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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.1,2 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.3,4 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 features5–7) or etiology (e.g.,
induction of depression-like symptoms in the Learned Helplessness Model8).
Alternatively, animal models have been established merely on the basis of their
predictive validity (e.g., characterization of antidepressant drugs in the Forced
Swimming Test9,10 and Tail Suspension Test11) or their construct validity (e.g.,
transgenic overexpression of corticotropin-releasing hormone [CRH]12).

In case of posttraumatic stress disorder (PTSD), the human diagnostic cri-
teria (Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
[DSM-IV]) have been translated into those suiting animal research in terms of
face validity.13 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.14 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.14–20 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.21,22 Moreover, there seems to be an
inverse relationship between the size of the hippocampus (a brain structure
essential for the formation of contextual fear memory23) and the susceptibility
to develop PTSD.24

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,25,26 which has been related to the development
of generalized fear.27–29 Moreover, contrary to the concepts of memory consol-
idation and subsequent memory stability,30 aversive memories reconsolidate
upon recall,31–33 which renders them “labile” again to pharmacological inter-
vention.34,35 A similar weakening of aversive memories might be achieved by
repeated non-reinforced presentation of trauma-related cues that leads to mem-
ory extinction.36 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,37 and knowledge concerning
those of reconsolidation33,38and extinction36 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.39 In addition, increasing autonomous arousal
has been shown in a prospective study with trauma survivors following a traf-
fic accident.40 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,41,42 and changes in neurochemistry, neuroendocrinol-
ogy,43–46 startle responses,28 and electrical excitability of the fear circuit.47,48

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 acute49 and chronic restraint
stress.50,51 Importantly, some structural changes require an incubation period
of at least 10 days after the stressful experience before they become evident49

and may persist for more than 3 weeks.51 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.52 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.53

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,54 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

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,54 and that therefore incubation effects
can also be found in fear conditioning protocols.28,29 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-IV), transferred into those suitable
for animal research.13 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.55
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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 hyporesponding (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.13

Common stressors for the induction of PTSD-like symptoms include re-
straint stress (immobilization),56 exposure to predators,57 underwater hold-
ing,58and foot- or tailshocks.46,59–61 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.62 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.2 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).6,7 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.63 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.64 Alternatively, one can quantify changes in the freezing response
to potentially harmful stimuli, such as tones or bright light.2 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.65 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 hippocampus66 will
certainly gain validity. Hypercortisolism might serve as an exclusion criterion,
as PTSD patients, other than depressed patients,67 exhibit normal to even lower
corticosterone levels.68

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.

REFERENCES

1. OHMAN, A. & S. MINEKA. 2001. Fears, phobias, and preparedness: toward an
evolved module of fear and fear learning. Psychol. Rev. 108: 483–522.

2. LEDOUX, J.E. 2000. Emotion circuits in the brain. Annu. Rev. Neurosci. 23: 155–
184.

3. MCKINNEY,W.T. JR. & W.E. Bunney JR. 1969. Animal model of depression. I.
Review of evidence: implications for research. Arch. Gen. Psychiatry 21: 240–
248.

4. WILLNER, P. 1984. The validity of animal models of depression. Psychopharma-
cology (Berl.) 83: 1–16.

5. MILLAN, M.J. 2003. The neurobiology and control of anxious states. Prog. Neuro-
biol. 70: 83–244.

6. BELZUNG, C. & G. GRIEBEL. 2001. Measuring normal and pathological anxiety-like
behaviour in mice: a review. Behav. Brain Res. 125: 141–149.

7. CRYAN, J.F. & A. HOLMES. 2005. The ascent of mouse: advances in modelling
human depression and anxiety. Nat. Rev. Drug Discov. 4: 775–790.

8. HENN, F.A. & B. VOLLMAYR. 2005. Stress models of depression: forming geneti-
cally vulnerable strains. Neurosci. Biobehav. Rev. 29: 799–804.

9. CRYAN, J.F., R.J. VALENTINO & I. LUCKI. 2005. Assessing substrates underlying the
behavioral effects of antidepressants using the modified rat forced swimming
test. Neurosci. Biobehav. Rev. 29: 547–569.



332 ANNALS NEW YORK ACADEMY OF SCIENCES

10. PETIT-DEMOULIERE, B., F. CHENU & M. BOURIN. 2005. Forced swimming test in
mice: a review of antidepressant activity. Psychopharmacology (Berl.) 177: 245–
255.

11. CRYAN, J.F., C. MOMBEREAU & A. VASSOUT. 2005. The tail suspension test as
a model for assessing antidepressant activity: review of pharmacological and
genetic studies in mice. Neurosci. Biobehav. Rev. 29: 571–625.

12. KECK, M.E., F. OHL, F. HOLSBOER & M.B. MULLER. 2005. Listening to mutant
mice: a spotlight on the role of CRF/CRF receptor systems in affective disorders.
Neurosci. Biobehav. Rev. 29: 867–889.

13. YEHUDA, R. & S.M. ANTELMAN. 1993. Criteria for rationally evaluating animal
models of posttraumatic stress disorder. Biol. Psychiatry 33: 479–486.

14. CHARNEY, D.S., A.Y. DEUTCH, J.H. KRYSTAL, et al.1993. Psychobiologic mecha-
nisms of posttraumatic stress disorder. Arch. Gen. Psychiatry 50: 295–305.

15. SOLOMON, Z., R. GARB, A. BLEICH & D. GRUPPER. 1987. Reactivation of combat-
related posttraumatic stress disorder. Am. J. Psychiatry 144: 51–55.

16. GRILLON, C., S.M. SOUTHWICK & D.S. CHARNEY. 1996. The psychobiological basis
of posttraumatic stress disorder. Mol. Psychiatry 1: 278–297.

17. MCFARLANE, A.C., R. YEHUDA & C.R. CLARK. 2002. Biologic models of trau-
matic memories and post-traumatic stress disorder. The role of neural networks.
Psychiatr. Clin. North Am. 25: 253–270.

