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Abstract
Anxiety disorders are a group of mental disorders that include generalized anxiety disorder (GAD),
panic disorder, phobic disorders (e.g., specific phobias, agoraphobia, social phobia) and
posttraumatic stress disorder (PTSD). Anxiety disorders are among the most common of all mental
disorders and, when coupled with an awareness of the disability and reduced quality of life they
convey, they must be recognized as a serious public health problem. Over 20 years of preclinical
studies point to a role for the CRF system in anxiety and stress responses. Clinical studies have
supported a model of CRF dysfunction in depression and more recently a potential contribution to
specific anxiety disorders (i.e., panic disorder and PTSD). Much work remains in both the clinical
and preclinical fields to inform models of CRF function and its contribution to anxiety. First, we will
review the current findings of CRF and HPA axis abnormalities in anxiety disorders. Second, we
will discuss startle reflex measures as a tool for translational research to determine the role of the
CRF system in development and maintenance of clinical anxiety.
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Overview of CRF neuroendocrine effects and its effects on G-protein-coupled
receptors

Corticotropin releasing factor (CRF; also termed “CRH” for corticotropin releasing hormone)
was first described in Science by Vale et al. (1981). They reported the discovery of a
hypothesized hypothalamic factor, CRF, a 41 amino acid peptide which selectively and
potently activated pituitary corticotropin (or adrenal corticotropin releasing hormone, ACTH)
secretion. They predicted that this peptide could be “a key signal in mediating and integrating
an organism’s endocrine, visceral and behavioral response to stress” (Vale et al., 1981 p. 1397).
More than 20 years of subsequent animal research and clinical studies have confirmed this
hypothesis, supporting a role for CRF, and its more recently discovered ligand family Urocortin
1, 2 and 3, in anxiety and stress responses (Lewis et al., 2001;Reyes et al., 2001;Spina et al.,
1996). In this review, we will focus on the current state of knowledge of CRF system
dysregulation in clinical anxiety and discuss future avenues of translational research on the
role of CRF in startle phenotypes observed in some anxiety disorders.

CRF mediation of the neuroendocrine response to stress
In response to stress, CRF is released from the median eminence of the hypothalamus, where
it subsequently binds to receptors at the anterior pituitary and increases ACTH release into the
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bloodstream. ACTH consequently acts at the adrenal cortex to facilitate release of
glucocorticoids such as cortisol. This system, known as the hypothalamic-pituitary-adrenal
axis (HPA), is an important component of the response to stress and has been shown to be
dysregulated in both anxiety and depressive disorders (see below). CRF receptors are required
for this stress response (Bale et al., 2002), which modifies peripheral physiological responses
to support “fight or flight” reactions, such as mobilizing energy stores (Pecoraro et al., 2005).

CRF mediation of behavior stress responses
CRF containing neurons are not confined to hypothalamic regions; they are also found in a
number of neural circuits that mediate information processing and behavior. In non-human
primates, CRF immunoreactive fibers and/or perikarya are observed in the cortex (especially
anterior cingulate), amygdalar complex and extended amygdala, hippocampus and hind brain
regions such as the locus coeruleus and substantia nigra (Bassett and Foote, 1992;Bassett et
al., 1992;Foote and Cha, 1988;Lewis et al., 1989). CRF has been shown to modulate diverse
neurotransmitter systems, including glutamate, dopamine, serotonin and norepinephrine
(Lavicky and Dunn, 1993;Price and Lucki, 2001;Valentino and Commons, 2005). Its
modulation of serotonin and norepinephrine release specifically supports a role in emotional
responding as these neurotransmitter systems are implicated in affective and anxiety responses
(both normal and disordered) (Charney, 2004;Koob, 1999). Hence, CRF is well situated to
modulate circuits involved in cognition, defensive behavior and emotion.

CRF acts via at least 2 known G-protein-coupled receptors, CRF1 and CRF2 (Chang et al.,
1993;Chen et al., 1993;Liaw et al., 1996;Lovenberg et al., 1995;Perrin et al., 1993; for a review,
see Eckart et al., 2002 and Dautzenberg and Hauger, 2002). In rodents, both receptors are
expressed in relatively discrete nuclei of the neocortex, amygdala and extended amygdala (bed
nucleus stria terminalis), nucleus accumbens, hypothalamus, pituitary and sensory relay nuclei
(Van Pett et al., 2000). In cortical and hindbrain regions, CRF1 expression appears to
predominate over CRF2 expression (Van Pett et al., 2000). Strong CRF2 receptor binding is
observed in neocortex and pituitary in primates however, suggesting that CRF2 receptor
functions may be more varied in primates as compared to rodents (Sanchez et al., 1999).
Expression of CRF2 in human brain generally mirrors findings in monkeys, with robust
expression in hippocampus, septum, amygdala and extended amygdala and weaker expression
in frontal cortex, midbrain and hindbrain regions (Kostich et al., 1998). In non-human primates,
CRF1 receptors have been visualized in cortex, limbic regions and sensory relay nuclei in the
brain stem (Kostich et al., 2004;Sanchez et al., 1999). This pattern of CRF receptor distribution
has led to the hypothesis that CRF may play a role in (1) sensory processing and associations
(e.g., via modulation of thalamus, pedunculopontine tegmentum, inferior colliculus); (2)
defensive or anxious responses (via modulation of neurotransmission at the amygdala,
hippocampus and hypothalamus); and (3) cognition. In human and non-human primates, CRF
may be important for emotional cognition and interoception due to its strong cortical expression
in primate anterior cingulate and insula and in human frontal cortex (Craig, 2002). Animal
models indicate that the CRF system seems to play a predominant role in the stress response,
shifting behavior towards defensive responding by increasing avoidance and fear-related
behaviors with the concomitant suppression of appetitive behaviors such as feeding and
reproduction.

The vast majority of evidence for the functional role of CRF1 and CRF2 receptors comes from
animal literature (primarily in rodent) which is extensively reviewed elsewhere (Hauger et al.,
in press;Bakshi and Kalin, 2000;Koob and Heinrichs, 2004;Reul and Holsboer, 2002). The
consistent findings that CRF1 receptor blockade or gene deletion decreases defensive behaviors
and attenuates physiological stress responses (e.g., autonomic and neuroendocrine activation)
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offer compelling evidence for this receptor as a primary mediator of the stress response. In
stressed, non-human primates, administration of the CRF1 antagonist antalarmin reduced
anxiety-like responses and shifted responding towards exploratory and sexual behaviors that
are normally suppressed during stress (Habib et al., 2000). The anxiogenic-like effects of
CRF1 receptor activation support its potential as a target for pharmacotherapy for anxiety
disorders (Dautzenberg and Hauger, 2002;Reul and Holsboer, 2002;Shekhar et al.,
2005;Zorrilla and Koob, 2004). The role of CRF2 receptors in anxiety is less clear. There is
evidence for both anxiolytic- and anxiogenic-like functions after CRF2 receptor activation or
gene deletion (Bakshi et al., 2002;Bale et al., 2000;Coste et al., 2000;Hammack et al.,
2003b;Kishimoto et al., 2000). A predominant hypothesis is that CRF2 receptors facilitate
recovery of stress responding and act to inhibit initial CRF1-induced stress responses (Bale et
al., 2000;Coste et al., 2006;Coste et al., 2001;Kishimoto et al., 2000;Koob and Heinrichs,
2004). An alternative hypothesis posits that, with chronic stress, CRF2 receptors may play a
role in facilitating behavioral shifts towards depressive-like behaviors over immediate
defensive behaviors normally mediated by CRF1 activation (Hammack et al., 2003a,b,2002;
but see Bale and Vale, 2003).

Role of CRF in affective and anxiety disorders
Depression

In humans, most CRF system research has focused on its association with depression. Major
depressive disorder is a serious public health problem, with up to 30% of women and 15% of
men likely to experience depressive episode(s) during their lifetimes. The World Health
Organization ranks major depression near the top of the list in terms of global disease
(McKenna et al., 2005;Murray and Lopez, 1997). Major depressive episodes are characterized
by at least 2 weeks (and often much longer, with average duration of depressive episodes being
4-6 months) of depressed mood and/or loss of interest, accompanied by cognitive symptoms
(e.g., trouble concentrating) and somatic symptoms (e.g., appetite and sleep disturbance; low
energy). One of the most serious complications of major depression is suicide, though there is
growing evidence that depression itself may be a risk factor for multiple adverse health sequelae
including cardiovascular disease and stroke (Ebmeier et al., 2006). Altered HPA axis function
(e.g., hypercortisolemia, most often evidenced as abnormal 24-hour circadian secretion, in
concert with resistance to suppression by exogenous glucocorticoids such as dexamethasone)
has been frequently (albeit inconsistently) observed in studies of patients with major depression
(Barden, 2004), but findings in anxiety disorders are even less consistent (see below).

Studies show that CRF expression in the hypothalamus, raphe nucleus, locus coeruleus and
frontal cortex is increased in depressed suicide victims (Austin et al., 2003;Merali et al.,
2004;Raadsheer et al., 1994,1995). CRF receptor binding sites and expression are also reported
to be lower in the cortex of depressed suicide victims, suggesting a down-regulation of receptor
signaling in response to excessive CRF release (Bissette et al., 2003;Merali et al.,
2004;Nemeroff et al., 1988), although these findings have not always been replicated (Hucks
et al., 1997;Leake et al., 1990). Preliminary studies suggest that mutations in non-coding
regions of the CRF binding protein (CRF-BP) gene are associated with depression (Claes et
al., 2003). CRF-BP binds synaptic CRF and may be an endogenous mechanism to reduce CRF
signaling (Behan et al., 1995), thus disruptions in CRF-BP expression could alter the ability
of the brain to “fine tune” CRF signaling. Concentrations of CRF in cerebrospinal fluid (CSF)
appear to be higher in depressed patients (Nemeroff, 1998;Nemeroff et al., 1984) and can be
reduced with electroconvulsive shock treatment (Nemeroff et al., 1991). Antidepression
medications may also reduce CSF CRF concentrations (Heuser et al., 1998). CSF CRF levels
have been shown to be abnormally low in “atypical” depression patients however, and hence
increased CSF CRF levels may not be seen in all forms of depression (Geracioti et al., 1997).
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It is important to note that CSF CRF levels are also aberrant in disorders linked to basal ganglia
dysfunction. CSF CRF levels have been reported to be increased in Tourette’s syndrome and
in some but not all studies in obsessive-compulsive disorder (Altemus et al., 1992;Chappell et
al., 1996;Fossey et al., 1996), with no clear correlation to depression or anxiety symptom
severity reported (Chappell et al., 1996). Conversely, CRF content is reduced in the brains of
Parkinson’s disease and Huntington’s disease patients, with reciprocal increases in receptor
expression (for a review, see De Souza, 1995). Hence, CRF dysfunction is not specific to
emotional disorders but is also associated with other types of neuropathology.

