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Abstract

Rationale—Arginine vasopressin (AVP) is a neuropeptide that modulates both physiological and 

emotional responses to threat. Until recently, drugs that target vasopressin receptors (V1a) in 

the human central nervous system were unavailable. The development of a novel V1a receptor 

antagonist, SRX246, permits the experimental validation of vasopressin’s role in the regulation of 

anxiety and fear in humans.

Objectives—Here, we examined the effects of SRX246 in a proof-of-concept translational 

paradigm of fear (phasic response to imminent threat) and anxiety (prolonged response to potential 

threat).

Methods—Healthy volunteers received both SRX246 and placebo in a randomized, double-blind, 

counter-balanced order separated by a 5–7-day wash-out period. Threat consisted of unpleasant 

electric shocks. The “NPU” threat test probed startle reactivity during predictable threat (i.e., 

fear-potentiated startle) and unpredictable threat (i.e., anxiety-potentiated startle).
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Results—As predicted, SRX246 decreased anxiety-potentiated startle independent of fear­

potentiated startle.

Conclusions—As anxiety-potentiated startle is elevated in anxiety and trauma-associated 

disorders and decreased by traditional anxiolytics such as SSRIs and benzodiazepines, the V1a 

receptor is a promising novel treatment target.
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Introduction

Psychiatric drug development is quite challenging, and many companies have abandoned 

the search for new therapies (Griebel and Holmes 2013; Kesselheim et al. 2015). Current 

treatment response rates for anxiety and trauma-based disorders rarely exceed 60% (Berger 

et al. 2009), and no new agents for the treatment of these disorders have been approved 

by the Food and Drug Administration (FDA) or European authorities in the last decade 

(Sartori and Singewald 2019). In response to less investment in drug development at a time 

of great need, the National Institutes of Mental Health (NIMH) has encouraged researchers 

to (1) engage in early-phase clinical trials to explore novel treatment mechanisms and (2) 

develop translational biomarkers for use in proof-of-concept studies (Anderzhanova et al. 

2017; Grillon et al. 2019; Krystal et al. 2019).

One promising target is the arginine vasopressin (AVP) receptor V1a. AVP is a neuropeptide 

that modulates both amygdaloid activation to threatening stimuli (Brunnlieb et al. 2013) and 

anxious mood in humans (Thompson et al. 2006), and clinical studies have suggested that 

AVP may promote anxiety disorders (Peskind et al. 1998) and post-traumatic stress disorder 

(Pitman et al. 1993; de Kloet et al. 2008; Feldman et al. 2014). Consistent with this, levels of 

AVP in cerebral spinal fluid decrease following treatment with anxiolytics (i.e., 6 weeks of 

fluoxetine) (De Bellis et al. 1993).

AVP has three receptors: V1a, V1b (primarily in the anterior pituitary), and V2 (primarily 

in the kidney) (Caldwell et al. 2008; Carter 2017). V1a receptor (V1aR) levels are high in 

the lateral septum, bed nucleus of the stria terminalis (BNST), and central amygdala (CeA) 

and moderate in the anterior/lateral hypothalamus, medial preoptic area, and hippocampus. 

The receptors are not detectable in the basolateral amygdala (Ross et al. 2019). Since many 

V1AR-expressing regions modulate fear and anxiety (Davis et al. 2010), rodent studies 

have focused on the effect of V1aR on anxious behavior (Caldwell et al. 2008). V1aR 

knock-out mice exhibit attenuated anxious behavior in paradigms such as the elevated plus 

maze (Bielsky et al. 2004; Egashira et al. 2007), the open field, and the light/dark box 

without changes in muscle tone or coordination (Bielsky et al. 2004). V1aR antagonists also 

decrease anxious behavior in the elevated plus maze (Wigger et al. 2004; Bleickardt et al. 

2009; Bayerl et al. 2016), the elevated zero maze, conditioned lick expression, and rat-pup 

separation-induced ultrasonic vocalization (Bleickardt et al. 2009). Thus, pre-clinical studies 

indicate that the V1aR modulates anxiety in animal models.
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Clinical studies have tested V1aR’s role on neural activation in response to emotional faces. 