18. BREMNER, J.D. et al. 1992. Dissociation and posttraumatic stress disorder in Viet-
nam combat veterans. Am. J. Psychiatry 149: 328–332.

19. ELZINGA, B.M. & J.D. BREMNER. 2002. Are the neural substrates of memory the fi-
nal common pathway in posttraumatic stress disorder (PTSD)? J. Affect. Disord.
70: 1–17.

20. BREWIN, C.R. & E.A. HOLMES. 2003. Psychological theories of posttraumatic stress
disorder. Clin. Psychol. Rev. 23: 339–376.

21. BREMNER, J.D. 2002. Neuroimaging studies in post-traumatic stress disorder. Curr.
Psychiatry Rep. 4: 254–263.

22. BREMNER, J.D. et al. 2005. Positron emission tomographic imaging of neural
correlates of a fear acquisition and extinction paradigm in women with child-
hood sexual-abuse-related post-traumatic stress disorder. Psychol. Med. 35: 791–
806.

23. RUDY, J.W., N.C. HUFF & P. MATUS-AMAT. 2004. Understanding contextual fear
conditioning: insights from a two-process model. Neurosci. Biobehav. Rev. 28:
675–685.

24. GILBERTSON, M.W. et al. 2002. Smaller hippocampal volume predicts pathologic
vulnerability to psychological trauma. Nat. Neurosci. 5: 1242–1247.

25. WILTGEN, B.J., R.A. BROWN, L.E. TALTON, et al. 2004. New circuits for old mem-
ories: the role of the neocortex in consolidation. Neuron 44: 101–108.

26. FRANKLAND, P.W. & B. BONTEMPI. 2005. The organization of recent and remote
memories. Nat. Rev. Neurosci. 6: 119–130.

27. HOUSTON, F.P., G.D. STEVENSON, B.L. MCNAUGHTON & C.A. BARNES. 1999. Effects
of age on the generalization and incubation of memory in the F344 rat. Learn.
Mem. 6: 111–119.

28. BALOGH, S.A., R.A. RADCLIFFE, S.F. LOGUE & J.M. WEHNER. 2002. Contextual and
cued fear conditioning in C57BL/6J and DBA/2J mice: context discrimination
and the effects of retention interval. Behav. Neurosci. 116: 947–957.

29. BALOGH, S.A. & J.M. WEHNER. 2003. Inbred mouse strain differences in the estab-
lishment of long-term fear memory. Behav. Brain Res. 140: 97–106.



SIEGMUND & WOTJAK: ANIMAL MODEL OF PTSD 333

30. MCGAUGH, J.L. 2000. Memory—a century of consolidation. Science 287: 248–
251.

31. SARA, S.J. 2000. Retrieval and reconsolidation: toward a neurobiology of remem-
bering. Learn. Mem. 7: 73–84.

32. DUDAI, Y. 2004.The neurobiology of consolidations, or, how stable is the engram?
Annu. Rev. Psychol. 55: 51–86.

33. NADER, K. 2003. Memory traces unbound. Trends Neurosci. 26: 65–72.
34. NADER, K., G.E. SCHAFE & J.E. LE DOUX. 2000. Fear memories require protein

synthesis in the amygdala for reconsolidation after retrieval. Nature 406: 722–
726.

35. DEBIEC, J., J.E. LEDOUX & K. NADER. 2002. Cellular and systems reconsolidation
in the hippocampus. Neuron 36: 527–538.

36. MYERS, K.M. & M. DAVIS. 2002. Behavioral and neural analysis of extinction.
Neuron 36: 567–584.

37. RODRIGUES, S.M., G.E. SCHAFE & J.E. LEDOUX.2004. Molecular mechanisms un-
derlying emotional learning and memory in the lateral amygdala. Neuron 44:
75–91.

38. ALBERINI, C.M. 2005. Mechanisms of memory stabilization: are consolidation and
reconsolidation similar or distinct processes? Trends Neurosci. 28: 51–56.

39. SHIN, L.M. et al. 2005. A functional magnetic resonance imaging study of amyg-
dala and medial prefrontal cortex responses to overtly presented fearful faces in
posttraumatic stress disorder. Arch. Gen. Psychiatry 62: 273–281.

40. SHALEV, A.Y. et al. 2000. Auditory startle response in trauma survivors with post-
traumatic stress disorder: a prospective study. Am. J. Psychiatry 157: 255–261.

41. VAN DIJKEN, H.H., F.J. TILDERS, B. OLIVIER & J. MOS. 1992. Effects of anxiolytic
and antidepressant drugs on long-lasting behavioural deficits resulting from one
short stress experience in male rats. Psychopharmacology (Berl.) 109: 395–402.

42. WIEDENMAYER, C.P. 2004. Adaptations or pathologies? Long-term changes in brain
and behavior after a single exposure to severe threat. Neurosci. Biobehav. Rev.
28: 1–12.

43. BRUIJNZEEL, A.W. et al. 1999. Long-term sensitization of Fos-responsivity in the
rat central nervous system after a single stressful experience. Brain Res. 819:
15–22.

44. VAN DIJKEN, H.H. et al. 1993. Short inescapable stress produces long-lasting
changes in the brain-pituitary-adrenal axis of adult male rats. Neuroendocrinol-
ogy 58: 57–64.

45. MARTI, O., A. GARCIA, A. VALLES, et al. 2001. Evidence that a single exposure
to aversive stimuli triggers long-lasting effects in the hypothalamus-pituitary-
adrenal axis that consolidate with time. Eur. J. Neurosci. 13: 129–136.

46. LEVINE, S., J. MADDEN, R.L. CONNER, et al. 1973. Physiological and behavioral
effects of prior aversive stimulation (preshock) in the rat. Physiol. Behav. 10:
467–471.

47. ADAMEC, R.E., J. BLUNDELL & A. COLLINS. 2001. Neural plasticity and stress
induced changes in defense in the rat. Neurosci. Biobehav. Rev. 25: 721–744.

