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Abstract

This review introduces a research strategy that may radically transform the pursuit of new
anxiolytics, via the use of human models of anxiety in healthy individuals. Despite enormous
investments in developing novel pharmacological treatments for anxiety disorders,
pharmacotherapy for these conditions remains suboptimal. Most candidate anxiolytics from
animal studies fail in clinical trials. We propose an additional screening step to help select
candidate anxiolytics before launching clinical trials. This intermediate step moves the evidence
for the potential anxiolytic property of candidate drugs from animals to humans, using
experimental models of anxiety in healthy individuals. Anxiety-potentiated startle is a robust
translational model of anxiety. The review of its face, construct, and predictive validity as well as
its psychometric properties in humans establishes it as a promising tool for anxiolytic drug
development. In conclusion, human models of anxiety may stir a faster, more efficient path for the
development of clinically effective anxiolytics.
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1. Introduction

Anxiety disorders are the most common psychiatric disorders, with an estimated lifetime
prevalence of over 28% of the population (Kessler et al., 2005). These conditions are
debilitating, impair quality of life, and are costly (Bandelow and Michaelis, 2015).
Unfortunately, the treatment of anxiety disorders is a significant challenge. Current
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treatments consist of a few key agents that are helpful, but with limitations (Griebel and
Holmes, 2013; Insel and Scolnick, 2006; Papassotiropoulos and de Quervain, 2015). The
challenge remains to develop more effective anxiolytic treatments. A considerable
impediment to drug development is the long, arduous, and costly process through which a
candidate drug moves from the discovery stage into an actual treatment. Currently, this
process entails multiple steps, from 1) identifying biological targets, developing molecules
that interact with these targets, and screening candidate agents in animal models, 2)
establishing safety of potentially effective doses in healthy humans in phase I clinical trials,
3) moving to clinical trials in patients in phase 11 trials to detect pharmacodynamics activity
and determine effective doses and large-scale multicenter phase 111 trials to determine drug
efficacy, and 4) finally requesting approval for New Drug Application from the Food and
Drug Administration (Fig. 1). Unfortunately, positive results in animals do not always
translate to humans and most promising agents fail to be effective in patients (Griebel and
Holmes, 2013). Drug sponsors are then faced with the dilemma of selecting among various
candidate anxiolytics for costly and time-consuming clinical trials. There is a need to
improve the drug development process to quickly identify agents that deserve clinical
testing. The present paper argues for the benefit of adding a step before moving from Phase |
to Phase 1l clinical trials, i.e., testing the anxiolytic property of candidate drugs in healthy
volunteers (Fig. 1). This step avoids the instances of launching clinical trials with agents that
seem to be effective in animals but end up showing no anxiolytic property in humans. This
review focuses on the description and validation of such an intermediate step in drug
development.

A powerful experimental model of anxiety has already been well-validated for human
research.(Davis et al., 2010). This model, which was directly translated from animal work,
rests on the physiological manifestations of anxiety that can reliably be measured as changes
in the startle reflex (Davis et al., 2010). The startle reflex is an involuntary whole-body
response provoked by a sudden and intense stimulus. It is used in various experimental
models to study habituation, sensitization, pre-pulse inhibition, and fear-potentiation (Davis,
1984). Anxiety-potentiated startle (APS) is the increase in startle response during
anticipation of temporally unpredictable aversive events. It is a readout of a sustained
anxiety state. Critically, this model has shown to help identify and screen candidate
anxiolytics (Davis et al., 2010; Grillon et al., 2006b; Grillon et al., 2009a; Grillon et al.,
2015; Kaye et al., 2019).

This review will demonstrate how APS in humans could enhance early phases of drug
development by providing data on anxiolytic properties of new agents in humans, and in turn
assist drug developers in making the crucial go/no go decision before moving to a clinical
trial.

