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EINLEITUNG

Einleitung

Psychische Traumata und ihre Folgen sind in den letzten Jahren durch verheerende
Naturkatastrophen und Terroranschlage zunehmend in das 6ffentliche Bewusstsein
getreten. Statistisch gesehen liegt die Wahrscheinlichkeit, einmal im Leben ein
Trauma zu erfahren, in Nordamerika bei 56% und in Deutschland bei 25% (Kessler et
al., 1995; Maercker et al., 2004). Die meisten Betroffenen erholen sich nach einem
Existenz-bedrohenden Erlebnis innerhalb von wenigen Tagen von ihren akuten
Furcht- und Schockzustanden. Ein betrachtlicher Teil jedoch (je nach Art des
Traumas bis zu 60 Prozent, im Durchschnitt circa 14 Prozent) entwickelt in der Folge
lang anhaltende Veranderungen in Verhalten und Erleben (Kessler et al., 1995;
Maercker et al., 2004). Die Betroffenen zeigen starke Furchtreaktionen auf Reize, die
an das Trauma erinnern und vermeiden Gedanken, Personen oder Situationen die
mit dem Erlebten in Verbindung stehen. In tagsitber unwillkirlich einschieRenden
Bildern oder Alptraumen mussen sie das Trauma immer wieder durchleben. Sie
leiden an erhohter Schreckhaftigkeit, Ubererregtheit, Nervositat und Konzentrations
schwierigkeiten und neigen zu depressiven oder aggressiven Verstimmungen.
Freunden, Partnern oder der Familie gegenuber fuhlen sie sich haufig entfremdet,
unfahig, positive Gefuhle zu empfinden. Ab einem gewissen Schweregrad erfullt
dieser Zustand die Kriterien einer psychiatrischen Erkrankung, der Post
traumatischen Belastungsstérung (PTBS, gemall DSMH-IV, siehe Box 1).

Die gegenwartigen Behandlungsmdglichkeiten dieser Stérung mussen als
unzureichend eingeschatzt werden. Pharmakotherapie mittels Serotonin
Wiederaufnahme-Hemmern (engl. SSRIs), die Behandlung der ersten Wahl bei
PTBS, erzielt nur bei 15 bis 66 Prozent der Patienten eine Verbesserung (Albucher
and Liberzon, 2002). Von den wissenschaftlich untersuchten Psychotherapien haben
sich die Verhaltenstherapie (Exposition und kognitive Verfahren) und das ,Eye
movement desensitization and reprocessing” - Verfahren als effektiv erwiesen. Aber
auch sie erzielen lediglich Verbessemungsquoten zwischen 47 und 60 Prozent
(Bradley et al., 2005;Etten and Taylor, 1998). Diese Zahlen verdeutlichen die Not

wendigkeit, neue, gezieltere Verfahren fur die Behandlung der PTBS zu entwideln.
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Box 1: Diagnostische Kriterien fiir die Posttraumatische Belastungsstérung (DSM-IV)

A.

Die Person wurde mit einem traumatischen Erlebnis konfrontiert, bei dem die beiden folgenden
Kriterien vorhanden waren:

(1) Die Person erlebte, beobachtete oder war mit einem oder mehreren Ereignissen
konfrontiert, die tatsachlichen oder drohenden Tod oder ernsthafte Verletzung oder
eine Gefahr der kérperlichen Unversehrtheit der eigenen Person oder anderer
Personen beinhalteten.

(2) Die Reaktion der Person umfasste intensive Furcht, Hilflosigkeit oder Entsetzen.

Das traumatische Ereignis wird beharrlich auf mindestens eine der folgenden Weisen
wiedererlebt:

(1) Wiederkehrende und eindringliche belastende Erinnerungen an das Ereignis, die
Bilder, Gedanken oder Wahrnehmungen umfassen kénnen.

(2) Wiederkehrende, belastende Traume von dem Ereignis.

(3) Handeln oder Fiihlen, als ob das traumatische Ereignis wiederkehrt (beinhaltet das
Geflihl, das Ereignis wiederzuerleben, lllusionen, Halluzinationen und dissoziative
flashback-Episoden, einschlieRlich solcher, die beim Aufwachen oder bei Intoxikationen
auftreten).

(4) Intensive psychische Belastung bei der Konfrontation mit internalen oder externalen
Hinweisreizen, die einen Aspekt des traumatischen Ereignisses symbolisieren oder an
Aspekte desselben erinnern.

(5) Korperliche Reaktionen bei der Konfrontation mit internalen oder externalen
Hinweisreizen, die einen Aspekt des traumatischen Ereignisses symbolisieren oder an
Aspekte desselben erinnern.

Anhaltende Vermeidung von Reizen, die mit dem Trauma verbunden sind, oder eine
Abflachung der allgemeinen Reagibilitat (vor dem Trauma nicht vorhanden). Mindestens drei
der folgenden Symptome liegen vor:
(1) Bewusstes Vermeiden von Gedanken, Gefiihlen oder Gesprachen, die mit dem
Trauma in Verbindung stehen
(2) Bewusstes Vermeiden von Aktivitaten, Orten oder Menschen, die Erinnerungen an das
Trauma wach rufen
(3) Unfahigkeit, einen wichtigen Aspekt des Traumas zu erinnern,
(4) Deutlich vermindertes Interesse oder verminderte Teilnahme an wichtigen Aktivitaten
(5) Geflihl der Losgeléstheit oder Entfremdung von anderen
(6) Eingeschrankte Bandbreite des Affekts
(7) Gefuhl einer eingeschrankten Zukunft.
Anhaltende Symptome erhéhten arousals (vor dem Trauma nicht vorhanden). Mindestens zwei
der folgenden Symptome liegen vor:
(1) Schwierigkeiten ein- oder durchzuschlafen
(2) Reizbarkeit oder Wutausbrtche
(3) Konzentrationsschwierigkeiten
(4) UbermaRige Wachsamkeit (Hypervigilanz)
(5) Ubertriebene Schreckreaktion.

Das Stérungsbild (Symptome unter Kriterium B, C, D) dauert Ianger als 1 Monat.

Das Stérungsbild verursacht in klinisch bedeutsamer Weise Leiden oder Beeintrachtigungen in
sozialen, beruflichen oder anderen wichtigen Funktionsbereichen.

Die Entwicklung neuer Behandlungsansatze erfordert jedoch ein genaues Wissen

Uber die Pathomechanismen dieser Stérung. Obwohl eine Reihe von neuro

biologischen Veranderungen bei Patienten mit einer PTBS beschrieben worden sind
(z.B. Bremner, 2002; Charney, 2004; Yehuda, 2003; Southwick et al., 1999), ist

deren kausale Beteiligung an der Entwicklung und Aufrechterhaltung der Stérung

noch immer unklar. Aufgrund der Unvorhersagbarkeit des Ereignisses ist es beim

Menschen nahezu unmdéglich, neurobiologische Zustande vor und nach einer
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Traumatisierung systematisch zu untersuchen. Daher fehlen in klinischen Studien in
aller Regel Daten uber den emotionalen, kognitiven und neurobiologischen Zustand
der Patienten vor dem Trauma, und seiner Veranderung in der Folge. Dies schrankt
die systematische Untersuchung von Risiko- und Schutzfaktoren beim Menschen
erheblich ein. Zudem verbieten sich aus ethischen Grinden invasive
Untersuchungen. Daher ist es bei der Suche nach Mechanismen, die einer besseren
oder schlechteren Anpassung nach einem Trauma unterliegen, unumganglich,

Tiermodelle zu verwenden. Diese gestatten

(i) die standardisierte Induzierung und Messung emotionaler Zustande,

(i) die Untersuchung neurobiologischer Mechanismen auf den unterschiedlichsten
Beobachtungs-Ebenen, wie Neuroanatomie, Neuroendokrinologie, Neuro-
transmission, Elektrophysiologie, Genetik, Epigenetik oder Molekularbiologie,

(iii) gezielte Manipulationen zur Klarung kausaler Zusammenhange oder die

Prifung potentiell praventiv oder therapeutisch wirksamer Substanzen.

In der Literatur wurden bereits einige PTBS-Tiermodelle vorgeschlagen (z.B. Pynoos
et al., 1996; Van Dijken et al., 1992; Levine et al., 1973; Adamec and Shallow, 1993;
Koolhaas et al., 1990; Cohen and Zohar, 2004). Keines davon erfullt jedoch in
ausreichendem Male eine Reihe von weithin anerkannten Kriterien, denen ein
valides Tiermodell der PTBS gerecht werden sollte. Diese Kriterien sind sowohl
allgemeiner als auch spezifischer Natur. Den allgemeinen Kriterien sollte jedes
Tiermodell einer psychiatrischen Erkrankung entsprechen. Gefordert werden face-
Validitat, pradiktive Validitat und KonstruktValiditat (McKinney, 1984; McKinney, Jr.
and Bunney, Jr., 1969; Treit, 1985; Willner et al., 1992), dargestellt in Box 2.
Spezifische Kriterien der face-Validitat fur potentielle Tiermodelle der PTBS (Yehuda
and Antelman, 1993) sind in Box 3 aufgefuhrt.

Box 2: Validitiats-Kriterien fir Tiermodelle psychiatrischer Erkrankungen (nach Mc. Kinney 1984,
1969; Treit, 1985; Willner, 1992)

face- Ausmal, in dem ein Tiermodell der humanen Stérung ahnliche, im
Validitat Verhaltensrepertoire der Tiere vorkommende Symptome der Erkrankung aufweist.

Pradiktive Bei Patienten therapeutisch wirksame Substanzen fihren im Tiermodell zu einer
Validitdt Verbesserung der Symptomatik.

Konstrukt- Der Symptomatik liegen bei Mensch und Tier dieselben neurobiologischen Prozesse
Validitat zugrunde.
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Box 3: face-Validitits-Kriterien fiir ein Tiermodell der Posttraumatischen Belastungsstérung
(Yehuda & Antelman, 1993)

A. Bereits ein sehr kurzer Stressor sollte zu PTBS-artigen Veranderungen fihren.

Die Intensitat des Stressors sollte im Verhaltnis zur Schwere der Angst-Symptomatik stehen.

C. Die durch den Stressor verursachten Veranderungen sollten andauern oder sich mit der Zeit
verstarken.

D. Der Phanotyp der Tiere sollte sowohl Symptome von verstarkter (z.B. starke Furchtreaktionen
auf Trauma-verbundene Reize, Ubererregbarkeit) als auch von verringerter (z.B. emotionale
Abgeflachtheit, sozialer Riickzug) Verhaltensbereitschaft beinhalten.

E. Es sollte eine deutliche Variabilitat im Verhalten der Tiere vorliegen, als Funktion ihres
genetischen Hintergrundes, ihrer Erfahrung oder einer Interaktion aus beiden.

In der vorgelegten Arbeit wird zusatzlich zu den o.g. Kriterien eine weitere
Anforderung an Tiermodelle der PTBS postuliert, die Méglichkeit der separaten
Erfassung konditionierter und sensitivierter Furcht-Komponenten. Diese Erweiterung
der bestehenden Kriterien wird aus folgendem Grund als erforderlich angesehen: Ein
Trauma hinterlasst im Gedachtnis der Betroffenen explizite und implizite
Gedachtnisspuren. Das implizite Furchtgedachtnis unterteilt sich dabei in
Komponenten assoziativer und nichtassoziativer Natur. Die Furchtreaktion auf
Reize, die an das Trauma erinnern, als auch deren Vermeidung, lassen sich als
konditionierte Furcht klassifizieren. PTBS-Symptome wie erhéhte Schreckhaftigkeit
und Ubererregbarkeit hingegen lassen sich als sensitivierte Furcht einordnen. Sie
sind das Ergebnis eines nicht-assoziativen Gedachtnis-Prozesses, bezeichnet als
Furchtsensitivierung oder Pseudo-Konditionierung (Kandel et al, 1996). Das
Gedéachtnismodell von Traumaverarbeitung, auf der die vorliegende Promotion

beruht, ist in Box 4 dargestellt und ausgefuhrt.
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Box 4: Ein Trauma induziert assoziative und nicht-assoziative Gedachtnisprozesse.

Trauma

Klassische Furchtkonditionierung

(Re) konsolidierung Stress-Sensitivierung

Konditionierung hoherer
Ordnung

Furchtgeneralisierung

Assoziatives ? > Nicht-assoziatives
Furchtgedachtnis R Furchtgedachtnis
Extinktion Desensitivierung

Habituation
Erholung

Klassische Furchtkonditionierung und deren Konsolidierung: Vormals neutrale
Umgebungsreize (Trauma-Kontext) werden durch Assoziation mit dem Trauma-Erlebnis zu
konditionierten Hinweisreizen, die in der Folge konditionierte Furchtreaktionen auslésen.
Dieser assoziative Lernprozess beruht auf einer Verstarkung der synaptischen Verbindungen
zwischen sensorischen Pfaden, die die Hinweisreize verarbeiten, und Neuronen, deren Output
die Furchtreaktion mediiert. An diesem Prozess sind N-Methyl-D-Aspartat- (NMDA)
Rezeptoren in einem Zusammenspiel der Hirnstrukturen Amygdala und Hippokampus
malfgeblich beteiligt (Blair et al., 2001; Maren, 2001; Stiedl et al., 2000). Die fir eine
langfristige Speicherung erforderliche Verfestigung des konditionierten Gedachtnisinhaltes
erfolgt in einem Konsolidierungsprozess, der erst nach mehreren Stunden abgeschlossen ist
(Sacchetti et al., 1999; McGaugh, 2000).

Rekonsolidierung versus Extinktion: Bei Konfrontation mit einem konditionierten
Hinweisreiz wird der Gedachtnisinhalt aufgerufen und gerat dabei in einen instabilen Zustand.
In der Folge kann es entweder zu einer erneuten Verfestigung des Gedachtnisinhaltes
(Rekonsolidierung) oder zu seiner Ausléschung (Extinktion, siehe unten) kommen (Nader,
2003). Ob der eine oder der andere Prozess eintritt, hangt u.a. von der Starke der
urspriinglichen Assoziation (Eisenberg et al., 2003) und von der Prasentationsdauer des
Hinweisreizes ab. Kurze Prasentationen beglnstigen dabei eine Rekonsolidierung, lange
Prasentationen eine Extinktion (Suzuki et al., 2004).

Konditionierung hoéherer Ordnung: Die Kopplung neutraler Reize mit konditionierten
Hinweisreizen kann zur Bildung weiterer konditionierter Hinweisreize fiihren.

Furchtgeneralisierung: Auch Reize, die den konditionierten Reizen ahnlich sind, kénnen
konditionierte Furchtreaktionen auslésen.

Stress-Sensitivierung: Durch das Erlebnis eines besonders intensiven oder schadlichen
Reizes erhdht sich die generelle Empfindlichkeit eines Organismus. Dies zeigt sich in der
Folge in verstarkten (Furcht-) Reaktionen auf schwache Reize (Kandel et al., 1996). Die
biologische Basis dieses Prozesses ist noch weitgehend unklar.
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Box 4 (Fortsetzung): Ein Trauma induziert assoziative und nicht-assoziative Gedachtnis-
prozesse.

Extinktion: Wird ein konditionierter Hinweisreiz wiederholt dargeboten, ohne dass ihm ein
aversives Ereignis folgt, so nimmt die Furchtreaktion ab. Dieser Prozess der Ausl6schung
(Extinktion) basiert entgegen seiner Bezeichnung nicht auf dem Zerfall der konditionierten
Verbindung, sondern auf Neulernen, d.h. dem Knipfen zusatzlicher inhibitorischer Verbindungen
zu den sensorischen Pfaden, die die Hinweisreize verarbeiten (Myers and Davis, 2002). Anders
jedoch als in der Furchtakquisition, bei der zeitlich getrennte Lernereignisse zu einer starkeren
Gedachtnisbildung fiihren (Ebbinghaus, 1885), bewirkt beim Extinktionslernen die massierte
Prasentation des Hinweisreizes einen starkeren furchtreduzierenden Effekt als seine zeitlich
getrennte Prasentation (Cain et al., 2003). Dieser Effekt ist auch aus der Konfrontationstherapie
von Angststérungen bekannt (Marks, 1987).

Habituation: Wird ein bestimmter Reiz wiederholt oder massiert dargeboten, so verringert sich
die Starke der Reaktion auf diese Stimulation (Thompson and Spencer, 1966). In diesem nicht-
assoziativen Lernprozess verringert sich innerhalb des Reiz-verarbeitenden Schaltkreises die
Starke der neuronalen Reaktion. Dabei handelt es sich nicht um eine Erschépfung des Systems,
sondern um eine Hemmung der neuronalen Erregung in einem bisher noch ungeklarten
Mechanismus. Wenige Minuten andauernde Kurzzeit-Habituation kann dabei in wochenlang
anhaltende Langzeit-Habituation tibergehen (Kandel et al., 1996).

Desensitivierung: Dieser Prozess beschreibt die Umkehrung der Sensitivierung im Sinne einer
generellen Empfindlichkeits-Abnahme. Im Gegensatz zur Habituation verringert sich dabei nicht
die Reaktion innerhalb eines Hinweisreiz-spezifischen Reiz-Reaktions-Pfades, sondern die
Reaktivitat des Organismus gegeniiber jeglicher potentiell bedrohlichen Stimulation (Kamprath
and Wotjak, 2004). Der biologische Mechanismus ist ungeklart.

Beide Arten des Furchtgedachtnisses, Konditionierung und Sensitivierung, sind mit
der PTBS in Verbindung gebracht worden (z.B. Charney et al., 1993). Uber ihre
wechselseitige Abhangigkeit bzw. ihre wechselseitige Beeinflussung ist hingegen
nahezu nichts bekannt. Es ist unklar, (i) welche Furchtkomponente auf welcher
Verarbeitungs-Stufe mit welcher bisher verfugbaren Behandlungsform beeinflusst
werden kann, (ii) wie sich eine Verringerung der einen Furchtkomponente auf die
andere Furchtkomponente auswirkt und (iii) ob zur Optimierung der Therapie beide
Komponenten verschiedenartig behandelt werden mussen. Ein Tiermodell der PTBS,
das sowohl konditionierte als auch sensitivierte Furcht erfasst, wurde es erlauben, (i)
mdgliche Wechselwirkungen zwischen assoziativer und nichtassoziativer Furcht als
Grundlage fur ein Verstandnis der Pathomechanismen von PTBS zu untersuchen
und (ii) potentielle Behandlungsmdéglichkeiten systematisch auf den verschiedenen
Stufen der Traumaverarbeitung in beiden Bereichen des Furchtgedachtnisses zu

testen.
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Zielsetzung

Ziel dieser Promotion war es daher, ein valides Tiermodell der PTBS zu etablieren,
mit dem assoziative und nicht-assoziative Furcht-Komponenten separat erfasst
werden koénnen. Es soll als experimentelle Basis flir die Suche nach
Pathomechanismen der PTBS, fur die Identifikation von Risiko- und Schutzfaktoren
sowie fur die Entwicklung spezifischer Ansatze zur Pravention und Behandlung

dieser psychiatrischen Stérung dienen.
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Programm

Projekt 1: Erarbeitung eines Konzeptes und Klérung von Kriterien (Manuskript 1)

Am Anfang des Dissertations-Projektes stand die Frage nach einem theoretischen
Konzept von Traumaverarbeitung, sowie nach klaren Kriterien, mithilfe derer das

Tiermodell etabliert werden sollte.

Projekt 2: Auswahl von geeigneten Tieren (Manuskript 2)
In einem nachsten Schritt mussten Tiere gefunden werden, die sich als Modell fur
PTBS eignen.
Bei der Auswahl wurde auf folgende Kriterien geachtet:
= Die Tiere sollten leicht verfugbar und einfach zu halten sein.
= Die Tiere sollten potentiell gentechnisch veranderbar sein, um in zukunftigen
Studien Hypothesen Uber die Beteiligung einzelner biologischer Systeme an
PTBS-artiger Symptomatik durch Ausschalten oder Uberexprimieren von
Genen testen zu kénnen.
= Das Modell sollte aus zwei Tierstammen bestehen, einem ,PTBS-vulnerablen®
und einem ,PTBS-resistenten“ Stamm. Auf diese Weise sollte die Mdglichkeit
geschaffen werden, Mechanismen adaptiver und maladaptiver Stress-
verarbeitung durch den Vergleich beider Gruppen zu untersuchen.
= Der Unterschied der beiden Stdmme im Angstverhalten sollte sich eist nach
dem Erlebnis des Traumas entwickeln bzw. sollte Trauma-bedingt zunehmen.
= Die beiden Stamme sollten genetisch ahnlich sein, um in zuklnftigen
explorativen Studien zur Genexpression eine uberschaubare Anzahl
unterschiedlich regulierter Gene vorzufinden. Dies wurde die Suche nach
Genen, die kausal an der PTBS-artigen Symptomatik beteiligt sind, erheblich
erleichtern.
Entsprechend dieser Kriterien fiel die Vorauswahl auf Mause, da diese mit
gentechnischen Methoden veranderbar sind. Als Kandidaten fur en Tiermodell, mit
dem adaptives und maladaptives Verhalten vergleichend untersucht werden kénnen,
wurden zwei Unterstamme des InzuchtStammes C57BL/6 ausgewahlt. Diese beiden
Inzucht-Mauslinien [C57BL/6JOlaHsd (BL6JOla), C57BL/6NCrl (BL6N)] stammen
ursprunglich von demselben Zuchttier ab (einer schwarzen Maus namens C57), und
es ist daher zu erwarten, dass sie genetisch recht ahnlich sind. Aus der Literatur war

bekannt, dass sich die beiden Mausstamme in der Extinktion, nicht jedoch in der
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Akquisition konditionierter Furcht (Stiedl et al., 1999) oder Basis-Emotionalitat (van
Gaalen and Steckler, 2000) unterscheiden. Zudem war eine unterschiedliche
Expression des Proteins a-Synuclein beschrieben worden (Specht and Schoepfer,
2001). Fur die Entscheidung, ob die beiden C57BL/6-Stamme als Modell adaptiver
und mal-adaptiver Traumaverarbeitung geeignet sein kdénnten, mussen folgende
Fragen geklart werden:

= Kann der bekannte Extinktions-Unterschied von BL6JOIla und BL6N unter den
vorliegenden Versuchsbedingungen repliziert werden?

» Finden sich unter den vorliegenden Versuchsbedingungen Unterschiede von
BL6JOla und BL6N in ihrer Basisemotionalitdt oder in der basalen
Verarbeitung von Reizen, die in den Versuchsprotokollen eingesetzt werden?

= Beruht der Unterschied von BL6JOla und BL6N in der Furchtextinktion auf

ihrer unterschiedlichen a-Synuclein-Expression?

