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Abstract: Several effective pharmacological therapies for panic disorder (PD) are available, 
but they have some drawbacks, and unsatisfactory outcomes can occur. Expanding the 
variety of anti-panic medications may allow for improving PD treatment. The authors 
performed an updated systematic review of preclinical and clinical (Phase I–III) pharmaco-
logical studies to look for advances made in the last six years concerning novel-mechanism- 
based anti-panic compounds or using medications approved for nonpsychiatric medical 
conditions to treat PD. The study included seven published articles presenting a series of 
preclinical studies, two Phase I clinical studies with orexin receptor (OXR) antagonists, and 
two clinical studies investigating the effects of D-cycloserine (DCS) and xenon gas in 
individuals with PD. The latest preclinical findings confirmed and expanded previous 
promising indications of OXR1 antagonists as novel-mechanism-based anti-panic com-
pounds. Translating preclinical research into clinical applications remains in the early stages. 
However, limited clinical findings suggested the selective OXR1 antagonist JNJ-61393115 
may exert anti-panic effects in humans. Overall, OXR1 antagonists displayed a favorable 
profile of short-term safety and tolerability. Very preliminary suggestions of possible anti- 
panic effects of xenon gas emerged but need confirmation with more rigorous methodology. 
DCS did not seem promising as an enhancer of cognitive-behavioral therapy in PD. Future 
studies, including objective panic-related physiological parameters, such as respiratory 
measures, and expanding the use of panic vulnerability biomarkers, such as hypersensitivity 
to CO2 panic provocation, may allow for more reliable conclusions about the anti-panic 
properties of new compounds. 
Keywords: novel drug, experimental therapy, orexin, D-cycloserine, xenon gas

Introduction
Panic disorder (PD) is a common disorder, with a lifetime prevalence of approxi-
mately 3.8% in general Western adult population.1,2 PD has a chronic course, a 
significant burden of psychiatric and medical comorbidities, and can have signifi-
cant detrimental effects on daily life functioning and quality of life.3–5 PD is a 
heterogeneous disorder encompassing different phenomena, namely spontaneous 
panic attacks (PAs), the “core” of the disorder (ie, unexpected surges of somatic 
symptoms, such as accelerated heart rate and feelings of choking, accompanied by 
fear or discomfort), anticipatory anxiety, and panic-related maladaptive changes in 
behavior, which can lead to comorbid agoraphobia (AG) in approximately 70% of 
individuals with PD.6 Moreover, different phenomenological PD profiles may exist, 
possibly based on clinical symptoms and biological features.7 So far, the mechan-
ism involved in PD is not clear-cut. The different clinical phenomena in PD are 
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probably qualitatively distinct and related to diverse neural 
circuits and mechanisms.8,9 Some authors consider PAs as 
responses to threats related with body’s internal state. 
These threats may arise from multiple mechanisms, such 
as a decreased threshold for suffocation10 or the dysfunc-
tion of brain networks involved in defense reactions (eg, 
midbrain dorsal periaqueductal gray [DPAG]).11,12 Further 
developments postulate that an abnormal respiratory reg-
ulation, mainly related to hypersensitivity to chemoceptive 
stimuli (ie, carbon dioxide [CO2] and hydrogen ion [H+]) 
may be involved in both spontaneous and laboratory- 
induced PAs (ie, provoked by infusion of sodium lactate 
(NaLac) or inhalation of hypercapnic gas mixture). 
According to this view, PAs are different from fear 
reactions.13–15 We recently proposed that subtle imbal-
ances in bodily homeostatic global functioning reduce 
global physical adaptability to internal changes and may 
lead to PAs.16

Conversely, scientific findings9,17–19 do not fully support 
the idea that PAs primarily arise from a malfunction of 
amygdala and limbic system resulting in a hyperactive 
“fear network”.20 Overall, according to these hypotheses, 
PAs may involve brain networks that modulate physiologic 
homeostatic processes, including the brainstem, hypothala-
mus, and insula. In contrast, the amygdala, limbic system, 
and higher brain areas (such as the prefrontal cortex) could be 
heavily implicated in panic-related phobias and anticipatory 
anxiety.17,21,22 In the treatment of PD, limited progress has 
been made for several years. Possible reasons include the 
uncertainty concerning panic pathophysiology, the fact that 
panic-related phenomena may be influenced by multiple 
neurotransmitters, and the lack of full understanding of 
action mechanisms of medications recommended for 
PD.23,24 The current guidelines recommend selective seroto-
nin reuptake inhibitors (SSRIs) and the serotonin-norepi-
nephrine reuptake inhibitor (SNRI)] venlafaxine, as first- 
line options; tricyclic antidepressants (TCAs) and benzodia-
zepines (BDZs) are second-line alternatives; other pharma-
cological options are available, but with limited scientific 
evidence. Finally, cognitive-behavioral therapy (CBT) is 
the first-line non-pharmacological intervention.25–27 