2. Experimental model of anxiety in healthy humans: rationale

Once a promising molecule is identified via basic research, its potential anxiolytic property
is tested in animals. If the molecule is deemed to have the preliminary requisites for further
testing, the feasibility of moving to humans is tested. Dosage, side effects and mode of
administration are evaluated in healthy humans. If the drug passes these initial steps, it is
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recommended for clinical drug trials. A glaring gap, at this point, is the absence of data on
anxiolytic effects in humans. Evidence of efficacy in animal models does not readily
translate into efficacy in humans. We argue that this information can be easily obtained using
an experimental of model of anxiety in healthy humans.

Many reasons can explain why an anti-anxiety effect in animals may not be readily
translated to the clinic. For example, brain complexity and cognitive function are most
obvious. The brain is far more complex in humans than in animals. Disturbance of
evolutionary recent circuits in humans are implicated in anxiety disorders (Nestler and
Hyman, 2010). In addition, animals have limited higher-order cognitive functions, which
critically interacts with emotion processes (LeDoux and Pine, 2016). This interaction is
highly relevant to anxiety, whose etiology, expression and maintenance is supported by the
joint contribution of cognitive and emotional mechanisms (Pessoa, 2014). It is important to
recognize that the crucial role of cognition in anxiety may play a role in the lack of clinical
efficacy of agents with anti-anxiety effects in animal models (LeDoux and Pine, 2016).
Experimental models in humans allows a new approach that considers the interplay of
cognition and emotion.

Furthermore, the rationale for human models is provided by current dimensional
conceptualization of psychopathology: the same underlying cognitive and emotional
processes that contribute to normal anxiety are also implicated in pathological anxiety
(Cuthbert and Insel, 2013). This conceptualization assumes a continuum from normal to
pathological anxiety, and therefore a similar continuity for the underlying mechanisms. The
implication of this view is that excessive anxiety arises from dysregulation of psychological
processes and neurocircuits involved in hormative responses to threat. It is therefore within
these processes and neurocircuits that one must look for clues as to dysfunctional
mechanisms and treatment targets.

3. Anxiety-potentiated startle to unpredictable threat

The development of experimental models of psychiatric disorders requires a careful
consideration of the targeted symptoms and their measurement. Two key symptoms are
relevant to anxiety disorders, fear and anxiety. Fear and anxiety are distinct defensive
responses to different types of threats. Fear is a short-duration response, a surge of
autonomic arousal necessary for fight or flight, in response to an imminent danger
(Association, 2013; Davis et al., 2010). Anxiety is a Jong-duration state of vigilance, tension,
and caution in preparation for an uncertain future threat (Association, 2013; Davis et al.,
2010).

There are excellent translational models of fear using Pavlovian (cued) fear conditioning.
During fear conditioning, a short-duration cue (e.g., a light) is repeatedly paired with an
aversive stimulus (e.g., a shock), making the cue a reliable predictor of danger. Subsequent
presentation of the cue evokes a conditioned fear response, while the absence of the cue
signals safety. Fear conditioning is useful to develop new treatment strategies targeting fear,
but not anxiety (Norberg et al., 2008).
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The sustained defensive response that characterizes anxiety can be evoked by unpredictable
threat, i.e. a threat not signaled by a cue. This can be accomplished with either conditioning
procedures (e.g. context conditioning) in humans and animals or verbal threat in humans
(Grillon et al., 2006a; Luyten et al., 2011). During verbal threat, subjects are informed that
an aversive stimulus (e.g., shock) will be delivered unpredictably.

Anxiety can be measured with the startle reflex. The startle reflex is a widely used
translational measure of defensive response in laboratory animals and in humans (Davis et
al., 2010). What makes the startle reflex an ideal readout of anxiety resides in its use as a
probe to track changes in emotional states over sustained periods of time (Grillon et al.,
1991; Grillon et al., 1993). The startle reflex can be used in animals and in humans to study
both fear and anxiety. In these studies, fear-potentiated startle (FPS, i.e. fear) is operationally
defined as the increased in startle reactivity in the presence of a cue (e.g. a light) that
predicts an aversive stimulus (e.g. a shock) (Davis et al., 2010). Anxiety-potentiated startle
(APS, i.e. anxiety) is operationally defined as the increase in startle reactivity during
sustained aversive states evoked by unpredictable threat. In rodents, FPS is mediated by the
central nucleus of the amygdala (CeA), while APS reflects activation of the bed nucleus of
the stria terminalis (BNST) by corticotropin releasing factor (Davis et al., 2010).