Projekt 3: Etablierung eines Mausmodells der PTBS, das assoziative und nicht-
assoziative Furchtkomponenten getrennt erfasst (Manuskript 3)

Nach der Klarung der Fragen aus Projekt 2 konnten die beiden CS57BL/6G-
Unterstamme als potentiell geeignetes Modell unterschiedlicher Trauma
Verarbeitung eingesetzt werden. Als nachstes stellte sich die Frage nach geeigneten
experimentellen Testverfahren, mit denen es mdglich sein wirde, ein breites
Spektrum an PTBS-artiger Symptomatik zu erfassen sowie assoziative und nicht
assoziative Furchtkomponenten zu unterscheiden. Daflr wurde das Paradigma der
Klassischen Furchtkonditionierung aus Projekt 1 zu einem Paradigma der Stress-
Sensitivierung modifiziert. Mit diesem Testverfahren kann sowohl (i) konditionierte
Furcht als Mal} fur die PTBS-Symptome ,starke Reaktionen auf Trauma-verbundene
Reize®, als auch (i) sensitivierte Furcht als Malk fur die PTBS-Symptome
,Ubererregbarkeit, Schreckhaftigkeit, Hypervigilanz* in den selben Tieren separat
untersucht werden. Fir die Erfassung weiterer PTBS-artiger Veranderungen sozialer
und emotionaler Art wurden eine Reihe von etablierten Verhaltenstests eingesetzt.
Box 5 stellt eine Ubersicht der verwendeten Testverfahren dar. Diese werden im

Abschnitt Methoden einfihrend dargestellt.
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Box 5: Verwendete Testverfahren

PTBS-Symptome

Verhaltenstest

Starke Furcht auf Trauma-verbundene Reize
(konditionierte, assoziative Furcht)

Ubererregbarkeit, Schreckhaftigkeit,
Hypervigilanz (sensitivierte, nicht-assoziative
Furcht)

Abflachung der allgemeinen Reagibilitat,
vermindertes Interesse, Angst

Vermindertes soziales Interesse, sozialer
Ruckzug

Depressive Symptomatik (kein
diagnostisches Kriterium, aber haufig PTBS-
assoziiert)

Paradigma der Stress-Sensitivierung: Testung der
Furchtreaktion auf Trauma-Kontext

Paradigma der Stress-Sensitivierung: Testung der
Furchtreaktion auf neutralen Ton in neutralem
Kontext

Light/Dark-Test, Modified Holeboard Test, Novelty-
induced Suppression of Feeding Test: Test auf
reduziertes Explorationsverhalten bzw. verstarkte
Neophobie

Sozialer Interaktionstest mit Partner-Mausen
unterschiedlichen Alters: Test auf vermindertes
soziales Interesse

Forced Swimming Test: Test auf passives stress-
coping

Die konditionierten und sensitivierten Furchtreaktionen im Stress-Sensitivierungs-

Paradigma wurden als ,Kardinalsymptome“ betrachtet, da se PTBS-assoziierte

Symptome in Abgrenzung zu anderen affektiven Stérungen am spezifischsten

abbilden. Mithilfe der genannten Verhaltenstests wurden gemafR der Kriterien fur

Tiermodelle der PTBS (vgl. Boxen 2 & 3) folgende Fragen bearbeitet:
face-Validitat:

Ist ein einzelner kurzer Stressor, wie in unserem Verhaltensparadigma
verwendet, in der Lage, PTBS-artige Verhaltensanderungen zu induzieren?
Besteht zwischen Stressor-Intensitat und konditionierter und/oder sensitivierter
Furchtreaktion eine Dosis-Wirkungs-Beziehung?

Halten konditionierte und/oder sensitivierte Furchtreaktionen auch langere Zeit
nach dem aversiven Erlebnis an? Nehmen sie mit steigender Inkubationszeit
noch zu? Bleiben sie auch bei wiederholter Testung bestehen?

Sind konditionierte und sensitivierte Furchtreaktionen von Symptomen einer
reduzierten  Verhaltensbereitschaft (verminderte  soziale Interaktion,
reduziertes Explorationsverhalten, passives stress-coping) begleitet?

Liegt deutliche Varianz im Verhalten der Tiere vor, innerhalb und/oder

zwischen den beiden untersuchten Maus-Unterstammen?
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Préadiktive Validitat:
= Verringern sich durch chronische Behandlung mit einem SSRI die
konditionierten und/oder sensitivierten Furchtreaktionen?
Konstrukt-Validitat:
» Da im Augenblick nur biologische Korrelate, nicht aber Pathomechanismen
der PTBS bekannt sind, lasst sich die KonstruktValiditat des Modells nicht

zuverlassig untersuchen.

Projekt 4: Testung der Abhéngigkeit konditionierter und sensitivierter Furcht nach
einem Trauma (Manuskript 4)

Das vorliegende Tiermodell beruht auf der Annahme, dass sich infolge eines
Traumas zwei voneinander unabhangige GedachtnisKomponenten ausbilden:
sensitivierte und konditionierte Furcht. Um diese Annahme zu prifen, und um damit
die Notwendigkeit einer separaten Erfassung der beiden Komponenten zu
begrinden, musste nachgewiesen werden, dass es sich bei ,sensitivierter Furcht*
nicht um generalisierte konditionierte Furcht, sondern um einen vom assoziativen
Gedachtnis unabhangigen Lernprozess handelt. Dafur wurde im Stress-
Sensitivierungs-Paradigma die Bildung der Kontext-Trauma-Assoziation durch
pharmakologische Blockade der fur kontextuelle Furchkonditionierung erforderlichen
NMDA-Rezeptoren im dorsalen Hippokampus unterdrickt. In der Folge wurden die
PTBS-artigen konditionierten und sensitivierten Furchtreaktionen getestet. Dieses
Vorgehen beruhte auf folgender Uberlegung: Wirden durch die pharmakologische
Behandlung beide Furchtkomponenten gleichermal3en blockiert, ware dies ein
Hinweis auf (i) die Abhangigkeit sensitivierter von konditionierter Furcht oder auf (ii)
die Existenz eines gemeinsamen Signaltransduktionsweges via NMDA-Rezeptoren
bei ansonsten unterschiedlichen Mechanismen der beiden Furchtkomponenten oder
auf (iii) einen gemeinsamen biologischen Ursprung beider Verhaltensweisen, d.h.
sensitivierte Furcht ware nichts anderes als generalisierte konditionierte Furcht.
Wurde jedoch nur die konditionierte Furchtreaktion beeintrachtigt sein, die
sensitivierte Furchtreaktion lage hingegen unverandert vor, kdédmte auf zwei
unabhangige Prozesse geschlossen werden. In diesem Falle ware die separate
Erfassung der beiden Furchtkomponenten flr eine systematische Erforschung von

PTBS-Pathomechanismen unbedingt erforderlich.

14



METHODEN & BEGRIFFE

Methoden und Begriffe

Im folgenden Abschnitt werden die verwendeten Verhaltenstests kurz vorgestellt, mit
dem Ziel, den Leser in die zugrundeliegenden Konzepte einzufuhren und Begriffe zu
klaren. Genaue Angaben zu Versuchsaufbauten und Versuchsdurchfihrungen finden

sich in den jeweiligen Manuskripten.

Angst und Furcht, state und trait

Die Symptome, die im vorliegenden PTBS-Tiermodell gemessen werden, sind
Reaktionen auf eine experimentelle Stimulation (Ton, Kontext, Licht, neue
Umgebung). Im strengen Sinne werden damit furcht-Reaktionen®, oder auch
emotionale ,states” erfasst. Jedoch besteht durch wiederholte Messungen, als auch
Messungen nach unterschiedlichen Zeitintervallen, begrindeter Anlass, ein sich
entwickelndes und anhaltendes DefensiwVerhalten (,trait“), und damit ,Angst“ bei
den Tieren als Folge des Traumas anzunehmen. Aus diesem Grunde werden in
dieser Arbeit die Begriffe Angst und Furcht (anxiety, fear) nahezu synonym

verwendet.

Furcht-Konditionierung und Stress-Sensitivierung

Grundsatzlich ist zwischen der Bezeichnung eines Verhaltensparadigmas
(Paradigma der Furchtkonditionierung, Paradigma der Stress-Sensitivierung, siehe
Box 6 sowie folgender Abschnitt) und den entsprechend ablaufenden Lernprozessen
(Furchtkonditionierung, Stress-Sensitivierung, siehe Box 4) zu unterscheiden.

Projekt 2 verwendet das Paradigma der Furcht-Konditionierung. Dabei wird ein
Sinus-Ton mittlerer Lautstarke, der bei den Tieren per se keine Furcht auslést und
daher als neutral gekennzeichnet werden kann, durch Kombination mit einem
elektrischen Fulschock zu einem konditionierten Stimulus (CS+). Die Ton-
Prasentation induziert in der Folge eine konditionierte Furchtreaktion (Fon-Stimulus-
verbundene Furcht, auditory-cued fear). Auch die Testbox, in der die Tiere den
Schock erhalten, wird zu einem konditionierten Stimulus, deren Darbietung eine
Furchtreaktion (kontextuelle Furcht, contextual fear) nach sich zieht. Zur besseren
Abgrenzung werden Ton-Stimulus- und Kontext- induzierte Furcht nach dem Schock
separat getestet, wobei der konditionierte Ton in eirer neuen, und damit neutralen

Umgebung prasentiert wird.
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Die Projekte 3 und 4 verwenden das Paradigma der Stress-Sensitivierung oder auch
einfach ,Test auf konditionierte und sensitivierte Furcht“(nach Kamprath and Wotjak,
2004). Die Bezeichnung ,Paradigma der Stress-Sensitivierung” wurde in Abgrenzung
zur Bezeichnung ,Paradigma der FurchtKonditionierung“ gewahlt, obwohl sich mit
diesem Verhaltenstest in ein und demselben Tier sowohl konditionierte als auch
sensitivierte Furchtreaktionen abbilden lassen. Dabei erhalten die Tiere einen
Stromschlag ohne vorherige Ankundigung durch einen Ton. Erfasst werden im
Stress-Sensitivierungs-Paradigma (i) die konditionierte Furcht der Tiere (kontextuelle
Furcht, contextual fear) auf die Prasentation des Schock-Kontextes (CS+) und (ii) die
Starke der sensitivierten Furcht (sensitized fear) als Reaktion auf einen neutralen
Ton in einer neutralen Umgebung (neutraler Stimulus, CSn). Dazu wird aus
Standardisierungs-Grunden derselbe Ton verwendet wie im Paradigma der Furcht
Konditionierung.

Als Verhaltensmal} von Furcht in beiden Paradigmen wird die Bewegungsstarre der
Tiere (freezing) als Reaktion auf die experimentelle Stimulation (konditionierter oder
neutraler Stimulus, konditionierter Kontext) erfasst (Davis, 2000; Fanselow, 1994).
Grundsatzlich (mit wenigen in den jeweiligen Manuskripten begrindeten
Ausnahmen) wird zur Testung konditionierter oder sensitivierter Furcht Uber einen
Zeitraum von 3 min stimuliert und gemessen (siehe Box 6). Der Verlauf des freezing-
Verhaltens innerhalb der ersten 3min-Stimulation wird dabei als Kurzzeit-Extinktion
(within-session-extinction, short-term-extinction) bzw. Kurzzeit-Habituation (within-
session-habituation, short-term-habituation) bezeichnet, die Veranderung des
freezing-Verhaltens zwischen verschiedenen TestTagen hingegen als Langzeit
Extinktion  (between-session-extinction, long-term-extinktion) bzw. Langzeit-

Habituation (between-session-habituation, long-term-habituation).

16



METHODEN & BEGRIFFE

Box 6: Experimentelle Paradigmen der Furcht-Konditionierung und Stress-Sensitivierung

Experimentelles Aversives Verhaltens-Testung
Paradigma Ereignis
Gl
i Chamber
Kontext Chamber . Zylinder
Konditionierte Ton- Konditionierte
Stimulus-abhangige kontextuelle Furcht
Furcht
E"'c:_:j _ 20s 180s
onditionierung I-l
180s 23603 Ton 180s 60s Ton 180s Tare
198s |605 Schock Schock —180s__ schock

Stress-
Sensitivierung

260s
2s

_1o8s J60s schock

Ton

Sensitivierte Furcht
auf neutralen Ton

180s

180s 60s Ton

Schock

Konditionierte
kontextuelle Furcht

180s Ton

180s__ schock

Diese Terminologie ist im Falle von KurzzeitExtinktion bzw. —Habituation etwas

undblich, da in der Regel die Abnahme der Furcht bei wiederholter CS+ bzw. CSn

Prasentation als Extinktion bzw. Habituation bezeichnet wird. Das Anliegen dieser

Arbeit ist jedoch anwendungsorientiert, und die Versuchsprotokolle basieren daher

auf der effektiveren, massierten Darbietung der jeweiigen Stimuli (Cain et al., 2003;

Marks, 1987), deren extremste Form die hier verwendete langgezogene Prasentation

des Stimulus darstellt.
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Angst-ahnliches Verhalten

Bei der ,Hell-Dunkel-Box* (Light-Dark Box, Crawley and Goodwin, 1980; Crawley,
1981) und der ,Modifizierten Lochbox” (Modified Holeboard, Ohl et al., 2001) handelt
es sich um sogenannte Explorations-basierte Angsttests. In ihnen werden Mause mit
einer neuen Umgebung konfrontiert, und befinden sich dadurch in einem Konflikt
zwischen zwei Art-typischen Verhaltensweisen: einerseits die eigene Sicherheit zu
wahren, und andererseits den neuen Lebensraum auf moégliche Uberlebenswichtige
Ressourcen (z.B. Futter, Sexualpartner, Fluchiméglichkeiten) hin zu untersuchen.
Die Tests erfassen die Tendenz der Tiere, die eine oder die andere
Verhaltensstrategie verstarkt zu zeigen. Tiere, die das neue Umfeld explorieren und
sich dabei Licht und ungeschutzten Freiflachen aussetzen, werden als wenig
angstlich angesehen. Tiere hingegen, die im Dunkeln bleiben oder sich nur an den
Wanden der Testbox entlang bewegen, ungeschutzte Areale hingegen vermeiden,
werden als angstlich eingestuft. Der Test auf ,Neuigkeits-induzierte Unterdrickung
des Fressens” (Novelty-Induced Suppression of Feeding, Bodnoff et al., 1989; Britton
and Britton, 1981) basiert auf demselben Prinzip: ein begehrtes Futter wird auf einer
neuen und ungeschutzten Freiflache angeboten. Die Latenzzeit, nach der ein Tier in
der neuen Umgebung zu fressen beginnt, wird dabei als proportional zur
vorliegenden Angstlichkeit angesehen. Alle drei Tests sind mit Hilfe von Angst
|6senden Pharmaka validiert (Crawley, 1985; Ohl et al., 2001; Griebel et al., 2000;
Rex et al., 1996). Modified Holebox und Novelty-Induced Suppression of Feeding
wurden zu einem Test integriert, durch Darbietung der FutterPellets im Zentrum des
Modified Holeboard.

Depressions-ahnliches Verhalten

Werden Mause in einen Behalter mit Wasser gesetzt, stehen ihnen drei mégliche
Verhaltensweisen zur Verfigung: in aufrechter Position mit den Vorderpfoten das
Wasser durchschlagend zu paddeln (struggling), in waagerechter Position zu
schwimmen (swimming) oder sich bewegungslos im Wasser treiben zu lassen
(immobility, floating). Dieser Test wird als ,Erzwungenes Schwimmen® (Forced
Swimming Test, Porsolt et al., 1977a,b) bezeichnet. Struggling und swimming
werden dabei als aktive, und floating wird als passive Coping-Strategie interpretiert.

Letzteres Verhalten stellt ein Modell flr depressionsahniches Verhalten dar, was vor
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allem auf der floating-reduzierenden Aktivitat von Antidepressiva in diesem Test
beruht (Bourin et al., 1998; David et al., 2003).

Soziales Verhalten

Das Sozialverhalten der Mause wurde in Sozialen Interaktionstests (Social
Interaction Test, nach de Angelis and File, 1979) mit Partnern aus drei
verschiedenen Altersstufen [Neugeborene (engl. Pups), Jungtiere, Erwachsene]
untersucht. Die Verwendung verschieden alter Partnermause ist folgendermalien
begrundet: Die ZielgréRe des Sozialen Interaktionstests in dieser Arbeit ist Soziales
Interesse. Soziales Verhalten mit einem unbekannten Partner beinhaltet bei Mausen
jedoch per se auch eine Angstkomponente (de Angelis and File, 1979). Damit sind im
Ausmall der sozialen Interaktion die beiden Variablen ,Angst® und ,soziales
Interesse” konfundiert. Die Angst vor dem Interaktionspartner kann jedoch bei
Konfrontation mit Pups und Jungtieren in deutlich geringerer Starke erwartet werden
als bei Konfrontation mit adulten Partnern. Ein Effekt auf das soziale Interesse sollte
daher in der Interaktion mit Partnermausen aller drei Altersstufen sichtbar werden,
wohingegen ein Effekt auf die Angstkomponente vor allem auf die Interaktion mit den
adulten Interaktionspartnern beschrankt sein sollte. Eine weitere Malinahme, den
Einfluss von Angstverhalten auf die soziale Interaktion gering zu halten, war die Wahl
einer weitgehend stressfreien Versuchsanordnung. Dabei wurden die Tiere im
Dunklen getestet, da Licht auf Mause per se anxiogen wirkt. Zudem bestand die
Testbox aus einem neuen Haltungskafig, an den die Tiere durch das wéchentliche
Umsetzen gewdhnt waren und der eine Konfundierung von sozialem Interesse mit
Revierverhalten unterband. Das komplexe Sozialverhalten wurde in die beiden
Aspekte ,Aufsuchendes Interaktionsverhalten“ (social investigation) und ,Flucht-

/Vermeidungsverhalten® (avoidance of interaction) klassifiziert.
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Zusammenfassung

Im vorliegenden Promotionsprojekt wurde erstmals ein valides Tiermodell der
Posttraumatischen Belastungsstérung (PTBS) etabliert, das konditionierte und
sensitivierte Furcht getrennt erfassen kann. Die Notwendigkeit der separaten
Messung assoziativer und nicht-assoziativer Furchtkomponenten konnte durch den
Nachweis der Unabhangigkeit beider Prozesse untermauert werden.

In einem ersten Projekt wurden ein theoretisches Konzept zur Traumaverarbeitung
sowie Kriterien fur ein Tiermodell der PTBS erstellt.

Das zweite Projekt hatte zum Ziel, geeignete Tiere fir das PTBSModell aus-
zuwahlen. Aus der Literatur war bekannt, dass sich die beiden C57BL/6Inzucht-
Maus-Unterstdmme C57BL/6JOla (BL6JOIla) und C57BL/6N (BL6N) in der Extinktion
konditionierter Furcht dergestalt unterscheiden, dass B6JOlaMause eine schnellere
Extinktion aufweisen als B6N-Mause. Zudem war in der Literatur beschrieben, dass
B6JOla-Mause das Protein a -Synuclein nicht exprimieren. Um den Furcht
Extinktions-Unterschied von BL6JOla- und BL6N-Mausen als potentielles Modell
adaptiver bzw. maladaptiver Furchtverarbeitung im Sinne eines Tiermodells von
PTBS verwenden zu koénnen, wurden verschiedene Kontollexperimente
durchgefuhrt. In einem FurchtKonditionierungs-Paradigma Uber 21 Tage wurde
gezeigt, dass sich der Extinktions-Unterschied der beiden C57BL/6-Unterstamme
unter den vorliegenden Versuchsbedingungen replizieren lasst. Weiterhin wurde
untersucht, ob der Verhaltensunterschied von BL6JOla- und BL6N-Mausen auf ihrer
unterschiedlichen a-Synuclein-Expression basiert. Dafur wurde neben B6JOla und
B6N-Mausen noch ein dritter C57BL/6-Stamm, C57BL/6JCrl (B6Jax), untersucht, der
a-Synuclein normal exprimiert. Es zeigte sich, dass a-Synuclein-Expression nicht mit
Furcht-Extinktion verbunden ist, da beide B6J-Stamme eine bessere Extinktion
aufwiesen als der B6N-Stamm, obwohl nur im B6JOla-Stamm das a-Synuclein-
Protein fehlt. Weiterhin wurde heraus gestellt, dass die Akquisition der Ton
FuRschock-Assoziation in allen Stammen vergleichbar ist, und dass der BL6JOIla —
BL6N-Stammunterschied in der Extinktion weder die Folge einer basal
unterschiedlichen Emotionalitat noch einer unterschiedlichen Schmerzschwelle oder
initialen Tonreaktion darstellt. Aufgrund der Ergebnisse von Projekt 2 wurden die
beiden Inzucht-Mausstamme B6JOla und B6N als potentiell geeignete Tiere fur ein
Modell der PTBS ausgewahlt.
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Das dritte Projekt umfasste die Etablierung des Tiermodells der PTBS, mit B6N
Mausen als ,vulnerablem“ und B6JOla-Mausen als ,resistentem“ Stamm. Als
experimentelles Paradigma wurde die Stress-Sensitivierung verwendet, ein
Verfahren, in dem ein einzelner starker FulRschock unangekundigt appliziert wird,
und in der Folge sowohl konditionierte als auch sensitivierte Furcht erfasst waden
kénnen. Weitere Verhaltenstests wurden zur Erfassung von Angst und Depressions-
artigem Verhalten sowie von Sozialverhalten eingesetzt. In einer Reihe von
Experimenten wurde getestet, ob das Tiermodell ,Stress-Sensitivierung von B6N und
B6JOIla-Mausen® den eingangs der Arbeit detailliert dargestellten allgemeinen und
spezifischen Kriterien fir Tiermodelle der PTBS gentgt. Das Modell bewies face-
Validitat: die ,vulnerablen® B6N-Mause zeigten nach einmaliger und kurzer Schock-
Applikation (i) einen positiven Dosis-Wirkungs-Zusammenhang von Schockstarke
und kontextuell konditionierter sowie sensitivierter Furcht, (ii) ein Anhalten kontextuell
konditionierter Furcht Uber den gesamten Beobachtungszeitraum von bis zu 2
Monaten nach dem Schock (Fluoxetin Kontroltiere), (iii) einen Anstieg sensitivierter
Furcht unter ansteigender Verhaltens-Variabilitat mit zunehmender Inkubationszeit
und (iv) eine ausbleibende Langzeit-Habituation bei wiederholter Prasentation eines
neutralen Tones nach langeren Inkubationszeiten. Die maximale, einen Monat
inkubierte Furcht wurde dabei begleitet (v) von Anzeichen einer reduzierten
Exploration und reduzierten Fressverhaltens in einer neuen Umgebung, (vi) von
starkerer Immobilitat im Forced Swimming Test, sowie (vii) von einer moderat
reduzierten sozialen Interaktion mit Mausen unterschiedlichen Alters. Im Vergleich zu
den ,vulnerablen® B6N-Mausen entwickelten deutlich weniger der untersuchten
.resistenten” B6JOla-Mause starke konditionierte und sensitivierte Furchtreaktionen.
Der Zeitraum intensiver Furchtreaktionen war in B6JOIla-Tieren zudem kurzer, da die
Tiere ihre maximale konditionierte Furcht spater entwickelten, und friiher zu geringen
Furcht-Niveaus zuriuckkehrten. Das Tiermodell zeichnet sich zudem durch pradiktive
Validitat aus, da sich die inkubierte sensitivierte Furcht in den ,vulnerablen® B6N
Tieren mit starker Symptomatik durch chronische Behandlung mit dem SSRI
Fluoxetin verringern liel3.