Although the efficacy of recommended medications and 
CBT is well-established, many patients (approximately 
20%–40%) did not achieve full remission, and the rates of 
relapse or persistence of subthreshold symptoms after termi-
nation of pharmacotherapy was substantial (up to 50% of 
patients).28 Furthermore, SSRIs, venlafaxine and TCAs are 
associated with several shortcomings, including delayed 

onset of action, possible rise in anxiety at the beginning of 
treatment, and several side effects, including weight gain or 
detrimental effects on sexual activity. BDZs have a fast onset 
of therapeutic effects but can cause sedation, fatigue, and 
memory/cognitive impairment; they also have a greater risk 
of tolerance, misuse, and dependence.25–27 Overall, this evi-
dence suggests that unmet medical needs still exist in PD 
pharmacotherapy. Research over the last years has investi-
gated the potential anti-panic effectiveness of medications 
already approved for other psychiatric disorders to address 
these issues. So, far, results are insufficient to support using 
different antidepressants (eg, nefazodone, mirtazapine, mil-
nacipran, reboxetine, duloxetine), second-generation anti-
psychotics, or anticonvulsants in PD, as an alternative to 
the recommended medications.7,23,29–31 A recent 10-week 
open-label study found preliminary indications of clinical 
efficacy of vortioxetine in PD, which need further confirma-
tion in studies with larger samples and a more rigorous 
methodology.32 Other attempts have involved compounds 
approved for medical uses not related to psychiatric condi-
tions. The antibiotic D-cycloserine (DCS) received special 
attention as a possible enhancer of CBT effectiveness in PD 
due to its partial agonism at the glutamatergic N-methyl-D- 
aspartate (NMDA) receptor. However, more recent findings 
no longer supported its usefulness in this disorder.23 Finally, 
developing novel mechanism-based compounds has been 
considered an additional valuable option to identify more 
effective, tolerable, and faster-acting anti-panic treatments. 
In our previous review focused on this topic,33 as well as in a 
broader review of potential novel drugs for the whole group 
of anxiety disorders,34 compounds acting on glutamate and 
orexin systems seemed to emerge as the most encouraging 
options for future novel therapies for PD.

In the present systematic review, we updated our pre-
vious review33 by examining panic-related preclinical and 
clinical (Phase I–III) pharmacological studies to look for 
progress in the last six years. We were interested in asses-
sing advance in developing novel mechanism-based anti- 
panic compounds and employing drugs authorized for 
nonpsychiatric uses to treat PD.

Methods
The systematic review followed the Cochrane 
Collaboration’s guidelines and we documented the results 
according to the Preferred Reporting Items for Systematic 
Reviews and Meta-Analyses (PRISMA) guidelines35 

(Figure 1, PRISMA flow diagram). We performed a search 
of peer-reviewed scientific literature, written in English, 
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using PubMed, PsycINFO, and Embase databases from 
January 1, 2015, to December 31, 2020. We combined 
the search strategy of free-text terms and exploded 
MESH headings for the topics (“panic/panic disorder,” 
“preclinical trial/clinical trial/randomized controlled 
trial,” “experimental study/research,” and “novel/investi-
gational/experimental drug or psychotropic drug). 
Additional articles were also searched using the reference 
lists of pertinent articles and reviews. Furthermore, we 
looked for pertinent findings from clinical trials using 
European and US trial registries36,37 (search term was 
“panic”). This protocol was not previously registered.

Three of the study’s authors (DC, AA, and FC) inde-
pendently carried out search and screening process; incon-
sistencies were discussed and resolved before proceeding.

Preclinical studies were included in the review if they 
used the most validated translational cross-species experi-
mental models of induced PAs currently available, namely 

carbon dioxide (CO2) inhalation in naïve rats38 or sodium 
lactate (NaLac) infusion in panic-prone rats.39

Inclusion criteria for clinical studies admitted to the review 
were the following: Phase I to III pharmacological clinical 
trials; investigation of novel mechanism-based agents’ poten-
tial anti-panic effects or drugs already authorized for nonpsy-
chiatric uses and differing in pharmacodynamics from drugs 
recommended for PD; adult participants (ie, ≥18 years of age); 
mentally healthy participants (in case of Phase I clinical trials) 
or participants with PD (as primary diagnosis) with or without 
agoraphobia (AG) (diagnostic screening in accordance to 
Refs. 6,40–44) (in case of Phase II/III clinical trials); use of the 
most validated experimental procedures to induce PAs in 
humans (eg, NaLac infusion or CO2 inhalation)38 when 
laboratory panicogenic challenges were planned; use of vali-
dated self- and/or clinician-reported measures. We only 
included articles with full-text availability. We excluded let-
ters, commentaries, abstracts, reviews, case reports, and meta- 

Figure 1 PRISMA flow diagram of study selection process. 
Notes: PRISMA figure adapted from Liberati A, Altman D, Tetzlaff J, et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate 
health care interventions: explanation and elaboration. Journal of Clinical Epidemiology. 2009;62(10). Creative Commons.35
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analyses. We only included studies investigating 
D-cycloserine’s effects on PD that were published after 
February 28, 2018. We discussed in detail previous studies 
on this compound in our recent review.23 We did not include 
studies focused on treatment-resistant PD because this topic 
would require a dedicated review.