Meyer-Lindenberg and colleagues have demonstrated an association between a V1aR variant 

gene (AVPR1A) and increased amygdaloid activation during the presentation of angry and 

fearful faces (Meyer-Lindenberg et al. 2009), and Lee et al. found that a V1aR antagonist 

suppressed the increase in amygdaloid activation to angry faces produced by intranasal AVP 

(Lee et al. 2013). Here, we describe the effect of a novel V1aR antagonist (SRX246; Azevan 

Pharmaceuticals Inc.) on non-social fear and anxiety in humans.

Etiological theories have postulated that distressing feelings of apprehension about potential 

danger are central to pathologic anxiety (Zinbarg and Barlow 1996; Barlow 2000; Grupe 

and Nitschke 2013). Underlying such feelings is a perceived unpredictability over negative 

events, leading to an exaggerated and prolonged anticipatory response to uncertain threats 

(i.e., anxiety) (Barlow 2000; Grupe and Nitschke 2013). Some patients, however, also suffer 

from excessive reactivity to imminent threat (i.e., fear) (Barlow 2000). These responses are 

characterized by distinct symptoms: anxiety is a state of hypervigilance and hyperarousal, 

and fear is a fight-or-flight response. Indeed, responses to acute threat (“fear”) and potential 

threat (“anxiety”) are separate constructs of the negative valence systems according to the 

NIMH Research Domain Criteria (RDoC). While the circuits underlying anxiety and fear 

are actively studied, results in both human and animal literature support that these two 

constructs are mediated by partially overlapping, but nevertheless distinct, brain regions 

(e.g., BNST and CeA respectively) (Davis et al. 2010, but see Shackman and Fox 2016). 

Taken together, these features suggest that anxiety and fear may respond to different 

treatments.

We developed the Neutral-Predictable-Unpredictable (“NPU”) threat test to experimentally 

induce anxiety and fear in humans. The NPU threat test is a translational paradigm 

consisting of a neutral condition (N) and two threat conditions that involve administration 

of predictable (P) and unpredictable (U) electric shocks (Schmitz and Grillon 2012). During 

the task, loud white noise bursts (“startle probe”) elicit the startle reflex, a highly reliable 

cross-species measure of aversive state (Grillon and Baas 2003). Increased startle during 

unpredictable threat operationally defines anxiety (i.e., anxiety-potentiated startle), while 

increased startle during predictable threats operationally defines fear (i.e., fear-potentiated 

startle) (Schmitz and Grillon 2012). The NPU threat test generates highly robust and 

replicable responses (Kaye et al. 2016) and is therefore well-suited for repeated-measure 

study designs (Grillon et al. 2006, 2007, 2011, 2015; Lago et al. 2018; Kaye et al. 2019).

The distinction between anxiety-potentiated startle and fear-potentiated startle has clinical 

implications. Individuals with panic, social anxiety, specific phobias, and posttraumatic 

stress disorders have enhanced anxiety-potentiated startle, but not fear-potentiated startle, 

compared to healthy controls (Grillon et al. 1998, 2008, 2009b; Gorka et al. 2017b). 

Further, in healthy participants, conventional pharmaceutical treatments such as selective­

serotonin receptor inhibitors (SSRIs) (Grillon et al. 2009a) and benzodiazepines (Grillon 

et al. 2006) selectively reduce anxiety-potentiated startle without affecting fear-potentiated 

startle. These findings support that at least some patients have exaggerated responses 

to unpredictable threats (i.e., anxiety) that can be preferentially reduced with traditional 

anxiolytics. Therefore, the NPU threat test is a promising tool to test the effect of novel 
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therapeutics on biomarkers of clinically relevant threat circuitry (Avery et al. 2016; Grillon 

et al. 2019; Sartori and Singewald 2019).

This proof-of-concept study was designed to assess whether a novel V1aR antagonist, 

SRX246, demonstrates anxiolytic properties in the NPU threat test. Since in animal models, 

V1aRs are found in the BNST (Ring 2005; Caldwell 2017) and V1aR antagonists decrease 

anxious behavior (Caldwell et al. 2008), we hypothesized that SRX246 would decrease 

anxiety-potentiated startle compared to placebo. We did not make a prediction about the 

effect of SRX246 on fear-potentiated startle since, to our knowledge, there are no published 

studies examining the effect of V1aR on fear (e.g., fear conditioning).

Materials and methods

Participants

Power calculations were guided by our previous study in which we used a similar design to 

test the effects of a corticotropin-releasing hormone antagonist on anxiety-potentiated startle 

(Grillon et al. 2015). In that study, the effect of the control treatment on anxiety-potentiated 

startle had a Cohen’s d effect size of 0.53. Given the possibility that the effect of SRX246 

may be weaker than the control treatment, we used a conservative dz of 0.46. Assuming 80% 

power and a two-tailed test of 0.05, we estimated that 36 subjects were required to test the 

effect of SRX246 on anxiety-potentiated startle.

