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Nitric oxide (NO) plays a major role in cardiopulmonary regulation as illustrated by the alterations of the NO system described in

cardiopulmonary illnesses. Recent studies have found an association between panic disorder and cardiovascular death and illness, as well

as pulmonary diseases. Our objective was to investigate whether pulmonary or systemic NO production was altered during induced

panic attacks (PAs). We used a double-blind placebo-controlled crossover design with randomization of the order of an injection of

placebo and pentagastrin, a cholecystokinin-B receptor agonist that induces PAs in healthy volunteers (HVs). A total of 17 HVs

experienced a PA after pentagastrin challenge. Exhaled NO and NO metabolites were measured by chemiluminescence. During

pentagastrin-induced PAs, HVs displayed significant decreases in plateau concentrations of NO exhaled, which were associated with

proportional increases in minute ventilation. There were no significant changes in pulmonary or systemic NO production. These results

suggest that the decrease in exhaled NO concentration observed during pentagastrin-induced PAs is related to the associated

hyperventilation, rather than to any change in lung NO production. This study is the first to evaluate changes in NO measurements

during acute anxiety.
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INTRODUCTION

The vascular endothelium synthesizes and releases several
relaxing factors, including nitric oxide (NO). NO is
synthesized from the amino acid L-arginine by a family of
enzymes known as nitric oxide synthases (NOS). Three
isoforms of NOS have been identified and cloned: the
neuronal (nNOS) and endothelial (eNOS) constitutive
isoforms and the inducible (iNOS) isoform. NO is widely
accepted as an important biomediator involved in the
regulation of vascular and bronchial tone (Moncada et al,
1991; Zapol et al, 1994). NO has an important role in the
pathophysiologic processes leading to cardiovascular and
pulmonary diseases, such as reduction in NO endothelial
release in atherosclerotic vessels (Cooke and Tsao, 1994)
and increased NO production in respiratory diseases such
as asthma (Hamid et al, 1997).
Panic disorder (PD) is characterized by recurrent and

unexpected periods of intense fear accompanied by
symptoms of a panic attack (PA) such as tremor,

palpitations, dyspnea, dizziness, paresthesias, gastric sensa-
tions, hot flushes and/or cold chills, diaphoresis, and chest
pain or discomfort (American Psychiatric Association,
1994).
In the last two decades, PD has been associated with

increased cardiovascular mortality and morbidity (Coryell
et al, 1982; Coryell, 1988; Weissman et al, 1990; Kawachi
et al, 1994). Furthermore, there is a high association
between pulmonary illnesses and PD, as evidenced by the
increased prevalence of asthma in PD patients (Spinhoven
et al, 1994). Respiratory alterations such as persistent
respiratory irregularity and increased respiratory response
to the respiratory stimulant doxapram have also been
reported in PD patients (Abelson et al, 2001). Dysregulation
of the NO system in PD patients may ultimately contribute
to the increased cardiovascular risk and the respiratory
dysfunction associated with PD. The exact pathophysiologic
mechanism of respiratory alterations in panic remains
unclear. For instance, it has been hypothesized that the
dyspnea experienced by PD patients may be the result of the
triggering of a ‘false suffocation alarm’, suggesting a central
abnormality in the control of ventilation (Klein, 1993).
According to this theory, dyspnea would be the key
symptom in the chain of events that lead to a PA.
Endogenously produced NO plays an integral role in the
physiological regulation of many airway functions such as
bronchodilation and regulation of airway and pulmonary
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Edmonton, AB, Canada T6G 2B7, Tel: +780 407 6578, Fax: +780
407 6672, E-mail: jean-michel.lemelledo@ualberta.ca