We only included clinical trials if they provided avail-
able results not already published as articles. After remov-
ing duplicates, we identified 297 published articles and 21 
clinical trials. At the end of the entire process, we selected 
seven published articles suitable to be included in our 
review (Figure 1, PRISMA flow diagram).

Results
We included seven published articles, five of which 
encompassed a series of preclinical and Phase I clinical 
studies with antagonists of orexin receptors (Tables 1 and 
2, respectively). The other two (Table 3) were clinical 
studies investigating the effects of D-cycloserine (rando-
mized study) or xenon gas (open study), respectively, in 
individuals with PD.

Antagonists of Orexin Receptors
In the following paragraphs, we reviewed preclinical 
(Table 1) and Phase I clinical studies (Table 2) assessing 
antagonists of orexin receptors as novel drugs with poten-
tial anti-panic properties.

Preclinical Studies
One study45 characterized the orexin-1 receptor (OX1R) 
antagonist compound 56. The authors compared its proper-
ties to standard OX1R antagonists SB-408124, SB- 
334867, and GSK-1059865, in experiments on rodents. 
They demonstrated that the novel compound 56 has cap-
ability of penetrating into brain, and a very high and 
selective OX1R affinity and antagonism, without any hyp-
notic effect. Because compound 56 displayed better per-
formance than the comparators, it was selected for the 
experiments described below. The authors evaluated com-
pound 56 activity at different doses in two rat models of 
stress-induced hyperarousal, namely an external, extero-
ceptive threat (ie, cage exchange) and an internal, inter-
oceptive body state threat (ie, intravenous NaLac panic 
provocation in panic-prone rats39). For the aim of this 
review, we focused on the results concerning the NaLac 
panic provocation model. Collectively, in this rat model of 
panic vulnerability, compound 56 significantly attenuated 
behavioral and cardiovascular reactions to intravenous 

NaLac infusion. No sedative side effects were identified 
throughout the procedure (details in Table 1).

To test the hypothesis that OX1R antagonists may play 
a prominent role in modulating panic-associated behavior 
and autonomic responses compared with orexin-2 receptor 
(OX2R) antagonists, other authors46 applied a 20% carbon 
dioxide (CO2) panic provocation model in naïve rats to 
identify and compared the potential anti-panic properties 
of the following three orexin- receptor (OXR) antagonists: 
compound 56 (SORA1, selective ORX1 antagonist), a dual 
OX1/2R antagonist (DORA-12), a close structural analog 
of suvorexant, to globally inhibit orexin activity, and 
OX2R antagonist JnJ10397049 (SORA2, selective ORX2 
antagonist). Alongside these compounds, the benzodiaze-
pine lorazepam was used as a positive control for panico-
lytic properties. Finally, the less selective ORX1 
antagonist SB334867 (ie, it also has off-target affinities 
for non-orexin receptors) was tested, even though concerns 
regarding its hydrolytic instability47 make it less suitable 
as a candidate for future development. The authors found 
that the selective ORX1 antagonist was able to reduce both 
the 20% CO2-induced behavioral and cardiovascular 
response, while the dual OX1/2R antagonist diminished 
only the 20% CO2-induced behavior. Conversely, the 
selective OX2R antagonist reduced neither 20% CO2- 
induced behavior nor cardiovascular response. Contrary 
to lorazepam, orexin receptor antagonists did not present 
sedative side effects (details in Table 1).

A subsequent study48 reported a comprehensive phar-
macological characterization of JNJ-54717793, a novel 
OX1R antagonist, and tested its potential anti-panic prop-
erties using both NaLac and 20% CO2 panic provocation 
models. The authors demonstrated JNJ-54717793’s cap-
ability of penetrating into brain, and its high and selective 
affinity and antagonism for OX1Rs, without significant 
impact on rats’ and mice’s spontaneous sleep. Overall, 
this compound attenuated NaLac- and 20% CO2-induced 
cardiovascular and behavioral responses, without sedative 
side effects (details in Table 1).