Anxiety
In comparison to the findings in depression patients, relatively little is known of putative CRF
system dysregulation in anxiety disorders. Anxiety disorders are among the most common of
all mental disorders (Kessler et al., 2005), and, when coupled with an awareness of the disability
and reduced quality of life they convey (Mendlowicz and Stein, 2000), they must be recognized
as a serious threat to the health of the public. Anxiety disorders include generalized anxiety
disorder (GAD; a chronic form of anxiety typified by excessive, uncontrollable worry), panic
disorder (characterized by recurrent, unexpected paroxysms of anxiety, somatic and autonomic
symptoms and fear), phobic disorders (e.g., specific phobias, agoraphobia, social phobia),
posttraumatic stress disorder (PTSD; typified by unwanted, intrusive remembrances - as
daytime thoughts and nighttime dreams and nightmares - and avoidance of activities and other
cues associated with prior life-threatening trauma) and obsessive-compulsive disorder (OCD;
characterized by recurrent obsessions and compulsions). OCD, although sharing some features
with the other anxiety disorders, is thought (though this is controversial, Bartz and Hollander,
2006) to have a substantially different neurobiology (e.g., neural circuitry). For ease of
presentation, we have decided not to further discuss OCD in this manuscript.

Initial investigations of CRF dysregulation, as measured by CSF concentrations, in anxiety
disorders have been mostly negative, with GAD and panic disorder patients exhibiting no
difference from controls (Banki et al., 1992;Fossey et al., 1996;Jolkkonen et al., 1993). The
lack of differences in CRF concentrations in CSF does not negate the possibility of CRF
aberrations contributing to these disorders, however (Arborelius et al., 1999). These negative
findings are based on using a single lumbar puncture technique for CSF sampling, which,
because it is stressful and increases CRF release in all subjects, may mask baseline differences
in CRF concentrations between anxiety disorder and control populations (Geracioti et al.,
1997;Geracioti et al., 1992). Thus, serial CSF sampling techniques, in which CSF is sampled
over longer periods of time, may be a more sensitive method to detect baseline CRF
abnormalities. There are no postmortem studies to our knowledge on CRF system markers in
brain tissue of anxiety disorder patients, although there is a call for the development of a tissue
data bank for anxiety disorders (Bracha et al., 2005;Osuch et al., 2004). Recently, single
nucleotide polymorphisms (SNPs) in the CRF gene have been found to be associated with
behavioral inhibition, a childhood risk factor for panic disorder and social phobia (Smoller et
al., 2003,2005). Future studies will be required to determine what the functional effect of these
and other SNPs are on CRF signaling and anxiety disorder outcomes.

Clinical evidence for CRF system dysregulation in panic disorder, as reflected by the HPA axis
abnormalities described in these patients, is mixed. In one study of 14 patients with panic
disorder and 14 healthy control subjects who underwent a standard overnight metyrapone test
and a combined metyrapone/low-dose dexamethasone test, no group differences in plasma
ACTH or cortisol were detected (Kellner et al., 2004). In another study, patients with panic
disorder demonstrated subtle evidence of overnight hypercortisolemia and increased activity
in ultradian secretory episodes (Abelson and Curtis, 1996). Interestingly, it has been suggested
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that anxiety disorder comorbidity might explain some of the differences in HPA axis activity
among depressed patients (Young et al., 2004). This same group of researchers, in showing
that the HPA response to a pharmacological agent in patients with panic disorder can be
cognitively modulated, has suggested that HPA disturbances in panic disorder may be
secondary to manipulable cognitive/emotional sensitivities (Abelson et al., 2005). Thus, the
present consensus seems to be that the HPA axis abnormalities in panic disorder are subtle,
reflecting altered responses to certain kinds of stress which, presumably, have as their origin
differences in CRF secretion or altered CRF receptor signaling.

Posttraumatic stress disorder (PTSD) patients have been shown to exhibit excess CRF CSF
concentrations (Baker et al., 1999;Bremner et al., 1997;Sautter et al., 2003). The two initial
studies of CRF hypersecretion yielded mixed results in terms of any associations with
depression or anxiety symptoms. Bremner et al. (1997), using a lumbar puncture technique,
reported no significant associations between PTSD symptoms or depression. Baker et al.
(1999), using the more sensitive serial CSF sampling technique, found a trend towards a
positive correlation between depression and CRF levels, but no associations with PTSD
symptoms. They did find a significant negative correlation, however, between 24-hour urinary-
free cortisol excretion and PTSD symptoms. Sautter et al. (2003) reported that CRF elevations
were specifically linked to psychotic symptoms in PTSD patients and suggested that excess
CRF release may be unique to a more severely affected subclass of PTSD patients. Although
it is generally presumed that the observed CRF hypersecretion in PTSD patients occurs only
after trauma, this assumption has yet to be tested. It is also possible that excess CRF release is
a predisposing factor for PTSD, similar to recent findings of reduced hippocampal volume in
twin studies of PTSD (Gilbertson et al., 2002). Indeed, some animal studies (see below) indicate
that CRF receptor activation enhances fear learning, hence individuals with high CRF tone
might develop stronger trauma-related memories than those with lower CRF release. The
literature on functioning of the HPA axis in PTSD is more controversial and conflicted. Some
experts find reasonably consistent evidence of hypocortisolemia and enhanced HPA axis
negative feedback (e.g., Yehuda, 2002), although these effects have not been consistently
replicated in other studies which report either hypercortisolemia or even normal plasma cortisol
in the presence of elevated CSF levels of cortisol (e.g., Baker et al., 2005).

Based on the evidence for CRF dysfunction in depression and anxiety patients, CRF1 and
CRF2 receptors, as well as the CRF-BP, have been proposed as pharmacotherapeutic targets
for depression and anxiety disorders (Arborelius et al., 1999;Grigoriadis, 2005;Valdez et al.,
2005;Van Den Eede et al., 2005). Potent, orally active small molecule CRF1 antagonists have
now been developed and are ready for human investigation (Dyck et al., 2005). Trials with
CRF1 antagonists in humans for depression, buoyed by promising preliminary results from a
small study (Zobel et al., 2000), are ongoing. It is unknown if similar trials targeting anxiety
disorders, particularly PTSD, are also being planned.

CRF effects on the startle response: examples of modeling anxiety and CRF
disruption “endophenotypes”

Above, we have discussed the evidence for a putative CRF disruption in anxiety disorders. As
indicated above, CRF disruptions are not specific to anxiety or mood disorders, however, and
do not always correlate with clinical symptoms. The fact that “typical” depression and PTSD
patients exhibit similarly high CSF CRF concentrations yet different HPA axis sensitivity, a
closely related biological marker of CRF function, highlights the notion that one measure of
CRF dysfunction (e.g., CSF levels of CRF) tells us little about the underlying pathology for
these disorders. For example, we do not know the source(s) (e.g., hypothalamus, amygdala,
raphe nuclei) producing the increased CRF in CSF in either depression or PTSD patients, which
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would likely make a large difference in resulting HPA axis and clinical symptomatology.
Hence, it has been suggested that basic research on these disorders also focuses on the
relationship between more simple “endophenotypes” found in these disorders as opposed to
the relationship between a simple biological marker (i.e., CSF CRF) and a complex disorder
such as anxiety. This approach may identify specific symptoms that can be linked to discrete
pathology and inform current systems models of disease etiology (Braff et al., 2001;Hasler et
al., 2004;Radant et al., 2001;Stein and Lang, 2004).

The startle response
Model systems have been used routinely to identify candidate biological pathways,
neuroanatomical circuits and genes that may influence phenotypes in humans. One of the most
widely studied phenotypes in model organisms of relevance to anxiety is the startle response.
The startle response is a cross-species phenomenon, which consists of a series of involuntary
reflexes elicited by a sudden, intense auditory or tactile stimulus and is considered to be a
defensive behavior evolved to protect the body from impact during attack (Graham,
1975;Yeomans et al., 2002). It is a highly conserved behavior across mammalian species and
is well suited for translational studies of pathology across animals and humans. Responses to
tactile (e.g., an airpuff to the throat or face) or acoustic stimuli are recorded in animals as a
whole body “flinch response” and in humans as the strength of the eye blink response (EMG
electrodes at the orbicularis oculi muscles). Cortical and limbic brain regions, many of which
are abnormally activated or exhibit altered volumes in anxiety disorders (as measured by fMRI
or PET e.g., Gilbertson et al., 2002;Hull, 2002;Lorberbaum et al., 2004;Neumeister et al.,
2004;Schneider et al., 1999), modulate startle responses (Davis, 1998;Funayama et al.,
2001;Kumari et al., 2003;Swerdlow et al., 2001;Weike et al., 2005). The magnitude of the
response is highly plastic: fear-inducing stimuli (termed fear-potentiated startle; FPS) or
administration of anxiogenic compounds, such as CRF, increases startle (Brown et al.,
1951;Davis et al., 1997;Swerdlow et al., 1986), while threat-reducing stimuli (Lang et al.,
1990), anxiolytic and sedative drugs (Abduljawad et al., 2001) or sensory input in the case of
prepulse inhibition (PPI) (Braff et al., 2001;Geyer et al., 2001;Graham, 1975;Swerdlow et al.,
2001) reduces startle.

PPI of startle is an operational measure of sensorimotor gating and putative measure of pre-
attentive information processing (Geyer and Braff, 1987). Across species, presentation of a
neutral, non-startling acoustic “prepulse” 30-300 ms before a startling stimulus reduces startle
magnitude, possibly by requiring the organism to allocate attentional resources to process the
prepulse and hence filter or “gate” the subsequent startling stimulus (Graham, 1975;Hoffman
and Ison, 1980;Norris and Blumenthal, 1996;Swerdlow et al., 1999). This phenomenon is an
unconditioned inhibitory process, unlike fear extinction (Myers and Davis, 2002).
Neuroanatomical substrates for modulation of PPI are numerous, including limbic regions such
as the amygdala and nucleus accumbens, as well as cortical regions (Swerdlow et al., 2001).
Importantly, these measures of baseline startle, exaggerated startle and PPI appear to be altered
in some anxiety disorders and are also modulated by the CRF system.

Startle abnormalities in anxiety disorders
Abnormal startle responses, including reduced threshold for startle responding, reduced PPI,
increased FPS and reduced habituation of startle, have been reported in subjects with anxiety
disorders (Butler et al., 1990;Ludewig et al., 2005;Ludewig et al., 2002;Metzger et al.,
1999;Morgan et al., 1995;Morgan et al., 1996;Orr et al., 1995). The startle symptoms of PTSD
and other anxiety disorders are very thoughtfully and thoroughly discussed in a recent review
(Grillon and Baas, 2003). In brief, startle abnormalities are generally observed in PTSD
patients, although exaggerated startle may not be consistently found at longer periods
posttrauma. Startle reactivity changes may also depend on the type of trauma and age at which
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the trauma was experienced. Exaggerated startle may also be reported as increased baseline
startle, increased startle during threat (i.e., FPS) or increased startle in contexts that evoke
memories of past trauma (Butler et al., 1990;Grillon and Morgan, 1999;Grillon et al.,
1998b;Grillon et al., 1996;Morgan et al., 1995;Morgan et al., 1996;Orr et al., 1995;Wessa et
al., 2005). In a longitudinal study of subjects recently exposed to trauma, startle responding
was similar in all subjects initially, however, those that did not develop PTSD became less
reactive over time, while those that went on to develop PTSD continued to be reactive over
these repeated sessions (Shalev et al., 2000). These studies touch on the question if exaggerated
startle is a risk factor for PTSD development or whether it occurs only after trauma. A small
prospective study of firefighters exposed to trauma found a modest positive correlation between
pretrauma startle magnitude and posttrauma PTSD-like symptoms, however, a clear PTSD
diagnosis was not found in any of the subjects tested (Guthrie and Bryant, 2005). Hence, more
studies are required to test if startle is a vulnerability factor for development of PTSD (i.e.,
exaggerated startle is present pretrauma) or a state-dependent symptom of PTSD.