Neuropsychopharmacology (2003) 28, 1840–1845
& 2003 Nature Publishing Group All rights reserved 0893-133X/03 $25.00

www.neuropsychopharmacology.org



blood flow (Barnes and Belvisi, 1993); we therefore
hypothesized that abnormal NO production could play a
role in the occurrence of respiratory symptoms featured
during PAs.
Cholecystokinin (CCK) type B receptor agonists such as

tetragastrin (CCK-4) and pentagastrin (CCK-5) have been
widely used to investigate the neurobiological changes
taking place during PAs. Intravenous bolus injections of
CCK-4 and CCK-5 induce short-lived PAs in PD patients
and to a lesser degree in healthy volunteers (HVs) (panic
response rate 70–100% and 17–70%, respectively) (Van
Megen et al, 1996). These PAs are reported by PD patients
to be very similar to the naturally occurring PA.
The direct measurement of plasma NO concentration

remains difficult in vivo because NO is rapidly inactivated
by hemoglobin or oxidized to form several nitrogen
dioxides (NOx). Plasma NOx concentration is used as a
marker for endogenous NO production in humans (Mon-
cada et al, 1991). Another valid method of measurement of
endogenous NO production is to assess the NO excreted in
the exhaled air, detected by a chemiluminescence assay
(Gustafsson et al, 1991; Kharitonov et al, 1997; Leone et al,
1994; Dillon et al, 1996; Archer et al, 1998).
We tested the hypothesis that CCK-5-induced PAs in HVs

will be associated with increased respiratory rate, tidal
volume, and alteration of NO production in exhaled breath
and plasma.

METHODS

Subjects

A total of 24 normotensive subjects, taking no medications
and with no evidence of medical conditions at the time of
the study, were administered the Structured Clinical Inter-
view for Diagnostic and Statistical Manual of Mental
Disorders (DSM-IV) Axis I Disorders (SCID-I) and were
deemed eligible based on the lack of Axis I psychiatric
disorders. As in previous studies, we used the Panic
Symptom Scale (PSS) to assess the intensity of the panic
response to CCK-5 and to differentiate nonpanickers from
panickers (those meeting criteria for occurrence of a PA)
(Bradwejn et al, 1991). In all, 17 out of 24 nonsmoker
subjects who received CCK-5 were defined as panickers
(71%) and included in the study (13 males and four females
mean age7 SEM 24.717 1.65 years). Female subjects were
tested during their early follicular phase. The research
protocol was approved by the Health Research Ethics Board
and all subjects provided written consent.

Study Design

A double-blind placebo-controlled crossover study was
undertaken. Subjects were randomized to receive intrave-
nous 5 s-bolus of either placebo first and 3–7 days later
CCK-5 (50 mg) (CLINALFA, Läufelfingen, Switzerland), or
CCK-5 first and placebo 3–7 days later.

General Procedures

Subjects followed a nitrate/nitrite restricted diet (Wang et al,
1997) for 3 days before the test and fasted overnight (12 h)

(Mochizuki et al, 2000). At 45min before injection, an
intravenous catheter was inserted into the antecubital vein
for drug infusion and blood collection. Shortly after, a face
mask occluding the nose was placed on the subject.
Measurements were taken breath by breath from baseline
(30 s interval taken before injection) up to 3min 40 s
postinjection. Calculations of tidal volume, respiratory rate,
and minute/ventilation were performed using Power-lab
software (AD Instruments; Castle Hill, Australia).

NO in Exhaled Breath Measurement

[NO]exh was measured as previously described (Archer,
1993), using chemiluminescence analysis (NO analyzer 280;
Sievers Instruments, Boulder, CO). Ambient NO contam-
ination was avoided by the use of NO-free air (o3 ppb of
NO). To exclude nasal air, known to contain high levels of
NO from nasal and paranasal origin (Archer et al, 1998), a
nonrebreathing face mask was used (Hans Rudolph Inc.;
Kansas City, MO). Lung NO production (VNO) by both
endothelial and epithelial cells was calculated by

VNOstp ¼ 0:826VEð½NO�exhÞ ð1Þ
where VE is the minute ventilation, 0.826 is the gases
universal constant (Riley et al, 1997), and [NO]exh is the
exhaled NO concentration. To obtain NO released from the
lower airways (pulmonary endothelium), we calculated the
plateau seen in [NO]exh, as previously described in other
studies (Kharitonov et al, 1996, 1997; Rutgers et al, 1998).
Classically, the mean function (m) has been used to

obtain the plateau (defined as the interval from 1/2 to 7/8 of
the duration of the exhalation) of the exhaled concentration
of NO