Anxiety-potentiated startle paradigms in humans rely on verbal threat (Schmitz and Grillon
2012) or context conditioning procedures (Glotzbach-Schoon et al., 2013; Grillon et al.,
2006a). In a typical experiment, anxiety is assessed using startle during relatively long
periods (e.g. 2 min) of unpredictable aversive stimuli and compared to a control (safe)
condition. A variation of this experiment adds to these two conditions (safe and
unpredictable) a third condition, during which the aversive stimuli are predictable, i.e.
signaled by a cue. This so-called NPU threat test consists of three different conditions,
Neutral (i.e. safe), Predictable, and Unpredictable, each lasting about 120 s, and repeated 2
or 3 times each (Schmitz and Grillon 2012). The advantage of the NPU threat test is that the
features of anxiety (unpredictable condition) and fear (predictable condition) can be
compared.

4. Anxiety-potentiated startle: validity criteria

Anxiety-potentiated startle satisfies several validity criteria as a human model of anxiety.
The traditional validity criteria for animal models are face validity, predictive validity, and
construct validity (Willner, 1986). For human models, one can add 1) clinical validity, the
degree to which the model discriminates patients from non-patients and can be used as an
index of disease (i.e. clinical biomarker), and 2) practicality for clinical trial and tolerability
for the subjects validation (Green et al., 2004). Finally, animal and human models should
show good test-retest reliability and utility as a repeated measure test (Green et al., 2004).

4.1. Face validity

Face validity refers to the phenomenological similarity between the model and the “real-life
symptoms of anxiety. The threat of unpredictable shock evokes many of the sustained and
persistent symptoms of anxiety and stress disorders, including subjective anxiety,
physiological arousal (heightened APS), and hypervigilance (Cornwell et al., 2017;
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Herrmann et al., 2016a; MacNamara and Barley, 2018). These symptoms, especially
increased startle (i.e. APS) and autonomic arousal, are found more prominently in
individuals with panic disorder and PTSD (Association, 2013; Grillon et al., 2008; Grillon
and Morgan, 1999; Grillon et al., 2009b). Beyond startle, the attentional, cognitive, and
behavioral effects induced by unpredictable threat also bear resemblance with the symptoms
of anxiety disorders. Unpredictable shock increases attentional bias for threat (Robinson et
al., 2014), weakens attention control (Sarapas et al., 2017), increases distractibility (Vytal et
al., 2012), and promotes caution and avoidance (Robinson et al., 2013).

In conclusion, the many similarities between the effect of unpredictable threat and the
symptoms of pathological anxiety support the face validity of APS.

4.2. Construct validity

The definition of construct validity is complex and depends on theories about the nature of
the disorders and dysfunctional processes, as well as etiological mechanisms (Willner,
1986). Construct validity can also be examined from the perspective of underlying
neurocircuits (Luyten et al., 2011).

It has long been proposed that exposure to unpredictable stress recapitulates many symptoms
of anxiety and stress-related disorders (Mineka and Kihlstrom, 1978). Etiological theories
postulate that the feelings of helplessness and apprehension about potential future danger are
central to pathological anxiety (Barlow, 2000). Underlying such feelings is a perceived sense
of unpredictability and a lack of control over aversive stimuli, which lead to a behavioral
state of sensitization (Barlow, 2000; Grillon, 2002). This view is consistent with findings
from animal research. In animals, unpredictable, but not predictable, aversive stimuli have
debilitating behavioral and somatic effects, which resemble those of pathological anxiety
(Maier et al., 2005; Seligman and Binik, 1977). When noxious stimuli are unpredictable, the
organism remains in a constant state of hypervigilance to seek pertinent information, and a
sustained state of hyperarousal to maintain readiness to respond. This protracted, and highly
distressing process turns into a progressive behavioral sensitization characterized by
enhanced responding to mild threat (Davis et al., 2010; Maier et al., 2005). In rodents,
behavioral sensitization, following successive days of exposure to unpredictable shocks,
leads to a progressive increase in startle reactivity, which is mediated by the BNST (Davis et
al., 2010). Anxiety-potentiated startle is a readout of this behavioral sensitization and
underlying neurocircuit activity (Davis et al., 2010; Grillon et al., 2019).