There is some evidence that heightened startle reactivity is linked with “risk” for anxiety
disorder development. Children of patients with anxiety and depressive disorders exhibit
exaggerated startle (either baseline or only during threat) compared to children with no family
history for these disorders, suggesting that startle responsiveness could be a marker of
vulnerability for development of clinical anxiety (Grillon et al., 1997;Merikangas et al.,
1999;Grillon et al., 1998a) and depression (Grillon et al., 2005b). This latter finding is
somewhat surprising as baseline startle appears to be normal, or even reduced, in adults with
depression (Kaviani et al., 2004;Perry et al., 2004;Quednow et al., 2006). One interpretation
of this result is that startle reactivity may change with the onset and progression of depression,
although this speculation has yet to be tested. Interestingly, children classified as “fearless”
have been reported to exhibit significantly reduced startle responses (Goozen et al., 2004).
These findings support the potential utility of startle as a potential “trait” marker for mapping
of genes involved with anxiety phenotypes (Baker et al., 2006). Links between behavioral
inhibition and startle reactivity have been mixed (e.g., Fullana et al., 2005;Hawk and Kowmas,
2003;Nitschke et al., 2002), although the sample populations (e.g., infants vs. older children
and adults), methodologies (e.g., affective modulation of startle using images or painful
stimuli) and measures used (e.g., assessment scales) are very diverse, making comparisons
across studies difficult.

Trait anxiety effects on startle have also been shown to be gender-dependent, with the type of
startle effect (baseline vs. fear induced) and sometimes direction (increase vs. decrease) of the
startle effect differing between males and females. In a study of startle reactivity in children
at risk for developing anxiety disorders (“at risk” was defined as having a 1st degree relative
with a clinical anxiety disorder), at risk females exhibited greater baseline startle compared to
controls (Grillon et al., 1998a). Conversely, at risk males exhibited normal baseline startle
compared to controls, but greater startle reactivity during conditions when a mild shock was
expected (Grillon et al., 1998a). Other reports indicate that the direction of anxiety effects on
startle can also depend on sex. Compared to controls, children with a history of physical and
mental abuse have sex-dependent startle abnormalities, with boys exhibiting reduced startle
reactivity and girls exhibiting increased startle reactivity (Klorman et al., 2003). Similarly,
women with PTSD have been reported to exhibit reduced startle compared to controls, in
contrast with most reports of exaggerated startle in males with PTSD (Medina et al., 2001).
Some of these discrepancies must be viewed with caution as they may reflect the different
types and duration of trauma experienced by the subjects as opposed to sex differences per
se (e.g., domestic violence vs. combat related trauma). However, they may also reflect the
effects of different hormones on emotional modulation of startle reactivity, as described by
Toufexis et al. (this volume).

Risbrough and Stein Page 7

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Interestingly, panic disorder and PTSD patients exhibit mild but significant disruptions in PPI
(Grillon et al., 1998b,1996;Ludewig et al., 2005,2002;Ornitz and Pynoos, 1989). PTSD
patients also exhibit deficient P1 suppression, another measure of inhibitory or gating processes
(Gillette et al., 1997;Skinner et al., 1999). One study found negative correlations between PPI
and PTSD symptoms, however, this was not replicated in a subsequent study (Grillon et al.,
1998a,b,1996). Studies have also shown that PPI performance is negatively correlated with
trait anxiety in panic disorder patients (Ludewig et al., 2005,2002). Panic disorder patients also
exhibit reduced startle habituation, a simple form of inhibition (Davis and Wagner,
1969;Ludewig et al., 2002) as well as increased baseline startle (Ludewig et al., 2005). PPI
performance and baseline startle appeared to be the most disrupted in panic disorder patients
that were not undergoing treatment during the study, while patients receiving treatment
appeared to have relatively milder PPI impairments and normalized startle (Ludewig et al.,
2005,2002). These preliminary results suggest that startle abnormalities in this population may
be sensitive to certain types of anti-anxiety pharmacotherapy. Interestingly, unipolar
depression patients do not exhibit startle and PPI abnormalities, hence startle measures may
be a useful behavioral probe for pathology specifically linked to anxiety over depression
(Ludewig and Ludewig, 2003;Perry et al., 2004;Quednow et al., 2006).

CRF effects on startle
Preclinical studies have indicated an important modulatory role for CRF on startle reactivity
and PPI. Various stressors (e.g., 24 h social isolation, repeated tail pinch, bright light, acute
and repeated restraint, footshock) increase startle magnitude and/or reduce PPI in rats (Brake
et al., 2000;de Jongh et al., 2003;Faraday, 2002;Sipos et al., 2000). CRF receptor activation is
necessary for the effects of many of these stressors (e.g., light, shock, restraint) on other
behaviors such as locomotion, avoidance and freezing (Bakshi and Kalin, 2000;Bakshi et al.,
2002;Gutman et al., 2003;Heinrichs et al., 2002;Ho et al., 2001;Le et al., 2002) and on startle
in the case of light stress (de Jongh et al., 2003) and perhaps FPS (de Jongh et al., 2003;Schulz
et al., 1996;Swerdlow et al., 1989;Walker and Davis, 2002a;Risbrough and Geyer, 2005). The
extended amygdala (specifically the bed nucleus stria terminalis) is required for both CRF-
and stress-induced increases in startle (de Jongh et al., 2003;Gewirtz et al., 1998;Lee and Davis,
1997;Toufexis et al., this volume). Rats bred for differing levels of emotionality have been
shown to differ in both CRF peptide levels in the amygdala and fear-potentiated startle
performance, suggesting that these two markers may be linked (Yilmazer-Hanke et al.,
2002). Indeed, CRF receptor activation in the amygdala appears to enhance consolidation of
learned fear (Roozendaal et al., 2002), hence increased CRF tone in the amygdala may facilitate
acquisition and/or extinction of FPS.

In rodents, exogenous CRF administration also disrupts inhibition of startle as measured by
PPI (Conti, 2005;Conti et al., 2002). We have recently shown that CRF1 receptor activation is
required for CRF-induced increases in startle and CRF2 receptor activation appears to have an
additive effect with CRF1, increasing startle (Risbrough et al., 2003b,2004). The two receptors
have opposing function on PPI, however, as CRF1 activation decreases PPI while CRF2
activation increases PPI (Risbrough et al., 2004). Hence, excess signaling of CRF1 or reduced
signaling of CRF2 could theoretically disrupt startle and sensorimotor gating functions during
stress. In rats, CRF1 receptor expression in limbic regions has been shown to be positively
correlated with increased startle reactivity (Nair et al., 2005). Mice with constitutive CRF over-
expression also exhibit reduced PPI with an inconsistent reduction in startle reactivity (Dirks
et al., 2002,2003). Future studies will determine if region-specific alterations of CRF
expression (e.g., whole central nervous system vs. hypothalamic or forebrain CRF over-
expression, Deussing and Wurst, 2005) will result in startle phenotypes that better mimic those
reported in PTSD and panic disorder (e.g., reduced startle habituation, increased startle
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threshold and reduced PPI). Nevertheless, these preliminary animal studies suggest that excess
CRF release and CRF1 receptor signaling could contribute to startle and PPI abnormalities
reported in PTSD and panic disorder. Future studies are required in clinical populations to
determine if there is a link between abnormal CRF system markers (e.g., CRF peptide release
or HPA axis sensitivity) and abnormal startle behaviors. Such studies, although difficult, would
be invaluable aids to model building for PTSD and panic disorder pathology. It is important
to note here that exogenous CRF effects on startle are not dependent upon glucocorticoid
release, supporting the idea that central CRF modulation of startle is independent of the HPA
axis (Lee et al., 1994). This finding does not preclude the ability of glucocorticoids to have
additional effects on startle reactivity however.

In humans, there are some links between HPA axis function and startle responding. Serum
cortisol levels have been shown to be positively associated with startle reactivity during threat
or after anxiogenic drug administration (Grillon et al., 2005a). In primates, adverse rearing
conditions increase both basal cortisol levels as well as startle reactivity (Sanchez et al.,
2005). Thus, there is some indication that HPA system response predicts startle reactivity.
There is also some evidence for a direct effect of glucocorticoids on startle responding. In
healthy human subjects, exogenous cortisol administration increases startle at low doses and
reduces it at high doses (Buchanan et al., 2001). In rats, low doses of corticosterone enhance
CRF-induced increases in startle (Lee et al., 1994). These glucocorticoid-induced increases in
startle may be mediated by limbic CRF release in response to glucocorticoid receptor
activation, as corticosterone administration is reported to increase CRF expression in the
amygdala (Lee et al., 1994;Makino et al., 1994a,1994b;Shepard et al., 2003).

Linking animal and human studies of CRF dysfunction and PTSD
One of the translational values of studying the startle response is that the neuroanatomical and
neurochemical substrates mediating and modulating startle plasticity are relatively well
defined, allowing greater hypothesis generation and interpretability before and after obtaining
results (Braff et al., 2001;Davis et al., 1993;Geyer et al., 2001;Heldt et al., 2000;Lang,
1995;Mansbach and Geyer, 1988;Risbrough et al., 2003a,2004;Swerdlow et al., 2001;Walker
and Davis, 2002b;Toufexis et al., this volume). A fairly recent example of the successful use
of rodent startle is in the potential use of D-cycloserine as an adjunctive treatment with
extinction or “exposure” therapies. A series of elegant studies by Davis and colleagues using
FPS in rodents (Walker et al., 2002) found that administration of the glutamate partial agonist
D-cycloserine into the amygdala enhanced extinction training. A subsequent clinical study
found D-cycloserine to significantly enhance the efficacy of extinction therapy in phobic
patients (Rattiner et al., 2004). These data provide compelling evidence for the predictive
validity of the FPS extinction model. Recently, glucocorticoids have also been shown to
enhance extinction in this model and indeed are reported to enhance extinction in human phobia
patients as well (Soravia et al., 2006;Yang et al., 2006). In clinical studies of surgery-related
PTSD, pre-operative hydrocortisone treatment had some protective effects against
development of PTSD (Schelling et al., 2004). A similar result has recently been reported in
rats, with corticosterone treatment before stress exposure (brief presentation of predator odor)
reducing the percentage of rats that exhibit exaggerated anxiety-like behaviors post-stress
(increased avoidance and startle reactivity, Cohen et al., 2006), providing initial support for
the validity of this model for PTSD. This model may be particularly useful to determine if CRF
system dysregulation is linked to emergence of exaggerated anxiety-like responses post-stress
and to explore potential “preventive” treatments of PTSD-like symptoms.