Pi¼1

N
XðtiÞ

N
; ð2Þ

where t1ptiptN and [t0, tN] is the interval of time of the
plateau, N is the number of observations, and X(ti) is the
value of the exhaled NO concentration at time ti.
However, variations in the respiratory pattern will not be

detected by this calculation and some important informa-
tion can be missed. For this reason, we used the integral
function (i) on the plateau on each breath

Ztf

t0

f ðtÞdt; ð3Þ

where f(t) is the exhaled NO concentration (ppb) at time t
and [t0, tf] is the interval of time of the plateau (s).
Therefore, more information about the behavior of the
curve can be obtained, especially when the measurements of
NO are carried out breath by breath with variable expiratory
flows (Figure 1).
Results obtained with both methods, [NO]exh (m) and

[NO]exh (i) will be presented.

NOx Measurement

NOx were measured by chemiluminescence in small
volumes of plasma (10 ml) by converting them to NO using
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a strong reducing environment: vanadium (iii) in hydro-
chloric acid 1N at 901C (Archer, 1993).

STATISTICAL ANALYSIS

Following the experimental design, a linear model for
crossover design (Jones and Kenward, 1989) was used to
analyze the data. The following parameters were included in
the model: the main effect of time, the main effect of
treatment, the main effect of visit (first vs second injection
visit), the main effect of order of treatment (CCK-5 first vs
CCK-5s), and the following interactions: treatment with
time, visit with time, and order of treatment with time. A p-
value of less than 5% was considered significant. Bonferro-
ni’s multiple comparisons analyses were also carried out,
where appropriate. All statistical analyses were conducted
using SAS statistical software for Windows, Release 8.02
(SAS Institute Inc., Cary, NC).

RESULTS

The PSS score after CCK-5 injection was greater than after
placebo injection (PSS Score means7 SEM of 29.657 2.72
after CCK-5 injection and 1.247 0.58 after placebo injec-
tion. po0.001).
A significant decrease in plateau [NO]exh levels, for both

calculations of integral function [NO]exh (i) (Figure 2) and
mean [NO]exh (m) was found after pentagastrin-induced
PA, but not with placebo, as illustrated by time effect and
treatment� time effect (Table 1). Bonferroni’s post hoc
analysis showed a statistically significant decrease (po0.05)
in [NO]exh (m) at 40 s, 1min, and 1min 20 s compared to

baseline after CCK-5-induced PAs, and at 40 and 1min in
[NO]exh (i). Statistically significant treatment by time
interactions were found in tidal volume (Figure 3), respira-
tory rate (Figure 4), and minute ventilation (Figure 2)
(defined as the product of tidal volume and respiratory

Figure 1 Differences in calculations of plateau NO exhaled.

Table 1 Summary of Statistical Results

Variables Time effect Treatment effect Treatment� time effect

[NO]exh (i) (ppb� s) F(11,165)¼ 2.18, p¼ 0.018 F(1,15)¼ 0.04, p¼ 0.84 F(11,160)¼ 2.10, p¼ 0.02
[NO]exh (m) (ppb) F(11,165)¼ 3.23, p¼ 0.0005 F(1,15)¼ 0.18, p¼ 0.68 F(11,160)¼ 1.93, p¼ 0.039
VT (l) F(11,165)¼ 4.27, po0.0001 F(1,15)¼ 0.08, p¼ 0.78 F(11,160)¼ 2.27, p¼ 0.01
RR (Hz) F(11,165)¼ 2.67, p¼ 0.004 F(1,15)¼ 2.44, p¼ 0.14 F(11,160)¼ 2.63, p¼ 0.004
VE (l/min) F(11,165)¼ 2.91, p¼ 0.002 F(1,15)¼ 0.16, p¼ 0.69 F(11,160)¼ 3.69, po0.001
VNO (i) (nl s/min) F(11,165)¼ 1.76, p¼ 0.06 F(1,15)¼ 1.52, p¼ 0.24 F(11,160)¼ 1.08, p¼ 0.38
VNO(m) (nl s/min) F(11,165)¼ 1.60, p¼ 0.10 F(1,15)¼ 3.92, p¼ 0.07 F(11,160)¼ 1.32, p¼ 0.22