Finally, a recent article49 provided a translational eva-
luation of JNJ-61393215, a novel compound exerting 
selective antagonism at OX1Rs. The authors provided a 
comprehensive in vitro and in vivo pharmacological char-
acterization of the compound. They evaluated JNJ- 
61393215’s potential anti-panic properties on panic-related 
responses induced by CO2 panic provocation models both 
in rats and humans. The following section describes the 
series of human studies. In vitro characterization showed 
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that JNJ-61393215 had a high affinity, potency, and selec-
tivity for OX1R. In vivo, in rats, the authors, using the 
same 20% CO2 panic provocation model used in the 
above-described studies, found that JNJ-61393215 could 
block anxiety-like behavioral response to CO2 inhalation, 
as measured during the social interaction test, and, only at 
its highest dose, attenuate CO2-induced cardiac response. 
The compound did not present apparent sedative side 
effects, and it minimally affected the sleep-wake state in 
baseline conditions (details in Table 1).

Phase I Clinical Studies
In the same article,49 the authors carried out a series of 
first-in-human conducted Phase I single and multiple 
ascending dose studies (SAD and MAD studies, respec-
tively) to provide a pharmacological characterization of 
the novel selective OX1R antagonist JNJ-61393215, 
including its tolerability and safety. They also explored 
its potential anti-panic properties on panic responses 
induced by a 35% CO2 double-inhalation challenge 
(MAD study, part 2). All the studies were conducted in 
healthy (as defined based on clinical laboratory tests, phy-
sical and neurological examination at screening) adult 
male volunteers. We mainly focused on the results con-
cerning the compound’s anti-panic properties, while we 
only briefly summarized below the main results of the 
SAD and MAD, part 1, studies. In the double-blind, ran-
domized, placebo-controlled SAD study, 8 cohorts of par-
ticipants (total number of participants: 72) received, under 
fasted conditions, single increasing (from 1 to 90 mg) oral 
doses of JNJ-61393215 or placebo. In the double-blind, 
randomized, placebo-controlled MAD study (part 1), 4 
cohorts of participants (total number of participants: 32) 
received, under fasted conditions, multiple increasing 
doses of JNJ-61393215 (ie, 5, 15, 45, and 90 mg) or 
placebo. Collectively, the SAD and MAD part 1 studies 
demonstrated an acceptable safety profile of JNJ- 
61393215. The frequency of JNJ-61393215-related 
adverse events did not differ from placebo and the severity 
of the most common side effects (eg, headache, somno-
lence, dysgeusia) was mild. Even with the maximal doses 
administered (estimated receptor occupancy >95%), no 
somnolence occurred. Thirty-nine participants, who 
showed sensitivity to the 35% CO2 double-inhalation pani-
cogenic challenge during screening, were included in a 
randomized study with two active compounds (ie, JNJ- 
61393215 and the active comparator alprazolam) and pla-
cebo. A four-treatment 3 arm 2x2 cross-over design was 

followed, with a duration of 7 days. The doses of JNJ- 
61393215 were 25 mg (estimated receptor occupancy 
>93%) or 90 mg (estimated receptor occupancy >98.5%) 
once daily, while 1 mg of alprazolam was administered 
twice daily (MAD study part 2, details in Table 2). After 
six days of active treatment or placebo, participants under-
went a 35% CO2 double-inhalation challenge. Outcome 
measure, used to compare active treatment with matched 
placebo in each arm, was Panic Symptom List (PSL)-IV 
score, measuring CO2-induced-symptoms. Results were 
controlled for fixed and random effects, and baseline 
PSL-IV score was used as a covariate. Power calculation 
was carried out to identify an appropriate sample size, 
using the estimated PSL-IV total score significant changes. 
Both treatment with 90 mg of JNJ-61393215 and alprazo-
lam significantly reduced CO2 induced-symptoms, 
whereas 25 mg of JNJ-61393215 did not exert significant 
effects. Neither JNJ-61393215 nor alprazolam exerted any 
effects on cardiovascular responses to CO2 challenge (data 
not shown in the article) (details in Table 2).

Finally, a Phase I double-blind, placebo-controlled, 
randomized MAD study (study 1) assessed pharmacoki-
netics and pharmacodynamics of the orally active, rever-
sible, brain penetrant selective OXR1 antagonist ACT- 
539313.50 Tolerability and safety of the compound were 
also examined. Furthermore, the authors conducted a pre-
liminary Phase I study aimed to evaluate its potential anti- 
panic properties using a CO2 challenge consisting of con-
secutive inhalation of air, 7.5% CO2 and 35% CO2-single 
breath (study 2). For this review, we mainly focused on 
study 2, while we only briefly summarized below the main 
results of study 1. Both studies were conducted in physi-
cally and mentally healthy adult volunteers.

Study 1 included 28 healthy participants receiving, 
under fed conditions, multiple-ascending oral doses of 
ACT-539313 (up to 200 mg two times every day). A 
comprehensive test battery was used to assess the possible 
pharmacodynamic impact of the compound on central 
nervous system (CNS) functions. A small decrease in 
saccadic peak velocity and unstable tracking performance 
was found, without dose-dependency or significant impair-
ment in vigilance or visuomotor performance. The most 
frequently reported side effect was somnolence, at a dose 
of 200 mg, while severe adverse events were not found.