There is some support for the speculation that PTSD patients may have deficits in their ability
to extinguish learned fear (Orr et al., 2000;Peri et al., 2000;Rothbaum and Davis, 2003). Thus,
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animal models of extinction may be well suited for translational studies of pathologies
underlying abnormal fear learning and extinction, as proposed in PTSD (Milad and Quirk,
2002;Myers and Davis, 2002). For example, it is currently unknown if excess CRF release
alters fear learning or extinction, although recent evidence indicates that glutamate
transmission in the amygdala, which is required for fear learning and extinction, is modified
with CRF1 and CRF2 receptor activation (Liu et al., 2004;Walker and Davis, 2002b).
Preliminary evidence indicated that CRF receptors may be required for reinstatement of learned
fear, although this study has not yet been published (Waddell and Falls, 2003). Hence, future
animal studies of interest would be to determine the role of CRF receptors in extinction
processes as well as explore further the mechanism of glucocorticoid effects on these processes
(Schulkin et al., 2005). In animals, CRF has also been shown to enhance fear learning
(Radulovic et al., 2000,1999;Sananbenesi et al., 2003;Roozendaal et al., 2002), and a recent
meta-analysis suggests that increased fear conditioning may be an important feature of anxiety
disorders (Lissek et al., 2005). Hence, future clinical studies of CRF system abnormalities in
PTSD subjects may benefit from the addition of behavioral tests (such as startle) to determine
what symptoms or “endophenotypes” (e.g., increased startle, increased fear conditioning and/
or reduced extinction) may be most related to CRF dysfunction, in addition to psychiatric
symptom measures. These studies would be invaluable for informing current models of CRF
dysregulation effects in disorders of mood and anxiety.

Concluding remarks
Taken together, the current clinical findings of aberrant CRF system markers support continued
efforts to test models of CRF mechanism contributions to anxiety disorders. At present, the
rationale for studying CRF contributions to anxiety disorders is strongest for PTSD and panic
disorder, but it is entirely possible that other, less well-studied anxiety disorders share similar
CRF-related psychopathology; this possibility should be further explored. A future challenge
for clinical studies will be to determine which anxiety-related phenotypes (e.g., increased
startle reactivity, enhanced fear learning and/or reduced fear extinction) are linked to abnormal
CRF signaling and which can be readily modeled preclinically. In parallel, future preclinical
models of CRF dysregulation (e.g., CRF over-expression or selective breeding for trauma
hyper-responsiveness) and aberrant fear learning/extinction will aid our understanding of how
CRF modulates long-term responses to emotionally traumatic events. This translational
research will help test the viability of CRF and glucocorticoid receptor ligands as treatments
for PTSD and other anxiety disorders.

Acknowledgments

This work was supported by National Institute of Health grants MH64122 (MBS) and MH076850 (VBR) and the
National Alliance for Research on Schizophrenia and Depression (VBR).

References
Abduljawad KAJ, Langley RW, Bradshaw CM, Szabadi E. Effects of clonidine and diazepam on prepulse

inhibition of the acoustic startle response and the N1/P2 auditory evoked potential in man. J.
Psychopharmacol 2001;15:237–242. [PubMed: 11769816]

Abelson JL, Curtis GC. Hypothalamic-pituitary-adrenal axis activity in panic disorder. 24-hour secretion
of corticotropin and cortisol. Arch. Gen. Psychiatry 1996;53:323–331. [PubMed: 8634010]

Abelson JL, Liberzon I, Young EA, Khan S. Cognitive modulation of the endocrine stress response to a
pharmacological challenge in normal and panic disorder subjects. Arch. Gen. Psychiatry 2005;62:668–
675. [PubMed: 15939844]

Risbrough and Stein Page 10

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Altemus M, Pigott TA, Kalogeras KT, Demitrack M, Dubbert B, Murphy DL, Gold PW. Abnormalities
in the regulation of vasopressin and corticotropin releasing factor secretion in obsessive compulsive
disorder. Arch. Gen. Psychiatry 1992;49:9–20. [PubMed: 1370198]

Arborelius L, Owens MJ, Plotsky PM, Nemeroff CB. The role of corticotropin-releasing factor in
depression and anxiety disorders. J. Endocrinol 1999;160:1–12. [PubMed: 9854171]

Austin MC, Janosky JE, Murphy HA. Increased corticotropin-releasing hormone immunoreactivity in
monoamine-containing pontine nuclei of depressed suicide men. Mol. Psychiatry 2003;8:324–332.
[PubMed: 12660805]

Baker DG, West SA, Nicholson WE, Ekhator NN, Kasckow JW, Hill KK, Bruce AB, Orth DN, Geracioti
TD Jr. Serial CSF corticotropin-releasing hormone levels and adrenocortical activity in combat
veterans with posttraumatic stress disorder. Am. J. Psychiatry 1999;156:585–588. [PubMed:
10200738]

Baker DG, Ekhator NN, Kasckow JW, Dashevsky BA, Horn PS, Bednarik L, Geracioti TDJ. Increased
basal serial cerebrospinal fluid cortisol in combat veterans with posttraumatic stress disorder. Am. J.
Psychiatry 2005;162:992–994. [PubMed: 15863803]

Baker, DG.; Risbrough, VB.; Schork, NJ. Posttraumatic stress disorder: genetic and environmental risk
factors. U.S. Dept. of Defense; in pressBiobehavioral Resilience to Stress, State of the Art Report

Bakshi VP, Kalin NH. Corticotropin-releasing hormone and animal models of anxiety: gene-environment
interactions. Biol. Psychiatry 2000;48:1175–1198. [PubMed: 11137059]

Bakshi VP, Smith-Roe S, Newman SM, Grigoriadis DE, Kalin NH. Reduction of stress-induced behavior
by antagonism of corticotropin-releasing hormone 2 (CRH2) receptors in lateral septum or CRH1
receptors in amygdala. J. Neurosci 2002;22:2926–2935. [PubMed: 11923457]

Bale TL, Vale WW. Increased depression-like behaviors in corticotropin-releasing factor receptor-2-
deficient mice: sexually dichotomous responses. J. Neurosci 2003;23:5295–5301. [PubMed:
12832554]

Bale TL, Contarino A, Smith GW, Chan R, Gold LH, Sawchenko PE, Koob GF, Vale WW, Lee KF.
Mice deficient for corticotropin-releasing hormone receptor-2 display anxiety-like behaviour and are
hypersensitive to stress. Nat. Genet 2000;24:410–414. [PubMed: 10742108]

Bale TL, Picetti R, Contarino A, Koob GF, Vale WW, Lee KF. Mice deficient for both corticotropin-
releasing factor receptor 1 (CRFR1) and CRFR2 have an impaired stress response and display
sexually dichotomous anxiety-like behavior. J. Neurosci 2002;22:193–199. [PubMed: 11756502]

Banki CM, Karmacsi L, Bissette G, Nemeroff CB. Cerebrospinal fluid neuropeptides in mood disorder
and dementia. J. Affect. Disord 1992;25:39–45. [PubMed: 1352520]

Barden N. Implication of the hypothalamic-pituitary-adrenal axis in the physiopathology of depression.
J. Psychiatry Neurosci 2004;29:185–193. [PubMed: 15173895]

Bartz JA, Hollander E. Is obsessive-compulsive disorder an anxiety disorder. Prog.
Neuropsychopharmacol. Biol. Psychiatry 2006;30:338–352. [PubMed: 16455175]

Bassett JL, Foote SL. Distribution of corticotropin-releasing factor-like immunoreactivity in squirrel
monkey (Saimiri sciureus) amygdala. J. Comp. Neurol 1992;323:91–102. [PubMed: 1430317]

Bassett JL, Shipley MT, Foote SL. Localization of corticotropin-releasing factor-like immunoreactivity
in monkey olfactory bulb and secondary olfactory areas. J. Comp. Neurol 1992;316:348–362.
[PubMed: 1577989]

Behan DP, De Souza EB, Lowry PJ, Potter E, Sawchenko P, Vale WW. Corticotropin releasing factor
(CRF) binding protein: a novel regulator of CRF and related peptides. Front. Neuroendocrinol
1995;16:362–382. [PubMed: 8557170]

Bissette G, Klimek V, Pan J, Stockmeier C, Ordway G. Elevated concentrations of CRF in the locus
coeruleus of depressed subjects. Neuropsychopharmacology 2003;28:1328–1335. [PubMed:
12784115]

Bracha HS, Garcia-Rill E, Mrak RE, Skinner R. Postmortem locus coeruleus neuron count in three
American veterans with probable or possible war-related PTSD. J. Neuropsychiatry Clin. Neurosci
2005;17:503–509. [PubMed: 16387990]

Risbrough and Stein Page 11

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Braff DL, Geyer MA, Swerdlow NR. Human studies of prepulse inhibition of startle: normal subjects,
patient groups, and pharmacological studies. Psychopharmacology (Berlin) 2001;156:234–258.
[PubMed: 11549226]

Brake WG, Flores G, Francis D, Meaney MJ, Srivastava LK, Gratton A. Enhanced nucleus accumbens
dopamine and plasma corticoster-one stress responses in adult rats with neonatal excitotoxic lesions
to the medial prefrontal cortex. Neuroscience 2000;96:687–695. [PubMed: 10727787]

Bremner JD, Licinio J, Darnell A, Krystal JH, Owens MJ, Southwick SM, Nemeroff CB, Charney DS.
Elevated CSF corticotropin-releasing factor concentrations in posttraumatic stress disorder. Am. J.
Psychiatry 1997;154:624–629. [PubMed: 9137116]

Brown JS, Kalish HI, Farber IE. Conditioned fear as revealed by magnitude of startle response to an
auditory stimulus. J. Exp. Psychol 1951;41:317–328. [PubMed: 14861383]

Buchanan TW, Brechtel A, Sollers JJ, Lovallo WR. Exogenous cortisol exerts effects on the startle reflex
independent of emotional modulation. Pharmacol. Biochem. Behav 2001;68:203–210. [PubMed:
11267624]

Butler RW, Braff DL, Rausch JL, Jenkins MA, Sprock J, Geyer MA. Physiological evidence of
exaggerated startle response in a subgroup of Vietnam veterans with combat-related PTSD. Am. J.
Psychiatry 1990;147:1308–1312. [PubMed: 2399998]

Chang CP, Pearse RV II, O’Connell S, Rosenfeld MG. Identification of a seven transmembrane helix
receptor for corticotropin-releasing factor and sauvagine in mammalian brain. Neuron
1993;11:1187–1195. [PubMed: 8274282]

Chappell P, Leckman J, Goodman W, Bissette G, Pauls D, Anderson G, Riddle M, Scahill L, McDougle
C, Cohen D. Elevated cerebrospinal fluid corticotropin-releasing factor in Tourette’s syndrome:
comparison to obsessive compulsive disorder and normal controls. Biol. Psychiatry 1996;39:776–
783. [PubMed: 8731518]

Charney DS. Psychobiological mechanisms of resilience and vulnerability: implications for successful
adaptation to extreme stress. Am. J. Psychiatry 2004;161:195–216. [PubMed: 14754765]

Chen R, Lewis KA, Perrin MH, Vale WW. Expression cloning of a human corticotropin-releasing-factor
receptor. Proc. Natl. Acad. Sci. U. S. A 1993;90:8967–8971. [PubMed: 7692441]

Claes S, Villafuerte S, Forsgren T, Sluijs S, Del-Favero J, Adolfsson R, Van Broeckhoven C. The
corticotropin-releasing hormone binding protein is associated with major depression in a population
from Northern Sweden. Biol. Psychiatry 2003;54:867–872. [PubMed: 14573312]