NOx (mmol/l) F(7,77)¼ 1.21, p¼ 0.31 F(1,11)¼ 2.58, p¼ 0.14 F(7,77)¼ 0.55, p¼ 0.79

Definition of abbreviations: [NO]exh (i)¼NO exhaled concentration plateau integral; [NO]exh (m)¼NO exhaled concentration plateau mean; VT¼ tidal volume;
VE¼minute ventilation; VNO (i)¼NO production for plateau integral; VNO (m)¼NO production for plateau mean; NOx¼ plasma NO metabolites.

Figure 3 Changes (difference from baseline) in tidal volume (VT) post-
CCK-5-induced PA. Bars indicate the means7 SEM po0.05. *Significant
difference from baseline after Bonferroni’s post hoc analysis (po0.05).

Figure 2 Changes (difference from baseline) in plateau [NO]exh
(integral) and minute ventilation (VE) post-CCK-5 induced PAs. *Significant
difference from baseline after Bonferroni’s analysis (po0.05).
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frequency) after CCK-5-induced PAs (Table 1). Bonferroni’s
post hoc analysis showed significant increases (po0.05)
compared to baseline, in minute ventilation (Figure 2) and
respiratory frequency (Figure 4) at 40 s, 1min, and 1min
20 s after CCK-5-induced PAs, and at 40 s in tidal volume
(Figure 3). However, there were no statistically significant
time, treatment, and time� treatment effects in plateau NO
production (VNO) (integral function and mean) after
pentagastrin-induced PAs (Table 1). No significant changes
were noted in plasma NOx after CCK-5-induced PAs
(Table 1).
No order of visit effect or order of treatment effect was

observed on any of the variables.

DISCUSSION

In the present study, administration of CCK-5 induced
intense panic symptoms compared to placebo. This is in
accordance with previous CCK-5 panic challenge investiga-
tions performed in HVs (Van Megen et al, 1996). Previous
studies have shown that PD patients display an increased
panic response to CCK-4 and CCK-5 (Bradwejn et al, 1995;
Van Megen et al, 1994), suggesting that CCK plays a role in
the neurobiology of PD, either through an increase in
central CCK neural activity or an increase in CCK receptor
sensitivity (Lydiard et al, 1992). However, the exact
mechanism leading to the occurrence of PAs remains
unclear.
In the present investigation, significant increases in tidal

volume (VT), respiratory frequency (RR), and minute
ventilation (VE) were found during CCK-5-induced PAs.
These findings differ from a previous research report using
CCK-4 in HVs. Bradwejn et al (1998) showed that CCK-4-
induced panic symptoms produced an increase in VE
mediated by increases in VT, but not in RR. This
discrepancy regarding the increase in RR between our
study and Bradwejn et al’s could be explained by the fact
that we studied only panickers (17), whereas Bradwejn et al
(1998) studied nonpanickers (six) and panickers (nine)
together. In their discussion, Bradwejn et al noted that the
VE in panickers appear to be greater than in nonpanickers,

but the observed difference did not reach statistical
significance; however, they did not provide information
on RR in panickers vs nonpanickers. Our findings of an
increase in RR during CCK-5-induced PA are also
supported by results of other studies that used different
panic challenges and that showed an increase in VT and RR
during induced PAs (Gorman et al, 1988, 2001). Interest-
ingly, Goetz et al (1993) have described a marginally
significant increase in RR during PA induced by placebo
infusion in PD patients, with a peak of the RR around
the same time (30 s) as the peak in RR that we observed
(40 s) (Figure 4). Another human study testing the effects of
CCK-4 on airway resistance found no differences in
spirometric variables after CCK-4-induced panic symptoms
(Shlik et al, 1997). Findings from these studies and
our results suggest that the CCK-induced changes in
respiratory function have a central rather than peripheral
mechanism.
The present study is the first to investigate the changes in