48. ADAMEC, R.E., J. BLUNDELL & P. BURTON. 2005. Neural circuit changes mediating
lasting brain and behavioral response to predator stress. Neurosci. Biobehav. Rev.
29: 1225–1241.

49. MITRA, R., S. JADHAV, B.S. MCEWEN, et al. 2005. Stress duration modulates the
spatiotemporal patterns of spine formation in the basolateral amygdala. Proc.
Natl. Acad. Sci. USA 102: 9371–9376.



334 ANNALS NEW YORK ACADEMY OF SCIENCES

50. VYAS, A., R. MITRA, B.S. SHANKARANARAYANA RAO & S. CHATTARJI. 2002.
Chronic stress induces contrasting patterns of dendritic remodeling in hippocam-
pal and amygdaloid neurons. J. Neurosci. 22: 6810–6818.

51. VYAS, A., A.G. PILLAI & S. CHATTARJI. 2004. Recovery after chronic stress fails to
reverse amygdaloid neuronal hypertrophy and enhanced anxiety-like behavior.
Neuroscience 128: 667–673.

52. BREMNER, J.D. et al. 1997. Elevated CSF. Corticotropin-releasing factor con-
centrations in posttraumatic stress disorder. Am. J. Psychiatry 154: 624–
629.

53. RAINNIE, D.G. et al. 2004. Corticotrophin releasing factor-induced synaptic plas-
ticity in the amygdala translates stress into emotional disorders. J. Neurosci. 24:
3471–3479.

54. KAMPRATH, K. & C.T. WOTJAK. 2004. Nonassociative learning processes determine
expression and extinction of conditioned fear in mice. Learn. Mem. 11: 770–
786.

55. MCFARLANE, A.C. 1988. The longitudinal course of posttraumatic morbidity. The
range of outcomes and their predictors. J. Nerv. Ment. Dis. 176: 30–39.

56. LIBERZON, I., M. KRSTOV & E.A. YOUNG. 1997. Stress-restress: effects on ACTH
and fast feedback. Psychoneuroendocrinology 22: 443–453.

57. ADAMEC, R.E. & T. SHALLOW. 1993. Lasting effects on rodent anxiety of a single
exposure to a cat. Physiol. Behav. 54: 101–109.

58. COHEN, H. et al. 2004. Setting apart the affected: the use of behavioral criteria in
animal models of post traumatic stress disorder. Neuropsychopharmacology 29:
1962–1970.

59. PYNOOS, R.S., R.F. RITZMANN, A.M. STEINBERG, et al. 1996. A behavioral animal
model of posttraumatic stress disorder featuring repeated exposure to situational
reminders. Biol. Psychiatry 39: 129–134.

60. SERVATIUS, R.J., J.E. OTTENWELLER & B.H. NATELSON. 1995. Delayed startle sensi-
tization distinguishes rats exposed to one or three stress sessions: further evidence
toward an animal model of PTSD. Biol. Psychiatry 38: 539–546.

61. VAN DIJKEN, H.H., J.A. VAN DER HEYDEN, J. MOS & F.J. TILDERS.1992. Inescapable
footshocks induce progressive and long-lasting behavioural changes in male rats.
Physiol. Behav. 51: 787–794.

62. OVERMIER, J.B. & R. MURISON.2005. Trauma and resulting sensitization effects
are modulated by psychological factors. Psychoneuroendocrinology 30: 965–
973.

63. CAROBREZ, A.P. & L.J. BERTOGLIO. 2005. Ethological and temporal analyses of
anxiety-like behavior: the elevated plus-maze model 20 years on. Neurosci.
Biobehav. Rev. 29: 1193–1205.

64. WALKER, D.L., D.J. TOUFEXIS & M. DAVIS. 2003. Role of the bed nucleus of the stria
terminalis versus the amygdala in fear, stress, and anxiety. Eur. J. Pharmacol.
463: 199–216.

65. ALBUCHER, R.C. & I. LIBERZON. 2002. Psychopharmacological treatment in PTSD:
a critical review. J. Psychiatr. Res. 36: 355–367.

66. BREMNER, J.D. 2002. Neuroimaging studies in post-traumatic stress disorder. Curr.
Psychiatry Rep. 4: 254–263.

67. DE KLOET, E.R., M. JOELS & F. HOLSBOER. 2005. Stress and the brain: from adap-
tation to disease. Nat. Rev. Neurosci. 6: 463–475.

68. YEHUDA, R. 2002. Post-traumatic stress disorder. N. Engl. J. Med. 346: 108–114.



�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

��������	
��
���������������������������������
������������������ ������
�!
�� 
������� ����
���������������"#$�%&���'�
����������

����(�
���
���!	������������)�*�� (����+�,,"-����������	�
��	����

����	���."#
��/.)�/0�

�



Behavioural Brain Research 157 (2005) 291–298

Research report

Differences in extinction of conditioned fear in C57BL/6 substrains are
unrelated to expression of�-synuclein

Anja Siegmunda, Kristina Langnaeseb, Carsten T. Wotjaka,∗
a Max-Planck-Institut f̈ur Psychiatrie, RG AG Neuronale Plastizität/Mausverhalten, Kraepelinstr. 2, D-80804 Munich, Germany

b Otto-von-Guericke-Universität Magdeburg, Institut f̈ur Medizinische Neurobiologie, Leipziger Str. 44, D-39120 Magdeburg, Germany

Received 17 May 2004; received in revised form 8 July 2004; accepted 19 July 2004
Available online 1 September 2004

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
c
( ;2:11). We
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t three strains:
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ontext- and tone-dependent fear conditioning of inbred mice. Behav Brain Res 1999;104:1–12), as well as in the expression of�-synuclein
Specht CG, Schoepfer R. Deletion of the alpha-synuclein locus in a subpopulation of C57BL/6J inbred mice. BMC Neurosci 2001
ested for a causal relationship between the two findings by employing B6N (expressing�-synuclein), B6JOla (not expressing�-syn) and the
hird strain C57BL/6JCrl (B6Jax, expressing�-syn). We show that�-syn does not account for differences in extinction in a fear conditio
ask, as its expression did not covary with the decrease of freezing on repeated non-reinforced tone and context exposure in the
6Jax exhibited fastest extinction followed by B6JOla. In contrast, B6N showed persistent fear over the course of extinction tra
ifferences in extinction between B6JOla and B6N were unrelated to sensorimotor processing (pain threshold and basal tone re

nnate fear (light–dark test). However, B6Jax displayed less innate fear than B6JOla and B6N. Our results of marked differences in
onditioned 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.

