sich das wissenschaftliche und klinische Interesse
an der Hypothermie zur Hirnprotektion neu, nachdem eine Reihe pharmakologischer
Ansatze zur Neuroprotektion nur partiell effektiv war (147). In experimentellen
Studien konnte eindrucksvoll belegt werden, dass zum Erzielen einer signifikanten
Neuroprotektion  (Reduktion  der  histopathologischen  Schéadigung und
neuropathologischer Verhaltensmuster) die Hirntemperatur nicht unter 30°C
abgesenkt werden muss (35, 47, 50, 109, 155). Mit dieser milden bis moderaten
Hypothermie (31-35°C) (161) lieBen sich schwerwiegende Nebenwirkungen
erheblich reduzieren.

Auch Klinische Studien konnten diese positiven Effekte bestatigen. So sei auf zwei
Studien aus dem Jahr 2002 verwiesen, welche bei Anwendung der Hypothermie
nach Reanimation eine Verbesserung des neurologischen Outcomes nach 6
Monaten um 60% belegen konnten (21, 201). Ahnlich ermutigend sind die
Ergebnisse bei ischdmischer Hirnschadigung in der Perinatalperiode (81, 84, 182).
Dagegen gibt es bis heute widerspruchliche Ergebnisse klinischer Studien zum SHT.
Wahrend kleinere monozentrische Studien klinisch relevante Verbesserungen des
neurologischen Outcomes belegen konnten (39, 131, 142, 184), zeigte die
Hypothermie in einer grofRen multizentrischen Studie keine Vorteile gegenuber der
Normothermie (41). Es gibt jedoch Hinweise, dass bei bestimmten Patientengruppen
das Outcome nach SHT durch Hypothermie positiv beeinflusst werden kann (72). Die
Analyse von Subpopulationen dieser multizentrischen Studie von Clifton et al.(40)
ergab, dass jungere Patienten mit einem Alter unter 45 Jahren und einer
Korpertemperatur von <35°C bei Krankenhausaufnahme ein deutlich besseres
Outcome (keine oder leichte funktionelle Einschrankungen) aufwiesen als eine
Vergleichsgruppe, die nach Aufnahme im Krankenhaus wieder erwarmt wurde
(Hypothermie beibehalten: 48%; Normothermie angestrebt: 24%, p=0.03). Ein
vergleichbares neurologisches Outcome (gutes neurologisches Outcome nach 6
Monaten) wurde bei Patienten zwischen 18 und 45 Jahren nach SHT erzielt, wenn
die Hypothermie fir eine langere Dauer (5 Tagen) aufrechterhalten wurde. Diese
langdauernde Hypothermie verhinderte den oft nach kirzerer Kuhldauer
beschriebenen Effekt des ICP-Rebounds (100). Auch fur das kindliche SHT wurde
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erst kurzlich in einer Phase-II-Studie die gunstige Beeinflussung des ICP mit daraus
resultierender Optimierung des CPP durch die Hypothermie belegt (8).

Dennoch besteht eine unibersehbare Diskrepanz zwischen den Ergebnissen
experimenteller Untersuchungen und klinischen Daten zur Anwendung der
Hypothermie nach SHT (71). Dies ist einer Vielzahl von Faktoren geschuldet, welche
die Translation von Ergebnissen experimenteller Untersuchungen in die Klinik
beeinflussen (52, 191). Die Wahl des Analgosedierungs-Regimes hat dabei bisher
nur wenig Beachtung gefunden. Wahrend in experimentellen Untersuchungen (28,
50, 129, 155, 216, 219) uberwiegend volatile An&sthetika verwendet wurden,
kommen in klinischen Studien ausschlieflich intraventse Anasthetika und Analgetika
zur Anwendung. So wurde mit einer Untersuchung an Ratten gezeigt, dass z.B.
Fentanyl das Outcome nach Hypothermiebehandlung sogar negativ beeinflusst
(190). Das Kontusionsvolumen war nach fokaler Hirnschadigung (CCI) in der
Hypothermiegruppe (32°C) grofRer im Vergleich zur Normothermiegruppe. Des
Weiteren waren die Plasmaspiegel von Dopamin und Noradrenalin in der
Hypothermiegruppe im Vergleich zur Normothermie signifikant erhoht, was auf eine
erhohte Stressantwort hinweist. Aus verschiedenen Untersuchungen ist wiederum
bekannt, dass hohe Dosierungen von Fentanyl die neuronale Exzitabilitat erhdhen
(104, 200). Die Hypothermie allein vermag mit der Analgesie durch Fentanyl die
gesteigerte exzitatorische Antwort nicht ausreichend zu unterdricken (190). Des
Weiteren alteriert die Hypothermie selbst die Pharmakokinetik von An&sthetika und
Analgetika (111, 119, 175, 190).
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2. Zielstellung der Arbeit

Die Besonderheiten des kindlichen SHT finden in den therapeutischen Strategien oft
nur unzureichend Beachtung (16), obwohl im Jahr 2003 von der amerikanischen
Brain Trauma Foundation erstmals Leitlinien zur Akutbehandlung des schweren SHT
bei Kindern publiziert worden sind. Diesen Leitlinien liegen oft jedoch nur wenige
Studien oder vom SHT des Erwachsenen abgeleitete Ergebnisse zugrunde (5, 54).
Ziel der eigenen Arbeit war es, an verschiedenen Modellen und Altersgruppen zur
zerebralen Schadigung am gyrierten nicht ausgereiften Gehirn des Schweines die
pathophysiologischen Veradnderungen in der Akutphase nach einer Hirnschadigung
nachzuvollziehen und die milde Hypothermie als therapeutische Intervention
hinsichtlich der Beeinflussung der zerebralen Schéadigung auf hdmodynamischer,
metabolischer, funktioneller und histopathologischer Ebene zu evaluieren.

So sollte erstens ein experimentelles Modell zur Untersuchung der Auswirkungen
einer intrakraniellen Drucksteigerung auf das noch nicht ausgereifte Gehirn
entwickelt werden, um eine Reduktion des CPP zu simulieren (19). Hierbei wurde die
schrittweise CPP-Reduktion mittels epiduraler Volumenexpansion durch einen
Ballonkatheter erzielt. Da jedoch die Zunahme des ICP frihzeitig systemische
hamodynamische Alterationen (31, 180) verursacht, wodurch die Reproduzierbarkeit
von Messungen der zerebralen Hamodynamik wahrend der CPP-Reduktion beinahe
unmoglich wird, wurde zur Konstanz des arteriellen Blutdruckes wahrend der
jeweiligen Messphase ein externer ABP-Kontroller installiert (93). Die externe ABP-
Kontrollschleife ermdglichte auf dem jeweiligen Niveau der ICP-Steigerung, den ABP
in engen Grenzen konstant zu halten.

Mit diesem Modell sollte zun&chst das Ausmald der Beeintrachtigung des rCBF und
der CMRO; unter gradueller CPP-Reduktion untersucht werden. In einem zweiten
Schritt wurde der Einfluss einer milden Hypothermie (32°C) auf diese ICP induzierten
Storungen der zerebralen Perfusion, des Metabolismus und der kortikalen Funktion
untersucht.

In einem zweiten experimentellen Ansatz wurden die Auswirkungen des schweren
SHT auf das nicht ausgereifte Gehirn untersucht. Hierzu entwickelten wir ein
kliniknahes Hirntraumamodell, das auf der Modifikation des 1976 von Sullivan
publizierten flussigkeitsvermittelten Perkussionstrauma-Modells beruht (196) (Abb.
3). Zunachst wurde das Modell von Sullivan auf das juvenile Schwein adaptiert und
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als kliniknaher Aspekt unmittelbar nach dem Trauma ein 30%iger Blutverlust
induziert, der eine sekundare Schadigung durch kurzzeitige arterielle Hypotension
simulieren sollte (74). Es ist fur das adulte Gehirn der Ratte hinlanglich bekannt, dass
eine sekundare Schadigungsnoxe, wie z.B. eine zusatzliche Hypoxie, das Ausmaf}
der histologischen Schadigung (38, 98), des Energiestoffwechsels (185) und des
zytotoxischen Hirnddems (99) zusatzlich verstarkt. Untersuchungen dieser Art sind
bisher fur das nicht ausgereifte Gehirn nur sporadisch beschrieben, so dass es unser
Ziel war, eine traumatische Hirnschadigung mit sekundarer Schadigungsnoxe
(Blutvolumenentzug) am nicht ausgereiften gyrierten Gehirn zu modellieren.

Des Weiteren sind protektive Effekte der Hypothermie (Verminderung des Defizites in
Motorik und raumlicher Wahrnehmung) in experimentellen Untersuchungen nach
traumatischer Hirnschadigung sowohl beim CCI-Modell (50) als auch FP-Modell (28)
beschrieben, doch fehlte diesen Untersuchungen die Komplexitat der sekundaren
Schadigungsnoxe. Die Effektivitdat der Hypothermie nach SHT mit sekundarer
Schadigung wird bisher kontrovers diskutiert (172), insbesondere vor dem
Hintergrund der bisher durch klinische Studien nicht eindeutig belegten Vorzige der
Hypothermie.

So war es unser Ziel, den therapeutischen Effekt einer milden Hypothermie nach
traumatischer Hirnschadigung mit nachfolgendem Blutvolumenentzug am Ausmalf
des histopathologischen Schadens zu quantifizieren (30).

Parallel hierzu wurden die Auswirkungen einer 6-stindigen milden/moderaten
Hypothermie wahrend einer 24-stindigen Monitoringphase auf die systemische
Hamodynamik und die metabolische Aktivitat untersucht (73). Da in klinischen
Studien bisher die Langzeitanwendung von volatilen Anasthetika nicht ausreichend
untersucht ist, hatten wir fur unser Modell die Verwendung eines fiur die klinische
Routine dblichen Analgosedierungs-Regimes mit Midazolam und Fentanyl gewahlt.
Wir untersuchten die Effekte der Hypothermie auf die Pharmakokinetik des
Analgosedierungs-Regimes vor dem Hintergrund, dass die Anasthesie das Ausmal}
der Schadigung in betrachtlichem Umfang beeinflussen kann (190).
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3. Material und Methoden

Alle chirurgischen Verfahren und experimentellen Protokolle wurden nach §8 Abs.1

TierSchG durchgefuhrt und von der Tierschutzkommission des Landes Thuringen

genehmigt.
3.1. Experiment 1 — schrittweise CPP-Reduktion
3.1.1. Anasthesie und chirurgische Praparation zur Messung

hamodynamischer Parameter

37 weibliche Ferkel (Alter: 14 Tage, Korpergewicht: 4400+530g) wurden initial mit
Ketaminhydrochlorid (50 mg/kg KG) intramuskular anasthesiert. Die
Narkoseaufrechterhaltung erfolgte nach Tracheotomie Uber einen Endotrachealtubus
(5,5 Ch) und kunstlicher Beatmung (Servo Ventilator 900C, Siemens-Elema,
Schweden) mit 0,8 Vol% lIsofluran in einem N>O/O, von 70/30 % und intravendser
Muskelrelaxierung mit Pancuroniumbromid (0,2 mg/kg/h). Zur Volumensubstitution
(Ringerlactat: 5ml/kg/h) wurde ein zentralvenoser Katheter in der V. jugularis externa
sinistra platziert. Die Einhaltung der Normoventilation wurde durch kontinuierliches
CO,-Monitoring und regelmafige arterielle Blutgasanalysen realisiert.

Zur Messung des arteriellen Blutdruckes und Gewinnung von Referenzblut fur die
CBF-Messung mittels farbmarkierter Mikrospharen wurde ein arterieller Katheter Uber
die A. femoralis in die Aorta abdominalis eingebracht. Die Mikrospharen-Applikation
erfolgte Uber einen weiteren, von der A. carotis communis dextra in den linken
Ventrikel des Herzens vorgeschobenen Katheter. Fir die Gewinnung von
hirnvendsen Blutproben wurde zusatzlich ein Katheter Uber den Sinus sagittalis
superior im Confluens sinuum platziert.

Zur kontinuierlichen arteriellen, linksventrikularen und zentralvenésen Druckmessung
wurden Flussigkeitsdrucktransducer (P23Db, Statham Instruments, Hato Rey, Puerto
Rico) verwendet. Das EKG wurde mit den Standard-Extremitatenableitungen Uber
Nadelelektroden registriert. Alle physiologischen Parameter wurden auf einem
Multikanal-Polygraphen (MT95K2®, Astro-Med, USA) aufgezeichnet.

Die Rektaltemperatur wurde wahrend des gesamten Experimentes bei 38°C mit einer
thermostatkontrollierten Wassermatte und einer feedbackkontrollierten Warmelampe
konstant gehalten.
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3.1.2. Chirurgische Praparation und Instrumentierung far
Neuromonitoring und kontrollierte ICP-Steigerung

Uber Bohrlochtrepanationen wurden links frontal eine fiberoptische ICP-Messsonde
in die subkortikale weille Substanz (Camino Laboratories, San Diego, U.S.A.) und
eine Hirngewebs-pO,-Elektrode (Clark-Typ) gemeinsam mit einer Temperatursonde
(LICOX pO2 Monitor, GMSmbH, Kiel-Mielkendorf, Germany) 3 bis 5 mm tief in den
parietalen Kortex eingebracht. Ein Latexkatheter (8,5 Ch) mit einem epiduralen
Ballon wurde rechts parietal Uber ein ovales Bohrloch (10x3 mm) bei intakter Dura
mater parallel zum Sinus sagittalis so eingeflhrt, dass er Uber dem rechten
frontoparietalen Kortex zu liegen kam. Die Bohrlécher wurden mit Knochenwachs
verschlossen und die Sonden sowie der epidurale Ballonkatheter zur Vermeidung

von Dislokationen mit Dental-Acrylat fixiert (Abb.1).

Sinus sagittalis Katheter
fur Blutproben

ECoG-Referenz

ICP

Hirngewebs-
pO,/ Temperatur

idural
Bangﬁl'(a‘t‘,ﬁtiﬂ Abbildung 1 Praparation des Kopfes —

Trepanationen fir den epiduralen
Ballonkatheter, die ICP und Gewebs-
links ECoG rechts pO./Temperatur-Messung  sowie  die
Lokalisation der ECoG-Ableitungen,
modif. nach (70).

3.1.3. Graduelle CPP-Reduktion unter externer ABP- Kontrolle

Wahrend der schrittweisen CPP-Reduktion wurde der MAP in engen Grenzen (85
mmHg) konstant gehalten. Die Verwendung eines speziellen externen Blutdruck-
Regelkreises gestattete es, den CPP als Differenz von MAP und ICP prazise stabil
zu halten und den Einfluss reaktiver MAP-Anderungen infolge der schrittweisen ICP-
Erhohung zu reduzieren.

Dabei wird die Anderung des Blutvolumens genutzt, um mittels einer durch einen
externen Regelkreis per PC gesteuerten Infusions/Absaug-Pumpe (Syringe Pump

SP210iw, World Precision Instruments Inc., Sarasota, USA) den Blutdruck auf einem



Material und Methoden 12

vorgegebenen Blutdruckniveau konstant zu halten. Da das Zusammenspiel zwischen
physiologischem Blutdruckregelkreis und dem mathematisch-technischen Regler
Proportional-Integral-Differential (PID) Eigenschaften mit deutlicher Nichtlinearitat
aufwies, war zuvor durch experimentelle Untersuchungen eine Anpassung des
Reglers erforderlich (93). Die dabei ermittelte Integrationszeit-Konstante von K; =
6,94 mmHg/min wurde flr ausreichend angesehen. Die zuverlassige Einstellung von
steady-state-Zustanden ist auch bei deutlichen Abweichungen vom physiologischen

Optimum in methodischen Studien belegt worden (18).

3.1.4. Messung physiologischer Parameter

3.1.4.1. Messung von HZV und Hirndurchblutung mittels CMS

Die Bestimmung des Herzzeitvolumens und der regionalen Hirndurchblutung erfolgte
mittels farbmarkierter Mikrospharen (113, 208). Eine definierte Menge (~1 x 10° je
Injektion) farbmarkierter Polystyrene-Mikrospharen (rot, weil3, gelb, blau, violett)
wurde zu funf Zeitpunkten in den linken Ventrikel des Herzens appliziert und mit dem
Blutstrom zu den Organen transportiert.

Der Transport der Partikel aus dem linken Ventrikel entspricht einer Dilutionskurve,
wobei der weitaus groite Teil der Mikrospharen innerhalb von 30 s im Gefalisystem
verteilt wird. Nach ca. 90 s ist die Auswaschung der CMS nahezu vollstandig erfolgt.
Zur Bestimmung der nutritiven Durchblutung wurden Mikrospharen mit einem
Durchmesser von 15,5£0,33 ym (Dye—Trak®, Triton Technology, San Diego, CA,
U.S.A.) gewahlt. Durch die GroRe und die im Vergleich zu Erythrozyten fehlende
Verformbarkeit werden die CMS im prakapillaren Stromgebiet irreversibel fixiert und
reprasentieren damit die aktuelle Durchblutung im jeweiligen Organ oder Gewebe.
Zur Quantifizierung des Blutflusses wurde eine Referenzblutprobe als artifizielles
Organ entnommen.

Da nach dem Lambert-Beerschen Gesetz eine lineare Beziehung zwischen
Konzentration und Absorption besteht, kann die Konzentration der CMS Uber die
Bestimmung der Absorption des durch Losungsmittel von den Mikrospharen geldsten
Farbstoffes ermittelt werden.

Das Absorptionsspektrum wurde mit einem Spektrophotometer (Beckmann DU 7500)

registriert. Dabei handelt es sich um ein Summationsspektrum, das sich aus den
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spezifischen Absorptionsspektiren der einzelnen Farben zusammensetzt. Da das
spezifische Absorptionsmaximum einer jeden Farbe in der entsprechenden
Referenzblutprobe bestimmt wurde, liel sich der Anteil der verschiedenen Farben
am Summationsspektrum berechnen. Die Auflosung in die Einzelspektren erfolgte
durch die inverse Matrixtechnik (179).

Die simultane Bestimmung der Farbstoffkonzentrationen in der jeweiligen Organ-
bzw. Gewebeprobe und der Referenzblutprobe ermdglichte die Bestimmung des
absoluten Blutflusses zu den funf Messzeitpunkten. Die Bestimmung der
Mikrospharenzahl erfolgte durch Verwendung der spezifischen Absorption der
einzelnen Farben nach Herstellerangaben als Proportionalitatsfaktor.

Der absolute Blutfluss in der jeweiligen Gewebeprobe wurde nach folgender Formel
berechnet:

ABFGewebe= CMS-Zahlgewebe * (ABFRreferen/ CMS-Anzahlgeferenz)

Dabei entsprach ABFreferenz der Rate der Entnahmepumpe fur die Referenzblutprobe
aus der Aorta abdominalis. Der Blutfluss wird in Milliliter pro Minute pro 100g
Gewebe angegeben.

Der zerebrovaskulare Widerstand (CVR = MABP / globaler CBF) und die zerebrale
Sauerstoffumsatzrate [CMRO, = GroBhirnblutfluss x (arterieller - hirnvendser O,-
Gehalt)] wurden zu jedem Messzeitpunkt bei jedem Tier bestimmt.

Des Weiteren konnte durch die exakte Gewichtsbestimmung der gemessenen
Gewebeproben und des Gesamtorgans der rCBF zum Zeitpunkt der
Mikrosphareninjektion errechnet werden, indem der absolute Blutfluss bezlglich des

betreffenden Probengewichtes normiert wurde.

3.1.4.2. Durchfuhrung der Durchblutungsmessungen mittels CMS

Vor der Applikation wurden die Farbmikrospharen im Wasserbad auf 38°C
vorgewarmt und im Ultraschallbad (Transonic 460/H, Singen, Germany)
aufgeschuttelt, um eine optimale Suspension zu erreichen. Zu den Messzeitpunkten
wurden jeweils 7,5x10° bis 9x10° Mikrospharen innerhalb von 20 s Uber den
linksventrikularen Katheter in den Ventrikel injiziert. Nach der Injektion wurden die
Spritze und der arterielle Katheter mit 1 ml physiologischer Kochsalzlésung gespuilt.
Die Referenzblutprobe wurde Uber den A. femoralis-Katheter aus der Aorta
abdominalis entnommen. Die Probenentnahme erfolgte kontinuierlich, beginnend 15

s vor Injektion der CMS Uber einen Zeitraum von 2 min mit einer Geschwindigkeit von
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1.5 ml/min (Syringe Pump SP210iw, World Precision Instruments, Inc., Sarasota,
USA).

Nach Versuchsende und Totung der Tiere mittels intrakardialer Injektion einer
30%igen KCI-Lésung wurden die Gehirne entnommen und zur Bestimmung des
rCBF in einzelne Hirnregionen geteilt, so dass die Regionen Hirnstamm (bestehend
aus Medulla oblongata, Pons und Mesenzephalon), Zerebellum, Hippocampus,
Grol3hirn, Nucleus caudatus, Thalamus, weile Substanz (Corpus callosum,
periventrikular) und kortikale graue Substanz (gepoolt aus frontalem, parietalem,
temporalem und occipitalem Kortex) erhalten wurden.

Nach Partitionierung des Hirngewebes wurden die 0,15-2,5 g groRen Proben und die
Referenzblutproben zur Ruckgewinnung der Mikrospharen mit 3 ml/g
Verdauungslosung (4N KOH mit 4% Tween 80 in deionisiertem H,O) versetzt und fur
mindestens 4 h in einem 60°C warmen Wasserbad verflussigt. Zur Rickgewinnung
der CMS wurden die Proben dann uber eine Polyestermembran mit einer
PorengréfRe von 8 uym (Fa. Costar, Bodenheim) unter Laminar-Flow-Bedingungen
filtriert. Im Anschluss wurden die Filtermembranen zunachst mit deionisiertem
Wasser und 2 % Tween 80 und danach mit 70% Athanol gesplilt.

Nach einer Trocknungszeit von 4 h wurden die CMS zusammen mit den
Filtermembranen in Zentrifugenglaschen geflllt und anschlie®end nach Zusatz von
150 yl DMFA zur Ablosung des Farbstoffes zentrifugiert. Nach Entfernung der
Membranen  wurde erneut  zentrifugiet und die  Uberstdnde  zur
Farbstoffkonzentrationsmessung  abpipettiert. Die  Absorptionsspektren  der
Farbgemische wurden mit einem Diodenarray-Spektrophotometer (Modell 7500,
Beckman Instruments, Fullerton, USA; Wellenlange von 300-800nm, optische
Bandbreite 2 nm) gemessen. Bei einer Absorption >1,3 AE (1AE = -lg [10%
Lichttransmission/100%]) wurde die betreffende Probe verdinnt und wiederholt
gemessen, um die Linearitat zwischen Absorption und Farbkonzentration zu
gewahrleisten. Zur Auswertung wurde eine kommerzielle Software (MISS®, Triton

Technology, San Diego, U.S.A.) verwendet.

3.1.4.3. Analyseprozeduren und Bestimmung funktioneller Parameter

Hamoglobinwert, Sauerstoffsattigung und Blutgaswerte wurden unmittelbar nach
Entnahme der Blutproben mit Standardlaborgeraten (Hamoxymeter OSM2®, ABL 50°

Blood-Gas-Analyzer, Radiometer Kopenhagen, Danemark) bestimmt. Alle
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Messungen erfolgten temperaturkorrigiert. Die Bestimmung der
Blutplasmakonzentrationen von Glukose und Laktat erfolgte mit dem Metabolit-
Elektrolyt-Analyzer EML 105 (Radiometer Kopenhagen, Danemark). Alle
entnommenen Blutvolumina wurden direkt nach Entnahme durch Ersatzblut
ausgeglichen.

Unter der Annahme, dass die Sauerstoffkapazitat des Blutes beim Schwein 1,39 ml
O./g Hb betragt (34), wurde die arterio-hirnvendse Sauerstoffgehaltsdifferenz unter
Berucksichtigung des gebundenen und gelosten Sauerstoffanteils nach folgender

Formel kalkuliert:
C(a-hv)OZ =139 eHbe (SaOQ - ShVOQ) + 0.0031 o (PaOQ — thoz)

Die zerebrale Sauerstoffumsatzrate wurde berechnet als:
CMR02 = CBF o C(a-hv)02

Die Blutproben aus dem Confluens sinuum reprasentieren den gemischtvendsen
Sauerstoffgehalt von supratentoriell gelegenen Hirnregionen (34). Aus diesem Grund
wurden zur Berechnung der CMRO, die regionalen Durchblutungen jener
Hirnregionen gemittelt, deren vendses Blut vorwiegend in den Confluens sinuum
drainiert (frontaler, basaler, parietaler, medianer, temporaler und occipitaler Kortex,
sowie Hippocampus, Nucleus caudatus, Striatum, Thalamus und weil’e Substanz
des GroBhirns). Fur die Betrachtung des Zusammenhanges von CBF, CMRO; und
mittlerer Hirntemperatur wurde als CBF der mittlere Blutfluss all jener Hirnregionen
definiert, der fur die Berechnung der CMRO, verwendet wurde.

Der zerebrale Gefallwiderstand berechnet sich nach:

MAP

CVR= —CBF

Das regionale zerebrale O,-Angebot wurde als Produkt von arteriellem O,-Gehalt
und rCBF berechnet.

Die zerebrale Glukoseumsatzrate berechnete sich analog zur CMRO; aus dem
Produkt von CBF und der zerebralen arteriovendsen Glukosedifferenz.

Das totale Blutvolumen der Tiere wurde mit 12% des Korpergewichtes kalkuliert
(166).
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3.1.4.4. Monitoring der kortikalen Funktion mittels ECoG

Vier als Schrauben ausgefuhrte Elektroden wurden zur unipolaren Ableitung des
ECoG in der Schadelkalotte Uber dem somatosensorischen Kortex
(Referenzelektrode Uber dem Nasion) unmittelbar kaudal der Koronarnaht und 5 bzw.
10 mm lateral der Sagittalnaht platziert (Abb. 1). Die ECoG-Signale wurden verstarkt,
gefiltert und unter Verwendung eines Analog/Digital-Wandlers (DT2821F, Data
Translation, Marlboro, USA) auf einen PC Ubertragen. Zur Offline-Auswertung
wurden die Daten auf einer Festplatte gespeichert (Abtastrate 512 Hz). Das ECoG
wurde wahrend jedes Messzeitpunktes fur jeweils 3 min registriert und mittels
Spektralanalyse quantifiziert. Hierzu wurden die spektrale Bandleistung
(Gesamtband: 1-30 Hz, &-Band: 1-4 Hz; 1- Band: 5-8 Hz; a-Band: 9-12 Hz; B-Band:
13-30 Hz) und die d-Ratio ([a-Band+ 3-Band]/[ 6-Band]) ausgewertet.

3.1.5. Experimentelle Protokolle — Experiment 1

3.1.5.1. Evaluation der zerebralen Durchblutung und des oxydativen
Hirnmetabolismus wéhrend schrittweiser CPP-Reduktion
Nach Beendigung der chirurgischen Praparation wurde fur alle Tiere eine
Stabilisierungsphase von 60 min eingehalten. Nach Registrierung der
Ausgangswerte der physiologischen Parameter (baseline) wurde der externe ABP-
Kontroller zur Blutdruckregulation installiert und nach 30 min eine zweite
Kontrollmessung durchgefuhrt (control 2).
Danach begann die schrittweise Erhdhung des ICP auf 15, 25, 35 und 45 mmHg fur
jeweils 30 min mittels entsprechender Inflation des epiduralen Ballons (Abb. 2).
Wahrend dieser schrittweisen ICP-Erhéhung wurde der Blutdruck bei ca. 85 mmHg
konstant gehalten. Aus diesem Vorgehen resultierte bei einem ICP von 25 mmHg
eine CPP-Reduktion auf etwa 70% des Ausgangswertes (Messpunkt 3), bei ICP = 35
mmHg auf 50% (Messpunkt 4) und bei ICP = 45 mmHg auf etwa 30% des
Ausgangswertes (Messpunkt 5).
Mit der Aufzeichnung samtlicher oben aufgefuhrter Messparameter wurde jeweils zur
25. Minute begonnen. Bei ICP=15 mmHg wurde keine CMS-Messung durchgefuhrt.
Am Ende des Experimentes wurden die Tiere durch intrakardiale KCl-Injektion zur

Entnahme und Aufarbeitung der Gehirne getotet.
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3.1.5.2. Einfluss der milden Hypothermie auf den zerebralen Metabolismus
und die elektrokortikale Funktion wahrend schrittweiser CPP-

Reduktion
Stabilisierungsphase 60 min
Erhebung der Ausgangswerte
E Messwerterhebung 5 min vor Beginn der néchsten Stufe
p—— Induktion der Hypothermie

Experimentes [ Zieltemperatur von 32°C erreicht und konstant gehalten
ﬁ CBF-Messungen mittels farbmarkierter Mikrosphé&ren

ICP 45

R
SN =

Zeit [h]

-1 0 1 2

hirurgische

Praparaton ! ! ! i !

Abbildung 2 Zeitlicher Ablauf der Experimente zur Hypothermie bei schrittweiser CPP-Reduktion
durch kontrollierte ICP-Erhéhung

Nach chirurgischer Praparation und Stabilisierungsphase sowie Erhebung der
Kontrollwerte  wurden die Tiere randomisiert entweder auf 32°C
Korperkerntemperatur mittels Oberflachenkuhlung gekuhlt oder normotherm bei 38°C
wahrend der gesamten Versuchsdauer gehalten (Abb. 2). Nach Erreichen der
Zieltemperatur erfolgte die schrittweise ICP-Erhohung auf 25, 35 und 45 mmHg. Bei
den normothermen Tieren wurde Messpunkt 3 (ICP25mmHg) nach einem
Zeitintervall, welches der Kuhlphase der Hypothermie-Tiere entsprach, erhoben.

Die Hypothermie wurde durch zerkleinerte Eiswurfel und eine gekihlte Wassermatte

induziert und fir das gesamte Experiment konstant bei 32°C Rektaltemperatur

gehalten.
3.2. Experiment 2 — Flissigkeitsvermitteltes Perkussionstrauma
3.2.1. Anasthesie und chirurgische Praparation zur Messung

hamodynamischer Parameter

Alle 35 weiblichen Schweine im Alter von 6 Wochen (Deutsches Hausschwein)
wurden zunachst mit Ketaminhydrochlorid (20 kg/kg KG) und Midazolam (1mg/kg)

sediert. Sie atmeten Uber einen Nasentrichter Isofluran (2 Vol-%) in einem N2O:O; -
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Gemisch von 70:30 %. Die Tiere wurden dann tracheotomiert (Tracheoflex-Kanule:
Grolke: 5,5 mm ID; Fa. Rusch, Kernen, Deutschland) und ein zentralvendser Katheter
Uber die V. jugularis externa dextra zur Medikamenten- und
Flussigkeitsadministration (Ringerlactat: 4 mil/kg/h) mittels Venae sectio wurde
platziert. Die Anasthesie wurde nun durch kontinuierliche Infusion von Fentanyl (15
Mg/kg/h) und Midazolam (1 mg/kg/h) sowie Pancuroniumbromid (0,4 mg/kg/h) zur
Muskelrelaxierung aufrechterhalten. Die Tiere wurden mit einem Oj/Luft-Gemisch
(FiO2 = 0,35) druckkontrolliert beatmet (PIP: 15-20 mbar, PEEP: 2—-4 mbar; Servo
Ventilator 900C, Siemens-Elema, Schweden). Die Normoventilation (P,CO, 35—
40mmHg) wurde mittels kontinuierlichem CO»-Monitoring und stundlichen arteriellen
Blutgasanalysen uberwacht.

Zum kontinuierlichen Blutdruckmonitoring wurde ein Katheter in der A. brachialis
sinistra platziert. Ein weiterer Katheter wurde von der A. femoralis sinistra in die Aorta
abdominalis zur Referenzblutaspiration wahrend der CMS-Applikation vorgeschoben.
Des Weiteren wurde ein Thermodilutionskatheter zur Messung des HI Uber die A.
saphena sinistra in der Aorta abdominalis platziert. Weitere Katheter wurden nach
linksseitiger Thorakotomie in den linken Herzvorhof fur die CMS-Injektionen und in
eine Pulmonalarterie des linken Lungen-Unterlappens zur Gewinnung von gemischt-
vendsen Blutproben eingeflhrt.

Die EKG-Ableitungen und die Registrierung der hamodynamischen Parameter sowie

die Temperaturkontrolle erfolgten wie unter Experiment 1 beschrieben.

3.2.2. Instrumentierung fir Neuromonitoring und Applikation des
Hirntraumas

Nach Umlagerung wurde zunachst Uber eine links frontale Bohrlochtrepanation eine
ICP-Messsonde (Camino Laboratories, San Diego, USA) in der subkortikalen weil3en
Substanz platziert. Uber eine weitere links parietale Trepanation kranial und medial
der Traumaapplikationsstelle erfolgte die Implantation einer Hirngewebs-pO,-
Elektrode vom Clark-Typ, einer Temperatursonde (LICOX pO, Monitor, GMS mbH,
Kiel-Mielkendorf, Germany) und einer LDF-Sonde (Laser Blood Flow Monitor MBF
3D, Moore Instruments, Axminster, England) Uber eine Drei-Wege-Schraube 3-5 mm
in den darunterliegenden Kortex. Eine weitere Trepanation erfolgte in der Mittellinie

20 mm rostral des Bregma zur Platzierung eines Katheters fur Blutentnahmen aus
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dem Confluens sinuum, der Uber den Sinus sagittalis superior vorgeschoben wurde
(Abb. 3).

Die Katheter und Sonden wurden mit Dental-Acrylat fixiert und die
Trepanationsstellen mittels Knochenwachs verschlossen.

Zur Ankopplung der Tiere an die Schlagvorrichtung wurde ein zylindrischer FP-
Adapter an der Kalotte Uber dem linken parietalen Kortex zwischen Lambdanaht und
Bregma nach Bohrlochtrepanation mittels Schraubchen und Dental-Acrylat fixiert.
Wahrend dieser Manipulationen wurde streng auf die Unversehrtheit der Dura mater
geachtet.

Anschlieltend wurden wie in Experiment 1 die Elektroden zur Ableitung des ECoG in

der Kalotte Uber dem somatosensorischen Kortex platziert.

3.2.3. Das flussigkeitsvermittelte Perkussionstrauma

Das Hirntrauma wurde mittels einer modifizierten Schlagvorrichtung nach Sullivan
appliziert (196). Der FP-Adapter wurde hierzu an ein zylindrisches Gehause
konnektiert, in welches ein Drucktransducer (Typ 5011, Fa. Kistler, Ostfilden,
Deutschland) eingeschraubt war. Dieses Gehause war mit der eigentlichen FP-
Schlagvorrichtung verbunden. Die Vorrichtung besteht aus einem mit physiologischer
Kochsalzldsung geflllten 25 cm langen zylindrischen Plexiglas-Reservoir und einem
abgedichteten beweglichen Metallkolben, der in dem Plexiglasrohr entlanggleitet. Der
Metallkolben ist am freien Ende mit einer Gummiabdeckung versehen, auf das ein
6.2 kg schweres Pendel aufschlagt (Abb. 3).

Die Schwere des Traumas ist dabei von der Fallhohe des Pendels und der damit pro
Zeiteinheit in den Epiduralraum eindringenden FlUssigkeit abhangig. Die rasche
Injektion der Flussigkeitssaule in den Epiduralraum generiert eine diffuse
Hirnbewegung mit typischen Verletzungsmustern eines schweren SHT, wie
Subarachnoidalblutungen, Hirnkontusionen sowie diffusen axonalen Schaden (49,
163). Der resultierende Druckpuls diente zur Quantifizierung der Traumaschwere und
wurde Uber den Drucktransducer registriert und auf einem Oszilloskop gespeichert
(54600B Oszilloskop, Hewlett Packard, Colorado Springs, USA).

Unmittelbar nach der Trauma-Applikation wurde ein am Plexiglas-Reservoir

befestigter Dreiwegehahn zur Druckentlastung gedffnet.
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Trepanation des Os temporale
zur epiduralen Applikation des
Druckvolumenpulses
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zylinder wandler

\ — \ o/%oo
] FQ\/

LI RN

PC Oszillograf Verstar-
ker

Abbildung 3 Versuchsanordnung zur Applikation des FP-Traumas; mod. nach Sullivan (196). Rechts
im Bild die schematische Darstellung der instrumentierten Kalotte des Schweines (I= ICP-Sonde; S=
Sinus sagittalis-Katheter, W = 3-Wege-Schraube mit ty;,pO2-, Temperatur- und LDF-Sonde; F= FP-
Adapter fir Traumaapplikation, E = ECoG-Elektroden, B = Bregma)

3.2.4. Messung von physiologischen Parametern

Die kardiovaskularen Parameter, die Parameter des zerebralen Metabolismus und
der Hirndurchblutung wurden, wie in Experiment1 beschrieben, gemessen.
CMS-Messungen wurden als Ausgangswert, am Ende des Blutentzuges, nach
Volumensubstitution sowie nach 8 h (entspricht dem Ende der Hypothermiephase)
und 24 h zum Ende des Experimentes durchgefuhrt.

Die Bestimmung des HI erfolgte mittels Thermodilutionstechnik bei Mittelung aus
mindestens drei Einzelmessungen pro Messzeitpunkt.

Die Messung von Blutgasen, Elektrolyten, Glukose und Laktat im Serum erfolgte in
stundlichen Abstanden sowie am Ende des Blutentzuges und unmittelbar nach
Substitution des Blutvolumens in der unter Experiment 1 beschriebenen Weise.
Ebenso erfolgte die Aufzeichnung des ECoG in Analogie zu Experiment 1. Die
auszuwertenden Analysezyklen betrugen jeweils 5 min wahrend der Messung der

metabolischen und kardiovaskularen Parameter.
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3.2.5. Gewebefixation, histologische und immunhistochemische
Aufarbeitung

Zur intravitalen Hirnperfusion wurde eine weitlumige Kantle in der A. ascendens
platziert und die Aorta angeschlungen. Die Aorta descendens, beide Ae. subclaviae
und die V. cava inferior wurden abgeklemmt und das rechte Herzohr eréffnet. 500ml
heparinisierte kérperwarme physiologische NaCl-Lésung wurden nun Uber die
Perfusionskanule druckinfundiert, bis die aus dem rechten Herzohr zuricklaufende
Losung klar war. Nun erfolgte eine Druckinfusion von 1500 ml einer gepufferten 4%-
igen Formaldehyd-Losung zur intravitalen Hirnfixation. Nach Dekapitierung und
Fixierung fur 48 h in einer 4%igen Formaldehyd-Losung bei 4°C wurden die Gehirne
entnommen und zur weiteren makro- und mikropathologischen Auswertung
aufgearbeitet. Hierzu wurden die Gehirne zunachst fotografiert, anschlieRend mit
Hilfe einer Schneidevorrichtung in drei 7 mm dicke koronar verlaufende Scheiben
geschnitten (Frontalhirn, temporoparietales Hirn — einschlieRlich Diencephalon und
Hippocampus, Hirnstamm auf dem Niveau von Pons und Medulla oblongata), in
Paraffin eingebettet und 7um dicke Hirnschnitte hergestellt (Abb. 4). Sie wurden mit
HE fur die Routinemorphologie gefarbt bzw. flr die Immunhistochemie weiter

aufbereitet.

Abbildung 4 links: FP-traumatisiertes Gehirn nach Formaldehydfixierung; rechts: Schnittebenen der
histologischen Aufarbeitung a)frontal, b) temporoparietal, ¢) Hirnstamm; der graue Kreis markiert die
Lokalisation des FP-Traumas, modif. nach (30).

3.25.1. Immunhistochemie

3.2.5.1.1. RAPP und MAP2

RAPP sind Glykoproteine, die ubiquitar im ZNS, vor allem im Bereich der Synapsen,

vorkommen. Lichtmikroskopisch sind sie wegen sehr geringer Konzentrationen nicht
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nachweisbar (183). Im Rahmen einer Akuten-Phase-Antwort kommt es zu einer
vermehrten Expression von BAPP (171). Da BAPP dem schnellen anterograden
axoplasmatischen Transport unterliegt (135, 140), kann man bei Stérungen oder
Unterbrechungen der axonalen Transportfunktion intraaxonale RAPP-Ablagerungen
frlher als andere axonale Proteine (z.B. Neurofilamente, Ubiquitin) nachweisen
(152). Die BAPP-Immunhistochemie hat dartber hinaus den Vorteil, dass sie im
Gegensatz zu anderen axonalen Markern (Versilberungstechniken, Neurofilamente,
Ubiquitin) nur geschadigte Axone markiert (1, 121).

MAP?2 ist das im Gehirn quantitativ am meisten vorkommende Mikrotubuli-assoziierte
Protein. Es ist vor allem in den Perikaryen und Dendriten ungeschadigter
Nervenzellen anzutreffen, jedoch nicht in den Axonen. MAP2 ist ein hochmolekulares
(280 kD), hitzestabiles zytoskelettales Protein, das wahrend der normalen
Hirnentwicklung Veranderungen unterliegt und bei einer Reihe neurodegenerativer
Erkrankungen (Morbus Alzheimer, Morbus Pick) alteriert ist. Weiterhin gibt es
Hinweise darauf, dass MAP2 eine wichtige Rolle bei Lern- und Gedachtnisprozessen
spielt (214). Es liegen einige Studien Uber den MAP2-Verlust bei Ischamie vor (46,
106). Nach experimentellem Hirntrauma der Ratte wurde eine Abnahme der MAP2-
Immunreaktivitat im ipsilateralen Kortex und Hippocampus beschrieben (89).

Die BAPP- und MAP2 - Immunhistochemie erfolgte mittels Avidin-Biotin-Peroxidase-
Komplex-Methode (89). Bei den entparaffinierten Gewebeschnitten wurde zunachst
die endogene Peroxidase mit 0,3% H20, in PBS-Puffer geblockt (30 Minuten bei
Raumtemperatur). Nach Inhibierung unspezifischer Aldehydgruppen mit 50mg
Natrium-Borhydrit auf 100 ml Aqua dest. und Blockierung unspezifischer Antigene mit
Normalserum wurden die Gewebsschnitte Uber Nacht bei 4°C mit den primaren AK
inkubiert. Zur Darstellung von BAPP-Ablagerungen (mAb Maus 22c11; Boehringer
Mannheim, Indianapolis, USA) wurden BAPP-AK und fur die Markierung der MAP2-
Proteine (mAb, Amersham International, Little Chalfont, GB) MAP2-AK verwendet.
Nach Spulung mit Arbeitspuffer wurden die Schnitte am Folgetag mit dem
sekundaren biotinylierten AK (Pferd-anti-Maus IgG) Uber 24 h bei 4°C inkubiert. Nach
erneuter Spulung wurde der ABC-Komplex als tertidarer AK mit einer Einwirkzeit von
30 min bei Raumtemperatur auf die Schnitte (Vectastain Elite Kit, Vector Laborities,
Burlingham, USA) aufgetragen. Anschlielend wurden die Schnitte nach erneuter
mehrmaliger Spulung PBS und Aqua dest. mit dem Peroxidase-Substrat (DAB)

inkubiert. Die Reaktion wurde nach 8 min mit Aqua dest. unterbrochen, anschlieRend
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wurde mit Hamatoxylin gegengefarbt (Einwirkzeit: 15 min). Nach Dehydrierung in
aufsteigender Alkoholreihe wurden die Gewebeschnitte mit DPX-Deckmedium
eingedeckt.

Zur Negativkontrolle dienten mit Pferdeserum inkubierte Gewebeschnitte ohne
primaren AK, die keinerlei Markierungen zeigten. Als Positivkontrollen fir die MAP2-
Immunhistochemie wurden Gewebeschnitte vom Rattenhirn, fiir die BRAPP-

Immunhistochemie BAPP-positive Hirnschnitte von Alzheimerpatienten genutzt.

3.2.5.1.2. TUNEL-Reaktion

Mit der TUNEL-Methode sind die flr die Apoptose charakteristischen DNA-
Fragmentationen nachweisbar. Neben dem nekrotischen Nervenzelluntergang lassen
sich auch Haufigkeit und Lokalisation apoptotischer Hirnzellen analysieren.

Die genomische DNA kann wahrend des Apoptoseprozesses sowohl in
niedermolekulare DNS-Doppelstrangfragmente als auch in Einzelstrange (,nicks®)
héheren Molekulargewichts zerbrechen. Solche DNA-Strangbriiche kénnen in einer
enzymatischen Reaktion durch die Markierung freier 3°-OH-Enden mittels
modifizierter Nukleotide identifiziert werden. Bei dem verwendeten Kit (,in situ cell
death detection kit“, AP, Boehringer Mannheim, Indianapolis, USA) wurde das Enzym
TdT, welches die Polymerisation von Nukleotiden an freien 3°-OH-DNA-Enden
katalysiert, genutzt, um DNA-Strangbriche nachzuweisen.

Wahrend der TUNEL-Reaktion wurde mit Hilfe der TdT Fluorescein-konjugierte
dUTP-Nukleotide als Antigen an die fragmentierte DNA angelagert. Fur die Passage
der AK in den Zellkern war jedoch eine Vorbehandlung mit proteolytischen Enzymen,
wie Proteinase K, notwendig. Dieser Vorgang wurde nach 20 min Inkubation im
Brutschrank bei 37°C durch dreimaliges Spulen mit PBS beendet. Fur die TUNEL-
Reaktion wurde in Abhangigkeit von der GroRe der Gewebeproben bis zu 100ml
Fluorescein-konjugierte dUTP und die TdT aufgetragen und fiir 1h bei 37°C inkubiert.
Zur Negativkontrolle wurde nur die reine Verdunnungslosung (Fluorescein-
konjugierte dUTP ohne Enzym) aufgetragen. Die TUNEL-Reaktion wurde durch
dreimalige Spulung mit PBS beendet. Die Verwendung von Fluorescein-konjugierter
dUTP moglichte es, die DNA-Fragmentation direkt nach der Inkubation des primaren
AK unter dem Fluoreszenzmikroskop zu untersuchen. Fur die lichtmikroskopische
Darstellung reagierte in einem zweiten Schritt der primare AK mit einem Anti-

Fluorescein-Sekundar-AK, der mit AP konjugiert war. Da es sich bei der AP um ein
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ubiquitdr vorkommendes Enzym handelt, wurde die endogene AP zuvor mit
Magermilchpulver bzw. Kaninchenserum fir 60 min inhibiert. Nach Zusatz eines
Substrates fur die AP wurde anschliellend die Converter-AP aufgetragen und bei
37°C fur 30 min inkubiert. Der Entwicklungsprozess wurde mit Blockierungslosung
(NBT/BCIP, Boehringer Mannheim, Indianapolis, USA) beendet. Nach Gegenfarbung
mit Kernechtrot und Eindeckung der Schnitte mit Glyceringelatine konnten die
markierten Zellen lichtmikroskopisch analysiert werden. Als Positivkontrolle dienten

humane Lymphomschnitte.