All procedures were in accordance with the ethical standards of the Helsinki Declaration of 

1975 (as revised in 1983). Healthy men and women were recruited from the Washington 

DC metropolitan area via flyers, notecards, and advertisements. All participants gave 

written informed consent approved by the NIMH Institutional Review Board and were 

compensated for their participation. Criteria for eligibility included (1) age 21–50, (2) body 

mass index 18.5–34.0 kg/m2, (3) body weight < 50 kg, (4) English-speaking, (5) no past 

or present active suicidal ideation as assessed by Columbia-Suicide Severity Rating Scale 

(C-SSRS; Posner et al. 2011), (6) no past or present Axis I psychiatric disorder (including 

substance dependence) as assessed by SCID-I/NP (First 2002), (7) no past or present 

significant medical/brain illness that may interfere with drug action/metabolism/excretion 

or psychophysiology measures as determined by principal investigators (Supplementary 

Materials and Methods), and (8) startle response 3 times greater than baseline EMG activity 

for 5 to 9 startle probes during the Startle Reactivity Screening Visit (see below). Further, 

all participants agreed to (1) no medication and herbal remedies within 7 days of the first 

drug dose (SRX246 or placebo) until 7 days of the last drug dose (with the exception of 

birth control); (2) no exposure to other study drugs or devices for 14 days prior to the 

first drug dose and throughout the study; (3) use of at least two forms of birth control 

including hormonal contraceptives, intrauterine device, barrier plus spermicide, surgical 

sterilization, and refrainment from heterosexual intercourse; and (4) abstinence from illicit 

drugs (including marijuana).

Thirty-seven participants (n = 37) completed the protocol (Figure S1 ). One participant was 

excluded from analysis due to poor EMG electrode contact. The final sample included 36 
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subjects (16 males, 20 females) with a mean age of 28.94 years (SD 6.82) and weight of 

53.80 kg (SD 14.06).

Drug (SRX246, placebo)

We used a double-blind, crossover trial design (Fig. 1). Each participant received a total of 

SRX246 300 mg (180 mg morning, 120 mg evening) by mouth daily for 10–14 doses over 

5–7 days (SRX), followed or preceded by matching placebo (PLC). The half-life of SRX246 

(120 mg twice daily after 7 days) is 3.96 ± 0.57 h, and maximum concentration (Cmax) 

is reached at 1.5 h (Clinical Investigator’s Brochure). Drug order was randomized by the 

National Institute of Health (NIH) pharmacy prior to data collection. Safety was monitored 

by the NIH Data and Safety Monitoring Board. Participants took their first and last dose of 

drug/placebo at the NIH. They were given a standard 7-day AM/PM pill box pre-filled with 

their individualized regimen (i.e., dependent on visit dates), an instruction sheet, and a drug 

log to be completed at home. Drug compliance was assessed by drug log and serum plasma 

level of SRX246 (Supplementary Materials and Methods). Participants and investigators 

were asked at each experimental visit to guess which treatment the participant had received 

throughout the week.

Startle

Eye-blink startle was elicited with 40-ms bursts of 103-dB white noise (probe) delivered 

over headphones and recorded with EMG electrodes under the left eye (BIOPAC Systems 

Inc., CA). EMG data were digitized (1000 Hz) and filtered (30–500 Hz) (MATLAB; 

Mathworks, MA). Peak blink amplitude was determined in the 20- to 120-ms window 

following probe onset and compared to the 50-ms pre-probe baseline. Stimuli were delivered 

via Presentation (Neurobehavioral Systems, Inc., CA).

Study design

Each participant completed four visits, including a Startle Reactivity Screening Visit, Visit-1 
for experimental testing, Post-Washout Visit and Visit-2 for experimental testing at the 

NIH Clinical Center (Fig. 1). At each visit, clinicians confirmed protocol compliance 

by participant report, medical record review, medical safety assessments, and toxicology 

screens (Supplementary Materials and Methods). Alcohol was not confirmed beyond 

participant report; however, clinicians could administer a breathalyzer test upon suspicion 

of acute alcohol intoxication (not indicated in any participants). Clinicians assessed for 

adverse events by participant report, targeted physical exam if indicated, and medical safety 

assessments at every visit (Supplementary Materials and Methods).