eywords:C57BL/6JOlaHsd; C57BL/6JCrl; C57BL/6NCrl; Fear conditioning; Mice; Inbred strains; Extinction; Light–dark avoidance; Anxiety; Inna

. Introduction

Pavlovian fear conditioning is a well established experi-
ental model. While the anatomical structures and molec-
lar mechanisms underlying acquisition of the CS–US as-
ociation are well described[14], there are still many open
uestions regarding the neurobiological basis of extinction

18]. Aberrations in the extinction of conditioned fear have
een reported in psychiatric disorders like social[12] or spe-
ific [17] phobias and post-traumatic stress disorder[4,8],
llnesses whose pathomechanisms are still unknown. There-
ore studying the substrates of extinction in animal models is
matter of interest for both basic and clinical research.

∗ Corresponding author. Tel.: +49 89 30622 652; fax: +49 89 30622 610.
E-mail address:wotjak@mpipsykl.mpg.de (C.T. Wotjak).

Biochemical comparison of animals that differ solely
distinct behavioural feature represents a promising appr
for characterising neurobiological correlates of the respe
behavioural phenotype[13]. The two inbred mouse strai
C57BL/6NCrl (B6N) and C57BL/6JOlaHsd (B6JOla) dif
in their course of extinction of conditioned fear but not in
quisition of fear memory, with B6N showing a slower dec
of fear in response to the CS than B6JOla[20]. Naive B6N
and B6JOla mice, in contrast, exhibit only minor differen
in anxiety-related behaviour at best[21]. It is probably for
this similarity in innate emotionality that in the literature
exact nomenclature of C57BL/6 substrains is often not
cated, although the two substrains are far from being sim
in respect to the processing of aversive experience. In
the latter differences might provide an opportunity to se
tively examine biological correlates of fear extinction. In

166-4328/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.bbr.2004.07.007
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study, we undertook a first approach of searching for biolog-
ical substrates of the diverging extinction course in the two
B6 strains.

Descending from the same breeding stock, B6N and
B6JOla mice should be genetically similar. Nevertheless,
Specht and Schoepfer (2001) described a spontaneous abla-
tion of the alpha-synuclein (�-syn) gene in B6JOla.�-syn is a
presynaptically localised protein that has been implicated in
synaptic transmission and the aetiology of neurodegenerative
disorders such as Alzheimer’s and Parkinson’s disease (for
reviews see[6,15]). Accordingly, two mouse models with
genetic ablation of�-syn displayed alterations in synaptic
transmission[1,3] that have been interpreted as indicators
of an inhibitory role of�-syn in activity-dependent modu-
lation of dopamine neurotransmission[1] and of a signifi-
cant contribution of�-syn to the genesis and maintenance of
“reserve” or “resting” pools of presynaptic vesicles in CA1
neurones of the dorsal hippocampus[3]. Based on the puta-
tive consequences of�-syn ablation on synaptic transmission
in glutamatergic and dopaminergic neurons, we wondered
whether the lack of�-syn in B6JOla mice might account for
the accelerated extinction of conditioned fear in these ani-
mals compared to B6N mice. If the lack of�-syn had similar
consequences on excitatory synaptic transmission implicated
in the expression and extinction of conditioned fear[18], as in
C -
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b
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ments included independent groups of animals. Within the
experiments of fear conditioning and innate reaction to the
CS tone each mouse went through each phase of the testing
procedure in a repeated measure design. B6Jax mice were
tested 7 months after the testing of B6JOla and B6N.

2.1. Animals

A total of 36 C57BL/6JOlaHsd (Harlan Winkelmann,
Bochern, Germany; B6JOla), 35 C57BL/6NCrl (Charles
River Germany GmbH, Sulzfeld, Germany; B6N) and 12
C57BL/6JCrl (originally Jackson Laboratory, provided by
Charles River, Germany GmbH, Sulzfeld, Germany; B6Jax)
male mice were tested at an age of 8–13 weeks. Animals
were separated immediately after arrival from the supplier
and housed singly with an inverse 12:12 h light–dark schedule
(lights on at 8 pm) in standard macrolon cages (type 2) for 14
days before the start of experiments. They were allowed free
access to food and water. Experiments were performed dur-
ing the activity period of the animals. Except for light–dark
testing, all experiments took place in the same room, where
a sound- and light-tight curtain separated experimental com-
partments and home cages.

2.2. Apparatus
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A1 neurons in�-syn knock-out mice[3], a prolonged stim
lation by the tone might result in a faster “exhaustion” of
timulus–response system. As a consequence freezing
e expected to more rapidly decline in animals without�-syn
B6JOla) than in animals with an intact�-syn gene (B6N).

Therefore, additionally to B6JOla and B6N we analy
he extinction course of a third BL/6 strain (C57BL/6JC
6Jax) that is known to express�-syn similarly to B6N mice
e paired a neutral tone (CS) to a footshock and teste

ear reaction to the CS and to the conditioning context
course of 1–3 min on days 1, 6, 7 and 21 after condi

ng. In this way we assessed short-term (within-session
ong-term (between-session) extinction of auditory-cued
ontextual fear as well as context dependency of extin
nd spontaneous recovery[18]. In addition we controlled fo
ffects of innate fear, pain threshold and sensorimotor
lus processing on fear conditioning by examining in n
nimals the reaction to electric currents of increasing in
ity (pain threshold), to the tone that is used as CS and
ight–dark avoidance task.