measurements of NO during induced anxiety/panic in
humans. We found that CCK-5-induced PA produced a
significant decrease in exhaled NO levels, without affecting
NO production (VNO). These findings can be explained by
an increase in minute ventilation such that, with constant
VNO, there is a dilutional decrease in [NO]exh. Interestingly,
these ventilatory changes and associated decreased [NO]exh
were concomitant and occurred at the time of maximum
intensity of panic symptoms.
Dilutional decreases in [NO]exh have also been found in

other situations such as exercise. During exercise, there is a
decrease in [NO]exh and an increase in VNO for both tidal
breathing and end-tidal plateau measurements of NO
(Phillips et al, 1996). The decrease in exhaled NO
concentration may be due to large increases in airflow
rates, reducing the contact time between the airway wall and
the exhaled air (St. Croix et al, 1999). Despite the decreased
[NO]exh concentration, the large increases in ventilation
during exercise can result in increased VNO. The decrease
in [NO]exh concentration observed during exercise can also
be explained by the rapid uptake of NO by the blood, due to
increased diffusion of NO. However, no changes in NO
metabolites (NOx) in plasma have been found during heavy
exercise (St. Croix et al, 1999). In contrast, in our study, no
significant changes in NO production (VNO and NOx) were
found during CCK-5-induced PAs. The phenomena ob-
served during PA may be similar to those of exercise, except
that there was no increase in NO production but a stable NO
production resulting from balanced changes in VE and
[NO]exh.
Increased rates of cardiovascular/cerebrovascular mor-

bidity (Weissman et al, 1990) and mortality (mortality ratio
for men suffering from PD was twice that of the predicted
ratio) (Coryell et al, 1986) have been described in PD
patients. This increase in cardiovascular/cerebrovascular
morbidity and mortality rates may be due to the existence of
chronic cardiovascular (CV) risk in PD patients, illustrated
either by elevated conventional risk factors such as smoking
(Amering et al, 1999) or by chronic physiological states
such as a sympathetic predominance as suggested by the
decreased heart rate variability consistently described in PD
patients (Yeragani et al, 1998). It appears that the increased
risk for sudden cardiac death found in patients with high

Figure 4 Changes in respiratory frequency during CCK-5-induced PA.
Bars indicate the means7 SEM po0.05. *Significant difference from
baseline after Bonferroni’s post hoc analysis (po0.05).
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levels of phobic anxiety, a common feature in PD patients,
persists even after correction for conventional risk factors
(Kawachi et al, 1994). The CV risk and particularly the
increased risk for sudden cardiac death associated with PD,
is therefore also likely due to the acute physiological and
neurochemical disturbances occurring during a PA. For
example, specific panic symptoms such as palpitations,
sweating, and shaking suggest an activation of the
sympathetic system that could promote the occurrence of
cardiac arrhythmia. We have, indeed, shown that pretreat-
ment with intravenous propranolol blunts the panic
response to CCK-4-induced PA (Le Mellédo et al, 1998).
The respiratory alterations that accompany a PA (such as
hyperventilation) observed in our study could also con-
tribute to the acute CV risk during PA. Indeed, hyperventi-
lation has been described to potentially precipitate coronary
spasm in the presence or absence of atherosclerosis
(Mansour et al, 1998). From our peripheral measurements
of NO in HV; however, it appears that lung NO does not
play a major role in respiratory changes associated with
acute PAs.
In summary, this is the first study to establish that the

increased minute ventilation observed during CCK-B-
agonists-induced PAs was due to increases in both tidal
volume and respiratory rate. We have also shown that
during CCK-5-induced PAs, there is a decrease in NO
concentration in exhaled breath with no alteration of
pulmonary or systemic NO production. This decrease in
[NO]exh appears to be due to an increase in minute
ventilation. However, these results need to be replicated in
patients with PD who are known to display a greater panic
response to CCK-B receptor agonists than HVs. Although it
has been suggested that NO has an important role in the
central modulation of respiration, the present results only
assessed the possible connection between peripheral actions
of NO (such as cardiopulmonary regulation) and respira-
tory symptoms displayed during PAs; therefore, we cannot
make any inference regarding the role of brain NO in the
pathophysiology of PAs.
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