During the Startle Screening Reactivity Visit, participants underwent nine startle probes 

(“startle habituation”) to determine the overall startle reactivity. Participants who did not 

have an observable startle response to at least five of these startle probes were compensated 

for the visit and discontinued from the study. Otherwise, participants proceeded to take the 

first dose of SRX246 or placebo.

During Visit-1, participants took their last dose of either SRX246 or placebo immediately 

after blood and urine collection (medical safety assessments, toxicology screens, plasma 
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SRX246 level; Supplementary Materials and Methods). After about 70 min, participants 

underwent startle habituation. Investigators performed a shock work-up about 10 min prior 

to the NPU threat test by administering shocks on participants’ left forearms at increasing 

intensities until the participants rated the shock as highly uncomfortable but not painful. 

This shock intensity was used throughout the NPU threat test, which began about 90 min 

after drug ingestion (corresponding with Cmax). Finally, participants completed an emotion 

recognition task (not under threat of shock). All measures, conditions, data exclusions, and 

power analyses have been reported here for the NPU threat test task; results of the emotion 

recognition task will be reported elsewhere.

Participants had a washout period of 5–7 days and then returned to the clinic. At the 

Post-Washout Visit, participants took the first dose of either SRX246 or placebo (whichever 

they did not receive during the Startle Screening Reactivity Visit).

Visit-2 was the same as Visit-1. Seven to 14 days after Visit-2, a clinician contacted each 

participant to assess for adverse events or concerns. Both SRX246 and placebo were safe 

and well-tolerated. Throughout the entire study (no-drug, SRX, PLC), there were a total of 

130 adverse events. The most frequent adverse events included headache (13% of events: 

6 no-drug, 6 SRX, 6 PLC), elevated creatine kinase (7%: 3 no-drug, 3 SRX, 3 PLC), and 

abdominal pain (5%: 1 no-drug, 4 SRX, 2 PLC).

NPU threat test

The NPU threat test is a well-validated experimental tool (Kaye et al. 2016) that examines 

phasic fear and prolonged anxiety by delivering predictable and unpredictable shock, 

respectively (Schmitz and Grillon 2012). Participants were exposed to three distinct shock 

conditions (Neutral, Predictable, Unpredictable; NPU) each lasting 120 s (Fig. 2a). During 

each shock condition, three 8-s duration geometric shapes (“cue”) were presented, separated 

by inter-trial intervals (“no-cue”), on a computer screen (Fig. 2b). During the neutral 

condition, a shock was never administered. During the predictable condition, a shock could 

be administered only if a cue was on the screen. A shock was not administered during every 

cue in order to avoid habituation to the shock. During the unpredictable condition, a shock 

could be administered at any time (regardless of cue). Participants were informed of each 

condition’s potential for shock prior to the test, and conditions were signaled during the 

test with words on top of the computer screen, i.e., “No Shocks at Anytime,” “Shock Only 

During Cue,” or “Shock at Anytime.” Participants were asked to continuously rate their 

subjective anxiety on a scale of 0 (not at all anxious) to 10 (extremely anxious) throughout 

the test by pressing the left and right arrow keys on the keyboard.

Participants completed two NPU runs during every experimental visit (Visit-1 and Visit-2). 

Prior to each run, subjects were exposed to 4 startle probes to reduce initial startle reactivity. 

Shock conditions were then presented in one of two orders: P N U N U N P or U N P N 

P N U. The order was counterbalanced across participants (i.e., first order for first run or 

second order for first run). Startle probes were separated by at least 20 s and occurred at 

least 8 s after a shock. Each run lasted 14 min (120 s × 7) and consisted of 8 shocks (2 per 

predictable and unpredictable condition) and 42 startle probes (3 during cue, 3 during no-cue 

during each condition).
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Data analysis

All statistics were conducted with SPSS Statistics Subscription (IBM, NY).

Drug

The effect of drug order was tested on number of SRX doses, number of PLC doses, and 

SRX plasma levels with univariate ANOVAs.

Baseline startle

To assess effects of SRX246 on baseline startle, raw startle magnitudes were averaged 

within each startle habituation session and were analyzed with a drug (no-drug, SRX, PLC) 

× drug-order rANOVA.