. Materials and methods

All experiments were approved by the Committee on
mal Health and Care of the local governmental body
erformed in strict compliance with the EEC recommen

ions for the care and use of laboratory animals (86/609/C
ight–dark avoidance testing and fear conditioning were

ormed within the same animals, with the light–dark test
eding fear conditioning by 2 days. The remaining exp
.2.1. Fear conditioning, innate tone reaction, pain
hreshold

Experiments were performed in three contexts: (1)
onditioning chamber (ENV-307A, MED Associated, St.
ans, VT, USA), cubic-shaped with two metal walls and

ransparent Plexiglas walls, a house light (ENV-215M, M
ssociates; 0.6 lx), a metal grid for shock application (E
07; Shocker/Scrambler: ENV-414, MED Associates),

est context 1, cylindrically shaped and made of transp
lexiglas (Ø 15 cm× H 30 cm) with a house light (ENV
15M, MED Associates; 0.3 lx) and (3) test context 2 w

he shape of a hexagonal prism with opaque, rough sur
lexiglas walls except for one transparent side facing
amera (total dimensions: L 15 cm× W 13 cm× H 30 cm)
ith a stimulus light as a house light (ENV-221M, MED A
ociates; 12 lx). The conditioning context was cleaned
0% ethanol, test context 1 with 1% acetic acid and test

ext 2 with 0.05% isoamylacetate (banana smell). All cont
ere located in soundproof isolation cubicles (ENV-01
ED Associates) that were additionally isolated with aco

ic foam (Conrad Electronics, Hirschau, Germany). The
as generated by audio stimulus generators (ANL-926, M
ssociates) and applied by speakers (DTW 110 NG, Vis
aan, Germany) mounted to the ceiling of the isolation
icle over the respective contexts, which were open a

op. Experiments were controlled by a PC and the soft
ED-PC for Windows v1.17 via interfaces (DIG 715) a

he respective control panels (SG 215, all MED Associa
ontexts were cleaned thoroughly after each trial and
ing was changed.
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2.2.2. Light–dark avoidance test
Animals were tested in boxes (Coulbourn Instruments,

Allentown, USA) which were divided into two equally sized
compartments (L 13 cm× W 26 cm× H 38 cm). The light
compartment had three transparent Plexiglas walls and a
white plastic floor and was illuminated with 700 lx white
light. The non-illuminated black compartment consisted of
black plastic walls, floor and roof. The two compartments
were connected by a 7.5 cm× 7.5 cm doorway. Two infrared
sensor rings (sensor spacings 1.52 cm) around the boxes al-
lowed the measurement of horizontal and vertical activity.
Both sensor rings were connected via interface to a computer
equipped with Tru Scan Software Version 99 (Coulbourn In-
struments). The sampling rate was 4 Hz. Boxes and sensor
rings were surrounded by an additional box made of opaque
Plexiglas side walls (L 47 cm× W 47 cm× H 38 cm) with-
out roof and floor. Before and after the experiments, animals
were separated from the set-up by a light-tight curtain. Com-
partments and floor were thoroughly cleaned with soap and
water between sessions.

2.3. Procedures

2.3.1. Fear conditioning
For an overview of the experimental design seeTable 1.
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(but not a 1-min tone) led to a substantial decrease in freezing
during tone presentation and on a second non-reinforced tone
presentation a week later (Neuweiler & Wotjak, unpublished
observation). The re-exposure to the tone in a different con-
text (test context 2) at day 7 served as a measure of context-
dependency of extinction. Tone exposure at day 21 tested for
spontaneous recovery. In order to prevent that a 3-min tone
during measurement of context dependency of extinction at
day 7 causes further extinction (and thus interferes with spon-
taneous recovery), we exposed the animals to a 1-min tone
only at day 7 and (for comparative reasons) at day 21.

2.3.2. Innate tone reaction
Naive animals were exposed to a tone (9 kHz, 80 dB) at d1,

d6, d7 and d21 analogous to the fear conditioning protocol,
but without prior conditioning and without context testing.

2.3.3. Pain threshold
Each animal was placed individually into the condition-

ing chamber. After 170 s the electric current was gradually
increased by hand (approximately 5�A/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.
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t was
uring training animals were placed into the condition
hamber. After 3 min a tone (9 kHz/80 dB sine wave)
resented for 20 s that co-terminated with a single scram
lectric footshock (0.70 mA, 2 s) administered via the m
rid. Animals remained in the conditioning chamber for
ther 60 s before they were returned to their home cage
S testing animals were placed into test chamber 1 or
ending on the experimental day. After 3 min the CS
resented for 3 min in test chamber 1 on d1 and d6, an
min in test chamber 2 on d7 and d21. After tone present
nimals remained in the test chambers for another 60 s b

hey were returned to their home cages. For context te
nimals were placed into the conditioning chamber for 3
ithout tone presentation, and immediately returned to
ome cages afterwards. We have chosen a 3-min tone for
uring both within-session extinction and between-ses
xtinction, because we could show that a single 3-min

able 1
esign of the fear-conditioning experiment, illustrating the order of
xposures (CS) and context exposures

ay Time of day Procedure Context

0 Morning Fear conditioning Conditioning cham
1 Morning 3 min without tone Conditioning chamb

Afternoon 3 min CS Test chamber 1
6 Morning 3 min CS Test chamber 1
7 Morning 1 min CS Test chamber 2

Afternoon 3 min without tone Conditioning chamb
21 Morning 1 min CS Test chamber 2