3.2.5.1.3. Auswertekriterien

Die Gewebeschnitte wurden ohne Kenntnis der Zugehorigkeit zur jeweiligen
Versuchsgruppe ausgewertet. Die Auswertung von MAP2-Immunhistochemie und
TUNEL-Reaktion erfolgte an zwei konsekutiven Schnitten, die der RAPP-
Immunhistochemie nach Prufung der Reproduzierbarkeit an einem Schnitt. Fir die
histologische Auswertung und die genaue anatomische Zuordnung der untersuchten

Hirnareale dienten anatomische Atlanten vom Schweinegehirn (66).

3.2.5.1.3.1. Quantifizierung der MAP2-Immunhistochemie

Die Quantifizierung der MAP2-Immunhistochemie erfolgte an Gewebeschnitten des
Neokortex und Hippocampus beider Hemispharen nach Einscannen in einen PC
mittels Bildbearbeitungssoftware (IMAGE, Version 1.42, NIH Public Domain, USA).

Die Bilder der Koronarschnitte wurden digitalisiert und die MAP2-Reaktivitat mit einer
Dichteskala (Grauwerte) zwischen 0 (weif3) und 255 (schwarz) bestimmt. Der nicht
markierten subkortikalen weilden Substanz wurde dabei als Hintergrundmarkierung

immer der Grauwert 0 (weil3) zugeordnet (,Weilkabgleich®).

3.2.5.1.3.2. Quantifizierung der RAPP Markierung

Folgende Hirnareale wurden auf eine BAPP-Markierung hin untersucht:

a) linke und rechte Hemisphare auf dem Niveau des Traumas, temporoparietales
Hirn mit Radiatio optica, Fasciculus subcallosus, Corpus callosum, Splenium,
Commissura fornicis und Hippocampus,

b) linkes und rechtes Dienzephalon mit Fasciculus tegmenti und Thalamus;
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c) Frontallappen, subkortikale weilRe Substanz auf Hohe der Fissura rhinalis
anterior, des rostralen Anteils des Nucleus caudatus;

d) Hirnstamm mit Commissura colliculi inferioris, Pedunculi cerebellares
superiores, Lemniscus lateralis, Fasciculus tegmenti, Fasciculus longitudinalis
medialis und Lemniscus medialis.

Alle RAPP-positiven Areale wurden in die Auswertung einbezogen. Die

Gewebsschnitte wurden unter 200x VergroRerung betrachtet und auf Markierung von

Axonen, deren Form und das Ausmal® der Markierung untersucht. Die Anzahl der

markierten Axone sowie der zwiebelféormigen Axonauftreibungen (,axonal bulbs®)

wurde in einem Bereich von 0,5mm2 ermittelt und auf die gesamte Flache, in der
positive Markierungen auftraten, extrapoliert. Zur semiquantitativen Auswertung der

RAPP-Markierung wurde folgende Graduierung genutzt (140):

Grad 0: keine Markierung von Axonen oder Nervenzellen

Grad 1: schwache und nur vereinzelte Axon- und Nervenzell-Markierungen

Grad 2: kraftige, aber nur fleckférmige Ansammlung von Axon- und

Nervenzellmarkierungen

Grad 3: kraftige und weitraumige Markierungen von Axonen und Nervenzellen.

Das Vorhandensein von ‘axonal bulbs‘(zwiebelformige Axonauftreibungen) erfolgte in

separater Bewertung.

3.2.5.1.3.3. Quantifizierung der TUNEL-Markierung

Auf dem Niveau des Traumas wurden Kortex, weille Substanz, Hippocampus und
Dienzephalon (Abb. 4) auf Anwesenheit, Anzahl und Verteilung TUNEL-positiver
Zellen untersucht. Die Gewebsschnitte wurden unter 200x VergroRerung in
mindestens fiinf Gesichtsfeldern betrachtet (Flache 1,5mm? pro Gesichtsfeld) und
nach folgendem semiquantitativen Score eingeteilt:

0 = keine TUNEL-positiven Zellen

1 = bis zu 10 TUNEL-positive Zellen pro Gesichtsfeld

2 =11 - 20 TUNEL-positive Zellen pro Gesichtsfeld

3 = mehr als 20 TUNEL-positive Zellen pro Gesichtsfeld

Die raumliche Verteilung innerhalb eines Hirnareals wurde mit einem zweiten Score
analysiert:

0 = keine TUNEL-positiven Zellen

1 = Ansammlung TUNEL-positiver Hirnzellen an einem Punkt des Hirnareals
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2 = Ansammlung TUNEL-positiver Hirnzellen an mehreren Punkten des Hirnareals

3 = ubiquitares Auftreten TUNEL-positiver Hirnzellen des Hirnareals.

Die Ergebnisse dieser zwei Untersuchungen wurden zu einem Wert addiert. Somit
ergab sich ein Maximalwert von sechs fur jedes ausgewertete Hirnareal.

Eine genaue morphologische Beschreibung der TUNEL-positiven Zellen war
erforderlich, da DNA-Schaden sowohl apoptotisch als auch nekrotisch bedingt sein
konnen (149). Die Differenzierung TUNEL-positiver Zellen erfolgte in Typ-I-
(nekrotische Zellen) und Typ-ll-Zellen (apoptotische Zellen) (170). Geschwollene
Zellen mit diffuser homogener TUNEL-Markierung wurden den Typ-lI-Zellen
zugeordnet. TUNEL-positive Zellen mit dem morphologischen Bild von
Kernschrumpfung, Chromatinmargination und der Ausbildung von ,apoptotic bodies*
wurden den Typ-ll-Zellen zugeordnet. Ermittelt wurde sowohl die Gesamtzahl

TUNEL-positiver Zellen, als auch der prozentuale Anteil von Typ-Il/Typ-I-Zellen.

3.2.6. Experimentelle Protokolle — Experiment 2

3.2.6.1. Auswirkungen der Hypothermie auf das Ausmalf der Hirnschadigung

Nach Beendigung der chirurgischen Praparation und einer Stabilisierungsphase von
60 min wurden die Ausgangswerte erhoben. Danach erfolgte die Randomisierung
der Tiere durch eine unabhangige Person (I.W.) und die Zuordnung zu den
Kontrollgruppen [K-NT: Kontrolle-Normothermie (n=6) oder K-HT: Kontrolle-
Hypothermie (n=6)] oder den Traumagruppen [T-NT: Hirntrauma-Normothermie
(n=13) oder T-HT: Hirntrauma-Hypothermie (n=10)]. Das Hirntrauma wurde mit
einem Auslenkwinkel des Pendels der FP-Schlagvorrichtung von 22 bis 26°, was im
Mittel einem moderaten Trauma von 3,5+0,3 atm entsprach (errechnet aus der
mittleren Amplitude des Druckpulses 2-5 ms nach Beginn des Traumas).

Drei Minuten nach dem Trauma wurde als sekundare Schadigungsnoxe eine
hypovolamische Hypotension induziert. Den Tieren wurde innerhalb von 18 min 30 %
des kalkulierten Blutvolumens entzogen. Dabei wurde von einem BV, das ca. 8% des
Korpergewichtes entspricht (166), ausgegangen. 35 min posttraumatisch wurde das
entzogene BV mit einem gelatinebasierten kolloidalen Volumenersatz (Gelafusal,
Serumwerke Bernburg, Deutschland) innerhalb von 10 min vollstandig substituiert
(Abb. 5). Am Ende der 24-stiindigen Uberwachungsperiode wurden die Tiere mit

einer intrakardialen Injektion einer 30%igen KCI-Losung getotet.
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Bei den Tieren der Hypothermiegruppen (K-HT und T-HT) wurde mit der Kihlung 60
min nach Trauma-Applikation begonnen. Die Tiere wurden wahrend des
Experimentes auf einer wassergekuhlten Matte (Wassertemperatur: 4°C) gelagert
und zusatzlich mit einem Kaltluftgeblase gekuhlt. Rektale und Hirntemperatur wurden
kontinuierlich gemessen, wobei die thermoregulatorischen Mallnahmen nach der
Rektaltemperatur gesteuert wurden. Die Tiere wurden so auf 32°C gekuihlt und die
rektale Temperatur fur 6 h konstant gehalten. AnschlieRend wurden die Tiere mittels
Erwarmung der Wassermatte und Warmluftgeblase innerhalb von 3 bis 4 Stunden
wiedererwarmt und das Monitoring bis 24 Stunden posttraumatisch fortgefihrt
(Abb.5). Nach 24 h erfolgte die Beendigung des Experimentes nach der oben
beschriebenen Prozedur.

i Stabilisierung
Erhebung der Ausgangswerte

Trauma- Blutentzug (25 ml/kg in 18 min
applikation @ 9( g )
. Volumenersatz entsprechend dem entzogenen

Blutvolumen innerhalb von 10 min

Start des
Experimentes

ﬂ CBF-Messungen mittels farbmarkierter Mikrosphé&ren

) . Hypothermie flr
Kuhlung 32°C Wiedererwdrmung Gruppen K-H und

N L HENNN] T-H

-

- 35 24 zeit[n
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Abbildung 5 Versuchsablauf fir FP-Trauma und Hypothermie

3.2.6.2. Evaluation der Traumaschwere

Die Auswertung der Traumaschwere ergab sich aus der unterschiedlichen Reaktion
der Tiere hinsichtlich des Verlaufes des ICP. Ein Teil der Tiere der Gruppe T-NT
entwickelte einen sekundaren ICP-Anstieg (n=7), der ca. 5 h posttraumatisch
begann. Die Detailanalyse ergab differierende Druckpulse, so dass alle
normothermen Tiere (K-NT + T-NT; n=19) einer erneuten separaten Auswertung

hinsichtlich des ICP-Verhaltens unterzogen wurden (74).
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3.2.6.3. Auswirkungen der Hypothermie auf Plasmaspiegel und

Biotransformation von Fentanyl sowie die intestinale Durchblutung
Die Tiere der hypothermen Kontrollgruppe (n=6) dienten in einem zusatzlichen Arm
des experimentellen Settings zur Bestimmung der Fentanyl-Plasmaspiegel wahrend
milder Hypothermie (in vivo). In einem erganzenden in vitro Experiment wurde die
Temperaturabhangigkeit der CYP3A4-Aktivitat mittels Monooxygenase Modell-
Reaktion (Ethylmorphin N-Demethylierungsaktivitat) untersucht (108).

3.2.6.3.1. In vivo Experiment (intestinale Durchblutung und Fentanyl-
Plasmaspiegel)

Anasthesie und Instrumentierung sowie die Durchfiihrung der Hypothermie erfolgten

wie oben beschrieben.
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Abbildung 6 Temperaturverlauf der hypothermen Kontrolltiere (n=6) und Messpunkte (MP) fur
Bestimmungen der Fentanyl-Plasmaspiegel sowie CMS-Messungen fur die Organdurchblutung
(MW<=SD), modif. nach (73)

Die Abnahme der Blutproben flir die Kontrollwerte zur Bestimmung der Fentanyl-
Plasmaspiegel erfolgte wahrend der chirurgischen Praparation nach 6 und als
Kontrollwert 2 wahrend der Stabilisierungsphase 12 h nach Beginn des
Experimentes. Die weiteren Blutproben wurden am Ende der Hypothermiephase,
nach Wiedererwarmung und am Ende des Experimentes entnommen (Abb. 6).
Gleichzeitig zu diesen Blutentnahmen erfolgte die CMS-Applikation zur Bestimmung

der regionalen Durchblutung der intestinalen Organe.
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Die Blutproben fiur die Fentanyl-Plasmaspiegel wurden nach Entnahme in kleine
Glasrohrchen verbracht und bei 4°C zentrifugiert. Die Fentanyl-Plasmaspiegel
wurden anschliel3end mittels RIA (Fa. Janssen Biotech, Olen, Belgien) gemessen
(144).

Nach Toétung der Tiere am Ende des Experimentes wurden die Organe entnommen.
Gewebeproben von Pankreas, Milz, Leber, Niere, Magen (Kardia, Fundus, Pylorus)
und Dunndarm (Duodenum, Jejunum, lleum) je 4 bis 6 g wurden mittels oben
beschriebener CMS-Technik zur Bestimmung der regionalen Organdurchblutung

aufgearbeitet.

3.2.6.3.2. In vitro Experiment (Temperaturabhangigkeit der CYP3A4-Aktivitat)

Fir das in vitro Experiment wurden die Lebern von 4 juvenilen Schweinen
(Deutsches Hausschwein, Alter: 6 Wochen, KG: 12.7+1.5 kg) verwendet. Hierzu
wurden die Tiere nach Narkose mittels Ketaminhydrochlorid (20 mg/kg) und
Midazolam (1 mg/kg) mittels iv-Injektion von 10 ml Magnesiumchlorid getotet. Nach
unmittelbarer Organentnahme wurden die Lebergewebsproben (ca. 1 g) in flissigem
Stickstoff eingefroren. Zur Praparation des 9000g Uberstandes wurden die Proben in
eisgekuhltem 0,1 M Natriumphosphat-Puffer (pH = 7,4) homogenisiert und bei 9000g
fir 20 min bei 4°C zentrifugiert. Der Proteingehalt des Uberstandes wurde mittels
modifizierter Biuretmethode bestimmt.

Die Ethylmorphin N-Demethylierungsaktivitdt wurde in den 9000g-Uberstanden
fotometrisch mit dem Reaktionsprodukt Formaldehyd gemessen (108). Fur diese
Reaktion wurden die Uberstdnde 1:4 mit 0,1 M Natriumphosphat-Puffer (pH =7,4)
verdinnt, mit dem Substrat Ethylmorphin versetzt und die Reaktion in einem
Riittelbad fiir 10 min nach einer 5 minitigen Temperatur-Aquilibrierung (26°, 32°, 38°
44°C) durchgefuhrt.

3.3. Statistische Auswertung

Die Daten aller Experimente sind, wenn nicht anders deklariert, als Mittelwerte + SD
dargestellt. Die Ausgangswerte wurden zwischen den Gruppen mit dem ungepaarten
Student’s t-Test verglichen. Eine einfaktorielle ANOVA wurde verwendet, um die
Unterschiede zwischen den Gruppen zu analysieren. Fur Vergleiche innerhalb der

Gruppen wurde eine einfaktorielle ANOVA fur wiederholte Messungen verwendet.
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FuUr post hoc Vergleiche kam der gepaarte t-Test mit Bonferroni-Holm-Korrektur fr
multiple Vergleiche zur Anwendung. SchlieRBlich wurden die Daten zwischen den
Gruppen mit dem ungepaarten t-Test mit Bonferroni-Holm-Korrektur fur multiple
Vergleiche analysiert.

Unterschiede in der Haufigkeit der mikro- und makropathologischen Merkmale wie
auch die Muster des ICP-Verhaltens wurden mit dem exakten Fischer-Test
analysiert. Der Vergleich der immunhistochemischen Daten erfolgte mittels Mann-
Whitney U-Test. Die a-Adjustierung erfolgte nach Bonferroni und Holm.

Zur statistischen Auswertung wurde das Statistik-Programm SPSS fir Windows V.
6.0 bis 10.0 (SPSS Inc. Chicago, USA) genutzt. Die Unterschiede wurden bei einem
p < 0,05 als signifikant eingestuft.
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4, Ergebnisse

Die physiologischen Parameter zu den einzelnen Experimenten sind in den im

Anhang aufgefuhrten Originalarbeiten aufgelistet.

4.1. Schrittweise CPP-Reduktion und der Einfluss der Hypothermie auf
zerebralen Sauerstoffmetabolismus und elektrokortikale Funktion

Mit dem beschriebenen experimentellen Ansatz in Experiment 1 konnte eine

schrittweise CPP-Reduktion auf 6911, 51+3 und 32+2% des Ausgangswertes (8617

mmHg entspricht 100%) erzielt werden. Der MAP wurde wahrend der schrittweisen

ICP-Erhéhung konstant gehalten (Abb. 7)

Beeinflussung des CPP vermieden.

und somit eine kardiovaskulare

Da die individuelle kardiovaskulare Antwort auf die ICP-Erhdhung unterschiedlich
ausfiel, retransfundierte
Blutvolumina erforderlich (baseline: 0; control2: - 4,1+5,2; ICP25: - 8,8+8,3; ICP35:
- 5,0£7,1; ICP45: 5,8£2,4 % des kalkulierten BV). Die CMS-Applikation beeinflusste

die kardiovaskulare und zerebrale Hdamodynamik nicht.
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Abbildung 7 Beispiel eines typischen Verlaufes
von MAP, ICP und CPP wahrend schrittweiser
CPP-Reduktion durch Inflation eines epidural
platzierten Ballonkatheters bei Konstanthalten
des MAP mittels ABP-Kontroller, modif. nach

30 min (19)

Bis zu einem ICP von 25+2 mmHg, der einer CPP-Reduktion auf 69+1% entsprach,
blieben das zerebrale Sauerstoffangebot und die Sauerstoffumsatzrate auf dem
Niveau der Ausgangswerte. Dies ging allerdings mit einer leichten Erhdhung des
globalen CBF um 16% einher. Der globale CBF, das zerebrale Sauerstoffangebot
und die CMRO; wiesen bei weiterer ICP-Steigerung eine CPP abhangige Reduktion
auf. Bei starkerer CPP-Reduktion auf 30% des Ausgangsniveaus reduzierte sich der

globale CBF auf 24+18%, wahrend sowohl das zerebrale Sauerstoffangebot als auch
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die CMRO; eine Uberproportionale Reduktion auf 15+13% bzw. 16+15% vom

Ausgangsniveau aufwiesen (Tab. 1).

Tabelle 1 Globale Hirndurchblutung, zerebrales Sauerstoffangebot und Sauerstoffumsatzrate
bei normalem ICP (Baseline, Control2) und schrittweiser ICP-Steigerung, modif. nach (19)

Baseline Control2 ICP25 ICP35 ICP45
gCBF  (ml/min/100g) 58+21 54+16 60+29 34+15* 12+14*
DO,  (umol/min/100g) 397176 365+125 372+191 201+99* 68+73*
CMRO; (umol/min/100g) 17267 146+26 144158 104£34* 43+56*

* p<0,0,5 vs. control2

Die einzelnen Hirnregionen wurden wahrend der schrittweisen ICP-Steigerung
unterschiedlich in ihrer Durchblutung beeintrachtigt. So zeigten die ipsilateral zum
epiduralen Ballon gelegenen Hirnregionen vergleichbare Durchblutungswerte zur
kontralateralen Seite. Ahnlich war dies fiir die meisten kortikalen Hirnregionen
nachweisbar. Jedoch bestand in Hirnregionen in unmittelbarer Nahe zum epiduralen
Ballon schon bei milder ICP-Steigerung auf 25 mmHg eine reduzierte regionale

Durchblutung, die auch bei weiterer Hirndrucksteigerung existent war (Abb. 8).
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Abbildung 8 Regionale Hirndurchblutung bei schrittweiser ICP-Steigerung (MW + SD), schwarze
Balken markieren die kontralateral zum epiduralen Ballon gelegene Hemisphéare, helle Balken die
ipsilateralen Hirnregionen. (*p<0,05, signifikante Unterschiede zwischen Baseline-Werten und Werten
wahrend der Stufen der schrittweisen CPP-Reduktion innerhalb der Gruppen), modif. nach (19)

Infratentorielle Hirnregionen, Thalamus und Hippocampus tendierten zwar wahrend

milder ICP-Steigerung auf 25 mmHg zu einer Durchblutungssteigerung, waren aber
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zum Zeitpunkt der maximalen ICP-Steigerung auf 45 mmHg ebenso signifikant
reduziert.

Bei sieben Tieren wurde unmittelbar nach Messung der Ausgangswerte (baseline)
eine milde Hypothermie induziert. Die Zieltemperatur von 31,8+0,1°C wurde nach
95+24min erreicht. Unter den Ausgangsbedingungen wahrend Normothermie und
Hypothermie ohne CPP-Reduktion (Hypothermie) lag die Hirntemperatur um 0,2 bis
0,5°C (p<0,05) Uber der rektalen Temperatur. Wahrend der Stufen der CPP-
Reduktion nahm diese Temperaturdifferenz ab und invertierte wahrend der
niedrigsten CPP-Stufe (0,4-0,8°C; p<0,05).

Der MAP wurde in engen Grenzen konstant gehalten (MW: 8111 mmHg), obwonhl
wahrend der letzten beiden Stufen der CPP-Reduktion ein leichter aber signifikanter
Abfall des MAP zu registrieren war (p<0,05).

Die infolge der milden Hypothermie gemessene Abnahme des CBF auf 74+20% vom
Ausgangswert ging mit einer in der Relation starker ausgepragten Reduktion der
CMRO; auf 50+15% einher (p<0,05; Abb. 9). Diese CBF-Veranderungen lassen sich
durch hdhere P,CO.-Werte erklaren (temperaturkorrigierte Blutgasanalysen). Die
regionale Hirndurchblutung war mit Ausnahme von Medulla oblongata, Thalamus und
dem basalen Kortex in allen anderen Hirnregionen deutlich reduziert. Infolgedessen
nahmen die C(.n)O2 um31£19% (p<0,05) ab und der thimpO2 um 31+£12% (p<0,05)
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Abbildung 9 CMRO,,CBF, zerebrale Cn)O, und tympO, normothermer (m) und hypothermer
(o)Tiere wahrend schrittweiser CPP-Reduktion (MW+SD); Messpunkt ,Hypothermie“ entspricht dem
Messpunkt ,control2“. Die nachfolgenden Stufen der CPP Reduktion wurden bei diesen Tieren unter
hypothermen Bedingungen gemessen. (p>0,05 signifikante Unterschiede zwischen Baseline und den
jeweiligen Messpunkten (§) bzw. zwischen den Gruppen (*), p<0,05), modif. nach (17)
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Die graduelle ICP-Erhdhung mit konsekutiver CPP-Reduktion auf 70% des
Ausgangswertes verursachte ungeachtet der Recovery des CBF auf das
Ausgangsniveau in der HT-Gruppe zunachst keine weitere Reduktion der CMRO..
Allerdings war auf dieser CPP-Stufe der fur die MAP-Konstanz erforderliche
Blutentzug (NT: - 9.846,7% BV; HT: - 4,616,7%BV) so grol3, dass er mit einer
signifikanten Abnahme des HI einherging (Baseline NT: 231+53 ml/kg/min, HT:
213196 ml/kg/min; ICP25 NT:121+57 ml/kg/min, HT: 11861 ml/kg/min). Des
Weiteren war in der NT-Gruppe eine Umverteilung der regionalen Hirndurchblutung
zu Medulla oblongata, Cerebellum, Thalamus und Hippocampus zu verzeichnen
(Abb.10).

Medulla oblongata Cerebellum Thalamus Hippocampus
1601 * 1204

™
S
S
i
o
f=

o 1201 * % 1204 804
g 120 S g * g
3 *% T 809 S 801 * 3
£ £ H £ 401 **
£ 40 E £ 404 £ 401 E E
0 04 04

o
n

Frontaler Kortex Parietaler Kortex (rostral) Parietaler Kortex (Mitte) Parietaler Kortex (caudal)
160 1604

Wobes it ieliztielis

Okzipitaler Kortex Temporaler Kortex Medialer Kortex Basaler Kortex

Wili: Tiitis i ﬂg\ﬂﬁﬁh

Baseline Hypo- ICP25 ICP35 ICP45 Baseline Hypo- ICP25 ICP35 ICP45 Baseline Hypo- ICP25 ICP35 ICP45 Baseline Hypo- ICP25 ICP35 ICP45
thermie thermie thermie thermie

.
N}
=}
.
N}
1S}

mi/min/100g
o]
o

IS
)

mi/min/100g

mi/min/100g

ml/min/100g

S

.
@
<}

.

N}

1<)

e
N}
[=

120

mi/min, /1oog
ml/m n/100g
o]
o
B 5]
o o

mi/min/100g
mi/min, /1009

Abbildung 10 Regionale Hirndurchblutung in interessierenden Hirnregionen wahrend schrittweiser
CPP-Reduktion bei normothermen (m) und hypothermen (o)Tieren (MW = SD), Der Messpunkt
~Hypothermie“ entspricht dem Messpunkt ,control2“, da in der Hypothermie-Gruppe die Zieltemperatur
(31,8+0,1°C) bereits erreicht ist. Die nachfolgenden Stufen der CPP Reduktion wurden bei diesen
Tieren unter hypothermen Bedingungen gemessen. (*p<0,05, signifikante Unterschiede zwischen
Baseline-Werten und Werten wahrend der Stufen der schrittweisen CPP-Reduktion innerhalb der

Gruppen), modif. nach (17)

Die Inflation des epiduralen Ballons flhrte ipsilateral zu einer reproduzierbaren
Reduktion des rCBF, die in unmittelbarer Umgebung des Ballons im frontalen Kortex
mit 38% in der NT-Gruppe und 30% in der HT-Gruppe am ausgepragtesten war. Der
thimpO2 erreichte das Ausgangsniveau, wahrend die C(n)O2 im Bereich der
hypothermen Ausgangswerte blieb (MP: Hypothermie). Die Parameter des
zerebralen Sauerstoffmetabolismus blieben in der NT-Gruppe auf der ersten Stufe
der CPP-Reduktion (ICP25) unbeeintrachtigt. Die weitere CPP-Reduktion auf ca.
50% des Ausgangsniveaus verursachte eine weitere Reduktion des CBF auf



Ergebnisse 35

63134% in der NT-Gruppe bzw. 66+25% in der HT-Gruppe (p<0,05). Diese
Verminderung des CBF war im Wesentlichen durch die signifikante Reduktion des
regionalen CBF in den ipsilateral zum Ballon gelegenen kortikalen Regionen,
insbesondere des frontalen Kortex, verursacht.

Die weitere CPP-Reduktion auf 30% des Ausgangsniveaus fuhrte zu einer
erheblichen Verminderung des CBF in beiden Tiergruppen (NT: 35126%; HT:
20+14%). Auch der Abfall der CMRO; (NT: 19+21%; HT: 15+15%) und tnimnpO2
(NT:10+£18%; HT: 9+10%) war auf dieser Stufe der CPP-Reduktion in beiden
Gruppen am ausgepragtesten. Durch die starke Inflation des epiduralen Ballons (ICP
= 45mmHg) zeigte sich in allen supratentoriell gelegenen Hirnarealen eine
gleichermal3en ausgepragte Reduktion des rCBF.

Die Analyse der elektrokortikalen Funktion zeigte als Ausgangsbefund das typische
delta-dominierte Frequenzmuster fur Isofluran-Narkosen (siehe Anhang (70), Abb.4).
Nach Erreichen der Zieltemperatur zeigte die ECoG-Gesamtaktivitat eine Reduktion
auf  44+117%  (p<0,05). Innerhalb des Frequenzspektrums war eine
Frequenzverschiebung zu hoheren Frequenzen (6- und a-Band) zu verzeichnen.
Dementsprechend war die d-Aktiviat reduziert (48+22% vom Ausgangswert, p<0,05).
Diese veranderte Frequenzverteilung verdeutlichte sich auch in der Zunahme der &-
Ratio (225+25% vom Ausgangswert, p<0,05%). Die hypothermieinduzierten ECoG-
Veranderungen gingen mit einer Reduktion des globalen CBF einher (72+13% vom
Ausgangswert, p<0,05). Regional reagierte die Hirndurchblutung unterschiedlich auf
die Temperatursenkung. Wahrend der kortikale CBF auf 67+£10% vom Ausgangswert
(p<0,05) abfiel, nahm die regionale Durchblutung in der Medulla oblongata leicht auf
114+15% zu. Thalamus und Mesenzephalon zeigten dagegen keine Veranderungen
des rCBF gegenuber den normothermen Ausgangswerten.

Die milde CPP-Reduktion auf 70% (ICP25) flhrte in der NT-Gruppe zur Abnahme
der Gesamtaktivitat (63+21% vom Ausgangswert) und einer Frequenzverlangsamung
im ECoG. Die regionale Hirndurchblutung war in beiden Tiergruppen gesteigert,
wobei sie in Medulla oblongata (NT: 166+£24%; HT: 145+26%, p < 0.05) und
Thalamus (NT: 151£45%; HT: 153 + 53%, p < 0.05) am ausgepragtesten war. In der
NT-Gruppe konnte die Durchblutungssteigerung auch im Mesenzephalon
nachgewiesen werden (158+26%, p < 0.05).

Die Reduktion des CPP auf 50 % (ICP35) verursachte in der NT-Gruppe einen
weiteren Abfall des CBF auf 68+8% (p<0,05), die mit einer deutlichen Minderung der
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o-Amplitude bei gleichzeitiger Zunahme der &-Bandaktivitat auf 81+27% assoziiert
war. Im Gegensatz dazu war in der HT-Gruppe bei einem reduzierten CBF auf 74 +
5% keine Anderung des ECoG-Musters im Vergleich zum MP Hypothermie
nachweisbar. Der kortikale CBF war sowohl in der NT- als auch in der HT-Gruppe
signifikant vermindert (NT: 58 + 16%; HT: 58+10%, p < 0.05). In der Medulla
oblongata blieb der regionale CBF in beiden Gruppen erhdht, obwohl er zwischen
den Gruppen signifikant (NT: 105£18%; HT: 136+14%, p<0,05) differierte.

Die Reduktion des CPP auf 30% vom Ausgangsniveau verursachte eine zwischen
den Gruppen unterschiedliche Reduktion des globalen CBF (NT: 41+16%; HT:
28+7%, p < 0.05). Auch der kortikale CBF war in beiden Gruppen deutlich
vermindert, wobei dies in der HT-Gruppe starker ausgepragt war (NT: 31£13%,
HT:18+6%, p<0,05). Dagegen war die Durchblutung der Medulla oblongata in beiden
Gruppen nur um etwa 30% reduziert.

Im ECoG der HT-Gruppe waren eine weitere Frequenzverlangsamung und eine
Amplitudenreduktion zu verzeichnen. Das ECoG der NT-Gruppe war bei der
Mehrzahl der Tiere vollstandig supprimiert oder es traten, wie in 2 Fallen beobachtet,

sporadisch Burst-Suppression-Muster auf.

4.2. FP-Trauma und Auswirkungen der milden Hypothermie auf das
Ausmal der histologischen Hirnschadigung

Die physiologischen Parameter des Experimentes sind in Tabelle 1 der Originalarbeit
(30) in der Anlage aufgefihrt. Der posttraumatische temporare Blutentzug
verursachte eine signifikante Reduktion des HI 44+14% (p<0,05), mit entsprechender
Reduktion von MAP und CPP. Acht Stunden nach Applikation des Traumas stieg der
ICP bei sieben normothermen traumatisierten Tieren auf 2924 mmHg an, so dass
diese Tiere im Weiteren als Subgruppe: T-NT,cp bezeichnet werden. Die sechs
anderen normothermen Tiere (jetzt Subgruppe: T-NTy) und alle hypothermen Tiere
(Gruppe: T-HT) wiesen keinen sekundaren ICP-Anstieg auf. In der T-HT-Gruppe
wurde die angestrebte Hirntemperatur von 32,2+0,5 °C innerhalb von 185+30 min
mittels Oberflachenkihlung erreicht. Wahrend der Hypothermiephase war der HI in
beiden Hypothermiegruppen (K-HT, T-HT) vergleichbar reduziert (K-HT: 61£13%; T-
HT: 5417%, n.s.). Zur aktiven Wiedererwarmung wurden 259+30 min bendtigt.

Makropathologisch morphologisch war das Hirntrauma im linken temporoparietalen

Kortex durch Kontusionsherde, SAB, intrazerebrale Blutungen, Hirnédem und
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Mittellinienverschiebung sowie sekundare Infarzierungen gekennzeichnet. Samtliche
traumatisierten Tiere zeigten im Vergleich zu den Kontrolltieren subdural gelegene
Hamatome im Bereich des Kontusionsherdes. SAB der kontralateralen Hemisphare
fanden sich in der T-NTcp-Subgruppe. Des Weiteren waren subarachnoidale
Blutungen im Hirnstamm aller traumatisierten normothermen Tiere nachweisbar,
jedoch nur bei 3 von 7 Tieren der T-HT-Gruppe.

Supratentorielle Parenchymblutungen fanden sich bei allen traumatisierten Tieren,
Uberwiegend in der ipsilateralen weillen Substanz unterhalb des Kontusionsherdes.
Diese Einblutungen waren regelhaft von einem perifokalen Odem umgeben. Die
Hirngewichte der normothermen Versuchstiere mit Hirndruckanstieg waren im
Vergleich zu allen anderen Versuchsgruppen signifikant groRer (T-NTcp: 72,6+2,2g;
T-NTy: 60,0+1,5g; T-HT: 61,8+1,8g; K-NT: 59,8+2,2g; K-HT: 66,312,1g; p<0,05).
Makroskopisch zeigten drei Tiere der T-NT,cp-Subgruppe schwere, vier dagegen
moderate Zeichen des intrakraniellen Druckanstieges, wie Verschmalerung der Sulci,
Abflachung der Gyri sowie Herniation im Bereich des Tentoriums und der Tonsillen.
Bei einem dieser Tiere fand sich eine Hirnstamminfarzierung. Mikroskopisch waren
Zeichen der globalen Hypoxie mit geschrumpften triangularen Nervenzellkérpern und
-kernen, eosinophilem Zytoplasma und perineuronalem Odem sowie gestaute
Blutgefal’e nachweisbar.

In der histologischen Untersuchung fanden sich bei allen traumatisierten Tieren
kleine SAB nahe der Kraniotomie fur den FP-Adapter und intraparenchymale
Blutungen in der temporoparietalen subkortikalen weillen Substanz um die
Kontusionen herum. Des Weiteren zeigten sich bei diesen Tieren Foci mit
triangularen hamorrhagischen Nekrosen mit nahezu komplettem Nervenzellverlust im
Zentrum der Schadigung.

In den angrenzenden Arealen fanden sich geschrumpfte Neurone mit eosinophiler
Homogenisation des Zytoplasmas und triangulare dunkle Zellkerne. Daran schloss
sich eine Zone mit geschrumpften Neuronen ohne Homogenisation an. Etwa 1,5 cm
vom Zentrum der Schadigung entfernt fanden sich in der T-NTn-Subgruppe
morphologisch intakte Neurone, wahrend bei den T-NTcp -Tieren geschrumpfte
Neurone mit triangularen Zellkorpern und -kernen, eosinophilem Zytoplasma und
perineuralem Odem Uber den gesamten ipsi- und kontralateralen temporoparietalen

Kortex verteilt nachweisbar waren (Abb. 11).
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Abbildung 11 A: Runde, volumintése Gestalt der Nervenzellkérper mit hypochromem Zellkern und
deutlich erkennbarem Nucleolus der Kontrollitiere (400x-VergroRerung; HE). B: Tiere mit
Hirndruckanstieg zeigten im gesamten Kortex ein Nebeneinander von geschrumpften Nervenzellen
mit eosinophilem Zytoplasma und pyknotischem Zellkern und Zellen mit “normaler” Morphologie
(400x-Vergrofierung; HE).

In der T-NT,cp-Subgruppe war die neuronale Schadigung in allen untersuchten
Gesichtsfeldern des Hippocampus beider Hemispharen nachweisbar, wahrend
nekrotische Neurone nur bei 2 Tieren der T-NTn-Subgruppe gefunden wurden. Diese
Befunde beschrankten sich auf die CA2-Region des ipsilateralen Hippocampus.
Auch bei den T-HT-Tieren fanden sich ahnliche Befunde nekrotischer Neurone nur
umschrieben und im ipsilateralen Hippocampus ohne regionale Zuordnung.
Neuronale Schadigungen des Hirnstamms lie3en sich bei 3 Tieren der T-NTcp-
Subgruppe nachweisen. In der T-NTn-Subgruppe waren keine
Hirnstammschadigungen vorhanden. Zusammenfassend liel3en sich bei den T-NTy-
Tieren vor allem fokale Schaden, bei den T-NT,cp-Tieren dagegen Zeichen der
fokalen und diffusen Hirnschadigung nachweisen.

Die MAP2-Immunhistochemie der Kontroligruppen (K-NT; K-HT) zeigte eine
homogene Markierung in den Dendriten und Nervenzellsomata des Kortex und
Hippocampus. Lange, gerade Dendriten zogen von den oberen Kortexschichten in
die tieferen, wahrend an der Mark-Rinden-Grenze starker gefarbte Neurone mit
kurzen Dendriten auffielen [siehe Originalarbeit (30), Abb. 2b, in der Anlage].

In der T-NTn-Subgruppe und den T-HT-Tieren waren regelmallig auf den
Kontusionsherd begrenzte, nahezu vollstandige MAP2-Markierungsverluste der
Dendriten und der Nervenzellsomata nachweisbar. Der Kontusionsherd grenzte sich
scharf von dem umgebenden, nahezu unbeeintrachtigten Gewebe ab. Im
geschadigten Areal fanden sich vereinzelt fragmentierte, zum Teil geschwollene oder
minder markierte Dendriten. Im Hippocampus zeigte sich eine erhaltene, aber zum

Teil verwaschene Darstellung der Dendritenstruktur.
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In der Subgruppe T-NTicp fand sich in drei Fallen ein nahezu kompletter
Markierungsverlust auf der Traumaseite bei unauffalliger kontralateraler Hemisphare.
Die Uubrigen Tiere =zeigten einen beidseitigen, nahezu vollstandigen MAP2-
Markierungsverlust in Kortex und Hippocampus. Vor allem die Neurone in den
tieferen Kortexschichten zeigten eine Restmarkierung mit einer MAP2-Akkumulation
in den Somata. Vereinzelt waren auch stark verkirzte Dendritenmarkierungen sowie
fragmentierte oder geschwollene Dendriten nachweisbar. Histologisch zeigten die
Neurone einen kondensierten Kern bei normaler Morphologie. Im Hippocampus

erstreckte sich der MAP2-Verlust gleichmaRig auf alle Subregionen.
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Abbildung 12 Ergebnisse der Grauwertbestimmung des Kortex (A) und Hippocampus (B) beider
Hemispharen der jeweiligen Versuchsgruppen + SD. Es ergab sich ein signifikanter Unterschied
zwischen der T-NT,cp-Subgruppe und den tbrigen Gruppen (* p<0,05), modif. nach (30)

Die quantitative Auswertung mittels Grauwertbestimmung ergab signifikante
Unterschiede zwischen der T-NT,cp-Subgruppe und den Ubrigen Versuchsgruppen
(Abb.12).

Die BAPP-Markierungen waren vielgestaltig und reichten von nur gering verbreiterten
Axonen, Uber geschwollene und torquierte Axone bis hin zu ‘axonal bulbs'. RAPP-
Aktivitat war in beiden Kontrollgruppen (K-NT, K-HT) nicht nachweisbar.

In der T-NTn-Subgruppe war die BAPP-Markierung eher moderat und, wenn
vorhanden, in der weil3en Substanz unmittelbar unter dem Kontusionsherd bei 3 von
7 Tieren (Grad 1-3) nachweisbar. Die Nervenzellen wiesen insbesondere im
Traumagebiet Markierungen ihrer Somata auf. Bei vier Tieren konnten keine
Axonmarkierungen (Grad 0) nachgewiesen werden. Im ipsilateralen Dienzephalon
zeigten drei Tieren leichte Axonmarkierungen (Grad 1) und ein Tier kraftige und
weitrdumige Markierungen (Grad 3). Im rechten Dienzephalon wurden in einem Fall
leichte Axonfarbungen (Grad 1) nachgewiesen. Bei zwei Tieren fand sich im
Hirnstamm eine Grad 1-Markierung.

In der T-NTcp-Subgruppe zeigten sich deutliche BAPP-markierte Axone und axonale

Auftreibungen in allen untersuchten Hirnregionen (Uberwiegend Grad 3). Nur in den
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frontalen Hirnregionen, die am weitesten vom Trauma entfernt lagen, fand sich keine
RAPP-Aktivitat.

In der T-HT-Gruppe zeigten dagegen nur funf Tiere auf der ipsilateralen Hemisphare
Axonmarkierungen (Grad 1). Kontralateral war in der SHT-HT-Gruppe keine BAPP-
Markierung nachweisbar. Im Dienzephalon lief3en sich in vier von acht Fallen in der
traumatisierten Hemisphare angefarbte Axone darstellen. Dabei zeigten drei Tiere
vereinzelt schwache Axon- und Nervenzellmarkierungen (Grad 1) und ein Tier
vereinzelte kraftige Markierungen von Axonen und Nervenzellen (Grad 2). Im

Hirnstamm wurden keine Veranderungen festgestellt (Tab.2).

Tabelle 2: Regionale Verteilung der Axonschaden (Maximum 3,0) nach FP-Trauma bei normothermen
(T-NTy, T-NTcp) und hypothermen (T-HT) Tieren, zum Vergleich sind die Kontrollgruppen K-NT und
K-HT aufgefuhrt, modif. nach (30)

K-NT K-HT T-NTy T-NTcp T-HT
Frontalhirn (LH) 0 0 0 0 0
Frontalhirn (RH) 0 0 0 0 0
temporoparietales N
Gehirn (LH) 0 0 1.0 2,9 11
temporoparietales
Gehirn (RH) 0 0 0 0.3 0
Dienzephalon
(LH) 0 0 0,9 1,3 0,8
Dienzephalon
(RH) 0 0 0,1 1,0 0
Hirnstamm 0 0 0,4 1,8* 0

LH — linke Hemisphare, RH — rechte Hemisphare; * p<0,05 SHAM-NT vs. andere Gruppen

Zu den positiv markierten Arealen im Zwischenhirn gehorten bei allen
Traumagruppen das Corpus geniculatum, das Pulvinar, sowie der Fasciculus
tegmenti und der Lemniscus medialis. Im Hirnstamm traten die Axonmarkierungen
insbesondere in beiden Pedunculi cerebelli superiores sowie im Fasciculus
longitudinalis medialis auf. Die Verteilung der Axonmarkierungen ahnelte dem
morphologischen Korrelat des diffusen axonalen Schadens (DAI) beim Menschen (2,
183).

In der Zusammenfassung zeigten die Tiere der T-NT,cp-Subgruppe die qualitativ und
quantitativ. am starksten ausgepragten Axonmarkierungen. Es ergaben sich
signifikante Unterschiede im Vergleich zu allen anderen Gruppen. T-NTy- und T-HT-
Tiere zeigten in der weilden Substanz sowie im unilateralen Zwischenhirn ahnlich

geringe Werte. Unterschiede zwischen diesen beiden Gruppen fanden sich jedoch im
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kontralateralen Dienzephalon und im Hirnstamm, wo bei den hypothermen Tieren
keine Axonmarkierungen nachweisbar waren.

TUNEL-positive Zellen waren in Kortex, weiller Substanz, Hippocampus,
Dienzephalon und Plexusgewebe nachweisbar (Tab. 3). Wir fanden nekrotische
Zellen, die geschwollen erschienen und eine diffuse homogene TUNEL-Markierung
besallen (Typ-I-Zellen), und apoptotische Zellen mit Kernschrumpfungen,
Chromatinmarginationen und der Ausbildung von ,apoptotic bodies® (Typ-ll-Zellen).
Bei den normothermen und hypothermen Kontrolltieren waren keine TUNEL-

positiven Zellen nachweisbar.

Tabelle 3: Regionale Auswertung der TUNEL-Methode (Maximum 6,0) nach FP-Trauma bei
normothermen (T-NTy, T-NT,cp) und hypothermen (T-HT) Tieren, zum Vergleich sind die
Kontrollgruppen K-NT und K-HT aufgefuhrt, modif. nach (30)

K-NT K-HT T-NTy T-NTcp T-HT
temporoparietales Gehirn 0 0 0 3,5 0
(Kortex-LH)
temporoparietales Gehirn 0 0 0 3,0 0
(Kortex-RH)
temporoparietales Gehirn 0 0 1,4 52* 0,7
(weil’e Substanz-LH)
temporoparietales Gehirn 0 0 0,3 52* 0,7
(weilte Substanz-RH)
Dienzephalon (LH) 0 0 0,3 44~ 0,7
Dienzephalon (RH) 0 0 0,3 53~ 0,7
Hippocampus (LH) 0 0 0,3 4,0 0,5
Hippocampus (RH) 0 0 0 4,0 0,5

LH — linke Hemisphare, RH — rechte Hemisphare; * p<0,05 SHT-NT vs. SHT-NT-ICP

Auch im Kortex der Tiere der T-NTy-Subgruppe waren keine TUNEL-positiven Zellen
nachweisbar. Jedoch fanden sich TUNEL-positive Zellen bei vier von sieben
untersuchten Tieren in der weillen Substanz, hauptsachlich unterhalb des
Kontusionsherdes, in einem Fall auch in der kontralateralen Hemisphare sowie im
Zwischenhirn und im Hippocampus. Insgesamt war die Anzahl der markierten Zellen
gering. Der Anteil der Typ-ll-Zellen an den TUNEL-positiven Zellen war mit ca. 40%
jedoch recht hoch. In der Mehrzahl handelte es sich um Gliazellen.

TUNEL-positive Zellen mit variabler Morphologie wurden dagegen bei allen
untersuchten Gehirnen der T-NT,cp-Subgruppe gefunden. Hier war der Anteil der
Typ-ll-Zellen (apoptotische Zellen) mit 15% relativ gering. Die Mehrzahl TUNEL-
positiver Zellen fand sich in der weillen Substanz beider Hemispharen. Die meisten

TUNEL-positiven Zellen waren Gliazellen. Aufgrund der Morphologie und der GFAP-
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Negativitdt bei Doppelfarbung (kombinierte GFAP-TUNEL-Reaktivitat hier nicht
dargestellt) ist anzunehmen, dass es sich vorrangig um Oligodendrozyten handelte.
Zahlreiche TUNEL-positive Zellen waren auch im Zwischenhirn und Hippocampus
bei nahezu allen Tieren der T-NT,cp-Subgruppe nachweisbar. Diese Zellen
erschienen haufig als Typ-I-Zellen. Bemerkenswerterweise fiel im Gegensatz zu den
anderen Traumagruppen eine relativ selektive Markierung kleiner Kornerzellen im
Gyrus dentatus auf, wahrend im Hippocampus meist relativ uniforme Markierungen
aller Schichten und der hippocampalen Subregionen nachweisbar waren.