NPU startle t-scores

Raw startle magnitudes were (1) standardized into t-scores ([z-scores × 10] + 50) within 

sessions for each participant as we have done in the past (Robinson et al. 2012; Lago et 

al. 2018) and (2) averaged within each condition (Neutral, Predictable, Unpredictable) and 

stimulus type (cue, no-cue) for each subject and experimental visit. Anxiety-potentiated 

startle was operationally defined as the change in startle during no-cue from the neutral to 

unpredictable condition and fear-potentiated startle as the change in startle from the no-cue 

to cue during the predictable condition (Grillon et al. 2009a, 2011; Ballard et al. 2014; 

Lago et al. 2018). Startle t-scores were analyzed first with a drug (SRX, PLC) × response 

(anxiety-potentiated startle, fear-potentiated startle) rANOVA and then by a drug (SRX, 

PLC) × response (anxiety-potentiated startle, fear-potentiated startle) × drug-order (SRX 

first, PLC first) rANOVA.

NPU online subjective anxiety ratings—Online ratings were recorded continuously. 

To match the startle measures, only ratings recorded immediately prior to the startle probe 

(within approximately 2 ms) were analyzed. Ratings were averaged within each condition 

and stimulus type for each subject and experimental visit. Results were analyzed with a drug 

(SRX, PLC) × response (anxiety-potentiated startle, fear-potentiated startle) × drug-order 

(SRX first, PLC first) rANOVA.

Questionnaires—Shock level and retrospective shock discomfort were analyzed with 

drug (SRX, PLC) × drug-order (SRX first, PLC first) rANOVAs. Drug blinding 

questionnaires were analyzed with a rater (participant, investigator) × drug (SRX, PLC) 

× drug-order (SRX first, PLC first) rANOVA.

Results

Drug

Number of SRX doses (mean 13.11, SEM 0.23), PLC doses (mean 13.02, SEM 0.26), and 

SRX plasma level (mean 10.48, SEM 1.38) did not differ between drug-order groups (SRX 

first, PLC first) (all p > 0.813, η2 < 0.003).
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Baseline startle

Startle habituation did not differ from no-drug, SRX, or PLC (f[2,60] = 1.21, p = 0.306, η2 = 

0.039), regardless of drug order.

NPU startle t-scores

Startle t-scores were first analyzed with a drug (SRX, PLC) × response (anxiety-potentiated, 

fear-potentiated) rANOVA. There was a trend for a drug × response interaction (f[1,35] = 

3.06, p = 0.089, η2 = 0.080) on startle t-scores. SRX had lower anxiety-potentiated startle 

than PLC (mean − 1.09, SEM 0.52; t[35] = − 2.09, p = 0.044; 95% CI [− 2.14, − 0.03]). 

Drug did not affect fear-potentiated startle (mean 0.95, SEM 1.10; t[35] = 0.86, p = 0.396; 

95% CI [− 1.29, 3.19]).

The drug (SRX, PLC) × response (anxiety-potentiated startle, fear-potentiated startle) × 

drug-order (SRX first, PLC first) rANOVA on startle t-scores revealed a 3-way interaction 

between drug × response × drug order (f[1,34] = 4.34, p = 0.045, η2 = 0.113; Tables 1 and 

2). To better understand the nature of this interaction, it was decomposed by response (i.e., 

drug × drug order separately for anxiety-potentiated startle and fear-potentiated startle). For 

anxiety-potentiated startle, there was a significant drug main effect, which reflected reduced 

anxiety-potentiated startle with SRX compared to PLC (f[1,34] = 4.36, p = 0.044, η2 = 

0.114). The drug × drug-order interaction was not significant (f[1,34] = 1.00, p = 0.324, η2 = 

0.029) (Fig. 3).

For fear-potentiated startle, there was a significant drug × drug-order interaction (f[1,34], p 
= 0.008, η2 = 0.189). Participants who received SRX first had higher fear-potentiated startle 

with SRX than PLC (mean 3.79, SEM 1.34; t[17] = 2.83, p = 0.012, 95% CI [0.96, 6.61]). 

Participants who received PLC first had larger fear-potentiated startle with PLC than SRX, 

but this effect did not reach significance (mean 1.89, SEM 1.51; t[17] = 1.25, p = 0.227, 

95% CI [− 1.29, 5.07]). For NPU raw startle results, see Supplemental Information.