Study 2 (details in Table 2) had a randomized, two-way 
cross-over design and included 30 female and male parti-
cipants. A dose of 200 mg of ACT-539313 was used. 
Power calculation was carried out to identify an 
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appropriate sample size, using the estimated Visual Analog 
Scale (VAS) for anxiety changes induced by 7.5% CO2- 
inhalation.51 Overall, ACT-539313 and placebo did not 
significantly differ in subjective panic-related measures 
or objective parameters during CO2 inhalation.

Limited indications of potential general anxiolytic 
properties of ACT-539313 were reported, as shown by 
reduced anxiety during air inhalation and generalized anxi-
ety symptoms during 7.5% CO2 inhalation, under ACT- 
539313 compared with placebo (details in Table 2).

Clinical Studies of Drugs Authorized for 
Nonpsychiatric Uses
In the following paragraphs, we reviewed clinical studies 
assessing effectiveness in patients with PD of the antibio-
tic D-cycloserine (DCS) used in tuberculosis treatment and 
the general anesthetic Xenon gas (Table 3).

D-Cycloserine
D-cycloserine (DCS) was recently investigated in a rando-
mized, double-blind, placebo-controlled augmentation 
study, conducted in a small sample of participants with 
PD (with and without agoraphobia), recruited from a gen-
eral population.52 The aims were to evaluate whether 250 
mg of DCS, administered in a single oral dose, had cap-
ability of influencing fear-related neurocognitive markers. 
Participants received DCS two hours before single-session 
cognitive-behavioral therapy (CBT). The primary outcome 
was threat bias for fearful faces (as measured with reac-
tion-time), while the secondary outcome was amygdala 
reactivity to threat. These evaluations were performed 
one day after the treatment visit. Other secondary out-
comes included clinical symptoms changes, as measured 
with multiple self- and clinician-administered psycho-
metric questionnaires throughout 6-month follow-up. 
Randomization sequence (generated by an automated ran-
dom number generator), masking, treatment allocation and 
distribution were planned to guarantee concealment during 
the study. An expert clinical psychologist delivered the 
single-session CBT, lasting about 60 minutes, including 
cognitive preparation and psychoeducation, exposure to 
fear-provoking situations and bodily sensations, and cog-
nitive debriefing. Were recruited 16 participants per group 
to achieve 70% power in detecting a difference (effect 
size, d= 0.8; p= 0.05) in threat bias between placebo and 
DCs. DCS-group presented lower threat bias for fearful 
faces and amygdala reactivity to threat than the placebo 
group, as measured the day after treatment. Recovery of 

agoraphobic avoidance after 1 month of treatment was 
greater in DCS-group than placebo-group, whereas signif-
icant differences between the two groups disappeared dur-
ing 6-months follow-up. The two groups did not 
significantly differ in continuous panic-specific clinical 
measures at any time point of the study (details in 
Table 3).

Xenon Gas
The effectiveness of xenon gas inhalations in a sample of 
participants with PD without (group 1) and with (group 2) 
other psychiatric comorbidities was evaluated in a 6 
month-open-label study.53 Participants received 6–7 inha-
lations at sub-anesthetic concentrations. Xenon-oxygen 
mixture was delivered through a face mask, and each 
inhalation lasted 2.5–4 minutes, with concomitant contin-
uous monitoring of cardiovascular parameters and oxygen 
saturation. In both groups, general anxiety symptoms, as 
measured with the anxiety-related sub-scores of the 
Hospital Anxiety and Depression Scale (HADS-A), sig-
nificantly decreased after 3 xenon inhalations. By the end 
of treatment, all participants were in the “norm” HDS-A 
category (at the beginning of treatment, all participants 
were in the “clinically severe anxiety” category). 
Similarly, anxiety symptoms, as measured with Zung 
Self-Rating anxiety scale, significantly decreased from 
scores corresponding to “high level of anxiety” at the 
beginning of treatment to scores corresponding to “no 
anxiety” in group 1 and “minimum degree of anxiety” in 
group 2, at both 1 and 6 months after the end of the 
treatment. Without statistical analyses, descriptive report-
ing was provided about Clinical Global Impression (CGI) 
Scale scores and panic attacks (PAs). Severity and 
Improvement subscales of CGI Scale showed similar 
severity of PD in both groups at the beginning of treat-
ment, greater improvement after 3 xenon inhalations in 
group 1, and a certain persistence of this tendency at the 
final time point. At 6-months follow-up, PAs were absent 
in both groups, while the frequency of limited-symptom 
PAs per month was very low (0.3, SD = 0.46 in group 1; 
1.0, SD = 2.64 in group 2). No explanation about PA 
assessment methodology was reported. Overall, xenon 
was well tolerated. In four out of the five participants 
who dropped out because of headache and dizziness, 
mild organic brain disease of vascular origin was found, 
making them more sensitive to xenon side effects (details 
in Table 3).
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Discussion
We reviewed preclinical and clinical (Phase I–III) pharma-
cological studies of the last 6 years. We considered 
whether advances were made in developing novel mechan-
ism-based anti-panic compounds or in employing drugs 
already authorized for nonpsychiatric uses and differing 
in pharmacodynamics from drugs recommended for PD. A 
limitation of our review is that the protocol was not pre-
viously registered.