Afternoon 3 min without tone Conditioning chamb
-

.3.4. Light–dark test
Animals were transferred to the experimental room

vening before testing. Mice were placed into the midd
he dark compartment at the start of the experiment. All th
imensional movements were automatically recorded o
ourse of 30 min. At the end of the experiment, mice w
eturned to their home cages. The following behavioura
ameters were automatically recorded: (1) total distance
zontal locomotion), (2) exploration (number of rearings),
elative time spent in the dark compartment (expressed
ercentage of the observed interval) and (4) relative dist
oved in dark compartment (expressed as a percenta

he total distance moved during the given analysis inter

.4. PCR analysis of�-syn gene

For verification of the ablation of�-syn in B6JOla (Spech
Schöpfer, 2001), tail cuts of B6N, B6JOla and B6Jaxn
6 per strain), randomly chosen from animals that un
ent fear conditioning, were collected and stored at−80◦C.
enotyping was performed blindly to the strain.
Genomic DNA was prepared from mouse tails us

he Invisorb Spin Tissue Mini Kit (Invitek, Berlin, Ge
any) according to the manufacturers instructions. P
ere carried out with 4�l genomic DNA (150–200 ng

n a total volume of 20�l containing 10 mM Tris–HC
H 8.8, 50 mM KCl and 1.5 mM MgCl2, 0.2 mM of each
f the four dNTPs, 2 U Taq polymerase (PEQLAB,

angen, Germany) and 0.5�M of each primer, respe
ively. The sequence of the amplification primers
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5′ATCGGAGTTCTTCAGAAGCC3′ (upstream primer, cor-
responding to bases 11053–11072 according to Acc. No.
AF163865) and 5′CTTTTGTCTTTCCAGCTGCC3′ (down-
stream primer, corresponding to bases 20470–20489) result-
ing in a PCR product of 1235 bp. Cycling was performed as
follows: denaturation at 95◦C for 2 min, followed by 32 cy-
cles of 30 s at 94◦C, 30 s at 60◦C, 70 s at 72◦C and a final
extension of 72◦C for 7 min. PCR products were separated
on 0.8% 1xTBE gels. The gel was documented with a Sony
Video Graphic Printer UP-860CE (invested mode).

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
isolation cubicles. Animals’ behaviour was rated off-line by
a trained observer blind to the respective mouse strain. Freez-
ing behaviour (immobility except for respiration movements)
was quantified by means of customised software (EVENT-
LOG, Robert Henderson, 1986).

2.6. Data analysis
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was performed witht-test for independent groups. Statistical
significance was accepted ifP < 0.05.

3. Results

3.1. Fear conditioning

3.1.1. Freezing to the tone: within-session extinction
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) = 4.9,P= 0.014; Strain× Interval interaction:
F(9.4, 150.5) = 3.7,P< 0.001), d6 (Factor Strain:F(2, 32) =
17.6,P< 0.001), d7 (Factor Strain:F(2, 32) = 6.8,P= 0.004)
and d21 (Factor Strain:F(2, 32) = 6.4,P = 0.005; Strain×
Interval interaction:F(3.8, 60.1) = 2.7,P = 0.044). Despite
a general decrease in the freezing response over the course
of the tone presentation at each of the testing days (F > 10.6,
P < 0.001), the significant Strain× Interval interaction at d1
points to differences in short-term adaptation to the tone be-
tween the three strains. In fact, at d1 all three strains showed
a similar initial freezing response to the tone. With ongoing
tone presentation, however, B6JOla and B6Jax mice showed
a rapid decline of freezing, whereas B6N mice remained at
the high initial freezing levels (Fig. 1A). The situation was
s in
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3
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Each experimental group consisted of 11–12 mice.
epresent mean values (±S.E.M). They were statistical
nalysed using SPSS 11.0.1 (SPSS Inc.), Statistica 5.0 (S

ic Software Inc.) and Graph Pad Prism 4.0 (Graph Pad
are Inc.). To assess strain differences in short-term
ithin-session) extinction, freezing data were analysed
rately day by day in 20-s intervals using 2-way ANOV

or repeated measures with ‘Strain’ as the between-su
actor and ‘Interval’ as the within-subject factor. To ass
train differences in long-term (i.e. between-session)
inction of fear memory, the freezing response during
rst 60 s of tone presentation and the 180 s of contex
osure, respectively, were analysed over the course
eated testing (days 1–21) using 2-way ANOVAs for
eated measures with ‘Strain’ as the between-subjec

or and ‘Day’ as the within-subject factor. Within-factor
ects were Greenhouse-Geisser-adjusted ifPwas below 0.2
n Mauchley testing. Post-hoc tests were performed u
ewman–Keuls multiple testing. The analysis interval of

n CS testing was predetermined by the length of tone
entation at days 7 and 21. Freezing data were expres
percentage of the respective analysis interval (normal
ehavioural performance in the light–dark test was anal
ver the course of the 30 min and the means compare
ween the three strains using 1-way ANOVA with ‘Strain
he between-subject factor. Special attention was paid t
rst 5 min of the exposure that are commonly used for m
uring anxiety-related behaviour[2,11]. Again, the respectiv
ata were analysed using 1-way ANOVA with ‘Strain’

he between-subject factor. Post-hoc analysis was perfo
ith Games-Howell-Tests. Comparison of pain thresh
-

s

imilar for B6JOla and B6N at d21, with no difference
nitial freezing, but a significantly faster decline of the f
esponse in B6JOla (Fig. 1A).

.1.2. Freezing to the tone: between-session extinction
Long-term extinction of auditory-cued fear mem

as assessed by analysing the development of the fre
esponse over the course of the entire experiment (Fig. 1B).
tatistical analysis revealed significant effects of the m

actors ‘Strain’ (F(2, 32) = 22.1,P< 0.001) and ‘Day’ (F(1.8,
6.9) = 17.3,P< 0.001) as well as a tendency of a signific
train × Day interaction (F(3.6, 56.9) = 2.1,P = 0.104)
ost-hoc comparison showed significant strain differe
etween B6Jax on the one and B6JOla and B6N on the
ide (P < 0.001) as well as between B6JOla and B6N (P =
.018). Analysis of between-session extinction separ
er strain revealed a significant decline of freezing for B6
F(3, 33) = 41.7,P < 0.001) and B6JOla (F(1.7, 18.4) = 6.0
= 0.01), but not B6N (F(1.3/13.1) = 2.2,P= 0.16). Becaus

i) the freezing response to the tone might be affecte
hanging the test context from d6 to d7 and (ii) extinc
f conditioned fear is expected to be maximal follow

he 3-min tone presentations at d1 and d6, we additio
ompared the development of freezing from d1 to d6. U
hese circumstances not only the factors ‘Strain’ (F(2, 32)