Cohen H, Zohar J, Gidron Y, Matar MA, Belkind D, Loewenthal U, Kozlovsky N, Kaplan Z. Blunted
HPA axis response to stress influences susceptibility to posttraumatic stress response in rats. Biol.
Psychiatry 2006;59:1208–1218. [PubMed: 16458266]

Conti LH. Characterization of the effects of corticotropin-releasing factor on prepulse inhibition of the
acoustic startle response in Brown Norway and Wistar-Kyoto rats. Eur. J. Pharmacol 2005;507:125–
134. [PubMed: 15659302]

Conti LH, Murry JD, Ruiz MA, Printz MP. Effects of corticotropin-releasing factor on prepulse inhibition
of the acoustic startle response in two rat strains. Psychopharmacology (Berlin) 2002;161:296–303.
[PubMed: 12021833]

Coste SC, Kesterson RA, Heldwein KA, Stevens SL, Heard AD, Hollis JH, Murray SE, Hill JK, Pantely
GA, Hohimer AR, Hatton DC, Phillips TJ, Finn DA, Low MJ, Rittenberg MB, Stenzel P, Stenzel-
Poore MP. Abnormal adaptations to stress and impaired cardiovascular function in mice lacking
corticotropin-releasing hormone receptor-2. Nat. Genet 2000;24:403–409. [PubMed: 10742107]

Coste SC, Murray SE, Stenzel-Poore MP. Animal models of CRH excess and CRH receptor deficiency
display altered adaptations to stress. Peptides 2001;22:733–741. [PubMed: 11337086]

Coste SC, Heard AD, Phillips TJ, Stenzel-Poore MP. Corticotropin-releasing factor receptor type 2-
deficient mice display impaired coping behaviors during stress. Genes Brain Behav 2006;5:131–138.
[PubMed: 16507004]

Craig AD. How do you feel? Interoception: the sense of the physiological condition of the body. Nat.
Rev., Neurosci 2002;3:655–666. [PubMed: 12154366]

Dautzenberg FM, Hauger RL. The CRF peptide family and their receptors: yet more partners discovered.
Trends Pharmacol. Sci 2002;23:71–77. [PubMed: 11830263]

Risbrough and Stein Page 12

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Davis M. Are different parts of the extended amygdala involved in fear versus anxiety. Biol. Psychiatry
1998;44:1239–1247. [PubMed: 9861467]

Davis M, Wagner AR. Habituation of startle response under incremental sequence of stimulus intensities.
J. Comp. Physiol. Psychol 1969;67:486–492. [PubMed: 5787400]

Davis M, Falls WA, Campeau S, Kim M. Fear-potentiated startle: a neural and pharmacological analysis.
Behav. Brain Res 1993;58:175–198. [PubMed: 8136044]

Davis M, Walker DL, Lee Y. Amygdala and bed nucleus of the stria terminalis: differential roles in fear
and anxiety measured with the acoustic startle reflex. Philos. Trans. R. Soc. London, Ser. B Biol. Sci
1997;352:1675–1687. [PubMed: 9415919]

de Jongh R, Groenink L, van der Gugten J, Olivier B. Lightenhanced and fear-potentiated startle: temporal
characteristics and effects of alpha-helical corticotropin-releasing hormone. Biol. Psychiatry
2003;54:1041–1048. [PubMed: 14625146]

De Souza EB. Corticotropin-releasing factor receptors: physiology, pharmacology, biochemistry and role
in central nervous system and immune disorders. Psychoneuroendocrinology 1995;20:789.
[PubMed: 8834089]

Deussing JM, Wurst W. Dissecting the genetic effect of the CRH system on anxiety and stress-related
behaviour. C. R., Biol 2005;328:199–212. [PubMed: 15771006]

Dirks A, Groenink L, Schipholt MI, van der Gugten J, Hijzen TH, Geyer MA, Olivier B. Reduced startle
reactivity and plasticity in transgenic mice overexpressing corticotropin-releasing hormone. Biol.
Psychiatry 2002;51:583–590. [PubMed: 11950460]

Dirks A, Groenink L, Westphal KG, Olivier JD, Verdouw PM, Van Der Gugten J, Geyer MA, Olivier
B. Reversal of startle gating deficits in transgenic mice overexpressing corticotropin-releasing factor
by antipsychotic drugs. Neuropsychopharmacology 2003;28:1790–1798. [PubMed: 12865891]

Dyck B, Grigoriadis DE, Gross RS, Guo Z, Haddach M, Marinkovic D, McCarthy JR, Moorjani M, Regan
CF, Saunders J, Schwaebe MK, Szabo T, Williams JP, Zhang X, Bozigian H, Chen TK. Potent, orally
active corticotropin-releasing factor receptor-1 antagonists containing a tricyclic pyrrolopyridine or
pyrazolopyridine core. J. Med. Chem 2005;48:4100–4110. [PubMed: 15943483]

Ebmeier KP, Donaghey C, Steele JD. Recent developments and current controversies in depression.
Lancet 2006;367:153–167. [PubMed: 16413879]

Eckart K, Jahn O, Radulovic J, Radulovic M, Blank T, Stiedl O, Brauns O, Tezval H, Zeyda T, Spiess J.
Pharmacology and biology of corticotropin-releasing factor (CRF) receptors. Recept. Channels
2002;8:163–177. [PubMed: 12529934]

Faraday MM. Rat sex and strain differences in responses to stress. Physiol. Behav 2002;75:507–522.
[PubMed: 12062315]

Foote SL, Cha CI. Distribution of corticotropin-releasing-factor-like immunoreactivity in brainstem of
two monkey species (Saimiri sciureus and Macaca fascicularis): an immunohistochemical study. J.
Comp. Neurol 1988;276:239–264. [PubMed: 3265422]

Fossey MD, Lydiard RB, Ballenger JC, Laraia MT, Bissette G, Nemeroff CB. Cerebrospinal fluid
corticotropin-releasing factor concentrations in patients with anxiety disorders and normal
comparison subjects. Biol. Psychiatry 1996;39:703–707. [PubMed: 8731457]

Fullana MA, Caseras X, Riba J, Barbanoj M, Torrubia R. Influence of individual differences in Behavioral
Inhibition System on the magnitude and time course of the fear-potentiated startle. Int. J.
Psychophysiol. 2005

Funayama ES, Grillon C, Davis M, Phelps EA. A double dissociation in the affective modulation of startle
in humans: effects of unilateral temporal lobectomy. J. Cogn. Neurosci 2001;13:721–729. [PubMed:
11564317]

Geracioti TD Jr. Orth DN, Ekhator NN, Blumenkopf B, Loosen PT. Serial cerebrospinal fluid
corticotropin-releasing hormone concentrations in healthy and depressed humans. J. Clin.
Endocrinol. Metab 1992;74:1325–1330. [PubMed: 1317385]

Geracioti TD Jr. Loosen PT, Orth DN. Low cerebrospinal fluid corticotropin-releasing hormone
concentrations in eucortisolemic depression. Biol. Psychiatry 1997;42:165–174. [PubMed: 9232208]

Risbrough and Stein Page 13

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Gewirtz JC, McNish KA, Davis M. Lesions of the bed nucleus of the stria terminalis block sensitization
of the acoustic startle reflex produced by repeated stress, but not fear-potentiated startle. Prog. Neuro-
Psychopharmacol. Biol. Psychiatry 1998;22:625–648.

Geyer MA, Braff DL. Startle habituation and sensorimotor gating in schizophrenia and related animal
models. Schizophr. Bull 1987;13(4):643–668. [PubMed: 3438708]

Geyer MA, Krebs-Thomson K, Braff DL, Swerdlow NR. Pharmacological studies of prepulse inhibition
models of sensorimotor gating deficits in schizophrenia: a decade in review. Psychopharmacology
(Berlin) 2001;156:117–154. [PubMed: 11549216]

Gilbertson MW, Shenton ME, Ciszewski A, Kasai K, Lasko NB, Orr SP, Pitman RK. Smaller
hippocampal volume predicts pathologic vulnerability to psychologicaltrauma. Nat. Neurosci
2002;5:1242–1247. [PubMed: 12379862]

Gillette GM, Skinner RD, Rasco LM, Fielstein EM, Davis DH, Pawelak JE, Freeman TW, Karson CN,
Boop FA, Garcia-Rill E. Combat veterans with posttraumatic stress disorder exhibit decreased
habituation of the P1 midlatency auditory evoked potential. Life Sci 1997;61:1421–1434. [PubMed:
9335232]

Goozen SHM, Snoek H, Matthys W, Rossum I, Engeland H. Evidence of fearlessness in behaviourally
disordered children: a study on startle reflex modulation. J. Child Psychol. Psychiatry 2004;45:884–
892. [PubMed: 15056318]

Graham FK. Presidential Address, 1974. The more or less startling effects of weak prestimulation.
Psychophysiology 1975;12:238–248. [PubMed: 1153628]

Grigoriadis DE. The corticotropin-releasing factor receptor: a novel target for the treatment of depression
and anxiety-related disorders. Expert Opin. Ther. Targets 2005;9:651–684. [PubMed: 16083336]

Grillon C, Baas J. A review of the modulation of the startle reflex by affective states and its application
in psychiatry. Clin. Neurophysiol 2003;114:1557–1579. [PubMed: 12948786]

Grillon C, Morgan CA. Fear-potentiated startle conditioning to explicit and contextual cues in Gulf War
veterans with posttraumatic stress disorder. J. Abnorm. Psychol 1999;108:134–142. [PubMed:
10066999]

Grillon C, Morgan CA, Southwick SM, Davis M, Charney DS. Baseline startle amplitude and prepulse
inhibition in Vietnam veterans with posttraumatic stress disorder. Psychiatry Res 1996;64:169–178.
[PubMed: 8944395]

Grillon C, Dierker L, Merikangas KR. Startle modulation in children at risk for anxiety disorders and/or
alcoholism. J. Am. Acad. Child Adolesc. Psych 1997;36:925–932.