In der T-HT-Gruppe waren die Ergebnisse mit denen der T-NTn-Subgruppe
vergleichbar. Im Kortex lieRen sich keine TUNEL-positiven Zellen nachweisen. Nur
eines der zehn untersuchten Versuchstiere wies Uberhaupt TUNEL-positive Zellen
auf (weille Substanz, Dienzephalon, Hippocampus). Der Anteil der Typ-ll-Zellen
betrug ca. 20%.

Das Verhaltnis von Typ-ll/I-Zellen war in den Traumagruppen unterschiedlich (T-NTy:
40%, T-NTcp: 15% und T-HT: 20%). In der T-NT,cp-Subgruppe war die TUNEL-
Reaktion sowohl raumlich als auch quantitativ am ausgepragtesten. So ergaben sich
signifikante Unterschiede zu den anderen Versuchsgruppen in den untersuchten
Hirnarealen von weil’er Substanz, Dienzephalon und Hippocampus. Demgegenuber
zeigten die normothermen und hypothermen Versuchstiere ohne Hirndruckanstieg
(T-NTn, T-HT) einen geringen Anteil TUNEL-positiver Zellen. Hauptschadigungsorte

waren auch in diesen Gruppen weille Substanz und Dienzephalon.

4.3. Flussigkeitsvermitteltes Perkussionstrauma mit unterschiedlicher
Traumaschwere

Die physiologischen Daten sind im Anhang in der Originalarbeit in Tabelle 1
aufgefuhrt (74) (Erlauterung der Tiergruppenbezeichnung fur Tab.1 der
Originalarbeit: Sham = K-NT; mTBlI = T-NTyn; sTBl = T-NT,cp). Sowohl die
Ausgangswerte der systemischen und zerebralen Hamodynamik als auch die des
zerebralen Sauerstoffmetabolismus waren in allen Gruppen vergleichbar. Die Daten
in der Kontrollgruppe (K-NT) blieben wahrend des gesamten Experimentes
unverandert. Wahrend sich die systemische Hamodynamik (MAP, HF, HI) zwischen
den Traumagruppen nicht unterschied, fihrte die héhere Intensitat des FP-Traumas

in der T-NTcp -Subgruppe zu einem biphasischen ICP-Anstieg.
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Abbildung 13 24-h-Aufzeichnung des ICP nach moderatem (A) und schwerem (o) FP-Trauma
nachfolgendem Blutentzug und Volumenersatz innerhalb der ersten Stunde nach dem Trauma. Die
Darstellung der Aufzeichnungen fir die ersten 3 min alle 15 s, innerhalb der ersten Stunde alle 5 min,
bis 24 Stunden stiindlich. (MW + SD). Grau unterlegt ist Bereich des ICP-Ausgangswertes + 2 SD,
modif. nach (74).

Der erste ICP-Gipfel trat nach 90 s, d.h. unmittelbar nach der Trauma-Applikation,
auf und war etwa 1,5-fach héher als in der T-NTN-Subgruppe. Der ICP persistierte in
dieser Gruppe und fiel erst wahrend des Blutentzuges auf das Ausgangsniveau ab.
Ein zweiter, sekundarer ICP-Anstieg entwickelte sich 5+1,5h posttraumatisch (Abb.
13).

Tabelle 4 Spezifische ICP-Muster wahrend der 24-h-Monitoringphase in den Untersuchungsgruppen,
modif. nach (74)

ICP-Muster K-NT T-NTy T-NTcp

niedriger, stabiler ICP 6/6* 6/6° 0/7
stabiler, erhdhter ICP 0/6 0/6 7/7*
B-Wellen des ICP 0/6 0/6 6/7*%
Plateau-Wellen des ICP 0/6 0/6 4/7
Hohe, spitze ICP-Wellen bei akutem 0/6 0/6 3/7
Blutdruckanstieg

Spitze ICP-Wellen durch Absaugmandver 2/6 4/6 717"

*p<0,05 Unterschiede zwischen K-NT und T-NTp, $p<0,05 Unterschiede zwischen T-NTy und
T-NTcp, die Datenpaare zeigen die Zahl der Tiere mit spezifischen ICP-Mustern je experimenteller
Gruppe.

Die Reduktion des CPP war in der T-NTcp -Subgruppe im Vergleich zur T-NTn-
Subgruppe nach Trauma und Blutentzug starker ausgepragt (T-NTn: 65£26 mmHg;
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T-NTicp:  50£24 mmHg) und normalisierte sich  vorlibergehend nach
Volumensubstitution.

Wahrend im weiteren Verlauf des Experimentes in der T-NT,cp-Subgruppe eine
progressive Verschlechterung des CPP eintrat, blieb der CPP in der T-NTn-
Subgruppe auf annahernd normalem Niveau erhalten. Die Hirntemperatur fiel bei den

T-NT,cp-Tieren im Verlauf des Experimentes leicht ab.
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Abbildung 14 Reprasentative Aufzeichnungen von APB, ICP,CPP, ICP — Amplitude und LDF mit
typischen Mustern des transienten ICP-Anstieges in der T-NT,cp-Subgruppe. (A) ICP-Plateauwelle, die
zerebrospinale kompensatorische Reserve ist niedrig. Wahrend des ICP-Peaks sind CPP und LDF bei
unbeeintrachtigtem ABP merklich reduziert. Nach der Plateauwelle fallt der ICP unter den
Ausgangswert und die zerebrospinale kompensatorische Reserve scheint sich zu verbessern. (B) ,B*-
Wellen des ICP sind bei fast allen T-NT,cp-Tieren nachweisbar. Sie verweisen auf eine verminderte
intrakranielle Compliance und ein erhdhtes Risiko fiir eine intrakranielle Hypertension. (C) Hohe spitze
ICP-Wellen, verursacht durch akuten Anstieg des ABP. Initial ist dieser Zustand mit einer erheblichen
Reduktion des LDF verbunden, der eine anhaltende kortikale Hyperamie folgt, die nach ICP-Abfall und
infolge eines nachfolgenden CPP-Anstieges bestehen bleibt. (D) Separate Darstellung der
Komponenten der Frequenzanalyse der |CP-Aufzeichnungen. Hauptkomponenten der ICP-
Fluktuationen, z.B. Pulswellen und Schwingungen (Frequenzbereich 2-10 Hz), atemabhangige Wellen
und erste Schwingung (schmales Frequenzband von 0,4 — 0,8 Hz durch maschinelle Ventilation) und
slangsame Wellen® (Frequenzbereich 0,05 — 0,0055 Hz, der 20-s bis 3-min Perioden), modif. nach (74)

Spontane ICP-Muster der beeintrachtigten intrakraniellen Compliance traten in der T-
NT,cp-Subgruppe haufiger auf, wahrend kurzzeitige |CP-Anstiege durch

Manipulationen, wie endotracheale Absaugung, regelmafig auch bei den T-NTy-
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Tieren, aber auch bei den Kontrolltieren zu beobachten waren (Abb. 14, Tab. 4). Eine
Steigerung des CBF war bei den Tieren der T-NT\-Subgruppe nach
Volumensubstitution zu beobachten.
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Baseline SHT& ST 8 6 hnach 24 h nach Unterschied zwischen T-NTy- und
Blutentzug Volumenersatz SHT SHT T—NT|Cp—Tieren (p<0,05), modif.

nach (74)

Die gesteigerte Hirndurchblutung persistierte bis zum Versuchsende. In der T-NTcp-
Subgruppe dagegen fiel der CBF nach dem Blutentzug ab und erreichte wahrend der
24-stindigen Monitoringphase das Ausgangsniveau nicht mehr. Am Ende des
Experimentes betrug der CBF noch 50% im Vergleich zur T-NTn-Subgruppe. (T-NTy:
91+18 ml/min/100g; T-NTcp: 44131 miI/min/100g) (Abb. 15).

Trauma-Applikation und Blutentzug induzierten in der T-NTyn-Subgruppe eine
Steigerung der CMRO; auf 120+15% vom Ausgangswert. Nach Volumensubstitution
fiel sie auf das Ausgangsniveau zurlck und blieb fur die restliche Monitoringphase
weitgehend unverandert. Dagegen zeigte die CMRO; in der T-NT,cp-Subgruppe
zunachst eine ausgepragte Verminderung nach Trauma-Applikation und Blutentzug
auf 70£6% (p<0,05). Nach Volumensubstitution stieg die CMRO; Uberschiel3end auf
130£12% vom Ausgangswert an, um anschlieRend erneut abzufallen (24h: 75£24%,
p<0,05).

Die posttraumatischen morphologischen Veranderungen, wie supratentorielle

Parenchymblutungen bei den Tieren der T-NT,cp-Subgruppe sind bereits weiter oben
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beschrieben. Eine erganzende semiquantitative Auswertung des Ausmalles der
Blutungen zeigte entsprechend hoéhere Scores in der T-NT,cp- im Vergleich zur T-
NTn-Subgruppe (Tab. 5).

Tabelle 5 Hirn-Blutung-Oberflachen-Index (BBSI) von Tieren mit
moderatem (T-NTy) und schwerem (T-NT,cp) FP-Hirntrauma, evaluiert
von zwei nicht eingeweihten Untersuchern, modif. nach (74)

K-NT T-NTn T-NTicp
(n=6) (n=6) (n=7)
Untersucher 1 14+05 44+15 6.6+27
Untersucher 2 1.8+0.6 28+0.8 6.4+25
Mittelwert 16+0.6 3.6+1.1% 6.5+ 2.6%

*p<0,05 T-NTyvs. T-NT,cp
® p<0,05 Wert vs. K-NT

4.4, Auswirkungen der Hypothermie auf Plasmaspiegel und
Biotransformation von Fentanyl und die intestinale Durchblutung

Die physiologischen Parameter sind in der Anlage in der Originalarbeit (73) in Tabelle

1 aufgefuhrt. Die Hypothermie verursachte eine Senkung des HI von 41+15% und

der HF von 211+4% (p<0,05).

10 ]
*p< 0.001

§ °p< 0.05 Abbildung 16  Fentanyl-
g Plasmakonzentrationen  vor
§ 84 * Hypothermie (MP1,MP2), am
S — Ende der 6-stiindigen
é £ 2 Hypothermiephase  (MP3),
g — 1 nach Wiedererwarmung
T 4, - (MP4) und nach 6 Stunden
> —— J_ - Normothermie  (MP5). Die
g = = Boxplots sind als Median und
s 25% bzw. 75% interquartile
Spanne angegeben. Die
4 - - - - - = Fehlerbalken geben die 10.
MP1 MP2 MP3 MP4 MP5 und 90. Percentile an, modif.

nach (73)

Eine ahnliche Verminderung war beim systemischen Sauerstoffverbrauch (44+11%
vom Ausgangswert; p>0,05) wahrend der Hypothermie zu beobachten. Nach
Wiedererwarmung erreichten diese Parameter wieder das Ausgangsniveau vor der
Hypothermieinduktion. Dagegen wurde der Abfall des MAP (78+8%; p<0,05)
wahrend der Hypothermie nach Wiedererwarmung nicht kompensiert, der MAP blieb

gegenuber den Ausgangswerten reduziert. Die Plasmakonzentration von Fentanyl
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stieg wahrend der Hypothermie um 25+11% (MP3; p<0,001) an. Nach
Wiedererwarmung (MP4) und auch 6 Stunden nach Wiedererreichen der
Normothermie blieb die Plasmakonzentration von Fentanyl noch erhoht (p<0,05)
(Abb. 16).

Die arterielle Durchblutung der intestinalen Organe Niere (38+32%), Milz (45+33%),
Magen (53+31%) und Darm (49+26%) war wahrend der Hypothermie deutlich
vermindert (p<0,05) und erlangte nach Wiedererwarmung das Ausgangsniveau
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Abbildung 17 Organblutfluss vor Induktion der Hypothermie (MP1,MP2), nach 6 h Hypothermie von
31,6£0,2°C (MP3), nach Wiedererwarmung (MP4) und am Ende des Experimentes nach weiteren 6 h
Normothermie (MP5) (MW £SD; *p<0,05 MP vs. Ausgangswert MP1), modif. nach (73)
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Im Pankreas war die arterielle Durchblutung wahrend der Hypothermie ebenso
reduziert (49+46%), blieb aber auch nach Wiedererwarmung vermindert (p<0,05).
Dagegen blieb der hepatische arterielle Blutfluss wahrend des gesamten
Experimentes unbeeintrachtigt (Abb. 17).
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Abbildung 18 Temperaturabhangigkeit der hepatischen mikrosomalen Cytochrom
P450 CYP3A4 (CYP3A)-Aktivitat des Schweines. In vitro Bestimmung mittels
Ethylmorphin-N-Demethylierung.(MW xSD, *p<0,05 vs. 38°C), modif. nach (73)

Die hepatische CYP3A4-Aktivitat zeigte eine temperaturabhangige Reduktion
wahrend der Hypothermie (bei 26°C: 48+2%, bei 32°C: 69+1% im Vgl. zu den
Werten bei 38°C: 100%, p<0,001) 32°C. Aber auch der Temperaturanstieg auf 44°C
verursachte eine leichte Minderung CYP3A4-Aktivitat (Abb. 18).
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5. Diskussion

In unterschiedlichen experimentellen Ansatzen konnte mit der vorliegenden Arbeit
demonstriert werden, dass die milde Hypothermie beim nicht ausgereiften Gehirn
protektive Effekte besitzt. Insbesondere bei Zustdnden des kompromittierten
zerebralen Metabolismus infolge akuter Hirndrucksteigerung oder komplexer
traumatischer Hirnschadigung liel3 sich in der Akutphase das deletare Ausmal’ der
Schadigung durch die Anwendung der milden Hypothermie reduzieren.

Bis heute ist zwar eine Vielzahl von Mechanismen beschrieben, uber welche die
Hypothermie ihre neuroprotektiven Effekte entfaltet (124), jedoch sind hierzu
spezifische Untersuchungen am nicht ausgereiften Gehirn bei komplexer
Hirnschadigung nur sparlich vorhanden (8).

An einem epiduralen Ballonmodell zur intrakraniellen Drucksteigerung (19) beim 2-
Wochen alten Ferkel konnten wir demonstrieren, dass die Hypothermie von 32°C die
zerebrale Sauerstoffbalance durch Senkung des zerebralen Energiebedarfes
verbessert (17), was in einer funktionellen Protektion (erhaltene elektrokortikale
Funktion) resultiert (70). Des Weiteren zeigten wir am Modell des
flussigkeitsvermittelten Perkussionstraumas beim 6-Wochen alten Ferkel (74), dass
die milde Hypothermie eine morphologische Protektion (Reduktion des
histopathologischen Schadens) herbeifuhrt (30).

In einer erganzenden Untersuchung wurde belegt, dass sowohl die Perfusion
intestinaler Organe als auch deren metabolische Aktivitat durch die milde
Hypothermie beeinflusst werden. (73). Diese Effekte sind nicht nur perfusionsbedingt,
sondern werden, wie am Beispiel von Fentanyl gezeigt, durch direkte Beeinflussung

von Biotransformation katalysierenden hepatischen Enzymen hervorgerufen.

5.1. Effekte der Hypothermie auf das traumatisierte nicht ausgereifte
Gehirn

Bei den 14-Tage alten Ferkeln resultierte die milde Hypothermie von 32°C wahrend
schrittweiser CPP-Reduktion mittels epiduralen Ballons in einer verbesserten O,-
Balance durch eine Reduktion des zerebralen O,-Bedarfs. Die Reduktion des Oo-
Bedarfes zeigte sich in einer verminderten C(zn)O2 und einem Anstieg des thimpO-.
Obwohl zum Verhalten des tyimpO2 unter Hypothermie bisher nur wenige,
widerspriichliche Daten vorliegen (60), bestatigen unsere Ergebnisse

Beobachtungen aus einer alteren Untersuchung an Hunden, bei der nach
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Temperaturreduktion von 37°C auf 20°C eine 2- bis 4-fache Erhéhung des tyimpO2 zu
verzeichnen war (211). Dagegen fand sich in einer anderen Untersuchung an
Kaninchen keine Beeinflussung des tinpO2 durch die Hypothermie (14).

Die reduzierte C..n)O2 weist den geringeren O»-Bedarf unter Hypothermie aus. Dies
zeigt sich auch in der um ca. 50% verminderten CMRO, nach Erreichen der
Hypothermie. Es ist hinreichend bekannt, dass die Hypothermie den zellularen
Metabolismus durch Verlangsamung der Energieverluste reduziert (60, 124). Beim
adulten gyrierten Gehirn reduziert sich die CMRO; pro 1°C um 5-7% (143). Dagegen
betragt die Reduktion der CMRO; in unserem Experiment beim juvenilen Gehirn ca.
10%/1°C und bestatigt somit altere Untersuchungen an neugeborenen Ferkeln (33).
Diese CMRO,-Reduktion ist damit beinahe 50% hdher als flir das adulte Gehirn
beschrieben (148). Im Gegensatz zu den Experimenten von Busija und Leffler (33),
die ihre Untersuchungen unter leichter Hypokapnie durchfuhrten (a-stat), war in
unseren Experimenten die Verminderung des CBF geringer ausgepragt. Wir fuhrten
unsere Untersuchungen mit einem temperaturkorrigierten Blutgasmanagement durch
(ph-stat), aus der eine relative Hyperkapnie resultierte. Dieses Vorgehen wurde
gewahlt, da eine Reihe von Berichten Uber das verbesserte zerebrale Outcome bei
weniger alkalisch orientiertem Blutgasmanagement (ph-stat) existiert (59, 91, 116).
Auf der hochsten Stufe der CPP-Reduktion (ICP45) zeigte sich eine generell
reduzierte Sauerstoffverfugbarkeit, wodurch die Unterschiede in der CMRO,
zwischen den normothermen und hypothermen Tieren nicht mehr nachweisbar
waren. Jedoch war die elektrische Aktivitat des Gehirnes bei den hypothermen
Tieren weniger supprimiert. So haben einige Studien zeigen kdnnen, dass die
Hypothermie induzierte Suppression des zerebralen Sauerstoffbedarfes, die den
Einfluss auf sauerstoffverbrauchende Prozesse darstellt, von solchen Prozessen zu
unterscheiden ist, welche eine barbituratinduzierte EEG-Suppression hervorrufen
(143, 148, 192). Nemoto et al. (148) haben einen durch Barbiturate nicht
supprimierbaren Anteil der CMRO, beschrieben, der jedoch temperatursensitiv ist.
Unsere Daten belegten die Anderung eines delta-Wellen dominierten EEG (Narkose-
EEG) hin zu einem delta-supprimierten EEG, mit unverandertem Anteil an hdoheren
Frequenzen. Da hohere Frequenzmuster jedoch mit erhaltener Kkortikaler
synaptischer Aktivitat und erhaltenem Signaltransfer assoziiert sind (193), ist
anzunehmen, dass ein erheblicher Teil der hypothermiebedingten CMRO,-Reduktion

durch die nicht EEG-assoziierte CMRO2-Reduktion hervorgerufen wird. Die
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Frequenzshift im ECoG ist im Allgemeinen eng an die Zunahme des CBF und des
oxydativen Metabolismus gekoppelt (23). Wir fanden jedoch eine Zunahme der a-
Aktivitat, obwohl CBF und CMRO, wahrend Hypothermie reduziert blieben. Die
erhohte a-Aktivitat Iasst sich moglicherweise mit Veranderungen der regionalen
Hirndurchblutung in Zusammenhang bringen. So fanden wir unter Hypothermie eine
starker ausgepragte Reduktion der kortikalen Durchblutung im Vergleich zum
Mesenzephalon. Da die a-Aktivitat nachhaltig durch die neuronale Aktivitat des
Mesenzephalon beeinflusst wird (101) und die Formatio reticularis des
Mesenzephalon die thalamische Synchronisation und Desynchronisation moduliert
(177), scheinen frequenzmodulierende Einflisse der Formatio reticularis des
Mesenzephalon somit erhalten zu bleiben. Die globale CBF-Reduktion durch
Hypothermie wird also offensichtlich durch die Verminderung der kortikalen
Durchblutung verursacht, die demzufolge als hauptverantwortlicher Faktor fur die
Reduktion der totalen Spektral-Power und der Hypovoltage zu betrachten ist.

Die moderate Verminderung des CPP (ICP35) verursachte unter Normothermie eine
starkere Beeintrachtigung der elektrokortikalen Aktivitat im Vergleich zur
Hypothermie. Auch auf dieser Stufe der CPP-Reduktion war eine besser erhaltene
Aktivitat der hoheren ECoG-Frequenzen zu verzeichnen, was auf eine noch
erhaltene Energieproduktion entsprechend den funktionellen Anforderungen
hinweist. Das Versagen der Energieproduktion wird in Abhangigkeit vom globalen
CBF beschrieben, der unterhalb der Schwelle des Versagens der neuronalen
Aktivitat liegt (125). So fanden sich bei den normothermen Tieren auf der héchsten
Stufe der CPP-Reduktion (ICP45) ECoG-Muster (Burst-Suppression, Null-Linien), die
das Unterschreiten der Schwellen fur ein funktionelles und metabolisches Versagen
des Gehirnes anzeigen. Im Gegensatz dazu blieb bei den hypothermen Tieren die
elektrokortikale Aktivitat auf niedrigem Niveau erhalten [siehe Originalarbeit Abb.4
(70), in der Anlage].

Die Neuroprotektion mittels Hypothermie nach Hirntrauma untersuchten wir mit dem
zweiten experimentellen Ansatz am 6-Wochen alten Ferkel. Bei einem Teil der
normothermen Tiere war mit diesem Modell ein sekundarer Hirndruckanstieg zu
verzeichnen, der sich erst einige Stunden nach einem freien Intervall posttraumatisch
entwickelte. Bei den Tieren, die nach Trauma-Applikation auf 32°C gekuhlt wurden,
war hingegen kein sekundarer |CP-Anstieg zu beobachten. Die gunstige

Beeinflussung des Hirndruckes durch die Hypothermie nach traumatischer
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Hirnschadigung ist in klinischen Studien sowohl fur Erwachsene (162) als auch flr
Kinder (8, 24) beschrieben worden. Als ein moglicher Mechanismus wird die
temperaturabhangige Reduktion der zerebralen Stoffwechselaktivitdt und des
Sauerstoffverbrauchs diskutiert, in deren Folge sich die Sauerstoffbilanz verbessert.
Dies ist haufig mit einer Reduktion von CBF und CBV verbunden, wodurch der ICP
reduziert wird (156). Diese Effekte der Hypothermie mit Senkung der CMRO, und
des CBF wahrend gradueller ICP-Erh6hung konnten wir bereits mit unserem ersten
experimentellen Ansatz belegen (17).

Neben der Senkung des =zerebralen Sauerstoffumsatzes (17, 143) sind die
Beeinflussung der zerebrovaskularen Permeabilitat und der Odembildung (16, 37,
94), auf zellularer Ebene die Hemmung der Freisetzung exzitatorischer Aminosauren
(35), des intrazellularen Kalzium-Einstroms (103), die Reduktion der
Lipidperoxidation und die Bildung von Sauerstoffradikalen (79, 92, 102) sowie die
Reduktion des histopathologischen Schadens (47, 109, 155) die wohl bedeutendsten
Wirkmechanismen der Hypothermie. Die lange Monitoringphase in unserem
experimentellen Ansatz erlaubte die Erfassung von histomorphologischen
Veranderungen innerhalb der ersten 24 Stunden nach dem Trauma. Die sekundare
Progression der Schadigung nach einem lateralen FP-Trauma kann selektive
Zelltypen schadigen (203), wie es flur alle Hirnregionen, einschlieBlich Kortex,
Hippocampus, Thalamus und Striatum beschrieben wurde (86, 176). Wir konnten
neuronale Schadigungen mittels MAP2-Immunhistochemie in sehr ausgepragter
Form nur bei den Tieren mit sekundarem ICP-Anstieg nachweisen, der sowohl in
tieferen Kortexschichten der traumatisierten Hemisphare als auch im Hippocampus
nachweisbar war. Diese Befunde sind mit denen aus anderen Untersuchungen an
der Ratte vergleichbar, die eine Zeitabhangigkeit in der Auspragung zeigten, welche
48 bis 72 Stunden posttraumatisch ihr Maximum erfuhr (69). Diese schweren
zytoskelettalen Schaden bleiben offensichtlich lang anhaltend bestehen (89).

Die Darstellung des axonalen Schadens erfolgte in unserem Modell mittels RAPP-
Immunmarkierung. Als friher Marker des gestorten axoplasmatischen Transportes
korreliert eine RAPP-Immunpositivitat sehr gut mit der Schwere des DAI (77). Die
axonale Schadigung ist jedoch nicht zwingend mit dem Primarereignis des
Hirntraumas verbunden. Vielmehr reflektiert auch der DAI die Progression nach
einem primaren traumatischen Ereignis (165). So wurde die Progression der

axonalen Schadigung innerhalb von 2 Wochen nach lateralem FP-Trauma flr die
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Ratte beschrieben (160). Unsere Befunde der axonalen Schwellung und
Auftreibungen befinden sich in Kongruenz zu den in der Literatur beschriebenen.
Insbesondere bei den Tieren mit sekundarem ICP-Anstieg fanden wir 24 Stunden
nach dem Trauma eine betrachtliche Zahl BAPP-immunpositiver Axone. Die hoheren
RAPP-Scores im Dienzephalon der T-NTcp-Tiere sind nicht Uberraschend und
stehen fir die sekundare Hirnschadigung. Obwohl bisher nur wenige
Untersuchungen zum Einfluss der Hypothermie auf die axonale Schadigung
existieren, konnte jedoch gezeigt werden, dass die Hypothermie die Dichte
geschadigter Axone zu reduzieren vermag (77, 135, 195). Dagegen fanden wir nur
geringe Unterschiede in der BAPP-Akkumulation zwischen den normothermen und
hypothermen Tieren nach FP-Trauma. Jedoch fehlte die BAPP-Immunreaktivitat bei
den hypothermen Tieren (T-HT) im Hirnstamm, wahrend sie auch in dieser Region
bei den normothermen Tieren ohne sekundaren ICP-Anstieg (T-NTy) nachweisbar
war. In neueren experimentellen Untersuchungen scheint der Einfluss des
Wiedererwarmungsregimes auf die axonale Protektion von aulRerordentlicher
Bedeutung zu sein. So konnte gezeigt werden, dass das axonale Zytoskelett in
ultrastrukturellen Untersuchungen nach langsamer Wiedererwarmung vergleichbar
zu den Kontrolltieren erhalten bleibt (136).

Die TUNEL-Markierung wurde zur Bestimmung des traumatisch bedingten
apoptotischen Geschehens genutzt. Hierbei ist jedoch zu beachten, dass auch
nekrotische Zellen TUNEL-positiv reagieren (170), so dass wir zunachst nur den
Terminus ,TUNEL-positiv“ in die Auswertung einbezogen haben. Im Vergleich zu den
normothermen Versuchstieren mit sekundarem Hirndruckanstieg (T-NTcp) zeigten
die hypothermen Versuchstiere (T-HT) einen signifikant niedrigeren TUNEL-Index.
Dies deckt sich mit der Verhinderung des Hirndruckanstieges durch die Hypothermie.
Die Hypothermie reduzierte offensichtlich das Risiko flr eine zerebrale
Minderoxygenierung und die hieraus resultierende ischamische Schadigung.
Experimentell ist belegt, dass die durch die kalziumabhangige Endonukleaseaktivitat
getriggerte Apoptose mittels Hypothermie reduziert werden kann (145). Fur die
Pathogenese der Apoptose werden derzeit zwei Wege beschrieben: ein Uber die
Freisetzung von mitochondrialem Cytochrom C vermittelter (intrinsischer Weg) und
ein rezeptorvermittelter Weg (extrinsischer Weg) (124). Es wird spekuliert, dass
durch die Hypothermie beide Wege beeinflusst werden. So ist bekannt, dass sowohl

die Cytochrom C-Freisetzung (217) als auch die Caspase-Aktivierung (159) durch
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Hypothermie gehemmt werden. Aber auch weitere protektive Mechanismen, wie die
Steigerung der endogenen Produktion des anti-apoptotischen Proteins Bcl-2 (58,
218), die Suppression des pro-apoptotischen Proteins Bax (57) und die Reduktion
der DNA-Fragmentierung (151) durch Hypothermie, wurden bisher beschrieben.

Die Unterschiede in der TUNEL-Markierung zwischen den Tieren der Gruppen T-NTy
und T-HT waren nach 24 Stunden nur gering ausgepragt. In der Hypothermie-
Gruppe wurden TUNEL-positive Zellen allerdings nur bei einem der zehn
untersuchten Tiere nachgewiesen, wodurch ein Trend zur verminderten TUNEL-
Positivitat bei den hypothermen Versuchstieren zu erkennen ist. Nach FP-Trauma
der adulten Ratte waren apoptotische Zellen im ipsilateralen Kortex nach 24 Stunden
nachweisbar, in der weilRen Substanz bereits nach 12 Stunden. Jedoch wurde das
Maximum der TUNEL-Positivitdt in diesen Hirnarealen erst nach einer Woche
erreicht (44). Andererseits waren in einer Untersuchung mit Kryo-Schadigung des
Gehirns apoptotische Zellen schon nach 12 Stunden nachweisbar (215). Das
Maximum war im Kortex nach 24 h, in weil3er Substanz und Hippocampus nach 48 h
erreicht. Somit scheint eine Reihe von Faktoren, wie z.B. das experimentelle Setting,
den zeitlichen Verlauf der posttraumatischen Apoptose zu beeinflussen. Dennoch ist
es denkbar, dass der von uns gewahlte Untersuchungszeitraum von 24 Sunden noch
zu kurz gewahlt war, um das gesamte Ausmal signifikanter Unterschiede zwischen
Normothermie und Hypothermie darzustellen.

Die direkte Beeinflussung des Ausmalies der immunhistochemisch nachweisbaren
Schadigung durch die milde Hypothermie lasst sich aus unseren Untersuchungen
jedoch nicht sicher ableiten, da durch die ICP-Reduktion weitere schadigende
Sekundareffekte, wie sie z.B. durch die kompromittierte zerebrale Compliance

entstehen, vermieden wurden.

5.2. Effekte der Hypothermie auf die intestinale Durchblutung und die
CYP3A4-Aktivitat

In einem weiteren experimentellen Ansatz untersuchten wir die Effekte einer 6-

stiindigen Hypothermie von 32 °C auf die intestinale Durchblutung. Wir fokussierten

in diesem Ansatz auf die Bestimmung der Plasmaspiegel von Fentanyl, einem

Opioid, das auch bei Patienten nach traumatischer Hirnschadigung zur

Analgosedierung auf Intensivstationen eingesetzt wird. Wir konnten zeigen, dass die

Hypothermie zu einer 25%igen Erhdhung der Plasmaspiegel von Fentanyl flhrt.
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Ahnliche pharmakokinetische Effekte sind unter Hypothermie bereits fir andere
Medikamente mit hoher (111, 119, 137) und geringer (95) hepatischer
Extraktionsrate, aber auch fur Pharmaka, die durch unspezifische Esterasen (174)
metabolisiert werden, nachgewiesen. Jedoch unterschieden sich diese Studien
bezlglich der Applikationswege, der Untersuchungszeit und der Tiefe der
Hypothermie, so dass sie nur bedingt vergleichbar sind. Fentanyl wird in der
Intensivmedizin Uber eine lange Zeitdauer mittels kontinuierlicher Infusion
verabreicht, weshalb wir einen langen Untersuchungszeitraum mit kontinuierlicher
Infusion wahlten. Des Weiteren flhrten wir unsere Untersuchungen an einem
Schweinemodell durch, da Ahnlichkeiten zum Menschen beziiglich kardiovaskularer
Parameter und der regionalen Verteilung des Blutflusses bestehen (141).

Unter normalen Bedingungen erfolgt die Fentanyl-Clearance Uberwiegend Uber
hepatische Biotransformation (138). Dies geschieht durch N-Dealkylierung zu
Norfentanyl durch das hepatische mikrosomale Cytochrom P450 3A-Isoenzym
(CYP3A4) (199). Andere Metabolisierungs- und Eliminationswege scheinen bei
parentaler Fentanylgabe unwahrscheinlich (117).

Fur die Erhdhung der Plasmaspiegel von Fentanyl unter Hypothermie werden
verschiedene Prozesse verantwortlich gemacht. So werden durch die Hypothermie
Verteilungsvolumen und totale Korper-Clearance erheblich reduziert (111). Die
verminderte Korper-Clearance kann die Folge einer reduzierten hepatischen
Biotransformation und/oder einer verzégerten Verteilung sein, die wiederum aus der
Reduktion von Herzleistung und Organperfusion durch Hypothermie entsteht. In
Simulationsuntersuchungen ist gezeigt worden, dass das von uns beschriebene
Ausmal der Perfusionsminderung tatsachlich fur die erhdhten Plasmaspiegel von
Fentanyl verantwortlich sein kann (26).

Hinsichtlich der hypothermiebedingten Beeintrachtigung der Fentanyl-Elimination
sind verschiedene Aspekte zu beachten. Wir fanden eine stark temperaturabhangige
Aktivitat des CYP3A4. Bei 32°C war die Konversionsrate um ca. 1/3 reduziert.
Demzufolge Iasst sich ein relevanter Anteil der reduzierten Korper-Clearance auf die
verminderte Biotransformation in der Leber zurtckfuhren.

Ungeachtet des uUberraschenden Befundes eines unbeeintrachtigten arteriellen
hepatischen Blutflusses, nehmen wir eine Verminderung des totalen hepatischen
Blutflusses durch Hypothermie an. Dies lasst sich vermuten, weil der arterielle

hepatische Zustrom beim juvenilen Schwein nur ein Funftel des totalen hepatischen
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Blutflusses ausmacht (206). Der Uberwiegende Anteil des Zustroms erfolgt Uber die
Portalvene. Der portale Blutfluss, in unserer Untersuchung nicht direkt gemessen,
muss durch die Hypothermie merklich reduziert sein, da alle Blutflussraten der
Organe des Splanchnikusgebietes, die in die Portalvene drainieren, reduziert sind.
Da Fentanyl eine hohe hepatische Extraktionsrate besitzt, ist die hepatische
Elimination starker von Anderungen des totalen hepatischen Blutflusses als von der
enzymatischen Aktivitat abhangig (178).

Die Ursache fur die erhdhten prolongierten Plasmaspiegel von Fentanyl nach
Temperaturnormalisierung bleibt spekulativ. Eine verlangerte Inhibition der CYP3A4
ist eher unwahrscheinlich, da sich auch nach langdauernder tiefer hypothermer
Leberkonservierung die hepatische Pharmakon-Extraktion bereits 30 min nach
Wiedererwarmung normalisiert hat (105). Eine vermehrte Gewebsakkumulation von
Fentanyl wahrend der Hypothermiephase und ein Rebound des Plasmaspiegels
nach Wiedererwarmung infolge vermehrter Gewebeperfusion ist dagegen eher
moglich. Des Weiteren ist auch die Biotransformation von Midazolam von der
hepatischen CYP3A4-Aktivitat abhangig, so dass in der Hypothermiephase auch
Midazolam akkumulieren kann. Dies wurde von uns nicht gemessen. Sollte eine
vergleichbare Reaktion wie mit Fentanyl bestehen, ist es durchaus mdglich, dass
eine prolongierte Akkumulation beider Medikamente zur Uberschreitung der
biotransformatorischen Kapazitat von CYP3A4 fuhrt. Das hat zwangslaufig eine
verzogerte Normalisierung der Plasmaspiegel zur Folge. Weiterhin ist durch
Midazolam eine Verstarkung der hamodynamischen Effekte der Hypothermie auf den
regionalen Blutfluss und den Fentanyltransport zur Leber mdglich (76).

Obwohl die Mechanismen fur die persistierenden hohen Fentanyl-Plasmaspiegel
spekulativ bleiben, ist die Beschreibung des Phanomens ohne Zweifel von klinischer
Relevanz. So kann zum einen die Recoveryphase nach einer therapeutischen
Hypothermie deutlich verlangert sein. Andererseits wird eine Fentanyl-Uberdosierung
wahrend kontinuierlicher Langzeitinfusion durch die Hypothermie aggraviert, die
wiederum mit nachhaltigen schwerwiegenden Nebenwirkungen behaftet ist
(intestinale Motilitatsstorungen, Hypotension, akutes Fentanyl-Entzugssyndrom,
verlangerte Intensivstationsverweildauer, vermehrte Kosten) (189).

Mit unseren Untersuchungen konnten wir zeigen, dass die Hypothermie sowohl
indirekt Uber eine reduzierte Organperfusion als auch direkt durch Verminderung von

Enzymaktivitaten die Pharmakokinetik von Analgetika zu beeinflussen vermag (73).
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Im Gegensatz zu anderen experimentellen Untersuchungen (190) fanden wir bei
Verwendung eines Analgosedierungs-Regimes mit Fentanyl dennoch nach 24 h
posttraumatisch eine Reduktion des histopathologischen Schadens in der
Hypothermiegruppe. Dies deutet auf die hypothermiebedingte Supprimierung von

Schadigungsmechanismen hin, die unabhangig vom Analgosedierungs-Regime sind.

5.3. Therapeutisches Fenster fur die Anwendung der Hypothermie

In den vorliegenden Untersuchungen haben wir eine Hypothermie assoziierte
Reduktion des histopathologischen Schadens nach traumatischer Hirnschadigung fur
das nicht ausgereifte juvenile Gehirn des Schweines demonstrieren konnen. Es bleibt
jedoch offen, ob durch Optimierung der Modalitaten der Hypothermie, d.h. Zeitpunkt
des Beginns der Hypothermie und des Erreichens der Zieltemperatur,
Hypothermiedauer und Geschwindigkeit der Wiedererwarmung, bessere Ergebnisse
zu erzielen sind. Aus einer Reihe experimenteller Untersuchungen zur fokalen oder
globalen zerebralen Ischéamie ist bekannt, dass die intra- und frihzeitig
postischamisch induzierte Hypothermie die besten Ergebnisse bezuglich der
Reduktion des histopathologischen Schadens und des neurologischen Defizits
aufweist (57, 58, 87, 115, 126, 198). Als einer der bedeutendsten
Schadigungsmechanismen wird die neuroexzitotoxische Kaskade angesehen, die
schwere Storungen der intrazellularen lonen-Homdostase durch Akkumulation von
exzitatorischen Neurotransmittern wie Glutamat hervorruft. Hierdurch wird ein
langdauernder und exzessiver Kalzium-Einstrom mit zellularer Hyperexzitabilitat und
Hyperaktivitat verursacht, der zur Zellschwellung und Aktivierung von Proteasen
fuhrt. Dies fuhrt dann in der Endkonsequenz zum nekrotischen Zelluntergang (207).
Jedoch konnte in einem SHT-Modell der Ratte auch mit einer bis zu 60 min
verzogerten Hypothermieinduktion eine signifikante Reduktion der posttraumatischen
Verhaltensstorung erreicht werden (132). Eine verzogert induzierte Hypothermie
wurde bisher auch in klinischen Studien mit z. T. gutem Erfolg angewendet (21, 201).
In unserem Modell induzierten wir die Hypothermie 60 min posttraumatisch, was
durchaus der klinischen Realitat entspricht. Die Effektivitat der spat einsetzenden
Hypothermie zeigt, dass offensichtlich noch eine Reihe weiterer Mechanismen fur die
Propagation der posttraumatischen wie auch der postischamischen zerebralen
Schadigung von Bedeutung ist. So kdnnen Schadigungskaskaden, die Stunden bis

Tage bzw. Wochen andauern (48), wie Bildung freier Radikale,
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Gerinnungsaktivierung, Blut-Hirn-Schrankenstérung, mitochondriale Schadigung,
Inflammation und Apoptose, durch die Hypothermie supprimiert werden. Nach
traumatischer Hirnschadigung wurde der neuroprotektive Effekt der Hypothermie auf
die Apoptose bisher nur fur die Ratte beschrieben (188). Unsere Untersuchungen
haben belegen kénnen, dass eine sechsstindige milde Hypothermie, die 60 min
posttraumatisch induziert wird, den apoptotischen Zelluntergang auch beim gyrierten
Gehirn signifikant vermindert. Nach kalteinduzierter Hirnschadigung scheint eine
langere Hypothermiephase (12 h) apoptotische Prozesse jedoch noch effektiver zu
supprimieren (215). Dabei reagierten die Zellen im Hippocampus deutlich sensitiver
auf die Hypothermie als die Zellen der wei3en Substanz oder des Kortex, was die
eigenen Untersuchungen im Trend bestatigten.

Wahrend wir in unserem Hirntraumamodell die Effektivitat der Hypothermie durch
Vermeidung eines sekundaren |ICP-Anstieges untersuchten, zielte das epidurale
Ballon-Modell darauf ab, eine Neuroprotektion durch Hypothermie auch wahrend
kompromittierter zerebraler Compliance nachzuweisen. Wir konnten bei den
hypothermen Tieren eine bessere funktionelle Toleranz gegenuber der reduzierten
zerebralen Perfusion im Vergleich zu den normothermen Tieren belegen. Da in
diesem Modell die Hypothermie jedoch bereits vor der Schadigung induziert worden
ist, lassen sich die Ergebnisse nur bedingt flr Kklinische Situationen mit
beeintrachtigter zerebraler Compliance (akuter ICP-Anstieg) Ubertragen. Wurde vor
der Schadigung nicht gekuhlt, d.h., konnten die Schadigungskaskaden bis zum
Zeitpunkt eines akuten ICP-Anstieges ungebremst ablaufen, so war die Effektivitat
der Hypothermie bezlglich einer funktionellen Protektion um so geringer, je spater
nach dem traumatischen Ereignis die Kihlung induziert wurde.

Aus experimentellen Untersuchungen zur globalen und fokalen zerebralen Ischamie
ist bekannt, dass eine langere Hypothermiedauer auch zu einer signifikant
ausgepragteren Neuroprotektion flhrt. In einer Studie zur Hypothermie nach
globaler Ischamie bei der Ratte korrelierte das Ausmaly der Reduktion der
neuronalen Schadigung mit der Dauer der Hypothermie (42). Allerdings war die
Reduktion der neuronalen Schadigung noch vergleichsweise gering, da die
Hypothermie erst 2 Stunden postischamisch induziert und fir eine relativ kurze
Dauer erhalten wurde (30 min, 3,5 und 5 Stunden) (42). In der anderen Studie
konnte nach 24-stundiger Hypothermie ein fast kompletter Erhalt der fir eine Hypoxie

empfindlichen CA1-Neurone (10% neuronale Schadigung vs. 85% nach 12 h
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Hypothermie) nachgewiesen werden (43). Fir unsere Untersuchungen wurde eine
Hypothermiephase von 6 Stunden gewahlt, da die Hypothermie zu einem
vergleichsweise friUhen Zeitpunkt induziert wurde. Nach Daten aus Studien zur
globalen Ischamie st jedoch anzunehmen, dass sich eine langere
Hypothermiephase auch positiv auf die Neuroprotektion bezlglich des
histopathologischen Schadens auswirkt. Das Risiko potentieller Nebenwirkungen
durch zunehmende Hypothermiedauer ist dann starker zu beachten (161).

Neben dem Zeitpunkt des Beginns und der Dauer beeinflusst vor allem die
Wiedererwarmung die Effektivitat der Neuroprotektion durch Hypothermie. Obwohl
bisher keine spezifischen Daten Uber die Geschwindigkeit der Wiedererwarmung des
unreifen Gehirns vorliegen, kann davon ausgegangen werden, dass sich eine zu
schnelle Wiedererwarmung ebenso negativ auswirkt, wie es fur das ausgereifte
Gehirn beschrieben wurde. So induziert eine rasche Wiedererwarmung nach tiefer
Hypothermie eine transiente Entkopplung von CBF und zerebralem Metabolismus,
wohingegen die Kopplung bei langsamer Wiedererwarmung erhalten bleibt (146).
Ahnliche Befunde wurden nach traumatischer Hirnschadigung mit sekundarer
Hypoxie bei der Ratte beschrieben (134). Eine rasche Wiedererwarmung von 15 min
korrelierte mit einer Zunahme des Kontusionsvolumens im Vergleich zur langsamen
Wiedererwarmung von 120 min, was einer Wiedererwarmungsrate von 2°C/h
entspricht. Dagegen war die Wiedererwarmungsrate mit ca. 1,4°C /h in unseren
Experimenten um mehr als 25% geringer. Im Vergleich zu Kklinischen
Hypothermiestudien nach globaler Hirnischamie und SHT mit
Wiedererwarmungsraten deutlich < 1°C/h (21, 41, 201) erscheint unsere
Wiedererwarmungsrate hoch. Obwohl sich die negative Beeinflussung unserer
neuroprotektiven Ergebnisse nicht endgultig ausschlieBen Iasst, ist dennoch
anzunehmen, dass die fur unsere Experimente gewahlte Wiedererwarmungsrate auf
Grund der vorliegenden experimentellen Daten die Kernaussagen der

Untersuchungen nicht entscheidend beeinflusst hat.

5.4. Die Wahl der experimentellen Modelle

Zur Untersuchung der Auswirkungen der intrakraniellen Drucksteigerung, wie sie
nach traumatischer Schadigung insbesondere beim kindlichen Gehirn beschrieben ist

(8, 10, 24), wahlten wir ein epidurales Ballon-Modell, mit dem graduierte und
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kontrollierte Hirndrucksteigerung reproduzierbar induziert werden konnte. Die Effekte
der epiduralen Volumenexpansion auf die zerebrale Hamodynamik lieRen sich
verlasslich messen. In der Vergangenheit wurde dieses Modell bei einer Reihe von
experimentellen Untersuchungen des adulten Tieres (Kaninchen, Hund, Schwein)
verwendet (123, 150, 180, 181). Im Unterschied zu anderen experimentellen
Ansatzen, die dieses Modell verwendeten, konnten wir durch den Einsatz des ABP-
Kontrollers Sekundareffekte, die wahrend der intrakraniellen Drucksteigerung durch
systemische hamodynamische Reaktionen ausgelost werden (,Cushing-Reaktion®),
weitgehend ausschalten. Die Menge des entzogenen Blutes differierte auf den
einzelnen ICP-Druckstufen in Abhangigkeit von der erwarteten kardiovaskularen
Reaktion. Auf der hochsten Druckstufe (ICP45) war dagegen die Retransfusion des
entzogenen Blutes erforderlich. Die systemische hamodynamische Stabilitat war
mittels Blutentzug/Retransfusion wahrend der Experimente auf jeder ICP-Druckstufe
suffizient gewahrleistet.