Im vierten Projekt dieser Promotion wurde die Annahme des zugrunde liegenden
theoretischen Konzeptes uberpruft, der zufolge sensitivierte und konditionierte Furcht
nach einem traumatischen Erlebnis aus unabhangigen Gedachtnisprozessen

resultieren. Dafur wurde die Bildung der KontextSchock-Assoziation im Stress-
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Sensitivierungs-Paradigma durch die intra-hippokampale Applikation eines N-Methyl-
D-Aspartat-(NMDA) Rezeptorblockers behindert und nach 4 Wochen Inkubationszeit
PTBS-artige konditionierte und sensitivierte Furcht gemessen. Behandelte Tiere
zeigten nur halb so viel konditionierte Furcht auf den Schock-Kontext, aber
vergleichbar viel sensitivierte Furcht auf den neutralen Ton wie KontroltTiere. Das
Ergebnis dieser Studie bietet erste Evidenz fir eine Unabhangigkeit der nicht
assoziativen von der assoziativen FurchtgedachtnisKomponente nach einem
Trauma, und damit fir eine Unabhangigkeit der PTBS-Symptome Ubererregbarkeit

von der Furchtreaktion auf Trauma-verbundene Erinnerungsreize oder flashbacks.
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Ausblick

Mit der Stress-Sensitivierung von B6N- und B6JOla-Mausen wurde ein Tiermodell
der PTBS etabliert, das den Kriterien von face-Validitat und Pradiktiver Validitat
entspricht. Es erméglicht in weiteren Studien die Bearbeitung von Fragen nach der
Ursache und nach neurobiologischen Korrelaten der beobachteten Verhaltensvarianz
sowohl innerhalb als auch zwischen den untersuchten InzuchtStammen. AuRerdem
stellt es eine Basis dar fur das screening neuer pharmakologischer Substanzen auf
ihr Potential fir eine praventive oder therapeutische Wirkung auf Symptome der
PTBS. Der Nachweis einer Unabhangigkeit assoziativer und nichtassoziativer
Prozesse infolge eines Traumas hat neben seiner Bedeutung fur das Verstandnis
von Mechanismen in der Traumaverarbeitung auch eine klinische Implikation.
Strategien zur Verringerung der nichtassoziativen Furcht (Desensitivierung) sollten
in Zukunft verfolgt werden, um Behandlungsformen, die vordergrindig auf das
assoziative Traumagedachtnis abzielen (z.B. Expositionstherapie), um einen

weiteren Ansatz zu erganzen.

Box 7: Mégliche Ansatzpunkte fiir Pravention oder Therapie von PTBS.

Trauma

Pravention:

Verhinderung von Stress-
Sensitivierung und
Furchtinkubation

Verhinderung von Gedachtnis-
Konsolidierung

Assoziatives < > Nicht-assoziatives
Furchtgedachtnis Furchtgedachtnis

Therapie:

Férderung von Extinkton St Forderung von Desensitivierung

Rekonsolidierung unter Exposition

Forderung von Habituation unter
Trauma-assoziierter Reize

Exposition Trauma-assoziierter Reize

Erholung

Entsprechend dem dieser Arbeit zugrunde liegenden Modell der Trauma
Verarbeitung ergeben sich auf den verschiedenen Verarbeitungsstufen
konditionierter und sensitivierter Furcht eine Reihe méglicher Ansatzpunkte fir
therapeutische Interventionen (siehe Box 7). Diese gilt es in den nachsten Jahren
systematisch zu untersuchen, mit dem Ziel, eine neue Generation von Therapeutika

zur Pravention und Behandlung von PTBS zu entwickeln.
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Toward an Animal Model of
Posttraumatic Stress Disorder

ANJA SIEGMUND AND CARSTEN T. WOTJAK
Max Planck Institute of Psychiatry, D-80804 Munich, Germany

ABSTRACT: Posttraumatic stress disorder (PTSD) belongs to the most
frequent anxiety disorders. Despite a broad body of evidence concerning
neurobiological correlates of this illness, the pathomechanisms of PTSD
are still poorly understood. This illustrates the need to establish animal
models of this disorder. Recently, PTSD model has become a somewhat
fashionable term used in animal studies for almost every stress-induced
behavioral alteration. Only few cases, however, reflect the human dis-
order closely enough to deserve this term. Systematic research requires
valid animal modeling with clearly defined criteria. This article outlines
and discusses criteria for prospective PTSD models, based on a theoret-
ical framework that emphasizes the involvement of both associative and
nonassociative memory processes in the development and maintenance
of PTSD.

KEYWORDS: fear; anxiety; conditioning; memory; stress; sensitization;
incubation; generalization; habituation; extinction

ANIMAL MODELS OF PSYCHIATRIC DISORDERS

Beyond doubt it is impossible to adequately model the complex etiology
and expression of human psychiatric disorders. However, despite the influence
of higher cognitive functions in man, basic emotional processes are shared by
humans and other mammals.!-? Hence, it is not the aim of animal research to
mimic the complexity of human nature, but to model selected endophenotypes
proposed to reflect core features of the respective psychiatric disorder. Sim-
ilarly, the quality of an animal model is typically assessed by three validity
criteria.>* Face validity describes how closely key symptoms of the human
disorder are mimicked by the animal model. Predictive validity stands for
the success of a pharmacological treatment in the animal model that has been
shown to have a therapeutic effect in humans. Construct validity claims that the
cellular and molecular processes in the animal model and the human patient are
the same. Accordingly, animal models in psychiatric research may represent
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symptoms with assumed face validity in respect to symptoms (e.g., fear of
novelty and unprotected areas as anxiety-like features®”’) or etiology (e.g.,
induction of depression-like symptoms in the Learned Helplessness Model®).
Alternatively, animal models have been established merely on the basis of their
predictive validity (e.g., characterization of antidepressant drugs in the Forced
Swimming Test” ! and Tail Suspension Test'") or their construct validity (e.g.,
transgenic overexpression of corticotropin-releasing hormone [CRH]'?).

In case of posttraumatic stress disorder (PTSD), the human diagnostic cri-
teria (Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
[DSM-1V]) have been translated into those suiting animal research in terms of
face validity.'? In this article, we extend Yehuda’s and Antelman’s criteria by
directing the focus of interest to the hypothesized involvement of two impor-
tant biological processes, conditioning and sensitization, in the development
and maintenance of PTSD.

CONDITIONING AND SENSITIZATION PROCESSES IN PTSD

Over 10 years ago, both conditioning and sensitization processes have been
named as critical psychobiological processes underlying PTSD.'* Unfortu-
nately, in spite of being induced by the same event, and occurring as compo-
nents of the same illness, the two processes have since been worked on in two
rather independent branches of research.

PTSD as a “Memory” Disorder

Several authors see the crucial cause for the development of PTSD in an
extraordinarily strong memory of the aversive encounter, maintained, for in-
stance, by resistance to extinction, by memory reinstatement, by too fragile
inhibitory mechanisms, by overgeneralization, by dissociative fragmentation,
or by disturbance of declarative memory due to a stronger automatic process-
ing of trauma-related material.!*?° In support of a crucial role of memory
processes in PTSD, brain imaging studies with PTSD patients have revealed
increased activity in brain structures responsible for the formation and expres-
sion of conditioned fear (amygdala, posterior cingulate), and decreased activity
in others related to extinction (prefrontal cortex), both during fear conditioning
and in response to trauma-related stimuli.?!:?> Moreover, there seems to be an
inverse relationship between the size of the hippocampus (a brain structure
essential for the formation of contextual fear memory?>?) and the susceptibility
to develop PTSD.?

Parallel to the clinical studies, basic researchers have published a vast number
of animal studies on acquisition, extinction, stability, and instability of aver-
sive memories, with potential implications for clinical practice. They showed,
for instance, that memory traces are not stable, once their consolidation pro-
cess has finished, but reorganize with the passage of time due to a process
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called systems consolidation,?>2¢ which has been related to the development

of generalized fear.>’-2° Moreover, contrary to the concepts of memory consol-
idation and subsequent memory stability,’* aversive memories reconsolidate
upon recall,>'3* which renders them “labile” again to pharmacological inter-
vention.’*3% A similar weakening of aversive memories might be achieved by
repeated non-reinforced presentation of trauma-related cues that leads to mem-
ory extinction.*® During the process of extinction, animals eventually learn that
a particular stimulus does not predict the occurrence of a traumatic situation
anymore. The newly formed inhibitory associations suppress recall and/or be-
havioral expression of the aversive memory. Today, the molecular substrates
of classical fear conditioning are well described,?” and knowledge concerning
those of reconsolidation®3-33and extinction’® is advancing.

Taken together, there is ample evidence from clinical studies that at least
part of the pathomechanisms of PTSD relate to associative memory processes.
At the same time, basic research on fear memory can be expected to contribute
significantly to our understanding of those processes and to the development
of novel pharmacotherapeutic strategies.

PTSD as a “Stress” Disorder

Traumatic events not only lead to the formation of associative memories by
classical conditioning and operant avoidance learning, but also sensitize the
individual in a nonassociative and cross-modality (i.e., unspecific) manner,
thereby increasing the general responsiveness to potentially harmful stimuli.
This hyperresponsiveness is in accordance with the increased and slower ha-
bituating activity of the amygdala of PTSD patients that could be observed not
only in response to trauma-related, but also to trauma-unrelated negatively as-
sociated stimuli like fearful faces.>® In addition, increasing autonomous arousal
has been shown in a prospective study with trauma survivors following a traf-
fic accident.*® Analogously, basic research in rats and mice has demonstrated
that a single exposure to a severe stressor may cause long-lasting increases in
anxiety-like behavior,*!**> and changes in neurochemistry, neuroendocrinol-
ogy, 4 startle responses,?® and electrical excitability of the fear circuit.*743

The neurobiological basis of those modifications is not yet entirely clear,
but might involve structural changes within the amygdala complex as well as
a decrease in inhibitory constraints of neuronal excitation. Increased numbers
of dendritic spines and/or enhanced dendritic arborization could be observed
in the basolateral amygdala of rats following acute*” and chronic restraint
stress. 3! Importantly, some structural changes require an incubation period
of at least 10 days after the stressful experience before they become evident*’
and may persist for more than 3 weeks.’! Their appearance coincides with
that of an anxiety-like phenotype, thus strikingly resembling delayed onset of
symptoms in PTSD.
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It is conceivable that the CRH plays a crucial role in the sensitization and
incubation processes, in particular as PTSD patients show elevated levels of
CRH in their cerebrospinal fluid.>> Animal studies support this conclusion,
demonstrating that transient stimulation of CRH receptors over several days
leads to both increased anxiety-like behavior and a long-lasting decrease in
GABAergic inhibition in the basolateral amygdala.>

In summary, sensitization processes are likely to be involved in the pathome-
chanism(s) of PTSD, too. Studies on the mechanisms of desensitization are,
therefore, at least of similar importance as are studies on memory extinction.

An Integrated Approach: The “Dual-Branch Hypothesis of PTSD”

So far, classical fear conditioning and sensitization processes have been
extensively studied as separate entities. However, as both processes seem to be
of fundamental importance for the development and maintenance of PTSD, and
because little is known about their interactions, we have to integrate memory-
and stress-related processes into a single animal model of PTSD.

Based on the above cited literature, as well as on our own work,>* we suggest
a “dual-branch hypothesis of PTSD” as the theoretical framework of such an
approach (FIG. 1). According to this hypothesis, aversive encounters lead to
the simultaneous formation of associative memories (involving classical condi-
tioning) and nonassociative memories (involving sensitization processes). The

Trauma

Classical conditioning
(Re)consolidation
Higher-order conditioning
Operant avoidance
Generalization

Sensitization

Incubation

Associative |, | Nonassociative
Fear Memory Fear Memory

Habituation

Recovery

FIGURE 1. The “dual-branch hypothesis of PTSD.” Traumatic incidents lead to the
simultaneous formation of associative and nonassociative fear memories. Accordingly,
recovery from traumatic incidents is based on processes that interfere with expression
and/or maintenance of these two memory components.
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nonassociative memory branch appears to be particularly vulnerable to fear in-
cubation (own, yet unpublished observation), likely via long-term changes in
the excitability of the amygdala. It is noteworthy, that sensitization contributes
to fear expression in aversive learning,>* and that therefore incubation effects
can also be found in fear conditioning protocols.?®?° Both branches seem to
interact at various levels, including stress effects on memory recall and expres-
sion, and additional sensitization due to virtual reexperience of the aversive
encounter during memory flashes or nightmares. We propose that both mem-
ory components have to be inhibited in order to successfully intervene with the
development and maintenance of PTSD-like symptoms. Potential mechanisms
of interest regarding a preventive or therapeutic intervention are memory con-
solidation, reconsolidation, and extinction learning on the associative side, as
well as desensitization and habituation processes (desensitization describes a
general decrease in excitability, habituation is the decrease in responsiveness
in a certain stimulus—response pathway) on the nonassociative side.

ANIMAL MODELS OF PTSD—CRITERIA TO BE MET

Today, many studies about fear conditioning experiments or stress-related
alterations in behavioral performance claim significance in terms of a better
understanding of the biological basis of PTSD. Few of them, however, report a
phenotype that is close enough to the human disorder. Models often rely on a
small set of behavioral measures, rendering the claimed PTSD-like phenotype
indistinguishable from other anxiety disorders. The characteristic long-term
persistence and the delayed onset of the disorder are often neglected. Accord-
ingly, behavioral consequences of a stressful experience have to be regarded
as an “Acute Stress Reaction,” if assessed within a few days after the aversive
encounter only. Furthermore, PTSD is a disorder that develops as the result of
maladaptive stress coping in a subset of individuals only, and has to be clearly
distinguished from the effects of stress in general.

In the following section, we define a set of criteria that we propose should be
met by any animal model of PTSD (see also TABLE 1). This selection is based
on the diagnostic criteria of PTSD (DSM-1V), transferred into those suitable
for animal research.!® At the same time we outline a few concerns about some
common PTSD approaches.

Stressor (Face Validity)

The essential role of a traumatic event in the development of PTSD represents
a unique diagnostic criterion to differentiate between PTSD and other anxiety
disorders. This underscores the validity of employing an aversive encounter
for the induction of PTSD-like phenotypes in animals. The stressor should be
severe but of short duration. In analogy to the situation in humans, its intensity
is expected to determine the severity of symptoms.>?
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TABLE 1. Criteria for the establishment of an animal model of PTSD

General criteria

¢ The model should allow to assess behavioral correlates of both associative and
nonassociative trauma-related memories.

¢ Behavioral tasks should allow to perform longitudinal studies of PTSD-like symptoms
in order to assess incubation, extinction, habituation, and desensitization of fear
responses.

Traumatic incident

¢ The phenotype should be induced by an aversive stimulus (stressor).

* Brief stressors should be sufficient for the induction of PTSD-like symptoms.

¢ The intensity of the stressor should define the severity of the symptoms.

PTSD like symptoms
¢ Symptoms should persist for several weeks or even increase with the passage of time
(delayed onset, fear incubation).

¢ Symptoms should include exaggerated fear responses to trauma-related cues,
hypervigilance, and hyperarousal.

¢ Symptoms should include signs of Ayporesponding (emotional blunting, social
withdrawal).

¢ There should be considerable inter-individual variability of PTSD-like symptoms to
study factors of vulnerability and resilience.

Predictive validity

® Chronic SSRI treatment should ameliorate at least part of the manifested PTSD
symptoms.

NoTE: Modified from Yehuda & Antelman with permission.!3

Common stressors for the induction of PTSD-like symptoms include re-
straint stress (immobilization),’® exposure to predators,>’ underwater hold-
ing,’%and foot- or tailshocks.*®>*! Except for the electric shocks, the in-
tensity of such stressors can be modified only by prolonging the duration of
the exposure or by repeating the exposure. Both options bear the risk of ha-
bituation processes that lower the effect of the stressor.®? As a consequence,
dose—response relationships could hardly be shown. Electric shocks, in con-
trast, represent a useful tool for the induction of trauma in animal models of

PTSD, as their strength can be modified by changing the current intensity.

Symptoms (Face Validity)

As a core feature of PTSD, a behavioral phenotype needs to include signs
of hyper-responding, like exaggerated fear responses to trauma-related cues,
hypervigilance, and hyperarousal. At the same time, symptoms should also
include signs of hypo-responding, like emotional blunting and social with-
drawal. Behavioral alterations are expected to persist for a long time (weeks to
months) or become even more intensive with the passage of time (delayed onset,
fear incubation). Furthermore, there should be considerable inter-individual
variability in the expression of symptoms following the experience of the same
traumatic incident, in order to distinguish between affected and nonaffected
individuals.
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Animal models approaching the PTSD phenotype typically employ tests that
assess (a) the processing of aversive memories or (b) stress-induced alterations
in anxiety-related behaviors.

Fear conditioning paradigms are the first choice for memory-related aspects
of PTSD-like symptoms. They are based on the association of a neutral stimu-
lus (conditioned stimulus, for example, tone, light, or context) with an electric
footshock. Subsequent exposure to the conditioned stimulus leads to a fear
response that can be quantified by duration of freezing or increased startle
amplitudes.? Used as the only behavioral readout, however, fear condition-
ing paradigms resemble symptoms of a specific phobia rather than those of
PTSD, and have therefore to be extended by behavioral tests that reflect the
nonassociative fear component of the disorder, too.

Anxiety-like behavior is most commonly assessed in exploratory-based
approach-avoidance conflict tests that study the impact of fear of open and/or
brightly lit areas on the exploration of novel environments (e.g., elevated plus-
maze, light-dark box).%7 Such tests are well established and pharmacologically
validated with benzodiazepines. However, measurements of anxiety-like be-
havior are valid in test-naive animals only, as repeated testing leads to a loss in
efficacy of anxiolytic drugs, likely because of memory effects.®> These con-
straints preclude the usage of such paradigms in longitudinal studies, which
require repeated testing of the animals in order to assess the development of
PTSD-like symptoms over time or to study resistance to extinction/habituation.
Furthermore, like fear conditioning, exploratory-based measures of anxiety
should not be used as the only behavioral readout for PTSD-like symptoms.
Even though neophobia or low risk taking can represent the emotional blunting
side of this illness, this symptom represents other anxiety disorders, too, like
generalized anxiety disorder, panic disorder, and agoraphobia.

Symptoms of hypervigilance and hyperarousal can be assessed by measuring
increases in the amplitude of startle responses to tones or air puffs of defined
intensity.®* Alternatively, one can quantify changes in the freezing response
to potentially harmful stimuli, such as tones or bright light.> Again, elevated
startle reactivity cannot serve as PTSD phenotype on its own, as the same
symptom could well represent a panic disorder.

Taken together, there is a selection of tests that can measure aspects of PTSD,
but none of those measures can represent the complex PTSD pathology on its
own. Animal models of this psychiatric disorder should therefore rely on a
combination of behavioral paradigms.

Therapy (Predictive Validity)

There is no “golden standard” for verifying the predictive validity of an
animal model of PTSD, but selective serotonin reuptake inhibitors (SSRIs)
have proved to be most efficient in human patients.®> Therefore, chronic
administration of SSRIs are expected to ameliorate PTSD-like symptoms in a
potential animal model of this disorder.
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Construct Validity

The biological basis of PTSD is still insufficiently understood. None of
the aforementioned biological substrates can be considered sensitive and/or
specific enough to serve as specific biological markers of PTSD. However, a
model that includes hyperactivity of the amygdala or the CRH system, impaired
functioning of the prefrontal cortex, or hypotrophy of the hippocampus®® will
certainly gain validity. Hypercortisolism might serve as an exclusion criterion,
as PTSD patients, other than depressed patients,®’ exhibit normal to even lower
corticosterone levels.5®

SUMMARY

This article summarizes and extends the criteria for prospective animal mod-
els of PTSD. It illustrates both the heuristic value and the limitations of selected
experimental approaches. We propose that the complexity of brain pathology
underlying PTSD can only be understood if the complex interrelation between
associative and nonassociative processing of the aversive encounter is consid-
ered. Our “dual-branch hypothesis of PTSD” integrates well-known condition-
ing and sensitization processes into one theoretical framework and provides
guidelines for the development of the next generation of animal models of
PTSD.
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Abstract

C57BL/6 mice are commonly used as background strains for genetically modified mice, and little attention is usually paid to the notification
of the specific substrain. However, it is known that C57BL/6NCrl (B6N) and C57BL/6JOlaHsd (B6JOla) mice differ in the course of extinction
of conditioned fear (Stiedl O, Radulovic J, Lohmann R, Birkenfeld K, Palve M, Kammermeier J, et al. Strain and substrain differences in
context- and tone-dependent fear conditioning of inbred mice. Behav Brain Res 1999;104:1-12), as well as in the expresgiuciain
(Specht CG, Schoepfer R. Deletion of the alpha-synuclein locus in a subpopulation of C57BL/6J inbred mice. BMC Neurosci 2001;2:11). We
tested for a causal relationship between the two findings by employing B6N (exprassymgiclein), B6JOla (not expressingsyn) and the
third strain C57BL/6JCrl (B6Jax, expressiagsyn). We show thak-syn does not account for differences in extinction in a fear conditioning
task, as its expression did not covary with the decrease of freezing on repeated non-reinforced tone and context exposure in the three strains
B6Jax exhibited fastest extinction followed by B6JOla. In contrast, B6N showed persistent fear over the course of extinction training. The
differences in extinction between B6JOla and B6N were unrelated to sensorimotor processing (pain threshold and basal tone reaction) and
innate fear (light—dark test). However, B6Jax displayed less innate fear than B6JOla and B6N. Our results of marked differences in innate and
conditioned fear in three B6 substrains illustrate the necessity of a strict adherence to an exact mouse strain nomenclature.
© 2004 Elsevier B.V. All rights reserved.