NPU online subjective anxiety ratings

The drug (SRX, PLC) × ratings (anxiety-potentiated rating, fear-potentiated rating) × drug­

order (SRX first, PLC first) rANOVA for online anxiety revealed a drug × drug-order 

interaction (f[1,34] = 4.66, p = 0.038, η2 = 0.121). When SRX was given first, participants 

reported lower (non-significant) online anxiety ratings during SRX than PLC (mean − 0.35, 

SEM 0.23; t[17] = − 1.49, p = 0.155, 95% CI [− 0.84, 0.14]). When PLC was given 

first, participants reported lower (also non-significant) online anxiety ratings during PLC 

than SRX (mean − 0.46, SEM 0.29; t[17] = − 1.58, p = 0.134, 95% CI [− 1.08, 0.16]). 

There was a main effect of condition (f[1,34] = 57.59, p < 0.001, η2 = 0.629), with overall 

higher anxiety-potentiated ratings than fear-potentiated ratings (mean 1.38, SEM 0.18; t[35] 

= 7.56, p < 0.001, 95% CI [1.00, 1.75]). The drug × condition interaction was not significant 

(f[1,34] = 0.09, p = 0.762, η2 = 0.003). Drug order did not affect rating effects.

Shock

There was a drug × drug-order interaction on shock level (f[1,34] = 5.07; p = 0.031, η2 = 

0.130). When it was given first, PLC tended to have a lower shock level (mA) than SRX 
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(mean − 1.70, SEM 0.86; t[17] = − 1.99, p = 0.063, 95% CI [− 3.50, 0.10]). Shock level did 

not differ by drug when SRX was given first (mean 1.45, SEM 1.11; t[17] = 1.31, p = 0.208, 

95% CI [− 0.89, 3.79]). Drug did not modulate retrospective shock discomfort (f[1,34] = 

0.41, p = 0.526, η2 = 0.012), regardless of drug order.

Blinding

The rater (participant, investigator) × drug (SRX, PLC) × drug-order (SRX first, PLC first) 

rANOVA did not reveal any effects (e.g., main effects: rater f[1,34] = 0.11; p = 0.744, η2 = 

0.003; drug f[1,34] = 2.21; p = 0.146, η2 = 0.061; drug order f[1,34] = 0.22; p = 0.642, η2 = 

0.006), indicating that the double-blind was successfully implemented.

Discussion

The objective of this study was to determine the effect of the novel V1aR antagonist 

SRX246 on an experimental model of fear and anxiety in humans. The main finding 

supports the hypothesis that SRX246 has anxiolytic properties. Specifically, SRX246 

decreased anxiety-potentiated startle. The effects of SRX246 on fear-potentiated startle, 

however, were difficult to interpret due to a drug-order interaction. While results suggest 

that SRX246 may act as an anxiolytic in humans, this would need to be demonstrated in a 

clinical trial.

Since many compounds have affected “anxiety” in animals but not humans, drug developers 

must make crucial “go/no go” decision when selecting an agent for a clinical trial. This 

decision may be assisted by the use of experimental models of anxiety in healthy human 

subjects, based on the assumption that patients are more likely to benefit from a drug 

with anti-anxiety effects in the model than a drug with no anti-anxiety effects. Preliminary 

evidence for this assumption comes from studies that show (1) conventional anxiolytics 

(e.g., benzodiazepines and SSRIs) that are used to treat anxiety patients and also reduce 

the magnitude of anxiety-potentiated startle (Baas et al. 2002; Grillon et al. 2006, 2009a, 

2015) and (2) candidate anxiolytics with no clinical efficacy (e.g., CRH antagonist) that 

do not affect anxiety-potentiated startle (Grillon et al. 2015). The predictive validity of this 

approach remains to be demonstrated, however, by showing that a candidate anxiolytic that 

reduces anxiety-potentiated startle in healthy humans can decrease symptoms in patients.

Previous studies showed that alprazolam (1 mg), diazepam (15 mg), and citalopram (20 mg 

daily for 2 weeks but not × 1) decreased anxiety-potentiated startle without affecting fear­

potentiated startle. In addition, alprazolam and diazepam, but not citalopram, also reduced 

baseline startle (Baas et al. 2002; Grillon et al. 2006, 2007, 2009a, 2015). Baseline startle 

reduction reflects the sedative effect of benzodiazepines. In the present study, SRX246 did 

not affect baseline startle. This is consistent with previous studies that have shown that 

SRX246 does not have sedative effects in animals or humans (SRX246 Investigational Drug 

Brochure). Given that SRX246, SSRIs, and benzodiazepines have different mechanisms of 

action, it is notable that all these agents successfully decreased anxiety. These results suggest 

that SRX246 could offer relief for patients who are resistant to other treatments and may 

be associated with improved tolerability and compliance compared to benzodiazepines and 
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SSRIs. It should be noted, however, that different classes of anxiolytics have not been tested 

using the NPU threat test paradigm.