Im zweiten experimentellen Ansatz wurde das nicht ausgereifte Gehirn des
Schweines einem schweren Hirntrauma mittels flussigkeitsinduzierter Perkussion
ausgesetzt. Das FP-Modell wird seit mehr als 30 Jahren fur experimentelle
Untersuchungen zum Hirntrauma genutzt und zeichnet sich dadurch aus, dass es
sowohl fokale als auch diffuse Hirnschaden verursacht (203). Das laterale FP-Modell
haben wir in modifizierter Form beim gyrierten Gehirn des juvenilen Schweines
verwendet und eine zusatzliche Schadigungsnoxe, den akuten Blutverlust,
erganzend simuliert. Die lange posttraumatische Monitoringphase erlaubte im
Gegensatz zu anderen Untersuchungen eine Aussage uber den ICP-Verlauf
innerhalb der ersten 24 Stunden (127, 128, 194). Somit konnte ein reproduzierbarer
sekundarer ICP-Anstieg nach einem freien Intervall von ca. 5 Stunden beobachtet
werden. Dies steht im Gegensatz zu anderen Untersuchungen mit diesem Modell,
bei denen vor allem frihzeitige ICP-Anstiege unmittelbar nach dem Trauma
beschrieben wurden (49, 139, 157, 205). Im Vergleich zu den genannten
Untersuchungen bevorzugten wir eine lange (24 h) posttraumatische
Monitoringphase (74), so dass die sekundaren ICP-Veranderungen in friheren
Untersuchungen maoglicherweise aus diesem Grunde nicht erfasst wurden. Der
sekundare ICP-Anstieg bei den normothermen Traumatieren (T-NTcp) war jedoch
nicht regelhaft. Zunachst blieb unklar, welche Tiere fur einen sekundaren ICP-

Anstieg pradestiniert waren. Auch klinische Untersuchungen konnten bisher keine
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sichere pradiktive Aussage zum Verhalten des ICP nach traumatischer
Hirnschadigung ermdglichen (186). Eine separate Detailanalyse zum ICP-Verlauf
zeigte jedoch, dass schon die geringe Modifikation des Auslenkwinkels des zur
Trauma-Applikation benutzten Pendels zu einer dramatischen Verstarkung der
Hirnschadigung fuhrte. So scheint die Traumaschwere doch einer der wesentlichsten
Faktoren fir die Entstehung eines sekundaren Hirndruckes zu sein. Mit den
Untersuchungen an unserem kliniknahen SHT-Modell sind wir zwar nicht der Frage
der Entstehungsmechanismen fur den sekundaren ICP-Anstieg nachgegangen,
unser sehr aufwendiges kontinuierliches Monitoring erlaubte jedoch das Studium der
funktionellen und hamodynamischen Veranderungen, aus denen sich therapeutische
Konsequenzen ableiten lassen. Mit diesem experimentellen Ansatz sind definierte
Interventionen, z.B. pharmakologische Hirndrucksenkung, neuroprotektive
Malnahmen wie therapeutische Hypothermie, weiter evaluierbar.

Limitiert werden unsere Ergebnisse durch die Fokussierung ausschliel3lich auf die
Akutphase der traumatischen Hirnschadigung. Es war jedoch unser Ziel, zunachst an
einem kliniknahen Modell die Akutphase des kindlichen SHT zu evaluieren. Als
zusatzliche Schadigungsnoxe sollte der unmittelbar posttraumatisch induzierte
Blutentzug mit konsekutiver Volumensubstitution einen Blutverlust simulieren. Die
Volumensubstitution stellte den Beginn der Malinahmen durch den Rettungsdienst
dar. Im Unterschied zur Kklinischen Praxis erfolgte die medikamentose
Analgosedierung und Volumensubstitution aus ethischen Grinden bereits vor der
Trauma-Applikation (Praparation). In der Zukunft sollten mit diesem Modell auch
Langzeiteffekte therapeutischer Mallnahmen, wie z.B. der Hypothermie, untersucht
werden konnen, da fur eine abschlieBende Beurteilung der Qualitat der
Neuroprotektion nach traumatischer Hirnschadigung das neurologische Defizit nach
Uberstandener Akutphase von herausragender Bedeutung ist. So Kkorreliert im
chronischen Experiment der Ratte, sowohl nach traumatischer (29, 28) als auch nach
ischamischer (45) Hirnschadigung, die Reduktion histologischer Gewebsuntergange

durch Hypothermie mit dem Erhalt der kognitiven Funktion.
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6. Schlussfolgerungen

Das FP-Trauma ermdglicht die Modellierung der zerebralen hamodynamischen
Frihveranderungen einer traumatischen Hirnschadigung am gyrierten Gehirn des
juvenilen Schweines. So lassen sich therapeutische Ansatze wie die Effekte der
Hypothermie auf das Ausmald der traumatischen Hirnschadigung untersuchen. Die
milde Hypothermie erweist sich als hirnprotektiv hinsichtlich der Beeinflussung des
Hirndruckes beim juvenilen Gehirn. Diese experimentellen Daten stimmen mit
klinischen Daten aus einer Phase-II-Studie zum kindlichen SHT Uberein, so dass die
Hypothermie als therapeutische Mal3nahme beim kindlichen SHT mit ICP-Steigerung
durchaus sinnvoll erscheint. Ob das neurologische Outcome beim kindlichen SHT
tatsachlich positiv  beeinflusst werden kann, muss allerdings in weiteren
experimentellen und klinischen Untersuchungen bewiesen werden. Eine Vielzahl von
Faktoren kann die Effektivitat der Hypothermie beeinflussen wie z.B. die
Geschwindigkeit des Erreichens der Zieltemperatur, die Dauer der
Hypothermiephase und die Geschwindigkeit der Wiedererwdrmung. Bisher ungeklart
bleibt, ob die Hypothermie nur bei bestimmten zerebralen Pathologien oder
grundsatzlich beim SHT angewendet werden sollte, da insbesondere altere Patienten
nach den derzeit vorliegenden Studien nicht von einer Hypothermie profitieren. Des
Weiteren muss das Analgosedierungs-Regime nach schwerem SHT beachtet
werden, da experimentelle Daten belegen konnten, dass die Analgosedierung mit

Opioiden die protektiven Effekte der Hypothermie aufzuheben vermag.
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7. Zusammenfassung

An verschiedenen Modellen zur Beeintrachtigung der intrazerebralen Compliance
wurde untersucht, ob die milde Hypothermie das Ausmal’ einer Schadigung des
juvenilen Gehirnes zu reduzieren vermag. Mit einem epiduralen Ballonmodell beim
14-Tage alten Ferkel wurden die Effekte der Hypothermie auf zerebrale
Durchblutung, Metabolismus und elektrische kortikale Funktion wahrend schrittweiser
Verminderung der zerebralen Perfusion durch intrakranielle Drucksteigerung
untersucht. Die Hypothermie verursacht eine signifikante Reduktion der zerebralen
Durchblutung bei gleichzeitiger starker ausgepragter Verminderung des zerebralen
Sauerstoffmetabolismus. Wahrend schrittweiser Reduktion der zerebralen Perfusion
bleibt die elektrische kortikale Funktion auf reduziertem Niveau im Vergleich zur
Normothermie langer erhalten, wahrend Unterschiede in zerebraler Durchblutung
und zerebralem Metabolismus bei Reduktion des CPP auf 30% des
Ausgangsniveaus nicht mehr nachweisbar sind.

Die komplexe traumatische Schadigung des kindlichen Gehirns wurde am 6-Wochen
alten Ferkel mit einem flussigkeitsinduzierten Perkussionsmodell mit sekundarer
Schadigung durch temporaren Blutentzug untersucht. Mit diesem Modell sind bei
schwerer Schadigung nach 24 Stunden histopathologisch diffuse Hirnschaden
nachweisbar. Insbesondere bei Tieren, die einen sekundaren Hirndruckanstieg
entwickeln, lasst sich ein beinahe kompletter Ausfall von immunhistochemischen
Markern wie MAP2-Protein nachweisen. Das RBAPP ist bei diesen Tieren verstarkt bis
hin zu ,Retraction balls* nachweisbar, ebenso wie ein hoher Anteil an nekrotischen
Nervenzellen in der TUNEL-Farbung.

Im Gegensatz dazu ist die Hypothermie offensichtlich in der Lage, Hirndruckanstiege
zu vermeiden und somit den histopathologischen Schaden nach 24 Stunden zu
reduzieren. Ob die Hypothermie jedoch auch direkt den histopathologischen
Schaden zu reduzieren vermag, lasst sich aus diesen Experimenten nicht ableiten.

In einem weiteren Experiment wurde der Einfluss der milden Hypothermie auf die
Perfusion intestinaler Organe untersucht. So sind Niere, Pankreas, Milz und Darm
wahrend der Hypothermie geringer durchblutet, wahrend die arterielle hepatische
Durchblutung unverandert bleibt. Dennoch wird die Metabolisierung von Fentanyl
erheblich verlangsamt. Es kommt wahrend 6-stiindiger Hypothermie zu einer
25%igen Erhohung des Fentanyl-Plasmaspiegels. Auch nach Wiedererwdarmung

bleibt der Fentanyl-Plasmaspiegel noch mindestens 6 Stunden erhoht. Diese
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verminderte Metabolisierung wahrend Hypothermie ist assoziiert mit einer
verminderten Aktivitat der mikrosomalen CYP3A4-Isoform des Cytochrom P 450,

was wesentlich fur die Metabolisierung von Fentanyl bedeutsam ist.
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Summary

Recent experimental studies have demonstrated that mild
hypothermia can be effective in the control of intracranial
hypertension. However, investigations to analyze the effects
of hypothermia on changes in brain oxygen metabolism and
electrocortical activity caused by increased intracranial
pressure (ICP) are lacking. We examined the effects of mild
hypothermia on electrocorticogram (ECoG) in combination
with measurement of regional cerebral blood flow (CBF)
and estimation of brain oxygen metabolism during stepwise
increase of ICP. For this purpose thirteen female piglets
(14 days old, 4-5 kg b.w.) were anaesthetized and mecha-
nically ventilated. An epidural balloon was gradually inflat-
ed in order to increase ICP to 25 mmHg, 35 mmHg and
45 mmHg every 30 minutes at adjusted mean arterial blood
pressures (MAP). This procedure resulted in gradual cere-
bral perfusion pressure (CPP) reduction of about 70 %,
50 %, and 30 % of baseline [baseline CPP: normothermia
(NT) 80 + 3 mmHg; hypothermia (HT) 84 + 3 mmHg]. Con-
trol animals were maintained in a normothermic state (38.6
+ 0.2 °C). HT animals were surface cooled and maintained
at 31.9 £ 0.1 °C. ECoG, regional CBF, cerebral oxygen de-
livery (cDO,) and the cerebral metabolic rate of oxygen
(CMRO,) were estimated during the normothermic period,
after hypothermic stabilization, and after the gradual CPP
reductions. The baseline ECoG showed the typical delta-do-
minated frequency pattern for isoflurane anaesthesia. At the
hypothermic level, a frequency shift was seen from delta
activity towards the higher frequencies (theta- and alpha
activity) and the total spectral power was significantly re-
duced (56 + 17 % from baseline, p < 0.05). the cortical CBF
decreased markedly to 67 + 10 % (p < 0.05), whereas the
medulla oblongata blood flow increased slightly. During
controlled increase of ICP by regional mass expansion from
epidural balloon inflation, we found at mild and moderate

stages of ICP increase (25 and 35 mmHg) only minimal
changes in the ECoG in hypothermic animals compared to
the hypothermic baseline, whereas the ECoG in normo-
thermic animals showed a marked decrease in frequency,
amplitude and total spectral power. We conclude that mild
hypothermia produces an arousal-like ECoG activity with
marked frequency shiftto alpha activity and a change from
high to low voltage activity. Furthermore, the hypothermic
brain showed a preserved neuronal function at moderate
stages of ICP. Obviously, hypothermia improves the func-
tional tolerance of the brain to impaired oxygen supply.

Introduction

Traumatic head injury is the leading cause of death in
children and young adults (WARD 1996). Obviously,
children’s brains show respond differently to injuries than
adult’s brains. The incidence of posttraumatic brain swell-
ing is twice as high in the pediatric population as in the
adult (ALDRICH et al. 1992), and is the common cause of
an ICP. An initially increased ICP shortly after trauma is
of considerable prognostic value and may correlate with
adverse outcomes (BARZILAY et al. 1988; CIRICILLO et al.
1992).

Until now, the pathophysiology of brain swelling with
increase of ICP following an acute space occupying le-
sion is not clearly understood. Factors such as duration
and extent of cerebral compression accompanied with
metabolic disturbance appears to be important in inducing
brain swelling (MISHINA et al. 1994). Most dangerous
consequence of ICP increase is the reduction of CPP as
the driving force of CBF. This is accompanied by meta-
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bolic disturbances, if the CPP falls below the autoregula-
tory threshold of CBF.

Depending on the extent of the metabolic disturbances
the neuronal electrical activity becomes depressed, up to
electrical silence, although the cells remain metabolically
viable, at least for some period of time (NEWLON 1996).
The patterns of electroencephalography (EEG) change
may vary according to the type and severity of the dam-
age, but typically, the patterns progresses from an initial
loss of high-frequency activity to an increase in relatively
synchronized delta-activity, and finally, a decrease in the
amplitude of all activity (RAMPIL 1994).

Mild hypothermia has been reported as a therapeutic
tool for protecting brain tissue to ischemic and traumatic
brain injury (BusTo et al. 1989; CLIFTON et al. 1991, Po-
MERANZ et al. 1993). The efficiency of hypothermia lies
in reducing the CMRO,. The hypothermic decline in ce-
rebral metabolism has been more closely linked to tem-
perature effects on physicochemical processes than cere-
bral function, as represented by the EEG (LAFFERTY et al.
1978; NEMOTO et al. 1996). The most common findings
using EEG recording is, that cooling to 33 °C may pro-
duce cerebral stimulatory effects as reflected by arousal
phenomena as well as small shifts in EEG frequencies to
theta- and beta-activities (BLAIR 1965, FITZGIBBON et al.
1984). However, other investigations have shown that
cooling induces progressive reduction of both amplitude
and frequency of EEG (MizraHI et al. 1989; GLARIA et al.
1990). Additionally, the combined effects of hypothermia
and anesthetics have to be taken into account (KOCHS
1995).

Up to now there have not been experimental or clinical
investigations of changes in electrocortical activity under
conditions of hypothermia during compromized brain
oxygen delivery caused by increased ICP.

Therefore, in the recent study we investigated the
effects of mild hypothermia on the ECoG patterns during
stepwise reduction of brain oxygen metabolism due to in-
creased ICP. We hypothesized that in contrast to normo-
thermic conditions, mild hypothermia may cause a distinct
temporal preservation of the functional metabolism,
which is indicated by special ECoG patterns during gra-
dually decreased cerebral perfusion.

Methods

General instrumentation: All surgical and experimen-
tal procedures were approved by the ethical committee of
the local authorities.

Thirteen piglets (14 days old, 4-5 kg b.w.) of female sex
were anaesthetized initially with ketamine hydrochloride
(50 mg/kg b.w., i.m.), and anaesthesia was maintained with
isoflurane (0.8 Vol.%) in a nitrous oxide / oxygen mixture
(70 % / 30 %). An endotracheal tube (5.5 Ch) was inserted
through a tracheotomy. After immobilization with pancuro-
nium bromide (0.2 mg/kg b.w./h, i.v.), the animals were ar-
tificially ventilated (Servo Ventilator 900C, Siemens-
Elema, Solna, Sweden).
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Local anaesthesia was infiltrated into the skin prior inci-
sion. A catheter was inserted into the left external jugular
vein for injection of drugs and fluids. Another catheter was
inserted via the femoral artery into the abdominal aorta for
recording blood pressure and for withdrawal of reference
samples for calculating CBF with colored microsphere
(CMS) technique (CBF measurement see below at CMS
technique). Further catheters were inserted into the left
ventricle via the right common carotid artery and into the
superior sagittal sinus in order to obtain brain venous blood
samples.

Two burr holes were made into the left parietal skull for
inserting a fiberoptic catheter into the subcortical white mat-
ter for ICP measurements (Camino Laboratories, San
Diego, U.S.A.) and a Clark-type pO, electrode together with
a thermocouple catheter (Licox pO, Monitor, GMS mbH,
Kiel-Mielkendorf, Germany) into the parietal cortex.

An oval-shaped burr hole (10 mm to 3 mm) was gently
drilled into the right parietal skull parallel to the sagittal
suture. An epidural latex balloon catheter was placed in the
epidural space of the right parietal region. The burr holes
were sealed with bone wax and covered with dental acrylic
in order to fix in place the probes and epidural balloon
catheter throughout the experiment (fig.1).

Hemodynamic and blood gas monitoring: Arterial, left
ventricular and central venous catheters were connected
with pressure transducers (P23Db, Statham Instruments,
Puerto Rico). Electrocardiogram (ECG) recordings were
made from standard limb leads using stainless steel needle
electrodes. Physiological parameters were recorded on a
multi-channel polygraph (MT95K2, Astro-Med, USA).
Body temperature was measured by a rectal thermoprobe in-
serted about 10 cm and was maintained throughout the ge-
neral instrumentation at 38 + 0.3 °C using a water-flow pad
connected to a heating-cooling thermostat and a feedback
controlled heating lamp.

Blood pH, pCO,, and pO, were determined using an
ABL50 blood gas analyzer (Radiometer, Copenhagen, Den-
mark). Blood hemoglobin and arterial oxygen saturation
were measured by an OSM2 hemoxymeter (Radiometer,
Copenhagen, Denmark), corrected to the body temperature
at the time of sampling. The blood oxygen content was cal-
culated as the product of blood oxygen saturation (%), oxy-

sagittalis sinus catheter
for blood sampling

ECoG-Reference
ICP

brain tissue
pO,/ temperature

epidural
balloon catheter

Fig. 1. Preparation of the skull — epidural balloon and mo-
nitoring device in place; ICP = intracranial pressure; ECoG
= electrocorticogramm.

ECoG



gen capacity of hemoglobin (1.39 mlO,/g hemoglobin) and
hemoglobin concentration (g/ml) plus dissolved O, and ex-
pressed in pMol/min - 100g. Cerebral O, delivery was cal-
culated as the product of CBF times the arterial O, content.
The CMRO, was calculated as arteriovenous oxygen con-
tent difference times CBF.

CPP was calculated as the difference between MAP and
ICP.

CMS technique for CBF measurement: Cardiac output
(CO) and regional CBF were measured by means of the
reference sample color-labeled microsphere technique (Ko-
WALLIK et al. 1991). Application and methodical considera-
tions were presented and discussed in detail elsewhere
(WALTER et al. 1997.

Briefly, in random sequence a known amount (= 3 x 10°
per injection) of colored polystyrene microspheres (diame-
ter: 15.5 = 0.33 um) in 0.01 % Tween 80, surface coated
with one of five dyes (white, yellow, red, violet, blue; Dye-
Trak, Triton Technology, San Diego, U.S.A.) was thoroughly
vortexed and sonicated and immediately injected in less
than 20 seconds into the left ventricle. The injection line was
then flushed with 2 ml saline. A blood sample was with-
drawn from the descending aorta, as the reference sample
beginning 15 seconds before the microsphere injection and
continuing for 2 minutes with a rate of 1.5 ml/min (syringe
pump SP210iw, World Precision Instruments, Sarasota,
U.S.A.). The microsphere injection did not alter arterial
blood pressure (ABP). After completion of the experiment
the brains were removed and sectioned to determine blood
flow to the following areas: brain stem (medulla oblongata,
pons, midbrain), cerebellum, hippocampus, caudate nucleus,
thalamus, white matter (corpus callosum and periventri-
cular), hemispheres (gray matter pooled from frontal,
parietal, temporal, and occipital lobes). Than all tissue
(between 0.15 and 2.5 g) and blood samples were digested
(4N KOH with 4 % Tween 80) for a minimum of four hours
at 60 °C. The microspheres were retained by filtering each
digested sample through an 8-pm pore PE-membrane filter
(Fa. Costar, Bodenheim, Germany).

The filtration membrane was rinsed with 1 % Tween 80
and subsequently with 70 % ethanol. CMS were quantified
by their dye content. The photometric absorption of each
dye solution was measured by a diode-array UV/visible
spectrophotometer (Model 7500, Beckman Instruments,
Fullerton, U.S.A., wave length range, 300-800 nm, with a
2-nm optical bandwidth). Calculations were performed
using the MISS software (Triton Technology, San Diego,
U.S.A.). The number of microspheres was calculated using
the specific absorbance value of the different dyes (provid-
ed by the manufacturer). Absolute flows to tissues measur-
ed by CMS were calculated by the formula: flowg, =
number of microspheres,,, * (FloW qference / DNUMber of micro-
SPhETes ference)- FlOWs are expressed in milliliters per minute
per 100g tissue by normalizing for tissue weight.

Gradual CPP reduction controlled by an external
Proportional-Integral-Differential (PID)-Controller: A
detailed description of this procedure involving an external
blood pressure control-loop to adjust MAP to an given set-
point (like the baseline ABP value, as used in this applica-
tion) has been given elsewhere (BAUER et al. 1997). Briefly,
this special control-loop consists of a remote infusion/with-
drawal pump, which is controlled by a PID-controller

running at a PC which is serially connected. ABP is con-
trolled by changing the blood volume by arterial blood in-
fusion or withdrawal, respectively. The PID-controller was
designed so that relevant active and passive physiological
properties of the cardiovascular system are simplified and
embodied in the PID-controller box. In order to get a
vanishing control-error of the control-loop, an integral be-
havior in the controller was realized by means of the remote
infusion/withdrawal pump which allowed the variation of
the blood volume. Variation of volume per unit time was
proportional to the difference between the measured MAP
and the given set-point. The resulting effect on ABP repre-
sented an integral relation. Additionally, there was a static
nonlinear transition in this technical controller calculated
using Boyle’s law (p - V = const.). A sufficient proportio-
nality factor was found by trail and error. The use of this
equipment allowed changing CPP as the difference of MAP
minus ICP with good precision and stability and without any
possible influences of reactive MAP changes due to step-
wise ICP increase.

ECoG recording: Unipolar ECoG recordings were per-
formed using four screw electrodes, which were drilled bila-
terally into the skull above the somatosensory cortex (refe-
rence electrode on nasion). Electrode position was just
posterior to the coronar suture and 5 and 10 mm lateral to
the sagittal suture, respectively. ECoG signals were ampli-
fied, filtered (time constant was 0.1 second, cut off fre-
quency was 1000 Hz), fed into a PC using a 16 channel A/D
board (DT2821F, Data Translation, Marlboro, U.S.A.) and
stored on the hard disk for off-line data analysis (sample
rates were 512 Hz). ECoG was quantified for three minutes
at each experimental period using the Fast Fourier Trans-
formation (FFT). The spectral analysis consisted of calculat-
ing the spectral band power (total power: 1-30 Hz; delta
band: 1-4 Hz; theta 5-8 Hz; alpha 9-12 Hz; beta 13-30Hz)
and the delta ratio ([alpha band + beta band]/[delta band]).

Experimental protocol: After the surgical preparation
had been completed, the piglets were allowed to rest for ap-
proximately 45 minutes. Then control values (control 1) re-
corded and randomly chosen animals, HT group (n = 7),
were surface cooled by crushed ice packs and cooled water
flow pads maintained a body temperature (rectal tempera-
ture) of 31.9 °C + 0.3°C throughout the experiment. NT ani-
mals (n = 6) referred as control group to observe the effects
of moderate hypothermia (control 2). At this stage the ex-
ternal ABP controller was established in order to adjust
MAP at baseline ABP values. Then, a second series of
values were obtained followed by gradual decrease of CPP
by stepwise elevation of the ICP, beginning at 25 mmHg fol-
lowed by 35 mmHg and 45 mmHg due to gradual epidural
balloon inflation at a time of about 30 minutes each, and sta-
bilization of the MAP by the external blood pressure control
loop. Using this procedure steady state periods of reduced
CPP of about 70 %, 50 %, and 30 % of baseline values were
produced. Repeated measurement of all variables were re-
corded at the 25th minute of every steady state period. At
the end of the experiments, the piglets were killed with KCl
and the brains were removed for processing.

Statistical analysis: Data are reported as means + SEM.

The control variables were compared between groups with
unpaired t tests. Two-way analysis of variance (ANOVA)
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Table 1. Data of cerebral and systemic metabolism and hemodynamics during normothermia, hypothermia (32 °C) and

stepwise increase of ICP.

control 1 control 2 25 mmHg 35 mmHg 45 mmHg
HR [b/min] NT 246=x15 244 + 11 267 + 14 234+ 15 205+ 12
HT 233x14 176 + 6*$ 176 + 8*$ 164 + 9*$ 158 = 11*$
MAP [mmHg] NT 85x4 84+2 803 76 + 3* 71 £ 2%
HT 88+3 82+3 78+3 77 + 4% 69 + 6*
CI [ml/min*kg] NT 224=x16 225 +39 124 £22 % 184 +33 205 =24
HT 21333 204 + 35 125£22 % 187 + 30 181 +49
ICP [mmHg] NT 7=+1 61 25+ 1% 34+ 1% 47 + 1*
HT 7=zx1 6x1 25+1 36+ 1* 44 + 1*
CPP [mmHg] NT 80zx3 79+3 60 + 2% 46 + 2% 30+ 5%
HT 84=+3 80 +4 59 + 4% 44 + 4% 27 £7*
AVDO, [mmol/ml] NT 3.0+02 28+02 27x0.3 32103 3.1x£0.5
HT 3.0x0.1 2.1 £0.2%$ 2.0 +0.3*%$ 22 +0.1*%$ 28+03
CMRO, [umol/min*100g] NT 179.7 £22.0 149.0 £ 84 1549 +17.3 101. £ 10.6 25.1 £9.6*
HT 184.3+32.0 923+16.0*%% 103.2+146*$ 80.2+5.0% 34.6 £9.4*
gCBF [ml/min*100g] NT 66.8x6.7 62.7+4.7 73.7+9.6 454 +5.6* 27.5+10.9*
HT 69.0+9.7 49.7 + 4.8% 68.3+9.0 51.0+3.7* 19.5 £4.8*
tpO, [mmHg] NT 22.7+33 20.3+3.0 15.1+5.0 11.5 £ 4.9* 33+ 1.4%
HT 227=x25 29.7 £ 3.4*%$ 212+408% 155+44 2.3+0.7*
pa0, [mmHg] NT 147.7+8.9 150 £ 8.9 145.8 +9.5 149.6 +9.1 146.4 +13.2
HT 135.5+3.9 1422+ 84 128.4+9.3 1257+ 8.7 1314 +5.7
paCO, {mmHg] NT 38.0x04 40214 39.1£05 38.7+0.7 394+0.8
HT 373=x1.0 388+19 39.0+1.8 38.7+1.3 38209
pH NT 7.42+001 7.40 £0.02 7.39 +0.01 7.38 £0.02 7.35+0.03
HT 7.44+0.02 7.38 £0.03 7.41+0.02 7.40 +0.02 7.39 £0.02
rectal temperature [°C] NT 382+03 382+0.2 38.2+0.1 38.3+0.1 37903
HT 38.0+0.2 31.7 £0.2*$ 31.8+£0.2*$ 31.8 £0.2%$ 31.8£0.1*$
brain temperature [°C] NT 38.6x02 38.3+0.3 38.2+0.3 38.2+0.3 373+0.3
HT 38403 31.9+0.1*¢  31.7+0.3*$ 319 +0.1*$ 31.0 £ 0.4*$

Values are mean + SEM; NT = 6 animals; HT = 7 animals; control 1: experimental stage of normothermia in both groups;
control 2: HT animals were cooled to 32 °C, this temperature was maintained throughout the experimental procedure;
25 mmHg, 35 mmHg and 45 mmHg: the ICP-levels with associated CPP reduction to about 70 %, 50 % and 30 % of baseline

values (control 1).
* = gignificant differences to control 1 (p < 0.05);
$ = significant differences between NT and HT (p < 0.05)

with repeated measures was used to determine the effects of
CPP alteration and group-CPP interaction within each
variable. Subsequently, one-way ANOVA with repeated
measures was performed within each group. Post hoc com-
parisons were made with paired t-tests using Bonferroni cor-
rection for multiple use. Between groups comparisons were
made with unpaired t-tests using Bonferroni correction for
multiple use. All statistical tests were done using the stati-
stical package SPSS for Windows Release 6.0 (SPSS Inc.,
Chicago, U.S.A.). Differences were considered significant
when p < 0.05.

Results

The data of cerebral and systemic hemodynamics as
well as the metabolic data are shown in table 1. In the HT
group after the baseline values had been recorded (con-
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trol 1), the body temperature was reduced to 31.9 +0.3 °C
by surface cooling and was maintained throughout the ex-
periment. But, at the ICP-level of 45 mmHg the brain tem-
perature decreased slightly more to 31.0 = 0.4 °C.

Arterial blood gases (paO,; paCO,) and arterial pH
were similar in the NT and HT group throughout the ex-
perimental procedure.

The cardiac index (CI) was unchanged during hypo-
thermia, although the heart rate (HR) was strongly reduc-
ed by about 25 % (p < 0.05). During ICP increase to
25 mmHg the CI was significantly diminished to 56 +
17 % (NT) and 58 % =+ 18 % (HT) from baseline (p < 0.05),
whereas at the higher ICP-levels (35 and 45 mmHg) the
CI recovered almost completely.

MAP was virtually constant throughout the experiment
(81 £ 11 mmHg), even though the MAP was reduced at
the higher ICP-levels (35 and 45 mmHg, p < 0.05). The



Table 2. Frequency bands , total spectral power and delta
ratio from ECoG - relative changes during hypothermia and
stepwise increase of ICP in percent from normothermic
baseline (control 1). The frequency band activity indicates
percent from total spectral power at the experimental stage

as 100 %.

delta band normothermic ~ hypothermic
animals (n=6) animals (n =7)

control 1 68 +25 69 =20

control 2 72 +25 48 +22*§

25 mmHg 72 +£24 60 +24

35 mmHg 8127 70 £20

45 mmHg 85+42 78 +48

alpha band normothermic ~ hypothermic
animals (n =6) animals (n =7)

control 1 5+32 5+14

control 2 5+£20 14 £ 21*$

25 mmHg 6+35 15 £ 34*§

35 mmHg 4+50 10 +49

45 mmHg 3+39 4+54

total spectral normothermic  hypothermic

power animals (n=6) animals (n=7)

control 1 100+ 17 100 £ 17

control 2 98 +24 56 + 17

25 mmHg 6321 55+ 18*

35 mmHg 65 +23 32 £18*

45 mmHg 3 +26* 21 £ 31%$

theta band normothermic  hypothermic
animals (n=6) animals (n =7)

control 1 15+26 17+ 18

control 2 14 +£22 31 +36*$

25 mmHg 14 +30 19+28

35 mmHg 10 +38 15+28

45 mmHg 9+40 13+49

beta band normothermic ~ hypothermic
animals (n=6) animals (n =7)

control 1 13 +30 9+19

control 2 10+30 7+£22

25 mmHg 8+37 6+14

35 mmHg 4+51 5+33

45 mmHg 3+31% 5+47

delta ratio normothermic hypothermic

% animals (n=6) animals (n=7)

control 1 100 =55 100 £24

control 2 102 £ 25 225 + 25%$

25 mmHg 62 + 45% 105 + 28%

35 mmHg 40 + 69 36 + 34*

45 mmHg 19 + 26* 35 £ 25*%

values are mean + SEM
* = significant differences to control 1 (p < 0.05);

$ = significant differences between NT and HT (p < 0.05)

CPP was maintained at 60, 45 and 30 mmHg using the
PID-controller and showed no differences between the
normothermic and hypothermic group.

The baseline ECoG exhibited the typical delta-domi-
nated frequency pattern for isoflurane anaesthesia. At the
hypothermic level (control 2), the amplitude of ECoG ac-
tivity was markedly diminished, indicated by the total
spectral power reduction of 44 + 17 % (p < 0.05), com-
pared with baseline (table 2). Moreover, a frequency shift
was seen towards the higher frequencies (theta- and
alpha-band) (fig. 2). These hypothermia induced ECoG
changes were associated with a reduction of the global
CBF (72 + 13 % from the baseline, p < 0.05). However,
the regional CBF differed considerably between the brain
regions at 32 °C (control 2). the cortical CBF decreased
markedly to 67 = 10 % (p < 0.05), whereas the regional
CBF in the medulla oblongata increased slightly (114 =
15 % from the baseline). The regional CBF of the thala-
mus and of the midbrain did not changed significantly
(fig. 3).

At this stage (control 2) the band power distribution of
the ECoG power was markedly changed, compared with
baseline values. The delta activity was reduced to 48 +
22 % (p < 0.05), whereas the alpha activity increased to
about three times as high and the theta activity was about
twice as high as baseline (table 2, fig. 2). These changes
in the band power distribution were also indicated by the
increase of the delta ratio (225 + 25 % from the baseline,
p < 0.05).

normothermia
100% h N N NN y
N

100%

75% 1

50% 1

25% 1

0% °

ia
100% Y \ W NN

75% 1

(1-4Hz) + (5-8Hz)+H9-12Hz)+(13-30Hz)

50% 1

percent activity from total power (1-30 Hz)

25%1

total power

0%

controll  control 2 Icp ICP ICP

25mmHg 35 mmHg 45mmHg
Ni-40z 580z [Wlo-12Hz \N13-30Hz

Fig. 2. Frequency distribution of neuronal electrical activity
in TN and HT animals during stepwise increase of ICP.
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Fig. 3. Regional CBF in different brain regions during nor-
mothermia, hypothermia and stepwise increase of ICP.

* = significant differences to control (p < 0.05); $ = signifi-
cant differences between NT and HT (p < 0.05).

In the normothermic animals an increase of ICP to
25 mmHg with a following CPP reduction to about 70 %
from baseline led to a frequency lowering of ECoG and
an increase of delta activity, indicated by a reduced delta
ratio (62 + 45 %, p < 0.05) (table 2, fig. 2) and a slightly
increased global CBF. The rise in the CBF was seen in all
brain regions in both groups. The strongest increase of re-
gional CBF was found in the medulla oblongata (NT: 166
+ 24 %; HT: 145 + 26 %, p < 0.05) and in the thalamus
(NT: 151 £45 %; HT: 153 £ 53 %, p < 0.05). An increase
of midbrain blood flow occurred only in the NT group
(158 =26 %, p < 0.05).

The ICP increase to 35 mmHg which was accompanied
by a CPP reduction to about 50 % induced a marked
decrease in global CBF to 68 £ 8 % in the NT and 74 =
5 % in the HT group (p < 0.05), respectively. Global CBF
diminishing was associated to a marked reduction of the
delta amplitude in the ECoG of the NT group (fig. 4) and
an increase of the delta band activity to 81 +27 %. In con-
trast, hypothermic animals exhibited ECoG patterns
similar to those for control 2 stage (32 °C). Cortical CBF
decreased significantly in both groups (NT: 58 + 16 %;
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HT: 58 + 10 %, p < 0.05). However, medulla oblongata
blood flow remained elevated in both groups, neverthe-
less the medulla oblongata blood flow differed signifi-
cantly between the normothermic (105 + 18 %) and hy-
pothermic (136 + 14 %) animals (p < 0.05). Similar to the
regional CBF in the medulla oblongata, differences oc-
curred in the thalamus between the normothermic and the
hypothermic group, still these differences were not signi-
ficant.

The last stage of ICP increase (45 mmHg) caused a
CCP reduction to about 30 + 3 % from baseline. The
resulting decrease of global CBF differed between the
two groups (NT: 41 + 16 %; HT: 28 £ 7 %, p < 0.05), but
were comparable with reference to hypothermic baseline
CBF (control 2) (NT: 41 + 16 %; HT: 39 + 10 %). Simi-
lar to the decrease of the global CBF the cortical blood
flow decreased considerably in both groups, but was more
pronounced in hypothermic (18 + 6 %) than in normo-
thermic animals (31 £ 13 %, p < 0.05). In contrast,
medulla oblongata blood flow was only reduced by about
30 % of baseline in both groups.

In hypothermic animals a further ECoG frequency
lowering, amplitude reduction (fig. 4) and maintained re-
sidual total spectral power were observed (table 2). In
contrast, the ECoG activity in the normothermic group
was almost completely suppressed and burst suppressions
were sporadically observed in two animals (fig. 4).

Discussion

In the present study we determined the effects of hypo-
thermia on the neuronal electrical activity in juvenile
piglets during gradual increase of the ICP with consecu-
tive CPP reduction using epidural brain compression.
The major ECoG changes in the anaesthetized juvenile
piglets at mild hypothermia (32 °C) were an arousal-like
ECoG activity with a marked frequency shift from delta
wave dominated activity to alpha wave activity and a con-
comitant reduction in total spectral power.

Our results are similar to those of previous studies
showing that mild hypothermia levels may produce cere-
bral stimulatory effects as reflected by a beginning de-
pression of amplitude, hyperresponsive reflexes and
arousal phenomena in patients with depressed sensory
(BLAIR 1965). These findings confirm observations by
Fay (FAY 1945, 1959), who described central stimulatory
effects in adult humans during cooling to 32 °C. Addition-
ally, in humans and mammals due to mild hypothermia
also unchanged or marginally altered electrocortical ac-
tivity with small shifts in EEG frequencies to an increase
of theta and beta activity have been described (FiTz-
GIBBON et al. 1984; MICHENFELDER et al. 1991).

The frequency shift of the ECoG by hypothermia
seems to be an electrical phenomenon, that is obviously
related by the regional CBF and the oxydative meta-
bolism. This suggestion is in agreement with findings ob-
tained from regional CBF assessments of behavioral state
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the experimental procedure.

Reduction of the ECoG amplitude is visi-
ble at control 2, but higher frequencies are
maintained up to an ICP of 35 mmHg.

§

ICP 45 mmHg

changes, where spontaneous changes from high to low
voltage patterns of the ECoG were accompanied by an in-
crease of regional CBF to areas of the brain correspon-
ding to the arborization of the reticular formation (Jensen
et al. 1986).

Commonly, an increased ECoG alpha activity is a sign
for an improved cerebral activity, and is associated with
an increase of CBF and cerebral oxydative metabolism
(SULG et al. 1981; BISCHOFF 1994).

We found, however, at hypothermia the global CBF
and CMRO?2 remained suppressed, whereas the ECoG
alpha activity increased. In our study we investigated the
ECoG changes in relation to regional CBF measurements
at hypothermia. The discovery of differences in the
regional CBF, which occurred under hypothermia may
help explain the increased ECoG alpha activity. At hypo-
thermia cortical blood flow was pronouncedly reduced
compared with midbrain blood flow. Normally, mid-

300 pv
1 sec'

brain’s reticular formation modulates the frequency of the
ECoG (ZsCHOCKE 1995). It is well known that the elec-
trocortical activity, especially the alpha activity, is re-
markably influenced by the neuronal activity of the mid-
brain, which is able to induce and keep rhythmic activity
(JoNEs et al. 1983). Especially, the midbrain’s reticular
system modulates thalamic synchronization and desyn-
chronization (SCHMIDT 1990). The blood flow in these
brain regions was not found to be influenced by hypo-
thermia. Above all, a reduction of the global CBF by
hypothermia is caused by changes of the cortical blood
flow. This cortical blood flow reduction is a possible
cause of the reduction of total spectral power and electro-
cortical high-voltage activity at mild hypothermia.
Furthermore, the reticular formation has diffuse thalamo-
cortical projections that when activated, cause desyn-
chronization of high-voltage activity to low voltage
activity (INGVAR and SODERBERG 1958). Presumably, the
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frequency shift may be caused by the imbalance of in-
hibitory and stimulatory influences from the midbrain and
from the thalamic frequency modulating fibres to the cort-
ex, whose own electrical activity is suppressed by blood
flow reduction at mild hypothermia. This relative stimu-
lation evokes a partial desynchronization of the afferent
reticular arousal system (BAUER et al. 1997). Another
reason for these discrepancies in the results of the preserv-
ed high frequencies in the ECoG in this study and pre-
vious studies is probably due to differences in brain ma-
turation. The other studies cited were done on adult dogs
and we used juvenile piglets (STEEN et al. 1983; MICHEN-
FELDER and MILDE 1991).

During controlled reduction of CPP by regional mass
expansion due to epidural balloon inflation we found at
mild and moderate stages only minimal changes in the
ECoG in hypothermic animals compared to the hypo-
thermic baseline (control 2), whereas the ECoG in nor-
mothermic animals showed a marked decrease in fre-
quency, amplitude and total spectral power. These fin-
dings are consistent with classical pathophysiological
EEG patterns observed in acute traumatic coma (IBRAHIM
and ELIAN 1974; NEWLON 1996). The higher the propor-
tion of EEG that is attributable to delta, the more likely is
a poor prognosis. However, this EEG pattern in itself is
not a particularly useful discriminator of outcome, be-
cause in mild and moderate traumatic head injuries the
EEG pattern normalizes quickly (RumpL 1993).

In our study, moderate brain compression (ICP 35
mmHg) caused a more pronounced affect on brain func-
tion in normothermic animals as compared with hypo-
thermic animals. At 35 mmHg ICP differences in global
CBF change between the two groups were notable. In HT
animals the CBF did not change from the baseline (25 %
less than normothermic baseline) with moderate ICP in-
crease. In normothermia the CBF was reduced by about
32% from baseline with moderate ICP increase. Despite
the fact that the HT animals at hypothermic baseline (con-
trol 2) and the NT animals at ICP 35 mmHg have com-
parable CBF and CMRO, values, there was a markedly
different neuronal electrical activity. The preserved high
frequency activity of HT animals is an indication of a
maintenance of energy production adequate for the func-
tional requirements of the brain. Failure of brain energy
production occurs at a level of CBF somewhat lower than
that causing loss of neuronal function (LOWING and GLEBE
1994). Obviously, the burst suppressions and the
ECoG silence at the highest level of ICP increase to
45 mmHg, in NT animals, are caused by exceeding the
threshold of neuronal and metabolic failure. In contrast,
in HT animals, a residual activity of brain function is pre-
served.

The suppression of the cerebral metabolism at hypo-
thermia of about 25 % in CBF and 57 % in CMRO, in our
study corresponds with findings in newborn piglets and
amounted to nearly fifty percent more than was reported
for adult animal brains (RuPP and SEVERINGHAUS 1986;
NEMOTO et al. 1996).
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With the use of anaesthetics the phenomenon of the
frequency shift to theta and alpha-band at hypothermia
could be influenced. With the use of a minimum alveolar
concentration (MAC) of 1 MAC of isoflurane there is
commonly a shift to slow frequency and high amplitude
ECoG (JANTZEN 1992), which we have seen at control 1.
Furthermore, hypothermia normally necessitates a MAC
reduction of isoflurane (SATAS et al. 1995). Accordingly,
with the use of 1 MAC isoflurane, we expected a further
lowering of frequency and reduction of amplitude of the
ECoG with hypothermia. ECoG frequency shifts to
higher frequencies with hypothermia, as seen in our
study, are not explainable by influences of anaesthetics.
Obviously, the influence of hypothermia on neuronal
electrical activity seems to be independent from basic
anaesthetics.

In summary, the present data showed in juvenile pig-
lets with isoflurane anaesthesia during mild hypothermia
an arousal-like ECoG activity with marked frequency
shift to theta and alpha activity and a change from high to
low-voltage activity, indicated by a reduced total spectral
power in the ECoG. Furthermore, the hypothermic brain
showed a preserved neuronal function at moderate stages
of impaired cerebral perfusion. Obviously, hypothermia
improves the functional tolerance of the brain to reduced
oxygen supply. This confirms the well-known effect of
mild hypothermia on a decrease of cerebral oxidative
metabolism.
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Abstract

A piglet model was developed to study the effect of epi-

dural volume expansion on cerebral perfusion pressure
(CPP) by stepwise elevating intracranial pressure (ICP).
Mean arterial blood pressure (ABP) was strictly main-
tained using an extracorporeal ABP controller. Two-
week-old piglets (n = 10) were studied by surgically plac-
ing an epidural balloon over the right parietal region and
gradually increasing the inflation to increase ICP to 25, 35
and 45 mm Hg, maintaining each pressure level for
30 min. Regional cerebral blood flow was measured
using the colored microsphere technique, and cerebral
oxygen delivery and cerebral metabolic rate of oxygen
were calculated at baseline conditions and after reaching
ICP levels of 25, 35 and 45 mm Hg. The resuits showed
that this model of epidural volume expansion reproduci-
bly reduces CPP to 70, 50 and 33% of baseline CPP values
with elevation of ICP, and that the physiological variables
remained stable throughout each increase in ICP. We
conclude that the model simulates the effects of an acute
intracranial focal mass expansion and is well suited for
the evaluation of different therapeutical strategies for
increased ICP in newborns and infants.

Intreduction

Intracranial hypertension (defined as a persistent ele-
vation of intracranial pressure, ICP, over 20 mm Hg)is a
common complication following severe traumatic brain
injuries in infants and young children and is closely corre-

“lated to their outcome. Recently, it was reported that

approximately 60% of severely head-injured patients de-
velop increased ICP [1], and the incidence of brain swell-
ing following traumatic brain injuries in pediatric patients
is twice that of adults [2, 3]. Moreover, a considerable
number of patients suffer uncontrolled intracranial hyper-
tension that progresses to cerebral nonperfusion and
death. Much of the study to date has been in adults and
older children, with little attention or investigation as to
the effects of increased ICP and its cerebrovascular and
brain metabolic effect in the developing brain [4]. The
aim of the present study was to develop an animal model
which allows sequential measures of regional cerebral
blood flow (CBF) and cerebral metabolic rate of oxygen
(CMRO:») during the gradual reduction of cerebral perfu-
sion pressure (CPP) by stepwise epidural balloon infla-
tion. Through a better understanding of the physiologic
changes in the brain with decreasing perfusion, strategies
could be developed in the future to reduce the detrimental
effects of intracranial hypertension on cerebral metabo-
lism.
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Material and Methods

The committee of the Thuringian State government for animal
research approved this protocol. The animals were managed in accor-
dance with the guidelines of the Americal Physiological Society.