Keywords: C57BL/6JOlaHsd; C57BL/6JCrl; C57BL/6NCrl; Fear conditioning; Mice; Inbred strains; Extinction; Light—dark avoidance; Anxiety; Innate fear

1. Introduction Biochemical comparison of animals that differ solely in a
distinct behavioural feature represents a promising approach
Pavlovian fear conditioning is a well established experi- for characterising neurobiological correlates of the respective
mental model. While the anatomical structures and molec- behavioural phenotypg3]. The two inbred mouse strains
ular mechanisms underlying acquisition of the CS-US as- C57BL/6NCrl (B6N) and C57BL/6JOlaHsd (B6JOIa) differ
sociation are well describdd4], there are still many open intheir course of extinction of conditioned fear but not in ac-
questions regarding the neurobiological basis of extinction quisition of fear memory, with B6N showing a slower decline
[18]. Aberrations in the extinction of conditioned fear have of fear in response to the CS than B6J8]. Naive B6N
been reported in psychiatric disorders like sofi&l or spe- and B6JOIa mice, in contrast, exhibit only minor differences
cific [17] phobias and post-traumatic stress disordes], in anxiety-related behaviour at bd2tl]. It is probably for
illnesses whose pathomechanisms are still unknown. There-this similarity in innate emotionality that in the literature the
fore studying the substrates of extinction in animal models is exact nomenclature of C57BL/6 substrains is often not indi-
a matter of interest for both basic and clinical research. cated, although the two substrains are far from being similar
in respect to the processing of aversive experience. In fact,

* Corresponding author. Tel.: +49 89 30622 652; fax: +49 89 30622 610. th€ latter differences might provide an opportunity to selec-
E-mail addresswotjak@mpipsykl.mpg.de (C.T. Wotjak). tively examine biological correlates of fear extinction. In this

0166-4328/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbr.2004.07.007
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study, we undertook a first approach of searching for biolog- ments included independent groups of animals. Within the

ical substrates of the diverging extinction course in the two experiments of fear conditioning and innate reaction to the

B6 strains. CS tone each mouse went through each phase of the testing
Descending from the same breeding stock, B6N and procedure in a repeated measure design. B6Jax mice were

B6JOla mice should be genetically similar. Nevertheless, tested 7 months after the testing of B6JOla and B6N.

Specht and Schoepfer (2001) described a spontaneous abla-

tion of the alpha-synucleimfsyn) gene in B6JOla-synis a 2.1. Animals

presynaptically localised protein that has been implicated in

synaptic transmission and the aetiology of neurodegenerative A total of 36 C57BL/6JOlaHsd (Harlan Winkelmann,

disorders such as Alzheimer’'s and Parkinson’s disease (forBochern, Germany; B6JOIla), 35 C57BL/6NCrl (Charles

reviews seq6,15]). Accordingly, two mouse models with  River Germany GmbH, Sulzfeld, Germany; B6N) and 12

genetic ablation ofi-syn displayed alterations in synaptic C57BL/6JCrl (originally Jackson Laboratory, provided by

transmission1,3] that have been interpreted as indicators Charles River, Germany GmbH, Sulzfeld, Germany; B6Jax)

of an inhibitory role ofa-syn in activity-dependent modu- male mice were tested at an age of 8-13 weeks. Animals

lation of dopamine neurotransmissifiti and of a signifi- were separated immediately after arrival from the supplier

cant contribution ofe-syn to the genesis and maintenance of andhoused singly with aninverse 12:12 hlight—dark schedule

“reserve” or “resting” pools of presynaptic vesicles in CA1 (lights on at 8 pm) in standard macrolon cages (type 2) for 14

neurones of the dorsal hippocamg@k Based on the puta-  days before the start of experiments. They were allowed free

tive consequences afsyn ablation on synaptic transmission access to food and water. Experiments were performed dur-

in glutamatergic and dopaminergic neurons, we wondereding the activity period of the animals. Except for light—dark

whether the lack o&-syn in B6JOla mice might account for  testing, all experiments took place in the same room, where

the accelerated extinction of conditioned fear in these ani- a sound- and light-tight curtain separated experimental com-

mals compared to B6N mice. If the lack@fsyn had similar partments and home cages.

consequences on excitatory synaptic transmission implicated

in the expression and extinction of conditioned f@a&, asin 2.2. Apparatus

CA1 neurons ire-syn knock-out micg3], a prolonged stim-

ulation by the tone might resultin a faster “exhaustion” of the 2.2.1. Fear conditioning, innate tone reaction, pain

stimulus—response system. As a consequence freezing wouldhreshold

be expected to more rapidly decline in animals withewstyn
(B6JOIa) than in animals with an intagtsyn gene (B6N).

Experiments were performed in three contexts: (1) the
conditioning chamber (ENV-307A, MED Associated, St. Al-

Therefore, additionally to B6JOla and B6N we analysed bans, VT, USA), cubic-shaped with two metal walls and two

the extinction course of a third BL/6 strain (C57BL/6JCrl,
B6Jax) that is known to expreassyn similarly to B6N mice.

transparent Plexiglas walls, a house light (ENV-215M, MED
Associates; 0.6 Ix), a metal grid for shock application (ENV-

We paired a neutral tone (CS) to a footshock and tested the407; Shocker/Scrambler: ENV-414, MED Associates), (2)
fear reaction to the CS and to the conditioning context over test context 1, cylindrically shaped and made of transparent
a course of 1-3min on days 1, 6, 7 and 21 after condition- Plexiglas (& 15cmx H 30cm) with a house light (ENV-
ing. In this way we assessed short-term (within-session) and215M, MED Associates; 0.31x) and (3) test context 2 with
long-term (between-session) extinction of auditory-cued and the shape of a hexagonal prism with opaque, rough surfaced
contextual fear as well as context dependency of extinction Plexiglas walls except for one transparent side facing the
and spontaneous recovéfy]. In addition we controlled for ~ camera (total dimensions: L 15cenW 13cmx H 30 cm)
effects of innate fear, pain threshold and sensorimotor stim- with a stimulus light as a house light (ENV-221M, MED As-
ulus processing on fear conditioning by examining in naive sociates; 12 1x). The conditioning context was cleaned with
animals the reaction to electric currents of increasing inten- 70% ethanol, test context 1 with 1% acetic acid and test con-
sity (pain threshold), to the tone that is used as CS and to atext 2 with 0.05% isoamylacetate (banana smell). All contexts
light—dark avoidance task. were located in soundproof isolation cubicles (ENV-018M,
MED Associates) that were additionally isolated with acous-
tic foam (Conrad Electronics, Hirschau, Germany). The tone
was generated by audio stimulus generators (ANL-926, MED
Associates) and applied by speakers (DTW 110 NG, Visaton,

All experiments were approved by the Committee on An- Haan, Germany) mounted to the ceiling of the isolation cu-
imal Health and Care of the local governmental body and bicle over the respective contexts, which were open at the
performed in strict compliance with the EEC recommenda- top. Experiments were controlled by a PC and the software
tions for the care and use of laboratory animals (86/609/CEE). MED-PC for Windows v1.17 via interfaces (DIG 715) and
Light—dark avoidance testing and fear conditioning were per- the respective control panels (SG 215, all MED Associates).
formed within the same animals, with the light—dark test pre- Contexts were cleaned thoroughly after each trial and bed-
ceding fear conditioning by 2 days. The remaining experi- ding was changed.

2. Materials and methods
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2.2.2. Light-dark avoidance test (but not a 1-min tone) led to a substantial decrease in freezing
Animals were tested in boxes (Coulbourn Instruments, duringtone presentation and on a second non-reinforced tone
Allentown, USA) which were divided into two equally sized presentation a week later (Neuweiler & Wotjak, unpublished
compartments (L 13cnx W 26 cm x H 38 cm). The light observation). The re-exposure to the tone in a different con-
compartment had three transparent Plexiglas walls and atext (test context 2) at day 7 served as a measure of context-
white plastic floor and was illuminated with 700Ix white dependency of extinction. Tone exposure at day 21 tested for
light. The non-illuminated black compartment consisted of spontaneous recovery. In order to prevent that a 3-min tone
black plastic walls, floor and roof. The two compartments during measurement of context dependency of extinction at
were connected by a 7.5 cm7.5 cm doorway. Two infrared  day 7 causes further extinction (and thus interferes with spon-
sensor rings (sensor spacings 1.52 cm) around the boxes altaneous recovery), we exposed the animals to a 1-min tone
lowed the measurement of horizontal and vertical activity. only at day 7 and (for comparative reasons) at day 21.
Both sensor rings were connected via interface to a computer
equipped with Tru Scan Software Version 99 (Coulbourn In- 2.3.2. Innate tone reaction
struments). The sampling rate was 4 Hz. Boxes and sensor Naive animals were exposed to atone (9 kHz, 80 dB) atd1,
rings were surrounded by an additional box made of opaqued6, d7 and d21 analogous to the fear conditioning protocol,
Plexiglas side walls (L 47 cnx W 47 cmx H 38 cm) with- but without prior conditioning and without context testing.
out roof and floor. Before and after the experiments, animals
were separated from the set-up by a light-tight curtain. Com- 2.3.3. Pain threshold
partments and floor were thoroughly cleaned with soap and Each animal was placed individually into the condition-
water between sessions. ing chamber. After 170 s the electric current was gradually
increased by hand (approximately.8/s) until the animal
showed the first sign of pain (jumping or vocalising). At this
moment the current was immediately switched off and the
respective current intensity was taken as a measure of the
animal’s pain threshold.

2.3. Procedures

2.3.1. Fear conditioning

For an overview of the experimental design Jeble 1
During training animals were placed into the conditioning i
chamber. After 3min a tone (9kHz/80dB sine wave) was 2-3-4. Light-dark test _
presented for 20 s that co-terminated with a single scrambled Animals were transferred to the experimental room the
electric footshock (0.70 mA, 2s) administered via the metal €Vening before testing. Mice were placed into the middle of
grid. Animals remained in the conditioning chamber for an- the darlf compartmentat the start of the <_axper|ment. Allthree-
other 60 s before they were returned to their home cages. Fodimensional movements were automatically recorded over a
CS testing animals were placed into test chamber 1 or 2 de-Course of 30 min. At the end of the experiment, mice were
pending on the experimental day. After 3min the CS was returned to their home cages. The following beh_awoural pa-
presented for 3 min in test chamber 1 on d1 and d6, and forFameters were automatically recorded: (1) total distance (hor-

1 min in test chamber 2 on d7 and d21. After tone presentationZ0nta! locomotion), (2) exploration (number of rearings), (3)

animals remained in the test chambers for another 60 s beford €/ative time spent in the dark compartment (expressed as a
they were returned to their home cages. For context testingpercentgge of the observed interval) and (4) relative distance
animals were placed into the conditioning chamber for 3min Moved in dark compartment (expressed as a percentage of
without tone presentation, and immediately returned to their the total distance moved during the given analysis interval).

home cages afterwards. We have chosen a 3-min tone for mea- )
suring both within-session extinction and between-session2-4- PCR analysis ai-syn gene

extinction, because we could show that a single 3-min tone o ) .
For verification of the ablation ef-syn in B6JOla (Specht

& Schopfer, 2001), tail cuts of B6N, B6JOla and B6Jax (
= 6 per strain), randomly chosen from animals that under-
went fear conditioning, were collected and stored-80°C.
Genotyping was performed blindly to the strain.

Genomic DNA was prepared from mouse tails using

Table 1
Design of the fear-conditioning experiment, illustrating the order of tone
exposures (CS) and context exposures

Da Time of da Procedure Context . . . N . .

doy . Y - Conditiona chamb the Invisorb Spin Tissue Mini Kit (Invitek, Berlin, Ger-
Morning Fear conditioning onditioning chamber ) according to the manufacturers instructions. PCRs

dl Morning 3 min without tone Conditioning chamber . . .
Afternoon 3min CS Test chamber 1 were carried out with &l genomic DNA (150-200 ng)

dé Morning 3min CS Test chamber 1 in a total volume of 2@l containing 10 mM Tris—HCI

a7 Morning 1minCS Test chamber 2 pH 8.8, 50mM KCI and 1.5mM MgG| 0.2mM of each

i1 ?Aﬁe"‘_oon im'_” Vé';hou“one qud'ﬁon'gg Czhambe' of the four dNTPs, 2U Taq polymerase (PEQLAB, Er-

orning min est chamber : _

Afternoon 3 min without tone Conditioning chamber Iangen, Germany) and O of each Primer, respec

tively. The sequence of the amplification primers was
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5'ATCGGAGTTCTTCAGAAGCC3 (upstream primer, cor-  was performed with-test for independent groups. Statistical
responding to bases 11053-11072 according to Acc. No.significance was acceptedrf< 0.05.

AF163865) and®CTTTTGTCTTTCCAGCTGCC3(down-

stream primer, corresponding to bases 20470-20489) result-

ing in a PCR product of 1235 bp. Cycling was performed as 3. Results

follows: denaturation at 95C for 2 min, followed by 32 cy-

cles of 30s at 94C, 30s at 60C, 70s at 72C and a final 3.1. Fear conditioning

extension of 72C for 7 min. PCR products were separated

on 0.8% 1xTBE gels. The gel was documented with a Sony 3.1.1. Freezing to the tone: within-session extinction
Video Graphic Printer UP-860CE (invested mode). As shown inFig. 1A, the three B6 strains differed sig-
nificantly in their freezing response to the tone at d1 (Factor
Strain:F(2, 32) =4.9P =0.014; Strain Interval interaction:
F(9.4, 150.5) = 3.7P < 0.001), d6 (Factor Straif(2, 32) =
17.6,P<0.001), d7 (Factor Straii(2, 32) =6.8P =0.004)
and d21 (Factor StrairE(2, 32) = 6.4,P = 0.005; Strainx
Interval interactionf(3.8, 60.1) = 2.7P = 0.044). Despite

2.5. Behavioural analysis

2.5.1. Fear conditioning and Innate tone reaction
Experiments were videotaped by small CCD cameras

(Conrad Electronics, Hirschau, Germany) mounted into the : .
a general decrease in the freezing response over the course

isolation cubicles. Animals’ behaviour was rated off-line by . :
atrained observer blind to the respective mouse strain. Freez> fthe tone presentation at each of the testing days10.6,

. X . . S P <0.001), the significant Strair Interval interaction at d1
ing behaviour (immobility except for respiration movements)

was quaniie by means of customised software (EVENT- ol 1 TTE68 1 Shorkierh adpiaion o e e e,
LOG, Robert Henderson, 1986). ' '

a similar initial freezing response to the tone. With ongoing
tone presentation, however, B6JOla and B6Jax mice showed
2.6. Data analysis a rapid decline of freezing, whereas B6N mice remained at
the high initial freezing levelsHig. 1A). The situation was
Each experimental group consisted of 11-12 mice. Data similar for B6JOla and B6N at d21, with no difference in
represent mean values$.E.M). They were statistically initial freezing, but a significantly faster decline of the fear
analysedusing SPSS 11.0.1(SPSSInc.), Statistica 5.0 (Statisresponse in B6JOI&{g. 1A).
tic Software Inc.) and Graph Pad Prism 4.0 (Graph Pad Soft-
ware Inc.). To assess strain differences in short-term (i.e. 3.1.2. Freezing to the tone: between-session extinction
within-session) extinction, freezing data were analysed sep- Long-term extinction of auditory-cued fear memory
arately day by day in 20-s intervals using 2-way ANOVAs was assessed by analysing the development of the freezing
for repeated measures with ‘Strain’ as the between-subjectresponse over the course of the entire experimieigt (IB).
factor and ‘Interval’ as the within-subject factor. To assess Statistical analysis revealed significant effects of the main
strain differences in long-term (i.e. between-session) ex- factors ‘Strain’ (2, 32) =22.1P<0.001) and ‘Day’ F(1.8,
tinction of fear memory, the freezing response during the 56.9) = 17.3P < 0.001) as well as a tendency of a significant
first 60s of tone presentation and the 180s of context ex- Strain x Day interaction F(3.6, 56.9) = 2.1P = 0.104).
posure, respectively, were analysed over the course of re-Post-hoc comparison showed significant strain differences
peated testing (days 1-21) using 2-way ANOVAs for re- between B6Jax on the one and B6JOla and B6N on the other
peated measures with ‘Strain’ as the between-subject fac-side P < 0.001) as well as between B6JOla and B&N=(
tor and ‘Day’ as the within-subject factor. Within-factor ef- 0.018). Analysis of between-session extinction separately
fects were Greenhouse-Geisser-adjust@difis below 0.20  per strain revealed a significant decline of freezing for B6Jax
in Mauchley testing. Post-hoc tests were performed using (F(3, 33) =41.7P <0.001) and B6JOIlaH(1.7, 18.4) = 6.0,
Newman—Keuls multiple testing. The analysisinterval of 60 s P=0.01), but not B6NF(1.3/13.1) = 2.2P =0.16). Because
in CS testing was predetermined by the length of tone pre- (i) the freezing response to the tone might be affected by
sentation at days 7 and 21. Freezing data were expressed ashanging the test context from d6 to d7 and (ii) extinction
a percentage of the respective analysis interval (normalised).of conditioned fear is expected to be maximal following
Behavioural performance in the light—dark test was analysedthe 3-min tone presentations at d1 and d6, we additionally
over the course of the 30 min and the means compared be-compared the development of freezing from d1 to d6. Under
tween the three strains using 1-way ANOVA with ‘Strain’ as these circumstances not only the factors ‘Straf(2( 32)
the between-subject factor. Special attention was paid to the= 10.9,P < 0.001) and ‘Day’ E(1, 32) = 24.2P < 0.001)
first 5 min of the exposure that are commonly used for mea- but also the Straink Day interaction became statistically
suring anxiety-related behavidi2; 11]. Again, the respective  significant £(2, 32) = 11.1,P < 0.001). Post-hoc analysis
data were analysed using 1-way ANOVA with ‘Strain’ as revealed that the three B6 strains did not differ significantly
the between-subject factor. Post-hoc analysis was performedn their freezing response to the first 60s of tone presentation
with Games-Howell-Tests. Comparison of pain thresholds at d1 @ > 0.07) but at d6, with B6N showing significantly
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Fig. 1. B6 strains show differences in within-session and between-session extinction of auditory-cued and contextual fear memories. Mid#esEtitree d

B6 strains were conditioned with a single tone-shock pairing and re-exposed to the tone (CS) in test context 1 (d1, d6) and test context 2 (dv, d21) eithe
for 180 s (d1, d6) or 60s (d7, d21). In addition contextual fear was measured in the conditioning chamber over 180s at d1, d7 and d21. (A) Analysis of the
freezing responses to the tone in 20-s bins revealed significant strain differences in acute adaptation to the tone (within-session extiActdysis(B)

the freezing responses during the first 60 s of the tone presentations revealed significant strain differences in between-session extinotipicwé chfrekitr

memory. (C) Analysis of the development of the freezing responses to the conditioning chamber in 20-s bins (within-session extinction) neifiealled sig

strain differences. (D) Analysis of the freezing responses shown during the 180-s exposures to the conditioning context revealed signififferestcam

in between-session extinction of contextual fear memory. All freezing data were normalised to the respective analysis interdalSddnThe sample

size was 11-12 mice per strain. Note that the same mice had been tested before in the light—dark avoidance task. For the sake of clarity we priésent the res
of the statistical analyses in the text only.

more freezing than B6JaxXP(< 0.001) and B6JOIlaR < B6Jax returned to low levels of fear at the end of each session
0.01). The decrease of freezing in B6Jax and B6JOIa from (Fig. 1C; results of post-hoc analyses not shown).

d1 to d6 did not depend on the test context, as mice of either

strain showed a similar freezing response in test context 2 the

next day.
3.1.4. Freezing in the conditioning context:
3.1.3. Freezing in the conditioning context: between-session extinction
within-session extinction Long-term extinction of contextual fear memory was as-

As shown inFig. 1C, the three B6 strains differed in their ~ sessed by analysing the development of the freezing response
freezing response to the conditioning context at d1 (Factor to the conditioning context over the course of the entire ex-
Strain:F(2, 33) = 6.1,P = 0.006; Strainx Interval interac- periment Fig. 1D). Statistical analysis revealed significant
tion: F(10.8, 177.8) = 1.9° = 0.039), d7 (Factor StraiF(2, effects of the main factors ‘Day’H(1.5, 48.6) = 7.0P =
33) = 15.8,P < 0.001; Strainx Interval interactionF(10.5, 0.005) and ‘Strain’k(2,32)= 11.5P < 0.001) as well as the
173.6) = 3.4 < 0.001) and d21(Factor StraiR(2, 33) = Strainx Day interaction(3.0, 48.6) = 3.8P=0.016). Post-
12.7,P < 0.001; Strainx Interval interactionF(8.5, 140.7)  hoc comparison showed more freezing in B6N mice than in
=2.8,P = 0.005). There was a significant effect of the factor both B6J strains on all three experimental d&ys:(0.001).
‘Interval’ for each testing dayR > 2.9,P < 0.005). However, B6Jax mice froze significantly less than B6JOla at daf? 7 (
the significant Straink Interval interactions point to differ- ~ <0.022) and in a tendency at day 21 0.054). Analysis of
ences in within-session adaptation to the context betweenlong-term extinction separately per strain revealed a signifi-
the three strains. In fact, whereas freezing to the context in- cant decline of freezing only for B6Jak(l.2, 13.5) = 12.5,
creased with ongoing context exposure in B6N, B6JOla and P = 0.002; d1 > d7 = d21).