The effect of SRX246 on fear-potentiated startle was inconclusive due to a significant 

drug-order interaction. Participants who received SRX first (and PLC second) had higher 

startle response to predictable threat with SRX than PLC, while participants who received 

PLC first (and SRX second) had larger startle response to predictable threat with PLC than 

SRX (non-significant). In other words, the magnitude of fear-potentiated startle was larger 

during the first session compared to the second session in both groups (SRX first, PLC first). 

Although we have found no drug-order effect in most of our past studies (Grillon et al. 

2006, 2007, 2011, 2015), it has happened occasionally (Grillon et al. 2007). One explanation 

may be that results differed by number of SRX and PLC doses; however, analyses were 

run while covarying for number of SRX and PLC doses, and findings did not change (see 

Supplemental Information). Another factor is the reporting of subjective anxiety during the 

task. Indeed, one key difference between the present study and our past psychophysiological 

studies is the use of continuous online subjective ratings of fear and anxiety. We now 

believe that such ratings affect threat-potentiated startle. For example, reporting online 

subjective anxiety may reduce the magnitude of FPS and/or APS. As such, the process of 

reporting online subjective ratings may affect threat processing to imminent threat during 

the predictable condition, resulting in reduced FPS from session 1 to session 2. Finally, the 

power analyses and sample size calculations for this study were promised on detecting a 

medium-sized effect for APS. Thus, we may have been underpowered to detect a smaller 

effect of SRX246 on FPS. We can conclude that the effect of SRX246 on fear-potentiated 

startle, if any, may have been weaker than the effect of repeat testing and thus difficult to 

detect with the sample size used in this study.

Although we cannot conclude definitively that SRX246 does not affect fear, it is clear that 

this compound affects anxiety in our experimental model. Why would SRX246 decrease 

anxiety but not fear, and what does this finding tell us about its potential symptom 

targets? While the V1aR is found in both the BNST and CeA (Dumais and Veenema 

2016), which broadly modulate anxiety and fear respectively (Davis et al. 2010; Avery et 

al. 2016; Shackman and Fox 2016), AVP is synthesized in the BNST but not the CeA 

(Godino and Renard 2018). Indeed, animal studies support AVP innervation of the dorsal 

raphe nucleus from the BNST (Rood and Beck 2014) (which may explain the comparable 

anxiolytic results of SRX246 and SSRIs). Thus, the BNST may play a stronger role in 

V1aR activity than the CeA. As discussed previously, a sustained state of sensitization 

characterized by hyperarousal and hypervigilance is a characteristic of many anxiety and 

stress disorders (Barlow 2000; Grillon 2002; Mineka and Oehlberg 2008; Grupe and 

Nitschke 2013). We believe that anxiety-potentiated startle is a “read-out” of this behavioral 

sensitization. Consistent with this view is increasing evidence of exaggerated responses 

to unpredictable threat in anxiety and stress disorders across a wide range of measures 

(startle, skin conductance, brain activation), procedures (context conditioning, verbal threat, 

shocks, unpleasant pictures), and laboratories (Grillon et al. 1994, 2008, 2009b; Morgan et 

al. 1995; Pole et al. 2003, 2009; Gorka et al. 2013a, 2017a, b; Grupe et al. 2016; Brinkmann 

et al. 2017a, b; Lieberman et al. 2020). Consequently, we propose that these symptoms 

(hypervigilance and hyperarousal) are potential indications for SRX246.
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The differentiation between objective and subjective measures of experimental anxiety has 

been discussed at length (LeDoux and Pine 2016). In brief, these measures are thought to 

reflect different subcortical and cortical neural processes. It should also be noted that, based 

on the results of this study, we cannot differentiate between the neural effects of AVP and 

OT. Although OT has much less affinity (34.9 nmol/L) for V1aR than AVP (1.4 nmol/L) 

(Åkerlund et al. 1999), both peptides interact with the receptor (Carter 2017). While AVP 

and OT were historically thought to antagonize one another in response to threat, with OT 

“registering” safety and AVP “registering” danger, this model is currently viewed as too 

simplistic (Carter 2017). Therefore, our current results clearly support the anxiolytic effects 

of V1aR antagonism, but not necessarily the anxiogenic effects of only AVP.