Construct validity is also supported by studies of anxiety-related neurocircuits. Animal
models provide clues as to basic neurocircuits that can be extrapolated to humans, and
human models inform on potential circuits implicated in patients (Grillon et al., 2019).
Regions implicated in anxiety disorders include the amygdala, anterior cingulate, anterior
insula, and medial and lateral prefrontal cortex (Bandelow et al., 2016; Duval et al., 2015).
These regions are also activated by unpredictable threat in healthy subjects (Buff et al.,
2016; Shankman et al., 2014). In addition, studies in rodents have long pointed to a key role
of the BNST in APS (Davis et al., 2010). The BNST has subsequently been found to be
activated by unpredictable threat in humans and implicated in anxiety and stress-related
disorders (Brinkmann et al., 2017a; Brinkmann et al., 2017b; Buff et al., 2017; Herrmann et
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al., 2016b; Somerville et al., 2010). The overlap of the neurocircuits involved in response to
unpredictable threat and in the pathophysiology of anxiety strongly attests to the validity of
APS as a human model.

To summarize, the construct validity of APS is supported by data from experimental
psychopathology and brain circuits. In animals, unpredictable stressors lead to symptoms
that are akin to those experienced by individuals with anxiety and stress-related disorders.
Brain studies show that the neural structures implicated in pathological anxiety are also
activated by unpredictable threat.

4.3. Predictive validity

Predictive validity is critical for drug development (Geyer and Markou, 1995). It refers to
pharmacologic effects, the ability of the model to correctly predict the clinical efficacy of a
psychopharmacological treatment without false positive (errors of commission) or failure to
identify clinically efficient treatment (errors of omission) (Willner, 1986).

Evidence from studies in healthy subjects using the NPU threat test shows that clinically
effective anxiolytics selectively down-regulate anxiety (APS), without affecting fear (FPS)
(see Table). Benzodiazepines and selective serotonin reuptake inhibitors (SSRIs) are the
most widely used anxiolytics (Craske et al., 2017). Acute administration of the
benzodiazepine alprazolam (Grillon et al., 2006b; Grillon et al., 2015) and semi-chronic
(two weeks) treatment with the SSRI citalopram selectively reduce APS without affecting
FPS (Grillon et al., 2009a). In addition, alprazolam, but not citalopram, reduces overall
startle reactivity (Grillon et al., 2006b; Grillon et al., 2015). This is consistent with the
observation that alprazolam, but not citalopram, causes sedation. Furthermore, acute
citalopram is anxiogenic in the NPU test (i.e. it increases APS) (Grillon et al., 2007), an
effect in line with clinical evidence of anxiogenic reactions shortly following treatment
initiation with SSRIs in anxiety patients (Gorman et al., 1987). Finally, alcohol, which is
used to self-medicate anxiety, also reduces APS without affecting FPS (Moberg and Curtin,
2009). Taken together, these results indicate that the NPU threat test can detect the
anxiolytic, anxiogenic, and sedative effects of drugs.

These studies suggest that anxiolytics act, at least partially, by targeting sensitivity to
unpredictable threat. Consistent with this hypothesis, a recent study examined APS and FPS
using the NPU threat test in anxiety patients treated for 12 weeks with SSRIs or cognitive
behavioral therapy (Gorka et al., 2017a). SSRIs had no effect on APS and did not improve
the clinical symptoms. Cognitive behavioral therapy reduced APS and the magnitude of this
reduction correlated with symptom improvement. These results suggest that positive clinical
outcome may depend on reducing the behavioral sensitization process indexed by APS. The
implication for the drug discovery process is that candidate anxiolytics that target response
to unpredictable threat may have clinical efficacy.