296 A. Siegmund et al. / Behavioural Brain Research 157 (2005) 291-298

(A) Total Distance (B) Rearings (C) Relative Time in DC (D) Relative Distance in DC
*%k *k

350 * 15+ 100 1 = 1009 ————

300 4 = = —_ —

250 - — i 754 _ 754

*%k
= 200 - _ - i
E = L 5 501 T s0-
2 150 - = & 2
5 —
1004 25 25+
50 4
B6N B6JOla B6Jax B6N B6JOla B6Jax B6N B6JOla B6Jax B6N B6JOla B6Jax

Fig. 2. B6 strains behave differently in the light—dark avoidance task. Naive mice of three different B6 strains were tested in a light—dark asdidgxjce

B6Jax show more horizontal locomotion than B6N. (B) B6JOla mice displayed fewer rearings than B6N. (C) B6Jax spent less time in the dark compartment
(DC) than B6N and B6JOla. (D) In relative terms, B6Jax travelled a shorter distance than B6N and B6JOIa in the dark compartment (DC). All data were
analysed for the first 5min of exposure. Data for the time spent in the dark compartment were normalised to the length of the analysis intervéis; data of t
distance moved in the dark compartment were normalised to the total distance movedt [8daiM. The sample size was 11-12 mice per strain< .05,

** P <0.01, **P < 0.001 (1-way ANOVA followed by Games-Howell testing).

3.2. Light—dark test strains did not differ in the relative distance moved in the dark
compartment with respect to the 30-min interval< 0.36,

Throughout the entire 30-min exposure there was a sig- 45t not shown), but during the first 5 min (Strafig2, 33)
nificant Strain effect in horizontal locomotion (total distance, — 15 g3 p < 0.001;Fig. 2D), with B6Jax moving less in the

F(2, 35) =6.1P = 0.006, data not shown) with B6Jax show- dark than B6JOIaF( < 0001) and BGNR — 0002)
ing more locomotion than B6JOla and B6N. This difference

became evident in particular during the first 5 min of the ex- 3 3 |nnate reaction to the tone used as CS in

posure £(2, 33) = 5.6,° = 0.008;Fig. 2A). The strains did  ¢onditioning

not differ significantly in the number of rearings if the total

30-min exposure was considerd®i£ 0.58, data not shown), Except for a small freezing response at the beginning of d1
but during the first 5 mink(2, 33) = 3.99P = 0.028;Fig. 2B). (Interval: F(2.7, 59.2) = 9.5P < 0.001) and an insignificant
Post-hoc testing indicated less rearing in B6JOla comparedincrease of freezing in B6N mice at dayF#£ 0.12), animals

to B6N (P =0.009) and B6JaxR(= 0.081). There was no dif-  did not exhibit fear in response to a neutral tone with the same
ference between the three strains in the relative time spent incharacteristics as that used in the conditioning experiments
the dark compartment, if data were compared over the entire(Strain effectsP > 0.28, Interval effects? > 0.29, Strainx
30-min exposure = 0.44, data not shown). During the first Interval interactionsP > 0.34;Fig. 3A).

5 min, however, there was a significant Strain effé¢2( 33)

=10.9,P < 0.001;Fig. 2C). Post-hoc analyses revealed that 3.4. Pain threshold

B6Jax spent significantly less time in the dark compartment

than B6JOlal < 0.001) and B6NR = 0.005), which showed There were no statistically significant differences in the
the same avoidance of the lit compartmdht(0.189). Anal- pain threshold between B6N and B6JOI22) = 1.82,P =
ogously to the time spent in the dark compartment, the three0.083;Fig. 3B).
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Fig. 3. No strain differences in innate sensorimotor capabilities. Naive B6JOla and B6N mice were tested for differences in their sensoririliies.qy)ab
Both strains showed almost no freezing to a tone of the same characteristics as that used in the conditioning experiments (cf. Fig. 1) 1. Thedatezilyas rep
presented in test context 1 (d1, d6) and test context 2 (d7, d21) either for 180s (d1, d6) or 60s (d7, d21). Data%riekh) were analysed in 20-s bins
and normalised to the length of the analysis interval. (B) Both strains showed the same sensitivity to an electric footshock of rising intengétye Maeed

into the conditioning chamber. The intensity of the footshock was gradually increased until the animals showed the first sign of pain (jumpiisgtborpcal
The respective current intensities are shown for each individual of the two strains together with the group means.
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Fig. 4. Ablation ofa-syn in B6JOla mice. A series of mice of the different strains was genotyped fer-fiya gene by PCR analysis. The expected PCR
product had a length of 1235 bp and was absent in six out of six B6JOla mice. The origin of the shorter byproduct is unknown. B6JOla: lanes 1, 6, 7, 12, 13
and 18; B6N: lanes 2, 5, 8, 11, 14 and 17; B6Jax: lanes 3, 4, 9, 10, 15 and 16.

3.5. PCR analysis af-syn gene time they render it unlikely that the reduced contextual mem-
ory in B6JOla relates to the lack afsyn in this B6J strain.

The genotyping identified an intaetsyn gene in six out ~ The latter conclusion is in line with that of Chen et [&],
of six B6N and six out of six B6Jax mice, as indicated by the who demonstrated that spatial learning in a water maze as an-
PCR product of the expected length. In contrast, we failed to other hippocampus dependent learning task does not require
detecta-syn in any of the six B6JOla samples. The origin of expression o&-syn.
the smaller PCR byproduct is not knowrid. 4). We next falsified alternative hypotheses for the differences

of B6N and B6JOIa in fear extinction. In this context we

could show that the two strains did not differ in pain thresh-
4. Discussion old, locomaotion, light-avoidance and innate reaction to the

tone used as CS in fear conditioning, thus ruling out that a

Driven by the observations that B6JOla mice (i) show ac- priori differences in sensorimotor capabilities or innate fear
celerated extinction of conditioned fear compared to B6N account for the differences in extinction of conditioned fear.
mice [20] and (ii) have a spontaneodssyn ablation[19], Also a contribution of breeding and housing conditions at the
we wondered whether there might be a putative relationship commercial suppliers to the different extinction in B6N and
between the spontaneous mutation and the altered phenoB6JOIla mice appears negligible, as B6N and B6Jax origi-
type in B6JOla mice. Therefore, we tested not only B6N and nated from the same source. The slightly less exploratory
B6JOla mice, but also animals of a third B6 strain (B6Jax), behaviour of B6JOlain the first 5 min of light—dark testing in-
which expressea-syn similarly to B6N. Fear conditioning  dicates a higher rather than lower emotional reactjvifyand
followed by repeated CS presentation in a neutral context re-is therefore unlikely to be the cause of the faster extinction in
vealed fastest decay of freezing in B6Jax, followed by B6JOla these animals. Other than B6N and B6JOla, B6Jax exhibited
and B6N, with B6N mice showing by far the slowest within- higher locomotion and spent less time in the dark compart-
session and between-session extinction. The initial freezingmentin the light—dark test. To abolish confounding influences
response to the tone at day 1 after conditioning was similar in of the increased locomotion on anxiety-related parameters,
all three strains, indicating that acquisition of auditory-cued we additionally calculated the relative distance moved in the
fear memory was comparable for the strains. Differences oc-dark compartment. In relative terms, B6Jax moved less in
curred towards the end of the first tone presentation and werethe dark compartment than B6N and B6JOla, thus pointing
most pronounced at day 6 after conditioning. CS testing in to decreased innate fear in B6Jax. It is conceivable that the
a second neutral context at d7 and d21 did not lead to rein-differences in innate fear between B6JOla and B6Jax par-
statement of fear (thus suggesting context independence otially account for the differences in the course of extinction
extinction learning in B6 mice) nor to spontaneous recovery of auditory-cued and contextual fear between the two B6J
of the freezing response. strains.

The three B6 strains differed not only in extinction of Taken together we could show that the difference in the ex-
auditory-cued fear memory but also in the extinction of con- tinction of fear memory in B6JOla and B6N is unlikely to be
textual fear. Contextual freezing was most pronounced in based on the different expressionoegyn, on differences in
B6N, followed by the two B6J strains. Only B6Jax showed innate emotionality or sensorimotor capabilities. Instead, the
a significant decrease of contextual fear on repeated expo-diverging courses of extinction in B6JOla and B6N proved to
sure to the conditioning chamber. In contrast, B6N continued be an exclusive characteristic that makes the two strains an in-
to freeze at high and B6JOla at intermediate levels. Taken teresting model for studying molecular and cellular correlates
together, within-session and between-session extinction ofof decelerated and accelerated extinction. Despite the likeli-
auditory-cued and contextual fear was even more pronouncechood of a genetic determinant of the different phenotypes,
in B6Jax than in B6JOIla mice. These data falsify our work- future studies will have to consider epigenetic effects as well
ing hypothesis, indicating that expressione$yn does not  [9,10,16] Our observation that with B6JOla and B6Jax two
sufficiently account for persisting fear in B6N. At the same BG6J strains show marked differences in innate and condi-
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The pathomechanisms of posttraumatic stress disorder (PTSD) are still unknown, but
both fear conditioning and stress sensitisation are supposed to play a crucial role.
Hence, valid animal models that model both associative and non-associative
components of fear will facilitate elucidation of the biological substrates of the illness,
and to develop novel and specific approaches for its prevention and therapy. Here
we applied a single electric footshock to C57BL/6N (B6N) and C57BL/6JOIla (B6JOIa)
mice and recorded the conditioned response to contextual trauma reminders
(associative fear), the sensitised reaction to a neutral tone in a novel environment
(non-associative fear, hyperarousal), social interaction and various emotional
behaviours using Modified Holeboard, Test for Novelty-Induced Suppression of
Feeding and Forced Swimming Test, after different incubation times (1, 14, 28 days).
Freezing generally increased as a function of shock intensity. In B6N mice, sensitised
fear was maximal 28 days after trauma and was accompanied by signs of emotional
blunting and social withdrawal. B6JOla mice, in contrast, were less susceptible to
develop PTSD-like symptoms. The phenotype of B6N exhibited high behavioural
variance, allowing distinction between vulnerable and resilient individuals. Only in
vulnerable B6N mice, chronic fluoxetine treatment — initiated after an incubation
period of 28 days — ameliorated sensitised fear. This new mouse model fulfils
common criteria for face and predictive validity and can be used to investigate the
biological correlates of individual fear susceptibility, as well as the impact and
interrelationship of associative and non-associative fear components in the

development and maintenance of PTSD.
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Introduction

Posttraumatic Stress Disorder (PTSD) has been related to exaggerated implicit fear
memory, resulting from associative fear conditioning and non-associative
sensitisation processes (e.g. Foa et al., 1992; Sorg and Kalivas, 1995; Antelman,
1988; Charney et al., 1993). Accordingly, the symptoms of this psychiatric disorder
can be divided into those that clearly relate to the memory of the trauma (re-
experiencing, avoidance of and exaggerated response to cues reminding of the
trauma) and others, which lack such an association (hyperarousal, irritability,
hypervigilance, increased startle, blunted emotionality, social withdrawal). The two
memory processes seem to involve different neurobiological substrates (Gewirtz et
al., 1998) and, thus, render a careful distinction of conditioned and sensitised fear in
PTSD research necessary. Hence, in the face of still unknown pathomechanisms of
PTSD, valid animal models are needed that cover both associative and non-
associative fear components after trauma, in order to investigate both the impact and
the interrelation of the two processes involved (Siegmund and Wotjak, in press).
However, animal models approaching the PTSD phenotype usually employ
measures of either associative (e.g. Balogh and Wehner, 2003; Rau et al., 2005;
Pawlyk et al., 2005) or non-associative symptoms of fear (e.g. Adamec and Shallow,
1993; Pynoos et al., 1996; Van Dijken et al., 1992; Louvart et al., 2005; Cohen et al.,
2004). To our knowledge, only one study in rats studied both associative and non-
associative components of newly acquired fear after trauma (Richter-Levin, 1998).
Apart from this, most of the current animal models of PTSD have further significant
disadvantages. Some stressors like physical restraint, underwater-holding, predator
confrontation or social defeat (Adamec and Shallow, 1993; Koolhaas et al., 1990;
Cohen et al., 2000; Richter-Levin, 1998), even though ethologically valid, can only be

varied in intensity by prolongation or repetition of the exposure, thus inducing an
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onset of habituation and thereby preventing or even inverting a dose-response effect
(Servatius et al., 1995; Murison and Overmier, 1998; Adamec and Shallow, 1993).
Moreover, common behavioural paradigms measuring trauma-induced alterations in
anxiety-like behaviour, such as the Elevated Plus Maze or the Light/Dark Box (Levine
etal., 1973; Louvart et al., 2005; Adamec and Shallow, 1993; Cohen et al., 2000;
Richter-Levin, 1998) measure exploratory behaviour in novel and unprotected
environments (i.e. neophobia). However, even though reduced exploration can be
considered as one part of the PTSD-like syndrome related to emotional blunting, this
symptom cannot cover the PTSD phenotype, as it lacks core features of the
disturbance like exaggerated response to trauma-cues or hyperarousal. Likewise,
selective serotonin reuptake inhibitors (SSRIs), the medication of first choice in PTSD
patients, show no or even an anxiogenic effect on those measures (Borsini et al.,
2002). Furthermore, exploration-based tests cannot be repeatedly applied in a
reliable manner (File, 1993; Holmes et al., 2001), thereby limiting the utility of those
tests in studies of long-term habituation or extinction.

In summary, there is still a need to establish an animal model of PTSD that covers
both conditioned and sensitised components of fear memory after trauma and that
accomplishes the aforementioned problems of current animal models. Therefore,
based on the literature (Yehuda and Antelman, 1993; Belzung and Griebel, 2001;
McKinney, 1984; Siegmund and Wotjak, in press), we aimed at establishing a mouse
model of PTSD that meets the following criteria:

e Face validity: A short stressor should induce symptoms (i) in a dose-
dependent manner that (ii) persist or even increase over a considerable length
of time, (iii) include core features of PTSD, i.e. signs of exaggerated response
to trauma cues and hyperarousal as well as signs of emotional numbing and

social withdrawal. The phenotype should (iv) vary between the animals,
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allowing to assign them to affected (vulnerable) and non-affected (resilient)
individuals.

e Predictive validity: Core features of the phenotype should respond to common
pharmacological (i.e. chronic SSRI) treatment.

e Utility: A stressor should be utilized that can be systematically varied in
intensity without inducing habituation. It should be possible to test the
behaviour of the mice repeatedly in order to assess long-term extinction
(associative) and long-term habituation (non-associative) processes.

On the basis of these criteria, we chose a single electric footshock of up to 1.5mA as
the aversive encounter. As core features of PTSD we recorded (i) the freezing
response upon re-exposure to the shock context as a measure of conditioned
(associative) fear memory, reflecting the response to trauma-related cues and (ii) the
freezing response to a neutral tone in a novel environment as a measure of
sensitised (non-associative) fear memory, modelling a defensive response to
potentially dangerous stimuli (i.e. hyperarousal). We explored the phenotype for
various signs of emotional blunting and social withdrawal, employing Social
Interaction Tests, the Light/Dark Test and the Modified Holeboard including a test for
Novelty-Induced Suppression of Feeding. Because in humans depression and PTSD
are often co-morbid, we also tested stress-coping strategies in the Forced Swimming
Test, which have commonly been associated with depression-related behaviour
(Cryan and Mombereau, 2004). We applied our protocol in two C57BL/6 inbred
mouse strains that have been shown to differ specifically in the extinction of
conditioned fear, but not in innate emotionality or pain sensitivity (Siegmund et al.,
2005; Stiedl et al., 1999), and thus might also differ in their vulnerability to develop
PTSD-like symptoms. Finally, we tried to reverse the core features of our animal

model by chronic fluoxetine treatment.
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Materials and Methods

Animals

A total of 112 male C57BL/6JOlaHsd mice (Harlan Winkelmann, Bochern, Germany;
B6JOIa) and 148 male C57BL/6NCrl mice (Charles River Germany GmbH, Sulzfeld,
Germany; B6N), aged 8-9 weeks at the beginning of the experiment, were tested.
Animals were housed singly with an inverse 12:12h light-dark schedule (lights on at
20:00h) in standard macrolon cages (type 2) for 14 days before the start of the
experiments. As interaction test partners, 112 Crl:CD1 mice of both sexes (Charles
River Germany GmbH, Sulzfeld, Germany; CD1), aged 1-7 weeks, were employed.
CD1 mice were kept in groups of 5-6, and as pups with their mothers, respectively.

All animals had free access to food and water.

Pharmacological treatment

Fluoxetin-ratiopharm™ solution (ratiopharm GmbH, Ulm, Germany; produced by
Merckle GmbH, Blaubeuren, Germany) was dissolved in water and applied via light-
proof drinking bottles in doses of 9 or 18mg/kg/d for 21 days. Control animals
received tap water. The doses were chosen according to other pharmacological
studies in mice (Dulawa et al., 2004; Santarelli et al., 2003) and adjusted to the

weight and fluid intake of the animals (group means).

General procedures

All experiments were approved by the Committee on Animal Health and Care of the
local governmental body of the state of Bavaria (Regierung von Oberbayern) and
performed in strict compliance with the EEC recommendations for the care and use
of laboratory animals. All tests were performed in the two mouse strains B6N and

B6JOIa, except for the chronic fluoxetine treatment, which was performed in B6N
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mice only. All experiments were performed during the activity phase of the animals,

i.e. between 9:30h and 17:30h.

Shock application and Test of Conditioned and Sensitised Fear

The experimental setup has been described and displayed in detail before (Kamprath
and Wotjak, 2004). Briefly, experiments were performed in two contexts: (i) the shock
chamber, cubic-shaped with a metal grid for shock application and (ii) the neutral test
context, cylindrically shaped and made of Plexiglas, with wood shavings as bedding.
Contexts were cleaned thoroughly after each trial with differently smelling detergents,
and bedding was changed. For shock application animals were placed into the shock
chamber. After 198 seconds a single 2s scrambled electric footshock was
administered via the metal grid. For shock application at the animals’ individual pain
threshold, the electric current was gradually increased by hand, until the animal
showed the first sign of pain (jumping or vocalising). As reported before, the average
pain threshold was 0.27 £ 0.06mA for B6JOla and 0.32 + 0.06mA for B6N (p > 0.05;
Siegmund et al., 2005). Animals remained in the shock chamber for another 60s
before they were returned to their home cages. Animals in the no-shock condition
went through the same procedure, but without receiving a shock. To test for
conditioned fear, animals were re-exposed to the shock chamber (CS+) for 3min
without tone presentation and without further shock application, and immediately
returned to their home cages afterwards. To test for sensitised fear, animals were
placed into the neutral test chamber. After 3min a neutral tone (CSn, 80dB, 9kHz)
was presented for 3min, if not stated otherwise. After tone presentation animals
remained in the test chamber for another 60s before they were returned to their home
cages. Freezing behaviour was defined as immobility except for respiration

movements.
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Light/Dark Test

Animals were tested in boxes using infrared beams, as described in detail before
(Siegmund et al., 2005). Briefly, the test arena consisted of an illuminated (700Lux)
and a dark compartment, equally sized and connected by a doorway. Compartments
and floor were thoroughly cleaned with soapy water between sessions. Mice were
placed into the middle of the dark compartment, and after 30min returned to their
home cages. The long duration of the test was chosen to investigate within-session
adaptation processes as part of a different project. Here we present data of the first 5
min only, which are commonly used as a measure of anxiety-related behaviour
(Hascoet et al., 2001; Bourin and Hascoet, 2003). All three-dimensional movements
were recorded automatically. The following behavioural parameters were considered:
(i) total distance (horizontal locomotion), (ii) exploration (number of rearings), (iii)
relative time spent in the dark compartment and (iv) relative distance moved in dark

compartment.

Social Interaction Test

Experiments were performed in complete darkness in the animals’ home cage that
was placed into a soundproof isolation cubicle. The lid of the home cage was
removed and the walls elongated by 12.5cm of semi-transparent plastic. After 3min a
CD1 interaction partner was inserted into the cage for 4min.

Social investigation (sniffing, licking, close following, allogrooming) and avoidance of
interaction (escaping by rapid movement to an opposite part of the cage, keeping the
approaching interaction partner at distance with forepaws in an upright posture) were
scored. With the employment of partner mice of different ages we aimed at

controlling the influences of aggression, fear and sexual behaviour on our target
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measure “social interest”, since those confounding variables can be expected to have

a different impact on social interaction with partner mice of different ages.

Forced Swimming Test

Experiments were performed under red light in glass cylinders of 18cm diameter,
filled to a height of 14.5cm with 25°C warm water, which was exchanged after each
experimental run. Animals were gently placed into the water and after 6min returned
to their homecages. The duration of floating (absence of movement except for those
necessary to keep the head above the water), swimming (forward motion through the
water, forepaws do not break through water surface) and struggling (upright position

in the water, forepaws break through water surface) were scored.

Modified Holeboard Test and Novelty-Induced Suppression of Feeding

This test represents a combination of a Holeboard and an Open field and has been
described in detail elsewhere (Ohl et al., 2001). Briefly, the Modified Holeboard
consists of a box with a board in its middle, staggered with a number of holes which
are covered by removable PVC lids. We extended the standard Modified Holeboard
procedure by a test of Novelty-Induced Suppression of Feeding (Bodnoff et al., 1989;
Britton and Britton, 1981), and placed five sugar puffs (Choc Rice, Penny Markt
GmbH, Kd&ln, Germany) into the middle of the board. The whole test arena was
iluminated by indirect light of 40Lux. Box and board were cleaned with soapy water
between trials, and sugar puffs were renewed. Three days before the experiment,
mice were habituated to the sugar puffs in their homecages. On the experimental
day, animals were individually placed into the bottom right quadrant of the board
(starting point), and the behaviour was observed online for 10min. Based on a

principal component analysis in B6N mouse behaviour on the Modified Holeboard
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(Ohl et al., 2003), we monitored five behavioural parameters classified by the authors
as “avoidance of unprotected area & directed exploration”: (i) number of board
entries, (ii) percent time on board, (iii) latency to board entry, (iv) number of holes
explored and (v) latency to hole exploration. We name the factor “neophobia” in order
to distinguish it from trauma-related avoidance in PTSD. As a further parameter of

neophobia the latency of starting to consume the sugar puffs was recorded.

Experimental schedules

The experimental schedules are depicted in Figure 1. Except for experiment 1, mice
of a given experiment derived from the same batch of animals and were tested
simultaneously.

Experiment 1 examined the effect of the intensity of an aversive encounter on the
development of associative and non-associative fear. On the first day of the
experiment, independent groups of mice received an electric shock of different
intensities (no shock, a shock of the intensity of the individual pain threshold, of
0.7mA or 1.5mA). One day and six days later, animals were exposed to both the CS+
and the CSn. On day 1, CS+ testing was performed in the morning and CSn testing
in the afternoon, and on day 6 vice versa, in order to monitor long-term extinction and
habituation of conditioned and sensitised fear, respectively.

Experiment 2 tested the influence of fear incubation on PTSD-like symptoms.
Animals were subject to an 1.5mA electric footshock on the first experimental day
and randomly assigned to three experimental groups, which were stimulated with
CS+ and CSn repeatedly, analogously to Experiment 1, starting 1 day, 14 days or 28
days after the aversive encounter. Thereafter, animals were tested in the Social
Interaction Test with a juvenile CD1 interaction partner, in the Light/Dark Test and in

the Forced Swimming Test on three consecutive days. Control animals of a fourth
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group went through the same experimental schedule as the 28-day incubation group,
but did not receive a shock.