We found encouraging research on anti-panic proper-
ties of orexin receptor antagonists and interesting preli-
minary findings on xenon gas, while DCS did not appear 
of interest to increase the effectiveness of CBT in PD.

Studies of Novel Mechanism-Based 
Compounds
The latest preclinical research supported selective orexin-1 
receptor (OX1R) antagonists as promising novel mechan-
ism-based anti-panic compounds, confirming and expand-
ing previous results.33 In contrast, selective orexin-2 
receptor (OX2R) antagonism was not associated with sig-
nificant anti-panic effects.

The reviewed preclinical studies collectively demon-
strated that different selective OX1R antagonists signifi-
cantly reduced behavioral and cardiovascular responses to 
the most validated translational cross-species experimental 
models of induced PAs, namely CO2 inhalation in naïve 
rats38 or NaLac infusion in panic-prone rats.39 In contrast, 
the dual OX1/2R antagonist DORA-12 attenuated only the 
20% CO2-induced behavior. This effect was considered 
primarily related to its OX1R antagonism because, in the 
same study, a selective OX2R antagonist reduced neither 
20% CO2-induced behavior nor cardiovascular response.46 

Moreover, OX1R antagonists, in contrast to benzodiaze-
pines, did not cause apparent sedative side effects during 
procedures in any study. However, all the reviewed pre-
clinical studies’ main general limitation was the lack of 
assessment of respiratory parameters. Thereby it remained 
unresolved whether the tested OX1R antagonists were 
capable of modifying CO2-/NaLac-induced panic-related 
respiratory response. The involvement of respiratory 
symptoms and function in human panic is well- 
established7,54 and panic-related CO2-induced respiratory 
response was demonstrated in mice.38 Furthermore, a 
recent animal study associated exaggerate ventilation 
after CO2 inhalation in a model of “PD-like” respiratory 
phenotype, induced by neonatal maternal separation in 

rats, with disturbance of estradiol modulation of OX neu-
rons in females. This dysregulation disinhibited OX neu-
rons and increased OX-A levels in the hypothalamus, 
while an OX1R antagonist reduced the hyperventilation 
in response to CO2.55 Therefore, future preclinical studies 
with OX1R antagonists should include a respiratory 
assessment to better characterize and support the anti- 
panic properties of OXR1 antagonists. Indeed, to enlarge 
in preclinical research, the array of scientifically grounded, 
objective panic-related variables, such as respiratory para-
meters, may increase the translational validity of results 
and reduce the risk of bias related to the inferential assess-
ment of behavior, whose translational validity may be 
more uncertain and questionable.

Attempts of translating preclinical research on selective 
OX1R antagonists to potential clinical applications 
resulted in only two recent Phase I published studies,49,50 

yielding conflicting results.
One study49 found that the selective OX1R antagonist 

JNJ-61393115 significantly decreased, in a sample of 
healthy men, panic symptoms induced by a double vital 
capacity 35% CO2 inhalation. This is a validated proce-
dure to provoke a response meeting the criteria of a PA in 
individuals not suffering from PAs or PD.38 These results 
were partly consistent with the authors’ favorable effects 
with the same compound on the 20% CO2 induced panic- 
like responses in rats.49 The study’s strength was to have 
included only participants who had shown sensitivity to 
the same 35% CO2 panicogenic challenge during screen-
ing to decrease possible risk of “floor effect” that could 
have undermined the identification of anti-panic activity of 
the compound. Unfortunately, the efficacy of JNJ- 
61393115 on panic-related CO2-induced physiological 
responses in humans remains to be established because 
the respiratory response to CO2 inhalation was not 
assessed. The apparent lack of effects on cardiovascular 
parameters was difficult to interpret due to the marked 
inter-individual variability in these parameters that 
emerged during the procedure.49 Another limitation was 
that the changes in ratings on the Visual Analog Scale 
(VAS) for fear during CO2 challenge were not used as 
outcome measures. As VAS for fear is usually included in 
criteria used to identify CO2-induced PAs,38 the lack of 
this measure may partly weaken the conclusions about the 
compound’s anti-panic effects. Finally, the results’ gener-
alizability to females should also be assessed in the light of 
preclinical and clinical evidence for higher orexin system 
expression in females.56
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Bearing in mind these shortcomings, the preliminary 
effects of this compound on CO2-induced panic symp-
toms, along with its favorable brief-term profile of safety 
and tolerability, suggest that this novel compound deserves 
further investigation in clinical studies, possibly involving 
patients with PD.