Surgical Preparation

Ten piglets of mixed German domestic breed (14 days old, body
weight 4,490 + 611 g) were initially sedated with ketamine hydro-
chloride (50 mg/kg b.w.) and then anesthetized with 1.5% isoflurane
in 70% nitrous oxide and 30% oxygen. A central venous catheter was
introduced through the left external jugular vein and was used for
administration of drugs and for volume substitution (lactated Ring-
er’s solution: 5 mi/h). An endotracheal tube was inserted by means of
a tracheotomy. After immobilization with pancuronium bromide
(0.2 mg/kg b.w./h, 1.v.), the animals were artificially ventilated (Servo
Ventilator 900C; Siemens-Elema, Solna, Sweden). Anesthesia was
maintained throughout the experiment with 0.8% isoflurane. Poly-
ethylene catheters (inner diameter 1.5 mm) were advanced through
the femoral arteries into the abdominal aorta in order to record
arterial blood pressure {ABP) and withdraw reference samples for the
colored microsphere technique. A further polyethylene catheter (in-
ner diameter 0.3 mm) was inserted into the superior sagittal sinus
and advanced to the confluence sinuum in order to obtain venous
blood sampiles of the brain. The heart (left ventricle) was cannulated
retrogradely via the right common carotid artery with a polyurethane
catheter (inner diameter 0.5 mm). Arterial, left ventricular and cen-
tral venous catheters were connected with pressure transducers
(P23Db; Statham Instruments Inc., Hato Rey, Puerto Rico). Body
temperature was monitored by a rectal thermoprobe and maintained
throughout the experiment at 38 = 0.3°C using a heating-cooling
thermostat and a feedback-controlled heating lamp. Physiological
parameters were recorded on a multichannel polygraph (MT95K2®;
Astro-Med Inc., West Warwick, R.L, USA).

After a midline skin incision and scalp retraction, a craniostomy
was performed in the left frontal bone using a high-speed air drill,
and an ICP monitor was implanted into the subcortical white matter
for ICP measurements (Camino Laboratories, San Diego, Calif.,
USA). A right-sided craniostomy (10 to 3 mm) was also drilled into
the frontal bone, 4 mm lateral of midline and parallel to the sagittal
suture; the dura was left intact. An epidural latex batloon attached to
a catheter was placed in the epidural space of the right frontoparietal
region. The burr holes were sealed with bone wax and covered with
dental acrylic to keep the probes and the epidural balloon catheter in
place thoughout the experiment.

Experimental Protocol

After the surgical preparation had been completed, the piglets
were allowed to recover for approximately 60 min. After baseline val-
ues of physiological parameters including CBF had been obtained,
the external ABP controller was established to maintain the ABP at
those baseline values. Following the 30-min period at controlled
ABP, a second measure was performed (control 2). Then, the volume
of the epidural balloon was increased so as to gradually decrease the
effective CPP. This was calculated as the difference between mean
ABP and ICP. A stepwise elevation of the ICP was achieved increas-
ing the pressure to 15, 25, 35 and 45 mm Hg for 30 min at each level.
The external blood pressure control loop was able to maintain a sta-
ble ABP throughout the experimental protocol. A detailed descrip-
tion of the procedure of mean ABP adjustment at an externally given
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set point (baseline ABP value, as used in this application) using an
external blood pressure control loop has been given elsewhere [5]. In
brief, ABP (controiled quantity) was controlled by a proportional dif-
ferential integral controller running on a PC, by means of changing
the blood volume by arterial blood infusion or withdrawal, respec-
tively. An infusion/withdrawal pump was the controlling element.
Since there are several nonlinear and nonstationary properties in
the controlled physiological system, the parameters of the external
technical controller were searched for by trial and error. Stable con-
trol of ABP was reached by means of the integrating property of
the controller in particular. The integration time constant of K, =
6.94 mm Hg-min-! was found to be appropriate during all states
investigated.

Physiologic Data Measurements, CBF Measures and Analysis

Blood pH, pCO,, and pO; were determined with an ABL50®
Blood Gas Analyzer (Radiometer, Copenhagen, Denmark). Blood
hemoglobin and arterial oxygen saturation were determined using a
Hemoxymeter OSM2® (Radiometer).

Regional CBF was measured by means of a reference sample
obtained through color-labeled microsphere technique [6, 7]. Briefly,
in random sequence, a known amount (~ 1 x 106 per injection) of
colored polystyrene microspheres (diameter 15.5 = 0.33 pm) in
0.01% Tween 80, surface coated with one of five dyes (white, yellow,
red, violet, blue; Dye-Trak®; Triton Technology, San Diego, Calif.,
USA) was thoroughly vortexed and sonicated and immediately
injected within 20 s into the left ventricle via the right carotid cathe-
ter and then flushed with 2 ml saline. A blood sample was withdrawn
from the descending aorta as the reference sample [8], beginning 15 s
before the microsphere injection and continuing for 2 min with a rate -
of 1.5 ml/min (syringe pump SP210iw; World Precision Instruments
Inc., Sarasota, Fla., USA). The microsphere injection did not alter
ABP.

At the end of the experiment, the piglet was killed with KCl, and
the brain was removed for processing. The brain was sectioned to
determine blood flow to the following areas: brain stem (medulla,
pons, midbrain), cerebellum, hippocampus, caudate nucleus, thala-
mus, white matter (corpus callosum and periventricular), hemi-
spheres (gray matter pooled from frontal, parietal, temporal and oc-
cipital lobes). After sectioning, reference blood samples and tissue
samples between 0.15 and 2.5 g were covered with an appropriate
volume (approximately 3 ml/g) of digestive solution (4 N KOH with
4% Tween 80 in deionized water). All tissue and blood samples were
digested for a minimum of 4 h at 60°C. In order to retain the micro-
spheres, each digested sample was then filtered under vacuum suc-
tion through a PE membrane filter with 8-um pores (Fa. Costar, Bo-
denheim, Germany). The filtration membrane was gently rinsed with
1% Tween 80 and subsequently with 70% ethanol. Colored micro-
spheres were quantified by their dye content. The membranes con-
taining the microspheres on their surface were carefully folded and -
put into a conically shaped glass vial. The dye was recovered from the
microspheres by adding 150 ul of dimethylformamide (DMFA) and
subsequent vortexing of the vial in order to moisten the membrane
completely. The photometric absorption of each dye solution was
measured by a diode array UV/visible spectrophotometer (Model
7500; Beckman Instruments, Fullerton, Calif., USA; wavelength
range 300-800 nm, with a 2-nm optical bandwidth). Calculations
were performed using the MISS® software (Triton Technology). In a
manner similar to that of the overlap correction in counting radioac-
tive microspheres, the composite spectrum of each dye solution was
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Fig. 1. Typical example of recordings of gradual CPP reduction due
to a stepwise increase in ICP by epidural balloon inflation during
adjusted mean ABP (MABP) in a 2-week-old piglet. Note that no
Cushing response occurred even during stages of marked ICP
increase. (Arrows indicate time of repeated measurements of region-
al CBF and related variables.)

resolved into the spectra of the individual constituents and corrected
for spill over and background absorption. The amount of dye in a
given sample was adjusted by appropriate dilution with DMFA to
achieve absorbance values of no more than 1.3 AU (absorbance unit,
L AU = -Ig[10% light transmission/100%]) to ensure the linearity
between absorbance and dye concentration according to the Lam-
bert-Beer law. Samples with absorbances higher than 1.3 AU were
further diluted with DMFA and analyzed again. The number of
microspheres was calculated using the specific absorbance value of
the different dyes (provided by the manufacturer). Absolute flows to
tissues measured by colored microspheres were calculated by the for-
mula: flowyssue = number of microspheresyssye X (fl0Wregerence/nUmMber
of microspheres eference)- Flows are expressed in milliliters per minute
per 100 g tissue by normalizing for tissue weight.

Assuming the oxygen capacity of hemoglobin to be 1.39 ml Oy/g
hemoglobin in piglets [9], blood O, content was calculated as equal to
g hemoglobin/mi- 1.39 ml O,/g hemoglobin- %0, saturation and ex-
pressed in pmol/min- 100 g. Dissolved oxygen was added by calcula-
tion, using the measured pO, and the temperature-corrected solubili-
ty coefficient of oxygen. Because the sagittal sinus drains the cerebral
cortex, cerebral white matter and some deep gray structures (basal
ganglia, hippocampus) [10], blood flow measured to the cerebrum
included these structures (global CBF). CMRO, was obtained by
multiplying global CBF by the difference in cerebral arteriovenous
0, content. Cerebral O delivery was calculated as the product of
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global CBF times the arterial O, content. Effective CPP was calcu-
lated as the difference between mean ABP and ICP. Total blood vol-
ume was assumed to be 12% of body weight [11].

Statistical Analysis

Data are reported as means £ SD. Data were subjected to analy-
sis of variance for a repeated-measures design followed by the Tukey
test to compare the means of parameters obtained during baseline
conditions with those obtained after ABP adjustment and gradual
ICP increase. Comparison of blood flow between the corresponding
regions of the brain ipsi- and contralateral to the inflated epidural
balloon was performed by two-way repeated-measures analysis of
variance. Differences were considered significant when p < 0.05.

Results

Stable stages of gradually reduced CPP to 69 + 1, 51
+ 3 and 32 = 2% of baseline values (86 £ 7mm Hg =
100%) could be achieved with stepwise increases in ICP
to 25, 35 and 45 mm Hg, respectively (fig. 1 and table 1),
by gradual epidural balloon inflation and by maintaining
a constant ABP. ABP was adjusted by appropriate blood
volume withdrawal/infusion (baseline: 84 = 10 mm Hg;
control 2: 87 £ 16 mm Hg; ICP 25 mm Hg: 80 = 8§ mm
Hg, ICP 35 mm Hg: 76 = 7 mm Hg; ICP 45 mm Hg: 71
+ 6 mm Hg) to ensure possible cardiovascular response
effect of CPP due to the increased ICP. There was a con-
siderable individual difference in cardiovascular ICP re-
sponse as indicated by the time period and by the marked
variance in the amount of changed blood volume at differ-
ent experimental stages (table 1). The largest blood with-
drawal was necessary at an increase in ICP to 25 mm Hg.
In contrast to the earlier stages of ICP increase where
blood withdrawal occurred, at the last stage of ICP
increase, a complete reinfusion, partly by additional infu-
sion of normal saline, was necessary in order to stabilize
the ABP (table 1). However, at this level, a small but sig-
nificant decrease in blood pressure occurred (p < 0.05).

Heart rate, arterial blood gases and acid-base balance,
during baseline conditions and gradual ICP increase are
shown in table 2. Heart rate, arterial blood gases and acid-
base balance were widely unchanged throughout the ear-
lier stages of the experimental procedure. During the last
stage of CPP reduction, a small decrease in heart rate of
85 & 15% occurred (p < 0.05).

Cerebral oxygen delivery and CMRO, were widely
maintained up to an increase in ICP to 25 = 2 mm Hg
which corresponded to a CPP reduction of 69 £ 1% of
baseline values. This was caused by a slight increase in
blood flow to the cerebrum by about 16%. A further
increase in ICP to 36 = 3 mm Hg with a concomitant
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Table 1. Summarized presentation of the duration of the different experimental stages, and of the behavior of ABP, ICP and CPP during the
whole period of every stage and during the periods of microsphere measurement and of blood infusion/withdrawal in order to adjust ABP at

baseline values using an external ABP controller

~ Baseline ~ Control2  ICP25mmHg ICP35mmHg ICP45mmHg

Stage duration, min 29%2 62+14 30x2 29+1 30+£2

ABP during whole stage, mm Hg 937 906 86+4 82+2 78+ 2%

ABP during microsphere measurement, mm Hg 93x8 917 867 822 77+ 3*

ICP during whole stage, mm Hg v 6+2 6+3 26 3% 37£3* 47 2%

ICP during microsphere measurement, mm Hg 7£2 6+2 25+2% 36+3* 45+2*

CPP during whole stage, mm Hg 867 84+7 59 4% 45+ 3* 31+3*

CPP during microsphere measurement, mm Hg 867 85+8 59 4% 44 1+ 4* 28 £3*

Blood infusion/withdrawal, % of the

calculated blood volume - ~4.1+52 -8.8+8.3 -5.0%7.1 5.8*¥2.4

Values are means + SD. n = 10 animals with exception of stage ICP 45 mm Hg, because at this stage, in 2 animals an acute uncontrollable
decrease in ABP occurred so that the epidural balloon had to be deflated prematurely.
* p <0.05, significant differences between baseline values and values obtained at different stages of the experimental procedure.

Table 2. Physiological parameters during periods of unchanged ICP and during gradual epidural balloon inflation at

adjusted ABP by extracorporeal control

Baseline Controt2: + ICP 25 mm Hg ICP 35 mm Hg ICP45mm Hg

Heart rate, min-! 240+45 243+31 259+42 226+45 200+ 34*
Arterial pO,, mm Hg 154+28 154+28 151£28 15427 152%33
Arterial pCO,, mm Hg 38%1 40+4 39+2 39=+2 39=+2
Arterial pH 742+=0.03 7.40+0.05 7.40%0.04 7.39£0.05 7.36£0.09*
Arterial O, content, mmol-1-! 6.6£0.8 6.7x0.8 6.2x0.7* 5.8+0.6* 5.6x0.7*
Arterial base excess, mmol-1-! 0.1£2.3 0.5£2.3 -1.1£2.6 -1.6x34 -1.5%£3.6
Arterial glucose content, mmol -1~} 7.6x1.0 7.4%1.0 9.1+3.2 8.9+2.1 9.1%1.1*
Arterial lactate content, mmol-1-! 1.4+0.2 1.3£0.2 1.9+0.9 2.0%1.0 2.5+1.3*%

Values are means = SD. n = 10 animals with exception of stage ICP 45 mm Hg, because at this stage, in 2 animals
an acute uncontrollable decrease in ABP occurred so that the epidural balloon had to be deflated prematurely.
* p < 0.05, significant differences between baseline values and values obtained at different stages of the experi-

mental procedure.

CPP reduction of 51 = 3% led to an significant reduction
of global CBF (72 £ 29% of baseline value), cerebral O,
delivery (55 + 31% of baseline value) and CMRO, (63 =
30% of baseline value; table 3, p < 0.05). The last stage of
ICP increase (45 + 2 mm Hg) resulted in a severe CBF
reduction (24 = 18% of baseline value) with a more pro-
nounced reduction of cerebral O, delivery (15 = 13% of
baseline value) and CMRO; (16 = 15% of baseline value;
table 3, p < 0.05). Moreover, some regional CBF showed a
different behavior: infratentorial brain structures, thala-

Effect of Gradual CPP Decrease on CMRO,
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mus and hippocampus tended to increase CBF during
mild ICP elevation (fig. 2), but CBF was significantly
reduced at the highest level of ICP increase (p < 0.05).
Furthermore, CBF to regions ipsilateral to the inflated
epidural balloon was similar to that of contralateral brain
regions (fig. 2). This was also true for most cortical brain
regions with exception of the frontal cortex and the rostral
part of the parietal cortex. Here, brain structures which
were attached to the inflated epidural balloon showed a
significant blood flow reduction already at mild ICP
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Fig. 2. Regional CBF as CPP was decreased (values are means + SD). Black columns indicate the site contralateral
and open columns the site ipsilateral to the epidural balloon. A-E indicate the different experimental stages (A =
baseline, B = control 2, C = ICP 25 mm Hg, D = ICP 35 mm Hg, E = ICP 45 mm Hg). *p < 0.05, significant
differences between baseline values and values obtained at different stages of the experimental procedure.

Table 3. Global CBF, cerebral oxygen delivery and cerebral oxygen consumption during periods of unchanged ICP and during gradual
epidural balloon inflation at adjusted ABP by extracorporeal control

Baseline Control 2 ICP25mm Hg ICP 35 mm Hg ICP45mmHg
Global CBF, mi-min-1-100 g-! 58+21 S4+16 60£29 34+15* 12+ 14%*
Cerebral oxygen delivery, pmol-min-!-100 g-1 397+176 365125 372191 201 £99* 68+73*
Cerebral oxygen consumption, pmol-min~!-100 g-! 172+67 14626 144+58 104 £ 34% 43 £ 56%

Values are means = SD. n = 10 animals with exception of stage ICP 45 mm Hg, because at this stage, in 2 animals an acute uncontrollable
decrease in ABP occurred so that the epidural balloon had to be deflated prematurely.
* p < 0.05, significant differences between baseline values and values obtained at different stages of the experimental procedure.
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increase (p < 0.05). This side difference existed also at the
next stage of ICP increase, but disappeared during the
strongest ICP increase (fig. 2).

Discussion

In the present study, an experimental model was
designed to create a reproducible gradual decrease in CPP
to levels considered to be increasingly harmful to the
immature brain. This model of an epidural balloon ex-
pansion has not been previously described in immature
animals. We purposely maintained a stable period of
reduced CPP in order to study the effects on regional
brain hemodynamics and brain oxidative metabolism.

Methodology

The method of raising ICP by means of an inflated epi-
dural balloon has been widely used in adult animals [12-
14] but not in immature animals. Moreover, in order to
use this model for studying the relationship between alter-
ations in ICP secondary to epidural volume expansion
and cerebral perfusion, one has to be aware that early
alteration of systemic circulation may occur (e.g. ABP
increase [15]). The experimental variability of ABP was
removed by external control to guarantee that the resul-
tant changes in CPP were the prerequisite determinant of
CBF regulation. The gradual ICP increase induced by
stepwise epidural balloon inflation is regularly attended
by a sustained increase in the ABP, as one component of
the so-called ‘Cushing response’ (CR) [16]. CR is defined
as a triad of an elevation in ABP, bradycardia and respira-
tory irregularities due to brain impairment [17]. The ini-
tial response is a graded rise in ABP [16]; irregularities in
breathing may not occur until the brain stem has been
injured. Controversies still exist concerning the underly-
ing mechanisms for these responses, but may include ICP
[13, 15, 16, 18], reduced blood volume [19], impaired
cerebral blood supply [20, 21], brain stem distortion [22,
23] orlocalized pressure on certain areas of the brain stem
[24]. Obviously, different mechanisms mentioned may
play a role at different stages of brain impairment. Grad-
ual ICP elevation induces an ABP increase prior to alter-
ations in CBF as a result of decreasing CPP [15], as was
observed in this experimental paradigm. In order to con-
trol for the stepwise steady-state changes of CPP in pig-
lets, an external blood pressure controller was used to
adjust mean ABP to maintain it at baseline values. More-
over, in this experimental application, the amount of
withdrawn/infused blood volume necessary at the differ-
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ent ICPs indicates the intended cardiovascular regulatory
responses. Indeed, lowering of the CPP led to the need to
gradually exsanguate the piglet to compensate for the ABP
increase. This was true during conditions under which no
relevant changes in brain oxygen metabolism occurred.
Later, at the ICP of 45 mm Hg, which significantly
reduced but did not eliminate brain oxygen delivery (e.g.
15 £ 13% of baseline value), maintenance of baseline
ABP levels required massive reinfusion of the previously
withdrawn blood volume as well as partly further volume
expansion. This experimental procedure of gradual ICP
increase by stepwise epidural balloon inflation and con-
trolling for ABP also gradually reduces CPP and can be
achieved with sufficient cardiovascular stability.

In order to estimate the usefulness of this experimental
model in regard to the effects of ICP on forebrain oxygen
metabolism, the regional deformation of the underlying
cortex must be considered. Regional CBF measurements
were reduced focally in the cortical regions which were in
direct contact to the inflated epidural balloon (i.e. frontal
lobe and the rostral part of the parietal lobe of the right
hemisphere). During the initial mild balloon inflation
(ICP =25 mm Hg), a larger reduction of regional CBF was
found in the ipsilateral hemisphere compared to the cor-
responding areas in the opposite hemisphere (fig. 2). This
effect became more pronounced during moderate ICP
increase, with the effect extended to other regions rostral
to the tentorium. At the highest level of ICP, a homoge-
nous decrement in CBF in both hemispheres indicates a
fairly diffuse supratentorial spread of ICP and decrement
in CPP. The effect of this artificial change of compart-
mental assignment with reference to ICP was monitored
from the site opposite to the inflated balloon in order to
verify effects which are representative for most parts of
the brain outside the direct local effects of mass expan-
sion.

To study a diffuse ICP increase, a comparable ap-
proach might be achieved by an intracranial fluid infusion
(i.e. intraventricular or subdural infusion). Previously,
this approach has induced a rapid cerebral circulatory
arrest in newborn pigs [25]. Likely, it is necessary to
similarly control ABP to define the effect of CPP in this
model.

CBF Estimation

Regional CBF was measured using multiple colored
microspheres. This technique in newborn piglets has pre-
viously been validated in our laboratory [7] for use in
organ blood flow. In this study, a correlation between flow
rates determined simultaneously by colored microspheres
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and radioactive-labeled microsphere technique was
found even for organs with low perfusion. The quality of
microsphere detection is a result of the whole procedure
of colored microsphere quantification. In this study, the
detection error of falsely detected missing microspheres
as a valid indicator of the precision of microsphere detec-
tion, found an error of approximately 1-10% [7], which
was comparable with studies using radioactive-labeled
microspheres [26, 27]. Another procedure to assess the
“quality of colored microsphere detection by spectropho-
tometry and matrix inversion showed a coefficient of
variation between 1.28 and 3.63% [6]. The amount of
falsely detected missing microspheres is of particular im-
portance in pathophysiological conditions where regional
trickle-flow or no-flow conditions can appear. Therefore,
we assume that even during the low-perfusion states, a
reliable estimation of regional blood flow was performed
because more then 400 microspheres were found in all
tissue samples which were measured. The colored micro-
sphere method for multiple quantitative biood flow esti-
mation was used because this method appears to be a val-
id alternative for regional blood flow measurement in
newborn piglets, and all disadvantages (e.g. economic,
legal and health considerations) arising from radioactive
labeling are avoided. Regional CBF can also be measured
by quantitative autoradiography using radiolabeled io-
doantipyrine [28]. Despite an. improved spatial resolu-
tion, this procedure appears to be inadequate in this
experimental design because only one measurement per
experiment can be achieved using quantitative autoradi-
ography.

Effects on CBF and Qxidative Metabolism

Our data show that in juvenile piglets, a CPP reduction
of 30% is fully compensated for by increasing CBF and
stable oxidative metabolism. A further decrease in CPP
up to 50% of baseline values leads to a moderate CBF
reduction and a restriction in cerebral oxygen delivery
and consumption. Under these conditions, oxygen metab-
olism of large parts of the forebrain was not disturbed.
However, it has to be considered that the estimation of
CMRO, was based on blood sampling from the sagittal
sinus and confluence sinuum. Therefore, regional differ-
ences in oxygen consumption cannot be differentiated
because of mixed venous blood obtained from the con-
fluence sinuum from both hemispheres. Regional CBF,
though, gives an estimate of regional oxygen availability.
As a result, the data of regional CBF enable us to estimate
the CMRO; values which likely are representative for
approximately 88% of the brain, calculated as the ratio
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between forebrain weight and whole brain in the piglets
used 1n this study.

Cerebral oxidative metabolism was measured under
slight general anesthesia. We used a combination narcosis
with a considerably low level of the narcotic component
(0.8% isoflurane) which corresponds under normother-
mia to a MAC of about 0.34 [29]. However, the resulting
effects on oxidative brain metabolism are assumed to be
relevant, because earlier studies in adult dogs [30] and
cats [31] have shown that an increase in isoflurane MAC
from zero to 0.5 resulted in a decrease in CMRO; of about
30%. A further doubling of isoflurane MAC induced a fur-
ther CMRO; reduction of 18%. Therefore, there is a non-
linear relation between isoflurane MAC increase and oxi-
dative brain metabolism deprivation with an increased
metabolic susceptibility in low MAC values. A compara-
ble reduction in oxidative brain metabolism is likely and
in line with published values of cerebral O, uptake in non-
anesthetized piglets [32], which were about 30% higher as
found in this study. Mild CPP reduction at 30% of base-
line values was completely compensated for by blood flow
and oxygen uptake of the cerebrum. This finding corre-
sponds to the autoregulatory threshold in the piglets [33].
Further CPP reduction surpasses the autoregulatory
threshold and hence induced a concomitant decrease in
blood flow to the cerebrum combined with a similar
reduction in cerebral oxygen delivery and cerebral oxygen
uptake.

Outlook

This experimental model has previously been used in
adult animals to study the conditions which provoke a
rebound of ICP after decompression of the intracranial
mass lesion [34]. It was found that this is a threshold phe-
nomenon which depends upon the CPP during compres-
sion and the duration of the compression. Release of the
compression resulted in a marked cerebral hyperperfu-
sion which generalized to the supratentorial but not the
infratentorial structures [34]. Diffuse brain swelling with
fatal outcome after balloon decompression was found in a
canine outcome model [35]. In this study, an increased
ICP of 62 mm Hg was induced by epidural balloon infla-
tion for 90 min, followed by intensive care for 96 h. Our
study gives an experimental basis to design an outcome
model in order to investigate effects of decompression
after temporal epidural balloon inflation which will
mimic a clinical situation of epi- or subdural hematoma
evacuation which is frequent in infants and young chil-
dren after nonaccidental head injury [36, 37].
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In summary, the present results show that the experi-

mental design used here providés an approach to study

pathophysiological conditions comparable with situations
during very severe traumatic brain lesions with excellent
stability of steady-state stages in order to obtain regional

brain functions.
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Effect of mild hypothermia on cerebral oxygen uptake during
gradual cerebral perfusion pressure decrease in piglets

Reinhard Bauer, MD; Harald Fritz, MD; Bernd Walter, MD; Olaf Schlonski, MD; Thomas Jochum, MD;
Dirk Hoyer, Dr.Ing; Ulrich Zwiener, MD, PhD; Konrad Reinhart, MD

Objective: To study the effect of mild hypothermia on cerebral
oxygen metabolism and brain function in piglets during reduced

cerebral blood flow because of gradual reduction of the effective
cerahral nnrfuemn pressure IPPP\

Des:gn COmpanson of two randomized treatment groups: nor-
mothermic group (NT; n = 7) and hypothermic group (HT; n = 7).

Setting: Work was conducted in the research laboratory of the
Institute for Pathophysiology, Friedrich Schiller University, Jena,
Germany,

Subjects: Fourteen piglets (14 days old) of mixed German
domestic breed.

Intervention: Animals were anesthetized and mechanically
ventilated. An epidural balloon was gradually inflated to increase

intracranial nressure to 25 mm Hg, 35 mm Hg, and 45 mm Hg

every 30 mins at adjusted mean arterlal blood pressures. Aﬂer
determination of baseline CPP (NT, 79 = 14 mm Hg; HT, 84 = 9
mm Hg), CPP was reduced to ~70%, 50%, and 30% of baseline
(NT, 38.1 = 0.5°C; HT, 31.7 = 0.5°C).

Moacuraments and Main Ragults: Everv 25 ming after the

leasure esults: Every after
gradual CPP reductions. Mild hypothermia induced a reduction of
the cerebral metabolic rate of oxygen (CMRO,) to 50% =+ 15% of
baseline values (baseline values, 352 = 99 umol-100 g~"min~")
(p < .05). Moreover, the electrocorticogram was altered to a

TovuI v wv &

pattern of reduced delta activity (p < .05) but unchanged higher
frequency activity. The cerebral oxygen balance in HT animals
remained improved until CPP reduction to 50%, indicated by a
reduced cerebral arteriovenous difference of oxyaen hut elevated
brain tissue Po, (p < .05). Further CPP reduction gave rise to a
strong CMRO,, reduction (NT, 19 = 21%; HT, 15 = 15%; p < .05).
However, the high-frequency band of electrocorticogram was less
reduced in hypothermic animals (p < .05).

Conclusions: Mild whole hody hynothermia improves cerebral
oxygen balance by reduction of brain energy demand in juvenile
piglets. The improvement of brain oxygen availability continues
during a mild to moderate CPP decrease. A loss of the difference
in CMRO, between the hypothermic and normothermic piglets

together with the fact that hrain electrical activity was less

suppressed under hypothermia during severe cerebral blood flow
reduction indicates that hypothermic protection may involve some
other mechanisms than reduction of brain oxidative metabolism.
(Crit Care Med 2000; 28:1128-1135)

Kev Wonns: cerebral blood flow; cerebral oxvgen consumption;

FUNUS: G wars Gl mivvne Ve Vs v Vg wwrseniip iUt

intracranial pressure; epidural balloon infiation; extracorporeal
arterial blood pressure controller; piglets; hypothermia; colored
microspheres; neurologic emergencies; brain

or infants and young children,

traumatic injury is the leading

cause of death and mortality is
e greatly increased in the pres-
ence of brain injury (1). Increased intra-
cranial pressure (ICP) is a common com-
plication in infants and young children
suffering from severe traumatic brain in-
juries and is closely correlated with an
adverse outcome. It was recently reported
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that ~60% of severe head-injury patients
develop an increased ICP, mostly as a
result of brain swelling (2). The incidence
of brain swelling in pediatric patients was
twice as high as in adults (3, 4). This
concurs with recent findings in experi-
mental studies, in which immature rats
were discovered to develop cerebral
edema as a main cause of brain swelling
more rapidly than mature rats (5). Re-
cently, it was shown that the cerebrovas-
cular response to traumatic brain injury
differs in immature and more mature an-
imals. Cerebral arterioles constricted to a
greater extent in newborn pigs than ju-
venile ones after fluid percussion induced
traumatic brain injury, and the resulting
decrease in cerebral blood flow (CBF) was
prolonged (6). However, experimental or
clinical studies on the effects of mild to
moderate hypothermia on cerebral oxy-

gen metabolism in the immature brain
during compromised brain oxygen deliv-
ery because of increased ICP have not as
yet been performed.

We hypothesized that mild hypother-
mia improves cerebral oxygen balance
during stages of decreased cerebral per-
fusion. To test this hypothesis, we exam-
ined the effects of mild hypothermia on
cerebral hemodynamics and brain oxygen
metabolism in 2-wk-old piglets after a
stepwise reduction in cerebral perfusion
pressure, induced by gradual inflation of
an epidural balloon. An experimental pro-
cedure was used that allows sequential
estimation of regional CBF and cerebral
metabolic rate of oxygen (CMRO,). This
was realized using an external closed-
loop controller of arterial blood pressure
(ABP) to avoid ICP-related ABP alter-
ations.



MATERIALS AND METHODS

This protocol was approved by the commit-
tee of the Thuringian State government for
animal research. The animals were managed
in accordance with the guidelines of the Amer-
ican Physiologic Society.

Subjects. Fourteen piglets of mixed Ger-
man domestic breed (14 days old; body weight,
4517 + 536 g) were used in the study.

Surgical Procedures. Piglets were initially
sedated with ketamine hydrochloride (50
mg/kg body weight) and then anesthetized
with 1.5% isoflurane in 70% nitrous oxide and
30% oxygen. A central venous catheter was
introduced through the left external jugular
vein and was used for the administration of
drugs and for volume substitution (lactated
Ringer’s solution, 5 mL/kg of body weight/hr).
An endotracheal tube was inserted by means of
a tracheotomy. After immobilization with pan-
curonium bromide (0.2 mg/kg body weight/hr,
iv), the animals were artificially ventilated
(Servo Ventilator 900C, Siemens-Elema,
Solna, Sweden). Anesthesia was maintained
throughout the experiment with 0.8% isoflu-
rane. Polyethylene catheters (inner diameter,
1.5 mm) were advanced through the femoral
arteries into the abdominal aorta to record
ABP and to withdraw reference samples for the
colored microsphere technique. A further
polyethylene catheter (inner diameter, 0.3
mm) was inserted into the superior sagittal
sinus and advanced to the confluence sinuum
to obtain brain venous blood samples. The left
cardiac ventricle was cannulated retrogradely
via the right common carotid artery with a
polyurethane catheter (inner diameter, 0.5
mm). Arterial, left ventricular, and central ve-
nous catheters were connected with pressure
transducers (P23Db, Statham Instruments,
Hato Rey, PR). Body temperature was moni-
tored by a rectal thermoprobe advanced for
~10 c¢m and was maintained throughout the
general instrumentation at 38 * 0.3°C using a
water blanket connected to a heating-cooling

thermostat and a feedback controlled heating
lamp. Physiologic variables were recorded on a
multichannel polygraph (MT95K2, Astro-Med,
West-Warwick, RI).

Unipolar electrocorticogram (ECoG) re-
cording was performed using screw elec-
trodes. The electrode position was just poste-
rior to the coronal suture, 10-mm lateral to
the sagittal suture of the left parietal bone.
The reference electrode was placed on the na-
sion.

Two holes were drilled into the left frontal
bone, and a fiberoptic catheter was implanted
into the subcortical white matter for ICP mea-
surements (Camino Laboratories, San Diego,
CA). A Clark-type Po, electrode (7, 8) together
with a thermocouple catheter, serving as a
temperature probe (LICOX Po, monitor, GMS
mbH, Kiel-Mielkendorf, Germany), was im-
planted 3-5 mm into the parietal cortex. Mea-
surements of brain tissue Po, were corrected
to 37°C. On the right side, an oval-shaped burr
hole (10-3 mm) was gently drilled into the
frontal bone at a distance of 4 mm and parallel
to the sagittal suture so that the dura mater
was entirely intact. An epidural latex balloon
attached to a catheter was placed in the epi-
dural space of the right frontoparietal region.
The burr holes were sealed with bone wax and
covered with dental acrylic to fix the probes
and the epidural balloon catheter in place.

Experimental Profocol. After the surgical
preparation had been completed, the piglets
underwent no further interventions for ~60
mins. After control values had been obtained,
randomly chosen animals (n = 7) were surface
cooled by crushed ice packages and cooled
water through the pad to a body temperature
of 31.7 = 0.6°C. At this stage, the external ABP
controller was established to adjust the ABP at
baseline. A second series of values was ob-
tained (“hypothermia”), followed by a gradual
decrease of the effective cerebral perfusion
pressure (CPP), which was calculated as the
difference between mean ABP and ICP by step-
wise elevation of the ICP in both groups, be-

ginning at 25 mm Hg and followed by 35 mm
Hg and 45 mm Hg, achieved by gradual epi-
dural balloon inflation for ~30 mins each and
stabilization of the mean ABP by the external
blood pressure control loop. By using this
procedure, stepwise reductions of CPP of
~70%, 50%, and 30% of baseline were pro-
duced. Considerable stability of the CPP at
each stage could be reached (Table 1). Re-
peated measurements of all variables were re-
corded at the 25th min of every steady-state
period.

Physiologic Measurements. Cardiac output
and regional CBF were measured by means of
the reference sample color-labeled micro-
sphere technique (9). Application in piglets
and methodical considerations have been pre-
sented and discussed in detail elsewhere (10).
Briefly, in random sequence, a known amount
(~1.5-10%injection) of colored polystyrene
microspheres (diameter, 15.5 = 0.33 pm) in
0.01% Tween 80, surface coated with one of
five dyes (white, yellow, red, violet, blue; Dye-
Trak, Triton Technology, San Diego, CA) was
thoroughly vortexed, sonicated, and immedi-
ately injected within 20 secs into the left ven-
tricle. The injection line was then flushed with
2-mL of saline. A blood sample was withdrawn
from the descending aorta as the reference
sample (11), beginning 15 secs before the mi-
crosphere injection and continuing for 2 mins
at a rate of 1.5 mL/min (syringe pump
SP210iw, World Precision Instruments, Sara-
sota, FL). At the end of each experiment, the
piglet was killed with KCI and the brain was
removed for processing. The brain was sec-
tioned into 26 tissue samples to determine
blood flow to different brain regions. After
sectioning, reference blood samples and tissue
samples between 0.15 and 2.5 g were covered
with digestive solution (4N KOH with 4%
Tween 80 in deionized water). To retain the
microspheres, each digested sample was then
filtered under vacuum suction through an
8-wm pore polyester membrane filter. Colored
microspheres were quantified by their dye

Table 1. Duration of different experimental stages and the behavior of cerebral perfusion pressure (CPP) during the whole period of every stage
(normothermic baseline conditions, baseline 2/hypothermia and gradual decrease of the CPP by gradual epidural balloon inflation) and during the periods

of microsphere measurement

Group Baseline Hypothermia CPP-70% CPP-50% CPP-30%

Duration (mins)

Normothermic 30x1 89 x5 302 29+1 31x2

Hypothermic 32+3 96 + 12 302 302 30+1
CPP during whole stage (mm Hg)

Normothermic 87+ 4 84 + 4 (96) + 3 (69) 44 + 3 (51) 30 + 4(35)

Hypothermic 85+ 5 82 = 4 (96) 59 + 4 (69) + 4 (51) 26 +5(31)
CPP during microsphere measurement (mm Hg)

Normothermic 87 3 84 =3 (96) 60 = 3 (69) 44 + 2 (50) 27+2(32)

Hypothermic 86 x4 81 =3 (93) 59 + 3 (69) 44 + 3 (51) 25 +3(29)

Values are mean * sp; parentheses enclose percentage of mean CPP changes in relation to mean baseline values. n = seven animals in each group with
the exception of stage CPP-30% of the normothermic group, because at this stage in one animal, an acute uncontrollable decrease of arterial blood pressure
occurred so that the epidural balloon had to be deflated prematurely. “Hypothermia” indicates experimental stage of baseline 2 (normothermic group) and
of that stage in which body temperature was lowered at ~32°C (hypothermic group); “CPP-70%,” “CPP-50%,” and “CPP-30%" indicate the lowering of CPP

to ~70%, 50%, and 30% of the baseline values.
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Table 2. Physiologic variables during normothermic baseline conditions, baseline 2/hypothermia, and gradual decrease of the cerebral perfusion pressure

(CPP)
Group Baseline Hypothermia CPP-70% CPP-50% CPP-30%

Heart rate (min™!)

Normothermic 234 * 45 233 + 27 258 *+ 43 221 + 36 194 + 17

Hypothermic 236 =37 176 + 16%° 176 = 20%° 164 * 25%% 158 + 27%%
Cardiac output (mL/min/kg)

Normothermic 231 =53 213 =131 121 + 57 191 + 91 222 * 48

Hypothermic 213 + 96 205 *+ 102 118 + 61° 182 = 87 220 = 125
Arterial Po, (mm Hg)

Normothermic 144 + 29 146 + 29 140 = 30 146 = 30 144 = 35

Hypothermic 133+ 11 142 + 22 128 + 23 126 *+ 23 131 £ 14
Arterial Pco, (mm Hg)

Normothermic 381 405 39=x1 392 39+2

Hypothermic 37*3 39+5 394 393 38+2
Arterial pH

Normothermic 7.42 * 0.04 7.40 = 0.06 7.38 + 0.04 7.38 £ 0.04 7.36 = 0.08

Hypothermic 7.44 = 0.06 7.38 = 0.07 7.41 *+ 0.06 7.40 = 0.05 7.39 = 0.05
Arterial oxygen content (wmol/mL)

Normothermic 6.6 = 0.7 6.7 + 0.6 6.3+ 0.6 59 £ 0.6 5.6 £ 0.4

Hypothermic 6.2 + 0.7 6.5 £ 0.8 6.4+ 0.6 6.1 09 5.0 = 0.6°
Rectal temperature (°C)

Normothermic 382+ 0.8 38.1 0.6 382+04 382 +0.3 379+ 0.4

Hypothermic 38.0 £ 05 31.7 + 0.6%° 31.8 * 0.6%° 31.8 = 0.6° 31.8 = 0.4%¢

Values are mean * sp. n = seven animals in each group with the exception of stage CPP-30% of the normothermic group, because at this stage in one
animal, an acute uncontrollable decrease of arterial blood pressure occurred so that the epidural balloon had to be deflated prematurely. “Hypothermia”
indicates experimental stage of baseline 2 (normothermic group) and of that stage in which body temperature was lowered at ~32°C (hypothermic group);
“CPP-70%,” “CPP-50%,” and “CPP-30%” indicate the lowering of CPP to ~70%, 50%, and 30% of the baseline values.

“Significant differences between normothermic and the hypothermic animals; ®significant differences between baseline values and values obtained at

different stages of experimental procedure; p < .05.

content. The dye was recovered from the mi-
crospheres by adding 150 pL of dimethylfor-
mamide. The photometric absorption of each
dye solution was measured by a diode-array
UVpvisible spectrophotometer (model 7500,
Beckman Instruments, Fullerton, CA). Calcu-
lations were performed using the MISS soft-
ware (Triton Technology, San Diego, CA). The
number of microspheres was calculated using
the specific absorbance value of the different
dyes. All reference and tissue samples con-
tained >400 microspheres.

Heart rate, ABP, ICP, cerebral perfusion
pressure, arterial and brain venous pH, Pco,,
and Po,, oxygen saturation, and hemoglobin
values were measured at each study period.
Blood pH, Pco,, and Po, were measured with a
blood gas analyzer (model ABL50, Radiometer,
Copenhagen, Denmark), and blood hemoglo-
bin and oxygen saturation were measured us-
ing a hemoximeter (model OSM2, Radiome-
ter) and corrected to the body temperature of
the animal at the time of sampling. ABP, sag-
ittal sinus pressure, and ICP were continu-
ously monitored.

Calculated Values and Data Analysis. Ab-
solute flows to tissues measured by colored
microspheres were calculated by the formula:
flowyue = nNumber of microspheresy,. X
(floW, eference/Number of microspheres, . ence)-
Flows are expressed in ml/min/100 g of tissue
by normalizing for tissue weight.

1130

Assuming the oxygen capacity of hemoglo-
bin to be 1.39 mL of oxygen/g of hemoglobin
in piglets (12), blood oxygen content was cal-
culated as equal to g of hemoglobin/mL-1.39
mL oxygen/g of hemoglobin-%oxygen satura-
tion and expressed in pmol/min-100 g. Dis-
solved oxygen was added by calculation, using
the measured Po, and the temperature-
corrected solubility coefficient of oxygen. Be-
cause the sagittal sinus drains the cerebral
cortex, cerebral white matter, and some deep
gray structures (basal ganglia, hippocampus)
(13), blood flow measured to the cerebrum
included these structures. CMRO, was ob-
tained by multiplying blood flow to the cere-
brum by the cerebral arteriovenous oxygen
content difference (C(a-V)o,). Total blood vol-
ume was assumed to be 12% of body weight
(14).

ECoG signals were amplified, filtered (time
constant was 0.1 secs; cut off frequency was
1000 Hz), fed into a PC using a 16-channel A/D
board (DT2821F, Data Translation, Marlboro,
MA), and stored on a hard disk for off-line data
analysis (sample rate was 512 Hz). ECoG was
quantified for 3 mins at each experimental
period using Fast Fourier Transformation.
Spectral band power was calculated for differ-
ent frequency bands (delta band, 1.5-4 Hz;
high-frequency band, 4-30 Hz) and normal-
ized with the baseline spectral power.

A detailed description of the procedure of
mean ABP adjustment at an externally given
set point (baseline ABP value, as used in this
application) using an external blood pressure
control loop has been previously published
(15, 16). In brief, ABP was controlled by a
proportional-integral-differential-controller
running on a personal computer, by means of
changing the blood volume by arterial blood
infusion or withdrawal, respectively. An infu-
sion/withdrawal pump was the controlling el-
ement.

Statistical Analysis. If not otherwise indi-
cated, data are reported as mean =+ sp, Control
variables were compared between groups with
unpaired Student’s /-tests. Two-way analysis
of variance with repeated measures was used
to determine the effects of CPP alteration and
group CPP interaction within each variable.
Subsequently, one-way analysis of variance
with repeated measures was performed within
each group. Post hoc comparisons were made
with paired Student’s /-tests using Bonferroni
correction for multiple use. Comparisons be-
tween groups were made with unpaired Stu-
dent’s {-tests using Bonferroni correction for
multiple use. Differences were considered sig-
nificant when p < .05.

RESULTS

The lowering of rectal temperature to
31.8 * 0.1°C, which was done by surface

Crit Care Med 2000 Vol. 28, No. 4



cooling, required 95 * 24 mins to ac-
complish and was maintained at this level
of mild hypothermia (Table 2). The arte-
rial blood gases and pH were similar
throughout the experiment and not af-
temperature-corrected values were used.
Heart rate was strongly reduced by hypo-
thermia by ~26% (p < .05). During base-
line conditions and the period of hypo-
thermia alone, brain temperature was
higher than rectal temperature in nor-
mothermic as well as in hypothermic an-
imals by 0.2—-0.5°C (p < .05). However, in
both groups during the period of de-
creased CPP, brain-to-body difference of
temperature was first diminished, and at
the lowest CPP level, the brain became
cooler by 0.4-0.8°C (p < .05).

Gradual CPP reduction because of
stepwise ICP increase (monitored con-
tralateral to the gradually inflated epi-
dural balloon) was determined reliably by
means of epidural balloon inflation dur-
ing feedback-controlled ABP stabilization
(Fig. 1). ABP was maintained within
small ranges throughout the experiment
(81 + 11 mm Hg), although slightly re-
duced ABP were found at the last two
levels of reduced CPP (p < .05). No dif-
ferences were found between normother-
mic and hypothermic groups in ABP,
CPP, and ICP before and during mild
hypothermia and during gradually re-
duced levels of the CPP. In contrast to the
earlier stages of CPP lowering in which
blood withdrawal occurred, at the last
stage of CPP lowering, a complete rein-
fusion, partly by additional infusion of
normal saline, was necessary to stabilize
ABP (Table 4).

Mild hypothermia led to a significantly
reduced CMRO, to 50 * 15% of baseline
values (p < .05; Fig. 2). This was accom-
panied by a smaller reduction of CBF to
74 = 20% of baseline values. The changes
in CBF are entirely attributable to higher
arterial Pco,. With the exception of the
medulla oblongata, thalamus, and basal
cortex, the other brain regions showed a
marked blood flow reduction (Table 3).
Consequently, C(a-V)o, decreased by
31 = 19% and brain tissue Po, increased
by 31 £ 12% (p < .05). Moreover, the
pattern of electrocortical activity changed
considerably from a delta wave-domi-
nated pattern during normothermia to a
pattern of unchanged higher frequency
activity but strong reduced delta activity
(» < .05; Fig. 3).