Our study has a number of strengths, including the use of a well-validated experimental 

model of unpredictable and predictable threat to obtain objective measures of defensive 

responses (NPU threat test) (Grillon et al. 1998, 2008, 2009b; Gorka et al. 2013b, 2015, 

2017b; Ballard et al. 2014; Klahn et al. 2016, 2017). Additionally, we used a within-subject, 

placebo-controlled, cross-over design to minimize individual threat sensitivity confounds. 

Subjects were not on other medications or herbal supplements and were free from illicit 

substances. Thus, the effects we saw were likely to have been caused by SRX246. Finally, 

both investigators and subjects were successfully blinded to drug treatment, and compliance 

was ensured by measuring SRX246 plasma levels (spot checks).

One limitation of the study was the sample size, which, as discussed previously, may 

have resulted in too little power to detect a potential effect of drug on fear-potentiated 

startle (power analyses were conducted based upon our previous drug studies; Grillon et 

al. 2015). Another limitation was lack of control for reproductive state. As SRX246 is 

an investigational drug, participants were required to be on two forms of birth control to 

participate in the study, but female hormonal fluctuations were not standardized. Clinical 

studies have not shown an effect of gender on AVP’s modulation of anxiety however 

(Thompson et al. 2006; Colloca et al. 2016; Lu et al. 2019). The study design also does 

not discriminate between the effects of single or multiple doses. Subjects were instructed to 

take the drug (SRX246 and PLC) for 5–7 days due to pharmacokinetic studies showing that 

peak and sustained levels are stable after this amount of exposure (Clinical Investigator’s 

Brochure). Nevertheless, we wanted to limit the confound of drug levels by incorporating a 

witnessed dose ingestion in the clinic with NPU threat testing coinciding with Cmax.

In conclusion, our results suggest that SRX246, a novel V1aR antagonist, decreases anxiety­

potentiated startle in healthy humans. Since anxiety-potentiated startle is elevated in anxiety 

and trauma disorders (Grillon et al. 2008, 2009b; Gorka et al. 2017b) and decreased 

by traditional anxiolytics (Grillon et al. 2006, 2009a, 2015), the V1aR appears to be a 

promising target for drug developers who are interested in these disorders. Future studies 

should determine if results are replicable, and if so, whether SRX246 modulates anxiety­

potentiated startle in a patient population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Study design. After startle reactivity screening test, participants were randomized to receive 

either SRX246 or matching placebo for 5–7 days. Then, participants underwent the NPU 

threat test during Visit-1. After a washout period, participants received either placebo or 

SRX246, whichever they did not receive previously, and repeated the NPU threat test during 

Visit-2. This was followed by a clinician interaction (either phone call or visit)
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Fig. 2. 
NPU threat test. a Schematic representation of stimulus presentation and shock delivery 

during each condition in the NPU threat test. Prior to each run, subjects were exposed to 

4 startle probes to reduce initial startle reactivity. The upper line represents one of two 

potential orders of P (predictable), N (neutral), U (unpredictable) threat conditions. The 

lower lines are examples of each threat condition, including startle probes, visual threat 

cues, and shock delivery. Each condition had three visual threat cues (8 s) separated by 

inter-trial intervals. No shock was delivered in the N condition. In the P condition, shock 

was delivered only if a cue was on the computer screen. In the U condition, shock was 

delivered independently of cue. There were two shocks per P and U conditions (total of 

eight) and six startle probes per N, P, and U conditions ( adapted from Schmitz and Grillon 

2012). b Participants were asked to rate their online subjective anxiety on a scale of 1–10 

by pressing arrows on the keyboard throughout the NPU threat test. During the N condition, 

the display read “No Shocks at Anytime” at the top of the screen; during the P condition, 

the display read “Shocks Only During Cue”; and during the U condition, the display read 

“Shocks at Anytime.” The visual threat cues consisted of colored shapes that were displayed 
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intermittently throughout each condition. Startle probes are represented by yellow bursts, 

and shocks are represented by red lightning
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Fig. 3. 
Anxiety-potentiated startle. Mean (SEM). Anxiety-potentiated startle was reduced with SRX 

compared to PLC (p < 0.05) regardless of drug order
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