Conversely, a different selective OX1R antagonist 
(ACT-539313), tested in the other published Phase I 
study, including also a small number of females,50 did 
not display any specific anti-panic effect, while it exhibited 
potential general anxiolytic properties. However, this 
proof-of–mechanism study presented two main limitations 
that may have compromised detection of the compound’s 
potential anti-panic effects. The first limitation was that 
using an ad-hoc sequential inhalation procedure, including 
a single inhalation of 35% CO2 that is not fully validated 
to induce PAs in healthy individuals. The second is a 
possible floor effect related to the lack of screening parti-
cipants based on sensitivity to CO2.

This body of pharmacological research on OX1R 
antagonists is consistent with current knowledge concern-
ing putative connections between the orexin (OX) system, 
OXR1s, and panic pathophysiology. Excitatory OX neuro-
peptides originate from the precursor prepro-OX, which is 
produced by perifornical (Pef) and lateral hypothalamic 
neurons, and act via the OX1Rs and OX2Rs. The OX 
system modulates several different biological processes, 
including chemoreception and cardiorespiratory and beha-
vioral responses to increased CO2 or decreased H+ that are 
particularly relevant to PAs.46 Several studies associated 
panic-related behavior and the cardiovascular response of 
naïve rats exposed to 20% CO2 inhalation, or panic-prone 
rats to NaLac infusion, with increased cellular activity 
within hypothalamic OX neurons and cardiorespiratory 
brainstem circuits. Conversely, in prepro-OX knockout 
rats, NaLac-induced panic-like responses were blocked, 
which reduced ventilatory response to inspired CO2. The 
latter effect was also obtained when the rostral medullary 
raphes of naïve rats were infused with an ORX1 
antagonist.57–60 In addition to the midbrain raphe, 
OX1Rs are localized in other brain areas that are puta-
tively implicated in human PAs and defensive/emotional 
responses to an internal threat, such as locus coeruleus, 
brainstem cardiorespiratory nuclei, and periaqueductal 
gray, and they are also located in the limbic system.60,61 

Conversely, OX2Rs are mainly localized in wake-promot-
ing systems, such as histaminergic system,46 and therefore 
are not specifically relevant to panic. Notably, important 

concerning translational studies, conservation between 
human and rat forms of OX-A and OX1R is very high, 
namely 100 and 94%, respectively.46 Finally, preliminary 
studies in humans found associations between orexin 
receptor genetic polymorphisms and PD with AG,62,63 

and increased OX in the cerebrospinal fluid (CSF) of 
individuals with panic symptoms.59 Long-term therapy 
with the SSRI sertraline, a recommended anti-panic drug, 
reduced CSF OX levels in depressed patients, whereas 
treatment with bupropion, an antidepressant without anti- 
panic activity, did not.64

In conclusion, the ability of OX1R antagonists to 
decrease hypersensitivity to CO2/NaLac (a biomarker of 
human panic7,16) in animal models encouraged future 
development of these compounds as potential novel treat-
ment for PAs in patients with PD. Although very limited, 
preliminary clinical findings supported this possibility, 
suggesting that compounds such as JNJ-61393115 deserve 
further clinical investigation. We did not find ongoing 
clinical trials with OXR1 antagonists for PD. In contrast, 
a pilot, randomized placebo-controlled clinical trial with 
the dual OX1/2R antagonist suvorexant, an approved med-
ication to treat insomnia, is active to assess its effects on 
OX blood levels and response to 35% CO2 challenge in 
individuals with PD (ClinicalTrials.gov Identifier: 
NCT02593682).

Finally, OX1R antagonists have been also involved in 
attenuating fear-conditioning processes and enhancing of 
fear extinction processes.65–67 These compounds may have 
potential additional therapeutic effects in PD, acting on 
conditioned responses and panic-related phobias.7,16

Studies of Drugs Authorized for 
Nonpsychiatric Uses
Interesting perspectives concerning possible anti-panic 
properties of inhalations of xenon gas at sub-anesthetic 
concentrations arose from a 6 months-open-label study 
involving a moderately large group of patients with PD 
with/without psychiatric comorbidity.53 Xenon gas is an 
approved anesthetic, which does not produce metabolites. 
Xenon decreases excitatory neurotransmission by exerting 
inhibitory effects on multiple sites, including the glutama-
tergic NMDA receptor (on which xenon competes with the 
glycine) and other sites, such as AMPA-, 5-HT3-, and 
nicotinic receptors.68