Grillon C, Dierker L, Merikangas KR. Fear-potentiated startle in adolescent offspring of parents with
anxiety disorders. Biol. Psychiatry 1998a;44:990–997. [PubMed: 9821563]

Grillon C, Morgan CA III, Davis M, Southwick SM. Effects of experimental context and explicit threat
cues on acoustic startle in Vietnam veterans with posttraumatic stress disorder. Biol. Psychiatry
1998b;44:1027–1036. [PubMed: 9821567]

Grillon C, Pine DS, Baas JMP, Lawley M, Ellis V, Charney DS. Cortisol and DHEA-S are associated
with startle potentiation during aversive conditioning in humans. Psychopharmacology 2005a;
186:434–441. [PubMed: 16052364]

Grillon C, Warner V, Hille J, Merikangas KR, Bruder GE, Tenke CE, Nomura Y, Leite P, Weissman
MM. Families at high and low risk for depression: a three-generation startle study. Biological.
Psychiatry 2005b;57:953. [PubMed: 15860334]

Guthrie RM, Bryant RA. Auditory startle response in firefighters before and after trauma exposure. Am.
J. Psychiatry 2005;162:283–290. [PubMed: 15677592]

Gutman DA, Owens MJ, Skelton KH, Thrivikraman KV, Nemeroff CB. The corticotropin-releasing
factor1 receptor antagonist R121919 attenuates the behavioral and endocrine responses to stress. J.
Pharmacol. Exp. Ther 2003;304:874–880. [PubMed: 12538845]

Habib KE, Weld KP, Rice KC, Pushkas J, Champoux M, Listwak S, Webster EL, Atkinson AJ, Schulkin
J, Contoreggi C, Chrousos GP, McCann SM, Suomi SJ, Higley JD, Gold PW. Oral administration
of a corticotropin-releasing hormone receptor antagonist significantly attenuates behavioral,
neuroendocrine, and autonomic responses to stress in primates. Proc. Natl. Acad. Sci. U. S. A
2000;97:6079–6084. [PubMed: 10823952]

Risbrough and Stein Page 14

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Hammack SE, Richey KJ, Schmid MJ, LoPresti ML, Watkins LR, Maier SF. The role of corticotropin-
releasing hormone in the dorsal raphe nucleus in mediating the behavioral consequences of
uncontrollable stress. J. Neurosci 2002;22:1020–1026. [PubMed: 11826130]

Hammack SE, Pepin JL, DesMarteau JS, Watkins LR, Maier SF. Low doses of corticotropin-releasing
hormone injected into the dorsal raphe nucleus block the behavioral consequences of uncontrollable
stress. Behav. Brain Res 2003a;147:55–64. [PubMed: 14659570]

Hammack SE, Schmid MJ, LoPresti ML, Der-Avakian A, Pellymounter MA, Foster AC, Watkins LR,
Maier SF. Corticotropin releasing hormone type 2 receptors in the dorsal raphe nucleus mediate the
behavioral consequences of uncontrollable stress. J. Neurosci 2003b;23:1019–1025. [PubMed:
12574432]

Hasler G, Drevets WC, Manji HK, Charney DS. Discovering endophenotypes for major depression.
Neuropsychopharmacology. 2004

Hauger RL, Risbrough VB, Brauns O, Dautyenberg FM. Corticotropin releasing factor receptor signaling
in the central nervous system: new molecular targets. Current Drug Targets. in press

Hawk LW Jr. Kowmas AD. Affective modulation and prepulse inhibition of startle among undergraduates
high and low in behavioral inhibition and approach. Psychophysiology 2003;40:131–138. [PubMed:
12751810]

Heinrichs SC, De Souza EB, Schulteis G, Lapsansky JL, Grigoriadis DE. Brain penetrance, receptor
occupancy and antistress in vivo efficacy of a small molecule corticotropin releasing factor type I
receptor selective antagonist. Neuropsychopharmacology 2002;27:194–202. [PubMed: 12093593]

Heldt S, Sundin V, Willott JF, Falls WA. Posttraining lesions of the amygdala interfere with fear-
potentiated startle to both visual and auditory conditioned stimuli in C57BL/6J mice. Behav. Neurosci
2000;114:749–759. [PubMed: 10959534]

Heuser I, Bissette G, Dettling M, Schweiger U, Gotthardt U, Schmider J, Lammers CH, Nemeroff C,
Holsboer F. Cerebrospinal fluid concentrations of corticotropin-releasing hormone, vasopressin, and
somatostatin in depressed patients and healthy controls: response to amitriptyline treatment. Depress.
Anxiety 1998;8:71–79. [PubMed: 9784981]

Ho SP, Takahashi LK, Livanov V, Spencer K, Lesher T, Maciag C, Smith MA, Rohrbach KW, Hartig
PR, Arneric SP. Attenuation of fear conditioning by antisense inhibition of brain corticotropin
releasing factor-2 receptor. Brain Res. Mol. Brain Res 2001;89:29–40. [PubMed: 11311973]

Hoffman HS, Ison JR. Reflex modification in the domain of startle: I: Some empirical findings and their
implications for how the nervous system processes sensory input. Psychol. Rev 1980;87:175–189.
[PubMed: 7375610]

Hucks D, Lowther S, Crompton MR, Katona CL, Horton RW. Corticotropin-releasing factor binding
sites in cortex of depressed suicides. Psychopharmacology (Berlin) 1997;134:174–178. [PubMed:
9399381]

Hull AM. Neuroimaging findings in post-traumatic stress disorder. Systematic review. Br. J. Psychiatry
2002;181:102–110.

Jolkkonen J, Lepola U, Bissette G, Nemeroff C, Riekkinen P. CSF corticotropin-releasing factor is not
affected in panic disorder. Biol. Psychiatry 1993;33:136–138. [PubMed: 8439604]

Kaviani H, Gray JA, Checkley SA, Raven PW, Wilson GD, Kumari V. Affective modulation of the startle
response in depression: influence of the severity of depression, anhedonia, and anxiety. J. Affect.
Disord 2004;83:21–31. [PubMed: 15546642]

Kellner M, Schick M, Yassouridis A, Struttmann T, Wiedemann K, Alm B. Metyrapone tests in patients
with panic disorder. Biol. Psychiatry 2004;56:898–900. [PubMed: 15576069]

Kessler RC, Chiu WT, Demler O, Merikangas KR, Walters EE. Prevalence, severity, and comorbidity
of 12-month DSM-IV disorders in the National Comorbidity Survey Replication. Arch. Gen.
Psychiatry 2005;62:617–627. [PubMed: 15939839]

Kishimoto T, Radulovic J, Radulovic M, Lin CR, Schrick C, Hooshmand F, Hermanson O, Rosenfeld
MG, Spiess J. Deletion of crhr2 reveals an anxiolytic role for corticotropin-releasing hormone
receptor-2. Nat. Genet 2000;24:415–419. [PubMed: 10742109]

Klorman R, Cicchetti D, Thatcher JE, Ison JR. Acoustic startle in maltreated children. J. Abnorm. Child
Psychol 2003;31:359–370. [PubMed: 12831226]

Risbrough and Stein Page 15

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Koob GF. Corticotropin-releasing factor, norepinephrine, and stress. Biol. Psychiatry 1999;46:1167–
1180. [PubMed: 10560023]

Koob GF, Heinrichs SC. Corticotropin-releasing factor in brain: a role in activation, arousal and affect
regulation. J. Pharmacol. Exp. Ther. 2004

Kostich WA, Chen A, Sperle K, Largent BL. Molecular identification and analysis of a novel human
corticotropin-releasing factor (CRF) receptor: the CRF2gamma receptor. Mol. Endocrinol
1998;12:1077–1085. [PubMed: 9717834]

Kostich WA, Grzanna R, Lu NZ, Largent BL. Immunohistochemical visualization of corticotropin-
releasing factor type 1 (CRF1) receptors in monkey brain. J. Comp. Neurol 2004;478:111–125.
[PubMed: 15349973]

Kumari V, Gray JA, Geyer MA, ffytche D, Soni W, Mitterschiffthaler MT, Vythelingum GN, Simmons
A, Williams SCR, Sharma T. Neural correlates of tactile prepulse inhibition: a functional MRI study
in normal and schizophrenic subjects. Psychiatry Res. Neuroimaging 2003;122:99–113.

Lang PJ. The emotion probe. Studies of motivation and attention. Am. Psychol 1995;50:372–385.
[PubMed: 7762889]

Lang PJ, Bradley MM, Cuthbert BN. Emotion, attention, and the startle reflex. Psychol. Rev
1990;97:377–395. [PubMed: 2200076]

Lavicky J, Dunn AJ. Corticotropin-releasing factor stimulates catecholamine release in hypothalamus
and prefrontal cortex in freely moving rats as assessed by microdialysis. J. Neurochem
1993;60:602–612. [PubMed: 7678287]

Le AD, Harding S, Juzytsch W, Fletcher PJ, Shaham Y. The role of corticotropin-releasing factor in the
median raphe nucleus in relapse to alcohol. J. Neurosci 2002;22:7844–7849. [PubMed: 12223536]

Leake A, Perry EK, Perry RH, Fairbairn AF, Ferrier IN. Cortical concentrations of corticotropin-releasing
hormone and its receptor in Alzheimer type dementia and major depression. Biol. Psychiatry
1990;28:603–608. [PubMed: 2171685]

Lee Y, Davis M. Role of the hippocampus, the bed nucleus of the stria terminalis, and the amygdala in
the excitatory effect of corticotropin-releasing hormone on the acoustic startle reflex. J. Neurosci
1997;17:6434–6446. [PubMed: 9236251]

Lee Y, Schulkin J, Davis M. Effect of corticosterone on the enhancement of the acoustic startle reflex by
corticotropin releasing factor (CRF). Brain Res 1994;666:93–98. [PubMed: 7889373]

Lewis DA, Foote SL, Cha CI. Corticotropin-releasing factor immunoreactivity in monkey neocortex: an
immunohistochemical analysis. J. Comp. Neurol 1989;290:599–613. [PubMed: 2613945]

Lewis K, Li C, Perrin MH, Blount A, Kunitake K, Donaldson C, Vaughan J, Reyes TM, Gulyas J, Fischer
W, Bilezikjian L, Rivier J, Sawchenko PE, Vale WW. Identification of urocortin III, an additional
member of the corticotropin-releasing factor (CRF) family with high affinity for the CRF2 receptor.
Proc. Natl. Acad. Sci. U. S. A 2001;98:7570–7575. [PubMed: 11416224]

Liaw CW, Lovenberg TW, Barry G, Oltersdorf T, Grigoriadis DE, de Souza EB. Cloning and
characterization of the human corticotropin-releasing factor-2 receptor complementary
deoxyribonucleic acid. Endocrinology 1996;137:72–77. [PubMed: 8536644]

Lissek S, Powers AS, McClure EB, Phelps EA, Woldehawariat G, Grillon C, Pine DS. Classical fear
conditioning in the anxiety disorders: a meta-analysis. Behav. Res. Ther. 2005

Liu J, Yu B, Neugebauer V, Grigoriadis DE, Rivier J, Vale WW, Shinnick-Gallagher P, Gallagher JP.
Corticotropin-releasing factor and Urocortin I modulate excitatory glutamatergic synaptic
transmission. J. Neurosci 2004;24:4020–4029. [PubMed: 15102917]

Lorberbaum JP, Kose S, Johnson MR, Arana GW, Sullivan LK, Hamner MB, Ballenger JC, Lydiard RB,
Brodrick PS, Bohning DE, George MS. Neural correlates of speech anticipatory anxiety in
generalized social phobia. NeuroReport 2004;15:2701–2705. [PubMed: 15597038]

Lovenberg TW, Liaw CW, Grigoriadis DE, Clevenger W, Chalmers DT, De Souza EB, Oltersdorf T.
Cloning and characterization of a functionally distinct corticotropin-releasing factor receptor
subtype from rat brain. Proc. Natl. Acad. Sci. U. S. A 1995;92:836–840. [PubMed: 7846062]

Ludewig S, Ludewig K. No prepulse inhibition deficits in patients with unipolar depression. Depress.
Anxiety 2003;17:224–225. [PubMed: 12820179]

Risbrough and Stein Page 16

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Ludewig S, Ludewig K, Geyer MA, Hell D, Vollenweider FX. Prepulse inhibition deficits in patients
with panic disorder. Depress. Anxiety 2002;15:55–60. [PubMed: 11891993]

Ludewig S, Geyer MA, Ramseier M, Vollenweider FX, Rechsteiner E, Cattapan-Ludewig K.
Information-processing deficits and cognitive dysfunction in panic disorder. J. Psychiatry Neurosci
2005;30:37–43. [PubMed: 15644996]