Gradual CPP reduction to 70% of
baseline values did not change the high-
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Figure 1. Brain temperature, intracranial pressure (/CP), mean arterial blood pressure (MAP), and
cerebral perfusion pressure (CPP) in normothermic and hypothermic piglets at different stages of CPP
decrease. Values are mean *+ sD; n = seven animals in each group, with the exception of stage
CPP-30% of the normothermic group, because at this stage in one animal an acute uncontrollable
decrease of arterial blood pressure occurred so that the epidural balloon had to be deflated prema-
turely. Filled columns, normothermic group; open columns, hypothermic group; “hypothermia”
indicates experimental stage of baseline 2 (normothermic group) and of that stage in which body
temperature was lowered to ~32°C (hypothermic group). *Significant differences between the nor-
mothermic and hypothermic animals; §significant differences between baseline values and values
obtained at different stages of the experimental procedure; p < .05.
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Figure 2. Cerebral metabolic rate of oxygen (CMRQ,) (upper left), cerebral blood flow (CBF) (lower
left), cerebral arteriovenous difference of oxygen content (C(a-0)o,) (upper right), and brain tissue Po,
(tyrain PO) (lower right) in normothermic and hypothermic piglets at different stages of cerebral
perfusion pressure (CPP) decrease. Filled columns, normothermic group; open columns, hypothermic
group; “hypothermia” indicates experimental stage of baseline 2 (normothermic group) and of that
stage in which body temperature was lowered to ~32°C (hypothermic group). *Significant differences
between the normothermic and hypothermic animals; §significant differences between baseline values
and values obtained at different stages of the experimental procedure; p < .05.
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Table 3. Regional cerebral blood flow (ml - 100 g~! - min~?) for normothermic and hypothermic animals as cerebral perfusion pressure (CPP) was decreased

Baseline Hypothermia CPP-70% CPP-50% CPP-30%
Normothermic animals

Medulla oblongata

CL 73+ 16 77+ 21 124 + 28 79 =20 36 + 26

IL 7319 75 £ 22 126 + 31 8119 34 +26
Cerebellum

CL 76 + 10 77+ 11 103 + 20 79 + 18 37+ 36

IL 79*6 81 £ 13 107 £ 24 85 * 23 40 * 42
Thalamus

CL 67 + 28 65 + 24 111 =37 68 + 25 14 + 23

IL 71+35 66 + 30 99 = 40 62 *+ 25 22 +29
Hippocampus

CL 47+ 8 41+ 15 65 18 38x13 1415

IL 45+ 12 43 £ 16 65 = 21 38+13 16 + 17
Occipital cortex

CL 68 + 22 62 = 17 85 + 39 43+ 19 15+15

IL 75 =27 67 + 13 87 =37 42 + 24 6+7
Frontal cortex

CL 59 =23 52 +7 73+24 42 £ 20 1520

L 61 = 26 51 =11 45 + 28 20+ 16 10+ 16
Parietal cortex (rostral)

CL 53+ 17 49+ 10 60 + 23 36 + 16 16 £ 18

IL 57 £ 21 52 + 15 42 + 28 27 + 21 13+18
Parietal cortex (middle)

CL 58 + 21 54 + 6 79 = 29 47 £ 21 16 + 16

IL 69 + 24 58 + 11 83 +34 39 +21 18 +20
Parietal cortex (caudal)

CL 69 = 27 59 + 13 93 =33 53 + 23 19+19

IL 73 +32 2+7 86 = 35 41 + 27 19 =24
Temporal cortex

CL 51 %10 46 = 14 60 = 21 36 = 14 1517

IL 53+ 15 479 52 + 14 28 + 14 14*15
Median cortex

59 + 22 52+19 67 + 27 35+ 20 10+19

IL 64 + 29 55+ 16 66 = 31 33 +22 10+18
Basal cortex

CL 52 + 20 47 =13 65 + 21 43 + 23 16 + 23

IL 54 + 15 47+ 16 54 + 16 3013 15+ 14

frequency band of ECoG activity and
CMRO, further in hypothermic animals,
despite a recovery of CBF (Fig. 2). As
shown in Table 4, during this first stage
of gradual CPP lowered by stepwise ICP
elevation, blood withdrawal was neces-
sary in almost all animals to maintain
ABP with the strongest compensatory
blood withdrawal at stage CPP-70%. This
was associated with a significant reduc-
tion of cardiac output (Table 2). More-
over, a redistribution of regional CBF was
induced that significantly favored me-
dulla oblongata, cerebellum, and the
thalamus in normothermic animals (Ta-
ble 3). Epidural balloon inflation led to a
certain blood flow reduction ipsilateral to
the inflated balloon, which was most
prominent in the adjacent frontal lobe
with a reduction of 38% in normother-
mic (NT) animals and 30% in hypother-
mic (HT) ones (Table 3). Brain tissue Po,
reached baseline values, but C(a-v)o, re-
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mained at a similarly low level to before
baseline in HT animals (p < .05; Fig. 3).
Similarly mild CPP reduction because of
ICP increase had no significant effects on
brain oxidative variables in NT animals,
but ECoG activity was significantly re-
duced (p < .05).

Further CPP reduction to an amount
of ~50% of baseline values led to a CBF
decrease to 64 = 34% (NT group) and to
66 = 25% (HT group) of baseline values
(» < .05). This was predominantly caused
by significantly reduced regional blood
flows of cortical regions ipsilateral to the
inflated epidural balloon, with the stron-
gest reduction in the frontal lobe in
which 48% of that flow in the contralat-
eral frontal lobe was measured in both
groups (Table 3). Moreover, the higher
frequency band of ECoG was significantly
reduced (p < .05) in HT animals, despite
further unchanged CMRO,.

CPP reduction to ~30% of the base-
line values lead to a further considerable
reduction of CBF (NT, 35 = 26%; HT,
20 = 14%) in both groups investigated
(p < .05). At this stage, the reduction of
CMRO, (NT, 19 + 21%; HT, 15 + 15%)
and reduction of brain tissue Po, (NT,
10 += 18%; HT, 9 = 10%) were more
pronounced in both groups. At this stage
of ICP increase because of epidural bal-
loon inflation over the right frontal lobe,
a similar regional blood flow reduction
occurred in all supratentorial brain re-
gions (Table 3). Moreover, ECoG was fur-
ther reduced (p < .05). Despite almost
equalized C(a-V)o, between both groups
studied, the high-frequency band of
ECoG was significantly less reduced in
HT animals (p < .05). This was confirmed
with results of visual inspection of ECoG,
in which an ischemic suppression of
ECoG up to isoelectricity (four animals)
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Table 3. Continues.

Baseline Hypothermia CPP-70% CPP-50% CPP-30%
Hypothermic animals
Medulla oblongata
CL 73 + 24 85+ 32 108 = 47 106 = 30 52 +35
IL 74 £ 26 82 =31 113 =57 101 + 29 51 + 28
Cerebellum
CL 78 + 23 54 = 16 66 = 20 68 + 22 38+ 24
IL 75+ 18 55 +17 64 + 16 68 + 19 36 + 22
Thalamus
CL 61 =22 5211 87 = 50 66 = 22 21+15
IL 71+ 32 60 = 25 97 = 52 64 + 26 25+ 16
Hippocampus
CL 4+ 8 30+ 16 44+ 19 38+ 10 15+ 12
IL 42+ 8 29+ 15 45 + 20 37+8 1411
Occipital cortex
69 + 22 50 = 15 76 = 33 57+ 18 18 13
IL 65+ 16 46 + 12 74+ 33 50 + 11 15+ 10
Frontal cortex
57 =11 389 61 + 27 39+10 7+6
iL 53+ 12 39+9 43 +£21 19+9 5+5
Parietal cortex (rostral)
58 = 16 44 * 11 58 + 25 42 11 10+8
IL 56 + 12 417 45 £ 20 21+ 14 5+5
Parietal cortex (middle)
CL 68 = 21 47 £ 10 72 + 34 53+ 10 16 = 10
IL 60 = 14 45+ 13 75 = 41 44 + 21 14+9
Parietal cortex (caudal)
CL 68 = 21 47 £ 13 74+ 45 56 = 27 19 =17
IL 62+ 14 44 + 10 79 + 37 53 +17 13+12
Temporal cortex
51+ 13 48 + 18 54 + 22 40x9 12+8
IL 51+ 15 47+ 16 54 + 23 3211 107
Median cortex
59 + 18 38 +11 64 + 33 36 + 18 9+7
IL 47 + 22 32+17 52 =37 28 + 18 4+5
Basal cortex
CL 49 + 15 51 + 22 58 + 25 35+ 13 9+7
IL 48 + 18 53 +25 55+ 25 33+14 7+3

CL, contralateral; IL, ipsilateral site because of the epidural balloon.
Values are mean * sb. n = seven animals in each group with the exception of stage CPP-30% of the normothermic group, because at this stage in one

animal, an acute uncontrollable decrease of arterial blood pressure occurred so that the epidural balloon had to be deflated prematurely. “Hypothermia”
indicates experimental stage of baseline 2 (normothermic group) and of that stage in which body temperature was lowered at ~32°C (hypothermic group);
“CPP-70%,” “CPP-50%,” and “CPP-30%” indicate the lowering of CPP to ~70%, 50%, and 30% of the baseline values.

Table 4. Summarized presentation of blood infusion/withdrawal to adjust arterial blood pressure at baseline values using an external arterial blood pressure
controller during normothermic baseline conditions; baseline 2/hypothermia and gradual decrease of the cerebral perfusion pressure (CPP)

Group Baseline Hypothermia CPP-70% CPP-50% CPP-30%
Blood infusion/withdrawal (% of calculated blood volume)
Normothermic — —36+3.1 -9.8 6.7 -59+82 +5.0 2.0
Hypothermic — —-0.6 *+ 1.4 —4.6 + 6.7 -29+129 +7.6 = 105
Values are mean = SD. n = seven anirmals in each group with the exception of stage CPP-30% of the normothermic group, because at this stage in one

animal, an acute uncontrollable decrease of arterial blood pressure occurred so that the epidural balloon had to be deflated prematurely. “Hypothermia”
indicates experimental stage of baseline 2 (normothermic group) and of that stage in which body temperature was lowered at ~32°C (hypothermic group);

“CPP-70%,” “CPP-50%,” and “CPP-30%” indicate the lowering of CPP to ~70%, 50%, and 30% of the baseline values. —, not performed.

or burst suppression pattern (three ani-
mals) was only found in NT animals.

DISCUSSION

The data show that an improved cere-
bral oxygen balance by means of a
marked reduction of cerebral oxygen de-
mand results from mild hypothermia,
even at stages of mild to moderate CPP
restriction. The improved cerebral oxy-

Crit Care Med 2000 Vol. 28, No. 4

gen balance is entirely attributable to in-
creased arterial Pco,. The reduction in
demand was shown by a reduced C(a-v)o,
and an improved or maintained level of
brain tissue Po,. Preserved ECoG activity
of the high-frequency band indicates an
almost unchanged brain functional state.
However, marked CPP reduction to
~30% of baseline with a concomitant
reduced cerebral oxygen availability gen-

erally abolished these differences in
CMRO, between the NT and HT groups,
although brain electrical activity was less
suppressed.

Mild hypothermia confers a marked
protective effect on histopathologic out-
come after experimental brain trauma
(17), attenuating neurochemical sequels
of cerebral oxygen lack and improving
the behavioral outcome (18). Possible ex-
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Figure 3. Spectral band power of electrocortical activity in normothermic and hypothermic piglets at
different stages of cerebral perfusion pressure (CPP) decrease. Values are mean * SE. Filled columns,
normothermic group; open columns, hypothermic group; “hypothermia” indicates experimental stage
of baseline 2 (normothermic group) and of that stage in which body temperature was lowered to
~32°C (hypothermic group). *Significant differences between the normothermic and hypothermic
animals; §significant differences between baseline values and values obtained at different stages of the

experimental procedure; p < .05.

planations for hypothermia-related im-
provement include the following: a) pro-
gressive reduction in cerebral metabolic
rate for oxygen consumption; b) alter-
ations in ion homeostasis (including cal-
cium and potassium fluxes); ¢) increased
membrane stability (including the blood-
brain barrier); d) altered enzyme function
(e.g., phospholipase, xanthine oxidase, ni-
tric oxide synthase activity); e) alterations
in neurotransmitter release and reuptake
(e.g., glutamate); and f) changes in free
radical production or scavenging (for re-
view see References 19 and 20). Hypo-
thermia has been evaluated as a thera-
peutic procedure for hastening neuro-
logic recovery and improving the out-
come in adult patients with severe trau-
matic brain injury (21).

The present data show a reduction in
cerebral oxygen consumption caused by
mild hypothermia by ~10%/°C. This cor-
responds with findings in newborn pig-
lets (22) and amounted to nearly 50%
more than was reported for adult brains
(23, 24). However, in contrast to the re-
sults of Busija and Leffler (22) that were
obtained during mild hypocapnia, obvi-
ously because of “a-stat” conditions, the
corresponding blood flow reduction we
observed was less pronounced.

The effect of the increased level of
anesthesia because of hypothermia by the
improved solubility of the anesthetics
used here on CMRO, appears to be small.
A reduction of brain and body tempera-
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ture by 6°C at an unchanged inhalation
content of 0.8% isoflurane resulted in a
macroalveolar concentration increase
from 0.34 to 0.45 (25).

The reason that CBF did not decrease
by the same percentage as CMRO, at
32°C appears to be because of the kind of
blood gas management used. We cor-
rected blood gases and pH measurements
under HT conditions to the body temper-
ature of the animal at the time of sam-
pling (“pH-stat”). This pH-stat manage-
ment was chosen because recent reports
suggest that there are mechanisms in ef-
fect during HT brain ischemia that could
contribute to an improved cerebral out-
come with pH-stat relative to more alka-
line strategies (26-28). However, further
studies are necessary to evaluate the im-
portance of acid-base management on the
relationship between cerebral oxygen de-
livery and demand under hypothermia
and during compromised brain perfu-
sion.

Previous studies have shown that hy-
pothermia-induced suppression of the ce-
rebral oxygen demand reflects influences
on oxygen-consuming processes that are
different from those suppressed by barbi-
turate-induced electroencephalogram
suppression (24, 29, 30). Moreover,
Nemoto and coworkers (31) also showed
that the barbiturate-nonsuppressible
CMRO, component of the basal CMRO,
was much more temperature sensitive
than the barbiturate-suppressible CMRO,

component. Our study clearly showed
that the ECoG pattern was changed by
mild hypothermia from a delta wave-
dominated ECoG to a delta wave-sup-
pressed ECoG pattern with unchanged
spectral power of the higher frequency
band. Because a higher frequency pattern
is associated with maintained cortical
synaptic activity and signal transfer (32),
we assume that at least a considerable
amount of hypothermia-related CMRO,
suppression was caused by the non-
ECoG-associated CMRO, suppression.

The manipulation of ICP was managed
by regional mass expansion because of
gradual inflation of an epidural balloon.
Local effects were obviously restricted to
the cortical regions that were in direct
contact with the inflated epidural balloon
(i.e., frontal lobe and the rostral part of
the parietal lobe of the right hemi-
sphere), as was shown by respective
changes in regional CBF. The effects of
this artificial intracranial volume occupa-
tion with reference to ICP, brain tissue
Po,, and ECoG were monitored from sites
opposite to the inflated balloon. There-
fore, these effects are assumed to be rep-
resentative for most parts of the brain
outside the direct local effects of mass
expansion.

Compared with the effects of mild hy-
pothermia, we found that mild alter-
ations of cerebral oxygen delivery because
of gradual CPP reduction in NT animals
predominantly induced a reduction of
spontaneous ECoG activity, i.e., the func-
tional CMRO, component was selectively
compromised. This occurred in NT ani-
mals, even if the overall oxygen delivery
and CMRO, were not reduced. The only
finding that corresponded with changed
ECoG activity in NT animals was an in-
creased regional CBF to the lower brain
stem and the thalamus in concordance
with reduced cardiac output because of
the self-controlled stabilization of ABP to
prevent Cushing response-like ABP in-
crease (33). The CBF increase to these
brain regions may reflect a functional ac-
tivation that could result in a desynchro-
nization of cortical high-voltage delta ac-
tivity because of diffuse thalamocortical
projections of reticular formation (34,
35). However, a specific arousal-like pat-
tern of an increased activity of high-
frequency components was found only in
HT animals during hypothermia and mild
CPP reduction with a strong increase of
alpha activity.

In summary, the present results con-
firm the well-known effect of mild hypo-
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thermia on a decrease of cerebral oxida-
tive metabolism. This improves the
cerebral oxygen balance. However, if
brain oxygen delivery was further reduced
by CBF decrease induced by a gradual
CPP reduction, then cerebral oxidative
metabolism was obviously determined by
a greater reduced oxygen delivery in
brain tissue. The previously existing
CMRO, differences between normother-
mia and hypothermia ceased, although
brain electrical activity was less sup-
pressed in HT animals.
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Abstract Severe traumatic brain injury (TBI) often leads
to a bad outcome with considerable neurological deficits.
Secondary brain injuries due to arise of intracranial pres-
sure (ICP) and global hypoxia-ischemia are critical and
may be reduced in extent by mild hypothermia. A porcine
animal model was used to study the effect of severe TBI,
induced by fluid percussion (FP; 3.5+0.3 atm) in combi-
nation with a secondary insult, i.e., temporary blood loss
with hypovolemic hypotension. Six-week-old juvenile
pigs were subjected to this kind of severe TBI; one group
was then submitted to moderate hypothermia at 32°C for
6 h, starting 1 h after brain injury. Animals were killed af -
ter 24 h. TBI and hypothermia-associated alterations in
the brains were investigated by immunohistochemistry
with antibodies against microtubule-associated protein 2
(MAP-2) and B-amyloid precursor protein (BAPP). In ad-
dition, DNA fragmentation was investigated by the termi-
nal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling (TUNEL) method. Seven of the 13 nor-
mothermic TBI animals developed a secondary increase
in ICP (TBI-NT-ICP) after an interval of several hours.
None of the animals in the hypothermic trauma (TBI-HT)
group exhibited a secondary ICP increase, indicating a
protective effect of the treatment. TBI-HT animals showed
significantly higher levels of MAP-2 immunoreactivity,
lower levels of BAPP immunoreactivity and less DNA
fragmentation than the TBI-NT-ICP animals. Differences
between the TBI-HT group and normothermic animals
without an ICP increase (TBI-NT) were less marked. A
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considerable decrease in MAP-2 outside the site of TBI-
FP administration was seen only in the TBI-NT-ICP ani-
mals. MAP-2 immunohistochemistry was thus a reliable
marker of diffuse brain damage. Axonal injury was pre-
sent in all TBI groups, indicating its special significance
in neurotrauma. Thus, severe TBI caused by FP, com-
bined with temporary blood loss, consistently produced
traumatic axonal injury and focal brain damage. Mild hy-
pothermiawas able to prevent a secondary increasein ICP
and its sequelae of diffuse hypoxic-ischemic brain injury.
However, hypothermia did not afford protection from
traumatic axonal injury.

Keywords Trauma - Fluid percussion brain injury - Pig -
Hypothermia - Immunohistochemistry

Introduction

Traumatic brain injury (TBI) leads to immediate primary
and delayed secondary changes [1]. Initially, there is bio-
mechanical interaction of neurons and their processes,
glia cells and blood vessels as a direct consequence of
mechanical energy transfer to brain tissue. The secondary
changes are much more heterogeneous and are of clinical
importance due to their strong correlation to bad outcome
[2]. They include biochemical and pathophysiological
processes, such as decreased blood pressure, altered blood
flow and brain edema, and morphological aterations, es-
pecialy diffuse axonal injury (DAI).

Numerous studies have evaluated the pathomorphol og-
ical and behavioral sequelae of mild to moderate TBI in-
duced by fluid percussion (FP). For the most part, lisen-
cephalic rats and mice have been used to study therapeu-
tic strategies for neuroprotection after TBI [3]. Despite
making valuable contributions to the understanding of the
complex pathogenesis of TBI, these models have some
fundamental restrictions. Studies of the biomechanical
properties of the brain tissue require an anima with a
large gyrencephalic brain and substantial white matter do-
mains. Pigs fulfill these criteria[4].



Lateral FP trauma is a well-established experimental
model that reproduces clinically relevant features of neu-
rotrauma 5, 6, 7], such as aterations in intracranial pres-
sure (ICP) [3] and cerebral blood flow [8], disruption of
the blood-brain barrier [9, 10], and focal and global alter-
ationsin cerebral metabolism [11]. Importantly, the lateral
FP injury device is able to produce mild, moderate or se-
vere levels of brain damage according to the magnitude of
the impact [3]. However, up to now, a procedure which is
able to produce a secondary ICP increase with critically
altered cerebral perfusion pressure (CPP) has not been re-
ported.

Hypothermia has been evaluated as a therapeutic pro-
cedure to hasten neurological recovery and may have im-
proved the outcome of patients with severe traumatic
brain injury [12, 13, 14]. Hypothermiais effective in pre-
venting secondary brain damage, especially through re-
ducing cerebral ischemia[15]. Furthermore, it reduces the
ICP, and cerebral blood flow (CBF), and reduces forma-
tion of brain edema. In addition, oxygen consumption and
release of excitatory neurotransmitters is diminished [16,
17]. Although post-traumatic hypothermia has been widely
studied [18, 19, 20, 21, 22, 23, 24, 25], its influence on
different types of brain damage is not fully understood. To
date, hypothermia-associated protection has been evalu-
ated mostly in relation to the preservation of neurons [18,
21, 23, 24, 26], and little consideration has been given to
other changes, such as secondary brain damage and ax-
onal injury.

The purpose of the present study was to determine the
extent of brain damage in severe TBI induced by FP com-
bined with temporary blood loss in juvenile pigs with and
without postinjury mild hypothermia (of 32°C). The brain
damage of juvenile pigs after normo- and hypothermia
was assessed with immunomorphological markers, alow-
ing analysis of both neurons and axons. Antibodies
against microtubule-associated protein 2 (MAP-2), 3-amy-
loid precursor protein (BAPP) as a marker for axonal in-
jury, were used. In addition the terminal deoxynu-
cleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) method for DNA fragmentation was used.

Materials and methods

General instrumentation and measurement
of physiologica variables

Thirty-five 6-week-old pigs (mixed German breed; body weight
12.6+1.7 kg) were used. The experimental protocol was approved
by the committee of animal care and use of the Thuringian State
Government. Six pigs were assigned to the normothermic sham
group (SHAM-NT), and 14 in the normothermic traumatic brain
injury (TBI-NT) group. The hypothermic sham group (SHAM-
HT) comprised 6 and the hypothermic TBI group (TBI-HT) 10 pigs.
Anesthesia was induced by an intramuscular injection of ketamine
hydrochloride (20 mg/kg body wt.) and midazolam (1 mg/kg body
wt.) and inhalation of 70% nitrous oxide in 30% oxygen. Anesthe-
sia was maintained throughout the experiment by a continuous in-
fusion of fentanyl (0.015 mg/kg body wt. per h) and midazolam
(1.08 mg/kg body wt. per h). Muscle relaxation was achieved with
i.v. pancuronium bromide (0.4 mg/kg body wt. per h).
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A polyethylene catheter (inner diameter 1.5 mm) was advanced
from the femoral artery to the abdominal aorta to record arterial
blood pressure and obtain samples for blood gas analysis (model
ABL50, Radiometer, Copenhagen, Denmark; alpha-stat manage-
ment). Body temperature was controlled by a thermoprobe ad-
vanced about 10 cm into the rectum and was maintained through-
out the general instrumentation at 38+0.3°C using a water-heated
pad connected to a heating-cooling thermostat and by a feedback
controlled heating lamp. Physiological parameters were recorded
on a multi-channel polygraph (MT95K 2, Astro-Med, USA).

Two holeswere drilled in the left parietal bone and afiberoptic
catheter was implanted in the subcortical white matter for ICP
measurements (Camino Laboratories, San Diego, USA). A ther-
mocouple catheter (Licox pO, Monitor, GMS, Kiel-Mielkendorf,
Germany) was implanted in the parietal cortex. In al animals a
craniotomy was made, centered between lambda and bregma over
the left parietal cortex to fix a Plexiglas FP adapter with a 9-mm
bore tube. The dura was kept intact. The burr holes were sealed
with bone wax and covered with dental acrylic to fix the probes
and FP adapter in place. CPP was calculated as the difference be-
tween mean arterial blood pressure and |CP.

Experimental protocol

Altogether, 23 randomly chosen animals were subjected to lateral
FP injury (FP-TBI) using a device designed according to [27].
Briefly, the FP adapter was connected to a transducer housing, and
this in turn was connected to the FP device. The device itself con-
sisted of acylindrical reservoir of Plexiglas 40 cm long and 5 cm
in diameter. One end of the device was connected to the transducer
housing, and the other had a metal piston mounted on O-rings. The
exposed end of the piston was covered with a rubber pad. The en-
tire system was filled with physiological saline solution (air bub-
ble-free). FP-TBI was produced by allowing a 6.2-kg pendulum to
strike the Plexiglas cork and generate a transient hydraulic pres-
sure that traveled through the device and impacted upon the dura
overlying the brain. The severity of the impact, determined by a
transducer and recorded on a storage oscilloscope, was allowed to
reach 3.5+0.3 atmospheres (mean amplitude 2-5 ms after onset of
FP) and was similar in all groups investigated. This model of FP-
TBI has not been fully characterized in terms of its behavioral and
histopathological responses, but level of injury is considered to be
a severe to high TBI in different species and ages [5, 28, 29, 30,
31, 32]. Hypovolemic hypotension was then induced by removing
blood (25 ml/kg body wt., duration: 18 min) through the femoral
catheter, so that blood withdrawal was completed 21 min after FP
injury and then maintained for another 9 min. The same volume of
plasma expander (gelatine-polysuccinate, Gelafusal, Serum-Werke
Bernburg, Germany) was reinfused within 10 min. In ten animals
systemic hypothermia was started 1 h after FP injury by placing
the animal on a cooling blanket and by forced air cooling (TBI-
HT). Sham-operated animals received the same instrumentation,
and the same experimental protocol was performed except for ad-
ministration of FP-TBI and temporary blood loss. Six sham-oper-
ated pigs were cooled using the same procedure (SHAM-HT). Hy-
pothermia was guided by the temperature measured within the
parietal cortex. The target brain temperature of 32°C was reached
after about 3 h, and maintained for 6 h, followed by a rewarming
period of about 3 h. The remaining animals were kept normother-
mic throughout the whole experiment. The neurometabolic and
cerebrovascular findings are a subject of another manuscript (Fritz
et a., in preparation).

Tissue fixation, histology, and immunohistochemistry

Animalswerekilled at 24 h after trauma by transcardial perfusion-
fixation of the brain with a neutrally buffered solution containing
4% formalin after a short rinse with heparinized physiological
saline solution. One animal of the TBI-NT-ICP group could not be
adequately perfused. This brain was excluded from immunocyto-
chemical processing, but not from TUNEL staining. Heads were
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then immersion fixed for 48 h at 4°C before the brains were re-
moved from the skulls. Three 7-mm-thick slices from the frontal
lobe, temporoparietal brain, including diencephalon and hippocam-
pus, and brain stem (ponto mid-brain site) (Fig. 1), were embedded
in paraffin. They were cut into 7-pum-thick sections, which were
stained with hematoxylin and eosin (H&E) for routine morphol-
ogy, or prepared for immunohistochemistry. The observations were
made per unit area procedure. Reactions for MAP-2 and TUNEL
were performed twice on consecutive sections. BAPP immunola-
beling was performed only once. The avidin-biotin-peroxidase
complex (ABC) method (Vectastain Elite Kit, Vector Laborato-
ries, Burlingame, CA), as described by Hicks et al. [33], was used
for MAP-2 and BAPP immunohistochemistry. Each deparaffinized
tissue section was incubated with: 10% non-immunized horse serum
and 0.1% Triton X-100 for 1 h; with the primary antibody in phos-
phate-buffered saline (PBS) containing 5% normal horse serum at
4°C overnight; with the secondary antibody (horse anti-mouse 1gG
1:200) at 4°C overnight; and with the ABC solution (1:100) for 1 h.
The reaction product was visualized using 3,3-diaminobenzidine
tetrahydrochloride as a chromogen. Control sections were incu-
bated with normal horse serum in the absence of primary antibody
and showed no staining. As primary antibodies we used mono-
clonal anti-MAP-2 mouse serum (Amersham International, Amers-
ham, UK; 1:500), and monoclonal anti-BAPP mouse serum (mAb
22C11; Boehringer Mannheim, Indianapolis, Ind.; 1:200).
Immunostained sections were evaluated without prior knowl-
edge of the experimental procedures performed. MAP-2 immuno-
reactivity in the whole neocortex and hippocampus was measured
using an image analysis program (IMAGE, Version 1.42, NIH
Public Domain, USA). Images of coronal sections of the brain at
the level of the hippocampus were digitized onto a computer
screen. The intensity of immunostaining was determined as gray
scale values between ‘white' (0) and ‘black’ (255) by outlining the
brain regions of interest. Subcortical white matter of temporopari-
etal brain sections were used as typically non-reactive sites for
MAP-2 immunostaining. These background measurements were
subtracted from the values obtained from the areas of interest.
Anti-BAPP reaction was scored as ranging from accumulation
of BAPP in dightly dilated axons, to accumulation of BAPP in
swollen and tortuous axons (axona swelling) or bulb formation
(axonal bulbs) [34]. These features were assessed in the following
brain areas: |eft and right hemisphere at the site of FP-TBI (i.e., ra
diatio optica, fasciculus subcallosus, corpus callosum, splenium,
commissura fornicis), left and right diencephalons (fasciculus
tegmenti, thalamus), frontal lobe (subcortical white matter at the
level of fissurarhinalis anterior, rostral of caput of nucleus cauda-
tus), and brain stem (commissura colliculi inferioris, pedunculus
cerebellaris superior, lemniscus lateralis, fasciculus tegmenti, fas-
ciculuslongitudinalis medialis, lemniscus medialis) [35]. All BAPP-

Fig.1 Schematic drawing of placement of lateral FP-TBI in left
brain hemisphere of the pig (gray circle) and location of the three
7-mm-thick slices taken for morphologic analysis (disrupted lines)
(FP fluid percussion, TBI traumatic brain injury)

positive regions were taken into account. A rating score was given
according to [36, 37]. If none of the features was present, a rating
of 0 was given. If there was any staining of axons, however slight,
arating of 1 was made. When there were scattered areas or patches
of axona damage, a score of 2 was given. When there was exten-
sive damage throughout large areas of white matter, the rating
score was 3. In addition, numbers of axonal swelling and axonal
bulbs were calculated separately (counts/0.5 mm2, 20x objective,
extrapolated for the whole BAPP-positive area) and are given as
total numbers.

Fragmented DNA was detected in situ by the TUNEL method
using acommercially available kit according to the manufacturer’s
protocol (in situ cell death detection kit “AP”, Boehringer Mann-
heim, Germany). Sections were deparaffinized, pretreated with
20 mg/ml proteinase K, and washed in PBS prior to TUNEL stain-
ing. TUNEL staining was performed by incubation with fluores-
cein-conjugated digoxigenin-UTP and terminal deoxynucleotidyl
transferase at 37°C for 1 h. DNA fragmentation was visualized us-
ing converter-alkaline phosphatase, NBT/BCIP and counterstain-
ing with Kernechtrot.

Neocortical structures of parietal and temporal lobes medial
and lateral to the middle suprasylvian sulcus (Fig. 1), the underly-
ing white matter (i.e., radiatio optica, fasciculus subcallosus, cor-
pus callosum, splenium, commissura fornicis), hippocampus, and
diencephalon (corpus geniculatum laterale, corpus geniculatum
mediale, pulvinar, pretectum, fasciculus tegmenti) were investi-
gated. A semiquantitative score was used to estimate TUNEL -pos-
itive and -negative cells. When there were no positive cells in the
whole section, a score of 0 was given. In cases with TUNEL posi-
tivity, positive cells were counted in 5 microscopic fields (20x ob-
jective). The scoreswere: 1 for up to 5 positive cells per field, 2 for
6-20 positive cells, and 3 for >20 positive cells. In addition, the
distribution of TUNEL -positive cells was estimated and set as 1 for
location of TUNEL-positive cells in a single dot, 2 for positive
cells located in scattered areas, and 3 for ubiquitous TUNEL-posi-
tivity in the area investigated. The two scores were added together
in a single value with a maximal score of 6.

Statistical analysis

Unless otherwise indicated, data are reported as means + SD. One-
way analysis of variance (ANOVA) was used to determine effects
of FP-TBI and hypothermia on physiological parameters. Post hoc
comparisons were made with the Student-Newman-Keuls method
or with unpaired t-tests as indicated. Immunomorphological data
were compared by the Mann-Whitney U-test with the alpha-ad-
justment procedures of Bonferroni and Holm [38,39]. The Fisher
Exact Test was used to compare the distributions of treatment ef-
fects (normothermia vs hypothermia) in regard to occurrence of
secondary ICP increase. Differences were considered significant
when P<0.05.

Results
Physiological variables

Physiological parameters including intracranial pressure
are shown in Table 1. These parameters remained un-
changed throughout the experiment in sham-operated nor-
mothermic pigs (SHAM-NT). Temporary withdrawal of
blood (25 ml/kg body wt.) immediately after FP-TBI in-
duced a marked reduction in cardiac output of 37—49%
(P<0.05) with a concomitant reductionin MABP and CPP
(Table 1). At 8 h after TBI, ICP had increased consider-
ably (29+24 mmHg) in seven of the normothermic ani-
mals (designated TBI-NT-ICP), whereas six normother-
mic animals (group TBI-NT) and all hypothermic animals



Tablel Physiological parameters of animals. Values are means +
SD (TBI traumatic brain injury, ICP intracranial pressure, SHAM-NT
normothermic sham-operated animals, SHAM-HT hypothermic
sham animals, TBI-NT normothermic animals with fluid percus-
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sion-induced TBI, TBI-NT-ICP normothermic animals with TBI,
which developed a secondary increase of 1CP, TBI-HT hypother-
mic animals with TBI, MABP mean arterial blood pressure, CPP
cerebral perfusion pressure)

Basdline End of blood 8 h after TBI 24 h after TBI
withdrawal
ICP (mmHg) SHAM-NT 8+2 8+2 7+3 6+2
SHAM-HT 9+3 7+2% 5+2% 4+2%
TBI-NT 9+3 7+3% 5+2% 5+4%
TBI-NT-ICP 92 13+9 29+24* 45+27%*
TBI-HT 6+3 6+5 6+2 6+2
MABP (mmHg) SHAM-NT 104+13 103+10 111413 100+25
SHAM-HT 104+9 112+7 102+13 93+19
TBI-NT 104+19 79+17% 82+17% 85+16%
TBI-NT-ICP 103+13 82+23 88+10* 71+19%
TBI-HT 125+14* 95+22% 101+15% 82+12%
CPP (mmHg) SHAM-NT 97+14 96+11 10515 97128
SHAM-HT 968 1056 97+14 89+19
TBI-NT 95+22 7319 77+18* 80+19
TBI-NT-ICP 95+13 67+27% 58+27%* 20+29%*
TBI-HT 119+13* 88+22% 95+159% 76+12%
Cardiac output (ml/min/kg) SHAM-NT 229+21 243+26 248+35 232+54
SHAM-HT 205+43 202+45 128+48% 204+33
TBI-NT 244+18 126+19% 257+55 302+51
TBI-NT-ICP 240+25 128+40% 245+46 249+80
TBI-HT 214+26 137+37% 109+10%* 200+42
Arterial PO, (mmHg) SHAM-NT 159+15 148+22 137+34 149+15
SHAM-HT 140+21 142+19 157+31% 133+39
TBI-NT 139+27 139+26 139+26 133+38
TBI-NT-ICP 144421 141+17 157+21 149+12
TBI-HT 146126 155+15 180+32% 145+34
Arterial PCO, (mmHg) SHAM-NT 39+4 41+1 43+3 406
SHAM-HT 41+5 40+4 42+3 37+1%
TBI-NT 43+2 42+2 41+3 41+1
TBI-NT-ICP 40+4 40+4 37+4* 37+3
TBI-HT 40+3 381 41+4 39+4
Arteria pH SHAM-NT 7.49+0.03 7.49+0.02 7.48+0.01 7.52+0.06
SHAM-HT 7.48+0.04 7.50+£0.04 7.46+0.03 7.53+0.02%
TBI-NT 7.45+£0.01 7.44+0.04 7.46+£0.05 7.51+0.04%
TBI-NT-ICP 7.49+£0.05 7.49+£0.04 7.54+0.03* 7.53+£0.06
TBI-HT 7.48+0.04 7.47+0.03 7.47+0.04 7.49+0.06
Brain temperature (°C) SHAM-NT 38.0£0.8 38.0£0.6 37.7£0.3 38.2+0.9
SHAM-HT 38.4+0.7 38.2+0.6 32.3+0.5% 38.8£0.5
TBI-NT 38.8+1.0 38.6+0.9 38.9+1.0 39.1+1.0
TBI-NT-ICP 38.5+0.7 38.3+0.6 37.5+2.2* 36.2+3.5
TBI-HT 38.8+0.7 38.5+0.5 32.4+0.4% 38.7+0.6

*$P<0.05; *indicates significant differences between groups compared to SHAM-NT group at the respective experimental stage; $indi-
cates significant differences between baseline values and values obtained at different stages of the experimental procedure

did not show this secondary increase in ICP (P<0.05).
Lowering of brain temperature to 32.2+0.5°C by surface
cooling required 185+30 min, and this level of mild hy-
pothermia was maintained for 360 min. During hypother-
mia cardiac output was similarly reduced in both hy-
pothermic groups (SHAM-HT, 61+13%; TBI-HT, 54+7%;
P<0.05). Arteria blood pressure was diminished 24 h &f -
ter TBI in the TBI-NT-ICP and TBI-HT groups (P<0.05).

General morphological findings

In al traumatized animals, slight subarachnoidal hemor-
rhages were found near the craniotomy for FP-TBI ad-
ministration, and small intracranial bleedings occurred in
the white matter around gliding contusions. In animals
from the TBI-NT-ICP group, subarachnoidal hemorrhages
were also observed in the contralateral right hemisphere.
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Slight subarachnoidal bleedings were present in the brain
stem of al traumatized normothermic pigs, but in only
three of seven animalsin the TBI-HT group. At the site of
trauma, circumscript triangular hemorrhagic necroses (ap-
proximately 0.8 cm?), particularly of the gray matter, were
seen. In animals from the TBI-HT group the peri-injury
zones appeared macroscopically normal, but histologi-
cally showed some condensed neurons and vacuol ation of
tissue. There were no gross differences in the traumatic
necroses between the groups. Small necrotic zones were
located near the intracerebral catheters used for physio-
logical data acquisition; they were not included in the
anaysis. The TBI-NT-ICP animals had increased brain
weights (72.6x2.2 g; vs TBI-NT, 60.0+1.5 g; TBI-HT,
61.8+1.8 g; SHAM-NT, 59.8+2.2 g; and SHAM-HT,
66.3+2.1 g; P<0.05). Macroscopicaly, three TBI-NT-ICP
animals showed severe and three animals moderate fea-
tures of raised ICP, such as narrowing of sulci and flatten-
ing of gyri, reduction in size of the ventricles, tentorial
and tonsillar hernia. One animal aso showed brain stem
infarction. Microscopically, these brains displayed micro-
scopic signs of global neuronal hypoxia, namely shrunken
and triangular cell bodies and nuclei, eosinophilic cyto-
plasm, and perineuronal edema. In addition, they showed
blood vessel congestion. Neuronal injury in the hip-
pocampus after secondary increase in ICP was observed
in al subfields of both hemispheres, whereas in the TBI-

Fig.2 MAP-2 immunostaining
at low magnification in SHAM-
NT (A), TBI-NT (B), and TBI-
NT-ICP (C) groups. The site
of FP-TBI administration was
totally devoid of MAP-2 im-
munostaining (arrow in B).
D,E MAP-2 immunoreactivity
in traumatic animals outside
the site of FP-TBI administra-
tion, at higher magnification.
D Staining in dendrites and so-
mata of neuronsin SHAM-NT
animals was strong and homo-
geneous. E Outside the site of
FP-TBI administration, the
neurons of TBI-NT animals
displayed MAP-2 immunos-
taining comparable to that
shownin D. F In TBI-NT-ICP
animals, neurons outside the
site of FP-TBI administration
had a markedly decreased or
negative MAP-2 |abeling
(MAP-2 microtubule-associ-
ated protein 2, SHAM sham-
operated, ICP intracranial
pressure, NT normothermia,
NT-ICP NT — trauma with
secondary |CP increase,

HT hypothermia). A—C x2;
D—F x100

NT group necrotic neurons were observed only in two
cases and were restricted to the left hippocampus. In the
TBI-HT group, the hippocampus displayed only small cir-
cumscript areas of necrotic neurons at the trauma site
without predilection of hippocampal fields (like in the
TBI-NT group).

MAP-2 immunostaining

Immunostai ning was performed twice in each case and each
region with reproducible results. In SHAM-NT (Fig. 2A, D)
and SHAM-HT (not shown), immunostaining for MAP-2
gave a strong, homogeneous reaction in dendrites and so-
mata of neurons. The dendrites appeared as fine slender
structures radiating through the cerebral cortex and hip-
pocampus. The site of FP-TBI administration in all ani-
mals was totally devoid of MAP-2 immunostaining (see
arrow in Fig. 2B) or showed MAP-2-positive fragments of
damaged neuronal structures. Outside the site of FP-TBI
administration, the neurons of TBI-NT animals displayed
nearly normal MAP-2 immunostaining (Fig.2B, E). In
TBI-NT-ICP animals, however, neurons outside the FP-
TBI administration site showed markedly decreased or
negative MAP-2 labeling (Fig.2C, F). Dendrites were
sometimes immunoreactive, but only in their initial por-
tions, and appeared as short MAP-2-positive stumps.




Three animals showed this pattern of decreased MAP-2
immunostaining in both hemispheres, three animals
mostly in the left hemisphere. Histologically, these neu-
rons had condensed nuclei but otherwise looked normal.
MAP-2 immunostaining in the TBI-HT animals was sim-
ilar to that in controls (TBI-NT).

Quantification of immunostaining for MAP-2 was per-
formed separately in the two hemispheres, i.e., in left trau-
matized and right non-traumatized neocortex, and in left
and right hippocampus (Fig. 3). There was no significant
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Fig.3 Graphic presentation of the MAP-2 immunohistochemistry
staining index (grey values, absolute values) in the entire neocor-
tex (A) and hippocampus (B) of both hemispheres. Significant dif-

ferences from SHAM-NT are indicated by asterisks
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difference in MAP-2 immunoreaction between the two
sides. With the exception of the FP-TBI administration
site, MAP-2 values were fairly similar in the neocortex
and hippocampus of sham animals and TBI-NT animals.
MAP-2 values were, however, dramatically reduced in
neocortex and hippocampus of TBI-NT-ICP animals (when
compared to the other groups) (P<0.05, Fig.3).

BAPP immunostaining

The following seven areas were investigated: frontal cere-
bral hemispheres, left and right; cerebral hemispheres at
the level of FP-TBI administration, left and right; dien-
cephalon, left and right; and brain stem. BAPP immunore-
activity was quantified using an average rating score of
BAPP immunostaining (0-3) according to McKenzieet al.
[36]. BAPP-immunostained axons were not observed in
sham animals. Axona swelling and axona bulbs were
found in various degrees in al traumatized animals. No
immunostaining was found in the frontal lobes of either
hemisphere. In the TBI-NT animals, BAPP-positivity was
moderate and mainly found in the white matter underlying
the traumatization (three of seven animals, score 1-3) in
the diencephalon (four animals, score mainly 1) and, to a
lesser extent, in the brain stem (two animals, score 1-2),
but was absent in the contralateral hemisphere. In the
TBI-NT-ICP pigs, many BAPP-immunoreactive axons and
axonal bulbs were observed in al brains (score mostly 3)
and in all areas studied except the frontal lobes, being
most abundant in the traumatized hemisphere and brain
stem. Hypothermic animals displayed comparable amounts
of axonal swelling and axonal bulbsin the left hemisphere
(five of eight animals, score mainly 1-2) and left dien-
cephalon (four animals, score 1-2) as in the TBI-NT
group, but lacked BAPP reactivity in the other areas. Dif-

Table 2 Regiona BAPP immunostaining score and regional TUNEL score (BAPP (3-amyloid precursor protein, LH left hemisphere,

RH right hemisphere)

Groups SHAM-NT SHAM-HT  TBI-NT TBI-NTHCP  TBI-HT

BAPP immunostaining score (maximum 3.0)
Frontal brain (LH) 0 0 0 0 0
Frontal brain (RH) 0 0 0 0 0
Temporoparietal brain (LH) 0 0 10 25* 11
Temporoparietal brain (RH) 0 0 0 0.3 0
Diencephalon (LH) 0 0 0.9 13* 0.8
Diencephalon (RH) 0 0 0.1 1.0 0
Brain stem 0 0 04 18* 0

TUNEL score (maximum 6.0)
Temporoparietal brain (cortex-LH) 0 0 0 35 0
Temporoparietal brain (cortex-RH) 0 0 0 3.0 0
Temporoparietal brain (white matter-LH) 0 0 14 52* 0.7
Temporoparietal brain (white matter-RH) 0 0 0.3 52* 0.7
Diencephalon (LH) 0 0 0.3 4.4* 0.7
Diencephalon (RH) 0 0 0.3 53* 0.7
Hippocampus (LH) 0 0 0.3 4.0 0.5
Hippocampus (RH) 0 0 0 4.0 0.5

*P<0.05, indicating significant differences between SHAM-NT animals and other groups
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Fig.4 Graphic presentation of BAPP-positive axons per group
counted in all areas. Significant differences from SHAM-NT are
indicated by an asterisk

ferences in BAPP immunoreactivity were statistically sig-
nificant in TBI-NT-ICP pigs compared with SHAM-NT
animals (P<0.05), but not compared with TBI-NT or TBI-
HT animals (Table 2). In addition, the number of BAPP-
positive damaged axons and axonal bulbs was counted in
all regions (Fig. 4). The number was lower in hypothermic
than in TBI-NT-ICP pigs; however, it was comparable in
the TBI-NT (without secondary 1CP) and TBI-HT groups.