However, the ultimate test of predictive validity will be determined by the ability of APS to
identify clinically effective novel candidate anxiolytics. This validation is still at an early
stage and is facing many practical challenges. Among them, no new anxiolytic drug has
been approved for the treatment of anxiety disorder in the last decade (Sartori and
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Singewald, 2019). In addition, candidate anxiolytics are not readily made available by drug
sponsors for testing in experimental models in humans.

So far, five novel agents with an anti-anxiety profile in animal models have been tested using
APS (and FPS) in healthy subjects (see Table). They include the corticotropin releasing
factor (CRF) antagonist GSK561679 (Grillon et al., 2015), the group Il metabotropic
glutamate receptor (mGIuR2/3) agonist LY 354740 (Grillon et al., 2003), oxytocin (Grillon et
al., 2013), the norepinephrine alpha-1 (NE-a.1) antagonist prazosin (Kaye et al., 2019), and
the vasopressin receptor (V1a) antagonist SRX246 (Lago et al., 2020).

Corticotropin releasing factor (CRF;) antagonists were promising agents due to substantial
evidence of their anti-anxiety effect in a wide array of animal models (Murrough and
Charney, 2017). However, clinical trials have been negative, showing a lack of efficacy in
generalized anxiety disorder (GAD), major depressive disorder, social anxiety disorder, and
posttraumatic stress disorder (PTSD) (Murrough and Charney, 2017). Consistent with these
findings, results in healthy subjects also do not support the anti-anxiety effect of CRF;
antagonists found in animals. The CRF; antagonist GSK561679 (also known as
Verucerfont) was tested acutely in the NPU threat test and was found to have no effect on
APS (Dunlop et al., 2017; Grillon et al., 2015). These results suggest that the NPU threat test
can detect false positive agents.

Since metabotropic glutamate (mGlu) receptors modulate neural excitation throughout the
brain, down-regulation of glutamate signal is a potential target for anxiolytic treatments.
Among these receptors, the group Il mGlu2/3 receptor agonist LY 354740 had robust anti-
anxiety effect in several animal models (Schoepp et al., 2003). A similar anti-anxiety effect
was confirmed in healthy humans: acute administration of LY 354740 reduces APS in
healthy controls (Grillon et al., 2003). However, results from clinical trials with LY544344
(which possesses greater bioavailability than LY 354740) were mixed. LY544344 was
effective in patients with GAD (Dunayevich et al., 2008) and in one (Levine et al., 2002) of
two studies in patients with panic disorder (Bergink and Westenberg, 2005). Unfortunately,
development of these compounds has been halted or slowed down following pre-clinical
findings of convulsion (Dunayevich et al., 2008).

Oxytocin (OT) is best known for its pro-social effects and it also has anti-anxiety effects in
animal models (Neumann and Slattery, 2016). However, only the pro-social effects have
been confirmed in humans (Gottschalk and Domschke, 2018). Oxytocin may not be
indicated to alleviate anxiety symptoms in humans as suggested by the fact that it is not
anxiolytic in the NPU threat test (Grillon et al., 2013).

Prazosin, a norepinephrine alpha-1 (NE-a.1) antagonist traditionally used as an
antihypertensive drug, has anti-anxiety effects in animal models (Skelly and Weiner, 2014).
It has been used in PTSD to alleviate the arousal symptoms of exaggerated startle and sleep
disturbance (Zhang et al., 2020). Early studies showed positive clinical results in PTSD
(Raskind et al., 2003; Roepke et al., 2017), but a recent large-scale multi-site study did not
confirm these observations (Raskind et al., 2018). A recent study reported no effect of
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prazosin on APS in the NPU test (Kaye et al., 2019). Here again, like for CRF; antagonists,
animal models resulted in a false positive, but the APS test did not.