Makino S, Gold PW, Schulkin J. Corticosterone effects on corticotropin-releasing hormone mRNA in
the central nucleus of the amygdala and the parvocellular region of the paraventricular nucleus of
the hypothalamus. Brain Res 1994a;640:105–112. [PubMed: 8004437]

Makino S, Gold PW, Schulkin J. Effects of corticosterone on CRH mRNA and content in the bed nucleus
of the stria terminalis; comparison with the effects in the central nucleus of the amygdala and the
paraventricular nucleus of the hypothalamus. Brain Res 1994b;657:141–149. [PubMed: 7820612]

Mansbach RS, Geyer MA. Blockade of potentiated startle responding in rats by 5-hydroxytryptamine1A
receptor ligands. Eur. J. Pharmacol 1988;156:375–383. [PubMed: 2975225]

McKenna MT, Michaud CM, Murray CJ, Marks JS. Assessing the burden of disease in the United States
using disability-adjusted life years. Am. J. Prev. Med 2005;28:415–423. [PubMed: 15894144]

Medina AM, Mejia VY, Schell AM, Dawson ME, Margolin G. Startle reactivity and PTSD symptoms
in a community sample of women. Psychiatry Res 2001;101:157–169. [PubMed: 11286819]

Mendlowicz MV, Stein MB. Quality of life in individuals with anxiety disorders. Am. J. Psychiatry
2000;157:669–682. [PubMed: 10784456]

Merali Z, Du L, Hrdina P, Palkovits M, Faludi G, Poulter MO, Anisman H. Dysregulation in the suicide
brain: mRNA expression of corticotropin-releasing hormone receptors and GABAA receptor
subunits in frontal cortical brain region. J. Neurosci 2004;24:1478–1485. [PubMed: 14960621]

Merikangas KR, Avenevoli S, Dierker L, Grillon C. Vulnerability factors among children at risk for
anxiety disorders. Biol. Psychiatry 1999;46:1523–1535. [PubMed: 10599480]

Metzger LJ, Orr SP, Berry NJ, Ahern CE, Lasko NB, Pitman RK. Physiologic reactivity to startling tones
in women with posttraumatic stress disorder. J. Abnorm. Psychol 1999;108:347–352. [PubMed:
10369045]

Milad MR, Quirk GJ. Neurons in medial prefrontal cortex signal memory for fear extinction. Nature
2002;420:70–74. [PubMed: 12422216]

Morgan CA III, Grillon C, Southwick SM, Davis M, Charney DS. Fear-potentiated startle in posttraumatic
stress disorder. Biol. Psychiatry 1995;38:378–385. [PubMed: 8547457]

Morgan CA III, Grillon C, Southwick SM, Davis M, Charney DS. Exaggerated acoustic startle reflex in
Gulf War veterans with posttraumatic stress disorder. Am. J. Psychiatry 1996;153:64–68. [PubMed:
8540594]

Murray CJ, Lopez AD. Alternative projections of mortality and disability by cause 1990-2020: Global
Burden of Disease Study. Lancet 1997;349:1498–1504. [PubMed: 9167458]

Myers KM, Davis M. Behavioral and neural analysis of extinction. Neuron 2002;36:567–584. [PubMed:
12441048]

Nair HP, Gutman AR, Davis M, Young LJ. Central oxytocin, vasopressin, and corticotropin-releasing
factor receptor densities in the basal forebrain predict isolation potentiated startle in rats. J. Neurosci
2005;25:11479–11488. [PubMed: 16339041]

Nemeroff CB. Psychopharmacology of affective disorders in the 21st century. Biol. Psychiatry
1998;44:517–525. [PubMed: 9787875]

Nemeroff CB, Widerlov E, Bissette G, Walleus H, Karlsson I, Eklund K, Kilts CD, Loosen PT, Vale W.
Elevated concentrations of CSF corticotropin-releasing factor-like immunoreactivity in depressed
patients. Science 1984;226:1342–1344. [PubMed: 6334362]

Nemeroff CB, Owens MJ, Bissette G, Andorn AC, Stanley M. Reduced corticotropin releasing factor
binding sites in the frontal cortex of suicide victims. Arch. Gen. Psychiatry 1988;45:577–579.
[PubMed: 2837159]

Nemeroff CB, Bissette G, Akil H, Fink M. Neuropeptide concentrations in the cerebrospinal fluid of
depressed patients treated with electroconvulsive therapy. Corticotrophin-releasing factor, beta-
endorphin and somatostatin. Br. J. Psychiatry 1991;158:59–63. [PubMed: 1673078]

Risbrough and Stein Page 17

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Neumeister A, Bain E, Nugent AC, Carson RE, Bonne O, Luckenbaugh DA, Eckelman W, Herscovitch
P, Charney DS, Drevets WC. Reduced serotonin type 1A receptor binding in panic disorder. J.
Neurosci 2004;24:589–591. [PubMed: 14736842]

Nitschke JB, Larson CL, Smoller MJ, Navin SD, Pederson AJ, Ruffalo D, Mackiewicz KL, Gray SM,
Victor E, Davidson RJ. Startle potentiation in aversive anticipation: evidence for state but not trait
effects. Psychophysiology 2002;39:254–258. [PubMed: 12212676]

Norris C, Blumenthal T. A relationship between inhibition of the acoustic startle response and the
protection of prepulse processing. Psychobiology 1996;24:160–168.

Ornitz EM, Pynoos RS. Startle modulation in children with posttraumatic stress disorder. Am. J.
Psychiatry 1989;146:866–870. [PubMed: 2742011]

Orr SP, Lasko NB, Shalev AY, Pitman RK. Physiologic responses to loud tones in Vietnam veterans with
posttraumatic stress disorder. J. Abnorm. Psychol 1995;104:75–82. [PubMed: 7897056]

Orr SP, Metzger LJ, Lasko NB, Macklin ML, Peri T, Pitman RK. De novo conditioning in trauma-exposed
individuals with and without posttraumatic stress disorder. J. Abnorm. Psychol 2000;109:290–298.
[PubMed: 10895567]

Osuch E, Ursano R, Li H, Webster M, Hough C, Fullerton C, Leskin G. Brain environment interactions:
stress, posttraumatic stress disorder, and the need for a postmortem brain collection. Psychiatry
2004;67:353–383. [PubMed: 15801377]

Pecoraro N, Gomez F, Dallman MF. Glucocorticoids dose-dependently remodel energy stores and
amplify incentive relativity effects. Psychoneuroendocrinology 2005;30:815–825. [PubMed:
15905038]

Peri T, Ben-Shakhar G, Orr SP, Shalev AY. Psychophysiologic assessment of aversive conditioning in
posttraumatic stress disorder. Biol. Psychiatry 2000;47:512–519. [PubMed: 10715357]

Perrin MH, Donaldson CJ, Chen R, Lewis KA, Vale WW. Cloning and functional expression of a rat
brain corticotropin releasing factor (CRF) receptor. Endocrinology 1993;133:3058–3061.
[PubMed: 8243338]

Perry W, Minassian A, Feifel D. Prepulse inhibition in patients with non-psychotic major depressive
disorder. J. Affect. Disord 2004;81:179–184. [PubMed: 15306146]

Price ML, Lucki I. Regulation of serotonin release in the lateral septum and striatum by corticotropin-
releasing factor. J. Neurosci 2001;21:2833–2841. [PubMed: 11306635]

Quednow BB, Westheide J, Kuhn K-U, Werner P, Maier W, Hawellek B, Wagner M. Normal prepulse
inhibition and habituation of acoustic startle response in suicidal depressive patients without
psychotic symptoms. J. Affective Disord 2006;92:299–303.

Raadsheer FC, Hoogendijk WJ, Stam FC, Tilders FJ, Swaab DF. Increased numbers of corticotropin-
releasing hormone expressing neurons in the hypothalamic paraventricular nucleus of depressed
patients. Neuroendocrinology 1994;60:436–444. [PubMed: 7824085]

Raadsheer FC, van Heerikhuize JJ, Lucassen PJ, Hoogendijk WJ, Tilders FJ, Swaab DF. Corticotropin-
releasing hormone mRNA levels in the paraventricular nucleus of patients with Alzheimer’s disease
and depression. Am. J. Psychiatry 1995;152:1372–1376. [PubMed: 7653697]

Radant A, Tsuang D, Peskind ER, McFall M, Raskind W. Biological markers and diagnostic accuracy
in the genetics of posttraumatic stress disorder. Psychiatry Res 2001;102:203–215. [PubMed:
11440771]

Radulovic J, Ruhmann A, Liepold T, Spiess J. Modulation of learning and anxiety by corticotropin-
releasing factor (CRF) and stress: differential roles of CRF receptors 1 and 2. J. Neurosci
1999;19:5016–5025. [PubMed: 10366634]

Radulovic J, Fischer A, Katerkamp U, Spiess J. Role of regional neurotransmitter receptors in
corticotropin-releasing factor (CRF)-mediated modulation of fear conditioning.
Neuropharmacology 2000;39:707–710. [PubMed: 10728892]

Rattiner LM, Davis M, French CT, Ressler KJ. Brain-derived neurotrophic factor and tyrosine kinase
receptor B involvement in amygdala-dependent fear conditioning. J. Neurosci 2004;24:4796–4806.
[PubMed: 15152040]

Reul JM, Holsboer F. Corticotropin-releasing factor receptors 1 and 2 in anxiety and depression. Curr.
Opin. Pharmacol 2002;2:23–33. [PubMed: 11786305]

Risbrough and Stein Page 18

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Reyes TM, Lewis K, Perrin MH, Kunitake KS, Vaughan J, Arias CA, Hogenesch JB, Gulyas J, Rivier J,
Vale WW, Sawchenko PE. Urocortin II: a member of the corticotropin-releasing factor (CRF)
neuropeptide family that is selectively bound by type 2 CRF receptors. Proc. Natl. Acad. Sci. U. S.
A 2001;98:2843–2848. [PubMed: 11226328]

Risbrough VB, Geyer MA. Anxiogenic treatments do not increase fear-potentiated startle in mice. Biol.
Psychiatry 2005;57:33–43. [PubMed: 15607298]

Risbrough VB, Brodkin JD, Geyer MA. GABA-A and 5-HT1A receptor agonists block expression of
fear-potentiated startle in mice. Neuropsychopharmacology 2003a;28:654–663. [PubMed:
12655310]

Risbrough VB, Hauger RL, Pelleymounter MA, Geyer MA. Role of corticotropin releasing factor (CRF)
receptors 1 and 2 in CRF-potentiated acoustic startle in mice. Psychopharmacology (Berlin) 2003b;
170:178–187. [PubMed: 12845406]

Risbrough VB, Hauger RL, Roberts AL, Vale WW, Geyer MA. Corticotropin-releasing factor receptors
CRF1 and CRF2 exert both additive and opposing influences on defensive startle behavior. J.
Neurosci 2004;24:6545–6552. [PubMed: 15269266]

Roozendaal B, Brunson KL, Holloway BL, McGaugh JL, Baram TZ. Involvement of stress-released
corticotropin-releasing hormone in the basolateral amygdala in regulating memory consolidation.
Proc. Natl. Acad. Sci 2002;99:13908–13913. [PubMed: 12361983]