Fig.5 A TUNEL-positive glia cellsin the white matter of a TBI-
NT animal. B Selective TUNEL positivity in the cells of the ger-
minative cell layer of hippocampus in a TBI-NT-ICP animal.
A x350; B x150
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TUNEL staining

Staining reactions were performed twice in each case and
each region and yielded reproducible results. TUNEL
staining was investigated in four brain areas of both hemi-
spheres: neocortex, cerebral white matter, hippocampus,
and diencephalon. TUNEL-positive cells were morpho-
logically different. Most cells were characterized by a ho-
mogeneous dark nucleus (Fig.5A), others showed cell
shrinkage, nuclear condensation and fragmentation (apop-
totic bodies) (not shown). A few cells demonstrated slight
staining and without morphological changes of nuclei and
cytoplasm, indicating nonspecific staining; these cells
were not taken into further account. Most TUNEL -posi-
tive cells were glia cells, very few were neurons.
TUNEL-positive cells were also found in the hippocam-
pus, especialy in the TBI-NT-ICP animals. Interestingly,
the germinative zone of the granule cells of the dentate
gyrus was selectively stained in these animals (Fig.5B).
The other animal s lacked this reaction pattern (not shown).

The TUNEL reaction was semiquantified (see Materi-
als and method) with a maximal score was 6.0. Brains of
sham animals did not contain TUNEL-positive cells
(score 0). TBI-NT animals displayed TUNEL-positive
cells mainly in white matter areas adjacent to the FP-TBI
administration site. All other areas had very low scores.
TUNEL-positive cellsin TBI-NT-ICP animals were abun-
dant. The white matter of both hemispheres, the left and
right hippocampus and the diencephalon were particularly
involved, whereas TUNEL scores were lower in neocor-
tex. The hippocampus, especially the germinative zone of
the granular layer, showed a positive TUNEL reaction
(Table 2, P<0.05). Hypothermic animals yielded TUNEL




scores similar to those of TBI-NT pigs, although scoresin
the hemisphere of trauma were lower in TBI-HT (0.7)
than in the normothermic pigs (1.4). Moreover, the
TUNEL score in TBI-HT group came from only one of
six animals, whereasin TBI-NT animals, TUNEL positiv-
ity was found in three of six animals (data not shown).

Discussion
Effect of lateral FP-TBI on ICP

The juvenile pigs responded differently to the modified
lateral FP injury, although the severity of the trauma, ver-
ified by atransient pressure increase near the epidural ap-
plication site, was similar in each experiment. A signifi-
cant transfer of the fluid pulse to the brain was likely ad-
ministered, since previous studies using identical experi-
mental conditions, but with an additional transducer con-
tralateral to the FP application site, documented that a
synchronous ICP transient occurred [40]. Of the 14 nor-
mothermic traumatized animals, 7 developed a secondary
ICP increase after an interval of several hours. This can
not be ascribed to variation in the experimental procedure.
Assignment of animals to the different experimental pro-
cedures was randomized (by means of drawing by lot).
Moreover, FP-TBI administration was standardized; in par-
ticular, identical FP conditions were achieved in all TBI
groups, including the kind of FP administration, the height
of the falling pendulum and the hydraulic pressure tran-
sient generated. The administered FP-induced hydraulic
pressure transient did not differ between TBI groups. Fur-
thermore, we performed extensive cardiovascular, respi-
ratory, and neurophysiological monitoring, which is sum-
marized in Table 1 and will be presented in more detall
elsewhere (Fritz et a., in preparation). We were able to
show that, soon after FP-TBI, and also after temporary
blood loss, no stetistically significant differences occurred
between TBI groups (Table 1). Thus, animal preparation,
FP-TBI administration, and blood withdrawal were simi-
larly performed in all animals with similar physiological
responses. Furthermore, management of anesthesia, anal-
gesia, fluid replacement and ventilation were similar in all
experiments. Thus, the divergent response of normother-
mic animals with regard to ICP is not related to the care
and use of the animals, and at present cannot be ex-
plained. It is, nevertheless, notable that arise in ICP was
achieved in the present experimental setting, suggesting
that the model is useful for investigating secondary in-
juries. Although discussed in detail elsewhere (Fritz et al.,
in preparation), two further findings are of note; (i) ani-
mal s with a secondary |CP increase could not be predicted
from the physiological data, and (ii) none of the hypother-
mic traumatized animals had a secondary ICP increase.
Our model is in this response similar to neurotrauma in
man, where development of a secondary ICP increase is
also hard to predict [41].

The lack of a secondary ICP increase in an animal of
the hypothermic group is noteworthy. Although the num-
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bers were rather small and a secondary ICP increase was
found only in about half of normothermic pigs after TBI,
hypothermia-induced neuroprotection from |CP elevation
was verified significantly (P=0.018, Fisher Exact Test).
Thisisin line with findings in clinical studies, where hy-
pothermiais related to alowered incidence of ICP [16].
ICP monitoring was performed using a fiberoptic sys-
tem which has been shown to record pressure accurately
from within the lateral ventricle, from the subdural space
over the surface of the cerebral hemispheres, and from
within the brain tissue itself [42, 43]. We used the intra-
parenchymal approach because its offered an easy and
standardized placement of the fiberoptic catheter.

Altered MAP-2 immunostaining correlates
with diffuse brain oxygen deprivation

Under normal conditions, the cytoskeletal protein MAP-2
is abundantly expressed in neurons, almost exclusively in
dendrites and perikarya [44]. It is degraded by calcium-
activated neutral proteases, such as calpain [33]. MAP-2
immunostaining can serve as a sensitive marker for neu-
ronal impairment after brain damage of various types, in-
cluding ischemia [45, 46, 47, 48, 49]. It has aso been
used in models of neurotrauma. The intensity and location
of decreased MAP-2 immunostaining depends on the
mode and severity of traumatization. For instance, rats
subjected to mild lateral FP injury (1.1-1.3 atm) showed
less MAP-2 loss than rats with a moderate injury (2.3-2.5
atm) [50]. Diminished or lost MAP-2 immunolabeling
was found either mainly at the contusion site [51] or both
at the traumatized hemisphere and outside the contused
regions [52]. In a study by Folkerts et a. [52], the effect
was time dependent, being observed shortly after the
traumatization, with most severe loss at 48 h and a partia
recovery at 72 h. Similarly, Hicks et al. [33] demonstrated
decreased staining from 10 min to at least 7 days after in-
jury (at dlightly different levels). Decreased or lost MAP-
2 immunostaining was correlated with signs of neuronal
death in histological sections [33], but sometimes pre-
ceded morphological changes [53]. Whether MAP-2 |oss
implies a state of transition leading to an irreversible level
or a state of functional disturbance that can be remedied
by restored protein synthesis, is not known.

In our study MAP-2 immunostaining was not signifi-
cantly diminished after severe lateral FP injury, except af-
ter secondary ICP increase, and then at the FP-TBI ad-
ministration site. The affected area was so small (0.8 cm?)
in comparison with the remaining cortex that it did not in-
fluence the total MAP-2 cortical staining index. This re-
sult isin contrast to some findings in the literature, which
show a substantial decrease of MAP-2 expression outside
the FP-TBI administration site [33, 52]. The dramatic loss
of MAP-2 reactivity in the normothermic animals with a
secondary ICP increase is, however, in line with the liter-
ature. The diffuse reduction of MAP-2 immunoreactivity
most likely reflects changes due to decreased cerebral
blood flow and globa ischemia. In the porcine model
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used in this study, we suggest that decreased MAP-2 out-
side the FP-TBI administration site is a reliable early
marker for diffuse brain oxygen deprivation [48].

The number of BAPP-immunopositive axons
is slightly reduced after hypothermia

BAPP isamembrane-spanning glycoprotein of nerve cells.
It is transported by fast axoplasmic transport [54] and ac-
cumulates following cytoskeletal disruption [55] due to
inhibition of axoplasmic flow [56]. Intra-axona accumu-
lation of BAPP is a sensitive and early marker for diffuse
axona injury (DAI) [57]. DAI is an important conse-
guence of TBI, and its extent is in most cases correlated
with the severity of trauma and the development of coma
[58, 59, 60, 61]. Axona damage is not necessarily a pri-
mary traumatic event [56]. When DAI appears after a cer-
tain time interval, it is considered to reflect a progressive
change after primary traumatic events. Indeed, axonal
damage after lateral FP injury has been described as a pro-
gressive alteration over a 2-week period [62]. Our dataon
axonal swelling and axonal bulbs in traumatized normo-
thermic pigs arein line with the literature. We also found a
considerable number of BAPP-immunolabeled axons 24 h
after TBI in pigs without a secondary ICP increase. The
higher BAPP scores in the diencephalon in pigs with sec-
ondary ICP increase are not surprising and correlate with
secondary brain insults. To date only one study has ana-
lyzed the effects of hypothermia on axonal injury after
TBI [22]. This showed a significant reduction in BAPP-
detected damaged axonal density in hypothermic rats. Hy-
pothermia was performed either before or after injury,
which might be one possible cause for brain protection in
their study. In contrast, we observed only dlight differ-
ences in BAPP accumulation under normothermia and hy-
pothermia conditions, athough traumatized hypothermic
juvenile pigs lacked BAPP immunoreaction in the brain
stem, which was demonstrable under normothermia. In
addition, all traumatized animals showed axonal injury,
demonstrating that axonal damage is a reliable event in
our TBI model.

Hypothermia reduces TUNEL positivity
at the site of traumatization

Although the TUNEL method was used mainly to assess
apoptotic cells, labeling of necrotic cells could not be ex-
cluded. On the contrary, DNA fragmentation due to
necrosis wasin many cases more likely than apoptotic cell
death. According to Rink et al. [63], cells with homoge-
neous dark nuclei are considered to be necrotic, while
those with nuclear condensation and fragmentation are
apoptotic. Therefore, the general term ‘TUNEL positiv-
ity’ has been used.

The TUNEL experiments yielded high scores in nor-
mothermic animals with a secondary ICP increase. It is
important to note that the time period of 24 h between TBI

and killing of the animals may not be long enough for the
induction of significant apoptosis. Conti et a. [64] found
apoptosis in adult rat brain 24 h after lateral FP injury
only in the injured cortex, whereas 48 h or even weeks
were needed for it to occur in other brain regions, such as
hippocampus and thalamus. However, a study by Xu et al.
[24] on cold-induced brain injury in rats demonstrated oc-
currence of apoptotic neuronal cell death already at 12 h
with a peak at 24 h in the cortex and at 48 h in the white
matter and hippocampus. Thus, apoptosis in brain injury
is influenced by various factors including the experimen-
tal setting. Moreover, the mechanism of delayed cell death
after brain injury remains to be determined. Clark et al.
[65] investigated expression of the apoptosis-suppressor
gene bcl-2, and Colicos and Dash [66] the role of apopto-
sisin spatial memory deficits. Alteration in the expression
of immediate early genes and glutamate might trigger a
risein the intracellular free Ca2* concentration by activat-
ing NMDA receptors and voltage-dependent Ca?* chan-
nels. Hypothermia is able to reduce apoptosis via Ca?*-
mediated endonuclease activity, resulting in DNA frag-
mentation [67]. In a study of cold-induced brain damage
[24], hypothermia for 12 h seemed to be more effective
than hypothermiafor 3 h, and hypothermia reduced apop-
tosis and essentially eliminated detectable DNA labeling
not only at 24 and 48 h after injury but 1, 3 and 6 months
later, arguing against the hypothesis of a simple delay of
cerebral damage under hypothermia [68]. In our study,
TUNEL-positive scores at the FP-TBI administration site
were lowered after hypothermic treatment, indicating a
protective effect.

In conclusion, severe FP-TBI combined with tempo-
rary blood loss consistently produced traumatic axonal in-
jury with focal brain damage. Mild hypothermiawas able
to prevent a secondary increase in ICP and its sequel ae of
diffuse hypoxic-ischemic brain injury. However, mild hy-
pothermia did not offer significant protection against trau-
matic axonal injury.
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Therapeutic hypothermia may alter the required dosage
of analgesics and sedatives, but no data are available on
the effects of mild hypothermia on plasma fentanyl con-
centration during continuous, long-term administration.
We therefore assessed in a porcine model the effect of
prolonged hypothermia on plasma fentanyl concentra-
tion during 33 h of continuous fentanyl administration.
Seven female piglets (weight: 11.8 + 1.1 kg) were anes-
thetized by IV fentanyl (15 png - kg~'-h™") and midazo-
lam (1.0 mg-kg™'-h™"). After preparation and stabili-
zation (12 h), the animals were cooled to a core
temperature of 31.6° * 0.2°C for 6 h and were then
rewarmed and kept normothermic at 37.7° * 0.3°C for 6
more hours. Plasma fentanyl concentrations were mea-
sured by radioimmunoassay, cardiac index by thermodi-
lution, and blood flows of the kidney, spleen, pancreas,
stomach, gut, and hepatic artery by a colored micro-
spheres technique. Furthermore, in an additional 4 pigs,

temperature dependency of hepatic microsomal cyto-
chrome P450 3A4 (CYP3A4) was determined in vitro by
ethylmorphine N-demethylation. Plasma fentanyl con-
centration increased by 25% = 11% (P < 0.05) during
hypothermia and remained increased for at least 6 h
after rewarming. Hypothermia reduced the cardiac in-
dex (41% = 15%, P <O0. 05), as well as all organ blood
flows except the hepatic artery. A strong temperature
dependency of CYP3A4 was found (P < 0.01). Mild
hypothermia induced a distribution and/or elimination-
dependent increase in plasma fentanyl concentration
which remained increased for several hours after re-
warming. Consequently, a prolonged increase of the
plasma fentanyl concentration should be anticipated for
appropriate control of the analgesia/sedatives during
and early after therapeutic hypothermia.

(Anesth Analg 2005;100:996-1002)

ild hypothermia has been effective after car-

diac arrest, ischemic and traumatic brain in-

jury (TBI), neonatal asphyxia, and neurosurgi-

cal procedures (1-3). However, there is controversy on

the effects of hypothermia on patient outcome in these

applications, especially after TBI (2). The resuits may

be influenced by the complex effects of hypothermia,

the modalities of hypothermia application, and side
effects of hypothermia.

Background anesthesia seems to be an independent

factor that may influence both the putative protective

This study was supported by Grant 01ZZ9602 from the
Bundesministerium fiir Bildung und Forschung, Germany, and
Janssen-Cilag G.m.b.H. Neuss, Germany.

Accepted for publication September 8, 2004.

Address correspondence and reprint requests to Harald G. Fritz,
MD, Department of Anesthesiology and Intensive Care Medicine,
Martha-Maria Hospital Halle D*lau gGmbH, Roentgenstr. 1, D-06120
Halle/S., Germany. Address e-mail to harald__fritz_ 2000@yahoo.de.

DOI: 10.1213/01.ANE.0000146517.17910.54

996  Anesth Analg 2005;100:996-1002

and detrimental effects of hypothermia. Indeed, hypo-
thermia itself may alter the pharmacokinetics of anes-
thetics. The plasma concentration of propofol increases
about 28% during mild hypothermia in humans (4).
During reduced core temperature, a doubling of
vecuronium-induced neuromuscular block duration has
been demonstrated in humans (5). Additionally, the
anesthetic/analgesic regimen after TBI may dramatically
influence the response to hypothermia (6).

The synthetic opioid fentanyl, when administered
IV, is cleared predominantly by hepatic biotransfor-
mation (7). Fentanyl is metabolized by the microsomal
cytochrome P450 3A4 (CYP3A4) isoform in humans
(8), which is also present in the pig liver with similar
activity (9). However, the effects of mild hypothermia
on the action of continuously administered opioids for
long-term analgesia and sedation (e.g., fentanyl) are
not well understood.

We therefore examined, in a porcine model, the
effect of mild hypothermia (32°C) on the plasma con-
centration of fentanyl during continuous long-term
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administration (33 h). We also investigated the effect
of hypothermia on perfusion of organs that are in-

volved in fentanyl metabolism and excretion, using
color-labeled microsnheres prﬁQ\ f1 ﬂ\ Furthermore
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we determined temperature dependency of porcine
hepatic microsomal CYP3A4 activity in vitro by ethyl-
morphine N-demethylation. We studied whether a
temporarily decreased and subsequently reestablished
body temperature, by altering the enzyme activity
responsible for hepatic biotransformation, would in-
fluence the plasma concentration of fentanyl during
continuous infusion.

Methods

The study protocol was approved by the committee of
the Thuringian State Government for animal research.
The animals were managed in accordance with the
guidelines of the American Physiological Society.

In Vivo Study

Seven female juvenile pigs of mixed German domestic
breed (6-wk-old, weight: 11.8 * 1.1 kg) were initially
sedated with ketamine hydrochloride (20 mg/kg) and
midazolam (1 mg/kg), and anesthesia was maintained
during surgery by 70% nitrous oxide in 30% oxygen
and 2% isoflurane. After tracheotomy (tube size:
5.5-mm inner diameter) and insertion of a central ve-
nous catheter into the left external jugular vein for
drug administration and fluid therapy (lactated Ring-
er’s solution: 4 mL - kg™ - h™?), muscular relaxation
was achieved with IV pancuronium bromide
(0.4 mg - kg™ " -h™"). The lungs of the pigs were me-
chanically ventilated using pressure-controlled venti-
lation (Servo Ventilator 900C; Siemens-Elema, Solna,
Sweden) with an oxygen/air mixture (F10, 0.35). Ven-
tilation was controlled by continuous end-expiratory
CO, monitoring and arterial blood gas check with
a-stat regime hourly.

The left brachial artery was cannulated for contin-
uous monitoring of mean arterial blood pressure
(MABP). A thermodilution catheter for cardiac index
(CI) measurement was inserted into the abdominal
aorta 2 cm below the diaphragm via the femoral ar-
tery. A left atrium catheter (inner diameter 1.0 mm)
was placed via a left thoracotomy for CMS injection. In
addition, a catheter (inner diameter 0.5 mm) was in-
serted into a branch of the pulmonary artery for mixed
venous blood sampling Another catheter (inner diam-
eter 1.4 uuu; was advanced from the left femoral
artery into the abdominal aorta in order to withdrawal
reference samples during regional blood flow meas-
urement (see below).

An electrocardiogram was recorded from standard
limb leads using stainless steel needle electrodes.
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Body temperature was controlled by a rectal thermo-
probe, maintained throughout instrumentation at
37.5° = 0.5°C using a water-filled pad connected to a

m trallad
heating-cooling thermostat and a feedback-controlled

heating lamp. Physiological variables were recorded
on a multichannel polygraph (MT95K2; Astro-Med).

Experimental Protocol and Management of Hypother-
mia. After instrumentation, anesthesia was main-
tained throughout the experiment with a continuous
infusion of fentanlyl (15 pg-kg™'-h™!) and midazo-
lam (1.0 mg - kg~'-h™"). During the baseline stabili-
zation period of 12 h, values were recorded at 6 h
(measuring point one, MP1) and 12 h (MP2). Systemic
hypothermia was started 1 h after MP2 by means of a
cooling blanket and forced air cooling. Hypothermia
was guided by a rectal thermocouple probe. The ani-
mals were surface cooled within 217 + 101 min to a
core temperature of 31.6° * 0.2°C for 6 h (MP3). Af-
terward, animals were rewarmed (MP4) within 258 *
55 min and kept normothermic at 37.7° * 0.3°C for a
further 6 h (MP5) (Fig. 1).

Measurements. Blood samples for analysis of
plasma fentanyl concentrations were injected into
glass tubes. The plasma was separated in a refriger-
ated centrifuge (4°C) and placed in polypropylene
tubes. Plasma fentanyl concentrations were measured
by radioimmunoassay (Fa. Janssen Biotech, Olen, Bel-
gium) at the five time points (MP1-5) (11). The assay
sensitivity was 0.05 ng/mL, with intra- and intercoef-
ficients of variation 6.0% and 6.9%, respectively. The
assay was specific for fentanyl and did not include the
metabolites.

Organ blood flows were measured using the refer-
ence sample CMS technique (10). Briefly, a known
amount (approximately 3 X 10° per 1n]ect10n) of poly-
styrene CMS (diameter: 155 * 0.33 um) in 0.01%
Tween 80, surface coated with 1 of 5 dyes (blue, yel-
low, white, red, violet) (Dye-Trak; Triton Technology,
San Diego, CA) were thoroughly vortexed and soni-
cated and immediately injected within 20 s into the left
atrium. CMS injected had a different color for each
measuring point (MP1-5). A blood sample was with-
drawn from the descending aorta as the reference
sample, beginning 15 s before the CMS injection and
continuing for 2 min at a rate of 3 mL/min (syringe
pump SP210iw; World Precision Instruments, Inc.,
Sarasota, FL). The CMS injection did not alter MABP.
At the end of each experiment, the pigs were killed
with potassium chloride and the organ tissue samples
from pancreas, spleen, liver, kidney, stomach (cardia,
fundus, and pylorus, 4-6 g each), and gut (duode-
num, jejunum, and ileum, 4-6 g each) were removed
for processing. Blood and tissue samples were di-
gested and the dye content of the contained CMS was
estimated by photometric absorption with a diode-
array ultraviolet/visible spectrophotometer (model
7500, wave length range 300-800 nm with a 2-nm
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Figure 1. Temperature pattern during the 33-h experiment. MP =
measurement points for organ blood flow and plasma fentanyl
concentration. Values are presented as means + sp.

optical band width; Beckman Instruments, Fullerton,
CA). Calculations were performed using the MISS
software (Triton Technology). The number of CMS
was calculated using the specific absorbency value of
the different dyes (provided by the manufacturer).
Absolute tissue blood flows measured by CMS were
calculated by the formula: flowe,. number
of microspheresyge * (FlOW eference/Number of micro-
spheres, qserence)- FIOWS are expressed in mL/min per
100 g of tissue.

Assuming the oxygen capacity of hemoglobin to
be 1.39 mL O,/g hemoglobin in pigs, blood O,
content was calculated as equal to grams of hemo-
globin/mL - 1.39 mL O,/g hemoglobin - O, satura-
tion and expressed in mL/100 mL. Dissolved oxy-
gen was added by calculation, using the measured
Po, and the temperature-corrected solubility coeffi-
cient for oxygen. The systemic oxygen consumption
(Vo,) was calculated by multiplying CI by the dif-
ference in arteriovenous O, content. Systemic oxy-
gen extraction rate was calculated by arteriovenous
O, content divided by arterial oxygen content.

In Vitro Study

Biological Material. To determine temperature de-
pendency of CYP3A4 activity, 9000g supernatants
from pig liver specimens were used. Four juvenile
pigs of mixed German domestic breed (age: 6 wk,
weight: 12.7 * 1.5 kg) were initially sedated with
ketamine hydrochloride (20 mg/kg) and midazolam
(1 mg/kg) and afterward killed for organ removal by
IV injection of 10 mL of saturated magnesium chlo-
ride. Subsequently, the liver specimens (approxi-
mately 1 g each) were quickly removed and shock-
frozen in liquid nitrogen and kept therein until
processing. For preparation of the 9000g supernatants,
the specimens were homogenized in ice-cold 0.1 M
sodium phosphate buffer pH 7.4 (1:3 w/v) and centri-
fuged at 9000g for 20 min at 4°C. The protein content
of the supernatants was determined by modified Bi-
uret method.
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Cytochrome P450-Dependent Monooxygenase Model Re-
actions. Ethylmorphine N-demethylation activity was
assessed in the supernatants by photometrical determi-
nation of the reaction product formaldehyde (12). For
this reaction, the supernatants were diluted 1:4 with 0.1
M sodium phosphate buffer pH 7.4. Reactions were per-
formed in a shaking water bath for 10 min at the tem-
peratures indicated (26°, 32°, 38°, 44°C). Before starting
the reaction with the substrate ethylmorphine, samples
were allowed to equilibrate to the temperature for 5 min.
The activities of the model reactions were referenced to
the protein content of the supernatants.

Values were presented as means *= sb. One-way
analysis of variance with repeated measures was per-
formed within the group. Post hoc comparisons were
done using paired Student’s t-test with Bonferroni
correction for multiple comparisons. Differences were
considered significant at P < 0.05. All statistical tests
were done using the statistical package SPSS for Win-
dows release 10.0 (SPSS Inc., Chicago, IL).

Results

Blood gases, arterial glucose and lactate contents, as
well as systemic hemodynamics are presented in Ta-
ble 1. Hypothermia resulted in a decrease in CI of
41% = 15% and heart rate of 21% * 4% (P < 0.05),
whereas arterial glucose and lactate concentrations
were slightly increased (P < 0.05). After rewarming,
both CI and heart rate returned to baseline levels.
MABP decreased 22% = 8% (P < 0.05) during hypo-
thermia, but remained slightly reduced after rewarm-
ing. Furthermore, during hypothermia, the systemic Vo,
was reduced by 44% * 11% (P < 0.05) and returned to
prehypothermic values after rewarming.

The baseline plasma fentanyl concentration did not
change during the prehypothermic period (MP1, MP2)
(Fig. 2). At the end of the cooling period, the plasma
fentanyl concentration increased by 25% * 11% (MP3,
P < 0.001). After rewarming (MP4) and 6 h of normo-
thermia (MP5), plasma fentanyl concentration re-
mained increased (P < 0.05).

As shown in Figure 3, hypothermia was associated
with markedly reduced blood flows (P < 0.05) to the
kidney (38% = 32%), spleen (45% = 33%), stomach
(53% = 31%), and gut (49% * 26%). Pancreatic blood
flow was also reduced during hypothermia (49% =*
46%), and remained so even after rewarming (P <
0.05). In contrast, hepatic artery blood flow remained
unchanged throughout the éxperiment.

Hypothermia induced a strong temperature-
dependent reduction in hepatic CYP3A4 activity (at
26°C: 48% = 2%, at 32°C: 69% * 1%, compared with
values obtained at 38°C) (P < 0.001). Temperature
increase was associated with a mildly reduced
CYP3A4 activity (at 44°C: 94% * 3%) (P < 0.01) (Fig. 4).
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Table 1. Hemodynamic and Blood Variables
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MP1 MP2 MP3 MP4 MP5
pH 7.49 *+ 0.04 7.49 +0.03 741 * 0.07* 7.51 £ 0.03 7.51 +0.07
Pao, (mm Hg) 146 = 18 152 =10 183 = 17* 157 + 6* 144 = 13
Paco, (mm Hg) 40+ 4 39=+3 43 + 3% 38+4 38+3
Arterial glucose (mmoL/L) 64+12 65*+1.0 9.9 = 3.1* 8.4 * 3.6* 63*1.0
Arterial lactate (mmoL/L) 14 *+06 1.5+05 2.6 £ 1.4* 14 +05 1.2+03
HR (bpm) 206 *+ 11 200 =20 163 * 9* 192 + 22 197 + 23
MABP (mm Hﬁ) 119+ 15 118 = 15 93 = 9* 104 = 10 96 + 17*
CI (mL - min~'- kg™) 199 + 34 195 + 26 118 * 30* 193 + 46 198 + 40
O,ER (%) 44 + 8 43 +9 43 *5 51+9 49+6
Vo, (mL * min~* - kg™%) 54*90 56 1.6 3.0 = 6.0* 51=*09.1 49+ 64

Values are presented as means * sp.

MP1 = baseline, MP2 = control of baseline, MP3 = after 6 h of hypothermia at 32°C, MP4 = return of normothermia; MP5 = end of the experiment; MP =
measuring point; Pao, = arterial oxygen partial pressure; Paco, = arterial carbon dioxide partial pressure; HR = heart rate; MABP = mean arterial blood
pressure; CI = cardiac index; OER = systemic oxygen extraction rate; Vo, = systemic oxygen consumption.

* P < 0.05 versus baseline (MP1).
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Figure 2. The baseline plasma fentanyl concentration did not change
during the first 12 h (MP1, MP2) before cooling (MP = measurement
points for organ blood flow and plasma fentanyl concentration). At
the end of the cooling period (MP3), the plasma fentanyl concen-
tration increased significantly to 7.0 = 0.6 ng/mL. After rewarming
(MP4) and a further 6 h at normothermia (MP5), the plasma fentanyl
concentration decreased significantly to 6.3 * 0.6 ng/mL (P < 0.05)
compared with MP3, but remained increased compared with base-
line (MP1, MP2). Horizontal lines in the boxes represent median, the
boxes represent the interquartile ranges (25th and 75th percentiles);
error bars represent 10th and 90th percentiles,*P < 0.001, °P < 0.05,
MP versus control.

Discussion

The present study demonstrates an increase of ap-
proximately 25% in the plasma concentration of fent-
anyl, when infused at a constant rate during a 6-hour
period of hypothermia at approximately 32°C. This ob-
servation is consistent with other reports describing the
effect of hypothermia on the pharmacokinetics of other
drugs with a high hepatic extraction ratio such as propo-
fol (4), propanolol (13), and fentanyl (14) and also those
having a low hepatic extraction ratio, such as phenytoin
(15) or metabolized by nonspecific esterases like remifen-
tanil (16). However, these studies differed with regard

to drug administration, observation time, and level of
hypothermia. Although continuous fentanyl infusion
over a prolonged period is a common approach for
analgesia and sedation in intensive care medicine, there
are few data on plasma fentanyl concentrations during
hypothermia.

We chose a porcine model because of the similarities
between swine and humans in the basic cardiovascu-
lar variables, including CI and Vo,, as well as regional
distribution of blood flows (17). Furthermore, there is
a remarkable similarity in biotransformation path-
ways, because the activity of the most important CYP
isoform in humans, CYP3A4, also responsible for he-
patic fentanyl metabolism, is present in pigs with com-
parable levels and activities (9).

Under normal conditions, fentanyl is cleared pre-
dominantly by hepatic biotransformation (7), and the
metabolism is extensive and rapid under physiologi-
cal conditions. Furthermore, fentanyl is preferentially
oxidized to norfentanyl by hepatic microsomal cyto-
chrome P450 3A isoform (8) and excreted renally.
Other pathways such as intestinal metabolism seem
less likely with parenteral administration (18).

There are several processes that may be responsible
for an increase in plasma fentanyl concentration dur-
ing hypothermia. The pharmacokinetics of fentanyl, a
drug with a large distribution volume and a high
hepatic extraction ratio, could be altered. After a bolus
injection, distribution volume and total body clear-
ance were markedly reduced during hypothermia
(14). A reduced total body clearance can be a result of
reduced hepatic biotransformation and/or slower dis-
tribution caused by reduced cardiac output and organ
perfusion rate estimated in this study. Simulation
studies have demonstrated that the amount of re-
duced perfusion reported in this study can be respon-
sible for increased blood fentanyl concentration (19).
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Figure 3. Organ blood flow during the prehypothermic period (MP1, MP2), after 6 h of hypothermia at 31.6° = 0.2°C (MP3), after rewarming
to normothermia (MP4), and at the end of the experiment at 6 h after rewarming (MP5). MP = measurement points for organ blood flow and
plasma fentanyl concentration. Values are presented as means + sp, *P < 0.05 MP versus control.

However, the experimental design does not allow dis-
crimination between alterations in distribution and
elimination influences.

With regard to hypothermia-dependent alterations
of fentanyl elimination, several aspects have to be
considered. We have shown that hepatic CYP3A4 ac-
tivity in juvenile pigs is strongly temperature depen-
dent. At 32°C, the conversion rate was reduced by
about one-third. Therefore, a relevant component of
the reduction in total body clearance seems to be a
reduced hepatic biotransformation of fentanyl. Fur-
thermore, total hepatic blood flow is assumed to be
reduced, despite the surprising finding that only arte-
rial hepatic influx remained unaltered during mild
hypothermia. Under normal conditions, arterial he-
patic blood flow represents no more than one-fifth of
total hepatic blood flow in the juvenile pig (20). The
other influx arrives via the portal vein. Indeed, there is
no doubt that portal blood flow was markedly re-
duced during hypothermia, because all perfusion
rates of splanchnic organs drained by the portal vein

were reduced. Because fentanyl has a high liver ex-
traction ratio, hepatic elimination of fentanyl is ex-
pected to be more sensitive to blood flow alterations
than to enzymatic activity (21). We suggest that both
mechanisms, i.e., reduced total liver blood flow and
reduced hepatic CYP3A4 activity, are involved in the
reduced hepatic elimination, which may in turn be
responsible for the increased efficient levels of fenta-
nyl during hypothermia.

Hemodynamic data support our opinion that
hypothermia-dependent alteration of fentanyl turn-
over is not primarily caused by compromised hepatic
energy metabolism. The expected effects of mild hy-
pothermia on systemic hemodynamics and oxygen
uptake were similar to that reported earlier with a
comparable anesthetic/analgesic regimen (22). Our
data demonstrate a marked decrease in CI (CI de-
creased by an average 41%), and concomitant decrease
in whole body O, uptake which suggests an appropri-
ate decreasing of metabolic demand. This assumption
is supported by an unaltered arteriovenous oxygen
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Flgure 4. Temperature-dependency of pig hepatic microsomal cy-
tochrome P450 3A4 (CYP3A) activity in vitro by ethylmorphine
N-demethylation. MP = measurement points for organ blood flow
and plasma fentanyl concentration. Values are presented as means
+ sp, *P < 0.05 versus 38°C).

extraction rate during and after mild hypothermia
(Table 1). Furthermore, during hypothermia, similar
reductions in blood flow have been shown for the
splanchnic organs studied, suggesting portal blood
flow to the liver appropriate to a reduced oxidative
metabolism. The maintained hepatic artery influx
tends to exclude hepatic hypoperfusion and restricted
hepatic O, availability for the reduced fentanyl
metabolism.

Thus, a risk for increased blood concentrations dur-
ing long-term administration of fentanyl depends
mainly on portal blood flow, which is proportional to
cardiac output. Hence, maintenance of cardiac output
to normal values may suggest that fentanyl concentra-

tion is ]1]{9]‘7 stable whereas a decrease in cardiac

output should suggest decreasing fentanyl doses.
The reason for a delayed normalization of plasma
fentanyl level after rewarming remains unclear. A pro-
longed inhibition of hepatic CYP3A4 activity seems
rather implausible, because after long-term deep hy-
pothermic liver preservation, hepatic drug extraction
was reestablished within 30 min of rewarming (23).
An augmented tissue accumulation of fentanyl during
the hypothermic period of reduced clearance, and sub-
sequent rebound of plasma levels after rewarming
increases tissue blood flow, may be involved.
Additionally, it should be noted that hepatic
CYP3A4 is also responsible for midazolam biotrans-
formation, hence this drug could also accumulate dur-
ing mild hypothermia. In this study, however, we did
not estimate plasma midazolam levels. There is no
information about the effects of hypothermia on mi-
dazolam pharmacology. Nevertheless, it is quite pos-

A1
gible that a AD""“"Ced midazolam metabolism u\.uulé

hypothermia might have resulted in increased mida-
zolam concentration with a possible competition on
fentanyl metabolism. Provided that a similar response
occurs as with fentanyl, a prolonged accumulation of
two drugs could overcome the transforming capacity
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of CYP3A4 for xenobiotics, resulting in a delayed nor-
malization of the respected plasma levels. Furthermore,
midazolam could presumably enhance the hemody-
namic effect of hypothermia on regional blood flow and
fentanyl transport to the liver. A biphasic response of
portal blood flow to bolus administration of midazolam
has been reported with an early increase and a following
decrease. This is probably related to redistribution of
blood within the splanchnic system (blood mobilization
from spleen and intestine), whereas hepatic arterial flow
decreased immediately after administration (24).

Although the underlying mechanisms of the persis-
tent increase of plasma fentanyl concentration remain
speculative, the description of the phenomenon may
be of clinical relevance with respect to the recovery
from sedation of intensive care unit (ICU) patients
after therapeutic hypothermia. However, the range of
concentrations usually required in ICU can be smaller
than in anesthesia. Therefore, the consequences of
hypothermia-related fentanyl accumulation per se
seem less relevant. However, hypothermia can aggra-
vate a fentanyl overdosage during continuous long-
term administration and can result in negative side
effects such as decreased intestinal motility, hypoten-
sion, reduced tissue extraction capabilities, prolonged
ICU stay, increased costs, and acute withdrawal syn-
drome (25). Consequently, an optimal analgesic/
sedative regimen during the application of hypother-
mia should be carefully chosen.

Nevertheless, we can conclude that hypothermia of
32°C induces a reduction of CI, hypoperfusion in sev-
eral organs, and an increase in plasma fentanyl con-
centrations. With rewarming, there is a prolonged re-
covery phase which may include increased side effects
and prolonged recovery from analgesia/sedation.

The authors acknowledge the advice of U. Jaeger, 1. Witte, and L.
Wunder and their skillful technical assistance (Institute for Patho-
physiology and Pathobiochemistry, University Jena, Germany), and
Don Bredle, PhD (Department of Kinesiology, University of Wis-
consin, Eau Claire, WI), for advice in preparing the manuscript.
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A Pig Model with Secondary Increase of Intracranial
Pressure after Severe Traumatic Brain Injury
and Temporary Blood Loss
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STEPHAN PATT,* and REINHARD BAUER?

ABSTRACT

There is a lack of animal models of traumatic brain injury (TBI) that adequately simulate the long-
term changes in intracranial pressure (ICP) increase following clinical TBI. We therefore repro-
duced the clinical scenario in an animal model of TBI and studied long-term postinjury changes in
ICP and indices of brain injury. After induction of anesthesia, juvenile piglets were randomly trau-
matized using fluid-percussion injury (FPI) to induce either moderate (mTBI = 6 pigs: 3.2 = 0.6
atm) or severe (sTBI = 7 pigs: 4.1 = 1.0 atm) TBI. Injury was followed by a 30% withdrawal of
blood volume. ICP and systemic hemodynamic were monitored continuously. Repeated measure-
ments of global cerebral blood flow (CBF) and cerebral metabolic rate of oxygen (CMRQO,) were
performed at baseline, at the end of blood withdrawal, after volume replacement, and at 8 and 24
h postinjury. Histological and immunocytochemical studies have also performed. ICP peaked im-
mediately following FPI (mTBI: 33 = 16 mm Hg; sTBI: 47 = 14 mm Hg, p < 0.05) in both groups.
In the sTBI group, we noted a second peak at 5 = 1.5 h postinjury. This second ICP peak was ac-
companied by a 50% reduction in CBF (44 = 31 mL - min - 100 g~!) and CMRO, (2.5 + 2.0 mL -
min - 100 g~1). Moderate TBI typically resulted in focal pathological change whereas sTBI caused
more diffuse change, particularly in terms of the ensuing axonal damage. We thus describe an an-
imal model of severe TBI with a reproducible secondary ICP increase accompanied by patterns of
diffuse brain damage. This model may be helpful in the study of pathogenetic relevance of con-
comitant affections and verify new therapeutic approaches in severe TBI.

Key words: fluid-percussion injury; hemorrhagic hypotension; intracranial pressure; piglets; secondary injury

INTRODUCTION 60% of severely head-injured patients develop increased

ICP. Intracranial hypertension following TBI is of con-

SEVERE TRAUMATIC BRAIN INJURY (TBI) is often asso-  siderable prognostic value (Ciricillo et al., 1992; Juul et

ciated with elevation of intracranial pressure (ICP). al., 2000) and correlates with adverse outcome (Miller et
According to one estimate (Ward, 1994), approximately al., 1981; Signorini et al., 1999).

'Department for Anesthesiology and Intensive Care Medicine and Matha-Maria Hospital, Halle, Germany, *Department of
Neurosurgery, >Institute for Pathophysiology and Pathobiochemistry, “Institute of Pathology, Universititsklinikum Jena, Friedrich
Schiller University, Jena, Germany.
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Although several groups of investigators have devel-
oped animal models of TBI in an attempt to reproduce
diverse aspects of pathophysiological responses, long-
term ICP changes have been assessed in only a limited
number of studies (Shibata et al., 1993). One reason for
this might be that the majority of investigations used ro-
dents (Statler et al., 2001). The lisencephalic nature of
the rodent cortex appears less susceptible to simulating
intracranial changes leading to secondary ICP increase,
as frequently observed in humans after severe TBI. The
marked structural difference in the human brain mor-
phology with its appearance of complex gyri and sulci
may be involved in the different response of ICP to TBI
(Povlishock et al., 1994). In contrast, animals showing
similarities to human brain morphology (i.e., cat, dog,
sheep, pig) have been successfully used as models for
TBI with ICP alterations (Lindgren and Rinder, 1969;
Millen et al., 1985; Pfenninger et al., 1989; Sullivan et
al., 1976). One major difficulty in these animal models
of TBI was that the reported ICP increases varied. Some
reported no ICP change (Lewelt et al., 1982). Others re-
ported moderate (Engelborghs et al., 1998), or only short-
lived ICP elevations (Sullivan et al., 1976). Alternatively,
some reported pronounced ICP elevations (Pfenninger et
al., 1989). The reasons for “inconsistencies” in ICP re-
sponse include differences in the injury methods used,
observational durations, and/or species-specific charac-
teristics.

Given that none of the known experimental TBI ap-
proaches are able to simulate the complex pathophysiol-
ogy and the large variety of events occurring during clin-
ical TBI, a main disadvantage of the study of the
pathological ICP alterations as a main consequence of
secondary brain injury, was their lack of reproducibility.
Because of these limitations, other experimental models
such as epidural balloon inflation (Bauer et al., 1999;
Nilsson et al., 1995), intracranial fluid infusion (Leffler
et al., 1989), or cryogenic lesion (Kroppenstedt et al.,
1999) were used to investigate the compromising effects
of increasing ICP or CPP reduction on brain metabolism
and cerebral circulation.

However, these approaches simplified the complex in-
teractions of secondary brain injury responsible for the
secondary ICP increase after severe TBI. Therefore, we
sought to simulate a scenario of two sequential insults
known to be frequent at the scene and relevant for the
subsequent consequences: a TBI of different intensity fol-
lowed by temporary blood loss. We used the fluid per-
cussion (FP) injury, which is known to induce TBI with
different extents of brain damage, dependent on the in-
tensity of impact administered (Mclntosh et al., 1989;
Prins and Hovda, 2003; Sullivan et al., 1976), leading to
focal or diffuse brain injury. Subsequently, a temporary

blood loss was used to induce short-lived hypotension.
The aim of this study was to describe a model providing
a consistent response of secondary ICP elevation with
subsequent neuropathological consequences.

MATERIALS AND METHODS

Experiments were carried out according to the guide-
lines for animal care and use. Laboratory animal proto-
cols were approved by the Animal Research Committee
of the Thuringian State government.

General Instrumentation

Nineteen female juvenile pigs of mixed German do-
mestic breed (6 weeks old, weighing 11.1-13.9 kg) were
sedated with ketamine hydrochloride (20 mg/kg b.w.) and
midazolam (1 mg/kg b.w.), and were anesthetized with
70% nitrous oxide in 30% oxygen and 2 Vol-% isoflu-
rane (Vapour 19.3, Draegerwerk AG, Liibeck, Germany).
Tracheotomy (tube size: 5.5 mm 1.D.) was performed,
and a central venous catheter was inserted in the left ex-
ternal jugular vein for drug administration and fluid ther-
apy (lactated Ringer’s solution: 4 mL//kg b.w./h). Anes-
thesia was then maintained throughout the experiment
with continuous infusion of fentanyl (0.015 mg/kg b.w.
/h) and midazolam (1.1 mg/kg b.w./h). Therefore, nitrous
oxide and isoflurane were exchanged by air. An inspired
fraction of oxygen of about 0.35 was used. Muscle re-
laxation was achieved with pancuronium bromide (0.4
mg/kg b.w./h, i.v.). All animals were ventilated in a pres-
sure-controlled mode (Servo Ventilator 900C, Siemens-
Elema, Sweden). Ventilation was controlled by continu-
ous endexpiratory CO, monitoring and hourly arterial
blood gas samples. The ventilator was set with a positive
inspiratory pressure of 15-20 mbar and a positive end-
expiratory pressure of 2—4 mbar. Respiratory rate and in-
spired oxygen fraction were titrated to maintain a Paco,
of 35 to 40 mm Hg and Pao, of 100-130 mm Hg.

Body temperature was controlled by a rectal thermo-
probe, maintained throughout instrumentation at 37.5 *
0.5°C using a water-filled pad connected to a heating-
cooling thermostat and a feedback-controlled heating
lamp. The urinary bladder was punctured and perma-
nently drained (Cystofix, Braun Melsungen AG, Ger-
many).

The left brachial artery was catheterized for continu-
ous arterial blood pressure (ABP) monitoring, and a fur-
ther catheter (inner diameter 1.4 mm) was advanced from
the left femoral artery into the abdominal aorta and po-
sitioned 1 cm above the aortic bifurcation in order to
withdraw reference samples for the colored microsphere
measurements. A thermodilution catheter for cardiac in-
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dex (CI) measurement was placed into the abdominal
aorta 2 cm below the diaphragm through the saphenous
artery. After left-sided thoracotomy between the second
and third rib, a polyurethane catheter (inner diameter 1.0
mm) was introduced into the left atrium for colored mi-
crosphere injection. A further catheter (inner diameter 0.8
mm) was inserted in a pulmonary lobe artery of the left
lower lung lobe for withdrawal of mixed venous blood
samples. Correct positions of the catheter tips were
checked by continuous pressure trace recordings and by
autopsy at the end of the experiment.

Arterial and central venous catheters were connected
with pressure transducers (P23Db, Statham Instruments,
Puerto Rico). An electrocardiogram was recorded from
standard limb leads using stainless steel needle elec-
trodes. All animals underwent craniotomy, centered be-
tween lambda and bregma over the right parietal cortex
in order to fix the fluid percussion adapter (with an 11-
mm-bore tube). The dura mater remained intact. A burr
hole was drilled into the left frontal bone. A fiberoptic
catheter for ICP measurements (Camino Laboratories,
San Diego, CA) and a thermocouple serving as a tem-
perature probe (LICOX, GMS, Kiel, Germany) were im-
planted into the left frontal subcortical white matter. A
further burr hole was drilled midline between bregma and
lambda suture. A polyurethane catheter (inner diameter
0.5 mm) was inserted into the superior sagittal sinus and
advanced to the confluence of the sinuses for withdrawal
of venous blood samples from the forebrain. Another burr
hole was drilled over the left frontal cortex, and a laser
Doppler flow probe was placed on the intact dura mater
for continuous cortical blood flow recording (Laser
Blood Flow Monitor MBF 3D, Moore Instruments,
Axminster, England). Burr holes were sealed with bone
wax and covered with dental acrylic resin in order to fix
the probes and the fluid percussion adapter in place
throughout the experiment.

Physiological parameters were recorded on a multi-
channel polygraph (MT95K2, Astro-Med, West Warwick,
RI). In addition, data were recorded using a 16-channel
A/D board (sample rate 128 Hz, Data Translation,
DT2821F, Marlboro, MA) and stored on the hard disk of
a personal computer for off-line data analysis.