Arginine vasopressin (AVP) is a neuropeptide that modulates physiological and emotional
responses to threat. The AVP system has become a target of anti-anxiety treatment because it
is synthesized and released following threat and participates in the regulation of anxiety
(Neumann and Landgraf, 2012). In addition, abnormal AVP levels are found in anxiety
disorders (Peskind et al., 1998). Among its different receptors, the VV1a receptors are heavily
expressed in the amygdala and the BNST (Ross et al., 2019), and V1a receptor knock-out
mice exhibit reduced anxiety in several models of anxiety (Neumann and Landgraf, 2012).
Recently, Azevan Pharmaceuticals Inc. developed a V1a receptor antagonist, SRX246. This
agent, SRX246, has yet to be tested in anxiety patients, but the results of a recent study using
the NPU threat test in healthy humans found anxiolytic effects. A week of treatment with
SRX246 reduced APS (Lago et al., 2020).

To summarize, among the agents with anti-anxiety effects in animal models, only the
mGlu2/3 receptor agonist LY 354740 (Grillon et al., 2003) and V1a antagonist SRX246
(Lago et al., 2020) had an anti-anxiety effect on APS. LY 354740 showed some evidence of
clinical effectiveness in patients with anxiety disorders (Dunayevich et al., 2008; Levine et
al., 2002) and the effectiveness of SRX246 has yet to be evaluated. Collectively, these
observations establish APS as a promising tool to help screen candidate anxiolytics. APS
detects the anxiolytic activity of conventional anxiolytics. It is insensitive to agents that have
anti-anxiety effects in animal models but have no clinical efficacy. The remaining challenge
is to show that candidate anxiolytics with anti-anxiety effect on APS, such as the V1a
receptor antagonist SRX246, are anxiolytic in patients.

4.4. Clinical validity

If exposure to unpredictable stressors plays a role in the development of behavioral
sensitization in pathological anxiety (Construct validity section), one would expect that APS
can serve as a useful phenotypic readout of this behavioral sensitization and help distinguish
patients from non-patients. Consistent with this assumption, there is increased evidence of
exaggerated APS in anxiety and stress-related disorders across a range of threat
manipulations (context conditioning, verbal threat, shocks, unpleasant pictures) and
laboratories. Exaggerated APS has been documented in PTSD during context conditioning
(Grillon and Morgan, 1999) and verbal threat (Brinkmann et al., 2017b; Grillon et al.,
2009b; Lieberman et al., 2020; Simmons et al., 2013). Similar results have been found in
panic disorder (Brinkmann et al., 2017a; Gorka et al., 2017b; Grillon et al., 1994; Grillon et
al., 2008; Shankman et al., 2013). Exaggerated APS is also associated with a family history
of panic disorder, suggesting such response may be a familial risk factor for panic disorder
(Nelson et al., 2013). Findings in individuals with GAD have been mixed. Anxiety-
potentiated startle is not increased in GAD (Gorka et al., 2017b; Grillon et al., 2009b) but
there is evidence of increased contextual anxiety (Grillon et al., 2009b) and enhanced
reactivity to unpredictable threat in GAD at the neural level (Buff et al., 2017). One
possibility for this discrepancy is that sensitivity to threat is expressed differently in GAD
compared to other anxiety disorders. The enhanced APS found in PTSD and panic disorder
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may be suppressed by worry, the cardinal symptom of GAD (Borkovec et al., 2004). Of
note, the increased responses to unpredictable threat in these disorders have been
documented in the context of a normal response to predictable threat.

Taken together, these results attest to the clinical validity of APS. There is a pharmacological
parallel between the experimental model of unpredictable threat and anxiety disorders:
anxiolytics that are used to treat anxiety disorders reduce APS. In addition, APS is
exaggerated in pathological anxiety, and is sensitive to conventional drug treatments. This
raises the possibility that APS could be used to evaluate targeted treatments. Theoretically,
exaggerated startle reflects a sensitized behavioral state characterized by hyperarousal and
hypervigilance. A key question is whether agents that reduce APS preferentially reduce
arousal and vigilance symptoms.