10.9,P < 0.001) and ‘Day’ (F(1, 32) = 24.2,P < 0.001)
ut also the Strain× Day interaction became statistica
ignificant (F(2, 32) = 11.1,P < 0.001). Post-hoc analys
evealed that the three B6 strains did not differ significa
n their freezing response to the first 60s of tone present
t d1 (P > 0.07) but at d6, with B6N showing significan
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Fig. 1. B6 strains show differences in within-session and between-session extinction of auditory-cued and contextual fear memories. Mice of three different
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 (d7, d21) either
for 180 s (d1, d6) or 60 s (d7, d21). In addition contextual fear was measured in the conditioning chamber over 180 s 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 extinction). (B)Analysis of
the freezing responses during the first 60 s of the tone presentations revealed significant strain differences in between-session extinction of auditory-cued fear
memory. (C) Analysis of the development of the freezing responses to the conditioning chamber in 20-s bins (within-session extinction) revealed significant
strain differences. (D) Analysis of the freezing responses shown during the 180-s exposures to the conditioning context revealed significant straindifferences
in between-session extinction of contextual fear memory. All freezing data were normalised to the respective analysis interval. Mean± S.E.M. The 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 present the results
of the statistical analyses in the text only.

more freezing than B6Jax (P < 0.001) and B6JOla (P <
0.01). The decrease of freezing in B6Jax and B6JOla from
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.

3.1.3. Freezing in the conditioning context:
within-session extinction

As shown inFig. 1C, the three B6 strains differed in their
freezing response to the conditioning context at d1 (Factor
Strain:F(2, 33) = 6.1,P = 0.006; Strain× Interval interac-
tion:F(10.8, 177.8) = 1.9,P= 0.039), d7 (Factor Strain:F(2,
33) = 15.8,P < 0.001; Strain× Interval interaction:F(10.5,
173.6) = 3.4,P < 0.001) and d21(Factor Strain:F(2, 33) =
12.7,P < 0.001; Strain× Interval interaction:F(8.5, 140.7)
= 2.8,P = 0.005). There was a significant effect of the factor
‘Interval’ for each testing day (F > 2.9,P< 0.005). However,
the significant Strain× Interval interactions point to differ-
ences in within-session adaptation to the context between
the three strains. In fact, whereas freezing to the context in-
creased with ongoing context exposure in B6N, B6JOla and

B6Jax returned to low levels of fear at the end of each session
(Fig. 1C; results of post-hoc analyses not shown).

3.1.4. Freezing in the conditioning context:
between-session extinction

Long-term extinction of contextual fear memory was as-
sessed by analysing the development of the freezing response
to the conditioning context over the course of the entire ex-
periment (Fig. 1D). Statistical analysis revealed significant
effects of the main factors ‘Day’ (F(1.5, 48.6) = 7.0,P =
0.005) and ‘Strain’ (F(2,32)= 11.5,P < 0.001) as well as the
Strain× Day interaction (F(3.0, 48.6) = 3.8,P= 0.016). Post-
hoc comparison showed more freezing in B6N mice than in
both B6J strains on all three experimental days (P < 0.001).
B6Jax mice froze significantly less than B6JOla at day 7 (P
< 0.022) and in a tendency at day 21 (P= 0.054). Analysis of
long-term extinction separately per strain revealed a signifi-
cant decline of freezing only for B6Jax (F(1.2, 13.5) = 12.5,
P = 0.002; d1 > d7 = d21).
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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 avoidancetask. (A)
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 B6JOla in the dark compartment (DC). All data were
analysed for the first 5 min of exposure. Data for the time spent in the dark compartment were normalised to the length of the analysis intervals; data of the
distance moved in the dark compartment were normalised to the total distance moved. Mean± S.E.M. The sample size was 11–12 mice per strain. *P < 0.05,
** P < 0.01, ***P < 0.001 (1-way ANOVA followed by Games-Howell testing).

3.2. Light–dark test

Throughout the entire 30-min exposure there was a sig-
nificant Strain effect in horizontal locomotion (total distance,
F(2, 35) = 6.1,P= 0.006, data not shown) with B6Jax show-
ing more locomotion than B6JOla and B6N. This difference
became evident in particular during the first 5 min of the ex-
posure (F(2, 33) = 5.6,P = 0.008;Fig. 2A). The strains did
not differ significantly in the number of rearings if the total
30-min exposure was considered (P= 0.58, data not shown),
but during the first 5 min (F(2, 33) = 3.99,P= 0.028;Fig. 2B).
Post-hoc testing indicated less rearing in B6JOla compared
to B6N (P= 0.009) and B6Jax (P= 0.081). There was no dif-
ference between the three strains in the relative time spent in
the dark compartment, if data were compared over the entire
30-min exposure (P= 0.44, data not shown). During the first
5 min, however, there was a significant Strain effect (F(2, 33)
= 10.9,P < 0.001;Fig. 2C). Post-hoc analyses revealed that
B6Jax spent significantly less time in the dark compartment
than B6JOla (P< 0.001) and B6N (P= 0.005), which showed
the same avoidance of the lit compartment (P= 0.189). Anal-
ogously to the time spent in the dark compartment, the three

F B6JOl b
B eristics as rep
p r for 1 ins
a howed
i ually in cal
T two st

strains did not differ in the relative distance moved in the dark
compartment with respect to the 30-min interval (P = 0.36,
data not shown), but during the first 5 min (Strain:F(2, 33)
= 12.03,P < 0.001;Fig. 2D), with B6Jax moving less in the
dark than B6JOla (P < 0.001) and B6N (P = 0.002).