The procedure used in the study rapidly reduced the 
global clinical severity of PD and general anxiety 
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symptoms, resulting in the absence of PAs at 6 months 
after treatment, with a favorable profile of safety and 
tolerability. The study suffered from several limitations, 
including the open design, the descriptive reporting with-
out statistical analyses of some outcome measures, the 
lack of definition of methods used to assess PAs during 
the trial. Moreover, it remained unclear to what extent the 
significant decrease in anxiety and panic symptoms in the 
sub-group of patients presenting psychiatric comorbidities 
was attributable to the concomitant reduction of other- 
than-panic type of psychiatric symptoms. Therefore, 
although promising, the results should be considered pre-
liminary and provisional and require confirmation in stu-
dies applying a more rigorous methodology. Consistently, 
a double-blind, randomized, placebo-controlled clinical 
trial of xenon inhalation in patients with PD has been 
planned (ClinicalTrials.gov Identifier: NCT04432155), 
although no patients have been recruited yet.

The potential anti-panic properties of xenon gas are 
coherent with its pharmacodynamic features, mainly redu-
cing glutamatergic neurotransmission. Glutamate modu-
lates multiple brain circuits implicated in panic responses 
and defensive reactions, such as the PeF hypothalamic 
area, periaqueductal gray, and the orexin system. 
Moreover, it influences several panic-related neurotrans-
mitters, such as serotonin and noradrenaline.39,69 For 
panic-like reactions to occur in panic-prone rats, glutamate 
receptors had to be activated.39 In humans, a link between 
panic and imbalance of glutamatergic and GABAergic 
systems was proposed, and associations between PD and 
polymorphisms in genes encoding the enzyme catalyzing 
the conversion of glutamate into GABA (ie, the glutamate 
decarboxylases) were found.70,71 Consequently, modula-
tion of the glutamatergic system may be a favorable 
approach for treatment of PAs. Finally, differently from 
other NMDA receptor blockers such as ketamine, the 
xenon mechanism of action on the glycine site of the 
NMDA receptor68 does not produce psychotomimetic 
effects, thereby making it particularly suitable for transla-
tion to clinical psychiatric settings.

Results of the latest randomized placebo-controlled 
clinical study with DCS52 were consistent with other 
recent discouraging findings concerning its efficacy as a 
potential enhancer of CBT for PD, which we reviewed 
elsewhere.23 DCS, an approved antibiotic for tuberculosis, 
received attention in clinical psychiatric research because 
in preclinical studies this compound promoted extinction 

of conditioned fear, probably by exerting a partial agonism 
at the glutamatergic NMDA receptor.72

Unfortunately, the administration of DCS before a sin-
gle-session CBT intervention did not differ significantly 
from placebo in improving any panic-specific continuous 
clinical measure throughout the entire 6 months-study we 
reviewed. A greater clinical recovery of agoraphobic 
avoidance at 1-month follow-up in the subsample treated 
with DCS was found, but the advantage disappeared at 
subsequent follow-up. As the sample size was very small, 
a type-II error cannot be excluded. However, this medica-
tion did not appear of interest as an augmentation strategy 
of CBT in PD treatment.

Conclusion
In conclusion, the latest preclinical findings expanded 
previous promising indications of OXR1 antagonists as 
novel-mechanism-based anti-panic compounds. Attempts 
of translating preclinical research to potential clinical 
applications are still at an early stage, as only two pub-
lished Phase I studies were available, providing mixed 
results. However, although very limited, some encouraging 
clinical findings suggested the selective OXR1 antagonist 
JNJ-61393115 may exert anti-panic effects in humans. 
Overall, this body of research supports the usefulness of 
further clinical research on OXR1 antagonists. Very pre-
liminary suggestions of xenon gas’s possible anti-panic 
effects in patients with PD emerged but need confirmation. 
Conversely, at present DCS does not seem promising as a 
CBT enhancer in PD.

Compared to our previous review on this topic,7 

advances have been made, including introducing CO2 

panicogenic challenge in preclinical research to increase 
the translational validity of the results; unfortunately, 
respiratory parameters, very relevant to panic, have not 
been considered yet. Likewise, in future clinical studies, 
including objective panic-related physiological para-
meters, such as cardiorespiratory ones, and expanding the 
use of 35% CO2 panic provocation challenge, may allow 
for more reliable conclusions about the anti-panic proper-
ties of new compounds than using the sole clinical mea-
sures. Furthermore, considering patients with PD’s 
phenomenological profiles, based on clinical symptoms 
and biological features,7 may help researchers understand 
if certain compounds may be particularly suitable for 
patients with specific clinical and/or physiological fea-
tures. However, since we are unlikely to have newly 
approved PD medication soon, increasing efforts to 
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develop a more personalized use of the recommended anti- 
panic drugs, based on each individual patient’s features, 
may allow for improvement of PD’s outcomes in a rela-
tively brief time.7,23
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