4.5. Test-retest reliability and reproducibility

The poor reproducibility of animal studies is a major concern for the pharmacological
industry (Prinz et al., 2011), but scientific and clinical investigations in humans face the
same problem (Collaboration, 2012; loannidis, 2005; Prinz et al., 2011). It is therefore
imperative to ensure that tasks used for proof-of-concept studies have sound psychometric
properties (Hajcak and Patrick, 2015; Kaye et al., 2016). The psychometric properties of
APS have been examined recently with a large sample size (N=128) (Kaye et al., 2016). The
measures investigated included the stability of the effect size over two testing sessions
separated by approximately a week, internal consistency, and temporal stability within-
subjects (see also(Lieberman et al., 2017; Shankman et al., 2013) for converging evidence).
Results showed that the APS vyielded robust, “exceptionally large potentiation of startle”
(e.g., 7-10 standard t scores) with large (partial eta-squared) effect sizes (range .56-.77).
Anxiety-potentiated startle displayed adequate-to-good internal consistencies. The authors
concluded that the task was “appropriate for research questions that require multiple
administrations across time”.

4.6. Practicality and tolerability

Practicality is the experience of administrating the test from the experimenter point of view.
It includes consideration of difficulties in test setup, staff training, administration, and
scoring. The psychophysiological equipment for APS is inexpensive (about $10,000-
$15,000) and relatively easy to set up. The training to administer the test and score the data
is rapid.

Tolerability refers to the experience of the test from the participant’s point of view. It
considers the length of the test and features that make the test unpleasant. Of course, the
shock is mildly painful, and the white noise uses to elicit startle is also unpleasant. However,
this is not problematic when testing healthy controls or even patients. In most studies,
subjects set the level of shock themselves. Shocks have been used in large number of studies
that investigate drug effects in healthy subjects, including studies requiring repeated testing
over times. The many studies conducted in patients (see Clinical validity) also attest of the
possible application of APS for clinical trials.
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5. The Way Forward: Beyond anxiety-potentiated startle

A great advantage of APS is its translational nature. It can be evaluated in laboratory
animals, healthy humans, and patients. It is a readout of a defensive response to
unpredictable threat. However, anxiety is multifaceted with behavioral, emotional, and
cognitive symptoms that reflect the expression of distinct underlying neurocircuits. These
different symptoms probably respond to different treatments. Targeting these symptoms
requires a better understanding of their underlying mechanisms, interaction, and
dysfunction. This can be accomplished by extending the approach presented in this review
beyond the study of defensive responses such as APS to include emotional, behavioral, and
cognitive functions that are altered by anxiety. We have previously described such an
approach which consists in combining an anxiety-inducing procedure with cognitive (e.g.
working memory) or behavioral (e.g. go/nogo) tasks that probe core cognitive (e.g.
distractibility) or behavioral (e.g. poor decision making, response inhibition) deficits in
anxiety patients (Grillon et al., 2019).

The threat of unpredictable shock is an efficient way to induce a sustained state of anxiety,
but there are other models of anxiety, including pharmacological challenges such as
cholecystokinin (CCK) (Eser et al., 2009) and yohimbine (Charney et al., 1987), and
physiological challenges such as carbon dioxide (CO5). While inhalation of high
concentration of CO» triggers an immediate feeling of fear and bodily symptoms that
resembles naturally occurring panic attacks, inhalation of low-level of CO, (5-7.5%) has
been proposed as a model of generalized anxiety disorder (GAD) (Bailey et al., 2011). The
objective of this review was not to discuss and compare the merit of these experimental
models. Reviews concerning these approaches can be found elsewhere (Bailey et al., 2011).
Given the diversity of anxiety disorders and of anxiety symptoms, research in humans will
likely benefit from a multi-prompt approach using different experiment models.

6. Conclusion

It is striking that the screening of candidate anxiolytics is still conducted uniquely in animal
models, while human models do not play any role beyond phase I of clinical trials. The
limited efficacy of animal models in the drug development process and the need for
alternatives have long been pointed out (Griebel and Holmes, 2013; Rodgers, 1997). We
believe it is time to invest in a new approach, namely using human models of anxiety to test
candidate anxiolytics. There is strong evidence suggesting that experimental models of
anxiety in humans, and more specifically APS, has a great potential as an experimental tool
that can provide a rapid readout of drug efficacy and help drug developers decide whether
the drug warrants a clinical trial.