Experiment 3 examined additional behavioural consequences of four weeks of
incubation after shock. Mice of the experimental group received the 1.5mA footshock
on the first experimental day. Controls did not receive a shock. After 28 days, mice
were tested for their sensitised fear response to a 1-min tone. We chose a brief CSn
presentation, in order to minimize habituation and desensitisation processes, which
might have interfered with the subsequent behavioural tasks. Two days later, mice
were subject to a Social Interaction Test with CD1 pups, another 4 days later they
were tested on the Modified Holeboard, and after another 6 days in a Social
Interaction Test with adult CD1 mice.

Experiment 4 tested whether chronic fluoxetine treatment reduces PTSD-like
symptoms. All animals received a shock of 1.5mA intensity and were tested for their
freezing response to a 1min tone (CSn), 28 days after the aversive stimulation. On
the following day mice were assigned to three groups with equal CSn freezing
response. Fluoxetine treatment was implemented for three weeks, and after another
week of drug wash-out the freezing response to CS+ and CSn was tested repeatedly,

analogously to experiments 1 and 2.

Data Analysis

Except for the Light/Dark Test, all experiments were videotaped by small CCD
cameras (Conrad Electronics, Hirschau, Germany) equipped with infrared lights that
allowed observation in complete darkness (Social Interaction Test). The animals’
behaviour was rated off-line (except Modified Holeboard, online) by a trained
observer blind to the respective mouse strain and quantified by means of customised

software (Conditioned and Sensitised Fear, Forced Swimming Test, Social

Manuskript 3: Seite 11



Manuskript 3

Interaction Test: EVENTLOG, Robert Henderson, 1986; Modified Holeboard:
OBSERVER version 5, Noldus, Wageningen, The Netherlands).

For statistical analysis we used SPSS 11.0.1 (SPSS Inc.). In order to pool data with
different baseline values (data from 3 Social Interaction Tests with partners of
different ages) or differing units (5 measures of neophobia on the Modified
Holeboard) data were transferred into “z-values”. This was achieved by subtracting
the mean value of a respective experimental group from each individual value and
normalising it to the standard deviation (SD) of this group [z = (x-mean)/SD].
Accordingly, z-values represent data as relative distances from the group mean in
terms of standard deviation units.

For analysis of fluoxetine treatment, data of mice were divided into groups of “High
responders” (i.e. susceptible mice) and “Low responders” (i.e. resilient mice) by a
median split according to their CSn response on day 28. This procedure refers to the
known therapeutic effect of antidepressants on patients with a mood or anxiety
disorder, but the lack of an effect on healthy subjects (Barr et al., 1997; Gelfin et al.,
1998; Harmer et al., 2004).

Data are presented as absolute values or as percentages of the respective analysis
interval. According to the respective experimental design, 1-, 2- or 3-factorial
analyses of variance (ANOVA) were employed. Strain (B6JOla, B6N), Intensity (No
Shock, Pain Threshold, 0.7mA, 1.5mA), Incubation (No Shock+28d, Shock+1d,
Shock+14d, Shock+28d) and High/Low (High Freezers, Low Freezers) were treated
as between-subject factors, and Exposure (1%, 2" CS+ or CSn presentation,
respectively) and Pre-CSn/CSn (Pre-CSn, CSn) as within-subject factors. Within-
factor effects were Greenhouse-Geisser-adjusted if p was below 0.20 in Mauchley
testing. Homogeneity of variance in independent groups was analysed using the

Levene test. Post-hoc tests were performed with Games-Howell tests and corrected
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for multiple testing. Two-group comparisons were performed with Mann-Whitney-U
testing for independent groups. For Novelty-Induced Suppression of Feeding on the
Modified Holeboard, data were categorized (fed/not fed), and analysed with Fisher’'s
exact test and Chi2 test. Statistical significance was accepted if p < 0.05. If not stated

otherwise, data are presented as mean £ SD.
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Results

Mode of data presentation

For reasons of clarity, data are not presented separately per experiment, but
according to the criteria for animal models of PTSD as outlined in the Introduction:
face validity ((i) dose-dependency, (ii) persistence/incubation, (iii) bi-directionality and
(iv) variance of symptoms after brief stressor) and predictive validity (amelioration of
symptoms through SSRI treatment). Although all tests except fluoxetine treatment
have been performed in both strains, for the sake of brevity results in this section are
displayed mainly for B6N mice as the “PTSD vulnerable” mouse strain, and only
partly in comparison to B6JOla (mentioned explicitly). For the same reason, part of
the data from incubation time groups other than 28d post-stressor (i.e. 1d and 14d
post-stressor) are only mentioned, but not presented in this section. However, we
report all data and statistical analyses of both strains and all incubation time groups

in Supplementary Table 1.

A single brief electric shock induces conditioned and sensitised fear in a
dose-dependent manner

Increasing shock intensities (cf. Experiment 1) caused higher freezing responses to
the shock context (CS+) 1 and 6 days after the aversive encounter (Fig. 2A, Intensity
x Exposure ANOVA: Intensity: F 33y = 17.93, p < 0.001). Post-hoc analyses revealed
that pain threshold-stimulated mice froze less than mice who had received shock
intensities of 0.7mA or 1.5mA. A significant effect of shock intensity could also be
observed upon exposure to the a priori neutral tone (CSn) at both stimulus exposures
(Fig. 2B, Intensity x Exposure ANOVA: Intensity: F 44y = 15.85, p < 0.001). Non-
shocked animals froze significantly less than animals that had perceived a footshock

of 0.7mA or 1.5mA, and those who had been subject to a shock of their individual
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pain threshold froze significantly less than the ones treated with 1.5mA. Mice failed to
extinguish their contextual fear memory from the first to the second context exposure
(Fig. 2A, Exposure: F(133) = 0.49, p = 0.485). Sensitised fear, in contrast, showed
long-term habituation from 1% to 2" CSn presentation (Fig. 2B, Exposure: F1.44) =
12.58, p < 0.001), but freezing after shocks of 0.7 or 1.5mA intensity at the 2" testing
day remained at levels clearly above those of non-shocked animals (Games-Howell

tests: p < 0.05).

Conditioned fear persists and sensitised fear increases with ongoing
incubation time after the shock

There was a strong incubation effect (cf. Experiment 2) in CS+ stimulated fear (Fig.
3A; ANOVA: Incubation: F339) = 42.11, p < 0.001). However, this effect was due to
the stronger freezing of all shocked groups in comparison to the non-shocked group.
Shocked groups with different incubation times did not differ in conditioned contextual
fear.

Sensitised freezing to the neutral tone also increased as a function of incubation time
(Fig. 3B; ANOVA: Incubation: F(40) = 13.35, p < 0.001). Post-hoc analyses revealed
that all shocked mice froze more than mice that had not received a shock. Further-
more, mice tested 28 days after shock application froze significantly more than those
tested one day after the shock.

Importantly, in all dose-response and incubation protocols, mice of both strains froze
significantly more to the tone than during the pre-tone period (in all respective four 2
(Pre-CSn, CSn) x 4 (Intensity or Incubation) x 2 (Exposure) ANOVA'’s: Pre-CSn,
CSn: F(1,39.49y >38.7; p < 0.001; data are presented in Supplementary Table 1). This

supports the notion that freezing to the CSn in our protocol reflects non-associative
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memory processes (i.e., sensitisation; cf. Kamprath and Wotjak, 2004) rather than

the generalisation of contextual fear (cf. Balogh et al., 2002; Radulovic et al., 1998).

Fear incubation leads to social withdrawal, neophobia and depression -like
behaviour

Evidence of a decreased social engagement after a 1.5mA shock was gained in
Social Interaction Tests with interaction partners of three different ages (cf.
Experiment 2 and 3). As predicted, the investigation of the parther mouse decreased
(pups: 68.80 + 28.42s vs. 82.17 + 17.45s; juveniles: 97.98 + 29.81s vs. 116.72
23.74s; adults: 31.85 + 25.56s vs. 42.54 + 22.42s) and avoidance of social interaction
increased (pups: 0.20 + 0.34s vs. 0.05 + 0.13s; juveniles: 2.63 + 3.82s vs. 1.35
1.99s; adults: 2.65 + 3.24s vs. 0.93 + 1.45s) in shocked animals after 28d of
incubation, although differences were only of small magnitude and did not reach
statistical significance (Mann-Whitney-U tests: all p > 0.133). However, pooling data
from the three tests revealed a statistical trend for reduced investigation (Fig. 4A; p =
0.067) and for increased avoidance of the social partner (Fig. 4B; p = 0.056) .

Two measures of emotional blunting were obtained in the Modified Holeboard Test
(cf. Experiment 3): neophobia as a reduced exploration of the Holeboard, and
novelty-induced suppression of feeding. As compared to non-shocked controls,
shocked B6N after 28d of fear incubation made less entries onto the board (13.7 +
7.7vs.21.6 £5.7, p = 0.022), spent less time on the board (10.56 + 5.6% vs. 15.5 £
4.2%, p = 0.043) and entered the board later (175.8 + 169.9s vs. 63.4 + 43.2s; p =
0.065). Parameters of hole exploration, such as number of holes explored (53.9 +
21.5vs.70.9 £ 22.5; p = 0.211) and latency to hole exploration (81.0 + 112.5s vs.

40.6 + 28.4s; p = 0.356), were not significantly altered. Nevertheless, accumulated in
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z-values, data of board and hole exploration revealed a statistically significant
increase of neophobia in the Modified Holeboard Test (Fig. 4C, p = 0.013).

In the Novelty-Induced Suppression of Feeding test, 8 out of 10 non-shocked mice
(80%) started to consume the sugar puffs within the 10min of the test procedure,
compared to only 2 out of 9 mice in the shock-condition (22%, Fig. 4D, Fisher’s exact
test: p=0.023).

Finally, evidence for depression-associated symptoms was provided by
measurement of floating in the Forced Swimming Test (cf. Experiment 2). Shocked
mice floated more than non-shocked animals after an incubation time of 28d (Fig. 4E;
Mann-Whitney-U test: p = 0.039), while swimming (Fig. 4F; p = 0.133) and struggling
(14.97 £ 6.35% vs. 16.8 £ 7.0%; p = 0.520) were unaltered after 28d of fear
incubation. Behaviour in the Light/Dark Test was not altered in mice after one month
of fear incubation as compared to controls (all p > 0.138, details shown in

Supplementary Table 1).

Experiment 2 tested behaviour in the Social Interaction Test with juvenile CD1 mice,
in the Light/Dark Test and in the Forced Swimming Test not only after 28d of
incubation, but also after incubation times of 1d and 14d, as displayed in detail in
Supplementary Table 1. Compared to control animals who had been tested after 28d,
data revealed a single significant effect that consisted of decreased struggling in the
Forced Swimming Test 1d after shock (8.8 £ 3.9% vs. 16.8 £ 7.0%; p = 0.009). This
behavioural alteration points to an acute stress effect and/or to an effect of the

prolonged individual rearing of the control animals.

Within-strain variance in sensitised fear as a function of incubation time
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Analysis of the individual freezing responses to the CSn as a function of incubation
time revealed that not all B6N animals of Experiment 2 developed PTSD-like
symptoms (Fig. 5A). While some animals remained at low fear levels, comparable to
the fear reaction shown 1d after shock application, a subset of animals (in this case 6
out of 14) developed high levels of fear as a function of incubation time, thereby
increasing variance of the data (Levene test for homogeneity of variance: 1d vs. 28d

of incubation: F120) = 27.54, p < 0.001).

Strain differences in the development of PTSD -like symptoms

B6JOla mice showed less conditioned (Fig. 6A,C) and less sensitised fear (Fig. 6B,D)
in the four respective Dose-Response and Incubation protocols of experiments 1 and
2 (Strain x Intensity x Exposure; Strain x Incubation x Exposure ANOVA'’s: Strain:
Fe6-88) > 8.2, p < 0.01). However, while after 1d of incubation (Fig. 6A,B; dose
protocols) the course of long-term extinction and habituation (1 vs. 2" exposure)
proceeded in parallel for both strains in nearly every experimental condition (both
respective Strain x Intensity x Exposure ANOVA’s: Strain x Exposure: F s6.88) <
3.01, p > 0.05), strains showed marked differences in their development of fear after
different incubation times following the trauma. A significant Strain x Incubation
interaction (Strain x Incubation x Exposure ANOVA: F377y=4.11, p = 0.009) could be
observed in the associative CS+ protocol (Fig. 6C): B6N rose to high levels of fear
after 1d of incubation and remained at these high levels with increasing incubation
times. B6JOIa, in contrast, showed less CS+ evoked fear than B6N after 1d and 28d
of incubation, but the same level of fear after a 14d incubation period, suggesting that
for B6JOla the time window to show strong associative fear reactions after a
traumatic incident is more narrow, i.e. starts later and wanes earlier than in B6N.

Interestingly, strain differences in response to the non-associative CSn became more
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pronounced with ongoing incubation time (Fig. 6D; Strain x Incubation x Exposure
ANOVA: Strain x Incubation: Fi379) = 2.77 p=0.047; B6JOla < B6N at 28d of
Incubation) as well as from the 1% to the 2" CSn presentation (Strain x Exposure:
F79)=4.04, p = 0.048; B6JOla < B6N at 2" presentation), indicating that B6JOla
adapted more successfully to the aversive encounter following longer incubation
periods.

Data on strain differences in the three Social Interaction Tests, the Light/Dark Test,
the Forced Swimming Test, the Modified Holeboard and the Novelty-Induced
Suppression of Feeding Test did not reveal any further significant interaction effects
of Strain x Incubation (or Strain x Shock+28d / No Shock+28d, respectively).
Accordingly, strain differences in those tests represent differences in the basic
emotionality of the two strains as opposed to differences in the processing of a
traumatic incidence. Alternatively, they might reflect a differing response to prolonged
isolation of the animals. In any case, those strain differences are not specific for
PTSD-like symptoms, and data are presented in detail in Supplementary Table 1
only. Briefly, B6JOla exhibited more locomotion in the Light/Dark Test, more
investigation of juvenile and pup CD1 mice in Social Interaction Tests, and less

floating and more struggling in the Forced Swimming Test than B6N mice.

Amelioration of PTSD-like symptoms by chronic SSRI treatment

B6N animals were assigned to one out of three drug treatment groups with equal
freezing in response to the CSn at day 28 (30.1 £ 5.2%, 33.9 + 5.9% and 34.1 +
4.5%), and further divided into “High responders” and “Low responders” by median
split of each treatment group (cf. Experiment 4). After drug treatment, neither animals
with high or low freezing at day 28 nor animals after different drug treatments differed

in their freezing response to the CS+ (Fig. 7A,C; Drug x Exposure x High/Low
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Responders ANOVA: High/Low: F126) = 0.83, p=0.369; Drug: F2 =0.78, p =
0.469), revealing a lack of an effect of chronic fluoxetine treatment on conditioned
fear. CS+ freezing generally decreased from first to second stimulus exposure
(Exposure: F 26 = 8.02, p=0.009), independent of drug treatment (Drug x
Exposure: Fp2 26 = 1.38, p=0.267) and initial freezing response before treatment
(High/Low x Exposure: F 26 = 0.99, p= 0.328).

Freezing in response to the neutral tone also declined from first to second CSn
presentation [Fig. 7B,D; Drug x Exposure x High/Low Responders ANOVA:
Exposure: F(129 = 18.10, p < 0.001), and also was not different in the three drug
conditions, if all animals were considered (Drug: Fi220) = 1.75, p = 0.192). However,
the effect of chronic fluoxetine treatment was different for mice with strong or weak
CSn freezing at d28 (Drug x High/Low: F29) = 4.22, p = 0.008). Separate 2-way
ANOVAs in both “High/Low freezer” groups revealed that the drug treatment had an
effect on “High freezers” (Fig. 7B, Drug x Exposure ANOVA: Drug: Fp15 =5.83, p=
0.013) but not on “Low freezers” (Fig. 7D, Drug: Fp,14) = 0.64, p = 0.539).
Subsequent post-hoc analyses in “High responders” showed that mice treated with
18mg/kg fluoxetine froze less than mice treated with 9mg/kg (p = 0.015), and, in
tendency, less than mice treated with water (p = 0.085). The effect of 18mg/kg
fluoxetine in comparison to water became stronger at repeated CSn presentation,

where it reached statistical significance (Fig. 7B, p = 0.015).
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Discussion

Our study establishes stress sensitisation of C57BL/6N mice as an animal model of
PTSD that covers both associative and non-associative fear components after the
experience of a trauma. The model meets common criteria of face and predictive
validity, and is characterised by good utility.

Face validity is provided, as fear develops after a single brief aversive encounter in a
dose-dependent manner, persists over time and is accompanied by symptoms of
emotional blunting and social withdrawal. To our knowledge we are the first to show a
clear relationship between the strength of an aversive experience and the extent of
the resulting fear reaction in both associative and non-associative components of
fear. Animals not only show persistent fear, but the sensitised fear component related
to hyperarousal even increased with the passage of time after the traumatic
experience. The data are in line with other findings in rats and mice showing
incubation effects in fear conditioning (Balogh et al., 2002; Balogh and Wehner,
2003) and acoustic startle without (Balogh et al., 2002) or with weekly CS+ reminders
(Pynoos et al., 1996).

The model resembles moderate but consistent signs of emotional blunting and social
withdrawal, with increased neophobia in terms of reduced exploration, delayed
feeding on the Modified Holeboard and a trend towards reduced investigation and
increased avoidance in Social Interaction Tests on confrontation with other mice. An
increased immobility in the Forced Swimming Test points to depression-related
behavioural alterations, too. The relatively small magnitude of these effects might be
explained by a confounding of PTSD-like symptoms with consequences of prolonged
isolation rearing (Karolewicz and Paul, 2001; File and Seth, 2003; Kogan et al.,

2000).
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Stress sensitisation of B6N mimics the epidemiological observation that only part of
the individuals exposed to a trauma develop PTSD. This issue has recently been
addressed for the first time in a group which figured a decline of the proportion of
mal-adapted rats from 90% to 25% within one week, where it remained stable up to 4
weeks after trauma (Cohen et al., 2004). The mouse model presented here figures
an increase of arousal (i.e. sensitised fear) in vulnerable individuals, as observed in a
prospective study with PTSD patients (Shalev et al., 2000), rather than a decrease of
symptoms in resilient subjects. Importantly, it provides the variance that allows to
distinguish affected from non-affected animals, forming the basis for the investigation
of vulnerability and resilience in the aftermath of a trauma.

We also present strain differences in the development of PTSD-like symptoms. In a
second C57BL/6 strain, B6JOla, considerably less mice developed strong and lasting
fear responses after the traumatic encounter. B6JOla mice generally developed lower
levels of freezing to CS+ and CSn, and maximal fear responses were restricted to a
shorter period of time. Especially sensitised freezing proceeded differently between
the two strains employed. B6N mice increased their fear response to the CSn with
increasing incubation time, and resisted long-term habituation by persisting to freeze
upon repeated stimulus exposure. In contrast, B6JOla mice displayed maximal
freezing 2 weeks after the shock and returned to low levels of freezing with ongoing
incubation time and at repeated CSn exposure, thus revealing faster recovery after
the aversive encounter than B6N mice. These observations are in line with data
showing impaired extinction of conditioned fear to tone and context in B6N mice
compared to B6JOla (Siegmund et al., 2005; Stiedl et al., 1999). They strikingly
resemble impaired habituation of PTSD patients (Shalev et al., 2000; Rothbaum et
al., 2001). Also, in contrast to former reports (van Gaalen and Steckler, 2000;

Siegmund et al., 2005), this study revealed some differences in the basal
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emotionality of the two strains, as B6JOla mice were found to display higher
locomotion in the Light/Dark Test, less depression-related passive coping in the
Forced Swimming Test and more engagement in Social Interaction Tests with other
mice. Those differences in innate emotionality can be expected to be involved in the
higher resistance of B6JOla mice to develop PTSD-like symptoms after a traumatic
experience. Alternatively, those strain effects might reflect differences in the
consequences of long-term isolation in B6N and B6JOIla mice, as control groups
were tested after 28 days of single housing.

We further present evidence for predictive validity of our mouse model, as sensitised
fear in B6N mice — once incubated for a month — decreased as a result of
subsequent chronic fluoxetine treatment. We ascribe this result to a permanent
reversal of hyperarousal, as the behavioural readout was obtained after one week of
drug wash-out, and because the drug effect became stronger at repeated CSn
presentation. Importantly, fluoxetine treatment ameliorated CSn-induced freezing in
susceptible mice only, thus mimicking the aforementioned situation in humans. This
result will need to be replicated, as the observed effect was of small magnitude,
owing to the low statistical power of six animals per group, and because components
of the excipient of the employed Fluoxetine ratiopharm™ solution were not
administered to the control animals, which received tap water only. However, a
pharmacological validation, in terms of a therapeutic effect on the fully developed
phenotype, has hardly ever been shown in animal models of PTSD (Koolhaas et al.,
1990). So far, studies have shown an effect of SSRI treatment in the reversal of
acute stress effects (i.e. within 48h after stressor; El Hage et al., 2004; Belzung et al.,
2001) or in the prevention of behavioural alterations after a single or repeated

stressor exposure (Adamec et al., 2004; Berton et al., 2006) in mice. Here we provide
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first evidence for a therapeutic effect of chronic SSRI treatment on long-lasting
symptoms of hyperarousal.

Stress sensitisation of BN mice and B6JOIla mice is, furthermore, characterized by
good utility. Both mouse strains are easily available for studies on individual
vulnerability to PTSD-like symptoms, and the experimental protocol can be
established in every laboratory. The brief electric shock does not induce any physical
harm to the animals and is, thus, ethically acceptable. Moreover, it can be well
controlled and varied in intensity without inducing habituation. Although as a physical
stressor the shock has limited ethological validity concerning its probability to occur in
the natural habitat of mice, a crucial characteristic of a PTSD-inducing trauma in
human patients is its capability to induce a fearful state with perceived life threat
(Ozer et al., 2003; Norris et al., 2003), which probably entails the correlation between
the severity of a trauma and subsequent PTSD symptoms (Norris et al., 2003; Brewin
et al., 2000). Finally, the core behavioural readout in this model (freezing to the shock
chamber and to a neutral tone) can be repeatedly measured, thereby allowing to
record behavioural adaptation. Most importantly, the measurement of both
associative and non-associative fear within one animal facilitates the analysis of the

interrelation of those two memory components in the PTSD-like phenotype.