Rothbaum BO, Davis M. Applying learning principles to the treatment of post-trauma reactions. Ann.
N. Y. Acad. Sci 2003;1008:112–121. [PubMed: 14998877]

Sananbenesi F, Fischer A, Schrick C, Spiess J, Radulovic J. Mitogen-activated protein kinase signaling
in the hippocampus and its modulation by corticotropin-releasing factor receptor 2: a possible link
between stress and fear memory. J. Neurosci 2003;23:11436–11443. [PubMed: 14673008]

Sanchez MM, Young LJ, Plotsky PM, Insel TR. Autoradiographic and in situ hybridization localization
of corticotropin-releasing factor 1 and 2 receptors in nonhuman primate brain. J. Comp. Neurol
1999;408:365–377. [PubMed: 10340512]

Sanchez MM, Noble PM, Lyon CK, Plotsky PM, Davis M, Nemeroff CB, Winslow JT. Alterations in
diurnal cortisol rhythm and acoustic startle response in nonhuman primates with adverse rearing.
Biol. Psychiatry 2005;57:373. [PubMed: 15705353]

Sautter FJ, Bissette G, Wiley J, Manguno-Mire G, Schoenbachler B, Myers L, Johnson JE, Cerbone A,
Malaspina D. Corticotropin-releasing factor in posttraumatic stress disorder (PTSD) with secondary
psychotic symptoms, nonpsychotic PTSD, and healthy control subjects. Biol. Psychiatry
2003;54:1382–1388. [PubMed: 14675802]

Schelling G, Roozendaal B, De Quervain DJ. Can posttraumatic stress disorder be prevented with
glucocorticoids. Ann. N. Y. Acad. Sci 2004;1032:158–166. [PubMed: 15677403]

Schneider F, Weiss U, Kessler C, Muller-Gartner HW, Posse S, Salloum JB, Grodd W, Himmelmann F,
Gaebel W, Birbaumer N. Subcortical correlates of differential classical conditioning of aversive
emotional reactions in social phobia. Biol. Psychiatry 1999;45:863–871. [PubMed: 10202574]

Schulkin J, Morgan MA, Rosen JB. A neuroendocrine mechanism for sustaining fear. Trends Neurosci
2005;28:629–635. [PubMed: 16214230]

Schulz DW, Mansbach RS, Sprouse J, Braselton JP, Collins J, Corman M, Dunaiskis A, Faraci S, Schmidt
AW, Seeger T, Seymour P, Tingley FD III, Winston EN, Chen YL, Heym J. CP-154,526: a potent
and selective nonpeptide antagonist of corticotropin releasing factor receptors. Proc. Natl. Acad.
Sci. U. S. A 1996;93:10477–10482. [PubMed: 8816826]

Shalev AY, Peri T, Brandes D, Freedman S, Orr SP, Pitman RK. Auditory startle response in trauma
survivors with posttraumatic stress disorder: a prospective study. Am. J. Psychiatry 2000;157:255–
261. [PubMed: 10671396]

Shekhar A, Truitt W, Rainnie D, Sajdyk T. Role of stress, corticotrophin releasing factor (CRF) and
amygdala plasticity in chronic anxiety. Stress 2005;8:209–219. [PubMed: 16423710]

Shepard JD, Barron KW, Myers DA. Stereotaxic localization of corticosterone to the amygdala enhances
hypothalamo-pituitary-adrenal responses to behavioral stress. Brain Res 2003;963:203. [PubMed:
12560126]

Risbrough and Stein Page 19

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Sipos ML, Bauman RA, Widholm JJ, Kant GJ. Behavioral effects Of 8-OH-DPAT in chronically stressed
male and female rats. Pharmacol. Biochem. Behav 2000;66:403–411. [PubMed: 10880697]

Skinner RD, Rasco LM, Fitzgerald J, Karson CN, Matthew M, Williams DK, Garcia-Rill E. Reduced
sensory gating of the P1 potential in rape victims and combat veterans with posttraumatic stress
disorder. Depress. Anxiety 1999;9:122–130. [PubMed: 10356650]

Smoller JW, Rosenbaum JF, Biederman J, Kennedy J, Dai D, Racette SR, Laird NM, Kagan J, Snidman
N, Hirshfeld-Becker D, Tsuang MT, Sklar PB, Slaugenhaupt SA. Association of a genetic marker
at the corticotropin-releasing hormone locus with behavioral inhibition. Biol. Psychiatry
2003;54:1376–1381. [PubMed: 14675801]

Smoller JW, Yamaki LH, Fagerness JA, Biederman J, Racette S, Laird NM, Kagan J, Snidman N, Faraone
SV, Hirshfeld-Becker D. The corticotropin-releasing hormone gene and behavioral inhibition in
children at risk for panic disorder. Biol. Psychiatry 2005;57:1485–1492. [PubMed: 15953484]

Soravia LM, Heinrichs M, Aerni A, Maroni C, Schelling G, Ehlert U, Roozendaal B, de Quervain DJ.
Glucocorticoids reduce phobic fear in humans. Proc. Natl. Acad. Sci. U. S. A. 2006

Spina M, Merlo-Pich E, Chan RK, Basso AM, Rivier J, Vale W, Koob GF. Appetite-suppressing effects
of urocortin, a CRF-related neuropeptide. Science 1996;273:1561–1564. [PubMed: 8703220]

Stein, MG.; Lang, AL. Anxiety and stress disorders: course over the lifetime. In: Davis, KL.; Charney,
DS.; Coyle, JT.; Nemeroff, C., editors. Neuropsychopharmacology. The Fifth Generation of
Progress. Lippincott Williams and Wilkins; Philadelphia: 2004. p. 859-866.

Swerdlow NR, Geyer MA, Vale WW, Koob GF. Corticotropin-releasing factor potentiates acoustic startle
in rats: blockade by chlordiazepoxide. Psychopharmacology (Berlin) 1986;88:147–152. [PubMed:
3081925]

Swerdlow NR, Britton KT, Koob GF. Potentiation of acoustic startle by corticotropin-releasing factor
(CRF) and by fear are both reversed by alpha-helical CRF (9-41). Neuropsychopharmacology
1989;2:285–292. [PubMed: 2610824]

Swerdlow NR, Geyer MA, Blumenthal T, Hartman PL. Effects of discrete acoustic prestimuli on
perceived intensity and behavioral responses to startling acoustic and tactile stimuli. Psychobiology
1999;27:54–556.

Swerdlow NR, Geyer MA, Braff DL. Neural circuit regulation of prepulse inhibition of startle in the rat:
current knowledge and future challenges. Psychopharmacology (Berlin) 2001;156:194–215.
[PubMed: 11549223]

Toufexis DJ, Myers KM, Davis M. The effects of gonadal hormones and gender on anxiety and emotional
learning in the rat. Horm. Behav. this volume

Valdez GR, Zorrilla EP, Koob GF. Homeostasis within the corticotropin-releasing factor system via
CRF2 receptor activation: a novel approach for the treatment of anxiety. Drug Dev. Res
2005;65:205–215.

Vale W, Spiess J, Rivier C, Rivier J. Characterization of a 41-residue ovine hypothalamic peptide that
stimulates secretion of corticotropin and beta-endorphin. Science 1981;213:1394–1397. [PubMed:
6267699]

Valentino RJ, Commons KG. Peptides that fine-tune the serotonin system. Neuropeptides 2005;39:1–8.
[PubMed: 15627494]

Van Den Eede F, Van Broeckhoven C, Claes SJ. Corticotropin-releasing factor-binding protein, stress
and major depression. Ageing Res. Rev 2005;4:213–239. [PubMed: 15996902]

Van Pett K, Viau V, Bittencourt JC, Chan RK, Li HY, Arias C, Prins GS, Perrin M, Vale W, Sawchenko
PE. Distribution of mRNAs encoding CRF receptors in brain and pituitary of rat and mouse. J.
Comp. Neurol 2000;428:191–212. [PubMed: 11064361]

Waddell, J.; Falls, W. Abstract reviewer/Itinerary Planner. Society for Neuroscience; Washington D.C.:
2003. Corticotropin - releasing hormone (CRF) antagonist alpha - helical CRF blocks reinstatement
of extinguished conditioned fear. P. N. 538.6

Walker DL, Davis M. Quantifying fear potentiated startle using absolute versus proportional increase
scoring methods: implications for the neurocircuitry of fear and anxiety. Psychopharmacology
(Berlin) 2002a;164:318–328. [PubMed: 12424556]

Risbrough and Stein Page 20

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Walker DL, Davis M. The role of amygdala glutamate receptors in fear learning, fear-potentiated startle,
and extinction. Pharmacol. Biochem. Behav 2002b;71:379–392. [PubMed: 11830172]

Walker DL, Ressler KJ, Lu KT, Davis M. Facilitation of conditioned fear extinction by systemic
administration or intra-amygdala infusions of D-cycloserine as assessed with fear-potentiated startle
in rats. J. Neurosci 2002;22:2343–2351. [PubMed: 11896173]

Weike AI, Hamm AO, Schupp HT, Runge U, Schroeder HWS, Kessler C. Fear conditioning following
unilateral temporal lobectomy: dissociation of conditioned startle potentiation and autonomic
learning. J. Neurosci 2005;25:11117–11124. [PubMed: 16319311]

Wessa, M.l.; Karl, A.; Flor, H. Central and peripheral psychophysiological responses to trauma-related
cues in subclinical posttraumatic stress disorder: a pilot study. Exp. Brain Res 2005;167:56.
[PubMed: 16034572]

Yang YL, Chao PK, Lu KT. Systemic and intra-amygdala administration of glucocorticoid agonist and
antagonist modulate extinction of conditioned fear. Neuropsychopharmacology 2006;31:912–924.
[PubMed: 16205786]

Yehuda R. Post-traumatic stress disorder. N. Engl. J. Med 2002;346:108–114. [PubMed: 11784878]
Yeomans JS, Li L, Scott BW, Frankland PW. Tactile, acoustic and vestibular systems sum to elicit the

startle reflex. Neurosci. Biobehav. Rev 2002;26:1–11. [PubMed: 11835980]
Yilmazer-Hanke DM, Faber-Zuschratter H, Linke R, Schwegler H. Contribution of amygdala neurons

containing peptides and calcium-binding proteins to fear-potentiated startle and exploration-related
anxiety in inbred Roman high- and low-avoidance rats. Eur. J. Neurosci 2002;15:1206–1218.
[PubMed: 11982631]

Young EA, Abelson JL, Cameron OG. Effect of comorbid anxiety disorders on the hypothalamic-
pituitary-adrenal axis response to a social stressor in major depression. Biol. Psychiatry
2004;56:113–120. [PubMed: 15231443]

Zobel AW, Nickel T, Kunzel HE, Ackl N, Sonntag A, Ising M, Holsboer F. Effects of the high-affinity
corticotropin-releasing hormone receptor 1 antagonist R121919 in major depression: the first 20
patients treated. J. Psychiatr. Res 2000;34:171–181. [PubMed: 10867111]

Zorrilla EP, Koob GF. The therapeutic potential of CRF1 antagonists for anxiety. Expert Opin. Invest.
Drugs 2004;13:799–828.

Risbrough and Stein Page 21

Horm Behav. Author manuscript; available in PMC 2007 May 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