There are two main arguments in favor of APS as a human model to screen candidate
anxiolytics. APS meets many of the validation and criteria required for an experimental
model; 1) it has strong face, construct, and clinical validity, 2) it is a sensitive and reliable
measure of anxiety states with good test-retest reliability and reproducibility, and 3) it is
easy to implement and well tolerated. Second, it is well-established that animal models are
necessary based on ethical and safety considerations, but the rationale for using only animal
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models and not human models to determine if candidate anxiolytics have anxiolytic effects
is not clear. Why would reducing anxiety in an experimental model of anxiety in laboratory
animals be a better predictor of clinical efficacy than reducing anxiety in humans? \We
believe that patients are more likely to benefit from a drug with anti-anxiety effects in
humans than in animals.

Testing candidate anxiolytics in human models of anxiety prior to a clinical trial presents
several advantages beside informing the decision to conduct a clinical trial. Human models
can be used to test a range of issues relevant to drug testing. For example, human models
may be able to reveal sex differences in the effects of a candidate anxiolytic; sex differences
have historically received less consideration in animal models (An et al., 2011; Craske et al.,
2017; Kokras and Dalla, 2014) and is now encouraged by the NIMH (https://grants.nih.gov/
grants/guide/notice-files/not-od-15-102.html). The purpose of animal models is also to help
determine the dose of drug administration. However, this is not an easy task (Nair and Jacob,
2016). Conceivably, human models could evaluate the dose-response relationship and inform
optimum drug dosage for clinical trials.

However, several issues need to be tackled before APS can deliver on its potential. A crucial
issue for drug sponsors is predictive validity. Will candidate anxiolytic drugs with anti-
anxiety effects on APS reduce anxiety in patients? And if so, will the test help make
predictions about individual differences in treatment response? Will patients with high APS
levels most likely benefit from the treatment? To answer these questions, drug developers
and sponsors may benefit from testing candidate anxiolytics in human models.

These issues can be addressed satisfactorily with combined efforts from interested parties.
Drug developers are encouraged to make candidate anxiolytic available for testing in human
models. Grant and funding mechanisms should promote integrated translational projects of
candidate anxiolytics in laboratory animals, healthy volunteers, and patients (with U19
mechanisms, for example, which was used for a collaborative study to test the CRH
antagonist GSK561679). It is our belief that human models will lead to a better
understanding and treatment of anxiety and stress-related disorders.
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Highlights
. There is a need to improve the drug screening process for anxiolytics
. Experimental models of anxiety in humans should be used as an additional
screening step to help select candidate anxiolytics before launching clinical
trials.
. Anxiety-potentiated startle fulfill several key validity criteria as an

experimental model of anxiety in humans

. Anxiety-potentiated startle is a promising tool for anxiolytic drug
development
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Figure 1.

Drug development process. See text for more details. The proposed approach adds a
screening phase (between Phases | and 1) in healthy subjects to assess the efficacy of new
drugs.
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Effect of established and candidate anxiolytics on potentiated startle

Table

Drugs Doses Acute/chronic | Baseline startle | FPS | APS | References
Alprazolam .5mg, 1 mg Acute ¢5 - ¢7 Grillon et al., 2006b
Alprazolam 1mg Acute l - 0 Grillon et al., 2015
Citalopram 20 mg/day 14 days - - 3 Grillon et al., 2009a
Gskse16792 | 50 mg, 400 mg Acute - 16 - Grillon et al., 2015
Ly354740¢ | 20 mg, 200 mg Acute - - y Grillon et al., 2003
Oxytocin 24 1U$ Acute - T - Grillon et al., 2013
Prazosin® 2mg Acute - - - Kaye et al., 2019
SrRx2467 300 mg 4-7 days - - I | Lagoetal., 2020

JCRFl antagonist (Verucerfont)

ZGroup 11 mGlu2/3 agonist

3norepinephrine alpha-1 (NE-a.1) antagonist

4 .
V1a receptor antagonist

51 mg only
6400 mg only

7
nasal spray
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