Perspective: Systematic research on PTSD will require the distinction of associative
and non-associative memory processes with respect to the interrelation of classical
conditioning, sensitisation and fear generalization during development and
maintenance of PTSD symptoms. A new categorisation of clinical symptoms which
considers this distinction would help to shed light on the interrelationship of the two
memory components in PTSD, as will animal models that allow to monitor both

behavioural aspects within the same experimental paradigm. Therapeutic
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approaches that specifically focus on either associative or non-associative PTSD
symptoms might be superior in subgroups of patients with a predominance of either
fear component, or advantageous at different stages of the clinical course of the
illness.

Furthermore, the animal model established here provides experimental access to
several questions related to the development of PTSD. First, differentiation of
vulnerable versus resistant individuals allows to distinguish mechanisms of adaptive
versus maladaptive stress response. Second, the existence of high behavioural
variation within the vulnerable B6N inbred strain (i.e. among genetically identical
animals) calls for the investigation of epigenetic factors, such as maternal behaviour
(for review see Meaney, 2001) or social hierarchy in the litter (Strekalova et al.,
2004). Third, the varying susceptibility of two C57BL/6 substrains to develop PTSD-
like symptoms invites for comparative analyses of their gene or protein expression,
rendering it likely that specific loci associated with the phenotype of PTSD-like

behaviour will be identified.
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Figure 1: Experimental schedules. Grey boxes present inter-test-intervals and time of
fluoxetine treatment, respectively, in days. S Shock, CS+ Test for conditioned fear in
response to shock chamber; CSn Test for sensitised fear in response to neutral tone in
neutral context, Pup Soc Interaction Test with 1-week old CD1 mice of both sexes, Juv
Soc Interaction Test with 24-26 days old male CD1 mice, Adu Soc Interaction Test with
6-7-weeks old male CD1 mice, L/D Light/Dark Avoidance Test, FST Forced Swimming
Test, MHB Modified Holeboard. For further details see text.
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Figure 2: A single brief electric shock induces conditioned and sensitised fear
in a dose-dependent manner. Four groups of B6N mice received an electric
footshock of OmA (NS, no shock), of their individual pain treshold (PT), of 0.7mA or of
1.5mA and were tested for their freezing response to the shock context (CS+; A) and
to the neutral tone (CSn; B) one (15!) and six (2") days after the shock (cf. Fig. 1,
Experiment 1). Mean + S.E.M. * p < 0.05 compared to NS; # p < 0.05 compared to
PT (Games-Howell test corrected for multiple testing). N = 12/group. Note that data
from the NS group have already been published before (Siegmund et al., 2005).
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Figure 3: Conditioned fear persists and sensitised fear increases with
ongoing incubation time after the shock. Three groups of B6N mice received an
1.5mA electric footshock and were tested 1d, 14d or 28d afterwards for their
freezing response to the context (CS+; A) and to a neutral tone (CSn; B; cf. Fig. 1,
Experiment 2). A fourth group of non-shocked control animals were tested after 28d.
Mean + S.E.M. * p < 0.05 compared to non-shocked controls; # p < 0.05 compared
to 1d incubation group (Games-Howell test corrected for multiple testing).
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Figure 4: Fear incubation leads to social withdrawal, neophobia and
depression-like behaviour. B6N mice from Experiment 2 and Experiment 3 (cf. Fig.
1) received either an 1.5mA electric footshock or remained non-shocked. After the
assessment of conditioned and/or sensitised fear 28d after shock mice were subject
to Social Interaction Tests with CD1 mice of different ages (pups, juveniles, adults), a
Forced-Swimming-Test and a Modified Holeboard Test. (A) Social Investigation and
(B) Social Avoidance are presented as pooled data (z-values) from the three social
interaction tests with partner mice of different ages; (C) Neophobia on the Modified
Holeboard pools data (z-values) from the five respective variables; (D) Number of
animals that started to feed within the 10min testing on the Modified Holeboard; (E)
Floating and (F) Swimming in the Forced Swimming Test. Mean + S.E.M. (except D).
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Figure 5: Within-strain variance in sensitised fear as a function of
incubation time. Three groups of B6N mice received an 1.5mA electric
footshock and were tested 1d, 14d or 28d thereafter for their freezing
response to the tone (CSn; cf. Experiment 2). Control animals of the fourth
group did not receive a shock. Only a subset of animals reached high levels
of freezing after 28d of fear incubation while another part remained at
freezing levels comparable to animals 1d after shock, thus increasing
behavioural variance. Details of the analysis of variance are given in the
text. Note that B6N data are the same as displayed in Fig.3.
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Figure 6: Strain differences in the development of PTSD- related symptoms. Three
groups of B6N and B6JOla mice, respectively, received an electric footshock of different
intensity (individual pain threshold PT, 0.7mA, 1.5mA) and were tested for their freezing
response to the shock context (CS+; A) and to the neutral tone (CSn; B) 1d later for a first
(1Y) and 6d later for a second (2"9) time (cf. Experiment 1). Another three groups of B6N
and B6JOla mice, respectively, received an 1.5mA electric footshock and were tested 1d,
14d or 28d later for conditioned (C) and sensitised fear (D) for a first (15) and 6d later for a
second (2" time (cf. Experiment 2). Control animals (No shock, NS) did not receive a
shock. Mean + S.E.M. All dose-groups: N=12; NS+28and S+ 28: N=14; S+ 1dand S
+ 14d: N = 7-8. Details of the statistical analyses are displayed in the text. Note that part
of the B6N data are also displayed in Figures 2 and 3.
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Figure 7: Chronic fluoxetine treatment ameliorates exaggerated sensitised
fear. Three groups of B6N mice with identical sensitised fear responses 28d after
perception of an 1.5mA electric footshock were treated with either water or 9 or
18mg/kg/d fluoxetine for 21 days. After another 7 days of drug washout, mice were
tested for their freezing response to the shock context (CS+; A,C) and to the neutral
tone (CSn; B,D) for a first (15t) and 6d later for a second (2") time (cf. Experiment
4). For statistical analysis, mice of each group were assigned to “High responders”
(A,B) and “Low responders” (C,D) by a median split of their freezing responses at
d28 (i.e., before drug treatment). Mean + S.E.M. * p < 0.05 compared to water
(Games-Howell test). All groups: N = 6, except 15t exposure to CS+ 9mg/kg/d: N = 3
(8 animals jumped out of test chamber). Further details of the statistical analyses
are displayed in the text.
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Supplementary Table 1: Summary of the statistical analyses of the behavioral performance of BL/6N and BL/JOla in Experiments 1 to 4 (cf. Fig. 1).

BL/6N | BL/6JOla | Both Strains
Experiment 1: Dose-Response
Measure Design Descriptives Inference Statistics Descriptives Inference Statistics Inference Statistics
Expo- Group Mean SD N Mean SD N
sure
CS+ Ist PT 16.63 11.77 12 3(Intensity) x 2(Exposure) ANOVA: 591 6.05 12 3(Intensity) x 2(Exposure) ANOVA: 2 (Strain) x 3 (Intensity) x 2 (Exposure) ANOVA:
[%] 0.7mA 34.88 22.66 12 Finiensity2.33 = 17.93 p <0.001 36.19 21.87 12 Flntensity(2.33) = 20.88 p <0.001 Finiensity2.66)= 37.85 p <0.001 POst-hocienin: PT<0.7mA<1.5mA
1.5mA 52.21 19.84 12 Fexposure(1.33) = 0.49 p=0.485 39.83 17.69 12 Fexposure(1.33) = 12.06 p <0.001 Fsirain(1,66 =13.93 p <0.001
Fiaeess) =044 p=0.64 Fireesn =775 p=0.002 Fexposure1.66) =7-86 p=0.007
2nd PT 13.61 14.58 12 POSt-hoC pyensiny: PT < 0.7/1.5mA 8.20 6.69 12 POSt-hOC pyeniny: Fixeo.66=2.19 p=0.119
0.7mA 36.67 17.19 12 10.81 11.01 12 Ist: PT <0.7/1.5mA Fse(1,66 =3-01 p =0.087
1.5mA 46.29 15.73 12 32.55 14.14 12 2nd: PT < 1.5mA ; 0.7 < 1.5mA Fiys.66 =0.27 p=0.764
Frseoe6) =4.93 p=0.010
CSn Ist NS 1.41 1.81 12 4(Intensity) x 2(Exposure) ANOVA: 1.09 1.19 12 4(Intensity) x 2(Exposure) ANOVA: 2 (Strain) x 4 (Intensity) x 2 (Exposure) ANOVA:
[%] PT 5.63 3.78 12 Finiensity3.44)= 15.85 p <0.001 4.15 3.54 12 Frntensity.44) = 8.79 p <0.001 Finiensity(s.88) = 24.59 p <0.001
0.7mA 19.72 17.17 12 Fexposure(1.44) =12.58 p <0.001 12.57 7.74 12 Fexposure(1.44) = 30.71 p <0.001 Firain(1,88) =9.34 p =0.003
1.5mA 28.33 14.16 12 Fraegas =177 p=0.167 18.07 16.55 12 Frap;ae =4.94 p =0.005 Fexposure1.88) =36.27 p <0.001
POSE-hoCyensin: NS < 0.7/1.5mA POst-hocCpensiry: 1st: PT < 0.7mA Ficgs.s8=5.45 p=10.002 post-hocyyg: 1st: NS<PT<0.7mA
2nd NS 0.58 0.85 12 PT < 1.5mA 0.51 1.00 12 2nd: PT < 1.5mA 2nd: NS<0.7/1.5mA; PT<1.5mA
PT 222 3.98 12 0.97 1.04 12 Fp(1,88 =0.014 p =0.905
0.7mA 11.65 12.54 12 334 5.87 12 Fiys(s,s8) =2.34 p=0.079
1.5mA 18.44 14.34 12 7.97 7.36 12 Frsxeasn =1.32 p =0.031
Baseline CSn Ist NS 0.27 0.46 12 4(Intensity) x 2(Exposure) ANOVA: 0.08 0.15 12 4(Intensity) x 2(Exposure) ANOVA: 2 (Strain) x 4 (Intensity) x 2 (Exposure) ANOVA:
(Prae-CSn) PT 0.88 2.06 12 Flnensityg.44= 8.63  p <0.001 0.64 1.13 12 Flngensity3.44) = 3.95 p=0.017 Flntensity(3,88) = 10.65 p <0.001
[%] 0.7mA 2.13 2.49 12 Fexposure(i 44 =042 p=0.015 0.45 0.55 12 Frxposure(1,44) = 0.04 p =0.845 Fstrain(1,88) =2.71 p=0.104
1.5mA 5.77 5.84 12 Fixps .4 =2.01 p=0.127 5.79 10.61 12 Fige.a4 =0.28 p =0.841 Fexposure(1,88) =5-29 p=0.024
POSt-hoC pyyensiny: NS/PT < 1.5mA POSt-hoCyensiry: UCF/0.7TmA < 1.5mA Fixeass) =1.56 p=0.205
2nd NS 0.34 0.38 12 0.52 1.09 12 Fp(1,88 =443 p=0.038 post-hocs: BON : 1st>2nd
PT 0.96 1.83 12 0.37 0.52 12 Fiys(3 s =0.95 p=0.419
0.7mA 6.46 7.68 12 0.06 0.15 12 Fresxe,s8) =1.61 p=0.193
1.5mA 9.68 9.44 12 6.38 10.28 12
Experiment 2&3: Incubation
CS+ Ist NS 7.54 11.10 14 3(Incub) x 2(Exposure) ANOVA: 1.16 159 13 3(Incub) x 2(Exposure) ANOVA: 2 (Strain) x 3 (Incub) x 2 (Exposure) ANOVA:
%] 1d 57.49 20.59 8 Flncub30) = 36.37 p <0.001 27.49 13.47 8 Flncub38) = 20.70 p <0.001 Focun@77=51.28 p<0.001
14d 62.01 10.59 7 Fexposure(1,30) = 61.51 p <0.001 64.63 6.58 7 Fexposure(1,38) = 41.35 p <0.001 Fstrain(1,77 = 13.33 p<0.001
28d 65.98 16.95 14 Fixea30) = 14.56 p <0.001 46.26 22.61 14 Freeas) = 15.05 p <0.001 Fexposure(1,77) = 102.3 p<0.001
POSt-hoC e 1st: NS<1d/14d/28d POSt-hoC eup: F e =27.97 p<0.001
2nd NS 10.49 11.92 14 2nd: NS<1d/14d/28d 4.44 3.93 13 Ist: NS <1d < 14d ; NS <28d F sxe,77) = 1.96 p=0.165
1d 41.05 17.36 8 23.39 14.00 8 2nd : NS < 1d/14d/28d F ysgn =411 p=10.009 post-hocys: NS, 1d, 28d: B6JOla < B6N
14d 28.68 10.85 7 33.53 17.71 7 F sxem) = 148 p=0.226
28d 51.07 14.96 14 28.81 22.81 14
CSn Ist NS 3.72 6.58 14 4(Incub) x 2(Exposure) ANOVA: 232 233 13 4(Incub) x 2(Exposure) ANOVA: 2 (Strain) x 4 (Incub) x 2 (Exposure) ANOVA:
[%] 1d 9.86 3.48 8 Fincubs40) = 16.55 p <0.001 12.62 6.69 8 Fincub(3.30) = 8.94 p<0.001 Fincun(s79) = 24.50 p <0.001
14d 25.98 15.28 8 Fexposure(1,40) = 0.71 p=0.406 22.03 11.09 8 Fexposure(1,39) = 13.17 p=0.001 Fstrain(1,79) = 8.19 p=0.005
28d 29.02 15.82 14 Fixes.40) = 0.34 p=0.798 17.74 18.36 14 Figea9) = 1.07 p=0.373 Fexposure(1,79) = 10.13 p=0.002
POSt-hoceup: POSt-hoC eup: Fixea79) = 0.85 p=0.468
2nd NS 1.96 4.45 14 NS < 14d/28d 0.66 .078 13 NS<l1d/14d/28d Fp(1,79) = 4.04 p=0.048 post-hocsi: : at 2" exp: B6JOla < B6N
1d 7.49 8.47 8 1d <28d 3.96 4.17 8 Fisi0 =277 p=10.047 post-hocyss : 28d: B6JOla < B6N
14d 27.57 18.63 8 15.13 11.06 8 Fiyse,z9) = 0.59 p=0.622
28d 25.69 14.61 14 8.94 8.21 14
Baseline CSn Ist NS 0.89 1.43 14 4(Incub) x 2(Exposure) ANOVA: 0.05 0.09 13 4(Incub) x 2(Exposure) ANOVA: 2 (Strain) x 4 (Incub) x 2 (Exposure) ANOVA:
(Prae-CSn) 1d 1.32 1.94 8 Flncub(,40) = 8.52 p <0.001 0.92 1.13 8 Floeub3 39)= 10.77 p <0.001 Flncubs,79)= 13.67 p <0.001
[%] 14d 14.59 14.35 8 Fexposure(1.40) = 0.56 p=10.458 7.55 7.08 8 Fexposure(1.39) =0.0 p=0.995 Fsyrain(1,79) = 12.17 p=0.001
28d 15.16 12.55 14 Fixea40 = 0.56 p=0.643 4.00 4.22 14 Fiezae =024 p=0.868 Fexposure(1,79) = 0.41 p=0.524
POSt-hoC eup: POSt-hoC eup: Fiea70 = 0.65 p=0.585
2nd NS 1.55 2.49 14 NS/1d < 14d/28d 0.82 1.64 13 NS/1d<14d Fexg(1,709) = 0.42 p=0.521
1d 1.86 1.20 8 0.66 0.77 8 14d>28d Fixs,70) = 3.47 p=0.020 post-hocyss : 28d: B6JOla < B6N
14d 18.19 17.80 8 7.76 6.71 8 Flxsxe70) = 0.31 p=0.820
28d 14.13 12.93 14 3.28 4.13 14
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BL/6N BL/6JOIla Both Strains
Experiment 2&3: Incubation
Measure Design Descriptives Inference Statistics Descriptives Inference Statistics Inference Statistics
Exposure Group Mean (rank) SD N Mean (rank) SD N
Soc Juv NS 116.72 23.74 14 Oneway ANOVA 135.14 24.73 13 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA:
Invest 1d 122.32 26.35 8 Fincub3 40 = 1.39 p=0.259 137.59 17.14 8 Flneub(330) = 0.57 p=0.637 Fncub3,79 = 1.91 p=0.134
[s] 14d 111.42 43.39 8 132.50 36.52 8 Fsimain1,79) = 10.14 p=0.002
28d 97.98 29.81 14 124.23 26.27 14 Frsia9 = 0.15 p=0.929
Soc Juv NS 1.35 1.99 14 Oneway ANOVA 0.82 1.11 13 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA
Avoidance 1d 1.72 1.06 8 Flncub(.40) = 0.59 p=0.625 0.76 1.06 8 Facub39) = 1.73 p=0.177 Flncub,79)= 1.60 p=0.195
[s] 14d 1.74 1.99 8 3.51 4.06 8 Fsiain(1,79) = 0.02 p=0.895
28d 2.63 3.82 14 2.02 3.91 14 Fis.709) = 0.85 p=0.470
Soc Adult NS 42.54 (11.1) 2242 10 Mann-Whitney-U 44.53 (14) 20.44 10 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Invest 28d 31.85(8.8) 25.56 9 U=34 p=0.400 19.74 (7) 14.20 10 U= 15 p=0.007 Flncub(1,39) = 6.99 p=0.002
[s] Fsirain(1,30) = 0.57 p=0.456
Fisaso=1.10 p=0.300
Soc Adult NS 0.93 (8.1) 1.45 10 Mann-Whitney-U 0.63 (9.8) 1.05 10 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Avoidance 28d 2.65 (12.6) 3.24 9 U=26.5 p=0.133 0.74 (11.2) 0.93 10 U=43 p=0.631 Fincub(1,30)= 2.38 p=0.132
[s] Ftrain(1.30) = 3.46 p=0.071
Frsso = 1.89 p=0.130
Soc Pup NS 82.17 (11.7) 17.45 10 Mann-Whitney-U 104.43 (10.1) 36.06 9 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Invest 28d 68.80 (8.11) 28.42 9 U=28 p=0.182 112.43 (9.9) 23.69 9 U=37 p=0.757 Fincun(1,37= 0.077 p=0.783
[s] Fstrain1.37 = 13.91 p=0.001
Frsasn =1.50 p=0229
Soc Pub NS 0.05 (8.7) 0.13 10 Mann-Whitney-U 0.04 (8.33) 0.05 9 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Avoidance 28d 0.20 (11.4) 0.34 9 U=325 p=0216 0.10 (10.67) 0.11 9 U=30 p=0.311 Flneub(1,37)= 2.66 p=0.112
[s] Fstrain(,37) = 0.70 p=0.408
Frs(i37 =0.56 p=0.458
Soc Invest NS 0.04 (37.7) 0.87 34 Mann-Whitney-U 0.29 (38.3) 1.03 34 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
z-values 28d -0.32(29.1) 0.89 32 U=402 p=0.068 -0.03 (29.6) 0.74 33 U=416 P =0.069 Flncub(1,133= 4.63 p=10.033
Fstrain(1,133 = 9-13 p=0.003 z-values refer to group of all
z-values refer to group of N mice z-values refer to group of JOla mice Fs(.133 = 0.10 p=0.747 animals
Soc NS -0.29 (29.2) 0.51 34 Mann-Whitney-U -0.21 (31.1) 0.69 34 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Avoidance 28d 0.29 (38.1) 1.23 32 U =397 p=0.059 0.19 (37.2) 1.17 33 U =461 p=0.210 Flncub(1,134) = 9.25 p=0.003
z-values FStrain(1,134) = 3.55 p=0.062 z-values refer to group of all
z-values refer to group of N mice z-values refer to group of JOla mice Fresi3a) = 1.95 p=0.165 animals
L/D NS 59.02 17.57 14 4(Incub) x Oneway ANOVA 57.97 9.44 12 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA:
%Time in 1d 67.26 16.62 8 Fineub3 38 = 1.70 p=0.182 57.17 9.43 8 Fncub3,38= 0.81 p=0.498 Flneub3,76)= 1.87 p=0.142
DC 14d 55.78 25.72 7 62.13 14.32 8 Fsirain(1,76) = 0.006 p=0.937
28d 48.62 17.35 13 54.51 11.34 14 Fisi.6 = 1.09 p=0.358
L/D NS 58.97 15.99 14 4(Incub) x Oneway ANOVA 59.33 7.49 12 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA:
%Locomot 1d 67.06 14.26 8 Fncun38)= 238 p=0.084 59.92 7.42 8 Flncub,38) = 0.65 p=0.585 Frcun76=2.73 p=10.050
in DC 14d 54.02 23.62 7 post-hoc: 1d > 28d 61.33 10.87 8 Fiirain(1,76) = 0.62 p=0.433
28d 46.96 17.17 13 56.31 9.17 14 Frsare = 1.34 p=0.253
L/D Rearing NS 7.06 3.16 14 4(Incub) x Oneway ANOVA 7.00 1.35 12 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA:
[n] 1d 5.90 2.32 8 Fincun3s) = 1.16 p=0.137 8.13 3.45 8 Flncub(3 38 = 2.84 p=0.050 Flncub3,76= 2.93 p=0.039 POSt-hoCicu: n.S.
14d 5.03 3.11 7 4.83 3.11 8 Fsirain(1,76) = 1.107 p=0.296
28d 5.60 1.79 13 6.04 1.94 14 post-hoc: n.s. Fisg=3.76 p=0.484
L/D NS 238.64 77.37 14 4(Incub) x Oneway ANOVA 274.05 46.80 12 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA:
total 1d 282.39 31.20 8 Fineub3,38)= 1.96 p=0.137 318.53 41.10 8 Fincub3,38= 3.99 p=0.014 Flneub3,76) = 5.34 p=0.002 post-hocias: Co < 1d; 1d >28d
locomot 14d 249.93 70.97 7 284.71 59.59 8 POSt-hoCycuparion: 1d > 28d Fstrain(1,76) = 8.88 p=0.004
[em] 28d 220.51 31.35 13 252.40 30.01 14 Fise6 = 0.008 p=0.999
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BL/6N