3.3. Innate reaction to the tone used as CS in
conditioning

Except for a small freezing response at the beginning of d1
(Interval:F(2.7, 59.2) = 9.5,P < 0.001) and an insignificant
increase of freezing in B6N mice at day 7 (P= 0.12), animals
did not exhibit fear in response to a neutral tone with the same
characteristics as that used in the conditioning experiments
(Strain effects:P > 0.28, Interval effects:P > 0.29, Strain×
Interval interactions:P > 0.34;Fig. 3A).

3.4. Pain threshold

There were no statistically significant differences in the
pain threshold between B6N and B6JOla (t(22) = 1.82,P =
0.083;Fig. 3B).
ig. 3. No strain differences in innate sensorimotor capabilities. Naive
oth strains showed almost no freezing to a tone of the same charact
resented in test context 1 (d1, d6) and test context 2 (d7, d21) eithe
nd normalised to the length of the analysis interval. (B) Both strains s

nto the conditioning chamber. The intensity of the footshock was grad
he respective current intensities are shown for each individual of the
a and B6N mice were tested for differences in their sensorimotor capailities. (A)
as that used in the conditioning experiments (cf. Fig. 1) 1. The tone weatedly

80 s (d1, d6) or 60 s (d7, d21). Data (mean± S.E.M.) were analysed in 20-s b
the same sensitivity to an electric footshock of rising intensity. Micewere placed
creased until the animals showed the first sign of pain (jumping or voisation).

rains together with the group means.
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Fig. 4. Ablation of�-syn in B6JOla mice. A series of mice of the different strains was genotyped for the�-syn 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 of�-syn gene

The genotyping identified an intact�-syn gene in six out
of six B6N and six out of six B6Jax mice, as indicated by the
PCR product of the expected length. In contrast, we failed to
detect�-syn in any of the six B6JOla samples. The origin of
the smaller PCR byproduct is not known (Fig. 4).

4. Discussion

Driven by the observations that B6JOla mice (i) show ac-
celerated extinction of conditioned fear compared to B6N
mice [20] and (ii) have a spontaneous�-syn ablation[19],
we wondered whether there might be a putative relationship
between the spontaneous mutation and the altered pheno-
type in B6JOla mice. Therefore, we tested not only B6N and
B6JOla mice, but also animals of a third B6 strain (B6Jax),
which expresses�-syn similarly to B6N. Fear conditioning
followed by repeated CS presentation in a neutral context re-
vealed fastest decay of freezing in B6Jax, followed by B6JOla
and B6N, with B6N mice showing by far the slowest within-
session and between-session extinction. The initial freezing
response to the tone at day 1 after conditioning was similar in
all three strains, indicating that acquisition of auditory-cued
f s oc-
c were
m g in
a rein-
s ce of
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o

of
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t d in
B ed
a expo-
s ued
t aken
t n of
a nced
i ork-
i t
s me

time they render it unlikely that the reduced contextual mem-
ory in B6JOla relates to the lack of�-syn in this B6J strain.
The latter conclusion is in line with that of Chen et al.[5],
who demonstrated that spatial learning in a water maze as an-
other hippocampus dependent learning task does not require
expression of�-syn.

We next falsified alternative hypotheses for the differences
of B6N and B6JOla in fear extinction. In this context we
could show that the two strains did not differ in pain thresh-
old, locomotion, light-avoidance and innate reaction to the
tone used as CS in fear conditioning, thus ruling out that a
priori differences in sensorimotor capabilities or innate fear
account for the differences in extinction of conditioned fear.
Also a contribution of breeding and housing conditions at the
commercial suppliers to the different extinction in B6N and
B6JOla mice appears negligible, as B6N and B6Jax origi-
nated from the same source. The slightly less exploratory
behaviour of B6JOla in the first 5 min of light–dark testing in-
dicates a higher rather than lower emotional reactivity[7] and
is therefore unlikely to be the cause of the faster extinction in
these animals. Other than B6N and B6JOla, B6Jax exhibited
higher locomotion and spent less time in the dark compart-
ment in the light–dark test. To abolish confounding influences
of the increased locomotion on anxiety-related parameters,
we additionally calculated the relative distance moved in the
d s in
t ting
t t the
d par-
t tion
o B6J
s

e ex-
t be
b n
i , the
d d to
b an in-
t ates
o ikeli-
h pes,
f well
[ two
B ndi-
ear memory was comparable for the strains. Difference
urred towards the end of the first tone presentation and
ost pronounced at day 6 after conditioning. CS testin
second neutral context at d7 and d21 did not lead to

tatement of fear (thus suggesting context independen
xtinction learning in B6 mice) nor to spontaneous reco
f the freezing response.

The three B6 strains differed not only in extinction
uditory-cued fear memory but also in the extinction of c

extual fear. Contextual freezing was most pronounce
6N, followed by the two B6J strains. Only B6Jax show
significant decrease of contextual fear on repeated

ure to the conditioning chamber. In contrast, B6N contin
o freeze at high and B6JOla at intermediate levels. T
ogether, within-session and between-session extinctio
uditory-cued and contextual fear was even more pronou

n B6Jax than in B6JOla mice. These data falsify our w
ng hypothesis, indicating that expression of�-syn does no
ufficiently account for persisting fear in B6N. At the sa
ark compartment. In relative terms, B6Jax moved les
he dark compartment than B6N and B6JOla, thus poin
o decreased innate fear in B6Jax. It is conceivable tha
ifferences in innate fear between B6JOla and B6Jax

ially account for the differences in the course of extinc
f auditory-cued and contextual fear between the two
trains.

Taken together we could show that the difference in th
inction of fear memory in B6JOla and B6N is unlikely to
ased on the different expression of�-syn, on differences i

nnate emotionality or sensorimotor capabilities. Instead
iverging courses of extinction in B6JOla and B6N prove
e an exclusive characteristic that makes the two strains

eresting model for studying molecular and cellular correl
f decelerated and accelerated extinction. Despite the l
ood of a genetic determinant of the different phenoty

uture studies will have to consider epigenetic effects as
9,10,16]. Our observation that with B6JOla and B6Jax
6J strains show marked differences in innate and co
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tioned fear underscores the importance of an exact mouse
strain nomenclature[22].
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