Experimental Protocol

When surgical preparation was completed, the cerebral
and cardiovascular monitoring was started and continued
throughout the experiment. The animals were allowed to
rest for 60 min. After baseline physiological values, in-
cluding data of CBF and brain oxidative metabolism had
been obtained, randomly chosen pigs were subjected to
lateral fluid percussion injury (FP-TBI). A self-made de-

vice designed according to Sullivan et al. (1976) was
used. Briefly, the fluid percussion adapter was connected
to a transduced housing, and this in turn was connected
to the fluid percussion device. The device itself consisted
of a Plexiglas cylindrical reservoir 25 cm long and 50
mm in diameter. One end of the device was connected to
the transducer housing, and the other end had a metal pis-
ton mounted on O-rings. The exposed end of the piston
was covered with a rubber pad. The entire system was
filled (air bubble-free) with physiologic solution. FP-TBI
was produced by allowing a 6.2-kg pendulum to strike
the Plexiglas cork and generate a hydraulic pressure tran-
sient traveling through the device and impacting upon the
dura overlying the brain (the surface area amounted to
63.6 mm?). The severity of the injury was randomly var-
ied by modification of pendulum angle of deflection
(moderate TBI [mTBI, n = 6]: 21.2 + 1.2°; severe TBI
[STBI, n = 7]: 26.0 = 3.6°). The resulting pressure pulse
was recorded on a high time resolution transducer (Type
5011, Kistler, Germany) and saved on an oscilloscope
(54600B Oscilloscope, Hewlett Packard, Colorado
Springs, CO). Accordingly, the pressure pulse differed
between mTBI (3.2 = 0.6 atm) and sTBI (4.1 £ 1.0 atm),
estimated as the mean pressure pulse amplitude between
27d and 5™ msec after FP onset. Immediately after TBI
administration, a three-way stopcock mounted on the
Plexiglas cylindrical reservoir of the TBI device was
opened to allow decompression. Starting 3 min after trau-
matic injury, 30% of the calculated blood volume (BV,
was assumed to be 8% of body weight [Pownall and Dal-
ton, 1973]) was withdrawn continuously within 18 min.
After a delay of 14 min, the withdrawn BV was replaced
by a gelatin-based plasma expander (Gelafusal; Serum-
Werk Bernburg, Germany) within 10 min.

Repeated measurements of blood gases, electrolytes,
glucose, lactate, CI, and CBF (colored microspheres)
were performed at baseline at the end of blood withdrawal
(TBI and BW), immediately after volume replacement (1
h after TBI/VR), as well as 8 and 24 h after FPI. Another
six animals received all experimental procedures except
FP-TBI administration, blood withdrawal, and volume re-
placement, and served as control animals.

Immediately after the last measurement, animals were
prepared for perfusion fixation of the brain. For this pur-
pose, the chest was opened by a midline sternotomy. The
ascending aorta was carefully prepared, and a lax double
suture was placed. A stiff secured cannula (inner diame-
ter 2.2 mm) was prepared and flushed with warmed
saline. Then 30% potassium chloride solution was in-
jected intracardially, so that the heart beat stopped im-
mediately, followed by a fast insertion of the prepared
perfusion cannula, which was tightly locked into the as-
cending aorta. Descending aorta, both subclavian arter-
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ies, and the lower caval vein were clamped by forceps.
Right cardiac atrium was opened widely, and subse-
quently about 500 mL of warmed heparinized physio-
logical saline was infused to flush the perfused vessels
from blood. When the returned solution was clear, the
brain and adjacent tissues were perfused with 1500 mL
of neutrally buffered 4% formalin solution. Afterwards,
brain was fixed in situ by immersion in 4% formalin for
48 h at 4°C, then removed from the skull and processed
for macro- and microscopical evaluation.

Analytical procedures and calculations

The regional CBF was measured by means of the ref-
erence sample color-labeled microsphere (Dye-Trak®,
Triton Technology, San Diego, CA) technique, which
represents a valid alternative to the radioactively la-
beled microsphere method for organ blood flow mea-
surement in newborn piglets and avoids all disadvan-
tages arising from radioactive labeling with long-lived
isotopes (Walter et al., 1997). Application in piglets
and methodical considerations have been presented and
discussed in detail elsewhere (Bauer et al., 1996; Wal-
ter et al., 1997). Briefly, in random sequence, about 3
million colored polystyrene microspheres were injected
into the left atrium. The injection line was then flushed
with 2 mL of saline. A blood sample was withdrawn
from the thoracic aorta as the reference sample, begin-
ning 15 sec before the microsphere injection and con-
tinuing for 2 min at a rate of 3.53 mL/min (syringe
pump SP210iw, World Precision Instruments Inc.,
Sarasota, FL). At the end of each experiment, the brains
were removed and sectioned in the desired brain re-
gions. For digestion, reference blood samples and tis-
sue samples between 0.5 and 2.5 g were covered with
an appropriate volume (approximately 3 mL/g) of di-
gestive solution (4 N KOH with 4% Tween 80 in deion-
ized water). All tissue and blood samples were digested
for a minimum of 4 h at 60°C. In order to isolate the
microspheres, each digested tissue sample was then fil-
tered under vacuum suction through an 8-um-pore
polyester-membrane filter. Colored microspheres were
quantified by their dye content. The dye was recovered
from the microspheres by adding dimethylformamide.
The photometric absorption of each dye solution was
measured by a diode-array UV/visible spectropho-
tometer (model 7500, Beckman Instruments, Fullerton,
CA). Calculations were performed using the MISS®
software (Triton Technology, San Diego, CA). The
number of microspheres was calculated using the spe-
cific absorbance value of the different dyes. All refer-
ence and tissue samples contained >400 microspheres.

Heart rate, ABP, arterial and brain venous pH, Pco,,
and Po,, oxygen saturation, glucose, lactate, and hemo-

globin values were measured immediately before the mi-
crosphere injection, respectively. Blood pH, Pco,, and
Po, were measured with a blood gas analyzer (model
ABLS50, Radiometer, Copenhagen, Denmark), blood he-
moglobin and oxygen saturation were measured using a
hemoximeter (model OSM2, Radiometer, Copenhagen,
Denmark), and blood glucose and lactate contents were
measured with an electrolyte, metabolite laboratory
EML105® (Radiometer, Copenhagen, Denmark) and cor-
rected to the body temperature of the animal at the time
of sampling.

Assuming the oxygen capacity of hemoglobin to be
1.39 mL/O,/g hemoglobin in pigs (Bauer et al., 2001),
blood O,-content was calculated as equal to g hemoglo-
bin/mL - 1.39 mL O,/g hemoglobin - O,-saturation and
expressed in mL/100 mL blood. Dissolved oxygen was
added by calculation, using the measured pO, and the
temperature-corrected solubility coefficient for oxygen.

The absolute flows to the tissues measured by the col-
ored microspheres were calculated by the formula:
flowissue = number of microspheresgssye © (floWiefer-
ence/number of microsphereSeference). FlOWs are ex-
pressed in milliliters per min per 100 g tissue by nor-
malizing for tissue weight. The CMRO, was obtained
by multiplying the blood flow to the forebrain by the
cerebral arteriovenous O, content difference, where the
blood flow to the forebrain includes all regions drained
by the sagittal sinus (cerebral cortex, cerebral white mat-
ter, some deep gray structures: basal ganglia, thalamus,
and hippocampus) (Coyle et al., 1993). Cerebral perfu-
sion pressure (CPP) was calculated continuously as the
difference between ABP and ICP. Brain cortical blood
flow was normalized by estimation of a mean value of
arbitrary units during baseline (3-min period) and ex-
pressed as percentage of baseline. Furthermore, ICP am-
plitude was continuously estimated off-line using data
acquisition and analysis software package “Watisa 1.1”
(GJB Datentechnik Bolten & Jannek GbR, Ilmenau, Ger-
many). Spectral analysis of ICP (sample rate 50 Hz) was
performed for time intervals of 900 sec using the soft-
ware package “MathLab®” Version 7.0.1 (The Math-
Works GmbH, Aachen, Germany) and expressed as
spectral power density.

Macropathologic Evaluation

Macroscopic inspection after skull removal con-
firmed an intact dura mater below the fluid percussion
adapter in all animals with TBI. To assess subarach-
noid bleeding, dura mater was carefully removed from
the fixed brains. A 10-point scale of a brain-bleed-
ing—surface index (BBSI) was used to score bleeding
extent. Total volume of intracerebral bleeding could not
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be quantified exactly, because of anatomically and dis-
section considerations. Bleeding scores were estimated
independently by two investigators blinded to study
groups.

Histology

The 7-mm-thick coronal slices of the frontal, tem-
poroparietal brain, and brainstem were embedded in
paraffin and cut into 7-um-thick sections, which were
stained with hematoxylin and eosin (H&E) for routine
morphology or prepared for immunhistochemistry. For
immunohistochemical analysis, tissue sections were
permeabilized in 0.1% Triton X-100/PBS (3X for 5
min), followed by incubation in blocking buffer con-
taining goat serum. The primary monoclonal antibody
mouse anti-beta amyloid precursor protein (BAPP,
MAD 22C11; Boehringer Mannheim, Indianapolis, IN;
1:200) was applied overnight at 4°C in TBS, 0.1% Tri-
ton X-100 and 5% goat serum. Cy3 or Cy2-linked goat
anti-mouse secondary antibodies (1:200 for 2 h at 4°C,
Jackson Immuno Research Laboratories, Inc., USA)
were used to recognize the primary antibodies. Fluo-
rescent signals were imaged by confocal laser scanning
microscopy (Zeiss LSM 510) using standard filters. For
negative controls, sections were incubated with normal
goat serum in the absence of primary antibody and
showed no immunostaining.

The total number of damaged BAPP-positive axons
and axonal bulbs were estimated in the subcortical tem-
poroparietal white matter and thalamus of both ipsi- and
contralateral hemispheres as well as in the brainstem
(counts/0.5 mm?2, 20X objective, extrapolated for the
whole BAPP-positive area). In addition, a semiquantita-
tive rating score was used to evaluate the extent of trau-
matic induced axonal injury for SAPP immunostaining
(McKenzie et al., 1996). This score allows a differentia-
tion between mild, moderate, and severe axonal damage.
For morphological orientation, an atlas of the pig brain
was used (Felix et al., 1999).

Statistical Analysis

Comparisons between groups were made with one-way
ANOVA. One-way ANOVA with repeated measures was
performed within each group. Post hoc comparisons were
performed with Student’s t-tests. Differences in frequen-
cies of macro- and microscopical characteristics as well
as patterns of ICP behavior were compared by the Fisher
exact tests; immunomorphological data were compared
by the Mann-Whitney U-test. The alpha-adjustment pro-
cedure of Bonferroni and Holm was performed to eval-
uate significant differences. Differences were considered
significant when p was <0.05.

RESULTS

Functional Effects

Physiological data are shown in Table 1. Arterial blood
gases and rectal temperature were within physiological
ranges and not significantly altered from baseline in any
group during the whole experiment. Baseline data of sys-
temic and cerebral hemodynamics (Table 1) as well as
of the cerebral oxygen metabolism were similar between
all groups studied (Fig. 2). Furthermore, in the control
group, physiological data remained similar throughout
the experiment.

While the systemic hemodynamic response (ABP, HR,
CI) did not differ between the two trauma groups, the
higher intensity of FPI in the sTBI animals produced a
biphasic ICP increase (Fig. 1). The first ICP peak of sTBI
animals occurred 90 sec after the impact and was 1.5-
fold greater than the corresponding peak in mTBI group
(p < 0.05). The ICP increase in sTBI animals persisted
until the blood withdrawal was started, whereas in the
mTBI animals the ICP decreased immediately after
reaching the peak (p < 0.05). A secondary ICP increase
in sTBI animals occurred at 5 = 1.5 h postinjury and per-
sisted up to the end of the experiment (Table 1, p < 0.05).
Reduction of cerebral perfusion pressure (CPP) was more
pronounced after severe TBI and blood withdrawal (p <
0.05) and temporarily reestablished after volume re-
placement. A further progressive decrease occurred in
sTBI animals (p < 0.05), whereas CPP remained sus-
tained in mTBI animals. Brain temperature was slightly
reduced in sTBI animals (p < 0.05).

Spontaneously occurring ICP patterns of compromised
intracranial compliance appeared more frequently in the
sTBI group (Fig. 3, Table 2, p < 0.05), whereas provoked
ICP alterations due to tracheal aspiration occurred also
regularly after moderate TBI and occasionally in un-
treated animals.

Under baseline conditions, juvenile piglets represent a
CBF of 48 + 11 mL - min - 100 g~!' and CMRO, of
3.2+ 1.0 mL - min - 100 g~!. Compared to baseline,
CBF increased following volume replacement and re-
mained elevated up to the end of the experiment in mTBI
animals (Fig. 2, p < 0.05). In sTBI animals, however,
global CBF decreased after the end of blood withdrawal
and recovered insufficiently after volume substitution,
compared to baseline. At the end of the experiment, CBF
of sTBI animals was reduced to nearly half of the mTBI
CBF values (44 = 31 mL : min - 100 g~ ! vs. 91 + 18
mL - min - 100 g~!, p < 0.05).

CMRO; of mTBI animals increased after blood loss to
120 = 15% of baseline levels (p < 0.05), returned to
baseline levels after volume replacement and remained
unaltered throughout the recovery period. In contrast,
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TABLE 1. PHYSIOLOGICAL PARAMETERS DURING BASELINE CONDITIONS, AFTER FP-TBI AnD
30% Broop VoLUME WITHDRAWAL (TBI & BW), AFTER VOLUME REPLACEMENT
ABOUT 1 H AFTER TBI (1 H AFTER TBI/VR) As WELL As 8 anND 24 H AFTER FP-TBI

Control group mTBI group sTBI group

Animal groups (n =6) (n = 6) (n=17)
Arterial pO,

(mm Hg)

Baseline 146.3 £ 5.1 139.3 £ 25.6 144.4 = 20.6

TBI & BW 1484 £ 223 1389 £ 259 146.4 £ 12.4%*

1 h after TBI/VR 1542 £ 142 145.5 = 28.6 150.1 = 10.5

8 h after TBI 136.7 £ 34.1 139.2 £ 26.5 1458 = 11.8

24 h after TBI 149.0 £ 149 146.0 = 22.0 144.6 £ 12.1
Arterial pCO,

(mm Hg)

Baseline 39.0 + 44 424 =23 40.0 = 4.0

TBI & BW 412 = 1.5 419 =24 37.6 £ 4.3%

1 h after TBI/VR 403 = 1.0 415 = 1.7 37.5 = 41.1*

8 h after TBI 428 = 35 40.5 = 3.1 36.6 = 3.8%T

24 h after TBI 39.8 = 6.3 408 = 1.4 36.7 + 3.2%7
Arterial pH

Baseline 7.49 = 0.03 7.45 = 0.01 7.49 = 0.05

TBI & BW 7.49 = 0.02 7.44 = 0.04 7.45 = 0.07

1 h after TBI/VR 7.49 = 0.02 7.45 = 0.05 747 = 0.07

8 h after TBI 7.48 = 0.01 7.46 = 0.05 7.54 + 0.037

24 h after TBI 7.52 = 0.06 7.51 = 0.04% 7.53 + 0.06"
Arterial hemoglobin

(mmoL - L)

Baseline 6.4 = 0.6 59 =05 59 +0.5

TBI & BW 6.1 = 0.5 54 = 0.6 54 037

1 h after TBI/VR 58 =04 3.2 + 1.2F 32 +0.7F

8 h after TBI 54 + 057 4.0 = 0.9 4.0 = 0.7

24 h after TBI 49 = 0.8 3.8 = 1.1F 3.9 + 0.6
Blood glucose

(mmoL - L")

Baseline 63 *+ 05 6.7 = 1.1 6.2 + 0.9%

TBI & BW 6.5 £ 0.5 10.7 + 3.37 11.0 + 477

1 h after TBI/VR 6.3 = 0.3 7.0 £ 1.3 9.9 + 4.3%f

8 h after TBI 6.1 =03 74 =19 7.8 =23

24 h after TBI 6.1 = 0.5 6.5 = 1.0 6.8 £ 14
Arterial blood pressure

(mm Hg)

Baseline 104 £ 12 103 £ 17 102 = 12

TBI & BW 107 = 11 69 + 23F 65 + 24F

1 h after TBI/VR 110 £ 12 92 = 17 99 *+ 15

8 h after TBI 94 = 11 75 = 15 78 = 18

24 h after TBI 108 £ 20 81 £ 11 72 + 21%
Heart rate

(min~ 1)

Baseline 176 = 32 177 £ 9 166 = 15

TBI & BW 170 = 23 208 * 32 218 + 387

1 h after TBI/VR 163 = 21 178 £ 15 170 = 14

8 h after TBI 154 £ 22 173 = 24 179 = 32

24 h after TBI 161 £ 24 170 £ 13 171 = 15

812



TABLE 1. PHYSIOLOGICAL PARAMETERS DURING BASELINE CONDITIONS, AFTER FP-TBI AND
30% Broop VOoLUME WITHDRAWAL (TBI & BW), AFTER VOLUME REPLACEMENT
ABOUT 1 H AFTER TBI (1 H AFTER TBI/VR) As WELL As 8 AnND 24 H AFTER FP-TBI (ConTINUED)

Control group mTBI group sTBI group

Animal groups (n =06) (n =06) (m=17)
Cardiac index

(mL - kg=! - min™!)

Baseline 248 = 15 256 *= 33 260 = 59

TBI & BW 248 + 27 137 = 617 128 + 407

1 h after TBI/VR 248 = 23 267 = 40 295 + 49

8 h after TBI 267 * 56 249 * 60 256 * 39

24 h after TBI 258 * 45 289 *+ 49 265 = 74
Whole body O, uptake

(mL - kg=! - min~1)

Baseline 5.6 = 0.9 64 £ 1.1 64 £ 2.1

TBI & BW 63 £ 1.6 54 * 1.6 51 *14

1 h after TBI/VR 6.1 = 1.7 55 %10 59 *19

8 h after TBI 7.1 = 1.8 63+ 13 58+ 1.0

24 h after TBI 6.0 = 1.2 59+ 19 52+ 1.8
Rectal temperature

(O

Baseline 389 £ 04 38.8 £ 0.7 38.7 £ 0.6

TBI & BW 383 £ 04 38.9 £ 0.9 38.5 = 0.7

1 h after TBI/VR 38.3 £ 0.6 83.4 + 0.7 37.8 = 0.6

8 h after TBI 38.1 £ 0.3 38.5 £ 0.8 38.1 £ 04

24 h after TBI 38.0 £ 0.6 38.6 £ 0.7 38.1 £ 09
Intracranial pressure

(mm Hg)

Baseline 8§ £2 93 8 *+2

TBI & BW 82 4 +7 16 £ 12

1 h after TBI/VR 8§ *+2 9+8 18 £ 8

8 h after TBI 6*3 7+2 26 £ 21

24 h after TBI 4+4 7+3 48 + 247
Cerebral perfusion pressure

(mm Hg)

Baseline 97 = 13 94 = 19 93 £ 12

TBI & BW 99 * 12 65 = 26 50 + 247

1 h after TBI/VR 102 £ 12 83 £ 25 82 + 14

8 h after TBI 88 = 13 68 + 17 52 + 29F

24 h after TBI 104 = 22 75 £ 13 31 = 29%f
Brain temperature

(°O

Baseline 383 £ 0.8 38.8 £ 1.0 38,5 £ 0.7

TBI & BW 38.0 % 1.1 38.6 £ 0.9 374 = 1.2%F

1 h after TBI/VR 383 £ 1.2 38.3 = 0.6 37.7 = 0.7%7

8 h after TBI 37.9 = 0.37 389 = 1.0 37.5 = 2.3%

24 h after TBI 38.6 £ 0.9 38.8 £ 0.8 37.1 = 2.7%7

*p < 0.05 mTBI versus sTBI.

p < 0.05 value versus baseline.

Data expressed as mean = SD.

FP, fluid percussion; TBI, traumatic brain injury; BW, blood withdrawal; VR, volume replacement; mTBI, moderate traumatic
brain injury; sTBI, severe traumatic brain injury.

813



FRITZ ET AL.

FPI [ P<oos —

ﬁ P<0.05 —|

Blood Volume
withdrawal replacement

Intracranial Pressure
(mmHg)

& ,

0 L4 4 ! 7
Base- 1 2 3515 30 45 602 5 10 15 20 24
line minutes # hours —m—

FIG. 1.

Recordings of intracranial pressure before and after moderate (mTBI, triangles) and severe (sTBI, circles) fluid-per-

cussion injury (FPI) subsequently followed by withdrawal of 30% of the calculated blood volume (Blood withdrawal) and re-
placement by a gelatin-based plasma expander (Volume replacement). Recordings are from the first 3 min (value sampling: every
15 sec), from the first hours (value sampling: every 5 min), and to 24 h (value sampling hourly). Data are presented as mean *=
SD. The gray hatched area represents =2 SD from control group.

sTBI animals represented a triphasic behavior in CMRO,
with a marked decrease immediately after TBI applica-
tion and blood withdrawal (70 £ 6% of baseline levels)
and a distinct increase of cerebral O, uptake after vol-
ume replacement (130 = 12% of baseline), followed by
a re-decline at 24 h postinjury (75 = 24% of baseline;
Fig. 2, p < 0.05).

Morphological Effects

In the control animals small amounts of bleeding and
tissue distortions were observed around the FP-adapter.
In all traumatized animals subarachnoid hemorrhage was
seen on the ipsilateral hemisphere. In both traumatized
groups small amounts of subarachnoid hemorrhage were
noted over the brainstem. Small amounts of supratento-
rial intraparenchymal bleeding (mainly in subcortical
white matter) was seen in all STBI animals but only in
one of six mTBI animals. Subarachnoid hemorrhage over
the contralateral hemisphere and the cerebellum were
seen in all sSTBI animals. Consequently, the semi quan-
titative evaluation of the extent of bleeding showed a sig-
nificantly higher score in the STBI compared to the mTBI
group (Table 3, p < 0.05). Four sTBI animals showed se-
vere and the other three sSTBI animals showed moderate
features of raised intracranial pressure (narrowing of sulci
and flattening of gyri, reduction in size of ventricles, ten-
torial and tonsillar hernia). In addition, one animal
showed brainstem infarction.

Histological examination showed in all traumatized an-
imals, slight subarachnoid hemorrhage near the cran-
iotomy for FP-adapter, and small intraparenchymal
bleeding in the temporoparietal subcortical white matter

around gliding contusions. In animals of the sTBI group,
subarachnoid hemorrhage was also observed at the con-
tralateral right hemisphere as described already. In all
traumatized animals, foci of triangular hemorrhagic
necroses were found accompanied by an almost complete
loss of nerve cells in the center of the injury. In the ad-
jacent areas, shrunken neurons with eosinophilic ho-
mogenization of the cytoplasm and triangular dark nuclei
were abundant. The next zone was characterized by
shrunken neurons without cell homogenization. Adjacent
to this region (approximately 1.5 cm from the center of
trauma), morphologically intact neurons were observed in
mTBI, whereas shrunken neurons with triangular cell bod-
ies and nuclei, eosinophilic cytoplasm, and perineuronal
edema could be found scattered throughout the whole ipsi-
and contralateral temporoparietal cortex of sTBI animals
(Table 4, p < 0.05). In the sTBI group, neuronal injury in
the hippocampus was observed in all subfields of both
hemispheres, whereas in the mTBI group, necrotic neu-
rons were observed in only two cases and were restricted
to the CA2 subfield of the ipsilateral hippocampus (Table
4, p < 0.05). Additional neuronal damage in the brainstem
could be observed in three animals of the sTBI group,
whereas no damage was detected in the brains of mTBI
group. Taken together, mTBI animals showed mainly fo-
cal brain damage, whereas sTBI animals showed signs of
both focal and diffuse damage.

Using BAPP staining, no axonal damage was found in
the control animals. In animals of mTBI, moderate ax-
onal damage was observed in the subcortical tem-
poroparietal white matter near the contusion but not in
the subcortical white matter of the contralateral hemi-
sphere. Axonal damage was moderate in the ipsilateral
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FIG. 2. Effect of gradual fluid-percussion induced TBI (mTBI, moderate traumatic brain injury, shaded columns; sTBI, severe
traumatic brain injury, black columns) and temporary blood withdrawal (~30% blood volume [TBI & BW]) with subsequent
volume replacement with plasma expander about 1 h after TBI (1 h after TBI/VR) as well as 8 h and 24 h after FP-TBI on global
cerebral blood flow (CBF), cerebral arteriovenous O, content difference (avpDO,), and cerebral metabolic rate of oxygen
(CMRO,). Open columns represent data from control group. Values are presented as means = SD. $Significant differences to
baseline (comparisons within each group), p < 0.05. *Significant differences between mTBI and sTBI animals (comparisons be-
tween treated groups at different experimental stages), p < 0.05.

thalamus and sparse in the contralateral thalamus. Only
one animal showed additional axonal damage in the left
and right superior cerebellar peduncle and in the medial
longitudinal bundle of the brainstem.

In brains of sTBI animals, moderate to severe axonal
damage was detected scattered in the subcortical tem-
poroparietal white matter, in the corpus callosum, and in
the thalamus of the ipsilateral hemisphere. Moderate ax-
onal damage was found in the temporoparietal subcorti-
cal white matter and in the thalamus of the contralateral
hemisphere. Nearly all animals showed moderate to se-
vere axonal damage in the left and right superior cere-
bellar peduncle as well as in the medial longitudinal bun-
dle of the brainstem. In comparison to mTBI and control,
sTBI showed significant pronounced axonal damage in
the ipsi- and contralateral hemisphere as well as in the
brainstem (Fig. 4, p < 0.05). Taken together, mTBI ani-
mals represented focal axonal damage, whereas in sTBI

animals signs of diffuse axonal damage (DAI) were found
frequently.

DISCUSSION

We described a large animal model of TBI that closely
simulates frequently observed courses of events after TBI
in humans. Here we were able to show that a high-in-
tensity FP-TBI together with a temporary induced
marked blood loss provoked consistently a secondary ICP
increase combined with disturbances of brain function
and signs of diffuse brain damage. In contrast to previ-
ous studies (Dixon et al., 1987), which reported early ICP
elevation immediately following trauma, corresponding
to the time course of the primary ICP peak in this study,
a secondary ICP elevation occurred gradually after a free
interval of several hours. This was reproducible after high
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FIG. 3. Representative recordings of arterial blood pressure (ABP), intracranial pressure (ICP), cerebral perfusion pressure (CPP), ICP amplitude (ICP amp), and brain cortical
blood flow (LDF), derived from two different animals of sTBI group with typical patterns of transient ICP elevation. (A) Plateau wave of ICP, which usually occurs when cere-
brospinal compensatory reserve is low. At the height of the wave, CPP and brain cortical blood flow are distinctly reduced despite maintained ABP. After the plateau wave, ICP
falls below baseline level and cerebrospinal compensatory reserve appears to be improved. (B) “B” waves of ICP were shown in almost all animals suffering sTBI. They are sug-
gested to indicate decreased intracranial compliance and enhanced risk of intracranial hypertension. (C) High, spiky wave of ICP caused by sudden increase in ABP. The initial pe-
riod is associated with marked brain cortical blood flow reduction, whereas an outlasting cortical hyperemia appeared after ICP lowering induced by sustained CPP elevation. Fre-
quency components of ICP recordings were resolved and separately presented by frequency analysis (lowest panel) and represent main components of ICP fluctuations, for example,
showing pulse wave and harmonics (frequency range, 2—10 Hz), respiratory wave and the first harmonic (small frequency band at ~0.4 and ~0.8 Hz owing to artificial ventilation)
and “slow waves” (frequency range, 0.05-0.0055 Hz, which represents 20-sec to 3-min period).
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TABLE 2. APPEARANCE OF SPECIFIC ICP PATTERNS
THROUGHOUT THE OBSERVATIONAL PERIOD

Patterns of ICP behavior Control  mTBI  sTBI
Low stable ICP 6/6* 6/6°  0/7
Stable and elevated ICP 0/6 0/6 7/7%>
“B” waves of ICP 0/6 0/6 6/7%°
Plateau waves of ICP 0/6 0/6 4/7
High, spiky waves of ICP during 0/6 0/6 3/7
sudden increases in ABP
Spiky waves of ICP caused by 2/6 4/6 s

sucking out the trachea

aDifferences in frequencies in the appearance of specific pat-
terns of ICP behavior between control group and sTBI group, at
p <0.05.

PDifferences in frequencies in the appearance of specific pat-
terns of ICP behavior between mTBI group and sTBI group, at
p <0.05.

Data pairs represent number of animals with specific ICP pat-
terns per total number of experimental animals of each group.

ICP, intracranial pressure; mTBI, moderate traumatic brain
injury; sTBI, severe traumatic brain injury; ABP, arterial blood
pressure.

intensity FP-TBI, subsequent blood withdrawal and vol-
ume replacement. In contrast, a reduced intensity of FP-
TBI was accompanied by a short-lasting ICP increase
early after TBI induction. Subsequently, mild functional
alterations of the brain were observed together with rather
focal brain damage.

We used transient hemorrhagic hypotension as a com-
plicating pathophysiological factor, followed by a sub-
stitution of colloids 35 minutes following injury. This
scenario is comparable to the primary resuscitation man-
agement of severely head injured patients. Data from the
Traumatic Coma Data Bank have been shown that early
hypotension occurs in about 35% of the patients and is
associated with a doubling of mortality (Chesnut et al.,
1993). Secondary insults after experimental TBI have
been shown to aggravate cerebral hypoperfusion and lead
to energy failure and cerebral edema development. It has
further been shown that animals subjected to a secondary
hypoxemic insult after TBI have worse motor and histo-
logical outcomes than those subjected to TBI alone
(Bramlett et al., 1999; Clark et al., 1997; Ishige et al.,
1988; Nawashiro et al., 1995).

Furthermore, this experimental approach offers im-
proved possibilities to investigate resuscitation proce-
dures on outcome after TBI and early hypotension. De-
spite clinical importance, there is still controversy about
treatment standards because comprehensive prospective
studies are missing.

Recently it has been shown that early aggressive re-

suscitation to re-establish preinjury arterial blood pres-
sure after combined fluid-percussion injury and uncon-
trolled hemorrhage resulted in increased hemorrhage and
failure to optimize cerebrovascular function. In contrast,
a period of moderate hypotension was well tolerated and
did not compromise cerebrovascular hemodynamics, as
evidenced by physiological parameters that remained
within the limits of cerebral autoregulation. In addition,
a tendency of improved short-term survival was reported
(Stern et al., 2000). In a similar pig model of severe FP-
TBI and controlled hemorrhagic hypotension, it was
shown that CPP directed therapy improved brain oxy-
genation and maintained the cerebrovascular CO, reac-
tivity within the first 5 h post-TBI. Brain edema was
lower, but lung edema was greater, suggesting a higher
propensity for pulmonary complications (Mattioli et al.,
2003).

Indeed, respiratory disturbance represents a frequently
occurring complication owing to severe TBI and hemor-
rhagic hypotension, which may cause hypoxic hypoxia
and hypercapnia. We did not focus on this issue in this
study. However, it represents a main area of clinical rel-
evance, especially after resuscitation and should be con-
sidered in future to mimic more closely human severe
brain injury. Indeed, the endangering consequences of
respiratory disturbances are not only characterized by
systemic O, deficit and disturbed acid-base balance but
also by specific effects on intracranial volume regulation
early after brain trauma. Given, that under those circum-
stances intracranial compliance is rather compromised,
any additional volume increase can be responsible for
critical ICP elevation with concomitant CPP reduction.
It is well-known that the components of respiratory in-
sufficiency, that is, hypoxemia, hypercapnia, and acido-
sis, induce cerebral hyperemia, mainly in the cere-
brovascular bed outside the traumatically injured brain
tissue in order to maintain adequate O, availability. How-
ever, the underlying vasodilation of resistance brain ves-

TABLE 3. BRAIN-BLEEDING-SURFACE INDEX (BBSI)
FROM ANIMALS SUFFERING FROM MODERATE
(MTBI) anp Hica INTENSITY FP-TBI (STBI)
EvVALUATED BY TwWo BLINDED INVESTIGATORS

Control mTBI sTBI

(n=6) (n=06) (n=17)
Investigator 1 14 +05 44 £ 15 6.6 = 2.7
Investigator 2 1.8 £ 0.6 2.8 £0.8 64 =25
Mean 1.6 £ 0.6 3.6 £ 1.17 6.5 * 2.6%1

*p < 0.05 mTBI versus sTBI.
p < 0.05 value versus control group.
Data expressed as mean = SD.
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TABLE 4. APPEARANCE AND DIsTRIBUTION OF HypPOoxic-IsScHEMIC CELLS IN
Irsi- AND CONTRALATERAL HEmisPHERES Using H & E HistoLoGY

Gray matter Thalamus Hippocampus Pons
Group  Ipsilateral — Contralateral Ipsilateral — Contralateral Ipsilateral — Contralateral Ipsilateral — Contralateral
Control 0/6 0/6 0/6 0/6 0/6 0/6 0/6 0/6
mTBI 6/6 0/6 1/6 0/6 2/6 0/6 0/6 0/6
sTBI Wik 7177 717+ 5/7% 7 717 6/7% 7 5/7%% 5/7%F

*Differences in frequencies in the appearance of hypoxic-ischemic cells between control group and sTBI group, at p < 0.05.
TDifferences in frequencies in the appearance of hypoxic-ischemic cells between mTBI group and sTBI group, at p < 0.05.
Data pairs represent number of animals with morphologic changes per total number of experimental animals of each group.

sels represent a distinct enlargement of intracranial blood
volume, and hence an additional intracranial volume in-
crease. Because traumatic brain injury induces distur-
bance of cerebrovascular autoregulation within the af-
fected brain tissue with shift of the lower limit of the
autoregulatory threshold to higher pressure values (Chan
et al., 1992), even a limited CPP reduction can be re-
sponsible for CBF restriction with secondary regional is-
chemia.

The experimental approach, used in this study, did not
clarify the underlying mechanisms responsible for sec-
ondary ICP increase. Nevertheless, sophisticated elabo-
ration of the continuously monitored cardiovascular, ven-
tilatory and neurological parameters allows us to exclude
relevant alterations in ventilatory gas exchange or sys-
temic hemodynamics in animals after mTBI and sTBI.
However, a critical compromise in CPP was always in-
duced by a pathologically increased ICP. Therefore, we
suggest that intracranial processes are predominantly re-
sponsible for secondary ICP elevation. This assumption
is supported by regularly occurring patterns of ICP in-
crease in animals after sTBI suggesting a compromised
intracranial compliance and increased risk to induce sub-
sequently states of stable and elevated ICP (Fig. 3, Table
2, p < 0.05). Traumatic brain swelling appears to be the
main cause for mass expansion and subsequent ICP in-
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0+
contralateral brainstem

hemisphere

ipsilateral
hemisphere

crease. It has been reported that early after FP-TBI a tran-
sient ICP occurred regularly (Dixon et al., 1987). We sug-
gest that the ICP increase immediately after FP adminis-
tration is caused by the amount of the rapidly injected
fluid volumes into the cranial cavity, which is trapped
extradurally. In all cases of FP-TBI administration a dural
integrity has been confirmed by inspection immediately
after impact and at autopsy. The maintenance of early
ICP increase may be caused by vascular swelling (Mar-
marou and Shima, 1990). A further component of space
occupation occurring early after FP-TBI is that of in-
tracranial bleeding. The semi quantitative evaluation of
the extent of bleeding showed a significantly higher score
after high intensity FP-TBI compared to moderate inten-
sity FP-TBI (p < 0.05). We suggest that the FP impact
induced predominantly bleeding by cerebral and cere-
bellar vein disruption. However, because the ICP exhib-
ited normalization with failed progression during blood
withdrawal and several hours after volume replacement,
we assume that intracranial bleedings stopped sponta-
neously. Nevertheless, enhanced masses of clotting blood
may compromise intracranial compliance with increased
risk of secondary ICP elevation after high intensity FP-
TBL

Furthermore, high intensity FP-TBI was associated
with a more pronounced reduction of CPP at the end of

FIG. 4. Total number of damaged 8-APP positive axons
and axonal bulbs in the ipsi- and contralateral hemisphere.
Values are presented as means * SE. Control group, open
columns; moderate traumatic brain injury group (mTBI),
shaded columns; severe traumatic brain injury group
(sTBI), black columns. *Significant differences between
mTBI and sTBI group, p < 0.05.
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blood withdrawal leading to a temporary compromise of
CBF and brain oxygen uptake. We have observed in the
sTBI group after withdrawal of 30% of estimated blood
volume a CPP reduction of 47 * 23% with concomitant
decline in CBF and CMRO, whereas in the mTBI group
a CPP reduction of 31 * 22% occurred with unaltered
CBF and increased CMRO,. However, gradual ABP re-
duction was similar after both moderate and high inten-
sity FP-TBI. In addition, whole body O, uptake appears
unaltered after TBI and blood withdrawal. Hence, sys-
temic cardiovascular regulation was apparently intact and
the gradual undershoot of the lower autoregulatory
threshold was mainly induced by sustained ICP eleva-
tion. Consequently, TBI intensity used in this application
did not alter the ability of short-time cardiovascular cen-
tralization owing to pronounced blood loss early after me-
chanical brain injury.

Previous studies using porcine TBI models have also
addressed the effects of fluid replacement (Schmoker et
al., 1992; Shackford, 1997) or early resuscitation after
posttraumatic hypotension (Malhotra et al., 2003; Stern
et al., 2000). Similar to our investigation, they also found
an ICP increase immediately after fluid resuscitation.
Contrary our findings, they failed to show a substantial
secondary ICP increase. This difference may result from
the use of less severe brain injury (Glass et al., 1999) and
cryogenic lesion (Schmoker et al., 1992; Shackford,
1997), which may reflect a rather focal TBI. Furthermore,
in other studies the observation period may have been too
short to acquire secondary changes with later onset (Mal-
hotra et al., 2003; Stern et al., 2000).

Moreover, there is evidence that in this animal model
of severe TBI and temporary blood loss transient increases
in cerebral blood volume occurred in the majority of cases
resulting in considerable sudden ICP elevation (Table 2,
Fig. 3). We found signs in systemic and ICP behaviour
typical of plateau waves or Lundberg “A-waves” (Lund-
berg, 1960). Here, a widely maintained cerebrovascular au-
toregulation can be suggested, despite critically compro-
mised intracranial compliance (Rosner and Becker, 1984).
A compromised autoregulatory response was also recorded
characterized by synchronous elevation of ABP and ICP.
We found such patterns occasionally early after TBI and
registered it in two cases before plateau waves occurred.
Therefore, we assume that in this model the consequences
of combined brain injury are able to induce a temporary
disturbance of cerebral autoregulation, which is followed
by a re-established cerebrovascular autoregulation. How-
ever, a subsequently developing stable ICP elevation oc-
curred despite the passing normalization in cerebrovascu-
lar regulation. We suggest that the above mentioned
processes of edema formation are presumably responsible
for the renewed deterioration.

Intraparenchymatous or intracerebral hemorrhages fre-
quently accompany and aggravate diffuse traumatic brain
injury. Such bleeding patterns have also been reported in
adults and children after severe traumatic brain injury and
have been associated with worse outcome (Graham et al.,
1989; Mattioli et al., 2003). Previous experimental stud-
ies have also shown evidence of significant diffuse bleed-
ing in various TBI models (Adelson et al., 2001). The
FPI model, although frequently used to study focal patho-
logical or physiological responses (Armstead, 2002;
Armstead and Kurth, 1994; Prins and Hovda, 2003), has
frequently shown pathological evidence of diffuse brain
injury (Dixon et al., 1987). Interestingly, patterns of dif-
fuse brain injury were observed more frequently when
TBI was accompanied by hemorrhagic hypotension and
hypoxemia (Ito et al., 1996). In the present study, we also
found an increase in incidence and quantity of intracere-
bral bleeding in the severe brain injury group.

Neuropathological consequences were associated with
the TBI intensity. We observed a considerable number of
BAPP-immunolabeled axons in the ipsi- and contralat-
eral temporoparietal subcortical white matter, thalamus
and brainstem in the sTBI animals. The intra-axonal ac-
cumulation of BAPP serve as a sensitive and early marker
for the diffuse traumatic axonal injury (Buki et al., 2000;
Maxwell et al., 1997) and underlines in addition to the
histological findings diffuse brain damage in the sTBI
group.

However, altogether we have to realize that despite the
efforts towards standardization of experimental ap-
proaches to induce severe TBI a considerable hetero-
geneity in brain reactivity has been found. Time course
of ICP alteration and related effects on CBF and brain
oxidative metabolism as well as morphopathological con-
sequences showed distinct quantitative differences de-
spite maintained systemic conditions. Therefore, the need
for further clarification of key pathogenetic mechanisms
in the development of secondary brain injury due to TBI
and related complications, like hemorrhagic hypotension
or respiratory disturbances are necessary. The current an-
imal model appears to be an experimental tool to provide
useful findings.

In conclusion, we present a model of traumatic brain
injury which closely simulates the clinical scenario. We
have reproduced the secondary ICP increase after severe
brain injury and described the complex hemodynamic,
metabolic, functional, and histopathologic changes dur-
ing the first 24 h. Beside the induction of secondary ICP
increase this model is suitable to induce experimental fo-
cal or diffuse neuronal damage and traumatic axonal
damage depending on the trauma intensity. This experi-
mental model appears to be helpful in the study of new
therapeutic approaches. Furthermore, it enables in-depth
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studies such as resuscitation thresholds, effects of hypo-
volema, hypoxemia, hypercarbia, hyperthermia, and their
influence on neuropathology to be studied.
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Die komplexe Dynamik der Pathogenese des kindlichen Schéadel-Hirn-Traumas
weist eine Reihe von Aspekten auf, die grundsatzlich vom Schadel-Hirn-Trauma

des Erwachsenen differieren.

Das kindliche Schadel-Hirn-Trauma benotigt adaptierte experimentelle Modelle,

um seine spezifischen pathophysiologischen Aspekte zu untersuchen.

Eine Vielzahl von experimentellen Untersuchungen erfolgt bis heute am
lisencephalen Gehirn, weshalb die Ergebnisse dieser Untersuchungen nur sehr

begrenzt auf das menschliche Gehirn Ubertragbar sind.

Untersuchungen am gyrierten Gehirn des Schweines sind auf Grund der
Vergleichbarkeit zum menschlichen Gehirn bezlglich Anatomie und
physiologischer Reaktion besser geeignet, in kliniknahen Modellen die
Frihphase nach einem Schadel-Hirn-Trauma zu modellieren.

Das epidurale Ballonmodell ist geeignet, Veranderungen der zerebralen
Hamodynamik wahrend stufenweiser Steigerung des intrakraniellen Druckes

beim juvenilen Schwein zu modellieren.

Die stufenweise Steigerung des intrakraniellen Druckes auf 25, 35 und 45
mmHg reduziert den zerebralen Perfusionsdruck reproduzierbar auf 70, 50 und
30% des Ausgangsniveaus. Voraussetzung hierfir ist die Regulation des
mittleren arteriellen Blutdruckes Uber eine closed-loop-Schleife mit Blutentzug

oder Bluttransfusion zur Konstanz des arteriellen Blutdruckes.

Mit der stufenweisen Reduktion des zerebralen Perfusionsdruckes assoziiert ist
eine Verminderung des globalen zerebralen Blutflusses. Die milde Reduktion
des CPP auf 70% (ICP=25 mmHg) verursacht zunachst eine Steigerung der
regionalen Durchblutung in der Medulla oblongata. Ein Uberproportionaler Abfall

der kortikalen Durchblutung ist bei weiterer CPP-Reduktion zu beobachten.
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Die elektrische kortikale Funktion ist schon bei milder Reduktion der zerebralen
Perfusion auf 70 % (ICP = 25 mmHg) des Ausgangswertes erheblich
beeintrachtigt. Sie ist bei weiterer Reduktion des CPP durch Amplituden - und
Frequenzverlangsamung gekennzeichnet und resultiert bei CPP-Reduktion auf

35 % in einem Null-Linien-ECoG bzw. in Burst-Suppression-Mustern.

Die milde Hypothermie reduziert den zerebralen Sauerstoffmetabolismus

starker als den zerebralen Blutfluss beim juvenilen Schwein.

Wahrend stufenweiser CPP-Reduktion reduziert die milde Hypothermie das
Ausmal’ der perfusionsabhangigen Beeintrachtigung von Hirndurchblutung und
Sauerstoffmetabolismus. Die kortikale Funktion bleibt langer erhalten.

Das schwere flussigkeitsvermittelte Perkussionstrauma mit nachfolgendem
Blutentzug erlaubt die Modellierung der schweren traumatischen

Hirnschadigung beim juvenilen Gehirn.

Innerhalb der ersten 24 Stunden nach schwerem flussigkeitsvermittelten
Perkussionstrauma treten ca. 5 Stunden posttraumatisch beginnend,

reproduzierbare Hirndruckanstiege auf.

Die milde Hypothermie reduziert den histopathologischen Schaden nach
schwerem flussigkeitsvermittelten Perkussionstrauma nach 24 Stunden. Es ist
jedoch maglich, dass die Beeinflussung des intrakraniellen Druckes durch die
Hypothermie die wesentliche Komponente fir die Reduktion des
histopathologischen Schadens darstellt.

Die Pharmakokinetik von Fentanyl wird beim juvenilen Schwein durch die
Hypothermie wesentlich verandert. So steigen die Fentanyl-Plasmaspiegel
wahrend 6-stundiger Hypothermie um 25 % an und normalisieren sich nach

Wiedererwarmung nur langsam.

Die Aktivitat der hepatischen CYP3A4-Cytochrom P 450-Untereinheit ist
temperaturabhangig. Sie ist wahrend milder Hypothermie (32°C) um 30%
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reduziert, wahrend moderater Hypothermie (26°C) um 52%. Der arterielle
hepatische Blutfluss wird dagegen durch die Hypothermie nur unwesentlich
beeinflusst. Es ist deshalb anzunehmen, dass die Erhdhung der Fentanyl-
Plasmaspiegel wesentlich durch die reduzierte Aktivitat CYP3A4 verursacht

wird.

Die Hypothermie vermag sowohl indirekt Uber eine reduzierte Organperfusion
als auch direkt durch Verminderung von Enzymaktivitaten die Pharmakokinetik

von Analgetika zu beeinflussen.
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