BL/6JOIla

Both Strains

Experiment 2&3: Incubation

Measure Design Descriptives Inference Statistics Descriptives Inference Statistics Inference Statistics
Exposure Group Mean (rank) SD N Mean (rank) SD N
FST NS 11.49 9.51 14 Oneway ANOVA 5.59 10.84 10 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA:
Floating 1d 16.04 9.12 8 Frcub.40)= 1.86 p=0.151 2.12 2.75 8 Fi336= 1.13 p=0.350 Flncubz,76) = 0.56 p=0.644
[%] 14d 19.55 11.95 8 0.73 0.86 8 Fsiain(1,76) = 44.29 p <0.001
28d 21.98 15.63 14 1.76 4.40 14 Frsa76) =2.55 p =0.062
FST NS 71.69 12.24 14 Oneway ANOVA 65.69 14.95 10 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA:
Swimming 1d 75.19 10.31 8 Fia0=1.54 p=0.220 86.07 7.17 8 F36= 4.89 p =0.006 Flocubs,76) = 4.69 p=0.005 post-hocias: Co < 1d; 1d > 28d
[%] 14d 68.98 13.25 8 73.49 13.84 8 Fsimain(1,76) = 1.33 p=0.253
28d 63.05 17.35 14 67.51 12.06 14 Frsae = 1.41 p=0.247
FST NS 16.80 7.01 14 Oneway ANOVA 28.74 10.23 10 Oneway ANOVA 2 (Strain) x 4 (Incub) ANOVA:
Struggling 1d 8.77 3.97 8 Fi340=3.74 p=0.018 11.81 6.02 8 Fia6= 471 p=10.007 Flncub76)= 7.58 p <0.001 Ppost-hocias: Co > 1d, 1d < 28d
[%] 14d 11.47 4.12 8 POSE-OCH e 25.77 12.55 8 DOSE-ROC ycupation” Fitrain(1,76) = 29.31 p<0.001
28d 14.97 6.35 14 NS > 1d < 28d 30.73 13.01 14 NS > 1d < 28d Fisae = 1.73 p=0.168
MHB NS 21.60 (12.7) 5.66 10 Mann-Whitney-U 24.0 (12.4) 12.90 10 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Nr. l?oard 28d 13.67 (6.9) 7.68 9 U=175 p=10.022 18.60 (8.6) 6.29 10 U= 31 p=0.165 Flocub(1,39)= 5.79 p=10.022
entries Fsimain(1,39) = 1.75 p=0.194
Frs(30 =021 p=0.650
MHB NS 15.52 (12.45) 4.24 10 Mann-Whitney-U 19.25 (10.8) 8.44 10 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
% Time 28d 10.56 (7.28) 5.63 9 U=20.5 p=10.043 17.12 (10.1) 8.16 10 U= 46.5 p=0.796 Flncub(1 30 = 5.79 p=10.022
Board Fstrain(1.39) = 1.75 p=0.194
Frsase =0.21 p=0.650
MHB NS 65.37 (7.7) 43.21 10 Mann-Whitney-U 89.06 (7.2) 160.96 10 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Latency 28d 175.83 (12.5) 169.88 9 U=225 p=10.065 132.19 (13.8) 84.63 10 U= 17 p=0.011 Flneub(1,39) = 3.68 p=0.063
Board Fsirain(1,39) = 0.06 p=10.805
[s] Frs1309)=0.71 p =0.406
MHB NS 70.90 (11.6) 22.53 10 Mann-Whitney-U 74.80 (10.2) 25.53 10 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Nr. Holes 28d 53.89(8.2) 21.53 9 U=29 p=0.211 78.60 (10.8) 23.70 10 U=47 p=0.853 Flncub(1,30)= 0.77 p=10.385
Explored Ftrain(1.39) = 3.63 p=0.065
Fiesi309) = 1.92 p=0.175
MHB NS 40.60 (8.8) 28.44 10 Mann-Whitney-U 33.33(8.5) 64.29 10 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Latency 28d 81.03 (11.3) 112.47 9 U=335 p=10.356 35.97 (12.5) 26.85 10 U=30 p=0.143 Fincub(1 30 = 1.04 p=0.315
Holes Fsirain1,30) = 1.53 p=0.224
Explored [s] Fis39=0.79 p=0.377
MHB NS -0.38 (7.05) 0.46 10 Mann-Whitney-U -0.08 (8.7) 1.06 10 Mann-Whitney-U 2 (Strain) x 2 (Incub) ANOVA:
Neophobia 28d 0.42 (13.28) 0.97 9 U=155 p=0.013 0.08 (12.3) 0.62 10 U=32 p=0.190 Fincub(1,39)= 3.29 p=0.078
(z-values) FStrain(1.39) = 3.23 p=0.081 z-values refer to group of
z-values refer to group of N mice z-values refer to group of JOla mice Fies(309) = 1.25 p=0.271 all animals
MHB / NS 8 - 10 Fishers exact Test 6 - 10 Fishers exact Test 2 (Strain) x 2 (Incub) Chi2-Test:
NISF 28d 2 - 9 p=0.023 7 - 10 p=1.0 p=0.061
Nr Animals
who fed
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Experiment 4: Chronic Fluoxetine Treatment in BL/6N

High Responders

Low Responders

High & Low Responders

Design Descriptives Inference Statistics Descriptives Inference Statistics Inference Statistics
Exposure Group Mean SD N Mean SD N
CSn at d28 Placebo 43.75 11.86 6 Oneway-ANOVA: 16.36 10.09 6 Oneway-ANOVA: 3 (Drug-Group) x 2 (High/Low) ANOVA:
(before 9mg/kg/d 49.25 16.05 6 ForugGrowp 2,14)= 042 p=0.667 18.53 9.76 6 ForugGrowp 2,15 = 029 p=0.746 Fbrug-Group (2.29) = 0.37 p=0.692
treatment) 18mg/kg/d | 44.69 11.12 6 21.36 6.39 5 FhiighLow 12090 = 49.52  p<0.001
(%] Fong Groupxiii.20) = 0.30 p=0.742
Ist Placebo 50.37 16.53 6 3 (Drug) x 2 (Exposure) ANOVA: 38.52 20.77 6 3 (Drug) x 2 (Exposure) ANOVA: 3 (Drug) x 2 (Exposure) x 2 (high/low Responders) ANOVA:
C'“’O“i'f Img/kg/d 47.59 30.00 3* Fprug 2,12)= 0.99 p=0.397 30.87 13.16 6 Fprug 2.14= 1.28 p=0.307 Fprg 2,26 = 0.78 p=0.469 Fprugeineae = 1.18 p=0.321
Fluoxetine 18mglkg/d | 31.25 17.36 6 Fxposure (1,12) = 8-37 p=0.013 36.16 9.76 5 Fxposure (1,14) = 1.60 p=0.226 Fexposure (1.26) = 8-02 p=0.009 Frxppurestine26=0.12  p=0.883
Cs+ Fone o) = 1.29 p=0311 Fone ) = 0.50 p=0616 Figvion 029 = 0.83  p=0369
%] 2nd Placebo 35.73 16.55 [3 33.39 10.27 6 Fexpxprug.26) = 1.38 p=0.267
9mg/kg/d 3135 24.43 3 20.00 11.00 6 Fexpxt 26 = 0.99 p=0.328
18mg/kg/d | 28.18 11.64 6 35.91 24.17 5
Chronic Ist Placebo 43.06 12.41 6 3 (Drug) x 2 (Exposure) ANOVA: 20.92 12.67 6 3 (Drug) x 2 (Exposure) ANOVA: 3 (Drug) x 2 (Exposure) x 2 (high/low Responders) ANOVA:
Fluoxetine Img/kg/d 46.32 14.36 6 Fprg 2,15 = 5.83 p=0.013 25.83 18.64 6 Fprug 2,14y = 0.64 p=0.539 Forug 2.20= 1.75 p=0.192 Fprugaine,20) = 4.22 p=0.008
[C“/?.]“ 18mg/kg/d | 26.54 20.77 6 EEWSW (1252):3;).37 p i 23(3)2 24.61 12.45 5 ?Xpome“f)zzé&% p i ggg? EExpo,u,e“_zq, :: 188(.)160 p i ggg; Fexpxpurgain2o=1.24  p=0.304
DxE (2,15) 8 P - DxE (2,14) . P A High/Low (1,29) B p 8
2nd Placebo 29.05 6.22 [3 Ppost-hoc ppg: 9mg > 18mg 10.25 12.34 6 Fexpxprug2.209) = 0.30 p=0.740
9Img/kg/d 38.28 20.89 [3 at 2nd exposure: Plac > 18mg 15.21 11.76 6 Fexpxtiize = 1.32 p=0.259
18mg/kg/d | 10.89 10.44 6 24.24 11.43 5

* 3 animals jumped out of the test chamber and had to be excluded from CS+ analysis
Abbreviations: CS+ = Freezing response to shock chamber; CSn = Freezing response to neutral tone in neutral environment; Soc Adult = Social interaction (in
sec) with an adult CD1 mouse; Soc Juv = Social interaction (in sec) with a juvenile CD1 mouse; Soc Pup = Social interaction (in sec) with a CD1 pup; Invest =
Investigation of partner mouse; Avoidance = Avoidance of interaction with partner mouse; L/D = Light/Dark Test with Time in Dark Compartement, (%Time in
DC), Locomotion in Dark Compartement (%Locomot in DC), Rearing (n), Total Locomotion in cm (L/D total locomot); FST = Forced Swimming Test with Floating,
Swimming and Struggling time; MHB = Modified Holeboard, N = sample size, NISF = Novelty-induced suppression of feeding, NS = no shock, PT = shock at
individual pain threshold; E = Exposure, | = Incubation or Intensity respectively, S = Strain, D = Drug, High/Low = High or Low Freezing before drug treatment. SD
= standard deviation
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Summary

Both classical fear conditioning and fear sensitization have been implicated in the
development of Posttraumatic Stress Disorder (PTSD), but little is known about their
interaction or interdependency. Therefore, we administered the NMDA receptor
antagonist AP5 or vehicle bilaterally into the dorsal hippocampus of C57BL/6N mice
15 min before administration of an electric footshock. One month later mice were
tested for their conditioned fear reaction to the shock context (associative fear
memory) and for their sensitized fear response to a neutral tone in a new context
(hyperarousal). AP5- treated animals exhibited only half as much conditioned, but
equal amounts of sensitized fear, compared to vehicle- treated mice, demonstrating
that hyperarousal does not depend on associative fear memory about the aversive
encounter, but solely on sensitization induced by the inescapable footshock. This
result points to the need for a ‘desensitization’ approach in PTSD therapy, as
sensitization and classical conditioning seem to be independent processes in this

psychiatric disorder.
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Introduction

The experience of a trauma often leads to long-lasting behavioral changes that are
associated with a range of neurobiological alterations [1-4]. For instance, individuals
exhibit fear when confronted with reminders of the aversive encounter (classical fear
conditioning), as well as a sustained state of apprehension unrelated to specific
environmental cues (sensitization). Both fear conditioning and sensitization have
been implicated in the development and maintenance of Posttraumatic Stress
Disorder (PTSD) [5-7]. However, in spite of a broad body of literature in the two
distinct areas of research, hardly anything is known about their interrelationship or
interdependence. Gewirtz and co-workers [8] reported that lesions of the bed nucleus
of stria terminalis blocked the footshock-induced, unconditioned fear potentiation of
acoustic startle responses, but not conditioned fear potentiation. This observation
implies an involvement of this brain structure in the one, but not in the other memory
process, and accordingly renders the formation of aversive associations independent
from fear sensitization. Yet, it is still unclear whether fear sensitization following a
traumatic incident is independent from associative fear memories as well.

This question is of considerable clinical relevance, as it potentially entails
consequences for therapeutic approaches in PTSD. If hyperarousal and elevated
startle (i.e. non-associative PTSD symptoms) would depend on associative fear
memory (e.g. in terms of a broad stimulus generalization or frequent re-sensitization
due to re-experience of the trauma in flashbacks), then the ultima ratio of therapeutic
approaches should be to optimize extinction of trauma-related memory traces. If,
however, these two processes would be independent, strategies to desensitize a fear
circuit responsible for exaggerated responses to all kinds of indistinct potentially
dangerous stimuli should represent a new and necessary complement to PTSD

therapy.
Manuskript 4: Seite 3
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In order to clarify the interrelation of associative and non-associative trauma
processing, we have recently established a mouse model of PTSD that fulfills the
major criteria of an respective animal model [6;9] and distinguishes between the two
memory components [10]. According to this model, we treated mice with a single
electric footshock in a shock chamber. In half of the animals, we impaired the
formation of an association between shock and context by local infusion of the NMDA
receptor antagonist APS5 into the dorsal hippocampus. The other half of the animals
was treated with vehicle and served as a control. After a fear incubation time of one
month, we assessed hyperarousal by measuring the sensitized fear reaction to a
neutral tone in a new environment, and associative fear memory by measuring

contextual fear memory in the shock context.
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Materials and Methods

Animals

A total of 28 male C57BL/6NCrl mice (Charles River Germany GmbH, Sulzfeld,
Germany), aged 8-9 weeks at the beginning of the experiment were tested. Animals
had free access to food and water, and were housed singly with an inverse 12:12h
light-dark schedule (lights on at 20:00h) in standard macrolon cages (type 2) for 14

days before surgery.

Surgery

Mice were anaesthetised i.p. with a mixture of ketamine hydrochloride (Ketamin®
10%, Essex-Tierarznei, Essex Pharma GmbH, Munich, Germany) and xylazine
hydrochloride (Rompun® 2%, Bayer Vital GmbH, Leverkusen, Germany), and fixed
into a stereotaxic frame. Body temperature was maintained at 37°C by means of a
feedback-controlled heating pad. Two guide cannulae (23G) were implanted
bilaterally aimed at the dorsal hippocampus with the following stereotaxic
coordinates: -1.9 mm posterior to bregma, + 1.3 mm lateral from the midline and 1.0
ventral from the surface of the skull. Guide cannulae were fixed to the skull by dental
cement and two anchor screws. Animals received antibiotic (5 mg/kg gentamicin
sulfate s.c., Gentamycin® 5, Selectavet, Weyarn-Holzolling, Germany) and analgetic
(0.5mg/kg meloxicam s.c., Metacam®, producer: Labiana Life Sciences S.A.,
Terrassa, Spain, enterpriser: Boehringer Ingelheim, Vetmedica GmbH,
Ingelheim/Rhein, Germany) treatment at the end of surgery. Analgetic treatment was
maintained via the drinking water at the same dose for another 3 days. Animals were

allowed to recover from surgery for 2 weeks before starting the experiment.
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Pharmacological Treatment

The N-methyl-D-aspartate (NMDA) receptor antagonist AP5 (DL-2-amino-5-
phosphonovaleric acid, Sigma, Deisenhofen, Germany) was dissolved in Ringer’'s
solution. Animals were anaesthetised with isoflurane, and a dose of 1ug AP5 in a
volume of 0.5 pl/side or the same amount of vehicle were injected bilaterally into the
hippocampus 15 min before shock application. The AP5 dose was shown before to
efficiently impair memory acquisition in hippocampus-dependent contextual [11] and
trace fear conditioning tasks [12]. For the injection procedure, the injection cannulae
(30G) were inserted into the guide cannulae with their tips extending the guide by 1
mm into the dorsal hippocampus, and the bilateral injections were performed
manually by means of a microlitre syringe over a course of 45 to 60 s. The progress
of injection was monitored by the movement of an air bubble in the calibrated tubing.
After completion of the injection, cannulae remained in place for another minute to
allow for complete diffusion of the drug. The whole injection procedure including

anaesthesia lasted for 5 to 7 min.

Histology

At the end of the experiment, animals were killed, the brains removed, shock-frozen
and stored at —20°C. Brains were cut into 20-um slices and stained with cresyl violet.
The position of the guide cannula was evaluated by an experienced rater blind to the

experimental condition of the animal.

Apparatus
The setup has been described and displayed in detail before [13]. Briefly,

experiments were performed in two contexts: (1) the shock chamber, cubic-shaped
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with a metal grid for shock application and (2) the neutral test context, cylindrically
shaped and made of Plexiglas, with wood shavings as bedding. Contexts were
cleaned thoroughly after each trial with differently smelling detergents, and bedding

was changed.

Procedure

The experiment was approved by the Committee on Animal Health and Care of the
local governmental body and performed in strict compliance with the EEC
recommendations for the care and use of laboratory animals. The experiment was
performed during the activity phase of the animals, i.e. between 09:30h and 17:30h.
For shock application animals were placed into the shock chamber at the first
experimental day. After 198 seconds a single scrambled electric footshock (2s,
1.5mA) was administered via the metal grid. Animals remained in the shock chamber
for another 60s before they were returned to their home cages. One month later,
animals were tested for their sensitized and conditioned fear, at two consecutive
days. To test for sensitized fear, animals were placed into the neutral test chamber
28 days after footshock application. After 3min a neutral tone (80dB, 9kHz) was
presented for 3min. To test for conditioned fear, animals were placed into the shock

chamber for 3min, 29 days after the stressor.

Behavioral analysis

All tests were videotaped by small CCD cameras (Conrad Electronics, Hirschau,
Germany). Animals’ behavior was rated off-line by a trained observer blind to the
experimental condition (EVENTLOG, Robert Henderson, 1986). Freezing behavior

was defined as immobility except for respiration movements.
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Data analysis

We used SPSS 11.0.1 (SPSS Inc.) for statistical analysis. Freezing data are
expressed as a percentage of the respective analysis interval (3min).

Factorial analysis of variance (ANOVA) was employed, with Treatment (AP5,
Vehicle) as between-subject factor and Exposure (Pre-Tone, Tone) as within-subject
factor. Two-group comparison was performed with t-test for independent groups.
Homogenity of variance was analysed using Levene- and Mauchley- testing,

respectively. Statistical significance was accepted if p < 0.05.
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Results

Histology

Of the 28 animals equipped with guide cannulae, 6 had to be excluded during
pharmacological treatment because at least one guide cannula was blocked. The
data of another 5 animals were excluded after evaluation of the guide cannula
position, because of misplacement of the injection sites (see Fig. 1A as an example
for correct placement). From the remaining 17 subjects, 9 had received AP5, and 8

vehicle.

APb-treated animals show lower levels of contextual fear memory.
AP5-treated mice showed only half as much fear as vehicle controls in response to
the shock chamber, clearly demonstrating impaired contextual fear memory (Fig. 1B;

t(15) = 2.65, p= 0.018).

AP5- and vehicle- treated animals show similar levels of sensitized fear.

All animals exhibited an increase of fear during exposure to the neutral tone,
compared to the three minutes preceding tone presentation, thus representing a
sensitized fear response (Fig. 1C; Fexposure (1,15) = 9.09, p = 0.009). The lack of both
Treatment- (Frreatment (1,15) = 0.35, p = 0.561) and Treatment x Exposure- (Fexposure x
Treatment (1,15) = 0.035, p = 0.854) effects indicates the independence of sensitized fear

from APS treatment-induced associative memory impairment.
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Discussion

Here we demonstrate the independence of hyperarousal from the strength of
associative fear memory following a traumatic incident in mice. This observation is in
accordance with the results of two recent clinical prospective longitudinal studies on
the importance of trauma memory for the development or severity of PTSD
symptoms. The first study showed that only 9% of the variance of PTSD severity after
assault could be explained by the presence of intrusive memories [14], and the
second study demonstrated that memory of the event in the immediate aftermath of
a trauma is a predictor of the re-experience-cluster of subsequent PTSD symptoms,
but unrelated to avoidance and hyperarousal [15]. Our data are, furthermore, in line
with those of Gewirtz and co-workers [16], who demonstrated in rats that fear
conditioning and fear sensitization are independent memory processes. Additionally,
while the startle paradigm used by those authors inheres methodological
uncertainties concerning the discrimination of unconditioned fear and contextual fear
memory [17], our behavioral paradigm distinguishes clearly between associative and
non-associative fear due to the employment of different contexts and a neutral tone
as the stimulus [10].

Independence of conditioning and sensitization, however, does not rule out the
possibility that the two processes may influence each other. For instance, stress and
stress-related pharmacological challenges have been shown to enhance the
expression of associative fear memory [18-20], and weekly reminders of a traumatic
event have been demonstrated to increase non-associative acoustic startle
responses in mice [21]. The effects of aversive memory retrieval on sensitized fear
may result from re-sensitization due to re-experiencing of the trauma. Furthermore,
although in this study reduced contextual freezing was without effect on sensitized

fear, it is conceivable that a lack of specific contextual fear memory may promote
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generalized fear reactions to novel environments, as the traumatic event is not tied to
a specific context, making the subsequent recognition of "safe" contexts more
difficult.

The significance of the results of our study lies in their potential clinical implication. In
our PTSD mouse model [10] we have recently identified the persistence of
hyperarousal (i.e. the lack of desensitization) as a core feature of PTSD-like
symptoms. Desensitization is not a by-product of a reduced expression of
conditioned fear due to extinction or stimulus-specific habituation learning, but an
independent cross-modality process [22]. As a consequence, classical exposure
therapy might not ameliorate this non-associative fear component.

Little is known about neural structures and cellular mechanisms underlying stress
sensitization. As mentioned before, the bed nucleus of stria terminalis seems to play
a significant role in the expression of unconditioned fear [23]. Moreover, stress-
induced increase in anxiety-like behavior is paralleled by structural changes within
the amygdala complex [24-26]. Likewise, it would be of interest to know whether AP-
5 injections into the bed nucleus of stria terminalis or into the amygdala could discern
conditioned and sensitized fear expression, too. Furthermore, it is conceivable that
corticotropin-releasing hormone (CRH) plays a crucial role in sensitized fear, as
sustained activation of its receptor type 1 within the basolateral amygdala causes a
long-lasting decrease in GABAergic inhibition [27], thus leading to increased
excitability of this fear-mediating structure. Interestingly, also PTSD patients show
elevated levels of CRH in their cerebrospinal fluid [28], suggesting similar
consequences of CRH in humans as observed in animals. Norepinephrine [29],
serotonin [30;31] and dopamine [32;33] are additional neurotransmitters proposed to

play a role in stress sensitization.
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While the state of research concerning sensitization is still insufficient, there is hardly
anything known about processes underlying desensitization. In our animal model of
PTSD, sensitized, but not conditioned fear could be ameliorated by chronic
antidepressant treatment [10], suggesting an effect of long-term treatment with the
employed serotonin-reuptake inhibitor (SSRI) on desensitization processes. This
finding is in line with the observation that SSRIs are currently the most effective
pharmacological treatment of PTSD [34]. However, the causal mechanism of this
treatment is still unclear, the effect takes a long time before onset and improvement
rates have been reported between 15 and 66 percent [35]. This leaves considerable
room for improvement of PTSD therapy. Our study suggests desensitization
approaches as an important complement to classical exposure therapy and

contemporary antidepressant treatment.
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Fig. 1. (A) Representative example showing the correct positioning of the injection
sites within the dorsal hippocampus. (B) Freezing responses to the conditioning
chamber 29 days after application of an inescapable footshock. (C) Freezing
responses before and during presentation of a neutral tone in a new context 28
days after application of an inescapable footshock. Data are presented as a
percentage of the respective analysis interval (3min). Mean + SEM. The sample
size was n = 9 for AP-5 and n = 8 for vehicle-treated animals.
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